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®Physics and Biology in Medicine Interdepartmental Graduate Program, UCLA, Los Angeles, CA,
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dCenter for Radiopharmaceutical Sciences, Institute of Pharmaceutical Sciences, Department of
Chemistry and Applied Biosciences, ETH Zurich, Zurich, Switzerland

Abstract

Copper-mediated radiofluorination has demonstrated remarkable potential in forming aromatic
C-18F bonds of radioligands for positron emission tomography (PET). Achieving optimal results
often requires optimization efforts, requiring a substantial amount of radiolabeling precursor

and time, severely limiting the experimental throughput. Recently, we successfully showcased
the feasibility of performing and optimizing Cu-mediated radiosynthesis on a high-throughput
microdroplet platform using the well-known and clinically used radioligand [18F]JFDOPA as an
illustrative example. In our current work, we optimized the Cu-mediated synthesis of a novel
monoacylglycerol lipase (MAGL) PET tracer ([18F]YH149), showing the versatility of droplet-
based techniques for early stage tracer development. Across 5 days, we conducted a total of

117 experiments, studying 36 distinct conditions, while utilizing <15 mg of total organoboron
precursor. Compared to the original report in which the radiochemical yield (RCY) was 4.4
0.5% (n=15), the optimized droplet condition provided a substantial improvement in RCY (52 +
8%, n=4) and showed excellent radiochemical purity (100%) and molar activity (77-854 GBq
umol1), using a starting activity of 0.2-1.45 GBq. Furthermore, we showed for the first time a
translation of the optimized microscale conditions to a vial-based method. With similar starting
activity (0.2-1.44 GBq), the translated synthesis exhibited a comparable RCY of 50 + 10% (n=
4) while maintaining excellent radiochemical purity (100%) and acceptable molar activity (20-46
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GBq pumol~1). The successful translation to vial-based reactions ensures wider applicability of the
optimized synthesis by leveraging widely available commercial vial-based synthesis modules.

Introduction

Positron emission tomography (PET) is a vital nuclear imaging technique for studying

in vivo biodistribution, diagnosing diseases, monitoring therapy response, and developing
new drugs.! PET relies on positron—electron annihilation, generating gamma rays that are
detected by PET scanners, and provides valuable insights into the binding and uptake
behavior of radiolabeled compounds (/.e. radiotracers) to specific biomolecular targets.?
Fluorine-18, with its favorable nuclear and physical properties such as high positron yield,
low energy, short range, and suitable half-life, is widely used to label biomolecules for PET
imaging.34 Aromatic systems labeled with [*8F]fluorine, in particular, tend to offer good in
vivo stability, making them ideal for PET tracer development.> Numerous approaches have
been reported for 18F-labeling of aromatic compounds, though introducing [*8F]fluoride
into neutral and electron-rich aromatic rings remains challenging.#-6-8

Currently, the Cu-mediated radiofluorination technique has emerged as a highly promising
and primary method for introducing aromatic C-18F bonds into both novel and established
PET tracers.%-1° This innovative approach successfully overcomes numerous challenges
associated with conventional fluorination methods, such as the limited shelf life of
precursors, difficulties in synthesizing labeling complexes, and the demanding synthesis
conditions, making it a valuable and indispensable strategy for labeling aromatic systems
with F-18.

Despite the wide scope of this method, achieving efficient manufacturing of specific tracers
often requires extensive optimization efforts to consider the impact of various factors such
as solvent system, phase transfer catalyst (PTC) or base type, precursor amount, copper
mediator type, reaction temperature, labeling time efc.29-23 However, current commercial
radiosynthesizers designed for milliliter-scale reactions present limitations in terms of

cost, hot cell operation, and limited synthesis capacity per day, largely hindering their
contribution to intensive optimization endeavors. Additionally, to ensure reasonable reaction
rates at the milliliter scale, significant amounts of precursors and other species are utilized,
resulting in significant waste and challenges in downstream purification to remove excess
reactants and by-products. In particular, in the case of Cu-mediated radiofluorination, the
presence of protoarene impurities generated from competing protodeborylation reactions
complicates high-performance liquid chromatography (HPLC) purification due to their
similar chemical properties to the desired product, further exacerbating the challenges.?*

Microfluidic devices have emerged as efficient, compact, and cost-effective platforms

with great potential for diverse radiotracer production, leading to the development of
various microfluidic tools in radiochemistry over the past 15 years.25-29 These systems

can be roughly divided into two categories: flow chemistry systems and microscale

batch systems. Flow-based reactors have shown great effectiveness in synthesizing various
radiopharmaceuticals,30 but these setups rely on macroscale components for some synthesis
steps (e.g., radioisotope concentration and product purification), making them similar to
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conventional radiosynthesizers in terms of size, shielding requirements, and operating
volumes. Recent batch-based systems have been reported that can provide clinical amounts
of numerous radiopharmaceuticals and offer improvements due to significantly lower
volumes3! and smaller system size as well as improved integration with upstream and
downstream processes. A variety of batch approaches have been pursued, including
microvial reactors,32-34 channel-based devices with integrated isotope processing and
purification,3%:36 and droplet-reaction systems.

Within our research group, we have focused on the latter because of its simplicity, speed
and versatility and have developed several generations of semi- and fully automated droplet-
based reaction chips, including EWOD,37:38 passive transport chips,3%40 and surface-
tension trap chips.?! These devices have demonstrated comparable yields to conventional
approaches but with significantly shorter overall synthesis times and 100x reduction in
precursor, and provide high molar activity, regardless of whether one is producing small

or large (radioactivity amount) batches.*2-44 The enhanced speed is primarily attributed to
an efficient chip surface heating and cooling system combined with low solution volumes
during reaction and evaporation steps as well as microvolume purification (using analytical-
scale HPLC) of <100 pL crude product, eliminating the need for semi-preparative HPLC.
Notably, we have recently showcased the feasibility of Cu-mediated radiosynthesis in a
microdroplet reactor using [18F]FDOPA as an example, achieving substantial improvements
in radiofluorination (crude RCY of 43 + 2% (/7= 4) from fluorination conversion via TLC of
60 + 4% and collection efficiency of 71 + 2%) with only 150 nmol of precursor.#

In this work, we address two key remaining questions. Firstly, how useful is the

droplet method for optimizing radiotracer synthesis through Cu-mediated radiofluorination
at an early stage of radiochemical and preclinical development? Secondly, can the
microscale optimized conditions be translated to macroscale radiosynthesis protocols to be
compatible with currently available radiosynthesizer technologies, /.e., existing vial-based
modules? To address these questions, we conducted a study using a novel PET tracer
([*8F]YH149) targeting monoacylglycerol lipase (MAGL) as a proof of concept.%6 Designed
and synthesized viaa Cu-mediated route (Fig. 1A), [18F]YH149 targets MAGL in the
endocannabinoid system, a critical enzyme associated with inflammation, neurodegenerative
disorders, and cancer. Evaluation of [18F] YH149 in mice demonstrated excellent selectivity
and specificity towards MAGL, along with significantly higher brain uptake in PET

imaging compared to other reversible MAGL tracers,*8 indicating its promising potential
for clinical translation. However, the low RCY (4.4 £ 0.5%, decay-corrected) obtained using
a macroscale synthesis platform is suboptimal for further imaging trials, severely limiting
multi-center collaborative studies and larger cohort investigations. The pressing need for
synthesis improvement makes [18F] YH149 an ideal candidate for a high-throughput
microdroplet-based optimization study as well as an exploration of its translation to
macroscale synthesis. In the present study, we systematically screened various 18F-labeling
parameters to develop an improved radiosynthesis for [18F] YH149 and subsequently
explored the scaling of optimal conditions to a vial-based reaction.

Lab Chip. Author manuscript; available in PMC 2024 October 24.
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2. Experimental

2.1 Materials

Tetrabutylammonium hydrogen carbonate (TBAHCO3, 75 mM in ethanol) was purchased
from ABX Advanced Biochemical Compounds (Radeberg, Germany). Tetrabutylammonium
trifluoromethanesulfonate (TBAOTT, >99%), Kryptofix® 222 (K., >99%) and potassium
oxalate (KoCo04, 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Tetraethylammonium trifluoromethanesulfonate (TEAOTT, >99%) was purchased from TCI
America (Portland, OR, USA). Cesium carbonate (Cs,COg3, 99%), potassium carbonate
(K2COg3, >99%), anhydrous pyridine (Py, 99.8%), anhydrous N, A-dimethylformamide
(DMF, 99.8%), anhydrous N, N-dimethylacetamide (DMA, 99.8%), anhydrous dimethyl
sulfoxide (DMSO, >99.9%), rbutanol (mBuOH, 99.9%), 1,3-dimethyl-2-imidazolidinone
(DM, >99.5%), anhydrous acetonitrile (MeCN, 99.8%), anhydrous ethyl alcohol (EtOH,
>99.5%), phosphoric acid (H3PO,4, >85 wt% in H,0) and tetrakis(pyridine)copper(ll)
triflate (Cu(OTf)2(Py)4, 95%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
N-Methyl-2-pyrrolidone (NMP, >99%) was purchased from TCI America (Portland, OR,
USA). The precursor and reference standard were prepared as previously reported.46
Deionized (DI) water was obtained from a Milli-Q water purification system (EMD
Millipore Corporation, Berlin, Germany). C18 plus light cartridges (130 mg sorbent,
WAT023501) were purchased from Waters Corporation (Milford, MA, USA). Reagent and
collection vials were purchased from Eppendorf (Hamburg, Germany). Reaction vials (4
mL) for macroscale reactions were purchased from Chemglass Life Sciences (CG-4904-06,
Vineland, NJ, USA). Silicone oil (CAS 63148-62-9) used in the vial heating block was
purchased from Fisher Chemical (Pittsburgh, PA, USA). 50 mL polypropylene centrifuge
tubes were purchased from Corning Inc. (430 304, Corning, NY, USA). [18F]Fluoride in
[180]H,0 was obtained from the UCLA Crump Cyclotron and Radiochemistry Center. The
activity was used directly as provided by cyclotron without further purification for both
droplet-based microscale and vial-based macroscale radiosynthesis.

2.2 Droplet-based radiosynthesis of [18F]YH149

Droplet-based reactions were performed on Teflon-coated silicon chips patterned with 2 x
2 or 4 x 4 arrays of multiple hydrophilic reaction sites (Fig. 1B), operated on a temperature-
controlled heating platform, as previously described.*’

The general synthesis process (Fig. 1C) was as follows: 10 pL of an [18F]fluoride stock
solution (containing 23-170 MBq of activity mixed with a desired amount of PTC and base)
was delivered via micropipette onto a reaction site of the chip and dried at 105 °C for 1 min.
Next, 10 pL of a precursor/Cu(OTf),(py)s stock solution was added via micropipette and
heated to perform the fluorination. After synthesis, the crude product was extracted from the
reaction site by adding a collection solution (20 pL) and transferring via micropipette to a
0.5 mL Eppendorf tube for further analysis. The collection step was repeated a total of 4x

to minimize activity residue on the chip. Studies were performed to optimize the reaction
solvent type, PTC/base type and amount, reaction temperature, reaction time, and precursor
amount.

Lab Chip. Author manuscript; available in PMC 2024 October 24.
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Several stock solutions were prepared just prior to each batch of experiments. Stock
solutions of PTC and base were prepared in DI water at concentrations such that a 5 uL
aliquot contained the desired amount of PTC and base for a single droplet reaction. The
amounts were optimized as part of this study. [*8F]Fluoride stock solution was prepared

by mixing [18F] fluoride/[*80]H,0 with the desired PTC/base stock solution in 1 : 1 (v/v)
ratio, such that each 10 pL portion contained 23-170 MBq of activity along with the desired
amount of PTC and base for a single reaction. Stock solutions of precursor (37 mM) and
Cu(OTH)2(Py)4 (136 mM) were separately prepared in the desired reaction solvent mixture.
These components were mixed in 1 : 1 (v/v) ratio just prior to synthesis such that each 10 uL
portion of the mixed solution contained 0.185 umol (0.1 mg) of precursor and 0.68 pmol of
Cu(OTf)2(Py)4. In studies of precursor amount, a similar procedure was followed except the
concentration of the precursor stock solution was varied. Collection solution was prepared
by mixing MeCN and DI water (6 : 4, v/v).

In some cases (for comparison of performance of droplet and vial-based reactions), droplet
reactions were prepared at higher activity scale. In these cases, 20 pL of [18F]fluoride
(0.2-1.45 GBq with the optimal PTC/base amount) was dried on the chip for a slightly
longer time (~1.5 min), followed by the optimal fluorination process. The crude product was
collected as described above, but using HPLC mobile phase (composition described below),
followed by analytical-scale HPLC purification.

2.3 Macroscale production of [18F]YH149

Macroscale synthesis was performed in a 4 mL GC vial. Heat was provided by placing the
vial into a preheated aluminum vial block (Ohaus 30 400 185, Hogentogler & Co. Inc.,
Columbia, MD, USA) filled with 2 mL silicone oil. The vial block was heated on a hot plate
(PC-420D, Corning Inc., Corning, NY, USA) equipped with a temperature probe (6795PR,
Corning Inc., Corning, NY, USA) inserted into the heating block.

The droplet-based synthesis was implemented as a vial-based reaction by scaling up reagent
amounts of the optimal conditions by 10x and performing reactions in 300 pL of reaction
solvent mixture, but otherwise maintaining the same conditions as the droplet reaction. 20
uL of aqueous [18F] fluoride (0.2-1.44 GBq), mixed with 10x the optimized amounts of
PTC and base, was added to the reactor and dried at 105 °C until all liquid evaporated.
Azeotropic drying was performed three times, each time by adding MeCN (30 L) and
drying at the same temperature. Stock solutions of precursor and Cu(OTf),(Py)4 were each
prepared in the optimized solvent system and were mixed ina 1 : 1 (v/v) ratio right before
synthesis. 300 pL of the resulting mixture (containing 10x the amounts of precursor and
Cu(OTf)o(Py)4 as the optimized droplet reaction) was added into the reaction vial and heated
to the fluorination temperature viathe heating block. The reaction was sampled at different
time points to monitor its fluorination progress. At each time point, the reaction vial was
moved from the heat block and cooled in a water bath (~20 °C) for ~1 min, and a 0.5 pL
sample was taken from the reaction mixture and diluted with 20 pL of collection solution
for TLC analysis. After taking the sample, the reaction vial was put back into the heat block
until the next time point. After the 0.5 UL sample was taken from the final reaction mixture,
the reaction mixture was quenched with 1 mL of DI water, transferred to a 50 mL centrifuge
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tube and further diluted with 20 mL of DI water. Prior to HPLC purification, the solvent

was exchanged by loading the diluted crude product on a light C18 cartridge (preconditioned
with 5 mL of EtOH and then 20 mL of DI water), washing with 6 mL of DI water, and
eluting with 0.5 mL of MeCN. The eluate was further concentrated to <0.1 mL by heating at
60 °C in a v-vial, enabling the crude product to be purified v/aanalytical-scale HPLC.

2.4 Analytical equipment and methods

Radioactivity measurements were conducted using a calibrated dose calibrator (CRC-25R,
Capintec, Florham Park, NJ, USA). Fluorination conversion was assessed via multi-lane
radio-thin layer chromatography (radio-TLC) methods.*8 Briefly, samples (0.5 L) were
spotted on TLC plates (6 cm x 5 cm pieces cut from 20 cm x 5 cm sheets, silica

gel 60 Fos4, Merck KGaA, Darmstadt, Germany). Plates were developed for a 4 cm
distance using a mobile phase of MeCN and DI water (7 : 3, v/v), dried, and then

covered with a glass microscope slide (75 mm x 50 mm x 1 mm, Fisher Scientific,
Hampton, NH, USA) and read out by Cerenkov luminescence imaging (CLI) with 5 min
exposure time. Fluorination conversion of each sample (lane) was determined v7a ROI
analysis as previously described.*8 Collection efficiency was obtained by dividing the
activity of product mixture collected from the droplet or vial reactor by the starting activity
(corrected for decay). Crude RCY was computed as fluorination conversion multiplied by
the collection efficiency. The isolated RCY was determined by performing radio-HPLC
purification on an analytical column (ZORBAX RP Eclipse Plus C18, 100 x 4.6 mm, 3.5
um, Agilent Technologies, Santa Clara, CA, USA) using an isocratic mobile phase of DI
water and MeCN (74 : 26, v/v) with 0.1% H3PO, (v/v) at a flow rate of 1.2 mL min~1,

The radio-HPLC system comprised a Smartline HPLC system (Knauer, Berlin, Germany)
equipped with a degasser (model 5050), pump (model 1000), UV detector (254 nm;

Eckert & Ziegler, Berlin, Germany), gamma-radiation detector (BFC-4100, Bioscan, Inc.,
Poway, CA, USA), and counter (BFC-1000; Bioscan, Inc., Poway, CA, USA). The purified
[18F]YH149 was analyzed on the same radio-HPLC system to confirm radiochemical purity
(RCP) using a mobile phase of DI water and MeCN (70 : 30, v/v) with 0.1% H3POy4 (v/v) at
a flow rate of 1.2 mL min~L. Co-injection of the purified [18F]YH149 and reference standard
was performed to confirm product identity. The same analytical-scale radio-HPLC system
was employed to determine the molar activity of the purified [18F]YH149, utilizing a linear
calibration curve of YH149 reference standard. The comprehensive measurement details can
be found in the ESI,T section 3.

3. Results and discussion

3.1 Optimization of [18F]YH149 radiosynthesis using droplet reactions

3.1.1 Initial conditions.—As a starting point for droplet-based synthesis of
[18F]YH149, we tried two sets of conditions. First (condition 1), we scaled down the
macroscale synthesis method described by He et a/46 from 300 L to 10 uL with

10x reduced reagents while preserving ingredient ratios except for Cu(OTf),(Py)4 (we

used 30x less instead of 10x less due to solubility issues). Second (condition 2), we

used our previously reported droplet-based conditions for the Cu-mediated synthesis of
[18F]FDOPA%S but used the [18F]YH149 precursor. The detailed conditions and performance
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of the reactions can be found in Table S1.t1 Surprisingly, our attempts to produce
[18F]YH149 by condition 1 yielded no product (7= 2) (Fig. S11). To our delight,

we successfully obtained [18F]YH149 by using condition 2, with moderate fluorination
conversion of 44 £+ 1% (n = 2), good collection efficiency of 81 + 2% (n= 2) and crude
RCY of 36 + 2% (n = 2). Despite this initial attempt already exceeding the performance of
the vial-based reaction conditions,*® we proceeded with further optimization starting with
condition 2.

Noticing that the main differences between conditions 1 and 2 were reaction solvent
composition and the type and amount of PTC/base, we focused initial optimization studies
on these parameters and systematically explored various parameters in the following order:
(1) solvent type, (2) type of PTC and base, (3) reaction temperature, (4) fluorination time,
and (5) precursor amount. At each stage of optimization, we selected the best-performing
condition, which was then fixed for subsequent experiments.

3.1.2 Influence of reaction solvent.—Various solvent systems were investigated for
the preparation of [18F]YH149 (Fig. 2A). Details of measurements and calculations are
tabulated in Table S2,1 and the CLI readout of the multi-lane TLC is shown in Fig. S2.t
All reactions were conducted with TEAOTT (0.3 umol)/Cs,CO3 (0.01 umol) as PTC/base,
Cu(py)4(QOTf), (0.68 pmol) as copper reagent and 0.1 mg (0.18 pmol) of precursor in 10 pL
solvent at 110 °C for 5 min. Among the different solvent systems tested, the mixed solvent
DMA/nBuOH/pyridine (64 : 32 : 4, v/v) provided the best performance, with a fluorination
conversion of 49 + 2% (n= 3), collection efficiency of 75 £ 1% (n#= 3) and crude RCY

of 35 = 0% (/7= 3). Notably, the absence of pyridine (/.e., using only DMA/mBUOH (2 :

1, vIv)) resulted in a fluorination conversion of 0% (7= 2), suggesting that pyridine is

a critical additive for the formation of the radiofluorinated product. Pyridine likely serves
as a stabilizer to maintain the functionality of the copper catalyst solution under ambient
conditions, and its necessity was also mentioned by Mossine et a/. in previous reports.16:24

3.1.3 Influence of PTC/base.—The next investigation involved different types of PTCs
and bases (Fig. 2B). The detailed measurements and calculations can be found in Table
S3t and multi-lane TLC data are shown in Fig. S3.1 In the absence of base (Cs,CO3), the
reaction with TEAOTT exhibited the highest fluorination conversion among the three PTCs
tested, achieving 36 + 1% (n7= 3) along with a good collection efficiency of 70 £ 1% (n

= 3) and resulting crude RCY of 25 + 1% (/7= 3). The use of TBAOTf or TBAHCO3

as the PTC exhibited significantly lower fluorination conversion, resulting in substantially
lower crude RCY (19 £ 6%, n= 3 for TBAOTTf and 14 + 1%, n= 3 for TBAHCO3). The
addition of the base Cs,COs further improved the fluorination conversion (44 + 3%, n=3
for TEAOTf/Cs,CO3 and 36 = 2%, n =3 for TBAOT{/Cs,CO3), resulting in higher crude
RCYs of 31 + 3% (7= 3) for TEAOTTf/Cs,CO3 and 26 + 4% (n = 3) for TBAOTf/Cs,COs3,
respectively. Hence, TEAOT was identified as the optimal PTC for preparing [18F]YH149,
and the addition of base (Cs,CO3) was also important for a good manufacture.

3.1.4 Effect of temperature and base type.—We conducted additional investigation

into the fluorination temperatures (Fig. 3A and B). As a mild and common base source
in aprotic solvents, we also opted to explore K,COg3 as an alternative to Cs,COs in this
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temperature study. A comprehensive listing of measurements and calculations and multi-lane
radio-TLC images can be found in Tables S4 and S5 and Fig. S4 and S5,1 respectively.

In the presence of Cs,COg, the fluorination conversion exhibited a significant increase

with temperature, reaching a maximum of 78 + 1% (n= 3) at 140 °C. However, it was
observed that higher temperatures led to increased volatile losses, resulting in a decline

in the collection efficiency. The overall crude RCY demonstrated a sharp increase with
temperature, rising from 21 + 1% (n=3) at 100 °C to 40 + 2% (n=3) at 120 °C, and

then tended to stabilize beyond 120 °C. The maximum crude RCY of 43 £ 1% (n= 3) was
achieved at 140 °C, accompanied by a fluorination conversion of 78 £ 1% (n=3) and a
collection efficiency of 55 + 1% (7= 3). When K,CO3 was used as the base (tested over

a slightly higher temperature range), the fluorination conversion showed a small rise with
increasing temperature; however, the collection efficiency exhibited a gradual decrease, with
a net overall result of gradually decreasing crude RCY. At 160 °C, a more significant drop in
reaction performance was observed. Nearly the best crude RCY occurred at 140 °C, where
the fluorination efficiency was 67 £ 1% (/7= 3), collection efficiency was 57 + 3% (n=23)
and crude RCY was 38 + 2% (7= 3). Considering the higher volatile losses observed with
Cs,COg3 at 140 °C (collection efficiency: 55 = 1%, n=3 vs. 57 £ 3%, n= 3 for KyCOs)

and its more basic property in aprotic solvents,*® we adopted K,COs, the milder base, as the
base for further experiments.

3.1.5 Effect of reaction time.—Next, we investigated the impact of reaction time (Fig.
3C). Detailed measurements and calculations and radio-TLC analysis can be found in Table
S6 and Fig. S6.1 We observed that radiofluorination proceeded rapidly within the first 2
min, followed by gradual growth, but collection efficiency showed an inverse trend, with
increasing loss of volatile activity during longer reaction times. The resulting crude RCY
exhibited a peak at 3 min, with a value of 42 £ 2% (n= 3).

3.1.6 Effect of base amount.—Based on the optimal reaction time, a study of different
amounts of base was conducted (Fig. 3D). Details of measurements and calculations and
radio-TLC images can be found in Table S7 and Fig. S7.1 We observed that increased
amount of the base led to a gradual decrease in fluorination conversion, while the collection
efficiency did not exhibit significant changes, resulting in a gradual decline in crude RCY.
Based on these results, minimal use of base (10 nmol) was selected for the next optimization
stage.

3.1.7 Influence of precursor amount.—We further explored the influence of
precursor amount (Fig. 3E). Detailed measurements and calculations and radio-TLC images
can be found in Table S8t and Fig. 4, respectively. Interestingly, the amount of precursor
had only a slight impact on the various measures of performance of the reaction. Using 0.15
mg of precursor gave the highest overall crude RCY (42 + 4%, n=3).

3.1.8 Additional tests.—Inspired by a separate study, in which we saw significantly
improved production of [18F] FBnTP achieved by using DMI as a solvent instead of
DMA, %0 we conducted additional tests for the synthesis of [18F] YH149. When replacing
DMA with DMI under the fixed conditions derived from previous optimization stages (Table
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S8 and Fig. S8t), the synthesis showed higher fluorination conversion (71 + 5%, n= 3 for
DMI vs. 62 + 2%, n= 3 for DMA, n= 3); however, collection efficiency was lower (57 £
1%, n= 3 for DMI vs. 68 + 4%, n= 3 for DMA), resulting in an overall lower crude RCY of
40 = 4% (n=3) compared to 42 + 4% for DMA. Therefore, we retained DMA/mBUOH/Py
as the optimal solvent combination. Additionally, given the superior performance of Cs,CO3
compared to K,COj3 in the same [18F] FBnTP study,®® we were curious to compare these
bases again for the preparation of [18F]YH149 (Table S8 and Fig. S81). To our surprise, the
use of Cs,CO3 exhibited a significant increase in both fluorination conversion (80 + 2%,
n=4) compared to K,CO3 (62 £ 2%, n= 3) and collection efficiency (71 + 3%, n=4)
compared to K,CO3 (68 £ 4%, n= 3). Consequently, this configuration yielded the highest
crude RCY of 56 + 3% (/7= 4) compared to K,CO3 (42 £ 4%, n=3). As a result, we
selected Cs,CO3 as the optimal base type.

3.1.9 Overall synthesis including purification.—Overall, as summarized in Table
1, 36 distinct conditions (totaling 117 experiments when replicates are included) were
explored over a span of 5 days, consuming a total of <15 mg of precursor. In order to
account for potential interfering factors (e.g. variations in [*8F]fluoride quality from day to
day, batch-to-batch inconsistencies in stock solution preparation, efc.), each optimization
experiment included conditions that repeated data points from the previous day as a

control. We found such replicated measurements to be remarkably consistent, suggesting
little impact of fluoride quality and batches of reagents. Each experimental reaction was
performed with starting activity ranging from 22 to 170 MBg. The optimal process involved
drying [18F]fluoride with TEAOT (0.3 umol) and Cs,CO3 (0.01 pmol) at 105 °C for 1

min. No azeotropic drying steps were necessary. Subsequently, the fluorination reaction was
performed at 140 °C for 3 min using 0.15 mg (0.28 pmol) of precursor and 0.68 umol

of Cu(OTf)(Py),4 in a 10 uL solvent mixture of DMA/BuOH)/pyridine (64 : 32 : 4, v/v).
This optimized method achieved fluorination conversion (80 = 2%, 7= 3) and collection
efficiency (71 + 3%, = 3) at the end of the reaction, resulting in a crude RCY of 56

+ 3% (n = 3). The optimized synthesis was then scaled to higher activities (0.2 to 1.45

GBq) and combined with purification. Taking advantage of the microscale radiosynthesis,
the collected crude product volume (~80 pL) and reagent mass were sufficiently low that
purification was possible using an analytical radio-HPLC system under isocratic conditions.
Purified product could be collected in ~20 min. The radio-HPLC chromatogram of the crude
[18F] YH149 injection showed excellent separation resolution (Fig. 5A). The isolated RCY
(52 + 8%, nn=4) closely matched the calculated crude RCY (56 + 3%, 7= 3; based on
radio-TLC measurement), suggesting minimal residual losses during the HPLC injection
and purification process. The radiochemical purity of the purified [18F]YH149 was 100%,
determined by radio-HPLC (using the analytical mobile phase). Fig. 5B shows an HPLC
chromatogram of a blank injection of the purification mobile phase (20 pL), and Fig. 5C
shows a chromatogram of the injected purified product (20 pL). Co-injection of the purified
[18F]YH149 and the reference standard confirmed the product identity (Fig. 5D). Note that
the analytical mobile phase had higher organic content (30% vs. 26% MeCN); thus the
retention time is lower (8.5 min vs. 18.6 min). The molar activity at the end of synthesis was
determined to be 77-854 GBq umol~L. The overall synthesis time was 26 min, comprising 6
min for radiolabeling and 20 min for purification.
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The performance is summarized in Table 2 and compared to the results of the originally
reported macroscale synthesis,® highlighting notable improvements in synthesis time

and RCY. One reason for the improved RCY at the microscale could be the increased
precursor concentration (28 mM vs. 12.3-18.3 mM). Despite this increased concentration,
we achieved a 13-20x reduction in precursor consumption by using a significantly

smaller reaction volume (10 vs. 300 pL). The concentration of the copper reagent was
similar (68 mM for the microscale reaction vs. 68.7 mM in He et a/%), but the total
amount was ~30x lower due to the reduced reaction volume. The reduced reagent usage
significantly reduced the formation of side products, resulting in simplified purification.
The elevated temperature (140 °C in this work vs. 110 °C in ref. 46) likely also played
arole in improving performance. Only two major radio-peaks, corresponding to unreacted
[18F]fluoride and [18F]YH149, were seen in the HPLC chromatogram from the crude droplet
reaction (Fig. 5A). Furthermore, the UV chromatogram showed only a few impurities in
very low quantities, well separated from the product peak. Notably, purification could

be streamlined on an analytical-scale HPLC with an isocratic mobile phase, while the
conventional radiosynthesis method required a gradient protocol, leading to the need for

a more complex HPLC setup. Overall, the droplet synthesis exhibited a ~12-fold increase
in RCY (52 £ 8%, n=4) compared to the previous macroscale approach (4.4 + 0.5%, n

= 4). Moreover, despite commencing with significantly lower initial activity compared to
the conventional macroscale approach (0.2-1.45 GBq vs. 50-60 GBq), the droplet method
achieved high molar activity ranging from 77 to 854 GBq umol=! at the end of synthesis.
Furthermore, despite using ~41x lower starting activity, the droplet reaction could still
produce enough product amount for preclinical and clinical studies. This high-performing
microscale synthesis paves the way for efficient production of small tracer batches through
Cu-mediated radiofluorination, delivering the high molar activity needed for preclinical
imaging scenarios. Sufficient product amount of [18F]YH149 (80-623 MBq) was also
obtained for multiple preclinical imaging studies or a single patient scan for a clinical study.
Finally, the total preparation time using the droplet method was merely one-third of that
required by the conventional method, resulting in significant time savings.

3.2 Translation of microscale conditions to vial-based reaction

Although we have previously shown the possibility of performing relatively large scale
(multiple patient doses) in individual droplet reactions,>1:52 we understand that droplet
reactor systems are not currently widely available, preventing others from taking advantage
of the improved synthesis process. Therefore, we decided to explore the potential of directly
scaling the optimized droplet conditions to a vial-based (macroscale) reaction.

To continue to leverage the benefits of isolating the crude product v/aan analytical
radio-HPLC system (/.e. excellent separation capabilities and shorter purification time), we
minimized the reagent use in the macroscale reaction by employing only a 10x scale-up of
all reagents (/.e. 3 umol of TEAOTT, 0.1 umol of Cs,CO3, 2.8 umol of precursor, and 6.8
umol of Cu(Py)4(OTf),) while increasing the reaction volume 30x from a 10 uL droplet to a
300 pL vial-based reaction. In order to ensure a sufficiently small volume for injection into
analytical HPLC, we needed to add a solvent-exchange step after the fluorination step (from
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reaction solvent to MeCN) and then an evaporative concentration step to reduce the volume.
The overall process flow of the macroscale reactor synthesis is depicted in Fig. S9.t

The performance and duration of each step in the macroscale synthesis are summarized in
Table S9.1 To enable comparisons to the droplet reaction, the synthesis used a comparable
activity level (0.2-1.44 GBq) and the same volume of aqueous [*8F]fluoride. The aliquot
was mixed with 5 uL of PTC/base (10x more concentrated), added to the vial, and heated at
105 °C for evaporation. It took ~5 min to evaporate most of the initial 25 pL solution. Since
a tiny amount of liquid remained on the bottom of the vial even after the extra heating time,
azeotropic drying was conducted with 30 uL of MeCN (repeated 3x), taking an additional
~6 min. It took ~1 min to cool the vial to room temperature in a water bath after each
evaporation. Due to the macroscale reaction solution being more dilute than the microscale
reaction (3x less due to 30x volume increase but only 10x reagent increase), we anticipated
a potential decrease in reaction rate as well as slower mixing and heating in the macroscale
reactor, and a potential need to increase the reaction time. To monitor the progress of the
macroscale reaction, 0.5 uL samples were taken at different time points (3, 6, and 10 min) to
measure the fluorination conversion (Fig. S10t). The reaction exhibited a high fluorination
conversion of 69 £ 1% (n = 4) within the first 3 min, which increased to 76 + 1% (n = 4) at
6 min. Beyond 10 min, the fluorination conversion exhibited only a slight increase, reaching
77 + 2% (n=4), prompting the reaction to be stopped after 10 min.

Following the 10 min reaction, 81 + 5% (/7= 4) of the starting activity (corrected for decay)
was successfully extracted into a collection vial. 17 + 4% (n7= 4) of the starting activity
remained in the reactor and the reactor cap, despite attempts to extract it using additional
water (1 mL) or MeCN (1 mL). The collected activity was further diluted with DI water

and loaded onto a light C18 cartridge, followed by washing with an additional 6 mL of DI
water to remove unreacted [18F]fluoride. Around 52 + 10% (17 = 4) of the starting activity
was trapped on the cartridge, and the waste activity resulting from the trapping and washing
procedure was 27 + 11% (1= 4) of the starting activity. Using 0.5 mL of MeCN, most of
the activity was eluted off the cartridge, 7.e., 51 + 10% of the starting activity was recovered
with minimal residual activity on the cartridge (1 £ 0%, /7= 4). The eluted activity was then
concentrated to less than 0.1 mL by heating at 60 °C. The concentrated reaction mixture was
purified using analytical-scale radio-HPLC in ~13 min, resulting in an isolated RCY of 50 +
10% (n= 4, Table 2), suggesting negligible losses during the purification step. An example
HPLC chromatogram during the purification process is shown in Fig. S12.1 According to
radio-HPLC measurements, the purified [18F]YH149 exhibited a radiochemical purity of
100% (Fig. S137), and the molar activity at the end of synthesis was determined to be 20-46
GBq pmol~L. The co-injection of purified [18F]YH149 and the reference standard confirms
the chemical identity from this macroscale synthesis (Fig. S147). The overall preparation
time was ~58 min, including 15 min for [18F]fluoride drying, 15 min for radiofluorination,
15 min for crude product concentration, and 13 min for purification.

To ensure a fair and direct comparison between the optimized droplet method and the
translated vial-based method, both were conducted on the same day, employing identical
amounts of [*8F]fluoride loaded manually to eliminate any possible interference (like
[18F]fluoride losses within fluidic pathways from a QMA process), and using the aliquots
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of the same batch of radioisotope, precursor and copper reagent (the stock solutions for

the precursor and Cu(Py)4(OTf), had to be diluted to the appropriate concentration for

the macroscale reaction). The translated macroscale synthesis yielded a high RCY of

50 + 10% (n= 4), nearly identical to that achieved by the droplet method (52 + 8%,

n=4). One notable difference is that the molar activity obtained from the translated
macroscale synthesis was 4-18x lower than that achieved with the droplet method (20-46
GBq pmol~! vs. 77-854 GBq pmol~1), despite starting with the same initial activity. This
discrepancy suggests the presence of non-radioactive fluoride contamination, likely from the
vial materials and/or reagents and solvents, and can likely be overcome by starting with a
higher activity scale.** Another difference is that the translated macroscale synthesis needed
double the preparation time due to additional required processes, such as azeotropic drying
and crude product concentration. Interestingly, the purification time was shortened to 13 min
(Fig. S9t) (compared to 20 min for the droplet method in Fig. 5A) since the product peak
emerged earlier upon injection of the crude product when dissolved in 100% MeCN, versus
when it is dissolved in the collection solution as was the case for the droplet reactions. This
suggests that the purification time for the droplet reaction could in fact be further reduced
by an optimized collection solution or HPLC mobile phase, shrinking the overall preparation
time.

If we compare our droplet-to-vial translated protocol with the previously reported
macroscale conditions of He et a/,® interesting findings emerge. Although both approaches
used the same reaction volume (300 pL), this approach required lower concentrations of
precursor (9.3 mM vs. 12.3 mM) and Cu(Py)4(OTf), (22.7 mM vs. 68.7 mM), yet it
delivered an impressive 11-fold increase in RCY. We should point out that the amount of
PTC (3 umol) and base (0.1 pmol) used in the translated vial-based method was slightly
lower than the quantities of PTC/base typically utilized to achieve efficient [18F]fluoride
elution from QMA cartridges for Cu-mediated synthesis in the same co-solvent system,

e.g. as reported by Zlatopolskiy et al. (using ~14 pmol of TEAHCO3)%3 and Hoffmann et
al. (using 4 pmol of TEAOTT).23 Since a lower amount of PTC and base can adversely
impact the efficiency of eluting [18F]fluoride from a QMA cartridge, we performed an
additional study of different elution conditions (in MeOH : water solvent mixture) and
found that >99% elution efficiency could be achieved with an increased amount (12 pmol)
of TEAQOTT and no change in the amount of Cs,CO3 (0.1 umol). We tested in droplet
reactions the effect of the larger TEAOTT amount and found comparable performance.

Thus, these reports suggest that the current translated vial-based recipe would be compatible
with conventional synthesizers using QMA-cartridge processing without significant need for
further adjustments other than the drying process for the [18F]fluoride/PTC/base complex.

Additionally, these results represent a successful demonstration of using droplet-based
methods for optimization (which can be performed with high throughput and very low
reagent consumption), and then adapting those optimal reaction conditions to a macroscale
process with minimal modification. This shows the current utility of using high-throughput
droplet-based reaction optimization, even when the vast majority of installed radiotracer
production systems currently rely on vial-based reactions. The 300 L reaction volume
(selected to match previously reported vial-based conditions), though at the low end of the
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volume capability of modern radiosynthesizers (300-500 pL),15:20:46.54.55 gy ggests that this
protocol could be automated using widely available radiosynthesis systems easily.

Building upon the successful macroscale translation experience presented in this

study, further investigations could be conducted to explore the versatility of micro-to-
macroscale translation for other tracers synthesized through Cu-mediated routes, such as
[18F]FDOPA and [18F]FBnTP, as well as different radiolabeling mechanisms like [18F]FET,
[18F]flumazenil, and [18F]PBRO06. This would contribute to expanding our understanding
of the translation process and its applicability to various radiotracers. Moreover, the
scaling up of radiosynthesis using the droplet-based optimized condition on a conventional
automated system to achieve multiple clinical doses would be of great interest to the
radiochemistry community. Currently, the field has extremely limited approaches for
increasing optimization throughput that are applicable to macroscale radiosynthesis, and
thus this droplet-to-vial-based approach demonstrated here could fill a much-needed gap to
streamline the development and production of novel tracers from initial synthesis through
clinical studies.

4. Conclusions

In this work, we used a novel droplet-based high-throughput technique to perform a rapid
optimization of Cu-mediated radiosynthesis for the recently reported monoacylglycerol
lipase PET tracer [18F]YH149. A total of 117 experiments were performed across 5 days
to explore 36 distinct conditions while consuming <15 mg total amount of precursor. The
optimized synthesis exhibited a high radiochemical yield of up to 52 + 8% (n=4) ina 26
min process, with excellent radiochemical purity (100%) and high molar activity (77-854
GBq pmol™1), providing significant improvement upon the originally reported conditions
based on a 300 pL vial-based reaction (with RCY of 4.4 £ 0.5%, n=5). In conjunction
with prior results of droplet-based optimization for [18F]FDOPA*® and [18F]FBnTP,> the
results suggest that the droplet-based technique is well-suited to Cu-mediated radiosyntheses
of 18F-labeled tracers.

In addition, we demonstrated for the first time the successful translation of the optimized
droplet conditions to a vial-based (macroscale) reaction. By simply scaling reagent amounts
by 10x and extending reaction time to an optimal value based on a single time-course
study, we observed that a 300 L vial-based reaction had similar RCY to the microscale
method, /.e., 50 £ 10% (7= 4), excellent radiochemical purity (100%), and acceptable
molar activity (20-46 GBq pmol™1). It is likely that molar activity would be increased by
starting with higher initial activity. While macroscale studies were limited by the availability
of precursor, this work establishes a connection between microscale and macroscale
reactions and suggests the possibility of a rapid and economical approach for novel tracer
development, 7.e., optimizing radiochemistry on a high-throughput microdroplet platform
and then performing straightforward translation to vial-based systems to enable wider
applicability to the existing install base of radiosynthesizer technology.
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Fig. 1.
(A) [*8F]YH149 synthesis scheme. (B) 2x2 and 4x4 multi-reaction chips for

high-throughput synthesis optimization. (C) Process flow for (parallel) droplet-based
radiosynthesis. Subsequently, the collected crude products are subject to multi-lane radio-
TLC analysis (for synthesis optimization) or radio-HPLC purification (for [18F]YH149
production using a droplet system).
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Fig. 2.
Influence of reaction parameters on the performance of the microdroplet radiosynthesis. (A)

Impact of fluorination solvent / co-solvent. Solvent mixtures are all v/v, and asterisks “*”
indicate that the solvent contains 4% pyridine. (B) Impact of type of phase transfer catalyst
(PTC) and base used during [18F]fluoride drying.
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Influence of reaction parameters on the performance of the microdroplet radiosynthesis. (A,
B) Impact of fluorination temperature for two base types. (C) Impact of reaction time. (D)
Impact of amount of base. (E) Impact of amount of precursor.
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Fig. 4.
Example of high-throughput analysis of crude fluorination products (from study of precursor

amount) using multi-lane TLC with Cerenkov luminescence imaging (CLI) readout.
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0.00

0.

Example radio-HPLC chromatograms via droplet-based radiosynthesis: (A) crude
[8F]YH149, (B) blank injection of purification mobile phase, (C) purified [18F]YH149, and
(D) co-injection of [18F]YH149 and YH149 reference standard. Note that retention times
are different because panel A uses the purification mobile phase while other panels use a

different analytical mobile phase.
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