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This feature article covers recent reports of work towards the development of 99mTc–carbohydrate

based agents for use in SPECT imaging, particularly of cancerous tissue. An outline of some of

the key biological functions and coordination chemistry of carbohydrates is given, along with an

introduction to bioconjugation and molecular imaging. Technetium coordination chemistry and

the subset of this involving bioconjugates are discussed before moving into the focus of the

article: glycoconjugates of 99mTc(V) and the more recently developed [99mTc(I)(CO)3]
+. Significant

work in the last decade has featured the very attractive [99mTc(CO)3]
+ core, and the ligand sets

designed for this core are discussed in detail.

Carbohydrates in biology

Carbohydrates are the main source of fuel for the body. As

well as providing energy they are intimately involved in many

vital processes, such as cell signaling, molecular recognition,

surface adhesion, providing structure, the inflammation re-

sponse, and in the fertilization and development of the fetus.1

Because carbohydrates are such important biological mole-

cules, life forms have many enzymatic systems in place to

monitor their levels as well as to transport, chemically modify,

and metabolize them.

A major use of glucose is in metabolism, through the

complex, tightly regulated processes of glycolysis, the citric

acid cycle and oxidative phosphorylation. Because of this, life

has developed very efficient and particular processes for the

transport of glucose into and out of cells, and for the proces-

sing and breakdown of the glucose once inside cells. Glycolysis

is one way cells make ATP—the biological energy currency.

Cells also use oxidative phosphorylation for this purpose; this

is a much more efficient process, producing around 32 ATP

per glucose, compared to two ATP per glucose for glycolysis.2

One of the most pronounced and well studied differences

between cancerous and normal tissue is the increase in glyco-

lysis and decrease in oxidative phosphorylation in cancer cells.

This results in inefficiency in the metabolism of cancer cells, so

their glucose intake requirements are much higher than those

of normal cells to achieve the same energy production level, a

fundamental difference known as the Warburg effect.3 The

consequent enzymatic enhancements of tumor cells over many

Medicinal Inorganic Chemistry Group, Department of Chemistry,
University of British Columbia, 2036 Main Mall, Vancouver, BC,
Canada V6T 1Z1. E-mail: orvig@chem.ubc.ca

Meryn began her chemistry career at the University of Canter-

bury in Christchurch, New Zealand, where she completed under-

graduate research with Dr Richard Hartshorn. She then moved

to Vancouver to pursue graduate studies with Dr Orvig and has

spent the past few years working on technetium–carbohydrate

conjugates. Her current side-project is trying to convert her boss

to snowboarding.

Chris Orvig was born and raised in Montréal. He received his
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other cell types can be exploited by using glucose as a targeting

vector for diagnostic or therapeutic compounds.

Carbohydrates are very polar molecules, and as such have

very poor membrane (lipid) permeability. The GLUTs are a

class of transmembrane proteins used to facilitate transport (in

an energy independent manner) of glucose and other sugars

across key membranes. They are ubiquitous in mammalian

cells, though different cells express different amounts of dif-

ferent isoforms, depending on their energy requirements. In

humans there are thirteen known isoforms of the GLUT

family; they range from about 45–60 kDa in size, and all

contain twelve membrane spanning domains with high se-

quence homology.4 GLUT transporters are found in high

concentrations in the membranes of cells with high energy

requirements, and at the blood brain barrier (BBB), as glucose

is the primary source of energy for the brain. As tumors grow

rapidly and have altered metabolism, they have correspond-

ingly high energy, and glucose, requirements.5,6 Although

many of the GLUT proteins are known to exhibit high

substrate specificity (e.g. GLUT-1 transports D-glucose, but

not its enantiomer L-glucose), the transport of non-natural

substrates across otherwise impermeable membranes has been

observed. Appending a carbohydrate moiety to a compound

to enhance either BBB or cell permeability has proved useful

with a number of different molecules. For example,

7-chlorokynurenic acid (7ClKynA), a neuroprotectant, was

conjugated to C-6 of glucose (Fig. 1(a)), which increased its

BBB permeability in rats by three orders of magnitude.7

However, C-2-functionalised glucosamine analogs have

perhaps shown the most promising GLUT substrate scope.

Zheng et al. appended a large porphyrin that acts as a near-

infrared dye to the nitrogen of glucosamine (Fig. 1(b)) and

found that the compound was transported into cells.8

2-NBDG (Fig. 1(c)) has a fluorescent probe attached to the

nitrogen of glucosamine, and was found to be transported into

human erythrocytes. This cellular uptake was competitively

inhibited by D-glucose, meaning the transport could be

attributed to GLUT-1 rather than passive diffusion, as this

would not be affected by the presence of glucose.9

Another carbohydrate processing enzyme that is notably

overexpressed in cancer cells is hexokinase (HK).10 As the first

enzyme in the metabolic process glycolysis (which is a very

active pathway in most cancer cells), changes in its nature or

activity can have a large affect on overall energy production of

a cell. HK has many isoforms, but most found in humans are

membrane bound and are about 100 kDa in size. Each enzyme

is comprised of two similar domains, with the active site

residing in a cleft between the two.11 When a substrate, such

as glucose, is bound in the active site, the two portions of the

enzyme rotate together by 121 to narrow the cleft and allow for

the transfer of a phosphate group from an ATP (also present

at the active site) to the hydroxyl group at the C-6 position of

the sugar.11 The products of this reaction (as shown in Scheme

1) are ADP and glucose-6-phosphate, which is negatively

charged at physiological pH, and therefore not able to perme-

ate the cell membrane. This means that for a given amount of

glucose transported into a cell, the more hexokinase activity

the cell exhibits, the higher its concentration of trapped

carbohydrate metabolites will be. In cancer cells, HK activity

is often high due to either overexpression of the protein, or

incorporation of a larger proportion of HK into a membrane,

which is known to increase its activity.12 Compounds that are

known inhibitors of hexokinase are being investigated as

potential chemotherapies for various types of cancer.13

3-Bromopyruvate (Fig. 2(a)) is an inhibitor of HK that has

been shown to deplete ATP in cancer cells.13 N-Appended

glucosamine derivatives were tested by Bertoni and Weintraub,

who found several compounds that exhibited competitive

inhibition of hexokinase. N-Benzoylglucosamine (Fig. 2(b))

exhibited the highest inhibition of human brain hexokinase of

the compounds tested, with Ki values of 8.6–22 nM depending

on the isoform of hexokinase used.14 The fluorescent 2-NBDG

mentioned above (Fig. 1(c)) as an example of a glucosamine

Fig. 1 Functionalized glucose and glucosamine analogs that exhibit

GLUT glucose transporter activity: (a) 7-chlorokynurenic acid;7 (b) a

near-IR dye appended to glucosamine;8 (c) 2-NBDG.9
Fig. 2 Competitive inhibitors of hexokinase: (a) 3-bromopyruvate,13

(b) N-benzoylglucosamine.14

Scheme 1 Phosphorylation of FDG by hexokinase (HK) leads to a
negatively charged product which is trapped in cells; it also converts
ATP to ADP.
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derivative transported by GLUT-1, was found to be phos-

phorylated by hexokinase in E. coli cells.15

When designing a carbohydrate based imaging agent, it is

vital to retain a reasonable level of activity with both GLUTs

and HK compared to the parent carbohydrate. To produce

useful images it needs to accumulate in target tissue at a faster

rate than in background tissue. For this to happen the radi-

olabeled compound needs to get into cells (GLUT), and be

trapped there (HK), so cells that have overactive GLUT and

HK, as most cancer cells do, are the cells that are targeted by

this approach.

Carbohydrates in coordination chemistry

Motivated in large part by the various metal–carbohydrate

interactions at play in biological systems, there is a significant

body of research on the coordination chemistry of carbohy-

drates.16–18 An important lesson from these efforts is that most

naturally occurring carbohydrates do not make very good

ligands for transition metals. As well as the hydroxyl groups

not being very strong donors (pKa B 12), sugars have many

stereocentres, and equilibria between anomers in solution

makes full characterization even more difficult. A lot of work

has involved the addition of donor groups such as amines,

thiols and phosphates to the sugar to provide a ligand with a

higher affinity for metal ions.19–21

To illustrate the difficulty in producing well defined carbo-

hydrate coordination complexes, it was not until 2001 that

Klüfers and Kunte reported the first crystallographic charac-

terization of a transition metal–glucose complex.22 In the solid

state each a-D-glucose bridges two palladium(II) centers, bind-

ing bidentate via two of its four deprotonated hydroxyl groups

to each palladium.

More recently, a different approach to metal–carbohydrate

complexes has been taken with the aim of forming stable, well

defined complexes. The joining of a carbohydrate via a linker

to a specifically designed metal binding moiety has proven

quite successful. This has involved the use of so-called bifunc-

tional ligands: those which combine a metal chelate with an

attachment point for some sort of additional functionality or

directing group. Carbohydrate based bifunctional ligands

have been bound to nickel,23 cobalt,24 copper,25 zinc,26 and

platinum,27,28 to name just a few representative examples.

As sugars are a major class of biomolecules, the carbohydrate

based bifunctional chelates that are the focus of this review are

classic examples of bioconjugates. Although the term bioconju-

gation strictly refers to the linking, by a biological system, of

any two species of different origin,29 its usage, both in the

chemical literature (e.g. the journal Bioconjugate Chemistry)

and in this article refers to the binding of a biomolecule

(normally sugars, lipids, nucleic acids, or amino acids) to any

other molecule; naturally occurring or not. This is normally

achieved via a chemical linker, which can contain a wide

number of atoms and functional groups, depending on the

desired characteristics. This is depicted in Fig. 3, where the

biomolecule is a sugar, normally glucose, the tether is a

chemical bond joining the biomolecule to the linker, the linker

may impart additional functionality, the metal binding portion

varies, and the metal of interest is either technetium or rhenium.

Nuclear medicine

Nuclear medicine is the use of radioactive isotopes incorpo-

rated into diagnostic or therapeutic agents. Diagnosis is

achieved by imaging radioactive decay. This can be done using

either a b+ (positron) emitting isotope, the two opposing g
emissions of which can be imaged via positron emission

tomography (PET), or a g (gamma) emitting nucleus which

can be imaged with single photon emission computed tomo-

graphy (SPECT). As most of the commonly used SPECT

isotopes are metallic, and do not occur naturally in vivo, an

important part of the design of the bioconjugate is the chela-

tion of the radionuclide. The chelation needs to be strong, so

the radioisotope stays bound to the rest of the molecule. The

free radioisotope will probably not accumulate in the tissue of

interest as well as the complex, so its biodistribution will

become unpredictable, leading to increased background noise

which decreases image quality and therefore diagnostic cap-

ability as well as raising the dose to the patient as the unbound

isotope may accumulate in the body.

For these PET or SPECT images to be useful for diagnosis,

the radionuclide must accumulate in tissue of a certain type. In

the carbohydrate-based imaging that is the focus of this

article, this is achieved by conjugation of a radioactive atom

via a metal binding moiety and a linker to a sugar, such that

the biodistribution of that sugar is essentially maintained.

Thus the compounds examined here will have the ultimate

aim of being used to image areas of unusual sugar metabolism;

either raised, as in cancer, or diminished, as in stroke, heart

attack, or Alzheimer’s disease.

The most commonly used cancer diagnostic in nuclear

medicine, and perhaps the most simple example of a biocon-

jugate, is 2-18F-fluoro-2-deoxyglucose (FDG) (shown in

Scheme 1). This is a compound where the 2-position of glucose

contains an 18F atom instead of the native hydroxyl group.30

18F is a b+ emitting isotope used in PET imaging, with t1/2 =

110 min. Because FDG is very similar to glucose, it is used as a

measure of glucose metabolism.31 FDG is taken up into cells

by the GLUT transporters due to its similarity to glucose.32

Once inside a cell, glucose is phosphorylated at the 6 position

by HK, then dehydrated across the C-1–C-2 bond by glucose-

6-phosphatedehydrogenase (G6PDH). FDG is phosphory-

lated at C-6 by HK, but the resulting FDG-6-phosphate is

not active under G6PDH because it has a fluorine in the

2-position, not the requisite hydroxyl (see Scheme 1). FDG-6-

phosphate is not a major substrate for any other enzymes;

because it is negatively charged and cannot diffuse through

membranes, it simply accumulates in the cells with the greatest

Fig. 3 A generic model of a bioconjugate used to bind to a radioactive

metal such as technetium, resulting in a bioconjugated radiotracer.

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 5077–5091 | 5079



GLUT transporter and hexokinase activities; normally

cancer cells.33

PET nuclei such as 18F and 11C can be incorporated into a

molecule covalently. However, they also have very short half-

lives, with 18F having the longest of the commonly used PET

isotopes at 110 min. As they are all cyclotron produced, such

short half lives severely limit their geographical usefulness, and

also makes them expensive, even to those lucky enough to

have access to them; hence there is interest in developing

SPECT analogs. The most used and investigated SPECT

nuclei are 67Ga, 111In and 123/131I, with the most common

single isotope being 99mTc, which is the focus of this article.
99mTc, t1/2 = 6 h, is produced in a generator, which can be

delivered nearly anywhere, making it accessible and economic-

al, in terms of not needing an expensive cyclotron, having the

isotope last longer, with less loss during processing, and

SPECT scanners being cheaper and more common than PET

scanners.

Technetium

99mTc is the most commonly used isotope in nuclear medicine,

accounting for about 90% of all diagnostic nuclear medicine

scans worldwide.34 This is due to the near ideal physical

properties of the 99mTc isotope; it has a six hour half life

and emits g rays with an energy of 141 keV. This means there

is sufficient time to chemically manipulate the isotope before

injection into a patient, and allow for its accumulation in

target tissue while still having a significant amount of the

original activity left to image. This emission energy is fairly

low; meaning the radiation dose to the patient is minimized,

comparable to that from a conventional medical X-ray. The

other appealing practicality of 99mTc is that it is produced in a

generator from 99Mo, t1/2 = 66 hrs. The technetium is eluted

as required in the form of [99mTcO4]
� taking advantage of the

charge difference between [MoO4]
2� and [TcO4]

� to elute the
99mTc selectively. This means that technetium is cheap and

easily transportable, making a useful SPECT isotope available

wherever there is a SPECT scanner.

There is also interest in the third-row congener of techne-

tium, rhenium, which has two potentially useful radioactive

isotopes—186Re and 188Re. 186Re, t1/2 = 3.7 days, decays via

emission of both b (Emax = 1.07 MeV, maximum distance in

tissue = 5 mm) and g (9%, 137 keV) radiation. 188Re, t1/2 =

17 h, also emits both b (Emax = 2.12 MeV, maximum distance

in tissue = 11 mm) and g (15%, 155 keV) radiation. b
emission is capable of killing cells, and if the isotope can be

targeted to a tumor then the short tissue range of the radiation

allows for selective cell death, resulting in reduced side effects

compared to less specific chemotherapies. The g emission of

these compounds may allow for concomitant imaging, to help

tailor dosage, and to monitor accumulation of the compound

in the areas of concern.

Technetium, whose name comes from technetos, Greek for

artificial, does not have any non-radioactive isotopes. Thus it

is standard practice when working with technetium to use non-

radioactive (or cold) rhenium, to perform larger scale chem-

istry and characterization. In the past, a b emitter, 99Tc, t1/2 =

2.13 � 105 years, was used, but as radioactive licensing

becomes stricter and our understanding of the similarities

between technetium and rhenium chemistry increases, this is

becoming less common. Rhenium exhibits very similar chem-

istry to technetium. Rhenium is slightly larger, and because of

this is a little softer, so may have slightly different affinities for

different ligating atoms. Rhenium has a slightly lower reduc-

tion potential than technetium, meaning that it is harder to

reduce from the +7 oxidation state in which these metals are

commonly supplied as the [MO4]
� anion. Given that these

limitations are fairly well understood, and that all other

aspects of the chemistry of these two elements are comparable,

similarity can be assumed. For those not very well acquainted

with radiochemistry, a note on the characterization of radio-

active compounds. Due to the minute concentration ranges

being dealt with, as well as the hazards involved with the use of

radioactivity, radioactive compounds cannot be characterized

via the same methods as are cold compounds. HPLC retention

time via comparison with the analogous, thoroughly charac-

terized rhenium compound is used as the primary method of

identification of technetium complexes. If coinjection of the

rhenium complex and the technetium reaction mixture give

peaks at the same retention time, this is considered proof that

the equivalent technetium complex has been formed. The

retention times of starting materials are also known, and these

must be different to those of the complex for the results to have

meaning.

The radiochemistry of rhenium is less developed than that of

technetium, so many of the compounds made in this field are

made for cold rhenium and for technetium but not for radio-

active rhenium. The syntheses of radioactive rhenium analogs

are pointed out in the discussion of key papers.

Although all oxidation states from �1 to +7 are known for

technetium, the relevant chemistry to date has focused on two

of them, +5 and +1.35 There has been a lot of work, over a

long period of time, on the use of 99mTc(V)-based imaging

agents.36,37 A commonly studied species in this oxidation state

is the technetium oxo species, [99mTcO]3+. The coordination

chemistry of this system has been well studied, and it is known

to form stable distorted square pyramidal compounds with

tetradentate ligands. Although a wide range of donor atoms

have been investigated with this core, much of the work

directed towards radiopharmaceutical application has in-

volved NxS4�x coordination spheres, first reported by

Davison.38 A derivative of this complex type that has found

significant use is the N3S mercaptoacetyltriglycine or MAG3

core, which is often appended with various groups, as shown

in Fig. 4. The major problems associated with these species is

the lack of control over the isomers formed,39 (the syn and anti

isomers are illustrated in Fig. 4) and difficulties in

Fig. 4 MAG3 isomers—syn and anti (named with respect to the

TcQO bond).
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characterising the protonation states of the complexes at

physiologically relevant pH.40 The resulting isomers

display different physiological properties. As an example,
99mTc-Depreotide is a cyclic oligopeptide that acts as a

somatostatin receptor ligand and has been FDA approved

for use in imaging lung cancer since 1999. It was only in 2007

that the syn and anti diastereomers of this compound were

separated, thoroughly chemically identified, and their indivi-

dual receptor affinities and biodistributions examined.41,42 The

syn diastereomer makes up about 90% of the complex when it

is synthesised via the kit preparation used in making the

radiopharmaceutical. This isomer has an IC50 of 0.15 nM,

and a tumor uptake in mice of 6.58% ID g�1 (the percentage

of total injected dose that ends up in one gram of tumor tissue)

compared to the lower affinity anti isomer which exhibits an

IC50 of 0.89 nM and a tumor uptake of 3.38% ID g�1. Given

that both isomers have favourable imaging characteristics, the

small percentage of the lower affinity anti isomer does not

prove problematic, however a gap of eight years between the

introduction of 99mTc-Depreotide onto the market and the full

characterisation and understanding of its components is quite

surprising.

The other technetium core that has been the subject of much

research over the last twenty years also sees technetium in the

(proposed) +5 oxidation state,43 combined with a hydrazino-

nicotinamide (HYNIC) ligand system (see Fig. 5). These

compounds are synthesised from the [99mTcO]3+ core by

reaction with a functionalised hydrazine which replaces the

oxo group as either a monodentate or bidentate ligand. As the

HYNIC ligand does not fill the coordination sphere, there

tend to be multiple products formed as other ligand types and

denticities bind to the metal, and although stable (no free

pertechnetate is detected in vivo), the lack of thorough chemi-

cal characterisation of these compounds is problematic.

A simple and elegant synthesis of the very useful

[99mTc(H2O)3(CO)3]
+ core (Fig. 6) by Alberto et al.44 has

sparked great interest in researching new SPECT radiotracers

of this radionuclide. The core is attractive for several reasons;

it is small, kinetically inert, stable to oxidation, and is amen-

able to chelation by several types of ligating atom. Given this

exciting combination of properties, Mallinckrodt Inc. has

developed a kit preparation of this core by boranocarbonate

reduction from the pertechnetate anion: Isolinkt. This has

prompted an explosion of research interest, and has lead to the

discovery of many new coordination compounds, a majority

of which are bioconjugates. Using this tricarbonyl core, the

formation of well defined and thoroughly characterized

rhenium and technetium complexes is now possible.

Technetium bioconjugates

There are many 99mTc(V) compounds in clinical use today,36

most of which owe their favourable biodistribution and tissue

accumulation to their overall size, charge and lipophilicity,

rather than the presence of a directing group such as a biomo-

lecule. Most research into the use of bioconjugates of techne-

tium(V) for imaging, have involved peptides and proteins, and a

few representative examples are discussed here, though there are

many more.45 99mTc-Depreotide, discussed above in terms of full

characterisation of diastereomers,41,42 is used to image somatos-

tatin receptors which are overexpressed in certain types of

cancer. A very similar 188Re compound, with a shorter peptide

chain, P2045,46 is shown in Fig. 7 and is undergoing clinical

trials for treatment of non-small cell lung carcinoma with

promising results. This works because P2045 has a high affinity

for, and docks at the somatostatin receptor and the rhenium

then emits b radiation which kills the nearby cells.

[99mTcO]3+ has also been successfully attached to antibo-

dies. As an example, an N2S2 chelate was bound to a

N-hydroxysuccinimide activated ester that was found to react

predominantly with the sidechain amines of lysine residues of

a given antibody.47 The resulting complexes were stable in

both serum and a 5000 fold excess of known metal chelator

DTPA for 6 h, and gave biodistribution in accordance with the

expected accumulation of the parent antibody.47

Bioconjugates based on the HYNIC core have also focused

on peptides.48 Schwartz et al. reported the labeling of an IgG

antibody conjugate using a bifunctional HYNIC ligand with

one end bound to the metal, and the other end containing an

Fig. 5 A generic HYNIC ligand system—the pyridyl nitrogen may

also bind to the metal to take up one of the L sites. The acid can be

used to attach a biomolecule such as a protein.

Fig. 6 The technetium(I) tricarbonyl core first reported by Alberto

et al.;44 the three aqua ligands can be readily replaced by many other

donor atoms, making it an extremely versatile platform for radio-

pharmaceutical development.

Fig. 7
188Re-P2045 is undergoing clinical trials as a treatment for

lung cancer.46
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activated succinyl ester which was then reacted to form

covalent bonds with the protein of choice.49 The resulting

compounds were stable in vitro and in vivo, and were found to

accumulate in sites of bacterial infection, as is the case for the

parent antibody.49 Because the HYNIC ligand does not

complete the coordination sphere of the metal ion, the choice

of co-ligand is crucial to the stability and biodistribution of the

complex, and work in this area is ongoing.43,50,51

Jaouen and co-workers were pioneers in the field of protein

labeling with the organometallic tricarbonyl core. In 1993 they

reported the labeling of proteins with [Re(CO)3Cp].
52 An

N-hydroxysuccinimide ester bound to the Cp was reacted with

free amines on the protein of interest, and the monoclonal

antibody JOSS2-2 was found to retain satisfactory receptor

recognition upon being labeled on 15% of its available sites in

this fashion.52 After the development of the aqueous precursor

for the tricarbonyl core,44 a lot more research began to focus on

theseM(I) labeled bioconjugates. The first synthesis of an organo-

metallic bioconjugate starting from the [99mTc(H2O)3(CO)3]
+

core was by Alberto, Schibli and Schubiger,53 who successfully

labeled a 5-HT1A serotonergic receptor ligand (Fig. 8(a)), and

found it to retain its receptor affinity once labeled. Since then,

all four major classes of biomolecules (nucleic acids, lipids,

peptides and carbohydrates) plus examples of other small

molecule receptor ligands have been successfully labeled with

the tricarbonyl core.

1-(2-Methoxyphenyl)piperazine has been linked to a cyclo-

pentadienyl (Cp), and the resulting ligand bound to the

tricarbonyl core (Fig. 8(b)). The rhenium complex of this Cp

ligand has a very high affinity (IC50 = 6 nM) for the 5-HT1A

serotonergic receptor.54 Another example of small molecule

bioconjugate formation came from Zubieta and coworkers;55

biotin was linked via a five-carbon alkyl chain to a fluorescent

tridentate binding site (Fig. 8(c)). This ligand forms stable

complexes with both the rhenium and technetium tricarbonyl

cores, and these complexes retain very high binding affinity for

the biotin receptor avidin.55

Single nucleotide bases have been bound to the tricarbonyl

cores. Guanine binds in a monodentate fashion through its

N-7 atom, and two guanine molecules may be bound to each

metal (Fig. 9(a)).56 In the solid state these two guanines are

found in a head-to-tail arrangement. An in depth NMR study

of the solution isomers and conformations resulting from the

binding of nucleoside monophosphates (NMPs) to the rhe-

nium tricarbonyl core showed that many binding modes were

possible with NMPs—with monodentate binding being the

most common.57 There is particular interest in these species as

it has been proposed that [Re(CO)3(H2O)3]
+ may exhibit

anticancer properties in cell studies, possibly by crosslinking

DNA bases, in a way mechanistically similar to cisplatin.57

Recently, chelating moieties have been appended to a struc-

tural mimic of DNA, with the hopes of using this as an

antisense oligodeoxynucleotide that is recognized by mRNA

and incorporated into areas with upregulated gene expression

of a targeted gene. No biological data is yet available, but this

technology would be an important development in cancer

diagnostics, as changes in patterns of gene expression may

point to disease states before symptoms appear.58

Fatty acid type labeling was done using C18 alkyl chains as

Lipiodol surrogates—Lipiodol is a mixture of iodinated (with
131I for therapy in liver cancer) fatty acid esters from poppy

seed oil found to accumulate in and be retained by the liver.

Coordination via both bidentate and tridentate ligand sets

with pendant C18 chains to the Re, 99mTc and 186Re tricarbo-

nyl cores was reported by Alberto and co-workers.59 The

resulting complexes (Fig. 9(b)) were stable for 24 h in Lipiodol

and 48 h in an ethanol–water mixture, and are being investi-

gated as potential diagnostic (99mTc) and radiotherapeutic

(186/188Re) pairs for the treatment of liver cancer.

Most work on bioconjugates of technetium has focused on

the functionalisation of peptides. Santos and co-workers have

used pyrazole-based tripodal ligands to attach a fragment of

the peptide bombesin to the tricarbonyl core (Fig. 10(a)), and

found that the resulting complexes were stable and retained

affinity for cells that contained the receptor for bombesin.60

Zubieta, Valliant and co-workers developed the single amino

acid chelate (SAAC) technology, which incorporates a

Fig. 8 Some examples of small biologically active molecules labeled

with the tricarbonyl core; (a) a 5-HT1A serotonergic receptor ligand

with a bidentate chelate, M = 99mTc;53 (b) a 5-HT1A serotonergic

receptor ligand with a Cp binding moiety, M = 99mTc;54 (c) a

fluorescent biotin-conjugated compound, M = Re, 99mTc.55

Fig. 9 Examples of (a) guanine, M = Re, 99mTc,56 and (b) a long

Lipiodol-like alkyl chain, M = Re, 99mTc, 186Re labeled with the

tricarbonyl core.59
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non-natural amino acid containing a tridentate metal binding

group in its sidechain, which can then be added into a peptide

chain.61 An elegant extension of this work involved the

incorporation of the non-natural, chelating amino acid, either

alone or with the rhenium tricarbonyl core bound, into the

automated synthesis of a peptide, with the resulting com-

pounds having similar affinity for the receptor as the parent

(Fig. 10(b)).62 The same group has reported a method for the

direct labeling of proteins by reaction with maleimide linked to

one end of their bifunctional chelate. The maleimide reacts

selectively with sulfhydryl groups to produce a stable thioether

linkage between the metal chelate and the side chain of

cysteine residues.63 Recently Alberto and co-workers reported

the synthesis of a single amino acid labeled with

[99mTc(CO)3]
+ (Fig. 10(c)).64 Its rhenium analog is taken up

into cells via the LAT-1 amino acid transporter. This is an

important discovery, as it shows that adding significant bulk

(a linker, binding group and a metal ion) to a relatively small

amino acid, does not always mean sacrificing the enzymatic

recognition and activity of the parent molecule.

Technetium glycoconjugates

Technetium(V)

There have been many 99mTc glycoconjugates made over the

years. Due to the high dilution involved in 99mTc chemistry,

sugars were often modified by adding a binding moiety with a

higher affinity for the metal than the native hydroxyl groups

exhibit.21 As with much early work on sugar coordination

chemistry, the compounds were often not subject to rigorous

chemical characterization.19,21 In vivo studies of 99mTc labeled

5-thio-D-glucose showed that the compound did not behave

like a glucose analogue, suggesting it was too different to

glucose for it to be recognised and/or used by the native

transport and metabolizing proteins.20 Recent studies of
99mTc labeled 1-thio-b-D-glucose65 show very different HPLC

traces depending on the pH of the solution and the concentra-

tion of the ligand. The complex formed is not particularly

stable, given that at neutral pH the 99mTc complex is no longer

intact after 2 h, and that the authors note they cannot form the

rhenium analogues. Cellular uptake is not affected by the

presence of glucose, suggesting that the compound is not

transported by the GLUT transporters as is glucose. From a

coordination chemistry perspective this also suggests that

there may be more than one chemical species present under

physiological conditions, which greatly complicates interpre-

tation of any biodistribution data that may be obtained.

Yang et al. have made and studied a species with 99mTc(V)

bound to ethylenedicysteine-deoxyglucose (ECDG)

(Fig. 11(a)).66 This is a tetradentate ligand with an N2S2
binding sphere and two appended glucosamines, bound to

the chelate via amide bonds at their C-2 nitrogens. Radiola-

belling proceeds from [99mTcO4]
� in the presence of SnCl2 in

94% radiochemical yield. The ECDG ligand was subjected to

a hexokinase assay, and the authors claim that ECDG could

be phosphorylated by hexokinase, though the experimental

results presented in this paper do not seem to provide enough

information to verify this claim. An in vitro cell uptake study

of 99mTc-ECDG was performed using human lung cancer

cells. It was found that cellular uptake was slightly less than

for FDG, though on the same order of magnitude (0.5 vs.

Fig. 10 Some amino acids, peptides, and their derivatives that have been labeled with the tricarbonyl core, M = Re, 99mTc; (a) a bombesin

fragment;60 (b) a peptide incorporating a single amino acid chelate;62 (c) a non-natural amino acid that retains LAT-1 amino acid transporter

activity.64
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0.6% of total activity used). It was also found that uptake of
99mTc-ECDG decreased in the presence of D-glucose, but not

in the presence of L-glucose, suggesting that the uptake

observed is due to the same transport mechanisms as those

used for D-glucose i.e. GLUT transporters. The glucose-

related nature of this uptake was verified in vivo where it was

found that rats which had been pretreated with insulin had

increased tumor uptakes of 99mTc-ECDG. The authors pro-

pose that the complex is stable as there is no accumulation of

activity in the thyroid in vivo. If technetium were to become

uncomplexed, under physiological conditions it would be

oxidised to pertechnetate, which is known to accumulate in

the thyroid.67 Biodistribution results show good tumor to

muscle ratios at all time points (to 4 h post injection) which

suggests some potential utility as an imaging agent. However,

the amount of activity in the blood is twice as much as in the

tumor at all time points, and this ratio does not increase over

time, as it does for FDG. It is therefore possible that ECDG is

not phosphorylated by hexokinase as the authors claim, and is

therefore not trapped in cells, but can be transported out along

the same lines it was transported in. Nonetheless, images

obtained from tumor-bearing rats with 99mTc-ECDG clearly

show the tumor, while those from the nonglycosylated
99mTc-EC control complex only show activity in the excretory

organs, demonstrating the utility of the sugar conjugation

approach in molecular imaging. 99mTc-ECDG was also used

to monitor treatment efficiency, by imaging tumor-bearing rats

before and after treatment with known anticancer agents;

paclitaxel and cisplatin. Differences were seen in the images

obtained before and after treatment, and the authors propose
99mTc-ECDG may be useful in assessing therapeutic response

to cancer treatments.68

In 2006, three groups reported on the use of carbohydrate-

containing ligands for the [99mTcO]3+ core. One such study

utilises glucosamine bound to a diethylenetriaminepentaacetic

acid (DTPA) chelate via an amide bond between the C-2

nitrogen of the sugar and the acetate moiety on the central

nitrogen of the DTPA, resulting in so called diethylenetriami-

nepentaacetic acid deoxyglucose (DTPA-DG) (Fig. 11(b)).69

DTPA is known to be a strong metal chelator, and here the

labelling with 99mTc proceeded in excellent radiochemical

purity; however, there is little characterisation data provided

for either the ligand or the technetium complex. The ligand, as

drawn in the paper, has seven obvious chelating atoms, and no

mention is made as to which of these atoms are believed to be

bound to the technetium. However, the complex was found

to remain stable in solution to 6 h, and is proposed to stay

intact in vivo due to lack of activity in the thyroid, a known

target for free pertechnetate. In vitro cellular uptake of
99mTc-DTPA-DG was found to be about the same as for
99mTc-ECDG—0.5% of administered activity compared to

B0.6% for FDG. Similar to the findings for 99mTc-ECDG,

the tumor-to-muscle ratios for the test compound were sig-

nificantly higher than for FDG, while the tumor-to-blood

ratios were lower. An encouraging finding is that both the

tumor-to-blood and tumor-to-muscle ratios for the test com-

pound increase over time to the 2 h time point and then remain

constant out to 8 h. Images with 99mTc-DTPA-DG of tumor

bearing rats enable visualisation of the tumor, while control

images with 99mTc-DTPA show only the liver and kidneys. In

a subsequent study, selectivity of this compound for cancerous

rather than inflamed tissue was also demonstrated.70 The
188Re analog of this compound was also prepared and

approximately 9 MBq was injected into the tail vein of

tumor-bearing mice. Planar scintigraphy images clearly show

the tumor tissue. Twenty one days after this treatment the

tumors of the treated animals had reduced in size significantly

(around 30%) with respect to those of a control group.71

Liu and co-workers examined three deoxyglucose deriva-

tised ligands and their corresponding 99mTc complexes

(Fig. 12).72 The ligands are formed by conjugation via an

amide bond to the nitrogen at the C-2 position of glucosamine.

One of the ligands (Fig. 12(a)) appears to be NS bidentate

(though there is no discussion ruling out the involvement of

the proximal sugar hydroxyl groups in binding to the metal, or

the formation of an ML2 species) and the two others are

tetradentate; one N3S (Fig. 12(b)), and the other N2S2
(Fig. 12(c)). Radiolabelling occurred via an exchange reaction

Fig. 12 Three ligands used for binding to [99mTcO]3+.72

Fig. 11 (a) ECDG;66 (b) DTPA-DG;69 protonation states when

complexed to metal ions are not discussed in the original papers.

5084 | Chem. Commun., 2008, 5077–5091 This journal is �c The Royal Society of Chemistry 2008



with 99mTc-glucoheptonate, providing the desired compounds

in very good radiochemical yields. Biodistribution in

tumor-bearing mice show that these compounds all exhibit

tumor-to-muscle ratios of 2–3 for 4 h post injection, and lower

tumor-to-blood ratios of between 0.5–1. The compound based

on a derivatised MAG3 shows the most promise for further

studies (Fig. 12(b)).

A 1-thio-b-D-glucose (1-TG) complex with 99mTc(V) was

investigated.65 The labelling efficiencies, chemical properties,

cellular uptake and stability of the resulting complexes were

found to vary depending on the pH and ligand concentrations

used. The authors do not speculate as to what the actual

structures of the coordination complexes formed are, though

they do mention that they have a different chemical formula

from that of a complex made between the same two components

in an earlier study.21 It was found that the resulting complex

decomposes under neutral conditions after 2 h, and that it was

not possible to synthesise the corresponding cold Re-1-TG.

Cellular uptake studies show high 99mTc concentration in cells,

but via a different mechanism to that utilised by FDG.

It seems that despite a lot of work in this area over several

decades, there have not been any major breakthroughs made

towards a useful glycosylated Tc(V) compound for molecular

imaging. As mentioned earlier, with any ligand that is not C2

symmetric, it is not possible to synthesise single diastereomers

of these complexes, and the resulting isomers exhibit different

biological properties. From a chemist’s view point, the lack of

thorough molecular characterisation of a lot of these com-

pounds is also a problem in terms of understanding results and

improving on design. A lack of stability studies may also cast

doubt as to the exact nature of the 99mTc species that is being

imaged in a given in vivo experiment.

[
99m

Tc(CO)3]
+

Glycoconjugates

Bidentate

Given the promising results seen in the enzymatic activity

retention of N-functionalised glucosamine, our first work in

this field involved a glucosamine based ligand. This was

designed to bind in a bidentate fashion via a phenolate oxygen

and a secondary amine: the nitrogen of the glucosamine

(Fig. 13).73 1H NMR studies of the rhenium complex of this

ligand indicate binding of the C-3 hydroxyl group of the sugar

in addition to the phenolate and amino donors, giving a

tridentate, facially coordinated ligand in solution. As this

ligand was not designed to have three atoms binding to the

metal, the donor atoms were not optimised, and the

NO2 binding sphere did not show the desired stability when

incubated with high concentrations of cysteine and histidine

ligands for 24 hrs. This also verifies the earlier statements that

carbohydrates themselves do not generally make good ligands.

In this case the C-3 hydroxyl is held very close to the vacant

coordination site on the metal, so this proximal geometry may

encourage binding of a rather weak donor atom that may not

bind under other conditions. This type of ligand system was

not investigated further, as it was thought that if the carbo-

hydrate is bound to a metal, it would not be recognized and

metabolized in vivo as the parent carbohydrate would, thus the

complex would likely not be useful as a carbohydrate based

imaging agent.

The coordination of 3-hydroxy-4-pyridinone ligands with

pendant carbohydrates to the [M(CO)3]
+ core was then

examined, as it was thought that with a larger gap between

the metal binding atoms and the carbohydrate, the carbohy-

drate was more likely to remain pendent.74 These ligands

consist of two oxygen atoms ortho to one another on a six-

membered, aromatic ring (Fig. 14). The hydroxyl group is

deprotonated upon metal binding, giving a monoanionic

ligand capable of neutralizing the positive charge on the

tricarbonyl core to yield a neutral overall complex with a

stable five-membered chelate ring. There was reason to believe

that this kind of ligand system could be useful for the

[M(CO)3]
+ core as the pyridinone basicity is comparable to

that of the aromatic amines that are known to be excellent

donors for these metal centers. Five ligands were examined in

this study, and they were composed of three different carbo-

hydrate attachment methods: via an ether linkage to glucose at

C-1, an amide linkage at the C-6 of glucose, and an amide

linkage to the nitrogen at C-2 of glucosamine, while also

varying the distance between the carbohydrate and the chelat-

ing oxygen atoms. These ligands were found to bind in a

bidentate fashion, with the remaining coordination sites on the

metal being occupied by the three carbonyl ligands, and likely

a water in aqueous solution. The labeling with both 99mTc and
186Re proceeded in excellent yields, and the stability in excess

Fig. 13 A ligand designed to be bidentate shows coordination of the

C-3 hydroxyl group of the carbohydrate in solution, M = Re, 99mTc,
186Re.73

Fig. 14 Five glucose appended ligands investigated as bidentate

chelates for the [M(CO)3]
+ core where M = Re, 99mTc, 186Re.74
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cysteine and histidine was essentially quantitative after 4 h of

incubation, with some degradation seen in the histidine ex-

periment after 24 h. The interaction of these compounds with

the glucose metabolizing enzyme hexokinase (HK) was exam-

ined, but these compounds were found not to inhibit, or be

phosphorylated by, HK under the conditions tested. This

means that the change in environment of the sugar disrupts

the interactions between the carbohydrate and the enzyme to

such an extent that the compound either is not recognised, or

does not allow for the phosphorylation reaction to occur.

In collaboration with the Yano/Mikata group at Nara

Women’s University, we complexed the Re and 99mTc tricar-

bonyl cores to a range of small, well defined, N2 bidentate,

carbohydrate bearing ligands (Fig. 15).75 The sugars were all

linked to a chelating 1,3 diaminopropyl group via an ether

linkage at C-1.76 The ligands were bound to the metal tricar-

bonyl core via two primary amine donors, and the remaining

coordination sites on the metal were occupied by three carbo-

nyls and one bromide ligand for the rhenium complexes or a

proposed aqua ligand under the more dilute tracer conditions

used for technetium. The desired pendant nature of the various

carbohydrates was confirmed by a lack of coordination in-

duced shift in the 1H NMR solution studies, and by X-ray

crystallographic analysis of two of the complexes in the solid

state. The 99mTc complexes of these ligands were formed very

readily, and their stability when incubated with high concen-

trations of the biologically relevant, potentially tridentate

ligands, cysteine and histidine, for 24 h, were 490% for

cysteine and 468% for histidine, which has been shown to

have a high affinity for the [M(CO)3]
+ core.77 Interestingly,

the relative stability of the complexes is in line with the steric

size of the ligands, suggesting that the larger ligands may not

leave enough space for an adventitious amino acid to reach the

vacant coordination site on the metal.

Gottschaldt, Yano and coworkers have developed a set of

ligands where the carbohydrate is linked to a metal chelate by

a thioether moiety (Fig. 16).78 This is proposed to help

circumvent the enzymatic cleavage that can occur with

O-glycosidic bonds in vivo. The three ligands examined in this

study consist of N2, bidentate, 2,20-bipyridyl chelates, ap-

pended with two identical sugars at the 4 and 40 positions of

the bipyridine. Glucose, galactose and mannose were used,

and they were attached to the chelate via thioether linkages at

the C-1 position. These ligands were bound to the rhenium

tricarbonyl core in good yields, resulting in complexes where

the metal is bound to the three carbonyl ligands, the two

nitrogen atoms of the bipyridyl, and one anionic chloride to fill

out the binding sphere and form a neutral complex. A solid-

state X-ray crystal structure of the acetyl protected glucose

derivative was obtained and it verifies the above coordination

sphere as well as confirming that the carbohydrates do indeed

remain pendant, and outside the binding sphere of the metal,

at least while acetyl protected. The analogous 99mTc complexes

were also formed in good yields (495% radiochemical purity),

and were found to exhibit satisfactory stability when incu-

bated with excess histidine for 4.5 h. After 24 h of incubation,

significant amounts of degradation were observed, though it is

interesting to note that the product of this process is not the

[99mTc(His)(CO)3] species that may be expected (as verified by

HPLC comparison with the presynthesised histidine complex).

The authors speculate that the observed products are a result

of the replacement of the one labile position (occupied by a

water molecule or a halide) with a histidine, while the rest of

the coordination sphere remains intact.

Other workers have also found the stability of bidentate

complexes to be lower than required for successful in vivo

application.79,80 This is thought to be due to the binding of

some other competing ligand (such as a protein in vivo), to the

vacant coordination site on the metal, and eventual replace-

ment of the original ligand over time. Consequently, work on

the tricarbonyl cores now focuses on tridentate ligands. Initial

work on ligand binding,79 and more recent verification in

the form of DFT calculations,81,82 has shown that the higher

the nitrogen content of the binding sphere, the more stable the

Fig. 15 Diamino carbohydrate-appended ligands;76 (a) the b anomer

was synthesized for glucose (shown) as well as xylose and galactose

carbohydrates; (b) this a structure was synthesized for mannose

(shown) and galactose; (c) and (d) were larger ligands which showed

more stability perhaps due to their increased steric bulk.

Fig. 16 An example of a complex made by Gottschaldt et al.78 M =

Re, L = Cl, charge is overall neutral, and M = 99mTc, L = H2O,

monocationic complex.
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resulting complexes. This means that most work in this area

now incorporates at least one nitrogen donor atom into the

tridentate core. Work on basic coordination chemistry to

optimize the metal binding portion of bioconjugates is

ongoing in our labs and others.83,84

Tridentate

The first organometallic carbohydrate containing complexes

of group 7 metals were reported in 2001 by Petrig et al. (see

Fig. 17).85 Two ligands were synthesized; one containing

glucose and the other 2-deoxyglucose, both bound via a linker

at C-1 to an NO2 tridentate binding sphere consisting of a

tertiary amine and two carboxylates. These ligands were

complexed to both the rhenium and technetium tricarbonyl

cores, and were found to quickly form stable complexes, as

evidenced by the small amount of decomposition seen after

incubation of the complexes in serum for 24 h. Detailed NMR

studies support the coordination of the ligand via the three

intended donor atoms only, with the carbohydrate remaining

pendant. This was further verified by failed attempts to

coordinate the sugars with no binding moieties attached,

where the same reaction conditions did not produce any stable

compounds.

In 2005 Schibli and co-workers reported the synthesis of

three tridentate ligands where the metal binding portion of the

molecule was joined to glucose at the C-3 position (see

Fig. 18).86 In each case there was a two carbon linker between

the oxygen at the C-3 position and the metal binding sphere.

The donor atoms were made up of an alkyl amine in combina-

tion with aromatic nitrogens and/or carboxylic acids to give

either an N2O or an NO2 binding sphere. Interestingly,

coordination to the rhenium tricarbonyl core proceeded ex-

tremely well for the NO2, dianionic ligand (94%), whereas

only moderate yields were obtained with the two monoanionic

ligands (54–57%). The opposite was observed on the tracer

level, where reaction with 99mTc gave over 90% for the

monoanionic, N2O ligands, and 78% for the NO2 ligand.

A feasibility study of these C-1 and C-3 (Fig. 17 and 18)

linked compounds with some previously synthesized C-2 and

C-6 analogs87 (see Fig. 19) was reported in 2005.88 Labelling

with technetium proceeded in good yields regardless of linker

length or position of attachment on the glucose. Complex

stability was examined by incubation at 37 1C with excess

cysteine or histidine. A small amount of degradation (5–10%

after 24 h) was observed with the aminodiacetate ligand sets,

whereas the N2O and N3 binding groups showed no detectable

exchange under the conditions tested. These nine ligands and

their metal tricarbonyl complexes were subjected to a series of

in vitro assays to examine their interactions with key enzymes

in the uptake and metabolism of glucose—vital interactions to

maintain if these 99mTc compounds are to have potential as

SPECT imaging agents. The ability of the compounds to

inhibit the phosphorylation of glucose by hexokinase was

examined, and two of the rhenium complexes were found to

be millimolar inhibitors of this process (Ki = 0.25–5.8 mM).88

Interestingly, the corresponding free ligands did not exhibit

any inhibitory character. As was predicted by molecular dock-

ing studies where the size and shape of the cleft in which the

active site of hexokinase resides was modeled, the two species

that showed HK activity were those with long alkyl chains

linking the sugar and metal binding portions of the molecule

(the latter two ligands shown in Fig. 19(c)). It is thought that

this type of linker is thin enough to fit between the two

domains of hexokinase while the bulkier metal chelate is far

enough away that it can remain outside this cleft. Due to these

promising results, the compounds were then examined to see if

they were substrates for hexokinase, but they were not i.e. they

were not themselves phosphorylated.88 Finally, the cellular

uptake of the 99mTc complexes was examined in HT29 cells

which are known to overexpress the GLUT-1 glucose trans-

porter. Small amounts of some complexes were found to get

into the cells. However, these amounts were low, and they

were neither dose dependent, nor affected by the addition of

cytochalasin B, a known GLUT-1 inhibitor. These observa-

tions, combined with the fact that the highest uptake was

observed for the most lipophilic compound (using the ligand

shown in Fig. 19(a)), led to the conclusion that the uptake

observed is from unspecific passive diffusion rather than

GLUT facilitated transport mechanism.88
Fig. 18 Glucose-based C-3 functionalised tridentate ligands for the

tricarbonyl core.86

Fig. 17 The two ligands used in the first organometallic carbohydrate

containing complexes of group 7 metals.85
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Meanwhile, we had started working on a set of carbohydrate-

pendant ligands where the metal binding portion was a dipicolyl-

amine entity.89 This provides an N3 binding sphere, consisting of

one tertiary amine and two aromatic amines. Four compounds

were investigated: a glucose (Fig. 20(a)), xylose (Fig. 20(b)) and

mannose (Fig. 20(c)) sugar linked via an ethylene spacer to the

metal binding moiety at C-1,90 and a glucosamine linked via a

glycine to the nitrogen at the C-2 position (Fig. 20(d)).91 The

expected pendant nature of the carbohydrate was confirmed by
1H NMR of the rhenium complexes in solution, and crystal-

lographic analysis of the glucose rhenium complex in the

solid state. These ligands reacted quantitatively with the

[99mTc(CO)3]
+ core, and the resulting complexes were at least

94% stable in 100-fold excess of cysteine or histidine after

incubation for 24 h. Biodistribution of these and similar com-

plexes in tumor-bearing mice suggest that they are either not

taken up into cells and/or not phosphorylated by hexokinase.

This is deduced by the fact that the wash out rates of the tumors

parallel those of blood; they decrease at similar rates over time.

This suggests that the observed increase in activity of the tumors

over the background tissue is maybe just due to increased

vasculature that is known to occur in tumors; however

considerably further study is required to verify this (potentially

negative) finding.92

Fig. 19 Some (a) C-3; (b) C-6; (c) C-2 functionalized glucose-based tridentate ligands examined for binding to the [99mTc(CO)3]
+ core and

subjected to in vitro assays.87,88

Fig. 20 Dipicolylamine tridentate ligands for binding to the rhenium

and technetium tricarbonyl cores;89–91 carbohydrate = (a) glucose, (b)

xylose, (c) mannose, (d) glucosamine.

Fig. 21 Fluorescent glucosamine conjugates for the tricarbonyl

core.93
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Recently, Zubieta and co-workers have reported carbo-

hydrate conjugates that utilise fluorescent quinolinoyl moieties

as metal binding agents for the tricarbonyl cores (shown in

Fig. 21).93 These ligands consist of glucosamine (with either

free or acetyl protected hydroxyl groups) conjugated to C-2 via

a linker (of varying length) that leads to an N3 tridentate

binding core made up of one tertiary amine and two aromatic

amines that are part of the fluorescent quinolinoyl groups. The

idea behind this ligand set is that it could be bound to

[99mTc(CO)3]
+ to form a complex suitable for SPECT ima-

ging, and also bound to [Re(CO)3]
+ to give a complex suitable

for fluorescence imaging—useful for in vitro testing of cellular

uptake and area of localisation within cells. Although 99mTc

binding was not reported,93 the binding to rhenium proceeded

in good yield, so there is reason to believe the same will be

observed on the tracer level.

Schibli and co-workers recently developed an elegant meth-

od for forming tridentate chelates for the [M(CO)3]
+ core

using ‘‘click chemistry’’.94 This approach was applied to a

galactose analogue as well as to examples of the other

major classes of biologically relevant molecules as proof of

principle. 1-Azido-1-deoxy-b-D-galactopyranose was reacted

with L-propargyl glycine in the presence of Cu(OAc)2 and

sodium ascorbate at 100 1C for 30 min to give a quantitative

yield of the expected triazole (see Scheme 2). This reaction

proceeded without the need for protecting groups, and forms an

N2O tridentate binding sphere comprised of a nitrogen from the

newly formed triazole ring, and a primary amine and carboxylic

acid that originated from the glycine starting material. This

compound was found to bind to both the rhenium and techne-

tium tricarbonyl cores in excellent yields. Importantly, neither

the glycine nor the carbohydrate precursors produced any kind

of stable complex with 99mTc alone. This allowed for the

development of a one pot synthesis wherein the reagents

necessary for the ligand formation via click chemistry were

heated together for 30 min, then the [99mTc(H2O)3(CO)3]
+

precursor was added into the reaction mixture, and following

an additional 30 min of heating, the desired complex was

determined to have been produced in very high radiochemical

yield. The bombesin analog—the bombesin oligopeptide re-

places the galactose, but the metal chelating portion of the

molecule remains unchanged—was assessed for in vivo and in

vitro stability, and both of these were found to be very high.94

This is an exciting new development with a myriad of possibi-

lities for future developments in radiopharmaceuticals, where

fast and efficient synthesis is crucial.

Other ligand types

Cyclopentadienyl (Cp) and the related organometallic carborane

ligands have also been shown to bind well to the [M(CO)3]
+

core via a Z5 coordination mode to give 18-electron, piano-stool,

organometallic complexes. The Cp ligands are monoanionic, so

the overall complex they form with the tricarbonyl core is

neutral. They are also attractive in their small size, perhaps

allowing for entrance of the resulting complexes into the active

site of hexokinase. Carboranes have a charge of �2, giving

anionic complexes with the tricarbonyl core. Carboranes have

the advantage of containing a wide range of shapes and sizes

within their class, and each of these species can be functionalized

in different positions to give a wide range of possible ligands.

Valliant and co-workers have extended the coordination chem-

istry of the carboranes to the [M(CO)3]
+ core,95,96 and can

perform the complexation reaction in water under reasonable

synthetic conditions. They have appended many functional

groups to their carborane ligands, including a glucose moiety

(see Fig. 22).95 The coordination of the glucose-appended

carborane proved a lot more challenging than the coordination

of ligands with other functionalities, and this is proposed to be

due to the ability of the hydroxyl groups on the unprotected

carbohydrate to complex to the metal centre. After seven days of

refluxing with the rhenium tricarbonyl precursor in aqueous

solution, a 16% yield of product was recovered by semi-pre-

parative HPLC. The labelling of technetium with complexes of

this type has not been reported, but conditions that may allow

for this to occur, with different starting materials and reactions

conditions have been explored.96

Two glucosamine based Cp ligands (Fig. 23) were synthe-

sised and their Re and 99mTc tricarbonyl complexes made.97

The compounds were assayed to determine whether they were

phosphorylated by hexokinase, and they were found not to be

Scheme 2 ‘‘Click to chelate’’—a fast and efficient synthesis of a galactose-appended tridentate ligand suitable for binding to the Re and 99mTc
tricarbonyl cores.94

Fig. 22 A glucose appended carborane ligand bound to the tricarbo-

nyl core, M = Re.95

Fig. 23 Cyclopentadienyl ligands functionalised with glucosamine

ligands (R = H, Ac), and bound to the tricarbonyl core (M = Re,
99mTc).97
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phosphorylated. They were examined for their ability to

inhibit the phosphorylation of glucose by hexokinase, and

were found to be competitive inhibitors of this process, with

the most efficacious (Fig. 23, R = H, M = Re) having Ki =

330 � 70 mM. This suggests that the small size of the Cp ligand

may indeed be beneficial in helping to retain the activity of the

carbohydrate in vivo.

Concluding remarks

The field of glucose based [99mTc(CO)3]
+ coordination chem-

istry precursors to imaging agents has seen significant progress

in the past decade, since Alberto et al. made the very attractive

tricarbonyl core available with such a simple kit preparation.44

The coordination chemistry and preferences of the metal

centre are now fairly well understood, and a variety of suitably

stable chelating moieties have been found. The biggest unmet

challenge in this area is the retention of biological activity of

the carbohydrate once bound to the metal binding moiety and

then to the metal core. Preliminary results in our lab are

showing promise for compounds that inhibit hexokinase, but

glucose transport and cell uptake are yet to be examined.

Hopefully work in this area will continue to move forward, as

the end product of this type of research, which is ideally an

FDG analogue in the form of a 99mTc-based carbohydrate

imaging agent that is cheap, easily made and widely available,

would be a breakthrough in expanding the availability of

diagnostic nuclear medicine.
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