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ABSTRACT OF THE DISSERTATION

Radiochemical Synthesis of 4-['8F]Fluorobenzyl-
triphenylphosphonium ([**F]FBnTP) and Ambient
Electrophile Modification of Glyceraldehyde-3-

Phosphate Dehydrogenase (GAPDH)

by

Adrian Lorenzo Gomez
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2022

Professor Joseph Ambrose Loo, Chair

Positron emission tomography (PET) is an imaging modality that is capable of 3-dimmensional
images where radiolabeled molecules are taken up in the body through absorption, biodistributed
in vivo, and metabolized. Bioactive molecules with a specific affinity towards pathways or targets
of interest can be radiolabeled and visualized. The PET tracer 4-[*®F]Fluorobenzyl-
triphenylphosphonium ([*3F]FBnTP) is capable of targeting the mitochondria membrane potential
(AWn) due to its cationic and lipophilic properties. The three pot, four step radiochemical synthesis
of [*®F]FBNTP was successfully developed using the automated radiosynthesizer ELIXYS, which
allowed for a multidose synthesis. The [*®F]FBnTP PET tracer was then used for the in vivo
imaging of non-small cell lung cancer (NSCLC) in disease model mice. This allowed for the
profiling of the mitochondrial membrane potential in autochthondous mouse models of lung

cancer and find distinct functional mitochondrial heterogeneity for subtypes of lung tumors. The



second area of research included developing a drug analogue containing a 4-(nitrophenylsulfonyl)
piperazine backbone, since this class of compounds has been shown to have the ability to
decrease murine mortality in hematopoietic acute radiation syndrome (hARS) for the mitigation of
radiation damage. The synthesis and characterization, and pharmacokinetics was performed for
52A1, which successfully showed to mitigate radiation damage in vivo. The third area of research
included the inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by ambient
electrophiles. GAPDH is an important enzyme for energy metabolism as well as cell proliferation
and tumorigenesis. However, upon exposure to ambient pollutants that are produced from
incomplete combustion, they can react with the cysteine sites on proteins. The chemical
properties of these pollutants make them inherently electrophiles, wherein the cysteine sites are
nucleophilic in biological conditions. The cysteine modification then reacts via the Michael
Addition, which is an irreversible chemical modification. It was found that when exposed to
ambient electrophiles, the Cys 152 and Cys 247 residues of the Human GAPDH were chemically
modified, which lead to inhibition and reduced catalytic activity. The quantification and localization
of the ambient electrophile modification on GAPDH were determined using intact protein analysis,

catalytic activity studies, and bottom-up proteomics approaches.
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Chapter 1: Introduction

1.1 Positron emission tomography (PET) Tracers

Non-invasive imaging using Positron Emission Tomography (PET), has been a valuable tool for
early diagnosis of a variety of diseases.! PET works by labelling compounds with radionuclei,
which emit positrons that annihilate with nearby electrons to form two gamma rays that travel in
opposite directions. These gamma rays are then detected and reconstructed to give a 3-
dimmensional image of where the labelled molecules are taken up in the body. Bioactive
molecules with a specific affinity towards pathways or targets of interest can be radiolabeled and
visualized. One of the more commonly used PET tracers include but are not limited to 2-deoxy-
2-[fluorine-18]fluoro-D-glucose ([*¥F]FDG), an analogue of glucose which is capable of visualizing
increased glucose uptake and glycolysis of cancer cells and can depict metabolic abnormalities.?
Recently, PET tracers have been used for both in vivo visualization and treatment, known as
Theranostics. Theranostics have been used to treat diseases such as prostate cancer by targeting
the prostate specific membrane antigen (PSMA) first with ®8Ga-DOTA-PSMA and upon successful
imaging, the tumors were treated with "Lu-DOTAGA-PSMA.2 Moreover, mitochondrial specific
PET tracers, such as [*®F]4-fluoro-benzyl-triphenyl-phosphonium ([**F]JFBnTP), can be
synthesized then visualized using PET for imaging of the mitochondria in vivo. Mitochondria key
processes involve cellular energy and metabolism and have a major role in growth and survival
of cancer cells. Oxidative phosphorylation, which is the process of forming ATP from the electron
transport chain (ETC), occurs in the mitochondria.* The PET tracer [*®F]FBnTP is a cationic
lipophilic compound that can target the mitochondrial membrane potential (AWn,) due to its
negative plasma membrane potential such as in the figure below. This is significant because

certain diseases such as diabetes, cardiac failures, neurodegenerative diseases, and cancer



have changes in the mitochondrial membrane potential, which can be detected early and non-

invasively.>® These diseases ultimately lead to mitochondrial dysfunction, which causes a
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Figure 1. 1. Potentiometic Nature of [L8F]JFBnTP PET Tracer Uptake in Mitochondria

reduced negative membrane potential among other various harmful downstream cellular
processes. Consequently, mitochondrial dysfunction can be monitored via these perturbations in
the mitochondria membrane potential (AW) for non-invasive PET imaging using [*®F]FBNnTP. In
Chapter 3 of this work, [*F]JFBnTP was used to visualize mitochondrial dysfunction in non-small
cell lung cancer (NSCLC) disease model mice. [*®F]FBnTP was able to profile mitochondrial
membrane potential in autochthonous mouse models of lung cancer, and ultimately a distinct
functional mitochondrial heterogeneity within the subtypes of lung tumors was found. In Chapter
2 of this work, the radiochemical synthesis of [\®F]FBnTP PET tracer was be performed using the

automated ELIXYS synthesizer in a three pot four step sequence shown below.
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Figure 1. 2. Synthesis schematic of [L8F]JFBnTP PET tracer

The synthesis of this PET tracer was previously described by Ravert et al. 2004, however the
starting radioactivity and activity yields were not disclosed.® In this chapter the optimization and

successful synthesis of a multidose [*8F]FBnTP PET tracer was described.
1.2 Radiation mitigation

The use of ionizing radiation (IR) in medical practice has become increasingly frequent over the
years for visualization of tumors and cancers with X-Ray and CT scans, and for treating tumors
and cancers with beam therapy.'® However, IR has deleterious side effects including damage to
normal cells and ironically, the initiation of new cancerous growths.! Our ability to mitigate cellular
damage caused by IR remains limited. Recently, a high throughput screening procedure has
shown that compounds containing a 4-(nitrophenylsulfonyl) piperazine backbone have the ability
to decrease murine mortality in hematopoietic acute radiation syndrome (hARS).12 One of the
ways the efficacy of a drug can be measured is through pharmacokinetics. Pharmacokinetics
allows for the quantification of a drug over time in plasma and tissues. The time course of the
study allows for the absorption, distribution, metabolism, and excretion of the drug (ADME).
Previously, the compound 512 was synthesized and was shown to uniquely mitigate hARS.

However, 512 had challenges in formulation of the compound, which led to the synthesis of 52A1.



The 52A1 analogue was designed to improve the solubility through the addition of a methylamine

group to the benzene. The modified synthesis schematic is shown below.
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Figure 1. 3. Synthesis schematic of 52A1

In Chapter 4 of this work, 52A1 was synthesized and characterized, and pharmacokinetics were

performed on the analogue as well as in vivo mice studies.
1.3 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Inhibition

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is responsible for catalyzing the oxidative
phosphorylation of glyceraldehyde 3-phosphate to 1,3-diposphoglycerate, which is a precursor
for ATP biosynthesis.!®* The enzyme contains an active site cysteine thiolate (Cys 152 in Human
GAPDH, Cys 149 in Rabbit GAPDH), which is located in a pKa-lowering microenvironment (pKa=
6.03).1%1% The catalytic Cys 152 appears to reside in a pKa-lowering catalytic triad possibly
involving Histidine (His179) present in the three-dimensional structure of human GAPDH.* The
Cys152 is capable of reacting with environmental electrophiles through the irreversible Michael
addition. Environmental electrophiles such as acrylamide (ACR) and methyl vinyl ketone (MVK)
have been shown to selectively chemically modify the Cys 152 at lower concentrations and at
higher concentrations ACR can react with Cys 152 and Cys 247.1* Additionally,
parabenzosemiquinone (p-BSQ), an abundant (100-200 pg/cigarette) long-lived radical quinone
is present in cigarette smoke and diesel smoke, which after inhalation is converted to 1,4-
benzoquinone (BQ) in vivo via the quinone reductases (NQO01).1>8 Additionally, the inhibition,
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chemical modification via electrophile, of the Cys residues in human thioredoxin-1 (Trx1) by 1,4-
benzoquinone (BQ) causes reduction of the catalytic activity and activation of apoptosis signal-
regulating kinase 1 (ASK1) and p38 mitogen-activated protein kinase (MAPK).1® Additionally,
inhibition of GAPDH by quinones have been observed in gram positive bacterium Bacillus subtilis,
where a depletion of thiol-containing proteins after quinone exposure was observed.? In vivo, one
of the main processes that GAPDH is responsible for is the conversion of NAD*to NADH. A
schematic of the biological process is shown below wherein glyceraldehyde-3-phosphate is
converted to 1,3-bisphosphoglyceric acid, which is an intermediate in both glycolysis during
respiration. Previous studies have investigated the catalytic activity of GAPDH after inhibition via

ambient electrophiles, such as quinones, and observed that at concentrations as low as 100 nM

inhibition was present.?!

ﬁ NAD* NADH ﬁ 0 <|3|
P -
o/\{\o/ C|J\O v 5 T\O/\;)L o T\E’
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OH
(G3P) GAPDH (1,3BGP)

Figure 1. 4. Schematic of GAPDH converting G3P to 1,3 BGP

Previous studies, have utilized bottom-up proteomics for the identification and quantification of
the Cys 152 labelled modifications by environmental electrophiles, which include alkenes and

quinones.?*?2 A schematic for a typical proteomics flowthrough is shown below.
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Here, we describe a mass spectrometry-based approach for the identification and quantification

of BQ and MVK at physiologically relevant submicromolar concentrations using intact protein

analysis, catalytic activity studies, and bottom-up proteomics.



Chapter 2: An Automated Multidose Synthesis of the Potentiometric PET Probe 4-
[*®F]Fluorobenzyl-Triphenylphosphonium ([**F]FBnTP)

2.1 Introduction

Mitochondrial metabolism provides adenosine triphosphate (ATP) as the main source of chemical
energy in the cell and produces a myriad of other important co-factors as well as metabolites.
Mitochondrial dysfunction has been associated with human diseases such as diabetes®, cardiac
failure®, neurodegenerative diseases®, and cancer.?* There have been rapid advances in the
development of tools to study mitochondrial metabolism in vitro during the last decades.?®* Among

these tools, monitoring mitochondrial membrane potential (AW m) with lipophilic, cationic dyes has

emerged as one of the most commonly used techniques.?® While lipophilic cations have proven
good molecular markers of mitochondrial activity, in vivo study of mitochondrial potential requires

the development of noninvasive molecular imaging probes.

To harness lipophilic cations for the assessment of AWm-in vivo, carbon-11-labeled phosphonium
salts were synthesized?” and studied as imaging probes? for positron emission tomography

(PET).2 The synthesis of 4-[18F]fluorobenzyl- triphenylphosphonium ([18F]FBnTP) was later

investigated to take advantage of the superior decay properties of fluorine-18 (t1/2 = 109.8 min,

maximum BT energy = 635 keV).? The probe was successfully used in various animal models for
imaging of paclitaxel-induced apoptotic activity*°, unstimulated brown adipose tissue®!, ischemic
areas after transient coronary occlusion®?, and myocardial perfusion.®® The original synthesis by
Ravert et al.?® was reported to proceed in four steps, affording the probe in 6 % nondecay
corrected (n.d.c.) radiochemical yield (RCY) within 82 min and molar activities (Am) of 16.7 GBg/
pMmol. The synthesis was performed manually and no activity yields (AY) were reported. The same
group later reported a microwave-facilitated synthesis using custom hardware delivering the

probe in n.d.c. RCY of 8.3 % within 52.4 + 14 min and Am of 534.5 + 371.4 GBg/umol.3* Again,



no AY or starting activities were disclosed. Zhang et al. recently described the formation of

[18FJFBNTP in one step via copper-mediated 18F-fluorination using a pinacolyl boronate
precursor.® Formation of the probe was reported in high RCY of 62 + 1.4 % before purification.

The synthesis was performed manually and neither AY nor Am of the purified product formulation

were revealed. Even though metal-mediated 18F- fluorinations will likely be used for the clinical
production of PET imaging probes in the future, their compliance with the principles of current

good manufacturing practice (cGMP) has not been extensively established to this date.3®

In this study, we intended to translate the original four-step synthesis into a clinically useful
production procedure on a commercially available radiosynthesizer that reliably affords multiple
doses ready for injection into patients. Since the three-pot design of the ELIXYS FLEX/CHEM

radiosynthesizer allows for complete automation of the sequence, it was chosen for this task.3’

2.2 Methods and Materials

All commercially available reagents and materials were used as received unless otherwise
specified. Acetonitrile (MeCN, extra dry, 99.9%), dimethyl sulfoxide (DMSO, extra dry, 99.7%),
and dichloromethane (DCM, extra dry, 99.9%) were obtained from Acros Organics. Ethanol
(EtOH, 200 proof, anhydrous) was obtained from Decon. All water used was purified to 18 MQ
and passed through a 0.1-mm filter. 4-Trimethylammoniumbenzaldehyde
trifluoromethanesulfonate and 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane
(K222, 98%) were purchased from ABX. Triphenylphosphine dibromide (Ph3PBr2, 96%; stored
and handled in a glovebox), sodium borohydride on alumina (NaBH4-(Al203)y); stored and
handled in a glovebox), and triphenylphosphine (PPh3, 99 %) were purchased from Sigma-
Aldrich. 4-Fluorobenzyl triphenylphosphonium chloride (FBnTP, nonradioactive reference, 98 %)
was purchased from Alfa Aesar. L-Ascorbic acid sodium salt (Na-ascorbate, 99 %) was purchased

from Acros Organics. Potassium carbonate (K2CO3) was purchased from FisherChemical.
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Sodium chloride solution (saline, 0.9 %, injection, USP) was purchased from Hospira. Sep- Pak
Plus Accell CM cartridges (preconditioned with EtOH (10 mL), followed by deionized water (20
mL)), Oasis WCX Plus cartridges (preconditioned with EtOH (5 mL), followed by deionized water

(10 mL)), Sep-Pak Light Plus QMA cartridges (preconditioned with 0.5N KHCO3 (3 mL), followed

by deionized water (5 mL)), and Sep-Pak Classic Silica cartridges (wetted with DCM (3 mL)) were
purchased from Waters. GraceTM SCX Maxi-Clean cartridges (wetted with deionized water (5
mL)) were purchased from Alltech. Millex-GV (SLGV013SL and SLGV004SL) sterile filters with a
0.22-um pore size hydrophilic PVDF membrane were purchased from MilliporeSigma. Reactor
vials (W986259NG), reagent vial septa (224100-072), and crimp caps (224177-01) were
purchased from Wheaton. Reagent vials (62413P-2) were purchased from Voigt. Magnetic stir
bars (14-513-65) were purchased from Fisher Scientific. Glass chromatography columns

(006SCC-10-10-AA) were purchased from Omnifit Labware.

2.3 Chromatography and Analytical Methods

Radio thin layer chromatography (radio-TLC) was performed on silica plates (TLC Silica gel 60 W

F254s, Merck). After spotting a small sample volume (~ 1-5 uL) using a glass capillary, the plate

was developed in the mobile phase (MeCN). Chromatograms were obtained using a radio-TLC
scanner (miniGita Star, Raytest). Radio high-performance liquid chromatography (radio-HPLC)
chromatograms for quality control were registered using a 1200 Series HPLC system (Agilent
Technologies) equipped with a GabiStar flow-through gamma detector (Raytest). Data acquisition
and processing was performed using OpenLAB CDC ChemStation Edition 2016 (Agilent

Technologies). Analytical HPLC was used to estimate the radiochemical purity (RCP), the Am,

and the chemical purity of final formulations of [18F]FBnTP. A radioactive sample (200 pL) was
taken from the final formulation and injected for HPLC analysis (5 L injection volume). HPLC
method 1: Alltech Adsorbosphere SCX 5u, 250 x 4.6 mm. Gradient: A = MeCN (+ 0.05 % TFA);
B = water (+ 0.05% TFA); flow rate = 1.8 mL/min; 0—12 min 90% B to 5% B, 12—-16 min 5 % B,
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16—17 min 5% B to 90% B; 254 nm detection wavelength. RCP was calculated by dividing the
area under the curve (AUC) for the desired product by the sum of AUC for all peaks. To confirm
the structural identity of the synthesized compound, a radioactive sample (195 pL) of the final
formulation was diluted with a 10-mM solution of the nonradioactive reference in water (5 L) and
injected for HPLC analysis (5 pL injection volume). Calibration curves of UV absorbance versus

molar mass were created in advance for calculating Am shown below.

90 -
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Figure 2. 1. UV absorbance of non-radioactive reference vs. molar mass
Curves were obtained using a linear-least square fit of absorbance versus molar mass for six data
points spanning the expected molar mass range. Am was calculated by dividing the radioactivity
of the injected sample by the molar mass (as determined from the AUC for the UV peak and the
calibration curve). Am reported are decay corrected at the end of the synthesis. For measurement
of RCY (expressed as the percentage of the starting activity and corrected for decay) or AY (not
corrected for decay), final formulations were measured in a dose calibrator (Capintec). Analytical
HPLC was used to analyze radioactive samples of intermediate steps of the sequence in low-
activity runs. HPLC method 2: Phenomenex Luna 5u C18 (2) 100 A, 250 x 4.6 mm, 5 ym.

Gradient: A = MeCN (+ 0.05 % trifluoroacetic acid (TFA)); B = water (+ 0.05 % TFA); flow rate =
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1.8 mL/min; 0-12 mMin 90 % B to 5 % B, 12—-16 min 5 % B, 16—17 min 5 % B to 90 % B; 254 nm

detection wavelength.

2.4 Radiosynthesizer Setup

Dedicated cassettes for [18F]FBnTP synthesis were reused, and liquid pathways cleaned with
MeCN before each experiment using an automated sequence. The cleaned cassettes were
loaded into the synthesizer and locked into position. Clean reactor vials with a magnetic stir bar
were placed in the reactor positions. Shortly before the start of the synthesis, reagent vials were
filled with the appropriate reagents and then sealed with a septum and crimp cap. Once sealed,
the reagent vials were inverted and loaded into the appropriate cassette reagent positions.
Preconditioned cartridges and the glass column for the reduction step were installed on the
cassettes using Luer fittings in the positions indicated in Fig. 2.2 Interconnections were made as
indicated in Fig. 2.2. Finally, a mixture of EtOH (~ 50 mL) and ice was added to the vacuum trap

Dewar.

["Ffluorice Cassetle 1 Cassette 2 Cassette 3

ol g N & > - R
Eluent ["OH,O0 Reagents N, Waste Reagents N, Reagents N,
b :
(—
' |
Waste

Transfer
xh dip tube "¢
==
=) v
13

]
;
\ t Product 1) Wash

Reactor 1 Reactor 1 Reactor 2 Reactor 2 Reactor 3 Reactor 3 2) Ente

dflcp

Figure 2. 2. Cassette fluid path diagram showing connections to cartridges, connections between cassettes, and
connections of the SPE purification system.

2.5  Synthesis Protocol
No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [18O]H20 (~ 97 % isotopic

purity, Medical Isotopes) in a RDS-112 cyclotron (Siemens) at 11 MeV using a 1- mL tantalum
target with Havar foil. The activity was unloaded from the target and pushed through a strong

cation exchange (SCX) cartridge (if applicable) before entering the QMA cartridge. Trapped
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[18F]ﬂuoride was subsequently eluted with a solution of K222 (10 mg, 27 pmol) and K2CO3 (1

mg, 7 ymol) in acetonitrile/water (3:5, 0.8 mL) into the first reaction vessel (1.5 min, 7 psig nitrogen
pressure). Contents were partially evaporated while applying vacuum and a stream of nitrogen
(10 psig) at 110 °C for 3.5 min with stirring. Acetonitrile (1.2 mL) was added through the QMA
cartridge to wash residual activity into the vessel, and the combined contents evaporated for 3.0
min at 110 °C (7 psig nitrogen pressure). Acetonitrile (1.2 mL) was directly added to the reactor,
and the contents were fully evaporated for 2.5 min at 110 °C (7 psig nitrogen pressure). The
reactor was cooled to 35 °C, and a solution of 4-trimethylammoniumbenzaldehyde
trifluoromethanesulfonate (5 mg) in DMSO (0.8 mL) was added. Contents were reacted at 90 °C
for 5 min with stirring. A 1% (w/v) Na-ascorbate solution (3 mL followed by 2 mL) was added to
the reactor under stirring, and the resulting mixture was passed through an Oasis WCX cartridge
over a period of 1.5 min (6 psig nitrogen pressure). Another batch of 1% (w/v) Na-ascorbate
solution (3 mL followed by 2 mL) was added to the reactor and passed through the cartridge. The
cartridge was blow-dried for 1 min (20 psig nitrogen pressure) and eluted with DCM (3 mL). The
mixture was passed through a glass chromatography column, containing NaBH4- (Al2O3)x (350
mg) followed by K2CO3 (2 g) and directed into the second reaction vessel (3 psig nitrogen
pressure). Cartridge and column were rinsed with DCM (1 mL, containing 0.2%(v/v) of water) (3
psig nitrogen pressure). A solution of Ph3aPBr2 (100 mg) in DCM (1.1 mL) was added to the
second reaction vessel and the mixture was reacted at 35 °C for 10 min. All contents of the second
reaction vessel were passed through a silica cartridge into the third reaction vessel (2 psig
nitrogen pressure). A solution of PPh3 (3 mg) in EtOH (0.6 mL) was added to the third reaction
vessel, and all contents were partially evaporated to approximately 2 mL by applying both vacuum
and a stream of nitrogen (3 psig) at 45 °C for 3.5 min with stirring. The silica cartridge was rinsed
with DCM (1 mL) (1 psig nitrogen pressure), and the contents of the third reaction vessel were

partially evaporated to approximately 0.5 mL by applying both vacuum and a stream of nitrogen
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(3 psig) at 45 °C for 6.5 min with stirring. EtOH (1 mL) was added and the contents were partially
evaporated to approximately 0.5 mL by applying both vacuum and a stream of nitrogen (7 psig)
at 80 °C for 2.5 min with stirring. The resulting mixture was reacted in a sealed position at 160 °C
for 5 min with stirring. The reaction vessel was cooled to 35 °C and water (3 mL) was added with
stirring. The resulting mixture was passed through a Sep-Pak Plus Accell CM cartridge (8 psig
nitrogen pressure). The Sep-Pak was immediately washed with EtOH (20 mL) and the product
released with 2% EtOH in saline + 0.5% (w/v) Na-ascorbate (10 mL) and directed through a sterile

filter into a vented sterile vial.

2.6 Results
The aim of this study was to develop a reliable synthesis protocol for the potentiometric PET-

probe [18F]FBnTP on a commercially available radiosynthesizer. For practical clinical translation,
the final formulation should be injectable, i.e., pass all applicable quality control tests, and should
be obtained in AY that allow for imaging of multiple patients. To achieve these goals, we adapted

a four-step, three-pot synthesis?® by assembling a sequence of “unit operations” (e.g., “trap,”

LTS ”

“‘elute,” “evaporate,” “react”) that are programmed into the synthesizer-software and specifying
the parameters for each (e.g., temperature, reaction time, pressure)®. A seamLess flow of
solvents was tested in abbreviated runs without activity or reagents to ensure its correctness. The
sequence was optimized for RCY and RCP during several production runs (n = 24) using activity
amounts that averaged around 30.8 GBq. Adjustments to the sequence were made based on
careful analysis of the crude product composition as well as the residual activity retrieved from

vital parts of the setup (i.a. reactors, SPE-cartridges, and waste containers). We also performed

low-activity test runs starting with an average of 300 MBq of [18F]ﬂuoride which allowed for safe
withdrawal of samples for radio-HPLC as well as radio-TLC analysis between each step. The
reaction vessel was made accessible between steps by using the “Move Reactor” operation. The

optimized sequence consists of 33 “unit operations” and runs autonomously without user

13



interference. The synthesis includes intermediate solid-phase extraction purifications, an on-
column reduction, controlled solvent evaporation steps, and reactions in sealed position at
temperatures above the boiling points of the respective solvents. An overview of the synthesizer
setup as well as the flow of liquids is depicted in Fig. 2.2. The SPE purification with a Sep-Pak
Plus Accell CM cartridge is supported by two electrically actuated three-position valves that are

controlled by the user from outside the hotcell.

The synthetic steps of the optimized sequence with respective reaction conditions are shown in

Figure 2.3.
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Figure 2. 3. Synthetic sequence showing optimized reaction conditions.
Briefly, the sequence consists of the synthesis of 4-[18F]-fluorobenzaldehyde ([18F]FBA),
subsequent reduction of the aldehyde functionality with NaBH4-(Al203)x, conversion of 4-
[L18F]fluorobenzyl alcohol ([18F]FBnOH) to 4-[18F]fluorobenzyl bromide ([18F]FBnBr) with
Ph3PBr2, and formation of [18F]FBNTP by nucleophilic substitution with Ph3P. Following this
sequence, the probe was synthesized without the use of HPLC in AY of 1.4-2.2 GBq of

[18F]FBnTP from 9.4 to 12.0 GBq [18F]ﬂuoride in 90-92 min (RCY = 28.6 £ 5.1% with n = 3).
Molar activities at the end of synthesis ranged from 80 to 99 GBqg/umol and RCP was > 99 % in

all cases. The formulated probe in injectable form passed all applicable quality control tests.
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2.7 Discussion

Optimization of [18F]FBA Formation

The first synthetic step consists of [18F]FBA formation with subsequent SPE purification using an

Oasis WCX cartridge. In our early synthesis attempts, [18F]FBnTP was obtained in poor RCY <

0.6 % with starting activities that averaged around 41.1 GBqg. We observed that up to 80% of the
starting activity had passed through the Oasis WCX cartridge during SPE purification of [18F]FBA.
HPLC analysis of the waste activity showed no evidence of [18F]FBA but of an unknown, polar,
impurity alongside unreacted [18F]fluoride. This implies that [18F]JFBA was available in RCY <
20% for the subsequent three steps, hampering overall RCY of [18F]FBnTP. Since numerous
publications describe the synthesis of [18FJFBA in RCY ranging from 50 to 72%34°, we
investigated the reason for the low formation of [18F]FBA in our hands. We considered radiolysis
of [18F]FBA during SPE purification in the presence of water as a possible reason for low yields

from high starting activities*:. This possibility was explored by synthesizing [18F]FBA with
escalating amounts of radioactivity and a negative correlation between starting activities and

synthesis yield was indeed observed shown in Table 2.1.

Table 2.1. Synthesis of [*®F]FBA with increasing starting activities

Temp. Time Na-ascorbate Starting Activity RCY
Entry Solvent
(°C) (min) (wiv %) (GBq) (%)
| MeCN 100 10 0 0.7 50
2 MeCN 100 10 0 2.8 34
3 MeCN 100 10 0 6.0 23
4 MeCN 100 10 1 5.3 49
5 DMSO 90 5 1 5.0 65
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We found that radiolysis during SPE purification was efficiently hindered by replacing water with

a 1 % (w/v) Na-ascorbate solution. Analysis of the crude mixture in low-activity test runs showed

formation of [18F]FBA in high purity (radio-HPLC = 94-99%, radio-TLC = 92%) shown below in

figures 2.4 and 2.5.

UIB1 B, Analog In

750 4 =
700
650 o, [18F]FBA
600
550 4
500
450
400
350 <
300
250
200
150 4
100 4

504

my

3]
I L ry
R N SR ST SR ST A R e e
75 8 85 9 95 1010511 11512125 1313514145 15
Time [min]

Y

WL T I R S SR W, | o
0 D5 1 15 2 25 3 35 4 45 6§ §5 6 65

o

1611

| j6.715
~o 7043

Figure 2. 4. Sample-radio HPLC of crude [18F]FBA
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Figure 2. 5. Sample radio-TLC of crude [18F]FBA

After addition of water, 69—79% of the starting activity were trapped on the Oasis WCX cartridge,

indicating high yields of [L8F]FBA, similar to previously reported results. The waste activities after
this step amounted to 20-25% of starting activities. Following the addition of 1% (w/v) Na-

ascorbate solution, similar percentages of waste activities were observed in high-activity
[18F]FBnTP production runs, leading us to conclude that hindrance of radiolysis was key in

enabling the synthesis of [L8F]FBA in high AY.

During certain production runs, we observed a considerable decrease of [18F]FBA formation as

indicated by SPE waste activities of up to 48 %. This coincided with reports of low 2- deoxy-2-

[18F]fluoro-D-glucose ([18F]FDG) yields at the Biomedical Cyclotron facility at our institution. The

yield drop was correlated to the release of undesired metal contaminants from the targets,

rendering the [18F]fluoride inactive for the nucleophilic attack during [18F]FBA synthesis. With

cleaning of the cyclotron target body and replacement of the Havar foil during cyclotron
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maintenance, [18F]FBA yield was restored. This led us to place an SCX cartridge in between the

[18Ffluoride delivery line and the cassette of the synthesizer as indicated in Fig. 2.1, which
equally proved effective in restoring the yield. Between 18 and 27 % of the activity delivered by

the cyclotron accumulated in the SCX cartridge. Other strategies that efficiently reduce metal

contaminants alongside negligible [18F]fluoride loss have been reported*?.

Optimization of [18F]FBnOH Formation

The formation of [18F]FBnOH proceeds by elution of [L8F]FBA from the Oasis WCX cartridge

and channeling liquids through a glass column filled with the reducing agent NaBH4-(Al203)x and
subsequent drying with K2CO3. In early attempts, diethyl ether (Et2O) was used as the eluent

which efficiently eluted [18F]FBA off the cartridge but turned out to be problematic during the

subsequent bromination step (vide infra). EtoO was successfully replaced with 3 mL of dry DCM,

but a second elution with 1 mL of DCM was necessary to sufficiently release [18F]FBA off the
Oasis WCX. Since a proton source is necessary to form the OH-functionality from the alcoholate
obtained in the reduction of aldehydes with hydride, up to 38 % of the starting activity remained
in the NaBH4 bulk when extra dry DCM was used. This was addressed by adding a small amount
of water (0.2 % v/v) to the second 1-mL elution with DCM to rinse the column. With this, only 1—
3 % of the starting activity remained in the NaBH4 bulk at the end of the synthesis. Efficient
reduction of the aldehyde with conversion rates of 83—-98 % was confirmed by analytical radio-

HPLC in low- activity runs shown below in figure 2.6.
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Figure 2. 6. Sample radio-HPLC of crude [18F]FBnOH

Optimization of [18F]FBnBr Formation

Transformation of [18F]FBnOH into [18F]FBnBr is achieved through the use of bromination agent
Ph3PBr2 with subsequent silica cartridge purification. In early attempts, we added a solution of
[18F]FBnOH in Et20 directly to a solution of Ph3PBr2 in DCM, which resulted in unpredictable
yields and synthesis failures. Replacing Et2O with DCM during the on- column reduction avoided
the formation