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Abstract

Metallic radionuclides are the mainstay of both diagnostic and therapeutic radiopharmaceuticals.
Therapeutic nuclear medicine is less advanced but has tremendous potential if the radionuclide is
accurately targeted. Great interest exists in the field of inorganic chemistry for developing target
specific radiopharmaceuticals based on radiometals for non-invasive disease detection and cancer
radiotherapy. This perspective will focus on the nuclear properties of a few important radiometals
and their recent applications to developing radiopharmaceuticals for imaging and therapy. Other
topics for discussion will include imaging techniques, radiotherapy, analytical techniques, and
radiation safety. The ultimate goal of this perspective is to introduce inorganic chemists to the
field of nuclear medicine and radiopharmaceutical development, where many applications of
fundamental inorganic chemistry can be found.

Introduction

Radiopharmaceuticals are radioactive drugs. Radiometals are the source of ionizing
radiation in radiopharmaceuticals responsible for diagnosing or treating of various diseases.
Although several important nonmetallic (organic) radionuclides (18F, 11C, 13N, 150, 124|,
etc.) have been around for quite some time, metallic radionuclides are of particular interest
for radiopharmaceutical development, because of their wider range of nuclear properties
(half life, decay characteristics efc.), rich coordination chemistry, and easy availability. The
huge success? of historical °*™Tc-radioimaging agents such as %™Tc-sestamibi and %M Tc-
tetrofosmin for myocardial perfusion has led researchers to explore the potential of other
radiometals having different physico-chemical and nuclear properties. Because of this effort,
several new radiometal-based drugs have been approved by the Food and Drug
Administration (FDA) and many more are in different phases of active clinical trials. In
nuclear medicine, radiopharmaceuticals are mainly used in diagnostic radioimaging and
radiotherapy.

Diagnostic imaging is a noninvasive method intended to assess the disease or disease states
and monitor the effects of treatment. In general, diagnostic radiopharmaceuticals are
introduced in to the body at very low concentrations (nano-molar to pico-molar range), and
are not intended to have any pharmacological effects. Radiometal selection for diagnostic
imaging is mainly based on two radioimaging modalities: single photon emission computed
tomography (SPECT) and positron emission tomography (PET). Both are well-established
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clinical imaging modalities that offer high-quality sensitivity in deep tissue. In SPECT,
radiopharmaceuticals labelled with gammaemitting isotopes are injected into the living
subject. Gamma emissions directly from the radio isotopes are collected in a gamma camera,
which enables us to reconstruct a picture of where the gamma rays originated. From this, we
can determine how a particular organ or system is functioning. Radiopharmaceuticals
labelled with a positron emitting isotope have been used in PET. As the radio-isotope
undergoes decay, it emits a positron that travels for a short distance and interacts with an
electron. This encounter produces a pair of 511 keV gamma photons that move in almost the
opposite direction (180 degrees) to each other. As soon as they arrive at the circular array of
detectors the photons are registered by PET and it is possible to determine their source along
a straight line of coincidence. These coincidences are forwarded to the image processing
unit to generate PET images via mathematical reconstruction procedures (Fig. 1). In PET, a
single positron decay results in two 511 keV gamma photons emitted in opposite directions.
Therefore, PET scans offer much better image resolution than SPECT scans. But SPECT
scans are comparatively less expensive because of the availability of cost-effective, longer-
lived SPECT isotopes (**™Tc, 111In, efc)). PET radionuclides (18F, 11C, 13N, 150)
commonly used in research (both clinical and basic) are expensive because they are short-
lived and cyclotron-produced.

Therapeutic radiopharmaceuticals deliver cytotoxic non-penetrating radiation (Auger
electrons and B~ or a particles) doses to diseased sites, resulting in the death of the cancer
cells. However, this can lead to DNA mutations in other cells that survive the radiation,
which may eventually lead to the development of a second cancer. The main challenges to
radiotherapy are the availability of low-cost therapeutic radioisotopes and the techniques to
deliver these radioisotopes to diseased tissue (&.g., tumors). Therapeutic radiation dose-
delivery techniques that are available include brachytherapy,? external beam irradiation, and
systemic administration. The basic concept of brachytherapy or internal radiotherapy is to
insert a radioactive source into a tumor. The radiation source is an implantable ‘seed” (small
radioactive rod), that can be physically placed in the tumor site and will remain there until it
is surgically removed. This technique is commonly used to treat cancer of the cervix,
prostate, skin, and breast, where the tumor mass can be accessed to implant the ‘seed’.3 In
systemic administration, injected radiopharmaceuticals localize to the diseased area to
deliver a cytotoxic radiation dose; then, the radiopharmaceuticals clear rapidly from the
blood and other organs to minimize the radiation exposure to normal tissues.

When considering the selection of a suitable radionuclide for radiopharmaceutical
development, at first one should have two possible aims in mind: either to perform a
diagnostic study (/.e., radioimaging) or to destroy the diseased cells (/.¢e., radiotherapy). The
next consideration would be to identify the probable targeting ligands or biomolecules based
on biological characteristics (e.g., biological half-life, target, in vivo stability, etc.) and
physico-chemical properties. Once the targeting biomolecule is known for a particular
application, the radiometal can be identified based on its nuclear properties, which include:
physical half-life (should match with the biological half-life of the targeting ligand), decay
characteristics, daughter product stability, /7 vivo red-ox stability, availability, ease of
production procedure including purification and isolation, and radiation toxicity. Selected
metallic radionuclides are listed in Table 1, along with their half-lives, production method,
radiation characteristics, efc.

Most of the medical radioisotopes are produced in a cyclotron, or generator. Generator-
produced radionuclides are generally considered ideal for biomedical applications; because
they can be used in places lacking cyclotron access, and high-quality daughter radionuclide
products can be obtained throughout the life of the generator. In generator systems,
radioactive equilibrium between the parent and daughter nuclides is taken advantage of by
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eluting the short-lived daughter activity (e.g., 99MTc, $8Ga, 82Rb, etc.) from the longer-lived
parent activity (e.g., °Mo, 58Ge, 82Sr, etc.) using ion-exchange column chromatography or
the simple solvent extraction technique. Generators are small and very convenient for
transportation, which facilitates in-house radiopharmaceutical production without expensive
cyclotrons on site.

The Handbook of Radiopharmaceuticals is an important resource that provides
comprehensive information on the production of various nuclides, and an extensive
evaluation of the chemistry of conventional radionuclides.? This perspective covers the
nuclear properties of ~17 metallic radionuclides and their potential application in the
development of imaging and therapeutic radiopharmaceuticals. It will also briefly discuss
the use of analytical tools for quality control and the characterization of radiolabeled
molecules. Because some of the radiometals are relatively new in nuclear medicine,
radiation safety issues will also be discussed. Since it is impossible to cover all the aspects
related to radiopharmaceutical developments and biological applications, the authors would
like to apologize to those individuals whose work has not been cited or presented in detail.

Radiopharmaceutical design

Whether designed for diagnosis or therapy, target-specificity of radiopharmaceuticals is
essential to minimizing the unnecessary radiation exposure to the body during imaging or
radiotherapy. Although some radiometals can target a particular tissue as a simple metal salt
or as a simple metal complex, the radio-pharmaceutical chemist is frequently required to
coordinate the radiometal in a targeting biomolecule (BM) so the radionuclide will be
delivered to the diseased site. These BMs or targeting ligands can be small molecules,
peptides, monoclonal antibodies (mAbs), or mAb fragments, and they serve as the vehicle to
carry the radionuclide to the target tissue. Ideally, the affinity of a receptor specific ligand
for biological targets should be unchanged after radiometal labeling. This rarely happens
with the small probes (MW < 1000). Two methods are known to incorporate radiometals to
receptor-specific molecules. The most convenient approach to make a stable attachment of a
radiometal and a BM, is to use a suitable bifunctional chelate (BFC), which can hold the
radiometal tightly and at the same time form a stable conjugation with the active groups of
the BM (Fig. 2). Active groups are either naturally present (e.g., -NHy, —SH, etc.) in BMs
orare synthetically introduced (e.g., ~N3, —C CH, etc.)>42 into them. In this BFC approach,
the BFC is first conjugated to the BM (Fig. 2) and then the radiometal is added to the
conjugates. In another approach, chelation of the radiometal is designed in such a way that
the resulting complex mimics the shape and size of a target-specific ligand. This is known as
an integrated radiolabeling approach. Fig. 3 shows an interesting application of this
approach, where an attempt has been made to develop an imaging agent for an estrogen
receptor, which is overexpressed on certain tumors. Unfortunately the mimic exhibited very
low affinity for the receptor.5¢ This method is comparatively challenging and examples are
rare. For the small probes, in most cases the receptor affinity decreases significantly. This
approach may be suitable for high molecular weight species where impact of the size of the
metal complex can be minimized.

Each radiometal has a different coordination chemistry and requires BFCs with different
donor atoms and chelator frameworks. The choice of an appropriate BFC is largely
determined by the oxidation state of the radiometal and its affinity for the chelator’s donor
atoms in order to form a kinetically inert and thermodynamically stable complex. In the
blood stream, the concentration of radiopharmaceuticals may become so low that the natural
chelators (e.g., transferrin or other metal binding enzymes) present in the blood will cause
the radiometal to dissociate from its metal-chelate, resulting in the possible accumulation of
radioactivity in non-target organs (radiation toxicity). Therefore, a viable BFC should be
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both kinetically inert and thermodynamically stable to transchelation by these natural
chelators. Common bifunctional chelating groups for radiometals are illustrated in Fig. 4. A
linker is often used to keep the radiometal chelate away from targeting BM to minimize the
overall structural variations (shape and size) of the BM by the metal chelate. A linker is also
used to facilitate radiopharmaceutical movement in the body (pharmacokinetics), including
distribution and elimination. Coordination chemistry and bioconjugation play important
roles in radiopharmaceutical design. Several excellent reviews® covering these aspects in
developing targeted diagnostic or therapeutic radiopharmaceuticals were recently published.

Radiometals for diagnostic radiopharmaceuticals

Radiometals in diagnostic radiopharmaceuticals are -y or positron emitters. As stated before,
the criteria for choosing one particular diagnostic radiometal over another are: imageable
gamma or positron emission, little or no emission of particle (a or ) radiation, stable
daughter product, adequate /7 vivo stability, suitable half-life, well-known chelation
chemistry, and ease of production. Two radionuclides commonly used in diagnostic imaging
are the non-metallic positron emitter 18F (PET), and the gamma ray emitter %°™Tc¢ (SPECT).
Their decay characteristics make them ideal for their respective imaging modalities.
Although PET has been regarded as a superior imaging modality because of its enhanced
sensitivity and image resolution when compared to SPECT, recent invention of multi-
pinhole detectors in nano-SPECT imaging has narrowed the spatial resolution gap between
the two modalities. The production, chelation chemistry, and radiopharmaceutical
applications (preclinical and clinical) of selected SPECT and PET (Table 1) radiometals are
described in following section.

Radiometals for SPECT

In Table 1, three low-energy gamma-emitting radiometals (*°*™Tc, 111In, and 67Ga) are listed
for potential use in the design of SPECT radiopharmaceuticals. Nearly 80% of all
radiopharmaceuticals used in clinical studies are 99MTc-based because of its easy availability
(generator produced), optimal nuclear properties, and low cost. According to the recent
report from the Society of Nuclear Medicine (SNM),2°™Tc is currently used in ~70-80% of
all radio-diagnostic scans in over 300 000 procedures per week in the U.S.alone.®’ Dueto
thehigh demand for®®™Tc and the recent global production shortage (few active reactors) of
its parent isotope, Mo, the U.S. Congress passed the American Medical Isotopes
Production Act (H.R. 3276), which will provide the Department of Energy with $163
million to support U.S.-based production of %Mo.5/ Table 2 lists selected commercially
available SPECT and therapeutic agents along with their medical applications.

Technetium-99m

Technetium belongs to Group 7 of the periodic table. 9™Tc (#,, 6.01 h) is a metastable -y -
emitting (143 keV) radioisotope that decays to highly stable daughter isotope %9Tc. A 6.01 h
half-life is long enough for proper radiopharmaceutical preparation and SPECT scanning
procedures and is short enough to keep the total patient radiation exposure low. It is a
generator-produced daughter product of %Mo (#, 2.78 days), which is a fission product

of 235U. In a 9¥Mo/®®™MT¢ generator, 9°™TcO, is formed by the decay

of 9¥Mo00, 2=. 99MTcO, (high specific activity) is eluted from the chromatographic column
with saline. The total concentration of technetium in the 99Mo/9*MTc generator eluent is in
the range of 1077 to 1076 M.6¢ Because of the short half-life, most of the 99MTc-
radiopharmaceuticals are simple metal complexes or 9MTc-BFC-conjugated small peptides
or proteins.
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In 1959, Brookhaven National Laboratory developed the first %°Mo/®®™MTc¢ generator, which
is the historical landmark in the area of nuclear medicine.” This technology revolutionized
radiopharmaceutical chemistry research, and small 99MTc-based radiopharmaceutical
research was accelerated to a greater extent.

In the 1980s, radiopharmaceutical research focused mainly on producing 2°™Tc-based small
complexes as perfusion radiotracers for the heart and brain. Extensive research on the
coordination chemistry of 9MTc led to the successful development of several first-
generation 29MTc-based radiotracers,¢7 which are known as ‘technetium essential agents’
(Fig. 5). In 1981, Alan Davison, Alun Jones, and Michael Abrams invented one of the most
important 99MTc essential agents [°™Tc(MIBI)g]* (MIBI = 2-methoxy-2-
methylpropylisonitrile), which showed localization in cardiac tissues after intravenous
administration. This is known by the trade name Cardiolite or Sestamibi. This agent can help
to assess the amount of blood-perfusing the heart muscle is possible under conditions of rest
and stress.18 Using this agent, nuclear stress tests can be performed not only on people who
are already complaining of heart attack symptoms but also on people who are at risk for a
heart attack but have not shown any signs, allowing millions of people to receive better and
potentially lifesaving diagnosis and treatment. Like Sestamibi, ™MTc-Tetrofosmin
[9°™TcO,(tetrofosmin),]* (tetrofosmin = 1,2-bis[bis(2-ethoxyethyl)phosphinoethane) is
another commercially available myocardial perfusion imaging agent.

As we march into the 21st century, radiopharmaceutical research has been more focused on
the development of radiolabeled receptor specific ligands or target specific
radiopharmaceuticals. The application of an integrated approach to the development

of 99MTc-based radiopharmaceuticals is very limited. The BFC approach is mostly used to
conjugate 99MTc with the receptor-specific molecule. The successful development of 99MTc-
based radiotracers largely depends on our understanding of the basic chelation chemistry of
Tc. Tc exists between oxidation states —1 and +7, and has complex red-ox chemistry.
Stabilizing a metal that can exist in multiple oxidation states is quite challenging. Since there
is no effective chemistry that can attach 99MTcO,~ directly to the BMs, 9MTc(VI11)

in 99MTcO, has to be reduced to a lower oxidation state. Over the decades, several

robust 99MTc core structures have been developed to stabilize the lower oxidation state using
different chelators and reducing agents. Common core structures for Tc are illustrated in Fig.
6. These stable core structures are primarily used in the development of receptor-specific
radiopharmaceuticals. The most extensively studied core is the [Tc(V)O]3* moiety. The
complex of the Tc(V)—oxo core adopted square pyramidal geometry with the oxo group in
apical position. The sixth coordinationzrans to the oxo group is uncommon mainly due to the
strong frans-influence of the rt-bonding oxo group. The core is stabilized by the o- and -
donating (amino, amido, thiolato, efc.) chelating agents. Another more robust core is the
metal-organohydrazino unit, which is readily accessible from the metal-oxo core by a
simple condensation reaction with organohydrazine.® The most effective metal—
organohydrazine interaction can be achieved using 6-hydrazinonicotinic acid (HYNIC)
because of the chelate effect of HYNIC. A unique feature of the HYNIC system is its simple
bioconjugate chemistry, which can be used to attach HYNIC to wide range of receptor-
targeting biomolecules.5¢ Since the HYNIC ligand can act as either a monodentate or a
bidentate chelate, the metal-hydrazino core requires a variety of coligands to satisfy the
metal coordination requirements. Tricine is one such coligand used mostly to stabilize the
metal-hydrazino core /in vivo. Because of the solution instability of the coligands and
different bonding modalities of the HYNIC, multiple species for binary ligand complexes
(99MTc—HYNIC-tricine) may be present in solution.6¢92 Although many efforts have been
made to characterize the complexes at the tracer level, the chemistry remains controversial.
Because of the increasing regulatory requirements, which include in-depth tracer-level
characterization of the products, translating the HYNIC-based radiotracers to regular clinical
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use will be problematic.5 Alberto and coworkers104 first developed another interesting
organometallic Tc-core, [*9™Tc(H,0)3(CO)s]™ by directly reducing #°™TcO,~ with sodium
borohydride in aqueous solution in the presence of carbon monoxide. The core has several
attractive features, including synthetic ease, water solubility, lipophilicity, and it is
organometallic, chemically robust, and highly stable under the harshest conditions. The
metal in [Tc(CO)3]* is d® low spin, and very inert. Monodentate and bidentate chelators
often form complexes with low solution stability, resulting in high protein binding to this
core in the blood stream and the complexes are more likely to be retained in the liver and
kidneys.192 In contrast, tridentate chelators form [Tc(CO)3]* complexes with very high
stability, which clear rapidly from blood and major organs.102 This difference is because of
the presence of an aqua ligand in the monodentate or bidentate complex, which is
susceptible to get replaced by proteins in the blood. It is important to note that the tridentate
chelator can be easily modified to provide anionic, neutral, or cationic complexes with the
[Tc(CO)3]* core (Fig. 7). Additional functional group can also be introduced to the
tridentate ligand for conjugation with the targeting vectors. Overall, the [Tc(CO)3]* core
appears to be an extremely valuable entity for the development of 9°™Tc-based
radiopharmaceuticals.11:12

Research efforts on developing 2°™Tc-tagged receptor-specific agents resulted in FDA
approval of two 99MTc-based antibody agents, 2°™Tc—LeuTech32and 9°MTc-
Arcitumomab3? (CEA-Scan), for infection imaging and colorectal cancer imaging (Table
2). LeuTech is anti-CD 15 antibody, which specifically targets neu-trophils, and 9°™Tc-
LeuTech is used for imaging appendicitis. Arcitumomab recognizes carcinoembryonic
antigen (CEA), which is overexpressed in 95% of colorectal cancers.

Indium belongs to Group 13 of the periodic table. The only stable aqueous oxidation state of
indium is +3. Due to its large size, the coordination number of In3* is 7-8. It is a hard acid
(pK; 4.0). Therefore, chelators having hard donor atoms should be suitable to form stable
metal complexes with In3*. Commonly used chelators are diethylenetriaminepentaacetic
acid (DTPA), 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) (Fig. 5). 111In is the next most well-known
SPECT radiometal after 99MTc. It decays by electron capture, emits gamma photon 173 and
247 keV, and is widely used in gamma scintigraphy. With a 68 h physical half-life, 111In is
suitable for developing antibody-based radiopharmaceuticals for radioimmunoimaging
(immuno-SPECT). It is a cyclotron-produced radionuclide (Table 1). 111In is usually
isolated from Ag or Cd target materials by its co-precipitation with La(OH)3 or
Fe(OH)3.146¢ Then 111In is separated from La(ll1) or Fe(I11) by ion-exchange
chromatography.

Although some small 111In complexes are commercially available (Table 2) for SPECT
imaging, it is mainly used to develop antibody-based SPECT imaging agents. The most
common method for attaching 11In to an antibody is viaa chelation reaction of a BFC that
has previously been conjugated with an antibody molecule. A DTPA derivative with a
trans-1,2-diaminocyclohexane backbone, CHX-A”-DTPA, is found to be the most viable
chelator for 111In radiometal. 111In-labelled proteins are prepared with high radiochemical
yields (>95%) by a simple addition of 111 InCl5 solution to a suitable BFC-conjugated
protein solution at room temperature. The specific activity is adjusted to about 4 to 6 mCi
per mg of mAb. BFCs are commercially available and can be conjugated with proteins or
small peptides. The degree of conjugation (chelate:mAb) should be around 1 to 2, which can
be determined by a radiometric metal-binding assay.1>
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Gallium-67

In the past, the majority of radioimmunoimaging studies were done using iodine-131 (a non-
metallic radionuclide) as the radioactive source. Comparative studies'® between 131

and 111In have revealed that, 111In-label offers tumor-to-blood ratios at a faster rate, and a
higher level. 111In-label also has a longer retention time of radioactivity in the tumor, which
results in clearer tumor images. However, there are also some marked disadvantages
associated with using 11In. The major disadvantage is the high non-specific uptake of 111In
in the liver, kidneys, and spleen of a patient.1” Eliminating this high, non-specific uptake
background has been a pressing problem for improving 111In-based immunoimaging. 111In
is an iron mimic and can easily be taken up by transferrin, which may cause high liver
uptake for 111In-labelled antibodies. Detailed pharmacokinetic studies suggest that the liver
uptake may not always be the result of the labeling process, but may be caused by the way
the liver handles the antibody (generation of BFC-metabolites).1® Different approaches have
been taken to reduce the non-specific bindings, such as changing BFCs, introducing a linker,
and administering the chelator.1® 111In-labelled small peptides/affibodies are showing
promising results (less renal uptake) in SPECT imaging.20 Stability and biodistribution
(uptake in tumor, liver, kidneys, etc.) are comparable for all three BFCs (DOTA, NOTA,
and DTPA)2! used for 111In labeling.

Recently, three 111In-labelled antibodies (ProstaScint, OncoScint and MyoScint) have been
approved by the FDA (Table 2) for use in humans. All three of these approved agents use a
DTPA chelator to complex the 111In. The antibody ProstaScint is directed against prostate
membrane-specific antigen (PMSA) which is overexpressed in prostate adenocarcinoma
cells compared to nonmalignant cells. OncoScint or 111In-satumomab pendetide localizes or
binds specifically to a tumor associated glycoprotein (TAG-72), a cell surface antigen,
expressedat a high level on nearly all colorectal and ovarian adenocarcinomas. MyoScint is
a 11n-labelled mAb (imciromab) that binds the heavy chain of cardiac myosin, which is
exposed after loss of the myocyte membrane, as occurs in acute myocardial infarction
(AMI) and is detected using immunoscintigraphy.

Just like indium, the stable oxidation state of gallium is +3. As a hard acidic cation, Ga(lll)
preferably binds to chelators that have multiple anionic oxygen donor sites (DFO, DOTA,
etc.). 87Ga is produced in a cyclotron by proton bombardment of a "3Zn target. 67Ga uses
15-20 h of cyclotron beam time per production.?2. 67Ga(lll) is separated with high
radionuclide purity from the target material by acid dissolution and chromatography on an
organic polymer resin containing no ion-exchange group.22¢

67Ga (#, 78.3 h) decays to stable 7Zn by electron capture and is extensively used in
nuclear medicine.23 Although 87Ga(ll1)—citrate is not a tumor-specific agent,? it
concentrates in many types of tumors and non-malignant lesions, especially inflammatory
ones (e.g., cardiac sarcoidosis).2> Generally, $’Ga(lll)—citrate binds to plasma transferrin
and is subsequently transported to the tumor tissue. This radioisotope is used extensively to
localize a variety of malignant human tumors.26

For 67Ga-immuno-SPECT, mAbs can be efficiently labelled with 67Ga through chelation
with desferrioxamine (DFO) or DOTA without losing antigen-binding capabilities. The
highest tumor : liver uptake can be obtained by linking a BFC to an antibody with thioether
bonds.2’

Radiometals for PET

A few positron-emitting radiometals have been selected (Table 1) based on their growing
importance to the development of PET pharmaceuticals, as described in many published
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Gallium-68

articles. 18F (#, 109 min) and 11C (#,, 20 min) are very common and widely used as
positron-emitting radionuclides for diagnostic imaging. These two radionuclides have
relatively short half-lives, which makes them favorable for minimizing the body’s exposure
to radiation. 18F and 11C also have decay characteristics that make them optimal for PET
imaging. However, their short half-lives and typical labeling condition (high temperature,
organic solvent) lower their suitability for use with biomolecules (antibodies and peptides).
Alternative or unconventional radionuclides, which have received increasing attention, are
the positron emitters $4Cu, 89Zr, 68Ga, 86Y, and 82Rb. Although they have short half-

lives, %8Ga and 82Rb can easily be created in-house because they are generator-produced
radionuclides. 58Ga can be easily attached to small peptides at low temperatures using a
suitable BFC (usually DOTA or NOTA) and 82Rb is used in diagnostic imaging as soon as it
is eluted out of the generator.

68Ga is a generator-produced PET radionuclide which decays to the stable daughter

isotope %8Zn. A number of different 8Ge/%8Ga generators have been developed based on the
composition of stationary phases (inorganic: TiO,, Al,03, SnO, efc., or organic
polymers).28A typical $8Ge/68Ga generator is usually composed of a column containing a
stationary phase, on which a parent isotope, 8Ge (carrier free, #, 271 days) is absorbed.
The elution of %8Ga is usually completed with 0.05 M ethylenediamine tetraacetate (EDTA)
or 0.1 M HCIl solution. Generator shelf life is about 1 to 2 years and elution can be
completed two to three times per day. The half-life of %8Gaislong enoughtoperform
elaborate radiochemical synthesis and purifications. Recent examples demonstrate that small
molecules,2%4 peptides, 290 and antibody fragments2%¢ are ideal BMs in the development

of 88Ga-based PET pharmaceuticals. 58Ga is often considered an expensive radionuclide for
PET pharmaceuticals development30 due to the inefficient production method used for its
parent isotope %8Ge.

In aqueous solution, 88Ga(111) ultimately hydrolyses to form the 88Ga(OH)3 precipitate.
Transferrin and/or other Fe(l11)-binding proteins in physiological fluid can bind to 68Ga(lIl)
with high affinity. Any development of a radiopharmaceutical with 88Ga needs a strong BFC
that can resist the exchange of 88Ga(111) from its chelate with transferrin or with OH~ ions.
Chelators that can form stable complexes with 68Ga(l11) are DFO, DOTA, and NOTA.29:31

68Ga labelled DOTA-D-Phel-TYr3-octreotide, [(8Ga]-DOTA-TOC (Fig. 8) is one of the
important 58Ga-based PET tracers. It is the gold standard for 88Ga-based small PET peptide
radio-pharmaceuticals and other chelator-based somatostatin analogues for clinical
studies.32 Somatostatin receptor proteins are known to be abundant on the surface of several
human tumors, including neuroendocrine tumors. Recently, Gabriel et a/322 investigated the
potential of [#8Ga]-DOTA-TOC for use in diagnosing primary neuroendocrine tumors and
related bone metastases. In this clinical study, [(8Ga]-DOTA-TOC PET images were
compared with conventional radioscintigraphy and CT. In 84 patients, [(8Ga]-DOTA-TOC
PET was true positive in 69 patients, true negative in 12 patients, false positive in 1 patient,
and false negative in 2 patients, indicating a sensitivity of 97%, a specificity of 92%, and an
accuracy of 96%.

Rubidium-82

In the periodic table rubidium is located in Group 1, just below potassium. Like
gallium-68, 82Rb is also a generator-produced PET radionuclide with a very short half-life
(75 s). The parent isotope of 82Rb is the longer-lived 82Sr (£, 25.55 days), which is
produced in a cyclotron by a (p, 4n) reaction induced by >40 MeV protons on a rubidium
(85RD) target. The 82Sr/82Rb generator 32 is composed of a hydrous tin-oxide column on
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Copper-64

which 100-150 mCi 82Sr is adsorbed. 82Rb is eluted with saline. Since 82Rb has a very short
half-life, its elution and infusion into patients is performed by an automated infusion
system.34. 82Rb is mainly used in the PET studies of myocardial perfusion. Since 82Rb* ions
mimic the behavior of K* ions, it is a cost-effective alternative to the use of cyclotron-
produced [*3N]-NHj or [1*0]-H,0 for cardiac perfusion imaging. The ATP-dependent
sodium—potassium pump does not differentiate between potassium and rubidium. Like
potassium, rubidium is concentrated in the myocardium by the Na/K ATPase pump.3°2
Furthermore, because of the short half-life of 82Rb, imaging protocols and pharmacokinetics
are dominated by the physical characteristics of the nuclide. Myocardial imaging with 82Rb
requires rapid acquisition of data, because of the isotope’s short physical half-life, which
might make it very attractive for use in rapid repeat studies, such as stress/rest protocols and
preintervention/post-intervention studies. 82Rb* has also been used to provide the useful
information on the integrity of the blood-brain barrier, changes in renal perfusion, and
myocardial cell membrane viability, etc.86356.¢

The predominant oxidation state of the radiocopper in aqueous media is Cu(ll), 3d? system.
Cu(ll) is a cation of borderline hardness, which has a high affinity for borderline nitrogen
donors. Depending on the chelate structure and donor atoms, the coordination number of
Cu(ll) ranges between 4 and 6, with geometries approximating square planar, square
pyramidal, trigonal bipyramidal and octahedral. One or more of its coordinated ligand
becomes elongated due to Jahn—Teller distortion of the 3d® system. Recently, the importance
of /n vivo bioreduction of Cu(ll) has received increasing attention. Cu(11)/Cu(l) bioreduction
may be the viable cause of /n vivo radiocopper loss in many 84Cu-based
radiopharmaceuticals. For /n7 vivo applications, kinetic inertness of Cu(ll) complexes is
probably more important than their thermodynamic stability.362

64 Cu (/2 12.7 h), produced in a cyclotron is a positron and a beta emitter. These properties
make 54Cu a promising radionuclide for both diagnostic PET and ther apeutic
radiopharmaceuticals.3® The image quality and spatial resolution are equivalent to 18F and
require no major adjustments in image processing and analysis. There have been several
methods to produce®#Cu.37 Better quality and higher yields of 54Cu can be produced by 12
MeV proton irradiation of enriched 84Ni via 84Ni(p,n)®4Cu.372¢ This radionuclide is now
commercially available from several sources (MDS Nordion, IBA, Isotrace Tech., efc.).

64 Cu-labelled radiopharmaceuticals can be grouped into three general categories: small
molecules, peptides, and antibodies. Among the small molecules, 54Cu-PTSM
(pyruvaldehyde bis(A#-dimethylthiosemicarbazone)) (Fig. 9) has been shown to be an agent
that measures blood flow in the heart and brain.362¢ Wallhaus and coworkers showed that
blood-flow abnormalities identified by $2Cu-PTSM correlated well with angiography in
patients with coronary artery disease, and the results were comparable to those obtained
with 99MTc—sestamibi and 82Rb.382 Another thiosemicarbazone complex of Cu(ll), Cu-
ATSM38% (diacetyl-bis(A#-methylthiosemicarbazone)) with a structure similar to 4Cu—
PTSM has been shown to be trapped in hypoxic cells. In the presence of hypoxia, Cu(ll)-
ATSM is reduced to Cu(l)-ATSM. This reduced form is trapped intracellularly, resulting
very high tumor uptake in less than 1 h after injection. Clinical studies have shown that
when administered in large quantities, 54 Cu—ATSMcan predict tumor response to therapy in
cervical cancer, non-small cell lung cancer, and to some extent, rectal cancer.384.

Overall, 84Cu- ATSM has demonstrated potential value in clinical studies as a PET-
radiotracer for hypoxia imaging and therapy.

To radiolabel peptides and antibodies with 64Cu, a suitable BFC is needed. In biological
fluid (human serum), common BFCs based on EDTA or DTPA are rapidly dissociated to a
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Cu(ll) albumin complex. Several BFCs (DOTA, TETA, efc.) have been developed forin
vivo studies. Allofthese BFCs and theirderivatives were unsuccessful in preventing
metabolic processing of the 54Cu complex, causing elevated liver uptake. Cu-binding
endogenous proteins362 (ceruloplasmin and superoxide dismutase) present in the liver
compete with BFCs to bind to the 84Cu (transchelation) of 84Cu-radiopharmaceuticals. To
overcome the /n vivo instability of Cu(ll) complexes, cross-bridged tetramine chelators (e.g.,
CB- TE2A) were developed and evaluated.3® These cross-bridged BFCs provide better
geometric coordination and are inert in aqueous solutions.3 Sprauge et a/.° recently
performed a comparative PET imaging study between 84Cu-TETA-Y3-TATE and 64Cu-
CB-TE2A-Y3-TATE (Fig. 10) on somatostatin receptor positive AR42J tumor-bearing
rats. Biodistribution results showed that nonspecific uptake in the blood and liver was lower
for 64Cu-CB-TE2A-Y3-TATE. After 4 h blood uptake was ~4-fold lower and liver uptake
was 2.4-fold lower than that of $4Cu-TETA-Y3- TATE. In addition to this, tumor uptake
was 4.4 times greater with 84Cu—CB-TE2A-Y3-TATE at 4 h post-injection (Fig. 11).

These results have prompted researchers to search for more cross-bridged or cage-like
BFCs, which can form extremely stable coordination geometry around %4Cu and can easily
be conjugated with different kinds of BMs (small peptides or antibodies) under milder
conditions. Smith et a/*! recently developed a BFC, SarAr (Fig. 4), which is a derivative of
diamsar, a sarcophagine cage ligand. A pendent aromatic amine of SarAr can be used in a
conjugation reaction with carboxylic acid residues of BMs under milder conditions. While
more facile /n7 vivo reduction has compromised the utility of other copper
radiopharmaceuticals,*2 the Cu2* ion within Sar or SarAr is unusually resistant to reduction
(Cu2*/Cu™). A recent evaluation*3 of this novel BFC (SarAr) conjugated to anti-GD2
monoclonal murine antibody 14.G2a and corresponding chimeric mAb ch14.8 has
demonstrated that using a better chelating agent can greatly improve the tumor to
background ratio. MicroPET imaging confirms the significant uptake of
radioimmunoconjugate in GD-2-positive tumors, with minimal uptake in non-target tissues
of interest such as the liver.#3 This study also demonstrates that radiolabeling of SarAr-mAb
can be performed in less harsh conditions and the resulting radioimmunoconjugate is stable
in the presence of Cu-binding liver proteins.*3

More recently Cai and coworkers** designed a new sarco-phagine-based cage-like BFC
named AmBaSar by introducing benzoic acid to diamsar. This ligand can be easily
conjugated with the primary amine of peptides and proteins via the well-known 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC)-coupling reaction. A similar kind of
modification on diamsar was done by Ma and coworkers,*> where they introduced the
aliphatic carboxylic (glutaric) acid group for facile conjugation with the BM (Fig. 12). Ina
recent preclinical study, compared to the $4Cu-DOTA-RGD peptide, 84Cu-AmBaSar-RGD
demonstrated much lower liver accumulation in both biodistribution and microPET imaging
of integrin a,B3 expression.*® Metabolic studies with these two tracers also suggested

that 4Cu-AmBaSar—-RGD was more stable /7 vivoand had faster renal clearance than 64Cu-
DOTA-RGD.#

All these studies clearly show that in vivo stability of radiocopper largely depends on the
structure of the BFCs. The possible stability order can be DOTA ~ TETA < CB-TE2A
(( SarAr ~ AmBaSar.

Although excellent results have been obtained while imaging intact antibodies with 64Cu,
based on $4Cu’s physical half-life, it is a more suitable radiometal for imaging when applied
to antibody fragments, peptides, and other engineered target vectors, which have faster
localization and clearance.*® In spite of efforts to reduce the non-specific uptake by
developing better BFCs and linkers, liver accumulation of 4Cu remains a concern.
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Yttrium-86

Several clinical studies have been published on the application of Cu-ATSM (small
molecule) in diagnosis and therapy.*94— To date, there has been only one clinical study that
utilized 54Cu-mAb as diagnostic immuno-PET agent. This clinical study (Phase I/I1) was
completed by Philpott and coworkers#9? using 64Cu-TETA-1A3 (1A3 is an anti-colorectal
carcinoma mAD) to evaluate 36 patients with suspected primary or advanced colorectal
cancer. All patients had CT and 18F-FDG PET scans 4 to 36 h after being injected

with $4Cu-TETA-1A3 specific to lipid antigen present in human colon carcinoma. This
study demonstrated that %4Cu-TETA-1A3 was more specific for detecting colorectal cancer
than 18F—FDG and 4Cu-immuno-PET may have better applications in clinical oncology.

Highly specific activity 86Y can be produced in a medical cyclotron by irradiating SrCO3 or
SrO applying 86Sr(p,n)88Y nuclear reaction.?9 A simple, semiautomated method has been
developed by Germastani er al., to purify 86 Y 51 The main purpose of studying the viability
of 86Y as a diagnostic PET pharmaceutical was to use it as an imaging surrogate for the
therapeutic radionuclide % Y (#, 64 h), which is a purely B~ emitter. The half-life of 86Y
(ty2 14.2 h) is long enough to monitor %0Y-therapy over several days. The high positron
energy of 3.14 MeV (34% abundance) and additional -y-emission of 1.08 MeV (83%
abundance) significantly affects the spatial resolution and image quality, respectively.

Chelation chemistry with Y (iii) is well-established. Generally, the derivatives DOTA and
DTPA have been used to develop im-munoconjugates for 86Y-immuno-PET.52 Therapeutic
studies with 90Y—DTPA-immunoconjugate in patients demonstrated that 9 Y was released
and deposited in bones, causing radiation toxicity.>3 In order to improve the in vivo stability
of the radioimmunoconju-gate, several backbone-substituted DTPA have been evaluated.>*
Among all derivatives, CHX-A“~DTPA, (enantiomeric form of CHX-DTPA) (Fig. 4) has
demonstrated excellent stability /n vitroand in vivo.>® Stability was improved further using
DOTA derivatives, such as SCN-Bz—DOTA.5® Numerous preclinical and clinical studies
have been published that report the use of DTPA- and DOTA-based chelating agents for 90y
immunotherapy and, thus, for 8Y immunoimaging.®’ 86Y-CHX-A“-DTPA- trastuzumab
and 86Y—-CHX-A"-DTPA—cetuximab are the most popular 86Y-radiopharmaceuticals
frequently used for diagnostic imaging of different cancer xenografts in mice.>® A recent
clinical study demonstrated the successful use of 8Y-DOTA-Phel-TY"3_ octreotide
(SMT-487) for the dosimetry of 90Y—-SMT-487 radiotherapy (Fig. 15)°° in patients with
metastatic carcinoid tumors.

Zirconium-89

Zirconium belongs to Group 4 of the periodic table. Based on Pearson’s soft-hard-acid-base
(SHAB) theory, Zr(I1V) is an extremely acidic cation, which is the main reason of its strong
preference for polyatomic hard donor chelators. Only limited ther-modynamic, kinetic, and
structural data are available for Zr(1\VV)-chelator complexes compared to other common
positron emitting metals (e.g., 84Cu, 68Ga, 86Y, etc.). This indicates that Zr(IV) is inert and
has a strong preference for a particular type of chelators. In recent years, 89 Zr has emerged
as a promising positron-emitting radionuclide for diagnostic immuno-PET imaging because
of its longer half -life (78.4 h), matching with the biological half-life of an intact mAb;
positron yield (22.7%), which is comparable to $4Cu and 80 and inertness in biological
system. Additionally, based on clinical studies in Europe, 89Zr-labelled mAbs are safe for
use in humans.

897r is a cyclotron-produced nuclide and a promising longer-lived (#, 78.4 h) positron
emitter for labeling mAbs for use in immuno-PET imaging. 89Zr decays to an ultra short-
lived daughter, 8MY (#,, 16 s), with 23% positron emission and 77% electron capture. 89zr
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can be produced through a 89Y (p,n)89Zr reaction upon irradiation of natural yttrium foil with
a 14— 14.5 MeV proton beam; the target material is separated by ion-exchange
chromatography or solvent extraction.59

The most convenient BFC for 89Zr labeling to proteins and antibodies is DF0.52 Verel et
al%32 developed a succinimidyl ester derivative of DFO (A-SucDFO) to make a stable
conjugate with antibodies. In this method, the chelating site of A-SucDFO was temporarily
blocked by the Fe(l1) ion. The A-SucDFO-Fe complex was then esterified and conjugated
with antibodies. After that, Fe(111) was removed by reduction to Fe(Il) and transchelation to
EDTA. Finally, the mAb—A~SucDFO conjugate was radiola-beled with 89Zr at pH 7.2-7.4
after a 30 min incubation period at room temperature.53 Recently, this multistep conjugation
and radiolabeling method has been further simplified (Perk et af.),54 using a commercially
available (Macrocyclics, Inc.) amine reactive BFC, p-isothiocyanatobenzyldesferrioxamine
B (DFO-Bz-NCS) (Fig. 4). The DFO-Bz-NCS-mAb conjugates was created by adding a
3-fold molar excess of DFO-Bz-NCS into the antibody at pH 9.0 and incubating the
reaction mixture for 30 min at 37 °C. DFO-Bz-NCS-mAb was then purified using size-
exclusion chromatography (PD10, GE-Healthcare). Radiolabeling with 89Zr was performed
at pH 7.2-7.4 by incubating the conjugate with 89Zr(1\V)-oxalate at room temperature for 60
min. Finally, 89Zr-DFO-Bz-NCS-mAb (Fig. 13) can be purified by size-exclusion
chromatography. Although some other methods are reported®® in literature, these two
methods are primarily used to develop 89Zr-immunoconjugates.

86Y is receiving clinical attention as a PET surrogate for °0Y-immunotherapy because of
their similar chelation chemistry. However, the half-life of 86Y is relatively short for optimal
imaging and dosimetry with an intact antibody which usually requires 2— 4 days to distribute
the entire body. Because the physical half-life of 89Zr (#, 78.4 h) is almost 5 times greater
than that of 88Y (£, 14.2 h), 89Zr-labelled antibodies are currently being evaluated as PET
surrogates for both %0Y and 177Lu therapy studies. In 2006, Perk et a/.,56 developed 89Zr-
Zevalin and showed that PET with 89Zr-Zevalin was very safe and attractive for quantitative
prediction of pharmacokinetics, biodistribution, and dosimetry of 90Y—Zevalin
radioimmunotherapy (RIT) in patients with CD20+ B-cell non-Hodgkin’s lymphoma
(NHL). The same year, Bérjesson et a/87 completed the first clinical trial of 89Zr-labelled
U36, a chimeric anti-CD44v6 mAb used to detect squamous cell carcinoma of the head and
neck (HNSCC). In this study, 20 HNSCC patients received 75 MBq of 89Zr—U36 along with
10 mg of antibody. Preoperative findings obtained with 89Zr-immuno-PET were compared
with the histopathologic findings, where 25 tumors and 121 operated levels were

involved. 89Zr-immuno-PET detected tumors in 18 of 25 positive levels (72% sensitivity)
and the interpretation was correct in 112 of 121 operated levels (93% accuracy). Immuno-
PET scans were acquired (Fig. 14) up to 144 h post-injection and compared with diagnostic
results obtained using 18F-FDG PET, CT, and MRI in the same patients. Further clinical
studies with 89Zr-immuno-PET are underway in both the United States and Europe.

Radiometals for therapeutic radiopharmaceuticals

The use of high-energy radiation from X-rays, gamma rays, neutrons, protons, and other
sources to kill cancer cells and shrink tumors is called radiotherapy. Radionuclides that
predominantly emit Auger electrons and B~ or a particles are usually used to develop
therapeutic radiopharmaceuticals. Radionuclides selected for therapy use should have
complementary properties to the radionuclides used in diagnoses. The radiation emission of
these radionuclides should mainly contain damaging and non-penetrating particulate
radiation with little to no accompanying gamma emission so that a highly-localized dose can
be delivered without inducing any unnecessary radiation damage to normal tissues.
However, it should be noted that %4 Cu decays viathe b~ particle (38.5%) and its therapeutic
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potential has been investigated.58 Diagnostic radiotracers could also be used to monitor the
efficacy of the radiotherapy treatment. The use of radionuclides in therapy is less advanced
than in diagnosis because destructive doses require much more accurate targeting than tracer
doses. Therapeutic radiopharmaceuticals should have high tumor uptake, a high tumor to
background ratio, long residence time, and fast renal clearance. A few B~ and a particle-
emitting radiometals for potential use in the design of therapeutic radiopharmaceuticals are
listed in Table 1.

B~-Emitting radionuclides

90y (#, 64 h) is an important generator-produced® radiometal that has been thoroughly
studied for use in B-therapy. It is a pure p~-emitter without any -y-emission for imaging. The
coordination chemistry of 90 (like 86Y) is well established. Yttrium and lanthanide (Sm,
Lu, efc.) metal ions favor a +3 oxidation state and are coordinated by a number of water
molecules in aqueous solution. Due to their large sizes, the coordination numbers of yttrium
and lanthanide metal ions are typically between 7 and 10. Thus, CHX-A"-DTPA, SCN-Bz-
DOTA, and DOTA- NHS-ester are the common BFCs for developing %Y and other
lanthanide radiometal-based therapeutic agents (Fig. 15).6/21670

188Re (#/» 16.8 h) is a generator-produced’? daughter radionuclide of 188w (¢, 60 days).
Design of 188W/188Re generator is similar to the commonly used 9°™Tc generator. 188Re is
eluted with saline solution as Na[188ReQ,]. A generator can last 2 to 6 months. 188Re
(rhenium-188) is an excellent candidate for B-therapy. 188Re emits B~ particles with longer
tissue range (10-11 mm), which are suitable for large tumor masses.”2. 188Re’s low-energy
y-ray emission (0.155 MeV) can be exploited for dosimetric purposes and to observe
biological distribution during therapy.”3 In the periodic table Re is located just below the Tc,
Group 7 congener. The coordination chemistry of 188Re is very similar to 9°™Tc.

In 2002, 90Y-Zevalin was approved for clinical use in RIT-treatment of B-cell
lymphoma.”0474 Several clinical trials are ongoing to assess the therapeutic efficacy of 20Y-
labelled antibodies in the treatment of NHL, colorectal, glioblastoma, prostate and renal
cancers.”. 90Y_-DOTA-TOC and "/Lu-DOTA-TATE are peptide based therapeutic agents
recently being used to treat the patients with somatostatin receptor-positive neuroendocrine
tumors in advanced stages.”® The Phase I/11 data of 177Lu-rituximab (anti-CD20) for the
treatment of relapsed lymphoma have demonstrated that this regimen is quite effective.””
Researchers at Cornell University in New York City are currently conducting a Phase Il
clinical trial to assess the therapeutic efficacy of 177Lu-labelled J591, an anti-PSMA
antibody, in patients with prostate cancer (Clinical Trial #NCT00859781).6/

153gm—ethylenediamine tetramethylene phosphonic acid (1°3Sm— EDTMP, Fig. 15)
commercially known as Quadramet®, is under a Phase 2.5 study (2007-2012), sponsored by
the National Cancer Institute (NCT00450619) to treat advanced prostate cancer. It is
administered through a vein, where it can directly target bone tumors and relieve the pain
caused by bone lesions. Radiation also increases the level of certain proteins inside the
tumor, making it easier for the immune system to find and kill the tumor cells. This study is
currently recruiting participants.

188Re-hydroxyethylidinediphosphonate (188Re-HEDP), an analogue of 9°MTc-MDP, has
shown therapeutic efficacy in the treatment of metastatic bone pain associated with prostate,
breast, and colorectal cancers.’®

a-Emitting radionuclides

Most of the radiometals that emit a.-particles are heavy-metal elements. There is
considerable research involving a-emitters, where the shorter particle range and high-energy

Dalton Trans. Author manuscript; available in PMC 2013 July 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bhattacharyya and Dixit Page 14

deposition can be used to destroy DNA directly. a-Emitting radiopharmaceuticals offer less
radiotoxicity and more favorable dosimetry for background tissues. Clinical trials are in
progress to determine the efficacy of the a-RIT as potential therapeutic
radiopharmaceuticals. For example, researchers of the Memorial Sloan-Kettering Cancer
Center and the National Cancer Institute are conducting Phase I/11 clinical trials to assess the
treatment efficacy of 213Bi (#,,45.59 min)-labelled and 22°Ac (#, 10 days)-labelled HUM
195, a humanized anti-CD33 antibody used to treat patients with leukemia or
myelodysplastic syndrome.6/

Radium-223 (£, 11.4 d) is one of the well known a-emitting radionuclides used in large
scale clinical trials.”® Cationic 223Ra in the form of a solution containing 223RaCl,
(Alpharadin™) used in clinical trial can selectively accumulate in skeletal metastases
resulting from primary tumors of prostate and breast. The clinical results show an
impressive anti-tumor activity and improved overall survival in prostate cancer patients with
bone metastases. Because of the unique chemical properties of Ra, it is challenging to find a
suitable BFC to develop 223Ra-based immunotherapeutic agents.

Heavy-halogen astatine-211, which resembles iodineinsolution, is another well known a-
emitting radionuclide. Targeted radiotherapy is possible with astatine-211. Just like
radioactive iodine, it can easily form stable chemical bond with BMs.8%2 Zalutsky et /800
evaluated the feasibility, safety, and efficacy of administration of chimeric anti-tenascin
mAb (ch81C6) labelled with 211At (211At—ch81C6) into the surgically created resection
cavity (SCRC) of patients with recurrent malignant brain tumors. Monoclonal antibody
ch81C6 is an 1gG2b that reacts with tenascin, an extracellular matrix glycoprotein expressed
in high-grade gliomas but not in normal brain tissue. Results showed that the regional
administration of 211At-ch81C6 is feasible, safe, and associated with a promising antitumor
benefit in patients with malignant central nervous system tumors.

The potential therapeutic value of many radiometals has not yet been properly explored
because of some scientific and regulatory barriers.”# The main limiting factor in using
therapeutic radiopharmaceuticals is the potential for radiation toxicity to the kidneys, bone
marrow, and other internal organs. Antibody-based therapeutic radiopharmaceuticals (long
biological half-life) may cause severe damage as they pass slowly through various organs.
When considering radiation exposure from radiation therapy treatment, the benefits
generally outweigh the risks. Much effort is still required to overcome the challenges
(scientific and regulatory) that currently inhibit the development of therapeutic
radiopharmaceuticals for the clinic. Finally, treating cancer with drugs is a trial and error
process. Some patients may respond better to one drug than another and tolerable limits vary
from patient to patient. All of these factors allow clinicians to try new therapeutic drugs with
the hope that they will produce positive responses.

Techniques for quality control (QC) of radiopharmaceuticals

Common analytical techniques (NMR, IR, UV-Vis, X-ray, etc.) are not useful for
characterizing radiopharmaceuticals at their tracer levels. Few analytical tools and
techniques (ITLC, HPLC, LC-MS, etc.) are routinely used in the radiopharmaceutical
laboratory. In both preclinical and clinical set-up, these techniques are essential for quality
control of radiolabeled drugs.

Instant thin layer chromatography (ITLC)

ITLC is one of the easiest and quickest analytical techniques used to determine the
radiochemical yield (/.e. the percentage of bound radiometals) in radiopharmaceuticals. The
whole process takes 5-15 min. In ITLC, a paper strip or plate is used to separate free
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radiometals and radiometal-BFC-BM conjugates. For radioimmuno conjugates (e.g., 111In—
CHXA”-DTPA-trastuzumab), the mobile phase (aqueous buffers) is often selected in such a
way that free radio-metals migrate to the solvent front and the conjugated radiometals
remain in the origin. Forsmall radiolabeled molecules, organic solvent is normally used as
the mobile phase where radiopharmaceuticals migrate to the solvent front and unbound
radioisotopes remain in the origin. The ITLC strip is then cut into three parts (top, middle,
and bottom) and the amount of radioactivity in each part is measured in a well counter (e.g.,
gamma well counter) to determine the radiochemical yield.

High pressure liquid chromatography (HPLC)

HPLC is frequently used to determine the radiochemical purity of radiometal-labelled
bioconjugates. Typically, a highly sensitive radiation detector is attached in the liquid line
just after the UV detector so the radiation peak appears along with the UV peak. Radio-
HPLC is essential not only for determining radiochemical purity, but also for characterizing
and isolating the radiolabeled compounds after radiosynthesis, which may generate multiple
side products. HPLC can also be used to determine the specific activity (radioactivity
mole™1) of a radiopharmaceutical. It is a very powerful tool to separate epimers and
diastereomers. The choice of the HPLC column depends on the nature of the biomolecules
to which the radiometal is attached. For large protein molecules or antibodies, the size
exclusion column is used; whereas, the C-18 column is ideal for small peptides or small
molecules. Radio-HPLC also has its limitations. It may not be possible to assess the amount
of free radiometal present (e.g., size exclusion chromatography) in the reaction mixture.
Therefore, an ITLC method is needed in combination with radio-HPLC to determine both
radiochemical yield and the purity of the radiolabeled BMs.

Liquid chromatography—mass spectrometry (LC-MS)

LC- MS is primarily used to study radiopharmaceutical metabolism. It can also help to
determine /n vitro stability and the probable decomposition pathway including ligand
exchange or transchelation. It can provide the molecular weight of all species present in a
sample along with their liquid chromatograms. This information is very useful to determine
the possible structure, oxidation state, charge of the species, and probable pathway of
radiotracer decomposition. Currently LC-MS is regarded as a powerful technique for the in-
depth characterization of small-molecule and peptide-based radiotracers. However, the high
cost and service charge of this instrument is the biggest obstacle to its widespread use in
radiopharmaceutical laboratories.

Gas chromatography (GC)

GC is primarily used to determine the volatile solvent impurities in radiopharmaceuticals. It
is commonly used in the clinical laboratory to analyzethe percentage of organic solvents
(acetonitrile, ethanol, efc.) present in a human dose. Usually only a few mL of radiotracer
are injected in the column at a high temperature (100-250 °C). The percentage of solvent
impurities is determined from the area of the characteristic peak after comparing the
impurities to the standard calibration curve for that particular solvent. The drug will be
released after the acceptable level of volatile solvent impurities has been confirmed. This
technique is useful to small molecule-based radiopharmaceuticals that require organic or
toxic solvent at the time of synthesis.

To meet USP compliance (USP 823) and to satisfy FDA requirements on human dose, more
QC analysis needs to be performed on radiopharmaceuticals, including a toxicity test, a
radionuclide purity test (using a multi channel analyzer), a sterility test, and others. Unlike
the sterility test, which takes several days, all other tests are quick and easy, and should be
performed the same day of production before releasing the drug to the clinic.
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Radiation safety

Radiation safety is another important part of the radiopharmaceutical development process.
Because of the recent advancement of cyclotron targetry, radiochemistry, and
bioconjugation methods, more new radionuclides with different decay characteristics are
entering biomedical research and clinical trials. Therefore, there is a clear need to reconsider
the radiation safety aspects in the laboratory or the radiopharmaceutical production facility.
Most of the nuclear medicine facilities around the world are designed to manipulate %MTc
and/or 18F. The shielding specifications and efficiencies for the other radiometals

(89zr, 84Cu, 22°Ac, 8Ga, 82RD erc.) are not very well researched or properly implemented.
As per the recent statement of the American Association of Physicists in Medicine (AAPM),
it is clear that PET facilities designed for 18F may not have appropriate shielding for the
longer-lived radionuclides that have positron or high-energy gamma emissions.81 Holland et
al® recently described their experience with unexpected radiation exposure while
manipulating some unconventional radionuclides. Adequate shielding is essential in all
cyclotron and nuclear medicine facilities to reduce the risk of radiation exposure to workers.
The purpose of the shielding is to attenuate radiation by scattering, which protects radiation
workers by reducing their exposure. The important shielding parameters in lead, which
include a specific gamma ray dose constant (C constant) and a tenth-value layer (TVL),
were found to vary widely from one radionuclide to another. These parameters are available
in different sources, including the Handbook of Health Physics and Radiological Health.
The design of proper shielding requires the use of accurate C constant and TVL (cmpy)
numbers. In summary, the amount of radiation from nuclear medicine procedures should be
kept within a safe limit following the “ALARA” (As Low As Reasonably Achievable)
principle. Based on the type of radionuclide,the design and radiation safety features of
current facilities need to be adjusted appropriately.

Conclusions

It is clear from the examples cited in this perspective that efforts to develop new
radiopharmaceuticals for use in clinical trials are continuing. Many academic institutions
(medical schools) have started setting up their own “Nuclear Medicine Centers” to develop
imaging agents, using PET or SPECT, and to practice “individual nuclear medicine.”

Radiometals are now frequently being used to develop target-specific radiopharmaceuticals
because of their longer half-lives, which make them ideal for developing various target-
specific protein- and peptide-based radiopharmaceuticals. Identifying the biological target
and BMs are the two critical aspects for radiopharmaceutical development. It is not an easy
task to attach a radiometal to a BM through a suitable BFC without affecting the target
specificity of the BM. The metal chelate’s impact on the biological properties of
radiopharmaceuticals is significant. Little modification in a BFC may result in huge
variations in /n vivo data (biodistribution, metal-chelate stability, pharmacokinetics).
Therefore, coordination chemistry continues to play a pivotal role in developing new
radiopharmaceuticals.

The clinical success of a new radiopharmaceutical largely depends on the purpose of its use,
the overall cost associated with its production, and the process of validation through clinical
trials, which is gradually increasing. For example, if an agent needs a rare and expensive
radionuclide or a BM, and the application of this agent is too specific, then this expensive
drug will be unable to reach a large population of patients and will not be successful from a
commercial and medical point of view. Because of their wide applications and low
production cost, 28F-FDG and 9°™Tc-labelled compounds will remain dominant in the near
future. However, a few other agents based on 84Cu, 89Zr, and 225Ac are showing promising
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results and active clinical trials are underway. Because of the continuous research on
technology advancement and radiochemistry techniques, the production cost of these agents
is gradually decreasing. These radionuclides are becoming available at reasonable prices.

The process of converting a promising radiochemical to a radiopharmaceutical for the clinic
is rife with scientific and regulatory obstacles.8”74 Tremendous effort is needed to overcome
these barriers before realizing the true potential of the targeted radiopharmaceuticals. We
would like to end our discussion with a statement written by Professor Susan Lever in her
review:82“Regardless of the beauty of the science involved in the development of the
radiotracer, the ultimate goal is not the science, but the ability to improve the quality of life.”
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Schematic representation of PET imaging technique.

Dalton Trans. Author manuscript; available in PMC 2013 July 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Bhattacharyya and Dixit Page 24

Radiometal

Linker BFC

BFC Bioconjugate

Q
Son )+ meCBD = BB
o)

activated ester

:
ﬂ
:

R—N=C=S + H,N

isothiocyanate

0 0]
T eI = N e o
o) (0]
maleimide
/N:N
)
RN=y=R + = BM D o _BM D
azide
N:\
e CRIE L G STy
alkyne
Fig. 2.

Radiopharmaceutical design: schematic diagram of the bifunc-tional chelator (BFC)
approach and different bioconjugation strategies. R is the chelator part of the BFC.

Dalton Trans. Author manuscript; available in PMC 2013 July 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bhattacharyya and Dixit Page 25

estradiol a rhenium mimic

Fig. 3.
Radiopharmaceutical design: an example of an integrated approach.
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Fig. 7.
Examples of some ionic and neutral [Tc(CO)3]* core complexes. The R group may be a
biomolecule or a linker attached to the biomolecule.
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Structure of Cu-ATSM and Cu-PTSM (Cu = 52Cu or %4Cu).
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Fig. 11.

MicroPET projection images of AR42J tumor bearing rats at 4 h after injection (A); liver,
kidney (B); and tumor (C) showing the 84Cu activity uptake at 1, 4, and 24 h post-injection.
This image is reprinted with the permission from American Association for Cancer
Research: Sprague et al., Clin. Canc. Res., 2004, 10, 8674.
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Fig. 12.

Copper complex of sarcophagine-based cage-like BFC and an ORTEP representation shows
a distorted octahedral structure with axial Jahn—Teller elongation (Ma et al. Chem.
Commun. 2009, 22, 3237; reproduced by the permission of the Royal Society of Chemistry).
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Fig. 13,
Structure of 89Zr labelled desferrioxamine conjugate with mAb.
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Fig. 14.

Immuno-PET images with 89Zr—cmAb U36 of a head and neck cancer patient with a tumor
in left tonsil (/arge arrow) and lymph node metastases (small arrows). Images were obtained
72 h post-injection. A, sagittal image; B, axial image; and C, coronal image. This image is
reprinted with the permission from American Association for Cancer Research: Bo rjesson
etal., Clin. Canc. Res., 2006, 12, 2133.
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Fig. 15.
Structures of some therapeutic radiopharmaceuticals. A: 153Sm-EDTMP (Quadramet);

B: 177Lu and 90Y-labelled DOTATOC, a somatostatin analog useful for tumor imaging and
therapy.
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Table 2

Selected radiopharmaceuticals for diagnosis or therapy of diseases

Radiophar maceuticals Trade name Primary use

Small complexes

99MTc—Sestamibi Cardiolite® Myocardial perfusion imaging
9MTe—Tetrofosmin Myoview® Myocardial perfusion imaging
99MTc—Pentetate (DTPA) Technescan® Renal imaging and function studies
9mTc-Bicisate (ECD) Neurolite® Cerebral perfusion imaging
9mTc-MDP Medronate® Skeletal scintigraphy
99mTe_Teboroxime Cardiotec® Myocardial perfusion imaging

11In-Oxyquinoline
111In-Pentetate
158Sm-EDTMP
188R¢_HEDP

Indium-111 oxine®
Indium-111 DTPA®
Quadramet®

Peptido- or immuno-conjugates

9mTc_Depreotide

99MTe—Arcitumumab

111In~Capromab pendetide

11n—Pentetreotide

111 n—Imciromab pentetate
111In—Satumomab pendetide

90Y_Ibritumomab tiuxetan

Neo Tect®
CEA-Scan®
ProstaScint®
Octreoscan®
MyoScint®
OncoScint®
Zevalin®

Leukocyte scintigraphy
Imaging of CSF kinetics
Treatment of bone pain (therapy)

Metastatic bone pain (therapy)

To evaluate certain lung lesions

99mTc-mAb for colorectal cancer imaging

Prostate cancer imaging

Neuroendocrine tumor imaging

Imaging of chest pain, suspected to be caused by myocardial infarction
Imaging of metastatic disease associated with colorectal and ovarian cancer

Treatment of non-Hodgkin’s lymphoma (NHL)
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