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1.0. Introduction

Molecular imaging is the visualization, characterization and measurement of biological
processes at the molecular and cellular levels in humans and other living systems. Molecular
imaging agents are probes used to visualize, characterize and measure biological processes in
living systems. These two definitions were put forth by the Sociey of Nuclear Medicine (SNM)
in 2007 as a way to capture the interdisciplinary nature of this relatively new field. The
emergence of molecular imaging as a scientific discipline is a result of advances in chemistry,
biology, physics and engineering, and the application of imaging probes and technologies has
reshaped the philosophy of drug discovery in the pharmaceutical sciences by providing more
cost effective ways to evaluate the efficacy of a drug candidate and allowing pharmaceutical
companies to reduce the time it takes to introduce new therapeutics to the marketplace. Finally
the impact of molecular imaging on clinical medicine has been extensive since it allows a
physician to diagnose a patient’s illness, prescribe treatment and monitor the efficacy of that
treatment non-invasively.

Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography
(PET) were the first molecular imaging modalities used clinically. SPECT requires the use of
a contrast agent labeled with a gamma emitting radionuclide, which should have an ideal
gamma energy of 100-250 keV. These gamma rays are recorded by the detectors of a dedicated
gamma camera or SPECT instrument and after signal processing can be converted into an
image indentifying the localization of the radiotracer. PET requires the injected
radiopharmaceutical to be labeled with a positron emitting radionuclide. As the radionuclide
decays it ejects a positron from its nucleus which travels a short distance before being
annihilated with an electron to release two 511 keV gamma rays 180° apart that are detected
by the PET scanner (Figure 1). After sufficient acquisition time the data are reconstructed using
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computer based algorithms to yield images of the radiotracer’s location within the organism.
When compared to SPECT, PET has greater advantages with respect to sensitivity and
resolution and has been gaining in clinical popularity, with the number of PET-based studies
expected to reach 3.2 million by 2010.1 While SPECT and PET technology has been around
for decades, its use remained limited because of the limited availability of relevant isotopes
which had to be produced in nuclear reactors or particle accelerators. However, the introduction
of the small biomedical cyclotron, the self-contained radionuclide generator and the dedicated
small animal or clinical SPECT and PET scanners to hospitals and research facilities has
increased the demand for SPECT and PET isotopes.

Traditional PET isotopes such as 18F, 15O, 13N and 11C have been developed for incorporation
into small molecules, but due to their often lengthy radio-syntheses, short half-lives and rapid
clearance, only early time points were available for imaging, leaving the investigation of
biological processes, which occur over the duration of hours or days, difficult to explore. With
the continuing development of biological targeting agents such as proteins, peptides, antibodies
and nanoparticles, which demonstrate a range of biological half-lives, a need arose to produce
new radionuclides with half-lives complementary with their biological properties. As a result,
the production and radiochemistry of radiometals such as Zr, Y, In, Ga and Cu have been
investigated as radionuclide labels for biomolecules since they have the potential to combine
their favorable decay characteristics with the biological characteristics of the targeting
molecule to become a useful radiopharmaceutical (Tables 1 and 2).2

The number of papers published describing the production or use of these radiometals continues
to expand rapidly, and in recognition of this fact, the authors have attempted to present a
comprehensive review of this literature as it relates to the production, ligand development and
radiopharmaceutical applications of radiometals (excluding 99mTc) since 1999. While
numerous reviews have appeared describing certain aspects of the production, coordination
chemistry or application of these radiometals,2-18 very few exhaustive reviews have been
published.10,12 Additionally, this review has been written to be used as an individual resource
or as a companion resource to the review written by Anderson and Welch in 1999.12 Together,
they provide a literature survey spanning 50 years of scientific discovery. To accomplish this
goal, this review has been organized into three sections: the first section discusses the
coordination chemistry of the metal ions Zr, Y, In, Ga and Cu and their chelators in the context
of radiopharmaceutical development; the second section describes the methods used to produce
Zr, Y, In, Ga and Cu radioisotopes; and the final section describes the application of these
radiometals in diagnostic imaging and radiotherapy.

2.0. The Coordination Chemistry of Cu, Ga, Y, In and Zr

2.1. General Considerations

The development of metal-based radiopharmaceuticals represents a dynamic and rapidly
growing research area which requires an intimate knowledge of metal coordination chemistry
and ligand design. This section of the review covers general considerations regarding the
parameters that are important in developing stable, kinetically inert radiometal complexes that
can be incorporated into radiopharmaceuticals. Additionally, the aqueous coordination
chemistry of these metals and their coordination complexes which are most relevant to
radiopharmaceutical development are discussed below.

Relevant properties in aqueous solution of the five metal cations covered in this review are
presented in Table 3. The acidic cations Ga(III), In(III), and especially Zr(IV) present
precipitation problems at neutral pH in the absence of suitable complex formation. In terms of
plausible aqueous redox processes relevant to radiopharmaceutical applications, only Cu(II)
and its complexes are susceptible to reduction chemistry, although the possibility of an ascorbic
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acid reduction of a 89Zr(IV) complex has been postulated.19 Based on Pearson’s Hard-soft
Acid-base theory, the tetravalent Zr(IV) is an extremely hard acidic cation, followed by Y(III),
Ga(III), and In(III). The Cu(II) cation is considered a borderline acid.

Since the preponderance of radiometal complexes of note feature at least tetradentate ligands,
we have restricted our discussion here to ligands with four or more donor sites coordinating
the cation of interest. Rather than exhaustive coverage of all chelators of potential interest, we
will discuss only selected representatives of the most-frequently reported ligands, especially
those with more complete data of relevance. For the chosen representative chelators of each
cation, we have listed available pertinent data on their denticity, coordination geometry, and
thermodynamic stability. Where X-ray structural data are available, geometrical data on the
coordination mode can provide useful insight into the “goodness of fit” for a specific cation-
chelator pairing, the caveat being that actual solution structures or indeed number of species
may be distinct from solid-state observations. For the four diamagnetic cations, solution NMR
spectroscopic studies can be used to supplement X-ray data. Despite the difficulty of comparing
stability constants of complex formation between ligands of different basicity and denticity,
the listed log KML’s provide a convenient gauge of their relative affinities for a specific metal.

For in vivo applications, kinetic inertness of metal-chelator complexes or conjugates can be
more relevant than thermodynamic stability.12,20,21 In general, acyclic chelator complexes are
less kinetically inert than macrocyclic complexes of comparable stability.22-26 By the same
token, acyclic chelators typically have faster metal-binding kinetics compared to their
macrocyclic analogues, which can be a significant advantage for shorter-lived radiometals.
27-30 There have been efforts to enhance the binding rate of macrocycles by incorporation of
an acyclic polydentate pendant.31

A variety of in vitro assays of metal-chelator complex integrity can be found in the literature.
32-35 A popular assay of aqueous kinetic inertness is acid decomplexation. This has some
relevance in biological environments that are relatively acidic such as in hypoxic tissues and
certain cell vesicles. However, the extremely high acidities, e.g. 1-5 M HCl, often required to
decompose relatively inert complexes clearly have no parallel to any in vivo conditions. Nor
can such data be relied upon, without considerations of other factors, as the sole predictor of
biological behavior.36 Typically, the decomplexation of Cu(II) complexes is readily monitored
through their electronic spectra. Demetallation of the diamagnetic Ga(III), In(III), Y(III), and
Zr(IV) complexes can usually be followed by proton and 13C NMR spectroscopy in acidified
D2O solutions. Where practicable, 71Ga, 115Ga, In, and 89Y NMR studies can also be
undertaken.37-39 Although detailed mechanistic investigations are sometimes reported, more
commonly only pseudo-first order half-lives are reported which should only be used to rank
inertness qualitatively. Nonetheless, such data remain useful as a preliminary indicator of the
in vivo viability of specific metal-based radiopharmaceuticals.

Competition or challenge assays of complexes of interest with excess biometals and
biochelators are relevant since their typical concentrations are orders of magnitude higher than
the radiolabeled complex’s, requiring high chelator selectivity for the radiometal. For example,
copper homeostasis is tightly regulated in biology,40 and as a result a variety of copper-binding
biomolecules are present in extracellular (e.g. serum albumin, ceruloplasmin, transcuprin, etc.)
as well as intracellular (e.g. transporters, chaperones, metallothioneins, superoxide dismutase,
cytochrome c oxidase, etc.) environments.41-43 A viable Cu(II) chelator should therefore be
both thermodynamically stable and kinetically inert to transchelation challenges by these
species. Highly-charged cations like Y(III) and Zr(IV) may also have high affinity for bone
tissues while the avid Ga(III) binding of transferrin is well-established.44-46 Serum stability
studies using radiometal-labeled chelator complexes or their bioconjugates are routinely used
in inertness assays. These are readily monitored by radio-TLC, HPLC and LC-MS techniques.
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47-49 In vitro uptake studies using specific cell lines have also been carried out in many assays.
While simulating extracellular environments to an extent, these studies cannot always
accurately forecast in vivo behavior. Ultimately studies of animal biodistribution and
bioclearance using radiometal-labeled complexes or bioconjugates need to be carried out to
obtain realistic data on their in vivo performance.

The following discussion of pertinent acyclic and macrocyclic ligands and their specific metal
coordination chemistry is organized according to their denticity. Most of these ligands have
been designed to provide a minimum of four donor atoms, usually also incorporating anionic
sites for charge balance (See Figures 2 and 3.). While all are given numerical “L(number)”
designations, many have been labeled additionally with their respective acronyms. Published
X-ray crystal structures of Cu, In, Ga, Y and Zr coordination complexes involving these ligands
are also provided where appropriate. They were prepared from published CIF files using
CrystalMaker 8.2 for Mac (CrystalMaker Software Ltd., Centre for Innovation & Enterprise,
Oxford University Begbroke Science Park, Sandy Lane, Yarnton, Oxfordshire, OX5 1PF, UK;
http://www.crystalmaker.com). Each atomic sphere is scaled to 0.4 times the covalent atomic
radius, using the recently updated radii of Alvarez and coworkers.50 In addition to the labeled
and uniquely colored metal atoms, common elements are color coded as follows: C = gray, Cl
= green, F = light green, N = blue, O = red, P = orange, and S = yellow. Hydrogen atoms have
been omitted from the structures for clarity.

2.2. Aqueous Copper Coordination Chemistry

While +1 and +3 oxidation states are both accessible for copper in the presence of suitable
donors, 3d9 Cu(II) remains the predominant state for radio-copper chemistry in protic media.
The aqueous cupric ion was long believed to have a tetragonally distorted hexa-aqua structure
until a 2001 report suggested only five-coordination.51 Its water-exchange rate has been found
to be very rapid compared to most common first-row transition metal cations and as a result it
has relatively facile substitution chemistry despite having some crystal-field stabilization. This
is usually ascribed to the Jahn-Teller distortion that elongates one or more of its coordinated
ligands. Classified as a cation of borderline hardness, the high affinity of Cu(II) for borderline
nitrogen donors is well-established. With a relatively small ionic radius of between 57 to 73
pm for coordination numbers 4 through 6, it is particularly suitable for the formation of 5-
membered chelate rings; indeed the chelate effect is epitomized in its ethylenediamine family
of complexes.52 The popular use of polyazamacrocycles, especially cyclen and cyclam, for
strong binding of Cu(II) is a consequence of the added advantage of the macrocyclic effect,
53 as borne out by their extensive coordination literature.54-57

The importance of in vivo redox activation of metallodrugs incorporating Pt(IV), Ru(III), and
Co(III) has received increasing attention.58-61 The role of bioreduction in copper
radiopharmaceutical efficacy has been intensively studied in their thiosemicarbazone
complexes, especially Cu-ATSM (L9).62-64 Convincing evidence for the formation and
selective retention/decomplexation of Cu(I)-intermediates from Cu(II) precursors in hypoxic
tissues has been presented.65,66 Whether Cu(II)/Cu(I) bioreduction is also a viable pathway
for irreversible in vivo radio-copper loss from other chelator complexes and their bioconjugates
is an intriguing possibility. There is some compelling evidence for the deteriorated in vivo

performance of related Cu(II) complexes differing only in their reduction propensities.
Specifically, the “long arm” dicarboxyethyl pendant-armed Cu(II) complex of cross-bridged
cyclam has an Ered almost 400 mV higher (or more positive) than that its carboxymethyl-armed
analogue, Cu-CB-TE2A (L57).67 The former has been found to exhibit significantly inferior
bioclearance behavior despite very similar coordination geometry and acid-inertness. More
structure-activity studies, including the consequence of protonation on reduction feasibility,
are warranted. Most polyazamacrocyclic complexes of Cu(II), however, have rather negative
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reduction potentials that are well below the estimated −0.40 V (NHE) threshold for typical
bioreductants. It should be further noted that an appropriate in vivo donor able to alter the first
or, perhaps even second coordination sphere around a metal cation can dramatically facilitate
its redox processes. The relevance of this tuning of redox-active metal lability during biological
iron transfer has been substantiated.68,69 Whether such ternary interactions can play a role in
the reductive demetallation of thermodynamically-stable Cu(II) complexes in vivo has not been
explored.

2.3. Copper(II) Complexes of Selected Chelators

The plasticity of the Cu(II) coordination geometry can be gleaned from a literature survey of
89 of its complexes with cyclen and cyclam derivatives.70 Coordination numbers (CN) ranging
from 4 through 6 were found with geometries approximating square planar, square pyramidal,
trigonal bipyramidal, as well as octahedral. Tetradentate chelators are usually designed to cater
to Cu(II)’s strong affinity for ligands favoring a square-planar geometry. Common donor sets
include two amino or imino nitrogens combined with two charge-neutralizing anionic amido,
oxo, or thiolato sites. These include numerous Schiff-base or amino-acid derived chelators.
Full envelopment of Cu(II) in its maximum six-coordinate mode is much sought after. As a
result, hexadentate chelators have become the most investigated in radio-copper chemistry.
Popular scaffolds include triaza- or tetraazamacrocycles, especially TACN (L26), cyclen
(L38), and cyclam (L48). Methodologies for selective attachment of appropriate pendant arms
to their secondary amine nitrogen sites as well as to the carbon backbone have been developed.
71-79 Resulting donor sets usually incorporate anionic carboxylate or thiolate sites to provide
a medley of charge-neutralizing N3O3, N3S3, or N4O2 coordination spheres. Data for selected
Cu(II)-chelator complexes are listed in Table 4.

2.3.1. Acyclic Tetradentate Chelators—A dimethyl ester of N,N’-ethylenediamine-di-
L-cysteinato EC (L5) was reacted with Cu(II) and the resulting complex structurally
characterized and found to be substantially twisted (21°) from a square planar geometry (Figure
4).80

Bis(thiosemicarbazonato) complexes of cold and radio-Cu(II) have been intensely investigated
for hypoxia imaging (vide infra).62,63,81 A series of X-ray structures of these complexes have
been determined and near square-planar geometries were typically observed (e.g. Cu-GTS

(Cu-L7) and Cu-PTSM (Cu-L8) in Figures 5 and 6). Alkylation at the backbone C atoms was
found to increase the backbone C-C bond length and allow the metal to fit better into the ligand
cavity with shorter Cu-S bonds.82 Their Cu(II)/Cu(I) reduction potentials have been shown to
have significant bearing on their in vivo biological behavior.62,63,66

2.3.2. Acyclic Hexadentate Chelators—The Cu(II)-EDTA (L10) structure has been
reported to be a tetragonally-distorted N2O4 octahedron along one O-Cu-O axis (Figure 7).83

A DTPA (L12) analogue also features a hexadentate chelator but with an N3O3 coordination
environment (Figure 8).84

Rigid BISPIDINE (3,7-diazabicyclo[3.3.1]nonane) derivatives with two appended pyridyl
functions have been shown to be tetradentate in five-coordinate Cu(II) complexes (Cu-L17,
Figure 9).85 Variations with four pyridyl as well as two non-coordinating carboxylate groups
for charge neutralization are hexadentate chelators which were found to bind Cu(II) rapidly.
An X-ray structure revealed a distorted octahedral N6 coordination mode (Cu-L18, Figure 10).
This chelator was conjugated to bombesin, radiolabeled with 64Cu and studied in rats.86

Hexadentate ligands based on the 1,3,5-triaminocyclohexane backbone appended with three
methylpyridines (TACHPYR, L19) have been investigated as radio-copper chelators.87,88

These form tetragonally-distorted octahedral Cu(II) complexes (Figure 11).
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2.3.3. Macrocyclic Chelators—The 14-membered N2S2 macrocycle L24 was found to
form the most inert Cu(II) complex compared to other ring sizes.89 New N2S2 macrocycles
with two appended carboxymethyl arms (L25) have been synthesized and complexed with both
Cu(II) and 64Cu(II).90 Molecular modeling suggested that only the 13-membered macrocycle
can form a six-coordinate complex while the 14-membered analogue can only coordinate with
its O2S2 donors.

Derivatives of TACN with either two (NO2A, L28) or three (NOTA, L29) carboxymethyl
pendant arms both complex Cu(II) with good affinity. Their structures (Figure 12 and 13)
reflect the ability of the cation to adopt either 5 or 6-coordination modes. The former has an
N3O2 square pyramidal geometry with one N axial.91 The latter N3O3 donor set forms a
distorted trigonal prismatic geometry.92 A TACN derivative with three oxime arms (L31)
yielded a 5-coordinate Cu(II) complex with one oxime arm uncoordinated but held by a strong
OH3⋯O hydrogen bond to a coordinated oxime (Figure 14).93

Monocationic diimine dioxime (L32) complexes of Cu(II) were labeled with 64Cu and their
biodistributions studied.94-96 The X-ray structure of a Cu(II) complex of a pyridyl-tethered
derivative revealed a tetradentate ligand (L33) forming the base of a square pyramid with an
axial water but no pyridyl coordination (Figure 15).97 Propylenediamine dioxime ligands have
also been examined for their Cu(II) complexation in order to model radiopharmaceuticals.98

The cation was again found to adopt a square pyramidal coordination geometry featuring an
apical water.

Dioxotetraazamacrocyclic Cu(II) complexes have been investigated for their radio-copper
chelation potential.99 Of the chelators with varying ring sizes studied, dioxocyclam (L34) was
shown to form the most stable complex. A methylquinoline pendant-armed dioxocyclam
(L35) was found to doubly deprotonate at its amide N’s upon Cu(II) binding. Its structure has
a distorted square-planar coordination geometry (Figure 16).82 Recently, a benzo-annelated
dioxocyclam (L36) was synthesized and its Cu(II) complexation and 64Cu radiolabeling
investigated.100 A four-coordinate distorted square planar structure was found. This complex
has an extremely low reduction potential but can be reversibly oxidized.

Carboxymethyl pendant-armed derivatives of cyclen including DOTA(L39) and DO3A

(L42) have been investigated for their Cu(II) binding. An X-ray structure of Cu-DOTA (Cu-
L39) shows the expected pseudo-octahedral geometry with all cyclen N’s and two
carboxymethyl arms from non-adjacent N’s coordinating cis to each other (Figure 17).101 An
analogous geometry was found for the Cu-DO3A(L42) structure.102 The dicarboxymethyl
armed cross-bridged cyclen (CB-DO2A, L37) was shown to envelop the Cu(II) in a very
distorted octahedral geometry with the carboxylate donor sites cis to each other (Figure 18).
21 It was pointed out that the metal center is significantly distended from the chelator cavity,
which may account for its significantly lower inertness compared to its cyclam analogue Cu-
CB-TE2A (Cu-L57) (vide infra).

Cyclen appended with methanephosphonate pendant arms such as DO2P (L46) and DOTP

(L47) have been synthesized and chelated to Cu(II) and 64Cu.103 Mixed phosphonate- and
acetate-armed cyclen (e.g. DO2A2P, L45) have also been studied with the highest log KML

found for Cu-DO2P (Cu-L46).104

Due to the good cation/cyclam match, numerous Cu(II) complexes of cyclam and its derivatives
with at least one carboxymethyl pendant arm on N have been prepared and studied. As
expected, the singly-armed chelator C-hexamethyl-TE1A (Me6-L50) yielded a square-
pyramidal Cu(II) structure (Figure 19).105 Several structures of the doubly-armed ligand
complexes have been determined. The first features carboxylates on adjacent ring N’s (1,4-
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TE2A, L51, Figure 20),106 while the latter on non-adjacent N’s (1,8-TE2A, L52, Figure 21).
107 Two diprotonated Cu-TETA (L49) structures were shown to have their axial-elongations
either along the acetate O’s or across two cyclam ring N’s (Figure 22).108 A C-functionalized
TETA Cu(II) complex, Cu-L55 also has a pseudo-octahedral metal coordination mode (Figure
23).109

Two cross-bridged cyclam chelators, one with two carboxymethyl arms (CB-TE2A, L57), the
other with one carboxymethyl and one acetamide arm (CB-TEAMA, L58) have been prepared
to compare the in vivo behavior of their 64Cu complexes.110 The former structure revealed full
envelopment of the Cu(II) in a pseudo-octahedral geometry with elongation along one N-Cu-
O axis (Figure 24).111 While the latter has a very similar geometry, a weaker amide O-
coordination is observed (Figure 25).110 The Cu-CB-TE2A complex has been shown to have
remarkable kinetic inertness towards acid decomplexation, with a half-life of almost a week
in 5 M HCl, even at 90°.112 A derivative of this chelator with a C-functionalized p-
isothiocyanatobenzyl group has been prepared and successfully conjugated to biotin.113

The diphosphonate pendant-armed cyclam TE2P (L54) has been reported to form a very stable
Cu(II) complex with a tetragonally-distorted octahedral geometry (Figure 26).114 This complex
also has a respectable acid inertness compared to typical cyclam copper complexes.

Pendant-armed derivatives of adjacent or side-bridged cyclam (L58, L59) have been prepared
and complexed with Cu(II).108 These chelators strongly favor square planar coordination of
the cation by the macrocycle with axial coordination by a pendant arm to give square pyramidal
geometries. A recent novel side-bridged cyclam with one acetate and one phosphonate pendant
arm (L60) has been synthesized, labeled with 64Cu and studied in vivo. It was reasoned that,
unlike CB-TE2A, this bifunctional chelator (BFC) will form a charge-neutral Cu(II) complex
despite conjugation of one acetate arm.115

The venerable hexaamine cryptand, Sarcophagine, is well known for its strong binding of Cu
(II) and inertness of its complexes.116-118 Its derivatives DIAMSAR (L62) and SARAR

(L65) have been investigated as ligands for copper radiopharmaceuticals by several research
groups.119-124 Diprotonated DIAMSAR (L62) was found to have a Cu(II) coordination mode
halfway towards trigonal prismatic but with two elongated trans-Cu-N bonds (Figure 27).118

A related carboxymethyl pendant armed complex (Cu-L63) is closer to an octahedral
coordination mode again with two long trans-bonds (Figure 28),125 while a doubly
carboxymethylated DIAMSAR Cu(II) complex (Cu-L64) has two elongated cis-bonds (Figure
29).126 Recently the Cu(II) complex of a glutaric acid DIAMSAR derivative suitable for
peptide conjugation was synthesized. Its coordination geometry is again distorted octahedral
with axial Jahn-Teller elongations.124

2.4. Aqueous Gallium(III) Coordination Chemistry

The prevalent gallium oxidation state in aqueous solution is +3. This small and highly-charged
cation of ionic radius 47-62 pm (CN 4-6) is quite acidic with a pKa of 2.6 in its hydrated form.
As a result it has low solubility in normal pH media in the absence of suitable donors. Due to
its strong affinity for hydroxide, at very high pH it also has a propensity to demetallate from
its complexes and form the gallate anion Ga(OH)4

−. Among the four water-soluble metal
cations discussed in this review, aqueous Ga(III) has the most sluggish water exchange rate
due to its small size and high charge.

As a classic hard acidic cation, Ga(III) is strongly bound to ligands featuring multiple anionic
oxygen donor sites, although it has also been shown to have good affinity for thiolates.
Typically chelators have been developed to sequester Ga(III) up to its maximum coordinate
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number of 6 in a pseudo-octahedral geometry. A comprehensive review of six-coordinate Ga
(III) complexes has appeared recently.127

It is well known that the biological iron transporter transferrin has a strong affinity for Ga(III)
(Table 5). 46,128 Radio-gallium chelator complexes must therefore be sufficiently inert to
transchelation by this biomolecule to have efficacy for in vivo applications. Data for selected
Ga(III)-chelator complexes are presented in Table 5.

2.4.1. Tetradentate Ligands—Tetradentate o-hydroxybenzyl derivatives of iminodiacetic
acid (L1) were designed to provide an NO3 donor set which completes the distorted octahedral
coordination around their Ga(III) center together with two cis-coordinated waters (Figure 30).
129 In accordance with substituent effects, the p-OMe derivative has the highest stability
constant while p-NO2 has the lowest.

The tripodal NS3 chelator tris(2-mercaptobenzyl)amine (L2) formed a stable 4-coordinate Ga
(III) complex with a distorted tetrahedral structure (Figure 31).130 Under similar preparative
conditions, the analogous In(III) complex was found to be 5-coordinate with additional solvent
binding.

A bis(aminothiolate) N2S2 chelator yielded a distorted square pyramidal GaCl complex with
one S donor in the axial site.131 A similar structure was determined for the related GaCl-BAT-

TM (GaCl-L4) except that chloride is the axial ligand (Figure 32).132 In aqueous acetonitrile
solution, however, NMR spectra revealed the presence of two different N2S2–coordinated
species.

2.4.2. Hexadentate Ligands—An acyclic hexadentate chelator N,N’-ethylene-di-L-
cysteine (EC, L5) with N2O2S2 donor sites has been found to form a very stable complex with
Ga(III) (Table 5).133 This structure is a distorted octahedron with the two carboxylate O’s in
trans arrangement (Figure 33). Additionally, the [Ga-EDTA, L10]− structure has been reported
in which the acyclic chelator is fully hexadentate in a distorted octahedral coordination sphere
(Figure 34).134

The aminophenolate chelator N,N’-bis(2-hydroxybenzyl)ethylenediamine-N,N’-diacetic acid
(HBED, L11) has an N2O4 donor set and its Ga(III) complex has a very high stability constant
(Table 5).135 As a consequence, it has generated considerable interest as a bifunctional chelator.
The derivative N,N’-bis[2-hydroxy-5-carboxyethyl)-benzyl]ethylene diamine-N,N’-diacetic
acid (HBED-CC)136 and its tetrafluorophenyl ester derivative have been described to promote
facile coupling to both scFV and anti-Ep-CAM diabodies.137 Using this BFC these
biomolecules could be labeled with 68Ga to give specific activities of 142 GBq/μmol.
Interestingly, a potentially octadentate DTPA (L12) derivative gave a less stable complex
likely due to its structural constraints.138 Linear tetraamines end-capped with phenols, like
SBAD (L15), have been synthesized and their Ga(III) complexations investigated.139 These
were all found to favor Ga(III) over In(III) binding.

Although numerous complexes of both cold and radio-Ga(III) with DTPA (L12) and its
derivatives have been prepared and studied, surprisingly no X-ray structure of the parent
complex has yet been published. It is noteworthy that both EDTA (L10) and DTPA (L12)

bind In(III) more avidly than Ga(III) (Tables 5 and 6). Recently, a variant of DTPA (L12)

incorporating the trans-1,2-diaminocyclohexane backbone, CHX-A”-DTPA (L14),140 has
been bioconjugated and studied as a chelator for 68Ga, 86Y, and 111In in melanoma imaging.
141
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A family of hexadentate bis(salicylaldimine) chelators, BAPEN (L16), have been developed
as carriers for 68Ga radiopharmaceuticals.142-144 These all feature a set of N4O2 donors
enveloping the Ga(III) in a pseudo-octahedral coordination sphere. The structure of one of
these is shown (Figure 35).

The tris-acetate pendant armed 1,4,7-triazacyclononane (TACN) derivative, NOTA (L29),
and its relatives have been found to form highly stable Ga(III) complexes.145 An X-ray
structure of Ga-NOTA (Ga-L29) confirmed the distorted octahedral N3O3 envelopment of the
cation (Figure 36).37,146 Remarkably, Ga-NOTA (Ga-L29) showed such high acid inertness
that it survived 5M HNO3 for over 6 months.37 This is in stark contrast to In-NOTA (In-
L29) which demetallated irreversibly within minutes at pD < 0. The tris(2-mercaptoethyl)
pendant-armed TACN chelator, TACN-TM (L27), also formed a distorted octahedral
structure with Ga(III), again with impressive stability (Figure 37).146 The superb stability of
Ga(III)-NOTA (Ga-L29) (log K = 30.1; pM = 26.4) 147 underscores the use of this agent in
radiopharmaceutical chemistry. This exceptional stability is believed to arise from the effective
encapsulation of the gallium ion, which has an ionic radius of 0.76 Å within the macrocyclic
cavity. Additional protection is afforded by the pendant carboxymethyl arms that help to protect
the Ga ion from nucleophilic attack, which would cause complex instability and transchelation
in vitro or in vivo. Since its synthesis, several NOTA (L29), analogues have been prepared
with modified pendant groups for coupling to biological molecules, to influence the charge on
the complexes once complexation has occurred or to facilitate coupling during peptide
synthesis.148-154

Since the potentially octadentate DOTA (L39) can more than saturate Ga(III)’s usual 6-
coordination sphere, both its mono- and diprotonated structures feature a similar distorted
octahedral coordination composed of two cis-carboxylates and four macrocyclic N’s (Figure
38).155,156 It is advantageous that a free carboxymethyl arm can be available for conjugation
to targeting moieties. A variety of such complexes have appeared in the literature. The Ga-
DOTA-D-PheNH2 (Ga-L40) coordination mode is again pseudo-octahedral with cis-
carboxylate coordination while the remaining acetate and amide arms are unbound (Figure 39).
157 It was therefore postulated that the better kidney clearance of the radiolabeled DOTA0-D-
Phe1-Tyr3-octreotide, 67Ga-DOTA(L39)-TOC, compared to its 90Y-labeled analogue was due
to their different coordination modes. Whereas the former has uncoordinated amide and
carboxylate arms, the latter is likely fully octa-coordinated. When DOTA (L39) was linked to
a mitochondrion-targeting triphenylphosphonium moiety to give DO3A-TPP (L44), its Ga
(III) complex again retained the 6-coordinate pseudo-octahedral geometry (Figure 40).158

Unfortunately, DOTA (L39) has many potential drawbacks as a BFC for gallium radiometals,
which include an overly large cavity size that can lead to lower thermodynamic stability as
well as non-selectivity as a metal chelator.159 Additionally, the complexation kinetics are
slower, and as a result the complexation reactions often require elevated temperatures and
longer reaction times, which are counterproductive given the short half-life of the 68Ga
radionuclide. The thermodynamic stability of Ga(III)-DOTA (Ga-L39) is approximately 10
orders of magnitude lower than Ga(III)-NOTA (Ga-L29), with a log K of 21.3 and a pM of
15.2.160 Given the low pM values, it is interesting that radio-gallium DOTA (L39) complexes
have shown in vivo stability in agents such as 67/68Ga-DOTA(L39)-TOC. However, there are
reports that radio-gallium DOTA(L39)-RGD peptides have demonstrated compromised
stability in vivo, with the radio-gallium demonstrating binding to plasma proteins.161

Related to Ga-DOTA (Ga-L39) is the complex Ga-TETA (Ga-L49) but, no structural data has
been reported for it. Further, Ga-TETA (Ga-L49) has a lower stability constant than the former
complex (log K = 19.7; pM = 14.1).160 It should be noted that TETA (L49), unlike DOTA

(L39), does not have a favorable fac-coordinating conformation.
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Both dicarboxymethyl pendant-armed cross-bridged cyclen (CB-DO2A, L37) and cross-
bridged cyclam (CB-TE2A, L57) gallium complexes have been synthesized and structurally
characterized.162,163 As expected, distortions from an octahedral geometry are much more
pronounced in the former (Figures 41 and 42). Of these two, only Ga-CB-TE2A (Ga-L57)
showed impressive acid inertness. A sample of it in 5M DCl at 90° was less than 20%
demetallated even after 6 months.

The high thermodynamic stability of Ga(III) complexes of preorganized O6 trihydroxamate
chelators, especially Desferal or Deferrioxamine-B, DFO (L23) (log K = 28.6), has spurred
much activity towards their biological and radiopharmaceutical applications.164-169 Early
solution NMR spectroscopic studies had revealed the presence of two major isomeric forms
of Ga-DFO (Ga-L23).170 An X-ray structure that can model Ga-DFO (Ga-L23) has been
obtained in a Ga-tris(benzohydroxamate) complex which has a fac-octahedral coordination
sphere (Figure 43).171 The stability constants of Ga(III) complexes of a tris(hydroxamate)
cryptate, L63, as well as two acyclic analogues, L21 and L22, were compared with the cryptate
complex and found to be the most stable of the three (log Ks = 27.5, 25.6 and 27.3, respectively).
172 An Enterobactin model DiP-LICAM (L20) has been reported to bind 67Ga(III) with a very
high stability constant (log K = 38.6; Table 5).185

2.5. Aqueous Indium(III) Coordination Chemistry

Like gallium, the only stable aqueous indium oxidation state is +3. The significantly larger
size of In(III) at 62-92 pm for CN 4-8, however, results in its attainment of coordination
numbers of 7 and even 8 in its complexes. While still a hard acid, its higher pKa of 4.0 and
faster water exchange rate also reflect its distinction from Ga(III). A slightly enhanced affinity
for softer donor types compared to Ga(III) can be noted in In(III) coordination chemistry. For
example, acyclic N4O2 aminophenols as well as the biological iron transporter transferrin bind
Ga(III) more avidly than In(III). By contrast, the tripodal NS3 chelators, EDTA (L10),
DTPA (L12), and DOTA (L39) all complex In(III) more securely as well as with higher
denticity than Ga(III). Such differences in fundamental coordination preferences can have
significant consequences in their biological behavior.157 Data for selected complexes are listed
in Table 6.

2.5.1. Tetradentate Chelators—A variety of acyclic tetradentate chelators featuring mixed
amine and thiolate donor sets have been synthesized for In(III) complexation. The InCl-bis

(aminothiolate), InCl-BAT-TM (L4), structure is 5-coordinate and near square pyramidal with
an axial chloride (Figure 44).132 While the complex was found to be stable in aqueous
acetonitrile at pD 4.6, NMR spectra revealed the presence of two isomeric solution species.
Tripodal NS3 chelators such as tris(2-mercaptobenzyl)amine (L2) favor a trigonal bipyramidal
coordination including an axial solvent dimethylformamide (DMF) at the metal center (Figure
45).130 This can be contrasted with the ready isolation of a 4-coordinate Ga(III) analogue.130

Both the synthesis and structural determination of a related tris(mercaptoethyl)amine (L3)
complex of In(III) have also been reported.173

2.5.2. Hexa- to Octadentate Chelators—A hexadentate chelator boasting N2O2S2
donors, N,N’-ethylenedi-L-cysteine (EC, L5), was found to form a distorted octahedral
complex of In(III) with both carboxylate donors at axial sites (Figure 46).133 This has an
impressively high stability constant and was not demetallated by transferrin. The related
N,N’-bis(2-hydroxybenzyl)ethylene-diamine-N,N’-diacetic acid (HBED, L11) has also been
found to bind In(III) strongly, though still with much lower affinity when compared to Ga(III)
(Tables 5 and 6).138
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Popular acyclic chelators EDTA (L10) and DTPA (L12) form very thermodynamically stable
complexes with indium (Table 6). The 7-coordinate In-EDTA (In-L10) structure features a
hexadentate chelator and approximates a pentagonal bipyramidal geometry with a single water
at an equatorial position (Figure 47).174 In-DTPA (In-L12) structures feature both 7-as well
as full 8-coordination by the chelator in distorted pentagonal bipyramidal and square
antiprismatic geometries respectively; the latter is shown in Figure 48.175,176 A 13C{1H}NMR
spectroscopic study of Na2[In-DTPA] [Na2(In-L12)] in D2O confirmed retention of its square
antiprismatic geometry in neutral aqueous solution.176 The N,N”-bis(benzylcarbamoyl-
methyl) derivative of DTPA (L12), DTPA-BA2 (L13), was first designed as a model for a
doubly-bioconjugated chelator.177 An X-ray structure of its In(III) complex also features an
8-coordinated cation in a distorted square antiprismatic envelopment (Figure 49).178 Unlike
In-DTPA (In-L12), however, its solution NMR spectrum revealed the presence of at least three
isomeric species. It was proposed that the two amide carbonyls are no longer coordinated in
solution, thus rendering this complex more hydrophilic in its HPLC retention behavior
compared to its Y(III) analogue. A DTPA derivative with a trans-1,2-diaminocyclohexane
backbone, CHX-A”-DTPA (L14), has been conjugated to a targeting peptide and found to be
a viable ligand for 68Ga, 86Y, and 111In radiometals for melanoma imaging.141

Linear N4O2 aminophenols such as SBAD (L15) have been prepared and their complexations
with Ga(III) and In(III) studied.139 These consistently bind the former cation more tenaciously.
Additionally, several In(III) complexes of pendant-armed triazacyclononane (TACN, L26)
derivatives have had their solid-state structures determined. An InCl-NOTA (InCl-L29)
complex protonated at one carboxylate arm was found to have a near pentagonal bipyramidal
geometry with the chelator hexadentate (Figure 50).37,179 In aqueous solution, however, NMR
spectral data suggested a time-averaged six-coordinate C3-symmetric species instead. At pD

< 0, this complex decomposed irreversibly. The related In-(R)-1,4,7-tris(2′-
methylcarboxymethyl)-triazacyclononane structure has a more typical pseudo-octahedral
coordination sphere (Figure 51).180 A tris(phenylphosphinate)-armed derivative of TACN

(L26),181 as well as the tris(mercaptoethyl)-armed derivative TACN-TM (L27) can both bind
In(III) in a similar mode (Figure 52).182

The valuable octadentate chelator DOTA (L39) has also been shown to form a robust complex
with In(III) (Table 6).183 Surprisingly, no X-ray structural data are yet available for the parent
In-DOTA (In-L39) complex. There are, however, several reported structures of its amide-
armed derivatives. The In(III) complex of the p-aminoanilide, DOTA-AA (L41), was found
to have a twisted (~28°) square antiprismatic geometry (Figure 53).184 Inside the chelator
cavity the cation is approximately 1.2 and 1.3 Å from the O4 and N4 coordination planes
respectively. This indicates that its fit may not be as ideal as that for the larger Y(III) cation
(vide infra). With one fewer carboxymethyl pendant arm than DOTA (L39), the chelator
DO3A (L42) has also been complexed to In(III) and its structure adopts the expected 7-
coordinate geometry.185 Biodistribution studies using DOTA (L39) conjugated to D-Phe1-
Tyr3-octreotide, DOTATOC (L39-TOC), and labeled with 67Ga, 111In, and 90Y revealed that
the Ga-DOTATOC (Ga-L39-TOC) had the best tumor uptake and kidney clearance.157 It was
postulated that this may be the result of a hexacoordinate Ga(III) compared to the higher
coordination requirements for the In(III) and Y(III) analogues. Another 7-coordinate In(III)
geometry, described as monocapped trigonal prismatic, was found for In-DO3A-TPP (L44)
which features DOTA (L39) linked to a triphenylphosphonium moiety to target mitochondria
(Figure 54).158 Proton NMR data supported retention of this heptadentate chelation mode in
aqueous solution.

A tris(carboxymethyl)-armed cyclam chelator, TE3A (L53) has also been found to complex
In(III) in a heptadentate mono-capped trigonal prismatic geometry (Figure 55).185 No structure
of In-TETA (In-L49) has been reported though its stability constant has been determined to

Wadas et al. Page 11

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



be 2 orders of magnitude lower than that of In-DOTA (In-L39) due to a poorer cation-chelator
match.186

An early report of 111In-labeling of tricatecholamide analogues of Enterobactin (DiP-

LICAM (L20) yielded impressive stability constants (Table 4). However biodistribution
studies were not performed.187

2.6. Aqueous Yttrium(III) Coordination Chemistry

Aqueous yttrium chemistry is often discussed together with that of the lanthanides because of
their common tricationic state and similar ionic radii. Yttrium (III), 90-108 pm (CN 6-9), is
significantly larger than the other four metal cations discussed in this review and can readily
reach coordination numbers of 8 and 9 in its complexes. With a closed-shell electron
configuration, it is also considered a harder acidic cation than Ga(III) or In(III). This can be
seen in its higher Drago-Wayland parameter IA which is an indicator of the relative significance
of the electrostatic versus covalent component of its coordination interaction.579,580 Data for
selected complexes are presented in Table 7.

Both EDTA (L10) and DTPA (L12) have been shown to form reasonably stable complexes
with Y(III). Several solid-state structures of these have been determined and two selected
examples are shown in Figures 56 and 57. The YF2-EDTA (YF2-L10) structure approximates
a dodecahedron with a hexadentate EDTA (L10),188 while Y-DTPA (Y-L12) is 9-coordinate
with a monocapped anti-prismatic geometry including an octadentate DTPA (L12) and one
coordinated water.189 Two related structures are of Y-DTPA-BA2 (L13), a N,N”-bis

(benzylcarbamoylmethyl) derivative of DTPA (L12) which served as a model for a dual
biomolecule-labeled chelator.177,178 In each case, the 9-coordinate Y(III) adopts a distorted
tricapped trigonal prismatic geometry featuring an octadentate chelator plus a coordinated
solvent (methanol) molecule (Figure 58). In D2O solution, however, NMR spectroscopy
revealed the presence of at least three isomers up to 85 °C. It was suggested that these accessible
structural variations may account for the relatively low inertness of typical Y-DTPA (Y-
L12) complexes.

The structure of a Y(III) triflate complex of a tris(carbamoylmethyl) derivative of TACN

(L26), NOTAM (L30), has been reported.190 This 9-coordinate geometry can be viewed as a
capped square anti-prism, although alternative descriptions are also viable (Figure 59). NMR
spectroscopic studies showed that this complex is fluxional in acetonitrile solution.

A number of yttrium(III) complexes of DOTA (L39) and its derivatives have been prepared.
An X-ray structure of [Y-DOTA]− (Y-L39−) is shown in Figure 60.177,191 The 9-coordinate
Y(III) center has a monohydrate capped square antiprismatic (SA) coordination sphere (often
referred to as the “M” isomeric geometry) featuring an octadentate DOTA (L39) with the
cation held significantly closer to the O4 plane than the N4 plane (0.72 versus 1.62 Å
respectively). A related structure of a DOTA (L39) derivative with one carboxymethyl arm
conjugated to phenylalanine, Y-DOTA-D-PheNH2 (Y-L40), has also appeared (Figure 61).
This adopts instead a twisted square anti-prismatic (TSA) geometry (or “m” isomer) with four
macrocyclic amine nitrogens, three carboxylate oxygens, and an amide oxygen coordinating.
157 As mentioned in the gallium section, octreotide-conjugated 90Y-DOTATOC (90Y-L39-

TOC) was found to have inferior biological behavior compared to its 67Ga analogue, possibly
as a result of the higher coordination requirement of Y(III). According to solution NMR
spectroscopic data, a similar complex with a DOTA (L39) p-aminoanilide was found to retain
the chelator’s full N4O4 coordination mode.47 The consequence of substituting a carboxylate
pendant arm with a phosphonate in a DOTA (L39) derivative, DO3AP (L43), can be seen in
its yttrium complex geometry (Figure 62). A twisted square antiprismatic configuration
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(TSA twist angle ~ 25°) can be noted while the cation remains closer to the O4 plane (1.04 Å)
than the N4 plane (1.52 Å).192

A very interesting crystal structure of the yttrium(III) complex of a chiral DOTA (L39)
derivative bound to the antibody 2D12.5 Fab has been reported,193 but no direct complex-
protein interactions were found. Likely as a result of the symmetrical nature of this type of
complex, only modest differences in binding affinities were found for enantiomers of opposite
helicity. Additionally, C-functionalized DOTA (L39) chelators have recently been
investigated as BFC’s for yttrium-86.194 The (S)-p-aminobenzyl derivative’s Y(III) complex
was successfully separated into SA (major M) and TSA (minor m) isomeric forms which were
assigned by solution 2-D NMR as well as CD spectroscopy.

The cyclam analog, TETA (L49), has been reported to bind Y(III), though with far less affinity
than either DOTA (L39) or even the acyclic DTPA (L12) indicating a poorer cation/chelator
match (Table 7).195 Both the labeling efficiency and acid inertness of 90Y-TETA (90Y-L49)
(half life at pH 3.6 ~ 5 min) have been found to be inferior to that of its DOTA (L39) analogue
(no decomplexation after 3 months).196 Although no Y-TETA (Y-L49) structure has been
reported to date, it is likely to resemble that of Tb-TETA (Tb-L49) and (Eu-L49). Both of
these were described as having a highly-distorted octadentate dodecahedral geometry with the
metal cation significantly distended from the cyclam cavity.197,198

Although often used as a surrogate for Y(III) in 90Y-radiopharmaceutical studies, In(III) can
exhibit appreciably different coordination chemistry due to its smaller ionic radius and typical
coordination numbers of less than 8. Acyclic aminopolycarboxylates like EDTA (L10) and
DTPA (L12) form far more stable complexes with In(III) than Y(III). By contrast, the
octadentate DOTA (L39) binds Y(III) with more avidity. While Y-DOTA-D-PheNH2 (Y-
L40) adopts the twisted square antiprismatic (TSA) solid-state geometry, In-DOTA-D-Phe-

NH2 (In-L40) has the square antiprismatic (SA) configuration.157,199 These complexes also
have distinct NMR spectral behavior in solution with only the indium complex showing
fluxional behavior. Another Y-DOTA (Y-L39) derivative with a single amide pendant arm,
Y-DOTA-AA (Y-L41), was observed to retain a rigidly octadentate chelator coordination
sphere in solution at ambient temperature, while its In(III) analogue again exhibited dynamic
behavior suggestive of an uncoordinated amide pendant arm.184 Consistent with the
observation, this and related indium DOTA (L39) complexes were found to be more
hydrophilic in their RP-HPLC retention data.184,200 Similar discrepancies were also noted for
the corresponding DTPA-RGD (L12-RGD) and DTPA-BA2 (L13) complexes of these
cations.178,201 Although potentially significant, no general conclusions about the relevance of
these differences to the in vivo properties of these species can yet be made. Finally, the antibody
2D12.5 was reported to bind Y-DOTA (L39) with much higher affinity than In-DOTA (In-
L39).193

2.7. Aqueous Zirconium(IV) Coordination Chemistry

With its high charge and small radius (59-89 pm for CN 4-9), hydrated Zr(IV) likely exists
only at high dilution in very acidic solutions. Multiple monomeric as well as polynuclear oxo/
hydroxy species are believed to be present before onset of precipitation as the pH is raised.
202,203

In consequence of its extreme hardness, a strong preference of Zr(IV) for polyanionic hard
donor chelators can be expected. This predilection can be seen in the very impressive stability
constants of its EDTA (L10) and DTPA (L12) complexes (Table 8). A total coordination
number of 8 is typical in their X-ray structures (Figures 63 and 64). The Zr-EDTA (Zr-L10)
geometry approximates a dodecahedron including a hexadentate chelator,204 while DTPA

(L12) is fully octadentate in its Zr(IV) envelopment.205 The use of ibritumomab tiuxetan, a
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MX-DTPA (MX-L12)-conjugated monoclonal antibody to chelate 89Zr has been reported. No
solid-state structure of Zr-DOTA (Zr-L39) has yet been reported. Although its D2O
solution 13C{1H} NMR spectral data were consistent with a time-averaged symmetric C4

species implying full N4O4 chelator coordination, its proton NMR spectrum actually revealed
a lower symmetry species in equilibration with a second minor isomer.177

The hydroxamate-based iron chelator Desferal DFO (L23) and its derivatives have been
frequently used to bind Zr(IV),19,44,206-210 yet no structural characterization or stability
constant data of resulting complexes are available. With the current interest in zirconium-based
radiopharmaceuticals, future investigations of other hard metal cation-binding chelators likely
to have high affinity for Zr(IV) such as catecholates, and catecholamides should be timely. The
family of tripodal hydroxypyridinone (HOPO) chelators developed recently for lanthanide
complexation towards MRI applications also merits attention.211

2.8. Summary

Viable chelators for Cu(II) range from tetradentate N2O2, N2S2, and N4 ligands favoring
square-planar coordination to fully encapsulating N3O3, N4O2, and N6 hexadentate ligands
giving distorted octahedral binding modes. Especially high thermodynamic stabilities as well
as acid inertness are realized using polyazamacrocycles and cryptands, often appended with
ionizable carboxylate or phosphonate arms. Highly stable Ga(III) complexes have been
attained with hexadentate chelators featuring N2O2S2, N2O4, N3O3, N3S3, N4O2, and O6 donor
sets, usually in a pseudo-octahedral coordination geometry. Selected macrocyclic N3O3 and
N4O2 chelator complexes also have remarkable inertness in strong acids. Although it is possible
for the larger In(III) cation to adopt higher coordination numbers of 7 and 8, its most robust
complexes are formed by hexadentate chelators similar to those for Ga(III) containing
N2O2S2, N2O4, N3O3, N3S3, N4O2, and O6 donor motifs. Due to the higher coordination
number requirement of Y(III), the octadentate lanthanide chelator DOTA (L39) provides an
almost ideal fit with associated high affinity. Only limited thermodynamic, kinetic, and
structural data are available for Zr(IV)-chelator complexes in comparison to the other four
metals discussed in this review. These indicate a strong preference for octadentate chelators
with hard anionic oxygen donors. Finally, as demonstrated from the examples contained in this
section, the affinity between metal and chelator play an integral role in the development of
useful radiopharmaceuticals.

3.0. Radioisotope Production

The availability of radiometals that are carrier free and radionuclidically pure is essential to
the development of effective radiopharmaceuticals for diagnostic imaging and radiotherapy.
While the production of Zr, Y, In, Ga and Cu radiometals require a thorough understanding of
the nuclear reactions and decay schemes available, their processing methods rely upon an
intimate knowledge of their aqueous solution chemistry. The next section describes these
methods.

3.1. Production of Copper Radiometals

The production of copper radiometals has been an area of intense research since they offer a
variety of half-lives and decay energies that are applicable to diagnostic imaging and
radiotherapeutic applications. Additionally, depending upon the application, copper
radionuclides can be utilized by facilities with limited resources.

Copper-62 (t½ = 0.16 h, β+: 98% Eβ+
max: 2.19 MeV; EC: 2%) can be produced in a small

cyclotron,212 and is the only generator-produced copper radionuclide, resulting from the decay
of its parent, 62Zn. Zn-62 is produced by irradiation of an enriched Cu target with protons
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according to the nuclear reactions 63Cu(p,n)62Zn or 65Cu(p,4n)62Zn.213 Numerous 62Zn/62Cu
generator configurations were produced before 1999, using a glycine solution or other aqueous
and organic mixtures to elute the 62Cu in a form suitable for radiopharmaceutical preparation.
214,215 Haynes and coworkers developed a method for the direct labeling of PTSM (L8) to
produce a patient-ready dose using a generator system designed to simultaneously deliver
the 62Cu eluate, NaOAc buffer and PTSM (L8) ligand solution into a dedicated syringe.216

While the life span of a 62Cu generator is only 24 h, a clinically useful dose can be prepared
every 30 minutes, which can be economical for hospitals that do not have the resources for an
onsite cyclotron. Additional improvements in generator preparation by Fukumura et al. have
increased the probability of 62Cu use in the clinic.217

Copper 60 (t½ = 0.4 h, β+: 93% Eβ+
max: 3.9 MeV and 3.0 MeV; EC: 7%, Eγ max: 2.0 MeV) is

another potentially useful copper radionuclide since high quality images can be obtained due
to the high percentage of positron decay, despite its high β+ energy and prompt gamma
emission.218 Additionally, 61Cu (t½ = 3.3 h, β+: 62% Eβ+ max: 1.2 MeV and 1.15 MeV; EC:
38%, Eγ max: 940 MeV and 960 MeV) also has potential applications in medical imaging since
its half-life is suitable for biological applications which occur between 1 and 4 hours after
injection.218 Both isotopes can be produced using targetry systems which were designed for
the production of 64Cu. Copper-60 can be prepared by the 60Ni(p,n,)60Cu reaction while 61Cu
can be prepared by the 61Ni(p,n)61Cu or 61Ni(d,n)61Cu nuclear reactions219 on a biomedical
cyclotron using 14.7 MeV protons or 8.1 MeV deuterons respectively and using natural or
enriched nickel targets. Approximately 16.7 GBq of 60Cu and up to 3.7 GBq of 61Cu can be
produced after the isotopic products are separated from the target material by ion exchange
chromatography. However, the need for enriched target materials, which increases production
costs, presents a significant limitation to the cost-effective production of these two radiometals
and has prompted investigators to develop other production methods using the nuclear
reactions 59Co(3He,2n)60Cu and 59Co(3He,n)61Cu, which can be carried out on Co foil using
beam energies of 70 MeV.220-222

Copper-67 (t½ = 62.01 h, β−: 100% Eβ−max, 0.577 MeV; Eγ max: 0.185 MeV) decays by β
emission. These particles have sufficient energy to penetrate small tumors, and the medium
range half-life of 67Cu makes it an attractive radiometal for radioimmunotherapy with intact
antibodies. It can be produced on a cyclotron or high energy accelerator using the nuclear
reactions 65Zn(p,2p)67Cu and 68Zn(p,2p)67Cu or 65Zn(n,p)67Cu, respectively.223 While
several different Zn target materials are used, 68Zn targets are preferred since their irradiation
leads to substantial increases in 67Cu yields.224,225 However production yields are relatively
low, since numerous contaminants such as 62Zn, 67Ga, 65Zn, 55Co, 58Co and 57Ni have to be
removed by numerous ion exchange chromatography steps. Despite the availability of these
purification methods, high specific activity 67Cu is still difficult to obtain because of the
ubiquity of natural copper and zinc in the environment.224,226 The need for the high energy
cyclotron or accelerator, which drives up the cost, has also prevented mass production of this
radiometal. Accordingly, interest in the applications of this radiometal remains limited.227-235

The production and preparation of 64Cu (t½ =12.7 h, β+: 19% Eβ+ max, 0.656 MeV; EC: 41%;
β−: 40%) has been extensively reviewed and discussed.236-238 Briefly, copper-64 can be
prepared in a nuclear reactor by several reactions including 63Cu(n,γ)64Cu, though the product
cannot be isolated in a carrier-free state. A second method which can lead to carrier-free 64Cu
involves bombarding the target in a reactor with fast neutrons according to the nuclear
reaction 64Zn(n,p)64Cu. Two other methods involve the nuclear reaction 64Ni(p,n)64Cu
and 64Ni(d,2n)64Cu,239,240 which can be carried out on a biomedical cyclotron to yield carrier-
free copper-64, but an enriched nickel target must be irradiated to increase the yield of
copper-64,241,242 and has spurred the development of 64NiO targets to enhance 64Ni recovery.
243 Recently, Obata and colleagues described the production of 64Cu using 12 MeV proton
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irradiation via 64Ni(p,n)64Cu.244 Automated processing and purification of the 64Cu by AG1-
X8 anion exchange chromatography allowed for the recycling of the 64Ni target material and
the generation up to 185 GBq of 64Cu depending upon target thickness.

Avila-Rodriquez et al. were able to simultaneously produce 64Cu and 61Co with a 11.4 MeV
proton beam on a biomedical cyclotron using the 64Ni(p,n)64Cu reaction.245 A single
chromatography step using an anion exchange column separated the chloride salts of Ni, Cu
and Co, providing carrier-free 64Cu with higher specific activities than previously reported.
237,244,246

While Van So et al. attempted to produce 64Cu from a 68Zn target,247 others have explored
making 64Cu with 64Zn targets using the nuclear reaction 64Zn(d,2p)64Cu, but the production
of other radionuclide contaminants has remained problematic.248-250 Recently, Kozempel and
colleagues reported the production of no-carrier-added (NCA) 64Cu using the 64Zn(d,
2pn)64Cu reaction with a 19.5 MeV deuteron beam.251 After irradiation the radioactive target
material is subjected to dual ion exchange chromatography using a strong cation exchange
resin to remove any Ga-based radio-impurities and a strong anion exchange column to retain
the 64Cu and 64Zn target material, while allowing other impurities such as 24Na and 58Co to
flow through the column. The 64Cu is then eluted in 2 M HCl while the Zn fraction is eluted
in neutral water. Additionally, Hassanein and coworkers separated 64Cu from the zinc target
using a gel matrix consisting of 6-tungstocerate(IV), which is highly insoluble in water and
has a mean particle size of 230-464 μm.252 The matrix’s affinity for metal ions such as Zn(II)
and Cu(II) is dependent on the hydrogen ion concentration in the column with the distribution
of both cations decreasing with decreasing pH. In dilute acid the Cu ions have an increased
affinity towards the matrix compared to Zn ions, which can be washed from the column using
1mM HCl while the 64Cu can be eluted in a carrier-free stat using 1 M HCl.252

3.2. Production of Gallium Radiometals

Three gallium radioisotopes have suitable properties to be used in radiopharmaceutical
applications. 67Ga is used in SPECT and gamma scintigraphy while 66Ga and 68Ga are used
in the development of PET radiopharmaceuticals. This next section will discuss the production
and purification of these three radioisotopes.

Gallium-67 (t½ = 78.3 h, γ: 93.3 keV, 37%, γ: 184.6 keV, 20.4%, γ: 300.2 keV, 16.6%) is
produced using a cyclotron by bombarding a zinc or copper target with protons using the 67Zn
(p,xn)67Ga reaction,253,254 deuterons by the 67Zn(d,2n)67Ga reaction,255 alpha particles by
the 64Zn(4He,n)67Ga or 65Cu(4He,2n)67Ga reactions.254,256 Additionally, it can be produced
using a tandem NatGe-NatZn target, where separation of the 67Ga from the target material is
accomplished by acid dissociation followed by resin-based chromatography on an organic
polymer to achieve high radionuclidic purity.256 In some cases however, iron contamination
can be problematic, but the use of a reducing agent such as TiCl3 can resolve this issue.257

Recently, 67Ga was produced from the irradiation of a target consisting of natural cobalt foil
with 52 MeV 11B4+ and 73 MeV 12C6+ ions through one of the following reactions: 59Co
(11B,3n)67Ge or 59Co(12C, 4n)67As.258 The 67Ge and 67As products are short lived
radionuclides which decay to 67Ga after a short “cooling” time. Separation of the target material
is achieved by liquid-liquid extraction using concentrated acid and trioctylamine (TOA), which
is then back-extracted using a basic solution of DTPA or EDTA. Alternatively, 67Ga has been
purified from cobalt target materials using alginate biopolymers,259 which are naturally
occurring polymers extracted from microalgae, shrimp, crab and fungi that are known to bind
strongly to metal ions.260 Upon addition of the radioactive target material, nearly 90% of
the 67Ga is retained in the biopolymeric matrix while the cobalt target material is removed
from the column using an aqueous solution of NaNO2. After all of the target material is
removed, elution of the no-carrier-added 67Ga occurs using 0.1 M HCl, which is suitable for
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radiopharmaceutical applications. In many medical centers that have PET scanners, the use
of 67Ga has been replaced by [18F]FDG-PET.261

Gallium-68 (t½ = 67.71 min, β+: 89%, Eβ+
max, 1.9 MeV; EC: 11%, Eγ max: 4.0 MeV) is an

important positron emitting radiometal that is produced by electron capture decay of its parent
radionuclide 68Ge (t1/2 = 270.95 days),159 and it can be produced from a compact generator
system which contains the parent radionuclide. The 68Ge/68Ga generator system provides a
continuous source of Ga-based PET radiopharmaceuticals for approximately 1 year, it has been
extensively reviewed,262-264 and numerous commercial systems are available. Cyclotron Co.
(Obninsk, Russia) has recently produced a popular TiO2-based generator system which can
contain 370-18500 MBq 68Ge.159 This system is eluted with 0.1 M HCl to provide the user
with ionic 68GaCl3; however, there are drawbacks, including 68Ge breakthrough, large eluate
volume, high HCl concentration and the presence of metallic impurities such as Zn2+, Ti4+ and
Fe3+, which can lead to difficulties in synthesizing the 68Ga radiopharmaceutical. To
circumvent these difficulties research groups have explored purification protocols using anion
and cation exchange micro-chromatography264,265 and fractionation,266 while additional
work has sought to develop facile synthetic routes to radiopharmaceuticals that complement
this generator system including infrared (IR) and microwave supported syntheses.265,267

Gallium-66 (t½ = 9.49 h, β+: 56.5%, Eβ+ max, 4.15 MeV; EC: 43.5%, Eγ max: 4.0 MeV) is
another radiometal that is relevant in nuclear medicine and molecular imaging applications.
As a positron emitter it can be used in PET imaging, and its longer half-life allows for data
collection at later time points, which is not possible with the positron emitting isotope 68Ga.
Gallium-66 can be produced and purified using methods similar to those that have been
described for 67Ga258 (vide supra). An alternative method for 66Ga production has been
accomplished using the 66Zn(p,n)66Ga nuclear reaction on a small biomedical cyclotron.268

This publication also compared purification of the 66Ga by cation exchange chromatography
with the traditional purification method involving diisopropyl ether extraction using 20%
TiCl3 in 3% HCl. The authors report that using cation exchange chromatography to purify
the 66Ga has several advantages. Firstly, 200 mCi of 66Ga can be prepared and purified in this
manner. Secondly it can be automated, and the processing time was more than twice as fast
when compared to the diisopropyl ether extraction protocol. However a potential limitation
lies in the high concentration of metal impurities in the cation exchange column, which will
need to be reduced if this process is to be used to regularly prepare 66Ga radiopharmaceuticals.
Additionally, although the longer half-life of 66Ga compared to 68Ga provides more flexibility
with respect to the types of biomolecules to be investigated and the amount of time required
for radiochemistry, the very high energy of the positron (4.15 MeV) as well as a high energy
gamma emission (4.0 MeV) provide a prohibitively high absorbed dose to the subject being
imaged, as well as to the personnel working with this radiometal. These intrinsic physical
properties of this radiometal have severely limited its practical use.

3.3. Production of Indium Radiometals

The production, purification and application of indium radiometals are active areas of research
in the nuclear medicine, radiochemistry and molecular imaging communities. While numerous
reports exist which involve the use of 110In269,270 110mIn271 and 114mIn272, this review will
focus on the production, purification, and radiopharmaceutical applications of 111In, since it
is the most widely used and extensively studied indium radiometal.

Indium-111 (t½ = 2.8 d; γ: 171 keV, γ: 245 keV (EC 100%)) is produced commercially by
irradiating a natural cadmium target with energetic protons according to the reaction 111Cd
(p,n)111In or 112Cd(p,2n)111In, and both remain the most widely used production methods
of 111In.273 Indium-111 can be separated from the cadmium target by ion exchange or solvent
extraction, with both techniques providing similar yields.270 Alternatively, 111In can also be
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produced in an accelerator by irradiating a rhodium target with 12C ion beam274 or irradiating
silver targets with 55 MeV 11B ions by the 107,109Ag(11B,3pxn)111In nuclear reaction.275 In
this process, the 111In is separated from the target material by first dissolving it with HNO3,
aliquat-336 (a phase transfer catalyst), and 0.001 M HCl, which are used to separate the silver
target and the radiometal. A second extraction step involving 1 M HCl and 0.1 M trioctylamine
(TOA) separates the 111In, which remains in the organic phase while impurities such
as 116/117Te, and 116/116m/117Sb remain in the aqueous phase. A final extraction using a basic
solution of 0.1M EDTA isolates the 111In in a carrier free state.

3.4. Production of Yttrium Radiometals

The most abundant source of yttrium (Y) is found in the naturally occurring isotope 89Y.
Additionally there are numerous radioisotopes of Y, which are synthetically produced during
the nuclear fission process and have half-lives that range from nanoseconds to months. For
example, 88Y (t½ = 106.62 days) is produced by irradiating a strontium target with 16 MeV
protons or a rubidium carbonate target with 7.3 MeV deuterons, 19 MeV 3H ions and 12.4
MeV 4He ions.276 This radiometal has been used in place of 90Y for determining biodistribution
of radio-yttrium compounds,277 is often considered invaluable as an active component of
the 88Y-Be photoneutron source,278 and is important in the characterization of electrical
materials. Additionally, 87Y, which serves as the parent radionuclide in a 87Y/87mSr generator,
can be prepared by irradiating a rubidium target with alpha particles or by irradiating an
enriched 87Sr target with protons.279,280 While a discussion of the production and purification
of all of the Y radiometals is beyond the scope of this text, the remainder of this section will
be devoted to the production and purification of the most medically relevant yttrium
radiometals 90Y and 86Y.

Yttrium-90 (t½ = 64.1 h, β−: 100%, Eβ−max = 2.3 MeV) is currently used as a therapeutic
radionuclide in nuclear medicine because it has a half-life of 64.2 h and emits β− radiation
(Eβ−max = 2.28 MeV) with no accompanying gamma rays, reducing the received radiation dose
to both patients and hospital staff.281 Yttrium-90 can be produced by (n,γ) reactions on yttrium
metal or yttrium oxide, but the resulting product is obtained with a low specific activity.281

Additionally, it can be produced by the 90Zr(n,p)90Y reaction in a nuclear reactor.281 Following
irradiation of the Zr starting material, it is extracted with HNO3 and mandelic acid leaving a
solution containing the 90Y product and the 90 Sr parent, which can be separated from
the 90Y product by its retention on a DOWEX cation exchange column. The radiochemical
yield of this method is 90±8%.

Since large quantities are needed for nuclear medicine applications, the majority of the 90Y

obtained by hospitals is from facilities that manage nuclear materials produced within fission

reactors. In this fissile material, 90Y is associated with its parent 90Sr (t½ = 29 years), which

must be separated in sufficient purity to meet hospital quality control standards. This has

previously been accomplished with the use of co-precipitation282 or solid-supported solvent-

extraction chromatography.283

Recently, Happell et al. used nuclear track micro filters (NTMF) as supported liquid

membranes by impregnating them with 1:1 bis-(2-ethylhexyl)-phosphate (HDEHP) and

tributylphosphate (TBP).284 90Y separation from its parent 90Sr is achieved by its selective

transport through the pores of the impregnated NTMF. While initial 90Y recovery was good,

the system lacked long term stability and 90Sr breakthrough was problematic.

Although 90Y is becoming more commonly used as a radiotherapeutic, not every hospital has

access to 90Y on a routine basis. However, since 90Y and 90Sr have such distinctly different

half-lives, they represent a daughter/parent radionuclide combination that is ideal for

incorporation into a generator system. Numerous generator systems have been developed
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where the 90Sr is adsorbed onto a solid support and the 90Y is eluted using lactate,285 methanol

and acetate,286 oxalate,287 citrate288 or EDTA.289,290 Recently, Chakravarty et al. developed

the Kamadhenu generator.291 This 90Y generator uses a dual electrochemical separation

technique to separate 90Y from the 90Sr parent in very high radionuclidic purity by performing

both electrolytic steps potentiostatically, and the constant voltage minimizes the level of 90Sr

contamination to 30 kBq per 37 GBq 90Y, which is well below 74 kBq, the upper limit of

exposure defined by international regulatory agencies. This method offers several advantages

over conventional column based generator systems. Firstly, this generator can constantly be

supplied by a 90Sr feed solution, and there is an insignificant loss of 90Sr except by natural

decay. There is minimal radioactive and non-radioactive waste production, and minimal

amounts of chemicals are used in the entire process. Finally, the 90Y is obtained in acetate

buffer making it suitable for labeling biological molecules without further modifications.

Yttrium-86 (t½ = 14.7 h, β+: 34%, Eβ
+

max = 1.2 MeV) has gained attention as a new imaging

surrogate for 90Y and as a positron emitting radioisotope for diagnostic PET imaging because

of its favorable half-life and decay characteristics. This increased demand for 86Y has led to

an intense research effort to develop efficient and high yielding production methods. Several

methods for the production and purification of 86Y have been investigated which involve

irradiation of germanium targets with accelerator produced heavy ion particles such as 15

MeV 16O+6,292 but most 86Y production protocols have used SrCO3 or SrO as the target

material and protons with energies from 8-15 MeV. Separation of the 86Y has been

accomplished using co-precipitation and ion exchange chromatography,293 ion exchange

chromatography,294,295 a Sr-selective resin,296,297 and electrolysis, which separated the 86Y

from the SrCO3 target material resulting in high yields of no-carrier added 86Y in only 2 hours.
298

Yoo et al. published a report that described the production of 86Y using either an enriched

SrCO3 or SrO target on a small biomedical cyclotron via the 86Sr(p,n)86Y nuclear reaction.
299 The authors demonstrated that the use of SrO coated onto a platinum disk target and two

electrolytic steps allowed for a more efficient preparation of 86Y with 99% of the

available 86Y being recovered. Specific activities with this method were observed to be as high

as 282 GBq/μmol, and since no co-precipitates are formed or exchange resins are used in the

purification process, the introduction of carrier species is greatly reduced. Furthermore,

electrolysis requires fewer steps, is easier to handle, can be adopted for automation and can

produce no-carrier-added (NCA) 86Y sufficient for biological studies in less than three hours.

Recently, further modifications to the electrolytic procedures have been published which have

optimized the electrochemical separation of 86Y, resulting in reliable yields of 91% in only 60

minutes.300

3.5. Production of Zirconium Radiometals

Several isotopes of Zr can be produced on a cyclotron using a variety of nuclear reactions with

particle energies between 5-85 MeV, and include 86Zr (t½ =17 h, γ: 100%, Eγ = 241

keV), 88Zr (t½ = 85 d, γ: 100%, Eγ = 390 keV) and 89 Zr (t½ = 78.4 h, β+: 22.8 %, Eβ
+

max =

901 keV; EC: 77%, Eγ = 909 keV).301 However, for radiopharmaceutical development and

radioimmunotherapy applications 89Zr has received considerable attention owing to its

favorable decay characteristics and longer half-life, which make it useful in the labeling of

antibodies for PET imaging at relatively long time points. A caveat to 89Zr is the high

abundance of the 909 keV gamma photons, which contribute greatly to the absorbed dose

of 89Zr radiopharmaceuticals, especially in slower clearing agents such as mAbs.

Zirconium-89 was first produced by Link et al. in 1986 by a (p,n) reaction by

bombarding 89Y on Y foil with 13 MeV protons.302 After irradiation, 89Zr was purified by a

double extraction protocol. The target was first mixed with 4,4,4-trifluoro-1-(2-thienyl)-1,3-
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butanedione (TTA) in xylene to remove the Zr(IV) from the foil followed by a second extraction

step involving HNO3/HF to return the Zr(IV) to the aqueous phase. Anion exchange using 1M

HCl/0.01 M oxalate completes the purification procedure to afford 89Zr in an 80% yield and

with a purity of 99.99 %. A similar method reported by Dejesus et al. yielded similar results.
303

A third method of production involves the irradiation of 89Y pellets, prepared from high purity

powder, with 16 MeV deuterons (89Y(d,2n)89Zr reaction).304 Unlike the previous two methods,

which relied upon solvent-solvent extraction as a means to purify the 89Zr, this method relied

solely upon the differences in the distribution coefficients of these two elements on an anion

exchange resin at different HCl concentrations. The authors reported that the overall

radionuclidic yield was 80%. The purification protocol is simpler than the procedures proposed

by Link, but the precipitation of YCl3 before and after anion-exchange chromatography has

been problematic.305

Finally, using a Philips AVF cyclotron, Meijs and coworkers were able to produce 89Zr using

the (p,n) reaction, 14 MeV protons and 89Y (300 μmol), which was sputtered onto a natural

copper target that was cooled by water during bombardment.306 These simple modifications

led to the production of 8140 MBq 89Zr after 2 h. After oxidation of the 89Zr to the M4+

oxidation state using H2O2, it was separated from other metal impurities such

as 89Y, 88Y, 65Zr, 48V and 56Co using an anion exchange column chemically modified with

hydroxamate groups. Hydroxamate was chosen because of its ability to form complexes

with 89Zr under highly acidic conditions, which allows the 89Zr to be retained in the column

while the other metal impurities are removed with highly concentrated HCl. The purified 89Zr

can then be eluted in 95% yield using 1 M oxalic acid, which is removed by sublimation under

vacuum. However, newly established purification and labeling protocols have improved the

separation efficiency of the hydroxamate column and rendered this sublimation step obsolete.
19

4.0. Applications of Zr, Y, Ga, In and Cu Radiopharmaceuticals

As new production and processing methods of Cu, Ga, In, Y and Zr radiometals become

available, their use in radiopharmaceutical development has allowed researchers and

physicians to utilize the variable half-lives and emission energies to explore a variety of

research problems including imaging multidrug resistance143,307,308 and treating refractory

arthritis and synovitis.309,310 However, a thorough discussion of every application is beyond

the scope of this text. To make this review more manageable for the reader, only applications

involving oncology, gene expression, infection and inflammation and hypoxia and perfusion

will be emphasized. A representative summary of applications can be found in Table 9.

4.1. Oncology

Each year 10.9 million people are diagnosed with cancer worldwide.311 Cancer is caused by

the effects of genetic mutation and environmental stress, either individually or in concert.

Additionally, the aggressiveness and responsiveness to therapy displayed by each malignancy

varies, and while satisfactory progress continues to be made in the successful diagnosis and

treatment of some cancers, the overall success rate remains low. While several of the

radiometals such as 67Cu227-235 and 90Y312-345 are used in oncology as radiotherapeutics, the

remainder of this discussion will focus on the incorporation of In, Cu, Ga, Y, and Zr radiometals

into radiopharmaceuticals for the diagnostic imaging of cancer. Moreover, while numerous

radiopharmaceuticals have been prepared to detect biomarkers such as the folate receptor,
166,346,347 the neurotensin receptor,348,349 oxytocin receptor expressing tumors,350 apoptosis

using Annexin-5,351-355 Urokinase-Type Plasminogen Activator Receptor (uPAR),356

matrix metalloproteinases (MMPs),357,358 Met-expression,359 antigens in head-and-neck
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cancer,208,360-362 lymphoma,363-371 non-Hodgkin’s lymphoma,45 and esophageal and

pancreatic cancer,372,373 the remainder of this discussion will be further confined to several

biomarkers which have received the most attention and include the integrin αvβ3, the

somatostatin receptor, the gastrin-releasing peptide receptor, melanoma and melanocortin-1

receptor, HER-2/neu receptor, VEGF receptor and EGF receptor.

4.1.1. Integrin Imaging—Integrins are a family of cell surface heterodimeric

transmembrane glycoproteins that mediate the attachment of cells to the extracellular matrix.
374,375 They consist of α and β subunits which are needed for adhesion to the extracellular

domain. The cytoplasmic domain of both subunits anchors the cytoskeleton to the plasma

membrane and is required to mediate signaling events. While imaging agents that target several

different integrins have been reported,376-378the most widely investigated in this superfamily

of proteins has been the vitronectin receptor, αvβ3, since it has been observed to be involved

in tumor growth, local invasiveness, metastatic potential, and it is highly expressed on

endothelial cells undergoing angiogenesis.379,380 While several different protein, peptide and

peptidomimetic motifs have been used to image this biomarker,200,381-387 the vast majority

of published reports have targeted this receptor using an arginine-glycine-aspartic acid (RGD)

peptide motif (Figure 65). For example, Yoshimoto et al. prepared 111In-DOTA(L39)-c

(RGDfK)388 and demonstrated that this radiopharmaceutical had rapid tumor uptake and renal

clearance in SKOV-3 human ovarian carcinoma cells implanted in female BALB/c nu/nu mice,

while van Hagen et al. used 111In-DTPA(L12)-c(RGDyK) to investigate the imaging of

neoangiogenesis in CA20948 rat pancreatic tumors.389 Receptor-specific, but dose-dependant

accumulation of the tracer was observed in these tumors with more accumulation being

observed when the mass of the injected radiopharmaceutical was reduced. Additionally,

several 64Cu-DOTA(L39)-RGD based radiopharmaceuticals have been developed to target

αvβ3 expression in order to monitor dasatinib therapy390 and image glioma,391 inflammation,
392 lung cancer,393 and teratoma.394 Additional research has been conducted to improve

αvβ3 positive tumor targeting using RGD multimers,395 enhance the biokinetics of RGD based

radiopharmaceuticals using PEG linkers396 and develop multimodal imaging agents for PET/

MR397 or PET/NIR applications.398

Since 64Cu-DOTA (L39) complexes were previously shown to be unstable in vivo,21 Wei and

colleagues compared the properties of 64Cu-CB-TE2A(L57)-c(RGDyK) and 64Cu-

DIAMSAR(L62)-c(RGDfD) in M21 (αvβ3 positive) and M21L (αvβ3 negative) melanoma

bearing mice.399 These ligands were developed to form more kinetically inert Cu(II) complexes

with the hope of preventing Cu transchelation in vivo. While both radiopharmaceuticals

exhibited similar binding affinities for αvβ3 integrin, 64Cu-CB-TE2A(L57)-c(RGDyK)

demonstrated better tumor targeting at all time points examined, and demonstrated more rapid

liver and blood clearance resulting in lower liver and blood concentrations at 24 h p.i.

In another interesting application using CB-TE2A(L57), Sprague et al. used the

radiopharmaceutical 64Cu-CB-TE2A(L57)-c(RGDyK) to image osteoclasts, which express

high levels of αvβ3 integrin and are a component of osteolytic bone metastases.400 This

radiopharmaceutical was observed to have a 30-fold greater affinity for αvβ3 than αvβ5, and

was observed to bind to osteoclasts through αvβ3-mediated interactions. Biodistribution and

small animal imaging of a pharmacologically induced mouse model of osteolysis demonstrated

increased uptake at the mouse calvarium, which was the site of pharmacological induction

(Figure 66). This increased uptake could be blocked with a co-injection of c(RGDyK)

demonstrating that imaging of αvβ3-expressing osteoclasts was possible.

Gallium-based imaging agents have been developed for imaging αvβ3. Jeong et al. labeled

NOTA(L29)-c(RGDyK) with 68Ga.401 Although some purification was necessary, the purified

complex could be obtained with a specific activity of 17.4 GBq/μMol, and biodistribution
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studies in nude mice bearing human colon cancer (SNUC4) xenografts demonstrated

appreciable receptor-mediated tumor uptake. Additionally, small animal PET studies were

performed, which demonstrated excellent tumor uptake that was significantly reduced by the

coadministration of c(RGDyK); however, quantification of the microPET imaging was not

reported. In another report, Li et al. examined the differences between 68Ga-NOTA(L29)-

(RGD)4, 68Ga-NOTA(L29)-(RGD)2, and 68Ga-NOTA(L29)-RGD.402 In all cases, nearly

quantitative labeling of these conjugates was achieved, and specific activities of 12-17 MBq/

nmol were achievable. The 68Ga-NOTA(L29)-(RGD)4 demonstrated the highest receptor

affinity and tumor uptake based upon biodistribution and small animal PET studies, but it also

demonstrated the highest kidney uptake, which can be problematic since the kidney is a dose

limiting organ. Similarly, a recent study by Liu et al. examined the effects PEG and glycine

linkers had on the affinity of RGD dimers for αvβ3 positive tumors xenografts.403

4.1.2. Somatostatin Receptor Imaging—Somatostatin (SST), which consists of 14

amino acid (aa) and 28 aa peptides, affects several organ systems including the central nervous

system, hypothalamopituitary system, the gastrointestinal tract, the exo- and endocrine

pancreas and the immune system.404 Currently five different somatostatin receptor subtypes

have been discovered. While many human tumors express these membrane bound receptors,

the subtype expression pattern is dependent on the origin and type of tumor.405 This

information has led to a continuing flurry of activity, seeking to develop new diagnostic

imaging agents for somatostatin receptors and evaluate them in preclinical and clinical settings.

Numerous somatostatin analogues have been prepared, conjugated to various chelators such

as DTPA (L12) and DOTA (L39), labeled with 111In and have been evaluated in both

laboratory and in the clinic (Figure 67). 9,406-425 de Jong et al. investigated tumor uptake

of 111In-DOTA(L39)-Y3-octreotide as a function of injected radiopharmaceutical mass, which

is an important factor when seeking to maximize tumor uptake while trying to minimize non-

target organ radiotoxicity.426 111In-DOTA(L39)-Tyr3-octreotide was injected into male Lewis

rats bearing CA20949 pancreatic carcinoma tumors with the mass of the radiopharmaceutical

varying between 0.05-12 μg peptide. Higher specific uptake was observed only in somatostatin

receptor subtype 2 (SSTR(2)) positive organs when the mass of the injected

radiopharmaceutical was low, illustrating that this parameter is more important in determining

radiopharmaceutical uptake in tumor and non-target organs than its specific activity. Another

report by Lewis et al. described the evaluation of the somatostatin analogues 64Cu-TETA

(L49)-Y3-OC, 64Cu-TETA(L49)-TATE, 64Cu-TETA(L49)-OC and 64Cu-TETA(L49)-Y3-

TATE to correlate the in vivo changes in biokinetics of these molecules that occurred when a

substitution of tyrosine for phenylalanine is induced at position 3 of the peptide sequence and

when the C-terminal alcohol is oxidized to a carboxylic acid functional group.427 The

analogue 64Cu-TETA(L49)-Y3-TATE displayed significantly higher affinity to somatostatin

receptor positive CA20948 rat pancreatic tumor membranes and demonstrated up to 3.5-fold

more tumor retention than the other tracers examined. These findings led to further

investigations of this radiopharmaceutical as a diagnostic imaging agent using a non-human

primate model428 and has led to preliminary dosimetry studies in a rat model.427 However the

experimental evidence of copper transchelation in vivo has led to the use of other chelators that

form more kinetically inert copper complexes.20 One such chelator currently being investigated

is the cross-bridged chelator CB-TE2A (L57).429 To demonstrate its superiority, Sprague et

al. prepared the radiopharmaceuticals 64Cu-CB-TE2A(L57)-Y3-TATE and 64Cu-TETA

(L49)-Y3-TATE, which differ only in the copper chelator conjugated to the peptide.430 While

both radiotracers had similar binding affinity to SSTR(+) AR42J tumor cell membranes, blood,

liver and non-specific uptake was lower for the cross-bridged analog. Additionally at 4 h, the

non-cross bridged tracer had 4-fold and 2-fold higher blood and liver uptake while 64Cu-CB-

TE2A(L57)-Y3-TATE demonstrated 4-fold greater tumor uptake at the same time point. These

interesting properties led Eiblmaier and colleagues to examine the difference in internalization
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of these two radiopharmaceuticals in A427-7 cells, which were stably transfected for the SSTR

(2) to evaluate their radiotherapeutic and cell killing potential.431 Cellular internalization and

efflux experiments demonstrated that 64Cu-CB-TE2A(L57)-Y3-TATE internalized more

rapidly than 64Cu-CB-TETA(L49)-Y3-TATE, however more 64Cu-TETA(L49)-Y3-TATE

localized in the nucleus leading the authors to conclude that the difference in kinetic inertness

between the two 64Cu complexes led to the higher localization of activity in the nucleus.

In 2004 Milenic, et al. reported the development of a DTPA (L12) analogue CHX-A”-

DTPA, (L14), which forms stable complexes with a variety of radiometals and is capable of

achieving rapid complex formation at room temperature.432 In order to evaluate this

bifunctional chelator, it was coupled to octreotide (OC), labeled with 86Y and injected into rats

bearing AR42J pancreatic tumors which over express the somatostatin subtype 2 receptor

(SSTr2).433 86Y-CHX-A”-DTPA(L14)-OC demonstrated high tumor uptake along with

uptake in the kidneys associated with the renal clearance of the agent. Imaging of the tumor

was easily visualized using small animal PET at 4 h, but effective clearance from the tumor

was demonstrated with only 25% of the activity remaining at 24 h compared to the 4 h time

point in biodistribution studies.

Several 68Ga-radiopharmaceuticals have also been developed to the somatostatin receptor on

neuroendocrine tumors.434-440 Henze et al. examined the diagnostic utility of 68Ga-DOTA

(L39)-D-Phe1-Tyr3-octreotide in patients with meningiomas.441 During the study, rapid blood

clearance and high uptake in the meningioma lesions of various sizes could be observed while

no tracer accumulation was found in healthy brain tissue allowing for excellent visualization

of these lesions. Additionally, Hofmann and co-workers evaluated 68Ga-DOTA(L39)-TOC in

patients with somatostatin receptor-positive tumors, and compared their results to those

obtained with 111In-DTPA(L12)-octreotide with planar and SPECT imaging.439 Based upon

this study, 68Ga-DOTA(L39)-TOC was able to clearly delineate 100% of the lesions

predefined with CT or MRI, and an additional 30% more lesions were detected when compared

with SPECT using 111In-DOTA(L39)-octreotide. Conversely, only 85% of the lesions

previously identified using CT or MRI were correctly identified with the gamma-emitting

radiopharmaceutical demonstrating the utility of 68Ga-DOTA(L39)-TOC in PET imaging and

preclinical experiments. Kayani et al. demonstrated that PET/CT using 68Ga-DOTA(L39)-

TATE was superior to [18F]-FDG for imaging well-differentiated neuroendocrine tumors, but

[18F]-FDG was more sensitive in detecting high-grade tumors.442 Additionally, the authors

note that the combination use of 68Ga-DOTA(L39)-TATE, [18F]-FDG and PET/CT has the

potential for more comprehensive tumor assessment in intermediate and high-grade tumors.

Finally, Ugur et al. investigated the potential of 66Ga-DOTA(L39)-D-phe1-Tyr3-octreotide as

a potential PET agent and radiotherapeutic for somatostatin receptor-positive tumors in AR42J

rat pancreatic tumors implanted in nude mice.443 The authors radiolabeled this

radiopharmaceutical precursor with 66Ga, 67Ga and 68Ga. Radiochemical purity of more than

95% was achieved for each radiotracer, and tissue biodistribution demonstrated comparable

uptake for the 66Ga, 67Ga and 68Ga complexes. Small animal PET experiments demonstrated

efficient tumor retention, but high radioactivity accumulation in the kidney also was observed,

suggesting that effective measures to block renal uptake will be needed before therapeutic and

imaging protocols using this radiotracer can be implemented.

Targeted radiopharmaceuticals having high specificity and affinity for individual SST subtypes

have also been reported. Recently, Ginj et al. compared somatostatin receptor agonists and

antagonists as targeting ligands and their specific affinity for the five different subtypes of the

somatostatin receptor.444 The somatostatin receptor subtype 2 (SSTR(2)) selective antagonist

sst2-ANT was determined to have a high affinity for the SSTR(2), which was not decreased

by the presence of conjugated DOTA(L39) or a conjugated natIn-DOTA(L39) complex.

Internalization of the SSTR(2) was not observed using immunofluorescence internalization
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assays even when the concentration of the antagonist exceeded 9 μM. Biodistribution studies

using 111In-DOTA(L39)-sst2-ANT revealed high uptake and a slow clearance of the

radiopharmaceutical in nude mice bearing tumors comprised of human embryonic kidney

(HEK) cells that were stably transfected to only express SSTR(2). Wadas et al. further expanded

upon this approach by developing the PET analogue 64Cu-CB-TE2A(L57)-sst2-ANT and

comparing its properties as a PET radiopharmaceutical to the agonist 64Cu-CB-TE2A(L57)-

Y3-TATE.445 Biodistribution studies revealed that the PET antagonist demonstrated rapid

blood clearance but slower clearance from the liver and kidney. Both radiotracers demonstrated

substantial uptake in SSTR(+) tissues and AR42J tumors, which was reduced upon the co-

injection of blockade indicating that interaction between the radiopharmaceuticals and the

tissues are a receptor-mediated process (Figure 68). 64Cu-CB-TE2A(L57)-sst2-ANT

demonstrated higher tumor:blood and tumor:muscle ratios at the latest time point of 24 h and

excellent tumor visualization during small animal PET imaging experiments, which was

believed to reflect the antagonist’s increased chemical stability and increased hydrophobicity.

Interestingly, the relative tumor uptake observed by Wadas and colleagues was much lower

than what was reported by Ginj et al.444 In the studies by Ginj and coworkers, HEK229 cells

that were stably transfected to express SSTR(2) were used, while Wadas and colleagues

performed their studies using the SSTR(2) endogenously expressing AR42J rat pancreatic

carcinoma cell line. This illustrates the variability in results that can occur when cell lines

engineered for receptor expression are used rather than cell lines with a natural phenotype for

the receptor of interest.

4.1.3. HER-2/neu Receptor Imaging—HER-2/neu proto-oncogene, which is also called

erbB-2 was first identified by transfection studies, when NIH3T3 cells were transformed with

DNA from chemically-induced rat neuroglioblastomas.446 It encodes a protein that has

extracellular, transmembrane and intracellular domains, and is over-expressed in 25-30% of

human breast cancers. Approximately 90-95% of these cases are the result of uncontrolled gene

amplification, which produces a malignant phenotype that correlates with shorter disease free

survival and shorter overall survival.447 Several groups have attempted to image this biomarker

by developing SPECT imaging agents such as 111In-labeled trastuzimab,140,448,449 or by

developing multimodal imaging agents450 which will bind tumor cells that over express the

HER-2/neu receptor. However, the slow elimination of intact monoclonal antibodies from the

body yields low tumor/blood and tumor/normal tissue ratios and has forced researchers to

investigate smaller targeting systems to improve the biokinetics of these imaging agents

without sacrificing specificity. For example, Tang et al. prepared 111In-DTPA(L12)-

trastuzumab Fab fragments with high radiochemical purity. Although, the measured Kd values

for these ligands were 2-fold less than observed for trastuzumab immunoglobulin gamma

(IgG), the maximum number of labeled cell sites was 1.5-fold greater.451,452 Moreover,

biodistribution studies revealed significant tumor to non-target ratios but high kidney uptake

after 72 h, and small animal imaging studies revealed the clear visualization of HER-2/neu

positive BT474 human breast cancer xenografts implanted in athymic mice. Similarly, Dennis

and colleagues developed 111In-DOTA(L39)-AB.Fab4D5, a Fab fragment derived from

trastuzumab, which was designed to bind albumin and HER-2/neu simultaneously.453 Small

animal SPECT imaging of MMTV/HER-2 transgenic mice, which develop mammary tumors

expressing elevated levels of HER-2, revealed rapid accumulation of 111In-DOTA(L39)-

AB.Fab4D5 in these tumors, which was comparable with other 111In-DOTA(L39)-

trastuzumab Fab fragments, but had better kidney clearance. Finally, Orlova and co-workers

described the radiolabeled affibody molecule 111In-DOTA(L39)-ZHER2:342-pep2.454 High

uptake in SKOV-3 tumor bearing mice at 72 h p.i. was observed, but also unusually high kidney

retention. Additionally, cell internalization properties of this imaging agent were examined by

Wållberg et al., who demonstrated that between 20-40% of 111In-DOTA(L39)-

ZHER2:342-pep2 was internalized in several HER-2/neu positive cell lines.455
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4.1.4. Gastrin Releasing Peptide Receptor Imaging—Bombesin (BBN), a 14 aa

peptide present in amphibian tissues and gastrin releasing peptide (GRP), its human analogue,

which consists of 27 amino acids belong to a family of brain gut peptides that share very similar

activities and occur primarily in the central nervous system.404 GRP receptors have been

observed on a wide variety of human cancers including cancers of the GI tract, lung, prostate,

breast and neuroblastomas,404 and represent attractive targets for radiopharmaceutical

development. Consequently numerous bombesin analogues have been developed and labeled

with In,456-458 Ga,459,460 Y461 and Cu461-466 radiometals in order to evaluate the influence

of ligand or chelator structure on the biokinetics of these radiopharmaceuticals (Figure 69).

For example, Hoffman et al. examined several DOTA(L39)-X-BBN[7-14]-NH2 peptides

where X was a carbon spacer which was either 2, 5, 8 or 11 carbons in length, in order to

optimize the pharmacokinetics for specific targeting of human cancers.457 Once synthesized,

these compounds were radiolabeled with 111In and evaluated in cellular assays that utilized

the human prostate carcinoma cell line (PC-3). Biodistribution studies on the 8 carbon

analogue, which were conducted in SCID mice bearing PC-3 tumors, demonstrated rapid blood

clearance with high tumor uptake occurring 15 minutes p.i. However, washout of the

radiotracer was also rapid with only 20% of the injected activity remaining in the tumor by 24

h p.i. Garrison et al. further evaluated the pharmacokinetic changes induced by aliphatic,

aromatic and polyethylene glycol ether functional groups in these analogues.458

Biodistribution studies and small animal SPECT/CT imaging demonstrated that

radiopharmaceuticals containing aromatic groups as linkers exhibited the highest percentage

of tumor retention 15 minutes p.i., but also exhibited higher uptake in the pancreas and in the

GI tract especially at later time points, demonstrating that care needs to be taken when designing

radiopharmaceuticals that require chemical linkers between the targeting molecules and the

bifunctional chelator.

Recently, Prasanaphich and colleagues explored the Bombesin-based

radiopharmaceutical 64Cu-NOTA(L29)-8-Aoc-BBN(7-14)NH2 for the PET imaging of

GRPR-expressing tissues.467 This bioconjugate demonstrated high affinity with an IC50 of 3.1

nM while in vivo biodistribution studies in PC3 tumor bearing mice demonstrated high uptake

in tumor tissue with retention evident at 24 h p.i. Small animal PET/CT corroborated

biodistribution studies demonstrating excellent image quality and tumor visualization

especially when compared to the 64Cu-DOTA(L39) analogue. Additional work by the authors

have sought to extend this radiopharmaceutical’s utility by examining its potential as an

imaging agent for breast cancer.468

4.1.5. Epidermal Growth Factor Receptor Imaging—The Epidermal Growth Factor

Receptor (EGFR) family consists of four related transmembrane receptor tyrosine kinases,

which can be activated by a variety of ligands including epidermal growth factor (EGF),

causing enhanced cellular proliferation, motility and evasion of apoptosis through downstream

pathways.469 Its over-expression has been observed in up to 60% of human breast cancers with

the receptor concentration on these cells being 100 times higher than on normal epithelial

tissues, and several studies have associated this cellular phenotype with poor long term

survival.470 While some groups have attempted to image other malignancies,44,471,472

extensive research has been conducted to target EGFR in an attempt to develop imaging agents

for breast cancer. For example, Reilly et al. compared the biodistribution properties of 111In-

DTPA(L12)-hEGF, where hEGF is a 53 aa peptide analogue of human epidermal growth

factor, and 111In-DTPA(L12) conjugated anti-EGFR monoclonal antibody in cell lines that

were known to have low (MCF-7), medium (MDA-MB-231) and high (MDA-MB-468) EGFR

expression.473 As expected, both radiopharmaceuticals bound to MDA-MB-468 cells with high

affinity, and the peptide-based radiopharmaceutical cleared more rapidly from the blood of the

mice that were implanted with MDA-MB-468, MDA-MB-231 and MCF-7 tumors. However,

72 h after radiopharmaceutical injection, no direct correlation between the level of tumor uptake
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and EGFR receptor expression on the cell surface could be made, while localization of the

peptide radiopharamcetical was up to 10-fold lower than that observed with the mAb-based

radiopharmaceutical. Small animal imaging demonstrated relatively high accumulation of both

radiopharmaceuticals in normal tissue such as liver and kidney and sufficient accumulation in

MDA-MB-468 human breast cancer xenografts to visualize the tumor at 72 h p.i. Despite the

differences in biokinetics, the mAb based radiopharmaceutical was deemed worthy of future

study since its longer circulation time led to high tumor uptake and better tumor visualization

at longer time points. Reilly and coworkers have sought to expand upon these interesting results

by examining the radiotoxic effect of 111In-DTPA(L12)-hEGF on breast cancer cells over-

expressing EGFR,474 and comparing the effects of 111In-DTPA(L12)-hEGF on normal and

malignant tissues in EGFR-positive tumor-bearing mice.475 Additional reports from this group

have evaluated the preclinical pharmacokinetic, toxicologic and dosimetric properties of 111In-

DTPA(L12)-hEGF,476 have correlated the EGFR receptor diversity with nuclear importation,
477 and described the development of a GMP compliant kit, which allows for the clinical

preparation of 111In-DTPA(L12)-hEGF.478

A 68Ga-labeled analogue, 68Ga-DOTA(L39)-hEGF, was also described by Velikyan and

colleagues to image EGFR expression in malignant tumors.479 This radiopharmaceutical

demonstrated high affinity for EGFR on A431 cells and biodistribution results established

significant uptake during small animal PET imaging; however, liver and kidney uptake were

extremely high and may prevent further investigation of this complex as an imaging agent for

hepatic metastases.

Investigations to monitor EGFR expression using 64Cu-DOTA(L39)-cetuximab have also

been reported.480 Cai et al. reported the evaluation of 64Cu-DOTA(L39)-cetuximab in several

tumor-bearing mouse models,481 and using Western blot analysis, a positive correlation was

shown to exist between the expression of EGFR and uptake of 64Cu-DOTA(L39)-cetuximab.

Li et al. also evaluated 64Cu-DOTA(L39)-cetuximab as a PET imaging agent for EGFR

positive tumors.482 Using A431 cells it was determined that this radiopharmaceutical had a

kd of 0.28 nm, while biodistribution and small animal imaging studies revealed good tumor

uptake. More importantly, tumor-to-blood and tumor-to-muscle ratios were comparable to

those values reported by Perk et al. using 89Zr-DFO(L23)-cetuximab44 and were observed to

have a better biodistribution profile than an 111In-DTPA(L12) conjugated cetuximab at 48 h

p.i.483 Eiblmaier and colleagues correlated EGFR expression with 64Cu-DOTA(L39)-

cetuximab affinity and internalization in cervical cancer using cellular assays and microarray

analysis of EGFR gene expression.484 EGFR mRNA expression was found to correlate with

EGFR cell surface populations in five human cancer cell lines while the amount of internalized

radiopharmaceutical correlated with EGFR mRNA expression and observed protein levels.

This radiopharmaceutical demonstrated high uptake in Caski cervical cancer tumors 24 h after

being injected into nude mice while small animal imaging revealed excellent image quality

comparable to other investigations using 64Cu-labeled cetuximab.481

4.1.6. Vascular Endothelial Growth Factor Receptor Imaging—The Vascular

Endothelial Growth Factor (VEGF) family of growth factors includes VEGF receptors A, B,

C, and D, as well as Placental Growth Factor (PlGF). These ligand/receptor pairs are important

for the directed proliferation and migration of endothelial cells that occur during embryonic

development and other important biological processes such as wound healing and muscle

growth.485 However, they also play a role in the pathological angiogenesis that accompanies

the induction and progression of numerous malignancies. More importantly, several VEGF

receptors have been shown to play critical roles in tumor progression, metastasis and

angiogenesis and offer scientists a valuable target against which to develop molecular imaging

agents.486,487 For example, Nagengast and coworkers evaluated 111In-DTPA(L12)-

bevacizumab, a monoclonal antibody that recognizes all VEGF isoforms and blocks tumor
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angiogenesis, in nude mice bearing human SKOV-3 ovarian tumors xenografts. They

demonstrated increasing tumor uptake even after 7 days, with appreciable activity still found

in the blood, liver and kidney.210 This antibody was also labeled with 89Zr and compared

to 89Zr-IGg in ovarian tumor xenografts.210 Tumors were easily visualized at 24 h p.i., and

after 168 h p.i. accumulation of the 89Zr-bevacizumab was still observed to be increasing in

the tumor (Figure 70). Based upon PET analysis, significantly more activity had accumulated

after several days in the tumors of animals that received 89Zr-bevacizumab than those that

received 89Zr-IgG. Ex vivo determination of tumor uptake correlated well with the in vivo data,

and demonstrated that quantitative measurement of the tracer in the tumor was possible.

Others have explored the use of radiolabeled recombinant fusion proteins as imaging agents.

Chan and coworkers described a novel recombinant fusion protein, composed of VEGF165

fused to human transferrin (hnTrf), which was used to chelate 111In.488 This

radiopharmaceutical accumulated through receptor-mediated processes in highly vascularized

U87MG glioblastoma xenografts allowing imaging as early as 24 h p.i. However, since

the 111In was bound to hnTrf without the use of a traditional chelator, approximately 65% of

the incorporated activity was observed to be transchelated under physiological conditions after

72 h. Additional work has focused on the preparation of 64Cu-DOTA(L39)-VEGF121
,489 64Cu-

DOTA(L39)-VEGFDEE, (which is specific for VEGFR2)490 and 64Cu-DOTA(L39)-QD-

VEGF, which was developed as a multimodal imaging agent combining the PET reporter 64Cu-

DOTA(L39) and the optical properties of quantum dots (QDs).491,492 Backer et al. developed

a single chain, cysteine-tagged VEGF ligand, which is a fusion protein combining two

fragments of human VEGF121 cloned head to tail.493 Upon folding, a single cysteine was

engineered to be available for chelator conjugation so that the molecule could be radiolabeled

with +2 and +3 metal radionuclides. This molecule was also engineered to contain a PEG

moiety to increase its blood circulation time. After attaching the chelator DOTA(L39), the

molecule was labeled with 64Cu and biodistribution was determined in female Balb/C mice

with 4T1/luc murine mammary carcinoma cells implanted in their mammary fat pads. Data at

2 h p.i. showed prolonged blood circulation due to the addition of the PEG linker and

appreciable tumor uptake. Unfortunately, kidney uptake was observed to be extremely high

approaching 60% ID/g at this time point.

4.1.7. Melanoma Imaging—Malignant melanoma is the sixth most commonly diagnosed

cancer and the most lethal form of skin cancer.494 To improve diagnosis and survival rates,

the melanoma cortin-1 (MC-1) receptor has been a very promising melanoma-specific target

for the development of imaging probes based upon the alpha melanocyte stimulating hormone

(α-MSH), which binds this receptor with nanomolar affinity (Figures 71 and 72).141,495-503

Chen et al. synthesized several DOTA(L39) conjugated α-MSH analogues including DOTA

(L39)-[Nle4, D-Phe7]α-MSH (NDP), DOTA(L39)-CCMSH, a linear analogue, DOTA(L39)-

CMSH, a disulfide bonded analogue and DOTA(L39)-Re-CCMSH, a rhenium-cyclized

analogue in order to optimize the in vivo biological properties through structure modification.
496 Of these, 111In-DOTA(L39)-ReCCMSH had significantly higher tumor accumulation and

displayed lower radioactivity accumulation in the kidney and other normal tissues when

compared to the linear or disulfide cyclized analogues. This led Cheng et al. to expand on this

work by examining the relationship between the structure of the rhenium metallopeptide and

its biological properties.497-499 One derivative, 111In-DOTA(L39)-ReCCMSH(Arg11), which

replaced the lysine at position 11 with arginine demonstrated slightly higher affinity than

the 111In-DOTA(L39)-ReCCMSH in vitro, had significantly higher tumor uptake and lower

kidney retention at almost every time point investigated when evaluated in a B16/F1 murine

melanoma tumor model.

McQuade, et al. evaluated the analogous PET radiopharmaceuticals 86Y-DOTA(L39)-

ReCCMSH(Arg11) and 64Cu-DOTA(L39)-ReCCMSH(Arg11) using a B16/F1 melanoma
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model.500 Biodistribution studies demonstrated that uptake in the tumor peaked at 30 minutes

and remained stable after 4 h, but by 24 h tumor uptake had decreased by 94% and 68%,

respectively. Even with significant clearance from the tumor at 24 h, small animal PET

experiments revealed good tumor visualization due to low uptake in non-target tissues.

Wei et al. further modified this radiopharmaceutical by replacing DOTA(L39) with the 64Cu

chelator CB-TE2A(L57), whose Cu(II) complex is highly kinetically inert (vide supra).504

While tumor uptake and retention was similar to that observed by McQuade and coworkers,

the advantages of the cross-bridged chelator were clearly evident, since it exhibited more rapid

renal clearance than either the 64Cu-DOTA(L39) or 86Y-DOTA(L39) analogues with lower

accumulation in non-target tissues. This low level of background radioactivity provided

excellent contrast resulting in high quality PET images, making 64Cu-CB-TE2A(L57)-

ReCCMSH(Arg11) a promising melanoma imaging agent.

4.2. Imaging Gene Expression

While numerous cell surface molecules have been successfully targeted for imaging, they

represent a small fraction of the proteome of a living cell.505 Since numerous intra- and

intercellular regulatory proteins are implicated in cancer initiation and progression, molecular

imaging of these biomolecules found within the cytoplasm and nucleus of the cell would

provide valuable insight into the phenotype and aggressiveness of cancerous tumors506 and

has become an active area of imaging research.

There are several reports in the literature of the use of 86Y, 68Ga and 64Cu radiometals to image

mRNA expression.194,507-510 Schlesinger et al. investigated the application of 86Y labeled L-

oligonucleotides.194,509 These mirror-image oligonucleotides have an extended biological

half-life due to their high resistance to enzyme degradation. Labeled oligonucleotides had a

radiochemical purity which fell within a range of 73-98% depending upon the isomer

examined. Biodistribution of these systems in normal wistar rats revealed that the

radiopharmaceuticals are renally excreted and that they demonstrate appreciable uptake in the

adrenal glands, liver and bone. Additionally, Roivainen et al. labeled DOTA (L39)-conjugated

antisense oligonucleotides, which were designed to target activated human k-ras oncogene

with 68Ga, and these radiopharmaceuticals were evaluated in mice bearing A549 lung

carcinoma tumors containing a mutated form of the k-ras oncogene and BxPC3 pancreatic

adenocarcinoma cell tumors exhibiting wild type expression of k-ras.511 Radiolabeling did not

alter the hybridization properties or protein binding of these systems and small animal PET

imaging revealed exceptional visualization of tumors bearing WT k-ras expression, while

tumors with the k-ras mutations were barely visible above background. Unfortunately, no

quantification of the PET data was provided.

Wang et al. developed a DTPA(L12)-conjugated, 18-mer phosphothioated antisense

oligodeoxynucleotide (ODNS) that could be labeled with 111In to image p21waf-1/CIP-1 gene

expression at the RNA level.510 The p21waf-1/CIP-1 gene is a prominent early response gene

for DNA damage, which encodes a cyclin-dependent kinase inhibitor that regulates progress

through the eukaryotic cell cycle. These oligonucleotide imaging agents were evaluated in

athymic mice bearing MDA-MB-468 tumor xenografts where the expression of

p21waf-1/CIP-1 is induced following the subcutaneous injection of epidermal growth factor

(EGF) directly into the tumor. Forty-eight hours after the induced p21waf-1/CIP-1 gene

expression, biodistribution studies revealed tumor-to-muscle ratios that were approximately

3- and 2-fold greater than that seen in tumors where EGF induction was not performed or where

random ODNS were injected, respectively. Moreover, tumors were easily visualized via

gamma camera scintigraphy.
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Developing protein nucleic acid based radiopharmaceuticals has also been investigated. Tian

and co workers developed 64Cu-DOTA(L39)-PNA-peptide radiopharmaceuticals to image the

over-expression of CCND1 mRNA, which is translated into cyclin D1, a key regulator in cell

proliferation.512 This radiopharmaceutical was designed with dual specificity, containing a

peptide sequence that binds to the insulin-like growth factor receptor (IGFR), which allows

the radiopharmaceutical to be internalized into the cell, as well as a nucleic acid sequence that

can hybridize to the CCND1 mRNA once in the cytosol. These 64Cu-DOTA(L39)-PNA-

peptide radiopharmaceuticals were observed to be stable to transchelation challenge using 100-

fold molar excess DTPA (L12), human serum albumin or cysteine at 22°C for 30 minutes, and

once injected in vivo, no transchelation to proteins such as superoxide dismutase was observed.

Additionally, appreciable tumor uptake was noted that could be blocked with a co-injection of

insulin-like growth factor (IGF) and washout was observed to be rapid by 24 h. Moreover

tumor-to-muscle ratios were not significantly different between cohorts that received the

radiopharmaceutical and the cohorts that received the PNA or peptide mismatch, respectively.

Small animal PET/CT imaging of MCF-7, ER+ breast cancer xenografts implanted in female

SCID mice revealed significantly faster and higher uptake in these tumors than CCND1

scintographic probes previously described.513 Additional work in this area by this group has

also led to the development of 111In-DTPA(L12) conjugated protein nucleic acid (PNAs)

antisense molecules that could cross the blood-brain-barrier (BBB) and tumor cell membrane

to image either rat glial fibrillary acidic protein (GFAP) or rat caveolin-1 α (CAV).514,515

Together these results demonstrate that it is possible to image endogenous gene expression in

brain cancer with sequence specific PNA antisense radiopharmaceuticals conjugated to a drug

targeting system.

4.3. Imaging Inflammation and Infection

The imaging of any infection or inflammatory foci which are characterized by enhanced blood

flow, enhanced vascular permeability and an influx of white blood cells, has become a valuable

tool that physicians can utilize to diagnose disease and monitor therapy.516 There are numerous

examples in the literature of non-specific imaging agents that rely on the differences in vascular

dilation between healthy and diseased tissue, or targeted radiopharmaceuticals that bind to

specific targets present in the inflammation516-519 or infection413-417 process. For example,

Lazzeri et al. exploited the high affinity between avidin and biotin for inflammation imaging

in patients with skeletal lesions that included orthopedic conditions, osteomyelitis of the trunk,

infection/inflammation of prosthetic joint replacements, and patients with suspected

osteomeylitis of appendicular bones.520,521 This technique involves an infusion of avidin,

which was allowed to localize at the infection site followed 4 h later by an injection of 111In-

DTPA(L12)-biotin. Imaging was conducted at 30 minutes and 16-18 h p.i., and to assess its

effectiveness it was compared to 99mTc-HMPAO labeled leukocytes scintigraphy. Based upon

the results of this study, the 111In-biotin-avidin system was more sensitive at detecting lesions

than 99mTc-leukocytes scintigraphy in patients with prosthetic joint replacement, osteomyelitis

of appendiuclar bones and osteomyelitis of the trunk, and was determined to be more practical

since these procedures reduce patient burden by 50%.

Receptor-specific radiopharmaceuticals that target the cells involved with immune and

inflammatory processes have also been designed. For example, van Erd et al.522 and Broekema

et al.523 investigated the new imaging agent 111In-DTPA(L12)-DPC11870, where DPC11870

is an antagonist of leukotriene B4 (LTB4) receptor, expressed on the surface of neutrophils

(Figure 73). This molecule was evaluated in a model of acute colitis, which was induced in

New Zealand white rabbits by infusion of trinitrobenzene sulfonic acid in the descending colon,

and was compared to [18F]-FDG and 99mTc-HMPAO granulocytes, which measure metabolic

activity and infection response, respectively. Based upon these experiments all three

radiotracers revealed the inflamed colon upon scanning, but 111In-DTPA(L12)-DPC11870
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was superior to both 99mTc-HMPAO-granulocytes and [18F]-FDG because it exhibited high

uptake in the colonic lesions, while generating a low background signal in non-inflamed colon.

Additionally, Bhargava et al. was able to label leukocytes with 64Cu using a dual chelator

method, which demonstrated an equal efficiency to labeling leukocytes with 111In and was

superior to labeling leukocytes with 18F-FDG,524 while Locke and colleagues examined 64Cu-

DOTA(L39)-PEG-c(FLFLFK). This radiopharmaceutical targets the Formyl peptide receptor

(FPR) located on leukocytes, and acts as an antagonist by selectively binding to neutrophils

with a kd of 18 nM, but without inducing neutropenia.525 Small animal imaging studies were

performed on mice that were exposed to Klebsiella pneumoniae. Eighteen hours after exposure

small animal PET/CT and SUV analysis revealed a 5-fold increase in radiopharmaceutical

uptake in animals exposed to the bacteria when compared to the control cohort, and this was

corroborated by an examination of the lung myeloperoxidase activity which was determined

in both groups of animals.

4.4. Imaging Hypoxia and Perfusion

Perfusion and hypoxia imaging have developed into robust research areas since they allow

scientists and clinicians to monitor changes in blood flow and image changes in oxygen

demand. Both have important implications in the in vivo imaging of myocardial infarction and

neurological stroke since changes in perfusion often lead to changes in tissue oxygenation and

ischemia.526,527 Imaging hypoxia also has important implications in cancer since tumor

hypoxia is believed to increase a tumor’s metastatic potential while reducing its sensitivity to

radio- and chemotherapeutic agents.528 Both perfusion and hypoxia imaging have been

exhaustively reviewed.63,529-531

Numerous perfusion agents have been developed and evaluated using Ga and Cu radiometals

because of their short half lives.532-537 Cutler et al. evaluated the small neutral lipophilic

complex 68Ga-tris(2-mercaptobenzyl)amine (L2) as a potential coronary and neurological

perfusion agent.538 Radiolabeling of this ligand with 68Ga was observed to be facile and

biodistribution studies of this complex in rats demonstrated high uptake in brain and heart after

60 minutes. PET imaging of canines and non-human primates demonstrated that this imaging

agent is taken up in normal myocardium and has the potential to be used as a diagnostic PET

agent for cerebral blood flow.

Because of the short half lives of 60/61/62Cu, research to develop perfusion agents with these

radiometals has also been explored, and the most extensively studied of these perfusion agents

is (Cu-PTSM (Cu-L8). Its popularity is attributed to its higher reduction potential when

compared to other copper thiosemicarbazone complexes, which have been developed to image

tumor hypoxia (vida infra). This physical property facilitates the reduction of Cu(II) to Cu(I)

by the normal electron transport chain found in the mitochondria of both normoxic and hypoxic

tissues.535,536 This reductive process and its low membrane permeability after reduction

explain its utility as a perfusion agent of healthy and diseased tissues. For example, Wallhaus

and colleagues demonstrated that flow defects identified by 62Cu-PTSM (62Cu-L8) correlated

well with angiography in patients with significant coronary artery disease and the results were

comparable to those obtained with 99mTc-Sestamibi and 82Ru.539 Additionally, Flower et al.

examined the possibility of using 64Cu-PTSM (64Cu-L8) to monitor blood flow changes in

patients who presented with colorectal liver metastases and were prescribed vascular

manipulation as a component of loco regional chemo- and radiotherapy. Efficacy rates were

as high as 78% in patients receiving these treatments.540 Moreover, Holschenider and

colleagues attempted to determine if 64Cu-PTSM (64Cu-L8) could be used to distinguish

between active and passive brain function by comparing it to [14C]-iodoantipyrine, a traditional

perfusion agent, in Sprague Dawley rats which were being subjected to a motor skills challenge

after being injected with each tracer.541
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While research had been conducted to develop Ga-based radiopharmaceuticals for hypoxia

imaging,534,542,543 the vast majority has been focused on Cu radiopharmaceuticals, which are

based upon the hypoxia-selective imaging agent Cu-ATSM (Cu-L9) first reported by

Fujibayashi and colleagues.544 Since then, much research has been published on the non-

radioactive chemistry of this complex in order to develop new ATSM (L9) derivatives,
545-554 and elucidate the relationships between molecular structure and the hypoxia

mechanisms active within the living cell.34,64,65,81,555-557 Additionally, ATSM (L9) has been

labeled with several different Cu radiometals,558-561 and studied as a PET radiopharmaceutical

for hypoxia imaging in lung cancer,562 cervical cancer563-566 and to monitor therapy response

after laparoscopic surgery.567 Preclinically, it has been examined as an agent for targeted

radiotherapy,62,568-570 examining multidrug resistant tumors,571 and in conjunction with

perfusion imaging.572,573 Moreover, 64Cu-ATSM (64Cu-L9) uptake has been correlated with

topoisomerase II expression,574 fatty acid synthase expression,575 tissue oxygenation576 and

uptake of other PET tracers currently used in the clinic. For example, Dence et al. performed

dual tracer experiments that combined autoradiography and small animal PET/CT to correlate

the imaging information obtained from 64Cu-ATSM (64Cu-L9) imaging with those from 18F-

FMISO, 18F-FDG and 18F-FLT which are clinically-approved tracers for imaging hypoxia,

metabolism and cellular proliferation, respectively.577 64Cu-ATSM (64Cu-L9) correlated well

with the 18F-FMISO and 18F-FLT, but not strongly with 18F-FDG. This provides a good

example of how dual-tracer imaging can yield more detailed information to the clinician about

the physiological processes occurring within the imaged tumor.

5.0. Conclusion

Metal-based radiopharmaceutical research has progressed rapidly since the first 99Mo/99mTc

generator was produced more than 50 years ago. Since that time great strides have been made

in radioisotope production, the coordination chemistry of radiometals, and in correlating the

chemical structure of metal based radiopharmaceuticals with their behavior in vivo. For

example, radio-copper chelate stability is paramount when developing tumor targeting

radiopharmaceuticals so that optimum image quality can be achieved. However, the opposite

is true when considering radio-copper radiopharmaceuticals for hypoxia and perfusion

imaging. As a result researchers now have the ability to match the physical characteristics of

a specific radiometal with the biokinetics of a particular biological targeting molecule leading

to the development of diagnostic and therapeutic radiopharmaceuticals which can be tailored

to individual disease processes. This impressive achievement has occurred not by chance, but

by the dedicated and collaborative efforts of physicists, chemists, biologists, engineers and

physicians. Furthermore, as this scientific discipline advances further into the 21st century, this

collaboration must continue and is essential if the transition of more of these

radiopharmaceuticals from bench to bedside is to occur.

Acknowledgments

The authors gratefully acknowledge Dr. Riccardo Ferdani, Ph.D. for assistance with the creation of Figure 1, the

financial support of NIH grants R01 CA064475 (CJA), CA093375 (EHW) and F32 CA115148 (TJW) and the Gloria

G. & Robert E. Lyle Professorship endowment (GRW).

Wadas et al. Page 31

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Author Biographies

Carolyn Anderson was born in Superior, WI in 1962, and remained there throughout her school

years. In 1985 she graduated Summa Cum Laude with a B.S. in Chemistry from the University

of Wisconsin-Superior. In 1984 she received a fellowship to attend the Summer School in

Nuclear Chemistry at San Jose State University, and this is where her interest in nuclear and

radiochemistry began. She pursued her Ph.D. in Inorganic Chemistry with Prof. Gregory R.

Choppin, studying the electrochemistry and spectroscopy of uranium complexes in room

temperature molten salts. On completion of her Ph.D. in 1990, she moved to Washington

University School of Medicine (WUSM) in St. Louis, MO to carry out postdoctoral research

with Prof. Michael J. Welch in the development of radiopharmaceuticals for PET imaging. In

1993 she was promoted to Assistant Professor of Radiology, and she is currently Professor in

the departments of Radiology, Biochemistry & Molecular Biophysics and Chemistry. Her

research interests include the development of radiometal-labeled tumor receptor-based

radiopharmaceuticals for PET imaging and targeted radiotherapy of cancer and cancer

metastasis. She greatly enjoys the productive collaboration with Edward Wong and Gary

Weisman on the development of novel chelation systems for attaching metal radionuclides to

biomolecules for nuclear medicine imaging applications.

Wadas et al. Page 32

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Thaddeus J. Wadas was born in Nanticoke, PA in 1974. He received his B.S. degree in Biology

from King’s College, Wilkes-Barre, Pa in 1996, and while working in the environmental

science industry, completed his second major in Chemistry in 1998. After completing his

second major, he pursued graduate studies at the University of Rochester, Rochester, NY where

he received his M.S. and Ph.D. degrees in Chemistry under the supervision of Richard

Eisenberg, Ph.D. His Ph.D. work focused on the synthesis and characterization of luminescent

Pt(II) acetylide complexes for photo-induced charge transfer and light-to-chemical energy

conversion. On completion of his Ph.D. he moved to the Washington University School of

Medicine in St. Louis, MO to pursue postdoctoral studies with Carolyn Anderson, Ph.D. and

develop targeted radiopharmaceuticals for diagnostic imaging and radiotherapy. In 2005 he

Wadas et al. Page 33

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



was the recipient of a National Institutes of Health National Research Service Award (NRSA)

Fellowship to study bone metastasis imaging with copper-64-labeled peptides, and in 2009 he

was promoted to the position of Instructor at the School of Medicine. His current research

interests include the application of combinatorial display methods to radiopharmaceutical

development and understanding the respective roles gadolinium based contrast agents and renal

insufficiency play in the development of Nephrogenic Systemic Fibrosis.

Edward H. Wong was born in Wuhan, China in 1946 but was raised in Hong Kong where he

discovered the joy of mixing chemicals at St. Louis High School. He then majored in chemistry

at the University of California at Berkeley and obtained his PhD doing boron hydride synthesis

Wadas et al. Page 34

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



with William N. Lipscomb at Harvard University in 1974. After a post-doctoral stint with M.

Frederick Hawthorne at the University of California, Los Angeles, he began his academic

career at Fordham University in 1976 before moving to the University of New Hampshire in

1978. He has performed research in main group boron and phosphorus chemistry as well as

metal-phosphine coordination chemistry. In recent years, with his colleague Gary Weisman he

has focused on the coordination chemistry of cross-bridged tetraamine macrocycles. Together

they have also explored applications of these chelators in copper-based radiopharmaceuticals

with Carolyn Anderson and her research group.

Wadas et al. Page 35

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Gary R. Weisman was born in Mason, Ohio in 1949, receiving his primary and secondary

education in the public school system there. He was interested in chemistry from a young age,

working with his cousin Thomas J. Richardson in their substantial home laboratories. He earned

his B.S. in Chemistry With Distinction at the University of Kentucky in 1971, carrying out

research with Robert D. Guthrie. At the University of Wisconsin – Madison, he worked on

conformational analysis of hydrazines and their radical cations under the mentorship of Stephen

F. Nelsen, earning the Ph.D. in Organic Chemistry in 1976. After a post-doctoral with Donald

J. Cram at the University of California, Los Angeles in 1976-1977, he started his independent

academic career at the University of New Hampshire, where he has enjoyed both teaching and

research. He was Gloria G. and Robert E. Lyle Professor at UNH from 2005-2009 and has

been the recipient of Outstanding Teaching awards in 1995 and 2009. He has been a visiting

professor at the University of Wisconsin (1986), University of Bristol (1987, 1998), University

of Melbourne (2005), and Australian National University (2005). He was a Wilsmore Fellow

at the University of Melbourne in 2002. His research interests are in both physical organic and

synthetic organic chemistry, with special emphasis on stereochemical aspects. His recent

research has centered on the chemistry of polyaza molecules, ligand design and synthesis, and

biomedical applications of coordination complexes. He has enjoyed a productive collaboration

with Edward H. Wong for almost two decades and more recently with Carolyn J. Anderson.

6.0. Glossary

%IDG percent injected dose per gram

aa amino acid

BBB blood brain barrier

BBN bombesin

BFC bifunctional chelator

CAV rat caveolin 1-α

CN coordination number

CT computed tomography

DBP di-(n-butylphosphate)

Df or DFO desferrioxamine

DMF dimethylformamide

EDC 1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide

EGF epidermal growth factor

Fab fragment, antigen binding region

Fc fragment crystallizable

FDA Food and Drug Administration

FDG [18F]-fluorodeoxy glucose

FLT [18F]-fluoro-L-thymidine

FMISO [18F]-fluoromisonidazole

FPR formyl peptide receptor

Fv fragment variable

GBq gigabecquerel
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GFAP rat glial fibrillary acidic protein

GRP gastrin releasing peptide

GRPR gastrin releasing peptide receptor

h hours

HDEHP bis-(2-ethylhexyl)-phosphate

HEK human embryonic kidney

HMPAO hexamethylpropyleneamine oxime

HNSCC head and neck squamous cell carcinoma

hnTf human transferrin

HOPO hydroxypyridinone

hplc high performance liquid chromatography

IGF insulin like growth factor

IGFR insulin like growth factor receptor

IgG immunoglobulin gamma

kBq kilobecquerel

keV kiloelectron volt

LTB4 leukotriene B4

LTB4R leukotriene B4 receptor

mAb monoclonal antibody

MBq megabecquerel

MC-1 melanocortin-1

MC-1R melanocortin-1 receptor

MeV megaelectron volt

MRI magnetic resonance imaging

NCA no carrier added

NET neuroendocrine tumor

NIR near infrared

N-sucDF N-Succinyldesferrioxamine B

NTMF nuclear track micro filters

OC octreotide

ODNS oligodeoxynucleotides

p.i. post injection

PEG polyethylene glycol

PET positron emission tomography

PlGF placental growth factor

PNA protein nucleic acid
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QD quantum dot

RIT radioimmunotherapy

RP-hplc reversed phase high performance liquid chromatography

SA square antiprismatic

SCID severly combined immunodeficiency

SPECT single photon emission computed tomography

SST somatostatin

SSTR somatostatin receptor

Sulfo-SMCC sulfosuccinimidyl 4-(n-maleimidomethyl)cyclohexane-1-carboxylate

TATE octreotate

TBP tributylphosphate

TFP 10-(3-(4-methyl-piperazin-1-yl)-propyl)-2-trifluoromethyl-10h-

phenothiazine

TOA trioctyl amine

TSA twisted square antiprismatic

TTA 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor receptor

Y3-OC tyrosine-3-octreotide

Y3-TATE tyrosine-3-octreotate

α-MSH alpha melanocyte stimulating hormone

β− beta - particle

β+ positron

γ gamma ray
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Figure 1.

Cartoon depicting the fundamental principle of Positron Emission Tomography (PET). As the

targeting group interacts with the cell surface receptor, the positron emitting radio-metal decays

by ejecting β+ particles from its nucleus. After traveling a short distance in the electron rich

tissue, the positron recombines with an electron in a process called annihilation. During

annihilation, the mass of the positron and electron are converted into two high energy photons

(511 keV gamma rays), which are released approximately 180° apart to ensure that energy and

momentum are conserved. Although attenuation is possible, these two gamma rays are usually

energetic enough to escape the organism and be collected by the detectors of a PET scanner.
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Figure 2.

Selected acyclic chelators
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Figure 3.

Selected macrocyclic chelators
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Figure 4.

Cu-L6

Wadas et al. Page 62

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5.

Cu-GTS (L7)
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Figure 6.

Cu-PTSM (L8)
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Figure 7.

Cu-EDTA (L10)
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Figure 8.

Cu-DTPA (L12)
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Figure 9.

Cu-L17
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Figure 10.

Cu-L18
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Figure 11.

Cu-TACHPYR (L19)
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Figure 12.

Cu-NO2A (L28)
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Figure 13.

Cu-NOTA (L29)
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Figure 14.

Cu-NOTAM (L30)
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Figure 15.

Cu-L33
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Figure 16.

Cu-L35
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Figure 17.

Cu-DOTA (L39)
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Figure 18.

Cu-CB-DO2A (L37)
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Figure 19.

Cu-TE1A (L50)
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Figure 20.

Cu-L51
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Figure 21.

Cu-L52
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Figure 22.

Cu-H2TETA (L49)
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Figure 23.

Cu-L55
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Figure 24.

Cu-CB-TE2A (L57)
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Figure 25.

Cu-CB-TEAMA (L58)
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Figure 26.

Cu-TE2P (L54)
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Figure 27.

Cu-L62
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Figure 28.

Cu-L63
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Figure 29.

Cu-L64
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Figure 30.

Ga-L1
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Figure 31.

Ga-L2
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Figure 32.

Ga-BAT-TM (L4)
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Figure 33.

Ga-EC (L5)
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Figure 34.

Ga-EDTA (L10)
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Figure 35.

Ga-BAPEN (L16)
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Figure 36.

Ga-NOTA (L29)
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Figure 37.

Ga-TACN-TM (L27)
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Figure 38.

Ga-DOTA (L39)
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Figure 39.

Ga-DOTA-D-PheNH2 (L40)
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Figure 40.

Ga-DO3A-TPP (L44)
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Figure 41.

Ga-CB-DO2A (L37)
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Figure 42.

Ga-CB-TE2A (L57)
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Figure 43.

Ga-tris(benzohydroxamate)
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Figure 44.

InCl-BAT-TM (L4)
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Figure 45.

In-L2•DMF
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Figure 46.

In-EC (L5)

Wadas et al. Page 104

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 47.

In-EDTA (L9)
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Figure 48.

In-DTPA (L12)
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Figure 49.

In-DTPA-BA2 (L13)
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Figure 50.

InCl-HNOTA (L29)
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Figure 51.

In-TACN (L26)-tris(2′-methylcarboxylmethyl)
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Figure 52.

In-TACN-TM (L27)
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Figure 53.

In-DOTA-AA (L41)
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Figure 54.

In-DOTA-TPP (L44)
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Figure 55.

In-TE3A (L53)
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Figure 56.

YF2-EDTA (L10)
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Figure 57.

Y-DTPA (L12)
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Figure 58.

Y-DTPA-BA2 (L13)

Wadas et al. Page 116

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 59.

Y(triflate)2-NOTAM (L30)
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Figure 60.

[Y-DOTA]− (L39)
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Figure 61.

Y-DOTA-D-Phe-NH2 (L40)
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Figure 62.

Y-DO3AP (L42)
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Figure 63.

Zr-EDTA (L10)
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Figure 64.

Zr-DTPA (L12)
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Figure 65.

Selected RGD analogues used in αvβ3 targeting radiopharmaceuticals.
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Figure 66.

Small-animal PET/CT of PTH-treated mice. Calvarium uptake of 64Cu-CB-TE2A-c(RGDyK)

was higher in PTH-treated mice (7.4 MBq [199 mCi],115 ng, SUV 0.53) than in control mice

(7.7 MBq [209 mCi], 121 ng, SUV 0.22) (50- to 60-min summed dynamic image). (A) In PTH-

treated mice, uptake was reduced in all tissues, including calvarium, after injection of c

(RGDyK) (PTH[left]: 159 mCi, 84 ng, SUV 5 0.33; block [right]: 164 mCi, 87 ng, SUV 5 0.18)

(static image obtained 60 min after injection, 10-minscan). (B) Arrowheads indicate calvarium

of each animal. Fiducials (*) are indicated. Reprinted with permission from reference 400.

Copyright 2007 Society of Nuclear Medicine.
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Figure 67.

Selected somatostatin analogues used in somatostatin receptor targeting radiopharmaceuticals.
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Figure 68.

(A) Representative small animal PET image at 4 h of rat injected with 64Cu-CB-TE2A-sst2-

ANT. Left image is representative slice from small-animal PET/CT fusion image and right

image is small-animal PET projection view of same animal. Calculated SUV for the tumor in

left hind limb was determined to be 2.7 and SUV for tumor in right hind limb was determined

to be 2.8. (B) Representative small-animal PET image at 4 h of rat injected with 64Cu-CB-

TE2Asst2-ANT and sst2-ANT as blocking agent. Left image is representative slice from small-

animal PET/CT fusion image and right image is small-animal PET projection view of same

animal. In animal receiving blockade, SUV for tumor in left hind limb was calculated to be

0.74 and SUV for tumor in right hind limb was calculated to be 0.51. (C) Graphical plot of

change in average SUV over time. Even after 24 h, SUV remains high, suggesting enhanced

binding of 64Cu-CB-TE2A-sst2-ANT for SST2 receptor. (D) Graphical representation that

demonstrates change in observed SUV when excess cold sst2-ANT is coinjected with

radiopharmaceutical, indicating that binding of radiopharmaceutical to SSTR-positive tumor

is receptor-mediated. Reprinted with permission from reference 445. Copyright 2008 Society

of Nuclear Medicine.
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Figure 69.

Selected bombesin analogues used in targeting the GRP receptor.
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Figure 70.

Coronal CT image (A) with clear subcutaneous localization of SKOV-3 tumor (arrow). Fusion

of microPET and CT images (B) (168 h after injection) enables adequate quantitative

measurement of 89Zr-bevacizumab in the tumor. Reprinted with permission from reference
210. Copyright 2007 Society of Nuclear Medicine.

Wadas et al. Page 128

Chem Rev. Author manuscript; available in PMC 2011 May 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 71.

Selected α-MSH analogues that target the melanocortin-1 (MC-1) receptor.
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Figure 72.

Whole-body SPECT/CT, PET/CT and PET images of B16 melanoma tumor-bearing C57 mice

2 h post tail vein injection of radiolabeled CHX-A”-Re(Arg11)CCMSH. (A) SPECT/CT images

of tumor-bearing mice injected intravenously with 12.95 MBq (350 μCi) of 111In-CHX-A”-

Re(Arg11)CCMSH with (blocked) or without (nonblocked) a 20-μg nonradiolabeled peptide

block. PET/CT and PET imaging of melanoma-bearing mice 2 h post tail vein injection of (B)

4.44 MBq (120 μCi) of 86Y-CHX-A”-Re(Arg11)CCMSH with a 20-μg NDP block (blocked)

and without block (nonblocked) or (C) 3.7 MBq (100 μCi) of 68Ga-CHX-A”-Re(Arg11)

CCMSH with (blocked) and without (nonblocked) a 60-μg NDP block, respectively. Tumor
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(T), kidney (K) and (BL) bladder locations are highlighted for each mouse. Reprinted with

permission from reference 141. Copyright 2009 Elsevier Limited.
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Figure 73.

The synthetic antagonist DPC11870 targets the leukotriene B4 (LTB4) receptor.
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Table 5

Data for Selected Ga(III)-Chelator Complexes

Chelator Donor Set
(Total CN)

Cation Coordination
Geometry

logKML
a Reference

L1 NO3 (6) distorted octahedron 19.1 (p-NO2)

25.2 (p-OMe)
129

L2 NS3 (4) distorted tetrahedron 20.5 130

L4, BAT-TM N2S2 (5) distorted square pyramid 132

Transferrin NO5 (6) 20.3
19.8

46,128

L5, EC N2O2S2 (6) distorted octahedron 31.5 133,586

L10, EDTA N2O4 (6) distorted octahedron 21.0
22.0

588,593

L11, HBED N2O4 (6) 37.7
38.5

135,172

L12, DTPA N3O3 (6?) 25.5 593

L15, SBAD N4O2 (6) distorted octahedron 28.3 139

L16, BAPEN N4O2 (6) distorted octahedron 143,144

L29, NOTA N3O3 (6) distorted octahedron 31.0 145,597

L27, TACN-TM N3S3 (6) distorted octahedron 34.2 145

L39, DOTA N4O2 (6) distorted octahedron 21.3 145

L49, TETA N4O2 (6) distorted octahedron 19.7 145

L37, CB-DO2A N4O2 (6) distorted octahedron 162

L57, CB-TE2A N4O2 (6) distorted octahedron 163

L20, DiP-LICAM O6 (6) 38.6 187

L66 O6 (6) 27.5

L21 25.6 598

L22 27.3

L23, DFO O6 (6) 28.6 599

a
KML = [ML]/[M][L].
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Table 6

Data for Selected In(III)-Chelator Complexes

Chelator Donor Set (Total CN) Cation Coordination Geometry logKM
a Reference

L2 NS3 (5) ~trigonal bipyramid 21.2 130,173

L3 NS3 (5) ~trigonal bipyramid

L4, BAT-TM N2S2 (5) square pyramid 132

Transferrin NO5 (6) distorted octahedron(?) 18.7 128

L5, EC N2O2S2 (6) distorted octahedron 33.0 133

L11, HBED N2O4 (6) 27.9
27.8

138,172

L10, EDTA N2O4 (7) ~pentagonal bipyramid 24.9
25.1
25.3

593

588,600

L12, DTPA N3O4 (7)

N3O5 (8)

~pentagonal bipyramid
~square antiprism

29.5
29.0
29.0

587,588,600

L15, SBAD N4O2 24.5 139

L29, NOTA N3O3 (6) distorted octahedron 26.2 37,147

L27,
TACN-TM

N3S3 (6) distorted octahedron 36.1 145

L39, DOTA N4O2 (8?) 23.9 186

L49, TETA N4O2 21.89 186

L57, CB-TE2A N4O2 (6) distorted octahedron 155

L23, DFO O6 21.4 599

L20,
DiP-LICAM

O6 39.2 187

a
KML = [ML]/[M][L].
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Table 7

Data for Selected Y(III)-Chelator Complexes

Chelator Donor Set (Total CN) Cation Coordination Geometry logKML
a Reference

L10,
EDTA

N2O4 (8) distorted dodecahedron 18.1
18.5

593,601

L12,
DTPA

N3O5 (8) monocapped square antiprism 21.2
22.0
22.5

587,601,602

L30,
NOTAM

N3O3 (9) monocapped square antiprism 190

L39,
DOTA

N4O4 (8) square antiprism 24.3
24.4
24.9

37,601,602

L49,
TETA

N4O2 (8?) distorted dodecahedron (?) 14.8 195

a
KML = [ML]/[M][L].
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Table 8

Data for Selected Zr(IV)-Chelator Complexes

Chelator Donor Set
(Total CN)

Cation Coordination Geometry logKML
a Reference

L10,
EDTA

N2O4 (8) ~ dodecahedron 27.7
29.4

589,600

L12,
DTPA

N3O5 (8) ~ dodecahedron 35.8
36.9

587,600

L39,
DOTA

N4O4 (8?) square anti-prism(?) 177

a
KML = [ML]/[M][L].
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Table 9

Biologically Targeted Radiopharmaceuticals Developed with Zr, Y, Ga, In

and Cu Radiometals

Metal Bifunctional
Chelator

Targeting
Molecule

Target Preparatory Notesa

Zr L23, DFO antibody HNSCC19,208

Met expression359

non-hodgkin’s

lymphoma45

Labeling in oxalate solution
requires a strong, indifferent
buffer (HEPES (pH 7.2))
required.

EGFR44

VEGF210 Tetrafluorophenyl ester
modified DfO facilitates
coupling to targeting molecule.

Y L14, CHX-
A”-DTPA

peptide
antibody

SSTR433

Lewis Y antigen603

acetate buffer (pH 5.5), 25°C

L39, DOTA peptide
ODNS

MC-1R500

GRPR461

gene expression194,509

acetate buffer (pH 5.5-7);
reaction temperature: 60-90°C
(peptides) 25-37°C (antibody)

DOTA-NHS facilitates
coupling to peptides and
antibodies.

L23, DFO peptide folate receptor347 Tris buffered saline (pH 7.4),
25°C, 24 h is suggested.

Ga L11, HBED peptide
antibody

EGFR137

MUC1136

Tetrafluorophenyl ester
modified HBED facilitates
coupling to targeting molecule.

Low final pH (4.1-4.5) is
necessary for Ga
complexation.

L39, DOTA peptide
ODNS

MC-1R502

GRPR.459,604 K-ras oncogene.511

EGFR479

Anion exchange
chromatography can be used to

concentrate generator eluates.605

SSTR 268,439,441-443,605,606 The use of acetate or HEPES
buffer is suggested.

The final pH of the reaction
solution should be 4-5.5.

High reaction temperatures
required (85-100°C).

Microwave heating reduces
reaction time.

L29, NOTA peptide SSTR154

integrin αvβ3
395,401

Labeling can occur at 25°C
over a pH range of 3.5-6 in
less than 30 min.

L12, DTPA peptide
ODNS/PNA
peptidomimetic
antibody

GRPR456

EGFR449,473,474

p21WAF-1CIP-1510

mRNA515

Labeling can occur at 25°C
with reaction times no longer
than 60 min.

LTB4R.523,607

SSTR9

Acetate buffers (pH 5.5-6.5)
are recommended.
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Metal Bifunctional
Chelator

Targeting
Molecule

Target Preparatory Notesa

In L39, DOTA peptide
peptidomimetic

GRPR457

MC-1R.496

SSTR9,407

Final solution pH should be
5.0-7.0. Acetate buffer is
recommended.

integrin αvβ3 383,386

integrin α4β1 378 Reaction conditions are 30-60
min. at 65-100°C.

L12, DTPA peptide
peptidomimetic

inflammation Acetate buffer (pH 5.5) is
recommended.

Final solution pH is 4.5-5.0.

L14, CHX-
A”-DTPA

antibody hEGFR-2608 Acetate buffer is
recommended.

Reaction conditions are 30-60
min. at 25°C.

Cu L39, DOTA peptide
antibody
peptidomimetic

integrin αvβ3 397

αvβ6 376

VEGFR(various)489

490,493

Acetate buffer recommended.
Final solution pH should be
5.5-8.0.

MC-1R.500,501

EGFR480

Reaction temperatures are 25-
100°C depending on conjugate.

GRPR466 461 464,465

SSTR7,425,609 PD-10 or Waters SepPak
light C18 can be used for
antibody or peptide purification, respectively.

L49, TETA peptide SSTR431,610,611 Acetate buffer recommended
(pH 5.5-6.5).

Reaction conditions of 60 min.
at 25-37 °C are recommended.

Gentisic acid (1mg/mL) can be
used to counteract radioloysis.

L57, CB-
TE2A

peptide
peptidomimetic

integrin αvβ3

399,611

integrin αvβ6
376

MC-1R504

Acetate buffer (pH 7.5-8.5),
95°C; 1-2 h is recommended.

L62,
DIAMSAR

peptide αvβ3
121,399 Acetate buffer (pH 5.0-8.0)

25°C; 60 min. is
recommended.

L29, NOTA peptide GRPR462 467,468,612 Acetate buffer; final pH 6.5
60 min. at 70 °C is
recommended.

a
Presented as an initial reference for radiopharmaceutical preparation.
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