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1. Introduction
The objective of medical imaging using molecular probes

and perfusion radiotracers is to provide rapid, noninvasive
evaluation of physiology, pathology, and/or organ function.
The benefits of using molecular imaging is that it enables
the early detection of disease, facilitates expedient deploy-

ment of therapies, allows for selection of the most potent
interventions, and is a way to assess early on during therapy
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the efficacy of a particular course. These unique capabilities
in turn improve patient outcomes and patient safety and they
can reduce hospital stays, thereby helping to mitigate the
soaring cost of modern healthcare and greater economy.
Radioactive probes offer considerable advantages over exist-
ing and less sensitive diagnostic methods with respect to
imaging-specific biological targets, particularly those present
at low concentrations.

Nuclear medicine relies on two main imaging modalities:
single photon emission computed tomography (SPECT) and

positron emission tomography (PET). PET offers higher
resolution and sensitivity, while SPECT offers the advantages
of more readily available, longer-lived radioisotopes that have
lower direct costs. It should be pointed out here that there
have been a number of developments around new SPECT
and PET systems including disease-specific imaging cameras
that are changing paradigms around traditionally held beliefs
about PET and SPECT. Readers are directed to reviews on
detector and instrument developments that are beyond the
scope of the current review.1-8

SPECT radiotracers are generally small molecules (gener-
ally MW < 2000) labeled with a gamma-emitting isotope
for diagnosis, such as 123I, 111In, 67Ga, and 99mTc. New
methods to incorporate clinically useful radionuclides (medi-
cal isotopes) into targeting vector molecules to impart
specificity and selectivity are at the heart of modern
radiopharmaceutical research and development. Advances are
generally achieved through a greater understanding of the
coordination chemistry of the medical radionuclides and by
developing creative labeling and bioconjugation strategies.

Of the isotopes currently in use, 99mTc has become the
workhorse of diagnostic nuclear medicine and is used in
some chemical form in the majority of diagnostic scans
conducted each year in hospitals worldwide.9-35 This pre-
ferred use of 99mTc radiopharmaceuticals reflects the ideal
nuclear properties of the isotope and, until recently, the
convenient availability from commercial generators. 99mTc
emits a 140 keV γ-ray with 89% abundance, which is nearly
optimal for imaging with commercial gamma cameras. The
absence of corpuscular radiation allows the injection of
activities of more than 1.11 GBq (30 mCi) with low radiation
exposure to the patient. The 6 h half-life allows for
centralized preparation of radiopharmaceuticals in radio-
pharmacies, distribution to hospitals, administration, time for
accumulation in the target tissue, and collection of the image
while still ensuring minimal radiation dose to the patient.

The importance of 99mTc for diagnostic radioimaging
applications is evident from the nearly 19 × 106 radiophar-
maceutical injections in the United States in 2007 for cardiac,
bone, lung, kidney, liver, and gall bladder scans. This
represents about 85% of all radiopharmaceutical injections
in that period. The importance of 99mTc is further illustrated
by cardiac imaging procedures. Approximately 9 × 106

SPECT perfusion stress tests are administered annually in
the United States using 99mTc radiopharmaceuticals. The
alternatives to stress testing with 99mTc are generally inferior.
For example, imaging with 201Tl results in lower resolution
and higher radiation dose to the patient, and the use of 201Tl
has declined steadily since the introduction of 99mTc reagents.
Similarly, stress echocardiography is less sensitive and not
useful for patients with previous heart attacks. Few physicians
have the required expertise for stress testing with PET scans
and MRI, and the techniques have very limited availability
compared to 99mTc radiopharmaceuticals. Angiograms are
expensive and invasive with ca. 1 in 1000 patients dying
from the procedure.36

While 99mTc has become the medical isotope of choice
for nuclear imaging, a key challenge is the continuing global
shortage of the isotope because two aging nuclear reactors
that provide a large fraction of the world’s supply have been
shut down for repairs and/or routine maintenance. The
National Research Universal (NRU) Reactor in Chalk River,
Canada, which provides 45% of the world supply of 99Mo,
the parent nuclide for 99mTc, was built in 1957 and is
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approaching the end of its lifetime, and operations are likely
to cease sometime between 2010 and 2020. Similarly, the
High Flux Reactor (HFR) in Petten, The Netherlands, which
supplies 30% of the world supply of 99Mo and was built in
1961, is currently not operating as it undergoes six months
of prescribed maintenance.

A number of alternatives have been proposed. One involves
using existing smaller reactors, including ones at the University
of Missouri, Columbia, and McMaster University to produce
99Mo. This approach, while feasible, requires capital and
operating investment around both production and processing.
Other plans include the construction of new isotope reactors,
the development of technology to manufacture 99Mo using low-
enriched uranium (Babcock & Wilcox Co.), the use of linear
accelerators and cyclotrons, and the conversion of nuclear power
reactors that have accessible cores. There are also proposals to
address acute shortages through increased production from
reactors in Belgium, France, Argentina, and South Africa. A
most hopeful development is the recognition of the urgency of
the situation by the United States Congress, which recently
passed legislation RR3276, American Medical Isotope Produc-
tion Act of 2009,37 promoting the safe and reliable domestic
production of 99Mo/99mTc. A report for long-term options
from an expert panel created by the Canadian government
has also reviewed the situation and is available online.38 None
of the proposals are optimal, and all will take time to
implement.

When problems are this complex, the most successful
solution rarely involves investing in the status quo. A more
prudent approach to shoring up what is a tenuous supply
chain is to develop surrogate agents derived from other
relevant medical isotopes produced from sources other than
the reactors that manufacture 99Mo. By diversifying supply
and investment in isotope production, individual countries
should be able to provide their patient populations with a
more reliable imaging service and at the same time spur on
economic growth in a new industry.

One obvious alternative to 99mTc are isotopes of gallium
including 67Ga for SPECT and 68Ga for PET. The prevailing
question is whether the chemistry of gallium is sufficient
enough that complexes can be developed that offer equivalent
or superior in vivo stability, ease of radioconjugate formation,
and range of biodistributions that are characteristic of 99mTc
agents. This review seeks to address these questions by

comparing and contrasting the chemistry of the two radiometals.
This includes reviews of the production of the radioisotopes,
their availability and ease of use in the nuclear medicine clinics,
the coordination chemistries of Ga compared to Tc, and what
can be learned from the relevant radiopharmaceutical chemistry
of these elements for the future development of alternative
imaging agents. Our hypothesis in this critical, rather than
comprehensive, review is that it should be possible to use the
knowledge gained from the attempted development of targeted
Tc radiopharmaceuticals over the past 20 years to guide the
creation of effective Ga-based probes. This will include both
surrogates for existing Tc agents and creation of a new
generation of molecular imaging probes.

2. Technetium-99m

2.1. 99mTc: Properties and Production
99mTc is available from a commercial generator technology

(Figure 1) where a parent isotope (99Mo) is loaded onto an
alumina column and the desired daughter is isolated by
passing a saline solution through the system. This technology
was developed in the 1960s at BNL and revolutionized
radiopharmaceutical chemistry.39 The parent isotope is
produced by bombardment of 98Mo with thermal neutrons
to provide the radioactive, 66 h half-life 99Mo, which more
recently has been separated as a fission product. 99Mo is
processed as molybdate, 99MoO4

2-, loaded onto an alumina
column that is encased in a shielded, portable container.
Through a �-decay process, 99mTc is produced as 99mTcO4

-,
pertechnetate, which is eluted from the column with a 0.15
M saline solution. At this ionic strength, the singly charged
99mTcO4

- species elutes while the 99MoO4
2- remains ad-

sorbed on the column. The 99mTc is obtained in high specific
activity (so long as the generator is eluted regularly)
containing only minute quantities of contaminants.40

2.2. Coordination Chemistry of Technetium and
General Categories of Technetium
Radiopharmaceuticals41-43

Technetium is a transition metal that presents a major
challenge with respect to designing radiopharmaceuticals that
have suitable in vivo properties. For instance, 99mTc cannot

Figure 1. Generation and decay of 99mTc using the 99Mo-99mTc generator.
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be substituted for a hydrogen atom in a targeting molecule,
unlike radiohalogens such as 18F. As noted previously, the
radioisotope is eluted from the generator as a dilute 99mTcO4

-

solution. Consequently, in order to link the radionuclide to
a targeting vector, pertechnetate, a Tc(VII) species, must be
reduced to a suitable oxidation in the presence of appropriate
ligands or directly complexed with suitably hard ligands. The
development of technetium imaging agents requires both a
familiarity with the rather complex coordination chemistry
of the Group VII metals and an appreciation for the design
of suitable ligands that provide robust molecular imaging
probes.

Technetium radiopharmaceuticals have traditionally
been classified in broad terms based on the role of
technetium on the ultimate fate of the complex. The two
categories of radiopharmaceuticals are commonly referred
to as technetium-essential and technetium-tagged agents.
For a technetium-essential compound, technetium incor-
poration is key in determining the structure and the overall
physicochemical character and hence localization or biologi-
cal fate of the molecule.44,45 The best known example of this
class of reagent is 99mTc-sestamibi,46 [99mTc(CNR)6]+ (R )
CH2C(CH3)2OCH3), which is sold under the trade names
Cardiolite and Miraluma with respect to its applications in
myocardial perfusion and breast tumor imaging, respectively
(Figure 2). Other examples of this type of radiopharmaceu-
tical include the heart-seeking complexes 99mTc-teboroxime
(Cardiotec)47 and 99mTc-tetroformin (Myoview),48 the ce-
rebral perfusion agent 99mTc-bicisate (Neurolite),49 the renal-
imaging reagents 99mTc-gluceptate (Glucoscan)50 and
99mTc-mertiatide (Technescan MAG3),51 and the bone-
imaging agent 99mTc-oxidronate (Osteoscan HDP)52 (Figure

2). The reagents of this class are generally low molecular weight
complexes whose biological distribution is determined by
perfusion and the physicochemical characteristics, such as size,
shape, charge, and lipophilicity, of the coordination complexes.
Uptake is generally geared toward target high-capacity systems
and processes, including phagocytosis, hepatocyte clearance,
glomerular filtration, and bone absorption.

The second type of technetium reagent is referred to as
technetium-tagged or technetium-inessential. In this case, the
biodistribution of the technetium-containing reagent is
determined by some receptor site chemistry or enzymatic
process associated with a substrate carrier molecule. In the
ideal case, the affinity for the biological target should be
independent of the presence of the technetium. This seldom
occurs with probes of MW < 1000. One of the limited
numbers of examples from this class of compounds are
tropane analogues that bind to the dopamine transporter
(DAT). TRODAT is perhaps the best studied and has been
investigated as a probe for the diagnosis of Parkinson’s
disease (Figure 3).53-59 In this example, a phenyltropane

Figure 2. Structures of selected simple coordination complex radiopharmaceuticals: (a) 99mTc-tetroformin, (b) 99mTc-bicisate, (c)
99mTc-MAG3, (d) 99mTc-sestamibi, and (e) 99mTc-teboroxime.

Figure 3. [99mTcO(TRODAT)] radiopharmaceutical for the imag-
ing of the neuronal dopamine transporter.
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pharmacophore is used as a targeting vector for specific
monoamine transporter proteins, which is a low-capacity
system.

Two general methods have been developed to coordinate
99mTc to receptor-specific molecules. In one approach,
chelation of the metal is designed in such a manner that the
resulting complex mimics the geometry of known and high-
affinity receptor ligands. An interesting application of this
approach was used in attempts to develop imaging agents
for the estrogen receptor, which is overexpressed on certain
tumor types60-66 (Figure 4). For compounds that were derived
from bidentate ligands, the products exhibited low in vivo
stabilities. The more stable compounds with tetradentate
chelates unfortunately exhibited only modest affinity. While
the integrated approach is appealing, it may be more suitable
for high molecular weight species where the impact of the
size of the metal complex can be minimized compared to
that in small molecules.

The second strategy for designing receptor/site-specific
99mTc compounds is the conjugate or pendant method, in
which a 99mTc-chelate moiety is attached to a molecule with
high binding affinity. Bifunctional chelates provide an
effective strategy for binding the radioactive metal cation to
the biologically active molecule.34,67-72 The strategy involves
a three-component system of a biologically active molecule,
a bifunctional chelate/spacer group, and the radioactive metal
(Figure 5). The bifunctional chelate is designed to form a
linkage bond to the metal radionuclide in vivo, preventing
leakage while also providing a second functional group at
the other terminus that is used to form a strong covalent bond
to the targeting molecule. Traditional concerns include the
stability/inertness of the metal chelate, the level of purity of
the labeled product, and the rapid, preferably single-step
synthesis of the labeled complex. More recently there has
been a focus on the impact of the hydrophobic nature of the
chelate and its metal complex on pharmacokinetics and the
development of labeling methods that produce compounds
in high effective specific activity.73,74

Whatever approach is adopted, the design strategy depends
on an understanding of the fundamental coordination chem-
istry of technetium. Factors such as coordination preferences,
stable oxidation states, robust core structures, and ligand
selection are crucial in the design of effective radiopharma-
ceuticals. Creation of new strategies in turn depends upon
innovations and advances in our understanding of the basic
coordination chemistry of technetium.9,41

Characterized compounds of technetium exist in oxidation
states between -1 and +7.75 On the one hand, this
characteristic of the chemistry suggests considerable struc-
tural diversity to be exploited in the design of the radiop-
harmaceuticals. On the other hand, design consideration must
deal with the potential for complex redox chemistry leading
to complex product mixtures and the potential for labile
complexes. Fortunately, the stable and readily accessible
oxidation states are characterized by chemically robust core
structures that can be exploited as platforms for radiophar-
maceutical design. Since the coordination chemistry of
technetium is the subject of several excellent reviews, we
will highlight the chemistry that is most relevant to our
discussion.

Common core structures for technetium are illustrated in
Figure 6. The most extensively studied core is the
{Tc(V)O}3+ moiety, although the intensity of this area of
research has decreased recently with the discovery of a
convenient means to make Tc(I) complexes (vide infra).76-107

Complexes of the Tc(V) core generally adopt square-
pyramidal geometry with the π-bonding oxo-group in the
apical position. Six coordination through ligation trans to

Figure 4. Estradiol and a rhenium mimic.

Figure 5. Schematic representation of the bifunctional chelate strategy.

Figure 6. Common core structures for technetium and rhenium
complexes: (a) Tc(V)-oxo; (b) Tc(V)-nitrido; (c) Tc(V)-imido;
(d) Tc(V)-hydrazido; (e) Tc(I)-tricarbonyl.
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the oxo-group is relatively uncommon due to the strong trans
labilizing influence of the oxo-group, the steric crowding,
and the displacement of the technetium out of the basal plane
in the direction of the oxo-group. The core is stabilized by
σ- and π-donating groups where amino, amido, and thiolate
ligands, as well as tetradentate ligands of the N4-xSx class,
have been extensively investigated.71-101 A representative
example is provided by the peptide-based chelator mercapto
acetylglycylglycylglycine (H5MAG3) (Figure 2).101 Several
other donor types, such as NxPy and SxPy types, have been
developed to avoid the problem of syn- and anti-isomers of
the [TcO(N4-xSx)] class, which exhibit different pharmaco-
kinetic properties (Figure 7). Other approaches have exploited
(3 + 1) or (3 + 2) mixed ligand complexes that, while
effective, have somewhat challenging properties with respect
to translation to routine clinical use.105-107

The technetium-organoimido core {Tc(NR)}3+ is isolobal
with the {TcO}3+ core, but is hydrolytically unstable under
physiological conditions.108-110 The structurally similar ni-
trido core {TcN}2+ provides a building block with a different
oxidation state for evaluating the influence of overall complex
charge on biodistribution profiles.111-116 However, additional

steps are required to convert the parent pertechnetate to
{Tc(V)N}2+, rendering this approach problematic for devel-
opment of imaging probes using traditional instant kit
technologies.

An alternative approach to the design of compounds with
stable and substitution inert metal-ligand bonds is metal-
organohydrazine chemistry, first introduced in 1991.117,118

The chemically robust metal-organohydrazino unit is readily
accessible from the metal-oxo core by a simple condensation
reaction (Figure 8). Furthermore, the effectiveness of the
metal-organohydrazine interaction can be improved by
exploiting the chelate effect in compounds devised for
example from 6-hydrazinonicotinic acid (HYNIC).119 An
attractive feature of the HYNIC system is its simple
bioconjugate chemistry, which can be used to derivatize a
wide range of different targeting vectors.41

However, while the technetium- and rhenium-organo-
hydrazino cores display the advantages of facile prepara-
tion and chemical robustness, the intimate details of the
chemistry are complex, dependent upon reaction condi-
tions and the presence of coligands.120-126 Since the
HYNIC ligand acts as a bidentate chelate, it occupies only
two coordination sites on the metal, requiring a variety
of coligands to satisfy the metal coordination requirements.
A variety of coligands have been explored, including
triphenylphosphine sulfinates,127-131 nicotinic acids,127,129,132

peptides,133 ethylenediaminediacetic acid (EDDA),134-137

glucarate,138 glucamine,138 tricine,129,131,132,139 glucohepto-
nate,140 mannitol,140 and thiolates.141,142 While many efforts
have been made to establish the identities of the complexes
on the tracer scale, the chemistry remains controversial.
Several binary and ternary systems have been developed,
including phosphine- and nicotinyl-containing HYNIC ch-
elators (Figure 9).140,143-145 The continuing difficulties with
the HYNIC technology reflect the dependence of the
coordination chemistry on reaction conditions and the low
stabilities of complexes incorporating hydrophilic ligands.
With the increasing requirements of regulators to have fully
characterized products, translation of the HYNIC system to
general clinical use will be problematic and will require in-
depth characterization of all compounds at both the macro-
scopic and tracer levels.

While the interest in the metal-oxo and metal-organo-
hydrazino cores remains unabated, other core geometries
allow the introduction of novel chelators and targeting
strategies. The organometallic nature of the {Tc(CO)3}+1 core

Figure 7. Tc(V)-oxo complex isomers: (a) optical isomers of a
{Tc(V)O}3+ core N2S2 complex; (b) syn- and anti-isomers of the
[TcO(NxS4-x)] class of compounds.

Figure 8. Preparation of a metal-hydrazido complex from the
metal-oxo precursor by a simple condensation reaction.

Figure 9. Example of technetium complexes with HYNIC and tricine and coligand. The phosphine and nicotinyl containing chelators
obviate the need for a second coligand.
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has generated renewed interest in the design of 99mTc
radiopharmaceuticals.146-156 The core offers a number of
attractive features: (i) The synthetic precursor {Tc(CO)3-
(H2O)3}+1 can be readily prepared from the pertechnetate salt
under reducing conditions developed by Alberto et al. (ii)
{99mTc(CO)3(H2O)3}+ is water-soluble and the aqua ligands
readily undergo ligand exchange. (iii) The {Tc(CO)3}+ core is
chemically robust and maintains its integrity under the most
forcing conditions (in addition, since the electronic configuration
of the metal in the {Tc(CO)3}+ core is d6 low spin, the
complexes are typically inert). (iv) The core is organometallic
in nature, making the chelation more covalent in character. (v)
The core is lipophilic.

While the robustness of complexes is purely kinetic in
nature, essentially all types of donor atoms have been used
(Figure 10). Studies by Schibli et al. on the influence of
denticity on the fate of bidentate and tridentate {Tc(CO)3}+

core complexes indicate that complexes of the bidentate
chelators are more likely to be retained in the liver and
kidneys than the corresponding tridentate complexes.157 The
differences may be related to the susceptibility of the third,
aqua ligand to exchange with proteins in the blood.158,159 It
is also noteworthy that the tridentate chelator can be readily
modified to provide complexes with cationic, neutral, or
anionic overall charge. Because the pharmacokinetic profiles
of the complexes can also be influenced by introduction of
additional functional groups (Figure 11), Tc(I) systems can
be readily adapted to achieve the desired distribution when
incorporated into targeting vectors.

3. Gallium Radioisotopes

3.1. Gallium Radioisotopes: Properties and
Preparation

Currently, 30 different gallium isotopes are known includ-
ing the two stable, nonradioactive isotopes 69Ga and 70Ga
with natural abundancies of 60.11% and 39.89%, respec-
tively. Radioactive gallium isotopes cannot be found in
nature. Out of the existing radioactive isotopes, only 66Ga,

67Ga, and 68Ga are radionuclides possessing decay properties
and availabilities appropriate for use in clinical PET and
SPECT studies.160,161

3.2. Gallium-67
Gallium-67 is cyclotron produced by the 68Zn (p, 2n)-67Ga

reaction, as illustrated in Figure 12, in which a thin layer of
enriched 68Zn is electrochemically plated on an appropriate
metal target (typically zinc or copper). After irradiation,
gallium is dissolved off the target with an appropriate acid
(e.g., HCl) and separation along with concentration is
achieved by solvent/solvent extraction, ion-exchange chro-
matography, or extraction chromatography.162-166 In most
cases, the radionuclide is obtained in hydrochloric acid
solutions of various concentrations. 67Ga is readily available
at reasonable cost (ca. $19/mCi), and its half-life is suf-
ficiently long (t1/2 ) 78.3 h) to allow shipment of the
radioisotope over long distances and central radiopharmacy
preparation of radiopharmaceuticals.

For clinical applications, citric acid is often added as a
solubilizer followed by neutralization and sterilization of the
aqueous solution.167 Gallium-67 is a pure γ-ray source and
decays by electron capture to stable 67Zn (Table 1). Several
gamma photons of different energy are emitted at 93 keV
(36%), 185 keV (20%), 300 keV (16%), and 394 keV (5%).
The most widespread application for 67Ga is the use in
inflammation and tumor imaging where 2-5 mCi of carrier-
free gallium citrate are administered intravenously (“gallium-
scan”, 67Ga scintigraphy).168 Despite the extensive use of 67Ga
salts in routine clinical applications for over 30 years, the

Figure 11. Examples of cationic, neutral, and anionic {99mTc(CO)3}+ core complexes.

Figure 12. Production and decay of 67Ga.

Figure 10. Representative tridentate ligands for chelation to the
{M(CO)3}+ core.
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amount of work on bioconjugate-derived radiopharmaceu-
ticals based on 67Ga is comparatively small.

3.3. Gallium-68
Gallium-68 decays by positron emission (89%) and

electron capture (11%) with a half-life of 67.71 min. The
average positron energy per disintegration is 1899 keV (Table
1). The positron emission energy is higher than that for
fluorine-18, the most widely used PET isotope, which
potentially can lead to lower spatial resolution. The physical
half-life is sufficiently long to allow preparation and purifica-
tion of molecular probes and for imaging so long as the
pharmacokinetics of the agent are sufficiently rapid. The half-
life, however, does not allow for widespread shipping of the
isotope, a problem which has been addressed through the
development of a generator system.

The major advantage of this particular radionuclide lies
in its accessibility from a 68Ge/68Ga generator system, which
provides a non-cyclotron based and cost-effective source of
the isotope (Figure 13). For gallium-68, the parent isotope
is germanium-68 with a half-life of 270.8 days, allowing the
manufacturing of long-lived generator systems (theoretically
useful for 1-2 years) suitable for radiopharmaceutical
applications. In addition, the chemical properties of Ge(IV)
and Ga(III) are sufficiently different such that several
methods for efficient separation have been proposed.169-173

One of the challenges with a 68Ge/68Ga generator is the lack
of efficient production methods for 68Ge, which is generated
using high-energy accelerators via the (p, 2n) reaction on

gallium targets. Targets typically accumulate 33 000-45 000
µA ·h of beams during an irradiation period of 4 weeks, to
produce 14.8-18.5 GBq (400-500 mCi) of 68Ge. The thick
target yield (µCi/(µA ·h)) is 91.4% if an energy of 50 MeV
is used.174

3.4. 68Ge/68Ga Generators
A number of different generators with different stationary

phases of inorganic and polymer-based composition for the
68Ge/68Ga pair has been developed and recently reviewed in
detail by Maecke et al.175 In early attempts, inorganic oxides
such as Al2O3 or ZrO2 were used as immobilized packing
materials.176 In these generators, carrier-free 68Ge is neutral-
ized, complexed with EDTA, and absorbed onto the column;
68Ga can then be eluted with a 5 mM EDTA solution (elution
yields ≈ 70-80%). An important factor for the preparation
of radiopharmaceuticals is a straightforward synthesis of the
radionuclide without necessity of further processing. Since
these early systems provided the radionuclide in complexed
form, destruction of the EDTA complex was necessary,
which rendered the preparation of the radiopharmaceutical
tedious, time-consuming, and with a reduced overall yield.
Thus, further development focused on systems employing
68Ga(III) in its hydrated form. Attempts using Al2O3 or
Fe(OH)3 stationary phases with HCl as the eluent, ZrO2 or
SiO2 with HNO3, as well as SnO2 with HCl (∼80%) have
been reported, but their clinical use failed because of oxides
present in the eluate.177,178 However, moderate yields (∼56%)
and very low breakthrough of the column packing material
and the parent isotope were reported for a CeO2/0.02 M HCl
generator.179

A different approach for purification of 68Ga is the use of
organic, polymer-based stationary phases with high-affinity
functionalities. A macroporous styrene-divinylbenzene co-
polymer with N-methylglucamine groups has been described
recently.172,179 68Ga is eluted with the low affinity chelator
sodium citrate in good yields (∼80%), and the 68Ge leakage
is reported to be less than 0.0004%. Even though the
styrene-divinylbenzene matrix remains intact if exposed to
3.9 × 106 Gy of radiation, loss of the polyol functionalites
required for the binding of Ge(IV) is observed. Further
investigations on the leaching of the organic matrices have
to be carried out before clinical applications are undertaken.
Another complementary approach is a pyrogallol-formalde-
hyde resin with high affinity for Ge(IV), where 68Ga is
obtained as 68GaCl4

- using 5.5 M HCl as eluent.180 The
[68GaCl4]- complex is then adsorbed on a small anion-
exchange column to remove low levels of Ge(IV) break-
through (<1 ppm). Elution with small volume of water results

Table 1. Gallium Radioisotopes

Ga-67 Ga-68

imaging modality SPECT PET
decay mode e--capture e+-emission

0.091 MeV (2.9%) �+ Energies Emitted γ
0.093 MeV (35.7%) 1899 keV (88%) 0.51 MeV (176%)
0.185 MeV (19.7%) 822 keV (1%) 0.80 MeV (0.4%)
0.209 MeV (2.2%) 1.08 MeV (3.5%)
0.300 MeV (16.0%) 1.24 MeV (0.14%)
0.394 MeV (4.5%) 1.87 MeV (0.15%)
0.888 MeV (0.1%)

physical half-life 78.26 h ) 3.26 d 67.71 min ) 1.13 h
specific activity 5.97 × 104 Ci/g; 2 210 TBq/g 4.10 × 107 Ci/g; 1.51 × 1018 Bq/g
preparation 68Zn (p,2n)-Ga67 cyclotron Ge68/Ga68 generator

Figure 13. Production and decay of 68Ge and 68Ga.
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in the decomposition of the chloro complexes, and concen-
trated solutions of 68Ga(III) in 0.5 M HCl are finally obtained
(80%).

A commercially available generator based on titanium
dioxide (Cyclotron Co., Ltd., Obninsk, Russia) is currently
used worldwide and has helped to push forward activities
around the development of 68Ga based radiopharmaceu-
ticals. The advantages of this particular generator include
the use of a nontoxic packing material and, most impor-
tantly, the elution of free, cationic 68Ga with low acid
concentration of 0.1 M HCl, allowing universal application
for radiopharmaceutical preparations. According to the
manufacturer, the life span of the generator is 2 years and
the 68Ga yield is ∼60% in 3-5 mL of eluate for a new
generator and no less than 25% after 1 year of operation
or 200 elutions. The 68Ge breakthrough is reported to be
between 0.001 and 0.005%.

3.5. Eluate Concentration and Purification
A general disadvantage related to all gallium generators

is the large primary 68Ga eluate volume leading to a low
68Ga concentration. Thus, it is often the case that additional
concentration of the radioactive solution is necessary in order
to obtain high yields of radiolabeled compounds, which is a
serious disadvantage, particularly compared to technetium
generators where Curies of activity can be eluted in less than
100 mL and used directly. There have been a number of
strategies to address the concentration issue (vide infra). An
alternative approach, which to our knowledge has not been
studied, is to use a rapid evaporator system like the V10
system from Biotage, which we have found particularly
useful for drying aqueous systems containing 99mTc com-
plexes.181

Beyond concentration issues, a general disadvantage found
in most generator systems is contamination of the eluate with
the long-lived parent nuclide 68Ge(IV) and other cationic
metal ions such as Ti(II) (from the column material), Zn(II)
(68Ga decay), and Fe(III). The impurities reduce 68Ga labeling
yields and specific activities, especially if low concentrations
of the labeling precursor are usual.

Several post elution methods have been described to obtain
68Ga(III) in sufficient concentrations with low amounts of
cation impurities. One strategy exploits the fact that Ga(III)
forms strong anionic complexes [GaCln](n-3)- (n ) 4 or 6)
in hydrochloric acid solutions (>4.5 M). These complexes
can then be separated effectively from metal cations and
organic impurities by strong anion-exchange chromatogra-
phy. The elution with water leads to the decomposition of
the gallium chloro complexes, producing hydrated 68Ga(III)
in small volumes.171,182 It also has been found that ∼80% of
radioactivity is present in the first 1 mL of eluate and that
fractionation results in lower breakthrough and lower con-
centration of other metal cation contaminants.183 Cation-
exchange chromatography with an acetone/HCl mixture as
the mobile phase was also investigated for the purification
and concentration of the generator eluate. With an optimized
ratio of 80% acetone in 0.15 M HCl, the majority of
impurities were eluted and purified 68Ga was obtained.170

Some groups have more recently developed automated
systems for purification, concentration of the generator
eluates, and labeling of a suitable ligand.184,185

In the case of the 68Ge/68Ga system, both fundamental
requirements for a generator strategy, a long-lived parent
nuclide, and an efficient separation of 68Ga are thus fulfilled,

making this system ideal for the development of PET
radiopharmaceuticals. Today, several 68Ge/68Ga generator
systems are commercially available from distributors in
Russia, Europe, and the United States. With the availability
and reliability of commercial generator systems, 68Ga has
the potential to become as useful for PET as 99mTc is for
SPECT imaging.

3.6. Gallium: Properties and Coordination
Chemistry

Gallium is a nonphysiological metal of group 13 of the
Periodic Table. Because of its low redox potential, the
solution chemistry in aqueous media is exclusively repre-
sented by the stable oxidation state +III. The low-valent
oxidation state +I is not of significance under aqueous
conditions and has consequently no relevance in the design
of radiopharmaceuticals. In aqueous solution, the free
hydrated Ga(III) cation is only stable under acidic conditions.
In the pH range of 3-7, hydrolysis to insoluble Ga(OH)3

occurs in the absence of stabilizing ligands. At high pH > 7,
gallium hydroxide redissolves as [Ga(OH)4]-. In contrast to
its group 13 congener indium hydroxide, gallium hydroxide
is amphoteric, dissolving in acidic as well as alkaline media.
The kinetic of multidentate ligands used for radiolabeling is
slow, and rapid hydrolysis of Ga(III) to insoluble Ga(OH)3

can take place in the labeling process (for Tc(V), reaction
with poor ligands in water leads to the insoluble and
unreactive TcO2 hydrate). Hydrolysis and formation of
insoluble gallium hydroxide in the preparation of radiop-
harmaceuticals remains a problem that can be avoided by
ligand-exchange reaction in the presence of weak, stabilizing
ligands such as citrate, acetate, or oxalate.

It was shown that, at physiological pH, a Ga(OH)4
-

concentration up to 2.5 × 10-6 M can be obtained without
the formation of insoluble Ga(OH)3.155 At concentration
levels used for radiopharmaceuticals, precipitation of
Ga(OH)3 does not occur at physiological pH because of the
almost exclusive formation of soluble [Ga(OH)4]-. Addition-
ally, it should be noted that, in nonaqueous hydrochloric
media (HCl > 3 M), Ga(III) forms hexa- and tetracoordinate
chloro complexes, a fact which is exploited in the purification
of radioactive gallium isotopes.168,169

The Ga(III) cation can be classified as hard Lewis acid
because of its high charge density and small ionic radius
(0.62 Å). As a result, its chelate chemistry is dominated by
strong bonding to highly ionic, nonpolarizable hard Lewis
bases such as nitrogen and oxygen donor atoms. Thus,
ligands with carboxylate, phosphonate, hydroxamate, and
amine functionalities form thermodynamically stable com-
plexes with Ga(III), but also softer donor atoms such as
phenolate and thiol groups were found to be effective.186-191

Because of its small cationic radius, Ga(III) is often six-
coordinate in a distorted octahedral fashion.192 Especially in
physiological media, gallium complexes with vacant coor-
dination sites (five- and four-coordinate) are more sensitive
to hydrolysis for steric and electronic reasons. Coordination
chemistry and biological properties of Ga(III) are very similar
to high-spin Fe(III) because of their comparable ionic radii
(0.65 Å for Fe(III)), charge, and electronic configuration (no
ligand field stabilization energy).
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3.7. Gallium Chelators
The optimal chelator for radiopharmaceutical purposes

should form complexes of high thermodynamic stability and/
or kinetic inertness to avoid any premature ligand-exchange
reactions or hydrolysis in vivo. Another important feature
is rapid and efficient chelation of the radiometal at a pH that
will not degrade biovectors. A related concern is the
similarity of the coordination chemistry of trivalent gallium
and iron, which must be taken into account when selecting
or designing gallium chelates and imaging agents. Ligand
exchange is performed with transferrin, an abundant plasma
protein that has two iron binding sites with high affinity to
Ga(III). At bicarbonate concentrations typical for blood
serum, the formation constants are log �1 ) 20.3 and log �2

) 39.6 for Ga(III) and log �1 ) 22.8 and log �2 ) 44.3 for
Fe(III).168,193

Despite the original belief that, in targeted radiopharmaceu-
ticals, the chelate played no role in targeting, there is an
abundance of evidence in the literature to the contrary. Several
publications and conference presentations have reported that
the nature of a bifunctional chelate (geometry, lipophilicity,
overall charge) plays a crucial role in determining the biodis-
tribution of targeted radiopharmaceuticals. In recent years,
various chelating agents of different structural types have been
proposed for in vivo use with high selectivity and stability for
binding of Ga(III). In this review, a brief summary of
common gallium chelating ligands that fulfill the key
requirements for radiopharmaceutical applications is pre-
sented. Additionally, the focus is on agents suitable for use
as bifunctional chelates and the production of targeted
imaging probes. For a more comprehensive review, we direct
readers to a number of excellent articles covering a broader range
of established and emerging gallium ligands.34,168,175,192,194,195

Even though it has been shown that four- and five-
coordinate gallium complexes are of sufficient stability for
use in vivo, saturation of the coordination sphere of gallium
is desirable because coordinatively unsaturated complexes
are generally more prone to ligand exchange or hydrolysis.
Consequently, polydentate ligands with hard donor groups
remain first choice for gallium labeled biomolecules. The
most prominent multidentate representatives are the acyclic
ligands 6SS ()N,N′-bis(2,2-dimethyl-2-mercaptoethyl)eth-
ylenediamine-N,N′-diacetic acid), TAME Hex ()tris(ami-
nomethyl)ethane-N,N,N′,N′,N′′ ,N′′ -hexaacetic acid), DTPA
()diethylenetriaminepentaacetic acid), and deferoxamine as
well as the macrocyclic NOTA ()1,4,7-triazacyclononane-
1,4,7-triacetic acid) and DOTA ()1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid) chelators shown in Figure 14.

The ligand 6SS provides a N2O2S2 donor set of two amine-
N, two carboxylate-O, and two thiol-S atoms. Even though
thiols are not considered to be hard bases, they still are
excellent donors for gallium reflected in the high complex
stability (Table 2). Under in vitro and in vivo challenge
conditions (blood serum), the corresponding Ga(6SS) com-
plex is stable for at least 1 h. After rapid blood clearance,
the complex is metabolized through the liver, showing rapid
washout as well. Molecular mechanics calculations indicated

Figure 14. Schematic representations of the ligands DOTA, NOTA and derivatives, DTPA, TAME Hex, and deferoxamine.

Table 2. Formation Constants of Ga(III) with Various Ligands

K1

oxalic acid 6.45
citric acid 10.02
transferrin 20.3
DOTA 21.33
EDTA 21.7
DTPA 23.32
NOTA 30.98
6SS 41.0
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a six-coordinate complex geometry for the Ga(6SS) complex.
Moreover, the two gem-dimethyl groups increase the stability
almost by a factor of 2 compared to its unmodified version
EDDASS ()N,N′-bis(2-mercaptoethyl)ethylenediamine-N,N′-
diacetic acid). Additionally, the labeling efficiency was >90%
(30 min, room temperature) which is suitable for some, but
not all, radiopharmaceutical applications. A bifunctional
version B6SS ()1-(4-carboxymethoxybenzyl)-N,N′-bis[(2-
mercapto-2,2-dimethyl)ethyl]-1,2-ethylenediamine-N,N′-di-
acetic acid), carrying a methoxybenzyl tether equipped with
a carboxylic acid function for covalent coupling to biomol-
ecules, has also been reported.190,196

The ligand TAME (TAME ) 1,1,1-tris(aminomethyl)-
ethane) is often used as a building block for more complex
ligands. For example, the salicylaldimine derivative of
TAME, H3[(5-MeOsal)3TAME], in combination with 68Ga
can be used to assess myocardial blood flow.197 More
recently, the synthesis of a bifunctional, multidentate TAME
derivative, namely, TAME Hex, was described198 where the
ligand possesses nine potential donor atoms for metal
binding. The radiolabeling yield of TAME Hex with 67Ga
was >99% (10 min, 100 °C), and the gallium complex was
stable for 10 days in a ligand challenge experiment using a
1000-fold excess of DTPA. The bifunctional ligand carries
a p-aminobenzyloxy moiety introduced at the 2-position of
TAME, which can be easily transformed into its isothiocy-
anate for conjugation.

The ligand DTPA is one of the most commonly used
acyclic ligands in radiochemistry and has been linked to
biomolecules through reaction of the dianhydride. DTPA is
not only used as gallium complexing agent, it is also
successfully applied as chelator for many hard Lewis acids
such as In(III) and rare earth metal cations.199-206 This
potentially octadentate ligand is able to form gallium chelate
complexes of high stability that can be obtained in high
radiochemical yield. Trivalent gallium is usually six-
coordinate in its complexes, and DTPA is thus able to
saturate the coordination sphere while allowing the covalent
coupling to small biomolecules via a noncoordinated car-
boxylic acid function. The commercial availability of DTPA
and its dianhydride facilitates its widespread use as a
bifunctional chelator. Compared to macrocyclic ligand
NOTA, however, Ga(DTPA) is of lower thermodynamic
stability. Surprisingly and to the best of our knowledge,
neither a single-crystal structure analysis nor solution
conformation studies have been performed to date to
elucidate the coordination geometry of the Ga(DTPA)
complex in detail.

Ligands based on polyaza-macrocycles, e.g., 1,4,7-triaza-
cyclononane (TACN, [9]aneN3) and 1,4,7,10-tretraazacy-
clododecane (Cyclen, [12]aneN4), have also proven to be
effective chelating agents for trivalent gallium. Several
multidentate derivatives with additional thiol-S, carboxylate-
O, and phosphate-O donors have been described in the
literature.207-213 The most popular representatives in this
category are the ligands NOTA and DOTA, carrying one
additional acetic acid group at each nitrogen atom of the
macrocycle (Figure 14). The thermodynamic stability of
Ga(III) complexes of both ligands is sufficiently high enough
for use in clinical practice (see Table 2). However, the
Ga(NOTA) complex is of much higher stability than its
corresponding DOTA counterpart, which is a consequence
of the good fit of the small Ga(III) cation in the cavity of
the nine-membered triaza-macrocycle of NOTA.214 Switching

to a 12-membered ring in the case of DOTA results in an
unfavorable large coordination geometry and, consequently,
in steric strain in the ligand backbone, which causes a
decrease in stability.

In the crystal structures of Ga(DOTA-D-PheNH2) and
Ga(DOTA), Ga(III) is coordinated by a N4O2 donor set in
which the cation is encapsulated in a cis-pseudooctahedral
fashion by the DOTA subunit while one carboxylic acid
group is deprotonated and does not coordinate to the metal.
The remaining carboxylic acid function is either conjugated
to the amino acid via the amide in Ga(DOTA-D-PheNH2) or
does not bind to the metal.215,216 NOTA, on the other hand,
binds Ga(III) with a low-strain pseudooctahedral fac-N3O3

donor set as illustrated by the crystal structure of the NOTA
surrogate NODASA ()1,4,7-triazacyclononane-N-succinic
acid-N′,N′′ -diacetic acid). A bifunctional NOTA derivative
with a pendant carboxylic acid function for coupling is also
available.217,218 Another bifunctional NOTA analogue is
NODAGA ()1,4,7-triazacyclononane-N-glutamic acid-N′,N′′-
diacetic acid).219,220 Both ligands are of particular interest
because of their higher labeling efficiencies compared to
corresponding DOTA derivatives and the superior stability
of their Ga(III) complexes. Other TACN-based ligands are
TACN-TM ()1,4,7-tris(2-mercaptoethyl)-1,4,7-triazacyl-
clonane), a derivative with three additional ethylmercapto
arms,194 and the two phosphonate-containing counterparts
NOTP ()1,4,7-triazacyclononane-N,N′,N′′ -tris(methylene-
phosphonic)acid),213,221 NOTPME ()1,4,7-triazacyclononane-
N,N′,N′′ -tris(methylenephosphonate-monoethylester)),222,223

and NOKA ()6,6′,6′′ ,-(1,4,7-triazonane-1,4,7-triyl)tris-
(methylene)tris(5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-
one) carrying koijic acid functionalities.224 This class of
macrocyclic triaza ligands displays a distinctive tendency
toward the small Ga(III) cation originating mostly from the
size-selectivity effect. These ligands are able to encapsulate
Ga(III) with high specificity, and uncharged complexes of
this nature are less sensitive toward proton-catalyzed dis-
sociation than anionic complexes. An illustrative example
on the importance of the overall charge is the neutral complex
Ga(NOTA), which decomposes only at low pH.

4. Bifunctional Strategies
The design of most targeted molecular imaging agents

consists of a ligand system that binds to a radiometal and
contains a functional group suitable for linking the complex
to a targeting biomolecule (Figure 15). Examples of reactive
functionalities used to link chelates to vectors include
aromatic isothiocyanates, isocyanates, carboxylic acid as
active esters, iodo-acetamides, and mixed anhydrides among
other derivatives that can react with nucleophilic sites (-NH2,
-SH, or -OH) on or attached as a prosthetic group to the
targeting vector.225 Recently, click chemistry involving azides
and alkynes, and epoxides are becoming increasingly popular
bioconjugate chemistry strategies. The optimal reaction
conditions for conjugation include mild aqueous conditions
close to physiological pH, short reaction times, and minimal
purification.226 Some chelate systems already contain reactive
conjugation sites, while others require modifications to
introduce the linker site, as is usually the case when using
click chemistry.
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4.1. Conjugation Strategies for 99mTc
Conjugation strategies for linking technetium-99m com-

plexes to targeting vectors have been extensively investigated
and involve a range of different oxidation states,34,227 with
the most common being +1, +3, and +5. Here we focus on
the most common ligand systems and the modes used to link
them to the targeting vectors over the last 10 years and
compare the systems for technetium-99m and gallium.

The technetium(V)-oxo and technetium(V)-organo-
hydrazino cores are the most extensively studied. The
{TcO}+3 unit is generally coordinated to a tetradentate ligand
that utilizes a carboxylic acid side-group to link to biomol-
ecules. The technetium oxo-bifunctional chelate, MAG3H5

(Figure 2), for instance, can be readily derivatized as the
S-acetyl MAG3-ethyl ester or S-acetyl MAG3-
hydroxysuccinimidyl ester for conjugation to vectors includ-
ing monoclonal antibodies. A similar technetium-oxo
system that has been linked to biomolecules is derived from
the NxS4-x-class of ligands (Figure 6). These tetradentate
ligands have been conjugated via carboxylic acids (COOH),
amino (NH2), and thiocyanate (NCS) groups to biomolecules,
including peptides.228-236

As mentioned previously, the HYNIC ligand has facile
bioconjugate chemistry. HYNIC-peptide conjugates are
formed via amide linkage formed through reaction of the
active ester derivative of the ligand (Figure 16). This
approach has been used for radiolabeling antibodies, human
serum albumin, a variety of medium to high molecular
weight proteins, oligopeptides, and small biomolecules.237-280

The issue of the poorly characterized coordination chemistry
of the associated bioconjugates, as mentioned previously,
detracts from the attractiveness of this ligand system.281

The accessibility of the +1 oxidation state for technetium
has brought about the development of new bifunctional

ligand systems. An example of a bifunctional chelate, based
on lysine, that uses the technetium(I) oxidation state is the
single amino acid chelate system (SAAC) (Figure 17). The
ligand can be readily incorporated into any peptide using
standard solid- or solution-phase coupling methodologies as
if it were a natural amino acid using traditional automated
peptide synthesis.

Tc(I) can also form bifunctional organometallic complexes
that are sufficiently robust to be used to prepare bioconju-
gates.282 Similar to bifunctional chelate ligand systems,
modifications to organometallic ligands include the introduc-
tion of carboxylic acid groups as a site of conjugation. An
example of this is the preparation of estrynamide with
CpRe(CO)3CO2H via an amide linkage (Figure 18).282 Further
modification to the cyclopentadiene ligand has been explored
with the development of a diazocyclopentadiene derivative.
The rapid coupling of the diazocyclopentadiene with boronic
acid derivatives with no addition of catalyst demonstrates
nearly ideal conditions to generate stable organometallic
complexes; however, the high level of instability of diazo-
cyclopentadiene may limit future use.283

The multifunctional nature of both a targeting biomolecule
and a suitable imaging radiometal chelate unit can complicate
the preparation of the conjugate due to potential side
reactions or the lack of specificity of the coupling step. The
use of multistep syntheses, including protective groups, to
address this problem can significantly impact the overall
efficiency of the preparations. This problem has been
addressed recently by the introduction of “click” chemistry
to the preparative arsenal of bifunctional chelates.283,284

“Click” chemistry generally refers to the copper(I) catalyzed
[3 + 2]-cycloaddition of terminal alkynes and azides. The

Figure 15. Schematic representations of the conjugation of {Tc(V)O}3+ core complexes to biomolecules.

Figure 18. Coupling of [Re(CO)3(CpCO2H)] to estrynamide.

Figure 16. N-Hydroxysuccinimidyl hydrazinonicotinate.

Figure 17. Examples of lysine-based bifunctional chelators for the {99mTc(CO)3}+ core.
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many advantages of click chemistry include efficiency,
selectivity, avoidance of side reactions, and mild conditions.
As shown in Figure 19, the approach allows the facile
synthesis of bifunctional ligands in which 1,4-disubstituted
triazoles form an integral part of the metal chelating system.
In addition to the tridentate ligands of Figure 19, the alkyne
derivative of DOTA-tris-tert-butyl ester, shown in Figure
20, has been coupled to folate-γ-(4-azido)butane amide and
shown to efficiently radiolabel with 67Ga.284

4.2. Conjugation Strategies for 68Ga
The development of gallium-based agents utilizes similar

conjugation strategies as technetium-99m. DOTA forms a
stable metal-chelate complex and has been linked to various
biomolecules (Table 3) via either an amide or thiourea
linkage. Modification to one of the carboxylic acid groups
on DOTA to generate a NHS-ester was used to link the
chelate to a range of different vectors including biotin and
small peptides.225,285 p-Isothiocyanatobenzyl DOTA is the
most widely used DOTA derivative and has been used with
both proteins and antibodies.211 DOTA-tris(tert-butyl ester)
(Figure 20) is a popular ligand for attaching DOTA to a
peptide on solid support with analogy to the SAAC system,
except that it can only be used to derivatize the N-terminus
of the peptide chain attached to the solid support or to a
lysine side chain.225 One disadvantage of this ligand system
is the long deprotection times required to cleave the tert-
butyl esters. Alternative protecting groups, including tris(allyl

ester), tris(methyl ester), and tris(benzyl ester), have been
explored to address this issue.

DOTA-derived human epidermal growth factor (hEGF)
was prepared by coupling of N-sulfosuccinimide ester of
DOTA to hEGF. Binding data for this complex showed high
affinity (∼ 2 nM) in U343 glioma cells and A431 cervical
carcinoma cells. Biodistribution studies showed accumulation
of radioactivity in xenografts and in EGFR-expression
organs, indicating its potential for imaging EGFR overex-
pressed in tumors.286 Similar strategies have been used to
prepare a bombesin Ga derivative, which showed high and
specific internalization in animal models. However, the
replacement of gallium with 177Lu resulted in slightly reduced
(∼20%) tumor uptake and residence time.287 For diagnostic
imaging of somatostatin receptor-positive tumors, [68Ga-
DOTA,Tyr3]octreotide was developed. The gallium complex
showed distinctly better preclinical, pharmacological per-
formance than the 111In-labeled analogue.288 Following
promising in vivo and in vitro studies, the Ga derivative
showed approximately 2.5 times greater tumor uptake in a
mouse and lower kidney uptake than the 111In or 90Y
DOTA-octreotide derivatives.289 Further modifications to the
labeling strategy of DOTA with gallium have been inves-
tigated by Cantorias and co-workers, who used microwave-
assisted heating to label DOTA-Re(Arg11)CCMSH with 68Ga
in less than 1 min. With the reduction of reaction time, the
use of high-performance liquid chromatography (HPLC)
purification could be used to generate a high specific activity
conjugate in a reasonable time frame (less than 30 min for
synthesis and purification).290

Recently, labeling of NOTA octreotide (TATE) with 68Ga
was achieved in nearly quantitative yield within 10 min at
room temperature. The complex was incubated and found
to be stable in the reaction mixture of phosphate buffer and
human plasma.291 The NOTA-based chelator has also been
used for coupling with RGD peptides via thiourea formation,
leading to quantitative labeling with 68Ga at room temper-
ature.289 NOTA-cRGDyK, conjugated through a isothiocy-
anatobenzyl linkage, was labeled in high yields and showed
high affinity to av�3 integrin and showed specific uptake to
angiogenic muscle in vivo.292

An alternative to cyclic chelator NOTA, deferoxamine
(DFO), has been linked to antibodies by two methods: (i)
antibody-lysine conjugation and (ii) mild reduction of
antibody to generate thiols. Labeling with 67Ga was efficient;
however, the complex was poorly retained within cells after

Figure 19. Schematic of the modular “click-to-chelate” approach.

Figure 20. Alkyl derivative of DOTA-tris(tert-butyl ester).

Table 3. Summary of Conjugation Strategies and Chelate
Systems for Targeted Gallium Radiopharmaceuticals

conjugation
strategy chelate biomolecule reference

amide formation DOTA biotin 285
peptide 225
MMP-2 288
octreotate 289
human epidermal growth

factor (h EGF)
286

bombesin 287
somatostatin 295

thiourea formation DOTA protein and antibody 225
amide formation NOTA peptides (TATE)

[Tyr3]-octreotide
289-291

thiourea formation NOTA cRGDyK 292
RGD peptide 289
[Tyr3]-octreotide

amide formation CHX-A Re(Arg11)-CCMSH 294
DFO antibody 293
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antibody internalization and catabolism.293 Other bifunctional
chelators for gallium, including CHX-A′′ , which was linked
to the melanoma-targeting peptide (Arg11)CCHMSH, could
be labeled efficiently with 68Ga.294 The commercial avail-
ability of these different bifunctional chelates as bulk
chemicals and products suitable for manufacturing under
GMP guidelines, particularly the NOTA and DOTA deriva-
tives, will unquestionably help support the development of
new gallium agents.

5. Comparing and Contrasting Gallium and
Technetium

The development of targeted metal-based radiopharma-
ceuticals is a nontrivial task which is evident by the fact
that, after a herculean effort by technetium researchers in
academia and in industry, there have been few truly effective
agents that are in widespread clinical use. This is due to a
combination of technical and economic factors. However,
with molecular imaging moving to the forefront of modern
medicine, particularly as we enter the era of personalized
medicine, there is an increasing demand for new agents and
a need for innovative radiopharmaceutical discovery and
design paradigms. There is also a change being driven by
the shortage of technetium, whose abundance and highly
subsidized costs influenced much of the radiopharmaceutical
development work that has taken place since the 1970s.

Going forward, it is difficult to predict what the clinical
use of various isotopes will be. However, it is clear that the
growth of the field will continue to rely upon advances in
our understanding of the coordination and bioconjugate
chemistry of radiometals in concert with the development
of new imaging cameras including high-resolution disease-
specific systems and hybrid imaging tools such as PET-MRI
and SPECT-CT. We can also learn a number of valuable
lessons from the years spent investigating the radiopharma-
ceutical chemistry of technetium to help expedite work with
other promising radiometals like 68Ga. These include the
following:

5.1. Keep the Chelate Chemistry Simple
One of the lessons learned from the development of

radiopharmaceuticals derived from the Tc(V) core is that,
the more complex the coordination chemistry, the more
difficult it is to develop a viable agent. Researchers making
new chelates need to avoid creating systems that form
multiple stereoisomers (or avoid reactions that are not
enantio- and diastereoselective). Products of this nature
generally have different biodistribution and metabolism
profiles and will therefore have to be fully characterized or
separated prior to clinical use, which increases translational
costs and complexity. On a related note, the chemistry used
to prepare the chelate should involve as few steps as possible,
involve a minimum number of orthogonal protecting groups,
and be scalable to the preparation of multigram quantities
of product.

5.2. Versatile Bioconjugate Chemistry is Key
Finding the appropriate biovector, site of conjugation,

linker group, and tether length to produce a viable molecular
imaging probe is a complex and lengthy process. Ligands
that have limited flexibility with respect to how they are
linked to targeting vectors will prevent downstream optimi-

zation (usually around pharmacokinetic optimization), which
in almost all cases is the critical step to successful translation.
The flexibility is paramount to preventing premature catabo-
lism, optimizing the site of derivatization, and adjusting the
polarity of the overall conjugate as a means of fine-tuning
the route of clearance and accessing the target of interest.

5.3. Engineer Quality Early in your
Radiochemistry

The ability to label compounds at room temperature in
solvents that are biocompatible increases the general utility
of a ligand system. Of equal importance is the develop-
ment of analytical methods that adequately demonstrate the
purity of new complexes and can be used to measure the
effective specific activity. For technetium, much of the early
quality assurance and quality control (QA/QC) work was
done using iTLC (instant thin-layer chromatography) which
is suitable for Tc-essential compounds but not for targeted
agents. For the latter, the free ligand or impurities where
the metal is bound to sites on the vector other than the chelate
are not detectable by iTLC and can, in many cases, compete
with the compound of interest for the target. Impurities can
lead to erroneous conclusions about an agent’s ability to
reach a target of interest. An additional benefit to developing
good analytical procedures early is that it will facilitate later
translation and regulatory approvals. Most countries require,
or are shortly moving toward requiring, GMP manufacturing
for all new agents, so well-developed analytical methods are
essential.

5.4. Do not Ignore Pharmacokinetics
Considerations in Early Compound Design

Many of the early Tc-bifunctional ligands were as lipo-
philic as steroids, such that, when they were linked to
targeting vectors, they significantly increased nonspecific
binding. As mentioned in point (1), new Ga and Tc chelates
should engineer in the ability to adjust the log P of their
chelates and be able to change the charge of the overall
complex as a means to optimize the route of clearance.

5.5. Look to Other Fields for Innovation and
Inspiration

Some of the most exciting innovations in the field have
been inspired from outside the traditional realm of Tc
coordination chemistry. The quintessential example is the
use of organometallic chemistry to develop Tc compounds
pioneered by Jones and Davison and driven to a new level
with the discovery of the {Tc(CO)3}+ core. With rapid
developments in microfluidic chemistry, high-content drug
screening, dendrimer sciences, and dedicated imaging camera
development, there are many opportunities to push the
boundaries of the field and overcome current issues.

5.6. Match the Isotope with the Appropriate
Targeting Vector

One mistake that groups made in the past was to become
attached to a particular medical isotope. Whether or not the
properties of the radionuclide matched the intended applica-
tion, attempts were made to develop a viable agent. The field
is shifting and researchers are now selecting the isotope and/
or chelate that best matches with the pharmacokinetics of
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the targeting vector while also considering the procedures
and schedules that are followed in clinical nuclear medicine
facilities. This trend must continue because the field of
radiometal chemistry needs to identify viable new probes to
meet the expectations of clinicians and patients.
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