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INTRODUCTION

ABSTRACT

Pathologies that require non-invasive, quantitative, and repeated
investigation for treatment follow-up and for patient selection are on the rise
due to longer life-expectancy and lifestyle changes. Early treatment and
accurate diagnosis are required for curative intervention. Positron emission
tomography (PET) offers a non-invasive and quantitative imaging modality for
investigating biological processes, namely metabolism and receptor
expression in tissues. To achieve the requirements of selectivity and
sensitivity, various radiotracers need to be designed, synthesized and
evaluated. Anything from small molecules to nanoparticles and
biomacromolecules, are utilized as tracers, depending on the imaging target
and the kinetics of the process under investigation.

Several tumors over-express on their surface receptors that can be targeted
with biomolecules, such as peptides, extremely selectively. Peptides have
specific amino acid sequences that interact with the binding site in the
receptor, requiring careful design of the radiolabeling modifications in order
not to disturb the interaction. Consequently, chemoselective radiolabeling
methods are becoming more prevalent in the synthesis of biomolecular
radiotracers. Given the high cost of radiopharmaceutical development, the
availability of multipurpose, late-stage radiolabeling tools offering rapid
radiotracer production from diverse target molecules would lower the
development costs and provide wider selection of biological radiotracers for
imaging studies.

The aim of this work was to develop fluorine-18-labeled tetrazines for
preparing biological radiotracers for PET imaging. The novel tetrazines were
studied for their metabolic stability and biological performance and used for
in vitro radiolabeling of the target biomolecules. Heat sensitive serum albumin
protein, and cyclic receptor targeting peptides, were radiolabeled with fast
click reactions of the tetrazines providing chemoselective and mild
radiofluorination. The first candidate tetrazine, fluorine-18 labeled silicon-
fluoride acceptor tetrazine ([18F]SiFA-Tz) with a lipophilic prosthetic group,
was found to be metabolically unstable and was further studied for its in vitro
metabolism pathway in mouse liver microsomes with ultra-high performance
liquid chromatography (UHPLC) high-resolution mass spectrometry (HRMS).
Structural optimization was done and a metabolically stable and more
hydrophilic fluorine-18 labeled alkylammoniomethyltrifluoroborate tetrazine
(['8F]JAmBF5-Tz) was developed, and evaluated with in vivo PET-computed
tomography (PET/CT) imaging and ex vivo biodistribution studies where it
demonstrated excellent stability. ['8F]AmBF;-Tz is currently under further
investigation for in vivo pretargeted PET imaging, due to the highly promising
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biological behavior as a standalone radiotracer. [3F]AmBF3-Tz was
subsequently used as a radiofluorination reagent for somatostatin receptor-2
(SSTR2) targeting peptides. The lead peptide tracer was used for PET/CT
imaging of preclinical pancreatic carcinoma model, providing clear
visualization of the tumor xenografts. The findings presented in this study
demonstrate the successful development of a novel radiolabeling tool to
produce new biomolecular radiotracers for PET imaging.
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INTRODUCTION

1 INTRODUCTION

Modern imaging modalities have enabled the development of non-invasive
detection methods for metabolic disorders, cancer, and central nervous system
imaging. Based on recent reports, several types of cancers declining in the
older population are on the rise in younger adults, with indications of earlier
onset.[1, 2] The development of selectively targeting agents are a prerequisite
for accurate and early detection of various cancers, anticipated to have a direct
correlation in lowered mortality and better treatment response.[3] Solid
tumors often overexpress several receptors, such as the somatostatin receptor
(SSTR) subtypes that can be used for targeted delivery of imaging and
therapeutic agents to the tumor site.[4, 5] Identifying the subtype of a cancer
is critical for selecting the most effective treatment and for maximizing the
likelihood of positive clinical outcomes.[6, 7]

Various biomolecules harness an innate and extraordinary potential in their
selective targeting capacity towards receptors in the human body. This feature
is increasingly utilized in cancer imaging, radioligand therapy, and the
development of biomolecule-based radiopharmaceuticals for nuclear
medicine in preclinical and clinical research.[8, 9] The exceptional potential
of targeting receptors overexpressed on most tumors, offered by
biopharmaceutics, requires an accompanying tool, a sensitive and selective
diagnostic method to trace the accumulation of the biopharmaceutical at the
target site.[9]

Positron emission tomography (PET) imaging offers a non-invasive imaging
modality, simultaneously fulfilling those requirements. PET imaging utilizes
positron emitting radionuclides bound to a compound, which concequently
serve as radiotracers, to track and visualize biological processes or targets.[10]
Small molecules, as well as bulkier biomolecules such as monoclonal
antibodies (mAbs), their fragments such as fragment antigen-binding regions,
as well as peptides and peptidomimetics are used as PET imaging agents.
Clinically, the most utilized PET radionuclides are fluorine-18, gallium-68,
and carbon-11. The widely available aqueous (aq) nucleophilic ['8F]fluoride
with ideal nuclear properties, has facilitated efforts in the development of new
fluorine-18 imaging agents.[11] [*8F]Fluoride can be used in various chemical
reactions, and is utilized widely as a radiolabel to date. The radiolabeling of
small molecules with [18F]fluoride require sophisticated radiosynthesis
apparatus and careful design to avoid altering the desired chemical properties,
and hence, the targeting capacity of the compound, as well as designing
metabolically the utmost robust radiopharmaceuticals. When radiolabeling
compounds aimed to target saturable motifs such as receptors, particular
attention must be paid to the radiosynthesis reaction efficacy for maximizing
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the signal-to-background ratio by ensuring higher Am. Furthermore, the
degradation of the possible targeting moiety in the biomolecule, or the
decomposition of its tertiary and quaternary structures, due to used reaction
conditions, is to be naturally avoided. Prosthetic groups or bifunctional
chelators are generally utilized as a mild method for incorporating a
radionuclide to a complex biomolecule.[12]

The so-called “fluorophilic” elements (Si, B, P, Al) are attracting increasing
attention in the development of novel radiotracers, as they offer a rapid
incorporation of the [*8F]fluoride to the compound by isotopic exchange (IE)
or by chelators, as in the case of aluminum.[13-16] These recent advances in
the development of fluorophilic prosthetic group bearing compounds,
especially of silicon-fluoride acceptor (SiFA) and
alkylammoniomethyltrifluoroborates (AmBF3) structures, have demonstrated
high promise in preclinical studies and have, just recently, led to clinical trials
of highly promising Tyr3-octreotate (TATE) radiopeptide tracers 8F-SiFAlin-
TATE,[17-20] and 8F-AmBF;-TATE, both targeting SSTR.[21]

This thesis describes the development and evaluation of two prosthetic groups,
fluorine-18 labeled silicon-fluoride acceptor tetrazine ([8F]SiFA-Tz) and
fluorine-18 labeled alkylammoniomethyltrifluoroborate tetrazine
([*8F]AmBF;-Tz), as universal radiolabeling tools for biological molecules by
rapid IE reaction for PET imaging. The purpose of this study was to develop a
radiolabeling tool that would provide a radiosynthesis method for sensitive
biomolecules, and to evaluate the stability of the prosthetic groups and the
developed biological radiotracers in vitro and in vivo. Serum albumin protein
and peptides, neuroendocrine tumor (somatostatin receptor-2; SSTR2)
targeting Tyr3-octreotide (TOC) and a melanoma (melanocortin receptor)
targeting alpha melanocyte stimulating hormone (a-MSH) peptide, were
radiolabeled with the newly developed prosthetic groups. The influence of the
prosthetic groups in the pharmacokinetics and the biological performance of
the 18F-labeled biomolecules were evaluated. As a consenquence of the
findings in this study, a relevant and previously unreported proposed
metabolism pathway participating in defluorination of a SiFA prosthetic group
was provided. ['3F]AmBF;-Tz, on the other hand, was shown to posess ideal
characteristics as a prosthetic group. The novel prosthetic group could also
serve as a tool for in vivo pretargeting purposes for biomolecules of bulkier
size and slow kinetics. Both TOC and a-MSH analogs were used to study the
optimal reaction conditions of inverse electron-demand Diels-Alder (IEDDA)
cycloaddition for controlling the formed redox products, and a rapid
conversion of the reduced dihydropyridazine (DHP) cycloadducts into
pyridazine cycloadducts were achieved in mere minutes (10-20 min) and mild
conditions (60 °C, 295% water). The results described in this study provided
a new highly promising and potentially universal tool applicable for in vitro
radiolabeling of trans-cyclooctene (TCO) modified biomolecules, such as
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peptides. The relevance of these findings, are closely tied to the currently
pressing need for rapid development of novel radiotracers for disease
identification, monitoring, and patient selection, especially in oncology.
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2 REVIEW OF THE LITERATURE

2.1 POSITRON EMISSION TOMOGRAPHY

2.1.1 PRINCIPLE OF PET IMAGING

PET imaging is a nuclear imaging modality where compounds containing an
unstable radioactive nuclide, that decays by positron emission (f+), are
utilized as markers for non-invasive detection of physiological processes using
a PET camera. The positron emitted from the nucleus, has a positive charge
and a mass equal to a free negatively charged electron, making it the
antiparticle of electron.[22] Once positron comes into contact with its
counterpart, electron, a subsequent annihilation event takes place, where the
two particles are converted into two emitted gammas (511 keV), that are
detected on the opposite sides of the detector in a 180° angle. This
phenomenon is called the annihilation and the path travelled by the
annihilation gammas, the line-of-response.[22] The line-of-response event is
detected on opposites sides of the circular row of the scintillation detectors
within an accepted time-window. The signals resulting from the annihilation
gammas are reconstructed into a 3D-image of the study subject (Figure 1).
PET imaging is generally accompanied by a complementary imaging modality,
such as computed tomography (CT) or magnetic resonance imaging (MRI), for
acquiring structural information of the study subject. PET imaging is
quantitative and the concentration of the labeled compound, and inversely,
the biological process kinetics or concentration, can be measured.
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Figure 1. Principle of PET imaging (Graphic created with BioRender, © S. Otaru 2022).

20



REVIEW OF THE LITERATURE

The sensitivity of PET imaging is superior to single photon emission computed
tomography (SPECT) imaging, owing to the differences in the detection
method.[23] SPECT imaging records individual emitted gamma rays at the
decay event with collimators capable of collecting approximately 0.01% of all
events, thus exhibiting lower geometric detection capacity. PET, on the other
hand, detects the secondary emission, simultaneous gamma rays formed after
annihilation without the need for collimators, ruling out individual scattered
gamma rays from the image reconstruction.[24] PET imaging has the
capability to detect more of the emission events, approximately 1% of all
events, offering higher sensitivity for the depiction of the target. In preclinical
settings the resolution of SPECT is slightly better than for PET.[23] Unlike in
SPECT, the spatial resolution of PET is dependent on the energy at which the
positron is emitted from the decaying nucleus. Based on this energy, the
positron travels a distance in the tissue, and the distance increases with
increasing energy. Soft tissue in the subject body can produce artifacts in the
image, that are compensated by attenuation correction, which is relatively
easily achieved in PET.[24] Typical SPECT nuclides have longer half-lives,
enabling imaging of slower biological processes in the study subject for hours
or days after tracer administration. As an advantage, SPECT allows for dual
tracer imaging by monitoring multiple energy-windows at the same time, a
method not possible with PET detecting only 511-keV gammas, regardless of
the radionuclide.

As PET does not detect only structural information of the tissue it travels in,
but also its energy metabolism and receptor expression, PET imaging is used
for functional, molecular, metabolic, enzyme concentration, and drug-
receptor interaction imaging.[10] PET imaging is restrected in capacity to give
anatomical information of the study subject and hence, complementary
imaging modalities such as CT imaging is used to accurately align the PET data
with the CT, conveying the whole study subject structure.

2.1.2 POSITRON EMITTERS IN PET IMAGING

Positron emitters, such as carbon-11, fluorine-18, gallium-68, and oxygen-15
are the most used positron emitters in clinical applications. The wide
availability, low positron energy and favorable half-life of fluorine-18, has led
to its desirability and extensive utilization in clinical PET imaging. Other
longer lived positron emitters, such as zirkonium-89 or iodine-124 can be
utilized for imaging processes with slower pharmacokinetics, such as the
antibodies that can travel for days until reaching their target and clearing from
the blood stream.[25] The selection of appropriate radionuclide depends on
the production capabilities, required transportation time, and the process
kinetics under investigation. Moreover, the realistically achievable
radioactivity per mol of the compound, namely molar activity (Am), can have a

21



REVIEW OF THE LITERATURE

tremendous influence on the image signal-to-noise outcome, as was
demonstrated using [*8F]fallypride to image saturable dopamine D2/D3
receptor system.[26]

From the relatively short-lived positron emitters, fluorine-18 has the longest
half-life (109.8 min) in comparison to the radioisotopes carbon-11, nitrogen-
13, and oxygen-15, all of which have half-lives of 20 minutes or less and 68Ga
which has a halflife of 68 minutes. (Table 1). Radioisotopes carbon-11,
nitrogen-13, oxygen-15 and fluorine-18 are all produced with a cyclotron, while
gallium-68 can be produced by cyclotron or by eluting from a generator. The
relatively long half-life of fluorine-18 makes complex and multidose synthesis,
purification, and quality control of the final product possible, as well as flexible
transportation timelines of the radiopharmaceutical, or fluorine-18 itself, from
its production location to an off-site imaging center. Positron emitters copper-
64 and iodine-124, also produced by cyclotron, with half-lives of hours (12.7 h)
to days (4.18 d), respectively, are well suited for the long circulation-time and
slow kinetics of biomacromolecules such as antibodies, as well as
nanoparticles.[27] Radiometals gallium-68, zirconium-89 and copper-64
offer a facile radiolabeling strategy via chelator chemistry, generally applicable
to a kit-like radiolabeling setup. Fluorine-18 has the lowest positron energy
(0.63 MeV) from the above mentioned (0.65-1.9 MeV) radioisotopes, which
results in the positron travelling the shortest distance in the tissue. This short
distance of travel before annihilation is the reason for the high resolution of
the image (1.5 mm) while utilizing fluorine-18 as the positron emitter.[28] It
is often regarded, for the aforementioned reasons, that fluorine-18 indeed has
optimal nuclear properties for positron emission tomography. Small animal
PET imaging has a resolution capacity of 0.7 mm and clinical PET imaging is
at a range of >4 mm. The nuclear properties of the most relevant PET
radionuclides and most common nuclear reactions for their production are
presented in Table 1.[27, 29]

The abundance of carbon, oxygen and nitrogen in organic compounds provide
optimal vehicles for isotopically labeled compounds, enabling the study of
drug metabolism at a single atom level, providing understanding of the
stability, soft-spots and behaviour of pharmaceuticals in a biological system.
Fluorine only rarely is present in organic compounds and is generally used for
substituting a single hydrogen or a hydroxy group, in the structure. A method
widely utilized in medicinal chemistry to substitute a hydrogen or hydroxy
group present in a compound often alters its stability, biological behaviour and
receptor binding, requiring a separate and indepth evaluation of the fluorine-
18/fluorine-19 containing analog in vitro and in vivo.[30]
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2.2 NUCLEOPHILIC ['®F]FLUORIDE

2.21 PRODUCTION BY "80(P,N)'®F NUCLEAR REACTION

Fluorine-18 is a cyclotron produced positron emitter with ideal nuclear
physical characteristics, which can be produced in its -electrophilic
[*8F]fluorine (F+) or nucleophilic [:8F]fluoride (F-) form, by 1802(p,n)!8F(gas)
to produce [8F]fluorine gas or by H»80(p,n)8F(aq) as [*8F]fluoride anion in
aqueous solution.[11] Production of [8F]fluoride by 80(p,n)®8F nuclear
reaction utilizes highly isotopically enriched (=298%) oxygen-18 water (H280)
as a liquid target, which is bombarded with a proton beam, substituting and
subsequently ejecting a neutron from the nucleus, thus forming an unstable
18F-nucleus comprising 9 neutrons (n) and 9 protons (p). This unstable 18F-
nucleus is the lightest unstable nucleus with even p to n number, which decays
by positron emission (97%) and electron capture (3%), and has a halflife of
109.7 min.

No-carrier-added (n.c.a.) [*8F]fluoride offers the optimal starting point for
producing radiopharmaceuticals with high Am. This makes [8F]fluoride well
suited for radiolabeling of compounds used to image even saturable targets
such as receptors. N.c.a. ['8F]fluoride is a prerequisite for radiolabeling by
isotopic exchange for ensuring adequate Am, due to the stable isotopic fluorine
(9F) already present in the non-labeled compound substrate, called the
precursor. Furthermore, stable fluorine-19 is often also leached to the system
generally from the Teflon transportation lines leading to the synthesis unit.
The nucleophilific [18F]fluoride can be utilized in a plethora of radiolabeling
reactions with a variety of requirements for reaction conditions.[11] The
radiolabeling of small molecules with ['8F]fluoride require planning to avoid
altering the chemical characteristics by, for example uncontrolled substitution
to unintended positions.[32] When radiolabeling larger compounds, such as
peptides, particular attention must be paid to the radiolabeling efficiency for
maximizing the signal-to-background ratio and receptor visualization with
higher Am,[26] and to avoiding the degradation of the possible targeting
moiety in the biomolecule due to reaction conditions.

2.2.2 NUCLEOPHILIC RADIOFLUORINATION (Sn2 AND SnAR)

[*8F]Fluoride anion is hydrated by water molecules in aqueous solution,[33]
dramatically decreasing its reactivity, and thus needs to be rendered more
nucleophilic for nucleophilic aromatic substitution (S~xAr) and bimolecular
nucleophilic substitution (Sn2) reactions, by introducing a bulky counterion.
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Conventionally, tetrabutylammoiumhydroxide (TBAOH) is used to form
tetrabutylammoniumfluoride (TBAF), and Kryptofix 2.2.2 (K2.2.2) crown
ether, together with K-COs, rendering reactive and highly nucleophilic but
alkaline formulations of “naked” [18F]fluoride. The bulky counterion makes
the [*8F]fluoride extremely nucleophilic, and accelerates the radiofluorination
reaction speed. Prior to radiolabeling, the water that contains the [8F]fluoride
anion, is azeotropically distilled out together with acetonitrile (ACN), leaving
a dry ['8F]fluoride-Kryptofix complex residue ready for radiolabeling. This
way the fluoride is rendered more reactive towards nucleophilic substitution
reactions requiring anhydrous conditions.[34] The chemical structures of
nucleophilic ['8F]fluoride as a potassiumcarbonate kryptofix complex
(K+/K2.2.2/18F-) and as a “free” anion in ageuous solution coordinated to four
water molecules by F-HOH bonds (F[H20]4), are presented in Figure 2.

18- 18- -
['°FJF ['°FIF (ID
ahe ;
N ANTINTNAN A8E~..

N K* N

NN H\ A
__/

K*/K2.2.2/18F" TBA['®FJF ['®F]F[H20]4

Figure 2. Chemical structures of K*/K2.2.2-complex of ['®F]fluoride, TBA['®F]F and hydrated “inert”
['®F]F[H20ls in aqueous solution.

[:8F]Fluoride, as n.c.a., is used in various aliphatic and aromatic nucleophilic
substitution reactions to produce radiotracers of high Am. For recovering the
nucleophilicity of the [*8F]fluoride hydrated in the aqueous solution,
radiolabeling is generally preceded by azeotropic removal of residual target
water and the nucleophilic reaction subsequently takes place in aprotic polar
solvents. The aforementioned phase transfer catalyst systems K+/K2.2.2/18F-
or TBA['8F]F are the gold standard for traditional formulation of [*8F]fluoride
for nucleophilic subsitutions. Due to the alkaline conditions of
radiofluorinations by nucleophilic substitution in organic solvents,
compounds containing base or solvent intolerant structures need more
sensitive radiolabeling methods. There are several alternatives for modifying
the nucleophilic radiofluorination conditions more suitable for base sensitive
motifs.[35] Eluting the ['8F]fluoride trapped to an anion exchange cartridge in
the opposite direction to the target water flow, in so called “minimalistic
approach, with an ionic precursor in methanol (MeOH) results in reduced base
content in the reaction mixture. Using non-basic mesylate anions for both
preconditioning the cartridge and elution of [:8F]fluoride, enables the addition
of predetermined amount of base to the reaction mixture, increasing expected
radiochemical yields (RCYs). Also, a combination of using mesylate ions for
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preconditioning and for elution of [*8F]fluoride, tert-butanol as the reaction
solvent, together with a mixture with dimethyl sulfoxide (DMSO) or ACN
(16%v/v), resulted in high incorporation yields for base sensitive motifs, such
as a tetrazine.[36] Prosthetic groups, such as 2-deoxy-2-[18F]fluoro-d-glucose
([*8F]FDG) and 5-deoxy-5-['8F]fluoro-d-ribose ([*3F]FDR) can be used for
mild radiolabeling of base sensitive tetrazines, providing glycoconjugates
[18F]fluorodeoxyribose tetrazine ([*8F]FDR-Tz) and [!8F]fluorodeoxyglucose
tetrazine ([*8F]FDG-Tz).[37, 38] Furthermore, the ['8F]fluoride from the
target water can be converted into volatile [*3F]HF in acidic reaction media
and transported by distillation to the reaction vessel containing phosphazine
base, that traps the [8F]fluoride and is ready for Sx2 radiofluorinations as
phosphazene base trapped N-onium hydrofluoride [*8F]P-Et-HF.[35] General
depiction of aliphatic Sx2 (A) and aromatic SxAr (B) substitution reaction
mechanism are presented in Scheme 1.

A)
R® R? - R3
18- 18E, _
[ F]/Fw\ - . R1"'.'ﬂ~., R 19F4Q,,,,,R1 + LG
r? LG rY LG 2
sp® sp

B) <> ~_EWG NEWG|~ EWG
O | — o
+ LG
LG ) LG ) 18
['eFlF- SP’ Sp3-hybridized Sp?
Scheme 1. Reaction mechanism of Sn2 (A) and SnAr (B) substitution reactions. R'-R%; general
substituents, LG; leaving group, EWG; electron withdrawing group.

[8F]FDG is one of the most prevailing imaging agents in nuclear medicine,
with PET imaging applications ranging from oncology to inflammation.
[*8F]FDG is taken up by cells with rapid glucose metabolism, accumulating
into the cells, which cannot expell the modified sugar analogue out, blocking
the natural metabolism route of glucose, due to the substitution of the hydroxy
group at 2-position with [*8F]fluorine. Upregulated glucose metabolism is a
known marker of cancer, making [*8F]FDG an ideal candidate for evaluating
alarming alterations in cellular glucose uptake and metabolism. The
radiosynthesis of [*8F]FDG is executed by typical Sx2 reaction, starting with
the glucose analog precursor, mannose triflate, protected with acetyl (Ac)
groups. The nucleophilic substitution takes place by the attack of the kryptofix
complex-bound [8F]fluoride (K+/K2.2.2/18F-) at the base of the 2-triflate
leaving group, at 85 °C in few minutes. During the nucleophilic attack, the
stereochemistry at the 2-position inverts, as the leaving group and the
attacking group are on opposite orientations of the molecule. The
radiolabeling is followed by either acid or base hydrolysis of the acetyl groups.
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The base catalyzed deprotection takes place at room temperature in minutes,
while the acid catalyzed deprotection requires elevated temperatures. An
example of the radiosynthesis of ['3F]FDG is presented in Scheme 2.[39]

OAc OAc OH
F
9582CF:  EkrK2.22 o} 2N NaOH e}
AcO ——» AcO —» HO
AcO OAc  aAcN8s°C AcO OAc rt., 3 min HO OH
2 min 5F 5F
Mannose triflate Protected ['®FIFDG ['*FIFDG

Scheme 2. FDG radiosynthesis by aliphatic nucleophilic substitution and base catalyzed
deprotection. K2.2.2; kryptofix crown ether, ACN, rt.; room temperature, Ac; acetyl protecting
groups.

2.2.3 ISOTOPIC EXCHANGE RADIOFLUORINATIONS

2.2.3.1 Fluorophilic elements

IE in radiofluorinations utilizes an existing fluorine atom in the compound,
which is replaced by exchanging it with chemically identical isotope, resulting
in isotopologue [9F/18F]-compounds. The maximum theoretical An is directly
influenced by [9F]fluorine in the substrate itself, requiring the radiolabeling
method to provide rapid and efficient incorporation of [8F]fluoride to the
compound, low fluoride contamination from synthesis equipment, and the use
of as low amount as possible of the precursor compound itself.[26] Aluminum,
boron, sulfur and silicon posess low activation energies for forming a bond
with fluorine, and high bond entalphy with fluorine atom, facilitating their use
as radiopharmaceuticals.[13, 40, 41] The bond formed with fluorine is
generally stable, with certain exceptions, and prevents its elimination by
substitution with a hydroxy group in solution. Characteristics of the chemical
bonds of common elements with fluorine are presented in Table 2.
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Table 2. Chemical characteristics of commonly used bonds in radiofluorinations and examples of
their application in PET tracer development.[13]

Bond Dissociation Bond Example radiotracer Application in PET  Ref.
energy (kJ/mol) length
(pm)
C-F 513.8+10 135 ['*FIFDG Glucose uptake, [39]
cancer imaging
Si-F 576.4 £ 17 160 ['®F]SiFA Prosthetic group [42]
B-F 732 130 ['®F]JAmBF3 Prosthetic group [43]
P-F <405 154 ['*FIDBPOF-COOCsHF4 Prosthetic group [16]
Al-F 675 163 ['®F]AIF-NOTA-Bz-TFTE Prosthetic group [44]
S-F 284 156 H-Tyr(['®F]FS)-OMe amino acid [45]

transporter or brain
tumor imaging

DBPOF; di-tert-butyl-organofluorophosphine

2.2.3.2 Organosiliconfluoride acceptor (SiFA)

SiFA radiolabeling offers a rapid incorporation of [8F]fluoride by [19F/18F]-IE
reaction, with remarkable, near quantitative incorporation or RCYs of
[*8F]fluoride to the prosthetic group or the compound of interest.[15] SiFA-
radiolabeling proceeds traditionally in alkaline solution with a Kryptofix
complex K+/K2.2.2/18F- carrying the nucleophilic fluoride, and attacks the
silicon central atom, expelling the stable isotope [9F]fluoride (Scheme 3 A).
[*8F]SiFA-based prosthetic groups were obtained in a kit-like radiolabeling
setup with and incorporation yield of 40-60% in 5 min and with Am of 11-34
GBq/umol, analyzed with radio-high-performance liquid chromatography
(radio-HPLC).[42] A limitation of Si-F radiolabeling chemistry is the
requirement of generally alkaline conditions, resulting from the traditionally
used counter anions, carbonate (CO52-) of hydroxy (-OH), in conditions that
might not be suitable for all target molecules. Miinich method was developed
for a kit-like radiolabeling obviating the use of azeotropic distillation, where
[18F]fluoride is trapped in a strong anion exchange cartridge and eluted with
anhydrous solution of K+/K2.2.2/0H- in ACN, providing a solution ready for
fluorinations as such.[46, 47] Tremendous amount of investigation has gone
to develop stable SiFA-derivates comprising the most stable di-tert-
butylphenylsilane, applicable to protein and peptide radiolabeling when
hydrophilic auxialiries are added to lower the lipophilicity of the resulting
biomolecule tracer.[48] The advances in structural optimization and
promising results of successful SiFA-derivatized biomolecules are pawing the
way for clinical translation.[15] As a down-fall, the bulky tert-butyl groups of
SiFA-compounds result often in an increase in the lipophilicity of the
radiolabeled end-product tracer, influencing the pharmacokinetics of
specifially smaller biomolecules, such as peptides.
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The chemical structures of the most relevant SiFA-prosthetic groups reported
to date, SiFA (R; -SH or -CHO), SiFAlin and heteroaromatic silicon-fluoride
acceptor (HetSiFA™), are presented in Scheme 3 B.

A) 18

o
s| K [BFIKF, K222 i W< E Si-\%
/©/ DMSO 5 min. ’©1/9F ¥ R

ACN, rt z min. ['®F]SiFA

B) 8

Sk

F
é
I / ‘::" ‘;: Y

L)

BF

['®FISIFA [18F]S|FAIm ["®F]HetSIFATM
Scheme 3. A) Radiolabeling of a silicon-fluoride acceptor (SiFA) prosthetic group with isotopic
exchange (IE).[42] B) Chemical structures of ['®F]SiFA, ['®F]SiFAlin and ['®F]HetSiIFA™. X; S, O,
NMez, N(CH2Ph2) and Y; CH, N.
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2.2.3.3 Organotrifluoroborate fluoride acceptor (BF3)

Alkylammniomethyltrifluoroborate (AmBF3) was introduced as the first truly
efficient fluorophilic prosthetic group tolerant of substantial quantities of
water during radiofluorination by IE.[43] Due to the enhanced hydrophilicity
of the zwitterionic structure, the trifluoroborate moiety provides beneficial
characteristics, when renal clearance is preferred, to the radiolabeled target
molecule.[49] AmBF; chemistry is utilized overwhelmingly in one-step
radiolabeling protocols, where the AmBF;-alkyne is conjugated to a compound
of interest by copper-catalyzed azide alkyne cycloaddition (CuAAC), prior to
radiolabeling the whole target structure, generally omitting its use in 2-step
method as a prosthetic group.

In AmBF3-based radiolabeling the nucleophilic [8F]fluoride is used for in
aqueous solution, generally detrimental to (radio)fluorination, due to the
“inertness” of the hydrated form of ['8F]fluoride. The radiolabeling conditions
require heating in acidic conditions (pH 2-2.5), and hence rules out
compounds extremely sensitive to heat or acid.[43] AmBFs-bioconjugates are
obtained in decay-corrected (DC) RCYs of approximately 30% with Am of >111
GBq/umol within 30 min, when performed at 80 °C in a pyridazine HCI buffer
at pH 2.5 (Scheme 4 A). The acid catalyzed deprotection of the pinacol ester
and the proposed mechanism of radiofluorination are presented in Scheme
4 B.[49] Radiofluorination follows the same reaction mechanism, and adding
carrier-fluoride, for example KHF2, would thus lower the RCY(%).
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2.2.3.4 Di-tert-butyl-organofluorophosphine (DBPOF)

Recently a new IE prosthetic group, di-tert-butyl-organofluorophosphine
(DBPOF) fluoride acceptor has been reported.[16] The DBPOF prosthetic
groups are radiolabeled by reacting hydrophosphine oxides with fluoride in
good yields even at room temperature in various combinations of water-
organic solvent such as DMSO. The radiosynthesis is well compatible with
aqueous solutions and applicable to biomolecule radiolabeling. [19F/8F]di-
tert-butyl-organofluorophosphine and its derivatives, organophosphine
fluoride acceptors exhibit excellent stability in vivo. RCY of an astonishing
>97% was achieved in DMSO when heated at 75 °C for 5-15 min, and Am of
0.37-1.85 GBq/umol for the lead prosthetic group 8F-DBPOF, using precursor
amounts of 1 — 3 umol. The chemical structures and general radiosynthesis
conditions of DBPOF-derivatives are presented in (Scheme 5).

ﬁ o}

18

%_Il_ﬂ ["eFIF aq %_p_é{
' - "

Ag./org. solvent

5-15 min
DBPOF 18F.DBPOF
; o F F
|| < q [18F]F aq) ; || < «
18F o
Aq Jorg. solvent
5-15 min F .
DBPOF-COOC4HF, 18F.DBPOF-COOCgHF,

Scheme 5. Radiosynthesis conditions of radiolabeling DBPOF-derivatized prosthetic groups in
aqueous (aq) or organic solvent (for example DMSO) or their mixtures.[16]
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2.2.3.5 Organosulfur(Vl)fluoride exchange (SuFEx)

An emerging isotopic exchange based on sulfur(IV)fluoride exchange (SuFEx)
has been recently reported, enabling radiofluorination by ultrafast click
chemistry in mild conditions.[50, 51] The aryl and heteroaryl fluorosulfate-
based probes were obtained in 83-100% RCY (radio-HPLC) and in Am of 103-
280 GBq/umol in amazing 30 seconds to minutes at or near room
temperature.[50] Zheng et al. reported extremelty high RCYs (»99%, radio-
HPLC) in mere 30 sec at room temperature, using potassium fluoride salt
(K[*8F]F) together with K2.2.2 in ACN (Scheme 6 A).[50] Later, Walter et al.,
reported lower RCYs using similar method in their hands, but successfully
applied a modified method using organic salts in MeOH for eluting
[*8F]fluoride, of which the best performing salt was benzyltriethylammonium
chloride (BnEt3NCl), yielding radiochemical conversions of 65-93% in mild
reaction conditions (23—40 °C), with reaction times of 3—5 min.[45] A general
depiction of reaction conditions in radiolabeling ['8F]F-SuFEx (Scheme 6 A
and Scheme 6 B), together with proposed reaction mechanism of fluoride
exchange (Scheme 6 C), is presented in Scheme 6.[45]

)
Q o . n.c.a ['eF]F- AN o, o
s K*/K2.2.2/18F- Ss7
0// 0 _— o// \\o
K,CO3, ACN

23 °C, 30 sec

A

7\

Elute ["8F]F o °F

B) oL __F N
N 2sL with BnEt;NCI | 2N
l o” ‘o _— _ o” ‘o
// Remove MeOH R/
R ACN, 40 °C, 5 min
18F-
C) w o
o [e]
O F (o] F N
K K| — (YK
@ Yo 1w’ No F o
Intermediate
Scheme 6. Sulfonyl-fluoride exchange (SuFEx) radiolabeling with ['®F]fluoride by isotopic

exchange (IE).[50] A and B) Radiolabeling conditions used in SuFEx reaction, and C) mechanism
of incorporation of fluoride into the structure by isotopic exchange [45, 50]
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2.2.4 PROSTHETIC GROUPS IN RADIOFLUORINATION

Prosthetic groups are generally utilized to deliver a radiolabel, to more
sensitive compounds intolerant of direct radiolabeling. The use of prosthetic
groups is especially important for those substrates, that are pH, solvent, or
heat sensitive, such as serum albumin proteins used for blood pool imaging.
There is an array of functional groups that can be utilized for targeting
biomolecules containing free -NH., -SH and -OH. Several prosthetic groups
for radiolabeling SSTR targeting peptides or serum albumin proteins have
been developed, either to target naturally abundant moieties or synthetically
added functionalities.

Prosthetic groups can be used to radiolabel a variety of compounds from small
molecules to biomacromolecules with n.c.a [18F]fluoride.[52] As an example of
a prosthetic group-based labeling of a receptor —targeted small molecule,
[8F]fluorobenzylamine ([8F]FB-amine) has been used to radiolabel a
selection of cyclooxygenase-2 (COX-2) inhibitors in 20 min at elevated (95 °C)
temperature, with methylsulfonyl (-SOO2=Me) as the leaving group while the
free amine attacks.[53] These relatively harsh reaction conditions are suitable
for robust small molecules. [8F]fluorobenzaldehyde ([*8F]FBA) was used to
radiolabel serum albumin protein chemoselectively, via the conjugation of the
[*8F]FBA to a hydrazinonicotinic acid (HYNIC), in mild reaction conditions in
30 min, where 60 °C afforded the highest radiolabeling yield of fluorine-18
labeled human serum albumin (*8F-HSA), from the tested conditions. For this
method the albumin protein was functionalized with HYNIC moieties from
lysine residual free amines.[54] N-succinimidyl-4-[8F]fluorobenzoate
([*8F]SFB) was [8F]fluorinated with a traditional Sx2 reaction, and developed
for radiolabeling biomolecules, such as serum albumin, via reaction between
an activated N-hydroxysuccinimide (NHS) ester with the lysine amines
residues.[55] [*8F]SiFA-SH was radiolabeled in alkaline conditions at room
temperature via isotopic exchange, and designed to radiolabel proteins, such
as serum albumin by the reaction of the thiol with a preconjugated maleimide
present in the albumin.[42] In Figure 3 and Table 3 are presented typical
prosthetic groups, some of which have been used to radiolabel proteins such
as serum albumins.
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['®FISFB  ['°FIFBA ['SFIFB-Amine ['®F]SiFA-SH

Figure 3. Examples of prosthetic groups used to radiolabel for example biomolecules in mild

conditions. [42, 53-55]

Table 3. Typical prosthetic groups, their RCYs and examples of their use in radiolabeling or
biologically relevant molecules and serum albumin proteins.

Prosthetic Labeling Reactive functional 8F-Compound Ref.
group efficiency groups

(%)
['®F]SFB 30-35 NHS ester to NH2 ['8F]HSA [44]
['®F]FBA 67 +15.7 CHO to HYNIC ['8FIHSA [54]
['®F]FP-Amine 27 £ 11 NH: to SOOMe 8F-labeled COX-2 inhibitors  [53]
[®F]SIFA-SH ~~ 40-60 thiol to maleimide ['®F]SiIFA-RSA - [42]

*HSA; human serum albumin, RSA; rat serum albumin

2.3 INVERSE ELECTRON-DEMAND DIELS-ALDER
CYCLOADDITION

IEDDA is a bioorthogonal cycloaddition reaction where an electron poor
tetrazine and an electron-rich alkyne or alkene, such a TCO, react rapidly and
catalyst-free. IEDDA reaction harnesses the high reactivity of a tetrazine (Tz)
while it reacts with a strained TCO and forms a bicyclic compound as a
product, a concept first proposed by Carboni and Lindsay.[56] The initial
cycloadduct DHP products are slowly oxidized into pyridazines, creating a
product mixture. The Tz-TCO ligation is the fastest IEDDA-reaction reported
to date,[57] and the reaction rate is dependent on the used tetrazine. IEDDA
possesses excellent reaction kinetics and reactivity even in low concentrations,
and is efficient, mild and chemoselective, and has attracted utmost interest in
the fields of chemical biology, nuclear imaging, and radiotracer development.
These characteristics make IEDDA suitable for a plethora of radiolabeling
strategies, from in vitro to in vivo pretargeting.

Initially during IEDDA cycloaddition, 4,5-DHPs are formed, which isomerize
into 1,4-DHPs, reduces (+2 H) cycloaddition products (Scheme 7).[57] The
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metastable 1,4-DHP is subsequently oxidized (-2 H) or aromatized into a
stable pyridazine form. IEDDA is not stereoselective and produces
diastereomers by reacting head-to-head or head-to-tail between the reactive
pair if no steric hindrance is present in the structures. Accelerating the
oxidation process of the DHPs have been attempted with for example applying
ultraviolet irradiation under air atmosphere.[58]
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Scheme 7. General depiction of IEDDA cycloaddtion reaction between a phenyltetrazine and a

TCO.[57]

In comparison to other click-based methodologies, the exquisite reaction
rate (k = 106 M-t s71),[57, 59] and the biocompatibility of IEDDA, has made it
the focal point of click chemistry-based developments for pretargeted PET-
imaging.[60] Pretargeted imaging, where the targeting vector is traced in vivo
with a radionuclide bearing compound, has found exceptional utility with
imaging agents of slow pharmacokinetics, such as antibodies, which when
directly radiolabeled would require the use of long-lived radioisotopes, such
as 89Zr or In, both with ~3-day physical half-lives, to track their
biodistribution in vivo. In the pretargeted approach by IEDDA, the targeting
vector, such as an immunoglobulin G antibody, is first modified with one of
the IEDDA reactants and allowed to distribute in the body after
administration. Next, the location of the modified antibody is tracked using
the other reactant radiolabeled with a short-lived radioisotope, providing
improved image contrast and lower radiation burden to the subject.[60]
Recently increasing efforts have concequently been targeted towards in vivo
pretargeting with IEDDA, to visualize biological processes by radiolabeling the
targeting vector inside the study subject. The radiolabeling of biomolecules
such as antibodies or nanoparticles with a short lived radionuclide in vitro
would likely result in poor image contrast in a reasonable timeframe given the
half-life of fluorine-18 and would require in vitro radiolabeling with a longer-
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lived radionuclide. Therefore, to optimize the image contrast, while
simultaneously lowering the radiation dose to the study subject, pretargeting
in vivo after antibody accumulation to the target site would likely result in best
outcome. The generally applied method in pretargeting is to use TCO as the
targeting vector accumulating on the tissue surface, and a radiolabeled Tz as
the tracer, due to the higher lipophilicity of TCOs and the isomerization of
reactive TCO in vivo by copper-containing proteins to unreactive cis-
cyclooctene, that would result in the cirulation of radiolabeled unreactive and
lipophilic TCO analog in background tissues.[61] If TCO was used as the tracer
instead of Tz, a dominantly hepatobiliary elimination of radioactivity would be
expected, instead of elimination via urinary route due to the higher
lipophilicity of TCOs and a lower image contrast due to higher liver and
intestine uptake could be expected, if no hydrophilic linkers are used. The
timing between the administration of the antibody or a nanoparticle and of the
tracer is a balancing act between TCOs trans-to-cis isomerization in vivo and
of the possible tumor internalization rate of the macromolecule. Additionally,
after antibody accumulation to the target site, pull-down reagents, a third
molecule containing the reactive part of the complementary IEDDA
component, can be used to scavenge the excess of the unbound antibody from
the circulation prior to tracer administration, thus lowering the target tissue
to background contrast, after administration of the rapidly eliminatin
radiotracer.[62] The use of pull-down reagents is valuable in imaging and
importantly can result in significantly lower non-target radiation burden when
used in for example targeted radionuclide therapy applications. Although
IEDDA gives high promise as a powerful tool for pretargeting in vivo, specific
requirements, such as low calculated lipophilicity (clogD,, — 3 or below) of
the tetrazine was shown to have strong correlation with the in vivo
performance in pretargeting TCO-modified CC49 mAb.[63] Applying IEDDA
for in vitro radiolabeling is best suited for relatively small compounds with
rapid kinetics, such as peptides or immunoconjugates of lower My, to ensure
adequate clearance from background tissue and good image contrast. There
are exceptions, such as blood pool imaging with biomacromolecules, such as
serum albumin, where long circulation and radioactivity retention in the blood
pool is preferred.

2.4 EXAMPLES OF SELECTED "®F-LABELED
BIOMOLECULES

2.41 '8F-SERUM ALBUMIN TRACERS

Serum albumin is a negatively charged 66.5 kDa plasma protein, that is
sensitive to heat and many organic solvents, in which the protein loses its
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ordered structure, resulting in so called denaturation of the protein construct.
Serum albumin retains cations such as sodium (Na+*), simultaneously
retaining water, maintains adequate pressure in blood vessels, and is solely
responsible for around 80% of the plasma osmotic pressure.[47] Serum
albumin transports drugs, vitamins, and hormones, among other compounds
and ions, as well as scanvenges reactive oxygen species in the body.[64, 65]
Serum albumin can be utilized for imaging for example blood pool or heart
function. Radiolabeling such important biomolecules would require a
relatively sensitive and targeted radiolabeling strategy, avoiding
compromising the structure and biological function of the biomacromolecule.
The specificity of the pre-modification of the biomolecule with for example
TCO, can have a significant impact on the performance of the resulting
biological radiotracer in addition to the influence of the radiolabeling
conditions. As biomolecules have a conciderable amount of amino acid
residues available, the most straight forward conjugation strategy is using
chemical coupling methods targeting abundant groups such as lysine residues
with NHS esters for delivering the TCO to the biomolecule. This method
results in heterogenious conjugation in the biomolecule structure often both
by conjugation-site and conjugate-number, even though the conjugation is
amino acid specific. An alternative strategy is to use enzymes such as
transglutaminases for catalyzing the generally unreactive y-carboxamide
group of glutamine to react with primary amine group of lysine, forming a
stable isopeptide amide bond. This method results in site-specific conjugation
and subsequently homogenious end-products with better performance in-
comparison to their chemically modified analogs, as has been demonstrated
with antibodies.[66] The site-specific conjugation is driven by the enzymes
capability to recognize the glutamine residue at a sterically non-hindered
location.[66, 67] Several prosthetic groups have been developed in the attempt
to radiolabel serum albumins in mild conditions in vitro or by pretargeting in
vivo, as demonstrated by [:8F]AlF-labeled 1,4,7-triazacyclononane-N,N',N"-
triacetic acid (NOTA) NOTA-Evans Blue (NEB) conjugated probe 18F-AlF-
NEB.[68] 8F-AlF-NEB was used as an albumin-binding radiotracer for
radiolabeling serum albumin in vivo, where its pharmacokinetics closely
resembled the in vitro labeled mouse serum albumin (MSA), used as
control.[68]

N-succinimidyl 4-[18F]fluorobenzoate ([*3F]SFB) is a prosthetic group widely
used for radiolabeling of proteins and peptides for PET imaging. [*8F]SFB can
be produced by a nucleophilic attack of the trimethylammonium group in 4-
formyl-N,N,N-trimethyl benzenaminium trifluoromethane sulfonate, forming
4-[*8F]-fluorobenzaldehyde, which is oxidated in alkaline conditions, yielding
4-[18F]-fluorobenzoic acid intermediate, and converthed to N-succinimidyl 4-
[*8F]fluorobenzoate (['8F]SFB) with N,N-disuccinimidyl carbonate. [*8F]SFB
targets free lysine residues on the albumin protein and is used as such to
radiolabel serum albumins.[44] A thiol (-SH) functionalized SiFA (SiFA-SH)
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is produced by isotopic exchange radiofluorination, forming the radiolabeling
agent [8F]SiFA-SH, that reacts with the maleimido functionalized rat serum
albumin (RSA), resulting in overall RCY of 12% rapidly in 20-30 minutes,
providing a blood pool imaging agent [18F]SiFA-RSA (purity >97%, radio-size-
exclusion-chromatography-HPLC, or radio-SEC-HPLC), with a calculated Am
of 11-34 GBq/umol.[42] [8F]Fluorobenzaldehyde (['8F]FBA) was developed to
react with hydrazinonicotinic acid-functionalized human serum albumin
(HYNIC-HSA) via hydrazone formation. [*8F]FBA was produced from 4-
trimethylammonium benzaldehyde triflate with tetrabutylammonium
bicarbonate in DMSO at 100 °C in 6 min and conjugated to the HYNIC
modified human serum albumin at pH 7.5 with mild heating, producing '8F-
HSA in 30 min.[54] An organofluorophosphine fluoride acceptor, 2,3,5,6-
tetrafluorophenyl-2-(tert-butylfluorophosphoryl)-2-methylpropanoate
(DBPOF-COOC¢HF,), was used to radiolabel human serum albumin (HSA)
with [8F]fluoride by IE, after incorporation of DBPOF prosthetic group
through conjugation to the lysine residues, resulting in 3F-DBPOF-HSA.[69]
A radiometallated RSA analogue was radiolabeled using the same conjugation
strategy to the protein, by first radiolabeling the 1,4,7-triazacyclononane-1,4-
diacetate (NODA) tetrafluorophenylester (TFPE) containing a benzoyl (Bz)
linker (NODA-Bz-TFPE) with [8F]fluoride by aluminum-NODA
complexation, which was followed by conjugation to RSA via lysine residues,
providing [8F]RSA-AIF.[44]

242 "SF-LABELED SOMATOSTATIN DERIVATIVES AND A-
MELANOCYTE-STIMULATING HORMONE PEPTIDE

Small, radiolabeled biomolecules such as peptides, offer potential as highly
selective vehicles for delivering drugs and imaging agents to the target site.
Receptors overexpressed by tumors act as desirable targets for radiolabeled
peptides in nuclear imaging. Majority of melanomas overexpress
melanocortin 1 receptor (MC1R), which has low expression in healthy tissue.
a-MSH peptide, secreted primarily by the pituitary gland, is responsible for
melanocyte control and pigment production in pigmented cells and binds to
MCi1R with high affinity.[70, 71] Synthetic cyclic derivatives of a-MSH resist
in vivo degradation and have been synthesized with click-based chemistry
utilizing IE radiolabeling strategy for radiofluorination. The developed
[8F]AmBF3-derivatized a-MSH peptides resulted in high affinity tracers and
provided high-contrast PET images in C57BL/6J mice bearing B16-F10
tumors,[72] indicating the [8F]AmBF3-alkyne coupled to the a-MSH-azide
peptide were well tolerated in the cyclic peptide structure and in the peptide-
receptor binding process. SSTR family comprises of five subtype receptors
SSTR1 — SSTR5, which are found in several organs, such as the brain and
gastrointestinal tract, where they secrete gastrin, histamine, and stomach acid.
As well as found in normal tissue, SSTRs are overexpressed in several tumors,
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and approximately 80% of neuroendocrine tumors (NETs) overexpress
SSTR2, making it an important target for imaging and therapeutic
purposes.[73] Hence the development of peptide-based radiotracers targeting
SSTR2 with TOC and TATE, synthetic analogues of somatostatin, that
expresses strong affinity to SSTR2, are under intense investigation. Several
radiometallated 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic  acid
(DOTA) chelated derivatives of TOC/TATE have been developed for clinical
theranostic purposes as 77Lu/98Ga-DOTATOC and 177Lu/¢8Ga-DOTATATE
pairs.[74] Continuing attempts for introducing a positron emitter with near
optimal nuclear properties, such as longer half-life and shorter positron range
than gallium-68, has led to the development of 8F-SiFAlin-TATE and 18F-
AmBF;-TATE, which have both entered clinical trials. AmBF3-alkyne has been
used to functionalize and then radiolabel several biomolecules such as Tyrs3-
octrotate and for example a-melanocyte stimulating hormone peptides.[75]
The peptides were radiolabeled with good RCYs (20 — 25%,), Am (111
GBq/umol, 79 GBq/umol) and demonstrated high and specific tumor uptake
60 minutes p. i. (AR42J baseline 10.11 + 1.76 %ID/g vs. blocked 0.32 + 0.21
%ID/g, and B16/F10 baseline 7.80 + 1.77 %ID/g vs. blocked 1.97 + 0.60
%ID/g), respectively, verifying the prosthetic group, and radiolabeling
conditions did not compromise the structural integrity of the peptides.[49, 76,
771 A fluorine-18 radiolabeled SSTR2 targeting peptide, !8F-
fluoroethyltriazole-Tyr3-octreotate (8F-FET-BAG-TOCA), was radiolabeled
with the 2-['8F]fluoroethylazide prosthetic group using click chemistry by
CuAAC, and when evaluated in humans for neuroendocrine imaging, provided
high tumor-to-background contrast images.[78] In addition to the clinically
tested 18F-FET-BAG-TOCA, one of the most prevalent competitors for SiFA
and AmBF; -derivatized fluorine-18 radiolabeled TATE/TOC tracers is using a
macrocyclic chelator, typically NODA or NOTA, to bind ['8F]fluoride with
aluminum, where first [18F]AIF is formed and then bound to the precursor via
the chelator. This method has been used successfully in producing [8F]AIF-
NOTA-octreotide in good RCYs for preclinical evaluations (RCY 50 + 2%), in
good manufacturing practices compliant setup (RCY 26.1 + 3.6%), and with
radiolabeling efficiency reaching up to 83 + 19% in optimized conditions at 60
°C.[79-81] The compatibility of the AlF-chelator approach with aqueous
reaction conditions, the resulting high yields and Am of the final peptide tracer
and the suitability to a kit-based setup, make ['8F]AIF a strong competitor for
radiopeptide production with fluorine-18. The elevated temperatures (100 —
120 °C) required for forming the [8F]AIF-NOTA complex can be circumvented
and the required chelating temperature lowered (40 °C) by changing the used
macrocyclic chelator to an acyclic one when radiolabeling heat sensitive
biomolecules.[82] Optionally a two-step method can be applied, as
demonstrated in the RSA radiolabeling with [8F]AIF-NODA-Bz-TFPE.[44]
The small structural difference of TOC and TATE, from alcohol to carboxylic
acid group, results in quite dramatic change in receptor affinity, the tenfold
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higher affinity of TATE in vitro to SSTR2 (Figure 4). In Table 4 is presented
relevant data TOC and TATE analogues evaluated in vivo to date.

.............

Tyr3-octreotide (TOC) Tyr -octreotate (TATE)

Figure 4. Chemical structures SSTR2 targeting TOC and TATE octapeptides.
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2.5 METABOLIC STABILITY OF FLUORINE-18 IN
RADIOPHARMACEUTICALS

2.5.1 FLUORINE IN ORGANIC COMPOUNDS

In drug design, the incorporation of fluorine into a compound traditionally
serves several purposes, such as tailoring the elimination route, distribution,
target binding and metabolism of the compound.[32] By substituting selected
metabolically sensitive substituents at a labile position in a compound with
fluorine, can enhance its metabolic behaviour by deactivating or blocking a
possible hydroxylation site. A hydrogen or a hydroxy group is generally
substituted with fluorine, due to the expected minimal steric effect, arising
from the similarity of van der Waals radiuses (fluorine; 147 pm, hydrogen; 120
pm, oxygen; 157 pm) of the functionalities, simultaneously providing
enhanced stability. The metabolic stability of C-F bond can in part be
explained by one of the highest bond strengths of carbon-to-heteroatom
available (C-H; 99 kcal/mol, vs. C-F; 116 kcal/mol).[30] By substituting a
hydrogen with fluorine in a compound can result in changes in electronic
properties that alter the pKa, in metabolism, and in target binding of the
molecule, features that require investigating after the hydrogen-to-fluorine
exchange.

2.5.2 ANALYSIS METHODS IN DRUG METABOLISM STUDIES

The identification of metabolites that form after administration of a
pharmaceutical compound, is an avenue towards understanding the in vivo
behaviour, anticipated accumulation sites and elimination route of the
pharmaceutical. Computational drug discovery is used to find or to optimize
the lead candidates prior to metabolism studies, thus reducing the time, labour
and cost of the drug development process.[85] Metabolism studies are crucial
for understanding the elimination of the pharmaceutical and for the
development of more robust and metabolically stable drugs. Isotopically
labeled compounds, whether labeled with stable or radioactive nuclides aid in
this quest.[86] Understanding the weaknesses and strengths in a drug
compound structure, enable the optimization of their pharmacokinetics, in
vivo stability, receptor binding and elucidating their mechanism of toxicity.

The metabolism of a drug candidate is screened by in vitro methods, such as
incubation in hepatocytes, microsomes or S9 fraction. The formed metabolites
are then analyzed with liquid chromatographic methods using a variety of
detectors (ultraviolet; UV, diode-array-detector; DAD, and mass
spectrometry; MS) for assessing the metabolites quantitatively.[87] high-
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resolution mass spectrometry (HRMS) provides a robust tool for studying the
chemical structures of the parent compound and its formed metabolites in
detail, providing information of exact mass and of the elemental composition
of the compounds and structural information by generated fragment ions. The
superior resolving power of HRMS coupled to ultra-high performance liquid
chromatography (UHPLC) techniques, compared to other mass spectrometry-
based methods, provide the possibility to gain such detailed information.[88]
Together with nuclear magnetic resonance (NMR) spectrometry, positional
isomers, in addition to substitution sites, in example on an aromatic ring, can
be verified.

In addition to these gold-standard methods, radiolabeled isotopes provides an
avenue towards complementary evaluation by radiodetection methods (radio-
HPLC) of the stability of a certain atomic position, with chemically identical
isotopes such as carbon or tritium.[89] The stable isotopes (carbon-12,
hydrogen) found in the studied compound can be substituted with stable
carbon-13 or deuterium, or with a radioactive analogue (carbon-14, tritium)
for rapid evaluation of the elimination and biotransformation of the
compound in physiological conditions in wvitro or in vivo.
Radiopharmaceuticals are subject to certain analysis methods providing
information specifically of the radionuclides faith. Radionuclides with long
half-lives, carbon-14 (ti/2 = 5730 y) and tritium (/> = 12.4 y) are applied for
studying target binding and biotransformation in drug development, utilizing
autoradiography, a quantitative ex vivo method able to localize the
radioactivity distribution over a tissue section.[86, 89] Radiodetection
methods such as radio-thin-layer chromatography (TLC) and radio-HPLC are
also applied for metabolite studies by quantitating the radioactivity
distribution, indicative of the number of radioactive compounds present.[90]
Radiodetection methods such as gamma counting and PET or SPECT imaging,
provide information on the stability (for example bone uptake), distribution
and receptor binding of the radiolabeled compound as a distribution of the
radioactivity, without information of the chemical structure of the radioactive
compound, making the aforementioned methods highly complementary.

2.5.3 DEFLUORINATION OF '®F-LABELED RADIOTRACERS

Oxidative defluorination belongs to phase I metabolic transformation pathway
and is typical for organofluorine compounds bearing aromatic and aliphatic
functionalities. Organofluorine compounds exhibit high stability and thus
generally persist in the environment. In cytochrome P450 (CYP450) mediated
oxidations monooxygenases transfer one oxygen atom to the substrate and
nicotinamide adenine dinucleotide phosphate (NADPH) functions as the
electron donor, while simultaneously one water molecule is cleaved off the
oxygen molecule.[91] CYP450 monooxygenase catalyzed defluorination of
fluoroaromatics has been widely studied and a generally accepted mechanism
involves electrophilic attack of iron(IV)oxide on the substrate, generation of a
quinone, which can be reduced to a phenol, and the fluoride releases while the
iron oxide bond is cleaved.[92] Aromatic C(sp?) and primary aliphatic C(sp3)
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C-H bond dissociation energies are nearly equally high (aromatic; 473 kJ/mol,
aliphatic 424 kJ/mol), but they proceed via different mechanisms, explaining
the tendency of a substrate to oxidize at the aromatic ring, if available. It is
hypothesized that the hydroxylation of a sp3-carbon takes place by a homolytic
cleavage, where each departing component harbours one electron, forming
two radicals, whereas aromatic oxidation proceeds via the quinone
intermediate. The bond dissociation energy is determined by the carbon
radical stability.[91]

Radiodefluorination is a phase I metabolism reaction mediated by CYP450
isoenzyme 2E1 by the liver microsomes.[93] Defluorination of a radiotracer
leading to the subsequent accumulation of [!8F]fluoride to the bone
hydroxyapatite in vivo,[94] is highly undesirable, resulting in lower image
contrast, higher radiation burden and even oxidative stress to bone and bone
marrow. In radiotracers administered at “trace amounts”, [8F]fluoride is
released at nanomolar scale, and most likely causes no long-term adverse
effects, and mainly causes concern due to radiation burden off-target and by
disrupting the background-to-contrast ratio of the PET image.

SiFA-derivatized compounds, have been vastly studied for the 8F-hydrolysis
phenomenon and several structural alterations for SiFA-derivates have been
executed and higher stability has been achieved.[95, 96] The studies around
the substituent effect on the silicon-central atom and fluoride stability, has led
to the shift from diphenyl substituents, via dipropyl substituents all the way
to the most stable di-tert-butyl analogues extensively used currently.[97] In a
study by Schirrmacher et al, mono-tert-butyl['8F]triorganofluorosilane
exhibited faster defluorination, detected as bone uptake, than the di-tert-butyl
substituted analog, di-tert-butyl['8F]triorganofluorosilane, evaluated by PET
imaging (Figure 5 B, C).[96] The introduction of the more stable di-tert-
butyl-SiFA derivatives motivated further efforts to develop various silicon-
fluoride acceptors as radiolabeling tools. HetSiFAs were developed as
alternatives for traditional SiFA building blocks, with lower lipophilicity.[16]
The chemical structures of SiFA-derivates, DBPOF-derivate and
trifluoroborate ArBF;-derivative, together with their bone uptake values,
demonstrating both high and lower in vivo stability of the radiolabel in the
tracer, are presented in Figure 5.
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REVIEW OF THE LITERATURE

The hydrolytic cleavage of fluoride from the siliconfluoride acceptor has been
hypothesized to follow the same path as a general Sx2 reaction. Due to the
larger covalent radius, the nucleophilic substitution is more favored in silicon
compared to a carbon central atom, and bulkier steric substituents are
required to shield the SiFA-group from defluorination by nucleophilic
substitution, hence the introduction of the tert-butyl groups. The proposed
hydrolysis of a silicon-fluoride acceptor, leading to defluorination, is
presented in Scheme 8.[97]

H

R' R' (|3 R c|’_ R! OH
s|i +H,0 s|i +2 H,0 W W | Hy0" -J H,0, F
R e R r, ? R’ls ~r R T
! 3 S | - SN R4 R
R R H,0 ) R "H,0 R H,0 R3

Scheme 8. Proposed hydrolysis mechanism leading to defluorination of an organofluorosilane by
Sn2 reaction.[97]
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AIMS OF THE STUDY

3 AIMS OF THE STUDY

The primary objective of this study was to develop chemoselective fluorine-18
radiofluorination reagents for mild radiolabeling of sensitive biomolecules, to
evaluate the stability of the radiolabeling reagents and the performance of the
radiolabeled biomolecules in vivo. The aims were devided into the following

subprojects:

() Develop prosthetic groups suitable for radiolabeling by isotopic
exchange and use them to radiolabel serum albumin and SSTR2
targeting TOC by IEDDA

(I) Investigate the stability of the prosthetic group and the
radiolabeled biomolecules in vitro

(III) Evaluate the performance, stability and biodistribution of [8F]F-
prosthetic groups and, ['8F]fluoroalbumin and Tyr3-octreotide
analogs utilizing ex vivo biodistribution methods and PET/CT
imaging

(IV) Investigate the in vitro radiolabeling conditions by IEDDA and to

convert the DHP cycloadducts to pyridazines using Tyr3-octreotide
analogs
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4 MATERIALS AND METHODS

4.1 EQUIPMENT, REAGENTS AND CONSUMABLES

All reagents were purchased from commercial vendors and used as such
without further purification unless otherwise noted. Ultrapure water (18.0
MQ, at 25 °C, 2 parts per billion of total organic carbon) was produced with a
Milli-Q Integral Water Purification System (Merck Millipore, Burlington, MA,
USA). Detailed descriptions of chemicals, reagents, consumables,
instrumentation, methods, chemical synthesis, radiosynthesis in vitro, ex
vivo, in vivo evaluations and other study details are reported in the original
publications (I-IV).

Prosthetic groups and reference compounds for radiolabeled tracers were
synthesized at the Department of Chemistry, University of Helsinki, Finland
(I, III, IV). The synthesized compounds were characterized with NMR
spectroscopy and mass spectrometric methods. NMR measurements were
carried out with Varian 300 MHz NMR (I), Bruker Avance NEO 400 NMR
spectrometer (III, IV), Varian Unity Inova 500 NMR spectrometer (I) or
Bruker Avance NEO 600 NMR spectrometer (I). Chemical shifts were
referenced to tetramethyl silane (TMS) at § = 0.0 ppm or to the deuterated
solvent residue signal.

Mass spectrometric measurements were conducted with three different
instruments. A Bruker Micro TOF with electro spray ionization (ESI) was used
in study I. HPLC-DAD-ESI-MS analysis was done using Agilent Technologies
1260 Infinity HPLC-DAD system, equipped with Waters Atlantis® T3 3 um
C18 100 A, LC Column (4.6 x 150 mm), together with Agilent Technologies
6120 Quadruple LC/MS detector with heated electrospray ionization (HEST)
on positive ion mode and scan range of 100-2000 m/z (III, IV). UHPLC-
HRMS analysis was done using Orbitrap fusion UHPLC Thermo Scientific
Dionex Ultimate 3000 ultrahigh performance liquid chromatography
(Germering, Germany), equipped with a Waters ACQUITY UPLC BEH Ci18
column (2.1 x 50 mm, 1.7 um), and coupled to Thermo Scientific Orbitrap
Fusion mass spectrometer (San Jose, CA, USA) using HESI in the positive or
negative ion mode and scan range of 70-2000 m/z depending on the study
(IT-IV). High-performance liquid chromatography was carried out using a
Shimadzu HPLC DGU-20A degasser unit, an LC-20AD UPLC LC unit, a SIL-
20A HT autosampler, a CTO20 AC column oven, a CBM 20A communications
bus module, a Scionix Holland scintillation detector with a 51 BP 51/2 Nal(Tl)
crystal and a SPD-M20A diode array detector (I-IV). The chromatographic
separations with HPLC were executed with Waters Symmetry semi-
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preparative C18 column (300 x 7.8 mm, 7 um) (I), Phenomenex BioSep SEC
$3000 size exclusion column (I), Phenomenex Kinetex® 5 um C18 100 &, LC
Column 250 x 10.0 mm (III, IV), HiChrom (Alltech) Alltima® 5 pm C18 100
A, LC Column 250 x 10.0 mm

No-carrier-added [8F]fluoride was produced in-house from 180-enriched
water ([180]H-=0) with (p,n) reaction by bombarding H-180 with 10 MeV
protons on an IBA Cyclone 10/5 (Louvain-la-Neuve, Belgium) medical
cyclotron at the Radiochemistry Unit at the Department of Chemistry,
University of Helsinki (I, ITI, IV). The 180-enriched water, Hyox-18 (isotopic
purity >298%) or Water-O18 (isotopic purity =97%), were purchased from
Rotem Industries Limited (Arava, Israel) and Campro Scientific (Berlin,
Germany), respectively. The preclinical radiotracer formulations for PET
imaging were produced at the Radiochemistry Unit at the Department of
Chemistry, University of Helsinki and the PET image acquisitions were
executed at Turku PET Centre at the Department of Chemistry at University
of Turku (III).

4.2 SYNTHESIS OF PRECURSORS AND REFERENCE
COMPOUNDS

The tetrazine prosthetic groups were synthesized in-house from commercially
available reagents (I, III). Bovine serum albumin was used as received and
modified with TCO-PEG4-NHS ester from free lysine residues. Aminooxy-
modified TOC and a-MSH peptides were purchased as a custom synthesis
service from CSBio (Kelly Ct, Menlo Park, CA), and further modified in-house
with TCO-aldehydes (III, IV). Detailed descriptions of synthesis, purifications
and characterization of the compounds can be found in original publications
I-IV.
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4.21 PROSTHETIC GROUPS

SiFA-Tz (I) was synthesized with a synthesis route described in Scheme 9.

Tetrazine amine (9.1) was coupled to the t-butoxycarbonyl (¢-boc) protected
carboxylic acid (9.2) using HATU as the coupling reagent, purified with liguid-
liguid extraction and silica gel column chromatography. The product 9.3 was
analyzed with *H NMR and 3C NMR. The t-boc protected tetrazine derivative
(9.3) was deprotected with 1 M HCI in MeOH and diethylether at +4 °C,
evaporated to dryness and the deprotected tetrazine oxyamine (9.4) was used
as such in an oxime-bond formation between a SiFA-aldehyde (9.5) to form
SiFA-Tz (9.6), which was purified with two Sep-Pak Cis Light cartridges and
by HPLC. Compound 9.6 was analyzed with *H NMR, 3C NMR, 9F NMR, ESI-
TOF MS and UHPLC-HRMS. Detailed descriptions of characterization are
found in study I.

=
i + pe pe
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o) .

OH
o % g5 o
9.2 i
NH, NH . NH SiFA Oﬁ)
1 i jii NH
1 \N NI \N " N
NN NN NN NN
NN
9.1 9.3 9.4 9.6
SiFA-Tz

Scheme 9. Synthesis of SiFA-Tz. Reaction conditions used: i) HATU, DIPEA, DMF, 20 h, argon,
i) 1 M HCI Et20 25 °C, 24 h, MeOH and iii) aniliniumacetate-buffer pH 4.6, 25 °C, 15 min.

AmBF;-Tz (ITI) was synthesized with a stepwise protocol depicted in Scheme
10.

Tetrazine NHS (10.1) ester was coupled to 1,2-dimethylethylene diamine
(10.2) under argon. The resulting product 10.3 was purified with a Sep-Pak
Cis Plus short cartridge (Waters, MA, USA) and analyzed with *H NMR.
Compound 10.3 was reacted with iodoboron pinacole ester (10.4), again
under argon overnight, washed with diethyl ether to remove excess pinacol
ester, evaporated to dryness and analyzed with 'H NMR. The resulting
compound (10.5) was heated to 70 °C for 30 min for fluorination of the
pinacol, forming a trifluoroborate tetrazine (10.6), which was purified with
two parallel SPE Cis Plus cartridges.
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Compound 10.6 was analyzed with tH NMR, 1B NMR, :3C NMR, 9F NMR and
UHPLC-HRMS. Detailed descriptions of characterization are found in study
II1.

NN NN NN N

) [0 | 1) ! I\ | 1)

Ny N Ny N Ny N Na

10.1 10.3 10.5 10.6
AmBF;-Tz

Scheme 10. Synthesis of AmBF3-Tz. Reaction conditions used: i) DCM, argon, ii) ACN, argon, and
iii) 1153 pL of DMF, 387 uL of water, 577 pL of 4 M HCI, 577 pL of 3 M KHF2, 70 °C for 30 min.

AmBF;-PEG4-mTz was synthesized as a comparison compound in
radiolabeling of TOCs, and was earlier developed originally by Liu, and its
synthesis starting from AmBF;-alkyne has been earlier reported in the M. Sc.
thesises of Iida Kuurne (neé Hirsso) and Tatu Martinméaki and in original
publication IV. AmBF3-PEG4-mTz was synthesized in-house and used for
radiolabeling with TCO-modified TOC peptide (IV).

4.2.2 TRANS-CYCLOOCTENE-FUNCTIONALIZED BIOMOLECULES

The biomolecules were purchased from commercial vendors and used as such
(Bovine Serum Albumin, study I) or ordered custom made (aminooxy-PEGs-
peptides, studies III-IV). Albumin was modified from lysine residues on the
protein structure with TCO-PEG4-NHS ester and characterized with MALDI-
MS (11.5, I). The custom modified peptides were purchased with a PEG-linker
and an aminooxy-functionality for a rapid and mild oxime bond formation
with the selected aldehydes. The TCO-aldehydes were either purchased from
commercial vendors (TCO-PEGs-aldehyde 11.4, commercial) or synthesized
in-house (TCO-aldehyde 11.3, TCO-CHO, synthesized in-house, III).
Aminooxy-functionalized peptides were further modified, TOC with TCO-
CHO (11.3) or TCO-PEG;-aldehyde (11.4, III, IV), and a-MSH with TCO-
PEGs-aldehyde (11.4, unpublished data) in 0.3 M anilinium acetate buffer at
pH 4.6 (Scheme 11), followed by analysis with mass spectrometric methods.
The details of synthesis, purification and characterization are found in original
publications ITI-IV.
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MATERIALS AND METHODS

4.2.3 BIOCONJUGATION WITH IEDDA

The TCO-modified biomolecules were conjugated with the selected tetrazines
as reference compounds for the radiolabeled biomolecules. TCO modified
bovine serum albumin (BSA), albumin-TCO (11.9) was conjugated with SiFA-
Tz (9.6) as a reference compound for the radiolabeled analogue, and the
albumin-conjugate (12.1) was analyzed with size-exclusion-chromatography
(SEC) by HPLC-DAD (I). TCO-peptides (11.10, 11.11, and 11.12) were
conjugated with AmBF;-Tz (10.6) in aqueous (=95% water) solution, for
producing the peptide-conjugates AmBF;-PEG4-TOC (12.2), AmBF3-PEG,-
TOC (12.3), and a-MSH-PEG;-TOC (12.4) as reference compounds (Scheme
12). The formed peptide conjugates were analyzed with HPLC-DAD-ESI-MS
or UHPLC-HRMS (II1, IV).
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MATERIALS AND METHODS

4.3 RADIOLABELING

4.3.1 PROSTHETIC GROUPS WITH ISOTOPIC EXCHANGE

[8F]Fluoride (no-carrier-added) was produced with Cyclone 10/5
cyclotron (IBA, Louvain-la-Neuve, Belgium) in-house with a 180(p,n)8F
nuclear reaction, by bombarding oxygen-18 enriched target water (H2:80)
with 10 MeV protons. All radiosynthesis was carried out inside a
semiautomatic synthesis unit (DM Automation), integrated to a
preparative HPLC system. SiFA-Tz (9.6) and AmBF3-Tz (10.6) were
radiolabeled by IE providing the corresponding radiolabeled prosthetic
groups [8F]SiFA-Tz ([*8F]9.6) and ['8F]AmBF;-Tz (['8F]10.6) (Scheme
13).

['8F]SiFA-Tz (['8F]9.6). The radiosynthesis was tested in two different
methods, by one-step and two-step protocols. For the radiosynthesis of
[8F]SiFA-Tz, the nucleophilic [8F]fluoride trapped with a quaternary
methylammonium (QMA) Light ion-exchange cartridge was eluted with
alkaline = K*/K2.2.2/['8F]F-complex solution, and evaporated
azeotropically to dryness with anhydrous ACN. The one-step method
comprised of radiolabeling SiFA-Tz (9.6, 500 ug, 1.0 umol) in 500 uL of
anhydrous ACN by incubating for 2 min (25 °C), and the reaction was
quenched by diluting with anhydroys ACN (500 upL). The two-step
method comprised of radiolabeling the prosthetic group SiFA (9.5, 280-
350 ug, 1.0-1.3 umol) in anhydrous ACN (0.5 mL incubated for 2 min, 25
°C), followed by the oxime bond formation between SiFA (9.5) and the
tetrazine oxyamine (9.4, 700 ug, 2.4 umol) in 0.3 M anilinium acetate
buffer pH 4.6 (200 pL) and ACN (50 pL), at room temperature in 15 min.
[8F]9.6 was purified with preparative HPLC coupled to the semi-
automated synthesis unit inside the hotcell.

['8F]AmBF;-Tz ([18F]10.6). The radiosynthesis was conducted in acidic
aqueous solution with nucleophilic [8F]fluoride. [*8F]fluoride was
trapped on a Chromafix 154 PS-HCO; ion-exchange cartridge. Two
solvents were tested for eluting the trapped [8F]fluoride from the resin;
1) 0.9% NaCl (150 uL) or 2) pyridazine HCI buffer, pH 2.0 (100 pL), into
the tube containing the tetrazine. 0.9% NaCl was concentrated at 125 °C
under argon gas flow until 10-25 pL reaction volume was reached.
Tetrazine (100 nmol) in 5 puL of ACN was added into a polypropylene tube
containing 10 uL of pyridazine HCI buffer (pH 2.0). The reaction mixture
was heated for an additional 10 minutes at 85 °C and quenched with 600
uL of H-O:EtOH (50:50). When using the buffer, the mixture of 10.6 and
pyridazine HCI buffer was concentrated by heating at 85 °C and under
argon gas flow (20 mL/min), facilitating the radiolabeling when reaction
volume reached tens of microliters. After 15 minutes the crude reaction
mixture was quenched with water (600 uL) and purified with a Sep-Pak
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Cis Light cartridge. The chemical structures of the prosthetic groups
together with the radiolabeling conditions are depicted in Scheme 13.

A} B)

i
Si_
*HCI  Step one IE f©/ K | - F IL/\E‘EF
NH, ] \P I N > IF
oz siF N Ik JAAN:
o I/Q/ =~ o HN HN
N q oy’

o 0 18FJ/in NaCl o]
NH e NH [F1
Step two
(ii) Pyridazine HCI
buffer (pH 2)

NN § : : 85°C, 10 min :‘:
W NN g ~F
Nt NN ['eF]AMBF ;-Tz
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Scheme 13. A) Radiosynthesis of ['®F]SiFA-Tz was executed in two steps; isotopic exchange (IE),
followed by oxime bond formation. i) ACN, K*/K2.2.2/'®F-, 25 °C, 2 min ii) 4 + Anilinium acetate
buffer pH 4.6 at 25 °C, 15 min. B) Radiosynthesis of ['®F]JAmBF3-Tz was done in one step using
acidic conditions and elevated temperature.

4.3.2 BIOCONJUGATION WITH IEDDA

[8F]SiFA-Tz ([*8F]9.6) and [®BF]JAmBF;-Tz (['8F]10.6) were used as
prosthetic groups for radiofluorination of TCO-biomolecules in mild
conditions.

[*8F]Fluoroalbumin ([*8F]12.1). HPLC purified ['8F]SiFA-Tz ([*8F]9.6) was
added to the lyophilized albumin-TCO (350 g, 4.3 nmol) and incubated at
room temperature for 15 min. The produced [8F]12.1 was purified by
ultrafiltration (10 000 g, Eppendorf Centrifuge 5430, Ag, Hamburg) with
molecular weight cut-off (MWCO) filters (30K, VWR® Radnor, PA, USA) with
0.01 M phosphate-buffered saline (PBS) as the eluent.

A general procedure for radiosynthesis of peptide tracers
[*8F]IAmBF;-PEG4-TOC ([18F]12.2), ['8SF]AmBF;-PEG,-TOC, (['8F]12.3)
[*SFIAmMBF;-PEG-a-MSH ([:8F]12.4) and [*8F]JAmBF;-PEG-mTOC
([*8F]12.5). TCO functionalized peptide (50 nmol in 20-50 yuL of water) was
added into the reaction mixture (20 pL) of the radiolabeled tetrazine and
heated at 60 °C for 15 minutes. The reaction mixture was diluted with water
and purified with two C18 cartridges by washing with ultrapure water and by
eluted with ethanol (150 uL), followed by 0.01 M PBS (200 pL). The purified
peptide solution was diluted with 0.01 M PBS to constitute < 5% ethanol for
intravenous administration.
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An example of radiolabeling with IEDDA executed in this study is presented
in Scheme 14 between TCO-PEG,-TOC (11.11) and [8F]JAmBF3-Tz
(['8F]10.6), affording ['3F]AmBF3-PEG,-TOC (12.3) in full conversion.

NH, ¢! 5
HO @ 5—NH ~
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['®F]IAmBF;-Tz-PEG,-TOC

Scheme 14. General depiction of radiolabeling of TCO-modified TOC with ['*FJAmBFs-Tz
(['®F]10.6) IEDDA providing ['®F]JAmBF3-PEG7-TOC (['®F]12.3).

4.3.3 CONVERSION OF DHPS TO PYRIDAZINES DURING IEDDA

The tetrazine (100 nmol) was radiolabeled with the general method described
earlied (III, IV). After radiolabeling, the temperature of the reaction mixture
was adjusted to 60 °C and the TCO-modified peptide (50 nmol, in 500 uL of
water) was added to the reaction vial containing the crude radiolabeled
tetrazine. The reaction mixture was heated for maximum 20 minutes at 60 °C
in aqueous solutions (95:5 %v/v of H-O:ACN), diluted with 8 mL of water, and
inserted to two SPE Cis cartridges assembled parallel. The cartridges were
washed with water (40 mL), then 20% EtOH (3 mL) and the radiolabeled
peptide was eluted with ethanol (400 pL) and 10 x PBS (400 uL) pH=7.4. The
purified product was diluted with water to constitute 1 x PBS and analyzed
with radio-HPLC (IV).
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4.4 IN VITRO EVALUATION

In vitro evaluation of the radiotracer stability was conducted with hydrolytic
stability studies in its injection formulation or in 1 x PBS. Enzymatic stabilities
were studied with human or mouse plasma incubation experiments. The
specific binding to SSTR2 of novel TOC radiotracers were additionally
evaluated in SSTR2-overexpressing AR42J tumor cell line. The radioactive
samples were analyzed with either radio-TLC, radio-HPLC or gamma counting
methods. The stable isotope (19F) containing samples from the mouse liver
microsome (MLM) mediated metabolism studies were analyzed with HRMS.

4.41 LIPOPHILICITY AND IN VITRO STABILITY

The LogD;.4 values were determined by shake-flask method as a distribution
profile between octanol and PBS. The distribution of the radiotraces between
octanol and PBS was calculated according to equation

A
LogD, 4 = Log AOCT

PBS

where Aoct=activity of octanol and Apss=activity of PBS in the sample. The
detailed description of the LogD,., determination is described in original
publication I, IIT and IV.

In order to evaluate the hydrolytic stability, the selected radiotracer was
incubated in 1 x PBS at ambient temperature in a microtube with shaking (400
rpm). At selected time points samples were analyzed with radio-HPLC or TLC
for analysis methods (I, ITI).

The enzymatic stability of selected radiotracers was studied by incubating in
50% human plasma-PBS (I, IIT) or mouse plasma (I) at 37 °C. The human
plasma was received from Finnish Red Cross Blood Service, Helsinki, Finland
(anonymous donor FFP-24, permission 33/2018). Mouse whole blood from
healthy CD-1 mice was collected from a cardiac puncture after Co:
asphyxiation and cervical dislocation. Mouse plasma was separated from
mouse blood cells by centrifugation (1000 x g, 10 min). At selected time points
a sample was diluted with twice its volume of cold ACN and centrifuged
(10 000 x g, 5 min). The radioactivity distribution between the precipitated
pellet (protein-bound fraction) and the supernatant (free fraction) were
measured with a gamma counter, after which a sample from the supernatant
was analyzed with radio-HPLC.
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4.42 MOUSE LIVER MICROSOMAL STABILITY

4.4.2.1 Study outline

Phase I and phase II metabolites of the cold reference compound SiFA-Tz
were generated in vitro in mouse liver microsomes (MLMs), that contain
several enzymes needed for metabolism of compounds in vivo (IT). The
microsomal solutions were prepared abiding the manufacturer instructions
(Liver microsomes prepared from a pool of male CD-1 mice, 20 mg/ml, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). Phase I metabolites were
generated in a suspension of MLMs in 100 mM potassium phosphate buffer
containing the cold reference and in the presence of 20 mM NADPH at 37 °C.
Phase II metabolite suspensions contained the cold reference, MgCl., MLMs,
alamethicin (5 mg/mL) in DMSO, uridine diphosphate glucuronic acid
(UDPGA) and NADPH and the samples were incubated at 37 °C. Phase I and
phase II reagents and co-factors are presented in Table 5. For negative
controls the following samples were prepared: samples with all co-factors for
0 min. (control 1), samples without SiFA-Tz and UDPGA for 0 min (control
2), samples without NADPH for 240 min (control 3), and samples without
microsomes for 240 min (control 4). The reactions were terminated with equal
volume of cold ACN, vortexed, centrifuged (3000 rpm, 5 min), supernatants
separated from the pellet and filtered (0.22 um PVDF sterile filter) prior
UHPLC-HRMS separation and analysis.

Table 5. Mouse liver microsome preparations used for phase | and Il metabolite generation.

Reagent Phase | Phase Il
SiFA-Tz (9.6) in ACN 2 uL 2 uL
MLMs (20 mg/mL solution) 5L 5L

100 mM potassium phosphate buffer pH 7.4 183 uL n.a.

100 mM potassium phosphate buffer pH 7.4 n.a. 173 uL
(cont. 1 mM of MgCl>)

NADPH (20 mM) 10 pL 10 pL
UDPGA (20 mM) n.a. 10 pL or 15 yL*
Alamethicin (5 mg/mL in DMSO) n.a. 1uL

n.a.; not applicable
*10 pL for 5 min and 60 min samples, 15 pL for 120 min and 240 min samples.

4.4.2.2 UHPLC HRMS method

The HRMS experiments were conducted with UHPLC Thermo Scientific
Dionex Ultimate 3000 ultra-high performance liquid chromatography
(Germering, Germany) coupled to Thermo Scientific Orbitrap Fusion mass
spectrometer (San Jose, CA, USA).
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UHPLC separation was executed with Waters ACQUITY UPLC BEH Ci8
column (2.1x50 mm, 1.7 um, 1304) at 40 °C using gradient of 0.1% formic acid
in water (A) and 0.1% formic acid in ACN (B). The flow rate was 0.5 mL/min,
and the injection volume was 2.5—5.0 uL. The ionization was done using
heated electrospray ionization (HESI) in the positive ion mode at resolution of
120,000. Mass accuracy of the instrument using internal calibration was
specified to be < 3 ppm. The samples were analyzed in full scan mode with
nontargeted screening method, and the raw data was filtered with Compound
Discoverer (3.0 and 3.1 by Thermo Fisher Scientific, Waltham, MA, USA) for
phase I and phase II transformation reactions. The structure elucidation of
formed metabolites was done using MS/HRMS technique, and fragmentation
of the protonated molecules was executed with higher-energy collisional
dissociation (HCD), with selected collision energies for different detected
proposed metabolites. The identification criteria for the LC-MS analysis state
that the retention time (tr) of the identified compound corresponds to the
reference compound with a tolerance of +2.5% and the mass difference
between the measured and theoretical mass has to be < 2.5 ppm. Detailed
description of the study can be found in original publication II.

4.4.2.3 Metabolite identification and structure elucidation

The structures of the detected proposed metabolites were elucidated by
applying MS/HRMS using HCD (at 30%) for generating fragment ions of
protonated molecules. The samples were analyzed with nontargeted HRMS
method and the metabolites, in addition to the isomers of SiFA-Tz and
SiFA-H.Tz, were screened with Xcalibur (Thermo Fisher Scientific, Waltham,
MA, USA), Compound Discoverer (3.0 and 3.1 by Thermo Fisher Scientific,
Waltham, MA, USA), and MassFrontier softwares (7.0 and 8.0, Thermo Fisher
Scientific, Waltham, MA, USA). A metabolic pathway was proposed based on
the results (II).

4.43 CELLULAR UPTAKE STUDY

Rat pancreatic tumor cell line AR42J (ATCC CRL-1492), that expresses
SSTR2, was obtained from American Type Culture Collection (Manassas, VA,
USA). AR42J cells were cultured at 37 °C in an incubator with relative
humidity of 95% containing 5% CO-. Cells were grown to >90% confluence and
one million cells/well were seeded overnight on 6-well plates. The growth
media was removed and the radiotracer containing medium was added. A set
of cells were co-incubated in the presence of 220-fold excess unmodified
octreotide to study the specificity of the cell uptake. At the designated time-
points, the cell media was removed and collected to a scintillation tube, cells
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washed with cold 0.01 M PBS, and the supernatant collected into the same
scintillation tube (free fraction). Ice-cold glycine buffer was added on the cells,
incubated on ice (5 min), supernatant removed, the procedure repeated once
more, cells washed with ice-cold 0.01 M PBS, and collected to the same
scintillation tube (membrane-bound fraction). 1 M NaOH was added on the
cells and left incubating at ambient temperature (10 min). The supernatant
was removed, the wells washed 2 x with cold 0.01 M PBS, and the supernatants
collected into the same microtube (internalized fraction). The three fractions
were measured with a gamma counter, the counts per minute (CPM) of each
fraction (n = 3) were determined, and the internalization presented in percent
(%) normalized to the radioactivity in all three fractions (III-IV).

4.5 BIOLOGICAL EVALUATION

4.5.1 EX VIVO BIODISTRIBUTION

The animal experiment were conducted under a project license approved by
National Board of Animal Experimentation in Finland (license number
ESAVI/12132/04.10.07/2017). Female CD-1 mice, female C57BL/6JRj, male
severe combined immunodeficiency disease (SCID) mice and nude NMRI
mice were purchaced from Charles River. Mice were group-housed in a HEPA-
filtered housing unit (SCID and nude mice) in polycarbonate cages on aspen
bedding in HEPA-filtered housing units. Envigo Teklad Global Diet food and
tap water were available ad libitum. Housing conditions were maintained at
21 + 1 °C and a relative humidity of 55 + 15% with a 12:12 hour light-dark cycle.
The radiotracers, in their corresponding injection formulations, were
administered to awake mice via the lateral tail vein. The mice were euthanized
at predetermined time-points with CO. asphyxiation followed by cervical
dislocation. Selected organs and tissue samples were collected, washed with
water, blotted dry, measured with a gamma counter, and weighted after decay
of radioactivity. After PET/CT imaging, the organs were collected, measured
with a gamma counter, and weighted. The detailed descriptions of the studies
are described in original publications (I, ITI).
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4.5.2 EX VIVO TISSUE PREPARATIONS

4.5.2.1 Mouse liver homogenate for metabolite screening

Livers of CD-1 mice (female, n = 2) were harvested during ex vivo studies after
intravenous administration of [8F]SiFA-Tz ([*8F]9.6), weighted, measured
with a gamma counter, and stored at -20 °C. The livers were thawed,
homogenized once at room temperature with a VDI 12 homogenizer in cold
ACN-water (80:20) mixture, centrifuged (10 000 x g, 10 min), and the
separated supernatants were filtered with 0.22 um syringe filter. The filtered
supernatants were analyzed with UHPLC-HRMS to screen for parent
compound and possible metabolites.

4.5.2.2 Mouse blood and urine sample treatment

Samples of blood and urine were collected after ex vivo biodistribution studies
for evaluation of the biological stability of the radiotracers. Selected small
radiotraces were analyzed to evaluate whether the tracer was found intact in
the biological fluids and to determine if any decomposition occurred. The
plasma protein, [8F]fluoroalbumin ([*8F]12.1) was sampled from mouse
blood to evaluate the size-distribution of the radiolabeled species found in
blood. The aim was to determine if a change in the apparent size (molecular
weight) of radiolabeled species was detected as a function of time (I). After
administration of ['8F]fluoroalbumin, the plasma was separated from the
blood cells containing pellet fractionated with a 30 kDa MWCO centrifugal
filter, to separate over 30 kDa [8F]F-molecules from below 30 kDa 8F-labeled
molecules. Based on the distribution of radioactivity, the percentage ratio was
determined. Over 30 kDa molecules were accounted as ['8F]fluoroalbumin
protein (mw ca. 82 kDa). MWCO filtering and separation protocol is depicted
in Scheme 15 and in origical publication I. After administration of TOC-
analog [8F]AmBF3-PEG4-TOC ([8F]12.2), mouse blood and urine were
collected after ex vivo biodistribution study and centrifuged (1000 x g, 10 min)
to separate the supernatant from the cell -containing pellet (blood; red blood
cells, urine; red and white blood cells, and epithelial cells). The pellet and
supernatants were separated, measured with a gamma counter, and the
supernatants were analyzed to evaluate the stability of [18F]12.2 in vivo (III).
For small compounds and peptides, cold ACN (2 x the volume of plasma) was
added to the plasma and centrifuged (10 000 x g, 5 min) to precipitate the
proteins in the biological fluids. After measuring the radioactivities in the
fractions, a sample (4 pL) was applied on a silica TLC and after elution,
analyzed with digital autoradiography. Detailed description of the protocol is
found in original publications I and III.
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Scheme 15. General depiction of sample preparation of ex vivo mouse plasma sample for
separating below and over 30 kDa '8F-molecules after intravenous administration of
[*®F]fluoroalbumin (['®F]12.1, study 1), together with depiction of urine pretreatment after
administration of TOC radiotracer (['®F]12.2, study IlI). LPB; low protein binding, MWCO; molecular
weight cut-off filter-containing microtubes, ACN, U;urine, B;blood, rpm;revolutions per minute. © S.
Otaru 2022

4.6 PET/CT IMAGING AND DOSIMETRY

The radiotracers were formulated and administered to selected mouse models
for in vivo evaluation of their biological behaviour. [*8F]JAmBF;-Tz ([18F]10.6)
in 10% ethanol-0.01 M PBS was administered intravenously to male SCID
mice (CB.17 SCID) 11.0 + 0.5 MBq, 150 pL, n = 4) and healthy female
C57BL/6JRj mice (11.3 + 0.3 MBq, 150 uL, n = 4) under 2% isoflurane
anesthesia. A dynamic PET/CT image was acquired with Inveon PET/CT from
0-60 min after administration followed by a 15 min static scan at 4 hours after
administration. [8FJAmBF;-PEG,-TOC in 4% ethanol-0.01 M PBS was
administered intravenously (0.80 + 0.30 MBq, 0.2 nmol, 150 uL, n = 4) to
AR42J tumor bearing Rj:NMRI-Foxniw/n mice under 2% isoflurane
anesthesia. PET/CT images were acquired with Molecubes PET (3-CUBE)
coupled with a CT (X-CUBE) (MOLECUBES NV, Ghent, Belgium).

Standardized uptake values (SUVs) were determined from the PET image by
drawing regions-of-interest (ROI) around selected organs (heart, liver, kidney,
lung, muscle, bladder). The ratio of radioactivity per unit volume of the ROIs
normalized to the injected dose were measured with Carimas software. After
the second PET imaging (¢t = 270 + 1.9 min, n = 4), the organs were harvested,
weighed, the radioactivity in each tissue sample measured with a y-counter
and reported as percentage of injected radioactivity dose per gram of tissue
(%ID/g).
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Based on the dynamic preclinical PET-scan (Molecubes), region of interest
(ROI) were drawn around heart, kidneys, liver and lungs, and the time-activity
curves (TAC) in the selected organs were converted from mouse to human
TACs with the equation;

morgan,h/
WB,

Morganm /
WB

m

TACorgan,h = TACorgan,m X

where;

Morgan,h = human whole-body mass
Morgan,m = Mouse whole-body mass
WBh = human whole-body mass
WBmn = mouse whole-body mass

The TACs were normalized to 1 MBq injection and the decay correction was
removed, and the TACs extrapolated into 3000 minutes. The input for
OLINDA/EXM (version 2.1, Vanderbilt University, 2012) dosimetry software
was the number of disintegrations in source organs as TAC from time 0 to
3000 minutes.

4.7 STATISTICAL METHODS

The graphs were plotted with GraphPad Prism software (GraphPad Software,
San Diego, CA, USA) and the statistical significance between the groups were
evaluated using unpaired t-test (Welch's correction) with GraphPad Prism
software version 9.1.1 (III, IV), version 8.0 (II) and version 8.0.1 (I). P < 0.05
was regarded as statistically significant. The significances (p-value) were *p <
0.05, ¥*p < 0.01, and ***p < 0.001.(ITI) Statistical significance was set at *p <
0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001).(IV) The graphs with
statistics are presented as mean + standard deviation (SD).
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5 RESULTS AND DISCUSSION

5.1 SYNTHESIS
In this study precursors were designed to contain three main features:

I.  apply afluorophilic heteroatom nucleus in the structure enabling 19F /18F
isotopic exchange
II. include a tetrazine tag ensuring chemoselective delivery of the
radiolabel to the trans-cyclooctene modified biomolecule
III. tailor the pharmacokinetics of the prosthetic group or the final
biomolecular radiotracer by adding PEG linkers

5.1.1 SYNTHESIS OF TETRAZINE PROSTHETIC GROUPS

SiFA-Tz (9.6) was synthesized in three steps. The first step provided the t-Boc
protected aminooxy tetrazine (9.3) in 65% yield. In the second step the
aminooxy 9.3 was deprotected affording the tetrazine oxyamine (9.4)
hydrochloride salt, also in 65% yield, ready for use in the next step as such.
The third step between the SiFA-aldehyde (9.5) and tetrazine oxyamine (9.4)
hydrochloride provided the final prosthetic group SiFA-Tz (9.6) as E- and Z-
isomers, arising from the formed oxime bond, with a yield of 90%.

The first step of the synthesis of AmBF3-Tz (10.6) comprised of an amide
formation between tetrazine NHS ester (10.1) and 1,2-dimethylethylene
diamine (10.2) in 68 + 26% (n = 3) yield. The formed tetrazine dimethylamine
(10.3) was alkylated with an iodoboronpinacol ester (10.4) in 58 + 31% (n =
3) yield providing compound (10.5). In the third step the pinacol ester
tetrazine (10.5) was deprotected and fluorinated in acid catalyzed conditions
affording the trifluoroborate tetrazine (10.6) in 90% yield. The third step
included heating the tetrazine in 70 °C. The formation of the fluorinated
product was monitored carefully by HPLC-DAD (254 nm, 534 nm). The *H
NMR of 10.6 revealed characteristic proton signal at the para-position of the
Tz ring at 10 ppm, and the presence of the Tz ring was verified by HPLC-DAD
with the characteristic absorbance of a tetrazine detected above 500 nm
wavelength. In the 19F NMR spectra of 10.6 the splitting of the fluorine signal
coupled to the trifluoroborate B, and the boron-11 coupling to fluorine-19
seen in the 2B NMR spectra, as a split quartet signal, verified the formation of
a trifluoroborate. Compound 10.6 eluted at tr = 4.59 minutes on UHPLC-
HRMS with a mass peak corresponding to the calculated protonated molecule
ion [M+H]*.
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5.1.2 TCO MODIFICATION OF BIOMOLECULES AND
BIOCONJUGATION WITH IEDDA

All model biomolecules were specifically selected due to their extensively
studied characteristics to evaluate the influence of the prosthetic group and
the bionconjugation strategy on the in vivo behaviour of the well-known
biomolecules. The biomacromolecular model protein, bovine serum albumin
was functionalized with TCO, for rapid and mild incorporation of [18F]fluoride
in mild conditions. Albumin-TCO (1 mg) was dissolved in 1 mL of ultrapure
water and analyzed with MALDI-TOF-MS (calculated for bovine serum
albumin 66.338 kDa, measured for albumin-TCO 82.039-82.265 kDa),
corresponding to 40 TCOs per albumin protein molecule. The imaging targets,
reactive groups, and measured masses of the modified biomolecules are
presented in Table 6. SSTR2 targeting cyclic TOC peptide and cyclic a-MSH
peptide, selected as model biomolecules to represent biomolecules of lower
molecular weight in the study, were functionalized with a linker and TCO for
mild fluorine-18 radiolabeling (IV, unpublished data).
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RESULTS AND DISCUSSION

5.2 RADIOLABELING

5.21 PROSTHETIC GROUPS

In this study, nucleophilic [8F]fluoride was pretreated in two different ways
prior radiolabeling, in order to utilize it for the radiolabeling of both SiFA-Tz
(9.6) and AmBF;-Tz (10.6) by isotopic exchange reactions (I, III). These
prosthetic groups had two different radiolabeling approaches rendering them
useful in a varying circumstances.

SiFA-Tz (9.6) was radiolabeling was tested with two methods: 1) a two—step
method where the SiFA-aldehyde moiety (9.5) was radiolabeled prior to the
oxime formation with the tetrazine (9.4), and 2) a one-step direct
radiolabeling of SiFA-Tz (9.6) after the oxime-bond formation (I). The two-
step approach provided a higher RCY, while in the one-step approach, the RCY
of the product was observed to decrease rapidly as a function of time, due to
the decomposition of the precursor in the alkaline reaction mixture. No further
optimizations or repetitions was done for the one-step method. Radio-TLC
analysis of [8F]SiFA-Tz (['8F]9.6) revealed the formation of two isomers
arising from the formed oxime bond, with E-isomer as the predominant
isomer and the Z-isomer detected only in 1.5 + 0.4% (n = 16). A later analysis
with HRMS revealed that the dominating E-isomer was present in 92 + 0.7%
(n = 2). The significant difference in the ratio of the E- and Z-isomers is likely
attributed to the sterical hindrance provided by the bulky tert-butyl groups
bound to the silicon atom (I, II). An earlier attempt to provide a fluorine-18
labeled  SiFA-derivatized  tetrazine-derivative, [8F]-SiFA-OTz for
bioorthogonal radiochemistry, has been reported, which provided the
prosthetic group in decay-corrected RCY 78 + 5% within 25 min, with Am of
7.1—-8.6 GBq/umol.[102]

AmBF;-Tz (10.6) was radiolabeled in acidic (pH 2) buffered solution in
elevated temperature (III). The [*8F]fluoride eluent was modified more
suitable for our use, ensuring repeatable radiolabeling yields (20.8 + 10.3%, n
=7) in microliter volumes (optimal volume = 10—20 pL). The RCYs correlated
with previously reported yields for AmBFs-tracers, reaching approximately
16—35%.[103-106] Decreasing the reaction volume 2.5 times increased the
yield 6 times at 85 °C using 0.9% NaCl for the elution with 200 nmol of 10.6.
For eluting adequate amounts of [8F]fluoride, a minimum 20-30 pL of 0.9%
NaCl was required. Hence, we chose to substitute aqueous 0.9% NaCl as
[*8F]fluoride eluent with pyridazine HCl eluent formulation, which we
modified from the recipe reported by Liu et al.
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The [18F]fluoride release efficiency from the cartridge remained high (93 + 2%,
n = 3) with the new buffer formulation, providing a suitable reaction media for
radiolabeling directly after rapid concentration (~10 min), decreasing the
evaporation time from 45 minutes (100 pL 0.9% NaCl as the eluent) to 10
minutes. Kwon et al reported utilization of pyridazine HCl buffer for the
elution of [8F]fluoride from the ion exchange cartridge,[107] a method also
applied in this study (III). [*8F]Fluoride was trapped to a uQMA cartridge and
eluted with the reaction media buffer, since elution with the buffer (93 + 2%,
n = 3), provided equally good [8F]F- release to 0.9% NaCl but with shorter
concentration time of the aqueous ['8F]F- to appropriate volumes and a
suitable reaction media for radiolabeling directly after rapid concentration
(~10 min). Good Am (15.4 £ 9.2 GBq/umol) and DCY (20.8 + 10.3% (n = 7)
was obtained.

Both novel prosthetic groups [8F]9.6 and ['8F]10.6 would benefit from
further experiments to optimize the used tracer amount in the radiolabeling
and comparison of the resulting Am to the reported ones. Lowering the used
amount of tracer while increasing the starting activity would likely increase Am
and would have a direct influence on the image quality of the resulting receptor
targeted biological radiotracers. The RCY (%), RCP (%) and Am of the
prosthetic groups (I, IIT) are presented in Table 7.

Table 7. Radiolabeling results of prosthetic groups ["®F]SiFA-Tz (['®F]9.6) and ['®F]JAmBFs-Tz
(['®F]10.6).

Radiotracer RCY (%) RCP (%) Anm Study
(GBg/umol)

['®F]SiFA 89-99.6% (inc.yield)* 289%** n. d. |

(['*F19.5)

['®FISiFA-Tz 21% (inc. yield)* n.d. n.d. 1

(['*F19.6)

(one-step)

['®FISiFA-Tz 42.7 £ 14.2% (n=8) >98% 5.0 |

(['*F19.6)

(two-step)

['®FIAMBF3-Tz 29.8 + 15.0% (n = 8) >98% 15.4+9.2 n

(['®*F]10.6)

*Incorporation yield = inc. yield determined by radio-TLC
**Not purified, crude mixture of the first step prior oxime formation, radio-TLC, the only impurity
was free ['®F]fluoride
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5.2.2 RADIOFLUORINATED BIOMOLECULES

[*8F]9.6 was used as a prosthetic group to chemoselectively radiolabel the
TCO-functionalized albumin in wvitro, producing the [!8F]fluoroalbumin
([*8F]12.1) at 99.1 + 0.2% RCY (n = 3) and a Am of 1.1 £ 0.2 GBq/umol (n =
2).(I) The incorporation yield of [8F]fluoroalbumin was high, owing to the
abundance of available TCO-functionalities in one TCO-albumin molecule.
The Am of [*8F]12.1 (1.1 GBq/umol) of protein at EOS, providing the blood pool
imaging tracer with comparable Am to the comparison albumin tracers labeled
with IE. Serum albumin tracer for blood pool imaging, 18F-DBPOF-HSA, was
radiolabeled with >5% RCY and in a Am of 1.11 GBq/umol.[16] The
radiochemical purities (RCP), the decay corrected yield (DCY) corrected to
end-of-synthesis (EOS) and the Am were determined, and the details of the
measurements are described in detail in studies I, III and IV.

The obtained Am of the TOC radiotracers were moderate, ranging from 2.8 +
1.8 GBq/umol (n = 3), 6.0 + 3.4 GBg/umol (n = 13), and 0.7 GBq/umol
presented here by increasing PEG-chain length. The isolated RCYs (1%, 3%
and 5% from [8F]fluoride), were low likely due to two reasons; 1) the synthesis
time of >60 minutes for all tracers, ranging from 70-130 minutes, and 2) the
prosthetic group 10.6 capturing near 30% of the initial [:8F]fluoride that was
used further in the second step in approximately 2 x molar excess that the used
TCO-peptide.(III, IV) The isolated yield from [8F]10.6 in the cycloaddition
step, radiolabeled by the prosthetic group, resulted in RCYs of around 20%.
Generally radiolabeling by IEDDA cycloaddition, the incorporation yield is
high, but as in this study, the radiolabeled prosthetic group ['8F]10.6 was used
in higher molar ratio (minimum 2 x equivalent) than the TCO-biomolecule,
the maximum expected incorporation yield in the second step would be 50%.
This was a premeditated compromise, in order to consume all the cold peptide
from the reaction mixture, and to leave as little of the non-labeled competitor
in the final formulation, capable of binding to the tumor receptors. The
radiolabeling results of the biomolecules are presented in Table 8.
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Table 8. Radiolabeling results of radiolabeled biomolecules.

Biomolecule Radiolabeled RCY (%) RCP Am Study
biomolecule (%) (GBg/umol)

BSA-TCO ['®F]Fluoroalbumin inc. 299* 299 1.1 1

(10.9) (['®F112.1)

a-MSH-PEGy- ["®*F]AMBF3-PEG7-a- n. d. 299 n. d. unpublished

TCO (10.12) MSH (['®F]12.4)

(one-step)

TOC-PEGs- ['®FIAMBF3-PEGs- 5.1+3.4% >98% 28+1.8 n

TCO TOC (['®F]12.2) (n=5)

(10.10)

(two-step)

TOC-PEGy- ['®FIAMBF3-PEGy- 33+1.7% >98% 6.0+34 1]

TCO TOC (['®F]12.3) (n=3)

(10.11)

*Incorporation yield of fluorine-18 in the form of ['®F]SiFA-Tz (['8F]9.6).

5.3 IEDDA AND REDUCTION-OXIDATION OF
CYCLOADDUCT

IEDDA cycloaddition produces initially 4,5-DHPs, that rearrange to
metastable 1,4-DHPs, which demonstrate relatively good stability, if no
oxidants are used.[108] The generation of several chemical species during the
cycloaddition results in the need for evaluating all formed compounds in vitro
and in vivo, specifically when using small biomolecules, such as peptides. This
is to rule out the influence of even small chemical differences in the structure
in the pharmacokinetics or stability of the radiotracer. In this study, the
cycloaddition products of [18F]10.6 and a peptide (a-MSH or Tyr3-octreotide)
was shown to futher oxidize spontaneously, losing two protons (unpublished
data, IV). The oxidation process kinetics for these peptide derivatives was slow
enough to enable the detection of both forms simultaneously (Figure 6). The
full conversion of DHPs often requires oxidative reagents for obtaining the
pyridazine as the primary product, meanwhile requiring an additional step for
the removal of the oxidant. In this study, it was shown that if the reduced
analogs (Figure 6, B) were separated from the oxidized form (Figure 6, A),
the oxidized form was again detected in the sample, after approximately 1 hour
from the separation (IV). When separating the oxidized form, no other
radiochemical species were detected for at least 9 hours in the formulated
radiotracer solution, as demonstrated for the 3F-labeled TOC-analog (III).
This corroborated the hypothesis, that the oxidized form was the most stable
one.
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Figure 6. Radio-HPLC chromatogram of SPE purified ['F]JAmBFs-PEG7-a-MSH (['®F]12.4)
showing A) the oxidized (tr = 15.0 min) and B) the reduced (tr =17.3-18.2 min) DHP forms of the
peptide.

In this study, the oxidation of the 1,4-DHPs to the pyridazine was accelerated
in aqueous solution (=95% water) by heating the reaction mixture mildly (60
°C, 10—20 min), without a need for a separate oxidant or special apparatus
(Figure 7).(IV) In a previous study the oxidization was accelerated by UV
light in the presence of atmospheric air, when applied for several DHP
derivatives, yielding the transformation in approximately 5 hours.[58] The
reaction between 3,6-di(2-pyridyl)-1,2,4,5-tetrazine and a TCO yielded the
pyridazine in 76% conversion in CH>Cl> under LED light (A=365 nm).[58] The
conversion of DHPs to pyridazine in 96% was completed in 7 hours, while
subjected to atmospheric air and kept dark in CH:Cl.. The hypothetical
reaction mechanism proceeded by a singlet oxygen reacting with 1,4-DHP,
yielding hydrogen peroxide and pyridazine. Mechanistically a similar
phenomenon was described for phenylboronic acid converting into phenol in
the presence of an amine by photoirradiation, with air as the oxidant.[109] The
conversion took place in minimum of 4 hours. The oxidation of the DHP by air
has been applied in a post-polymerization modification, and the oxidation of
DHP by air provided full conversion in aqueous solution (D-0) at 37 °C after 2
hours compared to incubation in de-DMSO. It is apparent that high aqueous
solvent content in the reaction media beneficially influences the full
conversion, although the underlying mechanism is unknown and needs to be
investigated. The same phenomenon was presented in detail on HPLC, where
the DHP and aromatized forms were well separated and both were present 120
minutes into incubation in PBS, yielding a conversion of 1:2.5 (Ox:DHP).[110]
As IEDDA-mediated cycloaddition is extensively used in radiolabeling, and
when used for short lived radionuclides in vitro, IEDDA requires rapid
conversion.
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Figure 7. A) HPLC-DAD chromatogram of IEDDA cycloaddition reaction micture demonstrating
unreacted ["®FJAmBFs-Tz (['®F]10.6, tr = 10 min), and formed Tyr®-octreotide peptide conjugate
['®FIAMBF3-PEG7-TOC (['®F]12.3) as reduced DHPs (tr = 20.2-20.6 min) and oxidized (tr = 17
min) forms. B) The correlation of water content (%v/v) and conversion efficiency of DHPs to
oxidized peptide analog at 60 °C.

5.4 IN VITRO EVALUATION

5.4.1 IN VITRO STABILITY AND LIPOPHILICITY

The in vitro stability of [18F]9.6 was studied in 1 x PBS, 50-human and 50%-
mouse plasma in plasma—PBS (pH 7.4). ['8F]9.6 demonstrated excellent
stability in 1 x PBS (pH 7.4), with only minimal defluorination (<1%) during
the 9o-minute incubation. While incubated in human plasma (37 °C), [13F]9.6
demonstrated decent stability (94.9 + 1.6 % intact tracer, n = 2) with up to 6%
of free [18F]fluoride detected over the 180 minute study, due to hypothesized
defluorination by 18F-hydrolysis, based on radio-TLC. [18F]9.6 (n = 3) revealed
in human and mouse plasma, that approximately 58% of the radiotracer was
in the free fraction and the rest bound to plasma proteins. The results
indicated that initially relatively high percentage (63 + 3.0%) of ['8F]9.6
resided in free fraction, which shifted towards plasma protein binding as a
function of time, resulting in 46.5 + 7.1% free tracer at 120 min. [8F]10.6
demonstrated excellent hydrolytic stability in 1 x PBS (= 99% intact at t = 3
h). The peptide radiotracer [*8F]JAmBF;-PEG,-TOC ([8F]12.3) in its reduced
form [$8F]AmBF;-PEG,-TOC(Ox.) ([*8F]12.3(0x.)) exhibited good stability in
human plasma (=95%), while the shorter PEGylated analog, [:8F]AmBFs-
PEG4-TOC(Ox.) ([18F]12.2(0x.)), had the lowest stability with up to 20% of
radioactivity accounted for a polar metabolite and around 80% intact tracer 3
hours into the study (Figure 8 A).
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The distribution constant LogD;, indicative of the lipophilicity of the
radiotracers at pH;.4 were determined by the shake-flask method. The most
lipophilic tracer ['8F]9.6 demonstrated desirable lipophilicity for blood-brain-
barrier permeability based on its LogD;4 (1.56 + 0.2, n = 5). Lipophilic
compounds generally exhibit a higher plasma-protein binding, as was also
found for [8F]9.6. ['8F]10.6 was designed as a more hydrophilic tetrazine,
and it indeed demonstrated a more desirable hydrophilicity for the in vitro
IEDDA labeling strategy based on its LogD-.4 value (0.13 + 0.06, n = 4).

The LogD-.4 values oh the oxidized and reduced PEG;-modified TOC analogs
of [18F]12.3 were evaluated after HPLC separation. The E- and Z-isomers of
the reduced [*8F]AmBF3;-PEG,-TOC ([8F]12.3) 1,4-DHPs were detected with
retention times of 20.6 min and 20.2 min as peak clusters, but the
identification between tautomers was not possible with this method. The
lipophilicities of separated TOC isomers were [3F]JAmBF3-PEG,-TOC
([*8F]12.3, oxidized, tr = 17.3 min) LogD;.4 -0.73 + 0.12 (n = 4), ['SF]AmBF;-
PEG;-TOC ([8F]12.3, A+B, tr = 20.2 — 20.6) LogD;.4 -0.04 + 0.02 (n = 3),
[*8F]AmBF3-PEG,-TOC (['8F]12.3, A, tr = 20.6 min) LogD;.4 -0.21 £ 0.19 (n =
3), ['83F]AmBF;-PEG,-TOC (['8F]12.3, B, tr = 20.2 min) LogD;.4 0.28 + 0.16 (n
= 3).(III, IV) Most of the peptides radiolabeled with TEDDA, except for
[18F]12.3, B, demonstrated promising hydrophilicity after conjugation with
the zwitterionic prosthetic group [8F]10.6 (Figure 8 B).
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L g5o] = [°FISFA-Tz (plasma) =
3!'" a0 — ['®F]JAMBF5-Tz (1xPBS, pH 7.4) %n 0.0
g 30] — [®°FIAmBFy-PEG,-TOC (plasma) - 051
£ 501 — [*FIAMBF,PEG,-TOC (plasma) '
10 A0
<1 <t N D Al N Al
0 T T T T T T g o] 6? 0\0* 0\0*\2 P\k% \)\?‘P“e‘? ‘%
SR AT K07 <07 © (O O
0 30 60 90 120 150 180 < Q”\ <OF ?,9‘ Q\ RO
Time (min) «@@vs(&m‘ o O 9961
e «a?\“ £ @5
B¢ \b('\P"\%('\P‘
\

Figure 8. A) In vitro PBS and plasma stability of prosthetic groups and peptides, analyzed by radio-
HPLC, unless otherwise noted. ['*FJAmBF3-Tz B) LogDy .4 evaluated by octanol-PBS distribution of
selected radiotracers ['®F]SiFA-Tz (['®F]9.6), ['®FIAMBF3-Tz ['®F]9.6, ['®F]AMBF3-PEG4-TOC(ox.)
(['®F112.2), ["®F]AMBF3-PEG7-TOC(ox) (['®F]12.3) and DHP. ox; oxidized.
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5.4.2 CELLULAR UPTAKE STUDIES

The specific receptor binding of the radiolabeled TOC analogs was studied in
rat pancreatic adenocarcinoma cell line, AR42J, that overexpresses SSTR2. As
a demonstration of specific, receptor mediated uptake, [3F]AmBF3-PEG;-
TOC(ox.) ([*8F]12.3) presented a high tumor uptake that was efficiently
blocked with native octreotide throughout the study (Figure 9). The two other
PEGylated radiopeptides demonstrated notably lower tumor uptakes, with
[*8F]JAmBF3-PEG4-TOC(0x.) ([18F]12.2) demonstrating the lowers efficacy in
blocking. The ability to block the uptake of each analog, demonstrated that the
uptake was specific and receptor mediated. Low uptake in [18F]JAmBF3-PEG4-
TOC(ox.) ([*®F]12.2(0x.)) and [*8F]AmBF;-PEG1:-mTOC(0x.)
([*8F]12.5(0x.)) was likely due to lower Am, and also low stability for
[*8F]JAmBF3-PEG4-TOC(0x.) ([*8F]12.2). The tumor uptake of [8F]AmBF;-
PEG::-mTOC(ox.) ([*8F]12.5(0x.)) most likely suffered from non-optimized
RCYs and the incorporation yields would likely increase after more
experimental repetitions.
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RESULTS AND DISCUSSION

5.5 EXVIVO, PET/CT AND DOSIMETRY

5.51 PROSTHETIC GROUPS

In ex vivo biodistribution studies, in healthy CD-I mice, [18F]9.6 eliminated
via hepatobiliary and urinary route with rapid clearance from blood.(I) The
predominant elimination was into urine (229.5 + 204.5 %ID/g) and
gallbladder (143.9 = 103.1 %ID/g) at 60 minutes post-injection (p. i.).
Elimination into intestines increased as a function of time, peaking at 240 min
p.i. Surprisingly, bone uptake was detected already 5 minutes p.i., which
increased dramatically (13.4 + 1.6 %ID/g) by 60 minutes p.i. and remained
high (14 + 4 %ID/g) up to 240 minutes p. i. (Figure 10). This was indicative
of low stability of the radiolabel. The defluorination phenomenon of a
[8F]SiFA-derivatized radiotracer has been reported earlier in other
studies.[98] Reliable quantitation of the brain uptake of [8F]9.6 was
compromised due to the defluorination phenomenon, possibly accounting for
some passage of radioactivity to the brain, but it was observed that
radioactivity penetrated the blood-brain barrier (brain uptake 0.7 + 0.2
%ID/g) 5 minutes after intravenous administration of [8F]9.6, with the
uptake declining steadily until 240 min p.i. (0.22 + 0.04%ID/g),
demonstrating an opposite trend to the detected bone uptake. The slow decline
in brain uptake compared to simultaneously dramatically rising bone uptake,
indicated that the passage through BBB was a separate phenomenon not
arising from the free [18F]fluoride. The lipophilic nature of [18F]9.6 resulted in
slow clearance from liver and intestines, undesirable for PET imaging of
targets located at the abdominal region. The structural modifications done in
recent years to SiFAs, from diisopropyl-groups to tert-butyl substituents,
enhanced the stability of the radiolabel. By adding a quaternary ammonium
group attached to the a-carbon bonded to the aromatic ring in the para-
position, resulted in SiFAlin-structure of high stability, simultaneously
lowering the lipophilicity.[20] The downfall of using SiFA-groups is their
lipophilicity and the anticipated low stability of the [8F]fluoride, unless the
aforementioned structural alterations are done. [18F]10.6 on the other hand,
was designed as a universal in vivo and in vitro radiolabeling tool harbouring
lower lipophilicity than [18F]9.6 and in the attempt to develop a tracer better
in resisting defluorination. [8F]10.6 evaluated in healthy female
C57BL7/6JRj and male SCID mice by PET/CT imaging followed by ex vivo
biodistribution 270 minutes post-injection,(III) revealed the radioactivity
exhibited low uptake in major organs, fast clearance from blood and negligible
bone uptake (0.4 + 0.1 %ID/g for C57BL/6JRj, 0.3 + 0.1 %ID/g for SCID),
indicating a stable prosthetic group was developed. The radioactivity of all
background tissues, except for blood, spleen and pancreas, were lower for
[8F]10.6 (t = 270 min) than [*8F]9.6 (t = 240 min) (Figure 10).
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Based on the PET/CT image acquisition, [8F]10.6 cleared rapidly from blood as
illustrated in the time-activity curve (TAC) of the heart left ventricle with low
uptake in major organs or background tissue, such and fast clearance from blood
(Figure 11). Elevated liver uptake, possibly due to the tetrazine moiety, that
decreased steadily throughout the 50-minute dynamic image acquisition was also
seen. The liver uptake, although at a reasonable level, could be further decreased
by adding a hydrophilic group to the construct, that would direct the elimination
mostly towards renal clearance. The elimination of radioactivity from the tissues
during the PET/CT image acquisition presented as TACs indicated that the
prosthetic group eliminated quickly, mainly through the kidneys (Figure 11).

A) C)
—=— Heart left ventricle
94 —e— Kidney
—a— Liver
8- —v— Lungs
= —— Muscle
B)

R e T y— o P e ey sy
0 5 10 15 20 25 30 35 40 45 50 55 60

Time after tracer injection (min)

5-6 30-35 35-40 50-60
min min min min

Figure 11. Single-slice coronal PET/CT images of ['®F]AmBFs-Tz (['®F]10.6) in A; CB.17 SCID (male)
and B; C57BL/6J:Rj (female) mice 270 minutes post-injection.

5.5.2 RADIOFLUORINATED BIOMOLECULES

5.5.2.1 Exvivo

['8F]12.1 demonstrated a typical elimination profile of a serum albumin tracer,
dominated by prolonged blood-pool residence time. The plasma half-life of
[8F]12.1 was determined as 49 minutes, a value comparable to other ['8F]SiFA—
based radiolabeled serum albumin,[42] and was significantly higher (p < 0.0001)
than the blood-pool residence time of [8F]SiFA-Tz ['8F]9.6. However, it is
evident that due to the declined biological half-life, some unbeneficial structural
modifications have resulted from the excessive TCO modification on the protein.
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The main elimination was into urine (54.7 + 25.8 %ID/g) and gallbladder (275.3
+ 185.6 %ID/g), with some uptake in intestines and liver at 60 minutes post-
injection. The ex vivo evaluation of the protein tracer [8F]12.1, demonstrated
that the Si-18F bond in [8F]12.1 was noticeably more stable than when [8F]9.6
was evaluated as a standalone tracer (Figure 12). Recently, the development of
a serum albumin tracer using organofluorophosphine fluoride acceptor for
radiolabeling yielding a novel blood pool radiotracer, 8F-DBPOF-HSA, was
reported, that provided good visualization in the PET image of the heart and the
arteries.[16] [18F]12.1 was conjugated with TCOs by targeting all available lysine
residues in the protein, which were then radiolabeled with fluorine-18 by IEDDA.
This strategy likely results in modification of the radiolabeled serum albumin
protein and alteration in its natural in vivo behaviour. This obstacle might be
circumvented by applying enzyme mediated site-specific pre-conjugation
strategy for introducing the TCO.[66, 67] This would result in control over the
conjugation-site and the number of TCO-conjugates per albumin protein. The
influence of the lipophilic SiFA-group on the pharmacokinetics of the protein can
be expected to be low if the conjugation number of TCOs is kept low.

A) ™ Smin ['8F]Fluoroalbumin B)
B 60 min
1 120 min B ['°FISiFA-Tz (Blood)
|| 240 min B ["®FJFlucroalbumin (Blood)
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Figure 12. Biodistribution of radioactivity after intravenous administration of A) ["®F]Fluoroalbumin
(['®F]12.1) demonstrating a prolonged residence time in circulation, characteristic to a plasma protein.
B) Enhanced blood pool cisculation was evident compared to ["®F]SiFA-Tz (['8F]9.6).

In the attempt to produce a prosthetic group of more hydrophilic character,
['8F]10.6 was used to radiolabel the TOC and a-MSH peptide derivatives. TOC
analogs were evaluated in vivo for their biodistributions and specificity towards
SSTR2 overexpressing AR42J tumor. TOC analog [8F]12.3 demonstrated
slightly higher tumor uptake and better in vivo stability incomparison to
[8F]12.2. The relatively low tumor uptake likely arised from the moderate Am
achieved in this study. Nevertheless, the tumor uptake was blocked with
significant differences (p < 0.05) visible for both peptide tracers Figure 13 and
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Table 9. The Am of the PEGylated TOCs developed in this study, could be
increased by pre-conjugation of the AmBF3-group to the TCO-modified TOC
peptides, followed by the radiolabeling with fluorine-18. This reversed method
would benefit from shorter synthesis time as the redox species could be converted
to one prior to start of the synthesis, resulting in shorter reaction time and likely
in higher Am. Furthermore, the preconjugation would result in higher total
incorporation of [*8F]fluoride in the peptide, as no radiofluorinated precursor
would be left unreacted, since in this study the TCO-peptide was used in excess
mols compared to the radiolabeled prosthetic group [8F]10.6. A possible down-
fall for the reversed pre-conjugated method is that some biomolecules might not
withstand the radiolabeling conditions but would benefit more from the milder
two-step method. Using AmBF; for radiofluorinations has resulted in a
radiopeptide tracer of high stability and of desirable pharmacokinetic profile. The
general approach is to introduce the AmBF;-group to the peptide stucture prior
to radiolabeling, a method well-suited for structures withstanding heat.[76, 103]
Using [8F]10.6 by IEDDA as a labeling strategy for a peptide, can result in an
alteration of the elimination more towards hepatobiliary route, as the
cycloaddition product increases the lipophilicity of the resulting radiopeptide.
This added lipophilicity, if critical to the application, could likely be canceled
when suitable hydrophilic linkers were introduced to the structure.
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Figure 13. Biodistribution of radioactivity 60 minutes after intravenous administration of ['8F]JAmBFs-
PEG7-TOC (['®F]12.3) and ["®F]AmBF3-PEG4-TOC (['®F]12.2) demonstrating prolonged residence time
in circulation, liver uptake and specific tumor uptake blocked (B) by non-modified octreotide.
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The effect of Am has been previously shown for a AmBF3-derivatized a-MSH
peptide with Am near levels reported in this study, a tumor uptake and blocking
efficacy, of comparable magnitude was reached.[77] Once the Am was increased,
both tumor uptake and blocking efficacy increased dramatically, explaining partly
our findings of achievable tumor uptake and blocking efficacy.(III) The
pharmacokinetics of the peptide tracers developed in this study suffer likely from
the achieved moderate Am and elevated lipophilicities, as the receptor-specific
uptake in background tissue is masked by the accompanied blocking non-labeled
peptide carrier and the liver scavenges the relatively lipophilic peptide tracers,
thus resulting in altered apparent biodistribution profiles of the traditionally
renally excreted peptide tracers. The lipophilicites would likely have a lower if any
influence on biomacromolecule based tracers, where the bulky biomolecule
would steer the elimination of the tracers. Several SSTR2-targeting radiotracers
demonstrated in AR42J tumor bearing mice similar levels of tumor uptake as the
tracers developed in this study; 3F-FETE-PEG-TOCA (Am = 5.9 GBq/umol,
5.14%1D/g in tumor), 8F-FETBAG[W-c-K] (Am = 3.9 GBq/umol, 8.23%ID/g in
tumor), and 8F-FET-BAG-TOCA (Am = 12.3 GBq/umol, 0.10%ID/ in tumor). [83]
These reports corroborate that the Am influences the tracer performance
dramatically.

Table 9. Radiosynthesis times, Am, and tumoruptakes with tumor-to-blood ratios of '®F-labeled TOCs
developed in this study.

Radiopeptide Synthesis Am Tumor Tumor/Blood Ref.
(min) (GBg/umol) t=60 min (%ID/g)  t=60 min (%ID/g)

["®*F]AMBF3- 85+ 8 min 28+18 3.1+07 0.30, 0.30(B) 1]

PEG:-TOC (n=23) 2.2 + 0.6 (blocked)

(['*F]12.2) *p<0.05

["*F]AMBF3- 102 + 29 6.0+3.4 45+1.0 0.50, 0.40(B) I

PEG7-TOC min (n =17) 3.1 £ 0.5 (blocked)

(['°F112.3) *p<0.05

["*F]AMBF3- 70 0.7 6.4+42 0.30, 0.28(B) [\V/**

PEG11-TOC 3.5+0.6 (blocked)

(['®*F112.5) *p<0.05

**contains also unpublished biodistribution data

5.5.2.2 PET/CT imaging and dosimetry

The radiotracer with better overall biological performance was selected for
further evaluation by PET/CT for neuroendocrine tumor and receptor imaging.
[8F]12.3, (0.2 nmol) was administered intravenously and the radioactivity in the
subcutaneous AR42J tumor increased slowly and peaked at 20—30 minutes p. i.,
as demonstrated by the TACs. The tumor was well visualized as seen in the single-
slice summed maximum intensity projection (MIP) PET/CT image (Figure 14).
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In the dosimetry calculations it was apparent that [18F]12.3 resulted in highest
absorbed radiation dose to the kidneys and liver (kidney = 0.0366 mGy/MBq,
liver = 0.0334 mGy/MBq) (Table 10), without meaningful differences between
the baseline and the blocking conditions (kidney = 0.0337 mGy/MBq, liver =
0.0313 mGy/MBq). When compared to the closest SSTR targeting analogue,
[*8F]JAmBF;3-TATE, the urinary bladder (baseline = 0.0134, blocked = 0.0135) and
pancreas (baseline = 0.0156, blocked = 0.0154) received lower absorbed dosed
with [8F]12.3 than after administration of ['*8F]AmBF3-TATE (bladder = 0.027—
0.030 mGy/MBq, pancreas = 0.018—0.028 mGy/MBq).[21] Furthermore, after
administraton [*8F]AmBFs-TATE, the kidneys received a higher radiation dose
(['*F]AmBF;-TATE; female, 1.24 mGy/MBq, male, 1.13 mGy/MBq) than after
intravenous administration of [18F]12.3 (0.0334 mGy/MBq. All organs except for
kidneys and liver responsible for eliminating the radiotracer, received a dose of,
or below, 0.02 mGy/MBq (Table 10).

Table 10. Dosimetry coparison between ['*FJAMBF3-PEG7-TOC and ['®F]JAmBFs-TATE.

Organ ['®F]JAmBF3-PEG7-TOC ['*FIAmBF3-TATE
(['®*F112.3)
Dose (MGy/MBq) Dose (mGy/MBq)
Kidney 0.0366 0.0288 /0.0109 1.13-1.24
Liver 0.0334 0.0049 /0.0042 -
Gallbladder 0.0194 0.0145/0.0380 -
Pancreas 0.0156 0.0052 / 0.0047 0.018-0.028
Adrenal 0.0190 0.0039/0.0044 n.d.
glands
Lungs 0.0109 0.0022 / 0.0027 0.018-0.028
Bladder 0.0134 0.1060/0.1070 0.027-0.030
Ref. 1} [111] [21]

5.6 METABOLISM STUDIES

5.6.1 DEFLUORINATION AND BONE UPTAKE (IN VIVO)

In biodistribution studies, it was noticed that the Si-8F bond in [8F]12.1 was
significantly (p < 0.001) more stable than the corresponding Si-8F in ['8F]9.6 at
60 minutes post-injection (Figure 10, 12 and 15). This was likely due to the
bulky protein shielding the prosthetic group from oxidation and !8F-hydrolysis.
The defluorination detected in both radiotracers as accumulation of radioactivity
in bone peaked around 120 minutes after i. v. administration, and the
phenomenon persisted until the last time point at 240 minutes post-injection. In
comparison, high bone uptake (13.4 + 1.6%ID/g) of radioactivity was observed 60
minutes post-injection of [18F]9.6.
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This is a characteristic indication of fast defluorination and a subsequent
accumulation of the free fluoride into the bone in vivo, as it accumulates into the
hydroxyapatite Cai0o(PO4)6(OH)>, and forms fluorapatite (Caio(PO4)6F2).[04]
After defluorination the free fluoride is sequestered rapidly from circulation and
either binds into the surface of the bone or accumulates irreversibly into the
hydroxyapatite.[94] The influence of the radiolabel stability in the prosthetic
group was evident when comparing the bone uptake of radioactivity after
intravenous administration of the peptide and protein tracers [8F]12.1 (I), TOC
analogs [18F]12.3 and [©8F]12.3 (III). [*8F]12.1 demonstrated a typical
defluorination pattern as the radiotracer accumulated to the bone rapidly without
decline in the uptake, but rather at a steady rate (Figure 15). The bone uptake of
the protein tracer [8F]12.1 was significantly lower than the bone uptake after
administration of [8F]9.6 (***p < 0.001, n = 3) 60 minutes post-injection,
indicating the protein construct shielded the small molecule partially from
metabolism. ['8F]12.2 (bone; 1.3 + 0.6 %$ID/g, n = 10) and [8F]12.3 (bone; 1.1 +
0.4 %1D/g, n = 5) demonstrated low bone uptake that correlated with the values
reported earlier for other SSTR2 tageting radiotracer developed with the same
prosthetic group, [*3F]AmBF3-TATE (femur = 1.5 - 1.7 %ID/g at 30 min).[21]
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Figure 15. Defluorination and bone uptake in vivo. [18F]Fluoroalbumin (['®F]12.1) demonstrated
increasing defluorination from 60 minutes onwards. On the contraty ["®F]JAmBF3-PEG7-TOC (['8F]12.3)
and ["®F]JAmBF3-PEG4+TOC (['®F]12.2) demonstrated good in vivo stability 60 minutes after
administration of the peptide radiotracers.
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5.6.2 RADIOMETABOLITES AND TRACER DISTRIBUTION IN BLOOD (IN
VIVO)

Stability of the protein tracer ['8F]12.1 was further investigated as a distribution
of molecules of molecular weight > 30 kDa by separating the components with
ultrafiltration from plasma samples collected after intravenous administration.
The proportion of radiolabeled molecules with a Mw of =30 kD, representing
intact [8F]12.1, was over 90% until 180 minutes post-injection, after which it
decreased to 40% over the next 60 min (240 min incubation time in total).
[18F]12.1 was detected in mouse blood and remained stable in vivo. When studied
with ultrafiltration, fluoroalbumin presented a calculated biological half life of 49
minutes coinciding closely with the reported half-life or BSA in mice (60
min).[112] The difference in the in vivo half-lives is likely due to the extensive
chemical modification of the plasma protein.

Ex vivo stability of the octreotide analog [8F]12.2), that demonstrated lower
stability, revealed radiometabolites in mouse blood samples at 5 and 30 minutes
post-injection. In the radio-TLC, a slightly polar metabolite (4%) in blood with a
position presented as retardation factor (Rf) of Rf= 40 mm was detected 5
minutes post-injection. At 30 minutes post-injection the radiometabolite at 40
mm had disappeared and instead a highly polar metabolite (2.8%) at Rf= 4.0 mm
was visible, likely resulting from free [18F]fluoride, and was accompanied by
another metabolite (2.0%) eluting in the immediate vicinity of the tracer at Rr=
58 mm. At a sample taken 60 minutes post-injection, the tracer accounted for
>99% of the radioactivity both in blood and urine (Figure 16).
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Figure 16. Radiometabolites of ['"®FJAMBF3-PEG4-TOC (['®F]12.2) indicating defluorination in vivo 30
minutes post-injection.
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5.6.3 METABOLISM OF SIFA-TZ IN MOUSE LIVER MICROSOMES (IN
VITRO) AND MOUSE LIVER (EX VIVO)

The metabolism pathway of 9.6 was studied in mouse liver microsomes (MLMs)
with co-factors required for typical phase I metabolism, hypothesized to
participate in 8F-hydrolysis, as well as phase II metabolism by conjugation
reactions, likely following the phase I metabolism in vivo. Specifically, the
stability of the Si-F bond and the defluorination pathway of [9F/18F]9.6 due to
the bone uptake detected in vivo, was the focus of the MLM studies. The proposed
structures of the metabolites were elucidated with non-targeted UHPLC-HRMS
screening and by fragmenting the molecular ions found by their exact masses and
elemental compositions.

A SiFA-derivatized-TOC ([*8F]SiFA-TOC) tracer containing the same oxime bond
at the para-position of the SiFA aromatic ring, found also in 9.6, has been
reported.[96] In the study it was repoted that the in vitro stability during HPLC
quality control of the [8F]SiFA-TOC was good, but to date no reports was found
regarding its in vivo stability, to corroborate or challenge the results presented in
this study, possibly elucidating the participation of the oxime bond at the para
position to the metabolism. Precursor 9.6 exists in two isomeric (E/Z) forms (I,
II), due to the oxime bond generating a double bond.[113] The existence of the E-
and Z-isomers was detected in radio-TLC during analysis of [18F]9.6.(I) Prior to
the metabolite screening studies, the presence of E- and Z-isomers of SiFA-Tz
(9.6) was verified with HRMS.(IT) Two distinct and well separated protonated
molecule peaks were detected eluting at 4.37 min (m/z 509.24900, A= —0.20865
ppm) and 4.64 min (m/z 509.24905, A= 0.01860 ppm), with the elemental
composition of C26H34FN6O2Si+, corresponding to the geometric isomers of (2)-
SiFA-Tz ((2)-9.6) and (E)-SiFA-Tz ((E)-9.6), respectively. The ratio of the
dominating E-isomer was determined as 92 + 0.7% (n = 2). The fragmentation
pattern of (2)-9.6 and (E)-9.6 was used to establish identification criteria of 9.6,
and to aid in identifying the fragmentation positions of the proposed metabolites.
The reduced forms of (Z)-9.6 and (E)-9.6 were detected in the analytical
standard with a ratio of 89 + 7% (n = 2) of (E)-9.6, likely due to the spontaneous
reduction of tetrazines in solution, as earlier reported.[114, 115]

Livers from healthy CD-1 mice were collected 5 min post-injection of [8F]9.6
after ex vivo biodistribution studies and stored in freezer (-20 °C) for HRMS
analysis. The isomers had individual half-lives in vivo, and the E-isomer
metabolized faster both in vitro in MLMs and in vivo, based on the extracted liver
homogenate sample where a ratio of approximately 48:52% (E/Z) was
detected.(IT) The corresponding reduced SiFA-dihydrotetrazines (SiFA-H-Tz)
were detected in the analytical standard, in the in vitro in MLM samples and in
ex vivo mouse liver homogenate. The silanol analogues, Si-OH-Tz and the
reduced Si-OH-H-Tz, produced from 9.6, were found after incubation with
NADPH.
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The chemical structures SiFA-Tz, SiFA-H.Tz, Si-OH-Tz and Si-OH-H:Tz,
together with extracted ion chromatograms of 9.6 and SiFA-H-Tz in analytical
standard and in mouse liver exctract are presented in Figure 17.
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Figure 17. Upper panel A) Chemical structure of SiFA-Tz (9.6, E/Z) together with the proposed
chemical structures of main phase | metabolites of SiFA-Tz (E/Z): reduced dihydrotetrazine SiFA—
H2Tz (E/Z), defluorinated silanol Si-OH-Tz (E/Z), and reduced dihydrotetrazine silanol Si-OH-H2Tz
(E/Z). Lower panel exctracted ion chromatograms of B) analytical standard sample SiFA-Tz (9.6), D)
SiFA-Tz (9.6) in ex vivo mouse live exctract, C) SiFA-H2Tz present in analytical standard, and E) SiFA-
H2Tz in ex vivo mouse liver extract.
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Based on the fragmentation patterns (Figure 18 A, C), the kinetics of
metabolism formation and the substrate depletion patterns, it was hypothesized
that first transformation was the hydroxylation to a tert-butyl group, followed by
the proposed subsequent oxidation further to a carboxylic acid at the tert-butyl
group, accompanied by oxidative defluorination providing in total nine proposed
phase I metabolites of 9.6 and SiFA-H-Tz. The proposed monohydroxylated
metabolites were o-glucuronidated forming in total eight phase IT metabolites. In
all metabolite samples both fluorine-containing and defluorinated metabolites
were detected. In summary, it was indicated, that the defluorination was a sligtly
slower event, accelerated by CYP enzyme mediated oxidative defluorination
process, likely accompanied by 8F-hydrolysis, repoted for other SiFA-derivatives
earlier. Also the slight loss of radioactivity (<1%) as [*8F]fluoride from [18F]9.6 in
PBS at 90 min, increased in human plasma (5%),(I) indicated some other
participating factor, likely enzymatic phenomenon, in addition to 8F-hydrolysis,
influenced the phenomenon.

The HRMS results indicated, that the proposed metabolites were hydroxylated at
a tert-butyl-carbon. Indeed, the phase I metabolism of two extensively studied
tert-butyl group (Finasteride and Docetaxel), and aromatic ring (Docetaxel)
containing compounds,[116, 117] demonstrated that the tert-butyl group
underwent oxidation rather at the tert-butyl sp3-carbons than an aromatic ring,
supporting the findings and hypothesized metabolism sites presented in this
study.(II) Also clear species-specific differences in the oxidation or hydroxylation
sites has been reported, with tert-butyl groups hydroxylated in human and para-
positioned methyl group or Ar-Me hydroxylated in rat, rabbit, and monkey, when
studying butylated hydroxytoluene.[118] The metabolite formation and substrate
consumption kinetics revealed that the E-isomers, in all instances, were
metabolized more rapidly than the Z-isomer (Figure 18). Moreover, even though
the reduced SiFA-H.Tz was present in the analytical standard, also used as
substrate in the metabolism studies, it was evident that the amount of SiIFA-H.Tz
increased as a function of time (from t=0 min to t=5 min) in the phase I and phase
IT microsomal assays. The proposed metabolic pathway for phase I hydrolation,
reduction and phase II o-glucuronidation is presented in Scheme 16.
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6 CONCLUSIONS

The incidence of cancer is on the rise presenting earlier onset in younger
adults. Early detection, accurate evaluation of the disease state without delay,
and identification of possible metastasis, is a prerequisite for efficient
treatment with positive outcomes. Different cancer types require different
approaches for identifying tumors from healthy tissue. Non-invasive
molecular imaging methods, such as PET combined with a complementary
anatomical modality, CT or MRI, offers a powerful tool for visualizing sites
that are out of reach for biopsies. These non-invasive methods offer a robust
tool for closely monitoring the disease progress and treatment response, with
minimum discomfort for the patient. A clear contrast between background
tissue, such as the bloodstream and the organs responsible for eliminating the
radiotracer is required for accurate visualization of a tumor and its metastasis.

To meet these requirements, and to provide clear visualization of the
pathology in question, radiolabeled molecules are required for the delivery of
the imaging agent within the patient to the region-of-interest. Hence, the
development of novel radiolabeled compounds called radiotracers, is a pivotal
part of ensuring efficient and reliable cancer imaging with the sophisticated
imaging modalities. In addition to general purpose radiotracers, such as
[*8F]NaF used for bone metastasis imaging, or multipurpose [*3F]FDG used to
image many targets, from inflammation to Alzheimer’s disease and cancerous
tumors, more selective tracers that can be used as markers for imaging
receptor expression, and moreover, for receptor mediated therapeutics as well,
are under feverish development. Radiolabeled biomolecules offer an innate
targeting capability towards membrane-associated receptors, that once
internalized to the tumor, enable a prolonged time-window for target
visualization, as well as uptake of therapeutic radiopharmaceuticals into the
cancerous cells for radiotherapy. This targeting capability is crucial also for
patient selection of receptor-mediated treatments.

Biomolecules comprise a vast array of appealing and valuable alternatives as
radiopharmaceuticals, from small to bulky biomacromolecules, but many of
them are sensitive to the harsh conditions generally associated with
nucleophilic radiofluorinations. Uncontrolled insertion of the radiolabel in
unsuitable locations can destroy the targeting moiety of the biomolecule.
Continuos attempts to provide biomolecule-based radioharmaceuticals
rapidly and chemoselectively has influenced the ongoing developments of
more sensitive radiofluorination techinques applicable for even the most
sensitive biomolecules, facilitating the introduction of click-based chemistry,
with broad utility in the world of bioconjugations.
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In this thesis, novel chemoselective prosthetic groups, [8F]SiFA-Tz and
[*8F]JAmBF;3-Tz, were designed and developed for mild radiofluorination of
biomolecules. The prosthetic groups were evaluated for their suitability as
universal radiofluorination agents to produce biomolecule-based molecular
imaging agents. The prosthetic groups were radiolabeled by isotopic exchange
and used successfully for radiofluorination of biomolecules by chemoselective
IEDDA. The prosthetic group, [18F]SiFA-Tz, with high liver uptake and low in
vivo stability as a standalone tracer, was further investigated in MLMs for
elucidating the metabolism pathway leading to pronounced in wvivo
defluorination, enabling future optimization of similar structures. The
defluorination was still detected when the prosthetic group was bound to a
biomacromolecule, serum albumin, suggesting further structural optimization
was required for finding the potential universal radiolabeling tool. Motivated
by the instability and relatively high lipophilicity of the first prosthetic group,
structural modifications were done accordingly, and [8F]JAmBFs-Tz was
introduced. The novel prosthetic group met all the requirements set for the
optimal radiotracer in the study aims. After investigating the stability of the
prosthetic groups and the radiolabeled biomolecules in vitro, evaluation of the
performance, stability and biodistribution of the 8F-fluorinated prosthetic
groups and 8F-fluorinated biomolecules by ex vivo and in vivo methods, it
was concluded that a novel potentially universal radiolabeling tool for radio-
biopharmaceutical production was developed.

In summary, [*8F]JAmBF;-Tz developed in this work is a novel universal and
bioorthogonal radiolabeling tool, with excellent in vivo stability, desirable
hydrophilicity, main elimination by excretion via kidneys to urine, and low
non-target background when studied in mice by PET/CT imaging. The
prosthetic group was also used to radiolabel two SSTR2 targeting peptides, of
which one demonstrated preferrable elimination and good in vivo stability.
The peptide derivatives warrant further structural optimization due to the low
stability of the other radiopeptide, prolonged blood circulation and the
relatively high liver uptake of both radiopeptide tracers, likely due to the added
lipophilicity of the cycloadduct on the resulting radiopeptide. The radiolabeled
serum albumin protein would benefit from enzyme-mediated site-specific pre-
conjugation of TCO, rather than traditional chemical modification, for
ensuring better control over both the TCO-conjugation site and the number of
incorporated TCO.

Due to the promising pharmacokinetics of [8F]JAmBF;-Tz in vivo, it is
currently under investigation, as a standalone tracer for pretargeted PET
imaging, as well as a universal tool for kit-like radiolabeling of various
biomolecules, ushering the radiopharmaceutical field one step closer to rapid
and affordable development of biological radiotracers.
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