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ABSTRACT

Metallic radionuclides have been instrumental in the field of nuclear imaging for over half a 

century. While recent years have played witness to a dramatic rise in the use of radiometals as 

labels for chelator-bearing biomolecules, imaging agents based solely on coordination 

compounds of radiometals have long played a critical role in the discipline as well. In this work, 

we seek to provide a brief overview of metal complex-based radiopharmaceuticals for positron 

emission tomography (PET) and single photon emission computed tomography (SPECT). More 

specifically, we have focused on imaging agents in which the metal complex itself rather than a 

pendant biomolecule or targeting moiety is responsible for the in vivo behavior of the tracer. This 

family of compounds contains metal complexes based on an array of different nuclides as well as 

probes that have been used for the imaging of a variety of pathologies, including infection, 

inflammation, cancer, and heart disease. Indeed, two of the defining traits of transition metal 

complexes — modularity and redox chemistry — have both been creatively leveraged in the 

development of imaging agents. In light of our audience, particular attention is paid to structure 

and mechanism, though clinical data is addressed as well. Ultimately, it is our hope that this 

review will not only educate readers about some of the seminal work performed in this space over 

the last 30 years but also spur renewed interest in the creation of radiopharmaceuticals based on 

small metal complexes.
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INTRODUCTION

Over the past half-century, nuclear imaging has evolved from a largely experimental 

technique to a critical component of modern clinical practice. Single photon emission computed 

tomography (SPECT) and positron emission tomography (PET) have proven invaluable to 

oncology, cardiology, and neurology, providing functional imaging data that complements that 

produced by magnetic resonance imaging (MRI) and computed tomography (CT). 

The centerpiece of any nuclear imaging technique is the radiopharmaceutical, the tracer 

designed to selectively and specifically localize in a tissue of interest. And the heart of any 

radiopharmaceutical is, of course, its gamma- or positron-emitting radionuclide. A wide array of 

radionuclides has been used in PET and SPECT tracers, including isotopes ranging from carbon-

11 (11C; t1/2 ~ 20 min) to iodine-124 (124I; t1/2 ~ 4.2 d). The subset of metallic radionuclides — 

from here on called radiometals — has played an integral role in the field throughout its history 

(Table 1). Some of the earliest diagnostic imaging agents were complexes of technetium-99m 

(99mTc), while bioconjugates labeled with gallium-68 (68Ga), copper-64 (64Cu), and zirconium-89 

(89Zr) represent some of the most promising tracers today.1 The vast majority of current research 

into radiometal-based imaging agents focuses on constructs in which a radiometal-chelate 

complex (e.g. [68Ga]Ga-DOTA or [89Zr]Zr-DFO) is appended to a delivery vector such as a small 

molecule, peptide, antibody, or nanoparticle.2 Yet this, of course, is not the only flavor of 

radiometal-based imaging agent. Another class of probes exists in which the metal complex itself 

is the functional component of the imaging agent. In these, no additional targeting vector is 

needed, as the radiometal complex alone is responsible for the in vivo localization of the tracer. 

Three facets of coordination chemistry make radiometals a unique platform for the creation of 

nuclear imaging agents. First, the ability of metals to act as an anchor for a three-dimensional 

scaffold of ligands enables control over the structural, physical, and biological properties of the 

probe. Second, the modularity of metal-ligand interactions facilitates the screening and 

optimization of potential imaging agents. And third, the flexible redox chemistry of some metal 

centers [e.g. Cu(I/II)] can provide an additional mechanism for the selective delivery of tracers to 

target tissues (though, to be fair, it has been a source of headaches as well).  

Coordination complexes of a variety of radiometals have been used as nuclear imaging 

agents, and a handful of metal complex-based imaging agents have been translated to the clinic 

with varying degrees of success (Table 2). 99mTc is far and away the most commonly represented 

radiometal in this group, a fact that likely stems from the nuclide’s popularity during the earliest 

days of nuclear medicine.3 Enthusiasm for PET and SPECT tracers based on metal complexes has 
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waned somewhat in recent years, a trend which has coincided with the rise of bioconjugates in the 

field. However, we strongly believe that metal complexes still have much to offer nuclear 

imaging. Furthermore, we contend that an accessible  though far from exhaustive  review of 

the topic could help spur interest and innovation in the field. Indeed, while a plethora of excellent 

reviews on the role of radiometals in nuclear imaging have been published in recent years  

especially those of Blower4, Donnelly5, Orvig6, 7, Bartholoma8, Holland9 and Boros10 the field 

has not seen an introductory, ‘one-stop-shop’ review specifically dedicated to the diversity of 

metal complex-based radiopharmaceuticals in quite a while.1, 2, 4-6, 8, 9, 11-17  

In the pages that follow, we hope to offer an overview of the range of small metal complexes 

developed as PET and SPECT imaging agents, with a particular emphasis on work from the last 

twenty years. As we have discussed above, we have limited ourselves to agents in which the in 

vivo behavior of the tracer is predicated solely on the structure of the coordination complex itself 

rather than a pendant targeting functionality. This boundary condition excludes everything from 

radiometallated antibodies and nanoparticles to small metal complexes bearing hypoxia-targeting 

nitroimidazoles. While we have placed particular emphasis on structure and reactivity, clinical 

applications are discussed as well. Finally, in order to serve an audience of inorganic chemists, 

we have organized the work by radiometal rather than pathology, target, or mechanism. That said, 

further subdivisions were necessary within the section on 99mTc given the abundance of tracers 

based on the radiometal. Ultimately, it is our sincere hope that this work can play a part in 

fostering a revival of research into what we believe has become an underexplored class of nuclear 

imaging agents. 

Technetium-99m

Introduction 

The overwhelming majority of nuclear imaging agents based on small metal complexes are 

coordination compounds of 99mTc.18 99mTc is used in the vast majority of nuclear imaging scans 

and is presently the most widely used radionuclide in the clinic, largely due to its availability 

from the 99Mo/99mTc generator. Furthermore, the physical characteristics of the radionuclide (E = 

140.5 keV; t1/2 = 6.02 hours) are nearly ideal for SPECT imaging, and its short half-life and lack 

of particulate emissions result in minimal radiation burden to the patient. 99mTc decays to 

technetium-99 (99Tc), a very weak - emitter with an extraordinarily long half-life (t1/2 ~ 211,000 

y) that neither interferes with nor degrades image quality.19  

The starting point for nearly all 99mTc-based radiopharmaceuticals is sodium pertechnetate: 

[99mTc]NaTcO4.20 Typically, pertechnetate is eluted from a generator and introduced directly into 
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a "radiopharmaceutical kit". These kits generally contain a ligand, a reductant — usually stannous 

ion — and a buffer, facilitating the creation of a solution that will yield the 99mTc-based imaging 

agent (it is important to note, however, that these kits often contain other components as well, 

including auxiliary ligands, catalysts, radical stabilizers, and compounds that aid in 

lyophilization). The advent of these radiopharmaceutical kits in the 1970s precipitated the rapid 

development of 99mTc-based SPECT agents for renal, myocardial, and hepatobiliary imaging. 

Unfortunately, however, the coordination chemistry of technetium was not well understood at the 

time, and, as a result, many early 99mTc-based radiopharmaceuticals were not fully characterized. 

Thankfully, studies of the coordination chemistry of technetium intensified in the late 1970s, 

leading to the discovery of an array of well-characterized 99mTc-based imaging agents with wide-

ranging applications (Table 2).21 

It is important to note that the concentration of [99mTc]TcO4
- eluted from a generator is 

generally in the range of 10-7-10-10 M.  These remarkably low, “no-carrier-added” concentrations 

and the short half-life of 99mTc combine to preclude the characterization of 99mTc-complexes using 

routine analytical techniques available to inorganic chemists. In many cases, 99mTc’s long-lived 

isotopologue 99Tc (-: 243 KeV) has enabled the use of standard macroscopic methods to 

determine the structure and physiochemical properties of 99mTc radiopharmaceuticals by proxy. 

Most of the 99mTc-based radiopharmaceuticals on the market since the 1980s have been 

characterized by synthesizing the 99Tc isotopologue, studying the resulting complex using 

macroscopic analytical tools, and relating this data back to the 99mTc radiopharmaceutical via 

HPLC concordance experiments. Yet it is important to note that the discrete structures of some 
99mTc-based radiopharmaceuticals remain unknown, particularly those based on 99mTc(III). In 

recent years, however, concerns over the storage and disposal of 99Tc have curtailed the use of 

this approach. Today, rhenium, the third row congener of Tc, is increasingly used for structural 

characterization. However, two key differences between Re and Tc can cloud these results: the 

inertness of Re compared to Tc and the former’s higher reduction potential. 

Over the years, imaging agents have been developed which feature the 99mTc cation in a wide 

variety of oxidation states. Consequently, in the pages that follow, we have divided our 

discussion according to the oxidation state of the metal center, beginning with Tc(I) and ending 

with Tc(V). 

Tc(I) Complexes

Complexes of Tc(I) are inert, stable, and tend to prefer octahedral coordination geometries. 

Without question, the most well-known 99mTc(I)-based tracer is 99mTc(I)-hexakis(2-methoxy-2-
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methylpropyl)nitrile, informally known as [99mTc]Tc-MIBI or [99mTc]Tc-sestamibi (Figure 1). 

[99mTc]Tc-MIBI features a coordinatively inert Tc(I) center with a low-spin d6 electron 

configuration surrounded by an octahedral array of six (2-methoxy-2-methylpropyl)nitrile 

ligands. The radiotracer is synthesized using a kit formulation in which the most important 

processes are metathesis and reduction reactions involving [99mTc]TcO4
-, a preformed Cu(I)-

tetrakis(2-methoxy-2-methylpropyl)nitrile complex, and a reducing agent (often SnCl2).22 The 

complex itself is positively charged (+1) and lipophilic and, as a result, accumulates in the 

mitochondria of cells.22, 23 [99mTc]Tc-MIBI stands as the most successful variant of a large series 

of related compounds that were developed and optimized over a period of years.  

Cardiac imaging is the principal clinical application of [99mTc]Tc-MIBI, and the uptake of the 

radiotracer in the myocardium is proportional to blood flow.24 Consequently, clinicians can 

compare two [99mTc]Tc-MIBI scans taken under different conditions — one at rest, one during 

stress — in order to differentiate between induced and persistent abnormalities in myocardial 

perfusion. In the years since its emergence in nuclear cardiology, [99mTc]Tc-MIBI has found 

applications in other fields as well. For example, the uptake and retention of [99mTc]Tc-MIBI in 

breast cancer tissue has been explored as a predictive marker for response to chemotherapy.25-27 

Remarkably, [99mTc]Tc-MIBI — as well as a handful of other 99mTc(I) hexa-isonitrile compounds 

— has also been explored for both the imaging of parathyroid abnormalities as well as the 

delineation of the expression of p-glycoprotein (Pgp; multidrug resistance protein 1) (Figure 2).28-

31  

Of course, [99mTc]Tc-MIBI is not the only metal complex-based SPECT agent with a Tc(I) 

center. A handful of others have been developed, though none has advanced beyond preclinical 

investigations. For example, three different Tc(I)-tricarbonyl complexes have been reported as 

potential brain imaging agents:  [99mTc]Tc-tricarbonyl 4-(N-benzylpiperdine)-pyridine-2-ylmthyl-

amino acetic acid [99mTc][Tc(CO)3PPAA], 99mTc tricarbonyl 4-iminodiacetato-N-benzylpiperdine 

[99mTc][Tc(CO)3PipIDA]-, and 99mTc tricarbonyl N-(2-mercapto-propyl)-1,2-phenylenediamine 

[99mTc][Tc(CO)3MPPDA] (Figure 1).32, 33 Unfortunately, however, initial preclinical 

investigations have revealed that each compound suffers from suboptimal uptake and retention in 

brain tissue. Perhaps more hopefully, another Tc(I)-tricarbonyl complex — 

[99mTc][Tc(CO)3(NTA)]2- — was recently developed as an imaging agent to measure renal plasma 

flow (Figure 1).34 The dianionic nature of the complex is thought to aid with plasma clearance, 

tubular extraction, and renal extraction. In preclinical studies, [99mTc][Tc(CO)3(NTA)]2- has 

displayed higher uptake and retention in failed kidneys than the clinical gold standard: 131I-o-

iodohippurate. Finally, a family of 99mTc(I)-tricarbonyl complexes bearing tripodal 
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tris(pyrazolyl)methane ligands — e.g. [99mTc][Tc(CO)3(DMEOP)]+  — has also been explored for 

imaging Pgp expression in preclinical models of breast and lung cancer (Figure 1).35-37  

  

Tc(III) Complexes

A range of 99mTc(III) complexes has also been developed for SPECT imaging. 99mTc(III) 

complexes have a d4 electron configuration and have been known to form 6- and 7-coordinate 

species with a wide variety of ligands. The best known of these tracers are the myocardial 

perfusion imaging agents [99mTc]Tc-teboroxime and [99mTc]Tc-Q12 (Figure 1).38, 39 [99mTc]Tc-

Teboroxime is the most successful agent to emerge from the boronic acid adducts of technetium 

dioximes (BATO) family of compounds.38 The complex is heptacoordinate, featuring six imine 

donors and a (labile) chloride arranged around a 99mTc(III) center in a trigonal prismatic 

geometry.40  Practically speaking, the neutral, lipophilic complex boasts rapid blood clearance 

and high uptake in myocardial tissue at early time points. In recent years, the Liu laboratory at 

Purdue University has sought to improve upon [99mTc]Tc-teboroxime through the creation of 

‘second-generation’ variants with sulfonyl-containing boronate caps. One of these tracers  

[99mTc]Tc-3SPboroxime  has displayed improved myocardial imaging properties compared to 

[99mTc]Tc-teboroxime, while another  [99mTc]Tc-4ASboroxime  has been shown to label red 

blood cells efficiently and displayed promise as a blood pool imaging agent in preclinical 

experiments.41, 42  [99mTc]Tc-Q12 — also known as [99mTc]Tc-furifosmin — is a member of the 

“Q-series” of six-coordinate compounds bearing two trans monodentate trialkylphosphine ligands 

as well as a tetradentate N2O2-based Schiff base ligand.39 Like [99mTc]Tc-MIBI, [99mTc]Tc-Q12 is 

cationic and lipophilic and produces high uptake in myocardial tissue.39, 43 Furthermore, like 

[99mTc]Tc-MIBI, [99mTc]Tc-Q12 — and the structurally related [99mTc]Tc-Q58 and [99mTc]Tc-Q63 

complexes (Figure 1) — has also been used as a tracer for the delineation of Pgp expression.44-46 

Moving on, [99mTc]Tc-DMSA is a hexacoordinate complex in which the 99mTc(III) center is 

bound by two tridentate dimercaptosuccinic acid ligands (Figure 1). The anionic, hydrophilic 

complex — which can be synthesized in a single step using a kit formulation — was developed as 

a renal imaging agent, as it accumulates in the cortical tubules and is eliminated via the urinary 

tract.47 A 99mTc(V) version of [99mTc]Tc-DMSA is also accessible from the kit via an additional 

oxidation step (Figure 3).48 Finally, a large family of iminodiacetic acid (IDA)-based complexes 

of 99mTc(III) — including the FDA-approved [99mTc]Tc-lidofenin, [99mTc]Tc-mebrofenin, and 

[99mTc]Tc-disofenin — have been developed for the SPECT imaging of the biliary tract (Figure 

1).49, 50 These tracers can be synthesized via a kit formulation and feature two tridentate diaryl 

iminodiacetic acid ligands arrayed around a 99mTc(III) center. The ability of this family of agents 
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to image liver function arises from their uptake in hepatocytes and subsequent secretion into the 

bile.51 

Tc(IV) Complexes

The members of the [99mTc]Tc-diphosphonate family of bone imaging agents are the best 

known tracers based on 99mTc(IV). [99mTc]Tc-MDP is the simplest member of this group, though 

its structure — most likely some sort of polymer in which methylenediphosphonate acts as a 

bridging ligand — remains elusive (Figure 3).52 [99mTc]Tc-MDP, like all members of this family, 

relies upon the affinity of its phosphonate ligands for Ca2+ as the source of its affinity for bone.53 

A wide range of other 99mTc-labeled diphosphonates have been developed, including variants 

based on hydroxyethylidene diphosphonate (HEDP), hydroxymethylidene diphosphonate 

(HMDP), and pyrophosphate (Figure 3).54 The quality of images obtained with these tracers can 

be ordered as follows: [99mTc]Tc-HMDP >> [99mTc]Tc-MDP > [99mTc]Tc-HEDP >> [99mTc]Tc-

pyrophosphate (Figure 3). Recently, a new class of 99mTc-labeled diphosphonate tracers based on 

zoledronic acid has emerged, though the marginal improvement provided by these agents remains 

to be seen (Figure 3).55, 56

The reduction of [99mTc]TcO4
- by reducing agents in the presence of weak ligands often forms 

99mTc colloids that are presumed to be composed of 99mTc(IV). Thin layer chromatography 

methods have been developed to separate 99mTc-labeled complexes from both 99mTc-based 

colloids and [99mTc]TcO4
-.57 Though few 99mTc(IV) complexes have been identified for 

radiopharmaceutical purposes, a series of monocationic 99mTc(IV) complexes of N-substituted-3-

hydroxy-2-methyl-4-pyridinones have been explored for renal imaging.  Biodistribution studies in 

rabbits and mice show high uptake and retention in the kidneys, suggesting that these compounds 

may prove useful for kidney imaging.58, 59 Finally, the 99mTc complex of the ubiquitous chelator 

diethylenetriaminepentaacetic acid ([99mTc]Tc-DTPA; Figure 3) has also been used clinically as a 

SPECT tracer for both kidney and brain imaging.60, 61 Somewhat surprisingly, however, both the 

structure and the oxidation state of [99mTc]Tc-DTPA have yet to be reliably determined, with the 

latter variously proposed to be 99mTc(III), 99mTc(IV), or 99mTc(V).62

Tc(V) Complexes
99mTc(V) complexes form the largest family of 99mTc-based SPECT tracers, and — not 

coincidentally — their history stretches back to the earliest days of 99mTc-SPECT. 99mTc(V) 

complexes have a d2 electron configuration and, generally speaking, assume either 5-coordinate 
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square pyramidal or 6-coordinate octahedral geometries in aqueous environments. Furthermore, 

most 99mTc(V) compounds can be divided into two categories: those containing 

[99mTc][Tc(V)=O]3+ bonds and those containing [99mTc][Tc(V)≡N]2+ bonds. 

We will address complexes containing [99mTc][Tc(V)=O]3+ bonds first, as these compounds 

have been more prevalent through the years. [99mTc]Tc(V)-propylene amine oxime ([99mTc]Tc-

PnAO) was the first commercially available 99mTc-based cerebral blood flow agent approved for 

use in humans.63 The neutral, distorted square pyramidal complex consists of a 

[99mTc][Tc(V)=O]3+ motif and a diaminedioxime ligand (Figure 3).63, 64 In order to compensate for 

the suboptimal pharmacokinetics of [99mTc]Tc-PnAO, a second-generation complex with a 

slightly altered ligand structure was created: [99mTc]Tc-hexamethylpropyleneamine oxime 

([99mTc]Tc-HMPAO; Figure 3).65, 66 [99mTc]Tc-HMPAO exists as two diastereomers: a meso 

compound and a pair of d,l enantiomers.67 While the meso form diffuses quickly through the 

blood brain barrier, the d,l enantiomers decompose into hydrophilic products and are trapped in 

the brain, facilitating the imaging of cerebral perfusion.67, 68 Interestingly, even after other agents 

have surpassed [99mTc]Tc-HMPAO’s performance for brain imaging, its ability to label 

leukocytes has given the complex a second life as a whole-cell labeling reagent for intra-

abdominal infections and inflammatory bowel disease.69 

During the continued search for improved brain imaging agents, [99mTc]Tc-L,L-

ethylenedicysteine diethylester ([99mTc]Tc-ECD) was identified as a lead candidate and 

subsequently approved for clinical use (Figure 3).70 [99mTc]Tc-ECD is a neutral, lipophilic 

[99mTc][Tc(V)=O]3+-containing diamide dimercaptide (N2S2) complex that was found to pass 

through the blood brain barrier and was subsequently approved for clinical use.70 After the 

complex passes through the blood brain barrier, its two ester moieties are hydrolyzed by 

intracellular esterases, thereby creating a complex with a net negative charge.71, 72 Due to 

differences in hydrolysis rates, the l,l isomer is retained in the brain, but the d,d isomer is not.71, 72 

Both isomers are hydrolyzed in the blood, however, ensuring rapid blood and renal clearance.68, 

73-75 

Continuing our discussion of NxSy complexes, in 1986, a series of 99mTc complexes with N2S2 

ligands were explored as potential renal imaging agents.76 Due to a variety of limitations, 

however, none of the complexes proved suitable. In response to this setback, the same team 

developed a 99mTc(V) complex bearing a triamide mercaptide (N3S) ligand — 

mercaptoacetylglycylglycylglycine (MAG3) — as an alternative (Figure 3).76 [99mTc]Tc-MAG3 is 

a negatively charged, square pyramidal complex boasting a [99mTc][Tc(V)=O]3+ bond and a 

square pyramidal geometry.76-78 Although 90% of [99mTc]Tc-MAG3 is rapidly bound to plasma 
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protein after injection, 50% of the blood activity is excreted from the kidneys on each pass, 

making the radiotracer useful for measuring renal plasma flow.79 

Despite the approval of [99mTc]Tc-MAG3 by the U.S. FDA for renal perfusion imaging, its 

relatively high plasma protein binding meant that there was room for improvement.80 During a 

study of [99mTc]Tc-ECD metabolites, it was found that the most polar of these metabolites — 

[99mTc]Tc-L,L-ethylenedicysteine ([99mTc]Tc-EC) — is rapidly excreted in the urine.81 A 

subsequent study revealed that [99mTc]Tc-EC has a significantly lower blood plasma protein 

binding than [99mTc]Tc-MAG3.82 One drawback, however, was that it was found that at 

physiological pH, [99mTc]Tc-EC exists in both dianionic and monoanionic states, each of which 

exhibits a distinct clearance rate and protein binding affinity.83 This complication was later 

overcome with the development of [99mTc]Tc-D-mercaptoacetamide-ethylene-cysteine 

([99mTc]Tc-MAEC), which is an N3S complex with a [99mTc][Tc(V)=O]3+ motif that combines the 

most advantageous features of [99mTc]Tc-MAG3 and [99mTc]Tc-EC (Figure 3).84

To wind down our discussion of agents containing [99mTc][Tc(V)=O]3+ bonds, [99mTc][Tc(1,2-

bis[bis(2-ethoxyethyl)phosphino]ethane)2O2]+ — [99mTc]Tc-tetrofosmin — was developed in an 

effort to address concerns surrounding the non-target tissue uptake of 99mTc-based myocardial 

perfusion agents (Figure 3). [99mTc]Tc-tetrofosmin is a lipophilic, cationic, 99mTc(V) trans-dioxo 

bisdiphosphine complex bearing two terminal ethoxyethyl groups on each of its four 

phosphines.85 The lipophilicity and dipole moment of the complex allows it to permeate the 

cytosolic membrane of heart cells.86 After promising preclinical investigations, [99mTc]Tc-

tetrofosmin was approved for use as a myocardial perfusion agent in the U.S. in 1996. Perhaps 

not surprisingly, [99mTc]Tc-tetrofosmin, like many myocardial perfusion imaging agents, has also 

been examined for the imaging of Pgp expression.87, 88 

Shifting gears, in the mid-1990s, Pasqualini, et al. identified [99mTc]TcN[Et(EtO)NCS2]2 

([99mTc]Tc-NOET) as a potential myocardial perfusion imaging agent from a series of 

[99mTc][Tc(V)≡N]2+-containing bisthiocarbamate complexes (Figure 3).89 Although [99mTc]Tc-

NOET was found to be reasonably effective for cardiac imaging, its clinical utility was ultimately 

limited by high non-target uptake in the lungs and liver as well as slow blood clearance.90, 91 More 

recently, a wide range of [99mTc][Tc(V)≡N]2+-based complexes has been explored as imaging 

agents. For example, the neutral, lipophilic complex containing a [99mTc][Tc(V)≡N]2+ motif and 

two isopropyl xanthate (IPXT) ligands — [99mTc]TcN(IPXT)2 — was found to have high brain 

uptake and retention (Figure 3).92 In addition, the neutral lipophilic [99mTc][Tc(V)≡N]2+-based 

complex formed from two 2,3-dimethylcyclohexl dithiocarbamato (DMCHDTC) ligands — 

[99mTc]TcN(DMCHDTC)2 — and the cationic, lipophilic [99mTc][Tc(V)≡N]2+-based complex 
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containing one DMCHDTC ligand and one 

bis(dimethoxypropylphosphinoethyl)ethoxyethylamine (PNP5) ligand — 

[99mTc][TcN(PNP5)(DMCHDTC)]+ — have both shown localization and retention in the heart, 

suggesting potential as myocardial imaging agents (Figure 3).93, 94 In still another study, a 

[99mTc][Tc(V)≡N]2+-based complex bearing two 4-dithiocarbamato-N-benylpiperidine (Pip-DTC) 

ligands was synthesized to create [99mTc][TcN]Pip-DTC, a tracer that displays affinity for sigma 

receptors (Figure 3).32

Another member of the [99mTc][Tc(V)≡N]2+
 family — [99mTc]Tc-

[bis(dimethoxypropylphosphinoethyl)-ethoxyethylamine-[bis(N-ethoxyethyl)-dithiocarbamato] 

nitride ([99mTc]TcN-DBODC5) — has also been used as a myocardial perfusion imaging agent 

(Figures 3 and 4).95-97 [99mTc]TcN-DBODC5 is a monocationic 99mTc-nitrido complex containing 

a bidentate dithiocarbamate ligand and a tridentate PNP bisphosphine ligand arranged in an 

octahedral geometry. In preclinical experiments, [99mTc]TcN-DBODC5 produced high uptake in 

the myocardium as well as lower liver-to-heart activity concentration ratios and faster blood 

clearance rates than both [99mTc]Tc-tetrosfosmin and [99mTc]Tc-MIBI.98 Interestingly, 

[99mTc]TcN-DBODC5’s selective mitochondrial accumulation and activity as a substrate for Pgp 

suggest that it may have a place in tumor imaging protocols as well.99, 100 Like its compatriots, 

[99mTc]TcN-DBODC5 is synthesized via kit formulation, though the need for post-kit purification 

has limited its clinical application. Another 99mTc(V)-based dithiocarbamate myocardial perfusion 

tracer — [99mTc]TcN-(DMCHDTC)2 — was reported in 2009 by Zhang, et al (Figure 3).94 Like 

[99mTc]TcN-DBODC5, [99mTc]TcN-(DMCHDTC)2 contains a [99mTc][Tc(V)N]2+ motif, though 

the latter eschews phosphines for two tridentate dimethylcyclohexyl dithiocarbamate ligands. 

While preclinical investigations suggest that the in vivo performance of [99mTc]TcN-

(DMCHDTC)2 may compare favorably to other members of the [99mTc]Tc-dithiocarbamate 

family, no clinical studies have appeared to date. Finally, a related compound — [99mTc][TcN(N-

ethoxyethyl-N,N-bis[2-(bis(3-methoxypropyl)phosphino)ethyl]amine)(2-mercaptopyridine 

oxide)]+ ([99mTc]TcN-MPO) — has also recently been found to produce favorable myocardial 

uptake and improved liver-to-heart activity concentration ratios in both animals and humans 

(Figure 3).101-103

The Radioisotopes of Copper

Four radionuclides of copper have been used for PET imaging: 60Cu (t1/2 = 0.4 h; + yield = 

93%; E+ = 3.9 and 3.0 MeV), 61Cu (t1/2 = 3.32 h; + yield = 62%; E+ = 1.2 and 1.15 MeV), 62Cu 

(t1/2 = 0.16 h; + yield = 98%; E+ = 2.19 MeV), and 64Cu (t1/2 = 12.7 h; + yield = 19%; E+ = 
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0.656 MeV).104, 105 64Cu is easily the most often employed because it has a half-life that allows for 

facile handling and shipment and can be produced rather easily using a cyclotron via the 

bombardment of an enriched 64Ni target. It is typically coordinated by chelators such as NOTA, 

SarAr, or CB-TE2A as part of a biomolecular conjugate. Regardless of the isotope, Cu(II) is the 

most biologically relevant oxidation state, though as we will see, reduction to Cu(I) is possible — 

and in some cases, desirable — in vivo. In light of its a d9 electron configuration, Cu(II) can 

accommodate a variety of coordination numbers and geometries, including square planar, square 

pyramidal, trigonal bipyramidal, and octahedral.104

Thiosemicarbazones

The two most well-known Cu-based PET imaging agents are both small metal complexes of 

thiosemicarbazone ligands: Cu(II)-diacetyl-bis(N4-thiosemicarbazone) [Cu-PTSM] and Cu(II)-

diacetyl-bis(N4-methylthiosemicarbazone) [Cu-ATSM] (Figure 5). In both cases, a Cu(II) center 

is coordinated in a square planar geometry by the two nitrogen atoms and two sulfur atoms of the 

thiosemicarbazone. Remarkably, while the structures of Cu-PTSM and Cu-ATSM only differ by 

a single methyl group, they have completely different applications: the former is a perfusion 

tracer, while the latter is used for hypoxia imaging. Both complexes are prepared for the clinic 

using kit formulations and have been labeled and used with the entire gamut of radioisotopes of 

Cu.

Cu-PTSM is a radiotracer for the imaging of blood perfusion in the brain and myocardium.105 

Due to its small size, planarity, and lipophilicity, Cu-PTSM is able to move into cells via passive 

diffusion. While the exact mechanism of cellular uptake and retention remain subject to some 

debate, it is generally agreed upon that once inside the cell, the Cu(II) center is reduced to Cu(I) 

and subsequently dissociates from the PTSM ligand.106, 107 Subsequently, this free Cu(I) binds to 

intracellular proteins, trapping Cu(I) within the cell. Preclinical studies in mice, non-human 

primates, and dogs all support the in vivo efficacy of Cu-PTSM for cerebral and myocardial 

perfusion imaging. In the clinic, Cu-PTSM has proven effective for the imaging of tumoral blood 

flow as well as both myocardial and cerebral perfusion. However, it has not been proven to 

provide any substantive advantages over other, more commonly-used perfusion imaging 

agents.108-112 

As we have noted, Cu-PTSM’s close cousin Cu-ATSM has an entirely different application: 

the imaging of hypoxia.113 Briefly, the term ‘hypoxic’ is used to describe tissues that are deprived 

of normal, physiological levels of oxygen. In cancer, hypoxia is often associated with increased 

tumor aggressiveness, increased metastatic potential, higher rates of recurrence, and resistance to 
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radiation therapy and chemotherapy. The selective uptake and retention of Cu-ATSM in hypoxic 

cells was first discovered in the late 1990s. Since then, a wealth of in vitro and in vivo data has 

supported the selectivity of the radiotracer, though variation has been observed between cell lines 

and tissue types.114-120 

The precise mechanism of Cu-ATSM’s uptake and retention in hypoxic cells has been subject 

to significant debate, though most agree that the reduction of the initial Cu(II) complex is a 

critical step.120-122 Initially, it was believed that Cu(II)-ATSM could only be reduced and 

subsequently trapped in hypoxic tissues. However, Dearling et al. proposed a more nuanced 

mechanism. In this model, Cu(II)-ATSM is reduced in both hypoxic and normal tissues, 

producing a labile [Cu(I)-ATSM]- complex. In normoxic cells, this [Cu(I)-ATSM]- complex can 

be oxidized back to Cu(II)-ATSM, allowing the intact complex to diffuse out of the cell.9 In 

hypoxic tissues, however, [Cu(I)-ATSM]- is not reoxidized rapidly enough to prevent its acid-

catalyzed dissociation through [Cu(I)-ATSMH] or [Cu(I)-ATSMH2]+ intermediates, ultimately 

leading to the release and trapping of the radioactive Cu(I) by intracellular proteins.123, 124 In 2005, 

Burgman et al. offered a hypothesis to explain why the uptake of Cu-ATSM varies between cell 

lines. The authors posited that because chaperones, transporters, and other proteins are required 

for the efflux and trapping of the radiotracer, variations in the expression levels of these proteins 

across cell lines will naturally lead to variations in hypoxia-selective uptake and retention.125 

Given the likely role of protonation in the acid-catalyzed dissociation reactions, intracellular pH 

differences between cell lines may also play a role in this variation. In light of this mechanistic 

work, it becomes clear that the disparity in hypoxia-selectivity between Cu-ATSM and Cu-PTSM 

is not solely predicated on the differing redox potentials of the two complexes (-0.59 and -0.51 V 

vs. Ag/AgCl, respectively) but also upon differences in their stabilities, protonation rates, and 

LUMO energies.121 Mechanistic details aside, 60Cu-, 62Cu-, and 64Cu-ATSM have all shown some 

promise in the clinic. In 2008, for example, Lewis et al. published a trial comparing [60Cu]Cu-

ATSM and [64Cu]Cu-ATSM PET in 10 patients with cervical carcinoma (Figure 6).126 Increased 

uptake of both [60Cu]Cu-ATSM and [64Cu]Cu-ATSM was observed in the tumors of all 10 

patients, though the authors reported that [64Cu]Cu-ATSM produced higher quality images with 

superior tumor-to-background activity concentration ratios. However, neither [60Cu]Cu-, 

[62Cu]Cu-, nor [64Cu]Cu-ATSM have been widely adopted for clinical hypoxia imaging to date. 

In light of the limitations of Cu-ATSM and Cu-PTSM, a number of groups have worked on 

developing improved versions of these two tracers (Figure 5).114, 116, 127-130 For example, Cu-

ATSE, Cu-CTS, Cu-ASSM, Cu-ATSE/A-G, and Cu-ATSM/en were created as second-

generation hypoxia imaging agents. Cu-ETS, Cu-PTSM2, and Cu-PTS, on the other hand, were 
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created as second-generation perfusion tracers. These novel tracers proved unable to appreciably 

improve upon the performance of their noteworthy precursors.

Interestingly, an additional family of 64Cu-thiosemicarbazone complexes — Cu 

azabicyclo[3.2.2]nonane thiosemicarbazones — has been explored for yet another application: the 

in vivo delineation of topoisomerase II (Topo-II) expression (Figure 5).131 Topoisomerase II is a 

DNA repair enzyme linked to increased tumor aggressiveness and metastatic potential in an array 

of cancers, and a number of Cu-thiosemicarbazone complexes have been shown to effectively 

inhibit Topo-II in vitro. In vivo experiments in mice bearing L1210 (Topo-II over-expressing) and 

PC-3 (Topo-II under-expressing) xenografts revealed that two of these 64Cu-labeled complexes — 

[64Cu]Cu-EPH144 and [64Cu]Cu-EPH270 — produce specific tumoral uptake in the Topo-II over-

expressing tumors. The translational potential of these two agents is limited by their very high 

accumulation in non-target tissues, but they nonetheless could serve as starting points for a 

second generation of optimized probes.132

Beyond Thiosemicarbazones

Moving away from thiosemicarbazone complexes, copper(I)-bis(diphosphine) complexes are 

well-characterized, lipophilic compounds with established tumoricidal properties (Figure 5). In 

2000, Lewis et al. evaluated a series of 64Cu-labeled Cu(I)-bis(diphosphine) complexes for the 

imaging of the multidrug resistance phenotype (MDR) in rats implanted with fibrocarcinoma.133, 

134 One of the complexes in question, [64Cu][CuL5
2]+, was determined to accumulate in tumors 

with rapid clearance from the blood, renal excretion, and low uptake in non-target tissues. 

Unfortunately, however, no follow-up studies on this class of compounds have been published. 

Finally, a family of 64Cu-based complexes bearing diiminedioxime ligands was also investigated 

as agents for both myocardial perfusion and MDR imaging, but few subsequent studies have 

emerged.135, 136 

The Radioisotopes of Gallium

As with other radiometals, much of the recent work on 67Ga- and 68Ga-based imaging agents 

has made use of bifunctional chelators, placing it beyond the scope of this review. However, it is 

worth mentioning that one such agent — [68Ga]Ga-DOTA-TATE — was recently approved by 

the FDA for the PET imaging of neuroendocrine tumors.137, 138 Yet even though bioconjugate-

based systems remain the primary focus of the field, the increased availability and ease of use of 
68Ge/68Ga-generators has sparked a surge of interest in 68Ga-PET.139 This trend, in turn, has led to 

the development of a handful of promising imaging agents based on small metal complexes.
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Prior to the advent of [68Ga]Ga-DOTA-TATE and its many cousins, the first prominent 

imaging agent based on gallium was [67/68Ga]Ga-citrate.140 [67Ga]Ga-citrate was a common 

imaging agent for inflammation, infection, and certain types of tumors, including lung cancer, 

lymphoma, and leukemia, while [68Ga]Ga-citrate has been used to visualize vascular permeability 

in lung disease as well as infections in the bone.141 [67/68Ga]Ga-citrate, however, is not stable in 

vivo; rather, the metal itself is quickly transchelated by transferrin to create [67/68Ga]Ga-

transferrin.142 Consequently, the Ga-citrate complex itself is not essential to the in vivo 

localization of the radiopharmaceutical, thus excluding it from discussion here. Similarly, we will 

likewise eschew other unstable gallium complexes that rely upon transferrin for targeting. 

Ligands with Oxygen, Nitrogen, and Sulfur Donors

Shifting gears to imaging agents that do fit our parameters, Li et al. first characterized 

gallium(III) N,N′-ethylene-di-L-cysteine (Ga-EC) in hopes of developing a new family of 67Ga 

SPECT agents (Figure 7).143 Ga-EC was found to have an N2S2O2 distorted octahedral 

coordination in which nitrogen and sulfur atoms occupy the equatorial positions and oxygen 

atoms occupy the axial positions.143 Although Ga-EC was shown to be stable under physiological 

conditions, [67Ga]Ga-EC exhibited high liver uptake in vivo and was consequently abandoned as a 

prospective radiotracer. Years later, a mono-carboxylate derivative of EC — ethylenecysteamine 

cysteine (ECC) — was complexed with [68Ga]Ga3+ to test its potential as a renal imaging agent 

homologous to [99mTc]Tc-ECC (Figure 7).144 Although the structure of [67Ga]Ga-ECC was not 

investigated, the authors proposed that the complex maintained the distorted octahedral geometry 

of Ga-EC, with an unknown ligand replacing the second carboxylate oxygen.   Unlike [67Ga]Ga-

EC, [67Ga]Ga-ECC primarily clears through the kidneys, a trait that led the investigators to test 

[68Ga]Ga-ECC as a PET tracer for renal imaging.145 

Ligands with Nitrogen and Sulfur Donors

More recently, the same laboratory that developed [67Ga]Ga- and [68Ga]Ga-ECC published a 

study focused on the use of a 68Ga-labeled ethylcysteinate dimer ([68Ga]Ga-ECD; Figure 7) as a 

cerebral blood flow PET tracer.146 Generator-produced [68Ga]GaCl3 was reacted with a 

commercially available ECD kit to form the proposed — though not confirmed — cationic N2S2 

complex. Although [68Ga]Ga-ECD did not have sufficient uptake in the brain to allow for cerebral 

blood flow imaging, its relatively high cardiac uptake and fast urinary excretion indicate potential 

for myocardial perfusion imaging. 67/68Ga also forms stable complexes with the N2S2 ligand BAT-

TECH, producing complexes that have exhibited high myocardial uptake in mice and non-human 
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primates (Figure 7).147, 148 X-ray crystallography of non-radioactive Ga-BAT-TECH revealed a 5-

coordinate distorted square pyramidal geometry in which Ga3+ is bound to the tetradentate ligand 

as well as an axial chloride. While this structure was determined in the solid-state, it is likely that 

the chloride anion dissociates under physiological conditions, though this has not been 

investigated. Finally, Cutler, et al. explored the use of 68Ga complexes bearing tripodal NS3 

ligands for both brain and heart imaging (Figure 7)149, while Moore and coworkers created an 

N3S3 framework  TX-TACNH3  that proved suitable for the stable coordination of both 111In 

and 67/68Ga (Figure 7).150, 151

Ligands with Oxygen and Nitrogen Donors

Moving on to nitrogen- and oxygen-based ligands, gallium(III)-(bis(3-isopropoxy2-

phenolate-benzylidene)-N,N’-bis(2,2-dimethyl-3-amino-propyl) ethylenediamine)  Ga[3-

isopropoxy-ENBDMPI]+  is a hydrophobic, monocationic Ga(III)-complex with an N4O2 

coordination sphere and a pseudo-octahedral geometry that has also been explored as a 

myocardial perfusion imaging agent (Figure 7).152 Both [67Ga]Ga- and [68Ga]Ga-[3-isopropoxy-

ENBDMPI]+ have displayed high retention in the heart and rapid clearance from the liver, 

suggesting that these complexes could be deployed for cardiac SPECT and PET, respectively. In 

addition, Ga-[3-isopropoxy-ENBDMPI]+ and several other structurally-related N4O2-based 67/68Ga 

complexes have also been investigated as functional imaging agents for multidrug resistance 

(MDR) and Pgp expression.153-158 

Along similar lines, more than two decades ago, Green, et al. developed a series of 67/68Ga-

labeled tracers using bis- and tris(salicylaldimine) platforms, most notably [67/68Ga][Ga(4,6-

MeO2sal)2BAPEN]+ (Figure 7).159-162 Several of these highly lipophilic, pseudo-octahedral N3O3-

and N4O2-based complexes exhibited high myocardial uptake and rapid blood clearance in rats 

and dogs, though the in vivo results for a handful of these radiotracers in pigs revealed that the 

myocardial uptake was not proportional to perfusion, thereby precluding clinical translation.162 

Interestingly, a series 68Ga complexes with ligands based on curcumin  ((1E,6E)-1,7-Bis(4-

hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione) has recently attracted attention for imaging 

β-amyloid plaques and fibrils in Alzheimer’s disease. The three most promising of these ligands 

— curcumin (CUR), diacetyl-curcumin (DAC), and bis(dehydroxy)curcumin (bDHC) — were 

each found to form octahedral complexes with gallium(III) (Figure 7).163-165 Although 

[68Ga][Ga(CUR)2(H2O)2]+, [68Ga][Ga(DAC)2(H2O)2]+, and [68Ga][Ga(bDHC)2(H2O)2]+ all 

demonstrated a high affinity for β-amyloid plaques and fibrils in vitro, they unfortunately proved 

unable to produce useful images of amyloid aggregates in vivo. Yet in light of the potential 
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benefits of PET imaging during early-stage Alzheimer’s disease, it is likely that second-

generation 68Ga-curcuminoid complexes will be explored in search of a probe that combines high 

affinity for β-amyloid plaques and fibrils with favorable pharmacokinetic behavior. 

In a very recent entry to this compendium, Greiser, et al. created a new class of 68Ga-labeled 

radiotracers based on 1,4-diazepan-6-amine (DAZA) ligands.166 These N3O3-based complexes are 

inert and stable, and while the preclinical data is sparing, in ovo imaging suggests that these 

compounds could serve as liver imaging agents. Finally, following the FDA approval of 153Sm- 

and 177Lu-ethylenediamine tetra(methylene phosphonic acid) (EDTMP) as bone-targeted 

radiotherapeutics, a 68Ga-labeled variant of the compound ([68Ga]Ga-EDTMP) has been tested as 

a PET imaging agent for bone scans (Figure 7).167 [68Ga]Ga-EDTMP has a putative octahedral 

geometry and an N2O4 coordination sphere and has shown rapid kidney clearance and high bone 

uptake in rat models. 

Siderophores

Siderophore-derived ligands have also been used in conjunction with 67/68Ga to create 

bacteria-specific imaging agents.168 Siderophores are molecules secreted into the extracellular 

space by some bacterial and fungal cells to scavenge essential ferric ions. Once these molecules 

find and bind the sought-after cations, they are actively transported back into the cell where the 

iron can be utilized for various cellular processes. In light of the metal ion-binding ability of 

many siderophores, inorganic radiochemists have jumped at the chance to harness these 

molecules for applications with radiometals. Some siderophores — most notably desferrioxamine 

— have emerged as the basis of bifunctional chelators. Others, however, have been leveraged to 

create infection-targeted imaging agents. 

 One laboratory in particular has made impressive preclinical advances in the radiolabeling of 

the fungal siderophore triacetylfusarinine C (TAFC) and the bacteria-derived siderophore 

ferrioxamine E (FOXE) for the imaging of invasive pulmonary aspergillosis (IPA).168, 169 Both 

siderophores exhibit excellent binding to 68Ga3+, which boasts coordination chemistry similar to 

their natural target Fe3+ (Figure 7). In fact, it was found that minimal degradation of [68Ga]Ga-

TAFC and [68Ga]Ga-FOXE occurred even during competitive binding assays with Fe(III). In vivo 

PET imaging with these tracers in a rat model of IPA consistently showed uptake in the primary 

sites of infection (lungs) that was proportional to the severity of infection.169 Just as importantly, 

both radiometal chelates showed visible accumulation in the lungs and clearance from the blood 

as soon as 20 minutes after their administration. However, assays testing the uptake of these 68Ga-

labeled siderophores by other species of bacteria and fungi found that not all had the same affinity 
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for the imaging agents.170 This suggests that different 68Ga-siderophore complexes may be 

required to image different types of infections.

Indium-111 and Zirconium-89

Far and away the most common metal complex-based radiopharmaceuticals featuring 111In 

(t1/2 ~ 2.8 d) are reagents for cell labeling (Figure 8). The use of white blood cells for targeted 

imaging is predicated on the natural inclination of leukocytes and macrophages to migrate to sites 

of infection and inflammation within the body (Figure 9). Labeling these cells with 111In-based 

metal complexes allows them to be tracked in vivo via SPECT.  Clinically, this approach has been 

used to non-invasively visualize a range of pathologies, including fevers of unknown origin, post-

operative infections, diabetic infections, and inflammation associated with cancer.171-174 More 

recently, cell-labeling techniques have been harnessed as theranostic imaging strategies in 

conjunction with cell-based cancer therapies.175 The incorporation of radionuclides into live, 

patient-derived neutrophils has been achieved by coordinating radiometals with lipophilic 

ligands, producing neutral, hydrophobic complexes that are passively taken up by cells. Upon 

diffusing through the cell membrane, the subsequent dissociation of the ligands frees the metal 

cation and allows it to bind to intracellular macromolecules, trapping it within the cytosol.  These 

labeled autologous cells can then be administered to the patient, where they will resume their role 

as critical components of the immune system.

Two complexes have proven particularly effective for the labeling of a wide range of cell 

types: [111In]In(oxinate)3 and [111In]In(tropolonate)3 (Figure 8).176-178 Though there has been some 

debate regarding the relative merits of the two compounds, [111In]In(oxinate)3 — commonly 

known as 111In-oxime — has been the more widely deployed in the clinic.  The tropolonate 

complex labels cells somewhat more efficiently, which necessitates less preparation of the 

isolated neutrophils prior to labeling.179 However, this difference has not proven significant 

enough to prompt a shift in clinical preference. It is important to note that while radioactive cell 

labeling has proven effective in the clinic, the use of 111In has inherent limitations, most notably 

the nuclide’s compatibility with SPECT rather than PET. To circumvent this issue, oxinate 

complexes of the positron-emitting radiometals 89Zr and 68Ga have recently been developed and 

studied in preclinical mouse models (Figure 8).180-183 
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CONCLUSION

In the preceding pages, we have sought to illuminate the remarkable breadth of metal 

complexes that have been used for PET and SPECT imaging. While we have tried to include 

many important and compelling examples, we are nonetheless sure that we have left out some 

excellent work. To the creators of these inadvertently neglected compounds, we humbly 

apologize and appeal to their understanding of the exigencies of writing introductory reviews. 

As we mentioned in the introduction, the last two decades have been marked by a gradual 

decline in the development of radiopharmaceuticals based on metal complexes. Not surprisingly, 

this trend has run counter-parallel to the advent of biomolecular imaging agents labeled with 

radiometals. While we are firm believers in the power of peptides, proteins, and antibodies as 

targeting vectors, we nonetheless wonder if the pendulum has swung too far, leaving metal 

complex-based radiotracers with a regrettable lack of attention. 

Meanwhile, the field of medicinal inorganic chemistry has recently undergone a fascinating 

surge.184, 185 Researchers have increasingly harnessed the unique properties of transition metals to 

produce a wide range of complexes — including compounds centered on Ru, Au, Os, Ga, Co, and 

Fe — with potential as therapeutics for an array of diseases, most notably cancer.186, 187, 188 For 

example, Meggers, et al. have developed a series of organometallic Ru(II) complexes that are 

potent kinase inhibitors (Figure 10, top).189-191 In addition, the Jaouen laboratory has developed a 

family of organometallic Fe-based estrogen receptor modulators that has shown therapeutic 

potential in preclinical models of breast cancer (Figure 10, middle).192-194 And finally, Patra, et al. 

have recently reported a novel class of organometallic iron- and chromium-based antibiotics 

based on the structure of platensimycin (Figure 10, bottom).195-197 We contend that these 

compounds — and many others like them — represent fertile ground for the development of new 

diagnostic and theranostic radiopharmaceuticals. Some of these complexes are centered upon a 

metal (e.g. Cu) with at least one imaging-relevant isotopologue. Others, unfortunately, are not. In 

these cases, however, it would be possible to create a radiolabeled variant of the metal complex 

by incorporating a radionuclide such as 18F or 11C into a ligand either before or, preferably, after 

complexation. The radiolabeling of a ligand in the presence of a metal center may prove 

challenging, but we are confident that any difficulties could be circumvented, especially in light 

of the exciting recent advances in both 11C and 18F radiosynthesis.

In the end, it is our sincere hope that the coming years will play witness to a creative 

renaissance in the study of metal complexes for nuclear imaging and that work at the intersection 

of radiochemistry, molecular imaging, and medicinal inorganic chemistry will produce new 

generations of innovative and useful imaging agents.  
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FIGURE CAPTIONS

Figure 1. Selected [99mTc]Tc(I) and [99mTc]Tc(III) complexes

Figure 2. Planar [99mTc]Tc-MIBI scintigraphy (A and B), CT (C), and SPECT/CT (D) of a 

patient with primary hyperparathyroidism, showing focal tracer uptake in the lower part of the 

right lobe of the thyroid gland. Reprinted from Keidar, et al. Preoperative [99mTc]Tc-MIBI 

SPECT/CT interpretation criteria for localization of parathyroid adenomas — correlation with 

surgical findings. Molecular Imaging and Biology 2017, 19, 265-270. Copyright by the World 

Molecular Imaging Society.31 

Figure 3. Selected [99mTc]Tc(IV) and [99mTc]Tc(V) complexes

Figure 4. Planar, whole-body [99mTc]TcN-DBODC5 scintigraphy (left to right: collected 5, 30, 

60, and 240 min post-injection) of a healthy under (A) rest and (B) stress conditions. Adapted and 

reprinted from Cittanti et al. Whole-body biodistribution and radiation dosimetry of the new 

cardiac tracer 99mTcN-DBODC. Journal of Nuclear Medicine 2008, 49, 1299-1304. Copyright by 

the Society of Nuclear Medicine and Molecular Imaging.98 

Figure 5. Selected Cu(II) complexes

Figure 6. Transaxial [18F]FDG-PET/CT, [18F]FDG PET, [60Cu]Cu-ATSM PET, and [64Cu]Cu-

ATSM images of a patient with cancer of the uterine cervix. 18F-FDG = [18F]fluorodeoxyglucose 

= 2-deoxy-2-[18F]fluoroglucose. Adapted and reprinted from Lewis et al. An imaging comparison 

of [64Cu]Cu-ATSM and [60Cu]Cu-ATSM in cancer of the uterine cervix. Journal of Nuclear 

Medicine 2008, 49 (7), 1177-1182. Copyright by the Society of Nuclear Medicine and Molecular 

Imaging.131

Figure 7. Selected Ga(III) complexes

Figure 8. Selected [111In]In(III), [89Zr]Zr(IV), and [68Ga]Ga(III) complexes

Figure 9. Planar scintigraphy using [111In]In-oxine-labeled leukocytes revealing an area of 

increased uptake in an infected prosthetic vascular graft in the right thigh (black arrows). Adapted 
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and reprinted from Love et al. Radionuclide imaging of infection. Journal of Nuclear Medicine 

Technology 2004, 32, 47-57. Copyright by the Society of Nuclear Medicine and Molecular 

Imaging.174 

Figure 10. Selected medicinal inorganic and organometallic compounds. Top: Ru-based kinase 

inhibitors inspired by the structure of staurosporine (far left). Middle: Fe- and Ru-based selective 

estrogen receptor modulators inspired by the structure of tamoxifen (far left). Bottom: Fe- and Cr-

based antibiotics based on the structure of platensimycin (far left). 
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TABLES AND TABLE LEGENDS

Modality Nuclide Half-Life Source Relevant Oxidation States Common Coordination Number
68Ga 68 min generator 3+ 4, 5, 6
60Cu 23.7 min cyclotron 1+, 2+ 4, 5, 6
61Cu 3.3 h cyclotron 1+, 2+ 4, 5, 6
62Cu 9.7 min cyclotron 1+, 2+ 4, 5, 6
64Cu 12.7 h cyclotron 1+, 2+ 4, 5, 6
86Y 14.7 h cyclotron 3+ 8, 9

PET

89Zr 78.4 h cyclotron 4+ 8

99mTc 6.0 h generator 1- to 7+ 4, 5, 6
111In 67.3 h cyclotron 3+ 4, 5, 6SPECT
67Ga 78.2 h cyclotron 3+ 5, 6, 7, 8

Table 1. Chemical and physical properties of selected metallic radionuclides.  

Page 23 of 42 Dalton Transactions



Radiopharmaceutical Clinical Application
[99mTc][Tc(CO)3(NTA)]2- Renal perfusion
[99mTc]TcN-DBODC5 Myocardial perfusion 
[99mTc]Tc-disofenin Hepatobiliary imaging 
[99mTc]Tc-DMSA Renal clearance; glioblastoma 
[99mTc]Tc-DTPA Bone metastasis 
[99mTc]Tc-ECD Brain perfusion
[99mTc]Tc-ECDG Lung cancer 
[99mTc]Tc-HEDP Bone metastasis 
[99mTc]Tc-HMDP Bone metastasis 
[99mTc]Tc-HMPAO Brain perfusion 
[99mTc]Tc-lidofenin Hepatobiliary imaging 
[99mTc]Tc-MAEC Renal imaging 
[99mTc]Tc-MAG3 Renal perfusion 
[99mTc]Tc-MDP Bone metastasis
[99mTc]Tc-mebrofenin Hepatobiliary imaging
[99mTc]Tc-MIBI Myocardial perfusion; glioblastoma 
[99mTc]Tc-MPO Myocardial perfusion
[99mTc]Tc-NOET Myocardial perfusion
[99mTc]Tc-oxidronate Altered osteogenesis; urothelial carcinoma
[99mTc]Tc-PnAO Brain perfusion
[99mTc]Tc-Q12 Myocardial perfusion
[99mTc]Tc-tetrafosmin Myocardial perfusion
[64Cu]Cu-ATSM Lung, cervical, and lung cancers
[64Cu]Cu-PTSM Myocardial perfusion
[68Ga]Ga-Citrate Wide variety of pathologies
[68Ga]Ga-EDTMP Bone metastasis
[111In]In-(oxinate)3 Platelet labeling
[111In]In-(tropolonate)3 Leucocyte labeling

Table 2. Selected metal complex-based radiopharmaceuticals that have been translated to the 
clinic
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