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Abstract
Receptor-based radiopharmaceuticals are of great current interest in early molecular imaging and
radiotherapy of cancers, and provide a unique tool for target-specific delivery of radionuclides to the
diseased tissues. In general, a target-specific radiopharmaceutical can be divided into four parts:
targeting biomolecule (BM), pharmacokinetic modifying (PKM) linker, bifunctional coupling or
chelating agent (BFC), and radionuclide. The targeting biomolecule serves as a “carrier” for specific
delivery of the radionuclide. PKM linkers are used to modify radiotracer excretion kinetics. BFC is
needed for radiolabeling of biomolecules with a metallic radionuclide. Different radiometals have
significant difference in their coordination chemistry, and require BFCs with different donor atoms
and chelator frameworks. Since the radiometal chelate can have a significant impact on physical and
biological properties of the target-specific radiopharmaceutical, its excretion kinetics can be altered
by modifying the coordination environment with various chelators or coligand, if needed. This review
will focus on the design of BFCs and their coordination chemistry with technetium, copper, gallium,
indium, yttrium and lanthanide radiometals.
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1. Introduction
Radiopharmaceuticals are drugs containing a radionuclide, and are used routinely in nuclear
medicine for diagnosis or therapy of diseases [1–7]. Almost all radiopharmaceuticals are
administered via intravenous injection. They are mostly small organic or inorganic compounds
with definite composition. Radiopharmaceuticals can also be macromolecules such as
monoclonal antibodies and antibody fragments that are not stoichiometrically labeled with a
radionuclide. Depending on their medical applications, radiopharmaceuticals can be divided
into two primary classes: diagnostics and therapeutics. They can also be classified according
to their biodistribution characteristics: those whose biodistribution is determined exclusively
by their chemical and physical properties; and those whose ultimate distribution is determined
by their receptor binding capability or other biological interactions. The latter class is often
called target-specific radiopharmaceuticals.
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A diagnostic radiopharmaceutical is the molecule labeled with a gamma-emitting isotope for
single photon emission computed tomography (SPECT) or a positron-emitting isotope for
positron emission tomography (PET) [1–7]. In general, diagnostic radiopharmaceuticals are
used in very low concentrations (10−6 – 10−8 M), and are not intended to have any
pharmacological effects. The aim of the diagnostic application is the detailed description of
morphologic structure of organs or tissues and above all the testing of their physiological
function through accumulation of the radiopharmaceutical. Diagnostic radiopharmaceuticals
are predominantly metal complexes with an organic chelator for metal-essential agents or a
chelator-biomolecule conjugate for target-specific radiopharmaceuticals. In some cases, they
can be organic molecules attached with a non-metallic radionuclide, such as 18F and 125I.
Diagnostic radiopharmaceuticals provide a non-invasive method of assessing the disease or
disease states by SPECT or PET. They are also useful for monitoring the efficacy of a specific
therapeutic treatment [1–7].

Therapeutic radiopharmaceuticals are molecules designed to deliver therapeutic doses of
ionizing radiation to the diseased sites. The main obstacles for radiotherapy to assume a wider
role in clinical practice are the availability of therapeutic isotopes and techniques for their
specific localization in diseased tissues, such as tumors [8]. Therapeutic doses of radiation can
be delivered in three different ways: external beam irradiation, implantable “seeds” or systemic
administration. Brach therapy involves the use of “seeds”, which are physically placed at the
tumor site and will remain there unless they are surgically removed. Brach therapy plays a vital
role in the care of prostate cancer patients. It is only useful for treatment of accessible tumors.
Systemic administration of radiopharmaceuticals that are designed for target-specific delivery
of the therapeutic radionuclide at tumor sites provides opportunities for treatment of the
disseminated metastatic tumors [9]. Ideally, therapeutic radiopharmaceuticals should localize
in tumor site in sufficient concentration to deliver a cytotoxic radiation dose to tumor cells,
and at the same time clear rapidly from blood and non-cancerous organs to minimize radiation
damage to normal tissues.

A target-specific radiopharmaceutical is based on the receptor binding of a radiolabeled
receptor ligand in the diseased tissue [10–14]. In general, a target-specific radiopharmaceutical
can be divided into four parts: targeting biomolecule (BM), pharmacokinetic modifying (PKM)
linker, bifunctional coupling or chelating agent (BFC), and radionuclide. The targeting
biomolecule serves as a “carrier” for specific delivery of radionuclide to the diseased tissue,
which is known to contain a substantial concentration of the targeted receptor. The radiolabeled
receptor ligand binds to receptors with high affinity and specificity, which results in selective
uptake of the radiopharmaceutical. Many biomolecules, including monoclonal antibodies,
small peptides, or non-peptide receptor ligands, have been successfully used for target-specific
delivery of radionuclides. Table 1 lists selected commercial target-specific
radiopharmaceuticals approved by FDA (Food and Drug Administration) for diagnosis or
treatment of diseases, such as thrombosis and cancer. Figure 1 illustrates the structures of two
small peptide-based target-specific radiopharmaceuticals. The approval of 90Y-labeled anti-
CD20 monoclonal antibody (Zevalin®, IDEC Pharmaceuticals Corp.) represents the most
significant milestone in the use of radiolabeled MoAbs for radioimmunotherapy (RAIT) of
cancers [15–20]. Many excellent reviews have appeared recently covering a broad range of
topics related to target-specific diagnostic and therapeutic radiopharmaceuticals [5–15,21–
43].

Radionuclide is the radiation source. Selection of radionuclide is largely dependent on medical
application of the radiopharmaceutical. For diagnostic
radiopharmaceuticals, 99mTc, 111In, 62/64Cu and 67/68Ga, will be the choice of radionuclides
for SPECT or PET imaging. While 64Cu and 68Ga are particularly useful for PET, 99mTc is of
particular importance for SPECT imaging due to its optimal nuclear properties (6.02 h half-
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life with 140 keV gamma photons) and its easy availability at low cost. In contrast, β−emitters
(e.g. 90Y, 177Lu and 186/188Re) are useful for development of therapeutic
radiopharmaceuticals. 90Y is of particular interest since it is a pure β-emitter with a long
penetration range (~12 mm), which may yield a more homogeneous dose distribution even
when the radiotracer is heterogeneously distributed in the tumor.

An important aspect during the radiopharmaceutical development is to improve target-to-
background (T/B) ratios by modifying excretion kinetics of radiolabeled biomolecules with
various PKM linkers. Figure 2 shows several types of PKM linkers (cationic, anionic, neutral
or metabolically cleavable). The linker can be a simple hydrocarbon chain to increase
lipophilicity, a peptide sequence (such as polyaspartic acid) to improve hydrophilicity and renal
clearance, or a poly(ethyleneglycol) linker to slow extraction by hepatocytes. It has been
reported that linker groups have significant effect on biodistribution of 111In and 99mTc-labeled
antibodies [44–46]. Metabolizable linkers have been used for 111In-labeled somatostatin
analogs [47]. A tetrapeptide linker Gly-Gly-Gly-L-(p-NO2)-Phe-CONH2 that is cleaved
between Gly and Phe residues has been used to modify pharmacokinetics of 90Y-labeled
antibodies [48–51]. A sugar moiety was used to increase tumor/liver ratios of 125I and 18F-
labeled cyclic RGD (Arg-Gly-Glu) peptides [52–55]. The di(cysteic acid) linker was used to
minimize liver accumulation of the radiolabeled nonpeptide integrin αvβ3 antagonists [56–
59]. It has been reported that introduction of the polyethylene glycol (PEG) linker can improve
not only tumor uptake but also excretion kinetics of the 125I and 18F-labeled cyclic RGD
monomer [60], and 64Cu-labeled cyclic RGD dimer [61]. PEG4 and amino acid linkers have
also been used to improve excretion kinetics of 111In and 99mTc-labeled E[c(RGDfK)]2 [62,
63]. The ultimate goal of using PKM linkers is to modify the radiotracer excretion kinetics so
that its T/B ratios can be optimized by minimizing its uptake in non-tumor organs while
maintaining its high tumor uptake [5,6,12].

BFC is needed for radiolabeling of biomolecules with a metallic radionuclide. BFC is
covalently attached to the targeting molecule either directly or through a PKM linker, and
strongly coordinates to the radiometal. The choice of BFC is largely determined by the nature
and oxidation state of the radiometal. Different radiometals require BFCs with different donor
atoms and chelator frameworks. Therefore, it is important to understand the coordination
chemistry of BFCs with any given radiometal to be labeled. An ideal BFC is that which is able
to form a stable radiometal chelate with high thermodynamic stability and kinetic inertness.

Since many reviews have covered a broad range of topics related to the target-specific
radiopharmaceuticals [5,6,21–43,64–68], this critical review will focus on the fundamental
coordination chemistry of BFCs with technetium, copper, gallium, indium, yttrium and
lanthanide metals. Whenever possible, references from the last 10 years will be used. The
author would apologize to those whose work has not been presented in this review, and for the
omission of 18F-labeled and iodinated biomolecules as diagnostic and therapeutic radiotracers,
details of which can be found in recent review articles [15,16,20,21,69,70].

2. Radiometals for Diagnostic and Therapeutic Radiopharmaceuticals
2.1. Why Metallic Radionuclides?

Receptor-based radiopharmaceuticals provide a unique tool for target-specific delivery of
radionuclide. The overwhelming majority of diagnostic radiopharmaceuticals currently
available in nuclear medicine are either radiometal complexes or target-specific biomolecules
labeled with metallic radionuclides (Table 1), such as 99mTc and 111In. It should be noted that
the choice of radionuclide depends largely upon its nuclear properties (half-life, type of
radiation, energy, and presence or lack of other particulate radiation emissions) and potential
for wide clinical applications of the radiotracer. For example, 18F is an excellent PET isotope,
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and has been widely used for the development of target-specific PET radiotracers for research
purposes. However, the wide clinical applications of the 18F-based target-specific radiotracers
will be limited due to its short-half life (t1/2 = 110 min), difficulties in radiosynthesis and
chromatographic purification under GMP (Good Manufacturing Practice) conditions, and high
cost to maintain the radionuclide production infrastructure. In this respect, metallic
radionuclides, such as 68Ga and 64Cu, become viable alternatives to 18F in part because of their
availability, which makes it much more feasible to develop target-specific radiotracers with
wider clinical applications. 68Ga is readily available from the 68Ge-68Ga generator. 64Cu has
a much longer half-life (t1/2 = 12.7 h) and can be produce with very high specific activity. In
addition, the use of metallic radionuclides offers many opportunities for the design and
development of new target-specific radiotracers. Different radiometals have significant
difference in their coordination chemistry. Since the radiometal chelate can have a significant
impact on biological properties, the biodistribution of a target-specific radiopharmaceutical
can be systematically changed by either modifying the coordination environment around the
radiometal with a variety of chelators or by the use of various coligands if the radiometal chelate
contains two or more ligands.

2.2. Radiometals for SPECT
The diagnostic radionuclide is often a gamma-emitting isotope for SPECT or positron-emitter
for PET.Table 2 lists several metallic radionuclides useful for scintigraphy and SPECT
imaging. In general, generator-produced radiometals are ideal since the daughter radionuclide
that can be easily separated from the parent isotope by ion-exchange chromatography. For
SPECT imaging, 99mTc remains the most widely used isotope due to its optimal nuclear
property and easy availability at low cost. 111In is also useful for gamma and SPECT imaging,
and is often used as the imaging surrogate for 90Y analogs since 90Y is a pure β-emitter.

2.2.1. Technetium-99m—99mTc is produced from 99Mo, a fission product with a half-life
of 2.78 days. In a 99Mo-99mTc generator, 99MoO4

2− is absorbed to an alumina column
and 99mTc is formed by decay of 99Mo. 99mTcO4− is eluted from the column with saline.
The 99mTc produced by the generator is never carrier-free because thirteen percent of 99Mo
decays directly to the long-lived isotope 99Tc (t1/2 = 2.13 × 105 y). The specific activity (the
amount of radioactivity per unit mass of the radionuclide) of eluted 99mTc is dependent upon
prior-elution time (the time interval between elutions). The total technetium (99mTc and 99Tc)
concentration in the generator eluant is in the range of 10−7 – 10−6 M.

2.2.2. Gallium-67—Among several radionuclides of gallium, 67Ga is the most utilized due
to its ability to identify inflammation and soft tissue tumors. 67Ga is a cyclotron-produced
radionuclide by the 68Zn(p, 2n)-67Ga nuclear reaction, and has a half-life of 78 h. 67Ga decays
to 67Zn by electron capture with emission of several gamma photons of 93 keV (40%), 184
keV (20%), 300 keV (17%) and 393 keV (5%). 67Ga is separated from the target (68Zn) by
solvent extraction with isopropyl ether, and is then back extracted from ether to HCl, which is
then evaporated to dryness. Citric acid is often added to prevent hydrolysis of 67Ga(III). The
pH is adjusted to near neutral and finally the 67Ga-citrate solution is sterilized for clinical use
[64,68].

2.2.3. Indium-111—111In is a cyclotron-produced isotope by the 111Cd(p, n)-111In nuclear
reaction, and has a half-life of 67.9 h (2.83 days). 111In is separated from the cadmium using
solvent extraction, ion exchange, or both even though co-precipitation with ferric hydroxide
has also been used. 111In decays by electron capture with two γ-photon emissions at 173 and
247 keV (89% and 95% abundance, respectively), and has been widely used in gamma
scintigraphy.
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2.3. Radiometals for PET
Table 3 lists metallic radionuclides useful for PET imaging. In general, it is highly desirable
that the radionuclide has no radiation decays other than 511-keV gamma photons from positron
annihilation. This will minimize impairment of spatial resolution due to high β+ energy and
reduce radiation burden to the patient. A generator-based isotope would be ideal to achieve
high specific activity for target-specific radiopharmaceuticals so that their target uptake can
be maximized. It is also much easier for dose preparation, quality control, transportation and
delivery using a generator produced isotope. The half-life of parent isotope should be long
while the half-life of daughter isotope should be short. Radiolabeling should be readily
completed, preferably over 10 – 30 min. In addition, the cost for parent isotope production and
availability of the enriched source should also be considered.

2.3.1. Copper-62—62Cu is a generator-produced radionuclide from the decay of 62Zn. It has
a half-life of 9.7 min, which allows repeated dosing without imposing a significant radiation
burden to the patient [71–73]. The 62Zn-62Cu generator is made up of Dowex ion exchange
column. Carrier free 62Cu is eluted from the column with 2 N HCl. The 62Zn-62Cu generator
only lasts for 1 – 2 days due to the short half-life (9.3 h) of 62Zn. This makes PET imaging
with 62Cu-labeled biomolecules very expensive. However, the cost of 62Zn-62Cu generators
may be significantly reduced as their usage increases [71]. A commercially
available 62Zn-62Cu generator has been successfully used in Phase III clinical trials [74]. There
is significant interest in the 62Cu radiopharmaceuticals, such as 62Cu-PTSM, for heart and
tumor imaging by PET [71–78].

2.3.2. Copper-61 and Copper-64—61Cu has a relatively high β+ emission rate (61%) with
maximum β+ energy of 1.22 MeV and a half-life of 3.32 h. It also has two gamma rays with
Eγ = 283 (13%) and 380 keV (3%). Several nuclear reactions can be used for the production
of 61Cu. These include nuclear reactions [59Co(α, 2n)61Cu] (40 MeV), [natNi(α, p)61Cu] (21
MeV), and [61Ni(p, n)61Cu]. The latter methods are often free from 64Cu radio-impurity.
Although the nuclear properties are very attractive for PET imaging, 61Cu has not been used
to the same extent as 64Cu, which has a low β+ emission rate (18%) with maximum β+ energy
of 0.66 MeV and a half-life of 12.7 h. The longer half-life of 64Cu is much more feasible for
the radiolabeling of small biomolecules for the development of target-specific
radiopharmaceuticals. 64Cu can be produced by proton irradiation of natNi or enriched 68Zn.
Both methods suffer from low yield and co-production of 61Cu and 67Cu radioimpurities [71,
72]. The enriched 64Ni target has been used for production of 64Cu with very high specific
activity (>10,000 Ci/mmol). Using this method, Ci amounts of 64Cu can be produced on
demands. 64Cu has been successfully for radiolabeling of small biomolecules for imaging
tumors [61,79–86].

2.3.3. Gallium-68—68Ga is also a generator-produced isotope with a half-life of 68
min. 68Ga decays by positron emission and hence 511-keV annihilation radiation [64,66]. The
photon abundance is 178%. In general, the generator is made up of alumina loaded in a plastic
or glass column. Carrier free 68Ge in HCl is neutralized in EDTA solution and absorbed on the
column. 68Ga is eluted from the column with 0.05 M EDTA solution. Alternatively, 68Ge is
absorbed on a stannous dioxide column and 68Ga is eluted with 1 N HCl. This generator can
be eluted quite frequently since maximum yield is obtained in a few hours. Due to the long
half-life (271 days) of 68Ge, the 68Ge-68Ga generator can be used for 1 – 2 years, allowing
PET imaging at facilities without the on-site cyclotron. The half-life of 68Ga is long enough
to permit multiple-step radiotracer syntheses and data requisition over longer periods. Thus,
cameras with the highest sensitivity are not prerequisite for obtaining high quality images. With
properly designed radiotracers, 68Ga could become the radionuclide as useful for PET imaging
as 99mTc for planar and SPECT imaging. However, there is a lack of efficient production
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methods for 68Ge. As a result, 68Ga is often considered the most cost-prohibitive radionuclide
for PET imaging [71]. Right now, 68Ge-68Ga generators are available from several commercial
sources in Russia, Europe and the United States.

2.3.4. Technetium-94m—94mTc has a half-life of 52 min and β+ energy of 2.47 MeV (72%).
It can be obtained from a number methods, including 94Mo(p, n)/94mTc (13.5 – 11
MeV), natNb(3He, 2n)/94mTc (18 – 10 MeV), 92Mo(α, pn)/94mTc (26 – 18 MeV). To obtain
sufficient yield using small cyclotrons, the reaction 94Mo(p, n)/94mTc is preferred. Access to
this isotope makes it possible to use PET to estimate the uptake of 99mTc radiotracers. The
quantitative superiority of PET permits modeling of radiotracer kinetics and dosimetry
measurements. Commercially kits for 99mTc radiotracers (e.g.99mTc-Sestamibi and 99mTc-
Tetrofosmin) might be used to prepare 94mTc analogs. The use of dual isotopes 99mTc/94mTc
(SPECT/PET) may provide much better imaging quality. The integration of PET and SPECT
radiotracer would pave the way for better exploitation of current strengths of both imaging
modalities. However, the availability of 94mTc for clinical applications remains a significant
challenge.

2.3.5. Zirconium-89—89Zr has a half-life of 78.5 h with a β+ emission (897 keV, 23%) and
EC (77%). 89Zr is produced by cyclotron from the nuclear reaction [89Y(p, n)/89Zr], but the
separation of 89Zr is requires both solvent extraction and ion-exchange chromatography [64,
66]. A simplified production method using the [89Y(d, 2n)/89Zr] reaction requires only one-
step ion-exchange separation. Due to its long half-life, it is an attractive isotope for 89Zr-
labeling of biomolecules. Theoretically, all the BFCs, such as DTPA and DOTA derivatives,
for 111In and 90Y-labeling can be used for 89Zr-labeling of biomolecules.

2.4. Radiometals for Therapeutic Radiopharmaceuticals
Table 4 lists some selected isotopes useful for radiotherapy. Identifying an appropriate
radionuclide for radiotherapy often requires weighing various factors [5,6,9,12,68], including
tumor uptake and tumor retention, blood clearance, rate of radiation delivery, half-life and
specific activity of the radionuclide, and the feasibility of large-scale production of the
radionuclide in an economical fashion. The main objective for the receptor-based target-
specific radiotherapy is to deliver a tumorcidal radiation dose to tumor cells without causing
unmanageable side-effects. Other practical considerations in selecting a radionuclide for a
given targeting biomolecule in target-specific tumor radiotherapy are availability and quality.
The radiochemical purity has to be sufficient and reproducible, as trace amounts of impurities
(particularly the radionuclide impurities) can affect the radiolabeling and radiochemical purity
of the radiopharmaceutical. The receptor sites in tumors are typically limited in number. This
requires that the chosen radionuclide have high specific activity, which depends primarily on
the production method. Trace metal contaminants must be minimized as they often compete
with the radionuclide for the “cold” BFC-BM conjugate and their metal complexes may
compete for receptor binding with the radiolabeled BFC-BM conjugate. Among various
radionuclides, 90Y and radiolanthanides are of particular interest. There are several lanthanide
isotopes to choose: low energy β-emitter 177Lu, medium energy β-emitters, 153Sm, and high-
energy β-emitters, 166Ho and 90Y. Depending on the tumor size and location, the choice of the
β–;emitter may be different. For example, medium or low energy β–emitters such as 177Lu are
better for smaller metastases while high-energy β–emitters such as 90Y are used for larger
tumors. Chelation chemistry of 90Y and lanthanide radionuclides is well developed and
understood. In addition, β-emitters have relatively long penetration range (2 – 12 mm), which
is particularly important for solid tumors with high heterogeneity. The β-particle emitters yield
a homogeneous dose distribution due to the “cross-fire effect” even when they are
heterogeneously distributed in the tumor.

Liu Page 6

Adv Drug Deliv Rev. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.3.1. Yttrium-90—90Y is a generator-produced radionuclide, resulting from the decay
of 90Sr. It decays with the high energy β–particle (Emax = 2.28 MeV, 100% abundance) to
form 90Zr. 90Y has a half-life of 2.7 days, which is short enough to achieve a critical dose rate
and at the same time is long enough to allow the radiopharmaceutical to be manufactured,
transported and delivered for clinic use. The specific activity for 90Y is very high, and is well
suited for development of receptor-based therapeutic radiopharmaceuticals. For quantitative
imaging, the corresponding 111In-labeled BFC-BM conjugate is often used as a surrogate to
determine the biodistribution characteristics and radiation dosimetry of the 90Y-labeled BFC-
BM conjugate.

2.3.2. Samarium-153—153Sm has three β-emissions (30% 0.64 MeV, 50% 0.71 MeV, and
20% 0.81 MeV) and a γ-emission (28% 103 keV) with a half-life of 1.95 days. It can be
produced in large amount with high specific activity by neutron activation of enriched 152Sm
[65]. The short half-life of 153Sm allows for the delivery of fractionated dose regimes while
the 103-keV gamma ray is useful for biodistribution determination via gamma imaging.

2.3.3. Holmium-166—166Ho emits a beta particle with maximum energy of 1.85 MeV
(maximum penetration range ~9 mm) and a small portion of gamma rays (80.6 keV at 6.6%
and 1.38 MeV at 0.9%), which are useful for biodistribution determination of the therapeutic
radiopharmaceutical via gamma imaging. It has a half-life of 26.78 h. 166Ho is produced with
relatively high specific activity by neutron capture reaction [165Ho(n, γ)166Ho] [65].

2.3.4. Lutetium-177—177Lu is a reactor-produced radionuclide. It has three β-emissions
(12% 0.176 MeV, 9% 0.384 MeV, and 79% 0.497 MeV) and two γ-emissions (6.4% 113 keV
and 11% 208 keV) with a half-life of 6.75 days. One method for the production of 177Lu
involves irradiation of enriched 176Lu in a reactor. By this method, 177Lu can be prepared in
high yield and medium high specific activity at low cost. The specific activity of 177Lu from
University of Missouri Research Reactor is routinely more than 20 Ci/mg [65].

2.3.5. Rhenium-186—Rhenium has two isotopes (186Re and 188Re). 186Re has a half-life of
3.68 days with a β-emission (Emax = 1.07 MeV, 91% abundance) and a gamma-photon (E =
137 keV, 9% abundance) which should allow imaging during therapy. 186Re is a reactor-
produced radionuclide. There is only one possibility to produce 186Re by the irradiation
of 185Re with neutrons (185Re(n, γ)186Re). The yield of 186Re depends on the amount of Re in
the target, the energy of the neutrons available, and the neutron reflux. The specific activity is
from low to medium, but a carrier-free product is not possible.

2.3.6. Rhenium-188—188Re has a half-life of 16.98 h with a high-energy β-emission
(Emax = 2.12 MeV, 85% abundance) and 155 keV gamma photons (15% abundance). 188Re
can be prepared either from the nuclear reaction (187Re(n, γ)188Re) or from the 188W-188Re
generator. The generator-produced 188Re is carrier-free and has very high specific activity.
The major advantage of using 188Re is the inexpensive and readily available 188W-188Re
generator, which has a long useful shelf-life. The 155-keV gamma photons are useful for
biodistribution determination and radiation dosimetry calculation of the 188Re-labeled BFC-
BM conjugate.

2.3.7. Copper-67—Among several copper isotopes, 67Cu has the longest half-life (t1/2 = 62
h). 67Cu decays by three β-emissions (45% 0.40 MeV, 3% 0.48 MeV, and 20% 0.58 MeV),
and two γ-emissions with energies of 93 (17%), and 185 (48%) keV. The γ-emissions permit
imaging of the radionuclide distribution during therapy; but they may become problematic due
to extra radiation burden to normal organs if 67Cu is used in therapeutic
radiopharmaceuticals. 67Cu is produced by bombarding a natural Zn target with 200 MeV
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protons (68Zn(p, 2p)) in a accelerator. It is difficult to obtain very high specific activity using
this production method. More recently, the production of 67Cu on low and medium-energy
cyclotrons has been reported. Kastleiner et al predicted that up to 400 mCi of 67Cu can be
obtained at saturation using a small cyclotron (Ep = 17 – 18 MeV; 80 µA beam current [72].

3. BFCs for 99mTc and 186/188Re-Lableing of Biomolecules
3.1. Why 99mTc?

Nearly 80% of radiopharmaceuticals currently available in clinical nuclear medicine
are 99mTc compounds due to ideal nuclear properties of 99mTc. The 6 h half-life is long enough
to allow a radiopharmacist to carry out radiosynthesis and prepare the dose, and for nuclear
medicine practitioners to collect clinically useful images. At the same time, it is short enough
to permit administration of millicurie amounts of 99mTc radiopharmaceutical without causing
a significant radiation dose to the patient. The monochromatic 140 KeV photons are readily
collimated to give images of high spatial resolution. Furthermore, 99mTc is readily available
from the 99Mo-99mTc generators at low cost.

3.2. Diverse Redox Chemistry of Technetium
One of the characteristics of technetium is its diverse redox chemistry. Table 5 summarizes
various oxidation states of technetium. Since there is no effective chemistry that can be used
to attach 99mTcO4− to biomolecules, the Tc(VII) in 99mTcO4− has to be reduced to a lower
oxidation state. When 99mTcO4− is reduced, the oxidation state of Tc depends upon the reducing
agent, chelator, and reaction conditions. The rich and diverse redox chemistry makes it difficult
to control the oxidation state and solution stability of Tc chelates. At the same time, it also
provides opportunities to modify structures and properties of technetium complexes by the
choice of chelators with high affinity for a specific oxidation state of Tc. Technetium chemistry
has been reviewed recently [10,11,87].

3.3. Isomerism
Another aspect of technetium chemistry is isomerism, including geometric isomers, epimers,
enantiomers, and diastereomers [4,8,10,11,88]. Figure 3 shows selected examples of isomerism
in technetium chelates. Epimers are often found in square pyramidal or octahedral
oxotechnetium complexes containing chelating ligands with substituents on the ligand
backbone or a tertiary amine-N donor atom. Formation of epimers is due to the relative
orientation (anti and syn) of substituents to the [Tc=O]3+ core [10,88]. Enantiomers are often
found in Tc(V)-oxo complexes, such as [TcO(MAG3)]−, due to asymmetrical bonding of
chelator to the [Tc=O]3+ core even though the free chelator does not have a chiral center.
Enantiomers are also formed when the Tc chelate contains a pro-chiral chelator, such as tricine
in ternary ligand Tc complexes (Figure 3). Enantiomers are indistinguishable by NMR
methods; but they are separable under chiral chromatographic conditions (chiral solid phase
or chiral mobile phase) by HPLC. If a Tc complex contains two or more chiral centers,
diastereomers may be formed, and are often separated by reversed phase HPLC methods.
Isomers often have different lipophilicity and biodistribution patterns. This is particularly true
for small Tc complexes as their biological properties are determined by physical and chemical
properties of the Tc chelate. For example, [TcO(map)]− (map = 2,3-bis(mercaptoacetamido)
propanoate), has two epimers (anti and syn) due to the disposition of the COOH group on the
chelate ring relative to the Tc=O moiety. It was reported that in humans 58% of syn isomer
was excreted at 30 min as compared to only 19% of anti isomer [89]. For receptor-based target-
specific radiopharmaceuticals, the target uptake is largely dependent on receptor binding
affinity of the radiolabeled receptor ligand, receptor population and the blood clearance, which
is determined by physical properties of both the targeting biomolecule and Tc chelate.
Formation of isomers for the Tc chelate may have significant impact on biological properties
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of a target-specific radiopharmaceutical. Therefore, the choice of BFCs should be those which
form technetium complexes with minimal isomerism.

3.4. Challenges for 99mTc-Labeling of Biomolecules
99mTc radiopharmaceuticals are used in very low concentrations (10−8 to 10−6 M). Therefore,
the radiolabeling kinetics must be taken into consideration in the development of 99mTc
radiopharmaceuticals. 99mTc is obtained from the 99Mo-99mTc generator as 99mTcO4− in
saline. This requires that the radiolabeling be performed in aqueous solution. Due the short
half-life (t1/2 = 6.02 h) of 99mTc, radiosynthesis must be completed within 30 min. The
radiochemical purity (RCP) of the radiopharmaceutical must be greater than 90% since
injection of a mixture of different 99mTc-containing species will decrease organ specificity,
and needlessly increases the radiation burden to patient. Since all 99mTc radiopharmaceuticals
are administered by intravenous injection, radiosynthesis has to be conducted under sterile and
pyrogen free conditions. This requirement virtually eliminates any chromatographic
purification of the desired 99mTc radiopharmaceutical. Each of these constrains provides a
unique challenge for inorganic chemistry. Fortunately, most of these challenges have been
successfully met with the development of coordination chemistry of technetium and
new 99mTc-labeling techniques.

3.5. Requirements for Ideal BFCs
An ideal BFC is that which is able to form a stable 99mTc complex in high yield at very low
concentration of the BFC-BM conjugate. To achieve this goal, the BFC must selectively
stabilize an intermediate or lower oxidation state of Tc so that the 99mTc complex is not subject
to redox reactions. Oxidation state changes are often accompanied by transchelation of 99mTc
from a 99mTc-BFC-BM complex to the native chelating ligands in biological systems. The
BFC should form a 99mTc complex which has thermodynamic stability and kinetic inertness
with respect to dissociation or release of 99mTc. The BFC should form the 99mTc complex with
a minimum number of isomers since different isomeric forms of the 99mTc-chelate may result
in significantly different biological and pharmacokinetic characteristics of the 99mTc-BFC-BM
complex. Finally, the conjugation group should be easily attached to the targeting biomolecule.

3.6. Kit Formulation
Due to the 6 h half-life of 99mTc, a kit formulation is required for 99mTc radiopharmaceuticals.
The kit formulation is particularly important for consistency and reproducibility in the RCP
performance during 99mTc-labeling. In general, the kits are sterile, pyrogen free, and non-
radioactive mixtures, which are dried by lyophilization and stored under nitrogen in glass vials.
For target-specific 99mTc radiopharmaceuticals, a kit contains a BFC-BM conjugate and a
reducing agent, if necessary. Kit components are often dissolved in a buffer system, which is
used for pH control during the manufacturing and radiolabeling processes. Sometimes a
bulking agent is needed so that kit components can crystallize on the crystals of the bulking
agent. Other components (antioxidants, solubilizing agents, and weak transferring ligands) may
be needed to improve the yield and solution stability of the 99mTc radiopharmaceutical. In
many cases, 99mTc-labeling can be accomplished simply by adding 99mTcO4− to the kit. It
must be emphasized that all kit components be non-toxic and suitable for intravenous injection.
The amount of BFC-BM conjugate in the kit formulation has to be sufficiently high so that
high RCP can be achieved for the intended 99mTc radiopharmaceutical. However, a large
amount of the BFC-BM may result in receptor site saturation, blockage of the receptor binding
of the 99mTc radiotracer, as well as unwanted side effects. To avoid these problems, the BFC-
BM concentration in each kit has to be very low (e.g. 20 µg/mL or ~ 2 × 10−6 M for a BFC-
BM conjugate with molecular weight of 1000 Daltons). Otherwise, post-labeling purification
is needed to remove excess unlabeled BFC-BM conjugate, which is time consuming and not
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amenable for the kit formulation. Compared to the total Tc concentration (~5 × 10−7 M) in 100
mCi of 99mTcO4− (eluted with 24 h prior-elution time), 20 µg of the BFC-BM conjugate is not
in overwhelming excess. It should be noted that the amount of BFC-BM conjugate also depends
largely on receptor population, receptor ligand binding affinity and possible side effect caused
from the BFC-BM conjugate. A careful study is recommended to determine the optimum
amount of BFC-BM conjugate in the kit formulation.

3.7. Technetium Cores
Figure 4 shows some selected Tc cores, which have been used for 99mTc-labeling of
biomolecules, including antibodies, antibody fragments, small peptides, and nonpeptide
receptor ligands. Since Tc chemistry and Tc cores have been reviewed in detail recently [3,4,
8,10,11,87], we will focus on the bifunctional coupling systems and their related coordination
chemistry with the [Tc=O]3+, [Tc≡N]2+, [Tc(CO)3]+ and [Tc]HYNIC cores.

3.7.1. [Tc=O]3+ Core—The [Tc=O]3+ core is very stable in the presence of a good chelator
in aqueous solution. It is the most frequently used technetium core for 99mTc-labeling of
biomolecules (Table 4). The [Tc=O]3+ core forms square pyramidal Tc(V)-oxo complexes
with tetradentate chelators, such as N2S2 diamidedithiols (Figure 5: DADS), N3S
triamidethiols, N2S2 monoamidemonoaminedithiols (Figure 5: MAMA), and N2S2
diaminedithiols (Figure 6: DADT). N2S2 DADS chelators contain two amide-N and two
thiolate-S donors, and form stable anionic oxotechnetium complexes with the [Tc=O]3+ core
[89–91]. Like N2S2 DADS, N3S triamidethiols also form very stable anionic Tc(V)-oxo
complexes [91–93]. Fritzberg and coworkers first reported the use of 4,5-bis(thioacetamido)
pentanoate (mapt) as the BFC in labeling antibodies and their fragments with 99mTc by the
preformed chelate approach [94–96]. Other N2S2 DADS and N3S triamidethiols have also been
used for 99mTc-labeling of small RGD peptides [97–99]. N2S2 DADT chelators (Figure 5)
represent another class of BFCs that bind the [Tc=O]3+ core strongly to form stable Tc(V)
complexes. They can be tribasic utilizing two thiolate-S atoms, one deprotonated amine-N and
one neutral amine-N to form neutral Tc(V)-oxo complexes, or dibasic using two thiolate-S and
two amine-N donor atoms to form cationic Tc(V)-oxo complexes [100–108]. N2S2 MAMA
chelators (Figure 5) contain a amine-N, an amide-N and two thiolate-S donors, and bind to the
[Tc=O]3+ core to form neutral complexes, [99mTcO(MAMA)] [109]. The N2S2 MAMA-type
BFCs have been used for 99mTc-labeling of progesterone receptor ligands [110–112], platelet
glycoprotein IIb/IIIa receptor antagonists [97,98], and dopamine transporters [113]. Small
peptides, such as Gly-Ala-Gly-Gly and Gly-Ser-Cys (Figure 6) have also been proposed as
BFCs for 99mTc-labeling of biomolecules [114,115]. The attachment of the tripeptide chelating
sequences can be easily incorporated into solid-phase peptide synthesis. These tripeptide
sequences form stable technetium complexes with the [Tc=O]3+ core. As a matter of fact, the
tripeptide sequence with N3S donor atoms has been used to bind the [Tc=O]3+ core in 99mTc-
P280, a FDA-approved thrombosis imaging agent [116–119].

3.7.2. [Tc≡N]2+ Core—The [Tc≡N]2+ core is isoelectronic with [Tc=O]3+. The nitrido ligand
is a powerful π-electron donor and shows a high capacity to stabilize the Tc(V) oxidation state.
The [Tc≡N]2+ core forms Tc(V)-nitrido complexes with various chelators [120–126]. The
[99mTc≡N]2+ core has been used for 99mTc-labeling of small peptides and benzodiazepine
receptor ligands [127–129]. The PXP bisphosphine ligands (Figure 7) are used as coligands to
stabilize the [99mTc≡N]2+ core, and the BFCs containing thiolate-S, amine-N or carboxylate-
O donors are attached to the peptide or benzodiazepine receptor ligands. It has been
demonstrated that the [99mTcN(PXP)]2+ fragment reacts with the cysteine to form
asymmetrical 99mTc-nitrido complexes in very high specific activity [127].
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3.7.3. [99mTc(CO)3]+ Core—Alberto et al first reported synthesis of Tc(I) and Re(I)
complexes [M(H2O)3(CO)3]+ (M = 99mTc and 188Re) by direct reduction of [99mTc]
pertechnetate or [188Re]perrhenate with sodium borohydride in aqueous solution [130–132].
The yield of the 99mTc or 188Re complex was > 95%. In [99mTc(H2O)3(CO)3]+, all three water
molecules are labile with respect to substitution [133–138]. A variety of BFCs can be used for
the 99mTc-labeling of biomolecules [139–148]. Figure 8 shows examples of bidentate and
tridentate chelators containing imidazoles, pyridines, pyrazoles, amides, amines, carboxylic
acids or combination thereof. Since it is a natural amino acid, histidine is of particular interest
as the BFC for 99mTc-labeling of monoclonal antibodies and small peptides [144,146]. The
diverse coordination chemistry of the [99mTc(CO)3]+ core offers a tremendous opportunity for
development of new BFCs. However, monodentate and bidentate chelators often form 99mTc
(I)-tricarbonyl complexes with low solution stability, which results in high protein binding and
high background activity in the blood stream. In contrast, tridentate chelators form 99mTc(I)-
tricarbonyl complexes with high stability and rapid clearance from blood and other major
organs. Alberto and coworkers reviewed organometallic radiopharmaceuticals recently [149,
150].

3.7.4. [Tc]HYNIC Core—Abrams et al first reported the use of 6-hydrazinonicotinamide
(Figure 9: HYNIC) for 99mTc-labeling of polyclonal IgG [151,152]. Since then, HYNIC has
been used for 99mTc-labeling of antibody fragments [153], chemotactic peptides [154–157],
somatostatin analogs [158–163], liposomes [164], and antisense oligonucleotides [165,166].
Since HYNIC can only occupy one or two coordination sites, a coligand, such as tricine, is
often needed to complete the coordination sphere of technetium. The advantage of using
HYNIC as the BFC is its high 99mTc-labeling efficiency and the choice of coligands such as
tricine and glucoheptonate, which allows easy modification of hydrophilicity and
pharmacokinetics of the 99mTc-labeled biomolecules. However, the use of tricine as coligand
suffers two major drawbacks: (1) solution instability of [99mTc(HYNIC-BM)(tricine)2] (Figure
9), and (2) presence of multiple species in solution due to different bonding modalities of
HYNIC and coligands [167,168]. To overcome these problems, Liu et al developed several
versatile ternary ligand systems (HYNIC, tricine and water-soluble phosphine or pyridine
analogs) that form ternary ligand technetium complexes [99mTc(HYNIC-BM)(tricine)
(phosphine)] (Figure 9) in high yield and high specific activity [168–171]. These ternary
ligand 99mTc complexes have very high solution stability, and often show two peaks in their
radio-HPLC chromatograms if the biomolecule contains one or more chiral centers. The
presence of two peaks is due to the resolution of two diasteromers resulting from chiral centers
on the peptide backbone and the chiral Tc chelate [168–171]. The 1:1:1:1 composition for
Tc:HYNIC:L:tricine was determined through a series of mixed ligand experiments [169,170],
and has been confirmed by FAB-MS and LC-MS at both 99mTc and 99Tc levels [171,172].
Many coligands (Figure 9) have been used for 99mTc-labeling of small biomolecules, such as
chemotactic peptides [168] and LTB4 receptor antagonists [173,174] for imaging infection/
inflammation, cyclic RGD peptides for imaging integrin αvβ3-positive tumors [175–179], and
a GPIIb/IIIa receptor antagonist for diagnosis of thrombi [169,170,180,181].

3.8. Radiolabeling Approaches
The choice of 99mTc-labeling approaches depends on biomolecules (antibody versus small
biomolecules) and the purpose of study (proof of concept versus product development). In the
last three decades, a large number of techniques have been developed for 99mTc-labeling of
biomolecules, including monoclonal antibodies, small peptides and non-peptide receptor
ligands. They are often classified into three main categories: direct labeling approach, pre-
labeling (or preformed chelate) approach, and post-labeling approach.
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3.8.1. Direct Labeling—The direct labeling approach (Chart I) usually uses a reducing agent
such as SnCl2 to convert the disulfide linkages into free thiols, which bind strongly to the Tc.
This approach is that it is easy to carry out [182–186]; but it applies only to antibodies or
antibody fragments because many small biomolecules do not have any disulfide bonds, or in
many cases the disulfide bond is too critical for maintaining their biological properties to be
reduced. There are several critical questions to be answered for this approach. These include:
oxidation state of technetium, number of 99mTc bonded to biomolecule, number of 99mTc-
species in the radiolabeled kit, and impact of 99mTc-labeling on biological activity of the
targeting biomolecule? In addition, there is little control over solution stability of the 99mTc
radiotracer.

3.8.2. Pre-Labeling Approach—The pre-labeling or “pre-formed chelate” approach (Chart
II) involves formation of the 99mTc-BFC chelate, and conjugation of the 99mTc-BFC chelate
to a biomolecule in a separate step. This approach has been successfully used in labeling
antibodies and their fragments with 99mTc [94–96]. In this approach, the chemistry is better
defined, and the targeting biomolecule is not exposed to sometimes harsh conditions in the
chelation step. For research purposes, this approach is very useful to demonstrate the proof of
concept in a short period of time before making extensive efforts in preparing the BFC-BM
conjugate. However, the multiple-step radiosynthesis is too complex and time consuming for
routine clinical use, and makes it very difficult to develop a kit formulation.

3.8.3. Post-Labeling Approach—In the post-labeling, or indirect labeling, approach
(Chart III), a BFC is first attached to the biomolecule to form BFC-BM conjugate. Once the
BFC-BM conjugate is prepared, radiolabeling can be accomplished by direct reduction
of 99mTcO4− in the presence of a sufficient amount of the BFC-BM conjugate or by ligand
exchange with an intermediate 99mTc complex, such as [99mTc]glucoheptonate. This approach
combines the ease of direct labeling with well-defined chemistry of the preformed chelate
approach. This is the most practical approach for kit formulation and for development of
commercial products.

3.9. 99mTc-Labeling Efficiency
99mTc-labeling efficiency is a term used to describe the ability of a BFC to achieve a high
radiolabeling yield (> 90%) of its 99mTc complex. High radiolabeling efficiency is required
for BFC in target-specific radiopharmaceuticals. However, there is little experimental data to
compare the 99mTc-labeling efficiency of various BFCs. In general, there are several factors
influencing 99mTc-labeling efficiency of a BFC. These include identity of donor atoms, BFC
concentration, reaction temperature and time, and pH value in the mixture [187]. If BFC
concentration is fixed, the conditions for 99mTc-labeling depend largely upon the nature of
donor atoms. For example, high pH and heating at 100 °C for 30 min is required for
successful 99mTc-labeling of N3S triamidethiols and N2S2 DADS at low concentrations
(10−5 – 10−6 M) while N2S2 MAMA chelators are well labeled under milder conditions. For
the N2S2 DADT chelators, the ligand exchange with [99mTc]glucoheptonate can be completed
within 60 min at room temperature [187]. In general, HYNIC and N2S2 DADT chelators are
better BFCs for small biomolecules with high receptor binding affinity mainly due to their
high 99mTc-labeling efficiency. In some cases, N3S triamidethiol, N2S2 DADS, or N2S2
MAMA can also be used as BFCs if the use of a large amount (> 100 µg/mL) of BFC-BM
conjugate does not cause unwanted side effects. For example, there is 100 µg of bibapcitide
(P280) in each lyophilized AcuTect™ vial. This allows the use of less than 50 mCi of [99mTc]
pertechnetate for radiolabeling [116–119].
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3.10. 99mTc-Labeling of BFC-BM Conjugates
Once it is decided to use the indirect labeling approach, the next question will be how to
synthesize the 99mTc-BFC-BM radiotracer. In general, there are three different approaches for
successful preparation of the 99mTc-BFC-BM. These include direct reduction, ligand
exchange, and reduction-exchange. The choice of synthetic route is largely dependent on both
BFC and targeting biomolecule.

3.10.1. Direct Reduction—Using the reduction route, 99mTcO4− is reduced in one step in
presence of a BFC-BM conjugate [10,11,188]. The conditions employed in these preparations
are dictated by short half-life of 99mTc, low concentration of 99mTcO4−, and chemical stability
of the BFC-BM conjugate. The reaction generally produces a mixture of reduced 99mTc-
species, and in many cases the chemical form and oxidation state in these 99mTc-containing
species are not known. However, the 99mTc-BFC-BM complex can be prepared as a single
predominant product by the choice of reducing agent and BFC under well-controlled
conditions. Many reducing agents can be used to reduce 99mTcO4− during radiolabeling. These
include stannous chloride, borohydride, dithionate, dithionite, hypophosphoric acid,
hydroxamine, formamidine sulfinic acid, and water soluble phosphines. While most of these
reductants can be used for synthesis of simple Tc complex radiopharmaceuticals, only a few
of them have been used in commercial kits for routine preparation of target specific
radiopharmaceuticals.

Sn(II) is the most commonly used reducing agent in commercial kits for the rapid preparation
of 99mTc radiopharmaceuticals due to its fast reduction kinetics. However, the use of Sn(II)
often leads to several problems. For example, during the synthesis of a 99mTc
radiopharmaceutical, initial reduction of 99mTcO4− leads to rapid formation of the Tc(VI)
intermediate 99mTcO42−, which is unstable with respect to disproportionation. The reduction
of 99mTcO4− can lead to the formation of Tc(IV), which undergoes rapid hydrolysis in aqueous
solution to form 99mTcO2. Sn(IV) also undergoes rapid hydrolysis to form insoluble SnO2.
The formation of colloids (99mTcO2/SnO2) compromises the radiolabeling yield of the
radiotracer. Therefore, a weak chelating agent such as glucoheptonate (GH) is often used to
stabilize Sn(II) and Tc in its intermediate oxidation state.

3.10.2. Ligand Exchange—The second route for successful 99mTc-labeling of a BFC-BM
conjugate is the two-step ligand exchange synthesis. This route involves reduction
of 99mTcO4− by a reducing agent in the presence of a chelating agent such as glucoheptonate
to form the [99mTcO(GH)2]n− intermediate, which is then allowed to react with the BFC-BM
conjugate under milder conditions to give the 99mTc-BFC-BM complex. This route is often
used for the 99mTc-labeling of biomolecules that are sensitive to harsh reaction conditions (e.g
high pH and heating at elevated temperatures). [99mTcO(GH)2]n− has been used for 99mTc-
labeling of small peptides [97–99,116–119]. [99mTcO(L)2]n− (L = tricine, mannitol, and
glucamine) have also been used for 99mTc-labeling of HYNIC-conjugated biomolecules, such
as small peptides [151–172]. Unlike tetradentate thiol-containing chelators, which replace
glucoheptonate ligands in [99mTcO(GH)2]n−, HYNIC reacts with the [Tc=O]3+ core [151–
157]. The exchange ligand is the oxo-O atom while Tc(V) is reduced to Tc(III) when HYNIC
binds to the Tc [10,11,32,33]. Tricine or glucoheptonate serves two purposes: as a ligand to
stabilize the reduced 99mTc in its Tc(V) oxidation state, and as a coligand to stabilize the
[99mTc]HYNIC core.

3.10.3. Reduction-Substitution—The reduction/substitution route involves the use of a
reducing chelator, such as bidentate 1,2-bis[bis(2-ethyoxyethyl)phosphino]ethane [189,190],
or a monodentate ligand, such as triphenylphosphine-3,3’3”-trisulfonate (TPPTS) [167–169].
The reducing ligand/chelator serve for two purposes: reducing 99mTcO4− to a lower oxidation
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state and acting as ligand/chelator in bonding to the Tc. Examples of this type of reducing
chelator or ligands include 1,2-bis[bis(2-ethyoxyethyl)phosphino]ethane in 99mTc-
Tetrofosmin [189,190], and TPPTS in complexes [99mTc(HYNIC-BM)(tricine)(TPPTS)]
[167–169]. If TPPTS is replaced by an imine-N containing heterocycle, SnCl2 has to be used
to reduce 99mTcO4− [170]. TPPTS has also been used as a reducing agent for preparation of
Tc-nitrido complexes [99mTcN(dithiocarbamate)2] [121,122].

3.11. BFCs for 186/188Re-Labeling of Biomolecules
Rhenium is the group II congener of technetium. The coordination chemistry of rhenium is
very similar (not identical) to that of technetium due to their periodic relationship. As a
consequence, the BFCs developed for the 99mTc-labeling can be used for the 186/188Re-labeling
of biomolecules [191–193]. As a matter of fact, many therapeutic rhenium
radiopharmaceuticals have been developed on the basis of 99mTc imaging agents. Despite of
their similarities, there are also significant differences in 99mTc and 186/188Re. For example, a
stronger reducing agent is needed to reduce Re(VII) in 186/187ReO4

− to a lower oxidation state
due to slow reduction rate. The ternary ligand system (Figure 10: HYNIC-BM, tricine and
TPPTS) works well for the 99mTc-labeling of small biomolecules [167–181]; but it has very
limited success for the 186/188Re-labeling of the same biomolecules due to slow redox
chemistry of rhenium. To avoid this problem, the preformed chelate approach is often the
choice for successful 186/188Re-labeling of antibodies and their fragments [194–196]. A
peptide-based BFC has also been successfully used for 186Re-labeling of monoclonal
antibodies [197]. The chemistry of rhenium in nuclear medicine has been reviewed by Blower,
Griffiths and their coworkers [192,193].

4. BFCs for Radiolabeling of Biomolecules with Gallium and Indium
Radionuclides

Current interest in the coordination chemistry of gallium stems, at least in large part, from
potential applications of 68Ga-labeled biomolecules as PET imaging agents. 111In is a gamma
emitter with the γ-photon energy of 173 (89%) and 247 keV (95%) and is widely used (second
only to 99mTc) in gamma scintigraphy. The coordination chemistry and radiochemistry related
to gallium and indium radionuclides have been reviewed recently [6,7,13].

4.1. Gallium and Indium Chemistry
Both gallium and indium are group IIIB metals. The most prevalent oxidation state of gallium
and indium in aqueous solution is +3. Due to their high charge density, Ga(III) and In(III)
prefer hard donors, such as amine-N and carboxylate-O atoms. Because of the small size, Ga
(III) is often six-coordinated [198–203]. Both Ga(III) and In(III) are similar to Fe(III) with
respect to their coordination chemistry and biological properties. Since they are highly charged
cations, hydrolysis of Ga(III) and In(III) at pH >4 remains a significant challenge during
radiolabeling. Another challenge is the ligand exchange with transferrin after 68Ga and 111In
radiopharmaceuticals are injected into biological system. It is no surprising that the BFCs for
target-specific 68Ga and 111In radiopharmaceuticals are dominated by polydentate chelators
(Figure 10) with hard donors, such as amine-N and carboxylate-N atoms. Among these
macrocyclic and acyclic BFCs, NODASA (1,4,7- triazacyclononane-N-succinic acid-N’,N”-
diacetic acid) and NODAGA (1,4,7- triazacyclononane-N-glutamic acid-N’,N”-diacetic acid)
are particularly useful for chelation of 68Ga due to the perfect fit between the size of Ga(III)
and coordination cavity formed by the N3O3 donor atoms [201–205]. The coordination cavity
of DOTA (1,4,7,10- tetraazacyclododecane-1,4,7,10-tetraacetic acid) is too big for Ga(III), and
only six (N4O2) out of N4O4 donors are used in bonding to Ga(III) [206]. As a result, the
thermodynamic stability constant of Ga(NOTA) (log K = 30.98; NOTA = 1,4,7-
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triazacyclononane-1,4,7-triacetic acid) is much higher than that of Ga(DOTA) (log K = 21.33)
[207].

4.2. Differences between Gallium and Indium
Despite their similarities, Ga(III) and In(III) are different in their size and charge density. This
difference is often reflected by their different coordination chemistry with DTPA
(diethylenetriaminepentaacetic acid) and DOTA derivatives. For example, Ga(III) has an ionic
radius of 0.65 Å [208]. The coordination number of Ga(III) is 6 in its complexes, such as [Ga
(Brbad)]ClO4·DMSO (H2Brbad = 1,10-bis(2-hydroxy-5-bromobenzyl)-1,4,7,10-tetra-
azadecane) [209], Ga(DOTA-D-Phe-NH2) (DOTA-D-PheNH2 = 1,4,7,10-
tetraazacyclododecane-4,7,10-tricarboxymethyl-1-yl-acetyl-D-Phe-NH2) [206], Ga
(NODASA) [204], Ga(HDOTA) [210], and Ga(DO3A-xy-TPP)+ (DO3A-xy-TPP = triphenyl
(4-((4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecan-1-yl)methyl)benzyl)
phosphonium) [211]. In(III) has an ionic radius of 0.92 Å [208], and is either seven-coordinated
in its complexes, such as In(DO3A-xy-TPP)+ [211] and In(DO3A) (DO3A = 1,4,7,10-
tetraazacyclododecane-1,4,7-triacetate) [212], or 8-coordinated in In(DTPA)2− [213], In
(DOTA-D-Phe-NH2) [208], In(DOTA-AA) (DOTA-AA = 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid mono(p-aminoanilide)) [214], and In(DTPA-
BA2) (BA = benzylamine) [215]. The structural difference has been attributed to the higher
tumor uptake of 67Ga-DOTATOC than that of 111In-DOTATOC, and much lower kidney
uptake of 67Ga-DOTATOC than that of 111In-DOTATOC [206].

4.3. BFCs for 68Ga and 111In-Labeling of Biomolecules
DTPA, DOTA and NOTA derivatives (Figure 10) are often used for the 68Ga and 111In-labeling
of small biomolecules [204, 205, 216–222]. Among different BFCs, NODASA and NODAGA
are particularly useful for 68Ga-labeling due to the high hydrophilicity and stability of
their 68Ga chelates, and their higher 68Ga-labeling efficiency than that of the corresponding
DOTA analogs [204, 217]. The fast and efficient radiolabeling is especially critical for
the 68Ga-labeled small biomolecules due to its short half-life (t1/2 = 68 min). It is important to
note that free 68Ga and 111In tend to localize in liver and lungs due to their strong binding
capability to transferrin while 90Y and lanthanide isotopes are readily deposited on the bone
[223].

5. BFCs for Radiolabeling of Biomolecules with Copper Radionuclides
5.1. Why Copper Radionuclides?

Copper has several radionuclides, such as 60Cu, 61Cu, 62Cu, 64Cu and 67Cu. The rich
coordination chemistry of copper in combination with diverse nuclear properties of its
radionuclides offers many opportunities for development of diagnostic (60Cu, 61Cu, 62Cu
and 64Cu) and therapeutic (64Cu and 67Cu) radiotracers. The coordination chemistry of Cu(II)
with various acyclic and macrocyclic chelators is well understood. In addition, the availability
of 62Zn-62Cu generators and 64Cu with high specific activity makes it more feasible to develop
target-specific radiopharmaceuticals with copper radionuclide. Copper radionuclide
production, coordination chemistry, radiochemistry, and nuclear medicine applications have
been reviewed exhaustively [6,7,13,72,224–228].

5.2. Copper Chemistry
Copper is a first-row transition metal. Its chemistry in aqueous solution is restricted to two
oxidation states: Cu(I) and Cu(II). Cu(I) has the d10 configuration. Its complexes remain stable
in aqueous solution only when chelators contain soft donors, such as phosphine-P and thioether-
S. The coordination geometry for Cu(I) complexes are almost always tetrahedron. Cu(II) has
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the d9 configuration. The coordination number is 4, 5 or 6 depending on denticity of the
chelator. The 4-coordinated Cu(II) complexes are normally square-planar while the square-
pyramid coordination geometry is often seen in 5-coordinated Cu(II) complexes. In six-
coordinated Cu(II) complexes, the two apical donor atoms are weakly bonded to the Cu(II) in
a distorted octahedral arrangement, due to John-Teller distortion. Because of the d9

configuration, Cu(II) complexes are often kinetically labile with respect to ligand dissociation.
Therefore, the design of BFCs (Figure 11) for copper radionuclides has been focused on
macrocyclic chelators that are able to form Cu(II) complexes with both high thermodynamic
stability and kinetic inertness [224–228]. BFCs for radiolabeling of biomolecules with copper
radionuclide have been reviewed recently [225].

5.3. BFCs for Copper Radionuclides
Meares and coworkers reported the first use macrocyclic chelators, such as cyclam and cyclen
(Figure 11), for 67Cu-labeling of monoclonal antibodies [229]. Since then, many DOTA and
TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid) derivatives have been
successfully used for the 64/67Cu-labeling of biomolecules [79–86, 230–237], including
antibodies and small peptides. The 64/67Cu-labeled antibody conjugates often have high liver
uptake and long liver retention, which was attributed to the transfer of 64/67Cu from
the 64/67Cu-TETA chelate to ceruloplasim and/or superoxide dismutase in the liver [238 The
cross-bridged cyclam derivatives (Figure 11) are developed to improve the stability of
their 64/67Cu chelates. The 64Cu-labeling requires extensive incubation time at >75 °C to
complete chelation of 64Cu [239, 240]. For small molecules, heating at elevated temperatures
will not be a significant challenge as long as it can improve the radiolabeling efficiency. CB-
TE2A (Figure 11: CB-TE2A = 2,2′-(1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diyl)
diacetic acid) has also been used for 64Cu-labeling of bombesin peptides [241, 242]. It was
found that the 64Cu-labeled CB-TE2A-bombesin conjugates have better in vivo stability than
their DOTA analogs. SarAr (Figure 11: SarAr = N1-(4-aminobenzyl)-3,6,10,13,16,19-
hexaazabicyclo[6.6.6]icosane-1,8-diamine) is a relatively new BFC, and has been conjugated
to the whole and fragmented B72.3 murine antibody [225, 245]. It was claimed that the resultant
immunoconjugate was radiolabeled quantitatively using slight molar excess (<10%) of 64Cu.
The 64Cu-labeling was reported to be significantly faster than other macrocyclic BFCs under
the same reaction conditions [245]. It must be noted that such a high 64Cu-labeling efficiency
is truly remarkable, and is extremely intriguing. However, small biomolecules should be used
to demonstrate if 64Cu is indeed attached to the SarAr BFC or simply bonded to amino acid
resides (histidine and cysteine) of the whole or fragmented B72.3 murine antibody. Recently,
Prasanphanich and coworkers reported the use of 64Cu-labeled NOTA and DOTA-bombesin
conjugates for imaging gastrin-releasing peptide receptor-positive tumors [246]. It has been
clearly demonstrated that the NOTA chelator has high 64Cu-labeling efficiency, and its 64Cu
chelate has very high solution stability. Results from both biodistribution and microPET
imaging studies indicate that the 64Cu-labeled NOTA-bombesin conjugates have very little or
no in vivo dissociation of 64Cu from the radiotracer [246].

6. BFCs for Radiolabeling of Biomolecules of Yttrium and Lanthanide
Radionuclides
6.1. Requirements for Therapeutic Radiopharmaceuticals

While diagnostic radiotracers rely on high T/B ratios in a short period of time, the success of
tumor radiotherapy depends on high concentration of radionuclide in tumor for a long duration
[3–7,12,15,16]. Thus, an ideal therapeutic radiopharmaceutical must have the following
characteristics: high tumor uptake, high tumor-to-background ratio, long tumor residence time,
and fast clearance. High tumor uptake and fast renal clearance are important to improve the T/
B ratio and to reduce radiation burden to normal organs, such as kidneys and bone marrow.
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The radiopharmaceutical must have high RCP ≥ 90% and high solution stability. Since the
radiopharmaceutical is manufactured in a centralized facility, it must retain its chemical and
biological integrity during storage and transportation. This requires that the BFC form a metal
chelate with high thermodynamic stability and kinetic inertness. Once again, the coordination
chemistry of BFCs plays a significant role in the development of therapeutic
radiopharmaceuticals [4,6,12].

6.2. Fundamentals of Yttrium and Lanthanide Chemistry
Yttrium and lanthanide metals favor the +3 oxidation state. Due to their similar charge, ionic
radii (Figure 12) and coordination chemistry, yttrium is often treated as a “pseudo-lanthanide”
metal. Since the 4f electrons are inner electrons, shielded from external influences by overlying
5s2, 5p6 and 6s2- electron shells, and are normally not involved in the bonding, interactions
between “hard”-donor atoms, such as amine-N and carboxylate-O, and lanthanide metal ions
are predominately ionic. Free Y(III) and Ln(III) ions are coordinated by a number of water
molecules in aqueous solution. The metal chelate formation involves replacement of water
molecules by a polydentate chelator. Due to their large size, coordination numbers of Y(III)
and Ln(III) ions are typically between 7 and 10. While few six coordinate species are known,
coordination numbers of 8 and 9 are very common in Y(III) and Ln(III) complexes with
polydentate chelators [247, 248].

6.2.1. Hydrolysis and Precipitation—One of the characteristics of Y(III) and Ln(III)
cations in aqueous solution is their easy precipitation with commonly occurring anions like
hydroxide, phosphate or carbonate. Both phosphate and carbonate are able to compete for Y
(III) and Ln(III) with the BFC-BM conjugate. The effect of metal hydroxide formation may
not play a significant role in the release of radionuclide from radiometal chelate, mainly due
to the presence of more phosphate and carbonate anions in the blood circulation. The high
affinity of Y(III) and Ln(III) for phosphate anions may also explain their affinity for the bone.

6.2.2. Thermodynamic Stability—Once the radiopharmaceutical is injected into the blood
stream, its concentration may become so low that dissociation of the radiometal from its metal
chelate will eventually become favored. Loss of radiometal may result in accumulation of
radioactivity in non-target organs. It has been reported that 90Y and lanthanide isotopes are
readily deposited on the bone [223]. If free 90Y is injected in a human subject, about 50% of
the injected dose will localize in the bone, 25% of the injected dose will go to liver, 10% of
the injected dose is evenly distributed in many other organs while only 15% of the injected
dose is excreted via renal system. Thus, the BFC must form a metal chelate with high
thermodynamic stability to retain its chemical integrity in competition with natural chelators,
such as tranferrin. However, high thermodynamic stability is not the sole requirement because
it only reflects the direction, not the rate, of the dissociation reaction. As a matter of fact, the
solution stability of a radiopharmaceutical in the blood is predominantly determined by the
kinetic inertness, not thermodynamic stability, of the metal chelate.

6.2.3. Kinetic Inertness—The term kinetic inertness refers to the rate of dissociation of the
radionuclide from a metal chelate. Dissociation kinetics plays a significant role for the in
vivo stability of radiopharmaceuticals. While fast dissociation kinetics are characteristic of
metal complexes of acyclic BFCs [249–259], an accumulated body of literature has shown that
metal complexes of macrocyclic chelators are much more kinetically inert [260–267]. This has
been demonstrated by the high solution stability of 90Y-labeled DOTA-BM conjugates even
though the stability constant of Y(DOTA)− is comparable to that of Y(DTPA)2− [247,248]. If
DOTA is the BFC, acid-catalyzed dissociation of radionuclide from its metal chelate should
be minimal in blood circulation. Recently, McMurry and coworkers studied 88Y-labeled
antibodies with acyclic BFCs, and found that acid-catalyzed dissociation is not the dominant
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pathway for in vivo release of 88Y [257]. There are many receptors in the bone marrow or on
the bone surface for radiotracers to bind. Some small radiometal chelates of
polyaminocarboxylates, such as HEDTA (N-hydroxyethylethylenediamine-N,N,’N’-triacetic
acid), often show very high bone uptake [268–271]. Therefore, accumulation of radioactivity
in the bone may not be caused by loss of radionuclide from its metal chelate. The overwhelming
importance on the acid-catalyzed dissociation of radionuclide found in the literature is, in some
way, oversimplified. Biological studies in different animal models remain the most appropriate
method for evaluating in vivo stability of the radiopharmaceutical.

It is important to note that the choice of kinetic characteristics for the metal chelate of a BFC
is also dependent on pharmacokinetics of radiotracer. Radiolabeled antibodies have long
biological half-lives in blood circulation and at the tumor site. Since they are often metabolized
in liver, the radiometal chelate must have extremely high thermodynamic stability and kinetic
inertness to withstand the competition from metal ions and native chelators, such as transferrin,
in the blood circulation, and to tolerate the hepatobiliary metabolism. For the radiolabeled small
biomolecules, their biological half-lives in the blood are much shorter than that of the
radiolabeled antibodies and antibody fragments. The requirement of kinetic inertness for the
BFC radiometal chelate may not be as demanding. The main goal in choosing a successful
BFC is to minimize the in vivo dissociation of radionuclide from the radiometal chelate in
radiopharmaceuticals.

6.3. BFCs for 90Y and Lanthanide Radionuclides
There are several requirements for an ideal BFC in chelation of 90Y and lanthanide
radionuclides [5,12]. The BFC must form a metal chelate with high thermodynamic stability
and kinetic inertness in order to keep the metal chelate intact under physiological conditions.
Decomposition of the metal chelate produces free metal ion, which may deposit on the bone
and cause bone marrow toxicity. The BFC must form a metal chelate with minimum isomerism
since the tumor uptake of a radiopharmaceutical depends not only on the receptor binding
affinity of targeting biomolecules but also on the physical and chemical properties of both
biomolecule and metal chelate. Formation of isomers may have a significant impact on physical
and biological properties of the radiopharmaceutical. The BFC should have high hydrophilicity
to improve blood clearance and renal excretion of the labeled and unlabeled BFC-BM
conjugate. Fast renal clearance of unlabeled BFC-BM will minimize its competition with the
radiolabeled BFC-BM bioconjugate for receptors. In addition, the BFC has to be able to
withstand radiolysis because a large dose of β-radiation can produce free radicals and result in
a significant amount of decomposition of the metal chelate during the manufacturing process
and transportation.

6.3.1. Denticity Requirement—The denticity requirement of a BFC is largely dependent
on the size and coordination geometry preference of the metal ion. Yttrium and lanthanide
metal ions are large and need 8 – 9 donor atoms to complete the coordination sphere [12,247,
248]. It is not surprising that most of BFCs (Figure 13) contain at least eight donor atoms. It
should be noted that the denticity requirement for 90Y and lanthanide radiopharmaceuticals is
different from that for MRI contrast agents. For MRI contrast agents, the chelator is most likely
hepta- or octadentate, leaving at least one site open for water coordination to enhance the proton
relaxation rates. For therapeutic radiopharmaceuticals, higher denticity may provide the
enhanced thermodynamic stability and the improved kinetic inertness, particularly when extra
donors are incorporated into a chelating arm attached to the macrocyclic framework.

6.3.2. Selectivity of BFCs—The high selectivity for Y(III) and Ln(III) ions can be achieved
by using macrocyclic BFCs with 8 or more donor atoms. In this respect, DOTA derivatives
are particularly useful for 90Y and lanthanide therapeutic radiopharmaceuticals. The
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macrocyclic framework is well organized so that they form metal complexes with extremely
high thermodynamic stability and kinetic inertness. The low pKa values (2 – 5) of carboxylic
groups result in less competition from protons and minimum acid-assisted demetallation. The
acetate chelating arms have low molecular weight so that the contribution of BFC to overall
molecular weight of the BFC-BM conjugate is minimized. The high hydrophilicity of acetate
chelating arms will favor faster clearance from blood, liver and kidneys. Recently, Brechbiel
et al reported 2,2′-(2-(4,7-bis(carboxymethyl)-1,4,7-triazonan-1-yl)ethylazanediyl)diacetic
acid (Figure 13: BCNOTA) as the BFC for the 86Y-chelation. It was found that BCNOTA has
very high radiolabeling efficiency and forms the 86Y complex with high solution stability
[272].

6.3.3. Attachment Position of Biomolecules—For illustration purpose, DOTA will be
used as an example. Generally, there are three approaches to attach a biomolecule to a BFC.
In the first approach, the attachment of the targeting biomolecule is at one of carbon atoms of
the macrocycle (Figure 13). In the second approach, the targeting biomolecule is attached to
one of four acetate chelating arms (Figure 13). In both cases, conjugation of the biomolecule
does not lead to a significant change in thermodynamic stability and kinetic inertness of the
metal chelate as compared to those of the DOTA chelate. In the third approach, the targeting
biomolecule is conjugated to one of four acetate groups via a CO-NH amide bond (Figure 10
and Figure 13). Compared to the carboxylate-oxygen, the carbonyl-oxygen is a relatively weak
donor for Y(III) and Ln(III) ions. This is consistent with the significantly lower thermodynamic
stability of the Y(III) complex (e.g. KY-DOTA-monoamide ~ 21.8; KY-DOTA = 23.5) [273].
However, the kinetic inertness of the Y(III) complex remains relatively unchanged as
evidenced by the high solution stability of 90Y-labeled DOTA-BM conjugates [263–267,
274, 275].

6.3.4. Conjugation Groups—A number of conjugation techniques have been developed
for modification of biomolecules. The conjugation groups for attachment of a BFC to the
biomolecule include anhydride, bromo- or iodoacetamide, isothiocyanate, N-
hydroxysuccinimide (NHS) ester, and maleimide. These conjugation groups are electrophiles,
which require a nucleophile functionality in the biomolecule. In some instances, the
biomolecule of interest contains only electrophilic functionality (e.g. carboxylic acid), further
synthetic elaboration is needed. In these cases, a bis-nucleophilic reagent, such as
ethylenediamine or propylenediamine, is often used to convert the electrophilic functionality
into a nucleophilic group. These reactive groups, whether they are naturally part of the
biomolecule or artificially introduced, can serve as "handles" for conjugation of a BFC.
Selection of conjugation group is largely dependent on the “handle” in biomolecules. Very
often the “handle” is a primary amine or a thiol group. The functional groups reactive towards
primary amines include DTPA dianhydride, NHS-activated esters, and isothiocyanates while
maleimide is very reactive to thiols.

6.3.4.1. DTPA Anhydride: DTPA dianhydride is commercially available and reacts readily
with primary amines to form the DTPA-biomolecule conjugate [216,217,249]. The reaction
can be performed in both aqueous and non-aqueous media. There are two possible products:
DTPA-monoamide and DTPA-bisamide (Chart IV). The cross-linking between two
macromolecules (antibodies and antibody fragments) is disadvantageous, and may have
dramatic impact of the biological and immunogenic properties of the DTPA-biomolecule
conjugate. For small biomolecules, however, the cross-linking may prove to be beneficial for
the improved receptor binding kinetics because simultaneous binding of two biomolecules on
adjacent receptor sites will result in a slow dissociation of the receptor ligand. Asymmetric
anhydrides of DTPA and DOTA have also been used to prepare their bioconjugates [249,
273,274]. However, the yield is often very low [273].
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6.3.4.2. NHS-Ester: The NHS-esters (Chart IV) have intermediate reactivity toward amines,
with high selectivity for aliphatic amines. The optimum pH for reaction in aqueous systems is
8.0 – 9.0. Virtually any molecule that contains a carboxylic group can be converted into its
NHS ester, making NHS-activated ester groups among the most powerful and the most
commonly used conjugation groups for antibodies and small biomolecules. Water-soluble
NHS-activated ester has also been used for conjugation of biomolecules to DOTA [80,275,
276].

6.3.4.3. Isothiocynates: Like NHS esters, isothiocyanates (Chart IV) are amine-reactive
groups with intermediate reactivity, and form thiourea bonds with primary amines from
proteins or small biomolecules. They are somewhat more stable in water than the NHS esters
and react with amines in aqueous solution at pH 9.0 – 9.5. Isothiocyanates may not be suitable
for modifying biomolecules sensitive to alkaline pH conditions. Aromatic isothiocyanates are
often used to conjugate biomolecules onto DTPA and DOTA analogs [252–255,260,277–
279].

6.3.4.4. Maleimide: Maleimide (Chart IV) is a thiol-reactive group [276,280], and reacts
selectively with a thiol to form a thioether bond without any interference from histidine and
other reactive groups. The optimum pH for the reaction is near 7.0. At pH higher than 8.0,
maleimides may hydrolyze to form non-reactive maleamic acids. Since many biomolecules
contain no thiol groups, the use of maleimide as a conjugation group is in some way limited.

6.4. Radiolabeling of DTPA-BM Conjugates
A major advantage of using DTPA analogs as BFCs is their extremely high radiolabeling
efficiency under mild conditions, but the kinetic lability of their metal chelates often results in
dissociation of radiometal from the metal chelate. Stimmel et al studied the 90Y, 153Sm
and 177Lu-chelation properties of DOTA and DTPA analogs [261,262], and found that
the 90Y-chelation efficiency of acyclic BFCs (Figure 13: DTPA, nitro-CHX-A-DTPA, and
nitro-MX-DTPA) was much higher than that of macrocyclic BFCs, and that trace metal
contamination had minimal effect on radiolabeling.

6.5. Radiolabeling of DOTA-BM Conjugates
The advantage of using DOTA analogs as BFCs is the kinetic inertness of their radiometal
chelates. However, the radiolabeling kinetics of DOTA-based BFCs is normally very slow,
and more dependent on radiolabeling conditions [220,261–267], including DOTA-BM
concentration, pH, reaction temperature and heating time, buffering agent and buffer
concentration, and presence of other metal ions, such as Zn(II) and Fe(III). At room
temperature, the radiolabeling yield of the DOTA-BM conjugate is very low. Therefore,
heating at the elevated temperatures (>50 °C) is needed for successful radiolabeling [220,
261–267]. The high temperature radiolabeling may not cause any significant degradation of
radiolabeled small biomolecules; but it often causes a significant loss of immunoreactivity of
radiolabeled antibodies. In spite of the high solution stability of their radiometal chelates, slow
radiolabeling kinetics remains a major obstacle for the wide use of DOTA analogs as BFCs in
target-specific radiopharmaceuticals. Hopefully, the successful use of BCNOTA (Figure 13)
will help overcome this problem for the 90Y-labeled monoclonal antibodies [272].

6.6. Differences between 90Y and 111In-Labeled Biomolecules
Many acyclic and macrocyclic BFCs have been used for 90Y and 111In-labeling of biologically
active molecules. While the 90Y-labeled BFC-BM bioconjugates are used for radiotherapy,
the 111In-labeled BFC-BM bioconjugates are often used as surrogates for imaging and
dosimetry determination since 90Y has no γ-emission. 111In has a half-life (t1/2 = 2.8 days)
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almost identical to that of 90Y (t1/2 = 2.7 days). Although In(III) and Y(III) share very similar
coordination chemistry, results from recent literature have shown different biodistribution
patterns between 90Y and 111In-labeled BFC-BM bioconjugates [282–284]. Before
using 111In-labeled BFC-BM bioconjugates as imaging surrogates, several critical questions
need to be addressed. Are the 90Y and 111In-labeled BFC-BM bioconjugates biologically
equivalent? What are the factors contributing to their differences, if any? How does the
radiometal chelate and PKM linkers affect biological properties of the radiolabeled BFC-BM
bioconjugates?

6.6.1. Structure Differences—In(III) and Y(III) are trivalent metal cations. The main
difference is their size. As a result, In(III) and Y(III) often have different coordination chemistry
with DTPA and DOTA derivatives. For example, Y(III) has an ionic radius of 1.02 Å [208],
which fits perfectly to the cavity of DOTA. Y(III) complexes with DOTA derivatives are eight-
coordinated and maintain their rigid structure in solution [206,214,220]. In(III) has an ionic
radius of 0.92 Å [208]. The coordination number of In(III) is 6 or 7 [200,206,209–212]. Only
a few eight-coordinated In(III) complexes are known [212–215]. Due to its smaller size, In(III)
does not fit to the cavity of DOTA. Although In(III) is shown to be eight-coordinated in solid
state of In(DOTA-AA) [214], the carbonyl-oxygen may become dissociated in solution. As a
result, In(DOTA-BA) and Y(DOTA-BA) show significant differences in their solution
properties as demonstrated by their variable temperature 1H NMR spectra. Y(DOTA-BA)
becomes fluxional only at > 60 °C while In(DOTA-BA) is fluxional at room temperature
[220].

6.8.2. Differences in Lipophilicity—Onthanks et al reported the 111In and 90Y complexes
of a DOTA-conjugated integrin αvβ3 antagonist TA138 [57]. By a reversed phase HPLC
method, it was found that the retention time of 111In-TA138 is ~4.5 min shorter than that
of 90Y-TA138. Since the only difference in 111In-TA138 and 90Y-TA138 is the radiometal,
different HPLC retention times strongly suggest that In(III) and Y(III) do not share the same
coordination sphere in solution. Similar lipophilicity differences were observed for the 111In
and 90Y-labeled DOTA-BA [220], and cyclic RGD peptide DTPA conjugates [216,281]. It is
believed that the lipophilicity differences between 111In and 90Y-labeled DOTA-BM and
DTPA-BM conjugates are caused by structural differences between In(III) and Y(III) chelates
in solution. It must be emphasized that the lipophilicity difference between 111In and 90Y-
labeled bioconjugates depends largely on biomolecules. For small biomolecules, this
difference is detectable. For 111In and 90Y-labeled antibodies, the radiometal chelate is only a
small portion of the radiolabeled bioconjugate; thereby it would be difficult to detect the
difference in their lipophilicity.

6.6.3. Biological Equivalence—Onthanks et al reported the bioequivalence
between 111In-TA138 and 90Y-TA138 using the c-neu Oncomouse® tumor model [57]. Despite
their significant differences in lipophilicity [57], biodistribution data showed that 111In-TA138
and 90Y-TA138 are biologically equivalent with respect to their uptake in tumors and other
organs, such as liver, spleen, bone and kidneys. Thus, 111In-TA138 is useful as an imaging
surrogate for 90Y-TA138, and should be able to accurately predict the biodistribution
characteristics and radiation dosimetry of 90Y-TA138, the radiopharmaceutical useful for
tumor radiotherapy.

Mäcke and coworkers [206] reported the solution stability, somatostatin receptor binding and
biodistribution characteristics of the 90Y and 111In-labeled DOTA-D-Phe1-Tyr3-Octreotide
(DOTATOC). The solution stability of 111In-DOTATOC and 90Y-DOTATOC in the blood
serum is very high with half-lives for radiometal exchange being 1850 h and 2100 h,
respectively [206]. This suggests that there is no significant release of radionuclide
from 111In-DOTATOC and 90Y-DOTATOC. The IC50 values for 111In-DOTATOC (2.57±0.2
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nM) and 90Y-DOTATOC (2.2±0.3 nM) indicated that there was no difference in the receptor
binding affinity of 111In-DOTATOC and 90Y-DOTATOC. Biodistribution data of 111In-
DOTATOC and 90Y-DOTATOC in nude mice bearing the AR4-2J tumor xenografts also
showed that there was no significant difference in kidney and tumor uptake for 111In-
DOTATOC and 90Y-DOTATOC at 4 h and 24 h post-injection. These data clearly
demonstrated that 111In-DOTATOC and 90Y-DOTATOC are biologically equivalent even
though In(III) and Y(III) do not share the same coordination chemistry in their radiometal
chelate [206,220]. It should be noted that the metal chelate is only a part of 111In or 90Y-labeled
DOTA-BM conjugate. 111In and 90Y chelates may have different solution structures, which
causes a slight difference in lipophilicity between the 111In-DOTA-BM and 90Y-DOTA-BM.
Ultimately, it will be the biological equivalence that determines whether the 111In-labeled
DOTA-BM conjugate can be used to accurately predict the radiation dosimetry of its 90Y
analog.

7. Conclusions
There is a tremendous effort in the development of target-specific radiopharmaceuticals for
early detection of diseases and radiotherapy of cancer. This effort relies heavily on the use of
radiolabeled receptor ligands. Because of their high specificity and selectivity, the radiolabeled
receptor ligands offer advantages over traditional perfusion radiotracers. Identification of
targets and receptor ligands is critical for successful development of receptor-based
radiotracers. Eventually, the challenge remains to be fundamentals of bioconjugate chemistry
for target-specific delivery of radionuclide to the diseased tissues. There is no such an easy
task that one can simply attach a radiometal chelate onto the selected biomolecule without
significantly changing its receptor binding affinity and biodistribution characteristics.

Coordination chemistry plays a significant role in the design of BFCs, radiolabeling kinetics,
solution stability, modification of pharmacokinetics, and formulation development. Because
the receptor population in the diseased organ or tissues is often limited in numbers, using a
large amount of BFC-BM bioconjugate may block receptor binding of the radiolabeled BFC-
BM bioconjugate. Thus, selection of an appropriate BFC and optimization of its radiolabeling
efficiency should be a significant part of the radiopharmaceutical development. The choice of
BFC depends on the nature and oxidation state of radiometal, and requires a good understanding
of its coordination chemistry of the radiometal to be labeled. The main objective is to select
an efficient bifunctional coupling or chelating system that forms the radiometal chelate with
very high thermodynamic stability and kinetic inertness. The ultimate goal is to develop a new
generation of target-specific radiopharmaceuticals that will satisfy the unmet medical need for
early detection of diseases or systemic radiotherapy of cancers.

List of Abbreviations for Common Chelators
BCNOTA, 2,2′-(2-(4,7-bis(carboxymethyl)-1,4,7-triazonan-1-yl)ethylazanediyl)diacetic acid
CB-TE2A, 2,2′-(1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diyl)diacetic acid
DADS, N2S2 diamidedithiols
DO3A, 1,4,7,10-tetraazacyclododecane-1,4,7-triacetate
DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTA-AA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono(p-aminoanilide)
DOTA-D-PheNH2, 1,4,7,10-tetraazacyclododecane-4,7,10-tricarboxymethyl-1-yl-acetyl-D-
Phenylalanine-amide)
DTPA, diethylenetriaminepentaacetic acid
HEDTA, N-hydroxyethylethylenediamine-N,N,’N’-triacetic acid
HYNIC, 6-hydrazinonicotinamide
MAMA, monoamidemonoaminedithiols
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map, 2,3-bis(mercaptoacetamido)propanoate
mapt, 4,5-bis(thioacetamido)pentanoate
NOTA, 1,4,7-triazacyclononane-1,4,7-triacetic acid
NODAGA, 1,4,7-triazacyclononane-N-glutamic acid-N’,N”-diacetic acid
NODASA, 1,4,7-triazacyclononane-N-succinic acid-N’,N”-diacetic acid
SarAr, N1-(4-aminobenzyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane-1,8-diamine
TETA, 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
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Figure 1.
Structures of two selected target-specific radiopharmaceuticals. The name in the bracket
indicates the commercial kit preparation of the corresponding radiopharmaceutical.

Liu Page 39

Adv Drug Deliv Rev. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
PKM linkers useful for modification of pharmacokinetics of radiopharmaceuticals.
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Figure 3.
Examples of isomerism in technetium complexes.
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Figure 4.
Technetium cores useful for the 99mTc-labeling of biomolecules.
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Figure 5.
Thiol-containing BFCs and their technetium complexes.
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Figure 6.
Tripeptide sequences as BFCs.
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Figure 7.
Examples of the 99mTc-nitrido core for the labeling of biomolecules.
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Figure 8.
Examples of bidentate and tridentate BFCs for 99mTc- and 186/188Re-labeling of biomolecules.
The R group may be a biomolecule or a linker attached to the biomolecule.
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Figure 9.
HYNIC, coligands and their binary and ternary ligand 99mTc complexes.
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Figure 10.
BFCs for 67/68Ga and 111In-labeling of biomolecules. The R group may be a biomolecule or a
linker attached to the biomolecule.
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Figure 11.
BFCs for labeling of biomolecules with copper radionuclides. The R group may be a
biomolecule or a linker attached to the biomolecule.
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Figure 12.
Ionic radii (Å) for trivalent yttrium and lanthanide ions (data from ref. 208).
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Figure 13.
Selected acyclic and macrocyclic BFCs for the radiolabeling of biomolecules with yttrium and
lanthanide radionuclides.
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Chart I.
Direct Labeling Approach
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Chart II.
The Pre-Labeling Approach
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Chart III.
The Post-Labeling Approach
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Chart IV.
Conjugation Groups for Acyclic and Macrocyclic BFCs.
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Table 1
Selected target-specific diagnostic and therapeutic radiopharmaceuticals.

Radiopharmaceutical Trade Name Primary Uses

Indium-111 Capromab pendetide ProstaScint® imaging of prostate cancer
Indium-111 pentetreotide Octreoscan® imaging of neuroendocrine tumors
Indium-111 satumomab pendetide OncoScint® imaging of metastatic disease associated with colorectal and

ovarian cancer
Tc-99m Apcitide AcuTect® synthetic peptide for imaging deep vein thrombosis
Tc-99m Arcitumomab CEA-Scan® monoclonal antibody for imaging colorectal cancer
Tc-99m Depreotide Neotect® for imaging somatostatin receptor-positive tumors
Y-90 Ibitumomab Tiuxetan Zevalin® for treatment of Non-Hodgkin's Lymphoma
I-131 Tositumomab Bexxar® for Treatment of Non-Hodgkin's Lymphoma
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Table 2
Metallic radionuclides useful for scintigraphic imaging.

Radiouclide Half-life γ-Energy (keV) Decay Mode Source

67Ga 78.3 h 93 (10%), 185 (24%)
296 (22%)

EC Generator

99mTc 6.02 h 141 (89%) IT Generator
111In 2.83 d 171 (88%), 247 (94%) EC Cyclotron
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Table 3
Selected metallic radionuclides useful for PET imaging.

Isotope Half-life (h) Decay Mode Eβ+ (keV) Production Method

61Cu 3.3 β+ (62%) 1220, 1150 cyclotron, 61Ni(p, n)61Cu
EC (38%) 940, 560

62Cu 0.16 β+(98%) 2910 62Zn/62Cu generator
EC (2%)

64Cu 12.7 β+ (19%) 656 cyclotron, 64Ni(p, n)/64Cu
EC (41%)
β−(40%)

68Ga 1.1 β+ (90%) 68Ge/68Ga generator
EC (10%) 1880, 770

89Zr 78.5 β+ (23%) 897 cyclotron, 89Y(p, n)/89Zr
EC (77%)

94mTc 0.9 β+ (72%) 2.47 cyclotron, 63Cu(α, nγ)/66Ga
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Table 5
Various oxidation states and stereochemistry of technetium.

Oxidation State Example Coordination Geometry Coordination Number Magnetic Moment (µB)

+7 (d0) [TcH9]2− Trigonal prism 9 diamagnetic
TcO4− Tetrahedron 4 diamagnetic

+6 (d1) TcO42− Tetrahedron 4 1.60
+5 (d2) [Tc(NCS)6]− Octahedron 6 diamagnetic

[Tc(Diars)2Cl4]2− dodecahedron 8 0.9
TcOCl4− Square pyramid 5 diamagnetic
[TcO(l, l-ECD)] Square pyramid 5 diamagnetic
[TcO(d,l-HM-PAO)] Square pyramid 5 diamagnetic
[TcO2(tetrofosmin)]+ Octahedron 6 diamagnetic

+4 (d3) [TcCl6]2− Octahedron 6 4.05
+3 (d4) [Tc(Diars)2Cl2]+ Octahedron 6 diamagnetic
+2 (d5) [TcCl3(PhP(OEt)2)4] Octahedron 6 1.4
+1 (d6) [Tc(CNC(CH3)3)6]+ Octahedron 6 diamagnetic

[Tc(CO)5([9]aneN3)]+ Octahedron 6 diamagnetic
0 (d7) [Tc2(CO)10] Octahedron 6 diamagnetic
−1(d8) [Tc(CO)5]− Trigonal bipyramid 5 diamagnetic
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