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ABSTRACT OF THE DISSERTATION

Novel economical approaches for the fluorine-18 radiopharmaceuticals production via droplet

radiochemistry

by
Ksenia Lisova
Physics and Biology in Medicine
University of California Los Angeles, 2021

Professor Robert Michael van Dam, Chair

Positron emission tomography (PET) is a powerful medical diagnostics and research tool
that uses radiolabeled molecules (tracers) to image biological processes in vivo. By administering
only nanomolar quantities of the tracers, PET scans enable non-invasive assessment of normal
biological processes in cells and their failure in disease to aid in medical diagnostics, staging of
disease severity and monitoring treatment response. Short-lived radioisotopes used in the
synthesis of diagnostic PET tracers necessitate that the tracer production is carried out shortly
before imaging. Each production is a multistep process involving acquisition of the radioisotope,
radiochemical synthesis and quality control. Radiochemical synthesis is further broken down into
radiochemical reaction to link the radioisotope with a ligand, purification and formulation to obtain
pure injection-ready product.

Despite impressive sensitivity and accuracy of PET in medical diagnostics, access to the
wide variety of short-lived radioactive tracers is hindered due to a high cost of their preparation.
The overall preparation cost covers: (i) radiosynthesis units and various consumables, (ii) large
shielded fume hoods (hot-cells), (iii) reagents and radioisotope, (iv) labor and safety. A typical
centralized production of PET tracers in large radiochemistry facilities alleviates the high cost per



production by splitting of the large batches and shipping those to multiple users, which is only
possible for tracers in high demand such as ['®Ffluorodeoxyglucose (['®FJFDG). Newly introduced
dose-on-demand concept proposes convenient production of any tracer of interest directly at the
imaging location, leading to a decentralized approach. While setting up dedicated conventional
radiosynthesis modules for this purpose is unrealistic due to the high cost and large footprint,
microfluidic approaches provide a path for a miniaturized, economical tracer production.

Our lab among others has been extensively working on the radiosynthesis miniaturization
using droplet microfluidic methods. Microfluidics offers potential of cost reduction in almost all
aspects of radiosynthesis. (i) The synthesizer cost can be reduced as a result of reduced system
size, complexity and consumables cost, (ii) the compact units can be self-shielded not requiring
use of hot-cells, (iii) the reagent and radioisotope consumption per synthesis is orders of
magnitude less, (iv) the faster synthesis times and small-scale production levels reduce labor
burden and improve safety. Additionally, in fluorine-18 radiochemistry, the conventional
synthesizers must use high starting radioactivity to ensure good molar activity (radioactivity per
moles of the substance) of the final product. Previously, our group has developed automated
droplet reactors based on electrowetting on dielectric (EWOD) technology. However, those
devices had limitations due to high cost and complexity of fabrication. More recently, we
introduced low-cost disposable silicon chips which serve as a reactor within an ultra-compact
automated radiosynthesizer unit, comparable in size to a 12 oz. coffee cup. The major part of this
dissertation was adapting various conventional fluorine-18-labeling synthesis methods to a
droplet format to demonstrate the versatility of this radiosynthesis approach.

For a number of tracers, we describe synthesis miniaturization process and demonstrate
that the droplet syntheses exhibit higher yields and improved synthesis times in comparison to
the conventional methods. All syntheses feature orders-of-magnitude reduction in reagent
consumption and are able to achieve high molar activity even when lower starting amounts of the

radioisotope are used. As a result, low cost per production can be achieved and such methods
i



are readily useable for research in particular that involves small animal PET imaging. Importantly,
we further demonstrate that these syntheses are scalable, and that production of a few human
doses is feasible. For validation, we also perform full clinical quality control on these tracer
batches. These results suggest that in the future it would be possible to introduce this technology
in a clinical setting as well for an easy access to a wide variety of PET tracers.

From the radiochemistry standpoint, microfluidic fluorine-18 radiolabeling has been shown
to work for different type of ligands. Apart from small molecule radiolabeling, peptide labeling
routes via droplet radiochemistry are also shown. In this work we feature isotopic exchange (IEX)
fluorination that has a benefit of simplified purification but is challenging on conventional scale
due to inherently lower molar activity in this type of reactions. We demonstrate that the droplet
approach with its small volumes allows one to perform IEX synthesis of trifluoroborate-based
peptides and prosthetic groups with high yields and molar activities.

This dissertation presents reliable methods for fluorine-18-labeled radiopharmaceutical
production on demand, in a time- and cost-efficient manner for diverse PET tracers. While with
the current progress, these methods can be readily applied for research purposes including pre-
clinical PET imaging, and future work will focus on improvements and optimization of the droplet

microfluidic technologies to advance these methods to the clinical PET.
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Chapter 1: Introduction

1.1 Nuclear medicine imaging: Positron emission tomography

Positron emission tomography (PET) is a highly sensitive non-invasive molecular
imaging technique used to visualize molecular interactions and processes in living tissues by
tracking the distribution of an administered radiolabeled imaging agent. The first concept of PET
imaging was introduced in 1950s by David E. Khul, Luke Chapman and Roy Edwards, followed
by development of the first transaxial tomograph in the 1975 by Michel Ter-Pogossian, Michael
E. Phelps and Edward J. Hoffmann (7,2). Since then, PET has been extensively used in
diagnostics of cancer, neurodegenerative diseases, cardiology and many other fields of
medicine and in research. A PET radiopharmaceutical (tracer) consist of a biologically active
molecule chemically linked with a radioactive positron-emitting isotope. Upon administration of
a radiopharmaceutical, it circulates throughout the body, and its concentration in different
organs and regions of tissues can be quantitatively imaged during a PET scan. The positrons
emitted upon decay rapidly travel through matter losing their energy and annihilate at rest with
an electron in the surroundings producing 2 gamma-rays (511 keV) at a nearly 180° angle. PET
scanners rely on coincidence detection of these gamma-rays using a circular ring of scintillation
detectors placed around the subject. These coincidence events are then processed and
corrected, to map the distribution of the radiopharmaceutical inside the subject, ultimately
creating a 3D image (Figure 1.1). To provide an anatomical reference for the highly sensitive
PET signal, PET is commonly used in conjunction with computed tomography (i.e., PET/CT) or
magnetic resonance imaging (i.e., PET/MRI). The high sensitivity of PET allows one to obtain
detailed images with only picomole to nanomole amounts of the radiopharmaceutical

administered, thus minimizing the possibility of any biological effects caused by the tracer (3).
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Figure 1.1 Mechanism of PET imaging

PET image is formed based on detection of sets of coincident 511 keV photons emitted upon
annihilation event after positron decays. PET scan image courtesy of National Cancer Institute.

1.2 Radioisotope production routes

Diagnostic PET radiopharmaceuticals are labeled with short-lived, isotopes that emit
low-energy positrons, such as nonmetal elements from Period 2 of the periodic table: carbon-11
(t12 = 20.4 min), nitrogen-13 (t12 = 10.0 min), oxygen-15 (ti2 = 2.0 min), fluorine-18 (12> = 109.8
min); or radiometals such as : gallium-68 (t12 = 67.7 min), zirconium-89 (12 = 78.4 h), or
rubidium-82 (t12 = 1.3 min). Production of positron-emitting radionuclides typically requires
either a cyclotron or a generator. Cyclotrons are powerful particle accelerators directing a beam
of particles along a circular trajectory many times until the particle energies reach the MeV
range. The accelerated particles are then directed into an appropriate target to initiate nuclear
reactions and create unstable radioactive isotopes. Control over bombardment energies allows
one to create varying quantities of radioactive isotopes, and in the case of nuclear medicine
applications, compact medical cyclotrons produce generous quantities of the radioisotopes
suitable for radiopharmaceutical synthesis (4,5). Another route of positron-emitting isotopes
production is by using radionuclide generators. These devices contain a parent-daughter

radionuclide pair, where the parent isotope decays to another isotope which can be periodically



extracted. Generator devices are typically smaller, and multiple units may be required to support

radiopharmaceutical production needs (5,6).

1.3 Diagnostic radioisotope fluorine-18

The labeling approach and applications depend on the properties of the individual
radioisotope — such as the half-life, positron energy and atom chemical properties. The most
used radioisotope in PET is fluorine-18 due to its convenient half-life (109.8 min), high positron
decay yield (97%) and low positron energy (maximum 0.634 MeV). The nearly 2-hour half-life
provides a sufficient time for tracer synthesis and transportation to the PET imaging location,
while allowing for a reasonably short decay to minimize radiation exposure to the tissues of the
patient. Due to the abundant positron emission decay route (only 3% of decays occur by
electron capture) amount of the emissions not contributing to PET image is limited, minimizing
unnecessary radiation exposure. Low positron energy permits a high resolution of the PET scan
as the positrons annihilate close to their emission location (mean positron range for F-18 in soft
tissue is 0.3 mm). Very high spatial resolution of 3-5 mm can be achieved with modern human
PET scanners, and down to 1-2 mm with small animal scanners (7—170). Over the years of PET
practice, fluorine-18 radiopharmaceuticals have found applications in many fields of medical
diagnostics and research. To date, these radiopharmaceuticals are available to image tumors
and detect metastases for diagnostics in oncology (77,72), non-invasively classify and grade
neurodegenerative diseases (12—14), determine metabolic and functional status of the heart
(15-17), assess immune checkpoints and response to therapy (18,79), identify and characterize
new drugs (20,21), evaluate treatment response (22—25) and enable personalized dosimetry in

theranostics (26).



1.4 Applications of selected fluorine-18-labeled PET tracers

The vast majority of PET scans are performed using a versatile fluorine-18-labeled
glucose analogue, 2-['®F]fluoro-2-deoxy-D-glucose (['®F]FDG) (27,28). ['®F]FDG-PET visualizes
glucose metabolism, which is significantly upregulated in metabolically active tumors, making it
applicable for imaging and grading of malignant lesions, and detecting metastases. In addition,
the assessment of abnormalities in glucose metabolism in various organs can be used to aid in
the diagnosis of Alzheimer’s disease and Parkinson’s disease, epilepsy localization, heart
disease, detecting inflammatory response related to infectious disease, and studying skeletal
muscle (12,29-33). Apart from ['®F]FDG, a few other tracers are routinely used in clinical
diagnostics and research, and many are being evaluated and validated. By far the largest
diagnostic categories where clinical PET is applied are neuroimaging and oncology. Discussed
below are several commonly used tracers that will be revisited later in this work.

A variety of neurotracers have been developed since the discovery of PET to image
abnormalities in the brain due to disease or other factors. Significant progress has been made in
Alzheimer’s disease diagnostics with PET. A hallmark of Alzheimer’s disease (AD) is the
prevalence of extracellular B-amyloid (AB) plaques and neurofibrillary tangles (NFTs). While the
standard non-biomarker assessment of AD patients is challenging due to AD dementia
symptoms being similar to other types of dementia, multiple tracers were discovered to non-
invasively image AP or tau proteins (that aggregate into NFTs) (34) and provide more specific
and conclusive diagnosis (35). Based on the current studies, it is believed that AR precedes and
accelerates tau pathologies (36). A carbon-11-labeled thioflavin T analogue named Pittsburg
compound B ([''C]PiB) was developed with high affinity for the aggregated AB. While [''C]PiB is
considered a gold standard PET tracer for the imaging of Alzheimer’s the half-life of carbon-11
is only 20 minutes, making its clinical availability limited. On the basis of [''C]PiB, several

fluorine-18-labeled analogues were developed such as ['®F]flumetamol, ['®F]florbetapir,



["®Fflorbetaben (['®F]FBB). Fluorine-18-labeled analogues show similar performance and
success in detecting Alzheimer’s disease, however, the longer half-life of fluorine-18 (110 min)
compared to carbon-11 (20 min) provides more practical flexibility for synthesis and distribution
of the tracers. Amyloid PET used in patients with cognitive impairment improves the diagnostic
confidence in the detection of Alzheimer’s and its severity, and helps to apply a proper
therapeutic plan (35,37). Other subcategories of neurotracers target dopaminergic pathways
(e.g. ['®F]fallypride, ['®F]fluorodopa), neuroinflammation (e.g. ['®FIflutriciclamide), glutamate
receptors (e.g. 3-['®F]fluoro-5-[(pyridin-3-yl)ethynyllbenzonitrile (['**F]FPEB)), cholinergic system
(e.g. ["®F]fluoroethoxybenzovesamicol (['®FIFEOBV)), serotonin receptors (e.g. trans-4-
["®F]fluoro-N-2-[4-(2-methoxyphenyl) piperazin-1-yl]ethyl-N-(2-pyridyl)cyclohexane carboxamide
(['®FJFCWAY)) and can be used to assess a wide variety of neuropsychiatric or neurological
disorders (38).

In oncology, imaging tumors using PET comprises several different tracer categories
and biomarker identification approaches. The diverse PET tracers are capable of non-invasively
assessing tumor metabolism, angiogenesis, cell proliferation and tumor hypoxia to improve
diagnostic accuracy and monitor treatment efficiency. An important hallmark of cancer is
glucose overconsumption in the tumor cells, and the glucose analogue ['®F]FDG has been
widely used as a cancer diagnostic tool for many decades (39). ['®FIFDG, however has some
limitations. In particular when imaging brain tumors (e.g. gliomas) the high glucose utilization
(and consequently high ['®F]FDG uptake) in a normal brain makes it challenging to distinguish
glioma tissue from healthy brain tissue. Amino acid tracers, such as ['®F]FET, thus offer an
advantage, since, outside of the tumor, the brain uptake of amino acids is low (40,47). Amino
acid PET has been of great interest in clinic, due to its effectiveness in glioma differentiation and
grading. A typical brain tumor diagnostic technique based on magnetic resonance imaging
(MRI), while providing excellent structural information, makes it challenging to differentiate

tumor tissue from non-neoplastic changes especially in the post-treatment stage. The amino
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acid PET correlates with an increased rate of protein synthesis, and consequently increased
carrier-mediated transport of the amino acids into the cells, indicative of actively growing tumor
tissue. A most notable fluorine-18 amino acid tracer, the tyrosine analogue, O-(2-
["®Ffluoroethyl)-L-tyrosine (['®F]FET) (designed based on the success of the carbon-11-labeled
[""C]MET) demonstrated diagnostic potential in delineation of brain tumors, definition of biopsy
sites for therapy planning and treatment response assessment. Other less common tracers are
designed to target angiogenesis, i.e. formation of new blood vessels (e.g. ['®F]-Galacto-RGD,
["®FIfluciclatide), cell proliferation (e.g. ['®F]fluorothymidine (['®F]FLT), 2’-deoxy-2’-["®F]fluoro-5-
methyl-1-beta-D-arabinofuranosyluracil (['"®F]JFMAU)) or hypoxia (e.g. ['®F]fluoromisonidazole
(['®F]JFMISO)). These tracers are capable of providing valuable information about tumor
aggressiveness and treatment resistance, allowing personalized treatment to improve the
oncology patients recovery (42,43).

Another important category of oncology PET tracers are peptide-based ligands. A lot of
effort has been spent to improve diagnostic accuracy of neuroendocrine tumors (NETS).
Somatostatin receptor subtype 2 (SSTR2) is overexpressed in most NETs, causing increased
binding of a hormone somatostatin. Somatostatin analogues, such as octreotide, radiolabeled
with positron emitters help to visualize the SSTR2 density and distribution and to evaluate the
severity of the disease. Usually, octreotide analogues are conjugated with chelating agents (e.g
tetraxetan (DOTA)) to enable stable radiometal labeling — specifically, for gallium-68-labeled
peptides [*®Ga]Ga-DOTA-Tyr(3)-octreotate ([®*Ga]Ga-DOTA-TATE), [*®Ga]Ga-DOTA-Nai(3)-
octreotide ([*®*Ga]Ga-DOTA-NOC), [®Ga]Ga-DOTA(0)-Phe(1)-Tyr(3)-octreotide ([*Ga]Ga-
DOTA-TOC). Chelation agents conjugated onto a peptide enable efficient radiometal
incorporation, either for diagnostic purposes (with gallium-68) or radiometal therapy (with
lutetium-177). Such combination of therapeutics with diagnostics is referred to as theranostics,
where the same targeting molecule can be first used for PET imaging and patient-specific

diagnosis (e.g. when labeled with short-lived gallium-68), then for personalized treatment via
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localized tumor irradiation (e.g. when labeled with long-lived -emitter lutetium-177) (26). While
gallium-68-labeled octreotide tracers are used in clinical practice, the generator-based
production route of this radioisotope limits the amount of tracer and thus the number of patient
doses that can be produced per batch. To address these challenges fluorine-18 octreotide
analogues that can take advantage of the established fluorine-18 tracer network are being

developed (43—45).
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Figure 1.2 Production flow for fluorine-18-labeled tracers.

1.5 Production of fluorine-18

Fluorine-18 has become the most attractive radionuclide for PET tracer development
owing to its favorable nuclear and chemical properties. Production of fluorine-18 is achieved in a
cyclotron. Due to the 110 min half-life, either the batches of this radioisotope must be ordered
from a cyclotron facility and shipped to a radiochemistry facility, or on-site access to a cyclotron
is required. There are two main nuclear reactions that produce fluorine-18, that can result in

either nucleophilic ['®F]F" or electrophilic ['®F]F2 form. The first method [0 (p,n)'®F] produces
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aqueous ['®F]F by bombardment of the oxygen-18 enriched water with 2-15 MeV protons ('H).
Similarly, the bombardment of an oxygen-18 enriched oxygen gas target is also feasible. The
second reaction [*°Ne(d,a)'®F] involves the bombardment of the high pressure neon gas target
with deuterons (46—48). However, the latter two methods require the use of F» carrier gas to
efficiently recover the produced ['®F]F; after the bombardment. This leads to an important
difference between nucleophilic or electrophilic form of fluorine-18 in terms of the resulting molar
activity. Molar activity is defined as a ratio of radioactivity per total number (mols) of the
substance, and is typically expressed in curie per micromole (Ci/umol) or gigabecquerel per
micromole (GBg/umol). The electrophilic form of fluorine-18 will have lower molar activity (< 0.3
Ci/umol [< 1 GBg/umol]) than its nucleophilic analogue (typically 20-300 Ci/umol [1-10
TBq/umol]) due to the addition of the carrier in the former (47,48). The importance of molar
activity in the context of PET imaging will be discussed later. A vast majority of fluorine-18
syntheses use nucleophilic ['®F]fluorine due to its simpler handling, higher molar activity and
widespread availability from commercial nuclear pharmacies and academic medical research

centers (49).



1.6 Chemistry of fluorine-18 tracer synthesis
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Figure 1.3 (A) 2-step radiolabeling of ['®F]FET, (B) 1-step synthesis of ['"®FJAMBF;-TATE
via isotopic exchange.

Nucleophilic ["®F]fluorine is initially received in ['**O]H.O from a cyclotron. Because
fluorine ion is a strong nucleophile it forms hydrogen bonds with surrounding water, which
makes it unreactive. To remove ['®0OJH.O water, ['®F]fluoride is usually trapped in a strong
anion-exchange (SAX) cartridge, from which it is eluted in a mostly aqueous solution containing
an anion to displace the ['®F]fluoride from the cartridge, and also containing a base and/or
phase-transfer catalyst (PTC) such as TBAHCO3 or a combination of K;CO3 and Kryptofix 222
(K22.2), into the reaction vessel. This eluate is then evaporated, followed by additional azeotropic
drying steps (i.e. evaporation in the presence of additional acetonitrile) to ensure complete
removal of the water. The use of PTC such as cryptand-counteranion complex Kz22/K-COs3 or
tetrabutylammonium cation enhances the fluorine ion solubility and reactivity in organic solvents
during the subsequent radiofluorination step. After azeotropic drying, nucleophilic ['®F]fluorine is
generally incorporated into the precursor molecule either via aliphatic nucleophilic fluorination

(Sn2) into aliphatic positions or aromatic nucleophilic substitution (SnAr) into aromatic



molecules. Sn2 reactions are characterized by fluorine ion binding to the carbon atom of the
precursor molecule containing a suitable leaving group (such as a weak base), under basic or
neutral conditions in presence of an aprotic solvent (such as acetonitrile, DMF, DMSO).
Reactivity of the leaving group (e.g leaving group reactivity of Cl < Br < | < tosylate ~ mesylate <
nosylate < triflate) and its position (e.g. substitution efficiency in primary benzylic > primary
aliphatic >> secondary aliphatic positions) will have direct effect on the efficiency of the
nucleophilic substitution. Apart from choosing the optimal leaving group, the Sn2 substitution
reactions are typically optimized for the ratio of PTC to precursor and reaction temperatures to
minimize an undesired byproduct formation often caused by the decomposition of base-
sensitive precursors while maximizing radiofluorination efficiency. Additionally, the precursor
molecule may contain protecting groups that ensure site-specific radiolabeling of the precursor
molecule. The protecting groups remain stable under the radiofluorination reaction conditions,
and are removed following radiofluorination using high temperatures with the addition of acids or
bases (deprotection step). A typical optimized nucleophilic aliphatic radiofluorination requires <
15 min reaction time at moderate temperatures (~100 °C) to achieve an efficient radiochemical
yield (RCY), and, if necessary, is followed by a deprotection (hydrolysis) step. Many
radioharmaceuticals are synthesized using Sx2 displacement of an aliphatic leaving group (e.g.
["®FIFDG, ["®F]FET, ['®F]FLT). As an example, the synthesis of a PET tracer ['®F]FET (Figure
1.3 A) used for brain tumor imaging, discussed in detail in Chapter 4, requires a 2 step
synthesis: Sn2 substitution of the precursor containing a tosylate leaving group with
tetrabutylammonium-activated ['®F]fluoride, and the deprotection of the N-protecting group using
hydrochloric acid (47,50,51).

Direct incorporation of fluorine into aromatic rings via SnAr substitution reactions
requires the electron deficient aromatic ring to ensure efficient labeling, which limits the
applications of this method in PET tracer synthesis. Activation of the phenyl ring is typically

achieved by electron withdrawing groups (e.g. -NO>, -CN, -CF3) placed in ortho or para position
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of the leaving group of the precursor. Typically, trimethyl-ammonium salt or nitro groups are
used as the leaving groups for direct SyAr radiofluorination. High (>100 °C) temperatures and
aprotic solvents (DMF, DMSO, MeCN) are typically necessary in these reactions. (47,517).
Because of the demanding SnAr radiofluorination route, alternative methods to achieve aromatic
substitution are being explored, such as the use of heteroarenes, diaryliodonium salts or metal-
mediated approaches (47,52).

The commonly-employed fluorine-18 tracer syntheses methods described above usually
require harsh reaction conditions (organic solvents; temperature > 100 °C) but large complex
biomolecules such as antibodies and peptides may degrade or hydrolyze during such labeling
process. Since labeling of peptides and antibodies is of great value to PET imaging due to their
specificity and biological importance, alternative indirect radiolabeling methods are employed
using prosthetic groups, or secondary labeling agents. Prosthetic groups are small and simple
molecules that are able to survive harsh radiolabeling conditions and, once radiolabeled with
fluorine-18, can be conjugated to sensitive biomolecules under milder reaction conditions (53).
Some well-known prosthetic groups such as ['®Flfluorobenzonate (['®F]SFB), 6-
["®FIfluoronicotinic acid tetrafluorophenyl ester (['®F]F-Py-TFP) or N-maleoylethyl-4-
["®F]fluorobenzamide (['®FJFBEM). However, because of the need to perform synthesis and
purification of the prosthetic group, and then conjugation to the biomolecule followed by
purification, such syntheses can be very time-consuming.

Notably, a radiofluorination approach that can alleviate this problem and that can be
more generally applied to both direct and indirect labeling methods, is isotopic exchange (IEX)
fluorination. Precursors for IEX reactions are chemically identical to the radiofluorinated product,
and radiolabeling with fluorine-18 occurs through the substitution of a ['°F]F fluorine atom on a
precursor molecule with ['8F]F". In other reactions, it can be difficult to separate the chemically-
similar product and precursor (or derivatives of the reactive precursor), requiring lengthy

procedures such as high-performance liquid chromatography (HPLC). In contrast, for IEX
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reactions, only removal of the unreacted radioisotope and the reaction buffer components is
needed, which can be achieved by simpler methods (e.g. with a disposable cartridge). Most
success in precursor design for IEX was achieved using boron trifluoride (BF3) and silicon
fluoride acceptor (SiFA) based IEX chemistry. The SiFA and R-BF;radiolabeling strategies were
successfully implemented under aqueous conditions, obviating the typical azeotropic
["®FIfluoride drying step, and have been mostly applied in the context of peptide radiolabeling
(54,55). IEX synthesis will be further covered in Chapter 6, for 1-step direct radiolabeling of an
octreotide analogue ammoniomethyl-['®F]trifluoroborate-octreotate (['"*FJAMBF;-TATE) (Figure
1.3 B), used as a neuroendocrine tumor PET tracer, and in Chapter 7 for labeling of several o-
trifluoroborato-phenylphosphonium based prosthetic groups designed for indirect peptide

labeling (56).
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1.7 Molar activity of fluorine-18 radiopharmaceuticals
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Figure 1.4 lllustration of molar activity effect on tracer receptor binding

Comparing effect of different molar activities on target visualization with example of
["®F]fallypride PET/CT imaging in mice. Lower images show 10 min static scans after 60 min
["®F]fallypride conscious uptake in transverse projections of the mouse brain acquired from
administering the same amount of activity but different molar activities as indicated (Adapted
from Sergeev at al. (57) with permission from Springer Nature, Copyright © 2018).

Due to the abundance of a stable isotope of fluorine (F-19) in nature and its presence as
a contaminant in the reagents and materials used in radiotracer preparation, it will always
compete with radioactive ['®F]fluorine during radiolabeling reactions. As a result, tracers
comprise a mixture of both '®F- (radioactive) and '°F-labeled (non-radioactive) molecules. In
fact, the theoretical maximum for molar activity, in a case where all the molecules are '®F-
labeled, is 1710 Ci/umol [63.3 TBqg/pmol] while produced tracers typically have molar activities
<15 Ci/pmol [550 GBqg/pumol]. For PET imaging modest ~1 Ci/umol [~40 GBg/umol] is already

considered a good value, and values >5 Ci/umol [> 180 GBg/umol] are considered high.
13



Fluorine-19 contamination is already present in the initial fluorine-18 isotope production (e.g.
from ['®0O]H.0 target, delivery tubing), resulting in molar activity values in a 20-300 Ci/umol
range [1-10 TBg/umol] (49,57). The radiosynthesis process further lowers the molar activity due
to a significant '°F contamination from the reagents, disposable cartridges, or Teflon tubing
used in the production process (57).

The radioactive vs non-radioactive tracer molecules are chemically identical, they cannot
be separated through chemical purification methods and are going to have the same target
binding affinity in vivo, but only the radioactive ones will produce a detectable signal during a
PET scan. The injectable radioactivity amount is typically fixed to ensure a sufficient number of
coincidence events and high-quality PET images, while minimizing radiation exposure to the
subject. However, variations in molar activity will cause a discrepancy in the injected mass of
the radiopharmaceutical: for example, a typical clinical 10 mCi [400 MBq] injection with high
(e.g. 5 Ci/umol [180 GBg/umol]) molar activity will contain 2 nmol of compound, while similar 10
mCi with low molar activity (e.g. 0.03 Ci/umol [1 GBqg/umol]) tracer will have 400 nmol of the
injected compound. Thus, low molar activity leads to increased mass of the radiopharmaceutical
(per injected activity) which may adversely affect imaging due to target saturation with non-
radioactive (fluorine-19 labeled) tracer molecules. This is especially critical for preclinical
research where generally higher molar activities are desired for imaging with small animals
compared to humans, since a higher tracer dose per subject mass needs to be administered to
achieve a sufficient PET image resolution. For example, the reported human/mouse mass scale
factors are ranging 2500-3750 while administered tracer quantity in mice is only 100x less than
that in humans. As a result, a 30x higher quantity of the radiopharmaceutical per mass is used
in mouse vs. human PET scan, increasing potential risk of pharmacological effects (58,59). In
conventional radiosyntheses, to compensate for fluorine-19 contamination in larger reagent
volumes and quantities and achieve high molar activity, the macroscale radiopharmaceutical

production must use high starting activity (>37 GBq), which subsequently increases possible
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radiation exposure and can lead to radiolytic decomposition of the product. Importantly, for a
few patient scans (~0.4 GBq each) or small animal scans (<0.004 GBq per animal) only a small
fraction of a macroscale batch (~10s of GBq) will be needed for imaging, thus also leading to a
lot of waste generated from large-scale syntheses (unless the whole batch can be efficiently
split among multiple imaging procedures). Another approach to maximize the molar activity is to
reduce contamination of fluorine-19 by reducing the quantity of the reagents. The conventional
methods can only afford a limited reagent reduction due to a fixed ~1 mL optimal volume scale,
while using very small amounts and volumes of the reagents is feasible using microfluidics.
Microfluidic technology allows to reduce reagent volumes (and quantities) by 2-3 orders of
magnitude, making reagent fluorine-19 contamination negligible compared to the contamination
introduced from the fluorine-18 source itself. It was shown that even with small amount of
starting radioactivity high molar activities are achievable. Thus, microfluidics provides a valuable
tool for the radiochemists allowing to achieve very high molar activities while using minimal
quantities of the reagents and the radioisotope (57).

The exact impact of molar activity for different tracers and targets is not studied very
thoroughly, possibly in part due to a lack of efficient strategies to produce tracers with high
molar activity that would be needed to perform such studies. Generally, radiochemists aim to
achieve a molar activity in a moderate range (e.g. 1-5 Ci/umol [37-185 GBq/umol]). Maximizing
molar activity would be desired in many cases to reduce the total radiopharmaceutical mass
injected and limit the possible pharmacological effects and target saturation, which may be
especially crucial for new tracer validation studies in small animals. To give an example, it has
been shown that molar activity visibly affects target visualization in vivo during PET imaging of
dopamine receptors in mice (Figure 1.4) (57) using ['®F]fallypride. Neuroreceptors such as these
are low-tissue density targets and are easily saturable. On the other hand, imaging of
subcutaneous tumors with amino acid transport tracer ['®F]FET did not show any visible impact

of molar activity on the ability to resolve the tumors. The mechanism of ['®F]JFET uptake is
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different from the receptor-binding ['®F]fallypride, since ['®F]FET participates in amino acid
transport pathways and may recirculate and enter/leave cells multiple times, thus making
“target” saturation unlikely (unless a very large quantity of the non-radioactive tracer is injected)
(50). A precise effect of molar activity on imaging quality needs to be assessed experimentally
as it will depend on the target abundance, tracer uptake properties and other physiological

factors.

1.8 Conventional synthesis of the radiopharmaceuticals

Millions of clinical PET scans are conducted in the US every year and even more
numerous pre-clinical PET studies are performed routinely, each requiring a
radiopharmaceutical synthesized shortly before the scan. Fluorine-18 half-life of 110 min
provides a moderate timeframe for synthesis and tracer transport, while being sufficiently short
that decontamination of apparatus is possible by waiting (10 half-lives; ~18 h). In the production
of fluorine-18 labeled tracers, a shorter reaction time is preferred (<30 min), with a minimal
number of reaction steps involving the radionuclide (ideally only 1 or 2) — to minimize activity
decay, losses within the apparatus, and radiation exposure. A typical production of a "®F-labeled
PET tracer involves: (i) radiochemical linking of the radioisotope to the desired ligand to form a
crude radiopharmaceutical compound; (ii) purification to isolate the desired product from the
byproducts and excess radioisotope; (iii) formulation and sterile filtration to deliver a final
product suspended in stabilizing, injectable sterile matrix; and (iv) quality control testing to
ensure identity, purity, and safety of the final product (Figure 1.2). To enable a safe and reliable
routine PET tracer production, syntheses are carried out using automated modules which are
placed inside the shielded fume hoods, known as hot-cells, and are operated remotely often
with preprogrammed synthesis sequences. Generally, these modules are designed to control
the reagent delivery into a reactor, apply heating and gas flow if necessary, recover crude

synthesis product and transfer it to perform subsequent purification and formulation with minimal
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user intervention. Cassette-based automated modules, such as GE FASTIab (60), Siemens
Explora (67), IBA Synthera (62), use single-use cassettes, eliminating the need for cleaning and
enabling quick reset between syntheses and straightforward setup and operation. Additionally,
some of these systems feature compact design allowing one to fit at least two units per hot-cell
and are somewhat adaptable for preparation of various radiopharmaceuticals through module
customization or custom cassette use. The versatility of cassette-based modules is limited due
to the use of inexpensive materials (plastics) and is not generally suitable for new tracer
development due to moderate temperatures and pressure tolerance. Another type of automated
radiosynthesizers comprises fixed-tubing modules such as GE TRACERIab FX series (63),
GmbH Synthra (64) or Eckert & Ziegler Modular-Labs (65), which employ highly inert materials
and reactor(s) and contain numerous reconfigurable interconnected parts for customizable
reactants manipulation. Since parts of these systems are generally non-disposable, validated
cleaning procedures are required between each synthesis. Despite affording flexibility in setting
up various syntheses, frequent reconfigurations add possibilities for errors, making such devices
hard to maintain. Often such systems are left alone after configurating for a particular synthesis,
and additional synthesis modules (and hot cells) are needed to produce other tracers. Hybrid
modules, such as ELIXYS FLEX/CHEM (Sofie, Inc.) (66,67), combine the simplicity of
disposable-cassette-based modules and the versatility to withstand harsher conditions and
support complex reactions of fixed-tubing modules. ELIXYS hybrid module contains multiple
reactors (3) with disposable cassettes for the reagents. This system is easy to reset between
syntheses, only requiring cassette replacement with a small number of connections and has
great flexibility for novel tracer syntheses. It can withstand significantly higher reaction
temperatures (and pressures) than most disposable-cassette systems (66). To automate the
purification and formulation process, the ELIXYS hybrid system can be combined with an

optional PURE/FORM (68) module or other means to incorporate those steps (69).
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Purification in automated systems is typically performed using integrated semi-
preparative high-performance liquid chromatography (HPLC) units. Most used reversed-phase
HPLC purification strategy provides a flexible route to remove non-reacted precursor molecules
and by-products or impurities based on different polarity of the analytes. The sample is
delivered into a stationary phase (column) where the analytes are retained and a mobile phase
(typically a combination of organic and aqueous solvent) flows through the column, moving the
analytes at different speeds depending on their polarity and the mobile phase properties. If a
proper method is selected, the various analytes elute off the column with different retention
times, which can be observed through a generated signal vs time chromatogram from UV
absorbance (for non-radioactive species) and radiation detectors. Conventional scale
radiosynthesizers use milliliter volume scales and milligram scale quantities of the precursor,
requiring semi-preparative HPLC columns, that are capable of handling 10s of mg of the
analytes. For this range of compound quantities, HPLC columns usually are ~ 10 x 250 mm in
size and require high flow rates (> 5 mL/min), resulting in large isolated product output volumes,
typically in 5-30 mL (given 1-3 min peak width) (70).

In some cases, solid-phase extraction (SPE) using disposable cartridges can be
employed for purification, providing vastly simpler and quicker purification route. Frequently
used reverse-phase C18 SPE procedure involves flowing of the tracer in aqueous solution (<5-
10% of organic solvent v/v; by aqueous dilution of the crude reaction mixture if needed) through
a pre-conditioned C18 cartridge. The solvent is diverted to waste while the product stays
trapped on the cartridge resin. An additional cartridge rinse step is performed to wash out the
residual solvents and some impurities, after which the tracer is released using 1-2 mL of ethanol
(EtOH). SPE methods generally work well if impurities are sufficiently chemically different from
the desired product, such as for ['®F]fluorine removal. For example, IEX reactions (e.g.
['"®FJAMBF;-TATE synthesis in Chapter 6) where the chemical identity of the product and

precursor are the same and need not (and cannot) be separated, only require removal of
18



unreacted fluoride ion, solvents, and buffer additives, which can be easily done with the SPE
approach. In a routine synthesis of ['"®F]FDG a series of specialized cartridges is employed for
convenient purification. Generally, the specific conditions used in the cartridge purification
method, such as the one for ['®F]FDG, are unique and cannot be applied to other tracers.
Development and optimization of tracer-specific cartridge purification methods is, in most cases,
a much more complicated and time-consuming process that HPLC-based method development
(71).

A reformulation step is often necessary after purification in order to modify the matrix in
which the radiopharmaceutical is suspended (e.g HPLC mobile phase) to a safe, biocompatible
formulation matrix that also ensures tracer stability and solubility. This is typically done through
the evaporation of the solvent (e.g. using a rotary evaporator) and the resuspension in the
injectable matrix (e.g. saline), SPE and/or dilution (e.g to reduce EtOH concentration <10% v/v),
depending on the starting solution composition. Both rotary evaporator and SPE processes may
take a significant amount of time due to 10s of mL volumes that need to be handled. Commonly
employed formulation via SPE requires elution of the product using 1-2 mL of ethanol, followed
by a subsequent dilution to lower ethanol concentration <10%, resulting in 10-20 mL and higher
final product volumes. Alternatively, excess ethanol can be evaporated and the dried product
can be resuspended in desired solution (e.g. saline) (72,73).

1.9 Quality control of PET radiopharmaceuticals

Strict regulatory requirements exist for the quality control (QC) testing of PET
radiopharmaceuticals released for clinical use to ensure the safety of the administered tracer,
and are described in regulatory documents, such as the U.S. Pharmacopeia (USP) (74) and the
U.S. Food and Drug Administration (FDA) (75) or the European Pharmacopoeia (EP) (76). QC
consists of several tests performed on each batch of the radiopharmaceutical prior to its

application to patients to ensure tracer does not contain impurities or toxic components that
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could cause unwanted pharmacological effects or interfere with tracer biodistribution. These
tests include pharmaceutical tests for pH, color, clarity, chemical identity/purity, residual
solvents, pyrogenicity and sterility, as well as radioactive tests for radiochemical identity/purity,
radioisotope identity/purity and radioactivity concentration. Since a lot of effort has been spent
on automation and optimization of the tracer synthesis itself, it is fair to say that the QC currently
remains the most challenging procedure in the whole PET tracer production due to the need for
diverse equipment, high degree of manual intervention, and its dependence on operator’s
experience and judgement (77,78). Although QC requires handling of relatively small quantities
of radioactivity, direct handling of the radioactive compound, such as for measurement of pH or
clarity assessment, is known to result in high radiation exposure to the personnel (79). Usually,
QC is setup by installing multiple pieces of equipment (such as gas chromatography (GC), thin
layer chromatography (TLC), dose calibrators, radio-HPLC, endotoxin measurement devices),
allocating space for various testing stations, developing standard protocols, and performing
ongoing maintenance, calibrations, and documentation. Some vendors (e.q. Elysia-Raytest)
simplify the installation process by taking care of the equipment delivery, setup, and staff
training; and the moderate reduction of QC equipment footprint is achieved by stacking
necessary devices within compact shielded cabinets. To further reduce the labor burden of the
QC process and improve the radiation safety of these procedures, few companies have
prototyped automated cabinets (Cardinal Health, Siemens, Sumimoto), and miniaturized units
such as QC-1 (80(p1)). Furthermore, instead of relying on conventional multi-instrument
methods of acquiring QC data, systems such as Tracer-QC by Trace-Ability Inc. (87) and the
Biomarker Generator system by ABT Molecular Imaging Inc (82), have redesigned QC tests to
minimize equipment needed. The unique features of Biomarker Generator and the Tracer QC is
that they both use novel QC approaches to perform as many QC tests as possible using a
single analytical instrument. For example, Biomarker Generator QC relies on innovative HPLC

methodologies to perform the majority of the QC tests (residual solvents, radiochemical
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purity/identity, residual Kryptofix 222) and more importantly this system is fully integrated with a
radiosynthesis module and a compact cyclotron. Even though the system does not include
radionuclide purity/identity, endotoxin or sterility tests, it greatly simplifies QC and PET tracer
production as a whole. In the Tracer QC system, on the other hand, novel QC methods were
developed to enable sample analysis from a single optical plate reader. This system relies on
non-contact optical measurements from the sample, with the addition of specific indicators to
detect trace amount of chemicals, and scintillating materials to detect radioactivity. For the QC
of ['8F]FDG the plate reader alone is sufficient to perform USP compliant quality assessment,
but to enable diversity of the supported PET tracers, the second-generation system Tracer-QC
rHPLC is integrated with HPLC for tracer-specific chromatographic tests. The application of this
system will be highlighted in Chapter 5 for the QC of the ['®F]FBB tracer. Though automated
approaches for QC exist, their usage is currently not widespread due to the equipment cost,
lack of diverse tracer-specific QC methods and challenging validation and approval procedures

to comply with traditional QC standards (77).
1.10 Challenges of conventional radiopharmaceutical production

and alternative solutions

As discussed above, production of radiopharmaceuticals is a complicated multistep
process that requires sophisticated techniques and infrastructure, as well as extensive
knowledge and understanding of this field to create efficient strategies. The biggest challenge is
that for a single radiopharmaceutical produced, typically a number of bulky complex instruments
is needed. Additionally, the necessity for shielding of the radioactive materials, good
manufacturing practice (GMP) requirements and time constraints defined by isotope decay
further complicate radiopharmaceutical synthesis and delivery.

The highly specialized labs, typically built around a cyclotron, cost millions of dollars to

set up and few hundreds of thousands of dollars to maintain yearly (83). The automated
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synthesis modules are designed to work with large quantities of the radioisotope (e.g. an entire
fluorine-18 batch from cyclotron) and, because the apparatus becomes contaminated after use,
are often limited to producing one tracer per day. The production of several tracers or tracer
batches per day requires immediate access to the cyclotron (or multiple shipments of the
radioisotope) and multiple automated synthesis modules. Production of a single PET tracer
batch can cost a few thousand dollars and many radiopharmaceutical facilities produce large
batches of a single tracer, which are divided up into many individual doses and distributed to off-
site imaging centers. With such a “centralized” tracer production model the high cost per
production can be split up between the users when producing highly demanded ['®F]FDG thus
delivering this tracer to the researchers and clinicians at a reasonable price. However, the
individual specialized tracers are in relatively low demand, and without the ability to efficiently
divide up and distribute a large tracer batch a single radiopharmaceutical dose will cost as much
as the whole batch (27,69). These high costs are even more difficult to justify for non-clinical
research uses (and development) of diverse radiopharmaceuticals.

Recent technological advancements in PET radiopharmaceutical production have the
potential to revolutionize the field and make PET more accessible, versatile and cost-efficient for
both clinical use and research. The miniaturization of PET production makes it possible to
create efficient systems compatible with different levels of the radioactivity for synthesis of a
variety of radiopharmaceuticals on demand. A significant effort has been made in the
microfluidics field to create efficient, small-footprint devices to replace conventional large-scale
equipment and reduce tracer production costs through reduced space requirements, reduced
shielding, and more efficient operation. Unlike conventional equipment, compact micro-
radiosynthesizers could be moved out of centralized radiopharmacies and instead be located
directly in clinics. By decentralizing production, access to a wide variety of tracers becomes
possible, as each site could prepare the particular compounds needed by the local environment.

With this approach, the radiopharmaceuticals can be produced on-demand and in sufficient
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quantities without generating any extra waste. Such technology would be immensely beneficial
in a pre-clinical setting, where very small quantities of the tracers are required to image small
animals or perform in vitro studies. Microfluidics can revolutionize the PET tracer production by
replacing a “centralized” bulk production with the new “decentralized” approach. With this
model, the radiopharmacies with a large installation base of cyclotrons would only need to
distribute the aliquots of radioisotope to the imaging centers, where miniaturized self-shielded
radiochemical modules would produce single dose or multidose tracer batches as needed.
Notably, only nanograms of radiopharmaceuticals are administered during each PET scan,
making microfluidics a perfect fit for the radiopharmaceutical niche due to its inherent advantage

when handling smaller quantities of reagents (83—86)
1.11 Microfluidic radiosynthesizers

Microliter-scale radiofluorination reactions enabled by microfluidics offer many
advantages over conventional radiochemistry and lead to potential cost-reduction of PET tracer
synthesis. The consumption of the reagents is reduced 1-2 orders of magnitude, which can
significantly cut the cost per synthesis with scarce or expensive precursors. Especially the cost
reduction will be noticeable during the optimization stages for novel tracers. Microliter-scale
reactions are also much faster than the macroscale ones, which reduces the cost of labor, and
allows to perform more productions per day. Additionally, as mentioned earlier, in microscale
syntheses large starting activities are not necessary to achieve high molar activity of the final
tracer. This means that smaller batches of usable PET tracer can be produced to support few
imaging studies without wasting the starting radioisotope. Thus, efficient dose-on-demand tracer
production can be easily achieved with microfluidic radiosynthesizers and would also result in
reduced shielding requirements and improved safety of operation. Potentially reduced shielding
and overall small system size creates an opportunity to build self-shielded compact

radiosynthesis units that can be placed on a benchtop. Without the need for large hot-cells and
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laboratory space, the cost of radiosynthesizer installation can be significantly reduced. A
significant progress has been made to develop automated microscale radiosynthesizers, and
several miniaturization approaches has been shown (84-86).

In general, there are two major types of microfluidic radiosynthesizers based on the
mode of production: ones based on continuous flow microfluidics, and others based on batch
micro-reactors. The flow-based microfluidic radiosynthesizers allows one to perform
radiolabeling reactions continuously as the mixed reagents flow inside a heated channel or
capillary. The benefits of this technique are uniformity of the reaction conditions due to efficient
mixing and a very high surface-to-volume ratio, permitting efficient heat transfer throughout the
reaction volume and rapid synthesis (87-89). Flow-based radiosynthesizers, such as
commercially available Advion NanoTek, has been used to synthesize fluorine-18 labeled
tracers as well as the tracers labeled with carbon-11, nitrogen-13 and various radiometals (90—
94). Some of these devices are capable of using 10s of microliters of the reagents to perform
low-starting activity optimization syntheses. To perform synthesis with larger quantities of
radioisotope either requires a corresponding increase of the precursor volume or instead
requires the preconcentration of radioactivity prior to the synthesis (69,95,96).

Microfluidic batch synthesizers perform radiolabeling in 10s of microliters or less of
reaction mixture volume enclosed in a small reactor. A variety of approaches have been
reported. In the simplest batch reactors, parts of the conventional apparatus are miniaturized to
a small scale, using on-chip valves, micro pumps and tiny reaction chambers or miniature
conical vials. A few groups have demonstrated successful implementations of small-scale batch
production by using micro-vials with 5-20 pL volumes for synthesis of ['"*F]JFET (97), custom
PEEK/pDCPD 50 uL reactor with integrated microvalves for clinically-used batches of
["®F]fallypride (98), and integrated PDMS chip with 0.1 mL reaction chamber with externally-
controlled valves for ['®F]fallypride synthesis (99). The application of microliter droplet

manipulation in radiopharmaceutical synthesis have gained a lot of interest in the past several
24



years, and a few droplet-based approaches have been developed (86). Initial droplet-based
synthesizers were based on electrowetting-on-dielectric (EWOD). EWOD reactors apply electric
potentials to liquid droplets changing the surface tension properties to initiate reagent movement
and mixing. EWOD reactors are comprised of two substrates between which the droplets are
sandwiched, enclosing reagent pathways as well as heated reaction site (100-702). To enable
hands-free droplet manipulation, the bottom layer contains the set of electrodes covered by a
dielectric layer and hydrophobic coating (Teflon AF), and the top layer contains a ground
electrode with hydrophobic coating. Such reactors were able to carry out a variety of PET tracer
syntheses, however the fabrication of these complex multi-layer chips remained a challenge.
Even though EWOD demonstrated potential in efficiently scaling down reaction volumes and
ability to achieve extremely good tracer production results, the costs and complexities have
hindered development and more widespread use of this technology for radiochemistry. Since
each chip is supposed to be disposable, it significantly elevates the cost per synthesis,
undesired for the purpose of microfluidics in radiopharmaceutical production (86,703). Magnetic
droplet reactors (MDM) rely on magnetic particles introduced in the reaction volume to
manipulate the reagents with a moving magnet mounted below the substrate. In one reported
work with such reactor, the substrate consisted of a Teflon sheet placed atop a plastic stage,
but contained no heater and the labeling was carried out at room temperature. Notably, the
magnetic particles modified with anion exchange resin allowed one to perform the trapping of
reagents and solvent removal (typical for QMA cartridge procedures). Automated tracer
production was achieved using magnetic robot arms, however due to the lack of heating such
platform could not be easily applied to a majority of PET tracer syntheses. EWOD and MDM
devices alike suffer from high degree of complexity, limited flexibility and expensive cost
(71,84,86,91,103).

To overcome the challenges of EWOD and MDM, other types of droplet platforms are

being explored. Notably, square-shaped (25.0 x 25 mm) Teflon-coated glass chips have been
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used as a cheaper alternative to EWOD to enable droplet reaction studies and optimizations.
They have identical materials in contact with the reaction mixture and similar thermal properties
as EWOD substrates, however such chips have no simple path to automation on their own
(704). The reagents were dispensed manually using micro pipettes onto a designated reaction
site region, and the chip was mounted on a temperature control platform with a heater and a
heat sink (Figure 1.5A). Such simple setup demonstrated practical use for synthesis of tracers
(e.g. ['®F]fallypride, 1-['®Ffluoro-4-nitrobenzene (['*F]FNB), ['®FJAMBF;-TATE) for pre-clinical
imaging (57,105). In Chapters 6 and 7 of this work, Teflon-coated glass substrates were used
to perform the IEX synthesis of ['"®FJAMBF3-TATE and trifluoroborate-based prosthetic groups.
Similar to the EWOD “sandwich” configuration, the droplet placed on the bottom substrate was
covered with a second substrate placed atop (Figure 1.5A). Glass chips however were prone to
Teflon layer damage caused by physical contact, harsh chemicals, and potential radiation; and
required a lot of manual intervention (such as placement and removal of the cover plate) which
would be hard to automate. In 2017 our lab introduced an automated platform with a passive
transport (PT) silicon chip (25.0 x 27.5 mm) to develop an automated alternative to electrode
activated droplet movement on EWOD (706). By creating a hydrophilic tapered pattern on a
hydrophobic surface, droplet of liquid can be spontaneously moved along the diverging direction
of this taper without external force, causing the taper to act as a unidirectional ‘channel’. Such
spontaneous movement occurs due to a larger contact line on the wider side of the channel
creating a net force on the droplet directed towards the wider end. In the PT reactor, droplets of
reagents are dispensed as needed at the ends of a set of radially-oriented tapered channels
(one for each reagent), which then passively move to the central reaction site, enabling facile
reagent addition. The radiosynthesizer system comprised a heating and cooling system, with a
Teflon-patterned silicon PT chip placed atop the ceramic heater, and dispensers/collection
tubing in the positions above the chip. The reagent delivery was fully automated using pressure-

driven piezoelectric dispensers aligned above the ends of the channels, reactions were carried
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out on an open surface of the chip and the final reaction product was automatically recovered
using retractable collection tubing directly from the reaction site into a designated vial via
vacuum (Figure 1.5B, Figure 1.6) (50,706,107). An automated tracer synthesis using the PT
chip was performed for the production of ['®F]fallypride, ['®F]FET and ['®F]FDG. However, it was
found that the PT mechanism was sensitive to this type of solvent, temperature and volumes,
causing volume spreading outside of the reaction site along the channels. Because such issues
could cause a decrease in the reaction yields and inconsistencies in synthesis performance, the
tracer production on the PT chip would require cumbersome optimization, complicating the

adoption of such a platform for versatile everyday use (86,108).
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Figure 1.5 Droplet platforms

(A) Closed reactor consisting of 2 Teflon-coated glass substrates with separating stripes on the
sides to make space for a sandwiched droplet. (B) Automated compact radiosynthesizer with a
surface tension trap (STT) chip; (C) Various patterned chips for droplet radiochemistry.
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Direct dispensing of the reagents into the reaction site would alleviate the challenges of
the PT mechanism. Recently, direct dispensing was implemented and automated using
patterned Teflon-coated silicon chips, similar size and material as the passive transport chips
described previously. Instead of a star-shaped hydrophilic pattern, only a circular reaction site (4
mm diameter) was etched on the Teflon coating to create a surface tension trap (STT) for the
reagents. With Teflon-coated glass and EWOD substrates that have a uniform hydrophobic
coating, it was a challenge to keep the reaction volume confined in place, though for EWOD it
was achieved with the help of the electrodes. In contrast, the STT chip would trap the reaction
volume within the pattern boundaries, preventing reagent or product from spreading. To
automate the reagent delivery in a compact manner and afford the use of multiple reagent
dispensers, the chip and heater were mounted on a rotating platform, to enable the alignment of
the reaction site below each of the circularly arranged dispensers (Figure 1.5B). This simple
platform afforded the efficient radiosynthesis of several tracers such as ['®F]FET, ['®F]FBB,
["®F]fallypride and ['®FJFDOPA (86,7108,108—-110). To expedite the optimization process on
droplet-based STT chips, our lab developed a high-throughput (HT) platform with 4 heaters and
designed multi-reactor chips with either 4 or 16 reaction sites (Figure 1.5C, HT chip). As a proof
of concept, these chips were operated manually (777) and a robotic system is currently in
development to automate the reagent manipulation and product recovery as well as TLC

sampling (112).
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A diagram showing a simplified procedure and setup of droplet synthesis of PET tracers using

either Teflon-glass chips (closed reactor with cover plate), PT or STT silicon chips (open chip

reactors). Note that the evaporation of ['®F]fluoride is always performed without a cover plate.

All of the droplet reactors carry out reactions in 10 pL or less, allowing one to achieve >

100x reduction in the amount of precursor compared to conventional syntheses (50,709).
Synthesis time is typically also shorter, most reaction steps need <5 min to achieve a high yield,
while overall crude synthesis (1 or 2 reaction steps) from dispensing and drying of ['®F]fluoride
until crude product recovery may take less than 30 min. Due to the small volume of these
microfluidic reactors, the amount of cyclotron produced fluorine-18 (e.g. > 40 GBq in 1-5 mL)
that can be directly loaded to the reactor is limited (e.g. 0.4 GBq in 0.01 mL). Nevertheless,
droplet reactors can readily produce sufficient quantities (10s of MBq) for pre-clinical in vivo and
in vitro applications. To overcome the limitation of macro-to-micro interface and enable a high
range of starting activities in microfluidic syntheses for clinical applications or lower-yielding
syntheses, several strategies are employed. In EWOD chips it was possible to dry a large
volume (200 pL) in a special uncovered region of an extended bottom chip, from where the
evaporated droplet (shrunk to ~5 uL) was transferred to the reaction site. On the PT platform, a
larger ['®FIfluoride volume was loaded in small (2 pL) increments and dried sequentially within
the reaction site. A similar strategy was employed on the STT chips but by drying 30 uL at a
time. This technique is described in Chapter 5, enabling the production of clinically relevant
quantities of ['"®F]FET and ['®F]FBB. The downside of the sequential drying method is that each
iteration takes time (e.g. 1.5 min for 30 uL, or 10 sec for 2 pL), which causes activity loss due to
radioactive decay, thus scaling is limited (e.g. 1 mL of ['®F]fluoride/['®0]H.0 would require at
least 50 min of sequential loading and evaporation steps). To enable efficient scaling of a few
mL volume into a yL-scale, a stand-alone automated device was developed in our lab. The
isotope concentration device would trap a large solution of the radioisotope on a miniature
strong anion exchange (SAX) cartridge followed by the subsequent elution of the fluorine-18 in a

small volume. The automated concentration system could concentrate 1 mL of
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["®F1fluoride/['®O]H20 into ~12 uL of volume in just 10 minutes (7173). This system was used in
conjunction with a PT-base droplet radiosynthesizer to produce ['®F]fallypride with different
starting activities between 0.0003 — 1.1 Ci [0.011 — 41 GBq]. Despite the observation that
synthesis yield diminished with radioactivity, up to 0.19 Ci [7.2 GBq] of ['®F]fallypride was
produced using this method, which is equivalent to multiple doses for human injections (10 mCi

[0.4 GBq] each) for PET scans (86,707).

1.12 Miniaturization of PET tracer purification, reformulation and

quality control

Unlike the impressive progress achieved with miniaturization of radiosynthesizers,
limited success was shown for development of miniature purification, formulation and QC units.
Large footprint and high cost of the related instrumentation strongly undermines the potential of
microfluidic radiosynthesis, though there are miniaturization options being explored. As with the
conventional syntheses, highly versatile HPLC remains the main purification tool in microfluidic
syntheses as well. Due to a lower reagent quantity used in microscale syntheses, required
HPLC purification column size can be reduced from semi-prep (10 x 250 mm) to analytical (4.6
x 250 mm). Microscale production deals with 10s to 100s of micrograms of analytes in microliter
volumes, compared to 10s of milligrams in a typical conventional procedure. The main benefit of
the analytical columns is that they operate at lower flow rates (1-2mL/min vs >5 mL/min) and
exhibit narrower analyte peak widths, thus allowing one to recover purified product in 1-3 mL
volume, 10-fold less than with the semi-preparative columns. Though analytical columns also
are more economic in solvent consumption and can achieve faster purification times, the
macroscale pumps and valves of these HPLC systems still lead to large footprint of the overall
unit. Nevertheless, analytical HPLC purification has been used for a number of microscale

tracer productions (84,86), including the ['®F]JFET and ['®F]FBB syntheses in Chapters 3, 4 and

30



5 of this work (50,709). On the other hand, more potential in miniaturization has been shown
using SPE. For some syntheses, purification can be achieved with disposable SPE cartridges,
and a few examples of miniaturized SPE purification for microfluidic-base syntheses were
reported in literature. Such as, for production of ['"®F]JFDG purification was achieved using
miniature SPE modules with a combination of 4 different resins (up to 80 mg total resin mass).
In one example a miniature cartridge was simply built by packing a thin piece of perfluoroalkoxy
alkane tubing with the resins from a commercial purification cartridge, using which the purified
product was eluted in 0.3 mL of aqueous volume (706). In another report, a glass microfluidic
chip was built enclosing small chambers packed with the SPE resins. A train of multiple chips
each with a single type of resin, or a single multi-resin chip were used for purification affording
eluted product in ~1 mL of water. Unfortunately only 90% purity was achieved (>95% is
acceptable) with either method and further optimization was needed (774). Another example of
a miniaturized cartridge was shown for purification of ['®F]FLT following droplet radiosynthesis
on EWOD. The cartridge, however, had a relatively high resin mass (180 mg) and the purified
product was eluted with 0.5 mL ethanol which was evaporated in a subsequent step to achieve
high final product concentration (175). On-chip removal of ["®F]fluoride from crude product
mixture of ['®F]fallypride was demonstrated using alumina surface integrated into a cover plate
for an EWOD chip. Adsorption of the ["®F]fluoride ions onto alumina was facilitated by heating
and mixing of the 10 uL product mixture as it was squeezed between the EWOD plates (7176).
While removal of ['®F]fluoride can be easily adapted for purification of many fluorine-18-labeled
tracers, SPE removal of other tracer specific impurities would require significant optimization
efforts and may not be readily achievable for every radiopharmaceutical.

Reformulation of the purified fluorine-18-labeled radiopharmaceuticals for microvolume
syntheses, can be achieved using miniature reverse-phase SPE or evaporation techniques (84).
In particular, in Chapter 4 of this work, SPE formulation was performed using a custom

automated device and disposable miniature C18 cartridges (10 mg resin) during synthesis of
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["®F]FBB (709). The main difference between conventional and microscale SPE methods is
elution volume, which with many conventional cartridges has to be at least 1-2 mL, while in the
selected work an efficient recovery on a micro cartridge was achieved with only 0.15 mL of
ethanol. For a safe formulation, ethanol concentration typically needs to remain <10% (<15% in
case of ['®F]FBB), thus requiring an addition of aqueous media to the product eluted off the
cartridge. Maintaining a small formulation volume is crucial for microfluidic syntheses, especially
if using less amount of starting activity, to avoid the product becoming too dilute to be used for
PET imaging. Miniaturized cartridges help to reduce elution volume and subsequently final
formulation volume, but other volume reduction strategies may include evaporation or usage of
specialized concentration devices. For example, in our lab, a PET tracer concentration device
was developed based on gas membrane distillation, allowing to concentrate large (10s of mL)
volumes of the tracer into 1-1.5 mL. The device also features rapid (<14 min) complete
evaporation of 10 mL volume followed by efficient product recovery in a small volume of saline
(72).

Quality control of radiopharmaceuticals is an essential part of tracer production to ensure
safety and reliability of the PET scans for both pre-clinical and clinical applications. As
discussed earlier, these tests can be categorized as pharmaceutical tests focused on molecular
identity, physiological compatibility, and tests ensuring lack of toxic microbiological, pyrogenic,
chemical or particulate contaminants; and radioactive tests that validate radiochemical and
radionuclide purity/identity, proper tracer concentration and molar activity. Conventional
procedures suffer from need of various complex analytical equipment and significant lab space,
manual sample handling and, importantly, may consume few milliliters of the tracer which
makes these procedures incompatible with microfluidic PET tracer production. Some of the
currently use-ready products such as Tracer-QC already offer a compact, miniaturized
alternative to the conventional QC, as had been discussed previously, but still may require ~1

mL of sample. Apart from reduced sample consumption, microfluidic devices have higher
32



sensitivity which may allow to reduce testing time. Further miniaturization of individual tests to
reduce sample size had been discussed in literature, however no complete set of miniature QC
methods currently exist (78). The most crucial analytical device in radiochemical production
necessary for clinical applications as well as pre-clinical research, method optimization and
tracer development is the HPLC. HPLC allows to determine molar activity, radiochemical
purity/identity of the final product and assess presence of various impurities. Even though micro-
HPLC columns and even commercialized HPLC-chip do exist, those devices still rely on bulky
high-pressure pumps, injection valves and detection modules (78). Alternative to HPLC
approach had been demonstrated using capillary electrophoresis (CE). CE relies on separation
of analytes by application of an electric field that pulls the analytes apart based on their
electrophoretic properties and interactions with the sample capillary and the separation buffer. A
microchip CE device had been developed in our lab, and its use was demonstrated using
["®F]FLT tracer as an example. The CE chip features orders of magnitude reduction of
consumed sample and possible analysis time reduction down to seconds. The device consists
of a very thin capillary, and only requires nanoliters of sample while providing exceptional
separation quality and detection efficiency. Microchip CE device is much simpler than the
HPLC, however due to small sample volumes achieving high sensitivity is currently a challenge.
Additionally, fluoride ion was not pulled through the capillary using existing method and was not
detected, unlike all the rest of the impurities. Thus, further development is needed for the CE-

chip to fully replace HPLC in versatility and functionality (78,117,118).
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1.13 Summary of the benefits of microfluidics in PET tracer

production

The use of microfluidic systems for radiopharmaceutical production has demonstrated
potential to revolutionize the PET tracer production, syntheses optimization and new tracer
discovery. Microfluidic systems feature small footprint, reduced reaction volumes and improved
synthesis efficiency. The reduction of reagent consumption plays an important role in cost
reduction for syntheses using scarce or expensive precursors. In particular, for new tracer
development, where the availability of the novel precursor is challenging, microfluidics can
perform 100x more syntheses than a conventional system with the same reagent quantity. This
grants an economic approach in radiolabeling method validation, optimization of the reaction
conditions and in supporting pre-clinical studies. Despite the small volume and reagent scale, it
has been shown that microfluidic radiosynthesizers are capable of producing clinically-relevant
quantities of the radiotracers as well. The application of compact, self-shielded
radiosynthesizers for clinical production, as discussed earlier, would support the dose-on-
demand production and a transition from centralized radiopharmaceutical distribution to
decentralized. To achieve high molar activity, good product yields and sufficient tracer
concentration, conventional radiopharmaceutical synthesizers are often used with ~1 Ci-level
[~37 GBq] of starting activity, producing multiple doses of tracers (>100 mCi [>4 GBq]).
However, for a single patient scan (~10 mCi [~0.4 GBq]) or small animal scans (~0.1 mCi
[~0.004 GBq]) such large quantities are not needed. In contrast, microfluidic radiosynthesis
units can use low (<100 mCi [<4 GBq])) starting activities to produce smaller batches (few
clinical doses), with high molar activity and in sufficient radioactivity concentration. These

economic microfluidic radiosynthesizers can potentially enable clinical dose-on-demand
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production of a wide variety of radiopharmaceuticals using minimal starting materials, limiting
radiation exposure and reducing waste in comparison to conventional methods (84,91,103,119).
Additionally, as miniaturization efforts continue and the production of radiopharmaceuticals on a
microscale become more optimized and reliable, a reduced effort in quality control may be
possible. Microscale syntheses inherently use very small reagent and solvent quantities, and
thus trace amounts of those toxic components in the final product formulation are expected to
be far below acceptable limits. For example, the total amount of a toxic solvent (e.g. DMSO or
MeCN) per reaction may be so low, that even with the failure of the purification step to remove
any of the solvent, its amount in the final formulation is guaranteed to not exceed acceptable
values. Thus, potential simplification of purification and quality control process in microfluidics-
based productions creates an opportunity to further streamline the PET tracer production

process (720).

1.14 Focus of this dissertation (summary)

When considering the current state of the world, where obtaining research space and
research funding is extremely and increasingly competitive - novel, cutting edge methods need
to be developed and applied to make research more accessible and affordable. As discussed
above, the benefits of low-cost microfluidic radiopharmaceutical production can be used for
efficient dose-on-demand tracer production in both a clinical and pre-clinical setting, as well as
in radiochemistry-related research. In this work we aim to show that microfluidic syntheses are
indeed practical, efficient, economic and applicable in research. We synthesize fluorine-18-
labeled radiopharmaceuticals using simple and inexpensive microfluidic devices, while
producing high quality tracers usable for PET imaging. In the various chapters of this manuscript
we demonstrate application of microfluidic to new tracer development and validation, small-

scale on-demand tracer production for pre-clinical studies and production of clinically-suitable
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batches of the radiopharmaceuticals. The selected works feature drastic reduction in precursor
consumption in comparison to conventional methods, very high molar activities achieved using
small quantities of the radioisotope, and versatility of microfluidic techniques applied to different
tracer syntheses. The ability of microscale radiochemistry to greatly improve molar activities
without the need of large radioisotope quantities is particularly valuable for isotopic exchange
(IEX) radiolabeling. In IEX syntheses precursor and product are inseparable, which simplifies
purification but lowers molar activity when a lot of precursor is used. While conventional
approaches must use extremely high starting activities to achieve good molar activity, we show
that on microscale precursor consumption can be reduced to a few nmol and high molar activity
can be achieved even with low starting radioisotope amounts. This is a valuable breakthrough
that can potentially open up this class of reactions to many researchers, who can take
advantage of this rapid one-step labeling approach with simple purification. In the scope of this
dissertation, we also expand the application of microfluidic synthesizers beyond our own lab in
collaborative work with other chemistry and biology labs and the industry. While the translation
of the microfluidic technology for routine use in clinical PET diagnostics will take significant effort
to optimize and validate the microfluidic systems, this work demonstrates that the technology
can be readily applied for preclinical use and supply researchers with diverse PET tracers.
First, the work described in Chapter 2 was a collaborative project with Dr. S. Wnuk’s
group at the Florida International University, who developed radiolabeled analogues of a known
drug Gemcitabine. | performed a microscale droplet labeling of the novel tracers side by side
with conventional ELIXYS FLEX/CHEM synthesis, using the same batches of reagents, though
in smaller quantities. The microscale synthesis was carried out manually using a Teflon-coated
glass closed reactor in 30 yL volume. The droplet synthesis readily demonstrated much higher
yields than the conventional procedure using 10x less precursor, which can be likely reduced
even further. Such reduction in precursor consumption would be beneficial for any novel tracers

where the precursor cannot be efficiently supplied in large quantities, increasing opportunities
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for optimization and testing per single precursor batch. Collaborative effort in this work
demonstrates the practical potential for droplet chemistry aiding in testing of the novel tracers
for research purposes.

Our lab has developed open-chip droplet radiosynthesizer platforms which were used for
synthesis of tracers such as ['®F]fallypride, ['®FJFDOPA and ["®F]FDG (706,108,110). To further
demonstrate the versatility of the droplet synthesizer, in Chapter 3, | adapted a 2-step one pot
synthesis of amino acid tracer ['®F]FET used in glioma imaging to be synthesized manually on a
STT chip and automatically on a PT chip. A synthesis on a microscale was adapted from a
conventional scale synthesis with brief optimization of the base and precursor amounts. The
study highlights that ['"®F]FET can be produced in a shorter time than reported conventional
syntheses, and exhibits high yields. The study was taken further by performing PET imaging on
tumor bearing mice to look into the effect of molar activity on image quality. As discussed
previously, the molar activity effect on imaging in various applications is rarely reported and
tracer-specific studies are needed. Notably, the economic droplet approach synthesizes enough
tracer for long dynamic scans in 8 animals per day, facilitated by use of the novel HIPET (727)
scanner with high sensitivity and up 4 animals imaged at a time.

Chapter 4, shows further expansion of the STT droplet platform to the synthesis of
['®F]FBB, a neurotracer used in Alzheimer’s diagnostics. | adapted the tracer synthesis from a
known conventional procedures and optimized using a high-throughput 4-heater platform (777).
Additionally, this tracer required a lot of attention during the purification and formulation phases
due to its sensitivity to radiolysis and room light. In particular, | found that the formulation by
evaporation did not yield a pure product, necessitating the use of alternative approaches such
as SPE. To afford this tracer in high purity | developed a new microscale formulation protocol. |
adapted the SPE formulation technique using C18 resin onto a microvolume scale by making
small SPE cartridges, and eventually built an automated system for a safe and rapid

formulation. The simplicity of the formulation setup built for this tracer allows it to be used for
37



any tracer in the future. The formulation system was capable of trapping the product in 30 mL of
volume on 10 mg of SPE resin, followed by a rinsing protocol and elution in only 0.15 mL of
ethanol in just 17 min.

While Chapters 3 and 4 focused on small quantities of produced ['®F]FET and ['®F]FBB ,
suitable for pre-clinical applications only, in Chapter 5 we take a step forward and perform
automated high activity syntheses, suitable for 1-2 human doses of the tracer, and
demonstrating that consecutively produced batches pass all the necessary quality controls.
Radioactivity scaling is typically a problem for microscale synthesis due to the macro-to-micro
interface challenge, specifically due to mL-scale volumes of cyclotron-produced fluorine-18.
While the concentration of full radionuclide batches to droplet format is feasible using off-chip
methods, the whole volume may not be necessary to produce just a few human doses. In this
study | scaled the starting radioactivity to up to ~100 mCi [~4 GBq] by employing sequential
drying steps directly on chip. This greatly simplifies the typical strategies to overcome macro-to-
micro interface, as no external devices are required; reducing room for error and overcoming
potential system complexity. The ability to use very simple and cheap disposable chips and a
compact low-cost device to synthesize tracers is particularly attractive for the field of
radiochemistry, as the major issue with the introduction of microfluidics devices in
radiopharmaceutical production is the high cost of the complex systems. In this work, | arranged
the quality control testing to ensure the suitability of the product for human injections. While for
both syntheses, conventional QC approaches were used, for ['"8F]FBB we also collaborated with
Trace-Ability Inc. to perform a more convenient and faster QC testing using a compact Tracer-
QC apparatus.

Chapter 6 describes the adaptation of IEX chemistry to a Teflon-coated closed glass
reactor. A novel ["®FJAMBF;-TATE tracer for imaging of SSTR2 neuroendocrine tumors,
obtained from collaborating with Dr. D. Perrin, exhibited good yields and high molar activity

when synthesized even at low starting activities. | carried out the synthesis of this tracer for in
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vivo studies with tumor bearing mice to demonstrated its efficiency in detecting neuroendocrine
tumors similar to the current gold standard [®®Ga]DOTA-TATE. The use of fluorine-18-based
diagnostic tracer offers advantages due to the limited production quantities of a generator-
produced gallium-68. More importantly, this work highlights the unique advantage of
miniaturized droplet chemistry in its capability to reduce precursor quantities down to a few nmol
while still giving high fluorination yields.

Chapter 7 also describes IEX chemistry in droplet format, but with a different
trifluoroborate (R-BF3) precursor obtained in collaboration with Dr. E. Gras lab. Previously |
showed that using the same reaction conditions as synthesis of ['®F]JAMBF;-TATE on glass
substrates, labeling via IEX was immediately efficient with other R-BF3 precursors designed as
potential prosthetic groups for biomolecule radiolabeling (56). Teflon-coated glass chips,
however, are not very robust and our lab has since switched to silicon chips for all other
chemistry types. In this ongoing work | investigate and compare performance of IEX micro
radiosynthesis on glass and silicon substrates. | addressed the challenge of the fluorine-18
radioactivity loss during drying on the fully Teflon-coated as well as the patterned silicon which
was not seen before with Teflon-coated glass substrates. After the modification of drying
procedures by adding a high boiling point DMSO and optimizing drying times, | was able to
achieve similar high yields on silicon and glass reactors. Importantly, this work allows to transfer
the synthesis from a closed reactor to an open reactor. The adaptation to the open reactor is
particularly valuable, as it provides a direct route for the automation of the IEX chemistry on an
existing automated droplet platform. The labelling of R-BF3 based prosthetic groups on a droplet
reactor has a potential to greatly expand the diversity of tracers produced with such technology
and further promote its versatility. This is an ongoing work, and as more optimization data is

collected, the method will be expanded to radiolabeling of other R-BF3 compounds.
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Chapter 2: Fluorine-18 radiolabeling of 4-N-acyl and
4-N-alkyl gemcitabine analogues

2.1 Introduction

Gemcitabine (2',2'-difluoro-2'-deoxycytidine, dFdC), is a chemotherapeutic nucleoside
analogue used as first line therapy in pancreatic and lung cancers (722). Gemcitabine, like
many other nucleosides, enters cells via the human equilibrative nucleoside transport protein 1
(hENT1) and is subsequently activated via phosphorylation by deoxycytidine kinase (dCK) and
other kinases to its triphosphate form (123,724). The triphosphate is a substrate for DNA
synthesis inhibiting DNA polymerase by chain termination during replication and repair
processes, triggering apoptosis (7125).

Gemcitabine, even if beneficial for the treatment of a variety of tumors, can have its
efficacy diminished by increased toxicity to normal cells and rapid intracellular deamination into
inactive 2',2"-difluorouridine (dFdU) by cytidine deaminase (CDA).(726—128). In order to tackle
these issues, various prodrug strategies have been developed through hydrolysable lipophilic
acyl modifications on the exocyclic 4-N-amine or 5'-hydroxyl group of the nucleoside (729-135),
and such approaches were recently reviewed (7136). These modifications facilitate the uptake by
cells slowing also the release of gemcitabine through hydrolysis, which increases its
bioavailability while also providing resistance to enzymatic deamination by CDA. Gemcitabine
analogues have been also designed and synthesized as theranostic delivery systems with
cellular specificity and imaging capabilities (737—140). Increased bioavailability of gemcitabine
4-N-alkyl analogues have been scarcely explored and thus their synthesis and mode of activity
need further investigation. Recently, Pulido et al. showed that 4-N-alkyl analogues had modest
cytostatic activity with neither measurable deamination nor conversion to gemcitabine observed

(141,142). This increased stability of the 4-N-alkyl analogues within the cell, compared to 4-N-
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alkanoyl counterparts, provides an opportunity for their development as novel derivatives of
gemcitabine and to study their distribution via PET.

Although "®F-radiolabeling has progressed tremendously in recent years, the
incorporation of the fluorine-18 label into biomolecules normally involves a large number of
steps and burdensome labeling procedures (47,143—147). This is definitely the case in the
synthesis of ®F-labeled nucleoside analogues, which usually involves multiple protection and
deprotection steps, and therefore can lead to an overall increased reaction time and decreased
radiochemical yield. Since practical syntheses of gemcitabine are based on incorporation of a
geminal difluoro unit in their early synthetic stages (748,149), preparation of 2'-['®F]dFdC is not
feasible due to short half-life of the '®F isotope (750). Recently, the gemcitabine analogue 1-(2-
deoxy-2-["®F]fluoro-B-D-arabinofuranosyl)cytosine (['®F]FAC) was developed enabling
noninvasive prediction of tumor responses to gemcitabine and is utilized as a probe for PET
imaging of dCK activity (157—153). Although FAC generally follows the known ex vivo
biodistribution of gemcitabine, it is missing a geminal difluoromethylene unit at C2' which is
reported to be critical for anticancer properties of dFdC and its inhibitory activity of
ribonucleotide reductases (154). Therefore, we have undertaken efforts to investigate other
dFdC derivatives with the germinal difluoro unit already incorporated and bearing a silane
moiety, which would allow convenient '®F labelling.

The use of compounds bearing Si-F bond in radiochemistry has been explored since
1958 (155), with in vivo studies reported as early as the 1970s (7156). The Si-F bond was
considered as an alternative to C-F bonds due to its increased bond strength (565 kJ/mol for Si—
F versus 485 kJ/mol for C—F) (757). However, early on, it was discovered that even with this
increased stability, the Si-F bond is highly susceptible to hydrolysis in physiological conditions
(757). This tendency can be prevented by the use of bulky substituents on Si-atom since they
have been shown to shield the Si-F bond from hydrolysis while also increasing lipophilicity. This

makes these silicon-fluoride acceptors potential 18F-labeled tracers for PET imaging (758-161).
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Herein, we report synthesis of clickable 4-N-alkanoyl and 4-N-alkyl gemcitabine analogues with
silicon-fluoride acceptors, high-yield ®F-radiolabeling via a macro and micro-droplet approach,
in vitro anti-cancer and cell localization evaluation, and preliminary in vivo biodistribution studies

with PET imaging.
2.2 Precursor preparation methods

2.2.1 Synthesis of silane precursors

The strategy for the synthesis of gemcitabine analogues bearing silicon fluoride
acceptors attached to an exo-amino group of cytosine ring involve: (a) synthesis of gemcitabine
analogues having terminal azido or alkyne group at an alkyl chain attached to 4-amino group,
and (b) copper(l) catalyzed click reaction with the corresponding silane reagent having terminal
alkyne or azido group. Thus, condensation of gemcitabine 1 with 11-azidoundecanoic acid
under peptide coupling conditions [(N-dimethylaminopropyl)-N'-ethyl-carbodiimide (EDC)/1-
hydroxybenzotriazole (HOBt)/ N,N-Diisopropylethylamine (DIPEA)] in DMF at 65°C afforded 4-
N-(11-azidoundecanoyl)gemcitabine 2 (70%; Figure 2.1). The 11-azidoundecanoic acid S4 was
prepared by esterification of the commercially available 11-bromoundecanoic acid and
subsequent azidation (NaNs/DMF) followed by saponification with the overall 81% vyield.
Condensation of 1 with 5-hexynoic acid under similar conditions gave 4-N-
(hexynoyl)gemcitabine 3 but with lower yield contaminated with mono and/or di sugar 5-
hexynoate esters. However, transient protection of 1 with trimethylsilyl group followed by

condensation with 5-hexynoic acid in the presence of EDC provided 3 (63%).
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Figure 2.1 Synthesis of 4-N-alkanoyl gemcitabine analogues with silicon-fluoride
acceptors

(@) (i) TMSCI/Pyr/CH3CN, 3 h, (ii) CH =C(CH.)sCOOH/EDC/CH3CN/65°C; (iii) EtOH, 45°C,
5 h; (b) S4/HOBt/DIPEA/EDC/DMF/60°C/overnight; (c) S9 or S10/Sodium
ascorbate/Cu,SO./t-butanol/water (3:1), 6 h (d) KF/18-crown-6/AcOH/CH3CN/80°C/25
min.

Copper-catalyzed click reaction of alkyne 3 with azido building block S9 (4-
(azidomethyl)phenyldiisopropylsilane) in the presence of sodium ascorbate and copper(l) sulfate
gave silicon-fluoride acceptor 4 (92%). Alternatively azide 2 coupled with alkyne building block
$10 (diisopropyl(4-((prop-2-yn-1-yloxy)methyl)phenyl)silane) gave 5 (87%). The two bifunctional
silicon building blocks S9 and S10 were prepared from 4-(diisopropylsilyl)benzylalcohol S8.

The synthesis of the 4-N-alkyl gemcitabine analogues with silicon-fluoride acceptor started
from displacement of a 4-N-tosylamine group from 7 with freshly prepared 7-azidohepylamine

S7. Thus, reaction of transient protected with trimethylsilyl group 1 with TsCl in the presence of

pyridine followed by deprotection with methanolic ammonia afforded protected 4-N-
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tosylgemcitabine (142) 7 (90%, Figure 2.2). Treatment of 7 with 7-azidohepylamine S7 effected
displacement of the p-toluenesulfonamido group from the C4 position of the cytosine ring to give
4-N-(7-azidoheptanyl) gemcitabine 8 (82%). The 7-azidoheptylamine S7 was prepared from 1,7-
dibromoheptane by treatment with 2 eq. of NaNs, followed by selective Staudinger reduction of
one of the azido group in intermediary 1,7-diazidoheptane S6 with triphenylphosphine in 83%

overall yield. Click reaction of azido 8 with alkyne building block S10 gave silane 9 (90%).
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Figure 2.2 Synthesis of 4-N-alkyl gemcitabine analogues with silicon-fluoride acceptors

(a) (i) TMSCI/Pyr, (ii) TsCI, (iii) MeOH/NHs; (b) S7/TEA/1,4-dioxane; (c) S10/Sodium
ascorbate/Cu,SOs/t-butanol/water (3:1)/6 h; (d) KF/18-crown-6/AcOH/CH3sCN/80°C/25
min.

2.2.2 Fluorination

Treatment of silane precursors 5 or 9 with KF in the presence of 18-crown-6 in CH3CN
at 80 °C for 20 min followed by quick cooling and filtration, followed by silica column
chromatography (5 — 10% MeOH/CHCIs) gave the respective fluorinated products 6 (63%,

Scheme1), and 10 (62%, Figure 2.2). Also, fluorination of 4 afforded (fluoro)diisopropylsilyl)
44



product 11 (65%, see Experimental Part). Besides desired silyl fluorides 6, 10 and 11 the
corresponding silanols resulting from the hydrolysis from Si-OH were also isolated during
purification on column (~20-25%). The structure of the silanols were confirmed by the absence
of hydrogen from of Si-H bond (e.g., in 5 at 3.92 ppm) and lack of fluorine signal (e.g., in 6 at -

188.86 ppm) by 'H or "°F NMR and additionally defined by HRMS.

2.2.3 Stability of Si-H substrate and Si-F products

Stability of 4-N-alkanoyl 5 and 4-N-alkyl 9 substrates as well as their fluorinated products
6 and 10 were examined employing RP-HPLC with isocratic mobile phase of CH3;CN/water
containing 0.1% of TFA which is compatible with the purification protocols for the ['®F]-labeled
products (vide infra). The 4-N-alkanoyl 5 were found to be prone to hydrolysis of the amide
bond. For example gemcitabine (10-15%, 30 min) was detected after 5 was dissolved in 35%
CH3CN/0.1% TFA (Figure 2.3). The RP-HPLC of the fluoro product 6 showed hydrolysis of the
acyl chain to gemcitabine (15%, 30 min) and Si-F bond to the corresponding silanol (20%, 30

min). HPLC after 2 h showed larger amounts of silanol (30%) and gemcitabine (20%).
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] Gemcitabine (1) standard 35% acetonitrile in 0.1% TFA (in water)
] Retentiontime 4.8 min. flow rate : 2 mL/min
! Semi prep column

- Phenomenex gemini SuC18

3 5 J‘J\Jm M 0 )—

- At 30 minutes with o N

- Exgosure to ‘ f 35% acetonitrile in 0.1% TFA (in water)
-3 0.1% TFA flow rate : 2 mL/min
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Semi prep column

o3 $ Phenomenex gemini SuC18

Figure 2.3 Stability of 4-N-alkanoyl 5
(chromatogram A: 1, chromatogram B: 5 after 30 min) in 35 %CH3CN / 0.1% TFA

On the other hand, the 4-N-alkyl substrate 9 was found to be stable with only very minor
formation of byproduct peak(s) (e.g., gemcitabine) observed after long exposure (8 h) to 35%
CH3CN/0.1% TFA. The fluorinated product 10 in the 25% CH3CN/0.1% TFA in water hydrolyzes
to silanol (25%, 1 h, 55%, 3 h). However, hydrolysis of 10 in TFA-free system (25%
CHsCN/water) occurred to a lesser extent (25%, 1 h, 30%, 3 h). These studies show that 4-N-
alkyl analogues are more stable under acidic conditions than 4-N-acyl counterparts, indicating
their advantage in developing them as PET imaging agents for gemcitabine prodrugs.

2.2.4 Cytostatic Activity and Imaging

The anti-proliferation capabilities of the 4-N-alkanoyl (2, 3, 5 and 6) and 4-N-alkyl (8 and 9)
gemcitabine analogues were assessed (72 h) in L1210 mouse lymphocytic leukemia cells
(Table 2.1). All 4-N-alkanoyl analogues demonstrated potent antiproliferative activities with 1Cso
= 8.0 uM, ICs0 = 7.5 uM, ICs0 = 65.3 uM and ICso = 40.0 pM, respectively. These ICs values are

comparable to the reported ICso of gemcitabine (23.7 uM) for an identical incubation time (72
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h)(162). However, 4-N-alkylgemcitabine derivatives 8 and 9 showed less antiproliferative

activities having I1Cso >200 pM.

Compounds  ICso (UM) IC75 (M)
2 8.0+0.4 14.9+ 2.4
3 65.310.6 88.3+1.1
5 7.5+0.4 13.3%£1.1
6 40.01.9 78.315.6
8 >200 >200
9 >200 >200

Table 2.1 In vitro cytostatic activity of 4-N-modified gemcitabine analogues in L1210
lymphocytic leukemia cell line

Additionally, we tested proliferation of human embryonic kidney HEK293 cells (48h) with
4-N-alkanoyl 2 and 5 and 4-N-alkyl analogues 8 and 9. These analogues were found to have
different levels of inhibition in a dose dependent manner and blocked cell proliferation [2
(791£10%), 5 (42+5%), 8 (45+9%), 9 (50+9%) versus 38+4% for gemcitabine at 50 uM
concentration; and 2 (891£15%), 5 (63+6%), 8 (61£11%), 9 (78+15%) versus 45+6% for
gemcitabine at 100 uM concentration]. These results show comparable antiproliferative activities
for 4-N-alkanoyl and 4-N-alkyl analogues. This might be due to the fact HEK293 cells have
higher CDA activity than that reported for many other cells and organs (7163,764); and that CDA
expression/activity is known to affect anticancer therapy (765,766). Also, the low cytotoxicity of
or high resistance to cytidine analogues such as gemcitabine have been associated with high
levels of CDA expression in cancer cells (167,168). However, the fact that 4-N-alkyl cytidine
analogues (including 4-N-alkyl analogues of gemcitabine) are not substrates of CDA (142,169)
can contribute to their cytotoxicity in HEK293 cells since their metabolism to inactive uracil
metabolites is either very slow or prohibited.

Even though 4-N-alkyl analogues 8 and 9 showed lower cytotoxic activities in the cells

tested, we decided to further study cellular uptake of 8 with HEK293 cells since the lipophilic 4-
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N-alkyl derivatives of gemcitabine show a stability toward fluorination protocols compatible with
'®F fluorination. We were interested to study whether nucleoside 8 would be internalized and/or
localized in the nucleus of cells and incorporated into DNA, or they are trapped in an

extranuclear compartment.

-

Figure 2.4 Incorporation of 8 in HEK293 cells

Incorporation assessed after 24 h, followed by fixation and addition of Fluor 488-Alkyne and
copper (1): A) Nuclear staining with DAPI, B) Cell staining with Fluor 488-Alkyne. C) Merged A &
B microscopy images. Inset: Staining of DNA during cell division. Scale bars: 10 ym.

To determine whether 4-N-alkyl analogue 8 was localized inside cells, we carried out in
vitro fluorescence studies with HEK293 cells. The cells were incubated with 100 uM of 8 for 24
h, fixed and labeled with Fluor 488-alkyne in presence of copper (l). Fluor 488-labeled cells
(Figure 2, B; seen in green) was evidence that 4-N-alkyl 8 was uptaken by the cells. Also, strong
nuclear staining was evident by its co-localization with DAPI (Figure 2.4, A; seen in blue), as well
as on the DNA during cell division. As expected, the omission of analogue 8 did not show any

fluorescent green signal (data not shown).
2.3 Radiosynthesis of ['®F]fluoro-silane probes

2.3.1 Macroscale radiosyntheses of 4-N-alkanoyl ['®F]6 and 4-N-alkyl ['®F]10
The one-pot syntheses of 4-N-alkanoyl ['®F]6 and 4-N-alkyl ['®F]10 were performed on

the ELIXYS FLEX/CHEM radiosynthesizer employing silane-labeling protocols.** Thus, by
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adding silane precursor 9 in DMSO with 1% v/v AcOH to the previously dried ['®F]KF/Ka22
complex and reacting at 100°C for 25 min, followed by HPLC purification, 4-N-alkyl ['®F]10 was
produced with 6.6 + 3.2 % (n = 5) decay-corrected isolated radiochemical yield and >99%
radiochemical purity (Figure 2.5, Table 2.2, Error! Reference source not found.). Analogously,
the "8F-fluorination of precursor 5 gave 4-N-alkanoyl ['®F]6 in ~0.5% (n = 1) decay-corrected
crude radiochemical yield. Optimization of the protocol for the synthesis of ['®F]6 was not

performed.

—4  H — 18
s Si Macroscale method ~
< P \ o~
& “\' “ h/ r— or ‘f‘\’"‘] |// l] —
/ - | \ /
oA ! oS
Microscale method
["*FIKFIK2.2.2
. 6 or10
Sord DMSO, AcOH (1% viv)
100 °C. 25 min

Figure 2.5 Radiosynthesis of ['®F] 4-N-alkanoyl and alkyl gemcitabine analogues with
silicon-fluoride acceptors
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Entry Analogue Macroscale Microscale

radiosynthesis? radiosynthesis”
Average decay-corrected | Decay-corrected
isolated RCY (%) crude RCY (%)
1 6 0.5 10
2 10 6.6 £ 3.2 (n=5) 24.4 + 4.1 (n=5)

Table 2.2 '8F radiosynthetic yields of 4-N-modified gemcitabine analogues 6 and 10

2 2-3 mg scale reactions; ® 0.2 mg scale reactions.

1g AU b oVl
g1 A
7
61 60% CH,CN in H,0 (+0.1%TFA)
5 | Flow rate: 1 mL/min
4] UV wavelength: 254 nm
5 Analytical column:
i - Phenomenex Luna C18 S5um
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~
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Figure 2.6 Analytical HPLC chromatogram of purified 4-N-alkyl ['F]10

The chromatogram is shown for the product produced at macroscale. A: UV detector,
chromatogram B: gamma detector.

2.3.2 Microscale radiosyntheses of 4-N-alkanoyl ['®F]6 and 4-N-alkyl ['®F]10
The ['®F] labeled 6 and 10 were synthesized more efficiently using microscale approach
on simple microfluidic chips (704,720). By adding silane precursor 5 or 9 in DMSO with 1% v/v

AcOH to the previously dried ['®F]KF/K222 residue on one chip, covering with a second chip, and
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heating at 100°C for 20 min, a decay-corrected crude radiochemical yield (i.e. without
purification) for 4-N-alkanoyl ['®F]6 was 10% (n = 1) and for 4-N-alkyl ['*F]10 was 24.4 + 4.1 (n =
5). Additionally, 4-N-alkyl ['®F]10 is radiochemically stable at ambient temperature for over 4
hours after formulation in saline with 10% v/v EtOH, with no significant radiolysis or other

degradation observed.

2.3.3 In vivo imaging of ['®F]4-N-Alkyl Gemcitabine radioligand 10

To determine the distribution and uptake of ['®F]10, preliminary in vivo, static and
dynamic PET imaging studies were performed in wild-type mice. For static PET imaging, a WT
C57BL/6 mouse was injected with ['®F]10 via tail vein and imaged for 10 min after 1 h uptake.
For dynamic PET imaging, a 1 h PET acquisition was started concurrently at the beginning of a
10 sec infusion via a tail vein catheter of ['®F]10 and histogrammed into a series of images. Both
static and dynamic PET imaging show the tracer first in the liver, kidneys, and Gl tract (also the
gallbladder in the static scan), but significant bone signal is evident after 15-20 min post-
injection (Figure 2.7 Dynamic PET study results for ['¥]10

(Left) Dynamic biodistribution of ['®]10 in WT C57BL/6 mouse. (Right) Maximum
intensity projection at 1 h post-injection (left: coronal; right: sagittal). and Figure 2.8). One
cause of bone signal is in vivo defluorination of the PET tracer, releasing ['®F]fluoride, which is
strongly incorporated into hydroxyapatite crystals of bone. More detailed analysis of tracer
metabolites in vivo is needed to determine whether defluorination is occurring or whether bone

signal is actually uptake in bone marrow.
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Figure 2.7 Dynamic PET study results for ['®F]10

(Left) Dynamic biodistribution of ['®F]10 in WT C57BL/6 mouse. (Right) Maximum intensity
projection at 1 h post-injection (left: coronal; right: sagittal).
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Figure 2.8 10 min static PET study results for ['F]10
(Left) Biodistribution of ['®F]10 from 10 min static scan in WT C57BL/6 mouse at 1 h post-

injection. (Right) Maximum intensity projection of 10 min static scan at 1 h post-injection (left:
coronal; right: sagittal).
It appears that ['®F]4-N-alkyl gemcitabine radioligand 10 undergoes renal (high kidney,
bladder) and possibly hepatobiliary (high gut and liver) clearances, with possible defluorination.

It is noteworthy that biodistribution of the 4-N-alkyl radioligand does not reflect biodistribution of

["*C]gemcitabine (127).
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2.4 Experimental section

The "H (400 MHz), *C (100 MHz), or '°F (376 MHz) NMR spectra were recorded at
ambient temperature in solutions of CDCIs; or MeOH-ds4 as noted. The reactions were followed
by TLC with Merck Kieselgel 60-F2s4 sheets and products were detected with a 254 nm light or
with Hanessian’s stain. Column chromatography was performed using Merck Kieselgel 60
(230-400 mesh). Reagent grade chemicals were used and solvents were dried by reflux
distillation over CaH» under nitrogen gas, unless otherwise specified, and reactions carried out
under N2 atmosphere. The carboxylic acid and amine derivatives used for the coupling with
gemcitabine were commercially available or synthesized such as 11-azidoundecanoic acid (S4)
and 7-Azido-1-aminoheptane (S7). The purity of some of the synthesized compounds was
determined by HPLC on Phenomenex Gemini RP-C18 with isocratic at various mobile phases
(CH3CN/H20) and flow rates.

4-N-(11-Azidoundecanoyl)-2"-deoxy-2', 2"-difluorocytidine (2). N,N-Diisopropylethylamine
(35 uL, 26 mg, 0.2 mmol), 1-hydroxybenzotriazole (27 mg, 0.2 mmol), 83 (46 mg, 0.2 mmol),
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (45 uL, 31 mg, 0.2 mmol) were sequentially
added to a stirred solution of gemcitabine hydrochloride (1; 50 mg, 0.17 mmol) in DMF (4 mL) at
ambient temperature under N2 atmosphere The reaction mixture was then gradually heated to
65 °C (oil-bath) and was kept stirring overnight. The crude mixture was evaporated and the
residue column chromatographed (0 — 10% MeOH/CHCIs) to give 2 (56 mg, 70%): UV
(CH3OH) A max 299 nm (g 6500), A min 250 nm (¢ 12 900); '"H NMR (CD3OD) & 1.24-1.47 (m,
12H, 6 x CH>), 1.51-1.75 (m, 4H, 2 x CH>), 2.45 (t, J = 7.4 Hz, 2H, CHy), 3.27 (t, J = 6.9 Hz, 2H,
CH>), 3.81 (dd, J = 2.8, 12.4 Hz, 1H, H5'), 3.89-4.05 (m, 2H, H5", H4'), 4.30 (td, J = 8.5, 12.2
Hz, 1H, H3"), 6.17-6.35 (m, 1H, H1"), 7.50 (d, J = 7.6 Hz, 1H, H5), 8.34 (d, J = 7.6 Hz, 1H, H6);
*C NMR & 25.92, 27.80, 29.90, 30.11, 30.20, 30.33, 30.41, 30.50, 38.17, 52.47, 60.30 (C5),

70.27 (dd, J = 22.2, 23.6 Hz, C3'), 82.92 (d, J = 8.6 Hz, C4'), 86.42 (dd, J = 26.6, 37.6 Hz, C1),
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98.25 (C5), 120.87 (t, J = 259.9 Hz, C2'), 145.96 (C6), 157.68 (C2), 164.83 (C4), 176.00 (CO);
F NMR & -120.05 (d of m, J = 239.7 Hz, 1F), -119.10 (d of m, J = 240.1 Hz, 1F). HRMS (ESI+)
m/z calcd for C2oH30F2NsNaOs [M+Na]* 495.2146; found 495.2141.

4-N-(5-Hexynoyl)-2'-deoxy-2', 2"-difluorocytidine (3). Trimethylsilyl chloride (250 pL, 2
mmol) was added to a solution of 1 (200 mg, 0.7 mmol) in ACN (2 mL) and pyridine (3 mL) at 0
°C. The mixture was stirred for 4 h from 0 °C to room temperature. A solution of commercially
available 5-hexynoic acid (230 uL, 2.1 mmol) in ACN (2 mL), previously activated by EDC (50
uL, 1 mmol), was added to the reaction mixture, which was heated at 60°C for 18 hours. After
the solution was cooled down to room temperature, ethanol (5 mL) was added and the mixture
was heated at 45 °C for 4 h. After evaporation under vacuum, the resulting residue was column
chromatographed (80 — 100% EtOAc/hexane) to give 3 (170) (157.6 mg, 63%): 'H NMR
(CD30OD) 6 1.84-1.86 (m, 2H, CH>), 2.26-2.28 (m, 3H, CH,, CH), 2.60 (t, J = 7.3 Hz, 2H, CH>),
3.82-3.84 (m, 1H, HY%'), 3.89-4.07 (m, 2H, H5", H4'), 4.31 (dd, J = 12.1, 20.6 Hz, 1H, H3'),
6.24-6.26 (m, 1H, H1'), 7.49 (d, J = 7.6 Hz, 1H, H5), 8.34 (d, J = 7.6 Hz, 1H, H6); *C NMR &
18.42, 24.96, 33.47, 60.50 (C5'), 68.14 (CH), 70.20 (C) 70.34 (t, J = 23.1 Hz, C3'), 82.35(d, J =
8.6 Hz, C4'), 86.1 (dd, J = 26.6, 38.3 Hz, C1’), 96.30 (C5'), 123.91 (t, J = 259.3 Hz, C2'), 142.51
(C6), 157.78 (C2), 167.74 (C4), 175.97 (CO); "9F NMR & -120.14 (d of m, J = 244.4 Hz, 1F), -
119.23 (d of m, J = 243.6 Hz, 1F).

4-N-(7-Azidoheptanyl)-2'-deoxy-2', 2"-difluorocytidine (8). Freshly prepared 7-Azido-1-
aminoheptane (S7; 112.5 mg, 0.72 mmol) was added to a suspension of 7 (100 mg, 0.24 mmol)
in 1,4-dioxane (5 mL) and TEA ( 0.100 mL, 63 mg, 0.72 mmol) and the mixture was left stirring
at 65°C. After 24 h, volatiles were evaporated and the resulting residue was column
chromatographed (5% MeOH/CHCIs) to give 8 (238 mg, 82%): UV (CH3OH) A max 267 nm (&
8200), A min 227 nm (g 7400); '"H NMR (CD30D) & 1.31-1.41 (m, 12H, 6 x CH,), 1.51-1.70 (m,
4H, 2 x CHy), 3.25 (t, J = 6.9 Hz, 2H, CH>), 3.45 (t, J = 7.0 Hz, 2H, CH) 3.77-3.83 (m, 1H, H5"),

3.91-3.99 (m, 2H, H5", H4"), 4.25 (dt, J = 10.5, 20.8 Hz, 1H, H3"), 5.85 (d, J = 7.6 Hz, 1H, H5),
54



6.23-6.25 (m, 1H, H1"), 7.71 (d, J = 7.6 Hz, 1H, H6); '3C NMR & 27.75, 27.86, 29.84, 29.88,
29.92, 41.65, 52.45, 60.56 (C5'), 70.66 (t, J = 23.1 Hz, C3'), 82.22 (d, J = 8.6 Hz, C4'), 86.26
(dd, J = 26.6, 38.3 Hz, C1’), 97.32 (C5), 124.02 (t, J = 259.2 Hz, C2'), 140.80 (C6), 158.29 (C2),
165.38 (C4); '°F NMR & -119.86 (d of m, J = 246.2 Hz, 1F), -119.89 (d of m, J = 240.2 Hz, 1F).

HRMS (ESI+) m/z calcd for C1eH25F2NeO4 [M+H]" 403.1902; found 403.1913.

2.4.1 General procedure for click reactions

Sodium ascorbate (0.02 mmol), copper sulfate (0.02 mmol), nucleoside (0.1 mmol) and
silicon-fluoride acceptor (0.1 mmol) were suspended in a mixture of tert-butanol/water (3:1 (v/v),
3 mL). The reaction mixture was left at room temperature for 1-6 hours. The reaction mixture
was extracted with CHCI3 (10 mL). The organic layer was washed with sat NH4CI (10 mL), brine
(10 mL), dried over Na>SOy, filtered and evaporated under reduced pressure. The crude product
was purified by chromatography (CHCIs/MeOH 95:5) to afford the desired triazole adducts:

4-N-[4-(1-(4-(diisopropylsilyl)benzyl)-1H-1, 2, 3-triazol-4-yl)butanoyl]-2'-deoxy-
2", 2'difluorocytidine (4) Treatment of 3 (35 mg, 0.1 mmol) with S9 (24.7 mg, 0.1 mmol) using
procedure reported in general procedure gave 4 (52.6 mg, 87%). UV (CH3OH) A max 299 nm (¢
6700), 248 nm (¢ 13000); 'H NMR (CDs0D) & 0.96 (d, J = 7.3 Hz, 6H, iPr), 1.03 (d, J = 7.3 Hz,
6H, iPr), 1.18-1.20 (m, 4H, 2 x CH>), 2.46 (t, J = 7.3 Hz, 2H, CH). 2.71 (t, J = 7.4 Hz, 2H, CH)),
3.74-3.76 (m, 1H, H5'), 3.89-3.95 (m, 3H, H5", H4', Si-H), 4.24-4.26 (m, 1H, H3'), 5.50 (s, 2H,
CHy), 6.19 (t, J= 7.5 Hz, 1H, H1"), 7.28 (d, J = 8.0 Hz, 2H, Ar), 7.35 (d, J = 7.6 Hz, 1H, H5), 7.51
(d, J = 8.0 Hz, 2H, Ar), 7.56 (s, 1H), 8.10 (d, J = 7.6 Hz, 1H, H6); *C NMR & 11.18, 18.65,
18.83, 24.96, 25.17, 37.04, 54.09, 59.93 (C5'), 69.68 (CH), 70.34 (t, J = 23.1 Hz, C3'), 81.82 (d,
J=8.6 Hz, C4'), 85.70 (dd, J = 26.6, 38.3 Hz, C1"), 97.03 (C5'), 122.39 (t, J = 259.3 Hz, C2’),
128.07, 134.96, 136.86, 138.11, 145.43 (C6), 148.04, 155.77 (C2), 163.85 (C4), 174.28 (CO);
"F NMR & -120.10 (d of m, J = 233.4 Hz, 1F), -119.20 (d of m, J = 240.9 Hz, 1F). HRMS (ESI+)

m/z calcd for CasHssF2NsNaOsSi [M+Na]* 627.2538; found 627.2522.
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4-N-[11-(4-((4-(diisopropylsilyl)benzyloxy)methyl)-1H-1, 2, 3-triazol-1-yl)undecanoyl]-2"-
deoxy-2',2'difluorocytidine (5). Treatment of 2 (30 mg, 0.06 mmol) with $10 (15.6 mg, 0.06
mmol) using procedure reported in general procedure gave 5 (40.5 mg, 92%). UV (CH3OH) A
max 299 nm (g 6500), 250 nm (¢ 12900), A min 278 nm (g 3800); '"H NMR (CDs0D) & 0.96 (d, J
= 7.3 Hz, 6H, iPr), 1.05 (d, J = 7.3 Hz, 6H, iPr), 1.24-1.47 (m, 12H, 6 x CHy), 1.51-1.75 (m, 4H,
2 x CHy), 2.38 (t, J= 7.3 Hz, 2H, CH>), 3.81 (dd, J = 2.8, 12.4 Hz, 1H, H5'), 3.89-3.96 (m, 3H,
H5", H4', Si-H), 4.30 (td, J = 8.5, 12.2 Hz, 1H, H3'), 4.33 (t, J = 7.1 Hz, 2H), 4.55 (s, 2H, CH>),
4.61 (s, 2H, CH), 6.19 (t, J= 7.5 Hz, 1H, H1"), 7.33-7.35 (m, 3H, H5, Ar), 7.51 (d, J = 8.0 Hz,
2H, Ar), 7.74 (s, 1H), 8.10 (d, J = 7.6 Hz, 1H, H6); '*C NMR & 25.92, 27.80, 29.90, 30.11, 30.20,
30.33, 30.41, 30.50, 38.17, 52.47, 60.30 (C5’), 70.27 (dd, J = 22.2, 23.6 Hz, C3'), 82.92 (d, J =
8.6 Hz, C4'), 86.42 (dd, J = 26.6, 37.6 Hz, C1), 98.25 (C5), 120.87 (t, J = 259.9 Hz, C2'), 145.96
(C6), 157.68 (C2), 164.83 (C4), 176.00 (CO); '®F NMR & -120.09 (d of m, J = 239.2 Hz, 1F), -
119.13 (d of m, J = 240.2 Hz, 1F). HRMS (ESI+) m/z calcd for CssHssF2NsNaOsSi [M+Na]*
755.3738; found 755.3731.

4-N-[7-(4-((4-(diisopropylsilyl)benzyloxy)methyl)-1H-1, 2, 3-triazol-1-yl) heptanyl]-2"-deoxy-
2", 2'difluorocytidine (9) Treatment of 8 (40 mg, 0.1 mmol) with $10 (26.0 mg, 0.1mmol) using
procedure reported in general procedure gave 9 (59.6 mg, 90%). UV (CH3OH) A max 267 nm (¢
8200), A min 228 nm (g 7500); '"H NMR (CD3;0D) & 0.99 (d, J = 7.3 Hz, 6H, iPr), 1.05 (d, J= 7.3
Hz, 6H, iPr), 1.31-1.41 (m, 12H, 6 x CHy), 1.50-1.52 (m, 2H, CH), 1.90-1.93 (m, 2H, CHy),
3.41-3.43 (m, 2H, CHy), 3.80-3.82 (m, 1H, HY%'), 3.91-4.02 (m, 3H, H5", H4', Si-H), 4.42-4.44
(m, 3H, H3', CH>), 4.60 (s, 2H, CH>), 4.65 (s, 2H, CH2), 5.82 (d, J = 7.6 Hz, 1H, H5), 6.23-6.25
(m, 1H, H1"), 7.38 (d, J = 8.0 Hz, 2H, Ar), 7.48 (d, J = 8.0 Hz, 2H, Ar), 7.71 (d, J = 7.6 Hz, 1H,
H6), 7.99 (s, 1H, CH); *C NMR & 11.26, 18.76, 18.96, 27.01, 27.34, 30.93, 40.97, 50.50, 60.31
(C5'),64.42, 70.26 (t, J = 23.1 Hz, C3'), 72.37, 81.75 (d, J = 8.6 Hz, C4'), 84.92 (dd, J = 26.6,
38.3 Hz, C1'), 95.97 (C%'), 124.04 (t, J = 259.3 Hz, C2'), 127.88, 133.36, 140.78, 135.56,

136.34, 138.84, 140.78 (C6), 141.02, 155.92 (C2), 164.77 (C4); F NMR 5 -119.86 (d of m, J =
56



246.2 Hz, 1F), -119.89 (d of m, J = 240.2 Hz, 1F). HRMS (ESI+) m/z calcd for

Ca2HsF2NsNaOsSi [M+Na]" 685.3322; found 685.3324.

2.4.2 General Procedure for Fluorination Reactions

Solid KF (4.7 mg, 0.08 mmol, 4 eq.) was added to a stirred solution of 5 (15 mg, 0.02
mmol,) and 18-Crown-6 ether (21 mg, 0.08 mmol, 4 eq.) in CH3CN (3 mL) in a round bottom
flask under N2> atmosphere. To this mixture acetic acid (2 pyL, 0.02 mmol. 1 eq.) was then added
and the resulting reaction mixture was stirred at 80 °C for 25 min. The reaction mixture was then
left to cool (~5 min.) and filtered to remove the left over 18-crown ether and KF. The filtrate was
washed with CH3CN (2 mL) and the combined mother liquors were then concentrated under
reduced pressure to give crude 6. The resulting residue was chromatographed (MeOH/CHCl3
10:90) to give pure 9 (9.5 mg, 63%).

4-N-[11-(4-((4-(Fluorodiisopropylsilyl)benzyloxy)methyl)-1H-1, 2, 3-triazol-1-
yl)undecanoyl]-2'-deoxy-2', 2'difluorocytidine (6). Treatment of 5 (15 mg, 0.02 mmol) using
procedure reported in in general procedure gave 6 (9.5 mg, 63%). UV (CH3OH) A max 299 nm
(£ 6500), 250 nm (¢ 12900), A min 278 nm (g 3800); '"H NMR (CDs0D) & 0.99 (d, J = 7.3 Hz, 6H,
iPr), 1.07 (d, J = 7.3 Hz, 6H, iPr), 1.24-1.47 (m, 12H, 6 x CH>), 1.78-1.80 (m, 2H, CH>), 1.90-
1.92 (m, 2H, CH>), 2.44 (t, J = 7.4 Hz, 2H, CHy), 3.81 (dd, J = 2.8, 12.4 Hz, 1H, H5'), 3.89-3.99
(m, 2H, H5", H4"), 4.29 (t, J = 10.4 Hz, 1H, H3'), 4.40 (t, J = 7.0 Hz, 2H), 4.60 (s, 2H, CH>), 4.66
(s, 2H, CHy), 6.26 (t, J = 7.5 Hz, 1H, H1"), 7.41 (d, J = 7.8 Hz, 2H, Ar), 7.49 (d, J = 7.6 Hz, H5),
7.54 (d, J = 8.1 Hz, 2H, Ar), 7.99 (s, 1H), 8.34 (d, J = 7.6 Hz, 1H, H6); *C NMR & 13.22, 25.92,
27.80, 29.90, 30.11, 30.20, 30.33, 30.41, 30.50, 38.17, 52.47, 60.30 (C5'), 70.27 (dd, J = 22.2,
23.6 Hz, C3'), 82.92 (d, J = 8.6 Hz, C4'), 86.42 (dd, J = 26.6, 37.6 Hz, C1), 98.25 (C5), 120.87
(t, J = 259.9 Hz, C2'), 128.07, 135.53, 135.56, 136.34, 138.84, 145.93 (C6), 148.76, 145.93

(C6), 157.66 (C2), 164.78 (C4), 175.25 (CO); "°F NMR & - 188.86 (s, 1F), -120.09 (d of m, J =
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239.2 Hz, 1F), -119.13 (d of m, J = 240.2 Hz, 1F). HRMS (ESI+) m/z calcd for CasHs4F3NsOsSi
[M+H]* 751.3753; found 751.3770.

4-N-[7-(4-((4-(fluorodiisopropylsilyl)benzyloxy)methyl)-1H-1, 2, 3-triazol-1-yl) heptanyl]-2'-
deoxy-2',2'difluorocytidine (10). Treatment of 9 (15 mg, 0.023 mmol) using procedure reported
in general procedure gave 10 (9 mg, 62 %). UV (CH3OH) A max 267 nm (€ 8200), A min 228 nm
(e 7500); '"H NMR (CDs0OD) & 0.99 (d, J = 7.3 Hz, 6H, iPr), 1.05 (d, J = 7.3 Hz, 6H, iPr),
1.31-1.41 (m, 12H, 6 x CH>), 1.50-1.52 (m, 2H, CH>), 1.90-1.92 (m, 2H, CH>), 3.38-3.40 (m,
2H, CHy), 3.80-3.82 (m, 1H, H5’), 3.91-4.02 (m, 3H, H5", H4', Si-H), 4.24-4.26 (m, 1H, H3'),
4.41 (t, J= 6.9 Hz, 2H, CH>), 4.60 (s, 2H, CH>), 4.65 (s, 2H, CH>), 5.82 (d, J = 7.6 Hz, 1H, H5),
6.21-6.23 (m, 1H, H1") , 7.41 (d, J = 8.0 Hz, 2H, Ar), 7.52 (d, J = 8.0 Hz, 2H, Ar), 7.71 (d, J =
7.6 Hz, 1H, H6), 8.01 (s, 1H, CH); *C NMR & 11.26, 18.76, 18.96, 27.01, 27.34, 30.93, 40.97,
50.50, 60.31 (C5'), 64.42, 70.26 (t, J = 23.1 Hz, C3'), 72.37, 81.75 (d, J = 8.6 Hz, C4'), 84.92
(dd, J = 26.6, 38.3 Hz, C1"), 95.97 (C5’), 124.04 (t, J = 259.3 Hz, C2'), 127.88, 133.36, 140.78,
135.56, 136.34, 138.84, 140.78 (C6), 141.02, 155.92 (C2), 164.77 (C4).""F NMR & - 188.82 (s,
1F), -119.75 (d of m, J = 244.1 Hz, 1F), -119.98 (d of m, J = 239.1 Hz, 1F). HRMS (ESI+) m/z
calcd for CsoHa7F3sNeNaOsSi [M+Na]* 703.3227; found 703.3234.

4-N-[4-(1-(4-(fluorodiisopropylsilyl)benzyl)-1H-1, 2, 3-triazol-4-yl)butanoyl]-2"-deoxy-
2',2'difluorocytidine (11). Treatment of 4 (15 mg, 0.025 mmol) using procedure reported in
general procedure gave 11 (10 mg, 65%). UV (CH3OH) A max 299 nm (¢ 6700), 248 nm (¢
13000); '"H NMR (CD30D) 6 0.99 (d, J = 7.3 Hz, 6H, iPr), 1.06 (d, J = 7.3 Hz, 6H, iPr), 1.18-1.20
(m, 2H, CH>), 1.91-1.93 (m, 2H, CH>), 2.50 (t, J = 7.3 Hz, 2H, CH,). 2.78 (t, J = 7.4 Hz, 2H,
CH>), 3.82-3.84 (m, 1H, H5'), 3.93-4.05 (m, 2H, H5", H4'), 4.29-4.31 (m, 1H, H3'), 5.59 (s, 2H,
CHy), 6.21 (t, J=7.5 Hz, 1H, H1"), 7.35 (d, J = 7.9 Hz, 2H, Ar), 7.47 (d, J = 7.6 Hz, 1H, H5), 7.57
(d, J=8.1Hz, 2H, Ar), 7.81 (s, 1H), 8.33 (d, J = 7.6 Hz, 1H, H6); 3C NMR & 13.22, 13.35,
16.82, 17.01, 25.46, 25.53, 37.18, 54.70, 60.30 (C5'), 70.01 (CH), 70.34 (t, J = 23.1 Hz, C3’),

81.72 (d, J = 8.6 Hz, C4'), 82.92 (dd, J = 26.6, 38.3 Hz, C1’), 98.27 (C5'), 123.93 (t, J = 259.3
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Hz, C2'), 128.39, 134.45, 135.53, 135.56, 136.34, 138.84, 145.93 (C6), 148.76, 157.66 (C2),
164.78 (C4), 175.25 (CO); °F NMR & - 188.89 (s, 1F), -120.10 (d of m, J = 233.4 Hz, 1F), -
119.20 (d of m, J = 240.9 Hz, 1F). HRMS (ESI+) m/z calcd for CasHa7FsNsNaOsSi [M+Na]*

645.2445; found 645.2392.

2.4.3 Cytostatic activity assays

Murine leukemia L1210 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA). The gemcitabine analogues tested (Table 1) were added to murine
leukemia L1210 cell cultures in 96-well microtiter plates. After 72 h of incubation at 37 °C, the
percentage surviving cells were assayed according to method described in the Cell Proliferaiton
kit I (MTT) (Roche Biochemicals, Indianapolis, IN). The 50% inhibitory concentration (ICso) was
defined as the compound concentration required to inhibit cell proliferation by 50%.

Human HEK293 cells were obtained from ATCC (Manassas, VA). The gemcitabine
analogues tested (2, 5, 8 and 9) were added (50uM and 100 pM) to human HEK293 cell
cultures in 12-well plates. After 48 h of incubation at 37 °C, the number of living cells was
determined by a Coulter counter.

2.4.4 Fluorescence studies with HEK293 cells

HEK293 cells were seeded in plates containing glass coverslips and incubated
overnight. After incubation, fresh media solutions containing 8 (100 uM) was added and then
incubated for various durations (6, 12 and 24 hr). Cells were fixed in paraformaldehyde (3.7%)
for 15 min at room temperature, quenched, and washed with PBS as essentially described by
Neef et al.56

Cells on coverslips were incubated upside-down with 50 uL of freshly prepared staining
mix (10 uM Fluor alkyne, 1 mM CuSO4, and 10 mM sodium ascorbate in PBS) for 1 h at room
temperature in the dark. Cells were then washed with 0.1% Triton X-100 and PBS, respectively.

Cells were then stained with DAPI for 15 min at room temperature in the dark. After incubation,
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cells were washing with PBS and coverslips were mounted and viewed on an Olympus FV1200

Laser confocal microscope.

2.4.5 Radiosynthesis of ['®F]fluoro-silane probes

Unless otherwise stated, reagents and solvents were commercially available and used
without further purification. Purification of ['®F]10 was performed by semi-preparative HPLC
using a WellChrom K-501 HPLC pump and reversed-phase Gemini-NX (5 um, 10 x 250 nm,
Phenomenex) column. Analytical HPLC was performed to confirm identity and radiochemical
purity of the compound in a Knauer Smartline HPLC system with C18 reversed-phase Luna
column (5 um, 10 x 250 nm, Phenomenex). Radio-TLC was performed on precut silica plates
(Baker-flex®, J.T.Baker). The radiochemical purity (RCP) was determined by using both radio-
TLC and radio-HPLC radiation-detector chromatograms. For more detailed information, see
supporting information.

['8F]4-N-alkyl (10). Microscale radiochemical synthesis. The microdroplet synthesis was
performed using two Teflon-coated glass chips as shown in Figure S6 (see supporting
information). The first was placed (Teflon-coated side up) on the heater. ['®F]fluoride in ['*0]H.0O
(10uL; ~150 MBq [4 mCi]) was mixed with 12pL of a 70:30 v/v CH3CN/H2O solution containing
K222 (0.23 pg) and K2COs (0.07 pg) and deposited in the center of the chip. Additional CH3zCN
(10 yL) was added to aid in azeotropic drying, and the chip was heated at 105°C until the
droplet on chip shrank to a small volume (~1uL). Next, 0.2 mg precursor 9 in 30 uL of DMSO
with 1% v/v AcOH was added to the dried ['®F]KF/K22. residue, and the reaction droplet was
covered with the second glass chip (Teflon-coated side down). Tape affixed to the edges of the
top chip resulted in a gap of ~150 um between the substrates. The chip was heated at 100°C for
20 min. Crude product was extracted from chip by adding 20 uL of 1:1 v/v MeOH:H-O solution
and then collecting the diluted mixture with a pipette. This process was repeated 2x for each

substrate (~80 pL total volume). Without purification, the microscale synthesis took ~45 min.
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Decay-corrected crude radiochemical yield for 4-N-alkyl ['®F]10 was 24.4 + 4.1% (n=5). Note:

See supporting information for more detailed protocol and macroscale synthesis.

2.4.6 Preclinical Imaging

Animal studies were approved by the UCLA Animal Research Committee and were
carried out according to the guidelines of the Division of Laboratory Animal Medicine at UCLA.
PET/CT was performed on the Genisys 8 PET/CT (Sofie Biosciences, USA). The Genisys 8
PET/CT is an integrated scanner with a PET subsection that consists of 8 detectors with BGO
scintillator array arranged in a box geometry and a back section consisting of a rotating CT
gantry. For static PET scans, a WT C57BL/6 mouse was injected with approximately 75 uCi
['®F]10 via tail vein. After 60 min of conscious uptake, mice were anesthetized with 1.5%
isoflurane and placed in a dedicated imaging chamber. MicroPET images were acquired for 600
sec with an energy window of 150-650 keV, reconstructed using maximum-likelihood
expectation maximization as recommended by the vendor. All images were corrected for CT-
based photon attenuation, detector normalization and radioisotope decay (scatter correction
was not applied) and converted to units of percent injected dose per gram (%ID/g). For dynamic
PET scans, a WT C57BL/6 mouse was anesthetized with 2% isoflurane, placed in a dedicated
imaging chamber with heating, and catheterized. Dynamic microPET imaging was started
concurrently at the beginning of a 10 sec infusion via the catheter with approximately 75 uCi of
['®F]10. Data was acquired in listmode for 3600 sec with an energy window of 150-650 keV and
histogrammed into a frame sequence of 4 x 15 sec, 8 x 30 sec, 5 x 60 sec, 4 x 300 sec, 3 x 600
sec. Images were reconstructed using maximum-likelihood expectation maximization as
recommended by the vendor. All images were corrected for photon attenuation, detector
normalization and radioisotope decay (scatter correction was not applied) and converted to units
of percent injected dose per gram (%ID/g). All PET acquisitions were immediately followed by

CT acquisition. The CT section consists of a gantry and flywheel that uses a 50 kVp, 200 uA x-
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ray source and flat-panel detector. The CT acquires images in a continuous-rotation mode and
with standard CT acquisition time of 50 s. Standard scans are acquired with 720 projections at

55 ms per projection, and reconstructed using a Feldkamp algorithm.
2.5 Conclusion

We have demonstrated that copper(l) catalyzed click reaction of the 4-N-alkanoyl or
alkyl gemcitabine analogues having terminal azide or alkyne group on the alkyl chain with the
silane reagents having terminal alkyne or azido group provided 4-N-alkanoyl and alkyl
gemcitabine analogues with silicon-fluoride acceptors. RP-HPLC analysis showed that the 4-N-
alkyl analogues were more stable in aqueous acidic conditions, indicating their advantage in
developing them as PET imaging tracers. The silane 4-N-alkyl precursor 9 was successfully
fluorinated to ['®F]10 using conventional and microscale radiosynthetic methods in high
radiochemical purity and stability of up to 4 h. Preliminary static and dynamic PET studies in
wild-type mice have shown the initial biodistribution of ['®F]4-N-alkyl tracer 10 in the liver,
kidneys and Gl tract followed by increasing signal in the bone. The 4-N-alkanoylgemcitabine
analogues showed more potent antiproliferative activity in L1210 cells compared to the 4-N-
alkylgemcitabine derivatives. However, 4-N-alkanoyl and 4-N-alkyl analogues had comparable
antiproliferative activities in the HEK293 cells, which have high levels of CDA expression. The 4-
N-alkyl gemcitabine derivatives were shown to be localized inside HEK293 cells by fluorescence
microscopy after click labelling with Fluor 488-alkyne. The chemical and enzymatic stabilities of
4-N-alkylcytidine analogues described here as well as their compatibility with ®F-labeling
provide a potential avenue for developing new PET imaging tracers for gemcitabine derivatives.
Future work would involve optimizing the structure to improve the in vivo stability and the

biodistribution of these analogs.
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Chapter 3: Droplet synthesis of O-(2-['®F]fluoroethyl)-L-
tyrosine (['®F]FET)

3.1 Introduction

Positron emission tomography (PET) is a non-invasive molecular imaging tool based on
the use of positron-emitting isotopes to track the position and dynamics of biologically relevant
molecules in the body. PET provides high-sensitivity quantitative visualization of physiological
parameters in vivo, such as metabolic rate, receptor density, gene expression, or blood flow,
which makes it a versatile and potent tool for clinical diagnosis, treatment planning, treatment
monitoring, as well as research (171-175).

Safe preparation of various target-specific PET tracers is a complex and expensive
process, requiring skilled personnel operating expensive automated radiosynthesis equipment
within radiation-shielded “hot cells”. With conventional apparatus, in which the chemistry is carried
out in mL volume scales, relatively high reagent amounts (1s to 10s of mg) are needed to achieve
a sufficient concentration for good reaction yield in a short time, and for ['®F]fluoride chemistry
high amounts of radioactivity (10s of GBq) are needed to achieve high molar activity (776). These
factors contribute to inefficient use of resources in the preparation of small batches of tracers,
such as needed for preclinical imaging, or for a single clinical PET scan, where much of the
prepared batch would be wasted.

On the other hand, emerging microfluidic radiosynthesis methods require much lower
amounts of reagents and radionuclide, and through substantially reduced instrument size and
cost, have the potential to significantly reduce costs and resources needed for
radiopharmaceutical production. Microscale reactions also tend to be faster and, due to the low
precursor mass used, the crude products can be purified with simpler methods (e.g. analytical-

scale high-performance liquid chromatography (HPLC) or cartridge instead of semi-preparative
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HPLC). These advantages are especially relevant for smaller batch production of PET tracers,
but can also benefit the production of larger batches (177).

Of the several different microfluidic approaches reported in the last decade (71,720,178-
180), microvolume reaction approaches offer the greatest potential for reagent and instrument
reductions (98,106,181—-184). A particular configuration we are exploring is performing reactions
in microliter-sized droplets on simple Teflon-coated silicon microfluidic chips, which has
advantages of simple operation, low-cost disposable chips, and a compact system size, which
reduces the necessary shielding. Previous work has shown application of this method for the rapid
and efficient synthesis of ['®FJFDG and ['®F]fallypride (706). In this paper, we demonstrate further
versatility of this approach by adapting the macroscale synthesis of O-(2-["®F]fluoroethyl)-L-
tyrosine (["®F]FET) to this platform, and then use the produced ['®F]FET for pre-clinical imaging.

["®F]FET is an amino acid PET probe (785), finding use in glioma imaging (40) as well as
providing a route for protein labeling with fluorine-18 (186). The radiosynthesis of ['"®FIFET from
the commercially available precursor (2S)-O-(2'-tosyloxyethyl)-N-trityl-tyrosine-tert-butyl ester
(TET) consists of a radiofluorination step followed by a hydrolysis step. The conventional
synthesis typically results in good radiochemical yields (RCYs), ranging from 19 — 64% (7184,187—-
190). Some efforts have been made to carry out the synthesis in microfluidic format. Bouvet et al.
performed the reaction in a commercial flow radiochemistry system using either microwave or
heat activation of the reaction. An RCY of 50% was obtained with only 59 nmol of precursor in a
30 pL reaction in < 45 min (788), but to scale to larger production amounts (e.g., > 200 MBq )
would require longer synthesis times and higher precursor amounts. Iwata et al. performed batch
synthesis in 10 — 20 yL volumes (180 — 350 nmol of precursor) within a small glass vial by first
loading a larger volume of methanolic solution containing [*®F]fluoride and phase transfer catalyst,
evaporating the solvent, then adding the small volume of precursor solution and performing the

reaction (784). Yields of up to 64 £ 11% (n = 3 ~ 6) were reported at scales of < 400 MBq . An
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automated procedure for this method was not described and may be challenging in practice due
to the difficulty of manipulating small volumes in what is essentially a conventional apparatus.

We report a simple and rapid method for ["®F]JFET synthesis based on microvolume droplet
approach. The probe production with this method results in high RCY and high molar activity using
a very small amount of precursor and low starting activity. The low precursor amount enables
purification via analytical, rather than semi-preparative, scale HPLC. This low-cost approach
allowed us to carry out a large dynamic imaging study of up to 8 mice within a single day, thus

demonstrating that the method will be a favorable option for pre-clinical studies of ['®F]FET.
3.2 Materials and methods

3.2.1 Reagents and supplies

For the radiochemistry portion of this work, no-carrier-added ['®F]fluoride was produced
by the "8O(p, n)'®F reaction from ['®0]H.O (84% isotopic purity, Zevacor Pharma, Noblesville, IN,
USA) in an RDS-112 cyclotron (Siemens; Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum
target with havar foil. Acetonitrile (MeCN; anhydrous, 99.8%), methanol (MeOH; anhydrous,
99.8%), ethanol (EtOH; 200 proof, > 99.5%), hydrochloric acid (HCI; 1M), thexyl alcohol (2,3-
dimethyl-2-butanol, 98%), trifluoroacetic acid (TFA, 99%), deionized (DI) water, phosphate
buffered saline (PBS; pH 7.4) were purchased from Millipore Sigma (St. Louis, MO, USA). Saline
(0.9% sodium chloride injection, USP) was obtained from Hospira Inc. (Lake Forest, IL, USA). All
reagents were used as received without further purification. 18MQ water was obtained from a
purification system (RODI-C-12BL, Aqua solutions, Inc., Georgia, USA). Tetrabutylammonium
bicarbonate 0.075M (TBAHCOs3, > 99%), (2S)-O-(2'-tosyloxyethyl)-N-trityl-tyrosine-tert-butyl ester
(TET, >95%) precursor, O-2-fluoroethyl-L-tyrosine standard (FET-HCI , > 95% ) were purchased
from ABX GmbH (Radeberg, Germany).
To perform uptake assays, GS025 and GBM39 cells were kindly provided by Dr. David

Nathanson (UCLA), the ParcB3 cells were provided by Dr. Peter Clark (UCLA), and the HCT-15
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and HCC827 cells were purchased from ATCC (Manassas, VA, USA). Poly-L-lysine, protease
inhibitor (cOmplete™), Hank’s balanced salt solution (HBSS; 10x%), and fetal bovine serum
(FBS),were purchased from Millipore Sigma (St. Louis, MO, USA). 96 well plates, 96 well filter
plates, 0.25% trypsin, 100x penicillin-streptomycin (10,000 U/mL, Gibco™), RPMI-1640 medium
(1%, Gibco™), GlutaMAX™ — | (100x, Life Technologies), Dulbecco's Modified Eagle Medium
(DMEM/F12), (100x%), epidermal growth factor recombinant human protein (EGF), fibroblast
growth factor recombinant human protein (FGF-Basic), heparin, and B27 supplement (50x)

were purchased from Thermo Fisher (Waltham, MA, USA).

3.2.2 Analytical methods

A calibrated ion chamber (CRC 25-PET, Capintec, Florham Park, NJ, USA) was used to
perform radioactivity measurements. For radio-thin-layer chromatography (TLC) analysis, TLC
plates (Baker-flex silica gel IB-F sheets 2.5x7.5 cm, J.T. Baker, Phillipsburg, NJ) were spotted
with 1uL samples of the crude intermediate, crude final product, or purified final product, and were
developed in 80% v/v MeCN in H2O, and then scanned with a radio-TLC scanner (miniGita star,
Raytest, Inc., Wilmington, NC, USA), or with a Cerenkov luminescence imaging system (787).
Retention factors of the observed radioactive species were: 0.0 (["®F]fluoride), 0.3 (['®F]FET), and
0.8 (fluorinated intermediate).

Radio-HPLC analysis and purification was performed on an analytical-scale Smartline
HPLC system (Knauer, Berlin, Germany) with 200 uL injection loop, a pump (Model 1000),
degasser (Model 5050), a UV detector (Model 2500) and a radiometric detector (Bioscan B-FC-
4000, Bioscan Inc., Washington DC, USA). Samples were separated using a C18 column (Luna,
4.6 x 250 mm, 5 ym, Phenomenex, Torrance, CA, USA) with guard column (SecurityGuard C18,
Phenomenex) at a flow rate of 1 mL/min. UV absorbance was measured at 269 nm. Using 10%

v/v EtOH in 18MQ H,O mobile phase, the expected retention time of ['®F]fluoride was between 2-
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3 min, and around 5 min for ['"®F]JFET. The fluorinated intermediate was eluted off the column
using 100% MeCN.
3.2.3 Microfluidic systems

Radiochemistry was performed in droplet format on the surface of microfluidic chips
comprising a silicon wafer with a patterned Teflon AF coating. The detailed fabrication was
previously reported (706). A combination of hydrophobic (Teflon) and hydrophilic (exposed silicon
wafer) regions allows liquid droplets to be manipulated or maintained in a desired location to

perform reactions.

a Hydrophillic b
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Reagent _—» Reaction
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© Heater

Peltier Peltier

Figure 3.1 Droplet synthesis platform

Side view schematic of manual (a) and automated (b) microvolume synthesis platform, and top
view photographs of corresponding chips used.

One type of chip, used for the synthesis optimization studies, had a 4 mm circular
hydrophilic region (i.e. Teflon coating etched away) serving as a reaction site (Figure 3.1a). During
use, the chips were mounted to a temperature control platform comprising a ceramic heater
affixed to a Peltier device, which was in turn mounted on a heat sink with a fan. A thin layer of
thermal paste was present between all device components to ensure good thermal contact.

Reagents were loaded and product was collected manually via pipette with 10 or 200 pL tips.
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Another type of chip, used for automated synthesis, had six radial tapered hydrophilic pathways
leading toward a central hydrophilic reaction site (Figure 3.1b). The chip was similarly mounted
to a temperature-control platform, but reagents were added via electronically controlled
piezoelectric actuators around the periphery of the chip and crude product was collected by a
retractable needle. The tapered pathways spontaneously transport reagent droplets from the

periphery to the center of the chip. Complete details of this setup were reported previously (106).

3.2.4 Microscale radiosynthesis and purification of ['*F]FET

The microscale synthesis was adapted from previously described macroscale protocols
(187,190) by scaling down reagent volumes (Figure 3.2). Cyclotron produced ['®F]fluoride (37 —
740 MBq in ~10 — 20 yL) was mixed with 110 nmol of TBAHCO: (i.e., 1.5 pyL of 75mM solution),
deposited on the chip and then evaporated to dryness at 100°C. After cooling to 30°C, 10 uL of
6mM TET (60 nmol) in 1:1 v/v MeCN:thexyl alcohol was added to the chip. The reaction mixture
was heated at 90°C for 5 min, and then cooled to 30°C. Next, 20 yL of 1M HCI was added and
the deprotection reaction was performed by heating to 90°C for 3 min. The crude product was
recovered by adding 20 pL of 1:1 v/iv MeOH:H>O and collecting from the chip. The collection
process was repeated a total of 4 times to ensure high recovery of the crude product. After
synthesis, the product was diluted to 150 — 175 pL using HPLC mobile phase (10% v/v EtOH in
18MQ water) and purified via analytical-scale radio-HPLC. The product peak was collected
(typically 1.0 — 1.5 min duration) into a sterile glass vial. Solvent was evaporated by heating the
vial to 120 °C with an oil bath and applying a nitrogen stream above the surface of the solvent.
When dry (typically after 10 — 15 min), the ['®F]JFET was then resuspended either in sterile saline
for in vivo imaging, or pH 7.4 phosphate-buffered saline (PBS) for cell uptake experiments.
Numerous intermediate measurements were taken during synthesis to carefully analyze its

performance.
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Figure 3.2 Synthesis scheme for microvolume production of ['®FJFET using manual
synthesis platform.

3.2.5 Preparation of samples with different molar activities

Samples of ['®F]FET with different molar activities were prepared from a single batch by
dividing the batch and then spiking in different amounts of the reference standard. The molar
activity of the batch was measured, then the batch was formulated in 100 pL of sterile saline and
divided into 4 portions. The needed amounts of FET reference standard (prepared in stock
solutions of 50 uM, 100 uM or 5 mM) to achieve the desired molar activities were then calculated,
added, and then the volumes were topped off with additional sterile saline to achieve a final
concentration of 3 MBq/100 pL. In parallel with imaging, portions of each sample were re-analyzed
via radio-HPLC to measure the final molar activity. Summaries of preparations for two
experiments, starting with batches of ['®F]FET having molar activities of 35.5 GBqg/umol and 48.1

GBg/umol, are shown in Table 3.1 and Table 3.2, respectively.

['®F]FET activity, FET standard FET standard Final molar
MBq ['®F]FET volume, concentration, added volume, Saline volume, activity,
uL uM uL uL GBg/umol
8.9 25 - 0 231 35.5
8.9 25 50 58 225 10.0
8.9 25 50 26 205 4.81
8.9 25 50 85 146 1.48

Table 3.1 Preparation of ['®F]FET with different molar activities (Experiment 1).
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Sample activity, Activity added Standard Standard added Saline added Final molar

MBq volume, concentration, volume, volume, activity,
uL uM uL yL GBg/umol
8.7 20 0 0 215 48.1
8.7 20 100 3 212 4.81
7.8 66 100 26 141 1.85
7.8 66 5000 3 164 0.37

Table 3.2 Preparation of ['®F]FET with different molar activities (Experiment 2).

3.2.6 Analytical methods

During the development and optimization of the microscale synthesis, numerous
intermediate measurements were taken to thoroughly analyze the performance. All radioactivity
values were decay-corrected to a common reference time. The starting activity loaded on the chip
was determined by calculating the difference in activity of a source vial and pipette tip before and
after addition to the chip. The activity of the crude reaction product recovered from the chip, and
the residual activity on the chip after the collection step were measured as well (The residual
activity on the pipette tip used for collection was found to be negligible). Collection efficiency was
calculated as the activity of the recovered crude product divided by the starting activity.
Unaccounted activity loss was defined by subtracting the collected activity and the residual activity
on chip from the starting activity and expressing as a fraction of starting activity.

To assess reaction efficiency, a small portion of the collected crude product was analyzed
via radio-TLC or/and radio-HPLC.

During initial optimization, only the fluorination step was performed resulting in formation
of the fluorinated intermediate (with intact protecting groups). After collection of the crude mixture
from the chip, a small (1 yL) sample was analyzed via radio-TLC, which exhibited two peaks
(["®*F]fluoride and the intermediate). Fluorination efficiency was found from radio-TLC
chromatogram by dividing the peak area corresponding to the intermediate by the sum of areas
of all peaks. Fluorination yield was computed by multiplying the fluorination efficiency by collection

efficiency.
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When analyzing samples after performing both fluorination and hydrolysis, a small (1 pL)
sample of the crude reaction mixture was taken for TLC analysis, which exhibited three peaks
(["®FIfluoride, ['®F]FET, and the intermediate). The radiochemical conversions (RCCs) for the
intermediate and ['®F]FET were computed as the area under the corresponding peak divided by
the area under all peaks. The fluorination yield was computed as the sum of the intermediate and
['"®FIFET RCCs, multiplied by the collection efficiency. The hydrolysis efficiency was determined
by dividing the peak area corresponding to ['®F]JFET by the sum of the intermediate and ['*F]FET
peak areas. Finally, the crude RCY was calculated by multiplying the ["®F]JFET RCC by the
collection efficiency.

Purification efficiency was calculated as the activity of the collected product after HPLC
purification divided by the expected amount of pure product (i.e., the total activity of the crude
product multiplied by the radiochemical purity (RCP)). To determine RCP, the crude product was
analyzed via both radio-TLC and radio-HPLC. The radio-TLC chromatogram was used to
compute the fraction of ['®F]fluoride incorporated into other species, computed as the total area
of all non-fluoride peaks divided by the total area of all peaks. The radio-HPLC chromatogram
was used to determine the fraction of non-fluoride peaks attributable to ["®F]FET. This fraction
was computed as the peak area of ['®F]FET divided by the total area of all non-fluoride peaks.
The RCP was computed as the radio-TLC fraction multiplied by the radio-HPLC fraction. In
general, the radio-HPLC chromatogram obtained during the purification process could be used
for this analysis (unless peaks were saturated).

The formulation efficiency was calculated as a ratio of the activity of final formulated
product to the initial activity of the purified ['F]FET.

The molar activity was determined using analytical radio-HPLC directly from the
purification chromatogram. It was calculated by dividing the activity of ['®F]FET injected into HPLC
by molar quantity of FET injected. The molar quantity of FET was determined using the area under

the FET peak in the UV chromatogram and a calibration curve. Since several different
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wavelengths for UV detection of FET in HPLC have been reported in literature (i.e., 200 nm (789),
220 nm (187), 280 nm (184), we first measured the FET absorbance spectrum to determine a
suitable wavelength. The absorbance of FET reference standard (500 uM) was scanned across
a range of wavelengths 200-350 nm using a microfluidic UV absorbance detection device (197)
and the absorbance spectrum of the solvent was subtracted. The resulting spectrum is shown in
Figure S1. We did not select the maximum at 222 nm due to the high noise level, but instead

chose the maximum at 269 nm.

Absorbance (AU)
© o o o o
N W N O O

o
—

0 I 1 1 1 1
200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350

Wavelength (nm)

Figure 3.3 UV absorbance spectrum of FET reference standard.

A calibration curve was then created for use in molar activity determinations. Different
volumes of 50 uM FET reference standard (in HPLC mobile phase, i.e. 10% v/v EtOH:H>0)
were injected into the analytical HPLC, i.e. 10 yL (0.5 nmol), 20 pL (1 nmol), 30 pL (1.5 nmol),
40 uL (2 nmol), 50 L (2.5 nmol) and 100 yL (5 nmol). The areas of the result peaks in the
HPLC chromatogram were plotted as a function of molar amount of FET, and a linear least-

squares fit was calculated.
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Figure 3.4 Calibration curve for FET molar activity determination.

3.2.7 In vitro probe uptake

In vitro uptake of ['"®F]FET was compared across two glioblastoma cell lines (GS025,
GBM39), a prostate cancer cell line (ParcB3), a lung cancer cell line (HCC827), and a colon
cancer cell line (HCT-15). The GS025, GBM39, and ParcB3 suspension cells were grown in stem
cell media, and the HCC827 and HCT-15 adherent cells were grown in supplemented RPMI. The
suspension cells were plated into 96-well plates and adherent cells into 96-well filter plates at 150,
000 cells/mL concentration in 1x HBSS. ['®F]FET was diluted to a concentration of 370 Bq/uL with
either PBS (for uptake experiments) or PBS containing 5 mM FET (for blocking experiments). Cell
uptake experiments were performed by adding 100 uL ["®F]FET (37 kBq ) to each of a set of cell
wells (n =4), and blocking experiments (to confirm specificity) were performed by adding 100 pL
["®FIFET (37 kBq ) with FET (500 nmol) to each of a set of cell wells (n = 4). The cells were
incubated at 37°C for 10 min, then transferred into individual gamma counter tubes and sample

radioactivity was measured on a gamma counter (WIZARD 3” 1480, Perkin Elmer, Waltham, MA,
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USA). The uptake values were normalized to total protein amounts for each sample. The

statistical significance of the values was validated by a two-tailed T test (p < 0.05).

3.2.8 In vivo preclinical imaging

Male NOD scid gamma (NSG) mice ~ 7 week-old were obtained from the UCLA
Department of Radiation Oncology. These mice (n = 10) were engrafted with 0.5x10° HCC827
cells suspended in a 1:1 (v/v) mixture of supplemented RPMI media and Corning® Matrigel®
Basement Membrane Matrix (Corning Life Sciences) in the left and right shoulders.

To perform dynamic PET imaging, mice were kept under 2% isoflurane anesthesia during
the tracer uptake for 60 min. Mice were injected with 1.5 — 3.1 MBq of the tracer, and were
scanned 4 at a time using the recently developed HIPET scanner (127). The first study was
performed with 4 mice injected with probe of different molar activities in a range of 1.5 —36
GBg/umol (n = 1 each). The second study with 8 mice covered molar activities ranging from 0.4
— 48 GBg/umol (n = 2 each) (see ESM, Section 4 for details). The concentration of FET in blood
was estimated to range between 0.02 and 3.5 uM assuming 2 mL average mouse blood volume.
All mice received 10 min CT scans (CrumpCAT (792)) following the PET imaging experiment.
After PET/CT image registration, regions of interest (ROI) were drawn with AMIDE version 1.0.5
software, and the results were analyzed by comparing mean intensity values of the tumors and
other regions across different time points (12 frames of 5 min each). The reference ROIls were
selected as follows: a spherical ROI (3 mm diameter) inside the lower left ventricle of the heart
(blood uptake reference), and a similar shaped ROI within the leg muscle region beside the femur
(muscle reference). The tumor ROIs were selected as an ellipsoid to cover the majority of the
tumor volume to minimize the effect of inhomogeneous uptake within a single tumor. The whole-
body 3D isocontour ROl was selected based on a minimum signal threshold value set to include

all PET signal within the mouse body. The injected dose per volume (% ID/cc) was determined
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by dividing the integrated intensity in the ROI of interest by the integrated intensity in the whole-

body ROI and then dividing by the volume of the ROI.

3.3 Results

3.3.1 Microscale ['®F]JFET synthesis optimization and automation

To adapt the 2-step synthesis of ['®F]JFET from the macroscale to the microscale, the
precursor and base quantities were initially scaled down nearly 300 — 490-fold from values
reported in conventional synthesis (787,190), i.e. to 75 nmol of TBAHCO3 (1 pL, 0.075M) and 30
nmol of the TET precursor in 20 uL. We used TBAHCO; rather than Kx22/K,COs3 (7184,187) based
on the suggestion by Hamacher and Coenen (790), who observed higher yields due to the lower
basicity and reduced competing elimination reaction. One significant change we made was
altering the fluorination reaction solvent. The syntheses reported by Hamacher and Coenen (7190),
Bourdier et al. (187) and Lakshminarayanan et al. (189) all used MeCN as the fluorination solvent,
but in the droplet format, we found that the MeCN evaporated very quickly, resulting in poor yields.
After exploring several solvent combinations that have been previously reported in droplet
reactions (720), a 1:1 v/v mixture of MeCN and thexyl alcohol was selected. During early
syntheses the fluorination temperature was set at 80°C, slightly lower than what has been
reported in conventional syntheses (i.e., 85 °C (790) or 100 °C (187)) to further mitigate
evaporation, and the reaction time was set for 5 min. Under these conditions, fluorination yield

was 36x7% (n = 4).
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Figure 3.5 a Effect of base to precursor ratio on fluorination efficiency and fluorination
yield

(n =1 for each data point). Syntheses carried out at 80°C for 5 min with 30 nmol or 60 nmol of

precursor. b Effect of deprotectant (10 uL HCI) concentration on deprotection reaction at 90°C

for 3 min (n = 1 for each condition). Synthesis performed with 60 nmol precursor and 110 nmol
TBAHCO3 at 90°C for 5 min.

Investigation of the ratio of base to precursor (Figure 3.5a) indicated that the originally
chosen ratio (~ 2.5) was close to optimal: a steep drop in fluorination efficiency was observed for
base to precursor ratios below 1.7 and higher than 2.5. When fluorinating with 110 nmol of
TBAHCO3 per 60 nmol of precursor (1.9 ratio) at 80°C the fluorination yield reached 50 £ 1% (n
= 4). Increasing the temperature to 90°C further improved the fluorination yield to 63 + 3% (n = 4)
(Figure 3.6). Lower reaction temperature (75°C) resulted in similar yield as the 80°C reaction,
though solvent evaporation was slightly reduced (Figure 3.6). Later, the reaction volume was
reduced to 10 uL keeping the same amount (60 nmol) of precursor per reaction to make it more

compatible with chip chemistry, however no significant change in reaction yield was observed.
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Figure 3.6 Results of initial optimization of fluorination conditions

Error bars represent standard deviations (n = 4)

For the deprotection step, we initially attempted to use TFA as reported by Hamacher and
Coenen (190) and Bouvet et al. (188); however, we observed rapid evaporation of TFA and low
deprotection efficiency. We then explored the use of HCI, as reported by Bourdier et al. (187) and
Lakshminarayanan et al. (189). Using a deprotection reagent volume of 10 uL heated for 3 min
at 90 °C, we explored the effect of different HCI concentrations (Figure 3.5b). Higher
concentrations resulted in more complete deprotection of the intermediate. The use of 10 yL of
1.0 M HCI was sufficient to deprotect most of the intermediate (~ 94%). Increasing the volume
from 10 to 20 pL led to improved hydrolysis and was used in all subsequent experiments.
Conveniently, the acid nearly fully evaporates during the hydrolysis step leaving only trace
amounts of liquid, obviating the need for neutralization.

The manual synthesis of the crude product, under optimized conditions, required 24 + 2
min (n = 4). The collection efficiency was 64 + 5% (n = 4) and radiochemical conversion of
['8F]FET was 92 + 4% (n = 4) resulting in crude RCY of 59 + 7% (n = 4). Fluorination yield was
estimated to be 62 + 8% (n = 4), and hydrolysis efficiency was 96 + 2% (n =4). Only 1.3 £ 0.5%

(n = 4) of the starting activity was attributed to residual activity on the chip after collection of the
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crude product, though an additional loss of 35 + 6% (n=4) was observed, potentially
corresponding to loss of unreacted ['®F]fluoride in the form of ["®F]HF during the acidic
deprotection step.

Production of ['"®F]FET for imaging was performed using this manual protocol, followed by
purification by analytical HPLC (~ 5 min) and formulation (10 — 15 min), resulting in an overall
synthesis time of 40 min. The loss during purification and formulation was 7 £+ 3% (n = 4) and
overall decay corrected RCY was 55 + 7% (n = 4). The identity of the purified product was
confirmed via analytical radio-HPLC by co-injection with the reference standard. Radiochemical
purity of the final product as determined via radio-HPLC was > 98%. Molar activity was 48 — 119
GBg/umol at the end of synthesis.

We also performed the synthesis using the automated droplet radiosynthesizer (i.e. with
the passive transport microfluidic chips) and observed a crude decay-corrected RCY of 54 1+ 6%
(n=5) (a detailed comparison of the performance of the manual and automated droplet synthesis
processes is summarized in Table 3.3). In general, the performance was very similar, the main
difference being slightly lower collection efficiency with the automated procedure. An advantage
of the automated synthesis is that the synthesis of the crude product was completed in a shorter

time (5 min less).

79



Manual (n = 4) Automated (n = 5)

Collection efficiency (%) 6415 59+10
Residual chip activity (%) 1.320.5 31
Volatile activity loss (%) 3516 38111
Fluorination yield (%) 6218 59+10
Radiochemical conversion to FET (%) 9214 9316
Deprotection efficiency (%) 9612 9316
Crude RCY (%) 59+7 5416
Crude synthesis time (min) 2412 19+2
Crude RCY, non-decay-corrected (%) 5116 4815

Table 3.3 Summary of performance of microdroplet synthesis of ['"*FIFET

Optimized manual operation or automated operation conditions were used. All values are
decay-corrected unless otherwise specified.

3.3.2 In vivo imaging at varying molar activities of ['*FJFET

As a demonstration of the ability to perform a preclinical imaging study with ["®F]FET
produced using the microscale method, we prepared ['®F]FET of different molar activities to
investigate the impact on in vivo imaging. It has been previously seen with imaging of
["®FIfallypride that molar activity can significantly affect the PET imaging contrast in the striata of
the brain (57), whereas variations in molar activity of ['"®FJFDOPA were reported not to impact the
imaging of neuroendocrine tumors (37). ['*F]FET is one of the major fluorine-18 labeled amino
acids used in glioma imaging, grading and therapy planning. ['®F]FET is an L-tyrosine analogue,
and it helps to visualize amino acid transport activity that is upregulated in many growing tumors
(40,194).

To perform experiments, samples with different molar activities were prepared from a

single batch of ['"®F]JFET. The batch was divided into four aliquots, then each aliquot was spiked
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with different amounts of the reference standard and saline to achieve different molar activity

values with the same radioactivity concentration.
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Figure 3.7 Accumulation of ['*F]FET in different cell lines

Error bars represent standard deviation (n = 4). (*) p < 0.05, (**) p < 0.01, (***) p < 0.001. The
red bars indicate incubation with both ['®F]JFET and 2.5 mM FET reference standard to establish
specificity.
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Figure 3.8 PET/CT images of each mouse in the first imaging study

Acquired 36 d post tumor implantation. Each image is a transverse slice through the middle of
the indicated tumor, representing a 10 min frame of data 50-60 min post-injection. Each tumor is
highlighted by an arrow. M# indicates the mouse number, TL indicates left shoulder tumor, TR

indicates right shoulder tumor.
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Figure 3.9 PET/CT images of each mouse in the second imaging study

Acquired 50 d post tumor implantation. Each image is a transverse slice through the middle of
the indicated tumor, representing a 10 min frame of data 50-60 min post-injection. Each tumor is
highlighted by an arrow. M# indicates the mouse number, TL indicates left shoulder tumor, TR
indicates right should tumor.

The cell uptake comparison among few different cell lines had shown that the lung cancer

cell line HCC827 had a significantly higher probe uptake than any of the other cell lines tested
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(GS025, GBM39, ParcB3, HCT-15) (Figure 3.7) and was used for in vivo study. Subcutaneous
tumor HCC827 xenograft models had reached sufficient tumor size for imaging (~ 4 mm diameter)
after 36 days when an initial imaging experiment was performed (Figure 3.8), followed by another
study at 50 days post-implantation (Figure 3.9). Dynamic PET/CT scans were performed with
injections of different molar activities. In all cases, the signal in the blood was high after injection
and decreased over time. Muscle and tumor uptake rose gradually and plateaued at ~ 30 min,
remaining nearly constant until the end of the scan. No bone uptake was observed in scans,

confirming the lack of in vivo defluorination. Combined dynamic imaging data is summarized in

Figure 3.10.
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Figure 3.10 Uptake curves for ['®F]FET dynamic study

Plotted are average values in ROI for tumor, blood (left ventricle of heart) and muscle (region
near femur) is averaged over both imaging studies (i.e. averaged over n = 12 animals for heart
and muscle, and averaged over n = 24 for tumors) to show general trends in dynamic
biodistribution. Error bars represent standard deviation. %ID/cc is percent of injected dose per
cubic centimeter.

The tumor to blood ratio increased during the first 15 — 20 min and then remained nearly
constant for the rest of the scan, while the tumor to muscle ratio remained nearly constant
throughout the scan. Qualitatively, it is apparent there is no strong correlation between the tumor

uptake ratios and the molar activity values. Tumors imaged at low molar activity were as easily
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visible as tumors imaged at high molar activity of the injected probe. The uptake ratios averaged
during the final 30 — 60 min of the scans summarized for different molar activity values did not
exhibit any correlation either (Figure 3.11). The statistically insignificant correlation between
uptake ratios and molar activity was confirmed using a Spearman correlation test (rs = - 0.3 for

tumor to muscle ratio, rs = 0.1 for tumor to blood ratio).
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Figure 3.11 Average tumor to muscle and tumor to blood ratios for different molar
activities of ["®F]FET

Tumor to muscle and tumor to blood ratios averaged for all tumors within the same molar
activity value group (n = 4 except as otherwise indicated) and averaged over the dynamic
imaging data from 30 — 60 min. Error bars represent standard deviation.

3.4 Discussion

3.4.1 Microscale synthesis

The microscale synthesis described here was performed quickly, reliably and in high yield,
allowing production of the tracer for pre-clinical studies. A comparison of the performance of the
microvolume synthesis compared to conventional synthesis is included in Table 2. The
consumption of reagents was reduced drastically ( > 150 x less precursor) compared to
conventional methods, while still achieving comparable RCY. Though optimization runs (requiring
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numerous intermediate measurements), and batches for imaging (where molar activity
adjustments were needed at the end) took longer to prepare, the fully-automated microvolume
synthesis can be completed in 35 min (19 min synthesis + 6 min purification via analytical-HPLC
+ 10 min formulation). This is significantly faster than macroscale synthesis methods, and is a
significant advantage when considering non-decay-corrected RCY. The short synthesis time
originates from the smaller reaction volume, which enables faster temperature change and shorter
solvent removal times, as well as from the low precursor mass, which enables the use of analytical
scale HPLC purification rather than semi-preparative. Interestingly, the droplet method also
resulted in shorter synthesis time and higher yield compared to recent reports of ["*F]JFET
synthesis in smaller volumes (10s of microliters) using manual liquid manipulation or flow-through

reactors (Table 3.4).
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Table 3.4 Comparison of performance of the microvolume droplet synthesis of ['*F]JFET
and published results using conventional methods.

N.R. = not reported. ? Synthesis time includes purification and formulation, except Bouvet et al.
which does not include formulation. ® The paper assumes the molar activity value of the tracer is
the same as the ['®F]fluoride in the irradiated target, which is not valid. © The decay-corrected
RCY was reported as 34 — 64%, but no synthesis time was given, so an estimate of the non-
decay corrected RCY could not be made. d Unlike the other reaction formats, increasing the
scale in a flow-through reactor requires increased reagent volumes and increased precursor
consumption.
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Under optimized conditions, a batch of ['®F]FET suitable for preclinical imaging
throughout the day (e.g. 37 — 110 MBq; assuming 0.93 — 7.4 MBq per injection for 5 — 10 mice)
could be produced on the microscale platform starting with only 110 — 330 MBq of ["®F]fluoride.
Limiting the activity to relatively low levels in this manner could have significant advantages for
shielding the apparatus (i.e., thinner shielding would be adequate) and possibly operating the
synthesis outside of a hot cell.

The droplet synthesis (even with starting activities lower than 0.74 GBq) resulted in high
molar activities, comparable to the values achieved on macroscale synthesizers starting with >
30 GBq of fluorine-18. It should be appreciated that, when the starting activity is scaled down in
macroscale radiosynthesizers, one observes a linear decrease in the resulting molar activity
(176). Thus, high amounts of starting activity must often be used in macroscale synthesizers,
even if only a relatively small amount of the final tracer is needed. Compared to microscale
synthesis, this can result in higher cost of the radioisotope, and the need for considerably more
shielding to work with the higher activity levels.

Overall, the microvolume synthesis of radiopharmaceuticals has a number of advantages
over conventional scale radiosynthesizers such as more compact apparatus, reduced shielding,
rapid synthesis, high yield, and efficient use of radioisotope. These advantages have the potential
to drive down the costs of materials and infrastructure, which can be a significant benefit for limited
resource settings or preclinical tracer production. Another advantage — low precursor
consumption — not only helps to simplify the purification step, but can also represent a significant
cost reduction, especially for tracers with expensive precursors, or in situations where precursor
is scarce, such as the development of novel tracers or optimization of synthesis protocols. While
the strengths of this technology are in reducing costs of small batches of tracers, e.g. to support
in vitro or preclinical studies, various microfluidic technologies are constantly improving and

expanding their applications in the radiopharmacy field, and could also lead to improvements in
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the efficiency of clinical PET tracer production in the future (97), such as enabling the production
of additional tracers with minimal need for extra space or capital.
3.4.2 ['®F]FET imaging

Over the range tested (0.37 — 48 GBg/umol), the molar activity had no statistically
significant effect on imaging of subcutaneous HCC827 tumors. ["®F]JFET accumulates in cells
following transport by Na*-dependent and -independent amino acid transporters and is not
incorporated into proteins over the time course of the imaging experiments (795,796). The results
suggest that the ['®F]FET transporters on the lung cancer cell line HCC827 do not become
saturated within the range of molar activity values tested. Though the in vitro experiments suggest
that the transporters can be “saturated” with sufficient concentration of FET in the media (i.e., 2.5
mM in the case “spiked” with FET; 0.15 uM in the non-spiked condition), the estimated
concentration of FET in blood during the in vivo experiments was much lower (i.e. 3.5 uM for the

lowest molar activity of 0.37 GBg/pmol, assuming 2 mL blood volume).

3.5 Conclusion

In this work the synthesis of ['"®F]JFET was adapted to an automated microdroplet synthesis
platform (706). The product was obtained in high RCY of up to 55 + 7% (n = 4, decay-corrected)
after purification, in sufficient quantities to perform a demonstration of a multi-animal dynamic
PET imaging study, and could readily be scaled to higher amounts using radionuclide
concentration methods (7713). Synthesis time was shorter than conventional approaches,
precursor consumption was reduced by two orders of magnitude, and the synthesis could be
performed with a very small apparatus. The low precursor consumption enabled faster and
simpler purification (i.e., analytical HPLC instead of semi-preparative HPLC), and, for tracers with
expensive precursors, could help to reduce the synthesis cost. The molar activity was high (48 —
119 GBg/umol at the end of synthesis), even when starting with activities as low as 0.3 GBq.

Though low molar activity of ['®F]FET, (down to 0.37 GBqg/umol) did not appear to adversely affect
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imaging of subcutaneous tumors in this study, the ability to produce small batches with high molar

activity may be important in other applications of this or other tracers.
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Chapter 4: Droplet synthesis of ['®F]florbetaben (['8F]FBB)

4.1 Introduction

Positron emission tomography (PET) is a powerful molecular imaging tool with extensive
applications in disease diagnostics and drug development, among other areas. Many tracers
(labeled with positron-emitting isotopes) have been developed that can bind to specific
molecular targets in vivo and allow tracking of their dynamics and location throughout the whole
body. For example, a number of tracers were developed to target amyloid-beta (AB) plaques
which are correlated with the progression of Alzheimer’s disease (797), and it is believed that
the high sensitivity and specificity of PET can aid in early diagnosis of dementia and its grading
(198).

N-methyl-[''C]2-(4'-methylaminophenyl)-6-hydroxybenzothiazole ([''C]PIB), a
radiofluorinated thioflavin T analogue, was the first selective radiotracer for Alzheimer’s disease
research and diagnostics (799). However, the short half-life of carbon-11 (20 min) restricts the
access to this probe, especially at locations not having their own cyclotron and expertise in ''C-
radiochemistry, thus alternative tracers labeled with longer-lived isotopes (e.g. fluorine-18, ti2 =
110 min) were developed. In fact, several '®F-labeled amyloid imaging agents have been
reported, including ['®F]Florbetapir, ['®F]Florbetaben and ['®F]Flutemetamol, and were approved
for use in clinical practice in the United States (200). In this work we focus on ['®F]Florbetaben
(also known by several other names: ['®F]FBB, ['®F]BAY94-9172, NeuraCeq, ['®F]AV1,
["®F]AV1/ZK), a stilbene derivative that was designed to selectively bind to AB plaques (207).
["®F]Florbetaben (['®F]FBB) and other similar tracers are extremely useful for studying cases of
Alzheimer’s disease both in the clinic and in research. Clinically, the tracers are used for

accurate dementia grading and early detection in at-risk populations. In research, these tracers
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are useful for testing of new treatments and understanding their influence on disease
progression (202—-207). Though the influence of molar activity in amyloid imaging has not been
widely reported, in general preclinical imaging in small animal models (e.g. mice) requires
tracers with high molar activity (57,59,208). There seem to be mixed reports about the
importance of molar activity in small animal amyloid imaging (209), but it has been reported that
detection of relatively immature (small and diffuse) amyloid lesions in mouse brain (with
["'C]PIB) is especially sensitive to molar activity (210).

Further development and use of these tracers in a preclinical context is hindered by
limited access and/or high cost of tracers such as ['®F]Florbetaben. Current methods and
reagent kits are optimized for large-scale production, making economical production of small
batches not possible with current radiosynthesizer technologies. To address these concerns, we
sought to optimize production of ['®F]Florbetaben at the microliter scale while providing high-
quality product suitable for in vivo preclinical applications. Due to the small physical size of
microfluidic radiosynthesizers, very low amounts of reagents and radionuclide are needed,
reducing the cost of materials and equipment, and required radiation shielding (98,706,181—
183). The synthesis of multiple tracers and prosthetic groups have been successfully
implemented in microliter droplet-reactor format, including ["®F]FDG (704, 106), ['®F]fallypride
(106,108,211), ['*FIFET (50), ['®F]FDOPA (212), ['®*F]AMBF;-TATE (105), ['®F]SFB (213) and
sulfonyl ["®F]fluoride (274), providing a strong suggestion that ['®F]Florbetaben could also be
implemented.

To date there are no reported methods (droplet or other formats) for microfluidic
synthesis of ['®F]florbetaben. Synthesis of ['®F]florbetaben via conventional methods typically
follows a 2-step synthesis using an N-Boc-protected precursor (201,206,215,216), followed by
semi-preparative HPLC purification and reformulation via C18 solid-phase extraction (SPE)
(206,215,217). Here we develop an automated microliter droplet-based synthesis of this probe

and demonstrate the benefits of using small scale production. The synthesis is performed in a
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microdroplet reactor, with purification via analytical-scale HPLC, and formulation carried out on
a system built in-house for small-volume SPE. The low-cost approach presented here uses tiny
amounts of reagents and achieves high molar activity without the need for high starting activity
(as required in traditional radiosynthesizers), producing high-quality ['®F]Florbetaben readily

applicable for small animal imaging and with potential of scaling up to clinical doses.
4.2 Materials and methods

4.2.1 Reagents

No-carrier-added ['®F]fluoride was produced by the ®O(p, n)'®F reaction from [**O]H.O
(84% isotopic purity, Zevacor Pharma, Noblesville, IN, USA) in an RDS-112 cyclotron (Siemens;
Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil. Acetonitrile (MeCN;
anhydrous, 99.8%), methanol (MeOH; anhydrous, 99.8%), ethanol (EtOH; 200 proof, >99.5%),
hydrochloric acid (HCI; 1M), dimethylsulfoxide (DMSO, 98%), deionized (DI) water, and
polyethylene glycol 400 (PEG 400) were purchased from Millipore Sigma (St. Louis, MO, USA).
All reagents were used as received without further purification. N-Boc protected mesylate FBB
precursor ([methanesulfonic acid 2-{2-[2-(4-{2-[4-(tert-butoxycarbonyl-methyl-amino)-phenyl]-
vinyl}-phenoxy)-ethoxyl-ethoxy}-ethyl ester) and FBB reference standard (4-[(E)-2-(4-{2-[2-(2-
["®Ffluoroethoxy) ethoxy] ethoxy} phenyl) vinyl]-N-methylaniline) were generously provided by
Life Molecular Imaging GmbH as a part of ['®F]Florbetaben synthesis kits. Kryptofix 222 (Kz22)
and potassium carbonate (K.CO3) were purchased from ABX GmbH (Radeberg, Germany).
Sodium phosphate dibasic (Na;HPO4-7H,0) and sodium phosphate monobasic (NaH2PO4sH-20)
were purchased from Fisher Scientific (Thermo Fisher Scientific, Waltham, MA). Ultrapure 18
MQ water was acquired through a Milli-Q Integral 3 purification system (Millipore Sigma, St.
Louis, MO, USA).

Dry scavenger mix (used in multiple steps of the reaction), consisting of sodium

ascorbate with L-ascorbic acid (87:13 w/w), was obtained from the ['®F]Florbetaben production
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kits provided by Life Molecular Imaging GmbH. HPLC mobile phase was prepared by first
dissolving 1.785 g of NaoHPO4-7H20 and 0.461 g of NaH.PO4H.0O in 0.40 L of 18 MQ H,O to
make 25 mM phosphate buffer (pH 7.2), then adding in 0.60 L of MeCN. Collection mixture to
recover the crude ['®F]Florbetaben from the chip consisted of MeCN mixed with 33 mg/mL dry
scavenger mix in DI water (1:1, v/v). Stabilization / dilution solution for formulation contained 39
mg/mL of dry scavenger mix in a 4:13 (v/v) mixture of PEG 400 and DI water.

4.2.2 Formulation system components and operation

PFA tubing (0.125” OD x 0.0625” ID), PFA tubing (0.0625” OD x 0.02” ID), and 1/4-28”
fittings and unions (for 0.125” OD and 0.0625” OD tubing) were purchased from IDEX
Corporation (Lake Forest, IL, USA). The larger tubing was used for the 3-way valve to waste
line; smaller tubing was used for all other fluid connections. The Rheodyne model EV750-105
selector valve was purchased from IDEX, and the data acquisition module (DAQ) model E-1608
was purchased from Measurement computing (Norton, MA). The 3-way liquid valve model
LVM105R-5C-2, pressure regulator model ITV0O050-2UL (with 0.001-0.9 MPa output), 3-port
solenoid valves model S070B-5DG (vacuum to ~0.5MPa), mounted on a manifold bar base
(SS073-B01-03 C), were all purchased from SMC Pneumatics (SMC, Japan).

A schematic of the automated formulation system is shown in the Figure 4.1 and a
photograph of the system is shown in Figure 4.4. Control of all electronic components was
performed by controlling a DAQ with a custom interface created in LabView (National
Instruments). The input of the pressure regulator was connected to a nitrogen source (set at 58
psi) and the output connected to 3 separate 3-way pneumatic valves for supplying pressure to
the headspace of the purified product vial (for trapping step), DI water reservoir (for washing
step), and EtOH reservoir (for elution step). The analog voltage from the DAQ to the pressure
regulator was calibrated to enable precise control of pressure from the LabView program. On/off

positions of the 3-way liquid valve and pneumatic valves were switched by a DAQ-controlled
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custom Darlington board. The input of the micro-cartridge was connected via the selector valve
to the product vial, DI water reservoir and EtOH reservoir, and the output of the cartridge was

connected via the 3-way liquid valve to either waste or the formulated product vial.

4.2.3 Analytical methods

A calibrated ion chamber (CRC 25-PET, Capintec, Florham Park, NJ, USA) was used to
perform radioactivity measurements. For radio-thin-layer chromatography (radio-TLC) analysis,
reverse phase TLC plates (RP-18 silica gel 60 F254 sheets; aluminum backing; Millipore Sigma,
St. Louis, MO, USA) were cut into 15 x 60 mm pieces (with 40 mm developing distance),
spotted with 1 uL of the sample and developed in 90% (v/v) MeCN in H2O. TLC plates were
analyzed with a Cerenkov luminescence imaging system as previously described (218) or a
conventional radio-TLC scanner (miniGita star, Raytest, Inc., Wilmington, NC, USA). Retention
factors of the observed radioactive species were: 0.0 (["®F]fluoride), 0.4 (['®F]FBB), and 0.8
(fluorinated intermediate).

Radio-HPLC analysis (and purification) were performed on an analytical-scale Smartline
HPLC system (Knauer, Berlin, Germany) with 200 uL injection loop, a pump (Model 1000),
degasser (Model 5050), UV detector (Model 2500) and a radiometric detector (Bioscan B-FC-
4000, Bioscan Inc., Washington DC, USA). Samples were separated using a C18 column
(Luna, 5 uym particles, 100A pores, 250 x 4.6 mm, Phenomenex, Torrance, CA, USA) with guard
column (SecurityGuard C18, Phenomenex). UV absorbance was measured at 254 nm. Using
isocratic conditions with a MeCN : 25 mM phosphate buffer 60:40 (v/v) mobile phase delivered
at 1.5 mL/min, the observed retention time of ['®F]fluoride was between 2-3 min, 6 min for

["®F]FBB, and 14 min for the fluorinated intermediate.
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4.2.4 Droplet synthesis production setup

Radiochemistry was performed in droplet format using Teflon-coated silicon chips that
had small circular regions of Teflon etched away, leaving hydrophilic patches that act as
surface-tension traps to confine reagents during the multi-step radiosynthesis. Temperature
control was achieved by affixing the chip atop a ceramic heater with thermal paste. The details
of the chip fabrication were previously reported (706). Initially, the conditions were optimized
manually using chips containing 4 reaction sites (777) on a platform with 4 heaters. Based on
optimized conditions, the synthesis was adapted onto an ultra-compact automated droplet

radiosynthesizer (708) allowing for reduced radiation exposure and operation time via

automation.

Crude product synthesis Analytical-scale
in droplet microreactor HPLC purification

.......... Production path
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Figure 4.1 Overview of microvolume synthesis procedure for ['*F]FBB, with detailed
schematic of the formulation system (bottom).

The overall setup comprises a droplet synthesizer, analytical-scale HPLC purification,
and a newly-developed automated solid-phase extraction setup to perform formulation using
custom micro-cartridges with C18 resin (Figure 4.1). Briefly, the inlet of the cartridge was

connected to a selector valve and the outlet to a 3-way valve. Using the selector valve, different
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solutions could be flowed through the cartridge such as the ['®F]JFBB fraction vial (trapping step),
a vial with aqueous sodium ascorbate solution (washing step), and a vial with ethanol (elution
step). The 3-way valve was used to direct the cartridge output to waste (trapping and washing
steps) or the product vial (elution step). The liquid movement was initiated by applying nitrogen
pressure to the vials containing ['®F]FBB (15 psi), water (15 psi) and ethanol (3 psi). A program
written in LabView (National Instruments, Austin, TX) automatically controlled the valves and
pressure sources via a data acquisition module (DAQ) to complete the trapping, washing, and
elution steps.
4.2.5 Microvolume radiosynthesis optimization

The microvolume synthesis was adapted from the common 2-step approach, which
consists of fluorination of the Boc-protected precursor using ['®F]KF/Kz22, followed by a
hydrolysis step (207). A schematic representation of the microvolume synthesis process is

shown in Figure 4.2.
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Figure 4.2 Schematic of the microscale synthesis of crude ['*F]FBB.

Initial pre-optimization conditions for microvolume synthesis were selected by scaling
down the conventional synthesis conditions reported in Collins et al. (219). The fluorination
reaction volume was reduced 90-fold from 1.8 mL to 20 uL, but the precursor concentration was
maintained at 4 mM, resulting in a precursor amount of 120 nmol. The fluorination solvent was
changed from MeCN to DMSO, since MeCN evaporated too quickly in droplet format. The total
amount of cryptand phase-transfer catalyst was reduced 180-fold (from 49 pmol to 275 nmol of
K2COs3 and from 68 pmol to 383 nmol of K22,). First, the effect of temperature on the fluorination
reaction was studied, followed by optimization of the amount of K.CO3/K222, and then amount of

precursor. Each set of conditions was repeated n = 4 times, with reagents delivered manually
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For each experiment, aqueous ['®F]fluoride (10-20 uL; ~7.4 - 370 MBq ) was mixed with
the desired amount of K222/K2COs3 in 4.5 uL H2O and loaded to the reaction site to be
evaporated to dryness at 100 °C for 2 min. Next the desired amount of precursor in DMSO was
added to the dried fluoride residue and reacted at the desired temperature for 5 min. For initial
optimization experiments the crude product of the fluorination reaction was collected and
analyzed. In other cases, the hydrolysis step was performed by adding 20 pL of 1N HCI to the
reaction mixture and heating at 90 °C for 3 mins. To recover the crude product (or intermediate),
20 L of collection mixture was added to resuspend the product on chip, and then transferred
into the crude product vial. To ensure thorough recovery from the chip, the collection procedure
was repeated 2 more times (3 more times for the automated setup). To avoid radiolysis and
photodegradation, the crude product vial was preloaded with 64 L of water with 33 mg/mL of

dry scavenger mix and kept in the dark.

4.2.6 Automated microvolume synthesis

The automated synthesis of ['®F]FBB was performed on identical chips, but using a
custom-built platform (708) that supported automated reagent dispensing and product recovery.
The reaction conditions were identical to the optimized manual synthesis conditions, except that
the deprotection was performed using 1M HCI:MeCN 1:1 (v/v). This 20 pL acidic mixture was
dispensed at the beginning of deprotection and another 20 uL after 1.5 min. The diluted acid
was used to reduce damage to the reagent dispensers.
4.2.7 Purification and formulation

To perform purification, the crude product collected in aqueous scavenger solution was
diluted with aqueous sodium phosphate buffer to a total volume of 175 yL and delivered into an
analytical radio-HPLC system with 200 uL injection loop, and separated as described in the

“Analytical methods” section. The ['®F]FBB peak (retention time 6 min) was collected (for 1.0 —
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1.5 min) into a 50 mL conical tube (Falcon, Corning, USA) pre-loaded with 33 mg/mL dry

scavenger mix in 3 mL water and covered by aluminum foil.

C18 resin

e
\ Frits /

Pinched tubing

C18 resin
Frits

Figure 4.3 Schematic (above) and photograph (below) of the microscale C18 cartridge
used for ['®F]florbetaben formulation.

Formulation was performed by diluting the purified ['"®F]FBB with 30 mL of DI water, and
carrying out solid phase extraction (SPE) using a miniature C18 cartridge made by packing C18
resin (5 or 10 mg) into lengths of tubing. The tubing was stretched slightly (~10 % length
increase) prior to using to reduce the inner diameter allowing for a tighter fit with the frits, then
cut into 10 cm long pieces. One small frit was cut from the larger frit piece using a 1/16” biopsy
punch and directly pushed out from the punch into one end of the tubing (the “input” side). Using
a thin rod, the frit was push until it was 2.5 cm distance into the tubing. The tubing next to the frit
was gently pinched to prevent frit movement. The C18 resin was obtained by emptying a
commercial C18 cartridge. The desired mass of resin (10 mg) was weighed in a PCR tube to
which 200 pL of MeOH was added and stirred. To load the slurry into the tubing, the cartridge
was connect to vacuum on the input side of the tubing, and the output end was dipped into the
PCR tube, drawing the resin into the tubing. The PCR tube was filled with additional MEOH and

vacuum was applied to ensure all resin ended up inside the tubing-cartridge. This washing was
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performed twice. After the resin was loaded, another frit was inserted from the “output” side of
the tubing, pushed gently until it touched the resin, and then the tubing was pinched to fix all the
components in place. A diagram and photograph are shown in Figure 4.3. Preconditioning of
miniature cartridges was performed with 5 mL MeOH followed by 6 mL of DI water at
approximately 1 mL/min. An automated solid-phase extraction setup was built to perform the
formulation step (Figure 4.1). In the final formulation procedure, the diluted ['F]FBB was
trapped on the cartridge, and then the cartridge was washed by flowing through 10 mL DI water
containing 10 mg/mL of dry scavenger mix to remove residual solvents and impurities. (The
amount of scavenger is the same as reported by Rominger et al. (206)). Finally, the trapped
['®F]FBB was eluted from the cartridge using 150 yL EtOH into an amber-colored glass product

vial preloaded with 850 uL of stabilization solution.

Purified 3-way valve —__

productvial Micro-cartridge

=\

v, Waste

Selector
valve

Formulated product vial

Figure 4.4 Photograph of the automated formulation system.

4.2.8 Evaluation of synthesis performance
Multiple measurements were collected during the synthesis to calculate several
parameters related to the synthesis performance. Unless otherwise specified, all reported

percentage values (yields, efficiencies) are decay-corrected (d.c.). Starting activity was
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determined by calculating a difference in activity measurements of a source vial before and after
addition of the radionuclide from the vial to the chip (accounting for losses in pipette tips).
Collection efficiency is the ratio of activity of the crude reaction mixture recovered from the chip
relative to the starting activity. Residual chip activity is the percentage of starting activity that
remained on the chip after the synthesis and crude reaction mixture recovery. Radiochemical
conversion is the percentage of the desired product (['®F]FBB) in the crude mixture as
determined by radio-TLC. Crude ['®F]FBB radiochemical yield (crude RCY) is calculated by
multiplying the collection efficiency by the radiochemical conversion. Isolated yield is the ratio of
the activity of the purified product collected after HPLC purification to the starting activity.
Formulated product yield is calculated by dividing the activity of the final formulated product by
the starting activity.

To carefully evaluate the formulation performance, additional parameters were
calculated relative to the activity of pure ['®F]FBB fraction obtained after HPLC purification. The
formulation efficiency is the ratio of formulated product activity to the activity of the ['®F]FBB
fraction. Activity in waste is the ratio of activity in the waste container relative to the ['®F]FBB
fraction, and fraction collection vial residual activity is the percentage of activity remaining in the
initial ['8F]FBB fraction vial after the formulation process is complete. Cartridge residual activity
is the percentage of the initial ['®F]FBB activity that remained on the cartridge after formulation.
Residual in the system is the percentage of the initial ['®F]JFBB fraction that was not recovered

(i.e. remaining in various portions of the formulation system, e.g. valves, tubing, etc.).
4.3 Results

4.3.1 Microvolume radiosynthesis optimization
The influence of fluorination temperature, base amount, and precursor concentration on
the fluorination step (as measured by the resulting amount of fluorinated intermediate) is

summarized in Figure 4.5. Fluorination efficiency increased as temperature was increased from
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90 to 130 °C, and while there was a very slight reduction in collection efficiency over this
temperature range, the overall RCY of the intermediate increased with increasing temperature
(Figure 4.5A). We thus chose 130 °C as the optimal reaction temperature. The amount of base
had a more complex influence on reaction performance (Figure 4.5B). At low base amount (< 70
nmol K>COs / 100 nmol Kz22), the collection efficiency, fluorination efficiency and RCY of the
intermediate increased strongly with base amount, while at moderate amounts (70 - 280 nmol
K2COs3/ 100 - 390 nmol K222), there was relatively little change and the RCY remained nearly
constant. Higher amounts of base led to a gradual reduction in fluorination efficiency and RCY
of the intermediate (though collection efficiency was constant). Based on this data, the optimal
base quantity was 275 nmol K2COs / 383 nmol Kz22. For low precursor amount (< 40 nmol),
there was a rapid increase in fluorination efficiency (and RCY of the intermediate) as precursor
amount was increased, and at higher amounts, the slight decrease in collection efficiency
canceled out the slight increase in fluorination efficiency resulting in nearly constant RCY of the
intermediate (Figure 4.5C). We chose 80 nmol of precursor as the optimum value. Using the
optimal conditions together, the RCY of the fluorinated intermediate (without deprotection) was

70 £ 6% (n=4).

N kacoa = 275 nmol; N k75, = 383 nmol; N koco3 = Xi Nka22 = 1.4 X N koco3 N ka2co3 = 275 nmol; N kp0, = 383 nmol;
A N precursor = 120 nmol; B N precursor = 120 nmol; (@ N precursor = X;
T fuorination= X: t fiuorination = 5 min T tuorination= 130°C; t guorination = 5 min T suorination= 130°C; t fuorination = 5 min
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Figure 4.5 Optimization summary of fluorination step

For all reactions, ["®F]Fluoride (aq) was evaporated to dryness with 4.5 uL of base and phase-
transfer catalyst in DI H20, then reacted with 20 yL precursor in DMSO for 5 minutes. The
resulting product was analyzed via radio-TLC. (A) Effect of temperature on reaction
performance; (B) Effect of base amount on the reaction (K222 amount is 1.4x that of K.CO3); (C)
Effect of precursor concentration on the reaction. Data points represent the average of n = 4
repeat measurements, and error bars represent standard deviations. In each panel, the
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changing variable is listed with an “X” (above the graphs), and the fixed values of all other
parameters are as indicated. The legend from A applies to all panels.

It was observed that there was a residual volume of DMSO left at the end of the
fluorination reaction. Concerned that this DMSO would adversely affect downstream purification
on the analytical scale HPLC (as observed previously in our lab) and would dilute the
deprotection solution, we opted later to reduce the reaction volume to 10 uL. Based on our
optimization data seen in Figure 4.5, we did not expect much change in performance by this
effective doubling of base and precursor concentrations.

After this change, the amount of residual DMSO was reduced, and after deprotection with 20 uL
of 1 M HCI, the crude RCY of ['®F]FBB was 63 + 6% (n=4) (i.e., 66 + 6% collection efficiency
and 96 *+ 1% radiochemical conversion). When the synthesis was automated and performed at
similar activity levels (~7.4 MBq starting activity), we observed a crude RCY of 58 7% (n=5)

(i.e., 69 £ 9 % collection efficiency, 86 + 9% radiochemical conversion).

Manual | Automated
Synthesis | Synthesis
n=3 n=3
Starting activity (MBq) 260+ 100 | 330120
Collection efficiency (%) 87 +1 833
Residual chip activity (%) 04+£0.2 1.2+0.3
Radiochemical conversion of the crude 88+6 7214
%
g:r&de ['®F]FBB yield (%) 78+ 6 605
Crude synthesis time (min) 308 28 +1
Isolated ['*F]FBB yield (%) 61+2 53+8
Molar activity d.c.* (GBg/umol) 370 £ 60 260 £ 80

Table 4.1 Summary of synthesis performance

Results are shown for syntheses performed manually or on the automated setup. All % values
are calculated in reference to starting activity. *Molar activity is reported at the end of HPLC
purification.

To produce quantities compatible with preclinical applications, further experiments were

carried out with ~300 MBq starting activity level and the results are summarized in Table 4.1.

Using the manual procedure for crude synthesis, the crude RCY was 78 £+ 6 (n = 3) (i.e. 87 £ 1%
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collection efficiency and 88 + 6% radiochemical conversion). The automated synthesis with
~300 MBq starting activity resulted in 60 + 5% (n = 3 ) crude RCY (83 + 3 % collection

efficiency, 72 + 4 % radiochemical conversion).
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Figure 4.6 Example HPLC chromatogram of a crude ['*F]JFBB sample.

4.3.2 Purification

The crude ['®F]FBB was purified using isocratic analytical scale radio-HPLC (Figure 4.6).
The product was collected in ~3 mL volume, taking ~12 min for purification. In manual runs with
~300 MBq of starting activity, the isolated yield after purification was 61 £ 2% (n=3) with molar
activity of 370 + 60 GBg/umol decay-corrected to the end of purification (Table 4.1). Similarly,
the equivalent experiments using automated procedure of the crude synthesis resulted in 53 + 8

% (n = 3) isolated yield and 260 + 80 GBg/umol molar activity.
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4.3.3 Formulation
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Figure 4.7 Example HPLC chromatogram from a formulated sample of ['*F]FBB (98%
radiochemical purity).

To ensure sufficient activity concentration of the formulated ['®F]FBB, we developed
custom-made miniature C18 cartridges with small bed volumes that could be eluted with a
significantly reduced amount of EtOH compared to conventional C18 Sep-pak cartridges. To
assess trapping capacity during preliminary runs of the formulation protocol, we used 5 nmol of
FBB reference standard spiked with small amount of purified ['®F]FBB (15 MBq) to simulate
moderate activity levels. (In syntheses starting with ~370 MBq activity, we determined from the
HPLC purification chromatogram that the mass of FBB was 0.7 + 0.3 nmol (n=3), therefore
addition of 5 nmol would roughly correspond to a ~2.6 GBq batch of ['®F]FBB.) When
performing trapping with 5 mg resin only 77% of the product activity was trapped on the
cartridge and 19% of the activity was found in waste (untrapped), and 77% of the initial ['®F]FBB
was recovered at the end of elution. However, trapping was more efficient for the 10 mg resin
cartridge with only 1 £ 1% (n=3) lost in waste (untrapped), and the elution recovered 91 £ 5 %
(n=3) of the initial ['"®F]FBB. Results are summarized in Table 4.2. Due to the nearly quantitative

trapping performance, 10 mg cartridges were used for the remaining experiments.
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Manual Manual Automated
Formulation* | Formulation* | Formulation
Mass of C18 resin in cartridge (mg) 5 10 10
Number of repeats n=1 n=3 n=3
Starting pure ['*F]FBB activity (MBQq) 7.4 15 + 11 112 + 51




Formulation efficiency (%) 77 91+5 81+5
Formulation time (min) 18 22 17
Losses:

Activity in waste (%) 19 1+1 3+3
Fraction collection vial residual activity 3 6+4 2+1
%

é)a)rtridge residual activity (%) 0 0+1 1+1
Residual in the system (%) N/A N/A 14 +4

Table 4.2 Summary of performance of the formulation step

All % values are calculated in reference to starting pure ['®F]JFBB activity. *Initial manual
formulation runs were performed using 5 nmol of FBB spiked with purified ['®F]FBB product, to
mimic the mass loading of a higher activity level, while working with less radioactivity.

These experiments were repeated using the automated formulation system (with 10 mg
cartridge), resulting in 81 + 5% (n=3) recovery of the initial pure ['®F]JFBB using 150 uL EtOH,
which was collected into 850 pL of stabilization solution. After 25 min formulation of 110 + 50
MBq (n=3) of activity, there was 1 mL of 77 £ 35 MBq (n=3) of injection ready product. Minor
activity losses were measured 3 + 3% (n=3) in waste after trapping and washing steps, and only
1+ 1 % remained on the cartridge, however it was observed that 14 + 4% of the initial activity
remained unaccounted for within the formulation system components (Table 4.2). Residual
activity in the formulation system components was difficult to accurately measure, but
substantial portions were found in the fluid path used in trapping. In the future it can be possible
to perform additional rinsing step to improve product recovery.

In summary, after total of 55 min synthesis time (30 for crude synthesis, 8 min for
purification and 17 min for formulation) the radiochemically pure (>98%) ['®F]FBB was acquired
(Figure 4.7) in 49 + 3 % (n=3) yield with measured 340 + 60 GBqg/umol molar activity at the end

of synthesis.

107



4.4 Discussion

4.4.1High-throughput optimization

Initial optimization of the reaction was performed using high-throughput techniques (i.e.,
multiple reactions in parallel) (777), allowing the study of multiple reaction parameters with a
high number of replicates. Notably, testing 21 sets of conditions (altering 3 parameters) with n =
4 repeats for each condition (a total of 84 experiments) was performed in only 6 radiochemistry
sessions (12 hours). Optimization of each parameter was performed sequentially in a one
variable at a time (OVAT) fashion, and it is possible that additional iterations of optimization
using parameters from the previous round, or more efficient and comprehensive optimization
approaches such as design of experiments (DoE), could yield slight improvements, but this was
not explored here.

Having extensive data about the overall impact of each parameter can be used to
increase the robustness of a synthesis, i.e. by choosing parameter values where the
performance is insensitive to variances in the variable (close to horizontal slope). While our
optimization focused on yield, the data could also be used to optimize other outcomes, for
example, minimizing the amount of precursor (to minimize cost or simplify purification) while
achieving an acceptable yield.

4.4.2 Purification and formulation

In this work purification was performed via analytical scale HPLC, which has been
previously reported for purification of tracers produced in microfluidic systems
(50,98,106,108,211,212). Analytical-scale purification allows very short purification times
(several min) and small volume (~1-2 mL) of pure fraction. The simplest purification and
formulation route for ['®F]florbetaben (and the one recommended for the Life Molecular Imaging
kits) would be purification via ethanolic mobile phase (sodium ascorbate buffer:EtOH, 40:60,

v/v) such that the collected fraction can be formulated simply by dilution. However, when scaling
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to an analytical HPLC system, the pressure limit was exceeded for amounts of EtOH > 20%
(v/v) at 1 mL/min, and the late retention time of ['"®F]FBB when using lower amounts of EtOH
was not practical. It is possible that other column types or sizes could avoid this problem, but we
instead used an MeCN-based mobile phase for separation, which required a downstream
formulation step to remove the acetonitrile after purification. Under this condition, the crude
product was rapidly and efficiently purified and collected within 8 min of injecting the crude
reaction mixture.

Initially, we tried evaporative solvent exchange to remove MeCN, performing
evaporation at 100 °C followed by resuspension of the dried product in PBS. However,
evaporation of 2-3 mL of volume of collected crude product took a significant amount of time (15
min). We also observed the solution change from clear to cloudy, and after resuspension in
formulation buffer, a significant amount of product (~70% of initial pure ['®F]FBB) was stuck to

the vial, likely due to the poor solubility of this compound.
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Reference This work (201) (217) (220) (206) (215) (219) (221)
Number of n=3 NR NR n=4 NR n=10 n=3 NR
replicates
Precursor 0.052 4 NR 5 5 NR* 7 5
amount (mg)
Reaction *
solvent DMSO | DMSO NR DMSO MeCN NR MeCN MeCN
Reaction 0.01 0.2 NR 0.5 1 NR* 1.8 1
volume (mL)
Formulated
product yield | 49+ 3 30% NR 23+3 18 78+26 60 + 9 ** 18
(%; d.c.)
SPE
Formulati (ri'i"f \R éPE_ SPE SPE | (Strata-X SPE
or';:z:‘hiéon C 1CSO :IF() (Sep-pak | (Sep-pak 33 um, NR (Sep-pak
. P plus C18) | light C18) reversed light C18)
cartridge) C18) phase)
Synthesis 55 90*** 60 45xxxx 75 50 44+ 75
time (min)
Molar
ey | 34060 | 48-56 | 170 | 25-30 80 220 + 170 NR 50-90
(GBq/pumol)

Table 4.3 Comparison of the performance of the microscale synthesis reported in this
work to literature methods

Abbreviations: NR = not reported; EOS = End of synthesis; SPE = solid-phase extraction.
* The conditions are not reported precisely, but the Zhang et al. method is cited as a reference
for the procedure.
** The reported data is up to the end of HPLC purification (excluding formulation). Yield is
therefore overestimated and synthesis time underestimated.
***The formulation procedure is not reported or discussed. Yield may be an overestimate and
synthesis time an underestimate.
****In this rapid method, purification was performed with SPE (no HPLC), but not all impurities
were removed.

Instead, formulation via solid-phase extraction was explored using a C18 cartridge as
widely reported by others (Table 4.3) (206,215,217). However, commercial C18 cartridges
(Waters Sep-pak C18 Plus Light, 130 mg, Waters Corporation, Milford, MA) were not suitable
for small batch syntheses: to efficiently elute the product from the cartridge, 1-2 mL EtOH was
needed, which would then be diluted with stabilizing solution to a total volume of 7-14 mL to
lower the EtOH concentration to 15% (acceptable limit for the formulation of this probe). For
preparation of small batches of ['®F]FBB (e.g. < 185 MBq), the resulting concentration (<26
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MBg/mL) would be too dilute for small animal imaging. Instead, we explored the use of custom
miniature cartridges made by packing C18 resin into lengths of tubing, which allowed
minimization of the final formulated volume. Cartridges made inside 0.02” ID tubing exhibited
extremely low flow rates, but cartridges packed inside 0.0625” ID tubing had suitable flow rates.
With these miniature cartridges, the product could be efficiently recovered with only 150 uL
EtOH, enabling formulation (to dilute EtOH to an acceptable level of 15%) in a final volume of 1
mL.

Unfortunately, the formulation requires extra time (17 min), leading to some radioactive
decay during the process. The formulation process was very efficient when performed manually,
however the presence of extra fluidic components in the automated system resulted in slightly
reduced efficiency. Additional losses in the automated formulation system resulted in a 10 point
drop in formulation efficiency compared to manual method (i.e. 81% versus 91%).

In the current formulation protocol, the trapping step takes up the majority of time,
requiring ~10 min in total to process nearly 30 mL of volume, while the washing and elution
steps take 3 and 4 min, respectively. Possible directions for improvement would be to optimize
the HPLC purification method to reduce peak width and collection volume, leading to a lower
dilution volume, or optimizing the applied pressure during trapping to achieve both highest
trapping efficiency and flow rate.

4.4.3 Probe stability and radiolysis

It has been reported that N-methylaniline substituents can make this, and structurally
similar, beta-amyloid PET tracers, quite susceptible to radiolysis (222). In fact, significant
radiolysis (8 point reduction in radiochemical purity) was already observed within 10 min for
["®F]AV-19 in isotonic saline with 5% EtOH at a modest activity concentration of 185 MBg/mL.
Scott et al. found that addition of appropriate radical scavengers extended stability of the

compound to multiple hours even in larger scale productions yielding 7.4 GBq of product (222).
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To ensure highest radiochemical purity and stability of ['®F]FBB produced with
microvolume method, the scavenger had to be introduced at various steps of the production.
Using literature reports as a guide (206,222), scavenger was introduced into the collection
solution during collection of the crude product from the chip, pre-loaded in the collection vial
prior to recovery of the pure fraction from HPLC, in the dilution solution used prior to
formulation, and pre-loaded in the final product vial.

Evidence of radiolytic degradation is shown in the chromatograms of Figure 4.8.Both
samples were obtained after fraction collection from HPLC and stored in amber glass vials. For
the upper chromatogram, a 0.2 mL (~7 MBq) aliquot was taken and diluted with 1 mL sodium
ascorbate solution (33 mg/mL in DI water), and stored for 2 h. For the lower chromatogram, 0.2
mL (~7 MBq) of the same purified sample was stored at room temperature in the HPLC mobile

phase (no ascorbate) for 2 h.
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Figure 4.8 Example chromatograms showing sample degradation due to radiolysis
(Top) Sample after 2 h incubation in ascorbate-containing buffer (1.2 mL total volume) remained
at 98% radiochemical purity. (Bottom) Sample after 2 h incubation without ascorbate in the
buffer (0.2 mL volume) dropped to 72% radiochemical purity due to formation of radiolysis
byproducts. Both samples were divided up from the same original batch after HPLC purification

each having ~7 MBq of activity, and were mixed with FBB reference standard just prior to
obtaining the HPLC chromatograms.

Additionally, we observed photodegradation of the ['"®F]FBB when it was stored exposed
to room light resulting in an impurity peak right after observed ['®F]FBB peak on the HPLC. To
confirm this, we performed studies with the non-radioactive FBB standard. In Figure 4.9are

shown HPLC chromatograms of FBB standard dissolved in HPLC mobile phase before and
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after being stored at room temperature for 1.5 hours. The upper chromatogram belongs to fresh
sample at t = 0. For the middle chromatogram, the sample was stored in a transparent glass vial
under room light, resulting in a secondary peak appearance after FBB peak. For the lower
chromatogram, an aliquot of the same sample was stored under identical conditions except in

an amber glass vial.
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Figure 4.9 Example HPLC chromatograms showing evidence of photodegradation

(Top) Initial sample. (Middle) Sample stored in a transparent vial in ambient room light for 1.5 h.
(Bottom) Sample stored in an amber vial for 1.5 h.

4.4.4 Benefits of microscale synthesis

The whole production (synthesis, purification, formulation) can be completed in 55 min

with high yield (~50% decay-corrected). The 2-step reaction itself was quite fast, due largely to
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the small volume reaction which requires very little time for heating/cooling or performing
solvent evaporation steps (e.g. during ['®F]fluoride drying). Though not explored here, there is
room to improve and develop a faster analytical-scale HPLC separation process, and to shorten
the formulation process as discussed in detail above. It is also feasible to increase the amount
of starting activity (i.e. loading larger volume of ['®F]fluoride or using a radioisotope concentrator
(713)) to produce higher amounts of the probe.

Another advantage of the microscale synthesis is that high molar activity 340 GBg/umol
could be achieved at the end of synthesis, even when starting with low amounts (<350 MBq) of
["®FIfluoride, something that cannot be achieved with conventional macroscale synthesis
processes (57). Due to the importance of high molar activity when imaging certain tracers in
small animals, the ability to achieve high molar activity in small batches can be a huge
advantage, avoiding significant waste of radionuclide and probe that would otherwise be needed
(i.e. to prepare a large batch to ensure high molar activity, but discard most of it since only a
small quantity is needed for animal imaging). High molar activity of the amyloid tracer [''C]PIB
has been reported to be particularly important for detection of relatively immature amyloid
lesions in small animal models (210), suggesting it could be critical in certain cases for ['®F]FBB
imaging as well. Additionally, high molar activity provides a longer duration over which the molar
activity can be adjusted to be within a desired range for experiments, and helps to lower the
total injected mass of the tracer.

In comparison with literature methods (Table 4.3), the yield of this microvolume
synthesis is among the highest, while only consuming ~1% the amount of precursor as other
methods. In combination with the simple apparatus and compact size, this could lead to lower
costs in production of ['®F]FBB, and potentially enable new models of production and
distribution for preclinical research. The microvolume synthesis approach could also provide a
way for existing production facilities to add capability for production of additional tracers without

significant need for additional hot cell space.
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4.5 Conclusion

We implemented an efficient synthesis of ['®F]FBB in microdroplet format on simple
chips with surface-tension traps acting as reaction sites. The overall synthesis was fast (55
min), high-yielding (49 + 3%, n=3) , and had high molar activity (340 + 60 GBg/umol, n=3).The
combination of a droplet radiosynthesizer with analytical-scale radio-HPLC purification system,
and a miniature SPE-based formulation system, provides a platform for streamlined and
economical production of ['®F]FBB, and could be extended to other tracers in a straightforward

manner.
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Chapter 5:  High activity droplet syntheses of ['®F]FET and
['FIFBB

5.1 Introduction

Diagnostic radiopharmaceuticals (tracers) used in positron-emission tomography (PET)
imaging enable a wide range of research and clinical applications including cancer diagnostics
and tumor severity grading (5,42,223), evaluation of response to cancer therapy (718,224),
diagnostics of neurodegenerative disease (33,225,226), cardiac function assessment (227,228),
drug development (27,229,230) and development of novel gene- and cell-based therapies (2371—
233). Of thousands of developed tracers to probe different biological targets and processes
(234,235), only very few are routinely available. Complexity of short-lived PET tracer
manufacturing has led to a centralized production model, where large batches of the tracers are
produced in radiochemistry labs and are split to be distributed to a number of PET centers.
Since a significant demand is needed to justify the high costs of establishing and performing the
syntheses using conventional instrumentation and facilities, availability of specialized tracers is
limited. Recent advancements in PET radiochemistry directed at development of batch-on-
demand systems are creating new possibilities to expand availability of diverse diagnostic
radiopharmaceuticals at low cost. Microfluidics offers a promising approach to enable economic
production of one to a few patient doses due to advantages such as reduced (10-100x) reagent
consumption, faster reaction kinetics, improved product yields, and reduced equipment footprint
and shielding size (71,84,86,91,120,178). Numerous reports have established the feasibility of
synthesizing various radiopharmaceuticals using microfluidic synthesizers. However, due to the
disparity between the volume of radioisotope solutions (~1 mL) and reaction volumes of

microscale systems (as low as 1s to 10s of uL), many reports have reported only relatively small
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amounts of product activity, suitable only for preclinical imaging (84,86,780). Nevertheless,
clinically-relevant quantities of various diagnostic radiopharmaceuticals has been produced with
such microscale systems: [*N]NH; (236), [®*Ga]Ga-PSMA-11 (237(p11)), [*°Zr]Zr-DFO-
Trastuzamab (93), ['®F]FDG (238,239), ['®F]FET (97), ['®Flfallypride (98,107), ['®F]FT807 (240),
["®FIFPEB (241), ['®F]FLT (242) and ["®FIFMISO (242,243). A summary of reports of the '®F-

labeled ones is included in Table 5.1.
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Reference Microfluidic | Synthesis | Tracer(s) Starting Product Molar activity | Synthesis Precursor Reaction QcC Used
synthesis format produced activity activity (GBg/umol) time (min) consumed volume testing in
platform (GBq) (GBq) (nmol) (uL) reporte | huma

d? ns?

Iwata et al. Disposable Batch [®FIFET Up to 6 N.R. 480 + 130 50 177 60 No No

2020 (97) glass vials (n=7) ***
with a
fused 300-
uL insert

Awasthi ABT BG75 Batch ['®F]FDG ~1.9 0.4-0.6 N.R. 40-60 N.R N.R. Yes No

2014 (239)

Akula etal. | Advion Flow ['®FIFMISO | 13** 2.1 >74 53 11751 2000 No No

2019 (242) NanoTek

['®FIFLT 13** 22 >74 77 24100 2000 No No

Zheng et Advion Flow ['®F]FMISO | ~5.6 1.5-1.9 120 + 30 106 + 11 940 200 Yes Yes

al. 2014 NanoTek (n=4) (n=15)

(243)

Liang et al. Advion Flow ['®F]FPEB 80.9 1.7+04 160+ 10 75 21459 1000 Yes No

2014 (241) NanoTek (n=3) (n=3)

Liang et al. Advion Flow ['®F]T807 16.1+4.4 44+01 220 + 50 <100 1562 400 Yes Yes

2014 (240) NanoTek (n=3) (n=3) (n=3)

Frank etal. | GE ISAR Batch ['®F]FDG Up to 170 >100 N.R. <25 N.R. 650* No No

2018 (238)

Lebedev et PEEK/pDC Batch [®F]Fallypri | Upto 111 N.R. N.R. 45 1936 50 Yes Yes

al. 2013 PD chip de

(98) with
svringe-

Wang et al. | Droplet- Batch ['®F]Fallypri | Up to 41 Upto7.2 Up to 270 50 616 8 Yes No

2020 (107) based de
radiosynthe
sizer

This work Droplet- Batch ['®F]FBB 3.2%08 0.5+0.2 480 +160 60 80 10 Yes No
based (n=6) (n=6) (n=5)
radiosynthe
sizer ['’FIFET 23 0.7 460 60 60 10 Yes No

Table 5.1 Literature reports of microfluidic production of '®F-labeled

radiopharmaceuticals with sufficient quantities for human PET
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N.R. = not reported. * Precise reaction volume was not reported, but the total reactor size was
650 L. **Total activity used for ["®F]FLT and ['®F]FMISO sequential syntheses combined is
reported, approximately half used in each synthesis. *** Molar activity reported for varying levels
of starting radioactivity ranging 0.1 — 6 GBq.

Microfluidic reactors can be classified in two categories: continuous-flow synthesizers,
where the reaction volume is flowed through a microchannel or capillary, and batch-mode
synthesizers, that contain a fixed reaction volume confined within a miniature reaction chamber
(99) or within an isolated droplet (86,720). In the continuous-flow systems, radioisotope and
precursor solution streams are mixed prior to entering the heated reaction zone. Scaling of the
product activity can be easily achieved by increasing radioisotope volume and also a
corresponding increase of precursor solution volume, or be concentrating the isotope prior to
synthesis. The first microfluidically-produced PET tracer suitable for human use was
demonstrated using the commercial NanoTek radiosynthesizer (Advion, Inc., Ithaca, NY): Liang
et al. synthesized 1.7 GBq of ['®F]FPEB using a starting activity of up to 170 GBq (247). In a
separate report, Liang et al. also reported the synthesis of 4.4 GBq batches of ['®F]T807 (each
with 16 GBq starting activity),for the first time administering the tracer produced by continuous-
flow reactor to a human subject (240(p807)). Using the same system, Zheng et al. reported the
synthesis of up to 1.9 GBq of ["®F]FMISO (with 5.6 GBq starting activity) for use in clinical
research. Another clinical-scale synthesis using this system was shown by Akula et al., who
reported the sequential production of 2 tracers ['®F]JFLT and ['®F]FMISO in ~2 GBq quantities
each from 13 GBq of starting radioactivity (242). Despite impressive scalability, continuous-flow
reactors use relatively large total reaction volumes (100s of uL), with 100s of ug of precursor to
prepare these clinical-scale batches, and require an extended time for the initial ['®F]fluoride
preparation step (86).

Batch reactors offer a drastic reduction in precursor consumption (<100 ug) which is
independent of the amount of loaded radioisotope. However, to produce clinically-relevant

quantities of the radiopharmaceutical in these tiny reaction volumes, pre-concentration of
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["®F1fluoride is necessary. By adapting conventional azeotropic drying to the ISAR platform (GE
Global Research Europe), Frank et al. reported the synthesis of >100 GBq of ['®F]FDG with
starting activity up to 170 GBq (238). Using the BG75 system (ABT Molecular Imaging,
Knoxville, TN) system, which integrates into a small cyclotron, Awasthi et al. reported synthesis
of ['8F]FDG from 1.9 GBq of starting activity, concentrated via azeotropic drying in the reaction
vial, to produce single, injectable human doses (0.4-0.6 GBq) (239). lwata et al. developed a
trap-and-release process using a combination of commercially-available cation- and anion-
exchange cartridges to trap 1 mL of cyclotron-produced [*®F]fluoride (up to 6 GBq) and release it
in a 0.2 mL methanolic solution that could be rapidly evaporated in a small vial designed for 5-
20 uL subsequent reaction to produce ["®F]FET (97). For a 50 uL batch reactor platform,
Lebedev et al. performed an upstream trap-and-release process on a miniature QMA cartridge
to concentrate a full cyclotron-target volume of ["®F]fluoride (e.g. ~100 GBq in 2 mL ) into < 45
WL. This could be loaded into the reactor and evaporatively dried, enabling the synthesis of up
to 38 GBq of ['®F]fallypride (98). Chao et al. designed a standalone radioisotope concentrator
system based on a similar mini-QMA approach, capable of concentrating milliliter-scale
["®Ffluoride batches into ~12 pL volume (713). The device was subsequently integrated with an
automated droplet radiosynthesizer, and concentration of activities up to 41 GBq was
demonstrated. Production of quantities of formulated ['®F]fallypride up to 7.2 GBq were
demonstrated (7107).

While these methods are all effective, integration with a concentrator increases system
complexity and synthesis time, and, except for the lwata et al. method (97), requires
optimization of base quantities using during the ["®F]fluoride elution process. Instead, a simpler
sequential drying approach can be used with droplet reactors, in which the initial radioisotope
solution is subdivided into smaller portions each added and then rapidly evaporated (due to the
high surface to volume ratio of small volumes), to build up the amount of activity in the reaction

site. For example, Chen et al. heated a 200 pL droplet of ['®F]fluoride solution on an open
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surface until it shrunk to 5 pL and then transported this concentrated droplet into an
electrowetting-on-dielectric (EWOD) radiosynthesis chip for completion of the drying step (244).
We later demonstrated the possibility for rapid concentration by evaporation by sequentially
loading to 2 L portions to a pre-heated chip (706). Since each drying iteration takes time, there
is a practical limit on the volume/amount of radioactivity that can be concentrated, but
evaporation is quite quick for modest batches. Drying of volumes in a range of a few hundred
microliters is feasible, and can provide enough starting radioactivity for synthesis of clinically-
relevant batches (86). In this work, we leverage the larger volume of the reaction site of the
surface-tension trap (STT) chip (708) compared to the passive transport (PT) chip (706), and
concentrate ["®F]fluoride by loading it in 30 L increments. The goal of the present work is to
demonstrate that tracers other than ['®F]fallypride can be produced at clinically-relevant scales
using this simple approach for ['®F]fluoride concentration and thus simple overall apparatus.
Previously, we reported production of O-(2-['®F]fluoroethyl-)-L-tyrosine ([*®F]FET) (50) and 4-
[(E)-2-(4-{2-[2-(2-[*®F]fluoroethoxy)ethoxy] ethoxy}phenyl)vinyl]-N-methylaniline
(["®F]Florbetaben, ['®F]FBB, Neuraceq™, BAY-949172) (109,245) in small quantities in droplet
reactions. Here, the methods are adapted to produce batches of ['®F]FET and ['®F]FBB
sufficient for single to a few human doses, and to ensure the tracer batches meet the necessary
specifications for clinical use via quality control (QC) testing. Some of the QC tests were
performed using the TracerQC automated testing platform (Trace-Ability, Inc., Van Nuys, CA,
USA), showing the successful integration of a novel compact microfluidic radiosynthesis
platform and a modern QC testing platform, and demonstrating the possibility for clinically-

relevant radiotracer production with an overall compact, user-friendly system.
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5.2 Materials and Methods

5.2.1 Reagents

No-carrier-added ['®F]fluoride was produced by the ®O(p, n)'®F reaction from [**O]H.O
(84% isotopic purity, Zevacor Pharma, Noblesville, IN, USA) in an RDS-112 cyclotron (Siemens;
Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil. Acetonitrile (MeCN;
anhydrous, 99.8%), methanol (MeOH; anhydrous, 99.8%), 2,3-dimethyl-2-butanol (thexyl
alcohol (TA); 98%), ethanol (EtOH; 200 proof, >99.5%), hydrochloric acid (HCI; 1M),
dimethylsulfoxide (DMSO; 98%), deionized (DI) water, and polyethylene glycol 400 (PEG 400),
Kryptofix 222 (K222) and potassium carbonate (K2CO3) were purchased from Millipore Sigma (St.
Louis, MO, USA). Sodium phosphate dibasic (Na;HPO4-7H,0) and sodium phosphate
monobasic (NaH2PO4H.O) were purchased from Fisher Scientific (Thermo Fisher Scientific,
Waltham, MA). Saline (0.9% sodium chloride injection, USP) was obtained from Hospira Inc.
(Lake Forest, IL, USA). Tetrabutylammonium bicarbonate 0.075M (TBAHCO3, >99%), (2S)-O-
(2'-tosyloxyethyl)-N-trityl-tyrosine-tert-butyl ester (TET; >95%) (FET precursor), O-2-fluoroethyl-
L-tyrosine (FET-HCI; >95%) (FET reference standard) were purchased from ABX GmbH
(Radeberg, Germany). ([methanesulfonic acid 2-{2-[2-(4-{2-[4-(tert-butoxycarbonyl-methyl-
amino)-phenyl]-vinyl}-phenoxy)-ethoxy]-ethoxy}-ethyl ester) (FBB precursor) and (4-[(E)-2-(4-{2-
[2-(2-["®F]fluoroethoxy) ethoxy] ethoxy} phenyl) vinyl]-N-methylaniline) (FBB reference standard)
were generously provided by Life Molecular Imaging GmbH as a part of ['®F]Florbetaben
synthesis kits (Life Molecular Imaging GmbH, Berlin, Germany). Dry scavenger (to prevent
radiolysis), consisting of sodium ascorbate with L-ascorbic acid (87:13 w/w), was also obtained
from the same ['®F]Florbetaben kits. All reagents were used as received without further
purification. Ultrapure 18 MQ H2O was obtained from a Milli-Q Integral 3 purification system

(Millipore Sigma, St. Louis, MO, USA).
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Stock K222/K2CO3 solution (for ['®F]FBB synthesis) was prepared by first making an
aqueous 61 mM K>CO3 mixture and adding K222 to reach 85 mM concentration. Stock solutions
were prepared for FET precursor (6 mM in MeCN:TA 1:1 (v/v)), FBB precursor (8 mM in
DMSO), and for ["®F]FET collection solution (1:1 MeOH:H,O (v/v)) and ['®F]FBB collection
solution (1:1 MeCN: H20 (v/v)). Acid mixture used for deprotection in both syntheses was made
by mixing MeCN and HCI 1:1 (v/v). Scavenger solution for ['"®F]FBB was prepared either at 33
mg/mL or 10 mg/mL in H,O. Formulation dilution solution for ['®F]FBB contained 39 mg/mL of

dry scavenger in a 4:13 (v/v) mixture of PEG 400 and H-O.
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Figure 5.1 Schematic of automated droplet synthesis

(A) Photographs of a disposable reaction chip (left) and automated droplet synthesizer (right).
(B) Top view schematic of dispenser arrangement for a multi-step droplet synthesis. (C)
Simplified schematic showing position of rotating platform during various steps of a typical
radiosynthesis (reagent addition, heating, and collection of crude product).
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5.2.2 Automated droplet synthesizer

Radiosyntheses were performed in droplet format on the surface of disposable silicon-
Teflon chips (surface-tension trap (STT) chips) and using an automated radiosynthesizer
system to dispense reagents and recover syntheses products (Figure 5.1 Schematic of
automated droplet synthesisA) (708). Each 25.0 x 27.5 mm? chip was coated with hydrophobic
Teflon layer with an etched hydrophilic circular reaction site (4 mm diameter), which acted as a
surface-tension trap to confine reagents during the multi-step radiosynthesis. The details of the
STT chip fabrication were previously reported (708). The chip was placed atop a heater that can
rotate, and reagents were delivered by piezoelectric dispensers arranged in a circular pattern
above the chip. Dispensers were calibrated and primed before use as described previously
(106).

The basic operation is illustrated in Figure 5.1 Schematic of automated droplet
synthesisB For each reagent addition, the heater and chip were rotated to position the reaction
site under the corresponding dispenser, and then the desired amount of the reagent was added
to the reaction site. During the heated reaction steps the chip was positioned so that the
reaction site is not directly under any of the dispensers. For crude product recovery, the chip
was first rotated to position the reaction site under collection solution dispenser, and after the
solution was dispensed, the reaction site was positioned under the collection tubing. When the
retractable collection tubing was lowered into the droplet (with end of tubing ~0.5 mm above the
chip surface) the vacuum was applied to transfer the droplet to the product collection vial. The
collection process was repeated 4 times.

For synthesis with high (up to multi-GBq) starting activities, the volume of ["®F]fluoride
solution needed exceeds the optimal capacity of the reaction site (~30 uL for aqueous
solutions). In the previous work reported by our group, the activity was scaled up by interfacing
with an upstream micro-QMA cartridge system (707,713). In this work we focused on simpler

and faster approach of drying in smaller increments. The desired quantity of ['®F]fluoride was
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pre-mixed with appropriate base in optimal amount, then dispensed and dried on chip in

portions of up to 30 uL at a time. Up to 4 droplets were used to load activities in the range 0.02

-4 GBq.

8FIfluoride/ PTC ) Evaporative
[*FHfiuoride .y , formulation

‘ P —= ) or [ -

Reagents ) Analytical scale Automated SPE |

HPLC purification formulation Sterile 1l N
. filtration e [ Q.C
Crude synthesis using i 7 testing
J

dropletradiosynthesizer

Figure 5.2 Tracer preparation scheme

PTC = phase transfer catalyst. SPE = Solid-phase extraction.

Following crude synthesis of the tracers, purification was achieved using analytical-scale
HPLC with a tracer-specific method reported previously (50,709). Then the tracers were
reformulated either by evaporation and resuspension (['®F]FET)(50), or automated solid-phase
extraction (SPE) (['®F]FBB) (709) (Figure 5.2).
5.2.3 ['|F]FET synthesis

The production of ['"®F]JFET was performed using identical reaction conditions as
previously reported for manual droplet-based synthesis (560) adapted from a conventional 2-step
synthesis route (7187,790). In this earlier work, automation was achieved using a previous
generation design of microfluidic chip with tapered hydrophilic channels to transport reagents
passively from fixed loading sites to the central reaction zone (7106), and the synthesis here was
adapted from the manual reactions performed on chips containing only a 4 mm circular
hydrophilic reaction site (50).

The synthesizer was set up by loading stock solutions into reagent dispensers as
indicated in Table 5.2. As the last setup step, the desired activity of ['®F]fluoride was mixed with
1.5 pL of 0.075M TBAHCO:s (i.e. 113 nmol TBAHCO3) and loaded in the corresponding

dispenser. The 2-step (fluorination and deprotection) crude synthesis was carried out as shown
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in Figure 5.3A. The ['®F]fluoride / TBAHCO; solution was loaded 30 uL at a time, each droplet
dried at 100 °C for 1.5 min. To the dried residue, precursor solution (10 yL) was added and the
radiofluorination step was performed (5 min, 90°C). Acid mixture was then added to perform
deprotection (3 min, 90°C). 20 uL was added at the beginning, and another 20 pyL was added
after 1.5 min. The crude mixture was recovered with FET collection solution (4x20 uL). To
obtain purified ["®F]FET, the crude collection mixture was diluted with 100 yL water (to lower
MeCN concentration, improve separation quality and reduce losses during sample transfer) and
injected into analytical radio-HPLC for purification (conditions described below). The ['®FIFET
peak was collected in a pyrex vial (WHEATON® V vial 5 mL, Millville, NJ, USA), evaporated to
dryness in an oil bath at 120 °C and resuspended in 5 mL of sterile saline. The formulated
product was sterile filtered (13 mm diameter, 0.22 mm pore size, PVDF membrane;
Fisherbrand™, Waltham, MA, USA) into a sterile product vial (2 mL, ALK, Denmark) and
samples taken under aseptic conditions for QC testing. Batches intended for QC testing used at

least 1 GBq of starting ["®F]fluoride activity.
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Figure 5.3 Synthesis routes for (A) ['®F]JFET and (B) ['®F]FBB
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5.2.4 ['*F]FBB synthesis

Automated production of ['®F]FBB in droplet format, adapted from a 2-step conventional
synthesis route Figure 5.3B using a Boc-protected precursor (207), was previously reported
(709). In this work the volume of precursor solution was increased from 10 to 15 pL to reduce
sensitivity of the reaction performance (709) in case of dispensing errors associated with the
viscous DMSO-based precursor solution.

The configuration of dispensers is described in Table 5.2. The desired activity of
["®Ffluoride was mixed with 4.5 uL of K222/K2CO3 stock solution (i.e. 383 nmol K2z, 275 nmol
K2COs3) and dispensed 30 uL at a time, with each droplet dried at 100 °C for 1.5 min. To the
dried residue, precursor solution (10 or 15 pL) was added, and then the chip was heated for 5
min at 130 °C to perform radiofluorination of the precursor. Then, the acid solution was added
(20 uL at t=0, and another 20 pL at t=1.5 min) to remove protecting groups (5 min, 90°C). The
product was recovered with FBB collection solution (4x20uL) into a vial pre-filled with 64 pL of
33 mg/mL scavenger solution, diluted with 50 pL H20, and purified via analytical HPLC
(conditions described below). The purified product was formulated via SPE using an automated
system (7109), from where it was eluted in ethanol and diluted with formulation dilution solution to
achieve 15% EtOH concentration in a final volume of 5 mL, and sterile filtered (Whatman®,
Anotop® 10 mm diameter, 0.02 um pore size; Cytiva, Marlborough, MA, USA). Samples were
taken for QC testing. Batches intended for QC testing used at least 2 GBq starting activity. In
case of samples analyzed with the Tracer-QC system, the elution step during formulation was

performed with 150 yL EtOH, and the final formulated volume was 1 mL.

Tracer ['8FIFET ['8F]FBB
Dispenser 1 ['®F]fluoride / TBAHCO3 ['®F]fluoride / K222 / K2CO3
Dispenser 2 FET precursor solution FBB precursor solution
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Dispenser 3 FET deprotection solution FBB deprotection solution
Dispenser 4 FET collection solution FBB collection solution

Table 5.2 Reagent setup in automated droplet synthesizer for syntheses of ['*F]FET and
['®F]FBB.

5.2.5 Analytical methods

A calibrated ion chamber (CRC 25-PET, Capintec, Florham Park, NJ, USA) was used to
perform radioactivity measurements. Radioactivity recovery was determined by dividing
radioactivity of collected crude product by the amount of starting activity (correcting for decay).
Fluorination efficiency was determined from radio-TLC as a percentage of desired product in the
crude product. Crude radiochemical yield (crude RCY) was calculated by multiplying
radioactivity recovery and fluorination efficiency. Overall RCY is a ratio of final formulated
product activity to the starting activity. Molar activity was quantified based on isolated product
radioactivity collected after HPLC purification and area under the corresponding UV peak of the
purification chromatogram converted to molar quantity using a calibration curve.

Fluorination efficiency was determined via radio-thin-layer chromatography (radio-TLC).
For ['8F]FET, silica gel 60 F254 plates (Merck KGaA, Darmstadt, Germany) were cut into 15 x
60 mm pieces (with 40 mm developing distance), spotted with 0.5 uL of the sample and
developed in 80% (v/v) MeCN in H20. TLC plates were analyzed with a Cerenkov luminescence
imaging system as previously described (777). Retention factors of the observed radioactive
species were: 0 (['®F]fluoride), 0.3 (['®F]FET), and 0.8 (fluorinated intermediate). For ['®F]FBB,
reverse phase TLC plates (RP-18 silica gel 60 F254 sheets; aluminum backing; Millipore Sigma,
St. Louis, MO, USA) were prepared and used in a similar fashion, but developed in 90% (v/v)
MeCN in H,0. Retention factors of the observed radioactive species were: 0.0 (['®F]fluoride), 0.4

(['"®F]FBB), and 0.8 (fluorinated intermediate).
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Radio-HPLC analysis and purification were performed on an analytical-scale Smartline
HPLC system (Knauer, Berlin, Germany) with 200 uL injection loop, a pump (Model 1000),
degasser (Model 5050), UV detector (Model 2500) and a radiometric detector (Bioscan B-FC-
4000, Bioscan Inc., Washington DC, USA). Samples were separated using a C18 column
(Luna, 5 ym particles, 100A pores, 250 x 4.6 mm, Phenomenex, Torrance, CA, USA) with guard
column (SecurityGuard C18, Phenomenex). For ['®F]FET, separation was performed
isocratically using 10% (v/v) EtOH in H20 at a flow rate of 1 mL/min, and UV absorbance was
measured at 269 nm. The retention time of ['®F]fluoride was ~2-3 min, and ~5 min for ['®F]FET.
The fluorinated intermediate and other impurities were eluted off the column by switching the
mobile phase to 95:5 (v/v) MeCN:H,O. For ['®F]FBB, the mobile phase was 60:40 (v/v) MeCN :
25 mM phosphate buffer at a flow rate of 1.5 mL/min, and UV absorbance was measured at 254
nm. The observed retention times were ~2-3 min for ['®F]fluoride, 6 min for ['®F]FBB, and 14 min
for the fluorinated intermediate.
5.2.6 Conventional quality control testing

Quality control tests were performed on 3 consecutive batches of ['®F]FET and 3
consecutive batches of ['®F]FBB. The details of the conventional QC are described below.
Quality control tests for appearance, pH, radionuclide purity and identity, bacterial endotoxins,
sterility, radiochemical and chemical purity were determined as previously described (107).
Molar activity

Molar activity was estimated by quantifying amount of the tracer in purification
chromatogram using ultraviolet (UV) peak and cold standard calibration curve, then dividing by
radioactivity of the isolated product after purification.

Residual content of TBAHCO;

Residual TBAHCO3, which has acceptable limit of 2.6 mg/V, in the purified sample was

determined using a thin-layer chromatography (TLC) spot test method reported by Kuntzsch et
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al. (246). For 5 mL formulation volume the calculated limit would be 520 mg/L, however the
expected quantity of TBAHCO3; would be much less. Thus, a low concentration standard
solution of TBAHCO3 (45 mg/L) was created and spotted alongside the formulated ['®F]FET (2
uL) onto a silica TLC plate (JT4449-2, J.T. Baker, Center Valley, PA, USA), and air dried. 10 pL
of a developing solution (0.72M NH4OH in 90% MeOH) was added on top of each spot, dried,
and then the TLC strip was developed in a chamber containing iodine crystals for 1 min. The
color intensity of the spot of the purified sample was compared to that of the standard solution to
confirm the residual amount was below the injectable limit.

Residual content of Kz,

Residual kryptofix content was determined using a TLC spot test as reported by
Halvorsen and Kvernenes (247). The iodoplatinated TLC strips were prepared according to the
reported procedure. The standard solutions containing 50 pg/mL (injectable limit) and 12.5
ug/mL of kryptofix in a formulation matrix identical to ['®F]FBB formulation matrix were prepared.
2 uL of ['®F]FBB sample was spotted alongside the standards onto a iodoplatinated TLC strip,
the spots were air dried followed by addition of 1% H2O: (2.5 yL). After 1 min of drying the
sample spots were analyzed for K2, content.

Residual solvent analysis

The concentration of residual solvents (i.e. methanol, acetonitrile, thexyl alcohol, ethanol
and DMSO) was determined using gas chromatography mass spectrometry (GCMS).

Residual solvent analysis of ['"®FIFET samples

Gas chromatography mass spectrometry (GC-MS) measurements were carried out on a
GC system (6890N, Agilent) equipped with mass spectrometry detector (5975 MSD) and
autosampler (7683B). The instrument was controlled by Enhanced Chemstation software
version E.01. The inlet was operated in split mode at 250 °C. Ultra-high purity He (Airgas West,
Culver City, CA) was used as the carrier gas with the flowrate set to 1.2 mL / min. Separation

was carried out on a 30 m x 250 pm x 0.25 ym DB-Wax column (Agilent J&W). The GC oven
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was initially held at 70°C, heated to 140 °C at 10 °C/min, and then heated to 260 °C at 30
°C/min. The MSD was operated in the scan mode and used El ionization.

Instrument response for known concentrations of pure analytes in butanol was
measured to determine the analyte concentrations in the samples. More specifically, a 4-point
calibration curve was generated for all solvents (MeOH, MeCN, TA, EtOH). The concentration of
the residual analytes was then interpolated from this calibration curve.

Residual solvent analysis of ["®F]IFBB samples

The concentrations of residual solvents (i.e. acetonitrile, DMSO, ethanol) were
determined using headspace gas chromatography mass spectrometry (GCMS). To 100 yL of
each sample, 1 pL of 2Hs-DMSO was added as an internal standard. For acetonitrile and
DMSO, an aliquot (10 uL) of each sample was transferred to 10 mL glass headspace vials fitted
with magnetic caps. For measurement of ethanol concentrations, the samples were diluted 1 to
100 with water prior to the transfer. Samples were incubated for 20 min at 200 °C with gentle
agitation every 10 seconds. After incubation, 1 mL of headspace vapor was withdrawn with a
heated (110 °C) syringe and injected onto a GC inlet (1/10 split, 250 °C). Ultra-high purity He
(Airgas West, Culver City, CA) was used as the carrier gas at constant flow (1 mL/min).
Separations were carried out on a bonded-phase non-polar fused silica capillary column (60 m x
250 pym x 0.25 ym Zebron ZB-5plus column, Phenomenex). The GC oven was initially held at
50°C for 2 min, then was heated to 250 °C at 10 °C/min. The end of the column (GC/EI-MS
transfer line at 250°C) was inserted into the El source (200°C, 70 eV) of a high resolution
Orbitrap mass spectrometer (Thermo Scientific Q Exactive GCMS, calibrated with
perfluorotributylamine immediately prior to the analysis of each batch of samples), scanning
from m/z 30-500 at a resolution (FWHM) of 60,000. Data were collected with instrument
manufacturer-supplied software (Thermo Xcalibur v4.1). Instrument response from known
concentrations of pure analytes in PEG400/water mixtures containing the same amount of

internal standard was measured to determine the analyte concentrations in the samples. More
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specifically, a five-point calibration curve was generated for all three solvents at the following
concentration levels: 0, 25.625, 51.25, 102.5, and 205 PPM for acetonitrile; 0, 312.5, 325, 1250,
2500 PPM for DMSO; and 0, 3.75, 7.5, 15, and 30% (w/v) for ethanol. Calibration curves for
acetonitrile and ethanol were constructed by directly comparing absolute peak area (ordinate)
and solvent concentration (abscissa). On the other hand, for the DMSO calibration curve, ratios
of DMSO/?Hs-DMSO peak areas were used as the ordinate to account for potential sulfoxide
oxidation.
5.2.7 Tracer-QC automated quality control testing

An additional 3 batches of ['®F]FBB were prepared and transported to Trace-Ability, Inc.
(Van Nuys, CA, USA), and tested using an automated QC testing system (Tracer-QC, Trace-
Ability, Inc.).
Color

A spectrophotometric measurement of the sample is performed together with a positive
control solution containing one or more color standards with known absorbance.
Clarity

A turbidimetric analysis of the sample along with positive and negative control solutions
is conducted through spectrophotometric measurements.
pH

The solution to be analyzed is mixed with an indictor solution, which produces a pH-
dependent change in the indicator’s absorbance spectrum within the sample and indicator
mixture.

Bacterial Endotoxin

Enzymatic activation of serine proteases from horseshoe crab amebocyte lysate by
interaction with bacterial endotoxin is used to produce a chromogenic signal that can be

analyzed spectrophotometrically.
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Radioactivity Concentration

The radioactivity of an aliquot of sample solution is determined from the intensity of its
radioluminescent emission.

Radionuclidic Identity (Half-life)

The time-dependent radioactivity of an aliquot of sample solution is determined from the
intensity of its radioluminescent emission.

Chemical Identity, Chemical Purity, and/or Chemical Content via High Performance Liquid

Chromatography (HPLC)

While chemical identity, chemical purity, and chemical content are all separate
properties that each have distinct meaning and corresponding product specification, in common
practice they can be derived from the same experiment simultaneously in cases where a
product specification calls for the determination of more than one. In addition, these tests can be
carried out concomitantly with determination of radiochemical identity, radiochemical impurity,
and/or specific identity. For the Tracer-QC platform, all liquid handling required for sample
preparation and injection is handled by the pipetting robot, mated to a conventional HPLC
system utilized to set flow rates and/or gradients and detect elution of compounds.

Radiochemical Identity, Radiochemical Purity, and/or Specific Activity via Radio-HPLC

While radiochemical identity, radiochemical purity, and specific activity are all separate
properties that each have a distinct meaning and corresponding product specification, in
common practice they can be derived from the same experiment simultaneously in cases where
a product specification calls for determination of more than one. In addition, these tests can be
carried out concomitantly with determination of chemical identity, and/or chemical purity.
Determination of specific activity is not a separate experiment per se, but requires determination

of radioactivity concentration, chemical content, and radiochemical purity.
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5.2.8 Tracer-QC

Tracer-QC enables complete automation of PET tracer QC relying on a plate reader,
liquid handler and HPLC that are integrated and operating as one system enabled by software
and disposable kits (Figure 5.4). This concept uses optical measurements for all non-
chromatographic QC tests augmented with seamless integration of an HPLC. The most
innovative concept in this solution is in the indicators contained in the kit that produce optically
detectable signals upon interaction with the PET tracer sample that can be translated into the
measurements of the properties relevant to QC. Table 5.3 summarizes the tests developed for

FBB and compares traditional QC solution to the approach utilized in Tracer-QC.

Tracer-QC Kit =

s Pijpetting Robot

Software
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Figure 5.4 Tracer-QC setup
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QC Test Conventional method Tracer-QC method
Color visual assessment
Clarity visual assessment
pH indicator + visual assessment | absorbance measurement
Kryptofix spot test + visual assessment | (with disposable indicators)
Endotoxin concentration PTS reader
Acetonitrile Gas Chromatograph

Radionuclidic identity (T4,)

Dose calibrator + clock

Radioactivity concentration

Dose calibrator + syringe

emission measurement
(with disposable scintillators)

Radiochemical Identity/Purity

rHPLC integrated in Tracer-QC

Stand-alone HPLC supported by disposable kit

Chemcial Identity/purity

Specific Activity

Table 5.3 Automation of ['®FJFBB Quality Control Testing

The principle of operation of Tracer-QC consists of the following aspects.

(1) Generation of optical signals. For color and clarity the signal is the
spectrophotometric measurement of absorbance of light passed through the sample in the plate
reader. For pH, kryptofix, endotoxin and acetonitrile the sample’s interaction with an indicator
designated for each of the tests (and mixed with sample by the robot) leads to unique changes
in the absorbance spectrum. For radionuclidic identity and radioactivity concentration, the signal
is a luminescence measurement detecting the emission of light from scintillating materials that
interact with the radioactive sample in the kit. For the HPLC group of tests the signals are the
UV and radio-chromatograms generated by traditional HPLC detectors.

(2) Interpretations of signals. Tracer-QC software processes the obtained signals in
context pf pre-set parameters and measurements from reference standards to determine the
values of all QC parameters listed in Table 5.3. Each test has automated suitability checks

which confirm whether the produced measurement is valid. After values have been calculated
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and verified for all QC tests, the software produces a comprehensive report with these values
along with acceptance criteria and pass/fail determination.

These principles allow the entire QC process to be automated and objective while
supporting completely traceable and tamper-free data flow from raw measurements to the
report. Robustness of the methods is assured by elimination of human factor and nearly
complete elimination of multi-use surfaces (except HPLC) enabled by the disposable kit. The
user interaction with Tracer-QC is minimal. The user installs the kit, initiates the program,
delivers the sample, triggers the analysis and collects the report. After the process is complete
and used kit is removed, the system is ready for the next analysis without any further
preparation.

The tests listed in Table 5.3 have been developed and validated individually and then
merged into an integrated protocol for automated execution. They have been subsequently
verified or re-validated as suitable for Quality Control Testing of ['®F]FBB produced on the
miniaturized platform. The effects of unique composition of ['®F]JFBB resulting form such

synthesis were studied and reflected in method development and validation.
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Measurement

["®F1fluoride drying (%)

Product collection efficiency (%)
Residual radioactivity on reactor chip (%)
Residual radioactivity on cover plate (%)
Total volatile radioactivity loss (%)
Radiochemical conversion (%)

Crude RCY (%)

Can be automated? (Y/N)

Estimated volatile radioactivity loss during

STT reactor
(open)
(n=4)
15

4042
210
N/A

5912

7216

2944
Yes

Teflon-silicon
reactor (closed)
(n=3)

15

58+1
2+0
13+1
26+2
49+1
28+1
No

Teflon-glass
reactor (closed)
(n=3)

0

4146
16+1
14+3
28+4
66+7
27+4
No

Table 5.4 Performance of droplet-based ["®F]FET low activity synthesis on several
platforms.

5.3 Results

5.3.1 ["®F]JFET production and testing

In initial synthesis runs with <20 MBq starting activity, the automated droplet synthesis

exhibited very good 70 + 9% (n=9) crude RCY. Notably, this was higher than the previously

reported manual droplet-based synthesis (59 + 7 %, n=4) (50) or automated results using the

passive-transport droplet-based synthesizer (54 + 6 %, n=5) (50). Additionally, the system had

an improved synthesis time of 18 min compared to 24 min or 19 min for manual or passive

transport automated system respectively. Detailed comparison of various parameters is shown

in Table 5.4. Previous work with ['®F]fallypride showed similar improvements when transitioning

from the passive-transport (PT) chip to the STT chip (708).
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Figure 5.5 Performance of crude ['®F]FET droplet-based radiosynthesis as a function of
starting activity

(A) Crude RCY. (B) Radioactivity recovery. (C) Fluorination efficiency. Note that the x-axis is
plotted on a logarithmic scale, and a logarithmic trendline is generated for all graphs.

The impact of increased starting activity on the performance of the crude synthesis was
also explored (Figure 5.5). A modest decrease in crude RCY was observed, dropping from
~65% to ~40% as activity was increased in the range 0.2 to 3.5 GBq. The crude RCY is a
product of radioactivity recovery and fluorination efficiency and both these parameters show a
slight decrease with increased starting activity. A similar result was previously observed with

["®FIfallypride synthesis (107).
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Figure 5.6 Example HPLC chromatograms for ['®F]JFET

(A) Crude product. (B) Formulated product. (C) Formulated product co-injected with reference
standard.

Three batches of purified and formulated ['®F]JFET were prepared for QC testing. The overall

synthesis time, including purification and formulation, was 60 min. For these batches, the
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synthesis exhibited 20 + 3% (n=3) overall activity yield, >99% radiochemical purity, and high
molar activity (570 + 140 GBg/umol, n=3; EOS). The batches all passed QC tests (Table 5.5).

Example chromatograms during ['®F]FET purification and assessment of radiochemical purity

and identity are shown in Figure 5.6.
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Test Testing Criteria Batch 1 Batch 2 Batch 3
Appearance Clear, col?{:;aess, particle Pass Pass Pass
Radioactivity 7.4-74 MBg/mL [0.2-2 | 47 MBg/mL [1.3 56 MBg/mL [1.5 46 MBg/mL [1.3
concentration mCi/mL] mCi/mL] mCi/mL] mCi/mL]
. . > 37 GBg/umol [1 Ci/ 420 GBg/umol 697 GBg/umol 595 GBg/umol
Molar Activity umol] [11.4 Cilumol]  [18.8 Cifumol]  [16.1 Ci/umol]
Radiochemical Retention time ratio of
identit radio peak vs cold 1.0 1.0 1.0
y standard (0.9-1.1)
Chemical purity
< 2.6 mg/V*
a) TBAHCOs (<520 mg/L*) <45 mg/L <45 mg/L <45 mg/L
MeCN < 410 PPM N.D.** N.D. N.D.
b) Residual solvents MeOH < 3000 PPM N.D. N.D. N.D.
TA <5000 PPM N.D. N.D. N.D.
EtOH < 10% N.D. N.D. N.D.
Radiochemical > 95% > 99% > 99% > 99%
purity
Radionuclide 104-115 min 109 108 110
identity
pH 4.0-7.0 5.0 5.5 5.5
Filter integrity > 50 PSI > 50 PSI > 50 PSI > 50 PSI
Stability on shelf
a) Appearance Pass after 240 min Pass Pass Pass
b) pH Pass after 240 min Pass Pass Pass
c) Rad|ochem|cal Pass after 240 min Pass Pass Pass
purity
Gar_nn!a ray 496-526 keV photons Pass Pass Pass
emission energy
Rac!lonucllde No less than 99.5% Pass Pass Pass
purity
Bacterla_l < 175 EUltotal batch Pass Pass Pass
endotoxin
- No colony growth
Sterility observed for 14 days Pass Pass Pass

Table 5.5 Conventional (manual) quality control testing results for 3 consecutive batches
of ["®*F]JFET

*V is a total maximum injection volume. **The limit is converted to a concentration for the 5 mL
formulated volume for comparison with the analytical results. . N.D. = not detected.
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5.3.2 ['®F]FBB production and testing

The initial runs using low (<20 MBq) starting activities were performed for syntheses with
2 different precursor volumes (10 puL and 15 pL). The crude RCY was similar in both cases (54
+ 9%, n=5 for 15 pL and 58 + 7%, n=6 for 10 pL) as were other parameters (Table 5.6). Using a
larger precursor volume helped to increase tolerance to any dispensing errors that may occur

due to the high viscosity of the precursor solution.

Precursor volume (L) 15 10 10
Automated or manual Automated Automated Manual
Number of replicates (n) 5 6 4
Radioactivity recovery (%) 636 69+9 66 + 6
['8F]FBB conversion (%) 869 86+9 96 £ 1
Crude RCY (%) 54 +9 587 6316
Residual activity on chip (%) 716 814 111

Table 5.6 A comparison of low activity droplet-based ['®F]FBB synthesis performance

Comparison shown for a manually versus automatically operated platform), and at 2 different
precursor solution volumes.
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Figure 5.7 Performance of crude ['®F]JFBB droplet-based radiosynthesis as a function of
starting activity

(A) Crude RCY. (B) Radioactivity recovery. (C) Fluorination efficiency. Note that the x-axis is
plotted on a logarithmic scale, and a logarithmic trendline is generated for all graphs.

The impact of starting activity on the synthesis performance was also investigated

(Figure 5.7). Across the range of 0.02 to 4.0 GBq, the crude RCY exhibited a slight decrease,

143



though the impact was negligible up to ~1 GBq of starting activity. Both the component
measurements radioactivity recovery and fluorination efficiency exhibited a similar trend.
Complete tracer production — microdroplet synthesis followed by analytical HPLC
purification and automated SPE formulation — took ~60 min and resulted in a radiochemically
pure (>95%) product. Three consecutive batches exhibited 15 + 4% (n=3) overall activity yield,
and high molar activity 480 + 190 GBg/umol (n=3; EOS). All batches passed necessary QC
tests for pH, residual solvents and purity (Table 5.7). Example chromatograms during ['®F]FBB

purification and assessment of radiochemical purity and identity are shown in Figure 5.8.

5.3.3 ['®F]FBB Quality Control with Tracer-QC

Another three consecutive batches were prepared for QC analysis with the Tracer-QC
system. This set of runs exhibited overall activity yield of 16 £ 4% (n=3) and molar activities of
490 + 130 GBg/umol (n=2; EOS). Each automated QC analysis produced a summary page
along with a detailed 26-page report. All samples passed all acceptance criteria for release of
the doses. The acceptance criteria for ['"®FJFBB QC are presented in Table 5.8 along with the
measurements performed by Tracer-QC. The demonstration with 3 consecutive samples

confirms consistency of both synthesis and QC.
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Test Testing Criteria Batch 1 Batch 2 Batch 3
Appearance Clear, colorless, particle free Pass Pass Pass
Radioactivity 45-5000 MBg/mL [1.4-135 | 83 MBg/mL [2.2 97 MBg/mL [2.6 151 MBg/mL [4.1
concentration mCi/mL] mCi/mL] mCi/mL] mCi/mL]
. . 593 GBg/umol 262 GBg/umol 583 GBg/umol
Molar Activity > 37 GBg/umol [1 Ci/umoll | 146 0’ Cijumol] ~ [7.1 Cifjymol] ~ [15.7 Cifumol]
Radiochemical Retention time ratio of radio
. . peak vs cold standard (0.9- 1.0 1.0 1.0
identity 1.1)
Chemical purity
a) Kaz2 < 50 mg/L <13 mg/L <13 mg/L <13 mg/L
MeCN < 410 PPM <10 PPM <10 PPM <10 PPM
b) Residual solvents DMSO < 5000 PPM 529 PPM 218 PPM 229 PPM
Ethanol < 15% 8% 7% 7%
Radiochemical > 95% 97% 98% 98%
purity
Radionuclide 105-115 min 113 112 113
identity
pH 40-8.0 55 55 55
Filter integrity > 50 PSI > 50 PSI > 50 PSI > 50 PSI
Stability on shelf
a) Appearance Pass after 240 min Pass Pass Pass
b) pH Pass after 240 min Pass Pass Pass
) F_{ad|ochem|cal Pass after 240 min Pass Pass Pass
purity
Gar_nn!a ray 496-526 keV photons Pass Pass Pass
emission energy
Radionuclide purity No less than 99.5% Pass Pass Pass
Bacterial endotoxin < 175 EU/total batch Pass Pass Pass
- No colony growth observed
Sterility for 14 days Pass Pass Pass
Table 5.7 Conventional (manual) quality control testing results for 3 consecutive batches
of ['®F]FBB.
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Test Parameter

Specification

QC Results

Batch #1 | Batch #2 | Batch #3
Color (mAU) <500 98.2 43.7 91.8
Clarity (NTU) <10 8.0 7.3 9.9
pH 45-75 5.2 5.3 5.3
Endotoxin (EU/mL) <7.5 <1 <1 <1
Acetonitrile (ug/mL) <410 <100 <100 <100
Kryptofix (ug/mL) <50 <50 <50 <50
Concentration (MBg/mL) 45 - 5000 ?;()élf(i@PM ??OOQ%M ‘11201 fCS@PM
Half-Life (min) 105 - 115 110.7 113.2 114.6
Chemical Identity (%RRT) 90 - 110 100.0 100.0 100.0
trans-FBB Content (ug/mL) <3.0 0.53 0.62 0.78
Stilbene-OMs Content (ug/mL) <3.0 0.00 0.00 0.08
BOC-Stilbene-TEG Content (ug/mL) <15 0.06 0.11 0.00
Unspecified Impurity Content (ug/mL) <5.0 0.00 0.00 0.00
’EZZESI%I;I?B Radiochemical Identity 90 — 110 100.0 100.0 100.0
cis-FBB Radiochemical Identity (RRT) | 1.12 — 1.16 gz:ecte ] gz:ecte ] gz:ecte .
cis/trans-FBB Radiochemical Purity (%) | =93 96.6 95.4 96.4
cis-FBB Radiochemical Content (%) <6% 0.0 0.0 0.0
Unspecified Radiochemical Impurity (%) | £ 7% 3.4 4.6 3.6
Specific Activity (GBg/umol) >3 Big PI\/I@ 1?029.9PM@ 12512 PI\((/_ID

Table 5.8 Tracer-QC quality control results for additional batches of ['*F]JFBB.
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Figure 5.8 Example HPLC chromatograms for ['*F]FBB

(A) Crude product. (B) Formulated product. (C) Formulated product co-injected with reference
standard.

5.4 Discussion

5.4.1 Comparison to conventional synthesis

Compared to conventional synthesis methods, we previously showed (using starting
activities <0.4 GBq) that microvolume syntheses overall result in shorter synthesis time (40 min
for ['®F]FET, 55 min for ['®F]FBB), good radiochemical yields while consuming 100-150x less
precursor. In this work we further demonstrate that the synthesis activity scale can be increased
up to 4 GBq with minimal modifications to the synthesis method. With higher starting activities
the synthesis time is slightly longer, due to the need to dry a larger volume of the radioisotope
solution, but still remains <60 min. The yields are comparable to the range reported for
conventional methods. Here, ['®F]FET was produced with 36 + 7% (n=3) overall yield and
generally, for conventional syntheses the reported yields vary between 20-40% (187,189, 190).
Microdroplet ['®F]FBB synthesis resulted in 23 + 3 % (n=6) overall yield comparable to 10-30%
yield range of most reported methods (2071,206,215,220(p94),221).
5.4.2 Activity scaling in droplet micro-radiosynthesizer

In previous work by our group, droplet-based synthesis of ['®F]fallypride was
demonstrated with starting activities ranging up to 41 GBq (707), highlighting the scalability of

the droplet radiosynthesis techniques. Up to 7.2 GBq of injectable ['®F]fallypride was produced,
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which would be sufficient for multiple clinical doses. This work further demonstrates that product
amounts of other clinically-relevant radiotracers (['®F]FET and [*®F]FBB) can be scaled up to
amounts sufficient for clinical PET scans.

One of the major challenges when scaling starting activity of a microvolume synthesis is
the relatively high volume of source aqueous ['®F]fluoride needed. Depending on the activity
concentration, loading a high amount of radioactivity requires volumes of ['®Flfluoride larger
than the capacity of a droplet micro-radiosynthesizer chip. With a radioactivity concentration of
~40 GBg/mL from our cyclotron, 100s of pL of volume is needed to load 10s of GBq into the
reaction chip. One approach for doing so is to use cartridge-based concentration methods.
Iwata et al. show trapping of ["®F]fluoride (up to 6 GBq starting activities) on a conventional
anion-exchange cartridge, and elution with MeOH containing Kryptofix 2.2.2 (K222) and
KHCO:s. The eluate was passed through a cation-exchange cartridge (to remove most of the
K222 / KHCO:s) and collected into a V-vial containing a small amount of K222 / KHCOs, followed
by evaporation of MeOH, and then the microvolume (<20 uL) of precursor solution was added to
perform the syntheses of ['®FIFET and ['®F]fallypride (97,7184). In previous work by our group,
up to 40 GBq of activity were concentrated using a custom micro-cartridge-based radioisotope
concentrator that could concentrate activity from several mL volume to a volume <30 pL (71713),
which was integrated upstream of a droplet reactor to produce ['®F]fallypride (707). Though
effective at concentrating the activity, the process took significant time, and efficient elution of
["®F1fluoride from the micro-cartridge required a significant amount of base, about 340 nmol
(707). A similar amount of base was used by lwata et al. where the amount of K222 / KHCOs
was estimated to be 200-520 nmol (97). In our previous work with ['®F]fallypride, the base
amount from the micro-cartridge was higher than the value obtained during optimization (via
direct addition of the base), requiring re-optimization of conditions due to the sensitivity to the
base/precursor ratio (107). Since previous optimization of ['®F]JFET synthesis in droplet format

used 113 nmol of TBAHCOs3 (50), a similar re-optimization would be necessary to integrate with
148



the micro-cartridge concentrator. In fact, based on previous optimization data (50), the precursor
quantity would need to be tripled to achieve adequate yields otherwise the fluorination efficiency
and consequently crude RCY would be very low.

To avoid this issue, in this work, we instead demonstrated that activity (up to 4 GBq) can
be scaled by directly loading and drying multiple 30 uL droplets of the ['®F]fluoride solution
(without using a cartridge), resulting in a significantly simpler procedure and more compact
synthesis system. This concentration method can be used with any amount of base (in contrast
to cartridge concentration method), allowing matching of the amount used in the optimized
droplet synthesis protocol, and eliminating the need for re-optimization. While it is possible to
load even higher activities with this method, drying a large volume (e.g. 1 mL) would require
many (33) droplets to be sequentially loaded and dried. With each evaporation cycle run for 1.5
min, drying of 1 mL would take approximately 50 min. We expect ~300-600 uL to be an upper
practical limit, which could be concentrated in 15-30 min, though for many applications, smaller
volumes and activity levels would be sufficient. For example, the concentration of 100 pL could
be completed in < 6 min, which can contain 4 GBq or more of activity, depending on target
volume and bombardment parameters. In this work it was shown for syntheses of ['®F]FBB that
using ~100 pL of ["®F]fluoride (~4 GBq) afforded up to ~0.7 GBq of injectable tracer, which is
sufficient for a typical clinical PET scan (~0.37 GBq per injection). If needed, additional tracers

could subsequently be synthesized from additional aliquots of ['®F]fluoride.

5.4.3 Impact of starting activity on synthesis performance

Increasing starting radioactivity in radiopharmaceutical syntheses (without changing
other conditions) can directly affect stoichiometry and amplify radiolysis effects. A slight
decrease in synthesis performance was observed for both ['®F]FET and ['®F]FBB as the starting

activity was increased. Both the fluorination efficiency and radioactivity recovery exhibited
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declines, resulting in moderately lower crude RCY (and isolated RCY). Performance was
relatively unaffected up to ~1 GBq starting activity, and then started to show some reduction. In
previous work with ['®F]fallypride, the decrease in crude RCY only became significant around 20
GBq (107), suggesting this effect is tracer dependent. Though the data in Figure 5.5 and Figure
5.7 represents crude RCY (before purification and formulation) to eliminate confounding factors
such as variations in purification or formulation efficiencies, the isolated RCY is expected to
follow a similar trend.

Interestingly, an efficient synthesis of ['®F]FET in microliter (10 yL) volumes was recently
demonstrated by Iwata et al. using small reaction vials (97). Based on the reported results, the
reaction yield was constant when starting activity was varied between 0.1 and 6 GBqg. Notably, a
higher amount of precursor was used, i.e., 180 nmol compared to 60 nmol in the current work. It
was also shown that introduction of additional fluorine-19 carrier does reduce the radiochemical
yields significantly (97). These results suggest that the precursor may become a limiting reagent
at some point, depending on activity scale and molar activity of the ['®F]fluoride source. We are
continuing to explore the exact mechanism(s) by which the increasing activity level affects the

yield and how the effect(s) can be mitigated.

5.4.4 Quality control testing

After synthesis, purification, and formulation, quality control (QC) testing of the
radiopharmaceuticals is a crucial step necessary to ensure safety prior to use in patients
(75,248-252). We performed QC testing by conventional methods for both ['®F]FET and
["®F]FBB on three consecutive batches each and showed suitability for use in patients.
However, these tests require an array of expensive analytical instrumentation, all of which
require space, maintenance, training, calibration, and documentation, making conventional QC
testing a time-consuming, expensive procedure (77,78). Furthermore, some of the tests require

manual handling of the radioactive batches resulting in high radiation exposure to the operator
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(79) and higher margin for human error or subjective interpretation. In our case, QC testing had
to be carried out in 3 different locations due to limited instrument availability in the research
setting. Pairing a compact microfluidic reactor system with a large analytical laboratory facility
undermines the economic advantages offered by microfluidic technology. In contrast, usage of a
novel compact automated QC testing platform, Tracer-QC (TraceAbility Inc., Van Nuys, CA) has
a potential to significantly reduce the overall footprint of tracer production instrumentation. Such
an automated approach reduces instrument cost and space requirements and the effort and
expertise needed to perform testing (77). We prepared additional three consecutive batches of
["®F]FBB and shipped them out for QC testing with this instrument. Notably, only one QC unit
(with HPLC) was needed to perform all necessary QC tests which were completed in 30 min
each, generating a detailed report with “pass/fail” result for all samples.

There is a number of aspects in which QC automation makes a difference. The top
three of them are:

(1) Ease and safety of use. Traditional QC requires highly skilled staff experienced with
a variety of analytical instruments. It also relies on high attention to detail and subjective
assessments that again require substantial experience. Finally, there is unavoidable handling of
unshielded radioactive samples. The automation offered by Tracer-QC eliminates the need for
any chemistry training or background. There are no subjective assessments and never a direct
line of sight between the user and unshielded sample. The instrument is also very easy to
maintain because of its simplicity, absence of cleaning and a large number of automated
internal diagnostics.

(2) Efficiency. It is the reason for synthesis miniaturization and the progress reported
herein makes a dramatic advance towards it. However, if efficient synthesis is followed by
traditional QC, that may negate its benefits. Therefore, for miniaturized synthesis to deliver its
maximum benefit to ['®F]JFBB and a multi-tracer portfolio, it needs to be coupled with compact

and efficient QC. Tracer-QC achieves this objective by freeing up the personnel (while it runs
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completely unattended), minimizing the footprint needed for addition of new tracers to a facility,
and simplifying maintenance and consumables inventory. Facilities utilizing QC automation
should be in position to increase their throughput and the number of PET tracers they support.
(3) Compliance. Tracer-QC takes the person out of the equation. It leaves no room for
missing a process, record or signature. It is completely objective and has uncompromised,
tamper-free and auditable data flow from raw measurements to reports. Finally, it eliminates

most contamination risks by using disposable kits.

5.4.5 Prospects for clinical use

Currently, producing radiopharmaceuticals for clinical use requires investment in a
radiochemistry laboratory set up for GMP production, typically with one hot cell and synthesis
module per tracer, and a suite of analytical equipment for performing QC tests. Alternatively,
such radiopharmaceuticals can sometimes be obtained under expensive contract arrangements
with radiopharmacy companies.

The microdroplet synthesis approach coupled with a benchtop automatic QC testing
system has the potential to establish a convenient dose-on-demand protocol for PET
radiopharmaceutical production suitable for clinical use that requires much smaller investment
and lab space, and would require very little of the traditional radiochemistry lab infrastructure
and equipment. Including this work, microdroplet synthesis methods have been shown to be
compatible with ['®F]fallypride (107), ['®FIFET, and ['®F]FBB syntheses at clinically-relevant
quantities, and ["®F]FDG (704,106,244,253), ["®FIFLT (115,244,254), ['®F]SFB (213,244),
["®FIFDOPA (106) at lower quantities.

The compact size of the microvolume radiosynthesis system opens up the possibility for
a benchtop, self-shielded system, that would require very little laboratory space, and enable the
production of tracers without the need for hot cells. To realize this new microscale paradigm for

radiopharmaceutical production, the microdroplet synthesis system has to be seamlessly
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automated from radioisotope dispensing to complete formulation within a compact system, and
would need to be enclosed within shielded and would require a mechanism to capture any
volatile radioactivity (86).

On the other hand, the Tracer-QC system is already used at multiple sites for testing of
clinical batches produced using conventional synthesis modules and could immediately be
integrated with a droplet synthesizer. Trace-Ability is expanding the application of Tracer-QC to
more PET tracers. With each new tracer, the incremental effort becomes smaller and smaller
since it relies on tests already developed for previous tracers and requires only concerted re-
validation effort. There are currently over 20 different QC tests enabled on Tracer-QC platform,
which are the most common ones applicable to a broad range of PET tracers.

One of the benefits of microfluidics is that it provides an intrinsic advantage in patient
safety of the final product due to the significantly reduced mass of reagents and thus of
impurities in the final product. In this work, the tracers synthesized using droplet
radiosynthesizer exhibited low amounts of impurities (residual solvents, TBA or Kz22) in most
cases below the detection limit. Notably, the starting amounts of toxic compounds is already low
and these quantities can potentially be even further reduced to be below acceptable threshold
potentially simplifying QC testing requirements. For example, in ['®F]FET synthesis the starting
amount of TBAHCO3 per reaction is 34 g in total while up to 2.6 mg per injection are allowed.
In ["®F]FBB synthesis 10 uL of DMSO are consumed per synthesis, and with the formulation
volume of ~2 mL it would guarantee that the limit of 5000 ppm will not be exceeded even if
purification failed to remove any of the DMSO.

At the same time, we are attempting to increase the activity scale of the synthesis,
improvements in scanner technology are requiring less activity for clinical PET scans. In
particular, recent developments with whole-body PET allowed to obtain good ['®F]FDG human
scans with only 25 MBq of administered activity (255), about ~10x lower than what is typically

injected. Such advancements mean that the modest sized batches produced here may each be
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suitable for many patients, or batches for one or a few patients could be produced at lower

activity levels, where the yields are slightly higher.

5.5 Conclusion

In this work we demonstrate the use of a compact automated microdroplet synthesizer to
rapidly produce batches of formulated ['®F]FET and ['®F]FBB with high yield and high molar
activity. In contrast to previously reported production of ['®F]fallypride on a microdroplet chip
which was coupled to a separated radionuclide concentrator to increase the synthesis scale
(707), the radioisotope was concentrated in this work using a simpler and faster approach still
capable of clinically-relevant synthesis scale.

Though a modest reduction in RCY was observed when scaling up, it is nonetheless
clear that droplet-based radiochemistry systems have sufficient scaling capacity to produce one
or more clinical doses, while offering many additional advantages including compact size,
reduced reagent usage, high molar activity (256). Future work will explore more deeply the
impact of scaling on reaction performance to determine mitigation strategies.

All batches of prepared radiopharmaceuticals passed clinical quality control
requirements using conventional testing protocols. The droplet-base synthesis uses much
smaller amounts of reagents than conventional methods, resulting in much lower quantities of
impurities, and tests for residual solvents and phase transfer catalyst passed by wide margins
(often undetectable amounts). Additionally, for the production of ['®F]FBB, an automated
benchtop QC testing system (Tracer QC, Trace-Ability, Inc.) was used enabling a faster and
more convenient approach. The benchtop quality control coupled with microdroplet synthesis
strategies have a potential to establish a robust and economical method for dose-on-demand
production of PET radiopharmaceuticals, without requiring large radiochemistry and analytical

chemistry facilities.
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Chapter 6: Isotopic exchange labeling of ['®FJAMBF3-TATE in
microliter volumes

6.1 Introduction

The use of PET (positron emission tomography) has revolutionized applications in
cancer diagnosis. To wit, PET provides dynamic, high-resolution spatio-temporal imaging of
tumor uptake and clearance of the injected radiotracer. New hybrid imaging machines, which
combine PET with CT (X-ray computed tomography) or MRI (magnetic resonance imaging), can
enhance tumor images with the superposition of anatomical features including bony structures,
soft-tissues, as well as blood flow for proper anatomical registration and assessment of

neovascularization (257).

The production of PET radiotracers requires the judicious use of one of several short-
lived positron-emitting nuclides, the choice of which is often dictated in part by the tracer’s
pharmacokinetics. Of the various PET isotopes in use, fluorine-18, however, is the only one that
can be produced at large scale (>37 GBq [1 Ci] per run) sufficient for production of many patient
doses in a single batch. With a moderate half-life, a track-record in FDA approval of '8F-labeled
radiotracers, low radiotoxicity, and the highest resolution of any PET nuclide due to a low
positron energy (258,259), fluorine-18 is the choice isotope for use in PET. Early on, 2-
["®Ffluoro-2-deoxy-D-glucose (['®FIFDG), 3'-["®F]fluoro-3’-deoxythymidine (["®F]FLT), and 1H-1-
(3-["®F]fluoro-2-hydroxypropyl)-2-nitroimidazole (['"®FJFMISO) (260) enabled cancer imaging
based on increased metabolism or hypoxia typical of most but not all cancers. Over the past
four decades, ['®F]JFDG has become the most extensively used radiotracer. Yet despite its
utility, it typically cannot assess tumor subtypes, and it can give both false negatives and

positives (261,262).
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Over the past two decades, cancer subtypes are increasingly being distinguished by
peptides that have emerged from the study of endocrinology and from various combinatorial
screens (263—-268) that were undertaken to identify target-based diagnostics and therapeutics
(269). Radiolabeled peptides have been used in clinical PET imaging to distinguish
pathologically distinct cell types via recognition of specific molecular targets — a feat that is
impossible with ['®FIFDG (270-273). Examples of such peptides include octreotate (274-278),
bombesin (279), folate (280-285), and RGD (286—288). Drugs based on peptides include
Lupron™ for prostate cancer, various octreotate analogs (e.g. Sandostatin™) for
neuroendocrine tumor treatment, the folate-vincristine conjugate Vintafolide™ for ovarian
cancer (289,290), as well as other potential therapeutic toxin conjugates (297,292). Undeniably,
peptides and other relatively large biologic entities provide the needed specificity and affinity for
specific recognition of pathognomonic targets, which when properly imaged can enhance
personalized diagnosis. In some cases, the same peptide that is used for PET imaging can be
engineered for theranostic applications that may include targeted therapy via
conjugation/chelation with a radiotoxin, chemotherapeutic, or used fluorescently to guide

surgical resections.

Given the molecular complexity of peptides and their general water solubility, peptides
have been typically labeled for both diagnostic and radiotherapeutic purposes by radiometal
chelation that simply involves heating a peptide-chelator conjugate in the presence of a
radiometal (e.g. gallium-68 or copper-64 for imaging or lutetium-177 for therapy). Nevertheless,
the use of radiometals for imaging poses several drawbacks, most notably a lack of scalability in
their production, the potential for transchelation of the metal in vivo (293-295), and generally
lower molar activities compared to those labeled with fluorine-18. Yet radiometal chelation
remains highly useful for imaging since the production of "®F-labeled peptides continues to be
challenged by the relatively short half-life of fluorine-18 (110 min) and more importantly, by both
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solvent and chemical incompatibilities. Anionic ['®F]fluoride is unreactive as a nucleophile in
water (296) whilst most peptides are insoluble in the dry aprotic solvents that are typically used
for "8F-labeling (297), and electrophilic fluorinating agents (e.g. ['®F]F2) pose problems including
non-selective reaction with cysteine, methionine and tryptophan and generally have lower molar
activity compared to anionic ['®F]fluoride. Hence, multistep syntheses are usually required such
as first synthesizing an "®F-labeled prosthetic for further conjugation to a peptide via a variety of
chemistries including biorthogonal “click” reactions. While feasible, multistep procedures
generally suffer from long reaction times and unwanted side-products. Hence any approach that

would simplify radiofluorination would be of considerable interest.

Recently, three new methods for one-step/late-stage '®F-labeling of peptides have
appeared: (1) triorganosilyl-fluorides that are labeled by "°F-'®F isotope exchange (IEX)
(160,298), (2) NOTA chelation of aluminum-fluoride (299-307), and (3) organoboronate esters
to capture aqueous fluoride as '®F-labeled organotrifluoroborates (RBF3s). While all three
methods are relatively simple, peptide-BF3 bioconjugates are labeled under fully aqueous
conditions and do not require HPLC purification. Nevertheless, to date, only a manual synthesis
has been reported for various peptide-BF3 bioconjugates. Moreover, conventional automated
radiosynthesizers are not suited to the relatively small reaction volumes needed to achieve high
molar activities that can be observed with ®F-labeled peptide-BF; conjugates (302). Hence,
emerging microfluidic platforms, which offer advantages such as faster synthesis times, reduced
reagent consumption, would be expected to afford the requisite low volumes that in turn would
increase molar activity values (91,720, 178) while also increasing both ease of use and access
to peptide-BF; tracers provided that such a platform could be configured for automated
preparation of such conjugates. Our work using electrowetting-on-dielectric (EWOD)

microfluidics for the droplet-based radiosynthesis of several ®F-labeled PET tracers (e.g.
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["®FIFDG, ["®FIFLT, ['®FIfallypride) (104,115,211,244) has provided compelling evidence that it

could be readily adapted to these novel peptide tracers.

To interface the unique microfluidic platform of the EWOD system with an aqueous
radiofluorination of a peptide-BF3 conjugate in a one-step automated synthesis with requisite
low volumes, we opted to investigate octreotate as there would be considerable interest if it
could be labeled with ["®F]fluoride on a microfluidic platform for eventual translation for imaging
neuroendocrine tumors (NETs). The previous report on the preclinical evaluation of the '®F-
labeled BF3-conjugate of octreotate, ['®FJAMBF3-TATE, showed excellent pharmacokinetic
properties, with high tumor uptake and high contrast ratios, in mice bearing AR42J tumor
xenografts (303) underscoring the potential utility of this particular octreotate-derived tracer. Yet
this report featured manual labeling within a fully shielded hot-cell using up to 37 GBq [1.0 Ci] of
no-carrier-added ['®F]fluoride consistent with clinical GMP guidelines and since then, there has
been no report of an automated synthesis of the same tracer, nor a report on microfluidic
synthesis, both of which would be of considerable import in terms of extending the means and
methods for producing, distributing, and translating this and other ®F-labeled peptide tracers.
Our choice for ['"®FJAMBF3-TATE is based in part on these previous results that now provide an
essential set of benchmarks in terms of radiochemical yields, molar activities, reaction times,
tumor uptake values and contrast ratios, all of which arguably would need to be recapitulated on
an EWOD microfluidic platform in order to consider is use in clinical translation and a means of

comparing microfluidic production compared to a manual synthesis.

In turn, an '®F-labeled octreotate might be expected to compete with [®*Ga]Ga-
DOTATATE, a DOTA-conjugate to the somatostatin analog octreotide that is now used routinely
in the United States to determine target expression and stage neuroendocrine tumors (304) for
diagnosis or patient stratification for radioligand therapy using ['"’Lu]Lu-DOTATATE, a

radiotoxin conjugate based on the same targeting peptide. The great success of SSTR2
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imaging using the Tyr-octreotate peptide has paved the way for U.S. FDA approval for
Advanced Accelerator Applications (AAA) of NETSPOT, a kit for the preparation of a single
patient dose of [®*Ga]Ga-DOTATATE injection. Notwithstanding the viability of [®*Ga]Ga-
DOTATATE, labeling with Ga-68 can make it difficult to meet the high imaging demand at some
facilities, while the development of an 8F-labeled analog, that could be made in larger multi-

patient-dose batches is of considerable practical interest.
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Figure 6.1 Radiosynthesis of ['®*FJAMBF;-TATE via isotopic exchange on a microfluidic
chip

In this paper, we pave the way toward automated production of such tracers by
demonstrating the straightforward radiosynthesis of ['®FJAMBF3-TATE (Figure 6.1) in
microdroplet format (720). Eventually, the microfluidic chip could form the basis for a compact,
inexpensive synthesis kit. Furthermore, herein we report preclinical imaging studies of human
SSTR2 transduced and rat SSTR2 wildtype murine xenografts, performed to provide direct
comparison of [®*Ga]Ga-DOTATATE and ['®F]JAMBF3-TATE in the same animals. To support
clinical translation, a dosimetry analysis of ['*FJAMBF:-TATE is also presented. The microscale
synthesis can readily produce clinically-relevant quantities and could be further scaled up using

techniques such as concentration of [*®F]fluoride (305) prior to introduction into the microreactor.
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6.2 Materials and methods

6.2.1 Reagents and materials

No-carrier-added ['®F]fluoride was produced by the (p,n) reaction of ['*0]H.0 (84%
isotopic purity, Zevacor Pharma, Noblesville, IN, USA) in an RDS-112 cyclotron (Siemens;
Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil. ["®F]FDG and
[®®*Ga]Ga-DOTATATE were obtained from the UCLA Biomedical Cyclotron Facility.

Acetonitrile (MeCN; anhydrous, 99.8%), methanol (MeOH; anhydrous, 99.8%), ethanol
(EtOH; 200 proof), aqueous ammonia solution (28% NHs in H20), and N,N-dimethylformamide
(DMF; anhydrous, 99.8%) and 0.2 um inorganic membrane filters (Whatman Anotop, catalog #
6809-3122) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Saline (0.9% sodium
chloride injection, USP) was obtained from Hospira Inc. (Lake Forest, IL, USA); pyridazine (
>99%) was obtained from Tokyo Chemical Industry Co., Ltd. (Japan), and hydrochloric acid
(HCI; 3N) was obtained from HAZCAT (Mariposa, CA, USA). All reagents were used without
further processing or purification. Deionized (DI) water was obtained with a purification system
(RODI-C-12BL, Aqua solutions, Inc., Georgia, USA). C18 cartridges (Sep-Pak Plus C18) were
obtained from Waters (Milford, MA, USA) and were preconditioned before use by flowing 10 mL
of MeOH followed by 15 mL of DI water. The AMBF3-TATE precursor was prepared as
previously described (303).

To prepare a batch of the reaction buffer, 720 uL pf pyridazine was added to 5mL of
DMF and 2.5 mL DI water in a 15 mL conical tube. The pH was adjusted to the range 2.0-2.5
with 3M HCI. The final volume was then adjusted with DI water until the final volume reached 10
mL. To prepare a batch of the quench solution (5% NHs aq. v/v), 1.8mL of 28% NH3; was diluted
in 8.2 mL of DI water.

pH test strips (0-14 range, Ricca Chemical Company), and TLC plates (Baker-flex silica

gel IB-F sheets 2.5x7.5 cm, J.T. Baker) were purchased from Thermo Fisher Scientific.
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6.2.2 Chip fabrication

Sulfuric acid (96%, cleanroom MB), hydrogen peroxide (30%, cleanroom LP), acetone
(99.5%, cleanroom MB), methanol (99.9%, cleanroom LP) were purchased from XMG
Electronic Chemicals Inc. (Houston, TX, USA). Tridecafluoro-1,1,2,2-tetrahydrooctyl
trichlorosilane (silane) was purchased from Gelest, Inc. (Morrisville, PA, USA), and Teflon AF
2400 1% solution was purchased from DuPont Fluoroproducts (Wilmington, DE, USA). Tape
(TimeMed Label Tape) was obtained from Fisher Scientific.

Glass substrates (25x25x1 mm) were cut from standard microscope slides, and placed
in a custom-made teflon rack. The slides were sonicated in acetone for 5 min, then in MeOH for
5 min. Next, the slides were rinsed with DI water and dried using a N> gun. The glass slides
were submerged in Pirahna cleaning solution (3:1 sulfuric acid (96%) and hydrogen peroxide
(30 %)) for 15-30 min. After cleaning, the glass pieces were extensively rinsed with DI water and
dried with nitrogen. Next, the slides were silanzed by placing them in a glass desiccator with few
droplets of silane, applying vacuum to the chamber for 5-10 min to reduce pressure, and then
sealing the chamber overnight. After silanization, chips were heated at 110°C for 10 min on a
hot plate. Teflon AF solution was spin-coated (Headway PWM 32, Headway Research Inc.,
Garland, TX, USA ) on one side of each chip using the following 3-step program: 500 RPM for
5s (ramp rate 100 RPM/s), 1000 RPM for 30 s (ramp rate 500 RPM/s) and 0 RPM (ramp rate
1000 RPM/s). After coating, the glass chips were heated on a hotplate at 160°C for 10 min, then
at 245°C for 10 min. Finally, the chips were baked in a Carbolite oven (HTCRG6 28 with 3216P1

programmer option, Carbolite Gero Ltd., UK) at 340°C for 3.5 h.
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6.2.3 Chip temperature control system

Heating was accomplished via a small rectangular 180 W ceramic heater with a built-in
thermocouple (CER-1-01-00098 Ultramic heater, Watlow Electric Manufacturing Co., St. Louis,
MO, USA). The thermocouple signal was connected to a data acquisition module (USB-201,
Measurement Computing, Norton, MA, USA). A custom program developed with Labview
(National Instruments, Austin, TX, USA) performed feedback control of the temperature via an
on-off algorithm triggering a solid-state relay to power the heater. The heater was affixed to a
thermoelectric (Peltier) device to enable heat insulation during heating steps and accelerated
cooling of the chip after these steps. The Peltier was fixed to a heatsink and fan. The chip was
placed on top of the ceramic heater with the Teflon-AF side up. A small amount of thermal paste
(OmegaTherm 201, Omega Engineering, Inc., Stamford, CT, USA) was used at all thermal

junctions.

6.2.4 Microdroplet radiosynthesis of ['"*FJAMBF;-TATE

The radiosynthesis was performed in droplets on microfluidic chips composed of Teflon-
coated glass substrates. These simple chips serve as surrogates for more sophisticated
electrowetting-on-dielectric (EWOD) chips (104,115,211) that could be used to perform fully-
automated droplet synthesis. A simple temperature control system was assembled to heat and

cool the glass chip (Figure 6.2).

B Heater
Spacer Droplet

Cover Spacer
chip ~y \ \ / /
%*F(—" Teflon coating

Bottom
i1 chip -7
| <— Peltier

Heatsink

Figure 6.2 Droplet synthesizer

(A) Photograph of heating setup and microfluidic reaction chip. (B) Schematic of the chip and
heating setup.
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["®FIAMBF;-TATE was synthesized via an isotopic exchange process at a trifluoroborate
group, similar to the SiFA methodology first introduced by Schirrmacher and Jurkschat in 2006
(760) . To maximize the molar activity, the synthesis (303,306) was adapted to the droplet scale
(720,183) to minimize the amount of precursor needed (Figure 6.3). Cyclotron-produced
aqueous ['®F]fluoride (up to 3.7 GBq [100 mCi], 100 uL) was deposited on the chip surface with
addition of equal volume of MeCN (up to 60 uL) and 10 pL saline; the chip was then heated at
105°C for 2-3 min until only a tiny droplet remained. 5 nmol of TATE-AMBF3 precursor,
dissolved in pyridazine-HCI buffer / DMF (5 L, 1M, pH 2.0-2.5), was loaded onto the chip and
mixed with the dried residue. Next, the droplet was covered with a second chip placed Teflon-
side down. This cover chip had narrow strips of tape adhered on the underside of 2 edges to
provide a separation between the plates of 150 um when assembled. The isotopic exchange
reaction was carried out for 15 min at 90°C. After removing the top chip, the reaction was
quenched by adding a 10pL droplet of 5% aq. NHs to the reaction droplet. Next, the product was
collected from the bottom chip by adding 20 pL of an EtOH/saline mixture (1:1 v/v) to the area
where the droplet was in contact with the chip surface, and then transferring the diluted crude
product with pipette into a clean vial. The process was then repeated with an additional 20 pL.

Residual crude product was collected from the cover chip using a similar process.

Step 1: Step 2: Step 3: Step 4: Step &:
Dry ['®F[fluoride Add precursor Cover chip Perform isotopic Open chip and
exchange reaction collect
Dried resid \ crude product
Reaction droplet ried resiaue

chi / Pipette
p
L 4
Heater / /

\ Spacer
Heat sinkw ‘ ‘ ‘ ‘ T

Figure 6.3 Schematic of the sequence of operations to perform the microdroplet
radiosynthesis of ['®FJAMBF;-TATE on the chip.

For preclinical imaging purposes the collected product was purified and formulated for

injection. It was first diluted with 5% aq. NH3 quench solution to a volume of 2 mL and then
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slowly passed through the pre-conditioned C18 Sep-pack to trap ['"®FJAMBF3-TATE. Next, the
cartridge was washed with 4 mL of DI water. Finally, ['*F]JAMBF3-TATE was eluted with 0.5 mL
EtOH/saline mixture (1:1 v/v), and diluted to £10% EtOH with 2.0 mL saline. The resulting
product was passed through a sterile 0.2 um filter into a sterile empty glass vial. If more
concentrated product was needed (i.e. to achieve at least 37-74 MBqg/mL [1-2 mCi/mL] for
imaging), the compound was instead formulated via an evaporation method. The ['®F]JAMBF3-
TATE was eluted from the cartridge with 2 mL EtOH into a glass vial with Teflon stir bar, and
then the solvent was fully evaporated with nitrogen gas flow (7psi) under vacuum for 3-5 mins at
90°C (using an ELIXYS FLEX/CHEM radiosynthesizer, Sofie Biosciences, Inc., Culver City, CA,
USA). Next, saline was added to redissolve the residue to the desired concentration and sterile

filtration was performed.

6.2.5 Analytical methods for evaluation of synthesis performance

To understand the performance of each step of the microscale synthesis, radioactivity
remaining at intermediate steps was measured, and samples were taken for radio-TLC and/or
radio-HPLC analysis.

Measurements of radioactivity were made with a calibrated ion chamber (CRC 25-PET,
Capintec, Florham Park, NJ, USA). For radio-TLC analysis, a small sample was transferred with
a glass capillary onto a TLC. The plate was developed in MeCN/H2O (1:1 v/v), and then
scanned with a TLC reader (miniGita star, Raytest, Inc., Wilmington, NC, USA). Rs for
["®Ffluoride was 0.0, and for ['"®FJAMBF3-TATE was 0.75. Radio-HPLC analysis was performed
using a Smartline HPLC system (Knauer, Berlin, Germany) with a pump (Model 1000),
degasser (Model 5050), a UV detector (Model 2500) and a radiometric detector (Bioscan B-FC-
4000, Bioscan Inc., Washington DC, USA). Samples were separated using a Luna C18 (4.6 x
250mm, 5um) column (Phenomenex, Torrance, CA, USA) with guard column (SecurityGuard

C18, Phenomenex) at a flow rate of 1 mL/min. UV absorbance was measured at 277 nm. A
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gradient program was used with the following solvents: 0.1% (v/v) TFA in DI water (solvent A)
and MeCN (solvent B). The solvent B concentration changed as follows: 5% from 0-2 min, 5-
35% from 2-7 min, 35-65% from 7-15 min, 65-100% from 15-20 min, 100% from 20-25 min, and
100-5% from 25-30 min. The retention time of ['®F]fluoride was 2-3 min, and that of ['*F]AMBF;-
TATE was 11-12 min.

Since ['®F]fluoride is not accurately quantified via radio-HPLC (307), we used the
following 2-step procedure to determine the radiochemical conversion (i.e. incorporation of
["®F1fluoride into ["®FJAMBF3-TATE) of collected crude samples. First, a radio-TLC
chromatogram was used to estimate the proportion of non-[*®F]fluoride species by computing
the area of the second peak and dividing by the sum of the areas of both peaks. Next, the radio-
HPLC chromatogram was used to compute the fraction of the desired product by taking the area
of the product peak and dividing by the sum of areas of all other peaks, except the ['®F]fluoride
peak. These two fractions were multiplied to determine the radiochemical conversion. The
radiochemical yield (RCY) of the final product was computed as the activity of purified
["®FIAMBF;-TATE divided by the activity of initial ['®F]fluoride, corrected for decay. Since not all
samples were purified, we also report the “crude RCY”, which is the activity of collected crude
['®FJAMBF3-TATE, multiplied by the radiochemical conversion (to determine activity
corresponding to ["®FJAMBF3:-TATE), divided by the activity of initial ['®F]fluoride.

Molar activity (commonly known as specific activity) was determined by standard
procedures. From the UV trace of a radio-HPLC injection, the area under the curve (AUC)
corresponding to the product was determined and converted to a molar amount using a
calibration curve (Error! Reference source not found.). The injected radioactivity was determined f
rom decay-corrected measurements of the sample vial and syringe before and after HPLC
injection. This radioactivity value was multiplied by the radiochemical conversion to determine
the radioactivity of ['"®FJAMBF:-TATE injected. The molar activity then was determined by

dividing this final radioactivity by the molar amount of AMBFs-TATE.
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Figure 6.4 Calibration curve for HPLC determination of molar amount of AMBF3-TATE.

6.2.6 Murine tumor models

To evaluate ["®F]JAMBF;-TATE in vivo, NOD scid gamma (NSG) mice (n=4) were first
engrafted with 1 x 10" AR42J cells (pancreatic NET model cell line naturally expressing SSTR2)
in the left shoulder on day -7 and 1 x 10° RM1 cells (murine control cells, SSTR2-negative) in
the right shoulder on day -3. This tumor inoculation protocol has been optimized to ensure
similar tumor sizes of about 50 mm?® at day 0 for both cell lines. On day 0 ['®F]FDG PET/CT
imaging was performed to assess tumor viability and size. PET/CT imaging with ['"®FJAMBF3-
TATE and [®®*Ga]Ga-DOTATATE were performed on day 1 and day 2, respectively. Across all
imaging days, AR42J tumors were 56 + 19 mm? and RM1 tumors were 111 = 59 mm?. (The
RM1 tumors were larger due to their faster growth rate beginning at day 0.) To indicate well-
preserved binding capability to the human receptor, RM1 cells stably transduced with human
SSTR2 were used (RM1-hSSTR2).

AR42J cells were purchased from American Type Culture Collection (ATCC; Manassas,

VA, USA), whereas the RM1 cells were kindly provided by Dr. Michel Sadelain (Memorial Sloan-
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Kettering Cancer Center, New York, USA). The cells were grown in Dulbecco's Modified Eagle's
Medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate (Cellgro, Corning Life
Sciences) and 10% fetal bovine serum (Omega Scientific) at 37°C, 20% O, and 5% CO.. For
tumor injection, the cells were harvested and resuspended in a 1:1 mixture of PBS (Gibco Life

Technologies) and Matrigel (Corning Life Sciences).

6.2.7 PET/CT imaging and biodistribution

PET/CT images were acquired using the integrated GENISYS 8 microPET/CT (Sofie
Biosciences). It has a PET subsection optimized for mouse imaging with an energy window of
150-650 keV and peak sensitivity of approximately 14% at the center of field of view (FOV). The
intrinsic detector spatial resolution is 1.5 mm FWHM in the transverse and axial directions. The
CT section consists of a gantry and flywheel that uses a 50 kVp, 200 pA x-ray source and flat-
panel detector. The CT acquires images in a continuous-rotation mode with 720 projections at
55 msec per projection, and reconstructed using a Feldkamp algorithm.

Tumor-bearing NSG mice underwent static imaging with ['®F]FDG and [®®Ga]Ga-
DOTATATE, and dynamic and static imaging with ['®FJAMBF3-TATE. For ["®*F]JFDG imaging, the
mice were fasted 4 hours prior to tracer injection. 0.74 MBq (20 uCi) of ['®FIFDG were
administered via tail vein injection. The mice were kept under 2% isoflurane anesthesia during
the tracer uptake of 1 h and 10 min static PET imaging. For [?®Ga]Ga-DOTATATE imaging, the
mice were injected with 1.1 MBq (30 pCi) of the tracer with conscious uptake of 1 h and 10 min
static PET. For ["*FJAMBF3-TATE imaging, the mice were injected with 1.1 MBq (30 uCi)
["®FJAMBF;-TATE via a tail vein catheter at the beginning of 1 h dynamic PET scans, followed
by 10 min static PET scans at 2 h. All mice received CT scans following each PET imaging.
Image analysis was performed using AMIDE version 1.0.5 imaging software (308).

For determining ['®FJAMBF3-TATE dosimetry, male C57BL/6 mice (n=3) were injected

with approximately 2.2 MBq (60 pCi) via a tail vein catheter at the beginning of 1 h dynamic PET
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scans, followed by static PET scans at 2 h (10 min acquisition), 4 h (15 min acquisition) and 6 h
(15 min acquisition). All mice received CT scans following each PET imaging. For improved soft
tissue identification, for the last CT scan mice were injected via tail vein catheter with 100 pL of
Omnipaque 350 immediately before start of the CT scan, followed by an additional injection of
100 pL during the first 30 s of scanning. Imaging biodistribution was confirmed by ex vivo
analysis: each mouse was sacrificed following its last imaging time point and organs (brain,
heart, lung, liver, kidneys, spleen, stomach, small intestine, large intestine, muscle, bone, bone
marrow and blood) were collected, weighed and counted using a gamma counter (Cobra Il
Auto-Gamma, Packard Instrument Co., Meriden, USA) with decay correction to time of

['"®FJAMBF;-TATE injection. Data were normalized to mass of the organs.

6.2.8 ['"®FJAMBF;-TATE dosimetry

From ['®FJAMBF3-TATE PET scans of 3 C57BL6 mice, the amount of radioactivity in
selected organs was quantified and absorbed doses were calculated based on the respective
time-integrated activity coefficients (TIACs; formerly known as residence times, RTs). The dose
extrapolation to humans involved scaling the biodistributions and the subsequent calculation of
the absorbed doses from the scaled biodistributions. The biodistribution scaling was performed
by two alternative methods. Method 1 was based on the assumption that the TIAC for the same
organ is the same in mice and humans (309,370). Method 2 considered a relative mass scaling
in which the TIAC value in a human organ is set equal to the TIAC value in the same animal
organ multiplied by the ratio of whole body and the respective mass of the human and the
animal organ(309,310).

TIACs were calculated using the software solution NUKFIT as described by Kletting et
al., choosing the optimal fit functions as proposed by the code (377). TIAC values for bladder

were calculated based on trapezoidal method. The absorbed dose calculation was performed
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for a selected group of organs using OLINDA/EXM v1.1 (372). Details on the methodology used

for extrapolating the mouse data to humans are provided below.

6.2.9 Calculation of time-integrated activity coefficients (TIACs)

The time integrated activity coefficient (TIAC, and previously called “residence time”)
was determined from non-decay-corrected microPET images of mice acquired from time 0 — 6
hr post-injection of tracer. A volume-of-interest (VOI) was drawn for each organ and the total
organ radioactivity at time t was determined using ex vivo weights (gram) or, if not available,
image-derived VOI volume assuming density of tissue was the same as water at 1 g/mL.
Organs that used the VOI volume were the gastrointestinal tract (stomach, small and large
intestines), kidneys, heart, femur, gallbladder, bladder, and total body.

Generally,

total_radioactivity,rgan (t) = mean_radioactivity_concentrationgrgan (t) * massgrgan

TIAC of each organ was determined using the NUKFIT software described by Kletting et al. with
input being total radioactivity of each organ across time, choosing the optimal fit functions as
proposed by the code (377).

For scaling to humans, TIAC was calculated using two different methods.

Method 1 is based on the assumption that the TIAC for the same organ is the same in
mice and humans (309,310).

TIACorgan Human = TIACorgan Mouse

Method 2 considered a relative mass scaling in which the TIAC value in a human organ

is set equal to the TIAC value in the same animal organ multiplied by the ratio of whole body

and the respective mass of the human and the animal organ (309).
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( organ mass in human )
total body mass of human
TIACorgan_Human = TIACorgan_Mouse * ( organ mass in mouse )

total body mass of mouse

For some organs, TIAC,rgan_Mouse Was calculated as follows:

TIAC of total red marrow

First, the fraction of radioactivity found in red marrow of femur relative to total femur was
determined ex vivo by flushing red marrow from femur and counting radioactivity in red marrow
and femur bone separately. TIAC of femur (bone + red marrow) was determined from microPET
VOI analysis. Finally, we scaled up the calculated TIAC for red marrow in femur to red marrow

in whole body based on literature values.

radioactivity in red marrow of femur) 1

TIACred_marrow = (TIACfemur * * 0.11

radioactivity in femur
where 0.11 is a scaling constant representing the estimated fraction of red marrow mass in
femur to red marrow mass in whole body of mice based on reported values (373) and calculated
as follows:

MasSred marrow = MaSSieft limb_marrow + MasSright limb_marrow + MasSspinal_cord

MasSyeq marrow = 0.0166 + 0.0168 + 0.1121 = 0.1455

InaSSleft_limb_malrrow _ 0.0166 011

scaling_constant = = =
& MasSred_marrow 0.1455

TIAC of total bone

We first calculated the TIAC for total skeleton (bone + red marrow) from microPET
images as follows, using AMIDE’s 3D isocontour function to create a VOI of the skeleton from
the corresponding CT:
total radioactivitygyeleton (t) = mean radioactivity_concentrationggejeton vor(t) * volumegyeleton vor

TIAChone = TIACskeleton — TIACred marrow
We assumed total bone is composed of 67% cortical and 33% trabecular bone:

TIACcortical_bone = TIACpppe * 0.67
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TIACtrabecular_bone = TIAChone * 0.33
TIAC of heart
Since radioactivity was relatively minimal in heart at later time points, we assumed heart
content and wall were 90% and 10% of total heart radioactivity, respectively:
TIACheart_content = TIACtotal heart * 0.90

TIACheart_wall = TIACtotal_healrt * 0.10

6.2.10 Statistical analysis
Data are presented as mean * standard deviation. All p values were determined with
unpaired, two-tailed T tests and values less than 0.05 were considered to be statistically

significant. Prism 6 (GraphPad Software) was used to calculate statistics and generate graphs.

6.3 Results

6.3.1 Microdroplet radiosynthesis of ['"*FJAMBF;-TATE

We initially performed low-radioactivity fluorination reactions and observed highly-
reproducible performance with radiochemical conversion (as determined by a combination of
radio-TLC and radio-HPLC analysis of the crude product) of 50 + 6% (n=15), and non-isolated
radiochemical yield (crude RCY) of 17 + 3% (n=15). Full production runs were then performed,
including cartridge purification and formulation, with up to 3.7 GBq [100 mCi] of activity. The
RCY in these experiments was 16+£1% (n=5). Radiochemical purity was >99%. A representative
chromatograms are shown in the Figure 6.6 and Figure 6.7The molar activity was determined
for several syntheses ranging in starting activities from 0.185-1.85 GBq [5-50 mCi]. Molar
activity was found to increase with starting activity, ranging from 37 to 185 GBg/umol [1 to 5

Ci/umol], all values decay-corrected to EOB (Figure 6.5).
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Figure 6.5 Molar activity of ['"®F] AMBF;-TATE as a function of starting activity determined
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Figure 6.6 Representative radio-HPLC chromatogram of crude ['*FJAMBF;-TATE
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Figure 6.7 Representative radio-HPLC chromatogram of purified ['*FJAMBF;-TATE
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Figure 6.8 MicroPET/CT imaging

(A) MIP image and tissue biodistribution of 1.1 MBq injection of ['*FJAMBF3-TATE in C57BL6
mouse , n=3. MIP image (top) and transverse slice (bottom) of (B) 1.1 MBq injection of
['®FIAMBF;-TATE, (C) 1.1 MBq injection of [®*Ga]Ga-DOTATATE and (D) 0.74 MBq injection of
['®F]FDG of the same NSG mouse engrafted with SSTR2-positive (AR42J; left) and SSTR2-
negative (RM1; right) tumor cells. (E) Region-of-interest analysis of PET images, n=4. Images
were acquired for 10 min under 2% isoflurane anesthesia at 1 h post-injection of the PET tracer.
Error bars are standard deviations. Tumors are delineated in dashed circles. MIP = maximum
intensity projection.
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A ['8F]JAMBF5-TATE  [58Ga]Ga-DOTATATE B ['SFIAMBF5-TATE  [58Ga]Ga-DOTATATE

Figure 6.9 Comparison of ['*FJAMBF;-TATE and [*®Ga]Ga-DOTATATE imaging

of (A) human SSTR2-overexpressing RM1 and (B) rat SSTR2-expressing AR42J tumors.
Untransduced RM1-WT cells were used as a negative control.

6.3.2 Preclinical imaging

The preclinical biodistribution of ['*®*F]JAMBF3-TATE is summarized in Figure 6.8 and in the
Figure 6.9. Highest tracer accumulation was observed in the bladder followed distantly by
gastrointestinal tissues (303). Bone retention was within range of background tissues lacking
SSTR2, indicating little to no in vivo defluorination for ['*F]JAMBF;-TATE. ['®FJAMBF;-TATE
retention was approximately two-fold higher in SSTR2-high AR42J tumors than in SSTR2-low
RM1 tumors (3.99 £ 0.75 %ID/g and 1.87 £ 0.22 %ID/g, respectively; p < 1.6e-3). Time-activity
curves derived from PET imaging (Figure 6.10) showed ['®FJAMBF;-TATE saturation in AR42J
tumors by 20 min, but a continuous decline in RM1 tumors after peaking at approximately 10 min.
[®®*Ga]Ga-DOTATATE uptake in the tumors at 1 hr post-injection (3.94 + 0.53 %ID/g and 2.13
0.30 %ID/g, respectively; p < 9.8 e-4) was nearly identical to ["®FJAMBF3-TATE. Results were
confirmed with ex vivo gamma counter analysis of tissues after the last imaging time point. In
contrast, ['®F]FDG imaging, a measure of tissue glucose metabolic activity, showed a reverse
pattern with lower ['8FJFDG metabolism in AR42J tumors than RM1 tumors (2.44 + 0.57 %ID/g

and 5.25 + 2.14 %ID/g, respectively; p < 4.4e-2).
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Figure 6.10 Non-decay-corrected ['®FJAMBF;-TATE time activity curves determined from
microPET images, averaged over n=3 mice.

Mean TIAC Standard deviations
Target Organs (h) (h)

Method 1 Method 2 Method 1 Method 2
Bladder 5.36E-01 5.36E-01 2.14E-02 2.14E-02
Bone marrow 1.77E-02 2.95E-02 7.99E-03 1.33E-02
Brain 1.73E-03 2.10E-03 4.30E-04 7.10E-04
Gallbladder content 5.34E-03 2.05E-02 4.02E-03 1.58E-02
Heart content 2.74E-03 6.01E-03 1.78E-04 1.08E-03
Heart wall 3.04E-04 6.67E-04 1.97E-05 1.19E-04
Kidneys 4.23E-02 1.27E-02 5.77E-03 2.05E-03
Liver 2.07E-02 1.45E-02 5.56E-03 3.53E-03
Lungs 2.99E-03 6.62E-03 4.89E-04 1.93E-03
Small intestine 2.07E-01 2.37E-01 1.91E-02 1.72E-02
Spleen 1.88E-03 2.95E-03 1.45E-03 1.62E-03
Stomach 3.50E-02 4.94E-03 4.49E-03 3.17E-04
Cortical bone 1.62E-02 1.52E-02 1.23E-02 1.20E-02
Trabecular bone 7.97E-03 7.50E-03 6.06E-03 5.90E-03
Remainder of body 4.70E-01 4.72E-01 9.62E-02 7.50E-02

Table 6.1 Mean time-integrated activity coefficient (TIAC) values for the several organs
scaled to humans.
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6.3.3 Dosimetry analysis

Similarities in somatostatin peptide binding affinity between mouse and human SSTR2
suggest mouse dosimetry provides a good estimation for human dosimetry (374,315). Absorbed
doses for ['"®FJAMBF3-TATE in humans were extrapolated from mouse PET biodistribution data
using two extrapolation methods, Method 1 and Method 2. Organ TIAC values are summarized
in Table 6.1 and a full list of the corresponding mean absorbed doses is provided in Table 6.2.
The highest TIAC values were observed for the bladder and small intestine based on Method 1
(0.536 £ 0.021 h and 0.207 £ 0.019 h, respectively). Based on Method 2, the highest TIAC
values were observed for the bladder, small intestine and bone marrow (0.536 + 0.021 h, 0.237
1+ 0.017 h and 0.030 £ 0.013 h, respectively). The highest absorbed dose value using the one-
compartment voiding bladder model was 0.106 £ 0.003 mGy/MBq (Method 1) and 0.107 + 0.004
mGy/MBq (Method 2) for the bladder. All other organs showed significantly lower absorbed
dose values. Bladder was the dose-limiting organ and on average the maximum administered
human activity limit is estimated as 472 MBq (Method 1) and 469 MBq (Method 2) (FDA Code of
Federal Regulations 21CFR361.1). In addition, the effective dose per unit activity has been
calculated. However, the quantity “effective dose” can only be applied to the description of
stochastic radiation effects and organ absorbed doses of less than 1 Gy. The mean
extrapolated effective doses are 1.26 x 10 + 3.06 x 10 mSv/MBq (Method 1) and 1.16 x 102 +
1.53 x 10* mSv/MBq (Method 2). This corresponds to effective doses of 2.6 mSv (Method 1)
and 2.4 mSv (Method 2) for an administered activity of 200 MBq, which is lower than that
reported for current clinical '®F- and *®Ga-labeled PET tracers for imaging SSTR2-expressing

tumors (276,316).

176



Mean absorbed dose

coefficients of the organs

Standard deviations

Target Organ (mGy/MBq) (mGy/MBq)

Method 1 Method 2 Method 1 Method 2
lAdrenals 4.44E-03 3.91E-03 3.96E-04 4.62E-04
Brain 8.40E-04 9.27E-04 1.11E-04 1.58E-04
Breasts 2.20E-03 2.21E-03 3.75E-04 3.12E-04
Gallbladder Wall 1.45E-02 3.80E-02 6.59E-03 2.49E-02
LLI Wall 9.08E-03 9.49E-03 2.20E-04 1.97E-04
Small Intestine 4.54E-02 5.12E-02 3.25E-03 2.85E-03
Stomach Wall 1.71E-02 6.14E-03 1.90E-03 3.38E-04
ULI Wall 1.14E-02 1.24E-02 1.73E-04 2.89E-04
Heart Wall 2.63E-03 3.43E-03 2.12E-04 3.03E-04
Kidneys 2.88E-02 1.09E-02 3.32E-03 1.10E-03
Liver 4.85E-03 4.22E-03 7.34E-04 5.61E-04
Lungs 2.15E-03 2.72E-03 2.48E-04 4.53E-04
Muscle 3.96E-03 3.97E-03 3.67E-04 3.27E-04
Ovaries 1.04E-02 1.11E-02 1.15E-04 1.73E-04
Pancreas 5.51E-03 4.68E-03 5.20E-04 5.75E-04
Red Marrow 5.43E-03 6.26E-03 5.64E-04 9.45E-04
Osteogenic Cells 6.40E-03 6.78E-03 1.96E-04 2.95E-04
Skin 2.45E-03 2.44E-03 3.21E-04 2.66E-04
Spleen 5.35E-03 5.54E-03 1.28E-03 1.52E-03
Testes 4.60E-03 4.63E-03 3.87E-04 2.93E-04
Thymus 2.62E-03 2.71E-03 4.56E-04 3.72E-04
Thyroid 2.53E-03 2.57E-03 4.65E-04 3.75E-04
Urinary Bladder Wall 1.06E-01 1.07E-01 3.00E-03 3.51E-03
Uterus 1.36E-02 1.41E-02 1.53E-04 2.00E-04

6.4 Discussion

The total synthesis duration (including purification and formulation) was 35-45 min,

6.4.1 Microdroplet radiosynthesis of ['"*FJAMBF;-TATE
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Table 6.2 Mean absorbed dose coefficient values of the organs and the respective
standard deviations for both methods using a one-compartment voiding bladder model.

making this an attractive platform for on-demand production of ['"®FJAMBF3-TATE. It is expected
that further developments of the microfluidic system could enable significant reductions of the
synthesis time. For example, automation of reagent delivery steps (720), and automation of the

purification and formulation process could reduce the time by up to 15 min and increase safety




and simplicity of operation. While the yield was slightly lower than the 20-25% (uncorrected)
yield reported by Liu et al. for the macroscale synthesis of ['®FJAMBF;-TATE (303), the
microscale synthesis used 10x lower precursor (5 nmol vs 50 nmol). Notably, equally high molar
activity could be achieved using much lower starting radioactivity (0.93-1.1 GBq [25-30 mCi]
instead of 30-37 GBq [800-1000 mCi] to achieve ~110 GBg/umol [3 Ci/umol]). This is
noteworthy insofar as the chip has significant potential for miniaturized production in a kit-like
system (317). Since the quantity and concentration of the tracer were sufficient for imaging, we
did not perform significant optimization; however, in the Table 6.3 and Table 6.4 we report a
detailed analysis of intermediate measurements during the synthesis and potential optimization
strategies. While these yields are still a bit low, yields, purities, and molar activities are suitable
to contemplate clinical use for human translation. In addition, the ease of use and the
reproducibility in terms of yields and molar activity augur well for eventual clinical use.

By using portions of a large initial batch of ['®F]fluoride, or by producing small batches of
["®F1fluoride throughout the day, we anticipate that radiosyntheses on the scale reported herein
(i.e. up to ~3.7 GBq [100 mCi]) would be sufficient to supply patient doses throughout the day.
Generation of ['®F]fluoride throughout the day would have the advantage of ensuring similar
molar activity for each batch of the tracer, but would require proximity to a cyclotron. In addition,
the microdroplet approach may also be compatible with the concept of producing larger multi-
dose batches. Though it is often assumed that microfluidic approaches are limited to only low
activity levels, we should emphasize that this is not the case: whereas experiments here were
limited to <3.7 GBq [100 mCi] for safety reasons, there are approaches to load significantly
more activity into microdroplet reactions. One of us previously reported that ~30 GBq [~810
mCi] of ["®F]fluoride can be concentrated into a volume of 5 uL (305), clearly opening up the
possibility to use high levels of activity (sufficient for multiple patient doses) in microdroplet
synthesis. Though it remains to be investigated in practice, mathematically, we would predict

that the increase in scale from 3.7 — 30 GBq [100-800 mCi] would increase the molar activity 8-
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fold, assuming the amount of precursor is fixed at 5 nmol and that the batches of ["®F]fluoride
have similar molar activities. However, due to the increased proportion of ['®F]fluoride relative to
precursor, we would also predict that the RCY could decrease. To counteract this effect, the
amount of precursor could be increased (e.g. from 5 to 40 nmol), while still achieving molar
activities in the range we report herein. As further evidence that scalable syntheses are well
within the realm of possibility, it should also be noted that manual synthesis of ['®FJAMBF;-TATE
has been previously performed with 30-37 GBq [0.8 — 1.0 Ci] and 50 nmol precursor, resulting in

20-25% RCY and molar activities >111 GBg/umol [>3 Ci/umol] (303).

Parameter Average * SD
(n=15)
Total radioactivity collected from the chip (%) 37.2+9.0
Residual radioactivity on top chip (%) 20.5+3.0
Residual radioactivity on bottom chip (%) 224 +43
Radioactivity loss during reaction (%) 20.1+6.4
TLC purity (["®F]fluoride incorporation, %) 49.9+6.3
HPLC purity (fraction of product among non-['8F]fluoride peaks, %) 92.7+£3.0
Double-corrected purity (%) 46.4 +6.7
Crude RCY (%) 16.7+2.6

Table 6.3 Performance of synthesis of ['*FJAMBF;-TATE as determined from the collected
crude product

All radioactivities are expressed as percentage of starting radioactivity, corrected for decay.
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Parameter Average * SD
(n=5)
Total radioactivity collected from the chip (%) 34.0+12.3
Residual radioactivity on top chip (%) 206 £2.5
Residual radioactivity on bottom chip (%) 26.2+7.6
Radioactivity loss during reaction (%) 19.6 £ 9.1
TLC purity (['®F]fluoride incorporation, %) 56.4+7.8
HPLC purity (fraction of product among non-['8F]fluoride peaks, %) 924 +3.3
Double-corrected purity (%) 52.2+8.0
Crude RCY (%) 16.4 +1.1
Loss on purification (%) 0.6+0.2
Isolated RCY (%) 15.8+1.0
Table 6.4 Performance of full production runs (including purification) for ['"*FJAMBF;-

TATE

All radioactivities are expressed as percentage of starting radioactivity, corrected for decay

Finally, it should be appreciated that the BF3; moiety can easily be connected to other
molecules to create precursors for other radiolabeled peptides and dual-modality tracers
(55,318) that can likely be labeled under identical or similar conditions. Microfluidic isotopic
exchange labeling could therefore provide a route to a variety of '®F-labeled compounds with
simple production and high molar activity. Despite the low pH and relatively high reaction
temperature, these conditions are not unusual in peptide synthesis as much more acidic
conditions are typically used for resin cleavage e.g. 80% TFA, conc. HF, and during purification
e.g. 1% TFA, pH 0, and are only slightly more acidic than methods commonly used in
radiometallation of peptides (i.e., pH 3-4 and similar temperatures). Notably, several peptides
and other small molecules have successfully been labeled with this approach (54). While we
recognize that not all functional groups (e.g. trityl groups, para-methoxybenzyl acetals) would
survive these conditions, for the most part, standard peptides should be compatible. Further
development and automation of the microdroplet labeling methods would benefit the

development of this whole class of reactions.
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6.4.2 Preclinical imaging and dosimetry

Preclinical biodistribution and dosimetry calculations for ['®FJAMBF;-TATE showed
significant potential for clinical use and was undertaken to further demonstrate that the
radiotracer produced on the EWOD chip would provide clinically useful tracers with dosimetry
that could be used to support clinical administration of this tracer as well as the further
development of this method for labeling other peptide tracers. In particular, ['*F]JAMBF3;-TATE
showed very similar biodistribution to [®3Ga]Ga-DOTATATE in our experiments, and in
comparisons with literature reports (303). ['®F]JAMBF3-TATE tumor imaging corroborated with
level of SSTR2 expression, but did not correlate with ['®FJFDG, suggesting these two tracers
provide different information for therapeutic strategy and response monitoring. Dosimetry
calculations showed lower effective dose per unit radioactivity than reported for current clinical
'8F- and %8Ga-labeled PET tracers for imaging SSTR2-expressing tumors (276,316). Since
comparable performance to [®®Ga]Ga-DOTATATE (currently the clinical gold standard for
imaging SSTR2) was achieved, these data suggest that further study of ['®FJAMBF;-TATE,

including evaluation in humans, is warranted.

6.5 Conclusion

We adapted the isotopic exchange based radiosynthesis of ['®FJAMBF3-TATE to a
droplet-based radiochemistry platform and could produce the injection-ready tracer in 16£1%
(n=5) overall RCY (decay-corrected) in ~40 min. The small volume synthesis used minimal
quantities of precursor (5 nmol), enabling high molar activity to be achieved, even starting from
very little radioactivity. The BFs chemistry is very convenient, with straightforward purification
and formulation performed using solid-phase extraction on a C18 Sep-pak cartridge. Though

only demonstrated at scales starting with <3.7 GBq [100 mCi] for safety reasons, it is possible to
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leverage technologies to concentrate ['®F]fluoride ion for automated microdroplet synthesis to
explore the possibility of scale-up to produce ['®FJAMBF;-TATE for multiple human doses.

Preclinical evaluation with ["®FJAMBF3-TATE in SSTR2 tumor models showed excellent
contrast with surrounding tissues and comparable results to [®*Ga]Ga-DOTATATE. Due to the
convenient synthetic method, favorable physical properties and scalability of fluorine-18
compared with gallium-68, and encouraging imaging and dosimetry, clinical translation of
['"®FJAMBF;-TATE and further development of the microdroplet synthesis are warranted. We
contend that the ['®FJAMBF;-TATE can be used for diagnosis and ['"’Lu]Lu-DOTATATE can be
used for therapy; eventual demonstration that ['’Lu]Lu-DOTATATE can block uptake of
["®FJAMBF;-TATE would be sufficient to fully qualify this for application as a companion
diagnostic. Finally, while we have not addressed the possibility of boron neutron capture therapy
(BNCT), the use of "°B-enriched AMBF3; might constitute a promising approach that would
qualify ['®FJAMBF;-TATE for diagnosis and ['°BJAMBF;-TATE for therapy in theranostic
applications demanding a single molecule for both diagnosis and therapy.

Notably, we expect that other trifluoroborate conjugates of various other peptides could
be labeled with fluorine-18 with high molar activity using the microdroplet approach in the same
straightforward, kit-like manner, paving the way to the rapid development of novel '®F-labeled
peptides for potential theranostic applications when paired with appropriate analogs labeled with
therapeutic isotopes. Furthermore, the underlying microfluidic technology is anticipated to be
compatible with other single-step peptide labeling methods (including organosilane conjugates
labeled via isotopic exchange, NOTA conjugates labeled via chelation of ['®F]AIF, etc.) or other
more complex multi-step processes involving conjugate of modified peptides to ®F-labeled
prosthetic groups. Leveraging the availability of fluorine-18 in high quantities, the microdroplet
reactor is capable of producing sufficient quantities of '®F-labeled peptides for several human
doses. Further efforts in automation of the overall droplet radiochemistry process will allow safe

investigation of scaling activity levels above 3.7 GBq [100 mCil.
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Chapter 7: Improved method for droplet labeling of
trifluoroborates via isotopic exchange

7.1 Introduction

Molecular imaging with positron emission tomography (PET) provides high resolution
distribution and localization of targets in vivo used in clinical diagnostics and preclinical research
(5,319). Fluorine-18 is the most commonly used diagnostic radioisotope for PET due to its
moderate half-life (110 min), high positron yield (97%), low positron energy and broad
availability from medical cyclotrons.

Among various available radiofluorination techniques, F-18/F-19 isotopic exchange (IEX)
is a straightforward method for producing fluorine-18 radiopharmaceuticals that can offer
simplified purification. In other reactions, it can be difficult to separate the product from the
chemically-similar precursor (or derivatives of the reactive precursor), requiring lengthy
procedures such as high-performance liquid chromatography (HPLC). Purification in IEX is
simpler due to the absence of species chemically similar to the product and solid-phase
extraction (SPE) is often sufficient, resulting in a short production time (320). Furthermore, one-
step IEX radiolabeling in some cases is performed under aqueous conditions without the need
to first thoroughly dry the ["®F]fluoride via azeotropic distillation, further reducing the production
time. There has been particular interest in, and development of, methods based on
trifluoroborate (R-BFs) IEX labeling. These radiopharmaceuticals are characterized by
hydrophilicity, biorthogonality and nontoxicity which leads to enhanced in vivo clearance,
metabolic stability and safety, respectively (54,327). Another advantage of this class of
molecules is that the presence of 3 fluorine atoms in the BF3; moiety leads to a tripling of the
molar activity (a ratio of radioactivity per moles of the compound) compared to precursors with a

single fluoride (322,323).
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Despite the benefits of IEX syntheses, a longstanding concern about this
radiofluorination route has been the lower molar activity of the resulting product. Molar activity
represents a measure of radiopharmaceutical quality and needs to remain relatively high (> 37
GBg/umol) to limit pharmacological effects and ensure good vizualization of low-abundance
targets (59,324). While theoretical maximum for molar activity (a ratio of radioactivity per moles
of the compound) is 63.3 TBg/umol, practical values for cyclotron- produced ['®F]fluoride are
typically in the range of 1-10 TBg/pmol (48,57,322), and 200-300 GBg/umol or lower (57,325)
for the final fluorine-18-labeled radiopharmaceuticals. The molar activity decreases due to
fluorine-19 contamination introduced from the cartridges, tubing, reagents and synthesizer
materials used in radiopharmaceutical preparation. Since IEX precursor molecules contain
fluorine-19, they introduce a major contaminant source into the reaction. To ensure rapid
reactions, a high concentration of the precursor is needed (~1 mM), and its quantity is orders of
magnitude higher than the amount of the radioisotope. In typical reaction volumes of 1 mL, the
precursor contributes 1 umol, while, for comparison, a typical conventional synthesis with 37
GBq of starting activity and 1 TBg/umol molar activity will contain only 0.04 pmol of fluoride ion.
If the starting activity is lower, e.g 0.037 GBq (only 0.4 nmol of fluoride ion) the difference in
precursor and radioisotope quantity is even more substantial (x2500), meaning that a very large
portion of the precursor does not react with the radioisotope. Thus, using high starting activity
(>37 GBq) is particularly necessary in conventional IEX syntheses to maintain acceptable
reaction rates and high molar activity.

Using a small reaction volume provides a way to preserve the concentration but reduce
the total amount of precursor that is added. Perrin and colleagues developed an improved
synthesis technique, using 50 nmol of precursor in <0.1 mL volume per synthesis of
Rhodamine-['"®F]ArBF3 (322). With only moderate starting activity (15-18 GBq), high molar
activity of 110-260 GBg/umol could be achieved. In early work by our group, it was shown that

for two trifluoroborate compounds (Rhodamine-AmBF3; and Rhodamine-ArBFs3), radiolabeling in
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microliter droplets affords extremely high molar activity (up to ~1 TBg/umol) while using modest
starting radioactivity levels (up to 7 GBq). This was achieved by using only 5 nmol of 1mM
precursor in a small glass droplet reactor (326). Similarly, with the same setup and precursor
quantity our group showed that for production of octreotide analogue ['®F]JAmBF;-TATE yields
very high molar activity (up to 180 GBg/umol) when starting with up to 2 GBq of ['"®F]fluoride
(705). Furthermore, we explored application of the same method for IEX radiolabeling of various
R-PPhsBF3 prosthetic groups where high molar activities ( up to 129 GBg/umol) were achieved
with only up to 0.9 GBq of starting radioactivity (56). The versatile droplet reaction platform
consisted of two 25 mm square Teflon-coated glass substrates, separated by 150 um with the
reaction droplet sandwiched in between. In those previous reports, we also confirmed that the
molar activity was directly related to the starting activity used in the synthesis, and that the small
volume enabled high molar activities of the product (~100 GBg/umol) even with relatively low
starting activities (<4 GBq) (705). This result shows that microfluidic reactions may be an ideal
platform for research and development of IEX labeled compounds due to the possibility to
achieve high molar activity even in small batch productions (i.e. without requiring high starting
activities). This is a critical point because small animal imaging typically requires even higher
molar activities than imaging in humans (57,59,324).

Despite the success, the Teflon-coated glass chips were found to be have limitations.
The disrupted coating could lead to leaking of liquid under the film and loss of positional stability
of the droplet, leading to adverse impact on repeatability and yield (86,720). In our lab, we later
found that Teflon-coated silicon substrates served as a more robust reaction platform. By
incorporating some hydrophilic features (by etching away Teflon in certain regions), droplets
could be manipulated and contained precisely, allowing the development of automated
synthesizers based on these chips (7106,708). Many radiopharmaceuticals have been
successfully synthesized on these platforms (50,708-110). The newest droplet reactor uses a

surface tension trap (STT) chip comprising an etched hydrophilic circle (4 mm diameter) on a
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surface of a hydrophobic Teflon-coated silicon (708). This new chip format is open (without a
cover) so that the reaction site is accessible to reagent dispensers and product collection tubing
of the automated platform (708).

The aims of the current work were to (i) show further utility of droplet methods for IEX
reactions and establish the possibility to perform droplet-based IEX radiofluorination of
additional R-BF3 precursors (to prepare prosthetic groups for ®F-radiolabeling), and then (i) use
one of these compounds as a model for translating IEX labeling methods to a Teflon-silicon chip
format that could be automated, to enable more widespread use by others. The chemistry of
IEX radiolabeling with R-BF3 has continued to be developed, and numerous peptides have been
labeled with good molar activity, including Tyrs-octreotate (TATE), bradykinin, bombesin and

fluorescent RGD (55,321,327).
7.2 Materials and methods

7.2.1 Reagents

No-carrier-added ['®F]fluoride was produced by the (p,n) reaction of ['*0]H.0 (84%
isotopic purity, Zevacor Pharma, Noblesville, IN, USA) in an RDS-112 cyclotron (Siemens;
Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil window. Acetonitrile
(MeCN; anhydrous, 99.8%), methanol (MeOH; anhydrous, 99.8%), ethanol (EtOH; 200 proof),
dimethyl sulfoxide (DMSO, 98%), N,N-dimethylformamide (DMF; anhydrous, 99.8%),
hydrochloric acid (HCI; 3N) were purchased from Millipore Sigma (St. Louis, MO, USA). Saline
(0.9% sodium chloride injection, USP) was obtained from Hospira Inc. (Lake Forest, IL, USA);
pyridazine (N99%) was obtained from Tokyo Chemical Industry Co., Ltd. (Japan). All reagents
were used without further processing or purification. Ultrapure 18 MQ H,O was acquired through
a Milli-Q Integral 3 purification system (Millipore Sigma, St. Louis, MO, USA). pH test strips (0—
14 range, Ricca Chemical Company), and TLC plates (Baker-flex silica gel IB-F sheets 2.5 x 7.5

cm, J.T. Baker) were purchased from Thermo Fisher Scientific.
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To prepare a batch of the DMF reaction buffer, 720 uL of pyridazine was added to 5 mL
of DMF and 2.5 mL DI water in a 15 mL conical tube. The pH was adjusted to the range 2.0-2.5
with 3M HCI. The final volume was then adjusted with H>O until the final volume reached 10 mL.
DMSO reaction buffer preparation followed the same recipe as the DMF buffer, only different in
adding 5 mL of DMSO instead of DMF.

Precursors (2-((2-carboxyethyl)diphenylphosphonio)phenyl)trifluoroborate (DP-11-196-
F2932) (1), (DP-II-181-F1739), (DP-11-143-F39), (DP-11-195), (DP-11-204-F27) were kindly
supplied by Dr. Emmanuel Gras (CNSR, Toulouse, France). From the initial batch, aliquots of
precursor were prepared by dissolving the precursor in MeCN at a concentration of 0.5 mM,
pipetting 10 pL (5 nmol) portions into individual PCR tubes (AB062, ThermoFisher, Waltham,
MA, US), and evaporating solvent with a gentle stream of nitrogen gas. After drying, the 5 nmol
aliquots were stored in a freezer for future use.

For each set of up to 4 experiments, a radioisotope stock solution (for up to 4 reactions)
was prepared by mixing 10 pL of ["®F]fluoride/['®O]H.O with 50 uL of saline (to mimic the
composition of ['®F]fluoride eluted from QMA using sodium chloride used for IEX syntheses
(113,306)).

7.2.2 Droplet synthesis platform

Radiochemistry to perform the IEX labeling (Figure 7.1A) was carried out using Teflon-
coated silicon or glass chips (Figure 7.1B), affixed atop a ceramic heater with thermal paste.
The heating platform was based on a design previously described (777) but included 4
independent heaters. Glass chips consisted of 25 mm squares cut from microscope slides with
annealed Teflon layer atop, fabricated as reported previously (244). Silicon chips were prepared
by coating a 4” silicon wafer with Teflon and cutting it into 25 mm squares. Surface-tension trap
(STT) chips were fabricated similarly but a 4mm circular pattern of Teflon was etched away,

serving as a hydrophilic reaction site. The fabrication of silicon chips has been previously
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reported (706). Experiments were performed with either a closed or open reactor. The closed

reactor consisted of 2 Teflon coated glass chips or 2 Teflon coated silicon chips sandwiched

together, with the Teflon side facing the reaction droplet in between. The bottom chip was

affixed to a heater using thermal paste and initial synthesis steps were performed on this open

chip. Before start of radiofluorination, the second (cover) chip, with added stripes of tape on the

sides (to provide a separation between the chips of 150 um), was carefully placed atop the

bottom chip. Open reactor consisted of a silicon STT chip fixed atop the heater and no cover

was added. During these initial optimization experiments, reagents were manipulated manually

using a micro pipette. The basic process is illustrated in Figure 7.1C and details of each step

are provided below.
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Figure 7.1: Method illustration for IEX in droplet reactors

(A) Radiofluorination of precursor 1 via IEX to produce ["*F]1. (B) Diagram of different types
of chips and reactor configurations used. In the closed configurations, the Teflon-coating
of the top chip faces downward. (C) Schematic presentation of droplet synthesis protocol

on the open or closed reactor.
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7.2.3 Radiolabeling procedure on Teflon-glass chips

Radiofluorination of all the precursors was carried out in one step via F-18/F-19 IEX,
using previously reported reaction conditions (56,705) (Figure 7.1A). To begin the on-chip
synthesis, 12 L of the radioisotope stock solution was dispensed on the center of the chip and
evaporated at 100 °C. Next, a droplet of precursor solution (5 nmol in 5 yL DMF buffer) was
added and the reaction carried out at 90°C for 15 min. After removing the cover chip, the
product was collected from the bottom chip by adding 20 uL of a 1:1 (v/v) EtOH/saline mixture to
the reaction area and transferring the product into a vial. A similar process was used to collect
residual product from the cover plate. The collection step was repeated for both chips with
additional 20 pL each of the collection solution. Note that while thorough azeotropic drying of
["®F]Fluoride is not necessary due to the aqueous reaction conditions, the evaporation step was
performed prior to precursor addition to enable the amount and concentration of precursor to be

precisely controlled by addition of well-controlled precursor solution.

7.2.4 Optimization of radiolabeling

Optimization of radiofluorination was carried out using precursor 1. First, the
["®F1fluoride/['®O]H.0O drying step was optimized to minimize the amount of radioactivity loss,
measured by comparing the radioactivity remaining on the chip after drying to the initial amount
of loaded radioactivity. Experiments were performed on different types of chips to compare the
effect of drying temperature, drying time, a presence of DMSO additive.

Next the radiofluorination step was optimized. 5 nmol of precursor 1 in reaction buffer
(DMF-based for the closed reactors, DMSO-based for the open reactor) was loaded onto the
chip. In closed reaction, the droplet was covered with a second chip placed Teflon-side down.
The IEX reaction carried out at 90 °C. After the reaction the product was collected as described
above. Optimization experiments explored the impact of type of chip, volume of reaction buffer

(i.e. precursor concentration) and reaction time.
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7.2.5 Synthesis automation
The synthesis is being automated by implementation using the STT-based droplet

synthesis platform described previously (708).

7.2.6 Analytical methods

A calibrated ion chamber (CRC 25-PET, Capintec, Florham Park, NJ, USA) was used to
perform radioactivity measurements. Radio-TLC was used to assess fluorination efficiency, with
the aid of a radio-TLC scanner (miniGita star, Raytest, Inc., Wilmington, NC, USA). The TLC
plate (Baker-flex silica gel IB-F sheets 2.5 x 7.5 cm, J.T. Baker, Phillipsburg, NJ) was developed
in MeCN/H0 (1:1 v/v), and Rs for ["®F]fluoride was 0.0, and for ['®F]1 was 0.75. Radio-HPLC
analysis was performed on an analytical-scale Smartline HPLC system (Knauer, Berlin,
Germany) with 200 L injection loop, a pump (Model 1000), degasser (Model 5050), UV
detector (Model 2500) and a radiometric detector (Bioscan B-FC-4000, Bioscan Inc.,
Washington DC, USA). Samples were separated using a C18 column (Luna, 5 uym particles, 100
A pores, 250 x 4.6 mm, Phenomenex, Torrance, CA, USA) with guard column (SecurityGuard
C18, Phenomenex). UV absorbance was measured at 270 nm. Using isocratic conditions with a
MeCN:H.0 25:75 (v/v) mobile phase delivered at 1 mL/min, the observed retention time of
["®Ffluoride was between 2 and 3 min, and was 7-8 min for ['®F]1.

Reaction performance was assessed by calculating the following parameters: product
collection efficiency, derived by dividing the collected product radioactivity by starting
radioactivity at the beginning of synthesis (correcting for decay); residual radioactivity on the
reactor/cover chip, calculated as a fraction of starting radioactivity remaining on the chip after
the collection step (correcting for decay); volatile radioactivity loss during drying, computed by
subtracting radioactivity on chip from starting radioactivity and dividing the difference by starting
radioactivity; volatile radioactivity loss (overall), computed by subtracting residual chip(s) and

collected product radioactivities from the starting radioactivity and dividing the difference by
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starting radioactivity; radiochemical conversion, the ratio of radiolabeled compound radioactivity
to the total sample radioactivity, as determined by radio-TLC; crude radiochemical yield (RCY),

calculated by multiplying radiochemical conversion by the product collection efficiency.
7.3 Results

7.3.1 Generalization of IEX labeling

Previously we showed the IEX labeling of AmBF;-TATE to produce ['®FJAmBF;-TATE for
PET imaging of SSTR2 receptors (705). The synthesis was performed using Teflon-coated
glass chips in the closed configuration, achieving a crude RCY was 17+2 % (n=15). The
reaction suffered substantial radioactivity losses (63+8%, n=15), comprising 21£3% (n=15)
residual activity on the top chip, 22+4% (n=15) residual activity on the bottom chip, and 20£6%
(n=15) volatile activity loss. Applying the same reaction conditions to several R-PPhsBF3
compounds showed similar performance, with ~20% residual activity stuck on each chip, ~20%
volatile loss, and ~17% crude RCY (566). The summary of the crude yields for various

compounds are shown in Table 7.1.

R/ Crude RCY,

d.c.
DP-I1-196-F2932 o 17%, (n=4)
DP-1l-181-F1739 “:N\/\/(O\%/EY“‘ 25%, (n=6)
DP-11-143-F39 N fo Ao 14%, (n=4)
DP-11-195 S L 12%, (n=3)
DP-I1-204-F27 Lt )a s | 17%, (n=4)

Table 7.1 Summary of radiochemical yields for various R-PPh3;BF; precursors.

7.3.2 Translation to silicon chips
Initial attempts to perform the reaction in a closed Teflon-silicon reactor, crude RCY was

<5%, and significant volatile radioactivity losses (70-90%) were observed, and step-by-step
191



measurements revealed that a significant portion of radioactivity loss (~60%) occurred during
the ['®F]fluoride drying step.
7.3.3 Investigation of ['®F]fluoride drying step

Notably, on the Teflon-coated glass chips, the drying step (starting with 12 pL
radioisotope stock solution took 120 s until the point where the droplet reached a tiny size (<1
uL) and stopped shrinking. The activity loss during drying was negligible.

However, when using Teflon-coated silicon chips, drying took ~60 s and was complete
(i.e. forming a solid residue at the end), with a significant radioactivity loss. During detailed
investigation of partial drying, it was observed that the loss increases with drying time, going
from zero to 55% as heating time was increased from 15 to 75 s (Figure 7.2A). To see if lower
temperature could limit the loss, drying was performed at different temperatures until the
moment the droplet was dried. A high loss (~60%) was observed for all temperature (60, 70, 80,
90, 100 °C).

To slow down evaporation and possibly prevent rapid activity loss, we attempted adding
a small amount (1 uL) of a high boiling point solvent (DMSO) to the ["®F]fluoride stock solution
(12 pL) loaded to the chip. Indeed evaporation at 100 °C was slowed down, with the droplet
reaching a tiny size at 75 s and ceasing to shrink further. As the drying time increased for up to
120 s the radioactivity loss reached a pleateau of ~15% at 75 s and did not increase with
additional heating time (Figure 7.2A). Based on these findings, 75 sec drying time was
implemented for later experiments. To determine whether this approach may be compatible with
scaling to larger amounts of activity (i.e. with greater volume of ["®F]fluoride solution, but
containing the same total amount of saline). After loading a 30 L droplet (containing 1 uL of
DMSOQO) and heating at 100°C, the droplet reached the same small size at 150 s and also

exhibited low activity loss (Figure 7.2A).
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After showing that DMSO addition could significant reduce losses on the Teflon-coated
silicon chips, when then attempted drying on the STT-patterned. On these chips, evaporation
occurred at even faster rates, perhaps due to further spreading of the droplet (and increasing its
surface area) on the hydrophilic reaction region. For 12 pL droplets of radioisotope stock
solution (with no DMSO), complete drying (with visible residue) was observed after 30s, and up
to 60% activity loss was observed. When spiked with 1 yL of DMSO, the loss after 30s was
reduced to 13%, but the droplet was not fully evaporated (>5 pL). Additional drying up to 60s

reduced the ['®F]fluoride volume, but the activity loss increased to 30% (Figure 7.2B), thus 30s

was chosen for subsequent experiments.
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Figure 7.2: Radioactivity loss during ['®*F]fluoride drying under different drying conditions
on a non-patterned silicon chip

Each data point is the average of n=3 replicates, except for points at 120 s and 150 s, for which
n=4. The labels indicate the volume of radioisotope stock solution added, and the quantity of
that volume that is DMSO (if any). (B) Radioactivity loss during ['®F]fluoride drying under
different conditions on a patterned chip. Each data point is the average of n=2 replicates.

7.3.4 Investigation of IEX radiolabeling step

Next the performance of the labeling step was optimized. For the closed Teflon-silicon
reactor, the reaction performance was measured for different volumes of reaction buffer, each
containing 5 nmol of precursor (Figure 7.3A). It was found that 4 pL (5 nmol) gives slightly

improved yields compared to the previously used 5 pL (5 nmol) volume, and this was applied to

all future syntheses. At this volume, the crude RCY was 28 + 1% (n=3), with collection efficiency
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of 58 £ 1% (n=3) and radiochemical conversion of 49 + 1% (n=1). Residual activities of 13 + 1%
(n=3) and 2 £ 0% (n=3) was stuck on the cover plate and the reactor chip respectively, and 26 +
2% (n=3) of activity was identified as volatile loss (Table 7.2).

For comparison, the same conditions were applied for the closed Teflon-glass reactor.
The resulting crude RCY was 27 + 4% (n=3), with 41 + 6% (n=3) collection efficiency and 66 +
7% (n=3) radiochemical conversion. Significant losses of radioactivity were found on the chips
after product collection: 14 £ 3% (n=3) and 16 £+ 1% (n=3) of the starting activity on the cover
plate and the reactor chip, respectively. Furthermore, the volatile loss was 28 + 4% (n=3).

Details are summarized in Table 7.2.

Measurement STT reactor Teﬂon-stlllcon Teflon-glass
(open) relac or reactor (closed)
(n=4) (closed) (n=3)
(n=3)
Estimated volatile radioactivity loss 15 15 0
during ['®F]fluoride drying (%)
Product collection efficiency (%) 4042 5811 416
(RO/(:)SlduaI radioactivity on reactor chip 240 240 16+1
Residual radioactivity on cover plate (%) N/A 1341 1443
Total volatile radioactivity loss (%) 5912 2642 28+4
Radiochemical conversion (%) 7216 49+1 6617
Crude RCY (%) 29+4 28+1 27+4
Can be automated? (Y/N) Yes No No
Table 7.2: Summary of performance of droplet-based IEX reactions using various reactor
format

Loss during drying was not measured, but was estimated based on prior experiments. % values
are calculated as a ratio in reference to starting activity per experiment.

The conditions were then translated to the open reaction on a Teflon-silicon STT chip
(i.e. with optimized drying condition including addition of 1 yL of DMSO, and using 4 pL
precursor solution volume). Note that we observed the reaction mixture completely evaporated
after ~5 min, so the reaction was stopped at 5 min. Under these conditions, crude RCY of 29 +

4% (n=4) was achieved, collection efficiency was 40 + 2% (n=4) and radiochemical conversion
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was 72 £ 6% (n=4). Notably, only 2 + 0% (n=4) of the radioactivity was leftover on the reactor
chip after product recovery, but 59 + 2% (n=4) was attributed to volatile radioactivity loss.
Results are tabulated in Table 7.2 for comparison to other reactor formats.

We briefly investigated the influence of reaction time on the synthesis performance
(Figure 7.3B). Interestingly, increased heating time (even though the solvent has apparently
evaporated) from 5 min to 7 min may enable a slight improvement in performance. However,
the data from this reaction time optimization set showed overall lower performance than
previous experiments (i.e. crude RCY of 19 £ 0% (n=2) for 5 min and crude RCY of 23 % (n=1)

for 7 min), so further study is necessary.
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Figure 7.3: Reaction performance summary

(A) Impact of varying precursor volume on reaction performance in a closed reactor (silicon
substrates). For 3, 4, 5, 6, and 7 pL experiments, the number of replicates are n=2, n=3,
n=5, n=3, n=2, respectively. (B) Impact of reaction time on reaction performance on an
open reactor (STT chip. For 2, 5, and 7 min experiments, the number of replicates are
n=1, n=2, and n=1, respectively.\

The final crude product was also injected onto radio-HPLC to confirm product identity as

shown on Figure 4.
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Figure 7.4: HPLC chromatograms of non-radiolabeled and radiolabeled compound 1

Note that a few impurities exist in the precursor that lead to labeled and unlabeled impurities in
the crude reaction mixture. (A) A UV-chromatogram of injected non-radiolabeled compound 1
(B) Radio-HPLC co-injection of radiofluorinated ['®F]1 with non-radioactive standard 1.

7.3.5 Automated synthesis

Automation of the synthesis using the STT-patterned Teflon-silicon chips is currently

underway.
7.4 Discussion

7.4.1 Comparison of R-PPh;BF; to R-BF3 syntheses

We previously reported synthesis of ['®*F]JAMBF3-TATE on closed Teflon-glass chips with
a crude RCY of 17 £ 3 % (n=15) (105). Here, using the exact same conditions, the synthesis of
several (2-((2-R)diphenylphosphonio)phenyl)trifluoroborate (R-PPhsBF3) compounds (56)
proceeded with similar performance (Table 7.2). The average crude RCY over all replicates for
all compounds was 20 + 8% (n=20). For compound 1, the crude RCY was 17 £ 2% (n=4). This
result suggests that IEX with the BF3 moiety has comparable reactivity in the context in which it

appears for these two classes of trifluoroborates. Note that apparently some of the precursor
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compounds (all except DP-11-196-F2932 and DP-II-195) were not stable under the transport
and/or storage conditions and exhibited some impurities, leading to corresponding UV and
gamma peaks in the HPLC chromatograms of the crude product. In some cases (compound
DP-11-195), new peaks appeared during labeling, suggesting that this compound may not be
stable under the labeling conditions, and may be difficult to purify using only downstream SPE.

Interestingly, after optimization, we found the crude RCY on Teflon-glass chips for
compound 1 to be 27+4% (n=3). However, since only very minor changes were made, we
suspect the improvement may instead by attributed to differences in heating of the chip. In the
previous platform, heat was provided by a thermoelectric element (Peltier) with a ~1 cm
diameter circular heating block affixed to it. In the current system, heat is provided by a 25 mm x
25 mm ceramic heater (Ultramic CER-1-01- 00093, Watlow, St. Louis, MO, USA), which likely
can transfer heat more rapidly to the chip.

These new results suggest that with an improved experimental setup from droplet
radiosynthesis, significantly higher yield can be achieved for IEX radiofluorination of BF3

compounds than previously reported.

7.4.2 Effect of reactor format

Interestingly, under optimized conditions, all 3 reaction platforms (Teflon-coated glass in
closed format, Teflon-coated silicon in closed format, and STT-patterned Teflon-coated silicon in
open format) showed similar crude RCY of the IEX labeling process.

Comparing the Teflon-coated silicon reactor (closed) versus the Teflon-coated glass
reactor (closed), the former exhibited higher activity loss during ["®F]fluoride drying (estimated
~15% versus ~0%), and reduced radiochemical conversion (49% versus 66%), but exhibited
reduced residual radioactivity on the reactor chip (2% versus 16%), estimated ~11% vs 28%
volatile activity losses during fluorination, and thus an overall increased collection efficiency
(58% versus 41%).
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Comparing the STT Teflon-silicon chip (open) to the Teflon-silicon chip (closed), overall
volatile radioactivity losses (during both ['®F]fluoride drying and fluorination) were higher (59%
versus 26%), as expected due to the much larger exposed surface area of the droplet during the
radiofluorination. On the other hand, an improved radiochemical conversion was observed (72%
versus 49%) and residual radioactivity on the chip was versus low (2% versus 15% on both
chips of the closed Teflon-silicon reactor). Subtracting losses during the drying step, volatile
losses during the radiofluorination portion are 11% for the Teflon-silicon closed reactor, and
44% for the STT-patterned Teflon-silicon open reactor. It may be possible, that an improved
apparent reaction conversion is related to the fact that unreacted ['®F]fluoride leaves the open
reactor more easily in its volatile ['®F]HF form. As it can also be seen in Figure 7.3B, the
increase in volatile loss correlates with increasing reaction conversion. More detailed studies
are needed to fully understand the dynamics of IEX radiolabeling and volatile loss in these

droplet reactors.

7.4.3 Volatile activity losses

We previously observed radioactivity loss during IEX fluorination, likely due to the
formation of ['®F]HF under the highly acidic reaction conditions, which can form a vapor and
escape from the droplet. While for the Teflon-coated glass chips, we did not observe
radioactivity loss during the initial ['®F]fluoride drying with saline, a similar process on Teflon-
coated silicon resulted in major radioactivity loss (up to 60%). Because both chips feature a
Teflon-coating in contact with the radioisotope solution droplet, the reason for this difference
remains unclear. A similar volatile loss was observed during drying on the STT-patterned
Teflon-coated silicon chips, suggesting that the difference may not be due to the materials in
contact with the droplet but rather some other properties of the overall system, e.g. heating
characteristics. In some cases, Cerenkov imaging of the chips (708) were performed after

drying and there was no sign of splashing, splattering or other effects, suggesting a purely
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volatile loss of activity. In this study we were able to modify the drying procedures by addition of
a small amount of DMSO and limit radioactivity loss to ~15%. Current drying procedure may
require further time optimization for the open reactor to expand this method for different volumes
of ["®F]fluoride mixture.

Interestingly, no significant radioactivity losses have been observed when ['®F]fluoride is
dried in the presence of phase transfer catalysts and bases such as Kryptofix 2.2.2 / K.COs or
TBAHCO:s3 during the radiosyntheses of numerous tracers using the STT-patterned silicon chips
(50,109). Perhaps additives can be included with the ['®F]fluoride/saline mixture, though the
impact on the pH and performance of the resulting reaction droplet need to be explored.

7.4.4 Automation

Despite the lack of improved performance in the STT-patterned Teflon-silicon chip, an
enormous advantage of the open chip is the ability to easily automated the synthesis using
existing platforms (708) that dispense reagents using dispensers above the chip, and collect
product by lowering a collection tube down into the crude reaction droplet. Development of this

automated protocol is currently underway.
7.5 Conclusion

In this work it was demonstrated that reaction conditions developed previously for IEX
labeling of ['®FJAMBF;-TATE also gave similar performance when applied to a set of precursors
based on a R-PPhs-BF3 moiety, suggesting the advantages of droplet radiosynthesis (minimal
reagent consumption, high molar activity) can be applied to a broad class of precursors.

The initial results were obtained using reaction droplets sandwiched within closed
Teflon-coated glass reactors, but automation is difficult to apply to such a closed chip setup. In
an attempt to translate the Teflon-coated glass conditions to an open reactor, comparisons were
made among 3 different reactor types (closed Teflon-coated glass reactor, closed Teflon-coated

silicon reactor and open silicon STT reactor). All exhibited comparable overall crude RCY
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(~30%), despite the differences in conversion, residual losses on chips, and volatile losses.
Successful transition to the open format paves the way for automation on our existing droplet-
synthesis platform (7108).

We anticipate that this improved technique provides an economic and automated
procedure that can be more widely adopted by others to synthesize BFs-based radiotracers and
prosthetic groups to use these compounds in research, or to develop new tracers based on this
simple labeling route (i.e. under aqueous conditions and avoiding HPLC purification). Though
isotopic exchange has often been regarded as a low-molar-activity approach, the availability of
automated microscale methods that can achieve high molar activity even in small batches,
could possibly reinvigorate interest in the application of IEX syntheses as a basis for the
synthesis of diverse tracers with high molar activity.

Ongoing work is aimed at further characterization of the prosthetic groups (Table 7.1)

and conjugating these to biomolecules to develop novel PET imaging tracers.
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Chapter 8: Future outlook

As it was discussed in Chapter 1, many challenges surround radiopharmaceutical
production for PET diagnostics, making it an expensive and complex process. Miniaturization of
various aspects of the PET tracer production can potentially overcome some of the challenges
by creating more compact, economic and efficient devices. Due to the reduction of shielding,
physical footprint and reagent consumption microfluidics can enable low-cost decentralized
production of PET tracers, with the tracers produced on demand in the imaging centers, instead
of centralized large-batch production and distribution. While microfluidic analogues of
conventional radiosynthesizers exist, their use is not yet widespread, in part due to high cost,
dependence on specialized parts and limitations of the macro-to-micro interface. Additional
challenges come in when the production practices need to be validated and approved in
compliance with various regulations for use in clinic. Among other groups, our lab developed
several microfluidic instruments aimed to replace various parts of PET tracer production.

This dissertation focused on microscale radiosynthesis of PET tracers to demonstrate
the versatility and advantages of droplet-based synthesis methods. In Chapter 2, the droplet
synthesis is applied to a novel compound consuming much less precursor than the conventional
approach used side by side. Chapters 3 and 4 show the successful miniaturization and
automation of production for clinically relevant tracers to produce quantities suitable for
preclinical imaging. Chapter 5 shows that droplet synthesis can be scaled up easily to produce
few human doses of tracers, and that the resulting radiopharmaceutical passes all necessary
quality control requirements. Chapters 6 and 7 apply droplet synthesis to a special class of
isotope exchange (IEX) reactions. The IEX syntheses most greatly benefit from drastic
precursor reduction and high molar activity not bound to high starting radioactivity requirements.
Miniaturization of the isotope exchange syntheses could make these types of reactions more

attractive for the researchers, allowing to develop more tracers that take advantage of the
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simplified purification and rapid synthesis time. Notably, the work here highlights collaborative
efforts between chemistry and biology researchers, to synthesize radiopharmaceuticals for new
probe validation and in vivo studies, as well as the industry to aid in device validation. It is
important that such collaborative efforts continue and that the researchers can make use of the
affordable droplet approaches. Additionally, as a continuation of Chapter 7, we are planning to
install a droplet synthesizer to be used in another radiochemistry lab where novel tracers are
being developed.

While manual synthesis using droplet technique can be routinely performed for the
economic synthesis of various PET tracers and readily applied for pre-clinical studies, there are
many challenges to be faced in order to make these devices available for widespread use and
eventually in clinic. Since the ultimate goal is to move from centralized large-batch production to
a decentralized on-demand production, the synthesizers have to be easy to use, cost-efficient,
safe and reliable.

Current automated droplet radiosynthesizers are in the prototype stage and further
efforts are needed to create a user-friendly final design, with low operation and system cost.
Currently, the automated synthesizer requires a lot of expertise and manual intervention to
calibrate, setup and clean the system for each production. In the future, automated calibration
and cleaning protocols need to be developed. Hands-free realization of this concept can be
achieved with a cassette-based approach where the user has to just replace the cassette
containing non-radioactive reagents and cleaning solvents between the syntheses, while the
system does the rest. It is important that the disposables (e.g. chips or hypothetical cassettes)
are kept to a minimum and are low cost. The parts of the system that are in contact with the
radioactivity are to be enclosed and shielded. Since in the foreseeable future purification will be
carried out with HPLC, the radiosynthesizer will have to be integrated with HPLC to perform
automated product delivery. The prototype for automated HPLC injector already exists in our

lab, but further optimization and integration is required.
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Apart from the droplet radiosynthesizer itself, other steps of tracer production are yet to
be fully miniaturized. The tracer purification step currently still relies on the bulky HPLC
systems, though in some cases miniaturization can be achieved using SPE cartridges.
Miniaturization of the formulation step has been demonstrated using SPE micro-cartridges and
microfluidic tracer concentration system built in our lab. QC still remains a challenge, though we
believe the microchip CE has potential to greatly simplify and miniaturize some of the crucial QC
tests.

The ideal end goal of PET tracer miniaturization is a fully automated, integrated device
requiring minimal user intervention, that handles full production from radioisotope dispensing to
quality control. While, the development of such technology would take many years in the future,
the versatile droplet techniques presented in this work can encourage and propel further
advancements of radiochemistry miniaturization and its application in clinic. The methods
published herein are readily suitable for research applications and can provide the scientists
with economical batches of diverse PET tracers. We envision that the droplet-based
radiopharmaceutical production approaches would be beneficial to the field of radiochemistry,
making PET tracer production simpler, cheaper, safer, more accessible and promote the use of

powerful PET diagnostics all over the world, including low resource setting.
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