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Abstract

The clinical applications of positron emission tomography (PET) imaging pharmaceuticals have
increased tremendously over the past several years since the approval of 18fluorine-
fluorodeoxyglucose (8F-FDG) by the Food and Drug Administration (FDA). Numerous 18F-
labeled target-specific potential imaging pharmaceuticals, based on small and large molecules,
have been evaluated in preclinical and clinical settings. 18F-labeling of organic moieties involves
the introduction of the radioisotope by C-18F bond formation via a nucleophilic or an electrophilic
substitution reaction. However, biomolecules, such as peptides, proteins, and oligonucleotides,
cannot be radiolabeled via a C-18F bond formation as these reactions involve harsh conditions,
including organic solvents, high temperature, and nonphysiological conditions. Several
approaches, including 18F-labeled prosthetic groups, silicon, boron, and aluminum fluoride
acceptor chemistry, and click chemistry have been developed, in the past, for 18F labeling of
biomolecules. Linear and macrocyclic polyaminocarboxylates and their analogs and derivatives
form thermodynamically stable and kinetically inert aluminum chelates. Hence, macrocyclic
polyaminocarboxylates have been used for conjugation with biomolecules, such as folate,
peptides, affibodies, and protein fragments, followed by 18F-AlIF chelation, and evaluation of their
targeting abilities in preclinical and clinical environments. The goal of this report is to provide an
overview of the 18F radiochemistry and 18F-labeling methodologies for small molecules and
target-specific biomolecules, a comprehensive review of coordination chemistry of AI3*, 18F-AIF
labeling of peptide and protein conjugates, and evaluation of 18F-labeled biomolecule conjugates
as potential imaging pharmaceuticals.
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B INTRODUCTION

Traditional noninvasive imaging modalities such as Computed Tomography (CT) and
Magnetic Resonance Imaging (MRI) are used for detecting anatomical and morphological
changes associated with an underlying pathology. CT is the technique of choice for
diagnosis and staging of malignant diseases and for monitoring response to treatment.
However, it lacks necessary sensitivity and specificity for an early diagnosis of many
cancers. More sensitive radioisotope-based molecular imaging techniques such as Positron
Emission Tomography (PET) and Single-Photon Emission Computed Tomography (SPECT)
are used to capture functional or phenotypic changes associated with pathology.! PET is
considered superior than SPECT due to availability of higher sensitivity instrumentations
and better quantification of regional tissue concentrations of radioisotope-labeled molecular
entities, i.e., imaging pharmaceuticals. Additionally, sensitivity and specificity for many
applications are improved by the hybrid technologies, i.e., PET-CT and PET-MRI.

The PET technique has sufficient acquisition speed that allows determination of
pharmacokinetics (PK) and distribution of imaging pharmaceuticals (i.e., biodistribution)
and produces three-dimensional (3D) images of the functional processes in the body.2:3
When a positron-radioisotope based imaging pharmaceutical is injected into the body of a
subject, it emits positrons. A positron collides with an electron in a tissue producing two
gamma-ray photons with 511 keV energy at ~180° apart by the annihilation process. The
photons produced by the imaging pharmaceutical are detected by a PET imager. Three-
dimensional images of the target tissue are reconstructed by a computer using an appropriate
software. Various nonmetallic (11C, 13N, 150, 18F, and 124, etc.) and metallic (64Cu, 58Ga,
and 89Zr, etc.) radionuclides are used for these applications in preclinical and clinical
environments. A summary of the physical characteristics and the production methods for
these PET radionuclides is given in Table 1.

The clinical applications of PET imaging pharmaceuticals have increased tremendously over
the past several years since the availability of the Food and Drug Administration (FDA)
approved 8fluorine-fluorodeoxyglucose (18F-FDG). Additionally, several 18F-labeled
imaging pharmaceuticals (Table 2) for various applications, including neurology and
oncology, are being used routinely in the clinic. A large number of other 18F-labeled small
molecules have been evaluated in the past three decades as potential PET imaging
pharmaceuticals in preclinical and clinical settings (under the approval of Radioisotope Drug
Research Committee, RDRC, Institutional Review Board, IRB, and Investigational New
Drug, IND, of the FDA etc.). Some of these potential imaging pharmaceuticals are listed in
Table 3 and can be divided into several categories, (1) by clinical use category such as
oncology, neurology, cardiology, (2) by the biological/biochemical process category such as
protein synthesis, amino acid transport, nucleic acid or membrane component synthesis, and
(3) by specific tracers, dealing with, for example, with receptors or gene expression and so
forth. 46

The majority of clinical applications involve 18F-FDG as a PET imaging pharmaceutical;
however, it has its own limitations and cannot be used for several neurological, oncological,
and cardiological applications.” For example, most prostate tumor lesions exhibit the low
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metabolic activity which results in limited uptake of 18F-FDG.8 Therefore, the need for
receptor-targeted imaging pharmaceuticals has led to the discovery and development of
numerous radiolabeled peptides and proteins that can target receptors which are known to
overexpress on certain tumors.9-11 Some of the target-specific biomolecules, that are known
to have high specificity and affinity for receptors associated with tumors and other
pathological conditions, are folate, peptides (gastrin-releasing peptide, RGD, somatostatin
etc.), antibodies, and antibody fragments.#® Developing an efficient method for
radiolabeling of a biomolecule, with high specific activity, is the first step in the
development of a potential imaging pharmaceutical. In this regard, thermodynamically
stable and kinetically inert radiolabeled metal (including transition metals and lanthanides)
chelates conjugated to target-specific biomolecules have been studied extensively for their
potential applications as imaging pharmaceuticals.11-18

18F Jabeling of an organic moiety, such as a small molecule, involves a radioisotope
introduction by a carbon—fluorine bond formation via a nucleophilic or an electrophilic
substitution reaction.1%-21 Extensive studies have been conducted, in the past, on numerous
compounds to develop and optimize these substitution reactions leading to the routine
production of some of these imaging pharmaceuticals (Tables 2 and 3).4-719-25 However,
implementation of these processes still remains cumbersome, often involves multiple steps,
dry organic solvents, nonphysiological and high-temperature conditions, and requires
expensive, sophisticated, and automated synthesis modules. Moreover, 18F labeling of
biomolecules, via carbon—fluorine bond formation, such as peptides, protein fragments,
proteins, and oligonucleotides may not be able to handle such harsh conditions and requires
alternate labeling methodologies.

Three methodologies have been developed for 18F-labeling of biomolecules in the past.26-37
These are (1) generation of 18F-labeled bifunctional agents or prosthetic groups followed by
their reaction with biomolecules under mild conditions, (2) functionalization of a
biomolecule via either a silicon- or a boron-acceptor group for 18F labeling by a
displacement and an isotope exchange (IE) reaction or by a chelating group for 18F-AlIF
labeling, and (3) using click chemistry which involves Cu(l) mediated reaction of a
functionalized peptide with a 18F-prosthetic group. A brief overview of these strategies for
18F_|abeling of biomolecules is provided below.

The goal of the present report is to provide an overview of the 18F radiochemistry and 18F-
labeling methodologies for small molecules, via carbon—fluorine bond formation, and target-
specific biomolecules, a comprehensive review of coordination chemistry of AI3*, 18F-AIF
labeling of peptide and protein conjugates, and evaluation of 18F-labeled biomolecule
conjugates for various cancer targets in preclinical and clinical environments. This is the first
report providing a thorough review of various areas that are essential for discovery and
development of novel PET radioisotope-based imaging pharmaceuticals.
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B OVERVIEW OF 18F RADIOCHEMISTRY AND 8F-LABELING VIA CARBON
—FLUORINE BOND FORMATION

Due to the desirable physical properties of fluorine (i.e., high electronegativity, small van der
Waals radius, and ability to form strong C—F bond with carbon, 112 kcal/mol),38 favorable
nuclear and radiochemical properties of 18F radioisotope3? (i.e., high, 96.9%, positron decay,
ideal half-life, 109.8 min, low positron energy, 0.635 MeV, a short range in tissue, 2.4 mm,
high specific activity production by cyclotrons), well developed chemistry for fluorination
and radiofluorination (i.e., high labeling yield, 20-40%) of small organic molecules, and
acceptable radiation dosimetry of 18F-labeled imaging pharmaceuticals, 18F-based imaging
pharmaceuticals are now being used routinely in the clinic. The optimal physical half-life of
18F allows for more complex radiosynthesis, longer in vivo evaluations, and most
importantly commercial distribution to clinical PET centers.

Only 2 h physical half-life of 18F radionuclide requires that production time of a PET
imaging pharmaceutical must be as short as possible. Ideally, the synthesis and purification
time for a tracer should be less than 2 to 3 times the half-life of 18F. It is preferred that the
18F introduction in the molecule should be in the last step of the radiosynthesis. In a
synthesis procedure, a large excess of the precursor is usually necessary to enhance the rate
and increase the extent of the reaction. Finally, the excess precursor and the side products
are removed by using a prep High-Performance Liquid Chromatography (HPLC) method
while the salts are removed by a Reversed-Phase Sep Pak (RP-Sep Pak) cartridge.

18F Jabeling via C—F bond formation is traditionally accomplished by electrophilic (8F-F»)
and nucleophilic (18F~) substitution reactions.*="-19-25 For the production of electrophilic
18F—F,, a passivated nickel target is loaded with neon gas with 0.1% natural fluorine gas and
bombarded with 8 to 9 MeV deuterons for 1 to 2 h. This process produces <1 curie (Ci) of
18F—F, radioactivity in the gaseous form with a low specific activity (10-20 mCi/zmol). The
low specific activity achieved is because out of the two atoms in the 18F—F», only one is
radioactive, and because of the presence of fluorine gas as a carrier. Alternatively, 18F-F,
can also be produced by proton bombardment of 180, gas. The radiolabeled products
produced from the electrophilic substitution reaction are also low specific activity, as the
specific activity of the 18F—F, is low. Therefore, the electrophilic process is less preferred
and it is only used when nucleophilic substitution reactions are not appropriate, although
18F_FDOPA was originally synthesized using the electrophilic reaction. In general, 18F-F; is
converted into less reactive and more selective fluorination agents such as acetyl
hypofluorite, xenon difluoride, and fluorosulfonamides and aryltrimethyltin precursor.

The most successful approach for preparing 18F-labeled compounds with high specific
activity is by the nucleophilic substitution reaction of aliphatic and aromatic moieties. For
the production of nucleophilic fluoride ions (*8F™), a liquid (a silver or tungsten, or titanium
target filled with 0.3 to 3 mL 180-enriched water, H,180) target is bombarded with protons
(10 to 19 MeV energy, 20 to 30 #A beam current). Several curies of the 18F-HF or 18F-
fluoride ions in water (with high specific activity, ~10 Ci/umol) can be easily produced by
this method.
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In general, 18F-HF (18F Water) is converted to alkali metal halides, such as 18F-FK, either
(1) by transferring the material from the target to a reaction vessel containing a base such as
potassium carbonate or (2) by passing the 18F-HF (or 18F water) through an anion exchange
resin (such as QMA-Sep Pak cartridges), followed by eluting with a base, K,COg3, to
produce 18F-FK. A ligand with strong affinity for potassium (such as Kryptofix 2.2.2 in
acetonitrile) is used for removing the K* and providing free F~ for the nucleophilic reaction.
The acetonitrile/water mixture containing fluoride and potassium complex of Kryptofix
2.2.2 is evaporated by heating at 80 °C under vacuum.22 Dried residue in the reaction vessel
is used further for nucleophilic reaction with the precursor. Using some other bases, e.g.,
tetrabutylammonium hydroxide (TBAH) for conversion to 18F-TBAF avoids the use of
Kryptofix 2.2.2 and can be used directly into organic solvents for the nucleophilic reaction.

Fluoride ion is a poor nucleophile in an aqueous medium; therefore, dipolar aprotic solvents
are traditionally used for fluorination reactions. The preferred solvent for nucleophilic
substitution reactions of aliphatic compounds is acetonitrile, as it can easily be removed by
evaporation. Removal of the solvent like acetonitrile is important as its presence could make
HPLC purification very challenging. Moreover, the amount of acetonitrile also needs to be
controlled in the final product. Alternatively, DMSO (dimethyl sulfoxide) and DMF
(dimethylformamide) may be used for reactions that require higher temperatures. 18F-
labeling chemistry using electrophilic and nucleophilic substitution reactions is well
developed and optimized. Tables 2 and 3 list several small-molecule products that are either
commercially available and are being used clinically or are being tested in preclinical and
clinical environments. There are several excellent review articles related to their syntheses
and clinical evaluations.4-7:19-25

B OVERVIEW OF 18F-LABELING STRATEGIES FOR BIOMOLECULES

As discussed above, 18F-labeling of biomolecules, via C-F bond formation, is challenging
as these labeling conditions are not compatible with their stability. Three methodologies for
18F_labeling of biomolecules involving (1) 18F-labeled bifunctional agents or prosthetic
groups, (2) click chemistry, and (3) a silicon- or a boron-acceptor or a chelating group were
developed.26-37

A series of 18F-prosthetic groups have been developed for labeling of biomolecules under
mild reaction conditions. For example, 18F-fluorobenzaldehyde, 18F-FBA, has been shown
to form a conjugate via oxime formation with the amine function in the peptide.40-43
Similarly, A-succinimidyl (e.g., A-succinimidyl-4-18F-fluorobenzoate, 18F-SFB)#445 and
maleimide (e.g., A=(2-(4-[18F]fluorobenzamido)ethyl) maleimide, [18F]FBEM, and 1-[3-2-
[18F]fluoropyridine-3-yloxylpropylpyr-role-2,5dione, [18F]FPyME)*6:47 containing 18F-
prosthetic groups were used to conjugate with amine and thiol groups in biomolecules,
respectively. However, these labeling techniques are also time-consuming, challenging, and
not amenable to kit production. Moreover, some of these methodologies result in poor
radiochemical yields for the 18F-labeling of proteins, lower site specificity of some
prosthetic groups, and more lipophilic conjugates than the native biomolecule resulting
increased biliary excretion.
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Since benzenesulfony! fluorides are more resistant to hydrolysis in aqueous media, several
aryl 18F-sulfonyl fluorides were prepared and evaluated for their stability and for
radiofluorination of biomolecules. 48-50 Inkster et al.#8 prepared several aryl sulfonyl
fluorides; however, 3-formyl-2,4,6-trimethylbenzenesulfonyl [*8F]fluoride was coupled with
a 9-amino-acid bombesin analog, BBN-NH in a good yield (64%). The conjugate was
stable for >2 h in 10% DMSO in PBS under physiological temperature and pH but was only
55% intact after 15 min incubation in mouse serum. Matesic and co-workers®® prepared
numerous sulfonyl fluorides and predicted that [18F]sulfonylfluorides functional groups with
a combination of electron-donating groups and increased steric bulk near the sulfonyl group
will be most stable in vivo. A new 18F-labeled 4-fluorophenylboronic acid prosthetic group
was prepared and used for Pd-catalyzed labeling (RCY given in the parentheses) of a small
molecule (83-87%), a peptide (33-48%), and a protein (~2-5%).%1

The click chemistry has become a powerful and versatile synthesis tool in the
radiopharmaceutical chemistry.52 The reaction involves the 1,3-dipolar cycloaddition of an
alkyne with an azide functional group via Cu(l) catalyzed reaction forming a triazole moiety.
Marik and Sutcliffe®? radiolabeled, first time, azidopropionic acid derivatives of model
peptides with various [18F]fluoroalkynes. In more recent work, acetylene-bearing 2-
[18F]fluoropyridines, [18F]FPy5yne and PEG-[*8F]FPyKYNE, were prepared via
nucleophilic heteroaromatic [18F]fluorination of their corresponding precursors, and these
groups were used to label azide-modified peptides and oligodeoxyribonucleotide.54-56 This
technique requires careful dry down of the solvents.54-56 A 2-cyanobenzothiozole-based 18F,
[18F]-FPyPEGCBT, and an ethynyl-4-[18F]fluorobenzene prosthetic groups were used for
conjugation with the terminal cysteine group in a cRGDyK peptide (30 min reaction time, 7
+ 1% End of Bombardment yield) and in matrix-metalloproteinase inhibitor (70 min
reaction time, 56 + 12% yield), respectively.>758

Several main group inorganic elements are known to form stronger fluorine bonds than a
carbon—fluorine bond. For example, bond dissociation energies (given in the parentheses, kJ/
mol) for some main group element-fluoride bonds in diatomic molecules are B-F (732), C
-F (513.8 + 10), Si-F (576.4 + 17), and Al-F (675).38 Therefore, these inorganic elements
have been used as carriers for 18F labeling of biomolecules in high specific activity but
under mild conditions, i.e., in aqueous media and low temperature. The 18F labeled SiF, and
BF,4 were prepared initially by isotope exchange reactions between F-metal fluoride (such as
Li, K, Rb, and Cs) and SiF, and by the reaction of 18F-metal fluoride and boron trifluoride,
respectively.59:60 18F_flouorosilane was initially proposed as a labeling reagent by Rosenthal
et al.;%1 however, a preliminary in vivo evaluation revealed fast hydrolysis of the compound
followed by bone uptake of free 18F, suggesting an unsuitable labeling reagent. Blower and
co-workers and Schirrmacher and Jurkschat identified simultaneously that hydrolysis of 18F-
silanes can be significantly reduced by the introduction of bulky substituents like #butyl
groups to the silicon moiety.62:63

Two novel methodologies, based on isotope exchange (IE) reaction, were invented in 2005
and 2006, i.e., RBF3~ labeling by Perrin et al.84 and silicon fluoride acceptor (SiFA) by
Schirrmacher et al.53 These two methodologies demonstrated that biomolecules can be 18F-
labeled in aqueous solution and at room temperature and led to further research by Mu et al.
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65 hased on the leaving group approach. Radiofluorination of RBF 3 and the 18F-SiFA using
either leaving group displacement or IE methodologies has been used for labeling of several
peptides (somatostatin, bombesin/gastrin-releasing, and RGD, etc.) and proteins.
Radiolabeling conditions for RBF~3 and SiFA using IE methodologies are milder than those
of displacement reactions, performed at room temperature under moderately acidic
conditions.6-69 A successful application of Si—18F chemistry was demonstrated by a kit-
like 18F-labeling of proteins’® and followed by the development of SiFAlin-based
scaffolds’72 and dioxaborolanes’ for radio-labeling. Several excellent review articles have
been published in the past decade.26-37

The bond dissociation energy of Al-F is greater than any other main group metal fluoride
bond making it as an attractive carrier for 18F. For example, some bond dissociation energies
(given in the parentheses, kJ/mol) are: Al-F (675), Ga—F (584 + 13), In-F (516 + 13), and
TI-F (439 + 21).38 The Al-F bond strength is reflected in the reported stability constants of
various binary and ternary fluoro complexes of aluminum.” Due to water sensitivity of the
aluminum-carbon bond and the low hydrolysis constant of AI3* (pK; = 5.52),75 18F-AIF
itself cannot be used as a direct radiolabeling agent for biomolecules. Instead,18F-AlIF is
coordinated to a chelating agent-biomolecule conjugate.

Linear and macrocyclic polyaminocarboxylates, such as DTPA
(diethylenetriaminepentaacetic acid), NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid),
NODA-GA (1,4,7-triazacyclononane, 1-glutaric acid-4,7-acetic acid), and DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid), structures 1-4 given in Figure 1, are known
to form thermodynamically stable and kinetically inert metal chelates and to keep AI3* in
soluble form. Consequently, McBride and co-workers discovered and developed a versatile
method which involved formation of a DTPA or NOTA conjugate of biomolecules followed
by labeling with 18F-AIF.76-78

In general, a linear or a macrocyclic polyaminocarboxylate chelating agent is modified for
conjugation by introducing a p-SCN benzyl group in the carbon backbone (e.g., S-2-(4-
isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid, p-SCN-Bz-NOTA,
Structure 5, Figure 1) or at an amine function in the ring, (e.g., 4,7-bis(carboxymethyl)-1-(4-
isothiocyanato-benzyl)-1,4,7-triazacyclononane, SCN-Bz-NODA, Structure 6, Figure 1) or
by forming an A~hydroxysuccinimide (NHS) or a maleimide (MAL) ester of one of the
several carboxylic acid functions followed by the reaction with an amine or a sulfhydryl
group respectively, in the biomolecule. Some of these conjugation methods will result in a
reduction of the number of carboxylic acid functions and formation of one amide function
for coordination to the metal. For example p-SCN Bz-NOTA forms a conjugate by reacting
with the primary amine via forming a thiourea bond (Structure 7, Figure 1). Similarly, the
NHS esters of DTPA, NOTA, NODA-GA, and DOTA react with the amine functions in the
biomolecules to form the conjugates via forming amide bonds (structures 8-11) and a MAL
ester with a sulfhydryl group to form structure 12 given in Figure 1.
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B ALUMINUM COORDINATION CHEMISTRY

Aluminum, which belongs to Group 13 of the periodic table, is the third most abundant
element in the earth’s crust (8.8%).7° It is usually bound to oxygen (alumina, Al,O3) or
fluorine (cryolite, NagAlFg) rather than existing in the free form. The most stable and
common oxidation state of aluminum is +3; however, some compounds are known in which
it has a low oxidation state of +1 and others with +2 oxidation state in the gas phase. The
element forms acidic cationic complexes, such as Al(H,0)3*, with a Kj value of 1.12 x 107>
for deprotonation of an axial water. Due to its low hydrolysis constant, AI3* hydrolyzes into
mono- and polyhydroxo species that precipitate (log Ksp = -33.5)80 around pH 5 and
predominate over soluble complexes between pH 5 and 9. The precipitated AI(OH)3
dissolves again above pH 9 by forming soluble aluminates.

The effective ionic radius of AI3* is 50 pm,80 it is highly electropositive, and does not
polarize easily. Based on the Pearson’s HSAB (Hard and Soft Acids and Bases)
classification,81 AI3* behaves as a Lewis acid (electron pair acceptor; electrophile).
Therefore, Lewis bases (electron pair donors; nucleophiles) are effective ligands to bind
aluminum.82 AI3* prefers to coordinate with hard Lewis bases which have neutral donor
molecules or anions (such as H,0, ROH, RNH,, OH™, CI~, F~, PO43~, SO42~, CH3COO0™,
RO7). Tetrahedral, trigonal bipyramidal, and octahedral molecular geometries are known for
aluminum complexes of CI~, F~, and H,0, and with four ([AICI,]7), five ([AIF4(OH)]?"),
and six ([AI(H,0)g]®*, and [AlFg]37) coordination numbers, respectively (Figure 2).

A comparison of stability constants of fluoride complexes of various metal ions shows that
the binding of F~ to AI3* is unusually strong.” For most ligands including hydroxide the
stability order for metal complexes is Fe3* > Ga3* > AI3*; however, it changes for the F~
ion, i.e., AI3* > Fe3* > Ga3*. The stepwise stability constants (log K}, for AIF,, (where n=1
to 5) complexes are 6.40, 5.21, 3.91, 2.63, and 1.35 (¢ = 0.1 M). Aluminum ligand binding is
a partially covalent interaction that otherwise involves ionic or electrostatic bonds. The most
stable aluminum chelates are with multidentate ligands with negatively charged oxygen
donor atoms (such as alkoxides, phenoxides, and carboxylates) which form chelate rings. A
review by Martell and co-workers8 provides an excellent summary of stepwise protonation
constants of various multi-dentate ligands and the stability constants of their AI3* chelates.
Affinities of these ligands for metal ions also increase with the basicity of the ligand donor
groups. As observed for gadolinium and calcium chelates,83-86 the stability of aluminum
chelates (log Ky )8%87-89 also increases linearly (Figure 3) with the overall basicity of the
ligand donor groups (i.e., a sum of pKj values for the neutral form of the ligand). This
reflects that, like gadolinium and calcium chelates, the aluminum chelates are also primarily
ionic in nature. Another factor that plays an important role in the formation of aluminum
chelates is the chelate ring size, i.e., five-membered chelate rings prefer larger metal ions,
while the six-membered chelate rings are preferred by smaller metal ions, providing the least
strain.

Depending on the reaction conditions, fluoride and hydroxide, with high affinity to AI3*,
compete for a limited number of available binding sites in a multidentate ligand coordinated
metal ion to form a ternary complex. The maximum coordination number of AI3* is six. For
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example, the equilibrium or stability constant (log K¢) for formation of AI(EDTA)F2-
(where EDTA is ethylenediaminetetraacetic acid) ternary complex and the pKon value
(deprotonation of coordinated water) for AI(EDTA)™ have been reported as 4.95% and
5.83,80 respectively, suggesting that the hydroxo complex becomes the predominant species
under neutral pH conditions. Similar trends were reported for other aluminum chelates of
several other ligands (where L = NTA - nitrilotriacetic acid, HEDTA - hydroxyethyl
ethylenediaminetriacetic acid, and CDTA - trans-1,2,-cyclohexyldiaminetetra-acetic acid).
The log Kk and pKon values reported were 5.41, 5.53, 3.14, and 5.09, 4.89, 7.82 for NTA,
HEDTA, and CDTA, respectively.8%90 Figure 4 shows a linear plot of log Kr vs pKon of
AI3* chelates of NTA, EDTA, HEDTA, and CDTA. An excellent linear correlation (log Kr =
-0.825 pKpp + 9.631) with /2 = 0.994 was observed. The inverse relationship between log
Kr and pKop suggests that the fully formed chelates that are difficult to hydrolyze are likely
to form a weak fluoro ternary complex of AI3* from the reaction of aluminum chelate and
fluoride.

Since NTA is only a tetradentate ligand and aluminum prefers an octahedral geometry, a
quaternary complex (OH)-AI(NTA)F2~ is likely to form in neutral solution in the presence of
fluoride. On the other hand, one of the coordinated carboxylates must be substituted by
fluoride or hydroxide to form ternary complexes of EDTA, HEDTA, and CDTA ligands.
Farkas et al.8” detected a metastable hydroxo complex of AI(NOTA), i.e., AI(NOTA)(OH)
under basic conditions, by using pH-potentiometry and determined a pKon value as 12.2.
The metastable AI(NOTA)(OH) complex transforms slowly to AI(OH),~ and free NOTA.
More than 6 orders of magnitude higher pKgop value for AI(NOTA) than AI(EDTA)™ may be
due to more inert Al-carboxylate bonds in the macrocyclic NOTA chelate than in the
corresponding AI(EDTA)™ chelate. The formation of the ternary complex of AI(NOTA) with
F~ was not detected during the reaction of AI(NOTA) with fluoride using a fluoride selective
electrode and/or 19F-NMR. These results are not at all surprising as a log A value of —0.435
(or Ke = 0.37) can be calculated from the linear correlation between log Kg and pKonH
discussed above (Figure 4). However, the formation of the ternary complex was almost
100% complete when a mixture of AI3*, NOTA, and F~ in 1:1 mixture of ethanol:water was
heated at 100 °C for 15 min, presumably due to the preference of AI3* for fluoride
coordination over carboxylate coordination.

The rate of water exchange for Al(H,0)g3" is rather slow, i.e., 1.3 s71 with a volume of
activation as +5.7 cm3 M—-1. The positive volume of activation suggests that the water-
exchange reaction follows a dissociative interchange (/;) mechanism.%! The rate of the
reaction increases significantly if one of the coordinated water molecules is deprotonated
(koy = 3.1 x 10% 571 for Al(H,0)5(0OH)2*). A reduced charge on the deprotonated small AI3*
may be responsible for the increased water exchange rate. Limited kinetic data are available
for AI3* reactions (formation and dissociation) in aqueous medium.87:91-95 Thjs is due to the
fact that (1) stability of aluminum complexes is relatively low in strongly acidic medium (2)
Al(H,0)g3* hydrolyzes at lower acidity or higher pH, and (3) there is a lack of specific
UV/vis absorbance to monitor the progress of the reactions. However, it has been proposed
that Al(H,0)g3* and Al(H,0)5(OH)2* react via an /4y mechanism with the latter being more
reactive,93-95
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Due to the sluggish nature of AI3*, the rates of complexation of aluminum with linear
polyaminocarboxylates (such as EDTA and DTPA) have been rather slow with second-order
rate constants (M1 s71) as 4.73 and 21.5 for H3EDTA™ and H,EDTAZ2~, respectively, and
2.06 and 19.3 for H4DTPA™ and H3DTPAZ2~, respectively.9* Both Al(H,0)3* and Al-
(H,0)5(OH)2* were identified as reactive forms for various protonated forms of the ligands.
The rates of formation and dissociation of AI(NOTA) are very slow in acidic medium. For
example, only about 1.5% of the AI(NOTA) chelate converted to AI3* in 16 days in 1 M
HCI.87 Similarly, the hydrolysis of AI(NOTA) is slow under basic conditions demonstrating
its inertness. Based on the reported first- and second-order rate constants by Farkas et al.,8’
half-lives (#,,) of base hydrolysis can be calculated as 71.8 and 21.8 hin 0.1 and 1.0 M
sodium hydroxide, respectively. The formation kinetics of the Al-(EDTA)F2 ternary
complex were studied by Nemes et al.% using potentiometric and 1°F NMR methods.
Various simultaneous reactions between AI(EDTA)~, AI(EDTA)-(OH)?~ and F~ and HF
were proposed. Two second-order rate constants, 20.7 + 0.3 M1 s and 471 + 93 M1 571
for the reaction of F~ and HF, respectively, with AI(EDTA)~ were reported.%6 Due to the
kinetic inertia of AI(NOTA), there was no reaction observed between the chelate and the
fluoride, however, the formation of AI(NOTA)F~ was complete in 15 min by heating AI3*,
NOTA, F~ in 1:1 ethanol:water mixture at 100 °C (as given above). It appears that kinetics of
formation of AI(NOTA)F~ ternary complex is fairly complicated in the AI3*-NOTA-F~-H*
four-compartment system and requires more work to understand the chemistry.

B 18F-ALF-LABELED BIOMOLECULES CONJUGATED TO CHELATING

AGENTS

Radiolabeling of biomolecules with a metallic radionuclide (e.g., %*Cu, 58Ga, 89Zr, etc.)
using a bifunctional chelating agent is a well-established methodology for development of
potential imaging pharmaceuticals.11-18.97-100 physjcochemical properties and coordination
chemistry of AI3*, i.e., forming thermodynamically stable and kinetically inert aluminum
chelates with polyaminocarboxylates and unusually strong Al-F bond38.:80-82.87-89 |eq to
the discovery of a novel methodology for 18F-labeling of biomolecules that are conjugated
to a chelating agent.”6-"8 Moreover, the AIF, complex is stable in vivo, since this is a part of
the mechanism that the body uses to incorporate fluoride into tooth enamel.101 Hence, small
doses of AIF, should be compatible for human use.192 Among suitable ligands, a
hexadentate macrocyclic polyaminocarboxyate ligand, NOTA (Structure 2, Figure 1), and its
analogs and derivatives have been found suitable for AIF2* chelation.87:88 The following
sections will provide a comprehensive review of the 18F-AlF labeling of several peptides,
folate, and proteins that have high affinity for receptors which are overexpressed on tumors
and their evaluation as potential imaging pharmaceuticals in preclinical and clinical
environments.

Preclinical Evaluation of 1gF-AlF-Labeled Peptide Conjugates.

Carcinoembryonic Antigen (CEA)-Specific Peptides.—Several hapten peptide
conjugates were evaluated in the past for in vivo targeting of Carcinoembryonic Antigen
(CEA\) expressing tumors using a pretargeting technique.103-106 The pretargeting technique
uses a bifunctional reagent (e.g., bispecific monoclonal antibody, bsMAb) with the affinity

Bioconjug Chem. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kumar and Ghosh

Page 11

for a tumor and for a small hapten peptide. Typically, mice are implanted with CEA-
expressing LS174T human colonic tumors, a bispecific monoclonal anti-CEA antihapten
antibody is given to the mice, and 16 h later a 18F-labeled hapten peptide is administered.

Initial studies were conducted with the first-generation chelating agent—peptide conjugates
that are capable of binding the 18F-AIF.76 At low fluoride concentrations, AI3* formed a
mono fluoro complex with a DTTA-peptide conjugate (8-GlIn-Ala-Lys (HSG)-p-Tyr-Lys
(HSG)-NH,, IMP 272) which included two hapten moieties (HSG is histamine-
succinylglycine) on the lysine side chains. Upon heating, a mixture of 6 nmol each of Al3*,
18F= and IMP 272 in a pH 4 buffer at 100 °C for 15 min showed only 7% incorporation of
the radioactivity. However, when 26 nmols of the IMP 272 were added to the reaction
mixture and heated for an additional 15 min the incorporation yield increased to 92%.
Although the yield of 18F-AlIF labeling was improved, the 18F-AIF-IMP 272 was unstable in
water, i.e., 17% loss of 18F~ within 40 min. Another DTTA conjugated analog, (8-Dpr(R)-3-
amino-3-(2-bromophenyl)-propionyl)-p-Ala-p-Lys(HSG)-p-Ala-p-Lys-(HSG)-NH, IMP
375) was synthesized’6 and evaluated for 18F-AlF labeling yield and stability. 18F-AlF-
labeled IMP 375 was stable in water with 98% labeling yield, but human serum stability was
not acceptable. Low in vitro stability of these 18F-AlF-labeled conjugates may be correlated
with the nature of linear polyaminocarboxylate chelates.

The NOTA, a hexadentate macrocyclic ligand with three amines and three carboxylic acids
(Structure 2, Figure 1), forms a thermodynamically stable and kinetically inert aluminum
chelate87:88 with a known distorted octahedral geometry (with 2.067 and 1.846 A bond
distance for M-N and M-O, respectively) in the solid state.107108 Thus, a commercially
available p-SCN-Bz-NOTA (Structure 5, Figure 1) was conjugated to a pretargeting peptide
(7-p-Ala-p-Lys(HSG)-p-Tyr-p-Lys(HSG)-NH,, IMP 449),76:77 and the conjugate was
labeled with 18F-AIF by heating a mixture of AI3*, 18F~ and IMP 449 at 100 °C for 15 min
followed by HPLC purification. The uncorrected labeling yield was 5% to 20% and the
purified product was stable in serum at 37 °C for 4 h. 18F-AIF-IMP 449 along with 18F~
alone and the 18F-AlIF complex was evaluated in preclinical models using nude mice bearing
the human colon cancer xenograft, LS174T.

As expected, 18F~ alone and 18F-AIF accumulated in the bone. Tissue uptake of 18F-AlF-
IMP 449 was significantly different than the tissue uptake of 18F~ and 18F-AlIF. Significantly
lower uptake of 18F-AIF-IMP 449 in all tissues, except kidney, was observed suggesting that
the intact material was eliminated via renal route. Similar to 18F-FDG, higher uptake (6.01
+ 1.72% Injected Dose or %ID/g) of 18F-AIF-IMP 449 resulted in the tumor upon
pretargeting with TF2 anti-CEACAMS5 BsmAb. TF2 is an engineered trivalent bispecific
antibody with a humanized anti-HSG Fab fragment derived from the anti-HSG mAb. In vivo
stability of 18F-AIF-IMP 449 could not be investigated due to its rapid clearance. However,
the analysis of the urine sample from these animals showed that all of the activity was bound
to the peptide which was supported by no bone uptake of the tracer. Imaging studies were
conducted with 18F-AIF-IMP 449 with and without pretargeting and with 18F-FDG. Static
images were taken 2 h post injection and the tumor was easily visualized in the pretargeted
animals only. Targeting and biodistribution studies of a 8Ga-labeled hapten peptide
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conjugate (11-p-Tyr-p-Lys (HSG)-p-Glu-p-Lys (HSG)-NH2, IMP 288) showed similar
results, i.e., 10.7 + 3.6% ID/g tumor uptake in 1 h.109

Since AI3* can only bind with six donor atoms, consequently, the chemistry of pentadentate
chelating agents such as 1,4,7-triazacyclononane-1-4 diacetic acid (NODA, Structure 13,
Figure 5) and its derivatives were explored for 18F-AlF coordination. Shetty et al.119 and
D’Souza et al.111 determined the chemical structure, using X-ray crystallography, of an AIF-
benzyl-1,4,7-triazacyclononane-1,4-diacetic acid (Bz-NODA, Structure 14, Figure 5) and
AlF-1,4,7-triazacyclononane-1,4-diacetic acid with methyl phenylacetic acid (NODA-
MPAA, Structure 15, Figure 5) chelates, respectively. Both studies showed very similar
crystal structures, i.e., the AI3* was found to be at the center of an octahedron, two nitrogens
(one with acetate arm and another with benzyl or MPPA arm) and two oxygen from the
acetates being in the equatorial positions, and one nitrogen from the ring and fluoride being
in the axial positions. The 18F-AlF-14 was found to be stable in human serum at 37 °C and
in sodium acetate buffer (pH 4) at room temperature for at least 2 h. In vivo stability of 18F-
AlF-14 was studied by conducting biodistribution studies in balb/c mice. The material
cleared from blood rapidly (i.e., >90% cleared in 60 min) and excreted via both the renal and
hepatobiliary routes. Stability studies of AIF-15 and AI(OH)-15 at pH 7.4 (PBS buffer)
suggested that the former was stable for over 24 h while the latter showed around 23% loss
in3h.111

A prototype kit formulation of the NODA-MPAA conjugated hapten peptide (NODA-
MPAA-p-Lys(HSG)-p-Tyr-p-Lys-(HSG)-NH,, IMP 485) was prepared and optimized for
pH, the peptide to AI3* ratio, bulking agent, radioprotectant, and the buffer.112 The kit was
reconstituted with an aqueous solution of Nal8F and 1:1 mixture of ethanol and water. The
mixture was heated at 100-110 °C for 15 min and purified by a solid-phase extraction (SPE)
method. The 18F-AlF-labeled IMP 485 was isolated in high yield (45-97%) and high
specific activity within 20 min. There was no evidence of defluorination when 18F-AlF-
labeled IMP 485 was incubated in human serum at 37 °C for 4 h and in vivo, i.e., urine
samples showed that the intact product was eliminated. Tumor targeting of the 18F-AIF-IMP
485 in nude mice bearing human colon cancer xenografts, pretargeted with an anti-
CEACAMS bispecific antibody, showed 28.1 + 4.5% ID/g tumor uptake at 1 h. Tumor to
organ ratios were 9 + 4, 123 + 38, 110 + 43, and 120 + 105 for kidney, liver, blood, and
bone, respectively. There was very low bone uptake (0.06 + 0.02% ID/g) suggesting a good
in vivo stability of the 18F-AlIF-labeled IMP 485.

Three new peptide conjugates were developed by the reaction of NOTA (Structure 2, Figure
1), NODA-GA (Structure 3, Figure 1), and C-NETA (Structure 16, Figure 5) with hapten
peptides to produce 9- and 10-p-Ala-p-Lys (HSG)-p-Tyr-p-Lys (HSG)-NH,, IMP 461, and
IMP 460, and 17-p-Lys(HSG)-p-Tyr-p-Lys (HSG)-NH,, IMP467, respectively. These
conjugates and IMP 449 were labeled with 18F-AIF and evaluated in the pretargeting model.
113 The 18F-AlF labeling yields (% given in the parentheses) for the four chelate conjugates
followed the order: IMP 467 (87%) > IMP 449 (44%) > IMP 461 (31%) > IMP 460 (5.8%).
Significantly higher 18F-AlIF labeling yield for IMP 467, containing C-NETA ligand, may be
due to more rapid metal binding kinetics observed.114 In contrast to the IMP 460 and IMP
461, the IMP 467 formed two 18F-labeled complexes that interconverted at room
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temperature. The 18F-AlF-labeling of IMP 467 was optimized with a short processing time
(30 min) and 52% yield with one SPE purification. In vitro stability studies of 18F-AIF-IMP
467 were conducted in PBS buffer and in fresh human serum. Approximately 2.3% and
0.5% free 18F~ were observed in 5.5 and 5 h incubation in PBS and human serum,
respectively. Biodistribution studies were performed in LS174T human colon cancer
xenograft-bearing nude mice using a pretargeting method. The 18F-AIF-IMP 467 was stable
in vivo and higher tumor uptake (11.8% at 1 h and 8.16% at 3 h) in TF2-pretargeted mice
were observed than 0.23% at 1 h and 0.09% at 3 h in nonpretargeted animals. The 18F-AlF-
IMP 467 eliminated in the urine and had identical Reversed-Phase HPLC elution profile as
the administered material suggesting in vivo stability.

These studies have successfully demonstrated the feasibility of 18F-labeling of biomolecules,
their potential as target-specific imaging pharmaceuticals, in the preclinical environment,
using a pretargeting technique, and a prototype kit formulation for clinical use. However,
there is no report related to human applications, possibly due to unacceptable in vivo
stability of 18F-AlIF-labeled biomolecules in preclinical models and regulatory challenges
related to the technique.

Gastrin-Releasing Peptide Receptor-Specific Analogs.—The gastrin-releasing
peptide receptor (GRPR), a subtype of the bombesin receptor family, is an attractive target
for imaging tumors with neuroendocrine origin including prostate, breast, and small cell
lung cancers. Especially for prostate cancer, high-affinity GRPR expression has been
identified in tissue biopsy samples and immortalized cell lines.11® In a study by Markwalder
and Reubi, GRPR expression in primary prostatic invasive carcinoma was present in 100%
of the tissues tested. In 83% of these cases, the expression was determined to be either high
or very high.116 Bombesin (BBN) is a 14-amino-acid amphibian peptide analog of the 27-
amino-acid mammalian GRP. BBN and GRP share a homologous 7-amino-acid amidated C-
terminus, Trp-Ala-Val-Gly-His-Leu-Met-NH,, which is necessary for binding to the GRPR.
117 synthetic BBNs are modified versions of the above peptide sharing the common 7-
amino-acid C-terminus. The N-terminus is free for conjugation with appropriate
radiolabeled metal chelate for various applications.

A NODA-conjugated BBN derivative, 9-8-Aoc-BBN (7-14)-NH,), was labeled with 18F-
AIF,118 efficiently in one step, with 50% to 90% yield and was evaluated for its GRPR
targeting properties in mice with subcutaneous PC-3 xenografts. The 68Ga-9-8-Aoc-BBN
(7-14)-NH, was used as a reference for comparison. The labeled peptide showed high in
vitro serum stability, high binding affinity (1Cgg value being 0.37 + 0.15 nM), higher tumor
uptake (2.15 + 0.55% ID/g, 1 h post injection) than tumor uptake by 58Ga reference (1.24

+ 0.26% ID/qg), and cleared rapidly from blood (i.e., <0.07% ID/g at 1 h after injection),
mainly via kidneys. In addition to tumor uptake, 18F-AlIF-labeled 9-8-Aoc-BBN (7-14) NH,
had significantly higher uptake in pancreas than 88Ga-labeled analog (27.09 + 12.77% ID/g
vs 5.93 £ 2.10% ID/g). Fused PET and CT images were consistent with the biodistribution
data, i.e., PC-3 tumors could be visualized,118 with significant accumulation and retention in
other organs also such as kidney, liver, intestines, and pancreas.
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In an effort to develop a clinically translatable BBN-based imaging pharmaceutical, Liu and
co-workers synthesized and evaluated 18F-AIF and 84Cu labeled NODA-GA-RM1 (10-RM1;
where RM1 = G-4-aminobenzoyl-p-Phe-GIn-Trp-Ala-Val-Gly-His-StaLeu-NH,) and
AMBA (where AMBA = G-4-aminobenzoyl-GIn-Trp-Ala-Val-Gly-His-Leu-Met-NH,)
conjugates for their GRPR bhinding and for their potential application in PET imaging of
prostate cancer in a PC-3 Xenograft model.11° Both 64Cu and 18F-AlF-labeled 10-RM1
conjugates showed comparable in vitro serum stability and in vivo tumor imaging properties.
For example, tumor uptake values were as follows: 3.3 £ 0.38, 3.0 £ 0.76, and 3.5 £ 1.0%
ID/g for 64Culabeled 10-RM1 and 4.6 + 1.5, 4.0 + 0.87, and 3.9 + 0.48% ID/g for 18F-
AIF-10-RM1 at 0.5, 1, and 2 h, respectively. The 18F-AlF-labeled 10-RM1 showed high
GRPR binding (IC5q value of 0.25 + 0.04 nM) and low serum stability (>90% of the tracer
remained intact after 1 h incubation in mouse serum at 37 °C). On the contrary, 18F-AlIF-
NODA-GA-AMBA has weaker GRPR binding (ICsq value being 1.9 + 0.5 nM), lower
serum stability, and lower tumor uptake, 3.2 £ 0.6, 2.2 + 0.33, and 1.8 £ 0.1% ID/g at 0.5,
1.5, and 4 h post injection, respectively.

A 18F_AlF-labeled antagonist analog of bombesin, NODA-P2-RM26 (9-PEG,-p-Phe-GIn-
Trp-Ala-Val-Gly-His-Sta-Leu-NH2) showed a low nanomolar inhibition efficiency (ICsg =
4.4 £ 0.8 nM) and low internalization rate as less than 14% of the cell-bound radioactivity
was internalized after 4 h.120 The biodistribution and PET imaging studies of 18F-AIF-9-P2-
RM26 showed specificity in accumulating in the PC-3 tumor xenografts (5.5 + 0.7% ID/g
uptake, 3 h post injection) and the high tumor-to-blood ratio (87%). The tumors were clearly
visible with high contrast after injection of the a new 18F-labeled GRPR antagonist, NOTA-
MABBN, 121 in PC-3 xenograft mice. For example, at 60 min post injection, the tumor
uptake of 18F-AIF-NOTA-MATBBN and 18F-FDG was 4.59 + 0.43 and 1.98 + 0.3% ID/g,
respectively. The radiotracer excreted mainly through the kidneys and was stable in PBS and
in human serum for 2 h.121

In a more recent study, three GRPR-targeted peptides, 18F-AIF-JIMV5132, 68Ga-JMV5132,
and %8Ga-JMV4168 (where IMV 5132 = 15-BAla-BAla-[H-p-Phe-GIn-Trp-Ala-Val-Gly-
His-Sta-Leu-NH2] and JMV 4168 = 11-BAla-BAla-[H-p-Phe-GIn-Trp-Ala-Val-Gly-His-Sta-
Leu-NH2]) were evaluated in PC-3 xenografts.122 The ICs values determined were 13.2,
3.0, and 3.2 for Ga-JMV5132. Ga-JIMV4168, and AlF-JMV5132, respectively. In mice with
subcutaneous PC-3 xenografts, all imaging pharmaceuticals cleared rapidly from blood,
exclusively via the kidneys for 88Ga-JMV4168 and partially via liver for $8Ga-JIMV5132
and 18F-AIF-JMV5132. All three imaging pharmaceuticals had 5-6% ID/g tumor uptake at
2 h post injection.

Two novel 18F-AlF-labeled lanthionine-stabilized BBN analogs, designated 18F-AlF-
NOTA-4,7-lanthionine-BBN and 18F-AIF-NOTA-2,6-lanthionine-BBN, were prepared and
evaluated.123 The 1C5q values were determined as 251 + 8 nM, 114 + 3,23 + 4, and 15 + 2
for 4,7-lanthionine-BBN, AI1®F-NOTA-4,7-lanthionine-BBN, 2,6-lanthionine-BBN, and
AI%F-NOTA-2,6-lanthionine-BBN, respectively. Consistent with the low ICsq values, the
tumor uptake of 0.82 = 0.23 and 1.40 + 0.81% ID/g were observed in PC-3 xenografts in
nude mice for AI'®F-NOTA-4,7-lanthionine-BBN, and AI1°F-NOTA-2,6-lanthionine-BBN,
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respectively. In vitro stability studies of both tracers showed 90% and 75% intact compounds
after 4 h incubation in saline and human plasma, respectively.

In summary, various 18F-AlF labeled bombesin peptides and their analogs showed
nanomolar binding affinity to GRPR, however, their low tumor uptake and limited in vitro
stability did not qualify them for further research and evaluation.

a, B3 Integrin Specific Peptides.—Since angiogenesis plays an important role in tumor
growth and metastasis, tumor angiogenesis could potentially be utilized for diagnosis of
malignancies and for cancer treatment.124 One of the several approaches of angiogenesis
imaging is a visualization of a, 83 integrin, an angiogenic biomarker overexpressed in the
endothelium of most solid tumors. Integrins are a family of glycoproteins that function in
cellular adhesion, migration, and signal transduction. It is known that the a, 83 integrin
target binds to a variety of extracellular proteins through Arginine-Glycine-Aspartic Acid
(i.e., RGD) amino acid sequence. Based on these findings, numerous peptides, including
several cyclic peptides (e.g., cyclic RGD) with high affinity compared to corresponding
linear peptide, were designed and evaluated for specificity and affinity in preclinical
environments and eventually translating into clinic.125-135

An isothiocyanate-benzyl-NODA (SCN-Bz-NODA, Structure 6) chelating agent was
conjugated to a a,B; targeting peptide, a monomeric cyclic RGDyK peptide (where RGDyK
is cyclo Arg-Gly-Asp-p-Tyr-Lys).136 The final product was HPLC puKrified, lyophilized,
and characterized by IH NMR and ESI and FAB mass spectra. The conjugate was 18F-AlF-
labeled!36 with a good radiochemical yield and purity (97.1 + 1.2%) in a short reaction and
purification time (25 min). 18F-AlF-labeled conjugate showed in vitro and in vivo stability.
The labeled conjugate was tested in ayB3-positive U87MG (human glioma cells) xenograft-
bearing mice by conducting biodistribution and small animal micro-PET imaging studies.
Both studies showed 4.41 + 0.98% ID/g tumor uptake. High kidneys and liver uptake
indicated that the imaging pharmaceutical excreted via both the renal and hepatobiliary
routes. The tumor-to-muscle and tumor-to-blood ratios were 8.17 + 0.50 and 4.95 * 0.36%
ID/g, respectively. The in vivo tumor uptake of the labeled conjugate was evaluated in
U87MG tumor-bearing nude mice using dynamic small animal micro-PET scans also at 1
and 2 h post injection. The standardized uptake values (SUVs) were determined as 7.42
+0.49 and 3.77 £ 0.57 at 1 and 2 h post injection, respectively, which decreased to 0.72

+ 0.14 and 0.42 + 0.15, respectively, after blocking with 3 mg/kg cRGDyK confirming that
the imaging pharmaceutical is a,83 integrin-specific.

A 20-amino-acid peptide, A20FMDV2 (Asn-Ala-Val-Pro-Asn-Leu-Arg-Gly-Asp-Leu-Gln-
Val-Leu-Ala-GlIn-Lys-Val-Ala-Arg-Thr), which selectively targets the a gintegrin, an
epithelial-specific cell surface receptor that has been detected in a range of particularly
challenging cancers, was conjugated with NODA chelating agent with a linker containing
PEGyg (9-PEG2g-A20FMDV?2). The conjugate was labeled with 18F-AlF and evaluated for
its stability and efficacy in vitro and in vivo in PBS/mouse serum and xenograft mice,
respectively.137 For example, binding of 18F-AIF-9-PEGg-A20FMDV2 was evaluated using
DX3purob cell, that expresses a,fg integrin, with DX3pro as a control. Binding of the
radiotracer to the DX3purog6 was significantly higher (42.4 + 1.2%) compared to 5.1

Bioconjug Chem. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kumar and Ghosh

Page 16

+ 0.4% to DX3puro cell lines after 1 h incubation. The radiotracer showed no decomposition
after 12 h incubation in PBS and 2 h incubation in mouse serum. However, HPLC analysis
of extracts of a homogenized DX3purog6 tumor, collected at 1 h post injection, showed 11%
intact radiotracer and one major metabolite which eluted earlier than the main peak.
Similarly, HPLC analysis of urine samples collected during biodistribution study at 1 h
showed only 10% intact tracer and two metabolites. Biodistribution and small-animal
PET/CT studies in DX3purog6 xenograft mouse model showed the tracer’s ability to target
ayBs and rapid blood clearance. The tracer cleared via kidneys and tumor uptake was low
1.74 £ 0.38% ID/g at 1h post injection. Although, the potential imaging pharmaceutical has
good in vitro properties but tumor uptake and in vivo stability are low.

To improve a,fB3 binding affinity, a dimeric cyclic RGD peptide, E[c(RGDyK)],
(abbreviated as RGD,) was conjugated first with the NOTA ligand and the resulting
bioconjugate, NODA-RGD, (9-RGD?2), was labeled with 18F-AIF.138 Integrin binding
affinity of 18F-AIF-9-RGD, was determined by using U87MG cell-based receptor binding
assay and 12°|-echistatin as a radio ligand. Biodistribution and imaging studies, to
demonstrate the tumor targeting efficacy and in vivo profiling, were conducted with 18F-
AIF-9-RGD; and compared with 18F-labeled dimeric cyclic RGD peptide (18F-FP-RGD,) in
a5 integrin-expressing US7MG glioblastoma xenograft model.138 In general, both tracers
showed similar characteristics. For example, U87MG tumors were clearly visualized with a
good tumor to background ratio by using both 18F-AIF-9-RGD, and 18F-FP-RGD, tracers.
Tumor uptakes were 5.7 +2.1,5.3+1.7,1.9+0.7,and 4.0+ 1.1,2.8 + 0.7, 1.1 £ 0.2% ID/g
at 0.5, 1, and 2 h for 18F-AIF-9-RGD, and 18F-FP-RGD,, respectively. Both tracers excreted
mainly via kidneys. There were no significant differences in liver, kidney, and muscle uptake
at 2 h post injection for both tracers. Specificity of both tracers was demonstrated by
conducting cyclic RGDyK blocking experiments. The 1Csq values of 18F-FP-RGD, and 18F-
AIF-9-RGD; were 42 + 4.1 and 46 + 4.4 nM (n= 4), respectively, and 95% 18F-AlF-9-
RGD, was found intact after serum incubation at 37 °C for 2 h.

The chelating agent NODA-GA-NHS ester was conjugated to a dimeric RGD peptide,
E[c(RGDfK)], (where cRGDfK is cyclo Arg-Gly-Asp-p-Phe-Lys) to produce a conjugate
containing a metal chelating agent 10-E[c(RGDfK)], with six donor atoms (i.e., three
amines and three carboxylic acids).13% The 18F-AlF-labeled NODA-GA conjugate was
evaluated in vitro and in vivo and compared with the corresponding 68Ga- and 111In-labeled
analogs. 18F-AIF-10-E[c(RGDfK)], cleared rapidly from blood, i.e., 0.03 + 0.01% ID/g in
blood at 2 h post injection. Uptake of the imaging pharmaceutical in a, B3 integrin-
expressing SK-RC-52 tumors was significantly lower than its corresponding 68Ga- and
1111n-labeled analogs. For example, tumor uptake values were 3.44 + 0.2, 6.20 + 0.76, and
4.99 + 0.64% ID/g at 2 h post injection for 18F-AlIF, 68Ga, and 111In-labeled 10-
E[c(RGDfK)], respectively.

Synthesis of an FDA approved imaging pharmaceutical for clinical trials, 18F-FPPRGD>, a
18F_|abeled dimeric cyclic RGDyK peptide with mini-PEGylation, for PET imaging of
angiogenesis is time-consuming and requires multiple synthetic steps. Therefore, PRGD,
was conjugated to p-SCN-Benzyl NOTA (5) chelating agent and the conjugate (7-PRGD)
was labeled with %8Ga and 18F-AlF. The 18F-FPPRGD,, 8Ga, and 18F-AlF-labeled 7-
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PRGD, were evaluated for comparative pharmacokinetics and tumor imaging properties
using a small animal PET.140.141 A|| three tracers showed rapid and high uptake in US87MG
glioblastoma tumors with a high target-to-background ratio, similar uptake in the liver,
kidneys, and muscle, and rapid kidney clearance.140.141 The ICsq (nM) values were 175.4,
119.2, 82.7, and 91.4 for FPRGD», AlF-7-PRGD,, Ga-7-PRGD,, and PRGD,, respectively.
Tumor uptake values of the three tracers were in the range of 2.5-3.9% ID/g. 18F-AlF-
labeled PRGD,, (also designated as 18F-Alfatide or Alfatide I) was identified as a potential
ayB3 imaging pharmaceutical for translation into clinic.

Three new dimeric cyclic RGDfK peptides with or without PEGylation (E[c(RGDfK)]5,
PEG4-E[c(RGDfK)],, and E-[PEG,4-c(RGDfK)], were synthesized by Chen and co-workers.
142 To eliminate any possibility of thiourea bond oxidation, these peptides were conjugated
to a NOTA chelating agent to produce 9-E[c(RGDfK)],, 9-PEG,4-E[c(RGDfK)],, and 9-
E[PEG,-c(RGDfK)],. The conjugates were labeled with 18F-AIF and screened in vitro for
serum stability and receptor binding affinity and in vivo for tumor uptake and whole body
distribution through biodistribution and PET imaging using U87MG tumor-bearing mice.142
The serum stability of these 18F-AlIF-labeled dimers were comparable to the dimers of
cRGDyK; however, the ICgq values were lower by 3- to 10-fold. For example, the measured
ICs0 (nM) values were reported as 200.49, 513.63, 393.85, and 127.93 for E[c(RGDfK)]>, 9-
E[c(RGDfK)],, 9-PEG4-E[c(RGDfK)],, and 9-E[PEG,4-c-(RGDfK)],, respectively. From the
PET imaging studies, the tumor uptake (with tumor-to-muscle ratio in the parentheses) at 60
min post injection were 2.75 £ 0.20 (4.40 £ 0.28), 2.33 £ 0.41 (3.70 £ 0.71),and 2.92 + 0.4
(4.11 £ 0.73)% ID/g for 18F-AlF-labeled 9-E[c(RGDfK)]5, 9-PEG,4-E[c(RGDfK)],, and 9-
E[PEG4-c(RGDfK)],, respectively. Consistent with the PET imaging results, the tumor
uptake of 18F-AlIF-9-E[PEG,-c(RGDfK)], in biodistribution studies, at 60 min post
injection, was 2.39 + 0.54% ID/g and tracer accumulation in kidney, liver, and bone was
542 +1.44,3.13 £ 0.51, and 0.72 + 0.14% ID/qg, respectively.

18F_AIF-9-E[PEG,-c(RGDfK)], (also known as 2PRGD,, or Alfatide I1) and 18F-FDG were
used to monitor the response of doxorubicin therapy in U87MG and MDA-MB435
xenograft mice.143 Dual-tracer dynamic imaging technique was used which involved an
initial injection of Alfatide 11 followed by 18F-FDG injection 40 min later. The signal from
each tracer was successfully separated from compartmental modeling. Dual-tracer single
scan imaging was found to reflect tumor response, and quantitative kinetic parameters
calculated from dynamic data were more sensitive than static imaging.

Both NRP-1 (Neuropilin-1) and a3 are overexpressed in gliomas; therefore, a dual a,f3
and NRP-1 targeted heterodimeric peptide RGD-ATWLPPR (where ATWLPPR = Ala-Thr-
Trp-Leu-Pro-Pro-Arg), in which cRGDyK peptide was connected with ATWLPPR through a
glutamate linker, was conjugated with the NOTA chelating agent. The dual a, 83 integrin
and NRP-1 receptor-binding affinities of RGD-ATWLPPR were determined using U87TMG
cells and compared with the cell binding affinities of RGD, 9-RGD, and 9-RGD-ATWLPPR.
144 Using 1251echistatin for competition binding studies the 1Csq values for RGD, 9-RGD,
RGD-ATWLPPR, and 9-RGD-ATWLPPR were 46.75 + 4.40, 48.53 + 6.95, 39.97 + 5.97,
and 43.75 £ 4.82 nM, respectively. The receptor-binding affinity (ICsg) of ATWLPPR, 9-
ATWLPPR, RGD-ATWLPPR, and 9-RGD-ATWLPPR were measured by using 1251 Tyr-
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ATWLPPR as a competition binding ligand as 68.78 £ 6.24, 72.82 £ 4.14, 62.96 £ 5.21, and
60.08 + 6.54, respectively. The cellular uptake of RGD, ATWLPPR, and RGD-ATWLPPR
was determined in U87MG cell lines which highly expresses a,83 and moderately expresses
NRP-1. Percent binding for 18F-AIF-9-RGD, 18F-AIF-9-ATWLPPR, and 18F-AIF-9-RGD-
ATWLPPR were 7.47 £ 0.73, 4.72 £ 0.82, and 9.04 £ 0.67, respectively, after 60 min
incubation and 8.75 + 0.77, 5.29 + 0.81, and 10.02 + 0.90, respectively, after 120 min
incubation. Static micro-PET/CT scans were performed on a U87MG xenograft mouse. The
U87MG tumors were clearly visible with tumor-to-muscle contrast after 30 min post
injection of all three tracers.

Biodistribution studies of 18F-AIF-9-RGD, 18F-AIF-9-ATWLPPR, and 18F-AIF-9-RGD-
ATWLPPR were conducted in U87MG tumor-bearing mice. Predominant kKidney uptake by
the three tracers suggests renal clearance although 18F-AlIF-9-RGD-ATWLPPR had some
liver and bone uptake. All three tracers cleared from blood rapidly, i.e., only 0.5% ID/g
remaining 60 min post injection. Tumor uptake of 18F-AIF-9-RGD-ATWLPPR was 5.31
+0.16,5.02 £ 0.14, and 4.54 + 0.39% ID/g at 30, 60, and 120 min, respectively, post
injection. These uptake values were significantly higher than for 18F-AIF-9-RGD (3.21
+0.29, 2.69 + 0.21, and 2.02 + 0.20% ID/g at 30, 60, and 120 min) and for 18F-AIF-9-
ATWLPPR (2.66 £ 0.18, 2.22 + 0.27, and 1.85 + 0.08% ID/g at 30, 60, 120 min),
respectively. 18F-AIF-9-RGD-ATWLPPR had a higher tumor-to-organ ratios (tumor-to-
muscle, tumor-to-blood, and tumor-to-kidney) than for 18F-AIF-9-RGD or 18F-AIF-9-
ATWLPPR.

Somatostatin Receptor Subtype-Selective Analogs.—The majority of human
neuroendocrine tumors (NETS) overexpress multiple somatostatin receptor subtypes, i.e.,
sstl, sst2, sst3, sst4, and sst5, although these receptors are overexpressed on other tumor
types also, such as non-Hodgkin’s lymphoma, melanoma, breast, pancreatic, gastric, colon,
prostate, lung, and so forth.14°> Several Somatostatin receptor specific imaging
pharmaceuticals have been evaluated in nuclear medicine for tumor diagnosis, staging, and
therapy (peptide receptor radionuclide therapy, PRRT). For example, the somatostatin
analog, octreotide (Structure 18, Figure 6), binds with high affinity to the sstr2 and sstr5, a
low affinity to the sstr3, and no binding with sstrl and sstr4 subtypes. Consequently, 111In-
DTPA-octreotide (OctreoSacn) has been used routinely in the clinic for primary and
metastatic neuroendocrine tumors (NETs) imaging.146 A small change in the peptide
structure or sequence or chelating agent type, linkers, and metal replacement has shown
dramatic effects on the binding affinity of the radiolabeled peptide to individual somatostatin
receptor subtypes. Therefore, more recently %8Ga and 177Lu/90Y chelates DOTA TOC
(DOTA-Tyr3-octreotide, Structure 19, Figure 6) characterized by sstr2 affinity, DOTA-NOC
with sstr2, sstr3, and sstr5 affinity (DOTA-1-Nal3-octreotide, Structure 20, Figure 6), and
DOTA TATE with sstr2 affinity (DOTA-Tyr3-octreotate, Structure 21, Figure 6) have been
used for imaging and therapy, respectively.147:148 Other radiolabeled imaging agents for
sstr2 positive tumors involved 84Cu and 68Ga antagonists conjugated to different chelators
(4,11-bis-(carboxymethyl)-1,4,8,11-tetraazabicyclo [6.6.2]hexadecane (CB-TE2A), NODA-
GA, and DOTA.149
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18F_AlF-labeling of the octreotide peptide analog (9-p-Phe-cyclo[Cys-Phe-p-Trp-Lys-Thr-
Cys]-Throl, IMP 466) in aqueous medium produced stereoisomers.150 The effect of buffers
and amount of IMP 466 on the labeling yield was studied and maximum yield observed was
50%. The apparent ICsq values for the somatostatin receptor binding on AR42J cells were
determined in a competition binding assay using 18F-AIF-IMP 466 along with 8Ga-IMP
466, and 111In-DTTA-Octreotide. The ICs values (in nM) determined were as 3.6 + 0.6
(18F-AIF-1IMP466), 13 + 3 (58Ga-IMP466), and 6.3 + 0.9 (111In-DTPA-Octreotide). The
stability of 18F-AIF-IMP466 was tested in human serum at 37 °C and no release of 18F-AlIF
was observed in 4 h. The PET imaging and biodistribution of 18F-AIF-IMP466 in AR42J
tumor-bearing Balb/c mice (/7= 5) showed 28.3 + 5.7% ID/g tumor uptake of 18F-1IMP466 at
2 h post injection and reduced to 8.6 + 0.7% ID/g in the presence of large excess of
unlabeled IMP 466 suggesting that the uptake was receptor mediated. Uptake in normal
tissues, except kidneys, including bone, was low. Further optimization of the labeling
process increased 18F-AlIF labeling yield up to 97% when a cosolvent, such as 80% ethanol
or acetonitrile, was used in the reaction.151

Prostate-Specific Membrane Antigen-Specific Peptides.—Prostate cancer (PCa) is
a most common cancer in men;152 therefore, early detection of primary disease and its
metastases is critical for clinical staging, prognosis, and therapy management. Several
radiotracers have been proposed for molecular imaging of prostate cancer, including choline
(*1C-Choline and 18F-Choline) as a marker of membrane cell proliferation, 11C-Acetate as a
radiotracer for PCa imaging via incorporation into intracellular phosphatidylcholine
membrane, and 18F-FACBC (18F-fluciclovine;1-amino-3-fluorocyclo-butane-1-carboxylic
acid) that is used to monitor amino acid transport. 28F-FACBC has been found to be
successful and superior to 11C-Choline in the assessment of primary and metastatic prostate
cancer,193-155 although numerous studies reported limited sensitivity and specificity of these
tracers for imaging PCa in patients with low PSA levels.156

The prostate-specific membrane antigen (PSMA) is a transmembrane protein that has
significantly elevated expression in prostate cancer cells than in the benign prostatic tissues.

Several PSMA-targeted PET tracers have been developed and evaluated in the past. This
includes, 58Ga-labeled PSMA 11,157.158 pSMA 617,159.160 pSMA 1&T,161 THP-PSMA, 162
and 18F-labeled DCFBC,163.164 DCFPyL,165 and PSMA-1007.166-168 An excellent review
related to PSMA-based theranostics radiotracers was published recently.16% The most widely
used radiotracer for PET imaging in Europe is PSMA 11 or 88Ga PSMA HBED-CC. HBED-
CC (N, -bis [2-hydroxy-5-(carboxyethyl) benzyl] ethylenediamine-N,N’-diacetic acid,
Figure 7, Structure 22) is an acyclic chelating agent to bind 88Ga and is conjugated to PSMA
inhibitor, Glu-NH-CO-NH-Lys(Ahx). %Ga-PSMA-11 PET/CT detects tumor lesions in a
high percentage of patients with recurrent prostate cancers.170

Short half-life and nonideal energies of $8Ga, cost, and the limited number of doses available
from 88Ge/88Ga generators motivated researchers to investigate the potential of 18F-labeled
PSMA analogs for PET imaging of prostate cancer. PSMA 11 was labeled with18F-AIF by
heating a mixture of 18F-spiked AICI3 and PSMA 11 under various conditions.171-173 The
crude product was purified by a Sep-Pak C18 light or an HLB cartridge. The yield of
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radiolabeling varied between 30% to 90% depending on the reaction conditions with >98%
radiochemical purity. The total synthesis time was between 45 and 50 min.

For in vitro stability studies, the 18F-AlF-labeled PSMA 11 was incubated in mouse and
human serum at 37 °C for 2 to 4 h, analyzed by radio-TLC and -HPLC.172.173 No significant
decomposition was observed in 2 h. After 3 h, 18F-AlF-labeled PSMA 11 had >97% and
80% radiochemical purity in pH 6.8 buffered and unbuffered solutions, respectively. The in
vitro stability of the radiotracer was also determined in mixtures of ethanol/saline, ethanol/
acetate, and ethanol/PBS.173 Radio-chemical purities of the materials were 99% and 22%
after 4 h in a mixture of 1% ethanol and 99% saline and 10% ethanol and PBS, respectively.
174 A Ky (binding coefficient) value was determined in a PSMA-positive cell line, LnCap, as
10.3 + 2.2 nM171 which is comparable to 12.0 + 2.8 nM for 58Ga-labeled PSMA-11157 and
6.7 + 1.7 nM for 18F-labeled PSMA 1007.166.171 18F_AIF-Jabeled PSMA 11 exhibited
uptake in LnCap cell lines, i.e., 3.4% to 3.5%.172.174 18F_A|F-labeled PSMA 11
biodistribution studies were conducted using LnCap and PC-3 tumor-bearing wild-type
C57BL6 mice and by using micoPET/CT imaging. Tumor uptake of the tracer in LnCap cell
tumor-bearing mice was high.172

A new PSMA-ligand, NOTA-DUPA-Pep (where DUPA is 2-[3-(1,3-dicarboxypropyl)-
ureido]pentanedioic acid, Figure 7, Structure 23) was synthesized and labeled with 18F-AlIF.
174 Reaction kinetics (dependence on the concentrations of the precursor and AICI3 and
temperature) was examined. Highest radiochemical yield (83 + 1.1%) was obtained at

105 °C after 15 min of reaction time. At the end of the synthesis and purification (55 min)
the 18F-AlF labeling yield was 79 + 0.7% (uncorrected, 7= 3) with >98% radiochemical

purity.

Since 18F-AIF labeling of NOTA or NODA peptide conjugates requires heating at 100 to
120 °C, a series of novel acyclic chelating agents, which are capable of binding with AI3* at
low temperature (i.e., 40 °C), were synthesized and evaluated.1”> One of the several
chelating agents, an HBED analog, showed some potential. The rat serum stability of its 18F-
AIF labeled chelate was found to be comparable to that of the previously reported 18F-AlF-
labeled NODA analog, i.e., up to 60 min. Additionally, no defluorination was observed
during biodistribution studies in normal mice since no significant bone uptake was observed.
As a proof of concept, 18F-AlIF-chelate was conjugated with the urea-based PSMA inhibitor,
Glu-NH-CO-NH-Lys and a biodistribution study in healthy mice was performed. In
summary, the acyclic chelators may have some potential, however, there is still room for
improvement.

Since 18F-labeled PSMA-1007 has comparable 1Csy and tumor uptake values than 18F-AlF-
labeled PSMA 11, has a GMP-compliant production process, similar to 18F-FDG, and it is
already going through human clinical trials in Europe and under discussions for clinical
trials in the US,166-168 it is doubtful if 18F-AlF labeled PSMA 11 will be commercially
available in the future.

MMP2 and MMP9 Specific Peptides.—Matrix metalloproteinase, MMP2 and MMP9,
overexpression has been associated with tumor progression, invasion, and metastasis.
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Targeted imaging of these MMPs would be a useful strategy to noninvasively detect and
characterize solid tumors. A NODA conjugate of a cyclic decapeptide (c(Lys-Ala-His-Trp-
Gly-Phe-Thr-Leu-Asp)NH, or C6, (9-C6) was labeled with 18F-AlIF (i.e, 18F-AIF-9-C6) and
tested in vitro and /7 vivo.17 The probe, 18F-AIF-9-C6, was stable (>95% remained) after 4
h incubation in physiological saline at room temperature or in human serum at 37 °C. The
MMP2 binding affinity, 1Csq, of 18F-AIF-9-C6, using 9-C6 as a competing ligand, was
determined as 0.18 nM. In vivo PET imaging and biodistribution data suggested low uptake
of 18F-AIF-9-C6 in the SKOV-3 tumor-bearing mice, i.e., 1.20 + 0.24%, 0.75 + 0.25%, and
0.27 £ 0.14% ID/g after 30, 60, 120 min post injection, respectively, and cleared by renal
route. Low tumor uptake and stability of the probe makes it unsuitable for further evaluation.

Follicle-Simulating Hormone Receptor (FSHR) Specific Peptides.—
Overexpression of FSHR (Follicle-Simulating Hormone Receptor) has been detected in
vascular endothelium of numerous human cancer tumors, such as prostate, breast, kidney,
and lung cancers. FSH is a glycoprotein hormone with two subunits (a and 8 chains).
Several receptor binding domains of FSH chain have been identified, including FSH1 (with
33-53-amino-acid sequence, Tyr-Thr-Arg-Asp-Leu-Val-Tyr-Lys-Asp-Pro-Ala-Arg-Pro-Lys-
lle-GIn-Lys-Thr-Cys-Thr-Phe). A 18F-AlF-labeled maleimide-NOTA conjugate of FSH1
(12-FSH1) was evaluated in preliminary studies for PET imaging of FSHR-positive tumors.
177 |ow PC3 cells uptake (20%) and low cell binding (i.e., 252 + 1.12 nM) of 18F-AlF-12-
FSH1 tracer were observed. Biodistribution and PET imaging studies using PC3 tumor-
bearing mice demonstrated 4.21 + 0.69% ID/g accumulation in the tumor at 10 min post
injection. Clearance of the tracer from the normal organs was faster than the tumor resulting
in increased contrast over time. High levels of radioactivity in the kidney at 10 min post
injection suggested renal clearance.

Glucagon-Like Peptide Receptor (GLP1) Binding Peptide.—The GLP-1 receptor
(Glucagon-like peptide receptor) is overexpressed in insulinoma, a neuroendocrine tumor of
the pancreas. Exendin-4, an agonist of glucagon-like peptide (GLP1) receptor, is an incretin
mimetic peptide which is composed of 39 amino acids. Two 18F-labeled analogs of
Exendin-4 were prepared by conjugating [18F]JFBEM (A\-[2-(4-
[18F]fluorobenzamide)ethyl]maleimide) prosthetic group with GLP1. The tracers showed
good tumor uptake but the synthesis of the tracers was challenging and time-consuming. To
overcome this challenge,178 a 18F-AIF-NOTA conjugate analog of exendin-4 (i.e., 18F-
AlF-12-cys*0-exendin-4 was prepared. The binding affinities (ICsq values) of exendin-4,
FBEM-cys40-exendin-4, and 12-cys*0-exendin-4 were determined as 0.98, 1.10, and 2.84
nM, respectively, via a competition cell binding assay using 12°1-GLP (7-36) and INS-1 rat
cells. Tumor uptake of the 18F-AlF-labeled conjugate in INS-1 insulinoma xenografts
reached its maximum (16.9 £ 1.8% ID/g, n = 4) after 5 min post injection and remained
constant during the study. Kidney uptake of the radioactivity was high. Tumor and plasma
extract samples, 60 min post injection, were analyzed by a radio HPLC analytical method
and showed 74% and 64% intact parent compound, the remaining material being a polar
radioactive metabolite. On the contrary, analysis of the kidney and urine extract samples
showed only one polar radioactive metabolite. These data suggest low stability, and hence
these compounds are unsuitable as potential imaging pharmaceuticals. Similar in vitro
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stability and binding affinity and tumor uptake were observed in a study reported recently.
179

Annexin 1 (Anxa 1) Specific Peptide.—Annexin 1 (Anxa 1) is a novel biomarker
expressed on the surface of endothelial cells that are part of tumor vasculature. Anxa 1
expression in the tumor vasculature is universal in several tumor types in mice and humans.
180 Therefore, it is an attractive target for imaging. A peptide, lle-Phe-Leu-Leu-Trp-GIn-
Arg, designated as IF7, was found to bind Anxa 1 with high affinity and specificity. For in
vitro stability study of the 18F-AlF-labeled 7-IF7 conjugate, the tracer was incubated in PBS
and mouse serum at 37 °C for 2 h. After 2 h incubation, the radiochemical purities were
determined as >94% and 90.7% in PBS and mouse serum, respectively.181 Biodistribution
and micro-PET imaging studies involving nude mice bearing A431 xenografts showed low
tumor uptake making it unsuitable for further evaluation.

Urokinase-Type Plasminogen Activator Receptor (UPAR) Binding Peptide.—
Urokinase-type plasminogen activator receptors (UPAR) are overexpressed in various human
cancers including prostate, colorectal, and stomach cancers. The expression of uPAR is
either very low or undetectable in normal tissues. Therefore, a linear peptide with high
affinity for uPAR, AE105 (Asp-Cha-Phe-(d)Ser-(d)Arg-Tyr-Leu-Trp-Ser-CONH>), was
considered to be a promising ligand for detection and imaging of cancerous tissues that
overexpress UPAR. The uPAR binding peptide, AE 105, was conjugated via amine function
in aspartate moiety with one of the carboxylic acids in NOTA (9-AE105), labeled with 18F-
AIF, and was evaluated as a potential PET imaging pharmaceutical for uPAR positive
prostate tumors.182 18F-AIF labeling of the conjugate was optimized and it was observed that
the addition of 33% ethanol gave best yield and purity (92.7% with >92% radiochemical
purity). The inhibitory effects (IC5p) on the uPAR:uPA interaction of AE105, the conjugate
of AE105, and 18F-AIF-9-AE105 were determined as 14.1, 24.5, and 21.0 nM, respectively.
The in vivo PET imaging studies were conducted in mice bearing PC-3 tumors and scans
were performed at 0.5, 1.0, and 2 h post injection. Reconstructed images showed tumor
lesions with tumor-specific uptake, 5.9 + 0.35, 4.22 + 0.13, and 2.54 £ 0.24% ID/g at 0.5,
1.0, and 2 h post injection, respectively. Biodistribution data at the end of imaging studies
confirmed the in vivo PET imaging results.

Preclinical Studies with Folate-Receptor-Specific Analog Conjugates.

Expression of the folate receptor, a glycosylphosphatidylinositol-anchored cell surface
receptor, is limited in healthy tissues and organs although is overexpressed on the vast
majority of cancer tissues, including epithelial, ovarian, cervical, breast, lung, kidney,
colorectal, and brain tumors. On the contrary sarcomas, lymphomas, and cancers of the
pancreas, testicles, bladder, prostate, and liver often do not show elevated levels of folate
receptors. Folic acid, a small molecule with 441 Da molecular weight, has a high binding
affinity to the folate receptor and can be conjugated with drugs or diagnostic imaging agents.
Various modalities including, optical, magnetic resonance imaging (MRI), computed
tomography, ultrasound imaging, single-photon emission computed tomography (SPECT),
and positron emission tomography (PET) can be utilized.183-188 Several folate conjugates
have been developed and evaluated for SPECT and PET imaging, including %8Ga- and 18F-
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labeled folate receptor-targeted conjugates; however, synthesis and preclinical evaluation of
18F_AIF-NOTA-labeled folate conjugate for PET imaging of folate-receptor-positive tumors
was not reported until recently.189 Binding of the 18F-AIF-NOTA-Folate was measured in
homogenates of KB and Cal 51 tumor xenografts in the presence and absence of folic acid.
A Kjy value of 18.7 nM was determined, which is weaker than binding of free folic acid (4.6
nM). In vivo imaging and ex vivo biodistribution studies were performed using folate
receptor positive (KB cell) and folate receptor negative (A549 cell) tumor xenograft-bearing
nu/nu mice. The study demonstrated high folate receptor-mediated uptake in the folate
receptor positive tumor (i.e., 10.9 + 2.7% ID/g) and the kidney (78.6 + 5.1% ID/g) and low
liver uptake (5.3 + 0.3% ID/qg).

Preclinical Evaluation of 18F-AlF-Labeled Conjugates of Proteins and Protein Fragments.

EGFR, HER2, and HER3 Overexpression.—The Epidermal Growth Factor Receptor
(EGFR, ErbB1, HER1 in humans), a transmembrane protein and a member of ErbB family
of receptors, is highly expressed in a variety of human cancers including nonsmall-cell lung
cancer (NSCLS). The overexpression of EGFR has been observed in both premalignant
lesions and malignant tumors of the lung and occurs in 40-80% patients with NSCLS.
Human epidermal growth factor receptor 2 (HER2) and 3 (HER3), transmembrane proteins
that belong to the human epidermal growth factor tyrosine kinase receptor family (EGFR or
ErbB), are found in patients with NSCLS and other tumors. For example, HER2 is
overexpressed in 18—-25% of all breast cancer carcinoma and in subsets of ovarian, lung,
prostate, and gastric cancers.120191 Breast cancers overexpressing HER2 have been
associated with aggressive tumor growth, high relapse, poor prognosis, and more resistance
to endocrine therapy and chemotherapy.

Monoclonal antibody trastuzumab and tyrosine kinase inhibitor lapatinib have been
developed as therapeutic agents for targeting HER2, specifically trastuzumab for breast and
gastric cancer patients with HER2-overexpressing tumors.192 PET and SPECT techniques
using radiolabeled antibodies, including trastuzumab, pertuzumab, and trastuzumab
fragment, were able to detect HER2 expression; however, their large size resulted in slow
tumor uptake and clearance from circulation.193194 A new class of targeting proteins, based
on 58 amino acids with 7 kDa molecular weight and with high affinity for various tumor-
associated antigens, Affibodies, have been evaluated recently. Affibody molecules are small
proteins engineered to bind a large number of target proteins with high affinity, imitating
monoclonal antibodies. Their small size allows rapid extravasation in tumors and blood
clearance that provides higher contrast within several hours post injection. For example,
111n- and %8Ga-labeled 11-Zpgro:342-pep2 i a clinical pilot study have shown that it is
possible to visualize HER-2 expressing tumors in patients with metastatic breast cancer.195
Additionally, 111In-labeled 11-ZygRro:2305 (a variant of Zigro:342) showed discrimination
between high (SKOV-3) and low (LS174T) HER2 expression xenografts.196

PET radionuclides, such as 18F-labeled affibody, may improve imaging of HER2 expression
because of higher sensitivity and improved quantification. Therefore, the 18F-AlIF labeled
NODA-MAL conjugated affibody molecule, 18F-AlIF-12-Zgro-2395, Was evaluated as a
suitable agent for HER2 expression in a mouse model for ovarian cancer.1%7 The tumor-
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targeting capabilities of various radionuclide-, 18F, 8Ga, and 111In, labeled Zngr2:2395
affibody were compared in mice with HER2-expressing SKOV-3 xenografts. As expected
18F_AIF labeling of the NODA-MAL conjugate gave a rather low yield, 21.0 + 5.7%, as
compared to 84.0 + 0.9% and 94.0% for %8Ga and 111In labeling, respectively. Stability
studies showed that 18F-AlF-12-Zgro-2395 did not release 18F-AlF after 4 h incubation in
human or mouse serum at 37 °C. The ICsq values for 12-Zpgro:2395 Were determined in a
competitive cell binding assay using SKOV-3 cells as 5.0, 6.3, and 5.3 nM for AI*°F, 69Ga,
and 1151n labeled affibody, respectively. Biodistribution and imaging studies (1 and 4 h post
injection) were conducted by injecting 18F-AIF labeled 12-ZgRo:2395 in mice bearing
subcutaneous SKOV-3 xenografts. PET/CT and SPECT/CT images clearly showed the
HER2-expressing SKOV-3 xenografts with good contrast to normal tissue. High kidney
uptake and tumor-to-liver ratios of the 18F-AlIF labeled affibody were observed. Tumor
uptake were 4.4 £ 0.8, 5.6 + 1.6, and 7.1 + 1.4% ID/g with tumor-to-blood ratios of 7.4
+1.8,8.0+ 1.3, and 4.8 + 1.3 for 18F-AIF, %8Ga, 111In-labeled 12-Z14gRr2:2305 Conjugate,
respectively.

Three different 18F labeling strategies, i.e., silicon-fluoride acceptor approach (18F-SiFA),
18F_AIF-NOTA, and 4-18F-fluorobenzaldehyde (18F-FBA), for radiolabeling of the HER2-
specific affibody molecule Zygro-2g91, Were investigated. The non-decay-corrected
radiochemical yield using 18F-AIF method was low, i.e., 11 + 4% (7= 6). The radiolabeled
affibody molecules were evaluated in a preclinical model involving CD-1 nude mice bearing
high and low HER2-expressing NCI-N87 and A431 tumors, respectively.1%8 In non-tumor-
bearing mice, a significant (73.8 + 3.0%ID) kidney uptake of 18F-AlF-12-Z,ier2-2891 pOst 90
min injection was observed. Significantly lower kidney uptake of 18F-FBA-Zgr2:2801 and
18F_SiFA-ZHER2-2891 (4.8 + 0.6 and 10.1 + 0.7% ID, respectively, post 90 min injection) was
observed. All radiolabeled affibody molecules showed increased uptake by the high-HER2-
expressing NCI-187 tumors compared with the low-HER2-expressing A431 tumors. For
example, % ID/g NCI-187 tumor uptake at 90 min post injection were 7.15 + 0.69%, 4.79

+ 1.26%, and 3.49 + 0.74% for 18F-FBA-, 18F-AIF-, and 18F-SiF-labeled affibody
molecules, respectively. 18F-SiF-labeled affibody showed high bone retention over time
suggesting defluorination. 18F-AlF-labeled affibody molecule showed high tumor-to-muscle
(28.89) and tumor-to-liver (2.83) ratios in NCI-187 biodistributions. The dual-flank A431/
NCI-187 tumor mouse model was used to perform PET/CT study using 18F-AlF-labeled
affibody and images demonstrated its elimination through kidneys and bladder. Additionally,
higher retention of the 18F-AlF-labeled tracer was seen in the high-HER2-expressing
NCI-187 compared to low-HER2-expressing A431tumors.

Another EGFR targeting affibody (Zggrr:1907), conjugated with DOTA and radiolabeled
with 64Cu, showed high specificity, sensitivity, and tumor contrast in EGFR positive tumors
as early as 1 h post injection.19% Two new radiolabeling approaches, conjugating Zegrer:1907
with NOTA and labeling with 18F-AIF and conjugating the prosthetic group 18F-labeled-2-
cyanobenzothiozol (8F-CBT) with Cys-Zggrr-1907, Were reported recently.290 Binding
affinity and specificity of both tracers were evaluated using A431 cells and biodistribution
and PET imaging studies were conducted on mice bearing A431 xenografts. Both tracers
showed nanomolar affinity to EGFRs in A431 cells, i.e., Ky values of 18F-AlIF-12-
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ZeGrR:1907 and 18F-CBT-Zggrr-1907 Were 12.72 + 1.25 and 25.82 + 3.62 nM, respectively.
18F_AIF-12-ZggER:1907 Was relatively more stable than 18F-CBT-Zgggr-1907 in in Vitro
stability studies. The former remained intact after 1 to 2 h of incubation in mouse serum; on
the contrary, the latter degraded 25% in the same period. Relatively high tumor uptakes, at 3
h post injection, of both tracers was observed in the biodistribution studies, i.e., 4.77 £ 0.36
and 4.08 + 0.54% ID/g for 18F-A|F-12-ZEGFR;1907 and 18F-CBT—ZEGFR;1907, respectively.
Higher kidney and liver uptake for 18F-AlIF-12-Zggrr-1907 (112.26 + 12.57 and 13.31

+ 0.80% ID/g) than 18F-CBT-Zggrr 1907 (8.12 + 1.0% and 3.08 + 0.15% ID/g) were seen at
3 h post injection. In contrast, bone uptake of 18F-AlIF-12-Zgger-1907 Was lower than 18F-
CBT-Zeger:1907 (1.75 % 0.35 vs 12.99 + 2.37% ID/g). 18F-AlIF-12-Z£gER-1907 Provided
higher tumor-to-blood, tumor-to-lung, tumor-to-muscle, and tumor-to-bone ratios than 18F-
CBT-ZggFR:1907 €xcept for tumor-to-liver and tumor-to-kidney ratios. Small-animal PET
imaging studies demonstrated that both tracers clearly visualized EGFR-expressing A431
xenografts. Additionally, 18F-AlF-12-Zgger-1907 Showed better tumor-to-background
contrast and high uptake of the tracer in liver and kidneys than 18F-CBT-Zggrr-1907.

HER3 imaging is challenging due to modest receptor numbers (<5000 receptors/cell) in
overexpressing cancer cells. An affibody molecule (Zners:gg9g) With HER3 targeting
specificity was conjugated to NODA-MAL (12-ZyeRrs:gs98) and labeled with 18F-AlIF using
two different strategies. The conventional labeling of 12-Zper3:g698 at pH 4, 100 °C for 15
min using ethanol as organic cosolvent (50% v/v) gave 38.8 + 5.8% radiochemical yield.
However, this procedure resulted in the radiolabeled product with variable purity attributed
to thermolysis.2%1 An alternate technique for 18F-AlF-labeling of ZyeRrs:g69s by reacting a
novel tetrazine functionalized 1,4,7-triazacyclononane-1,4-diacetate and the trans-
cyclooctene (TCO) functionalized affibody, at room temperature, was developed. The 18F-
AlF-labeled 12-Z1£Rr3:8698 and NODA-ZeR3:8598 COnjugates showed specific uptake at 1 h
post injection in high HER3-expressing MCF-7 tumors in mice, i.e., 4.36 £ 0.92% 4.96

+ 0.6% ID/g, respectively. Both conjugates showed high renal excretion which was
supported by PET imaging studies. In vitro cell binding studies in HER3-expressing MCF-7
cells suggested Ky values as 0.44 + 0.04 and 1.01 + 0.28 nM for 18F-AlF-labeled 12-
ZHER3:8698 and NODA-ZHEeR3:8698, respectively. The stability of both conjugates was
determined by incubating the radiolabeled conjugates in mouse serum at 37 °C. By HPLC
analysis it was found that 97.9 + 0.5% of 12-Zy4gRr3-g698 and 91.5 + 1.2% of NODA-
ZuER3:-8698 remained intact after 1 h. The blood clearance of the affibody is fast; however,
the stability of the conjugates may have an impact on the suitability for further development.

A new restrained complexing agent, (+)-H3RESCA, an acyclic NoO3 donor atom containing
pentadentate ligand, that allows efficient 18F-AlF labeling using mild conditions, was
developed recentlyl’ and conjugated to HSA, to a nanobody (NbV4m119) as Kupffer cell
marker, and an affibody (PEP04314 also known as Zpgro-2g91) for targeting HER2.292 The
conjugates were labeled with 18F-AlIF at 37 °C, in less than 35 min, successfully with good
radiochemical yields 52-63%, 35—-53%, and 20 + 7% for HSA, nanobody, and affibody
conjugate, respectively. For comparison, 12-Zpgro-2891 Was also 18F-AlF labeled at 100 °C
giving a much lower yield of the reaction as 8 + 6% (7= 4) which was comparable to
previously reported value, 11 + 4% (n = 6).19 Both tracers were evaluated in healthy rhesus
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monkey for pharmacokinetics and distribution profile by using whole-body PET/CT.
Biexponential blood clearance for both tracers was observed and alpha and beta clearance
half-lives were: 0.08 + 0.05 h, 1.09 + 0.23 and 0.04 + 0.01, 2.70  0.43 h for 18F-AIF-12-
ZHER2:2891 and 18F-AIF-(2)-H3RESCA-ZgR2:2891, respectively. The sum of % ID/g in
kidney and urinary bladder, after 120-180 min post injection, were comparable for both
tracers.

Small proteins such as Fab’ fragments of humanized MN-14 anti CEACAMS5 IgG antibody
have been labeled with 18F-AlIF and evaluated in a preclinical model as potential imaging
pharmaceuticals.293 A-(2-Aminoethyl)maleimide (EM) was conjugated to NODA-MPAA
(15) to form a NODA-MPAEM. The NODA-MPAEM chelating agent was labeled with 18F-
AlF, conjugated to hMN-14Fab’, purified by using a Sephadex G50-80 spin column and
tested for immunoreactivity. CaPan-1 cells are known to express elevated levels of EGFR
and do not express the SMAD4 protein. 18F-AlF labeled protein conjugate was administered
to CaPan-1 human pancreatic adenocarcinoma (HTB-79) xenograft nude mice. At 3 h post
injection, the 18F-AlIF-labeled hMn-Fab’ showed elevated uptake in the kidneys suggesting
renal clearance of Fab’. Blood concentration of the tracer was low with corresponding
elevated uptake in liver and spleen. The faster blood clearance showed lower tumor uptake
but higher tumor-to-blood ratio (5.9 + 1.3). 18F-AIF-NODA-MPAEM-hMN-14Fab was
stable after incubation in human serum for 3 h, which was supported by bone uptake data in
biodistribution studies.

Clinical Experience with 18F-AlF-Labeled Peptide Conjugates.

A simple lyophilized kit for rapid 18F-AlF-labeling of the PRGD, peptide (20 min
radiosynthesis and purification time) to produce 18F-Alfatide, an imaging agent for integrin
a3, was developed.204 Under optimized conditions, 18F-Alfatide (also known as 18F-
Alfatide | now) was prepared in high yield 42.1 + 2.0% (decay corrected) with 95%
radiochemical purity. A clinical study using 18F-Alfatide, along with 18F-FDG, was
conducted involving nine patients with primary diagnosis of lung cancer and one patient
with tuberculosis.2%4 PET imaging identified all primary tumors with the mean uptake of
2.90 £ 0.10. The tumor-to-muscle and tumor-to-blood ratios were 5.87 + 2.02 and 2.71
+0.92, respectively. Major uptake of 18F-Alfatide was observed in kidneys and bladder
indicating renal clearance. Liver, spleen, and intestine also showed moderate uptake. Similar
observations were made in other studies recently.205206

In another study, 18F-Alfatide | and 18F-FDG were used to compare detection of lymph node
metastasis in Differentiated Thyroid Cancer (DTC) involving 20 patients with presumptive
lymph node metastasis.297 Sixteen patients undergoing fine needle aspiration biopsy
(FNAB) were evaluated by cytology results. A total of 39 presumptive lymph node
metastasis were visualized in PET/CT images. Thirty five lesions were confirmed as
malignant by FNAB technique and other clinical findings. Although most DTC lymph node
metastasis showed abnormal uptake of 18F-Alfatide I; however, it was a less effective
diagnostic agent than 18F-FDG. There was no correlation between 18F-Alfatide and 18F-
FDG uptake to suggest that the two tracers are complementary to each other in detecting
DTC lesions.
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In a recent study, 18F-Alfatide 11 (18F-AIF-NOTA-E[PEG4-c(RGDfK)],) was evaluated for
safety, estimated absorbed dose, and its value in patients with brain metastases.2%8 The study
involved five healthy volunteers (3 male and 2 female) and nine patients (5 male and 4
female) with 20 metastases brain tumors as confirmed by MRI or CT. Safety data included
vital signs, physical examination, ECG, laboratory parameters, and adverse reaction. No
adverse events or effects were observed following 18F-Alfatide 11 injection and no obvious
changes in vital signs or clinical laboratory tests were found before and after the injection of
18F_Alfatide 11. 18F-Alfatide 11 was quickly eliminated via urinary system although moderate
uptake was observed in liver and spleen while other organs had low levels of radioactivity. In
the imaging study involving nine patients, all brain lesions were visualized by 18F-Alfatide
1, while only 10 by 18F-FDG, and 13 by CT. Of the brain lesions detected by 18F-FDG or
CT, all were visible by using 18F-Alfatide 11. Despite the overall higher uptake of 18F-FDG,
18F_Alfatide 11 showed better tumor-to-background ratio, i.e., 18.9 + 14.1 for 18F-Alfatide Il
vs 1.5 + 0.5 for 18F-FDG demonstrating the value of 18F-Alfatide in detecting metastases as
a biomarker of angiogenesis.

A pilot study was conducted to verify the efficacy of 18F-Alfatide 11, for detecting bone
metastasis in humans, in comparison with 18F-FDG.209 The study involved 36 patients and
final diagnosis of bone lesions was established based on the data analysis and clinical follow
up. It was found that 18F-Alfatide 11 can detect bone metastasis lesions with good contrast
and higher sensitivity than 18F-FDG, i.e., positive rate of 92% vs 77%. Especially, 18F-
Alfatide 11 was superior to 18F-FDG in detecting osteoblastic (77% vs 53%) and bone
marrow metastatic lesions (98% vs 77%). Overall, skeletal and bone marrow metastases can
be detected with 100% sensitivity in osteolytic and bone marrow lesions using 18F-Alfatide
PET/CT. The sensitivity of 18F-Alfatide PET/CT in osteoblastic metastases is relatively low,
however, still significantly higher than 18F-FDG PET/CT. In summary, 18F-Alfatide Il may
be useful in the future in metastatic lesion detection, patient management, and drug therapy
response monitoring.

B SUMMARY

In this report, we have highlighted an overview of the 18F radiochemistry and 18F-labeling
methodologies for small molecules, via carbon—fluorine bond formation, and target-specific
biomolecules, a comprehensive review of coordination chemistry of Al3*, 18F-AIF labeling
of peptide and protein conjugates, and evaluation of 18F-labeled biomolecule conjugates for
various cancer targets in preclinical and clinical environments. Since the first report in 2009
related to the 18F-AlIF labeling technique for biomolecules, numerous studies have been
completed related to labeling and evaluation of target-specific peptides and proteins. The
labeling method is a versatile procedure that can be used for biomolecules labeling while
retaining their binding affinities. The procedure is fast and simple, and 18F-AlF labeling can
be accomplished in one or two steps in aqueous solution, although it may need organic
solvents for improved reaction yield, and may require high temperature, up to 100 °C, and
pH 4. Numerous target-specific biomolecules have been radiolabeled and have shown good
potential as PET imaging pharmaceuticals, but also showed limited in vivo stability. The in
vivo stability is specifically important for 18F-AIF labeled proteins which have longer
circulation time than the small peptides. Three kits containing lyophilized powder of the
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peptide conjugates for 18F-labeling have been prepared successfully. Two kits containing
PRGD, and 2PRGD,, conjugates for preparation of 18F-Alfatide | and 18F-Alfatide II,
respectively, were introduced into the clinic and feasibility was demonstrated in specific
imaging of a, B3 expression in lung cancer patients, detection of metastasis in lymph nodes
of differentiated thyroid cancer, and brain cancer. More studies are needed to move Alfatide
I or 11 into phase Il and 111 clinical trials. Other two novel approaches, using 18F-silicon and
18F_horon chemistry to label peptides and proteins, may provide additional novel PET
imaging pharmaceuticals in the future.
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ABBREVIATIONS
[18F]FECH [18F]Fluoroethylcholine
[*eFIFA [18F]-Fluoroacetate
[L8F]FLT [18F]Fluorodeoxythymidine
[18F]FMAU [18F]Fluoromethylarabinofuranosyluracil
[18F]-FMISO [18F]Fluoromisonidazole
[18F]FAZA [18F]-F I uoroazomycinarab inoside
[ 18 FJFE TA [ 18 F]-Fluoroetanidazole
[18F]FES [18F]Fluoroestradiol
[*8F]MFES [18F]Methoxyfluoroestradiol
[8F]FDHT [18F]-Fluorodihydrotestosterone
[ 18 FJFDOPA [ 18 F]-Fluorodihydroxyphenylalanine
[L8F]FMT [18F]Fluoro-a-methyltyrosine
[18F]FET [18F]Fluoroethyltyrosine
[8F]FTYR [18F]Fluorotyrosine
[18F]Galacto-RGD [18F]-Galacto-cyclo(Ar-Gly-Asp-p-Tyr-Lys)
[18F]AH111585 [18F]-Fluciclatide
[18F]DCFPYL Dicarboxypropylcarboamoylfluor-opyridinyllysine
[18F]FP [18F]Fallypride
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[18F]FP-CIT [18F]-Fluoropropylcarbomethoxyiodophenylnortropane

[8F]FTP Fluortriopride

[18FIDTBZ [18F]-Fluoropropyldihydrotetrabenazine

[18FIMPPF [18F] Methoxyphenylpyridinyl
fluorobenzamidoethylpiperazine

[18F]-FEPPA Fluoroethoxybenzylphenylpyridinylacetamide

[18FIFMM [18F]Flutemetamol

[18F]AZD4694 [18F]-Flutafuranol

[‘8F]FDDNP [*8F]-
Fluoroethylmethylaminonaphthylethylidenemalonitrile

[18F]FHBG [18F]Fluorohydroxy methylbutylguanine
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Figure 1.

Structures of DTPA (1), NOTA (2), NODA-GA (3), DOTA (4), p-SCN-Bz-NOTA (5), SCN-
Bz-NODA (6), p-SCN-Bz-NOTA-Biomolecule (7), DTTA-CH,CONH-Biomolecule (8),
NODA-CH,CONH-Biomolecule (9), NODA-GA-CH,CONH-Biomolecule (10), DO3A-
CH,CONH-Biomolecule (11), and NODA-MAL-CS-Biomolecule (12).
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Octahedral

Tetrahedral, trigonal bipyramidal, and octahedral molecular geometries of AI3* complexes.
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Figure 3.
Correlation between log Ky of AI3* chelates and the sum of the pK; values of the neutral

form of some linear and macrocyclic polyaminocarboxylates.
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Figure 4.
Plot of log K (equilibrium constants for formation of fluoro ternary complexes of

aluminum polyaminocarboxylates) vs pKon (deprotonation constants of coordinated water
of aluminum polyaminocarboxylates).
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Figure 5.

Structure of NODA (13), Bz-NODA (14), NODA-MPAA (15), C-NETA (16), and C-NETA-

CONH-biomolecule (17).

Bioconjug Chem. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kumar and Ghosh

= NH;
o
0
COOH N
H
) o, NH HN
(\N |-I| o
iU
- N HN 0
ﬂ H
H )
Hooc” N ‘s
NH H
HooC
HP; {°]

G

HOQC—/ \_} ¥coon

Figure 6.

Page 46

Structure of octreotide (18), DOTA-TOC (19), DOTA-NOC (20), and DOTA-TATE (21).
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Figure 7.

Structures of HBED-CC or PSMA 11 (22) and NOTA-DUPA-Pep (23).
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Physical Properties and Production Methods for Some Cyclotron Produced Positron (8") Emitting

Radionuclides

Table 1.

radionuclide  Production method  half-life % decay mode max, 8" energy, MeV  average energy, MeV
uc UN(pla)iic 204min  B/99.8 0.98 0.39
EC/0.2
13N 3C(p,n) 13N 10.0min  B/99.8 1.19 0.49
160(p, a)3N EC/0.2
150 15N(p,n)150 203min  B499.9 1.72 0.74
EC/0.1
18 180(p,n)18F 109.8 min  5*/96.9 0.635 0.25
EC/3.1
64Cu 64Ni(p,n)®*Cu 12.7h BH11.4 0.65 0.28
EC/43.8
84Ga 8Ge/%Ga 68 min 5/88.9 19 0.84
Generator EC/11.1
89zr 89Y (p,n)89zr 78.4h B122.7 0.9 0.4
EC/77.3
124) 124Tg (p,n)124 4.2d B123 2.15 0.97
EC/77
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Table 2.

Page 49

18F__abeled Imaging Pharmaceuticals for PET Imaging Approved by the Food and Drug Administration

(FDA)

PET imaging pharmaceutical  year of approval manufacturer indication
[*8F] Sodium Fluoride 1972 various bone imaging

1994, 2004, 2005  various epileptic foci
18
[ F]FDGa myocardial glucose metabolism

tumor glucose metabolism

[18F]-Florbetapir 2012 Eli Lilly B-amyloid, Alzheimer Disease
[18F]-Fluemetamol 2013 GE HealthCare B-amyloid, Alzheimer Disease
[*8F]-Florbet aben 2014 Piramal Imaging B-amyloid, Alzheimer Disease
[*8F]-Fluciclovine 2016 Blue Earth Diagnostics  prostate cancer

a[18F]FDG = [18F] Fluorodcoxyglucose.
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Table 3.

Page 50

18F-_abeled Molecular Entities in Pre-Clinical and Clinical Evaluation Environments

imaging pharmaceutical

clinical application

biochemical process

mechanism of uptake or localization

[8F]FECH
[8FIFA
[8FIFLT
[8F]FMAU
[8F]FMISO
[8F]FAZA
[8F]FETA
[8F]FES
[8FIMFES
[8F]FDHT
[F]FDOPA
[8F]FMT
[8FIFTYR
[8FIFET
[*8F]Galacto-RGD
[18F] AH111585
[8F]PSMA-1007
[8F]DCFPYL
[**piFP
[8F]FTP
[8F]FPCIT
[18F]FP-DTBZ
[*8F]MPPF

[*8F] Altanserin
[*8F] Setoperone
[*8F] Flumazenil
[8F]FEPPA
[8FIFMM
[18F]AZD-4694
[8F]FDDNP
[8F]FHBG

oncology
cardiology

oncology

oncology

oncology

oncology

neurology oncology

oncology
oncology
neuropsychiatry
neurology
neurology
neurology
neurology
neurology

neurology

neurology

gene therapy

membrane synthesis
fatty acid synthesis

DNA synthesis and cell proliferation

hypoxia

receptor binding

receptor binding

amino acid transport and protein synthesis

receptor binding for angiogenesis

receptor binding

dopaminergic system

dopaminergic neurons

dopaminergic neurons

serotoninergic system

serotoninergic system

GABA receptor complex

senile plaques

gene expression

choline kinase
Acetyl-CoA synthetase
thymidine kinase (TK-1) in DNA synthesis

intracellular reduction and binding

estrogen receptors

androgen receptors

amino add transport and protein synthesis

a,Bzintegrin receptor

prostate-specific membrane antigen

dopamine D,/Dj3 receptor

dopamine transporter

VMAT2

5-HT1A receptors

5-HT2A receptors

benzodiazepine site

Apand NFTs

Herpes vims thymidine kinase
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