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ABSTRACT: Radiometals possess an exceptional breadth of decay properties and have ——— U
been applied to medicine with great success for several decades. The majority of current ‘.‘ma ‘
clinical use involves diagnostic procedures, which use either positron-emission tomography |, ™ gam me==
(PET) or single-photon imaging to detect anatomic abnormalities that are difficult to %%’"»«. W
visualize using conventional imaging techniques (e.g, MRI and X-ray). The potential of = ®/

therapeutic radiometals has more recently been realized and relies on ionizing radiation to imagoy Q/

induce irreversible DNA damage, resulting in cell death. In both cases, radiopharmaceutical ¢,

development has been largely geared toward the field of oncology; thus, selective tumor ? '—% e
targeting is often essential for efficacious drug use. To this end, the rational design of four- ’
component radiopharmaceuticals has become popularized. This Review introduces
fundamental concepts of drug design and applications, with particular emphasis on
bifunctional chelators (BFCs), which ensure secure consolidation of the radiometal and
targeting vector and are integral for optimal drug performance. Also presented are detailed

|
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accounts of production, chelation chemistry, and biological use of selected main group and

rare earth radiometals.
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1. INTRODUCTION TO RADIOPHARMACEUTICALS

Nuclear medicine is a rapidly growing, interdisciplinary field
based on the use of radioactive nuclides for diagnostic and
therapeutic purposes. The development of radiopharmaceuti-
cals is a key aspect of expanding the clinical capabilities of
nuclear medicine physicians and is achieved by continually
improving the existing framework of current drug design.
Radiopharmaceuticals are divided into two broad classes:
organically derived and metal-based. These classes primarily
differ in their strategy of radionuclide incorporation.
Organically derived radiopharmaceuticals incorporate non-
metal radionuclides (e.g, '*F, ''C, N, O, and '*I) by
covalent bond formation, often replacing one hydrogen atom,
whereas metal-based tracers rely on coordination chemistry.
The short half-lives and limited decay characteristics of most
“organic” radionuclides severely limit their applications. As
seen in Figure 1, radiometals offer a broad variety of decay
characteristics and, as such, will be the focus of this Review.
With a complementary scope to the transition metal focus of
Boros and Packard,' we describe the production, purification,
chelation, and biological use of metal-based radiopharmaceu-
ticals, with emphasis on main group and rare earth radiometals.

2. DESIGN OF RADIOPHARMACEUTICALS

Within the realm of metal-based radiopharmaceuticals, two
prominent categories exist: metal-essential and metal-nones-
sential. The distinction between these classes is the role of the
radiometal. In metal-essential drugs, the radiometal is
fundamental for biological targeting. For example, **™Tc-
sestamibi (Cardiolite) is a cardiac imaging agent composed of
a ™Tc* center coordinated by six methoxyisobutylisonitrile
(MIBI) ligands. The arrangement of these lipophilic ligands
around the metal facilitates heart uptake of **™Tc-sestamibi;
however, if ™Tc* was replaced by a different metal ion or was
absent altogether, the resulting biodistribution would be
profoundly different.”> Although metal-essential drugs are
simple to synthesize, they are challenging to derivatize. In
contrast, metal-nonessential tracers are modular by design and
in theory exhibit metal-independent in vivo behavior. Readers
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are cautioned that, in practice, metal choice can influence drug
biodistribution (see sections 3.3 and 9); however, compared to
metal-essential radiopharmaceuticals, this influence is relatively
small. Most metal-nonessential design strategies divide the
drug into four parts: radiometal, ligand/chelator, linker, and
bioconjugate/targeting vector (Figure 2). In this case, the
decay properties of the radiometal are the root of diagnostic/
therapeutic function, while the bioconjugate ensures drug
accumulation at target cells. The chelator and linker integrate
the two otherwise incompatible components. This design is
very popular, as it permits alteration of individual components
to tune drug function, providing enormous potential for “plug-
and-play” drug discovery. Unless otherwise stated, all discussed
radiotracers emulate this design.

3. DECAY PROPERTIES OF RADIOMETALS IN
MEDICINE

Radiometal decay properties determine radiopharmaceutical
function. Diagnostic radiometals emit radiation that minimally
interacts with biological tissue, allowing it to easily escape the
body and reach external detectors. Therapeutic radiometals
emit radiation intended to maximally interact with surrounding
tissue in order to exert a toxic effect locally. These differences
in radiation behavior are heavily reliant on radiometal decay
characteristics. Table 1 presents decay properties, applications,
and production routes of popular radiometals and may be
helpful for reference in the following discussion. Figure 3
illustrates decay-specific applications.

3.1. Diagnostic Radiometals

Diagnostic radiotracers emit or indirectly produce photons,
which are detected by high-density material to produce spatial
representations of drug distribution in vivo. Positron-emission
tomography (PET) and single-photon emission computed
tomography (SPECT) are the most prevalent imaging
modalities for this purpose.

PET imaging requires the use of positron (f) emitters,
which are normally neutron-deficient radionuclides that
balance their nuclear composition through the conversion of
a proton to a neutron by " emission. When these positrons
meet nearby electrons (f7), a process known as “annihilation”
results in the simultaneous emission of near-coincident (~180
°) y-rays, with a characteristic energy of 511 keV. When PET
scanners detect these simultaneous p-rays, computational
methods precisely calculate the radiotracer location by
determining the point of annihilation.”” The distance a f*
travels before annihilation is proportional to its energy; thus,
emission of low-energy positrons is preferred due to their close
proximity to the radiotracer at the point of annihilation.”” By
far the most commonly used PET radiotracer is the glucose
analogue, ["*F]FDG ("*F-fluorodeoxyglucose), which has a
natural propensity to be selectively taken up by aggressively
growing tumors because of its similarity to glucose. The high
radiotracer concentration in tumors and low background
activity facilitate acquisition of high-resolution images.”*

Similar to traditional two-dimensional scintigraphy, SPECT
is based on the detection of y-rays emitted from radiotracers,
often as a result of electron capture (EC) or isomeric transition
(IT). Unlike scintigraphy, however, SPECT renders three-
dimensional images to produce more spatially oriented
representations of tracer behavior. Because of its reliance on
single-emission events (as opposed to simultaneous events),
SPECT detectors require narrow y-ray filtering, or “collima-
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Figure 1. Color-coded periodic table with current or potential applications of each element in diagnostic and/or therapeutic
radiopharmaceuticals.”~** Periodic table reproduced by permission of International Union of Pure and Applied Chemistry. Copyright © 2018

International Union of Pure and Applied Chemistry.
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Figure 2. Standard, four-component radiopharmaceutical design.
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tion”, for decay localization and sharp image construction.
Low-energy y-rays (100—250 keV) are ideal for SPECT as they
are more easily filtered by collimators and efficiently attenuated
by SPECT detectors.”*® The vast majority of SPECT scans
are based on *™Tc radionuclides, with one of the most
frequently used radiotracers being **™Tc-sestamibi for heart
perfusion imaging.'®

Of the two techniques, PET has superior sensitivity and
resolution but is far more expensive than SPECT as a result of
higher instrumentation costs and lower radionuclide avail-
ability.”*™>* PET and SPECT provide high-quality morpho-
logical information but lack anatomical perspective. Accord-
ingly, they are often combined with computed tomography
(CT) to produce a more complete biological representation.””

3.2. Therapeutic Radiometals

Therapeutic radiometals primarily induce their cytotoxic
effects through irreversible DNA damage, resulting in
deletions, chromosome aberrations, and cell death.”” DNA
damage can be achieved with the emission of beta (f7)
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particles, alpha (@) particles, or low-energy electrons (hence-
forth, Auger electrons). The ability of an emitted particle to
damage DNA is heavily dependent on its linear energy transfer
(LET), which is a measure of atom ionization/excitation per
unit length and is commonly reported in keV/um for
biological systems. High LET is typical of highly ionizing
radiation and signifies dense energy deposition. Particles with
high LET deposit their energy over shorter distances than
those with low LET and are more effective at causing
biological and/or chemical damage.””*® Tissue range is
dependent on both a particle’s LET and kinetic energy. For
example, if two particles have identical energy but different
LET, the particle with higher LET will deposit its energy more
rapidly, resulting in shorter tissue range. Alternatively, if two
particles have identical LET but different energies, the higher-
energy particle will take longer to deposit its energy, resulting
in greater tissue range. Long tissue range can be useful for
treatment of large tumors but is increasingly regarded as
undesirable because it is directly linked to off-target
toxicity.”’ ~** Particle LET and tissue range vary among
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Table 1. Popular Subject Radiometals with Relevant Production Routes, Decay Parameters, and Applications'®

half decay mode and
radionuclide production life (h) branching
#Sc *Ca(p,n)*Sc 4.04 B (94%)
*Ti/*Sc generator EC (6%)
478c Ti(n,p)*Sc 80.4 A~ (100%)
*Ca(n,y)*Ca—*Sc
%Ga Zn(p,n)*Ga 9.49 B (57%)
EC (43%)
“Ga Zn(p,n)¥Ga 78.2 EC (100%)
4.7 ¢ /decay”
%Ga %Ge/%Ga generator 1.13 B (89%)
EC (11%)
8oy 8Sr(p,n) Y 14.7 Bt (32%)
EC (68%)
Py %8r/°Y generator 64.0 B~ (100%)
10m 10Cd(p,n) "™ n 115 B (61%)
EC (39%)
Min "*Cd(pxn) ' In 67.2 EC (100%)
14.7 ¢ /decay”
Hmyy 14Cd(p,n) " n 1188 IT (97%)
“Tb spallation of Ta-foil 4.12 a (17%)
12Gd(p,4n)"“Tb B (7%)
2Nd("2C,5n) Dy~ "“Tb EC (76%)
12Tp spallation of Ta-foil 17.5 B (20%)
12Gd(p,n)"*Tb EC (80%)
55Tb spallation of Ta-foil 128 EC (100%)
155Gd(p,n) 1S5Th
159 b(p,5n) 155 Dy—155Tb
11T '9Gd(n,y)'*'Gd—"'Tb 165 p~ (100%)
12.4 e /decay”
L 7 Lu(n,y) " Lu 159 B~ (100%)
6Yb(n,y)”"Yb—"""Lu
2124 228Th/>"*Pb/*"?Bi generator 1.01 a (36%)
B (64%)
213g; 25Ac/*3Bi generator 0.76 a (2%)
B (98%)
25Ac¢ 29Th/*Ac generator 238 a (100%)
226Ra(p,2n)25Ac
22T h(p,2p6n)***Ac

—21
average energy of decay max gamma energy (keV)
particle %lZeV)“ (intensity %) application
632 1157 (100%) PET
162 159 (68%) f~ therapy
SPECT
1747 1039 (37%) PET
2752 (23%)
93 (39%) SPECT
Auger: 6.3" 185 (21%)
300 (17%)
830 PET
664 777 (22%) PET
1077 (83%)
1153 (31%)
934 B~ therapy
1011 658 (98%) PET
245 (94%) SPECT
Auger: 6.8° 171 (91%)
190 (16%) Auger electron
therapy
a: 3970 165 (26%) a therapy
B 728 352 (29%) PET
389 (18%)
817 (12%)
853 (16%)
1142 344 (64%) PET
87 (32%) SPECT
105 (25%)
p 154 26 (23%) B~ and Auger electron
therapy
Auger: 46.5° 49 (17%) SPECT
75 (10%)
134 113 (6%) p~ therapy
208 (10%) SPECT
a: 6210 a and f~ therapy

a: 8780 (daughter)
B 771

a: 8.35 MeV? (daughter)
8

440 (26%) a and f3~ therapy

B 435

a: 5.8—8.4 MeV? (chain

a therapy

average)

“Ref 16; weighted average of average values. bRefs 18 and 19. “Ref 20. “Ref 21.

therapeutic radionuclides and are heavily influenced by the
decay type and energy.

p~ particles have variable energy (0.1-2.2 MeV) and
relatively low LET, which typically falls in the realm of 0.2
keV/um. Although ™ emitters are the most developed class of
radiotherapeutics, it is known that their low LET results in a
high decay range (0.5—10 mm; SO—1000 cell diameters) that
often extends beyond the diameter of targeted tumors.'’ This
can lead to the death of healthy cells (“cross-fire”) and is a
major deterrent of S~ therapy. Currently, low-energy S~
emitters (e.g, '""Lu) are being heavily investigated due to
their lower decay range relative to high-energy S~ emitters
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(e.g, *°Y).”* Alpha particles have high energies (5—8 MeV)
and extremely high LET (~80 keV/um), resulting in a low
decay range (40—100 pm; <10 cell diameters).'” Their highly
ionizing nature and short tissue range is the cause of current
enthusiastic efforts to explore targeted alpha therapy (TAT),
notably with ***Ac. Auger electrons are low-energy particles
ejected as a result of energy released during the filling of inner
electron-shell vacancies. These particles have high LET (4—26
keV/um) and very low energy (1—10 keV), resulting in tissue
range (1—20 pm) that is often less than the diameter of a
single cell (~10 um)."” This makes cross-fire effects essentially
nonexistent and presents the potential to treat single-cell

DOI: 10.1021/acs.chemrev.8b00294
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'SPECT
Figure 3. Radiometal decay types and their corresponding
applications in nuclear medicine. 'Indicates that degree of rotation,

number of detectors, and orbital path may vary depending on
instrument.

tumor metastasis. Auger electrons are the least explored
therapeutic and are currently limited by their need for cell or
nucleus internalization to exert any degree of toxic effects.”

3.3. Theranostics

Combined therapeutic and diagnostic (“theranostic”) isotopes
are an emerging concept and are desirable because of their
ability to diagnose, treat, and evaluate treatment, simulta-
neously or following a therapeutic regimen. Some radiometals
are inherently theranostic, generally by virtue of a therapeutic
nuclide having an imageable y-line (e.g,, *’Sc, '”’Lu); however,
the most ideal theranostic agents are composed of chemically
identical radioisotope pairs with similar half-lives and
complementary emission. In this way, the diagnostic and
therapeutic decay modes are optimal (i.e., high branching and
appropriate energy) and the radioisotopes exhibit identical
(bio)chemical behavior, notably with respect to the chelator.
This ensures the therapeutic radiotracer behaves identically to
the diagnostic radiotracer in vivo, which is crucial for accurate
dosimetry. This is in contrast to nonchemically identical
matched pairs (e.g, '''In/*°Y), where diagnostic information is
less representative of therapeutic dose distribution due to
differences in radiotracer behavior.”®

4. INTRODUCTION TO RADIONUCLIDE PRODUCTION
AND PURITY

The next two sections will briefly summarize core concepts of
radiometal production and purity that are relevant in later
discussion. It should be noted that this description is by no
means all-encompassing but rather an introduction for those
interested but unfamiliar with the topic.

4.1. Production of Radionuclides

Cyclotrons and nuclear reactors are commonly used for
radionuclide production. Cyclotrons use magnetic fields to
accelerate charged particles (e.g,, protons, deuterons, and a-
particles) and produce proton-rich nuclides, which (if
radioactive) typically decay by EC or * emission in order to
balance their unstable nuclear composition. Cyclotron-based
production is contingent on the accelerated particle having
sufficient energy to overcome the threshold energy of a given
nuclear reaction, which is influenced by the mass difference
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between nuclear reactants (ie., target nuclide, irradiating
particle) and products (i.e, product nucleus, emitted
particles), as well as the electrostatic repulsion between the
accelerated particle and the target nuclide. These parameters
are referred to as the Q value and the Coulomb barrier,
respectively.”” Biomedical cyclotrons are most common and
have beam energies below 20 MeV. These small cyclotrons are
typically found in hospitals or universities; thus, production
routes that are compatible with low-energy cyclotrons are
desirable due to their greater potential for clinical use.
Intermediate- (20—35 MeV) and high-energy (>35 MeV)
cyclotrons are also useful for medical radionuclide production
but are far less common.”” Reactor production is based around
the spontaneous fission of fissile materials (within fuel rods)
that release neutrons capable of inducing fission or neutron
activation of target material. In the latter case, the resulting
nuclides are neutron-rich and (if radioactive) normally decay
via f~ emission. Unlike nuclide production via charged particle
bombardment, no Coulomb barrier exists for neutron reactions
because they are not repulsed by the positively charged nucleus
or negatively charged electrons of target atoms. As such, low-
energy neutrons are generally more desirable for production
via neutron capture due to their greater probability of
interactions with surrounding nuclei, compared to high-energy
neutrons. For example, thermal neutrons have relatively low
kinetic energy (E = 0.025 eV) and are commonly used to
produce a variety of radionuclides. For production via fission,
however, neutron energies must be on the order of MeV.>°
Cyclotrons and reactors are both vital means of radionuclide
production and are often said to have complementary roles in
the field of nuclear medicine due to the contrasting nature of
produced radionuclides.”® Linear accelerators (LINACS) also
can be used for medical radionuclide production® but are far
less common.

In a simplified sense, activity production is proportional to
the number of target atoms, beam intensity (or flux), and
formation cross section, which is a measure of likelihood that a
nuclear reaction will occur.®® For those unfamiliar, cross
sections can be conceptualized through the analogy of trying to
hit a target with a projectile. In the same way that a target with
a large surface area will be easier to hit, so too does a large
cross-section communicate a high probability that a nuclear
reaction will occur. Cross sections (6) are measured in barns
(1b = 107%* cm?) and are a function of beam energy.‘%o’40 The
relationship between cross sections and beam energy is often
of great interest in order to achieve maximum production
yields and radionuclidic purity. Investigations of this nature are
often complicated by the coproduction of isotopic contami-
nants, which are especially problematic if long-lived and
chemically identical (e.g., '"Lu/'7"™Lu, RSAC/PTAC) A
Contaminant production can be mitigated through the use of
isotopically enriched target material; however, the enrichment
process can be prohibitively expensive.*’ Natural targets are far
less expensive but tend to yield lower radionuclidic purity and
require careful optimization of irradiation parameters. The
most desirable elements for target material are naturally
monoisotopic (e.g., **Sc, *Y), but unfortunately few exist.

Generators are an extremely desirable means of production
and rely on long-lived parent radionuclides that can be
chemically separated from desired daughters. The parent
radionuclides are loaded onto a resin and eluted or “milked”
once they near equilibrium (transient or secular) with their
daughters, ideally resulting in isolation of activity with high
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Figure 4. Selected macrocyclic chelators and their respective BFCs.

radionuclidic purity. The main benefit of generator use is
cyclotron-/reactor-independent radionuclide accesses, which
drastically increases radionuclide availability and makes clinical
use more feasible. For other examples of developing and
established generator systems not presented here, see Review
by Boros and Packard."
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4.2, Purity of Radioactive Material

Radionuclidic purity is defined as the absence of other
radionuclides and is often expressed as a percentage of desired
radioactivity from total radioactivity. Not to be confused with
radiochemical purity, which refers to the purity of chemical
species of a given radionuclide (e.g, **™Tc-sestamibi versus
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#mTcQ,”), the term radionuclidic purity describes the purity
of a given radionuclide with respect to other radionuclides
(e.g, 2As versus °As, 7*Ga, "'Ge).** While these terms are
frequently used to describe purity of radioactive species, they
are limited in their ability to describe nonradioactive
contaminants, notably those of the same chemical identity as
the radionuclide of interest. The nonquantitative terms “no-
carrier-added” (nca) and “carrier-added” (ca) are convenient
in this respect, as they indicate a level of specific/molar activity
(vide infra), often as a consequence of stable impurities.** The
term ca indicates a relatively high concentration of stable
nuclides of the corresponding element, while nca suggests the
activity is essentially free from such contamination. The two
caveats of this classification are (1) the word “essentially” is a
vital component of the nca definition, as the absence of stable
isotopes is both rare and challenging to prove, and (2) these
classifications only consider isotopes of the element of interest;
thus, contaminants of different elements may be present.
Although these terms are less precise than “radionuclidic
purity”, they are more practical as colloquial descriptors and
are commonly used to distinguish radionuclides that have been
chemically separated from their target material (nca) from
those that have not (ca).

The foundation of isolating nca activity is chemical
distinctness of the produced radionuclide from the target
material, which permits physical separation of the two
components through a variety of chemical differences (e.g.,
solubility, resin affinity, and redox potential). For example,
production of nca ®Ga is possible via Zn(p,n)**Ga, resulting
in a zinc target that can be chemically separated from the nano-
to-picomolar concentrations of produced gallium.* This is in
contrast to ca activity, where the sample may be elementally
pure but the isotope composition is impure. This is often the
case with production via neutron activation (e.g, 1528 m-
(n,7)'*Sm) and is due to the shared chemical identity of the
product and target, which results in an inextricable mixture of
isotopes. Use of ca activity results in undesired nonradioactive
isotopes occupying coordination sites, which is rarely
permissible during subsequent use. The quantity of desirable
decays per unit material is commonly described as molar
activity (Bq/mol). Thus, it can be said that nca material is
more desirable than ca, as it results in higher molar activity. It
should be noted that specific activity (Bq/g) is also commonly
used to describe activity concentration. Readers are cautioned
to pay particular attention to these units, as molar activity is
frequently described as specific activity in the current literature.

5. ROLE OF CHEMISTRY IN
RADIOPHARMACEUTICALS

Chemistry is often referred to as the central science due to its
tendency to bridge the gap between physical and life sciences.
Similarly, the use of fundamental chemical concepts is vital for
the consolidation of radioactive and biological components in
modern radiopharmaceuticals. Covalent bond formation (e.g.,
["®F]FDG) is one way to achieve “radiolabeling”; however, a
wider variety of radionuclides are accessible through the use of
radiometals and coordination chemistry. To this end, develop-
ment of molecules capable of forming strong coordinative
bonds with metals is imperative.

Biological and radioactive drug components are often
coupled through the use of bifunctional chelators (BFCs),
which serve the dual purpose of radiometal complexation and
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bioconjugation (section 5.3). The primary goal of radiometal
complexation is the formation of robust coordination
complexes to prevent the release of free metals in vivo. Stable
complexes are formed through identification of compatible
chelate—metal matches."'

5.1. Chelators for Metal Complexation

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid; Figure 4A) is the most frequently used chelator in
nuclear medicine. While the use of DOTA is appropriate in
many cases, wide and indiscriminate use has resulted in many
instances of poor radiotracer performance due to nonideal
chelator—metal interactions.**™>° Lacking in these cases is
consideration of fundamental metal ion characteristics (i.e.,
atomic number, charge, and radius), which vary from metal ion
to metal ion and result in distinct preferences for geometry,
coordination number, and ionic/covalent bond contribution.
For optimal stability, the coordinating functional groups of the
chelator should adopt the favored geometry of the metal ion
while simultaneously satisfying metal coordination require-
ments to prevent competition from extraneous ligands,
especially in biological systems (see section 5.2). Developed
by Pearson in 1968,”" hard—soft acid—base (HSAB) theory is a
convenient way to discuss ionic/covalent bond character.

In the context of HSAB theory, hard metal ions have high
charge density, have nonpolarizable electron shells, and tend to
form predominantly ionic bonds, where electrostatic attraction
is the primary driving force of bond formation (e.g., Fe**). As a
rule, hard metal ions prefer hard donating groups, which
possess dense anionic character (e.g, carboxylic acids).
Conversely, soft metals have low charge density (e.g, TI")
and polarizable electron shells. They prefer more covalent
bonding than do hard metal ions, which is achieved through
coordination from softer, more electron-disperse donor groups
(e.g., thiols). A useful metric for hard—soft character is the
Drago—Wayland parameter, I,, which conveys the electrostatic
(E,) and covalent (C,) contributions to the formation
constants of Lewis acid—base complexes (includes metal
complexes) in aqueous solution (I, = E,/C,).”* From an
energetic perspective, these differences in bonding arise due to
energy differences between the highest occupied molecular
orbital (HOMO) of the coordinating group and the lowest
unoccupied molecular orbital (LUMO) of the metal ion. Hard
metal ions generally have high-energy LUMOs that have poor
orbital overlap with low-energy HOMOs of hard coordinating
groups, resulting in minimal sharing of electrons and
electrostatic-dominant bonding. Soft metal ions have lower-
energy LUMOs that overlap with high-energy HOMOs of soft
coordinating groups, resulting in significant sharing of
electrons and relatively high covalent bond character.” Table
2 presents relevant chemical parameters of further discussed
metal ions.

When coordinated to a metal ion, a chelator that satisfies the
aforementioned criteria will form a highly stable, low-energy
complex with a large energetic cost of dissociation. Multi-
dentate chelators are especially effective at forming robust
complexes due to “the chelate effect”, which (in a simplified
sense) describes the higher entropic cost of coordination from
multiple, monodentate ligands relative to a single, multidentate
ligand.”*>> For this reason, high-denticity chelators are
preferable. Along the same lines, preorganized binding pockets
are known to have an extraordinary effect on metal complex
inertness due to the lower entropic cost of complexation. This
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Table 2. Relevant Chemical Parameters of Discussed Metal
Cations

metal ion ionic radius” hardness” (1) pka“
S 0.87 (CN = 8) hard (10.49) 43
Ga’* 0.62 (CN = 6) hard (7.07) 2.6
Y3 1.02 (CN = 8) hard (10.64) 7.7
In** 0.92 (CN = 8) borderline hard (6.3) 4.0
Tb* 1.04 (CN = 8) hard (10.07—10.307) 7.9
Lu® 0.98 (CN = 8) hard (10.07) 7.6
Bi** 1.17 (CN = 8) borderline hard (6.39) 1.1
La** 1.03 (CN = 6) hard (10.30) 8.5
Ac* 1.12 (CN = 6) borderline hard? <10.4

“Ref 715. "Ref 52, p 37; (I, = E4/C,). “As hydrated metal cation
(M*(,y) = MOH> (). Ref 716, pp 128, 137, 319, 327, and 383.
Lanthanide series range.

effect is especially pronounced for macrocyclic ligands and has
thus been deemed the “macrocyclic effect”.’® Two classes of
chelators (macrocyclic (Figure 4) and acyclic (Figure S)) have
emerged due to the practical repercussions of this principle.

In general, macrocyclic chelators are more kinetically inert
than their acyclic counterparts due to their rigid, preorganized
binding sites. The disadvantage of using these scaffolds is their
slow binding kinetics, which necessitate high temperatures and
(long) waiting periods for optimal radiolabeling. These
conditions are incompatible with heat-sensitive bioconjugates,
such as antibodies, which rely on relatively weak domain
interactions to maintain structural integrity. 758 Conversely,
acyclic ligands exhibit rapid radiolabeling at ambient temper-
ature as a result of unrestricted bond rotation in their free
form. The consequence of such freedom is the high entropic
cost of complexation, which results in a greater likelihood of
decomplexation in vivo, compared to macrocycles.

Historically, the benefits and drawbacks of macrocyclic
versus acyclic chelators were unambiguous and unavoidable;
however, continued research in the field of chelator develop-
ment has worked to undermine the disadvantages of each class
and has proven quite successful. For example, it is well-known
that DOTA suffers from sluggish labeling kinetics and requires
heating up to 95 °C for radiolabeling of most metal ions.
Development of pyridine-containing (PCTA, 3,6,9,15-
tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-tria-
cetic acid; Figure 4G) and iminodiacetic acid-functionalized
(DEPA, 7-[2-(biscarboxymethylamino)ethyl]-4,10-biscarboxy-
methyl-1,4,7,10-tetraazacyclododec-1-yl-acetic acid; Figure
4C) DOTA derivatives has addressed this issue and permits
more facile radiolabeling while maintaining high kinetic
inertness.””®° Conversely, DTPA (1,1,4,7,7-diethylenetriami-
nepentaacetic acid; Figure SA) complexes are known to
frequently dissociate in vivo. The development of the more
preorganized CHX-DTPA (cyclohexane-1,2-diamine-
N,N,N’,N’-tetraacetate; Figure SB) has alleviated this issue
while maintaining rapid labeling kinetics and is now widely
used with radioimmunoconjugates.”’ ~®* Although the choice
between macrocyclic and acyclic chelators remains a matter of
cost—benefit, the stereotypical shortcomings of each chelator
class has been largely diminished. For lists of selected
chelators, see Tables 3, 5, 7, 9, 11, 13, 15, and 17.

5.2. Evaluation of Chelators

Assessment and comparison of chelators is crucial for the
continued improvement of radiotracers. As chemists, we seek
to probe the thermodynamic stability, kinetic inertness, and in
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vivo performance of chelators to build a clear picture of how
chelator—metal interactions affect biological behavior.

Evaluation of a chelator’s metal affinity requires knowledge
of its acid—base properties (protonation constants) and the
thermodynamic stability of its metal complexes. Potentio-
metric, spectrophotometric, calorimetric, and NMR (nuclear
magnetic resonance) titrations are commonly employed to
study these parameters.’”®® Thermodynamic stability is
evaluated through the calculation of formation constants (log
K), which are based around the complex equilibrium of metal
ions, protons, and ligands (chelators), conventionally written
as pM + gqH + rL < M,H.L, Metal ion affinity of different
chelators is commonly compared in terms of their stability
constants (log KMquL,); however, a more useful thermody-
namic parameter is the pM value (pM = —log[M]). Introduced
by Raymond and co-workers,® pM values are linearly
correlated with stability constants and express the extent to
which a metal ion complex is formed in solution under
physiologically relevant conditions. pM is normally reported
under standard conditions ([L] = 10 uM, [M] = 1 uM, pH
7.4) and permits the most suitable comparison of the ability of
different ligands with diverse basicities, protonation states, and
metal complex stoichiometries to sequester specific metal
ions.””*® High pM values are desirable, as they express low free
metal concentrations at physiological pH. Although useful for
comparison, thermodynamic parameters are less meaningful
than kinetic studies for predicting in vivo behavior.

Kinetic inertness is normally evaluated through competition
studies to determine the degree and/or rate at which
extraneous factors induce complex dissociation. As discussed,
metal ion complexation is dependent on proton, metal, and
chelator concentrations. Competition studies aim to expose
potential avenues of decomplexation by overloading a given
equilibrium element and studying the repercussions from a
kinetic standpoint. Subjecting metal complexes to acidic
conditions (pH < 2) often induces acid-catalyzed dissocia-
tion®””® and is a measure of how effectively protons can
compete with metals for coordinating atoms. Acid dissociation
studies are relatively uncommon due to their lack of direct
applicability to physiological conditions. Conversely, in vitro
tansmetalation studies emulate in vivo conditions relevant to
dissociation and are extremely common. Incubation of
radiometal complexes with a large excess of biologically
relevant metal ions (e.g, Fe’", Zn®*, Ca**, and Cu®") probes
the likelihood of free radiometal ion release in vivo as a result
of displacement by endogenous ions.”" Incubation with serum
proteins or enzymes explores the potential of radiometal
transmetalation by endogenous ligands.”> Methods to
distinguish free radiometal ions from complexes are well-
established and commonly involve thin-layer chromatography
(TLC) or high-performance liquid chromatography (HPLC).

The most decisive evaluation of chelator utility is
observation of in vivo performance with PET or SPECT.
Mice are common models for this purpose, althoug7h
nonhuman primates and pigs are occasionally reported.”*~"
Common signs of free metal ion release are bone, "’
kidney,78 or liver’ accumulation; however, the latter two are
somewhat ambiguous as they are common sites of
bioconjugate accumulation and/or excretion. Studies can also
be done with nonfunctionalized, “naked” chelators; however,
with no targeting moiety, most metal ion—chelate complexes
are rapidly excreted due to their small/hydrophilic nature.””~*'
These studies are not particularly useful for probing long-term
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Figure S. Selected acyclic chelators and their respective BFCs.
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Table 3. Selected Sc** Chelators, Metal Complex Geometry, and Thermodynamic Parameters

metal jon chelator coordinating nuclei
Sc¥* DOTA N,O,
NOTA N0,
DTPA N,0,
AAZTA N,0,

geometry

square antiprism

distorted octahedral

distorted square antiprism
irregular dodecahedron (1:4:3)

910

log Ky pM reference
27.0-30.8 23.9-26.5 132—-134
16.5 19.2 92, 133
26.3-27.4 100, 134
27.7 24.7 142
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decomplexation but rather are a gauge of short-term instability
or the fate of a chelator if it were cleaved from its bioconjugate.
Proper BFC design should, however, minimize this possibility.

5.3. Bifunctional Chelators and Linkers

Bifunctional chelators serve two purposes: (1) to secure the
radiometal ion (see section S.1) and (2) to provide a covalent
link between the complex and the targeting vector. BFCs are
normally adapted from nonbifunctional analogues through the
addition of pendant arms bearing a functional group available
for facile bioconjugate coupling. For synthetic ease, coordinat-
ing groups are sometimes replaced by coupling groups (e.g.,
DO3A; Figure 4A); however, this strategy can negatively
impact complex stability.**~* The alternative is functionaliza-
tion at a less critical position, such as an ethylene diamine
bridge (e.g, p-SCN-Bn-DOTA; Figure 4A), which avoids
direct interference with metal binding but is generally more
synthetically challenging.

Coupling of the targeting vector to the BFC often relies on
nucleophilic attack from the bioconjugate. Free amines from
the N-terminus, amino acid side-chains (e.g., lysine), or linker
are common for this purpose. Amine coupling to carboxylic
acids is achieved through the use of coupling agents (e.g., 1-
ethyl-3-[3-dimethylamoniopropyl]carbodiimide [EDC], N,N’-
dicyclohexylurea [DCC], or hydroxybenzotriazole [HOBt]) or
by first activating the electrophile (e.g., N-hydroxysuccinimide
[NHS]).* A very common amine coupling strategy employs
isothiocyanate groups, which are installed through the
reduction and subsequent conversion (via thiophosgene) of
p-NO,—Bn groups.**™** The benefit of such an approach is
facile coupling to the highly electrophilic carbon, which results
in a stable thiourea linkage. The drawback of this approach is
the use of highly toxic thiophosgene, as well as the tendency of
the product to degrade due to the reactive isothiocyanate
group. Thiol coupling via maleimide groups is possible given
the presence of free cysteine residues. The use of copper-
mediated “click-chemistry” and Diels—Alder coupling have also
been demonstrated.*®

Linkers are often employed to separate the chelator and the
bioconjugate in order to avoid detrimental interactions (i.e.,
bioconjugate interference with coordination or chelate
disruption of receptor targeting). Aliphatic, amino acid, or
polyethylene glycol (PEG) chains are frequently used.
Although often overlooked, linker properties are rather
important, as the addition of side groups can be used as a
powerful tool to optimize radiotracer pharmacokinetics and
biodistribution.”” A recent and notable example of this
phenomenon is PSMA-617, which is discussed in many
instances below.

6. TARGETING VECTORS

Bioconjugates (also known as targeting vectors) dictate the
biodistribution and pharmacokinetics of the radiopharmaceut-
ical. Accurate targeting is crucial to obtain meaningful
diagnostic information and/or selectively kill diseased cells
(Figure 6). Promising bioconjugates exhibit high affinity for
(or are internalized by) receptors that are highly expressed on
target cells but are absent or minimally expressed on healthy
cells. Other desirable bioconjugate characteristics include
minimal renal/hepatic accumulation, high thermal and in
vivo stability, and a compatible (biological) half-life with the
radiometal (physical half-life). Because of the already broad
scope of this Review, categories and examples of targeting

Selective Targeting

Cell surface marker
or receptor

I

Healthy Cells

Target Cells

Cluster of ™
target cells

Localized Radiation

Site of
disease

Targeted Diagnosis
and/or Therapy!

Figure 6. Simplified illustration of radiopharmaceutical targeting.

vectors will only briefly be discussed. For lists of selected
radiopharmaceuticals, see Tables 4, 6, 8, 10, 12, 14, 16, and 18.
Peptides (or, more specifically, oligopeptides) are of growing
interest for use in radiopharmaceuticals largely due to their
size, which has ramifications on stability, biological circulation,
and synthesis. As short chains (2—20 amino acids), peptides
do not rely on high-level structures (i.e., secondary, tertiary,
and quaternary) and exhibit considerable thermal stability.
Although endogenous peptides are readily degraded by
numerous biological processes in vivo, structural modifications
can drastically slow degradation without altering receptor
affinity, making the application of endogenous peptides to
radiotracers viable.”” In a simplified sense, biological
circulation time is inversely proportional to size. Accordingly,
peptides experience fast circulation and can rapidly accumulate
at target receptors. Unbound peptide radiotracers quickly clear
from circulation, resulting in high tumor-to-background
ratios.”’ ™ A caveat to this point is that excessively high
rates of circulation and clearance can prevent adequate tumor
accumulation. Lastly, unlike larger biomolecules (e.g., proteins
and antibodies), the simple structure of peptides makes them
amenable to straightforward ex vivo synthesis, which can be
achieved through increasingly powerful solid-phase peptide
synthesis.”* Common peptide bioconjugates are Arg-Gly-Asp
(RGD) analogues for integrin targeting; PSMA-specific
peptides for prostate-specific membrane antigen (PSMA)
targeting; bombesin (BBN) fragments for gastrin-releasing
peptide (GRP) receptor targeting; and DOTA-conjugated
octreotide analogues (i.e, DOTATATE, DOTATOC, and
DOTANOC) for somatostatin (SST) receptor targeting.
Antibodies are large, Y-shaped glycoproteins central to the
human immune system. The appeal of using antibodies as
targeting vectors is their highly specialized targeting
capabilities, which can facilitate very selective tumor local-
ization.”> Because of their large size, antibodies experience
slow circulation, have long biological half-lives, and are suitable
for use only with long-lived radiometals. While this extended
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period of circulation is beneficial for tumor targeting, slow
clearance rates generally require long waiting periods to
achieve high tumor-to-background ratios.”® Antibodies also
heavily rely on weakly bound domains to exert their biological
function and as such are frequently sensitive to thermal
degradation.’”® The use of antibody fragments is increasingly
popular, as aforementioned disadvantages are alleviated while
maintaining high receptor affinity and specificity.”” Common
antibody bioconjugates are Trastuzumab for human epidermal
growth factor receptor 2 (HER2) targeting; JS91 for PSMA
targeting; HuM19S for CD33 targeting; Rituximab for CD20
targeting; and Cetuximab for epidermal growth factor receptor
(EGFR) targeting.

Interlude

The remainder of this Review will summarize production,
purification, chemistry, chelator development, and biological
studies of selected radiometals, which are organized by their
chemical identities. The discussed radiometals range from
frequent clinical use (e.g., *Ga and *°Y) to early-stage research
(e.g, 149/152/155/161 ) and were selected based on their current
or potential clinical significance. Transition metals were
intentionally omitted, as they are presented in the companion
Review by Boros and Packard.'

7. SCANDIUM

Scandium-44 has garnered attention as a PET radionuclide due
to its high B* branching ratio (Ef,,, = 632 keV, 94%) and
long physical halflife (t,,, = 4.04 h).”® The latter is
advantageous for several reasons, most notably the potential
to acquire images at later time points than common p*
emitters, such as "F (t,, = 1.83 h) and ®Ga (t;,, = 1.13
h). Background signals typically decrease with time due to
progressive radiotracer clearance; thus, delayed imaging with
*Sc may improve tumor-to-tissue ratios and lead to higher
image quality.”” Imaging later time points also presents the
opportunity to investigate pharmacokinetics of slower-circulat-
ing bioconjugates. Lastly, the extended half-life may permit
cost-effective use of **Sc through centralized production and
regional distribution,"® which would not be feasible with a
shorter-lived radionuclide. Scandium-44 is considered a
diagnostic match for the common f~ emitters *°Y and '""Lu,
due to the chemical similarities of rare-earth metals. More
appealing, however, is the prospect of combined use with *Sc
due to their shared chemical identity.

Scandium-47 (t;,, = 80.4 h) is a high branching, low-energy
f~ emitter (Ef~,,, = 162 keV, 100%) suitable for treatment of
small tumors and cancer metastasis.'’’ B~ emission is
accompanied by coemission of low-energy y-rays (Ey = 159
keV; Iy = 68%) useful for SPECT imaging.m2 Unfortunately,
regular clinical use of *Sc is a distant prospect due to
inconvenient production methodology. Other useful radio-
isotopes for scandium-based radiopharmaceuticals include the
B emitter ¥*Sc (t,,, = 3.89 h, Ef",,, = 476 keV, 88%), which is
free of high-energy gamma emission, unlike *Sc (Ey = 1157
keV; Iy = 100%) and *™Sc (t,,, = 58.6 h), due to its potential
as an in vivo *Sc generat01'.4o’103_“)8
7.1. Scandium-44 Production

The primary means of *Sc production is via *Ca(p,n)*Sc,
which reaches a broad cross-sectional maximum (650 mb)
between 8 and 13 MeV."” Historically, solvent extraction'*”" "’
has been used to purify Sc** from Ca®*; however, extraction
chromatography is more robust and is now the standard.
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Separation is achieved through target dissolution, followed by
loading of the 6 M HClI solution onto DGA (N,N,N’,N’-tetra-
n-octyldiglycolamide) solid-phase resin. Washing with 6 M
HCI results in retention of Sc** and elution of Ca*".''" If
significant metal impurities (e.g., Fe and Zn) are present, they
may be separately eluted with 1 M HNO;. This is crucial if
enriched **Ca (<2.09% natural abundance) is to be recovered
and reused.'””""" Elution of *Sc with dilute HCl yields a high
molar activity solution."'" A similar method using UTEVA
(uranium and tetravalent actinides) resin has also been
demonstrated.''” If desired, further purification may be
achieved with cation-exchange chromatography, which re-
quires NH,OAc for elution." "

A promising alternative source of **Sc is the *Ti/*Sc
generator system. Clinical use of this system remains to be seen
due to suboptimal separation of parent and daughter
radionuclides, resulting in **Ti breakthrough after prolonged
elution."*~"'® Furthermore, production of *Ti (t;, = 60
years) is somewhat challenging and requires high-flux protons
due to the long physical halflife and low **Sc(p,2n)*Ti
reaction cross section (40.3 mb at 24.1 MeV).''>!"”

7.2. Scandium-47 Production

Early studies investigated *’Sc production by proton irradiation
of ™y however, neutron irradiation is a superior
strategy. Irradiation of enriched *TiO, with high-energy
neutrons (E, > 1 MeV) has been shown to induce *'Ti-
(n,p)*’Sc, with a theoretical yield of 2.8 TBq (75 Ci) after 3.35
days of irradiation on a 10 g tar%et. Production of GBq
quantities has been reported to date.”®'** Use of Li," TiFg as
target material was shown to be beneficial, as it produced
comparable yields to *TiO, while requiring just minutes to
dissolve in 1 M HF, as opposed to 2—4 h at 80 °C.** Although
good radionuclidic purity (99.5%) has been reported,**'**"*!
controlling the coproduction of **Sc remains challenging and is
a major drawback of this method.'”" Unsurpisingly, use of
natural targets ("*TiO,) leads to decreased radionuclidic
purity.43,122

Purification of Sc** from Ti*" requires dissolution in
concentrated H,SO,, followed by solvent evaporation and
redissolution in water containing 0.3% H,0,. Cation-exchange
chromatography retains Sc** while Ti*" is recovered by several
washes with increasingly acidic HCI (0.2—2.5 M). Scandium-
47 is eluted with a mixture of 4 M HCI/0.1 M HF. Several
column cycles are required to completely remove titanium.'*
Separation has also been achieved through liquid—liquid
extraction, precipitation followed by anion-exchange chroma-
tography, and silica gel chromatography.'**~"*®

Scandium-47 can also be produced indirectly through a ¥'Ca
(t;, = 109 h) pseudogenerator using thermal neutrons to
induce *Ca(n,y)*Ca — ¥’Sc. The apparent 10-fold increase in
activity yield compared to the direct method is a result of the
higher cross section (700 mb) and higher flux of thermal
neutrons compared to fast neutrons.'”" The separation of *’Ca
from *'Sc can be achieved following the same protocol as
described above for *Ca(p,n)**Sc. Although the indirect
method requires long waiting periods and expensive **Ca
target material (even relative to enriched *'TiO, due to
<0.01% natural abundance), the superior purity and yield over
direct production appears to make it a promising direction for
the future of *'Sc production.

LINACS have been used to produce *’Sc, both directly and
indirectly. Titanium-based production via *Ti(y,p)*Sc was
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originally proposed in 1977;'** however, recently it was
reported that beam energies above 22 MeV cause excess **Sc
contamination due to the **Ti(y,np) reaction.'”® The limited
yield and stringent energy requirements make this route an
unlikely candidate for future production. Calcium-based
LINAC production occurs via *¥Ca(y,n)*Ca — *Sc; however,
only preliminary studies on natural targets are available.'””

7.3. Scandium Chemistry and Chelator Development

Scandium is found almost exclusively as a trivalent cation
(Sc**) and is the smallest of the rare-earth metals, with an ionic
radius of 0.75-0.87 A (CN = 6-8). In many ways, the
chemistry of Sc** is a mix of first-row transition metals and the
lanthanides.'*® For example, VSEPR (valence shell electron-
pair repulsion) theory groups Sc** with nearby transition
metals (Fe**, Co*, and Ni’"), yet the high coordination
preference (CN = 6—8) and ionic bonding tendency (I, =
10.49) of Sc** are characteristics more akin to the lanthanides.
Unlike other rare-earth metals, the high acid dissociation
constant of hydrated Sc** (pK, = 4.3, Sc3+(aq) - ScOH2+(aq))
results in a high propensity to hydrolyze, which begins at pH
2.5. Precipitation as Sc(OH); occurs at neutral-to-basic pH
(pH 7-11)."*°

DOTA is widely used for scandium-based radiopharmaceu-
ticals. This compatibility may be surprising when considering
the hexadentate environment of other Sc** coordination
complexes (e.g,, Sc[acac];) and hydrated salts (e.g, ScCl,,
ScBry, Sc(ClO,);, and Sc(NO,);)."**"*° However, like other
rare-earth metals, Sc** has a high preference for hard donating
groups and favors a coordination number of eight, even in its
hydrated form.””'*' In the solid-state structure of [Sc-
(DOTA)], the Sc** center adopts square-antiprism geometry
and is sandwiched between the N, (macrocycle) and O,
(acetate) planes. Unlike many other Ln-DOTA structures,
the size of Sc** does not allow a water molecule to cap the O,
plane. The generally longer Sc—N (~2.44 A) than Sc—O
(~2.15 A) bond distances are expected due to trivalent
scandium’s preference for electrostatic bonding. DOTA can
near-quantitatively radiolabel */¥’Sc over 10—30 min to
achieve high molar activities (Table 4); however, elevated
temperatures are required. Microwave heating may be used to
truncate waiting time,"*” but it is still unsuitable for heat-
sensitive bioconjugates. Competition experiments with HSc-
DOTATOC demonstrate complex robustness, as complexes
remained >96% intact after 24 h in the presence of competing
serum proteins (calf or human serum) or metals (Fe**, Cu®,
Ca®*, or Cu*)."** Moreover, the high stability (log Ky =
27.0—30.8) and pM value (23.9-26.5) support DOTA use for
the majority of Sc**-based radiopharmaceuticals.'*>"**

The small size of scandium has led some to study its
compatibility with the smaller macrocycle NOTA (1,4,7-
triazacyclononane-1,4,7-triacetic acid; Figure 4I).92 This match
is clearly unsuitable, as evidenced by low [Sc(NOTA)]
stability (log Kyy = 16.5) and poor */#Sc radiolabeling
capabilities.””” During a comparison of *Sc-NODAGA- and
#Sc-DOTA-conjugated peptides, authors noted that labeling
1,4,7-triazacyclononane, 1-glutaric acid-4,7-acetic acid (NODA-
GA) conjugates with **Sc was unreliable and highly susceptible
to metal impurities, overall concludinzg that DOTA is superior
to NODAGA for *Sc radiolabeling.”

In terms of acyclic chelators, DTPA is a satisfactory
alternative to DOTA, as suggested by the comparable stability
constant (log Ky = 26.3—27.4)."** The solid-state structure of
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[Sc(DTPA)]*" reveals distorted square antiprism metal center
geometry, with an N;O; bonding environment and no
additional coordinating water, unlike other [Ln(DTPA)]*"
complexes.”**'*> On the basis of similar systems, it is
presumed that [Sc(CHX-A''-DTPA)]*” is superior to [Sc-
(DTPA)]* due to increased resistance to decomplexation.'*

AAZTA (1,4-bis[carboxymethyl]-6-[bis{carboxymethyl}]-
amino-6-methylperhydro-1,4-diazepine; Figure SK) is most
widely known for its use in MRI (magnetic resonance imaging)
contrast agents with Gd*>*"*”~'*! but has also been found to
form highly stable complexes with Sc** (log Ky = 27.7). The
preorganized cyclic backbone results in comparable inertness
to DOTA, while permitting room-temperature radiolabeling
due to backbone ﬂexibility.142 PET/MRI imaging was
conducted following RGD conjugation to the bifunctional
analogue, CNAAZTA (Figure SK). The trial served as a solid
proof of concept, although significant uptake of the gall bladder
and intestinal tract was observed. Continued work in the realm
of bioconjugation should be of interest in the future.

Other potentially useful acyclic ligands include EGTA
(ethylene glycol bis[2-aminoethyl ether]-N,N,N’,N’-tetraacetic
acid; Figure SE) and EDTMP (ethylenediamine tetra-
[methylene phosphonic acid]; Figure SF). The [*Sc-
(EGTA)]™ complex remained largely intact against competi-
tion from 0.9% NaCl or 0.1 M PBS solutions over 6 days and
outperformed other common acyclic ligands such as BATPA
(1,2-bis[2-aminophenoxy]ethane-N,N,N’,N’-tetraacetic acid;
Figure SE), TTHA (triethylenetetramine-
N,N,N',N",N""",N"""-hexaacetic acid; Figure SD) and HBED
(N,N’-bis[2-hydroxybenzyl]ethylenediamine-N,N’-diacetic
acid; Figure 5C).'* Preliminary in vivo studies with *Sc-
(EDTMP)*" illustrate the capacity for bone targeting while

mitigating intestinal/hepatic uptake typical of free Sc**.'**

7.4. Scandium-44/47 Biological Studies

The increasing availability of **Sc and its compatibility with
DOTA has led to a number of studies exploring a variety of
bioconjugates including DOTATATE, DOTANOC, DOTA-
Puromycin, DOTA-cRGD, DOTA-BBN[2—14]NH,, DOTA-
NAPamide DOTA-PSMA-617, and DOTA- Zyzryagor- >
CHX-A"”-DTPA has also been successfully used for radio-
labeling of the monoclonal antibody (mAb), Cetuximab.'"’
Most interesting are the studies that directly compare **Sc to
%Ga or investigate the capability of **Sc as a diagnostic match
for ""Lu.

Comparison of *Sc and ®*Ga for imaging of animals with
melanocortin-1 receptor (MC1-R) positive tumors using
DOTA-NAPamide after 4 h revealed significantly higher
tumor uptake of *#Sc (81.7 + 7.7%ID/g) over ®*Ga (17.3 +
1.85%ID/g).">° With DOTA-PSMA-617, *Sc and **Ga were
observed to exhibit similar in vivo behavior, with *Sc-PSMA-
617 displaying higher tumor-to-liver ratios at 15 min (18.8 +
5.0 vs 6.02 + 0.59) and 30 min (55.6 + 7.36 vs 19.0 = 2.3).
Not only is this alone a desirable characteristic, but these
values correlate more closely to '”’Lu-PSMA-617 than to “*Ga-
PSMA-617 and therefore would be more useful for
pretherapeutic dosimetry.'>" The first in-human trial of *Sc-
PSMA-617 was conducted by Eppard et al. on patients with
metastasized castrate-resistant prostate cancer.”” No adverse
side-effects were observed and standardized uptake values
(SUVs) in kidneys were significantly decreased in **Sc-PSMA-
617 compared to *®*Ga-PSMA-11 (14.0 vs 30.5, respectively).
No significant difference existed in any other SUV. Images
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Table 4. Selected */*’Sc Radiopharmaceuticals with Targets and Relevant Labeling Parameters®

radioisotope chelator (BFC) standard labeling conditions

s DOTA (DO3A) 0.25-0.5 M NH,OAc pH 4, 95 °C,
10—30 min
DOTA (p-SCN-Bn) 0.5 M NaOAc pH 4.5, 90 °C, 15 min
AAZTA (CNAAZTA) 0.25 M NH,OAc pH 4, RT, § min
CHX-A"-DTPA 0.5 M NaOAc pH 4.5, RT, 30 min
(p-SCN-Bn)
IS¢ DOTA (DO3A) 0.25—0.5 M NH,OAc pH 4, 95 °C,

10—2S5 min

molar/specific activity

bioconjugate target (% RCY) reference
BBN[2-14]NH, GRPR 4.8 GBq/pmol (>80) 149
Tyr’-octreotate SSTR 8 GBq/umol (>95) 108
(TATE)
PSMA-617 PSMA 6.7 + 0.8 GBq/pmol 99
(>98)

Z-HER:2891 HER2 7.8 GBq/umol (98 + 2) 152

NAP-amide MCI1-R 19 GBq/umol (60—70) 150

c¢(RGD), integrin 7.1 GBq/umol (>90) 148
afs

c¢(RGDfK) integrin 0.36 GBq/pumol (99) 142
aBs

Cetuximab Fab EGFR 63 GBq/umol (66 + S) 100

folate (cm10) FR 13 GBq/umol (>96) 102

Nal3-octreotide SSTR 10 GBq/umol (96.6—99) 101

(NOC)

“GRPR (gastrin-releasing peptide receptor); SSTR (somatostatin receptor); PSMA (prostate-specific membrane antigen); HER2 (human
epidermal growth factor receptor 2); MC1-R (melanocortin 1 receptor); EGFR (epidermal growth factor receptor); and FR (folate receptor).

could also be obtained at a 19 h time point! This is beneficial
both for imaging purposes, due to lower background activity,
and for dosimetry calculations of long-lived '’Lu-PSMA-617.
The authors do, however, point out that potential limitations
of ¥Sc are the additional high-energy gammas (Ey = 1157 keV;
Iy = 100%) and limited clinical availability.”” The compatibility
of #Sc/""Lu as a theranostic pair was also suggested for
DOTA-folate (Table 4).'"?

Research surrounding the therapeutic capacity of *’Sc has
only begun to reach animal models but is encouraging for the
future of the **Sc/*'Sc theranostic pair. *’Sc-DOTA-folate
studies revealed a significant difference in relative tumor
volume and survival time between treated and nontreated
groups. High tumor accumulation after 4 h (17.96 + 2.17%ID/
g) and increasing tumor-to-blood ratios over the 7-day trial
was noted in Dbiodistribution data. SPECT/CT images
obtained from the low-energy y emission of */Sc illustrated
high liver and kidney uptake. **

8. GALLIUM

Gallium-68 (t,/, = 1.13 h) is the leading #* emitting radiometal
for PET imaging due to its high branching ratio (EﬂJ'avg =830
keV, 89%) and widespread availability. The %Ge/**Ga
generator obviates the need for on-site cyclotron production
and makes clinical use more convenient and economic.'>
Historically, EDTA (ethylenediamine tetraacetic acid; Figure
SF) was used as a generator eluent, and the [®*Ga(EDTA)]~
complex was directly used to monitor organ blood
perfusion; >* however, elution as GaCl, is more common in
contemporary generators. The short physical halflife of *Ga
makes it compatible with fast-circulating, low-molecular-weight
bioconjugates, such as g_eptides, antibody fragments, aptamers,
and oligonucleotides.”> Gallium-68 radiotracers are at the
forefront of nuclear drug development, as evidenced by the
FDA (U.S. Food and Drug Administration) approval in June
2016 of **Ga-DOTATATE (NETSPOT) for imaging SST
receptor-expressing neuroendocrine tumors, as well as clinical
consideration of numerous other candidates (ie., **Ga-
DOTATOC, *Ga-DOTANOC, *Ga-PSMA-617, “*Ga-Neo-
BOMBI, and **Ga-penntixafor).'**"*

Gallium-66 (t,/, = 9.49 h) is also a #* emitter (Eﬁ*avg = 1747
keV, 57%) and is of interest due to its long physical half-life
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relative to *®Ga, which is well-matched to bioconjugates with
slow in vivo kinetics.”® Recent use of “Ga appears to have
been spurred by well-established Ga-based radiotracers;
however, studies to date have been limited.

Gallium-67 (t;/, = 782 h) is a low-energy y emitter (Ey =
93, 184, and 300 keV; Iy = 39, 21, and 17%, respectively) that
decays purely by EC and is suitable for SPECT imaging.
[*’Ga]Gallium citrate has been used for inflammation or tumor
imaging due to its chemical similarity to Fe** (see section 8.4),
which facilitates selective transport and accumulation. Gallium-
67 lymphoma imaging has drastically decreased since the
advent of ["®F]JFDG PET/CT; however, the tracer is still
commonly used in countries where no PET/CT service is
available.">® Moreover, the emission of Au6%er electrons has
prompted some interest into “’Ga therapy."

8.1. Gallium-68 Production

Gallium-68 is widely available due to the ®*Ge’**Ga generator
system. Germanium-68 is cyclotron produced via “Ga-
(p,2n)®®Ge and (if necessary) can be purified from
contaminants usin§ ion-exchange, extraction, volatilization, or
precipitation.'°"'® The generator consists of ®*Ge (t,,, =
270.95 days) loaded onto a resin (SnO,, TiO,, ZrO,,
pyrogallol formaldehyde, and nanoceria polyac?rlonitrile),
from which ®*GaCl, is eluted with 0.1-1 M HCL'®

8.2. Gallium-67 Production

The production of “Ga is most often achieved through low-
energy (20—22 MeV) proton irradiation of zinc targets via
7Zn(p,n)*’Ga.'>~'” Other proven methods of “’Ga
production include “Zn(d,2n)*Ga, *Zn(a,n)*Ga, and **Cu-
(@,2n)Ga.'**1%1% Attempts to avoid expensive enriched
targets have led to the use of ™Zn or ™Ge/™"Zn targets as
well as heavy ion beams to induce **Co(''B,3n)"Ge — “’Ga
or ¥Co(!C,4n)As — — ®’Ga and achieve indirect
production.'””"”* Normally purification of Ga** from Zn**
is accomplished by ion-exchange chromatography, where the
target is dissolved in 10 M HCl and the solution is loaded onto
a cation-exchange resin.'’”'"*”"”” Washing with 9 M HCI
removes potential contaminants (e.g., Cu®* and Zn*"), and
elution of “’Ga is achieved with 6 M HCL. For fine purification,
the eluate is directly loaded onto an anion-exchange resin,
which is eluted with 2 M HCI to yield nca “’GaCl,."”” Elution
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Table 5. Selected Ga** Chelators, Metal Complex Geometry, and Thermodynamic Parameters

metal ion chelator coordinating nuclei geometry

Ga** DOTA N,O, distorted octahedral
PCTA N,0,? distorted octahedral”
NOTA N;0, distorted octahedral
TRAP N;04 distorted octahedral
NOA2P N;0; distorted octahedral
DTPA N;0, pentagonal-bipyramidalb
HBED N,O, distorted octahedral
THP (CP256) Oq distorted octahedral”
H,dedpa N,O, distorted octahedral
AAZTA N;0;/N,0, distorted octahedral?
DATA N,0, distorted octahedral
6SS N,0,S, (distorted) octahedral®

reference

190, 197, 211, 686
83, 193, 194, 686

log Ky, pM
21.3, 25.0-26.1 15.2

29.0-31.0 264 197, 199, 200, 211, 687

262 213-216, 688

344 211

243 202 221, 689

38.51-39.57 30.8 223, 225, 229, 230, 232—234, 240, 244
247, 249-251,690

28.1 27.4 81, 255

212 224 260

21.8 262265

41.0 316 221, 279

“On the basis of [Ga(DOTA)]™. ®On the basis of [Fe(II)DTPA]?". “On the basis of [Ga(dpp);]. “On the basis of [Cu(H,AAZTA)]. “On the

basis of [(Ga)4SS(2H,0)]".

with 0.1 M citrate is also effective for fine purification, as zinc
and copper are retained on the anion-exchange column, while
gallium is eluted.”®'”® It has been demonstrated that, during
high-current (250 pA, 23.5 MeV, 6 h) proton irradiation of
7n, modest amounts of the PET radionuclide, *Cu, are
coproduced and can be separated from “Ga and *Zn.
Although fine purification would likely be necessary for further
use, the dual-production proof of concept is interesting.167
Other purification methods include liquid—liquid extrac-
tion,'”*!”? precipitation,'®® complexation,"® and thermal
diffusion,'®> where the Zn target is heated to 300 °C for 2 h
and the “’Ga is extracted with acetic acid.

8.3. Gallium-66 Production

Many approaches to “’Ga production can be applied to obtain
Ga, such as “Zn(p,n)*Ga, *Cu(a,n)*Ga, *Co(*'B,4n)*Ge
— %Ga, and ¥Co(2C,5n)%As — — %Ga.'”>"*"'*? The most
common production method is proton bombardment of "*Zn
or *Zn tar%ets with a 10—15 MeV beam to induce *Zn-
(pn)*Ga.'™ Purification has been achieved using liquid—
liquid extraction and/or cation-exchange chromatogra-
phy; 7181182184186 | wever, Fe®* contamination is common
and often overlooked."*® Engle et al. reported the highest
specific activity to date (740 GBq/umol) by employing an ion-
exchange purification method originally used for ¢ Ga.">*'”®
8.4. Gallium Chemistry and Chelator Development

Trivalent gallium (Ga®*) has an ionic radius of 0.47—0.62 A
(CN = 4—6) and is most commonly found with a coordination
number of six. Neighboring the transition metals, Gt s
classified as a hard metal (I, = 7.07) and is notorious for
having analogous chemistry to the abundant endogenous ferric
ion (Fe®"), which is tightly regulated by the blood plasma
glycoprotein, transferrin. Concern over 66/67/68Ga*  trans-
chelation by transferrin (log Kyy = 19.75)"* has spurred the
development of extremely inert Ga®* complexes capable of
withstanding high concentrations of competing serum proteins.
Another major challenge of Ga-based radiotracers is the
propensity to form hydroxide species at low pH (pK, = 2.6,
Ga3+(aq) - GaOH“(aq)), often requiring radiolabeling to be
done under acidic conditions or in the presence of an
intermediary ligand (e.g, citrate or oxalate). Furthermore, the
tendency to form [Ga(OH),]” at neutral pH requires high
complex stability and kinetic inertness over a broad pH range.
Despite these stringent requirements, several candidates have
emerged and have been proven worthy for in vivo use.
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DOTA has been widely used for /*”/**Ga-based tracers
despite the clear nonoptimal match. The solid-state structure
of doubly deprotonated [Ga(H,DOTA)]* reveals N,O,
bonding with distorted octahedral geometry.'® The large
ring size is the cause of significant distortion and hampers
thermodynamic stability of the complex (log Ky = 21.3—
26.1). Heteroatomic and extended ring derivatives ([13]ane
and [14]ane) have been studied with Ga**; however, decreased
stability was observed.'®”'”® Cross-bridged DOTA (CB-
DO2A, 4,10-bis[carboxymethyl]-1,4,7,10-
tetraazabicyclo[5.5.2 Jtetradecane; Figure 4D) appears to be
an improvement over DOTA based on decreased Ga—N and
Ga—O bond distances, as well as more ideal bond angles in the
solid-state structure.'”’ The pyridine-containing DOTA
derivative, PCTA (Figure 4G), originally synthesized and
studied with lanthanides for use as a potential MRI relaxation
agent,lg2 is an enormous improvement over DOTA for
67/68Ga-radiotracers, achieving quantitative radiolabeling at
room temperature and maintaining good kinetic inertness
during apo-transferrin challenge experiments.'”® Following
encouraging stability studies,*> in vivo experiments demon-
strated good tumor accumulation and clearance from main
tissues (i.e., kidney, liver, and muscle)."”* It is worth noting
that, although TETA (1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid; Figure 4F) is extremely useful for
64/67Cu, the [14]aneN, macrocycle is irrelevant for ©/**Ga
radiotracers (log Kyy = 19.7, pM = 14.1)."°7"7

NOTA (Figure 4I) is an excellent chelate match with Ga’**
due its appropriate ring size and coordination number,
reflected in the high stability constant (log Ky = 29.0—
31.0) and pM value (pM = 26.4)."”” NOTA quantitatively
radiolabels /**Ga at ambient temperature, making it clearly
superior to DOTA."”® Solid-state structures of [Ga(NOTA)]
have been reported and reveal N;O; coordination with slightly
distorted octahedral geometry.'””** Bond angles deviate 5—8°
from the ideal 90° octahedral geometry. On the basis of 7'Ga
NMR spectroscopy studies, these structures are representative
of solution geometry.””" Similar solid-state geometries have
been reported for bifunctional analogues NO2A and
NODASA.*>*”> NODAGA achieved excellent radiolabeling
yields at ambient temperature over 10 min,”® and when
targeting SST receptors, ’Ga-NODAGA-TOC demonstrated
superior tumor uptake and nearly double the tumor-to-blood/
liver/kidney ratios compared to those of '''In-DOTATOC 4 h
postinjection.””* p-SCN-Bn-NOTA is also commonly em-
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ployed as a bifunctional chelate derivative and has demon-
strated superiority over DTPA and DOTA analogues during in
vivo /Ga use, as evidenced by lower “/*Ga*" bone
uptake, 193205

Phosphonate- and phosphinate-containing NOTA analogues
have been increasingly reported as of late.”’ 2067212 Ope of the
most impressive analogues is [9]aneN; functionalized with
three phosphinate arms extending to carboxylic acid groups for
bioconjugation. The ligand, denoted TRAP (triazacyclononate
phosphinic acids; Figure 4]) forms stable Ga** complexes (log
Kyp = 26.2) and can achieve high radiochemical yields at
ambient temperature with nM ligand concentrations.”"* Very
high specific activity (2009 + 61 GBq/pmol) can be achieved
while maintaining good radiochemical yields. The benefit of
functionalizing each ligand arm is reflected in the low ICg, of
%8Ga-TRAP-(RGD),, which is 7-fold lower than that of
['8F]Galacto-RGD (44 vs 319 nM). Moreover, the tumor %
ID/g of ®®*Ga-TRAP-(RGD)j is nearly 4-fold greater than that
of ['®F]Galacto-RGD with similar tumor-to-blood ratios.”'* A
comparative study of fully automated **Ga labeling of TRAP-
(RGD);, DOTATOC, and NODAGA-RGD demonstrated the
superiority of TRAP over NOTA (NODAGA) and DOTA
(DO3A), achieving specific activity 10- and 20-fold greater,
respectively.”’> A 3-fold increase in tumor uptake of **Ga-
TRAP-(RGD); was also revealed in a comparison with “*Ga-
NODAGA-RGD and ['8F]Galacto-RGD; however, hizgh
adrenal uptake was also observed (27.8 + 10%ID/g). 1o
Another notable [9]aneN; analogue is NOA2P, which has a
higher Ga®" stability constant than even NOTA (log Ky =
34.4).2"

Many acyclic ligands have been reported to form excep-
tionally strong coordination complexes with Ga®". Some
published works have investigated the use of DTPA with
67/68Ga;*""7**° however, the relatively low stability constant
(log Ky = 24.3)>*" and observed complex dissociaton””® has
largely deterred modern use, especially with the large variety of
exceptional Ga®" chelators currently available.

HBED (Figure SC) is likely the most heavily investigated
acyclic chelator for Ga*'. Its outstanding complex stability (log
Ky, = 38.5—39.6) is among the highest of discussed chelators.
The chemical similarity between Ga** and Fe® is further
emphasized here, as high [Fe(HBED)]" stability (log Ky, =
39.7) facilitated HBED use for iron-overload therapy.”*
Stability studies of HBED and other polycarboxyphenols
demonstrate a clear preference for small, hard metal ions over
softer or larger metals such as M§2+’ Ca**, Mn**, Cu**, Co*,
Zn?*, Ni¥*, In*', or Gd**.>****722° Modification of the phenol
arms with SO;~ groups (SHBED, N,N’-bis[2-hydroxy-S-
sulfobenzyl]ethylenediaminediacetic acid; Figure SC) and
replacement of the COOH with pyridine arms (HgSbbpen,
N,N’-bis-[2-hydroxy-S-sulfonylbenzyl]-N,N’-bis[2-
methylpyridyl]ethylenediamine; Figure SC) increase stability
with larger ions, such as In** and Gd3+ 226227 Although the
high selectivity of HBED for small, hard metals hampers its
versatility, it is a major benefit for /**Ga-specific use.”*"
HBED can quantitatively radiolabel ¢”/®*Ga at ambient
temperature with high specific activity and demonstrates high
resistance to decomplexation.””””*** Preparation at room
temperature results in 50% formation of unfavored isomers,
which are resolved during HPLC purification and have been
studied by "'Ga NMR spectroscopy.”>* At pH 4, conversion to
the thermodynamic product occurs within a few hours, while at
pH 7 solutions require days to overcome the kinetic barriers
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for stable isomer formation.”****> To ensure the thermody-

namically favored isomer is predominant, radiolabeling is often
done at elevated temperature.”>> From a physiological
standpoint, the presence of multiple diastereomers can be a
concern;>*® however, in the case of HBED, some evidence
suggests metal-complex isomers have no effect on bioconjugate
behavior.”*> The crystal structure of [Ga(HBED)H,O] has
recently been reported.”*® The structure features N,O; ligand
coordination with a coordinating water and noncoordinated,
protonated phenolate group. The resulting distorted octahedral
geometry is expected and resembles the solid-state structures
of [Fe(HBED)]™ and [Ti(HBED)].>*"**® The most common
bifunctional HBED derivative is HBED-CC, which contains
ethylene—carboxylic acid groups linked para to phenol
hydroxyl group.””” Functionalization of the acid groups can
be achieved by protecting coordination groups using Fe®',
followed by ester activation with tetrafluorophenolate (TFP)
using DCC as a coupling agent. Iron(III) can then be removed
by loading the complex onto a C18 cartridge and washing with
1 M HCI and water. The metal-free chelate is then eluted with
a mixture of MeOH and H,0.”*” Conjugation to biomolecules
via amide cougplin§ has been thoroughly investigated using this
method.”””***~*** The most investigated HBED radiotracer
has been %Ga-PSMA-11 (**Ga-(HBED-CC)-PSMA), which
detects prostate cancer with good sensitivity and excellent
specificity.”*> To date, clinical pilot studies have concluded,
and several are awaiting recruitment.”*****
Tris(3,4-hydroxypyridinone) (THP, also known as CP256;
Figure SL) is a hexadentate ligand based on 3,4-hydroxylpyr-
idinone coordinating groups. Like HBED, THP was originally
studied for its high stability with ferric ions;**® however, its
affinity for Ga®" was realized by Blower and co-workers, who
pioneered work with ¢/®*Ga. Early studies demonstrated
superior %*Ga labeling of THP (pH 6.5, § min, RT) to DOTA
(pH 4.4, 30 min, 100 °C), NOTA (pH 3.6, 10 min, RT), and
HBED (pH 4.6, 10 min, RT) at each ligand’s optimized
radiolabeling conditions. Incubation with 130 equiv of apo-
transferrin led to no complex decomposition.”*’ A notable
experiment compared the radiochemical yield of competition
experiments between DOTA, NOTA, NOTP (1,4,7-triazacy-
clononane-1,4,7-tri[methylene phosphonic acid]; Figure 4]),
TRAP, HBED, and THP. Every paired combination of the six
chelators (500 uM each) was tested at pH 3.5 and 6.5, at both
25 and 90 °C. In every ambient competition experiment, THP
achieved upward of 95% radiochemical yield, with the
exception of NOTP, where 92% and 94% labeling were
observed at pH 3.5 and 6.5, respectively. High-temperature
experiments had slightly lower labeling for THP but still
demonstrated THP as the superior Ga>* sequestering agent.”*
Bioconjugation of the bifunctional derivative (YM103; Figure
SL) has been demonstrated via thiol-maleimide cou-
pling””*** and SCN—amide coupling.”*”**° A **Ga radio-
labeling kit has been developed to simplify use of THP
analogues, where 5 mL of eluent from a **Ge/%Ga generator
(0.1 M HCI, 600—660 MBq) is added to a lyophilized solid
containing sodium bicarbonate (44 mg), sodium phosphate
(17.5 mg), and THP-vector (4 pg, 26 nmol for THP-PSMA)
to yield a solution with pH 6—7. After 5 min, radiochemical
purity by iTLC is >95% with specific activity up to 22 MBq/
nmol.”®" THP has been coupled and studied in vivo with a
PSMA-targeting peptide,”' Tyr’-octreotate,”’ and
RGD.>¥%%* In general, images show no signs of instability;
however, high liver and kidney uptake are common. This may
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Table 6. Selected ***Ga Radiopharmaceuticals with Targets and Relevant Labeling Parameters”

radioisotope chelator (BFC) standard labeling conditions
“Ga NOTA 0.25 M NH,OAc pH 7.2, 37 °C,
(p-SCN-Bn) 30 min
DFO TRIS-buffered saline pH 7.4, 50 °C,
1S min
%Ga DOTA (DO3A) 0.1 M OAc pH 5.5, 100 °C, 10 min
HBED (HBED- NaOAc, pH 4.5, 85 °C, 3 min
CC)

PCTA (p-SCN-Bn) 10 mM NaOAc pH 4.5, 30 min, RT

THP (SCN) 0.6 M NH,OAc, pH 6.5, RT, 2—5 min

H,dedpa 10 mM NaOAc pH 4.5, RT, 10 min
(p-SCN-Bn)

TRAP HEPES buffer pH 2, 95 °C, S min

bioconjugate target molar/specific activity (% RCY) reference
TRC-105 CD10s >74-222 GBq/umol (>80) 691
folate FR 692
Tyr’-octreotate SSTR 185—260 GBq/7—45 mg (64) 693
(TATE)
PSMA-11 PSMA 70 + 20 GBq/umol 244
(86.5 + 4.1
c¢(RGDyK) integrin 55 GBq/umol (96.2 + 0.5) 194
a,fs
c¢(RGDfK) integrin 60—80 GBq/umol (>95) 250
avﬂl&
c(RGDyK) integrin 34 GBq/umol (97) 255
afs
(RGD), integrin 2009 + 61 GBq/umol 215
apBy (90.0 + 2.7)

“FR (folate receptor); SSTR (somatostatin receptor); and PSMA (prostate-specific membrane antigen).

be a result of relatively high chelator lipophilicity, which is
reflected in the partition coefficient.””’ The formation of
colloids due to free ®*Ga®* may also be problematic but could
be avoided through postlabeling purification.”***** Interested
readers are directed to a more in-depth review on
hydroxypyridinone chelators by Cusnir et al.”>*

H,dedpa (1,2-[{6-(carboxylato-)pyridin-2-yl}methylamino]-
ethane; Figure SH) is a picolinic acid-based scaffold that has
shown promise for /**Ga imaging. The solid-state structure of
[Ga(dedpa)]* reveals distorted octahedral geometry. The
[Ga(dedpa)]* stability (log Ky = 28.1) is greater than that
of DOTA (log Ky, = 21.3—26.1) and comparable to that of
NOTA (log Kyy = 29.0—31.0). Quantitative radiolabeling at
low ligand concentrations and high kinetic inertness during
apo-transferrin challenge experiments has been reported.”’
%Ga-dedpa-RGD demonstrates good tumor uptake with
significant clearance from the liver, kidney, and muscles in
RAG2M mice bearing U87MG human glioblastoma xeno-
grafts.”>> Several other derivatives have been made to alter
kinetic inertness**® and heart uptake,”” as well as hypoxia®*®
and bone-targeting capabilities.””

AAZTA (Figure SK) forms reasonably stable Ga’*
complexes (log Kyy = 21.2) and has been modestly applied
to gallium-based radiotracers.”*® Despite encouraging radio-
labeling results, concerns over multiple isomers (N;05/N,0,)
resulted in favored use of hexadentate DATA (6-amino-1,4-
diazepine triacetic acid; Figure SK) analogues, which
coordinate with distorted octahedral geometry. 01262 Com-
parative radiolabeling of the family of DATA chelators
identified DATA™ (Figure SK) as the most promising
candidate, although all derivatives performed well during
DTPA, serum stability, and metal (Ca?*, Cu®*, and Fe**)
competition experiments.”®> The bifunctional analogue
(DATA’™; Figure SK) demonstrates similar radiolabeling to
DATA™ following octreotide conjugation.”** Kit-based for-
mulations are currently under investigation for use in
vivo.’*?%* Recent potentiometric data suggests fair stability
(log Ky = 21.5) and predominantly hydrolyzed speciation at
physiological pH.>*®

Several other chelators have been studied with Ga®* that will
only briefly be mentioned here. The common reagent used for
iron-overload therapy, deferoxamine (DFO; Figure 5O), was
studied with Ga®>" due to its known chemical similarity with
Fe**. Nonfunctionalized DFO—metal complexes are known to

917

be excreted rapidly in the urine’****” but can facilitate tumor
uptake when bifunctionalized at the N-terminus, as demon-
strated in studies with lectins,”’” MoAb OST7,**® octreo-
tide,”” and folate.”””*”" Knowledge that Ga**-siderophores
mimic Fe>*-siderophores and are taken up by some fungi*’**”
has spurred interest in using DFO analogues as bacterial
imaging agents.”’* The cyclic siderophore analogue, fusarinine
(FSC; Figure SN), has demonstrated high radiochemical yields
and kinetic inertness with ®*Ga, as well as good tumor uptake
when conjugated to RGD.””**7>?7¢ Degpite its hard Lewis acid
properties, several sulfur-based ligands have been studied with
67/68Ga, including [9]aneN; analogues and a tetracoordinate
NS; ligand.””"~*”” The acyclic SNNS motif was thoroughly
explored with variable acetate arms and carbon-bridge
derivatization.”%~%3 Ultimately, it was determined that the
six-coordinate ligand, 6SS (N,N’-bis[2,2-dimethyl-2-
mercaptoethyl]ethylenediamine-N,N'-diacetic acid; Figure
SJ), was the most optimal structure, boasting a log Ky of
41.0.%* Despite a bifunctional derivative (B6SS, Figure SJ), to
the best of our knowledge no bioconjugated analogue has been
published.””” More recently, thiol-containing ligands, ECC
(ethylenecysteamine cysteine; Figure SM) and ECD (ethyl
cysteinate dimer; Figure SM), which are popular with *™T¢c
tracers, were shown to be useful for ®®*Ga-based renal and
cerebral blood flow imaging, respective1)7.284’285 A number of
polyaminopolyphenol Schiff base complexes have demonstra-
ted the ability to form stable complexes with Ga** and
radiolabeled ®/%*Ga for use in myocardial imaging,*****” P-
glycoprotein mediated transport imaging,”** and most recently
as metalloprobes for rat cardiomyoblasts and human breast
carcinoma cells.”*’

8.5. Gallium-68 Biological Studies

For brevity, this section will focus solely on clinically
considered %*Ga tracers. SST receptor targeting has been a
major focus area due to high expression rates on neuro-
endocrine tumors (~80%), which are challenging to visualize
using conventional anatomic imaging.">”*”" The June 2016
FDA approval of ®Ga-DOTATATE (NETSPOT) is the most
significant development in recent years. Clinical trials revealed
superiority of ®®Ga-DOTATATE to '"In-pentetreotide in
imaging neuroendocrine tumors, and since then, high degrees
of clinical implementation have been reported.'>”*”" ®Ga-
DOTATOC and **Ga-DOTANOC have also been well-
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studied and are considered suitable for clinical applica-
tion 292296

PSMA is another highly attractive target for nuclear probes
due to its high expression and poor differentiation in metastatic
and hormone-refractory carcinoma.””” In many respects, *Ga-
PSMA is superior to '®F/!'C-choline for PET/CT and has
been recommended for preferred use during primary and
secondary staging of castration-resistant prostate cancer.””
%Ga-PSMA-11 (**Ga-HBED-CC-PSMA) is among the most
successful PSMA imaging tracers and interestingly has
exhibited superior tumor accumulation (3.5—7.7%ID/g) than
its DOTA counterpart (1—3%ID/g) in animal models as a
consequence of hydrophobic chelator interactions.””” Clinical
studies have demonstrated high contrast in tumor metastasis
and excellent detection rates at low PSA levels.”” Structural
modification of PSMA-11 to permit radiolabeling of other
radiometals (e.g, '""Lu and ***Ac) led to the development of
%Ga-PSMA-617 (**Ga-DOTA-PSMA), which has a higher
membrane antigen affinity and is now also of interest in clinical
trials.”*> Other noteworthy tracers are °*Ga-Neo-
BOMBI,’""*% %Ga-pentixafor,”” and **Ga-OPS202 (**Ga-
NODAGA JR-11) (Table 6).**

9. YTTRIUM

Yttrium-90 (t;,, = 64.0 h) is a well-established, pure -
emitting radionuclide with high-energy emission (Ef~ avg =
934 keV, 100%) and relatively long soft-tissue range (11

mm).*%> 06 The multiday half-life of *’Y makes it most suitable
for use with antibodies, although studies with peptides and
other small bioconjugates are not uncommon.”***°”*% Zevalin
(°°Y-tiuxetan-ibritumomab) was approved for radio-immuno-
therapy of non-Hodgkin lymphomas by the FDA in 2002.
Yttrium-90-bearing microspheres (SIR-spheres, TheraSphere)
are also FDA approved, but for brachytherapy of hepatocellular
carcinoma.””’

The pure 8~ emission is one of the major benefits of *’Y
therapy; however, dose calculations are challenging due to the
lack of y-emission. High uncertainties are typically associated
with organ-specific dosimetry of *°Y due to a reliance on
bremsstrahlung radiation. In the 1990s, ''In was commonly
used as a diagnostic pair with *°Y to better quantify radiation
dose;*'”*'" however, opinions regarding this matched pair
have since shifted, as the use of !'In with *°Y-labeled mAb has
been abandoned and was recently described as “at best...
hazardous” due to the striking dissimilarities in In**/Y**
biochemistry.”**'* Although many radionuclides®'® have
been considered as diagnostic matches for *°Y, use of *¢Y is
an especially attractive option due to the identical chemical
behavior, which would mitigate concern over nonrepresenta-
tive image information.

Yttrium-86 (t,,, = 14.7 h) is a #* emitter whose use with *’Y
constitutes one of the earliest examples of a chemically
identical theranostic pair. Despite low branching (32%), the
broad range of positron energies, and a high level of prompt
gamma coincidences that negatively impact image quality,"*"*
the benefits of the chemically identical diagnostic match have
resulted in considerable attention. The availability of *¢Y is,
however, low, and thus research has focused on production
and purification of the * emitter for eventual clinical use.”"”

9.1. Yttrium-90 Production

Production of *°Y is well-developed, with interest dating back
>50 years.”'¥*'° Despite the proven clinical applicability of *°Y,
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widespread use has yet to be realized due to insufficient
radionuclide availability, stemming from the lack of commer-
cially viable generator systems.”"”

Direct *°Y production has been demonstrated by *°Y-
(n,7)*°Y; however, this method results in low specific activity
as a consequences of low reaction cross section (1 mb) and a
chemically identical target.”'® Specific activity can be improved
using a high-flux neutron source;>'? however, it is generally
accepted that the inherent inability to separate 5/°Y precludes
in vivo use. Reactor production via *°Zr(n,p)°°Y has also been
explored, but target cost and the need for fast neutrons has
stifled progress of this method.”"®

The most important Y source is *°Sr, which is the fission
decay product of *U and is present at concentrations of up to
74—740 GBq/L in high-level liquid waste.'®" The long half-life
of *°Sr (t,/, = 28.8 years) makes it an excellent candidate for a
%Y generator system and is the motivation behind the
continued pursuit of large quantities of **Sr.**°~*** Isolation
of *Sr from high-level liquid waste can be achieved by
precipitation, solvent extraction, ion-exchange, or extraction
chromatography, normally requiring at least two purification
steps for adequate purity. The isotopic dilution of strontium
lirfgilts the specific activity of the isolated *°Sr to 1.1—1.9 TBq/

9.2. Yttrium-86 Production

Many cyclotron-based routes to *Y production have been
demonstrated, including *Sr(p,n)®*Y, *Sr(p,3n)*Y, *°Zr-
(p,2p3n)86Y "Rb(*He,xn)*Y, and, most recently, indirectly
via ®Y(p,4n)*Zr — 6y B Currently the most practical
production route is *Sr(p,n)*?Y, as low-energy protons (7—14
MeV) can be used to achieve good yields. The drawback of
this strategy is the need for enriched *Sr to minimize the
coproduction of radioisotopic impurities (*/%%Y), which
necessitates diligent recycling of the target material.”*’
Strontium salts, such as %6SrCO; or %6SrCl,, are generally
employed as targets, although hquld targets have also been
reported.””’ Following irradiation, Sr**/Y** separation can be
achieved via precipitation, ion-exchange chromatography,
liquid—liquid extraction, or solid-phase extraction chromatog-
raphy.”>*~**° One of the most effective separation strategies is
through coprecipitation of *Y with La(OH)3 usmg NH,OH,
followed by cation-exchange chromatography.’”” This method
has been shown to yield 3.5 GBq of acthlty with an extremely
low concentration of metal contaminants.**® Two-step electro-
Iytic separation also proved to be quite effective in purifying
clinical-scale activity.”>’~**" The method works by first
dissolving the SrCOj target in 2.8 M HNO; and electroplating
86Y onto a cathode with 2000 mA of current for 40 min. The
electrodes are then placed into a second HNOj; solution (3.5
mM), and the electrode currents are arranged to reinduce
electrolysis onto a separate Pt wire electrode, at 400 mA for 15
min. The deposited activity is finally dissolved in 0.05 M HCl
in the barrel of a syringe to yield high-purity *Y, suitable for

radiolabeling.339
9.3. Yttrium Chemistry and Chelator Development

Yttrium is predominantly found as a trivalent cation (Y**) and,
like scandium, is considered a rare-earth element despite its
typical positioning among the transition metals. Unlike S,
however, Y** chemistry closely resembles that of the
lanthanides, reflected in its comparable ionic radius (0.9—
1.08 A, CN = 6-9) and preferred coordination number of 8 or
9. Despite hard Lewis acid behavior (I, = 10.64), the relatively
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Table 7. Selected Y>* Chelators, Metal Complex Geometry, and Thermodynamic Parameters

metal ion chelator coordinating nuclei geometry log Ky, pM reference
Y3 DOTA N,O, square antiprism 24.3-24.9 19.3—-19.8 340, 362, 694—697

DTPA N30 monocapped square antiprism 21.9-22.5 17.6—18.3 343, 362, 687, 694, 696, 698, 699
CHX-A-DTPA N;0q monocapped square antiprism® 24.7 19.0 63, 136, 219, 341, 347,377
PCTA N,O; square antiprismb 20.3 17.0 83, 348, 349
L2 N;O4 tricapped trigonal prism 22.4 20.3 349, 351
L4 N0, tricapped trigonal prism“ 23.1 215 351
NETA N,O, capped trigonal prism? 352—-356
DE4TA N;O, square antiprism? 354
H,octapa N,O, square antiprism 18.3 18.1 362, 363

“On the basis of [Y(DTPA)]?>". *On the basis of [Y(PCTMB)].

diffuse charge distribution of Y** precludes hydrolysis at low
pH (pK, = 7.7, Yﬁmy — YOH™,)).”

The majority of **°Y tracers employ either DOTA (Figure
4A) or CHX-A"'-DTPA (Figure SB) for chelation. As would be
expected with a midsized trivalent rare-earth metal, DOTA and
CHX-A""-DTPA form highly stable Y**complexes (log Ky =
24.3—24.9 and 24.7, respectively), quantitatively radiolabel
86/90Y at low concentrations, and exhibit excellent kinetic
inertness against serum protein and endogenous metal
competition.63’34o’341 Solid-state structures of [Y(DOTA)]~
and [Y(DTPA-BA,)(CH;0H)], a diamide DTPA analogue,
confirm similar Y** geometry (square antiprism) and
coordinating bond lengths (Y-0O,,, ~ 2.3 A, Y=N,,, =~ 2.6
A) for each complex.”*** A detailed report of *°Y-labeled
compounds™** underscores the preferred use of DOTA but
also reveals moderate use of CHX-A'’-DTPA. Although DTPA
itself can effectively radiolabel %/*°Y, the rigid backbone of
CHX-A"-DTPA is beneficial for minimizing metal release, as
evidenced by studies with long-lived *Y (t,,, = 107
days).””’* Interestingly, the stereochemistry of CHX-
DTPA was shown to be of major importance, with markedly
higher stability observed with CHX-A"’-DTPA, compared to
CHX-B''-DTPA, during serum challenge experiments over 17
days.**® This translated into 2-fold higher bone uptake in
animals administered **Y-CHX-B"-DTPA versus **Y-CHX-
A""-DTPA, 4 days postinjection.”*’ Particularly noteworthy is a
comparative study of p-SCN-Bn-DOTA, p-SCN-Bn-DTPA, p-
SCN-Bn-CHX-A"-DTPA, p-SCN-Bn-NOTA, and p-SCN-Bn-
PCTA that suggests CHX-A"’-DTPA is most suitable for %/*°y
radiopharmaceuticals, based on serum stability and metal
competition experiments (Fe3, Cu®**, Zn®**, and Ca®*).*"!
Alternative chelator development for *¢/°°Y has been
dominated by four main ligand classes: PCTA and derivatives,
NETA, DEPA, and H,octapa.

In 2006, Tircso et al. began thoroughly investigating the
stability and kinetics of LnPCTA (Figure 4G) complex
formation to address the slow kinetics of DOTA labeling.sg
The solid-state structure of [Y(PCTMB)], a phosphinate-
substituted PCTA derivative, sug%ests square antiprismatic
geometry about the metal center.”” Although less thermody-
namically stable (log Ky = 20.3), PCTA lanthanide complex-
formation kinetics are 10 times faster than DOTA and
adequately slow acid-catalyzed dissociation.*” The p-NO,-Bn-
PCTA analogue only exhibits a modest decrease in Y>*
complex stability.”” To the best of our knowledge, no %/*°Y-
PCTA animal studies have been conducted.

Monopicolinic acid PCTA derivatives have been described,
with one derivative (L2; Figure 4H) demonstrating improved
Y** stability (log Ky, = 22.4) over PCTA and a superior pM
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value (20.3) versus Y>*-DOTA.** Interestingly, the tricapped
trigonal prismatic geometry reveals the importance of the
capping groups, as the weaker of the two Y*" complexes (L1;
Figure 4H) is capped by a carboxylic acid group, whereas the
more robust complex (L2) is water-capped. It is suggested by
the authors that protonation of the capped carboxylic acid
leads to decomplexation via proton transfer to a coordinated
amine, resulting in the rapid proton-assisted dissociation rate
of L1 (t;/, = 27 min) but not L2 (¢, = 357 min).** The
proposed “capping bond effect” builds upon water exchange-
rate studies with Gd>* for use as MRI contrast agents**’ and
may influence the rational design of highly inert complexes for
nuclear medicine. Dipicolinic acid PCTA derivatives have very
recently been reported, with one derivative (L4; Figure 4H)
exhibiting a 1000-fold increase in acid-dissociation half-life
compared to PCTA and a 300-fold increase compared to L2, in
1 M HCI. Although a small drawback was the need for elevated
temperatures for optimized radiolabeling, stability studies with
human serum and EDTA (0.1 M) showed excellent *°Y
retention over 72 h.**!

NETA ([2-{4,7-biscarboxymethyl(1,4,7)triazacyclonona-1-
yl-ethyl}carbonylmethylamino]acetic acid; Figure 4K) is a
NOTA derivative and, like PCTA, was designed to maintain
the high stability constants of macrocycles, while achieving
rapid radiolabeling at low temperature. The octadentate
chelator is essentially identical to NOTA, with the exception
of one iminodiacetic acid-functionalized nitrogen, linked via
ethylene bridge. Early studies demonstrated excellent Y-
NETA inertness against serum challenge over 14 days and
rapid in vivo clearance after 24 h. Iminodiacetic acid linkage via
propylene bridge was also synthesized; however, a higher
degree of decomplexation during in vitro and in vivo studies
was observed.””” Follow-up studies have reported improved
syntheses via aziridinium intermediates to produce bifunctional
derivatives that maintain impressive radiolabeling and inertness
with *°Y when conjugated to c(RGDyK) or trastuzu-
mab.”>*7*>" A lower denticity analogue, 3p-C-NE3TA (Figure
4K), has also been synthesized but demonstrates inferior
radiolabeling capabilities and serum stability than the original
octadentate chelate.”* A similar DOTA derivative, DEPA
(Figure 4C), and bifunctional analogues were synthesized, and
although initial studies suggested an unideal match with Y*',
the lower denticity analogue, 3p-C-DE4TA (Figure 4C), shows
improved *°Y radiolabeling and performance against serum
protein competition.””**** In vivo experiments with both
chelators are focused mainly on '""Lu and will be discussed in
section 12.2.35%73%6

H,octapa (N,N’-bis[6-carboxy-2-pyridylmethyl]-
ethylenediamine-N,N'-diacetic acid; Figure SH) is an octa-
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Table 8. Selected **/*°Y Radiopharmaceuticals with Targets and Relevant Labeling Parameters”

radioisotope chelator (BFC) standard labeling conditions

86y DOTA (DO3A) 0.15 M NH,OAc pH 4.5, 100 °C,
15 min
DOTA (p-SCN-Bn) 0.2 M NH,OAc pH 5.5-6, 95 °C,
20 min
CHX-A"-DTPA 0.1 M NH,OAc pH 5—6, RT, 30—60
(p-SCN-Bn) min
' DOTA (DO3A) 0.4 M NH,OAc pH S, 90 °C, 2S5 min
DOTA (p-SCN-Bn) 0.25 M NH,OAc pH 5.4, RT, 10 min
1B4M-DTPA 50 mM NaOAc RT, S min
(p-SCN-Bn)
CHX-A"'DTPA 0.4 M NaOAc pH $.5, RT, 30 min
(p-SCN-Bn)
NETA (3p-C) 0.25 M NH,OAc pH 5.5, RT, 5 min

H,octapa (p-SCN-Bn) 0.2 M NH,OAc pH S.5, 37 °C,

15—60 min

molar/specific activity

bioconjugate target (% RCY) reference
Phe'-Tyr*-octreotide SSTR 28 GBq/umol (>98.5) 372, 374
(TOC)
PSMA peptide “6” PSMA >83.9 GBq/umol 376
(90-95)
Antimindin/RG-1 Mindin/ 29.6—39.6 MBq/mg 378
RG-1 (82-96)
Panitumomab HER1 2 GBq/mg (60-75) 379, 380
Phe'-Tyr*-octreotide SSTR 50 GBq/umol (>98) 700
(TOC)
Tyr*-octreotate (TATE) SSTR 74.7 GBq/pmol 370
hLL2 cD22 78.1 MBq/mg (78) 61
Ibritumomab CD20 740 MBq/mg (>96) 701
hu3S193 EGFR 85.1 MBq/mg 702
Trastuzumab HER2 (99.6 + 0.2) 358
Trastuzumab HER2 66.6 MBq/mg (99) 363

“SSTR (somatostatin receptor); PSMA (prostate-specific membrane antigen); HER1 (human epidermal growth factor receptor 1); EGFR
(epidermal growth factor receptor); and HER2 (human epidermal growth factor receptor 2).

dentate analogue of H,dedpa (section 8.4) based around a
picolinic acid scaffold. Originally studied with '''In,>’
Hjoctapa was also determined to form highly stable
lanthanide**>**" and Y** complexes (log Ky; = 18.3).%%
Bifunctional p-SCN-Bn-octapa was synthesized and, following
bioconjugation to trastuzumab, demonstrated high radio-
chemical yields (>95%) over 15 min at ambient temperature.
Furthermore, following 96 h serum stability experiments,
octapa-trastuzumab retained more *°Y than CHX-A’’-DTPA-
trastuzumab (94.8 + 0.6% vs 87.1 + 0.9%).** Comparative in
vivo studies in mice bearing HER2-expressing SKOV3 tumors
revealed an identical therapeutic effect of both tracers.***

9.4. Yttrium-90/86 Biological Studies

Because of the low availability of 5°Y, the majority of yttrium-
based radiopharmaceuticals are °°Y therapeutics. The bio-
logical halflife of antibody bioconjugates is compatible with
the physical halflife of *°Y and has led to extensive
investigation of *’Y radioimmunotherapy. The most popular
compound is FDA-approved Zevalin (*°Y-tiuxetan-ibritumo-
mab) for treatment of non-Hodgkin’s lymphoma.*** After first-
line therapy, treatment with Zevalin improves survival rates for
patients in remission, as demonstrated over a 7-year period.**®
Although some clinicians are still hesitant to prescribe Zevalin,
it is predicted that its use will become more prominent in
coming years.”*® Another promising candidate for therapy is
?°Y-DOTA-clivatuzumab tetraxetan for treatment of advanced
pancreatic ductal carcinoma. Fractioned dosing with simulta-
neous low-dose gemcitabine has demonstrated increased
patient survival rates during phase Ib trials.**” Use as a third-
line treatment has been proposed, pending results from phase
III trials.**®

Peptide receptor radionuclide therapy (PRRT) has also been
an active area of °°Y research;>** however, in recent years '7Lu
has replaced °Y as the preferred - emitter for PRRT, notably
with modified SST receptor-targeting analogues. This switch is
due to the decreased = range of "’Lu (2 mm vs 11 mm),
which reduces cross-fire effects and has allowed clinicians a
means for addressing the relatively high rate of myelosuppre-
sion and renal failure when using *°Y. The use of combination
therapy with *°Y-DOTATOC/"’Lu-DOTATOC and *°Y-
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DOTATATE/"’Lu-DOTATATE has been proven to be
beneficial over *°Y-DOTATOC** and °°Y-DOTATATE,*”°
respectively; however, a direct comparison of combination
therapy with standalone '""Lu analogues has yet to be
conducted despite being more pertinent.

Another clinically relevant application of *°Y are glass
microspheres, which contain *’Y-embedded glass and are
typically administered via hepatic arterial blood flow. Micro-
sphere diameter (20—60 ym) and increased arterial blood flow
ensures preferential tumor uptake and retention, facilitating -
mediated tumor destruction. FDA-approved microspheres are
under trade names Therasphere and SIR-Spheres.””"

The utility of *Y is best encapsulated in a 2004 comparative
study in which %Y-DOTATOC was compared to '!'In-
pentetreotide for pretreatment dosimetry of *°Y-DOTATOC.
When compared to *Y-DOTATOC, doses calculated from
""In-pentetreotide were underestimated for liver and over-
estimated for kidney and spleen.’”* Other notable studies with
%Y have been conducted with *Y-DOTATOC,*>™7° 86y.
DOTA-PSMA,”® #Y.CHX-A'"’-DTPA-bevacizumab,’”” 36Y-
CHX-A"’-DTPA-antimindin/RG-1,""* $Y.CHX-A'’-DTPA-
cetuximab,®*”? and 86Y_-CHX-A"’-DTPA-panitumomab
(Table 8)37%3%°

10. INDIUM

Indium-111 (t,,, = 67.2 h) is a common and widely used
SPECT radionuclide and decays by EC (100%), releasing two
low-energy gammas (Ey = 171 and 24S keV; Iy = 91 and 94%,
respectively) in the process. Indium-111 is clinically approved
for use in numerous drugs including Octreoscan ('''In-
pentetreotide), Prostascint ('!'In-capromab), CEA-Scan
(*'n-arcitumonab), MPI indium DTPA Inl11l (*In-
DTPA), and indium In111 oxyquinoline (*''In-oxyquinoline)
and is most commonly used for imaging of SST receptor-
expressing neuroendocrine tumors and prostate cancer.’’
Indium-111 also emits Auger electrons and has been
considered for therapy.”®* Other relevant indium radioisotopes
include the " emitter ''"In (¢, = 1.15 h) and the Auger
electron emitter '"*™In (¢,,, = 1188 h).
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Table 9. Selected In*" Chelators, Metal Complex Geometry, and Thermodynamic Parameters

metal ion chelator coordinating nuclei geometry log Ky, pM reference
In* DOTA N,O, square antiprism® 239 18.8 190, 435, 703
DTPA N;O4 square antiprism 29.0-29.5 24.4-25.7 421, 422, 703—=70S
CHX-A"-DTPA N;0; square antiprism” 381
H,octapa N,O, square antiprism 26.8 26.5 359
Hneunpa N,O, square antiprism? 282 23.6 86
H,bispa® N¢O, square antiprism 24.4 25.0 72

“On the basis of [In(DOTAZA)]". YOn the basis of [In(DTPA)]".

10.1. Indium-111 Production

The production of ''In is well-established and can be achieved
directly via "Cd(d,xn), "Cd(pxn), "‘Cd(ax), "‘Ag(axn),
"Ag("Lix), or "Ag("'B,x) or indirectly by "Rh(**C, x)'''Sb
— Mg — Mn, ™S (n,x)'"'Sn — "'In, or "™Sn(px)'"'Sn —
W 3379 The most common production methods are
proton or deuteron bombardment of natural or enriched
cadmium targets or @ bombardment of silver targets. These
methods are popular because they can achieve high yields of
nca "'In while avoiding or minimizing the production of the
long-lived contaminant ''*™In (t;,, = 1188 h). Proton
irradiation of natural cadmium is the dominant means of
commercial ""In production.'”” Interestingly, cross section
data on ™Cd(p,xn) reveal two maxima, likely corresponding to
"Mcd(p,n), "*Cd(p,2n), and "*Cd(p,3n) at 24 MeV (~325
mb) and "'"*Cd(p,4n) at 40 MeV (~257 mb).*%* Separation of
"1n from Cd targets is most commonly achieved using ion-
exchange chromatography, liquid—liquid extraction, solvent
extraction, or precipitation, where In** is coprecipitated with
Fe(OH); in the presence of NH,OH. Following dissolution of
the precipitate in 8 M HCI, Fe®" is extracted with isopropyl
ether.”® Separation of "'In from Ag targets is commonly
achieved by ion-exchange chromatography. For example,
successful separation has been reported with anion-exchange
chromatography using 4 M KCN to retain anionic ''In-
(KCN),, which is subsequently eluted with 1 M HCL**”
Cation-exchange chromatography has also been demonstrated
for fine purification, where column loading of target material in
9 M HBr results in '"'In retention, followed by elution with
concentrated HCL****° Liquid—liquid extraction is also a
common Ag/In separation method.”***"**” Interested read-
ers are directed to the recent in-depth review by Lahiri et al.**

10.2. Indium-110m Production

Production of the f* emitter "'*"In (t;,, = 1.1S h, ' =
61.25%) has been investigated due to the ease with which
established '''In SPECT tracers can be converted to PET
tracers. The most promising methods for direct production of
"0 include '°Cd(p,n), '“Ag(a,n), and '®Ag(*He2n);
however, coproduction of '%In (f,,, = 4.9 h) tends to dilute
isotopic purity and remains problematic.401 For example,
following yield-optimizing calculations, Kakavand et al
irradiated "'Cd with 15 MeV protons (100 A, 1 h) and
produced 44.3 + 8.8 GBq/C (gigabecquerel per Coulomb)
with 125 + 025 GBq/C "%In impurity.*>**® Indirect
production using 105 (t;, = 4.11 h, EC 100%) as a parent
radionuclide can yield "'*In-free "'""In following electron
capture and is achieved via '"*In(p,4n), '"In(d,Sn), ''°Cd-
(*He,3n), 'Cd(a,2n), or ''°Cd(a,4n).**"**~* To make
future use viable, production of ''/'*In must be mitigated
through the use of enriched targets and beam energy
optimization.””® A clinical proof-of-concept study with

921

H0my_ DTPA-p-Phe'-octreotide was conducted in 2002 to
demonstrate the superiority of ''"In PET compared to '''In
SPECT. Indeed, improved phantom and metastatic carcinoma
image quality was observed.*"”

10.3. Indium-114m Production

The Auger electron emitter ''*™In (t,,, = 1188 h) has been
studied due to its applicability as a therapeutic match pair with
"n tracers. The radionuclide also emits 190 keV photons,
suitable for y-detection. The daughter radioisotope, "*8In (t,,
=72 s), is a high-energy = emitter (5, = 779 keV, 99.5%)
and contributes to the desired therapeutic effect. Indium-114m
production is primarily achieved through proton or deuteron
irradiation of cadmium targets, via 4Cd(p,n)4™In, Cd-
(d,2n)"*™In, and ''°Cd(p,3n)""*"In.'"”” Production was
achieved by Tolmachev et al. by irradiating enriched ''*Cd
plates with 6.5—12.6 MeV protons. Separation was demon-
strated by thermal diffusion (306 °C, 2 h, etched 0.05 M HCl),
followed by cation-exchange chromatography to yield 60% of
the produced activity. Radiolabeling of DTPA-p-Phe'-octreo-
tide to achieve high specific activity confirmed the quality of
the nca ' In method. In vivo behavior was analogous to that
of ""In-DTPA-p-Phe'-octreotide.*”® The use of "™Cd targets
has been investigated, but coproduction of ''"'3™n is
unavoidable and yields are drastically decreased.*****” Neutron
irradiation of enriched *In has also been reported.*'® In lieu
of a detailed summary below, here we simply report that '"*In
is capable of damaging cell DNA and the f~ particle decay

. 3\ 411,412
appears suitable for treatment of large tumors (>1 cm?).
Indium-114m has undergone preclinical studies for palliative
treatment of advanced lymphoid malignancy and for targeting
of HER2-expressing malignant tumors, as well as clinical
studies to treat lymphoid cell malignancy.*'®*>~*'

10.4. Indium Chemistry and Chelator Development

Indium is found almost exclusively as a trivalent cation (In**),
has an ionic radius of 0.62—0.92 A (CN = 4—8), and requires a
coordination number of eight to become coordinatively
saturated. Although considered a borderline-hard metal,
among the metal ions currently discussed, In** is relatively
soft (I, = 6.3). Indium(III) is a versatile metal that can form
stable complexes with soft donating groups, such as
thiols,””***>*'%*!7 a5 well as hard donating groups, such as
phenolates.”***'*~*** Although not as convenient as in the
case of the lanthanides, the pK, of aquated In*" (pK, = 4.0,
In3+(aq) - InOH2+(aq)) is generally nonproblematic for
radiolabeling.

Because of its propensity for a range of chelators and
coordinating groups, the majority of HTn tracers utilize the
most readily available chelators, namely, CHX-A’’-DTPA
(Figure SB) and DOTA (Figure 4A). [In(DTPA)]*~ and
[In(CHX-A""-DTPA)]*" are highly stable and have been used
extensively for peptide- and antibody-based imaging, notably in
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Table 10. Selected ''In Radiopharmaceuticals with Targets and Relevant Labeling Parameters”

molar/specific activity

radionuclide chelator (BFC) standard labeling conditions bioconjugate target (% RCY) reference
Mp DOTA (DO3A) 0.4 M NH,OAc pH 5—7, 65-90 °C, 30—40 BBN(7-14)NH, GRPR <1722 GBq/umol (35—89) 427
min BASS SSTR 12 GBq/umol (>95) 446
DTPA (DTPA-amide) 0.1-0.2 M NaOAc pH 5.5,25-40 °C, 10—40  Phe'-octreotide SSTR 17-25 GBq/mg (>95) 706
CHX-A"-DTPA min (Arg")CCMSH ~ MCI-R  4.44 MBg/mg 220
(p-NH,-Bn)
H,octapa 0.2 M NH,OAc pH S.5, RT, 15 min Trastuzumab HER2 148 MBq/mg (94) 87
Hyneunpa 0.15S M NH,OAc pH 6, RT, 15—30 min Trastuzumab HER2 1036 MBq/mg (92.6) 86

“GRPR (gastrin-releasing peptide receptor); SSTR (somatostatin receptor); MC1-R (melanocortin 1 receptor); and HER2 (human epidermal

growth factor receptor 2).

a number of clinically approved drugs including Octreoscan
(In-pentreotide), Prostascint (In-capromab), CEA-Scan (In-
arcitumomab), and In-DTPA.**' The crystal structure of
[In(DTPA)]*™ reveals an eight-coordinate metal center, with
N,;O; bonding and square antiprismatic geometry. Bond
lengths are quite uniform, with the exception of one carboxylic
oxygen stemming from a terminal backbone nitrogen, which is
0.1 A longer than other In—O bonds.”*" The uniformity of the
structure and the coordinatively saturated metal center likely
contribute to high complex stability (log Ky = 29.5)."* A
number of studies have investigated derivatives with alternative
functional groups to increase stability”***** and bifunctional
st1‘ategies,424’425 but the current gold standard is p-SCN-Bn-
(CHX-A"-DTPA).

Indium-111 radiotracers are a prime example of indiscrimi-
nate use of DOTA. Despite the need for elevated radiolabeling
temperatures and lower log Ky and pM values than DTPA,
DOTA continues to be applied to '''In radiopharmaceuti-
cals.****="2 Although no [In(DOTA)]™ crystal structure
has been reported, based on a number of closely related
DOTA analogues (In[DO3A], In[DOTA-AA], and In-
[DOTAZA]"), the In** center likely adopts square anti-
prismatic geometry.433_435 Compared to other macrocyclic
ligands, the size of In®" is best suited to DOTA, which was
found to form slightly more stable complexes (log Ky = 23.9)
than extended cyclen analogues [13]aneN, (TRITA; 1,4,7,10-
tetraazacyclotridecane-N,N’,N” N’ -tetraacetic acid; Figure 4E)
and [14]aneN, (TETA; Figure 4F) (log Ky = 23.00 and
21.89, respectively).'”” Smaller macrocycles have also been
studied with In**; however, the low coordination number and
nonideal ring size, revealed through crystal structures, 7
should deter future use of small macrocycles with '*'In’*.

The authors’ research group has developed a number of
ligands that form robust In*" complexes. Building on an
established H,dedpa (Figure SH) scaffold (see section 8.4),
functionalization with acetate arms led to the creation of
Hjoctapa (Figure SH), which can quantitatively radiolabel
"'In in 10 min at room temperature. [In(octapa)]” exhibits
impressive complex stability at physiological pH, with higher
pM values than both DTPA and DOTA.>*’ Following
trastuzumab bioconjugation via isothiocyanate coupling,
imaging studies with ""'In and '""Lu revealed higher tumor
uptake and tumor-to-tissue ratios than DOTA-trastuzumab.”®”
Several reports have since been published exploring the
capabilities of this versatile ligand family by altering
coordination number,gé’423 functional groups,438 and backbone

256,439
composition.”™
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10.5. Indium-111 Biological Studies

Thanks to its commercial availability, straightforward coordi-
nation chemistry, and compatibility with SPECT imaging, '"'In
is commonly used to study in vivo behavior or new biological
vectors, all of which will not be covered in this Review. The
most recent developments in the areas of GRP receptor, SST
receptor, integrin, and HER2 targeting will be discussed.

Indium-111 has been extensively used in BBN imaging
studies, notably where the pharmacokinetics of BBN were
improved by altering linker properties.*”**”*** Evidence
suggest that intravenous injection of BBN agonists may be
biologically hazardous;"** BBN antagonists are now under
investigation for radiotracer development. A notable example is
"In-DOTA-PEG,-AR, which produced high-quality SPECT
images with good tumor-to-tissue ratios observed after 24 h.
Also promising is the use of NODAGA-PEG,-AR and TE2A-
PEG,-AR with ®*Ga and *Cu, respectively.*"'

Integrin-targeting studies are increasingly utilizing “Ga or
$*Cu; however, Briat et al. recently used "'In-RAFT-RGD and
"MIn-DOTA-A700 to study renal uptake.**” Co-administration
with gelofusine was found to decrease renal uptake upward of
50%, greatly alleviating kidney dose. Another study used '''In-
DTPA-A20FMDV2 for diagnosis of idiopathic pulmonary
fibrosis and revealed encouraging preclinical results, as high
lung uptake was observed.”*

Somatostatin receptor-targeting scintigraphy has been
clinically practiced for over 20 years with Octreoscan (*''In-
pentetreotide and "I DTPA-p-Phe'-octreotide); however,
the development of *™Tc- and ®*Ga-tracers has significantly
reduced the appeal of ""In imaging."*’ Studies comparing
%Ga-DOTATATE and ®*Ga-DOTATOC to 'In-octreotide
adamantly declare superiority of **Ga based on cost, radiation
exposure, image quality, and acquisition speed.****** Copper-
64-DOTATATE was also shown to be superior to ''In-
octreotide. Despite these results, '''In is still used clinically and
for research purposes. For example, SST receptor targeting has
recently changed focus from SST agonists to antagonist.
Indium-111-DOTA-BASS (*'!In-DO3A-pNO,-Phe-c(DCys-
Tyr-D-Trp-Lys-Thr-Cys)p-Tyr-NH,) is the first clinical SST
antagonist applied as a tracer. Higher tumor uptake and
improved visualization of metastatic neuroendocrine tumors
compared to ''In-pentetreotide were reported.**°

Because of slow antibody clearance and consequently low
tumor-to-blood and tumor-to-tissue ratios, HER2 targeting has
focused on the use of antibody fragments to increase clearance
while maintaining specificity. The most recent reports of ''In
HER2 targeting include 1n-PEP09239,**7 'In-ABY-
002,"7*¢ n-trastuzumab,”*” and '"In-ABY-025.**° In
general, high tumor uptake is observed, but the trade-off
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between specificity and body clearance is still a challenge. The
use of the first synthetic affibody, '''In-ABY-002, is especially
noteworthy.***

11. TERBIUM

Terbium radioisotopes are of interest due to the existence of
four clinically relevant radioisotopes with applications across
each major modality of nuclear medicine (i.e., PET, SPECT,
f~ therapy, a therapy, and Auger electron therapy). For this
reason, terbium has been deemed the “Swiss knife of nuclear
medicine”.**’!

With respect to therapeutic radionuclides, “**Tb (t,,, = 4.12
h) is a low-branching, low-energy a emitter (Ea = 3970 keV,
17%) with short soft-tissue range of 28 um.”" Terbium-149 is
the only radiolanthanide with a suitable physical half-life for o
therapy and is most compatible with fast-circulating bio-
conjugates, such as peptides. Terbium-149 also emits f*
suitable for PET imaging (ES* ag = 728 keV, 7%), which
may allow approximate dose quantification during therapy.
Terbium-161 (t,/, = 165 h) is a high-branching, low-energy 8~
emitter (Eﬂ_avg = 154 keV, 100%) that coemits therapeutic
Auger electrons, which account for up to 71% of the
radionuclide’s biological dose.*> Terbium-161 also emits y-
rays (Ey = 26, 49, and 75 keV; Iy = 23, 17, and 10%,
respectively) suitable for SPECT imaging. In terms of
diagnostic radionuclides, '*Tb (t;,, = 17.5 h) is a low-
branching " emitter (Ef",,, = 1142 keV, 20%) suitable for
PET imaging and "**Tb (t,, = 128 h) is a low-energy y emitter
(Ey = 87 and 10S; Iy = 32 and 25%, respectively) for SPECT
imaging. The advantages of terbium radioisotopes are the
versatility with which they can be applied; however, availability
is still a major issue that has limited use.

11.1. Terbium-149/152/155 Production via Spallation

Production of *Tb, 152Tb, and *>Tb are most common via
proton-induced spallation of tantalum targets, which has been
demonstrated using the ISOLDE (Isotope Mass Separator
Online Facility) facility at CERN (European Organization for
Nuclear Research). After collision of 1.4 GeV protons, the
spallation products are ionized, separated by mass-to-charge
ratio, and implanted into a Zn-coated Au target.”*’
Purification of Tb from the target material, decay products,
and isobaric monoxide contaminants is achieved with cation-
exchange chromatography, where the resin is loaded with 0.1
M HCI target solution and eluted with a-hydroxyisobutyric
acid (a-HIBA) at pH 4.75.>**7*° Use of molten KNO; on
aluminum as an implantation target has also been described
and permits purification with high radiochemical yield (>90%)
in just 1 h*’ It has been speculated that, for clinical
applicability, electromagnetic separation may be the only
means of producing sufficient quantities of high-purity
W9/12/15Th, A dedicated compact facility may be a potential
direction for the future.**®

11.2. Alternative Terbium-149 Production

Beyond spallation, '*Tb (t,,, = 4.12 h) can be produced by
light particle (p, ¥*He) irradiation of '’Gd targets. The
advantage of the 'Gd(p,4n)'*Tb approach is the high cross
section (248 mb) at medium-high proton energy (41 MeV),
which is bested only by **Gd(@,7n)"**Tb; however, the need
for a high-energy (>100 MeV) a-beam makes broad use of the
latter impractical.”>”*® The disadvantage of the (p,4n)
reaction is the chemical similarity of Gd and Tb, which
makes separation under a short time frame challenging.*” The
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cost of enriched '?Gd targets is also unappealing and has
resulted in the investigation of "Eu targets. With the use of a
*He beam, the natural isotope composition of europium
(47.81% 'S'Eu, 52.19% '°Eu) lends itself nicely to 'S'Eu-
(*He,5n)"*Tb and "*Eu(*He, 7n)"**Tb at medium-high beam
energies (30—70 MeV). This method can efficiently produce
"Tb, along with '**Tb and '**Tb, which could potentially be
useful as match pairs for "*Tb therapy.*”**°

A variety of heavy ion beams (10/“B, 12¢ 14/15N, 16/18Q and
F) can also be used to directly produce '*Tb, typically via
irradiation of early lanthanide targets. Unfortunately, cop-
roduction of *™Tb is common and rather detrimental, as it
hinders '*®Tb production and has an extremely low
probability of decaying to “*8Tb.**"**> The most promising
method of "Tb production is an indirect route, which follows
MINA("C, xn)'*Dy (t,/, = 4.23 min, EC 56%) — '"*Tb and is
favored over direct methods due to the large cross section.***
Production of 2.6 MBq was demonstrated with 1.25 h of
irradiation (108 MeV, 1uA) followed by 20 min of wait
time.**>*** Cation-exchange chromatography was used to
separate the "“Tb from the Nd,O; target and coproduced
radiolanthanides. Following target dissolution in 2 M HCI, the
solution was loaded onto the resin, washed with NH,CI (0.1—
1.2 M), and eluted with a-HIBA (0.2—0.4 M). Terbium-149 is
separated from other rare-earth elements during this process
by altering the eluent concentration. Given these results, it was
proposed that under optimized conditions (97% '**Nd, 50—
100 uA, 8—10 h) a dedicated cyclotron would permit routine
clinicilguse of "Tb by continuous batch production of 10—20
GBq.™

11.3. Alternative Terbium-152/155 Production

Alternate routes to '/15Tb production have also been studied
as a means of avoiding cumbersome ISOLDE separation. The
PET radionuclide, >2Tb, can be produced by 19La(1%0,3n),
HI4NG(12C, xn)'SDy — 12Tb, 2Gd(p,n), and 1S5Gd-
(py4n).5>#58:46546¢ production of the SPECT radionuclide,
1557, using gadolinium targets is of interest due to the
relatively high natural isotope composition of '**Gd (14.8%).
Deuteron-induced reactions have proved to be nonideal, as
both '°Gd(d,2n)**Tb and '*°Gd(d,n)"**Tb occur at similar
beam energies and produce radioisotopes with similar half-
lives. Nca *3Tb is therefore unachievable using this production
strategy.*®” 15°Gd(p,n)"STb appears to be a promising
approach, provided a highly enriched (~100%) target is
used.** In terms of indirect methods, the **Dy(y,n)**Dy —
15T photonuclear reaction was realized in 1981; however,
despite excellent radionuclide purity, low production quantities
hampered clinical applicability.**® Despite the need for high-
energy protons, the indirect **Tb(p,5n)"**Dy — '**Tb route
appears to be the most favorable nca approach.”

11.4. Terbium-161 Production

Of the discussed terbium radioisotopes, '*'Tb is the only one
with large-scale production capabilities. Terbium-161 is not
produced by proton-induced spallation of tantalum and is
generally obtained indirectly via '**Gd(n,y)**'Gd — '*'Tb.**’
The use of enriched '°Gd is key for this process, because the
thermal neutron cross section of *’Gd (15.68%) is massive
(254000 b) and will produce a significant amount of stable
'8Gd, the natural abundance of which is already high
(24.87%). The natural and beam-produced '**Gd then form
stable terbium via '**Gd(n,y)"*Gd — '*Tb, resulting in
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Table 11. Selected Tb** Chelators, Metal Complex Geometry, and Thermodynamic Parameters

metal ion chelator coordinating nuclei geometry log Ky, pM reference
Tb** DOTA N,O, monocapped square antiprism® 23.6—27.0 490—492, 496, 707—709
DTPA N;O4 monocapped square antiprismh 22.8 495, 699, 710

“On the basis of [Tb(DO3AP)]". “On the basis of [Gd(DTPA)]>".

isotopic dilution of "*"Tb and low molar activity.”"” Similar to
W/1S2/15Th purification following proton-induced spallation,
!Tb is purified from the Gd target using cation-exchange
chromatography. A Ln resin based on di(2-ethylhexyl)-
orthophosphoric acid (HDEHP) has also shown excellent
separation of '*'Tb from Gd."”°

11.5. Terbium Chemistry and Chelator Development

Terbium is most commonly found as a trivalent cation (Tb**),
has an ionic radius of 0.92—1.10 A (CN = 6—9), and favors a
coordination number of 8 or 9.*”' As with Y**, this diffuse
charge distribution makes hydroxide formation (pK, = 7.9,
Tb3+(aq) - TbOH2+(aq)) nonproblematic. Characteristic of
lanthanides, Tb*" exhibits a preference for oxygen-based
bonding, dominated by electrostatic interactions (I, =
10.07—10.30). Interestingly, Biinzli reported that, as of 2014,
75% of all structurally characterized lanthanide complexes had
at least one Ln—O bond and 40% had exclusively Ln—O
bonds.*’*> Terbium is best known for its luminescent
properties, which have led to its application in biomedical
probes and supramolecular luminescent sensors.*”>*”* Tuning
of these radiative 4};roperties has been investigated with a
variety of chelators,”’*~*"? including DOTA**~* ® and DTPA
(Table 11). 454485457489

Terbium-based radiotracers almost exclusively use DOTA
(Figure 4A) for chelation. No solid-state structure of
[Tb(DOTA)]™ has been reported; however, the bonding
environment is presumed to be monocapped twisted square
antiprism based on crystallographic data for [Tb(DO3AP)-
(H,0)]™ and [Tb(DOTG)(H,0)]". Typical bond distances
reveal closer proximity of Tb®* to the oxygen plane (Tb—0,y,
~ 0.8 A, Tb-N__ ~ 1.6 A).”""*? DOTA forms robust
complexes with Tb** (log Ky = 23.6—27.0) and can achieve
quantitative radiolabeling at low concentrations, but does
require elevated temperatures.20’93’453’454’493’494

Of the few studies that use alternative chelators, CHX-A''-
DTPA (Figure SB) is most favored and is typically employed
as a result of heat-sensitive targeting vectors.”> DTPA (Figure
SA) stability among the lanthanides peaks between Tb*" and
Ho*" (log Ky = 22.8),">**° making CHX-A"-DTPA use
appealing, given the rapid radiolabeling capabilities at ambient
temperatures.”” New ligand development or existing ligand
application for terbium-based radiopharmaceuticals should be
of interest in the future, especially considering the chemical
similarity of Tb** to Lu®*.

11.6. Terbium-149/152/155/161 Biological Studies

The therapeutic potential of **Tb has yet to be realized in
humans but has proven to be encouraging in animal models.
Treatment with '*Tb-CHX-A"-DTPA-rituximab 2 days post-
injection of Daudi cells (human lymphoma model) led to 89%
of mice having no pathological changes after 120 days. This is
quite impressive compared to the control group, which all died
within 40 days. Bone, spleen, and liver accumulation were
problematic, as 28.4 + 4% of long-lived daughter radionuclide
activity (***Sm, "*Eu) remained in the body; however, it was
suggested that post-tracer administration of EDTA or DTPA
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may remedy this accumulation.””” Animal studies with '**Tb-
DOTA-folate have demonstrated a dose-dependent relation-
ship, with both tumor growth and survival time.**®> Most
recently, '*Tb-DOTANOC has demonstrated the ability to
accumulate in AR42] xenografts and was imaged using PET/
CT.” Comparison of **Tb- and **Bi-labeled antibodies (d9
mADb) revealed that "*Tb treatment led to a lower degree of
cell killing due to low a-branching (17%).”> This conclusion
may serve as a drawback; however, if highly specific targeting is
achieved, an advantage could be realized through decreased
cross-fire effects. This is especially true when considering the
off-target dose received from short-lived *'*Bi (see section 13)
due to slow circulation of antibodies. The longer physical half-
life of "*Tb is more congruent with antibody circulation and
may be more suitable for radioimmunotherapy despite lower
cell-killing capabilities.”®

Terbium-161 f~ therapy has received attention due to
significant coemission of conversion and Auger electrons.
Monte Carlo (CELLDOSE) calculations estimate that, for
small metastases, 71% of the ''Tb dose comes from
conversion electron (CE) or Auger electrons. As tumor size
decreases, the effectiveness of 'Tb over *’Sc and “Cu
increases due to higher effectiveness of low-range radiation.***
Similar advantages were noted in a comparison of '**Tb with
0y, 7Ly, and MIn.*® In vitro experiments on radiolabeled
DOTA-folate (cm09) exhibited superior ICs, for ' Tb versus
7Lu in KB and IGROV-1 cell lines, requiring 4.5- and 1.7-fold
less activity to exert the same therapeutic effect, respectively.
Comparable SPECT images were obtained during in vivo
experiments for both radiotracers, but '¢'Tb-DOTA-folate
reduced tumor growth more efficiently than '"Lu-DOTA-
folate.*”* Terbium-161 is also less toxic to kidneys than 7’Lu
due to the large dose contribution from CE and Auger
electrons. Through a comparison of equal activity admin-
istration, it was shown that, despite the higher renal dose,
ITb (3.0 Gy/MBq) therapy displayed comparable renal
toxicity to 'Lu (2.3 Gy/MBq) therapy, suggesting the
emission of low-energy electrons led to no adverse side-
effects.”’

In a preclinical study of '**Tb-DOTANOC, spallation of Ta-
targets at ISOLDE/CERN produced 600 MBq of '**Tb after
purification. Quantitative radiolabeling with DOTANOC was
confirmed by HPLC, and animal studies showed good tumor
uptake in AR42J tumor-bearing mice.”* Not only did this study
produce record amounts of purified **Tb and demonstrate
efficacious use, it seems to have spurred the first in-human trial,
where PET/CT images of '**Tb-DOTATOC showed clear
tumor uptake in small tumor metastases, especially 24 h
postinjection.””® Although high background signals were
observed as a result of low positron branching ratio (20.3%),
the prospect of identifying a (nearly) identical theranostic pair
with Tb/'*'Tb/"Lu capable of long-time-point imaging
makes the use of '>*Tb for PET attractive.

The utility of the four combined radioisotopes was
demonstrated in a study that conducted **Tb and '¢'Tb
therapy and imaged tumors using '**Tb for PET/CT and
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Table 12. Selected '#9/152/155/161Th Radiopharmaceuticals with Targets and Relevant Labeling Parameters®

radioisotope chelator (BFC) standard labeling conditions

49Th DOTA (DO3A) 0.15 M a-HIBA pH 5, 95 °C, 15 min
CHX-A"-DTPA 3 M NH;O0Ac pH 5.5, RT, 10 min
(p-SCN-Bn)
152Tb DOTA (DO3A) 0.15 M a-HIBA pH 4.75, 95 °C,
1S min
0.4 M NaOAc pH 4.6, 95 °C, 40 min
155Th DOTA (DO3A) 0.15 M a-HIBA pH 4.75, 95 °C,
1S min
1617 DOTA (DO3A) 0.5 M NaOAc pH §, 95 °C, 15 min

“FR (folate receptor) and SSTR (somatostatin receptor).

molar/specific activity

bioconjugate target (% RCY) reference
folate (cm09) FR 0.48 GBq/umol (>96) 3
Rituximab CD20 1.11 GBg/mg (99) 497
folate (cm09) FR 1.33 GBq/pumol (>96) 3
Nal3-octreotide (NOC) SSTR 10 GBq/umol 93
Phe'-Tyr*-octreotide SSTR 10 GBq/umol 493
(TOC)

folate (cm09) FR 0.64 GBq/pumol (>96) 3
folate (cm09) FR 6—27 GBq/umol (>98) 3

Table 13. Selected Lu** Chelators, Metal Complex Geometry, and Thermodynamic Parameters

metal ion chelator coordinating nuclei geometry log Ky, pM reference
Lu®* DOTA N,O, square antiprism 21.6—29.2 17.1 87, 518, 521, 707, 711
DTPA N;O4 tricapped trigonal prism® 22.4-22.6 19.1 521, 699, 703, 712
NETA N,O, tricapped trigonal prism? 35S, 356
DE4TA N,O/N;O,? square antiprism? 354
PCTA N,O; square antiprism? 79, 524
H,octapa N,O, square antiprism 20.1-20.5 19.8 87, 361, 439

“On the basis of [Yb(DTPA)]*".

155Th for SPECT/CT. Although no meaningful comparison of
effectiveness of **Tb/'*'Tb could be made due to low sample
size, both groups showed decreased tumor growth and
significantly increased survival time compared to untreated
control groups. Phantom studies of '*Tb were not ideal;
however, the 24 h PET/CT time point of '**Tb revealed good
tumor uptake.” Overall the benefits of 47/152/155/161Th baged
theranostics are exciting; unfortunately, concerns over
production yields, costs, and the need for highly sophisticated
facilities at ;)resent has led to uncertainty regarding potential
clinical use.

12. LUTETIUM

Lutetium-177 (t;,, = 159 h) decays purely via = emission,
releasing low-energy electrons (Eﬂ_avg = 134 keV, 100%) and
coemitting low-energy gammas (Ey = 113 and 208 keV; Iy = 6
and 10%, respectively) that are useful for SPECT imaging and
dose determination.”” The physical half-life of 7’Lu makes it
compatible with both short- and long-circulating bioconjugates
and allows off-site production centers to distribute activity to
clinics over a long range.”’” Lutetium-177 is generally seen as
superior to Py (see section 9) due to the lower - energy,
which results in shorter tissue range and decreased cross-fire to
healthy cells. This results in lower toxicity and improved
patient tolerance during clinical treatment.”””™>°" Very
recently, the first '""Lu-based drug, Lutathera ('’"Lu-
DOTATATE), received FDA approval for treatment of
somatostatin receptor-positive gastroenteropancreatic neuro-
endocrine tumors.””” Given the success of '"’Lu therapeutics
and the adequate commercial availability, signs point to
continued clinical trials and approval of '”’Lu-based
therapeutics in the years to come.

12.1. Lutetium-177 Production
Reactor production of '’Lu is accomplished by both direct

and indirect methods. Direct reactor production is the most
inexpensive, high-yielding, and common route of generating
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Y7Lu>% Irradiation of enriched '7°Lu,O; follows 7°Lu-
(n,7)""Lu, which has a thermal neutron capture cross section
of ~2020 b and resonance integral of ~1087 b.'**"*%* A
drawback of this method is the production of ca activity, which
generally results in specific activity of 0.74—1.1 TBq/mg—only
a quarter of the theoretical 4.07 TBq/mg. Specific activity
levels of 2.59 TBq/mg at high thermal neutron flux (2 x 1015
n/cm?® s) have been reported.”®> Coproduction of the long-
lived radioisotope '"™Lu (t;, = 160.5 days) is another
drawback; however, by using medium-flux reactors, the
impurity can be kept to <0.02%.°°° Conveniently, no
postirradiation processing is necessary due to the elementally
pure target. The high yield of direct reactor production has
made it the most commercially viable means of '""Lu
production.

The reactor-based indirect strategy involves irradiation of
Yb,0; targets to induce 7°Yb(n,y)"”’Yb — ’Lu. The main
advantages of this method are the low levels of '7™Lu
produced and the high specific activity. Although challqn_ging,
many have demonstrated separation to yield nca '7"Lu.*"" "
For example, small-scale reversed-phase ion pair chromatog-
raphy has led to '”’Lu with high radionuclidic purity and an
84% yield. The dissolved Yb,O; target (S mg) was loaded onto
a reverse-phase column and '""Lu eluted with 0.25 M a-HIBA/
0.1 M octanesulfonate.”'® Liquid—liquid extraction has also
proved useful for Yb/Lu separation, with 1 M HCI and 1%
HDEHP (di[2-ethylhexyl]orthophosphoric acid) in cyclo-
hexane preferentially extracting Lu into the organic phase.>”’
The most developed separation strategy is a three-step
extraction chromatography method, where each separation
stage (front-end, primary, and secondary) involves multi-
column use. This purification method is favored because of its
effective separation factor (10°) and activity with high
radionuclidic purity, which is eluted in a form amenable to
standard radiolabeling conditions. The excellent separation is
also useful for recycling of '7°Yb. The process has achieved a
73% yield from a 300 mg target within 4 h.>” The main
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disadvantage of the indirect method is the relatively low cross
section (2.85 b) combined with a need for enriched '7°Yb.
This high cost and relatively low-yielding process makes
production expensive. Some commercial sources are available
for studies requiring nca '”’Lu.

Cyclotron production of '’Lu has also been demonstrated,
but use of these routes is quite limited. The typical (p,n)
approach is impossible for ”’Lu production because ”Yb is a
short-lived radioactive nuclide. Production via "*Yb(d,n),
"Hf(p,2pxn), and "*'Ta(p,3p2n) has been explored, but the
coproduction of various Yb and Lu radioisotopes necessitates
the use of enriched targets, which are too expensive to justify
their use for such low-yielding reactions.”’>*'® Indirect
production via 7°Yb(d,p)"”’Yb — !""Lu has also been
explored.”"” Even though production of undesired radio-
isotopes can be avoided below a deuteron beam energy of 11
MeV and high specific activity is achievable, the low cross
section for this reaction makes it inferior to reactor-based
production methods.

12.2. Lutetium Chemistry and Chelator Development

Lutetium is most commonly found as a trivalent cation (Lu*")
and is the smallest of the lanthanide series with an ionic radius
of 0.86—1.03 (CN = 6—9). Lutetium(III) prefers a
coordination number between 8 and 9, with a slight preference
for 8, as is common with the late lanthanides.*’* As mentioned,
the ionic bonding preference of Lu’* (I, = 10.07) is typical of
the lanthanides, which prefer oxygen-donating groups due to
their ionic-donating compatibility. As with Y°* and Tb*", the
high pK, (7.6, Lu3+(aq) - LuOH2+(aq)) of aquated Lu®* makes
metal hydrolysis nonproblematic during radiolabeling.

The most commonly used chelators for '""Lu radiotracers
are DOTA (Figure 4A) and DTPA (Figure SA) analogues.
The molecular structure of [Lu(DOTA)(H,0)]” demon-
strates water-capped square antiprismatic geometry.’18 As with
other rare-earth metals, the high stability and inertness of
[Lu(DOTA)]" (log Ky = 21.6—29.2) has led to frequent use.
Lutetium-177 has a physical half-life that is well-suited to the
biological half-life of most antibodies; therefore, the slow
labeling kinetics of DOTA, which necessitate heating, are not
ideal for many '""Lu applications. When appropriate, however,
the preference for DOTA is supported not only by
thermodynamics but also by high kinetic inertness against
serum proteins.”'”**° This degree of long-term stability is
especially crucial due to the long half-life of '""Lu, which would
lead to prolonged and elevated dose if released in vivo.

In cases where heat-sensitive bioconjugates are employed,
DTPA analogues can be used to rapidly radiolabel at room
temperature. The structure of [Lu(DTPA)]*” is unknown;
however, based on the [Yb(DTPA)]*~ solid-state structure,
tricapped trigonal prismoidal metal center geometry with N;O
and O, planes is assumed. Compared to DOTA, [Lu-
(DTPA)]*™ complexes exhibit decreased thermodynamic
stability (log Kyy, = 22.4—22.6) and kinetic inertness (serum
stability and acid dissocialtion);sw_521 however, radiolabeling
7Lu in the presence of Ca**, Zn>*, and Fe" revealed superior
selectivity of DTPA over DOTA.>*' Other studies have also
confirmed that metal competition from Zn?*, Cu**, Co**, Pb**,
and Ni** can obstruct DOTA labeling of '”’Lu, highlighting the
promiscuous chelation of DOTA.>*> CHX-A’-DTPA is
preferred for '’Lu labeling over less-rigid DTPA analogues
due to its superior kinetic inertness, which is reflected during in
vitro challenge studies and in vivo experiments.*’
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Other studies have used less conventional ligands for '7’Lu
with variable success. Pandey et al. compared p-SCN-Bn-
NOTA with p-SCN-Bn-CHX-A"-DTPA and unsurprisingly
found the latter better resisted decomplexation, likely due to
the inadequate coordination number and small ring size of
NOTA.”* As discussed with *°Y, NETA (Figure 4K) and
DEA4TA (Figure 4C) have also shown promise for use with
"7Lu. NETA and the RGD-bioconjugated analogue, 3p-C-
NETA-c(RGDyK), were found to quantitatively radiolabel
7Lu at ambient temperature within 1 min and showed
minimal signs of decomplexation during in vitro and in vivo
studies.”® Follow-up experiments compared 3p-C-NETA-
trastuzumab and 3p-C-DEPA-trastuzumab with DOTA-p-
SCN-Bn-trastuzumab and DTPA-p-SCN-Bn-trastuzumab. 3p-
C-NETA-trastuzumab and DTPA-p-SCN-Bn-trastuzumab
were radiolabeled >99% within 1 min, while 3p-C-DEPA-
trastuzumab required 30 min and DOTA-p-SCN-Bn-trastuzu-
mab required 60 min to reach maximum labeling (97.9% and
97.8%, respectively). In vivo studies with '7’Lu-3p-C-NETA-
trastuzumab showed excellent tumor uptake (10.10 + 0.45%
ID/g) and good clearance from blood, liver, and kidneys with
no sign of bone accumulation after 120 h.*>> Ten-coordinate
3p-C-DEPA is an nonideal match for ’Lu; however, the nine-
coordinate analogue, 3p-C-DE4TA, shows improved in vitro
stability with '’Lu and good in vivo clearance of the naked
BEC after 24 h.”>* No experiments with targeting vectors have
been published to date.

PCTA (Figure 4G) has recently been considered for use
with '""Lu. Labeling, stability, and biodistribution of naked p-
SCN-Bn-PCTA is comparable to those of p-SCN-Bn-DOTA.
It was also demonstrated that in vitro cell binding of cetuximab
and panitumumab was not affected by use of PCTA versus
DOTA.”** Despite good in vivo clearance of '""Lu-(p-SCN-
Bn-PCTA) after 24 h, no bioconjugated analogue has been
reported.””

As with *°Y and '"'In, H,octapa (Figure SH) has been found
to form highly stable Lu** complexes (log Ky = 20.1-20.5),
notably at physiological pH (pM = 19.8). Near-quantitative
radiolabeling at low ligand concentrations of '’Lu can be
achieved at ambient temperature in 15 min. Low decom-
plexation rates during in vitro competition studies with serum
proteins are also impressive. A comparison between '"’Lu-
octapa-trastuzumab and ’Lu-DOTA-trastuzumab revealed
significantly higher tumor uptake of the former after 24 h,
leading to speculation that some degree of antibody damage
incurred during DOTA radiolabeling. Decreased kidney and
slightly increased bone uptake were also observed for '’Lu-
octapa-trastuzumab.®”

12.3. Lutetium-177 Biological Studies

Research surrounding the use of '"’Lu-DOTATATE has been
an intense area of research in recent years”>>>** and has led to
FDA approval for treatment of inoperable, progressive SST
receptor-positive midgut carcinoid tumors, sold under the
trade name Lutathera.””” During a randomized phase III trial
that took place over >3 years with 229 patients, the estimated
rate of progression-free survival was 65.2% for the treatment
group and 10.8% for the control group, after 20 months.>** A
related therapeutic, '"Lu-DOTATOC, recently underwent
phase II clinical trials for treatment of gastroenteropancreatic
neuroendocrine tumors and is currently recruiting for phase
II1.°*>* Treatment of prostate cancer with 77Lu-PSMA-I&T
and '"Lu-PSMA-617 is another highly active area of research,
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Table 14. Selected '’Lu Radiopharmaceuticals with Targets and Relevant Labeling Parameters”

chelator (BFC)
DOTA (DO3A)

radionuclide

177Lu

standard labeling conditions

0.5 M NaAscorbate pH 4.5, 80—95 °C,
30 min

0.3 M NH,OAc pH 7, 37 °C, 20 min

NETA (3p-C) 0.25 M NH,OAc pH §.5, RT, 1S min
H,octapa 0.2 M NH,OAc pH 5.5, RT, 15 min
(p-SCN-Bn)

molar/specific activity

bioconjugate target (% RCY) reference
Tyr*-octreotate SSTR  19.5 GBg/mg (>98) 501
(TATE)
PSMA-617 PSMA 897 + 13.6 GBq/mg (>95) 537
7591 PSMA  185—481 MBq/mg (78 +8) 550
Trastuzumab HER2  23.7 GBq/umol (92) 355
Trastuzumab HER2 130 MBg/mg (95) 87

“SSTR (somatostatin receptor); PSMA (prostate-specific membrane antigen); and HER2 (human epidermal growth factor receptor 2).

Figure 7. ***U and ***Th decay chains.
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with the latter currently awaiting phase II trials.”**~>** Several
reviews have discussed these therapeutics in detail.>*>~>*
Other noteworthy compounds coming down the proverbial
pipeline are '’Lu-J591 for radioimmunotherapy of prostate
cancer’*7>** and the SST antagonist '”’Lu-OPS201.”°7%%

Very recently, click-mediated pretargeted radioimmunother-
apy of colorectal carcinoma has been demonstrated with
huA33-TCO and '""Lu-DOTA-PEG,-Tz. This approach
combines the favorable pharmacokinetics of small molecules
with the specificity and affinity of antibodies. Monoclonal
antibody pretargeting is performed 24 h prior to injection of
the radioactive component, which then selectively undergoes a
Diels—Alder reaction with the trans-cyclooctene-functionalized
antibody to achieve highly selective accumulation while
retaining rapid background clearance. This appears to be an
extremely promising therapeutic strategy, as treatment led to a
100% survival rate over 70 days, while no mice from the
control group survived past 47 days.”*® Future work should be
of great interest.

13. BISMUTH

There are two therapeutic radioisotopes of bismuth that have
been studied for TAT. Bismuth-212 (¢, = 1.01 h) is part of
the natural thorium (***Th) decay chain and is the direct
daughter radionuclide of *?Pb. Although *?Pb has been
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thoroughly investigated as an in vivo generator for 2'?Bj, it will
not be further discussed.”” Bismuth-212 decays to stable 2*Pb
by two independent pathways; the major route involves
emission of high-energy = (Ef~ = 771 keV, 64%) to *'*Po
(t,/» = 0.3 us), followed by a decay (Ea = 8780 keV, 100%).
The minor route involves o emission (Eotavg = 6210 keV, 36%)
to *®TI (t,, = 3.05 m), followed by high-energy 8~ particle
decay (Eff,, = 560 keV, 100%). Low-energy gammas emitted
from the intermediate daughter *°®T1 are useful for
scintigraphy; unfortunately, a high-energy, high-intensity
gamma (Ey = 2614 keV; Iy = 99%) is also emitted and places
high shielding requirements on nuclear medicine staff. This is
seen as a major drawback to clinical applicability of *'*Bi.*"”
Bismuth-213 (t,,, = 0.76 h) is a daughter radionuclide of
M5Ac (see section 14) and decays to stable **Bi primarily
through medium-energy #~ emission (Eﬂ_avg = 435 keV, 98%)
to **Po (t,, = 4.2 ps), followed by a emission (Ea = 8350
keV, 100%) to *®Pb. A minor route (2%) to **’Pb occurs by a
decay (Ea = 5848 keV, 2%) to *TI, followed by ~ particle
decay. Lead-209 (t;,, = 3.23 h) emits a medium-energy f~
(Ef wg = 198 keV, 100%) to yield **Bi. Due to the
nonstagnant nature of radiopharmaceuticals in vivo and the
relatively long physical half-life of **Pb, this f~ has a lower
probability of reaching target cells and exerting a therapeutic
effect. Bismuth-213 also emits a medium-energy y-ray (Ey =
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Table 15. Selected Bi** Chelators, Metal Complex Geometry, and Thermodynamic Parameters

metal ion chelator coordinating nuclei geometry log Ky, pM reference
Bi** DOTA N,O, square antiprism 30.3 27.0 84, 587

Me-DO2PA N¢O, square antiprism 34.2 28.6 587, 591
DTPA N;O4 square antiprism 33.9-35.2 592, 597
CHX-DTPA N;O4 square antiprism 34.9-35.6 592, 597
NETA N,O, square antiprism? 358, 598—601
DEPA N,O0s/N;0,2 distorted dodecahedron? 60, 358, 598, 602
H,neunpa N;O, distorted dodecahedron? 28.8 27 86

440 keV; Iy = 26.5%), which can be used for imaging.>"” It
should be noted that **Bi (t,,, = 15.3 days), **Bi (t,,, = 6.2
days), and **’Bi (t,/, = 31.6 years) are sometimes used as long-
lived surrogates for 2'2/213Bi.

The short half-lives of both radioisotopes make them most
suitable for bioconjugates with fast in vivo kinetics; however,
simultaneous interest in 2'>*'*Bi and radioimmunotherapy
appears to have influenced substantial investigation in
radiolabeling of slower-circulating antibodies.*”*>***~>"* The
therapeutic effects of /*?’Bi come from a combination of &
and f~ particle decay, which is beneficial for treatment of large
tumors but can lead to cross-fire effects for smaller tumors or
metastasis. Despite the therapeutic potential of 2'?/213Bj,
radioisotope cost and availability have hampered drug
development.*'*>7*

13.1. Bismuth-212/213 Production

Bismuth-212 (t,,, = 60.6 min) and *"*Bi (t,,, = 45.6 min) are
both short-lived radioisotopes that heavily rely on generators
for production. Briefly, *'*Bi can be obtained from ***Ra (¢, =
3.6 days), a daughter radionuclide of the **Th (t;,, = 1.9
years) decay chain.””®> The ?**Ra is separated from ***Th by
dissolving the thorium in 8 M HNO; and running the solution
through an anion-exchange resin, which retains anionic
thorium(IV) nitrate while eluting ***Ra®>" and accompanying
daughter nuclides. As seen in Figure 7, the first a-decay of
**Ra is followed by two additional a-particles from **’Rn (t,,
= 55.65) and *'%Po (t,,, = 0.15 s) to produce *'*Pb (t,,, = 10.6
h), which undergoes f~decay to *'’Bi. The *'’Bi generator is
prepared by loading the ***Ra onto a cation-exchange resin and
*12Bj eluted using 0.5—2 M HCI or HI Elution of *'*Pb can be
minimized by using lower acid concentration; however, both
radionuclides are often eluted and labeled in transient
equilibrium.*”*~%"® Interestingly, *'?Bi can also be obtained
by isolating gaseous or aqueous *’Rn; however, these methods
have not been further explored due to limited ***Th
availabi]i‘cy.sm_582 As discussed, the 2’Bi daughter, 2087,
emits high-energy, high-intensity gammas and places high
shielding requirements on nuclear medicine staff. This is seen
as a major drawback to clinical applicability of **Bi, and for
this reason, >*Bi is the preferred bismuth radioisotope and will
be the focus of further discussion.

Bismuth-213 (t,, = 45.6 m) can be obtained from ***Ac
(t,/, = 10.0 days), which is part of the **Th (¢, , = 7340 years)
decay chain (see section 14). The *"*Bi generator is produced
by batch-loading *Ac onto a cation-exchange resin and
eluting 213Bi with a 0.1 M Nal/0.1 M HCl solution. Elution of
*1Bi comes in the form of [Bils]*”, which is not strongly
retained on the cation-exchange resin and allows separation
not only from ***Ac but from **'Fr as well. Interestingly, batch-
loading the resin (which leads to more uniform distribution of
*5Ac throughout the resin) is essential, as top-loading results
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in severe resin radiolysis and limits the long-term viability of
the generator system.”” Although ***Ac breakthrough remains
somewhat problematic, it can be minimized by prewashing the
resin with dilute HCI and employing a postcolumn guard resin.
Another issue is the presence of the *'*Bi daughter radio-
nuclide, **Pb (t,/, = 3.25 h), which is a result of f~ particle
decay to *"Po (t;, = 4.2 us, 98%), followed by a-decay.
Although not ideal, removal of **Pb postradiolabeling appears
to be an adequate strategy.’®* Despite the therapeutic potential
of 213Bj, the cost of the **°Ac/?'*Bi generator is considered its
main drawback and has largely hindered development.>"*>”*

13.2. Bismuth Chemistry and Chelator Development

Bismuth is most commonly found as a trivalent cation (Bi**)
due to the inert pair effect. Several pentavalent bismuth (Bi*")
species are known oxidizing agents and will oxidize water to
revert to their preferred trivalent species.’***® The ionic
radius of Bi** is 0.96—1.17 A (CN = 5—8), and although some
low-coordinate Bi** complexes have been reported, the most
stable species are typically octadentate. Like In**, Bi®>" exhibits
borderline-hard bonding preferences due to a relatively high
covalent bonding contribution. The first pK, of aquated Bi** is
extremely low (pK, = L1, Bi** — BiOH™(,)) and results in
metal ion hydrolysis beginning at pH 0.°*° Weakly
coordinating buffers, such as citrate or acetate, are used to
prevent hydrolysis at typical labeling pH (3—5).>"’

Chelator development for *"°Bi’* radiopharmaceuticals has
seen sustained interest over the years, likely due to the
adequate, but nonideal performance of DOTA (Figure 4A)
and DTPA (Figure SA). Crystallographic data of [Bi-
(DOTA)]™ reveals that the Bi** center adopts square antiprism
geometry. Interestingly, Bi*" is more deeply embedded in the
macrocycle than smaller metals, such as Lu**, due to the soft
Lewis acid character of Bi*, which prefers coordination by
nitrogen. Conversely, Lu** prefers acetate arm coordination,
causing Lu*" to lie further outside the ring despite its smaller
size.** The ability of DOTA to stably complex Bi** (log Ky =
30.3) and adequately resist decomplexation in vivo has been
demonstrated and has even been shown to assist in superior
treatment of critically located gliomas or prostate cancer than
p~ emitters (i, *°Y and '""Lu).”****” Rather than signify
[**Bi(DOTA)]™ as an ideal chelator—radiometal pair, these
outcomes are a consequence of the short radionuclide half-life,
which only requires a few hours of stable coordination to exert
a therapeutic effect. In vivo studies with a longer-lived bismuth
radioisotope, **Bi (t,,, = 6.42 days), reveal a substantial
deﬁree of 2*Bi kidney accumulation (12.08%ID/g) after just 4
h.*® Similar biodistribution occurs when the [15]aneN;
macrocycle, PEPA (1,4,7,10,13-pentaazocyclopentadecane
pentaacetic acid; Figure 4M), is labeled with **Bi and studied
in vivo, indicating an equally (if not more) labile metal—ligand
match.””® Recently, DOTA derivatives bearing pyridine arms
have shown very selective *’Bi radiolabeling.”' Another
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interesting derivative is Me-DO2PA (Figure 4B), which is a
[12]aneN, backbone bearing two picolinic acid arms and two
methyl-capped amines. Increased Bi** complex stability over
DOTA was reported.”®”*”" Although DOTA analogues are
passable as '*23Bi chelators, several superior options are
available.

DTPA analogues have seen considerable use as Bi**
chelators. The solid-state structure of [Bi(CHX-DTPA)]~
reveals square antiprism geometry about the Bi** center, with
evidence supporting the presence of a lone pair due to
dodecahedron-like distortion. The closely matched Bi—O
(2.4—2.5 A) and Bi—N bond lengths (2.5—2.6 A) are a result
of softer bonding preferences of Bi** versus harder metals (e.g,,
Sc**, Y**, and Lu**). The lack of H,O coordination despite the
large size of Bi** is either a result of a coordinatively saturated
metal center or the more preorganized binding site with less
potential for hydrate species to form.’”” The high stability of
[Bi(DTPA)]*™ (log Kyy, = 33.9—35.2) is misleading, as early
work revealed inadequate kinetic inertness for 2'*/*"*Bi-based
pharmaceuticals, resulting in kidney accumulation during in
vivo studies. A slight improvement in performance is noted
with [*'¥213Bi(1B4M-DTPA)]*", but kidney uptake remains
problematic.*>***75% Contemporary >*Bi TAT studies almost
exclusively use CHX-A"'-DTPA***>*” over DTPA due to its
equivalent stability (log Ky, = 34.9-35.6) and greatly
enhanced inertness when complexing trivalent bis-
muth, #0338 739857L573 - Comparison  of renal uptake of
B72.3-mAb radiolabeled with *°Bi using DTPA, 1B4M-
DTPA, and CHX-A-DTPA as chelators shows a clear effect
of backbone rigidity on 2*Bi release. After 6 h, kidney uptake
for DTPA groups was 27.2%ID/g, for 1B4M was 13.2%ID/g,
and for CHX-A-DTPA was 7.8%ID/g.>”> Moderate kidney
uptake suggests that CHX-A"’-DTPA is not an ideal match
with Bi**, but its widespread availability and adequate
performance during in vivo studies appear to have popularized
its use for '?/213Bi therapeutics.

NETA (Figure 4K) derivatives radiolabel 205/2008; at low
metal-to-ligand concentrations and demonstrate less degrada-
tion than that of CHX-A"-DTPA during in vitro challenge
experiments.””* "% Interestingly, biodistribution studies of
naked [*°%/2°°Bi(C-NETA)]~ in nontumor-bearing mice
resulted in high kidney accumulation (24.63 + 2.79%ID/g)
after 1 h, whereas the biodistribution of the seven-coordinate
derivative [2°%/2°°Bi(C-NE3TA)] led to significantly less
accumulation (4.69 + 0.55%ID/g) despite a presumably
noncoordinatively saturated Bi** metal center.””’ The con-
tinued use of NETA (as opposed to NE3TA) with an extended
linker between the coordinating functional groups and pendant
isothiocyanate group (p-SCN-Bn) in the following experiments
suggests the observed instability was related to coupling group
interference. 3p-C-NETA-trastuzumab demonstrated superior
205/206B; Jabeling to DOTA-trastuzumab, and in vivo studies on
mice bearing subcutaneous tumors (LS-174T) demonstrated
impressive tumor uptake without elevating kidney accumu-
lation over 24 h.*"!

DEPA (Figure 4C) has also been studied with 205/206B; to
reveal equally encouraging results.’”*>* After 2°5/2Bj radio-
labeling of C-DEPA-trastuzumab, complexes remained 100%
intact after serum stability studies over 72 h, whereas 23% of
205/2068; DTPA-trastuzumab complexes degraded.”” The ex-
tended linker derivative, 2°%/2%Bj 3p-C-DEPA-trastuzumab,
showed good tumor uptake in tumor-bearing (LS-174T)
mice.”” As noted by Price and Orvig,'' a comparison of
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NETA versus DEPA for Bi-based radiopharmaceuticals would
be useful to determine the “gold standard” of bismuth
chelators.

One final notable chelator for Bi** is the inherently
bifunctional picolinic acid-based scaffold, H,neunpa (Figure
SI). Although stability with Bi** (log Ky = 28.8) is lower than
that of DOTA and DTPA, the pM value is the same as DOTA
(pM = 27), providing auspicious evidence for in vivo use.*® To
date, no radiolabeling studies have been reported.

13.3. Bismuth-213 Biological Studies

Bismuth-213 will be the focus of this section due to its
prevalence in recent literature over *'*Bi. The most influential
tracers for *Bi TAT have involved radiolabeling anti-CD33
agents, specifically the mAb HuM195 (Lintuzumab), for
treatment of advanced myeloid leukemia. Clinical preparation
of **Bi-CHX-A"”-DTPA-HuM195 was first demonstrated in
1999 and was followed by pharmacokinetic and dosimetric
studies that utilized the y-emission of **Bi (440 keV, I =
26%).°9°0 Compared to B~ emitting radionuclides, **Bi
therapy resulted in a 1000-fold increase in the target-to-whole-
body dose ratio due to increased target (bone marrow, liver,
and spleen) dose and lower whole-body dose. In an effort to
fully treat myeloid leukemia (requires 99.9% diseased cell
death), cytarabine therapy was followed with *"*Bi-CHX-A"'-
DTPA-HuM19S therapy. Despite reductions in circulating
blasts (14/15, 93%) and bone marrow blasts (14/18, 78%), no
patients achieved complete remission.*®” A more intensive trial
used a nonremittive dose of cytarabine and found some
patients (2/21) receiving a dose of 37 MBq/kg achieved
complete remission.’*® The most recent studies point toward
use of **’Ac (see section 14) over 2°Bi due to its more
manageable half-life and ability to emit four a particles.”***”°
Other promising mAb uses for *’Bi have also been
demonstrated with J591°”"°"* and bevacizumab*® for prostate
cancer, anti-EGFR-mAb>***° for bladder carcinoma, anti-
CD38-mAb°*’ and anti-CD138°°" for multiple myeloma, d9-
mAb*** for diffuse-type gastric cancer, anti-CD45-mAb* for
leukemia, and bevacizumab®***** for colorectal cancer. Use
with the monovalent antibody fragment (Fab’), CO17-1A for
treatment of colon cancer is also notable.*”

In terms of peptide bioconjugates, preclinical studies with
2Bi-DOTATOC on SST receptor-expressing pancreatic
tumors demonstrated effectiveness in controlling growth of
small tumors and displayed a dose-dependent response in large
tumors over >20 days.’” In vitro studies evidenced the
superiority of **Bi-DOTATOC over "Lu-DOTATOC by
demonstrating decreased target cell survival rate of the former
with identical doses.®° Interestingly, a study exploring the use
of contrast-enhanced ultrasound in humans noted treatment
with "Lu/°Y-DOTATOC led to a decrease in tumor
vascularity and diameter, while **Bi-DOTATOC therapy led
to decreased tumor vascularity with little change in tumor
diameter after several months. This suggests that, prior to
tumor shrinkage, a-therapy first induces changes in tumor
microcirculation.””” A retrospective study of patients treated
with 2®Bi-DOTATOC as a result of ineffective 5~ therapy (i.e.,
Y and 'Lu) demonstrated enduring responses between 6
and 34 months (median = 21 months), with seven (87.5%)
patients declared progression-free survival and one (12.5%)
having a complete response. Long-term renal toxicity following
213B; treatment was expected due to considerable kidney dose
during prior f therapy; however, no patients display kidney
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Table 16. Selected *'*Bi Radiopharmaceuticals with Targets and Relevant Labeling Parameters”

chelator (BFC)

CHX-A""-DTPA
(p-SCN-Bn)

radionuclide

213Bi

standard labeling conditions

0.2 M NH,OAc pH 4—4.5, RT, 10 min

0.4 M NH,OAc pH 5.3, RT, 7 min

DOTA (DO3A)
S min

0.15 M TRIS buffer pH 8.5-8.7, 95 °C,

molar/specific activity

bioconjugate target (% RCY) reference
Lintuzumab CD33  329-766 MBq/mg 603
(HuM195) (81 +9)
anti-EGFR mAb EGFR  0.35-1.4 GBq/mg 558
(95-97)
Tyr’-octreotate SSTR  6.7—13.3 GBq/umol (>99) 609, 610
(TATE)
PESIN GRPR  83.6 GBq/umol 589

(97.8 +2.4)

“EGFR (epidermal growth factor receptor); SSTR (somatostatin receptor); and GRPR (gastrin-releasing peptide receptor).

failure 2 years post-treatment. Low acute hematological
toxicity was reported.’”®

Animal studies with ***Bi-DOTATATE have been detailed
by Chan et al, who noted >10% ID/g tumor uptake after 10
min.*” """ When 1-lysine (35 mg) was preinjected prior to
23Bi-DOTATATE administration, renal clearance was im-
proved and led to decreased kidney dose (0.56 Gy/MBq vs 1.1
Gy/MBq). This benefit led to higher survival rates over 90
days for high-dose (>28 MBq; 0% vs >70%) and medium-dose
(>20 MBg; 60% vs 100%) groups.609 A separate study
investigated the influence of tumor size on **Bi-DOTATATE
treatment efficacy and found smaller tumors generally received
higher doses compared to large tumors (both for H69 and
CA20948 cell lines). Slowing tumor growth was, however,
more effective for larger tumors. In all cases, treated groups
lived substantially longer than control groups.®*’

Bismuth-213-PSMA-617 has shown great promise in
treating metastatic castration-resistant prostate cancer, as
summarized in the brief report of the first in-human
treatment.’’” The patient received two cycles with a total
dose of 592 MBq and after 11 months showed no sign of
cancerous regions by **Ga-PSMA-617 PET/CT. Another
study used fluorescent biomarkers to quantify **Bi-induced
double-strand breaks during therapy. In vitro studies revealed
double-strand breaks in 20.91 + 1.23% of cells from LNCaP
xenografts after 1 h, compared to <1% in the control group.
Indications of double-strand breaks decreased to 2.51 + 0.21%
after 24 h.”” Dosimetry calculations and experiments report the
maximum single dose of ?*Bi should be 2 GBq per cycle with a
maximum dose for cumulative treatment of 3.6 GBq, to limit
dose to kidneys, salivary glands, and red marrow. The authors
also emphasize the superiority of ***Ac over *"*Bi based on
therapeutic index.’"?

Other noteworthy *"*Bi peptide bioconjugates include
DOTA-PESIN, substance P, PAI2, F3, and IMP288. DOTA-
PESIN (DO3A-PEG,-BBN[7-14]) is an 8-amino acid bomb-
esin derivative with a high affinity for all three human BBN
receptors (i.e, NMB-R, GRPR, and BBN receptor subtype
3).°" A study comparing *°*Bi-DOTA-PESIN with 7’Lu-
DOTA-PESIN demonstrated superior tumor-growth control
and survival rates for the a-treated group.’®” When labeled
with 2'3Bi, substance P has demonstrated improved median
survival time for treatment of malignant primary brain tumors
(Glioblastoma multiforme, GBM), compared to conventional
treatment (25.2 vs 14.6 months).”’® Plasminogen activator
inhibitor type 2 (PAI2) has been heavily investigated and
shown promise with **Bi for treatment of breast, prostate,
pancreatic, and ovarian cancer.’'°"%*° The most recent *'*Bi-
PAI2 study was dosimetry based with aspirations of phase I
clinical trials;**" however, over the past decade no such studies
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have been published. Pretargeted TF2/IMP288 therapy for
treatment of carinoembryonic antigen (CEA)-expressing

tumors and vascular tumor homing peptide, F3, have also
been studied with >'*Bi.>*>"**

14. ACTINIUM

Actinium-225 (t;,, = 240 h) is an a emitter believed by many
to be among the most promising therapeutic radionuclides.
This belief is centered around the potent cell-killing capability
of the ***Ac decay chain, which releases four a particles during
its decay to stable **Bi (Figure 7). The initial @ decay (Ea =
5790 keV) is followed shortly by two subsequent a emissions
(Ea = 6300 and 7070 keV) due to the short physical half-lives
of intermediate daughter radionuclides **'Fr (t,, = 4.9 m) and
*7At (t;, = 32 ms), which produces *"*Bi (¢, = 0.76 h).
Bismuth-213 itself is a therapeutic radionuclide (see section
13), leading many to describe **Ac as an in vivo *"*Bi
generator. This description undermines the importance of the
first three decays, which result in a 1 000—10 000-fold toxicity
increase.®”® The high LET of the four a decays (80, 75, 64, and
61 keV/um) limits the soft-tissue range to a maximum of 85
um.”" Francium-221 and bismuth-213 release low-/medium-
energy gammas (®'Fr Ey = 218 keV, Iy = 11%; *"*Bi Ey = 440
keV, Iy = 26) suitable for SPECT.®** The long physical half-life
of **Ac makes it suitable for slow-circulating bioconjugates;
however, many promising examg}es with fast-circulating
peptides have been reported.’****7*® There is currently
clinical interest in several actinium-based therapeutics,
includin§ 225A¢-J591, *25Ac-PSMA-617, and 2*Ac-
HuM195.”" The major issues with current *’Ac use are the
challenges associated with retaining intact complexation of
5Ac and chemically dissimilar daughter radionuclides, as well
as a laﬁczl; of availability, resulting in high activity cost ($1200/
mCi).

14.1. Actinium-225 Production

The primary global source of clinical-grade ***Ac is the U
(t1» = 1.59 X 10° years) decay chain, which produces ***Th
(t;/, = 7340 years) as a long-lived parent (Figure 7). In an
effort to manufacture nuclear weapons in the 1960s, kilogram
quantities of ***U were produced via neutron irradiation of
natural thorium to induce **Th(ny)**Th — — 23U.%°
Chemical separation of **Th from the **U stockpile has
allowed assembly of three main **Th/***Ac generators, which
are located at Oak Ridge National Lab, U.S.A. (5.55 GBq
2Th and 22.2 GBq/y ***Ac), Institute of Physics and Power
Engineering, Russia (5.55 GBq ***Th and 26.2 GBq/y ***Ac),
and the Institute for Transuranium Elements, Germany (1.7
GBq **Th and 13 GBq/y ***Ac), totaling 63 GBq of ***Ac per
year.”*! The separation of **Th from daughter radionuclides is
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Table 17. Selected Ac*" Chelators; La*>* Complex Geometry and Thermodynamic Parameters Are Reported in Lieu of a “Cold”

Ac** Analogue

metal ion chelator coordinating nuclei geometry log Ky, pM reference
La** (AC*) DOTA N,O, square antiprism 20.7-22.9 707, 713
DTPA N,Oq¢ monocapped square antiprism 19.5 361, 699, 714
H,macropa N,O¢ irregular tridecahedron (4:6:1) 15.0 664, 665
HEHA N¢Og distorted hexagonal antiprism? 19.1 699
PEPA N;Og distorted pentagonal antiprism? 13.6 699
H,bispa* NsO, square antiprism? 114 12.0 72

well-established with anion-exchange chromatography in 8 M
HNO;, due to the formation and retention of anionic
thorium(IV) nitrate®’® and elution of 225Ac and 2**Ra.®**¢*
Establishment of the nonproliferation policy has rendered the
current quantity of ***Th finite, and it is now widely accepted
that the global demand for ***Ac will quickly outgrow current
supply.”>*~**® Accordingly, research into the use of *Th and
22%Ra targets for ***Ac production has become an active area of
research.

Radium-226 (t;,, = 1600 years) targets are attractive for
Ac production due the relatively high reaction cross
sections; however, a disadvantage is the radioactive nature of
26Ra, which necessitates extra precautions during target
preparation and postirradiation recovery.”'”®*” The most
promising **Ra-based method is direct production via ***Ra-
(p,2n)***Ac, which has a maximum cross section (710 mb) at
16.8 MeV beam energy.637 Following irradiation of RaCl, (30
mg), the target is dissolved in 0.01 M HCI and loaded onto a
Ln-spec column. The column is washed with 0.1 M HCI to
elute 2*Ra, Pb, and Po impurities, and **°Ac is then eluted and
washed through a Sr-spec column with 2 M HCL This
purification strategy has been used to isolate clinical-grade
Ac, with comparable purity to that of a ***Th/**Ac
generator system. After 45.3 h of irradiation (15.9 MeV, 50
uA), 485 MBq of ***Ac was obtained with negligible ***Ac and
24A¢ contamination.®?”

Several other routes to **Ac production using **’Ra targets
have been reported. An indirect method via ***Ra(3n,
27)**Th — *»Ac has been demonstrated; however, this
strategy produces nearly 10* times more **Th due to its
shorter half-life (t,,, = 1.91 years) and need for only two
neutrons, rendering this method unfeasible.®**°* The use of
photonuclear reactions to induce ***Ra(y,n)**Ra — ***Ac has
also been considered due to the possibility of using larger
targets than cyclotrons, presenting the opportunity to produce
more overall activity despite lower efficiency.®*” This method
was also found to be impractical due to limitations with current
LINAC facilities, which provide inadequate current, pulse
length, and frequency.®*”**" The use of high-energy neutrons
is now under investigation to induce ***Ra(n, 2n)**Ra —
25Ac. Theoretical calculations supporting the production of
practical amounts of activity have been reported.®*

Proton irradiation of natural thorium (***Th) is another
potential avenue for the future of ***Ac production. Building
on early reports,®**~°*® Zhuikov et al. demonstrated a method
capable of producing GBq amounts of ***Ac using high-energy
protons (90, 110, and 135 MeV). The dominant production
reactions include ***Th(p,p7n)**Th — **Ac and **’Th-
(p,2p6n)***Ac, with the latter contributing 45.8% and 86.5% of
produced **Ac at 90 and 135 MeV proton energy,
respectively.”” Follow-up cross section studies in the energy
range of 21—141 MeV revealed more clearly the need for
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proton energies of >100 MeV to reach cumulative reaction
cross sections above 10 mb and produce useful amounts of
?5Ac while minimizing relative production of the long-lived
contaminant **’Ac (fl/z = 27.8 years).42 Cross sections for
production of other impurities (e.g, IOMLIB I Ce  140] 5
149Ba, # Mo, and *?%Ac) have also been reported.636’648’649
Production rates were calculated and experimentally validated
using an 800 MeV proton beam at Los Alamos National
Laboratory, and it was estimated that 747 GBq of ***Ac could
be produced at a rate of 3.5 MBq/uAh over 10 days of
irradiation. If successful, one irradiation of this scale would
yield 20 times the activity of current annual worldwide
production.”*® Similar reports for potential use of a 78—200
MeV beams are also available.”*****

Purification from >*Th has been demonstrated with a
combination of liquid—licﬁluid extraction and solid-phase
extraction chromatography;**” however, recent reports almost
exclusively rely on ion-exchange and/or solid-phase extraction
chromatography. For example, as reported by Weidner et al.,
following target dissolution, the solution matrix is adjusted to 8
M HNO,; to retain anionic thorium(IV) nitrate upon loading
of an anion-exchange resin, while Ac* and Ra®* have minimal
retention and are quickly eluted. Thorium is stripped using
dilute HNOj;. This method may be repeated several times, as
large amounts of **Th may saturate the resin and lead to
*2Th breakthrough. Separation of ***Ac from **Ra is then
achieved with cation-exchange chromatography, which is
loaded in 0.1 M HNO;, ***Ra eluted with 1.2 M HNO;, and
finally *’Ac eluted with 8 M HNO;.*" Recently, there have
been a number of studies attempting to develop simple and
robust purification systems for ***Ac, many of which employ
either UTEVA or DGA, among other resins.®>! 70

14.2. Actinium Chemistry and Chelator Development

Actinium is only chemically stable in the trivalent oxidation
state (Ac*") and, with the largest ionic radii among the f-block,
is the most basic trivalent ion known.’*® X-ray absorption fine
structure (XAFS) spectroscopy studies have recently revealed
that aqueous Ac®" is surrounded by 10.9 + 0.5 inner-sphere
water molecules, while DFT (density functional theory)
predicts a nonacoordinated hydrate species, [Ac(H,0),]*".
The authors noted that higher lanthanide and actinide
hydration values are typically calculated by XAFS than what
are observed in solid-state structures.”’” Actinium does not
easily hydrolyze, with evidence supporting only 74% [Ac-
(OH)]** and 26% [Ac(OH),]* speciation at pH 8.°%°
Chelation chemistry has been a major challenge of **Ac
drug development. Not only is the chemical behavior of
actinium still a point of contention (including placement on
the periodic table®*®), but the absence of a nonradioactive or
“cold” actinium isotope makes even rudimentary experiments
to identify promising chelator candidates time-consuming and
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logistically challenging. Because of its chemical similarities and
behavior during complexation, La®* is often used as a chemical
surrogate for Ac’*. Chelator development is further compli-
cated when considering the ***Ac decay chain, which produces
six chemically different daughter radionuclides, with variable
coordination number and electronic donor preferences. The
most elusive daughter radionuclides are **'Fr (t,, = 4.8 min)
and ?'7At (t,,, = 32.2 ms), as both species are very chemically
different than **Ac** and are therefore unlikely to remain
stable in the coordination environment designed for the
trivalent actinide. Moreover, some are skeptical that the “recoil
energy” released during **Ac a-decay (100 keV, or 2 keV if
considering mass of total complex) is too great to be overcome
by coordinative bonds (~eV).%*

Actinium chelator development has been primarily focused
on macrocycles due to their enhanced kinetic inertness over
acyclic ligands, which is a crucial parameter when considering
the lengthy halflife of **Ac (t,, = 240 h). Through a
comparison of common ligands (DTPA, TETA, DOTA,
DOTPA TETPA, and DOTMP) and bifunctional analogues
(MeO—DOTA-NCS and p-SCN-Bn-DOTA), it was deter-
mined that DOTA is the only candidate that can achieve
quantitative Ac radiolabeling. All other tested chelates had
essentially no labeling, with the exception of DOTMP (78%
radiolabeling). Serum stability testing revealed >75% intact
complexes of **Ac-DOTA over 50 days, while **Ac-DOTMP
rapidly dissociates over a few days.”®” Use of CHX-DTPA with
25Ac is also clearly unsuitable, as a 100% mortality rate of mice
8 days postinjection (185 kBq) was demonstrated.®" Antibody
radiolabeling (HuM195 and Ritiuximab) using p-SCN-Bn-
DOTA compared to DO3A revealed superior radiochemical
yield and higher obtainable specific activity (129 GBq/g vs
27.4 GBq/g) with eight-coordinate p-SCN-Bn-DOTA over
seven-coordinate DO3A. This result underscores the need for
high-coordinate chelates for **’Ac radiopharmaceuticals.’**
Moreover, the lack of time-dependent liver accumulation of the
5Ac-DOTA-NCS-HuM195 complex suggests good in vivo
stability.

The large radius and high coordination number of Ac** has
led some to apply larger macrocycles such as PEPA and HEHA
(1,4,7,10,13,16-hexaazocyclooctadecane hexaacetic acid; Fig-
ure 4M) to **’Ac-based tracers. Although early studies with
nonfunctionalized HEHA boasted “exceptional stability in
vivo” and rapid clearance, follow-up studies with HEHA-Bn-p-
NCS-(BL-3) demonstrated high rates of decomplexation (69%
intact over 5 h).°°"°® PEPA is even less suitable for 2>Ac than
HEHA.*®" Most recently, a promising new 18-membered
macrocycle has been applied to 2°Ac by Thiele et al.°®* First
synthesized by Roca-Sabio et al, %% H,macropa (N,N’-bis[(6-
carboxy-2-pyridil)methyl]-4,13-diaza-18-crown-6; Figure 4L)
quantitatively radiolabels *Ac within 5§ min at room
temperature (1:1800 M/L ratio) and is stable over 7 days
against La*>* or human serum competition.664 The PSMA/
albumin dual-targeting bioconjugate, H,macropa-Bn-p-NCS-
RPS-070, was synthesized and exhibited similar labeling
capabilities to the nonfunctionalized analogue.’** During
animal studies (LNCaP xenografts) ***Ac-macropa-NCS-
RPS-070 displayed essentially no tissue or organ uptake
besides that of the kidney and tumor; after 96 h kidney activity
is mostly excreted, while a significant amount of activity
remains in the tumor.®**

Although most common acyclic ligands (i.e., EDTA, DTPA,
and CHX-DTPA) have demonstrated instability with **Ac
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complexation,”®" a bispidine analogue functionalized with
picolinic acid (H,bispa® 6,6'-[{9-hydroxy-1,5-bis-
(methoxycarbonyl)-2,4-di(pyridin-2-yl)-3,7-
diazabicyclo[3.3.1 Jnonane-3,7-diyl }bis(methylene) ]dipicolinic
acid; Figure SG) has demonstrated excellent radiolabeling
capabilities. Interestingly, the [In(bispa®)]" complex exhibited
higher thermodynamic stability than did either [Lu(bispa®)]*
or [La(bispa®)]" by over 12 orders of magnitude. Although this
may be explained by a better fit of In*" into the bispidine
pocket than larger La** or smaller Lu*", this trend would seem
contrary to stability testing with **’Ac, which is larger than
La®', yet exhibited excellent stability against serum protein
competition experiments.”> Bioconjugated analogues have yet
to be reported.

As a response to concerns over daughter nuclei and recoil
energy of “Ac alpha decay, several alternatives to BFC for
radionuclide delivery have been reported. Although this topic
is beyond the scope of this Review, interested readers are
directed to the following articles regarding nanoparticles,
polymer vesicles, and liposomes: refs 666—671.

14.3. Actinium-225 Biological Studies

Despite intense interest and proven superiority of 2Ac over
other therapeutic radionuclides (i.e., *°Y, '""Lu, and
213B;) 29672 ow availability and high associated cost have
limited studies exploring preclinical or clinical use of ***Ac.
Initial studies focused primarily on monoclonal antibody
labeling, likely due to the compatible physical/biological half-
lives, as well as the established interest in ***Bi-mAb therapy.

Toxicity was extremely problematic during early ***Ac
preclinical studies with HEHA-mAb-201b and HEHA-CC49/
AHu-CH,CC49.7°7> Although treatment resulted in de-
creased tumor mass, slow release of daughter radionuclides led
to unacceptable rates of renal toxicity. This issue has since
been diminished, but not completely eliminated, through use
of DOTA. For example, nonequilibrium *"*Bi dose following
#5Ac-DOTA-Lintuzumab administration still accounts for 60%
(0.46 + 0.11 Gy/kBq) of the total kidney dose (0.77 + 0.21
Gy/kBq).””* In this study, the authors stressed the need for
methods to reduce renal accumulation of daughter radio-
nuclides, such as the use of coadministered metal chelates or
diuretics.””*"%’° Vector internalization has also been suggested
as a way to overcome challenges of daughter radionuclide
distribution.®”””®

DOTA-Trastuzumab (anti-HER2/neu) and DOTA-
HuM195 (anti-CD33) have been the subjects of many ***Ac
biological studies. Thermal sensitivity of the antibodies
requires two-step labeling procedures, where p-SCN-Bn-
DOTA is radiolabeled with ***Ac, purified via cation-exchange
resin (C18 Sephadex), and subsequently bioconjugated by
adding the complex to an antibody solution. Although this
method results in low radiochemical yield and specific activity
(1/1000 antibodies labeled), it has been sufficient to draw
clinically relevant conclusions, such as the benefit of fractioned
therapy.”’” Preclinical studies with 22°Ac-HuM195 to treat
human prostate cancer xenografts have revealed improved
survival over control groups, as well as tumor regression and
prolonged survival without toxicity in a substantial fraction of
animals.’”” Dosimetry of 225Ac-DOTA-HuM195 in nonhuman
primates for treatment of acute myeloid leukemia was
determined by monitoring hemoglobin levels after escalating
doses. Although the study was imperfect due to a difference in
tracer biological half-life between nonhuman primates and
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Table 18. Selected **Ac Radiopharmaceuticals with Targets and Relevant Labeling Parameters”

molar/specific activity

radionuclide  chelator (BFC) standard labeling conditions bioconjugate target (% RCY) reference
25A¢ HEHA NaOAg, pH S, RT, 10 min Hu-ACH,CC49 LS174T 18.5 MBq/mg 673
(p-SCN-Bn) tumors
DOTA 2 M TMAA buffer pH 5.5, 56 °C,  Lintuzumab (HuM195)  CD33 2.59—4.07 MBq/mg 660, 676
(p-SCN-Bn) 42 min (93 +8)
0.5 M NaOAc pH 5, 70 °C, 60 min  Phe'-Tyr*-octreotide SSTR 40—120 MBq/mg 625
(TOC)
0.1 M Tris buffer pH 9, 95 °C, S min PSMA-617 PSMA 0.17 + 0.05 GBq/pumol 628

“SSTR (somatostatin receptor) and PSMA (prostate-specific membrane antigen).

humans, a suggested dose level of 28 kBq/kg was reported.®®’

Phase I clinical trials for treatment of advanced acute myeloid
lymphoma showed antileukemic activity across all dose levels
(37—148 kBq/kg). Moreover, 67% (10/15) of patients
receiving >37 kBq/kg exhibited a decrease in bone marrow
blasts at 4 weeks, with upward of 50% decrease noted in more
than half of the evaluable patients.””*°®' Additional clinical
trials for **Ac-DOTA-HuM195 are currently awaiting patient
recruitment. Treatment of neuroblastomas with ***Ac-DOTA-
3F8 was also encouraging and demonstrated a 2-fold survival
increase (16—34 days) in a nude rat xenograft model of
meningeal carcinomatosis.”® Radioimmunoconjugates 25 Ac-
B4 and ***Ac-J591 have also shown promising therapeutic
potential, with the latter being of particular clinical
interest 67%/683,684

Despite seemingly incompatible physical and biological half-
lives, **Ac has been applied to PRRT. The less thermally
sensitive bioconjugates provide the benefit of one-step labeling
and therefore higher specific activity, relative to two-step
labeling procedures used for antibody bioconjugates. A
comparative study of '’Lu- and **Ac-DOTATOC over 4
days revealed significant accumulation of both tracers in
neuroendocrine xenograft tumors, with improved efficacy of
25Ac-DOTATOC over 7Lu-DOTATOC.®*® Another study
examined ***Ac-DOTA-c(RGDyK) distribution and, by using
Cerenkov luminescence imaging, was able to visualize and
quantify the difference in tracer accumulation between blocked
(excess c(RGDyK)) and nonblocked animal populations.
Although kidney uptake remained problematic, tumor uptake
and retention was good, and the proof-of-concept imaging was
an interestin§ alternative to using a diagnostic pair
(%Ga/"'n).?

Most notably, **Ac-PSMA-617 has exhibited astounding
antitumor activity and may have a large clinical impact in
coming years. In a short communication, Kratochwil et al.
reported two patients whose prostate-specific antigen (PSA)
decreased to below measurable levels following ***Ac-PSMA-
617 treatment. One patient’s treatment was in 3 cycles of 9—10
MBq (100kBq/kg) at bimonthly intervals, and after 2 months,
PSMA-positive lesions could no longer be visualized by “*Ga-
PSMA-617 PET/CT and the PSA level dropped from 3000 to
0.26 ng/mL.°*® In the full study, not all subjects responded as
dramatically, but results remain encouraging as decreased PSA
response was observed in 75% of patients, with a dose of >100
kBq/kg required for a response. The authors concluded that
100 kBq/kg is a reasonable clinical dose to elicit a therapeutic
response while minimizing xerostomia (dry mouth).*” In the
most recent retrospective analysis of data, authors report that,
in patients surviving >8 weeks, 87% (33/38) demonstrated
PSA decline, with a decrease of >50% in 63% (24/38) of
patients.685
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15. CONCLUSIONS

The use of controlled internal radiation is remarkably effective
at selectively diagnosing and treating cancer, as well as other
complex diseases. Radiopharmaceutical development has vastly
expanded the breadth and efficacy of modern drugs, which are
increasingly attractive compared to traditional chemother-
apeutics, whose use is comparatively crude and has scantily
developed in the last 20 years. Advances in the fields of
radionuclide production/purification, BFC development, and
bioconjugate discovery have collectively contributed to the
success of contemporary four-component radiopharmaceuti-
cals. Indeed, the future of nuclear medicine and radiopharma-
ceuticals appears bright!
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ABBREVIATIONS”"”

a=alpha; representative of helium nucleus
a-HIBA=alpha-hydroxyisobutyric acid

[ =positron; representative of an antielectron

[~ =Dbeta; representative of an electron

y=gamma

o=cross section
6SS=N,N’-bis(2,2-dimethyl-2-mercaptoethyl)-
ethylenediamine-N,N’-diacetic acid
[9]aneN,=triazacyclononane
AAZTA=1,4-bis(carboxymethyl)-6-(bis[ carboxymethyl])-
amino-6-methylperhydro-1,4-diazepine

B=barn, 1 b = 107** cm?®
BATPA=1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetra-
acetic acid

BBN=bombesin

BFC=bifunctional chelator

Bq=becquerel, SI unit of radioactivity (s™*)
Bq/C=becquerel per Coulomb

Bq/g=becquerel per gram

Bq/mol=becquerel per mole

ca=carrier-added

c(RGDfK)=cyclic Arg-Gly-Asp-p-Phe-Lys
c(RGDyK)=cyclic Arg-Gly-Asp-p-Tyr-Lys

Ca=covalent contribution to hardness parameter (I,)
CB-DO2A=4,10-bis(carboxymethyl)-1,4,7,10-
tetraazabicyclo[5.5.2]tetradecane

CE=conversion electron

CEA=carcinoembryonic antigen

CERN=European Organization for Nuclear Research
CHX-DTPA=cyclohexane-1,2-diamine-N,N,N’,N’-tetraace-
tate

CT=computed tomography

DATA=6-amino-1,4-diazepine triacetic acid
DCC=N,N’-dicyclohexylcarbodiimide
DEPA=7-[2-(bis-carboxymethylamino)-ethyl]-4,10-biscar-
boxymethyl-1,4,7,10-tetraazacyclododec-1-yl-acetic acid
DFO=deferoxamine

DFT=density functional theory
DGA=N,N,N’,N’-tetra-n-octyldiglycolamide
DOTA=1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid

DTPA=1,1,4,7,7-diethylenetriaminepentaacetic acid

E =electrostatic contribution to hardness parameter (1)
EC=electron capture

ECC=ethylenecysteamine cysteine

ECD=ethyl cysteinate dimer
EDC=1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
EDTA=ethylenediaminetetraacetic acid
EDTMP=ethylenediamine tetra(methylene phosphonic
acid)

EGFR=epidermal growth factor receptor

EGTA=ethylene glycol bis(2-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid

eV=electronvolt

Fab=antibody fragment or antigen-binding fragment
FDA=U.S. Food and Drug Administration
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[*F]FDG="*F-fluorodeoxyglucose

FR=folate receptor

FSC=fusarinine

GBM=glioblastoma multiforme

GBq/C=gigabecquerel per Coulomb

Gl=gastrointestinal

GRP=gastrin-releasing peptide

GRPR=gastrin-releasing peptide receptor

Gy=gray, SI unit of absorbed dose, m*/s
H,bispa’=6,6"-[{9-hydroxy-1,5-bis(methoxycarbonyl)-2,4-
di(pyridin-2-yl)-3,7-diazabicyclo[3.3.1]Jnonane-3,7-diyl } bis-
(methylene) ]dipicolinic acid
H,dedpa=1,2-[{6-(carboxylato)pyridin-2-yl }methylamino]-
ethane

H,macropa=N,N’-bis[ (6-carboxy-2-pyridil)methyl]-4,13-
diaza-18-crown-6
H,octapa=N,N’-bis(6-carboxy-2-pyridylmethyl)-
ethylenediamine-N,N’-diacetic acid
H,Sbbpen=N,N’-bis(2-hydroxy-5-sulfonylbenzyl)-N,N’-bis-
(2-methylpyridyl)ethylenediamine
HBED=N,N’-bis(2-hydroxybenzyl)ethylenediamine-N,N’-
diacetic acid

HDEHP=di(2-ethylhexyl) orthophosphoric acid
HEHA=1,4,7,10,13,16-hexaazocyclooctadecane hexaacetic
acid

HEPES=4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HER2=human epidermal growth factor 2
HOBt=hydroxybenzotriazole

HPLC=high-performance liquid chromatography

HSAB theory=hard—soft acid—base theory

I =hardness parameter, I, = E,/C,

ID/g=injected dose per gram of tissue

ISOLDE=Isotope Mass Separator Online Facility
IT=isomeric transition

LET=linear energy transfer

LINAC=linear accelerator

log K=formation constant

mAb=monoclonal antibody

mb=millibarn

MC1-R=melanocortin-1 receptor
MIBI=methoxyisobutylisonitrile

MRI=magnetic resonance imaging

nca=no-carrier-added
NETA=[2-{4,7-biscarboxymethyl(1,4,7)triazacyclonona-1-
yl-ethyl}carbonylmethylamino Jacetic acid
NHS=N-hydroxysuccinimide

NMR=nuclear magnetic resonance

NOC=Nal*-octreotide
NODAGA=1,4,7-triazacyclononane,1-glutaric acid-4,7-ace-
tic acid

NOTA=1,4,7-triazacyclononane-1,4,7-triacetic acid
NOTP=1,4,7-triazacyclononane-1,4,7-tri(methylene phos-
phonic acid)

PAI2=plasminogen activator inhibitor type 2
PBS=phosphate-buffered saline
PCTA=3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1-
(15),11,13-triene-3,6,9-triacetic acid

PEG=polyethylene glycol
PEPA=1,4,7,10,13-pentaazocyclopentadecane pentaacetic
acid

PESIN=DO3A-PEG,-BBN[7-14]

PET=positron-emission tomography

PRRT=peptide receptor radionuclide therapy
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PSA=prostate-specific antigen

PSMA=prostate-specific membrane antigen
RAFT=regioselectively addressable functionalized template
RGD=arginylglycylaspartic acid, Arg-Gly-Asp
SHBED=N,N’'-bis(2-hydroxy-S-sulfobenzyl)-
ethylenediaminediacetic acid

SPECT=single-photon emission computed tomography
SST=somatostatin

SSTR=somatostatin receptor

SUV=standard uptake value

TAT=targeted alpha therapy

TATE=Tyr’-octreotate
TETA=1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraace-
tic acid

TFP=tetrafluorophenolate
THP=Tris(3,4-hydroxypyridinone)

TLC=thin-layer chromatography
TOC=Phe'-Tyr*-octreotide

TRAP=triazacyclononate phosphinic acids
TRITA=1,4,7,10-tetraazacyclotridecane-N,N’,N"N'"-tetra-
cetic acid
TTHA=triethylenetetramine-N,N,N’,N”,N""’,N"’’-hexaacetic
acid

UTEVA=uranium and tetravalent actinides
VSPER=valence shell electron pair repulsion

XAFS=X-ray absorption fine structure
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