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ABSTRACT OF THE DISSERTATION 
 

 
Preparation of positron emission tomography (PET) tracers on advanced microvolume platforms 

 

by 

 

Yingqing Lu 

Doctor of Philosophy in Physics and Biology in Medicine 

University of California Los Angeles, 2023 

Professor R. Michael van Dam, Chair 

 
Positron emission tomography (PET) is a widely-used nuclear medicine imaging technique 

for assessing biodistribution of drugs, diagnosing diseases, and monitoring therapy response. 

The rapid development of new PET tracers in both research and clinical applications (to image 

new targets) demands new advances in radiolabeling techniques to facilitate the frequent 

production of diverse tracers. Recent developments in droplet-based radiochemistry have shrunk 

reaction volumes 100x (i.e. to <10 µL), offering advantages like minimal reagent use, rapid 

synthesis, high yields, and increased molar activity; they also enable high-throughput optimization 

and scalable production, with great potential to revolutionize radiopharmaceutical production.  

While our group has successfully utilized microdroplet reactors (a small Teflon-coated 

silicon chip containing hydrophilic reaction sites) for multiple different radiopharmaceuticals, 

exploration into metal-mediated radiosynthesis remains limited, primarily due to concerns about 

the sensitivity of metal reagents to environmental moisture in droplet-based reactors. As a proof-

of-concept, I conducted the first microscale copper (Cu)-mediated synthesis of [18F]FDOPA  (a 

clinical PET probe used for imaging dopaminergic function). Substantial enhancement in yield 

and time was achieved while utilizing only nanomole quantities of precursors and other reagents. 
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Later, I explored the versatility of this method in optimizing additional tracers employing similar 

Cu-mediated 18F-radiolabeling routes on a high-throughput microdroplet reactor. For example, 

across 5 days, I conducted 117 reactions, exploring 36 conditions with <15 mg of precursor, and 

achieved 12x yield improvement for a novel monoacylglycerol lipase (MAGL) probe ([18F]YH149). 

Leveraging an automated robotic platform for high-throughput studies, we optimized the 

production of [18F]FBnTP, a potentiometric radiopharmaceutical, with 64 simultaneous droplet 

reactions in one morning. In addition, on the technology side, many researchers have wondered 

whether the droplet-based optimized conditions can guide reaction conditions in conventional vial-

based reactors, and I demonstrated for the first time that this indeed can be done. This suggests 

a rapid and economical approach for novel tracer development, i.e., optimizing radiochemistry on 

a high-throughput microdroplet platform (rapidly, with minimal reagents) and then performing 

straightforward translation to vial-based systems to enable wider applicability to the existing install 

base of radiosynthesizer technology. 

Furthermore, to assess the adaptability of droplet-based radiochemistry in handling 

exceptionally complex syntheses, I undertook the investigation of a highly intricate three-step 

radiosynthesis of [18F]FMAU (imaging cell proliferation), encompassing radiofluorination, 

coupling, and deprotection reactions all within a microdroplet reactor. Compared the lengthy 

(~150 min) and low-yielding conventional production, the microdroplet-based radiosynthesis of 

[18F]FMAU provided significant improvement, completing the production in <60 min and achieving 

>2x higher radiochemical yield and >3x activity yield, while consuming 34-200x less reagents. 

Moreover, to establish the clinical relevance of droplet-based radiochemistry, we 

developed various droplet-based scale-up approaches including (i) iteratively loading and 

evaporating [18F]fluoride aliquots in a single droplet reaction, (ii) pre-concentrating [18F]fluoride in 

a miniature cartridge compatible with a single reaction site, and (iii) pooling multiple droplet 

reactions for on-demand dose. These methods, validated for reliability and versatility, successfully 
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delivered clinically-relevant doses of [18F]FET (an amino acid tracer), [18F]Florbetaben (an amyloid 

imaging agent), [18F]FBnTP, isotopic exchange fluorinated compounds, and aluminum-

[18F]fluoride probes. 

Apart from droplet-based radiosynthesis techniques, I also pursued other novel 

radiochemistry systems. I helped to develop a platform for microvolume reactions, featuring a 

pipettor on an XYZ motion gantry and a disposable cassette with integrated micro-vial. The 

versatile setup performs operations like trapping/releasing [18F]fluoride, liquid transfers, and lid 

installation/removal for reactor. Comprehensive experiments have been conducted to 

characterize the system and demonstrate the radiosynthesis feasibility, using [18F]Fallypride as 

an example. I also helped develop a novel electrochemical radiofluorination (ECRF) technique 

using a spilt bipolar electrode (s-BPE) for electron-rich compounds such as thioether derivatives. 

Unlike traditional ECRF which requires high salt concentration, this s-BPE system, with its dual 

conductive materials, facilitates anodic and cathodic reactions at lower salt concentrations. We 

achieved a 5x increase in molar activity for [18F]fluoromethyl (methylthio)acetate compared to 

conventional ECRF approaches, mainly attributed to reduced [19F]F- contamination from less salt. 

Radiochemistry in droplets and electrochemistry for [18F]fluoride labeling showcased an 

innovative optimization approach and scalable method for clinically-relevant production, 

surpassing conventional methods. The methodologies outlined in this dissertation provide a 

comprehensive pathway to speed up the transition of both established and novel PET tracers 

from the laboratory to clinical application swiftly and cost-effectively. 
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Chapter 1: Introduction 
 
 

 Positron emission tomography  

Positron emission tomography (PET) is a potent nuclear imaging modality, providing 

invaluable insights into both preclinical and clinical domains. It enables the elucidation of in vivo 

biochemical processes (1,2), plays a crucial role in disease diagnosis (3–5), and facilitates the 

prediction or monitoring of therapeutic responses (6–8). The process involves administering a 

trace quantity of a biomolecule chemically linked to a positron-emitting radionuclide, referred to 

as a radiotracer. Upon injection into the body, the radiotracer molecules circulate and interact with 

the body, accumulating in specific cells or tissues. Upon decay of the associated radionuclide, 

positrons (i.e., particles carrying an electric charge of +1e) are emitted. Subsequent interactions 

between these emitted positrons and nearby electrons result in annihilation events, generating 

two gamma rays (511 keV) moving in nearly opposite directions. Detection of these gamma rays 

is achieved using a ring of scintillator crystals (9), which emit a burst of light in response to gamma 

rays that is subsequently detected by photomultiplier tubes. Coincidence detection is used to pair 

together gamma rays from the same decay event, pinpointing the decay to a line between the two 

activated detectors. Recent time-of-flight (TOF) techniques allow partial localization of the 

annihilation event along the line (10). Through computerized analysis, the reconstruction of 

images of decay events becomes possible, offering a comprehensive view of radioactivity 

biodistribution within the body (11) (Figure 1-1). To provide an anatomical reference for the 

remarkably sensitive PET signal, PET is often integrated with computed tomography (i.e., 

PET/CT) (12,13) or magnetic resonance imaging (i.e., PET/MRI) (14–17). The exceptional 

sensitivity of PET allows for the acquisition of detailed images with minimal amounts of the 

administered radiotracer, ranging from picomoles to nanomoles, thereby minimizing the potential 

for any biological effects caused by the tracer (18). 
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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 events after positron decays. Image courtesy of National Cancer Institute. 
 

 PET radiopharmaceuticals 

PET radiopharmaceuticals represent approved radiotracers that meet the stringent 

standards set by the Food and Drug Administration (FDA). For diagnostic purposes, these 

radiopharmaceuticals are typically labeled with short-lived radioisotopes emitting low-energy 

positrons, such as nonmetal elements: carbon-11 (t1/2 = 20.4 min), nitrogen-13 (t1/2 = 10.0 min), 

oxygen-15 (t1/2 = 2.0 min), fluorine-18 (t1/2 = 109.8 min); or radiometals: gallium-68 (t1/2 = 67.7 

min), zirconium-89 (t1/2 = 78.4 h), or rubidium-82 (t1/2 = 1.3 min). Fluorine-18, in particular, stands 

out as the most utilized PET radionuclide due to its high positron decay ratio (97%), short half-life 

(109.8 min) that provides adequate time for radiotracer preparation yet ensures a low radiation 

dose to the patient, low positron energy (635 keV), and widespread availability (19–21).  

Considering the short half-lives of these radioisotopes, the late-stage radiolabeling 

concept was introduced for PET radiopharmaceutical manufacturing, i.e., introducing the 

radioisotope into a well-design non-radioactive compound (i.e., precursor) at the latest possible 

stage of the radiopharmaceutical synthesis (22–24). This strategy offers several advantages, 

including minimizing the number of reaction steps involving radioisotopes (ideally limited to 1 or 

2), reducing activity decay losses within the apparatus, and minimizing radiation exposure, 

Array of detectors

Patient

Positron emitting 
nucleus

Annihilation

511 keV 
photon

~180°511 keV 
photon
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allowing maximizing the quantity of the final product, catering to both preclinical and clinical study 

supply needs (24). 

 

 

Figure 1-2 Production flow for fluorine-18-labeled tracers. 
 
 

In the production of an 18F-labeled PET tracer, two main methods are employed: 

electrophilic substitution with [18F]F2 or nucleophilic substitution with [18F]fluoride ([18F]F-). The 

crucial distinction lies in their resulting molar activity, as determined by the ratio between 

radioactive molecules and non-radioactive molecules (25). In modern radiochemistry, the 

electrophilic form of [18F]fluorine ([18F]F2) sees less use due to its lower molar activity (<0.02 

Ci/µmol [<0.6 GBq/µmol]) compared to the nucleophilic method (typically 2.7 Ci/µmol [100 

GBq/µmol]) (20,26). In Figure 1-2, the radiofluorination process typically begins by obtaining 

nucleophilic ([18F]F-) in [18O]H2O through bombarding oxygen-18 enriched water with 2-15 MeV 

protons (1H) via the nuclear reaction [18O(p,n)18F] in a cyclotron. When in the presence of 

[18O]H2O, the potent nucleophile [18F]F- tends to establish hydrogen bonds with surrounding water, 

rendering it unreactive towards fluorination with other substrates. To eliminate water, [18F]F- is 
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typically trapped on an anion-exchange cartridge, then eluted with a base/phase-transfer catalyst 

(PTC) solution in a mixture of water and organic solvent, followed by multiple cycles of azeotropic 

evaporative drying. The incorporation of a PTC, such as Kryptofix 222 (K222) or 

tetrabutylammonium cation, enhances the solubility of [18F]F- in less aqueous conditions. After 

evaporation, the activated nucleophilic [18F]F- is introduced into the precursor molecule through 

aliphatic or aromatic nucleophilic reactions by reaction typically at elevated temperature in an 

organic solvent. The resulting crude product undergoes semi-preparative high-performance liquid 

chromatography (HPLC) or solid-phase extraction (SPE) for purification before being formulated 

into an injectable solution. Stringent quality control checks are carried out prior to administration 

in preclinical or clinical settings.  

 Conventional synthesizers for radiopharmaceuticals 

The short half-life of F-18 requires fresh batches to be made nearly daily at many different 

locations throughout the world. To ensure the safe and dependable production of routinely used 

PET tracers, we utilize automated modules housed within shielded fume hoods, commonly 

referred to as hot-cells, and often operate them remotely with preprogrammed synthesis 

sequences. Typically, these modules are designed to deliver reagents to a reactor, apply heating 

and gas flow as needed, recover the crude synthesis product, and transfer it for subsequent 

purification and formulation with minimal user intervention. Current commercial radiosynthesizers 

can be roughly classified into cassette-based modules (e.g. GE FASTlab (27), Siemens Explora 

(28), IBA Synthera (29)), fixed-tubing modules (e.g. GE TRACERlab FX series (30), GmbH 

Synthra (31) or Eckert & Ziegler Modular-Labs (32)), and hybrid modules (e.g. ELIXYS 

FLEX/CHEM (33,34)). Primarily designed for relatively large batches of clinical-grade PET 

radiopharmaceuticals, these systems aim to provide sufficient radiotracers for imaging multiple 

patients and are typically operated once per day (35). The centralized production of large batches 
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helps distribute the high production cost among numerous patient doses. However, this approach 

renders current radiosynthesizers inefficient when smaller batches are required. 

Furthermore, in commercial systems with milliliter-scale reaction volumes, achieving 

reasonable reaction rates demands the use of substantial quantities of radioisotopes, along with 

excess amount of precursors and other components, to reach high enough concentrations that 

reactions proceed quickly. This holds true even for small batches required for in vitro studies, 

preclinical scans, or single clinical scans, leading in such cases to the disposal of a significant 

portion of the total radiopharmaceutical batch. Consequently, this practice results in substantial 

waste and introduces challenges in downstream purification to remove excess precursors and 

side products. These inefficiencies, combined with the high costs of radiochemistry equipment 

and facilities, contribute to the overall expense and complexity of integrating radiopharmaceuticals 

into research. In addition, these systems are less conducive to synthesis optimization due to the 

substantial time and effort and material requirements for each data point. Consequently, this 

limitation severely hampers further multi-center collaborative studies and larger cohort 

investigations, particularly for tracers with suboptimal production processes. 

To enhance accessibility to a variety of PET tracers and streamline the production of novel 

tracers for early-stage studies, there is a pressing need for advancements in radiosynthesis 

technology. These advancements should enable the affordable production of smaller batches of 

radiopharmaceuticals on demand, potentially eliminating the requirement for specialized facilities 

and costly instrumentation. 

 Recent developments in microfluidic-based PET tracer manufacturing 

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

substantial potential for diverse radiotracer production. This progress has fueled the development 

of various microfluidic tools in radiochemistry over the past 15 years (36–40). These systems can 

be broadly categorized into two types: flow chemistry systems and microscale batch systems. 
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Flow-based reactors facilitate synthesis by directing reagent streams through a mixer and 

a thermally controlled capillary or channel. Reactions in this high surface-to-volume regime have 

been observed to be rapid (41–43). Both custom and commercially available flow systems have 

been employed with a diverse range of PET radionuclides, including carbon-11, nitrogen-13, 

fluorine-18, copper-64, gallium-68, zirconium-89, and lutetium-177 (44–48). Despite their 

versatility, these systems often face challenges as they tend to be bulky and expensive, requiring 

additional external macroscale systems for both upstream (e.g., radioisotope concentration) and 

downstream (e.g., semi-pre HPLC purification) processes relative to the flow reactor (49,50). This 

resemblance to conventional radiosynthesizers in terms of size, shielding requirements, and 

operating volumes has limited the practical utility of flow-based systems in establishing a cost-

effective pathway for on-demand PET radiopharmaceutical production. 

Recent advancements in batch-based systems mark significant progress in the production 

of clinical quantities of radiopharmaceuticals, showcasing improvements in volume reduction, 

system size, and integration with upstream and downstream processes (51–53). These systems, 

ranging from microvial reactors (54–56) to channel-based devices with integrated isotope 

processing and purification (57,58) and droplet-reaction systems (39), exhibit substantial potential 

for cost reduction in on-demand PET radiopharmaceutical production. Operating at the microliter 

scale, these batch approaches can achieve a remarkable 2-3 orders of magnitude reduction in 

reagent costs compared to conventional milliliter-scale radiosynthesizer technologies and 

microfluidic flow chemistry approaches. Miniaturizing the synthesizer also contributes to a 

significant decrease in the cost of specialized radiation-shielded facilities and equipment, such as 

hot cells or minicells. The small volume scale minimizes contamination risks, particularly fluorine-

19 derived from reagents (51), benefiting 18F-labeled tracers with high molar activities. High molar 

activity is crucial for neuroreceptor imaging, and also in early-stage tracer development in 

preclinical research, enabling sufficient activity injection for high signal-to-noise ratio images 

without inducing pharmacologic effects. Generally, small animals are injected with much higher 



7 
 

concentrations of the tracer than humans to achieve sufficient signal for small animal scanners 

with small voxel sizes (59,60). Due to the greatly reduced quantities of reagents and the small 

volume (10 microliters) of crude product, microvolume radiosynthesis facilitates simple purification 

of crude products using radio-HPLC on an analytical scale rather than a semi-preparative scale. 

Analytical-scale chromatography provides a more rapid purification process (shorter retention 

times), and a smaller volume of the pure product is collected, simplifying the formulation of the 

tracer into an injectable solution downstream.  

Over the past five years, numerous batch-based systems have been developed and 

integrated into preclinical imaging studies, and even clinical production, especially in applications 

involving radiofluorination (39,40,61). 

 

Figure 1-3 PDMS-based chamber microreactor system. 
(A) Photograph of the microfluidic chip with a US quarter for size comparison. (B) Schematic 
illustration of the microfluidic chip employed for [18F]fallypride production, including a [18F]fluoride 
concentration column, fluorination reaction cavity and [18F]fallypride purification column. (C) 
Photograph of anion exchange beads trapped inside a microchannel by PDMS pillars with 10 μm 
gap. (D) Photograph of reverse phase C18 microparticles trapped inside a microchannel by 
PDMS pillars with 40 μm gap. The figure was adapted from reference (57). 
 

Zhang et al. introduced a novel polydimethylsiloxane (PDMS)-based chamber 

microreactor (Figure 1-3) (57). This microreactor comprises two built-in columns (for [18F]fluoride 

concentration and product purification), along with an external valve system to control reagent 

transfer. The system successfully produced [18F]fallypride, yielding up to 5 mCi with high 

integration in about 60 min. However, PDMS is not chemically resistant to most organic solvents 
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frequently used in radiosyntheses, thus limiting the range of radiochemical reactions feasible in 

this chip. Moreover, the synthesis suffered significant radioactivity loss, likely attributed to a 

suspected reaction between PDMS and [18F]fluoride under certain conditions. 

Iwata et al. aimed to simplify microscale synthesis using easily accessible materials and 

developed a microvial-based system for reactions as low as ~5 µL (Figure 1-4) (62,63). This 

system, resembling conventional setups, applied [18F]FET and [18F]fallypride as examples. While 

achieving similar yields to macroscale methods (64,65), this setup required higher temperatures 

or longer reaction times due to reduced heat transfer efficiency with these microvials. Despite its 

simplicity and use of readily available devices, no automation has been reported for this 

microscale approach as of yet. 

 

Figure 1-4 Schematic procedure for one-pot microscale radiosynthesis using microvial-
based system. 
The figure was adapted from reference (55). 
 
 

Ovdiichuk et al. introduced iMiDEV, a novel platform designed for small-scale 

radiopharmaceutical production, aiming for fully automated microscale synthesis using [18F]NaF 

as an example (66). Later, Mallapura et al. and Ovdiichuk et al. further tested its viability, extending 

its application to [11C]carbon labelled Flumazenil and L-Deprenyl (67), and [68Ga]Ga-PSMA-11 
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(68), respectively. This commercially available system includes a disposable cassette-based 

synthesizer, a "Docking station" supplying compressed gases, and an HPLC system for product 

purification and analysis, accommodating synthesis in both liquid and gas phases (see Figure 

1-5). The user-friendly interface provides operators with all necessary information for manual or 

fully automated synthesis control. However, the platform involves numerous fluidic tubes, valves, 

reagent vials, and pressure sources complicate the system and introduce risks of failures, making 

it relatively expensive. Additionally, the system allows only one synthesis at a time, resulting in 

low throughput and hindering efforts for synthesis optimization. Further work is needed to 

demonstrate its versatility in accommodating diverse and more intricate radiosynthesis practices. 

 

 

 

Figure 1-5 iMiDEV™ microfluidic radiochemistry platform. 
(A) Schematic of iMiDEV ™ system components; box (synthesizer) outer dimensions: 320 mm × 
400 mm × 300 mm. (B) iMiDEV ™ microfluidic platform including the box, docking station, HPLC. 
(C) iMiDEV 3D cassette representation: 1 – middle COP layer with valves, chambers and spikes 
for vials; 2 – top COP layer; 3– bottom COC-E-140 membrane; 4 – hydrophobic filters; 5 – 
formulation chamber cover; 6 – vial holder. The figures were adapted from reference (66). 
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Figure 1-6 Structure and operation of EWOD microfluidic chips.  
(A) Electronic control of the droplet interaction with the surface due to electrowetting effect. (B) In 
a typical EWOD device, the droplet is sandwiched between two plates with the electrode 
configuration as shown. The blue layer is an insulating dielectric layer and the green layer is a 
hydrophobic coating. (C) By applying a voltage to one end of a droplet with an actuation electrode, 
a force is generated, pulling the droplet toward the activated electrode, allowing linear transport, 
splitting, and other manipulations of droplets. The figure was adapted from reference (53). 
 
 

 
Figure 1-7 Schematic of the two-layer EWOD radiosynthesis chip. 
The schematic shows electrode pattern of the central reaction size (with concentric resistive 
heaters) and reagent pathways. A photograph of the actual device is shown at the top right of the 
figure. The figure was adapted from reference (53). 
 

To create a more compact and disposable microfluidic system for PET 

radiopharmaceutical production, our lab utilized droplet-based electrowetting-on-dielectric 
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(EWOD) technology (69–72). The EWOD chip, illustrated in Figure 1-6, has a bottom plate with 

individual electrodes controlling droplet movement through the electro-wetting phenomenon. A 

cover plate with a ground electrode completes the setup. Both plates are coated to facilitate 

droplet movement and ensure compatibility with various solvents and reagents. In EWOD 

microfluidic chips, sequential electrode activation transports reagent droplets from fixed loading 

sites to a central, temperature-controlled zone. This zone facilitates evaporation and reaction 

processes, enabling multi-step radiosynthesis (see Figure 1-7). The EWOD system has 

successfully synthesized various tracers for preclinical imaging, including [18F]fallypride (71), 

[18F]FDG (73), 3’-fluoro-3’-[18F]fluorodthymidine ([18F]FLT) (74), and N-succinimidyl-4-

[18F]fluorobenzoate ([18F]SFB) (70). In another innovative approach, Mogi et al. developed an 

open-style EWOD device with a dimple structure to mitigate erroneous movements caused by 

experimental conditions (e.g., substrate tilt and distortion) (75). Illustrated in Figure 1-8, the 

EWOD substrate comprised a 300 µm thick paper and a 10 µm thick insulating membrane. An 

electrode pattern, consisting of 10 jagged tiles and conductive paths, was printed on the paper 

using an inkjet printer. The dimple structure on each tile was formed by embossing the paper 

substrate laminated with an insulating membrane. Using technetium-99m diethylenetriamine 

pentaacetate ([99mTc]Tc-DTPA) as an example, the experiment achieved high chelation efficiency, 

producing a sufficient quantity for mouse imaging. More recently, Ahmadi et al. integrated a 

machine learning approach to systematically screen diverse experimental conditions on a novel 

two-layer EWOD device (76). This chip facilitated both the synthesis and purification of [18F]FDG, 

featuring reservoir electrodes for each reagent stock solution and a novel PDMS-based purifier 

disc with Alumina beads for purification. However, the intricate and expensive fabrication workflow 

of EWOD devices, coupled with high device failure rates under harsh chemical conditions, limits 

their disposability, posing a challenge for cost-effective PET radiopharmaceutical production. 
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Figure 1-8 Schematic of the open-style EWOD chip with a dimple structure. 
(A) Outline and electrode pattern of the substrate; 2 mm square jagged tiles are aligned with 300 
µm spacing. (B) Cross-sectional view of line A – A’. The thin-film substrate is composed of an 
insulating membrane and the paper on which the electrodes are printed. A dimple structure with 
a spherical-cap shape is formed on each tile. (C) The fabrication process of a dimple structure on 
the EWOD substrate. The figures were adapted from reference (77). 
 
 

More recently, our lab has embraced a simplified approach using Teflon-coated silicon (or 

glass) as a cost-effective alternative to EWOD chips. This eliminates the need for the electrode 

and dielectric layers, streamlining the fabrication process. The materials in contact with the 

reaction mixture and thermal properties remain consistent with EWOD substrates (51,78–80) 

(Figure 1-9).  

The initial simplified version was a square-shaped Teflon-coated glass chip, created by 

coating a plain glass (25.0 x 25 mm) with Teflon. Similar to the EWOD "sandwich" configuration, 

the droplet on the bottom substrate was covered with a second substrate placed atop (see Figure 

1-9A). This simple setup demonstrated practical use for synthesizing tracers (e.g., [18F]fallypride 

and [18F]AMBF3-TATE) for pre-clinical imaging (51,79)). However, the glass chip was prone to 

Teflon layer damage from physical contact, harsh chemicals, and potential radiation. It also 
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required significant manual intervention, such as the placement and removal of the cover plate, 

making automation challenging. 

 

Figure 1-9 Microdroplet radiochemistry platforms. 
(A) Closed reactor consisting of 2 Teflon-coated glass substrates with spacer strips on the sides 
to control the height of a sandwiched droplet. (B) Automated radiosynthesizer with a passive 
transport (PT) chip. (C) Ultra-compact automated radiosynthesizer with a surface tension trap 
(STT) chip. The figures were adapted from references (78–80). 
 
 

Our lab later introduced an automated platform with a passive transport (PT) silicon chip 

(25.0 x 27.5 mm) (Figure 1-9B). This chip employs a hydrophilic tapered pattern on a hydrophobic 

surface, allowing droplets to move spontaneously along radially-oriented channels without the 

need for actuation electrodes. When a small droplet is dispensed at one of the narrow ends of the 

delivery channels (0.17 mm), it spontaneously moves towards the wider end due to the strong net 

force (hemiwicking and Laplace pressure) between the two ends (81). The radiosynthesizer 
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system includes a heating and cooling system, with a PT chip atop a ceramic heater. 

Dispensers/collection tubing above the chip automate reagent delivery using piezoelectric 

dispensers connected to pressurized reagent vials. Reactions occur on the chip's open surface, 

and the final product is automatically recovered via retractable collection tubing into a designated 

vial via vacuum (78,82,83). Automated synthesis using the PT chip was demonstrated for 

[18F]fallypride, [18F]FET and [18F]FDG. However, the PT mechanism proved sensitive to solvent, 

temperature, and volumes, causing volume spreading issues out of the reaction site and migration 

backward along the tapered channels. These challenges, leading to potential decreases in 

reaction yields and inconsistencies, necessitate cumbersome optimization for each combination 

of volume, solvent and temperature, complicating the adoption of this platform for versatile 

everyday use (80,84). 

To address challenges with the PT mechanism, our lab’s most recent approach involves 

the direct dispensing of reagents into the reaction site within an automated prototype system (80). 

Instead of a star-shaped hydrophilic pattern, a circular reaction site (4 mm diameter) was removed 

from the Teflon coating by reactive ion etching, creating a hydrophilic region of exposed silicon 

acting as a surface tension trap (STT) for the reaction. While Teflon-coated glass and EWOD 

substrates struggled to confine reaction volume, the STT chip effectively prevented reagent or 

product spreading within the pattern boundaries. To streamline reagent delivery and enable the 

use of multiple dispensers, the chip and heater were mounted on a rotating platform, aligning the 

reaction site below a selected dispenser (all dispensers were arranged in a circle in a fixture above 

the chip) (see Figure 1-9C). This simple platform facilitated the efficient radiosynthesis of various 

tracers, including [18F]FET, [18F]FBB, [18F]fallypride and [18F]FDOPA (80,80,84–86). 

 High-throughput radiochemistry system 

Conventional radiosynthesizers are tailored for generating sizable clinical batches of 

radiopharmaceuticals, typically once per day, making them unsuitable for reaction optimization or 
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the development of novel radiopharmaceuticals. Each data point in these systems involves 

substantial reagent consumption, and contamination necessitates waiting for each radioactive 

decay before subsequent use. Low-volume microfluidic synthesizers, by reducing reagent costs 

per synthesis, enhance the feasibility of conducting detailed optimization studies. Additionally, 

these microfluidic systems offer the advantage of performing multiple experiments from a single 

batch of radioisotope in a single day. 

Microfluidic flow-based radiosynthesizers, such as the Advion NanoTek microfluidic 

system in 'discovery mode,' can sequentially conduct dozens of reactions, each utilizing only tens 

of microliters of reaction volume (87). Various groups have demonstrated the sequential 

performance of numerous small-scale radiochemical reactions using flow-chemistry capillary 

reactor platforms, with crude products collected and analyzed offline (50,88,89). However, certain 

reaction parameters, like the choice of reaction solvent or the conditions for azeotropic drying of 

[18F]fluoride, which are conducted outside the flow system, cannot be investigated in a high-

throughput manner. In a similar approach, our lab has previously experimented with 

polydimethylsiloxane (PDMS) microfluidic chips for generating mixtures of reagents 

(approximately 120 nL each) with programmable composition and pH to optimize the labeling of 

antibody fragments with the prosthetic group ([18F]SFB) (90). However, these devices and studies 

were limited to room temperature aqueous conditions. 

Laube et al. employed multi-vial heating blocks to conduct approximately 50 

radiofluorinations per day, involving the drying of a small aliquot of [18F]fluoride eluted from a QMA 

cartridge, followed by reactions at the 25-50 µL scale (91). While showcasing parallelism and low 

reagent consumption, this technique required significant manual handling of vials, including the 

installation and removal of vial caps. More recently, Verhoog et al. reported a similar optimization 

strategy for copper-mediated synthesis of 12 arylboronate esters through parallel reactions in a 

24- or 96-well format, utilizing a special “lid” that could close all glass vials at once (92). However, 
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external [18F]fluoride processing with a QMA cartridge, azeotropic drying, and dissolving in an 

anhydrous solvent was needed before aliquoting to each reaction vial, and the common heating 

element used for all reactions limits explorations to a single temperature per batch of experiments. 

 

Figure 1-10 High-throughout droplet radiochemistry platforms. 
(A) Droplet platforms using surface tension traps on 4-heater platform for high-throughput 
optimization manually. (B) 3D rendering of the automated robotic optimization platform showing 
the geometry and major components. (C) Photograph of the system inside a minicell. The fluidics 
head is shown in the inset to illustrate the piezoelectric reagent dispensers and pipette system. 
The figures were adapted from references (93,94). 
 

To enhance reaction throughput, our lab recently designed a high-throughput chip with 

multiple hydrophilic traps, allowing for up to 16 simultaneous reactions. We also developed a 

platform that accommodates four chips, enabling temperature and reaction variations in parallel 

(Figure 1-10A) (93,95). This high-throughput platform facilitated 64 simultaneous reactions in a 
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day, and the disposable chips eliminate the need for decontamination procedures, allowing for 

even more reactions. Although the high-throughput droplet radiochemistry technique has been 

successful for hundreds of experiments weekly (93), it involves a significant amount of manual 

pipetting for reagent addition and crude product collection and analysis. These manual operations 

make experiments tedious and prone to human error. To address these challenges and minimize 

radiation exposure, we developed a fully-automated robotic platform (94) (Figure 1-10B,C), which 

is described in Chapter 5 of this dissertation. This platform handles all liquid transfer operations 

and system control, including delivering isotopes and reagents to reaction sites, performing 

evaporations or reactions, collecting products into individual reservoirs, and spotting crude 

samples onto thin-layer chromatography (TLC) plates, allowing for rapid multi-lane radio-TLC 

analysis (96). 

 Production scale-up on microdroplet platforms 

Given the utilization of a relatively low initial activity during the optimization study, there 

arises the need for a scale-up synthesis to generate an adequate quantity of product suitable for 

preclinical and clinical research purposes. Within a typical optimization study, 5-10 μL of 

[18F]fluoride (directly obtained from the cyclotron) is mixed with PTC/base and then dried on the 

chip in one step, followed by the fluorination process. During the transition to a scaled-up 

synthesis, where an increased volume of [18F]fluoride is needed to increase the activity level, a 

modified process is needed to accommodate the large activity volume.  

Previously, we presented two distinct strategies for scaling up droplet reactions: (1) 

accumulating [18F]fluoride at a reaction site by depositing small aliquots of the [18F]fluoride 

solution, evaporating the liquid, and repeating the process (78,97), and (2) pre-concentrating the 

[18F]fluoride using a trap-elute process on a miniature cartridge, allowing a larger amount of 

activity to be loaded onto a reaction site (98). While the first approach is straightforward and 

suitable for moderate scale-up, handling very large activity amounts and volumes becomes 
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impractical due to extended evaporation times at a single reaction site. Conversely, the second 

approach effectively works with much larger radioisotope volumes and avoids the build-up of 

impurities but requires a more complex setup. 

To overcome these challenges, we developed an alternative scale-up method based on 

the concept of “numbering up,” wherein multiple droplet reactions are conducted in parallel and 

pooled together to increase the product quantity. This novel approach, outlined and compared to 

the other approaches in Chapter 7 of this dissertation, proves faster than other methods by 

eliminating the need to process [18F]fluoride ahead of the reactions. It has the additional 

advantage that the replicated reactions are performed under identical conditions and activity 

scales, eliminating the possibility that the performance of individual reactions will deviate from the 

results observed during optimization studies. Conducting each individual reaction at a smaller 

scale also mitigates issues related to radiolysis or impurities in the radioisotope source. 

Numbering up offers a swift path to scale-up, minimizing the effort and cost needed to transition 

from optimizing droplet-based reactions at low activity scales to larger-scale production. 

 

 Microscale-to-macroscale radiosynthesis translation  

While we have demonstrated the feasibility of performing relatively large-scale individual 

droplet reactions (83,99), in some cases sufficient for many patient doses, the limited availability 

of droplet reactor systems hinders widespread adoption of the improved synthesis processes we 

have developed. Therefore, we explored the potential of directly scaling the optimized droplet 

conditions to a vial-based (macroscale) reaction, using the copper-mediated synthesis of a novel 

monoacylglycerol lipase (MAGL) PET tracer ([18F]YH149) as a proof-of-concept example. As 

described in more detail in Chapter 8, we successfully translated the optimized microscale 

conditions to a vial-based method, achieving a comparable yield of [18F]YH149 compared to 

microscale method. The significance lies in providing a pathway for using droplet radiochemistry 

as a development tool, allowing for rapid and economical synthesis optimization, and then 
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enabling immediate, widespread benefits of this optimization study for the majority of researchers 

currently heavily invested in vial-based radiosynthesizers for radiopharmaceutical production. 

 Summary of the dissertation 

In recent years, the development of increasing numbers of PET tracers for both preclinical 

and clinical applications has highlighted the demand for frequent manufacturing of various tracers. 

Microfluidic technologies, known for their cost-effectiveness and sophisticated liquid handling 

capabilities, offer efficient and on-demand tracer production in clinical, preclinical, and research 

settings. This dissertation illustrates the practicality, efficiency, and economic viability of 

microfluidic syntheses for a range of novel and established tracers. Utilizing simple and affordable 

microfluidic devices, we successfully synthesized fluorine-18-labeled radiotracers, producing 

high-quality tracers suitable for PET imaging. Across different chapters, I showcase the 

application of microfluidics in new tracer development, small-scale on-demand production for 

preclinical studies, and the generation of clinically-suitable batches of radiopharmaceuticals. 

Overall, the microfluidic methods demonstrated a significant reduction in precursor consumption 

compared to conventional methods, and achieved very high molar activities with minimal 

radioisotope quantities, and the use of multiple example chemistries highlights the versatility of 

microfluidic techniques in diverse tracer syntheses. Moreover, through collaboration with other 

radiochemistry labs, we extended the application of microfluidic synthesizers beyond our own 

research. While further efforts are needed to optimize and validate microfluidic systems for routine 

clinical PET diagnostics, this work establishes their immediate and valuable utility in preclinical 

research, providing a diverse array of PET tracers to researchers. 

In Chapter 2, I describe the development of the first copper-mediated radiosynthesis of 

the widely-used clinical PET radiopharmaceutical for imaging dopaminergic function, 6-

[18F]Fluoro-L-DOPA ([18F]FDOPA), conducted on a microreactor. This endeavor aimed to explore 

the feasibility of metal-synthesis in a droplet format, taking into account the sensitivity of metal 
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reagents to contaminants or to environmental moisture in open reactors. Additionally, the 

synthesis optimization of [18F]FDOPA using a microreactor sought to significantly reduce reagent 

consumption and preparation times. Under the optimal droplet-based radiosynthesis conditions, 

I successfully produced [18F]FDOPA with a markedly improved activity yield (41 ± 4%, n = 5), ~7-

fold higher than the conventional method (5-6%, n = 26), while reducing the total preparation time 

to 25 min (compared to 110 min for the conventional method). 

Chapter 3 presents a collaborative effort with Drs. Philip Miller and Gitanjali Sharma at 

Imperial College London in the UK. Their project involved the development of radiolabeled 

imaging agents including small molecules and proteins using aluminum fluoride ([18F]AlF) 

radiochemistry and solid-phase extraction (SPE) cartridge purification. We performed a 

microscale droplet labeling of a tetrazine analogue (NODA-Tz) as a model substrate and [18F]AlF-

FAPI-74 (a promising PET agent targeting fibroblast activation protein which is currently 

undergoing clinical trials) as an example application. The droplet synthesis demonstrated 

approximately a two-fold increase in both radiochemical yield (RCY) (88%, n = 1) and activity 

yield (77.3%, n = 1) compared to the prior macroscale approach (RCY: 45.0 ± 5.2%; activity yield: 

37.0 ± 4.3%; n = 10), all achieved in about half the preparation time (17 min for the microscale 

reaction vs. 31 min for the macroscale method). 

In Chapter 4, we expand our microdroplet platform to synthesize 2’-deoxy-2’-[18F]fluoro-

β-D-arabinofuranosyluracil ([18F]FMAU), a promising PET tracer under clinical trial for directly 

visualizing cellular proliferation but suffering from a highly challenging multi-step radiosynthesis 

process involving corrosive reagents. This collaboration with Dr. Kai Chen at the University of 

Southern California (USA) addressed challenges like highly corrosive reagents and a complex 

three-step synthesis in one pot. The microdroplet approach, under optimal conditions, achieved 

[18F]FMAU synthesis with over 33x less sugar precursor and 154x less protected thymine than 

conventional methods. This droplet format allowed a rapid, simple, and efficient preparation of 

[18F]FMAU with high radiochemical and activity yields in just 28 min (compared to ~150 min in 
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conventional radiosynthesis). The Teflon-coated microfluidic chip reactors demonstrated 

excellent tolerance to corrosive reagents, and the microliter scale significantly reduced the use of 

hazardous chemicals like trimethylsilyl trifluoromethanesulfonate (TMSOTf), improving safety and 

environmental friendliness. 

In Chapter 5, we introduce a robotic radiochemistry device to automate droplet 

radiochemistry, reducing manual pipetting and exposure. This system demonstrated high-speed, 

accurate liquid handling, and uniform drying. A 64-reaction study on the synthesis of 

[18F]Fallypride revealed comparable performance to manual experiments, assessing the impact 

of TBAHCO3 and precursor. As a proof-of-concept for novel radiosynthesis optimization, we 

collaborated with Dr. Kuo-Shyan Lin at the University of British Columbia in Canada, investigating 

the effects of reaction temperature and solvent on the copper-mediated radiosynthesis of 

[18F]fluorobenzyltriphenylphosphonium cation ([18F]FBnTP) (100). The study identified high-

performing conditions, demonstrating a high RCY (66 ± 6%, n = 3) in 42 min when combined with 

purification and formulation. 

In Chapter 6, we advance our previous microscale studies on [18F]FET and [18F]FBB by 

developing automated protocols for higher activity syntheses, suitable for 1-2 human doses. 

Consecutively produced batches successfully passed all required quality controls. Radioactivity 

scaling, often challenging for microscale synthesis, was addressed by employing a direct 

evaporative approach on chip, scaling the starting radioactivity to up to ~100 mCi [~4 GBq]. This 

simplified the macro-to-micro interface challenge without external devices, reducing room for error 

and potential system complexity. The use of simple, inexpensive disposable chips and a compact, 

low-cost device makes this approach particularly attractive for radiochemistry, addressing the cost 

concerns associated with introducing microfluidic devices in radiopharmaceutical production. 

Quality control testing ensured the suitability of the product for human injections. Additionally, for 

[18F]FBB, we collaborated with Trace-Ability Inc. to perform a more convenient, automated, and 

faster set of quality control (QC) tests using the Tracer-QC platform. 
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While the sequential drying steps of [18F]fluoride directly on the chip successfully provided 

a clinically-relevant tracer dose, we encountered some drop in yield with higher activity. To 

address this challenge, in Chapter 7, I develop an alternative scale-up method based on the 

concept of 'numbering up'. Multiple droplet reactions were conducted in parallel and pooled 

together to increase the product quantity. This novel approach is faster than others, eliminating 

the need to process [18F]fluoride ahead of reactions. Each individual reaction at a smaller scale 

minimizes issues due to radiolysis or impurities in the radioisotope source, resulting in a rapid and 

high-yield production of [18F]FBnTP at clinically-relevant levels. 

In Chapter 8, I describe a collaborative project with Drs. Roger Schibli, Linjing Mu, and 

Yingfang He at ETH Zurich in Switzerland, addressing two remaining questions in the 

microdroplet-based radiosynthesis. (1) How useful is the droplet method for optimizing radiotracer 

synthesis through Cu-mediated radiofluorination at an early stage of radiochemical and preclinical 

development? (2) Can the microscale optimized conditions be translated to macroscale 

radiosynthesis protocols compatible with existing vial-based radiosynthesis modules? In 5 days, 

I conducted a total of 117 experiments, studying 36 distinct conditions, utilizing only <15 mg total 

organoboron precursor. Compared to the original report with an RCY of 4.4 ± 0.5% (n = 5), the 

optimized droplet condition showed a substantial improvement in RCY (52 ± 8%, n = 4), with 

excellent radiochemical purity (100%) and molar activity (77-854 GBq/μmol). Furthermore, we 

showed for the first time a translation of the optimized microscale conditions to a vial-based 

method. With similar starting activity, the translated synthesis exhibited a comparable RCY of 50 

± 10% (n = 4), maintaining excellent radiochemical purity (100%) and acceptable molar activity 

(20-46 GBq/μmol). While macroscale studies were limited by precursor availability, this work 

establishes a connection between microscale and macroscale reactions, suggesting a rapid and 

economical approach for novel tracer development—optimizing radiochemistry on a high-

throughput microdroplet platform and then straightforwardly translating to vial-based systems for 
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wider applicability to the current radiosynthesizer technology (vial-based systems) in the majority 

of research labs. 

In Chapter 9, we introduce the PRISMA approach, a systematic method for developing 

thin-layer chromatography (TLC) mobile phase conditions to achieve high chromatographic 

resolution in a set of radiopharmaceuticals with diverse chemical properties. Without prior 

knowledge of impurities, the PRISMA method relies on observing the separation resolution 

between a radiopharmaceutical and its nearest radioactive or non-radioactive impurities via UV 

imaging for different mobile phases. This approach enabled the development of high-resolution 

separation conditions for a wide range of 18F-radiopharmaceuticals ([18F]PBR-06, [18F]FEPPA, 

[18F]Fallypride, [18F]FPEB, and [18F]FDOPA). Each optimization only took a few hours and 

required only a single batch of crude radiopharmaceutical. Moreover, the optimized TLC method 

demonstrated greater accuracy (compared to other published TLC methods) in determining the 

product abundance of one radiopharmaceutical studied in more depth ([18F]Fallypride) and was 

capable of resolving a comparable number of species, with similar resolution, as isocratic radio-

HPLC. 

In Chapter 10, I describe a novel cassette-based automated system (“PHENYX”) (56) that 

has been developed in parallel with the droplet approaches. This system performs reactions down 

to ~5 µL volume in a plastic conical reactor. It features a removable heated lid to seal reactors for 

microvolume radiosyntheses suffering from unwanted evaporation due to open formats (e.g. 

[18F]AMBF3-TATE (79) and [18F]flumazenil (93)). The system includes a pipettor mounted on an 

XYZ motion gantry for accessing a pipette tip rack, specialized pipette attachments, and a 

disposable cassette. All synthesis operations, such as trapping and releasing [18F]fluoride from 

the QMA cartridge, liquid transfers among reservoirs and the reactor, and installation or removal 

of the heated lid, are performed by the pipette. This design enables the implementation of a wide 

range of radiosynthesis protocols. As a proof-of-concept, we synthesized [18F]Fallypide on the 

platform. Concentrating up to 2 mL of aqueous [18F]fluoride (2-540 MBq) to ~34 μL was achieved 
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by trapping on a preconditioned micro-QMA cartridge (3 mg resin) and eluting with TBAHCO3 

(0.35 μmol). The concentrated radioisotope underwent evaporation in the reactor, followed by the 

addition of 8 μL of precursor solution (0.62 μmol) and heating at 110 °C for 7 min. After collection 

and analytical-scale HPLC purification, the RCY was 71 ± 6% (n = 3), and the product exhibited 

high radiochemical purity (>99%) and a molar activity of 290-670 GBq/μmol. 

In Chapter 11, I describe the application of electrochemistry for introducing nucleophilic 

[18F]fluoride to electron-rich molecules, such as thioethers. Collaborating with Dr. Tomoyuki 

Kurioka (Tokyo Institute of Technology, Japan) and Dr. Saman Sadeghi (McMaster University, 

Canada), we developed a novel electrochemical radiofluorination (ECRF) technique using a split 

bipolar electrode (s-BPE) for an electron-rich compound as an example. Unlike traditional ECRF, 

which requires high salt concentration, this s-BPE system, with its dual conductive materials, 

facilitates anodic and cathodic reactions at lower salt concentrations. We achieved a 5x increase 

in molar activity for [18F]fluoromethyl (methylthio)acetate compared to conventional ECRF 

approaches, mainly attributed to reduced [19F]F- contamination from less salt. 

This dissertation concludes with Chapter 12, exploring the potential outlook of 

microvolume reactors and utilizing the findings for the development of a truly microscale 

radiosynthesizer, enabling cost-effective on-demand production of radiopharmaceuticals. 
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Chapter 2: Copper-mediated radiosynthesis of 6-[18F]fluoro-
L-DOPA ([18F]FDOPA) in a microreactor 
 
 

 Introduction 

6-[18F]fluoro-L-DOPA ([18F]FDOPA) is a powerful positron emission tomography (PET) 

tracer used in imaging Parkinson’s disease (101,102), brain tumors (103–105), focal congenital 

hyperinsulinism of infancy (CHI) (106,107), medullary thyroid carcinoma (MTC) (108–110), and 

many other neuroendocrine related diseases (111,112), by monitoring dopaminergic dysfunction 

or abnormal amino acid transport (113,114). 

Despite its increasing application in preclinical and clinical studies, production of 

[18F]FDOPA remains challenging. Due to the strong electron donating hydroxyl and amino acid 

groups on its aromatic core, the routine labeling pathway of [18F]FDOPA has traditionally been 

carried out through an electrophilic strategy by employing [18F]F2 (115,116) or [18F]acetyl 

hypofluorite (117). However, the production of [18F]F2 involves the introduction of non-radioactive 

[19F]fluoride and thus prepared [18F]FDOPA has very limited molar activity which increases the 

risk of pharmacologic effects. Moreover, [18F]F2-based production is not commonly accessible in 

many radiochemistry labs due to the challenges associated with handling gas-type radioactive 

sources (118–121). 

This issue can be overcome by instead using a nucleophilic fluorination strategy 

employing [18F]fluoride. In the past decade, radiochemists have developed several new 

nucleophilic precursors of [18F]FDOPA, including organoboron (122), diaryliodonium salt (123) and 

nickel complexes (124). Among them, copper-mediated organoboron fluorination has received 

much attention due to its relatively simple synthesis process and high radiochemical yield (RCY). 

Using such an approach, Zischler  and his co-workers  managed to achieve [18F]FDOPA in high 

RCY up to 40% in the presence of alcohol solvent (125), but the large amount of organoboron 
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precursor (30 mg) and copper reagent (36 mg) used in this process required a complicated 

purification process by using a precolumn HPLC system leading to long separation time. More 

recently, Mossine et al. has succeeded to obtain [18F]FDOPA using lower amounts of reagents (3 

mg precursor, 14 mg copper catalyst) by employing the same precursor in an anhydrous DMF 

solvent system (119,126). However, the cost of reagents remains high, the yield was relatively low 

(activity yield of 5 - 6%), and this protocol faces similar problems as other reactions implemented 

on conventional automated synthesizers, including a long preparation time (110 min), large and 

expensive apparatus, and requirement for specialized infrastructure (hot cell), requiring major 

investment to establish a new production facility.  

 

 

Figure 2-1 Microscale metal-catalyzed synthesis of [18F]FDOPA on a microdroplet system. 
(A) Photograph of the 2 × 2 multi-reaction chip. The diameter of each reaction site is 4 mm and 
the pitch is 9 mm. (B) Side view of the temperature control platform for the microdroplet reaction 
chip. (C-D) [18F]FDOPA synthesis scheme and process flow for droplet-based synthesis. 
 

To overcome the current limitations, in this work, we developed the first microscale metal-

catalyzed synthesis of [18F]FDOPA on a microdroplet system (Figure 2-1). Research in 

radiosynthesizers has led to a variety of microscale approaches to perform radiochemistry 

(44,53,61,127,128), including droplet-based reaction systems that are able to minimize the reaction 
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volume (78,95). Over the past several years, our group has succeeded to employ microdroplet 

reactors to prepare diverse radiotracers such as [18F]FDG (70,78,129,130), [18F]FET (131), [18F]SFB 

(70,132), [18F]fallypride (70,70,78,93,95,133,134), [18F]florbetaben (85,99),  [18F]FNB (134), 

[18F]AMBF3-TATE (79), [18F]FLT (70,72) and [18F]FDOPA (iodononium salt method) (86), 

[18F]Flumazenil (93), [18F]PBR06 (93), [18F]FEPPA (93,135), [18F]FPEB (135), [18F]FBnTP (94) and 

[18F]YH149 (136). Microdroplet reactors enable both one-step and multi-step radiochemical 

reactions to be readily performed in microliter-scale volumes, with advantages of minimal reagent 

cost, repeatable conditions, fast heating and evaporation times, and high molar activity (134). In 

fact, the required precursor amount can be reduced 100x compared to conventional (macroscale) 

methods, while continuing to offer comparable or even higher RCY when starting with equivalent 

activity. Furthermore, the tiny amounts of reagents remarkably decreases the quantity of side 

products and impurities, and facilitates purification with analytical-scale radio-HPLC that 

significantly shortens the total separation and formulation time of the final product. 

Herein, we leverage this extensive past experience to explore the feasibility of conducting 

the first copper-mediated organoboron-precursor-based synthesis of [18F]FDOPA on a 

microdroplet reactor. We optimized the fluorination and deprotection conditions on microfluidic 

chips via an extensive set of experiments exploring the impact of diverse phase transfer catalysts 

(PTCs), bases, solvents, additives, reaction temperatures and acids (deprotection reagents). In 

addition, different amounts of precursor and copper reagents were investigated in detail. Using 

the optimized conditions, we then automated the synthesis using a previously developed ultra-

compact automated microdroplet reactor (133). 

 Methods 

2.2.1   Materials 

Anhydrous N,N-dimethylformamide (DMF, 99.8%), N,N-dimethylacetamide (DMA, 

99.8%), dimethyl sulfoxide (DMSO, 99.9%), n-butanol (nBuOH, 99.5%), pyridine (Py, 99.8%), 
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methanol (MeOH, 99.9%), Ethanol (EtOH, >99.5), 4-dimethylaminopyridine (DMAP, 99%), 

tetraethylammonium bicarbonate (TEAHCO3, 95%), tetraethylammonium 

trifluoroethanesulfonate (TEAOTf, 98%), tetrabutylammonium trifluoromethanesulfonate 

(TBAOTf, 99%), tetrakis(pyridine)copper(II) triflate (Cu(OTf)2(py)4, 95%), potassium carbonate 

(K2CO3, 99.99%), cesium carbonate (Cs2CO3, 99.99%), hydrocholoric acid  (HCl, 37%, i.e., 12N), 

glacial acetic acid (AcOH, 99.7%), phosphoric acid (H3PO4, >85% wt.% in H2O), sodium 

phosphate monobasic (NaH2PO4, >99%), sodium phosphate dibasic (Na2HPO4, >99%), L-

ascorbic acid (99%) and ethylenediaminetetraacetic acid (EDTA, 99%) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) and used without further purification unless otherwise 

specified. O-MOM-N-(Boc)2-protected Bpin precursor (>95%) was purchased from WuXi 

AppTech (Hong Kong, China), and reference standards of 6-fluoro-L-DOPA hydrochloride 

(>95%), 6-fluoro-(D,L)-DOPA hydrochloride (>95%), 6-hydroxide-(D,L)-DOPA (>95%) and 6-H-

(D,L)-DOPA (95%) were purchased from ABX Advanced Biochemical Compounds (Radeberg, 

Germany). HPLC-grade acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA, USA). 

Deionized (DI) water was obtained from a Milli-Q water purification system (EMD Millipore 

Corporation, Berlin, Germany). Reagent and collection vials (forensic DNA grade) were 

purchased from Eppendorf (Hamburg, Germany). PBS buffer was prepared at a 0.1 M 

concentration with a pH of 5 using Na2HPO4 and NaH2PO4 on the same day as the experiment. 

The polyether ether ketone tubing (PEEK, 1/16” OD x 0.010” ID, 1531L; 360 OD x 100 μm ID, 

1571) used for reagent dispensing was purchased from purchased from IDEX Health and 

Sciences (Northbrook, IL, USA). [18F]fluoride in [18O]H2O 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 radiosynthesis. 

Stock solutions were freshly prepared before each set of experiments. Stock solutions of 

phase transfer catalysts (PTCs, including TEAHCO3, TBAOTf and TEAOTf) and bases (including 

Cs2CO3 or K2CO3) were prepared depending on the conditions being explored, and consisted of 
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720 µmol PTC and 11.4 µmol base dissolved in 1 mL DI water. When TBAOTf was used as the 

PTC, the mixture was instead dissolved in 1 mL of a mixture of EtOH and DI water (50:50, v/v). 

Bpin precursor (2.0 mg, 3.0 μmol) was completely dissolved in 100 μL of anhydrous DMF. 

DMF/pyridine stock solution was prepared by adding 40.4 μL of pyridine into 500 μL of anhydrous 

DMF and mixing them completely. Cu(py)4(OTf)2 (12.0 mg, 16.9 μmol) was completely dissolved 

in 125 μL of DMF/pyridine stock solution. Right before reaction, Cu(py)4(OTf)2 stock solution was 

mixed with Bpin precursor stock solution in 1:1 (v/v) ratio to provide the reaction with 0.1 mg (0.15 

μmol) of Bpin precursor and 0.48 mg (0.72 μmol) of Cu(py)4(OTf)2. For experiments that explored 

different solvent types, and amounts of precursor, Cu(py)4(OTf)2, PTC and base, the recipes for 

the respective stock solutions were adjusted accordingly. To collect the crude product from chips, 

a collection solution (2 mL) was prepared with a 4:1 (v/v) mixture of MeOH and DI water. 

2.2.2   Analytical equipment and methods 

Radioactivity measurements (activity deposited or residual activity on chips, and activity 

of collected product) were performed with a calibrated dose calibrator (CRC-25R, Capintec, 

Florham Park, NJ, USA). Crude reaction products (intermediate or final product) collected from 

chips were analyzed via radio-TLC and HPLC. 

In radio-TLC measurements, a 0.5 μL sample was spotted onto a TLC plate (silica gel 60 

F254 TLC plastic plate, Merck KGaA, Darmstadt, Germany). The spotted TLC plate was developed 

with a mixture of MeCN and DI water (95:5 v/v). After drying, the TLC plate was measured by 

miniGITA radio-TLC scanner (Elysia-Raytest GmbH, Straubenhardt, Germany) for 5 min. The 

fluorination conversion was computed using GINA-STAR software (Elysia-Raytest) by computing 

areas under the peaks corresponding to the radio-fluorinated intermediate (Rf = 1.0) and 

unreacted [18F]fluoride (Rf = 0.0), and dividing the fluorinated intermediate peak area by the sum 

of all peak areas.  

The initial purification protocol was adapted from the reference (119,126), using mobile 

phase of MeCN/10 mM NH4HCO2 (75:25, v/v, pH = 6) with flow rate of 1.5 mL/min under 
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wavelength of 282 nm, on an analytical column (Luna NH2 column, 5 μm, 250 × 4.6 mm, 

Phenomenex, Torrance, CA, USA). Retention times of 18F-fluorinated intermediate and 

[18F]FDOPA were 1.6 and 10.1 min, respectively, while [18F]fluoride was not eluted out with the 

above condition (Figure 2-5). For further HPLC purification optimization, we also used a reversed-

phase (RP) analytical column (Synergi™ Hydro-RP C18, RP, 4 µm, 4.6 × 250 mm). 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). To determine radiochemical purity (RCP), and to 

confirm product identity via co-injection of reference standard, the purified [18F]FDOPA was 

analyzed on the same radio-HPLC system using the NH2 column method described above. The 

same analytical scale radio-HPLC system (as for analysis of the purified sample) was employed 

to determine the molar activity of the purified [18F]FDOPA, by injecting the a portion of purified 

[18F]FDOPA and computing mass based on a linear calibration curve of FDOPA reference 

standard. The enantiomeric purity was verified by co-injection of the purified product and the 

mixture of D and L type reference standard and analyzed on a chiral column (Crownpack CR(+), 

5 μm, 150 × 4 mm, Chiral Technologies, West Chester, PA, USA) using a mobile phase of HClO4 

solution (pH = 2) at a flow rate of 1 mL/min. Retention times of D-FDOPA and L-FDOPA were 8.5 

min and 11.0 min, respectively.  

2.2.3   Microdroplet synthesis and optimization 

 
For [18F]FDOPA preparation, there are two major steps, including fluorinating the 

organoboron precursor and deprotecting the intermediate to obtain the final product, and we 

sequentially optimized them. 

To develop and optimize a microscale synthesis of [18F]FDOPA, we initially performed 

some experiments to give baseline measurements of the amount of radioactivity loss at different 
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steps with and without the presence of certain reagents. Next, numerous experiments were 

conducted to optimize the fluorination and deprotection conditions using multi-reaction 

microfluidic chips. The microdroplet chips used in these experiments contains 2x2 arrays of 

circular hydrophilic (silicon) reaction sites (4 mm diameter) surrounded by a hydrophobic (Teflon 

AF) coating (Figure 2-1A), prepared as previously described (78,95). The disposable microfluidic 

chip was operated on top of a temperature control platform (78,133) (Figure 2-1B). In initial 

experiments, reagents were loaded and crude products were collected using a micropipette.  The 

protocol was also implemented on our automated droplet-based radiosynthesizer (86). 

For each condition, the reaction was performed as shown in Figure 2-1C. A droplet (5 μL) 

of [18F]F-/[18O]H2O (19-152 MBq) was first delivered onto each reaction site on a microfluidic chip, 

with an activity measurement after each spot was loaded to determine the starting activity for 

each reaction. The PTC (TBAOTf, TEAOTf or TEAHCO3) and the base (Cs2CO3 or K2CO3) in 5 

μL of stock solution were added and the total 10 μL of solution was dried at 105 °C for 1 min. Due 

to the minimal amount of water, we found this 1 min drying time to be sufficient (without any need 

for azeotropic distillation) before the fluorination step. Fluorination was performed by adding 

precursor and Cu(OTf)2(py)4 in 10 μL of desired solvent and heated at the desired temperature 

for the desired reaction time. In order to maintain an average reaction volume of ~10 μL, the 

reaction was replenished with 8 μL of solvent every 30 s (for solvents DMF/Py, DMA/Py, 

DMA/nBuOH, or pyridine), or 8 μL of solvent every 60 s (for DMSO/Py). The crude fluorinated 

product was collected from chips by adding a 20 μL droplet of a mixture of MeOH and DI water 

(4:1 v/v) and then transferred to a 0.5 mL vial, which was repeated a total of 4 times to minimize 

residual activity left on the chip. Fluorination conversion was determined via radio-TLC analysis 

of the collected crude fluorination product. Collection efficiency (%) was computed as the 

collected activity from chips divided by the initially loaded activity (decay-corrected), and crude 

fluorination yield (decay-corrected) was calculated by multiplying fluorination conversion and 
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collection efficiency (%). Moreover, residual activity on chip (%) was computed as the total residual 

activity on chip for all spots divided by the total activity loaded on chip, and residual activity on 

pipette tips (%) was calculated via the residual activity on pipette tips after each collection divided 

by the initial activity loaded on a corresponding spot, respectively. The volatile loss (%) was 

calculated by subtracting the sum of recovered activity, residual activity on chip and residual 

activity on pipette tips from the total loaded activity (100%). When optimizing the deprotection, we 

collected the final crude product using the same collection protocol. Deprotection yield was 

computed by radio-HPLC analysis, i.e. dividing the area under the [18F]FDOPA peak by the area 

under all peaks in the radio-chromatogram. In some experiments, we performed purification after 

collecting the crude [18F]FDOPA product. The sample was injected into radio-HPLC and the 

purified [18F]FDOPA was collected into a 5 mL vial for further analysis. 

 

 Results and discussion 

2.3.1   Fluorination optimization 

2.3.1.1 Preliminary conditions 
 

To implement the fluorination step in droplet format, we first adapted the reaction 

conditions of Zischler et al. (125) by scaling down the fluorination reaction volumes and reagent 

amounts by 120x, i.e., reducing from 1200 μL to 10 μL, while maintaining the same reagent 

concentrations and ratios. Due to low solubility of precursor and copper reagent in DMA and 

nBuOH (2:1, v/v), we reduced even further the amounts of precursor (15 mM used vs 50 mM 

calculated) and Cu(Py)4(OTf)2 (15 mM used vs 44 mM calculated). The reaction was conducted 

with TEAHCO3 (0.12 μmol) as PTC and Cu(py)4(OTf)2 (0.15 μmol) as copper reagent with 0.1 mg 

(0.15 μmol) of organoboron precursor at 110 °C for 5 min in 10 μL of DMA and nBuOH (2:1, v/v). 

However, no intermediate was formed and the reaction showed a significant loss of activity (36%, 

n = 4, decay-corrected) after fluorination (Table 2-1, entry 1). Even though many attempts (not 



33 
 

shown in Table 2-1) were made using different amounts of PTC and copper reagent, different 

solvents (DMA, DMF, and mixtures of DMA and nBuOH), temperatures, and reaction times, we 

failed to achieve a etectable fluorination yield.  

 

Table 2-1. Overview of performance during initial screening of fluorination conditions. 

Entrya PTC Base 
Fluorination 

Solventb 
Fluorination 

conversion (%) 

Collection 
efficiency 

(%) 

Crude 
fluorination 

yield (%) 

1c TEAHCO3 None 2:1 DMA/nBuOHc Trace 47 ± 1 Trace 

2 TBAOTf K2CO3 96:4 DMF/Py 29 ± 2 59 ± 2 16 ± 1 

3 TBAOTf None 96:4 DMF/Py 26 ± 2 8 ± 0 2 ± 0 

4 TBAOTf K2CO3 96: 4DMSO/Py 1 ± 0 71 ± 3 1 ± 0 

5 TBAOTf K2CO3 Py 12 ± 0 60 ± 4 7 ± 0 

6 TBAOTf Cs2CO3 96:4 DMA/Py 37 ± 4 66 ± 6 25 ± 5 

7 TEAOTf Cs2CO3 96:4 DMA/Py 60 ± 4 71 ± 2 43 ± 2 

8 TEAOTf Cs2CO3 96:4 DMF/Py 70 ± 2 65 ± 2 45 ± 2 

9 TEAOTf Cs2CO3 DMF 18 ± 3 48 ± 3 8 ± 1 

10 TEAOTf Cs2CO3 DMF/DMAPd 9 ± 0 85 ± 1 8 ± 0 
aEach radiosynthesis was carried out by first loading [18F]fluoride mixed with PTC (720 nmol) and base (10 nmol), and 

drying at 105 °C for 1 min. Radiofluorination was performed by adding 0.1 mg (150 nmol) precursor and 750 nmol of 

Cu(py)4(OTf)2 in 10 L of solvent heated at 110 °C for 5 min. Each condition was repeated n=4 times. bAll solvent 

mixtures are v/v. cReaction was conducted with less PTC (0.12 μmol) and Cu(py)4(OTf)2 (0.15 μmol) in 10 L of  

DMA/nBuOH (2:1, v/v). d4.8 μmol of DMAP was added in 10 L of solvent. 

 

To our delight, adapting the conditions of Mossine et al. (119,126) to the microscale by 

implementing in 10 μL and using 27x reduced reagent amounts, i.e., 0.72 μmol of TBAOTf (PTC), 

0.01 μmol of K2CO3 (base) and 0.75 μmol of Cu(py)4(OTf)2 and 0.1 mg (0.15 μmol) of precursor 

in DMF/Py (96:4, v/v), we succeeded to obtain the desired intermediate with fluorination 

conversion of 29 ± 2% (n = 4) and collection efficiency of 59 ± 2% (n = 4), resulting in crude 

fluorination yield of 16 ± 1% (n = 4) ( Table 2-1, entry 2). Notably, during fluorination, to align with 

the precursor amount used in the prior experiment (Table 2-1, entry 1) for further comparison, 

the precursor concentration in a droplet was higher (15 mM vs. 4 mM) than that in Mossine’s 

condition. This adjustment was made despite a 27x reduction in all reagents, maintaining a 100x 

reduction in reaction volume. We then proceeded to further modify these conditions. 
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2.3.1.2 Initial screening of fluorination conditions 
 

Firstly, to understand the significant loss of activity from the reaction mixture, “blank” 

experiments were carried out without precursor or copper reagent (Table 2-3, entries 1-3). 

Working with the same amount of base (Cs2CO3; 0.01 mol) and different PTCs (TBAOTf, 

TEAOTf and TEAHCO3; 0.72 mol), the activity after drying at 105 °C for 1 min was at least 99% 

(n = 12, decay-corrected) of the initial activity, which was consistent with non-blank experiments. 

When the blank fluorination reaction was subsequently performed, the collection efficiency was 

quite high (82-87%), with only 10-12% loss (as volatile species). We suspect that this volatile loss 

was probably induced from the formation of volatile [18F]HF during heating process under the low 

base condition, and assume that a comparable amount of loss occurs during the non-blank 

reactions. Interestingly, in entry 4 (Table 2-3), when copper reagent was added into the blank 

experiment (but still no precursor), the collection efficiency notably dropped down to 30 ± 3% (n 

= 4). This suggests that the copper reagent might facilitate the separation of [18F]fluoride from 

[18F]TEAF complex, increasing its reactivity with the precursor but also facilitating formation of 

[18F]HF that leads to high amount of volatile loss. 

We then considered the importance of the amount of base, and attempted the synthesis 

with no base (Table 2-3, entry 3). Though reaction conditions were otherwise identical to Table 

2-3, entry 2, the absence of base resulted in similar fluorination conversion (26 ± 2% for entry 3 

vs. 29 ± 2% for entry 2; n = 4) but very low collection efficiency (8 ± 0% for entry 3 vs. 59 ± 2% 

for entry 2; n = 4). This is consistent with the idea that base is needed to prevent the formation 

of [18F]HF and loss of activity during the fluorination step. 

Next, we investigated the radiofluorination performance by varying the solvent and PTC 

types. Full details, including additional measurements for each condition, are reported in Table 

2-4. Comparing Table 2-1, entries 2, 4, and 5, in which reaction solvent was varied but PTC type 

and base were fixed (TBAOTf and K2CO3), DMF/Py (96:4, v/v) (entry 2) provided the highest 
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fluorination conversion of 29 ± 2% (n = 4), collection efficiency of 59 ± 2%, n = 4,  and crude yield 

of 16 ± 1% (n = 4). The use of DMSO/Py (96:4, v/v) (entry 4) gave extremely poor fluorination 

conversion (1 ± 0%, n = 4) and crude fluorination yield (1 ± 0%, n = 4), but had slightly higher 

radioactivity recovery (71 ± 3%, n =4). With only Py as solvent (entry 5), the collection efficiency 

(60 ± 4%, n = 4) was similar to that with DMF/Py (96:4, v/v), but the fluorination conversion was 

significantly lower (12 ± 0%, n = 4), leading to reduced crude fluorination yield (7 ± 0%, n = 4). In 

parallel, exploration of the influence of different PTCs showed that TEAOTf paring with Cs2CO3 

(base) (Table 2-1, entry 7) offered a much higher fluorination conversion (60 ± 4%, n = 4) and 

crude fluorination yield (43 ± 2%, n = 4), and slightly better collection efficiency (71 ± 2%, n = 4) 

compared to the use of TBAOTf/Cs2CO3 (Table 2-1, entry 6). While both these entries used 

DMA/Py (96:4, v/v)  as a reaction solvent, switching to DMF/Py (96:4, v/v)  as solvent (Table 2-1, 

entry 8) improved the fluorination conversion up to 70 ± 2% (n = 4), resulting in slightly higher 

crude fluorination yield of 45 ± 2% (n = 4).  

We also considered the role of the additives in the reaction solvent, either with Py (Table 

2-1, entry 8), without Py (Table 2-1, entry 9), or with DMAP (Table 2-1, entry 10). The use of Py 

offered the highest fluorination conversion (70 ± 2%, n = 4) and the corresponding crude 

fluorination yield (45 ± 2%, n = 4), while the reaction in the absence of Py or in the presence of 

DMAP all resulted in inferior fluorination performance with ~6x lower crude fluorination yield.  

In summary, the initial screening identified TEAOTf as PTC, Cs2CO3 as base and DMF/Py 

(96:4, v/v) as reaction solvent for subsequent optimization studies. 

 

2.3.1.3 Optimization of PTC amount 
 

We next explored the influence of PTC amount (Figure 2-2A). Details of measurements 

and calculations can be found in Table 2-5. For low PTC amounts (75, 150 nmol), the crude 

fluorination yield was ~40% (range 39-41%), while for PTC amounts from 300-900 nmol, the crude 

fluorination yield was slightly higher (43-49%). Increasing TEAOTf to 1050 nmol resulted in a 
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significant drop in crude fluorination yield (31 ± 3%, n = 4). We selected an amount of 300 nmol, 

with crude fluorination yield of 49 ± 2% (n = 4) for further studies. 

 

 

 

Figure 2-2 Optimization of on-chip [18F]FDOPA fluorination step. 
Effect on reaction performance of (A) phase transfer catalyst (TEAOTf) amount, (B) Cu reagent 
(Cu(py)4(OTf)2) amount, (C) fluorination temperature, (D) fluorination time, and (E) precursor 
amount.  
 

2.3.1.4 Optimization of Cu reagent amount 
 

Next, we investigated the impact of Cu reagent amount (Figure 2-2B). Details of 

measurements and calculations can be found in Table 2-6. The fluorination conversion exhibited 

a notable increase with rising quantity of Cu(Py)4(OTf)2, reaching a maximum of 68 ± 4% with 680 

nmol of Cu(Py)4(OTf)2. The collection efficiency also presented enhanced performance with the 

increasing amount of Cu(Py)4(OTf)2. Overall, the peak crude fluorination yield of 46 ± 3% (n = 4) 

was achieved using 680 nmol of Cu(Py)4(OTf)2. 

2.3.1.5 Optimization of fluorination temperature 
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We further explored the impact of fluorination temperatures (Figure 2-2C). 

Comprehensive measurements and calculations are detailed in Table 2-7. The fluorination 

conversion exhibited a substantial increase with temperature, peaking at 66 ± 3% (n = 4) at 115 

°C, followed by a notable decrease at 120 °C. Additionally, higher temperatures were observed 

to result in increased volatile losses, leading to a decline in collection efficiency. The overall crude 

fluorination yield exhibited a sharp increase with temperature, rising from 28 ± 2% (n = 4) at 90 

°C to 44 ± 4% (n = 4) at 110 °C, and then slightly decreasing to 39 ± 4% (n = 4) 115 °C. However, 

a significant drop was observed at 120 °C, with almost no yield (0.4 ± 0.1%, n = 4). This marked 

decline may be attributed to the degradation of the precursor, as indicted by the color change of 

the reaction mixture turning black immediately after heating at 120 °C. We suspect it is the 

precursor that degrades since no degradation of PTC or Cu(Py)4(OTf)2 was observed in prior 

studies of other Cu-mediated radiosyntheses even at much higher temperatures like 140 °C 

(94,136). The maximum crude RCY of 44 ± 4% (n = 4) was achieved at 110 °C, accompanied by 

a fluorination conversion of 65 ± 3% (n = 4) and a collection efficiency of 67 ± 4% (n = 4). 

2.3.1.6 Optimization of fluorination time 
 

Based on the optimal fluorination temperature, a brief study of different reaction times was 

conducted (Figure 2-2D). Details of measurements and calculations can be found in Table 2-8. 

We observed an increase in fluorination conversion over time, accompanied by a decrease in 

collection efficiency due to increased volatile loss. The maximum crude fluorination yield (44 ± 

4%, n = 4) was attained at 5 min, with fluorination conversion of 65 ± 3% (n = 4) and collection 

efficiency of 67 ± 4% (n = 4). 

2.3.1.7 Optimization of precursor amount 
 

We further explored the influence of precursor amount (Figure 2-2E). Details of 

measurements and calculations can be found in Table 2-9. Notably, fluorination conversion 

exhibited a significant increase with the precursor amount, peaking at 87 ± 3% (n = 4) with 450 



38 
 

nmol of precursor, and then reaching a plateau beyond this quantity. In contrast to fluorination 

conversion, the precursor amount did not exhibit an obvious impact on collection efficiency. 

Utilizing 450 nmol of precursor resulted in the highest crude fluorination yield (60 ± 3%, n = 4), 

with fluorination conversion of 87 ± 3% (n = 4) and collection efficiency of 70 ± 2% (n = 4). 

In summary, with starting activity ranging from 19-152 MBq, the optimal evaporation 

process involved drying [18F]fluoride with TEAOTf (300 μmol) and Cs2CO3 (10 nmol) at 105 °C for 

1 min. No azeotropic drying steps were necessary. Subsequently, the fluorination reaction was 

carried out at 110 °C for 5 min using 450 nmol of precursor and 680 nmol of Cu(OTf)2(Py)4 in a 

10 μL solvent mixture of DMF/Py (96:4, v/v). 

2.3.2   Deprotection optimization 

 

 
 
Figure 2-3 Influence of different deprotection reaction parameters. 
(A) Influence of deprotection time on deprotection yield of crude [18F]FDOPA intermediate. 
Reaction was performed at 100 °C using 15 μL of mixture of 0.25 M ascorbic acid and 12 N HCl 
(1:3, v/v). (B) Influence of HCl concentration.  All data points were performed with n = 2 repeats 
unless otherwise indicated. 
 

2.3.2.1 Influence of deprotection time 
 

We then proceeded to study the deprotection step. While maintaining the same 

deprotection solution and temperature as Mossine et al. (119), we first considered the deprotection 

time (Figure 2-3A and Table 2-10). The deprotection reaction was performed at 100 °C after 

adding a 15 μL mixture of 0.25 M ascorbic acid and 12 N HCl (1:3, v/v). As the reaction time 
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increased, only minor impact on the deprotection yield was observed. We chose 2 min, where the 

deprotection yield reached 97% (n=2; determined by radio-HPLC), as the deprotection time for 

further experiments. 

2.3.2.2 Influence of deprotectant concentration 
 

We further explored the influence of deprotectant concentration (i.e., HCl) (Figure 2-3B). 

Details of measurements can be found in Table 2-11, and examples of radio-HPLC analysis can 

be found in Figure 2-5. The deprotection yield exhibited a notable increase with higher HCl 

concentration, reaching a peak value of 98 ± 1% (n = 6) when using 12N HCl.  

2.3.3   Full droplet-based radiosynthesis of [18F]FDOPA 

2.3.3.1 Automated synthesis 
 

The radiosynthesis was then combined with radio-HPLC purification to provide purified 

[18F]FDOPA. In manual preparation under the above optimal condition with similar starting activity 

(0.06-0.15 GBq), high isolated RCY of 30 ± 4% (n = 7) was achieved, accompanied with excellent 

RCP (>99%) and enantiomeric purity (100%). Before purification, the crude RCY was 38 ± 1% (n 

= 7), arising from a fluorination conversion of 87 ± 3%, deprotection yield of 98 ± 1% and collection 

efficiency after deprotection of 44 ± 6%. The discrepancy between the crude and isolated RCY is 

presumably due to losses during HPLC purification. The overall preparation time was ~25 min 

(including ~10 min for on-chip reactions and ~15 min for purification), contributing to high activity 

yield (26 ± 3%, n = 7).  

For automation, [18F]FDOPA synthesis was conducted on an automated microdroplet 

synthesizer (133) with starting activities of 0.14-0.22 GBq. Given the potential for contamination 

from metal components in piezoelectric dispensers for the Cu reagent, and the corrosive nature 

of the deprotectant (12N HCl) which could corrode the dispensers, we explored the use of tubing 

(PEEK, 1/16” OD x 0.010” ID) mounted in place of dispensers for remote delivery of the 

precursor/Cu(OTf)2(py)4 stock solution and deprotection solution to the chip (Figure 2-6). 



40 
 

Specifically, we loaded a pre-measured reagent bolus into a small v-vial (0.3 mL) connected to 

the tubing, and applied nitrogen pressure to push the bolus through the tubing onto the chip when 

needed. For the precursor/Cu(OTf)2(py)4 stock solution, 13.5 μL (slightly higher than the optimal 

volume of 10 μL after accounting for minor residual losses in the fluid path) was added to vial, 

and the loading process used 5 psi to transfer the liquid onto the chip. To maintain an average 

reaction volume of ~10 μL, the reaction was replenished with 8 μL of DMF/Py (96:4, v/v) every 30 

s using a piezoelectric dispenser. After fluorination, 0.1 µL of sample (1-2% of activity) was taken 

and diluted in 20 µL of MeCN for further radio-TLC analysis. For deprotection, 20 μL of 

deprotection solution (slightly higher than the optimal volume of 15 μL after accounting for minor 

residual losses in the fluid path) was pre-loaded into the deprotectant vial and delivered to the 

chip with nitrogen (5 psi). To transfer the final crude product from the chip to the collection vial, a 

PEEK tubing (360 μm OD x 100 μm ID) was mounted in the dispenser fixture, with the end 

approximately 0.5 mm above the chip surface. Following synthesis, 20 μL of the collection solution 

was loaded into the reaction site by a piezoelectric dispenser, and the crude product was 

transferred to the collection vial under vacuum (~2 psi). These steps were repeated a total of 4x 

to minimize activity residue on the chip. The overall fluorination conversion was 80 ± 6% (n = 2),  

with isolated RCY of 26 ± 2% (n = 2) and activity yield of 22 ± 2% (n = 2), and molar activity  >198 

GBq/μmol. The RCP was >99% and enantiomeric purity was 100%. The total preparation time 

was similar to that of manual synthesis, ~25 min. The slightly lower yield of the automated 

synthesis may be due to losses in tubing or due to small differences in the performance of the 

heating systems for the manual and automated setups.  

2.3.3.2 Additional tests 
 

Later, inspired by a separate study that demonstrated significantly improved production of 

the radiotracer [18F]FBnTP using DMI as a solvent instead of DMF (94), we conducted additional 

tests for [18F]FDOPA synthesis. Due to DMI's higher boiling point (224-226 °C) compared to DMF 
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(153 °C), there was no need for additional solvent replenishment during the fluorination reaction, 

simplifying the radiosynthesis process. In a manual synthesis comparison, we replaced DMF with 

DMI under fixed conditions derived from previous optimization (Table 2). Following synthesis, the 

results displayed a lower fluorination conversion (60 ± 1%, n = 5 with DMI vs 87 ± 3%, n = 7 for 

DMF). However, the collection efficiency after deprotection was significantly higher (70 ± 4%, n = 

5 with DMI vs 44 ± 6%, n = 7 with DMF). This suggests that the high-boiling solvent may assist in 

maintaining activity on the chip during the deprotection reaction. Consequently, the resulting 

isolated RCY improved to 50 ± 3% (n = 5), and the activity yield reached 41 ± 4% (n = 5), while 

maintaining high RCP (>99%) and enantiomeric purity (100%). 

 

2.3.3.3 Comparison of [18F]FDOPA synthesis in μL- and mL-scale 
 

The overall microscale synthesis performance is summarized in Table 2-2 and compared 

to the results of macroscale synthesis (119,125,126), highlighting significant improvements in 

synthesis time and RCY.  

Compared to the originally-reported macroscale synthesis by Mossine et al. (119,126), the 

microdroplet synthesis was conducted with higher concentration of precursor (~11x) and copper 

reagent (~3x). Despite this, there was a remarkable ~9x reduction in precursor consumption and 

~29x reduction in copper reagent consumption, achieved by utilizing a significantly smaller 

reaction volume (10 vs. 1000 μL). This increased concentration likely improved the reaction rate, 

allowing for a shortened fluorination time of only 5 min at the microscale, a 4x reduction compared 

to macroscale synthesis. Leveraging the advantages of microscale radiosynthesis, the collected 

crude product volume (~80 μL) and reagent mass were sufficiently low to allow purification using 

an analytical radio-HPLC system under isocratic conditions. Purified product collection took only 

~12 min (Figure 2-4) (vs. ~23 min on a semi-pre column (119,126)). Overall, the droplet synthesis 

exhibited a ~4-fold increase in RCY (50 ± 3%, n = 5) and a ~7x-fold increase in activity yield (41 

± 4%, n = 5) compared to the macroscale approach (RCY: 10-12%; activity yield: 5-6%; n = 26). 
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The comparable fluorination conversion at macroscale (55 ± 13%, n = 26) and microscale (60 ± 

1%, n = 5) suggests that the much lower RCY for the macroscale synthesis could be attributed to 

significant activity loss in the radiosynthesis system and/or HPLC purification platform. 

Interestingly, a similar phenomenon was observed at the microscale with the same solvent system 

(96:4 DMF/Py (v/v)) under suboptimal conditions (i.e. high activity loss / low collection efficiency 

after the deprotection step), suggesting that replacing DMF with DMI might also benefit the 

macroscale synthesis. The preparation time after purification was shortened to only 25 min, 

excluding the formulation process. Even considering 5-10 min additional time for formulation, the 

total estimated preparation time (30-35 min) was significantly shorter than the macroscale method 

(110 min). 

 

Table 2-2 Comparison of copper-mediated [18F]FDOPA synthesis in microscale and 
macroscale. 

 µL-scale (this work) mL-scale 

 Manual Automated Manual 
Mossine et al. 
(Automated) 

Zischler et al. 
(Manual) 

Number of repeats (n) 7 2 5 26 3 

Starting activity (GBq) 0.06-0.15 0.14-0.22 0.05-0.06 35-63 1-2 

Precursor amount (µmol) 
(concentration, mM) 

0.45 (45) 0.45 (45) 0.45 (45) 4 (4) 60 (50) 

Cu(OTf)2(py)4 amount (µmol) 
(concentration, mM) 

0.68 (68) 0.68 (68) 0.68 (68) 20 (20) 53 (44) 

Solvent (reaction volume, µL)a 
96:4 DMF/Py 

(10) 

96:4 
DMF/Py 

(10) 

96:4 DMI/Py 
(10) 

96:4 DMF/Py 
(1000) 

1:2 DMA/nBuOH 
(1200) 

Fluorination temperature (°C) 110 110 110 110 110 

Fluorination time (min) 5 5 5 20 10 

Fluorination conversion (%)b 87 ± 3c  80 ± 6d 60 ± 1c 55 ± 13 68 ± 3 

Deprotection efficiency (%)e >97 >97 >97 >99b NR 

Collection efficiency after 
deprotection (%) 

44 ± 6 44 ± 5 70 ± 4 NR NR 

RCY (%, decay-corrected)e 30 ± 4 26 ± 2 50 ± 3 10-12f 40 ± 4 

RCP (%)e >99 >99 >99 >98 NR 

Enantiomeric excess (ee, %)e 100 100 100 100 100 

Activity yield (%, non-decay 
corrected) 

26 ± 3 22 ± 2 41 ± 4 5-6 NR 

Molar activity (GBq/μmol)g NA >198 NA 46-106 37 

Total preparation time (min) ~25h ~25h ~25h 110 NR 

aMixtures are presented as v/v. bFluorination conversion (%) was analyzed by radio-TLC. cThe value was obtained from 

separate fluorination optimization study, with n = 4 repeats for DMF/Py system and n = 3 repeats for DMI/Py system. 
d0.1µL of sample was taken right after fluorination for radio-TLC analysis. eDeprotection efficiency, RCYs, RCP and ee 



43 
 

were determined by radio-HPLC. fThe valve was calculated based on other information in the literature report. 
gDetermined at end of synthesis (EOS). hFinal product formulation is not included. NA = Not assessed. NR = Not 

reported. 

 

Comparing our droplet-based synthesis results with the previously reported macroscale 

conditions of Zischler et al. (125), interesting findings emerge. Despite a slightly higher precursor 

concentration (45 mM vs. 50 mM), Zischler et al.’s approach provided a slight increase in 

fluorination conversion (68 ± 3%, n = 3 vs. 60 ± 1%, n = 5 for DMI/Py), but their RCY was 10% 

lower than that with the microscale method (40 ± 4%, n = 3 vs. 50 ± 3%, n = 5 for DMI/Py), 

suggesting potential activity loss in the radiosynthesis and/or HPLC purification system. 

 

 
 
Figure 2-4 Example radio-HPLC chromatograms from droplet-based radiosynthesis. 
(A) crude [18F]FDOPA, (B) purified [18F]FDOPA, (C) co-injection of purified [18F]FDOPA and 
FDOPA reference standard, and (D) co-injection of purified  [18F]FDOPA and FDOPA reference 
standard (mixture of D- and L-FDOPA). A-C were analyzed on a NH2 column, and D was analyzed 
on an a chiral column. 
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2.3.4   HPLC purification optimization 

The initial adapted HPLC purification method from reference (119,126), employing an 

analytical normal phase (NP) column (Luna HN2, 5 μm, 4.6 × 250 mm) showed excellent 

separation performance, providing purified [18F]FDOPA with high (radio)chemical purity (>99%). 

Representative radio-HPLC chromatograms using the mentioned column are illustrated in Figure 

2-4 (A-C). Given the relatively low-polarity mobile phase required, like MeCN/10 mM NH4HCO2 

(75:25, v/v, pH = 6), compared to the stationary phase (NH2-coated resin) for NP HPLC column 

chromatography, post-purification formulation was necessary. 

Inspired by the purification method outlined in Zischler et al. and Hoffmann et al.’s works 

(125,137), which utilized an injectable aqueous solution as the mobile phase on a reverse-phase 

(RP) column, we pursued further optimization on a similar analytical column (Synergi™ Hydro-

RP, 4 µm, 4.6 × 250 mm). Comprehensive details, including mobile phases, retention times of 

[18F]FDOPA, volumes of collected product from radio-HPLC, and individual radio-HPLC 

chromatograms of crude [18F]FDOPA, are provided in Table 2-12 and Figure 2-7.  

Initially, two slightly different isocratic mobile phases were tested, both using a flow rate 

of 1 mL/min on the analytical RP column (Test 1: 100% H3PO4 water (0.1%, v/v) with pH = 2; 

Test 2: 1% EtOH (v/v) in H3PO4 water (0.1%, v/v) with pH = 2) (137). Unfortunately, both Test 1 

and Test 2 showed an impurity (visible in the UV chromatograph) co-eluting with [18F]FDOPA. 

In Test 3, we adopted a different buffer from another reference (86) (i.e., 1mM EDTA, 

50mM AcOH, 0.57mM ascorbic acid, 1% EtOH (v/v)) instead of H3PO4 water (0.1%, v/v) to 

enhance the separation between the UV impurity and [18F]FDOPA. However, the UV baseline 

was not flat due to the sensitive absorbance of ascorbic acid under this wavelength (282 nm), 

adversely impacting the determination of timing for product collection. 

Subsequently, in Test 4, we replaced the mobile phase with PBS buffer (100 mM) with 

0.1% EtOH (v/v) under pH = 5. Encouragingly, no UV impurity overlapped with [18F]FDOPA, but 



45 
 

a radioactive impurity was eluted close to [18F]FDOPA. Attempting to ensure complete separation, 

we removed EtOH from the mobile phase in Test 5. However, the retention-time difference 

exhibited only a slight increase from 0.4 min to 0.5 min, not enough to observe if there was any 

overlap of two peaks. 

Given that the acid solution resulted in better separation of [18F]FDOPA and the radioactive 

impurity in previous Tests 1-3 (with more substantial retention-time differences), we slightly 

decreased the pH of PBS buffer to ~4 by adding 0.04% AcOH (v/v) in Test 6. To our delight, a 

complete separation of [18F]FDOPA and the radioactive impurity was achieved, with the retention-

time difference increasing to 1.2 min. As a result, the radio-HPLC conditions from Test 6 were 

selected as the optimal purification method for [18F]FDOPA synthesis, eliminating the need for the 

formulation step following HPLC purification. 

 Conclusions 

In this work, we employed a novel droplet-based high-throughput technique to perform a 

comprehensive optimization of the Cu-mediated radiosynthesis for the well-known clinical PET 

tracer [18F]FDOPA by systematically varying parameters such as PTC type and amount, base 

type, solvent type, additive type, amount of precursor, amount of copper reagent, concentration 

of deprotection solution, and reaction temperatures and times. The optimized synthesis achieved 

a remarkable RCY of up to 50 ± 3% (n = 5) within a rapid 25 min process, demonstrating a 

substantial improvement over the initially reported macroscale synthesis condition (with RCY of 

10-12%, n = 26) that required 110 min. Moreover, the optimized method exhibited excellent 

radiochemical purity (>99%) and enantiomeric purity (100%). Furthermore, this rapid and efficient 

preparation approach significantly enhanced the activity yield to 41 ± 4% (n = 5), ~7x higher 

compared to the conventional method. To assess the feasibility of implementing this microscale 

method in clinical practice, ongoing investigations involve scaling up production and then 

establishing performing synthesis validation in a cGMP environment. These studies were carried 
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out using a custom automated miniature synthesis system, showing promising potential to deliver 

[18F]FDOPA for patients on demand in short time and low cost. 

 Appendix 

2.5.1   Optimization of fluorination reaction 

2.5.1.1 Study of activity loss in “blank” experiments 
 
Table 2-3 Summary of activity distribution after blank experiments (no precursor). 

Entrya PTC 
Collection 
efficiency 

(%) 

Residual 
activity on 
chip (%) 

Residual 
activity on 

pipette tip (%) 

Volatile 
loss (%) 

1 TEAHCO3 87 ± 3 1 2 ± 1 10 

2 TBAOTf 82 ± 2 4 3 ± 1 11 

3 TEAOTf 85 ± 2 1 2 ± 1 12 

4b TEAOTf 30 ± 3 11 2 ± 0 57 
aBlank reactions waeres conducted with only PTC (720 nmol) and base (Cs2CO3, 10 nmol) in 10 μL of DMF and Py 

(96:4, v/v), i.e., no Cu(Py)4(OTf)2 or precursor. bThis reaction also included Cu(Py)4(OTf)2 (750 nmol). 

 

2.5.1.2 Initial screening of fluorination conditions 
 

Table 2-4 was the identical data as Table 1, except with extra data regarding to activity 

loss during fluorination reaction. 

Table 2-4 Summary of performance during initial screening fluorination conditions. 

Entrya PTC Base Solventb Fluorination 
conversion 

(%) 

Collection 
efficiency 

(%) 

Residual 
activity on 
chip (%) 

Residual 
activity on 

pipette tip (%) 

Volatile 
loss (%) 

Crude 
fluorination 
yield (%) 

1c TEAHCO3 None 2:1 DMA/nBuOHc Trace 47 ± 1 13 4 ± 0 36 Trace 

2 TBAOTf K2CO3 96:4 DMF/Py 29 ± 2 59 ± 2 16 2 ± 0 23 16 ± 1 

3 TBAOTf None 96:4 DMF/Py 26 ± 2 8 ± 0 5 3 ± 0 84 2 ± 0 

4 TBAOTf K2CO3 96: 4DMSO/Py 1 ± 0 71 ± 3 12 1 ± 0 16 1 ± 0 

5 TBAOTf K2CO3 Py 12 ± 0 60 ± 4 13 3 ± 0 24 7 ± 0 

6 TBAOTf Cs2CO3 96:4 DMA/Py 37 ± 4 66 ± 6 9 2 ± 1 23 25 ± 5 

7 TEAOTf Cs2CO3 96:4 DMA/Py 60 ± 4 71 ± 2 3 2 ± 0 24 43 ± 2 

8 TEAOTf Cs2CO3 96:4 DMF/Py 70 ± 2 65 ± 2 5 3 ± 0 28 45 ± 2 

9 TEAOTf Cs2CO3 DMF 18 ± 3 48 ± 3 5 2 ± 0 45 8 ± 1 

10 TEAOTf Cs2CO3 DMF/DMAPd 9 ± 0 85 ± 1 2 2 ± 1 11 8 ± 0 

aEach radiosynthesis was carried out by first loading [18F]fluoride mixed with PTC (720 nmol) and base (10 nmol), and 

drying at 105 °C for 1 min. Radiofluorination was performed by adding 0.1 mg (150 nmol) precursor and 750 nmol of 

Cu(py)4(OTf)2 in 10 L of solvent heated at 110 °C for 5 min. Each condition was repeated for 4 times. bAll solvent 

mixture are v/v. cReaction was conducted with less PTC (0.12 μmol) and Cu(py)4(OTf)2 (0.15 μmol) in 10 L of  

DMA/nBuOH (2:1, v/v). d4.8 μmol of DMAP was added in 10 L of solvent. 
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2.5.1.3 Optimization of phase transfer catalyst (PTC) amount 
 
Table 2-5 Influence of varying PTC amount in the fluorination step. 

PTC 
amount 
(nmol)a 

Fluorination 
conversion 

(%) 

Collection 
efficiency 

(%) 

Residual 
activity on 
chip (%) 

Residual 
activity on 
pipette tip 

(%) 

Volatile loss 
(%) 

Crude 
fluorination 
yield (%) 

75 73 ± 3 56 ± 5 6 1 ± 1 37 41 ± 5 

150 72 ± 1 55 ± 8 8 1 ± 1 36 39 ± 6 

300 70 ± 2 70 ± 2 9 2.6 ± 0.2 19 49 ± 2 

450 67 ± 1 64 ± 5 7 2.0 ± 0.1 27 43 ± 3 

600 76 ± 1 65 ± 2 8 1.3 ± 0.1 26 49 ± 2 

720 65 ± 4 68 ± 1 8 0.7 ± 0.1 24 44 ± 3 

900 72 ± 2 66 ± 4 7 1.2 ± 0.1 26 48 ± 4 

1050 55 ± 6 57 ± 4 7 1.2 ± 0.1 35 31 ± 3 
aThe radiosynthesis (n = 4) was carried out with TEAOTf (varied amounts), Cs2CO3 (10 nmol), precursor (0.1 mg, 150 

nmol) and Cu(Py)4(OTf)2 (680 nmol) in 10 L of DMF/Py (96:4, v/v), heating at 110 °C for 5 min. 

 

2.5.1.4 Optimization of copper reagent amount 
 
Table 2-6 Impact of copper reagent amount in the fluorination step. 

Cu(Py)4(OTf)2 
amount 
(nmol)a 

Fluorination 
conversion 

(%) 

Collection 
efficiency (%) 

Residual 
activity on 
chip (%) 

Residual 
activity on 

pipette tip (%) 

Volatile 
loss (%) 

Crude 
fluorination 
yield (%) 

450 53 ± 3 42 ± 5 5 1.9 ± 0.4 51 22 ± 3 

600 61 ± 6 61 ± 2 5 1.7 ± 0.4 32 37 ± 3 

680 68 ± 4 67 ± 1 5 1.7 ± 0.1 26 46 ± 3 

750 68 ± 3 63 ± 6 7 2.1 ± 0.1 28 42 ± 3 

900 64 ± 6 68 ± 2 5 2.7 ± 0.1 24 44 ± 5 
aThe radiosynthesis (n = 4) was carried out with TEAOTf (300 nmol), Cs2CO3 (10 nmol), precursor (0.1 mg, 150 nmol) 

and Cu(Py)4(OTf)2 (varied amounts) in 10 L of DMF/Py (96:4, v/v) heating at 110 °C for 5 min. 

 

2.5.1.5 Optimization of fluorination temperature 
 
Table 2-7 Influence of varying reaction temperature in the fluorination step. 

Fluorination 
temperature 

(°C)a 

Fluorination 
conversion (%) 

Collection 
efficiency 

(%) 

Residual 
activity on 
chip (%) 

Residual 
activity on 

pipette tip (%) 

Volatile 
loss (%) 

Crude 
fluorination 
yield (%) 

90 36 ± 3 78 ± 2 5 2.0 ± 0.3 15 28 ± 2 

100 58 ± 7 67 ± 4 5 2 ± 1 26 39 ± 3 

105 55 ± 5 69 ± 4 5 2 ± 1 24 38 ± 5 

110 65 ± 3 67 ± 4 5 2 ± 1 26 44 ± 4 

115 66 ± 3 59 ± 5 8 2.3 ± 0.3 32 39 ± 4 

120 3 ± 2 12 ± 4 5 2.1± 0.1 81 0.4 ± 0.1 
aThe radiosynthesis (n = 4) was carried out with TEAOTf (300 nmol), Cs2CO3 (10 nmol), precursor (0.1 mg, 150 nmol) 

and Cu(Py)4(OTf)2 (680 nmol) in 10 L of DMF/Py (96:4, v/v) heating at for varied temperatures for 5 min. 
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2.5.1.6 Optimization of fluorination time 
 
Table 2-8 Influence of reaction time in the fluorination step. 

Fluorination 
time (min)a 

Fluorination 
conversion (%) 

Collection 
efficiency 

(%) 

Residual 
activity on 
chip (%) 

Residual 
activity on 

pipette tip (%) 

Volatile 
loss (%) 

Crude 
fluorination 
yield (%) 

3 57 ± 4 71 ± 3 6 2.1 ± 0.1 21 41 ± 3 

5 65 ± 3 67 ± 4 5 2 ± 1 26 44 ± 4 

7 72 ± 4 57 ± 10 5 2.7 ± 0.1 35 41 ± 8 
aThe radiosynthesis (n = 4) was carried out with TEAOTf (300 nmol), Cs2CO3 (10 nmol), precursor (0.1 mg, 150 nmol) 

and Cu(Py)4(OTf)2 (680 nmol) in 10 L of DMF/Py (96:4, v/v) heating at 110 °C for varied reaction times. 

 

2.5.1.7 Optimization of precursor amount 
 
Table 2-9 Influence of precursor amount in the fluorination step. 

Precursor 
amount 
(mg)a 

Precursor 
amount 
(nmol) 

Fluorination 
conversion 

(%) 

Collection 
efficiency 

(%) 

Residual 
activity on 
chip (%) 

Residual 
activity on 
pipette tip 

(%) 

Volatile 
loss (%) 

Crude 
fluorination 
yield (%) 

0.05 75 63 ± 2 66 ± 3 6 0.7 ± 0.3 27 42 ± 3 

0.1 150 70 ± 2 70 ± 2 9 2.6 ± 0.2 19 49 ± 2 

0.2 300 76 ± 4 66 ± 4 7 0.9 ± 0.4 26 51 ± 5 

0.3 450 87 ± 3 70 ± 2 7 1 ± 1 22 60 ± 3 

0.4 600 84 ± 1 69 ± 3 7 0.8 ± 0.1 23 58 ± 4 
aThe radiosynthesis (n = 4) was carried out with TEAOTf (300 nmol), Cs2CO3 (10 nmol), precursor (varied amounts) 

and Cu(Py)4(OTf)2 (680 nmol) in 10 L of DMF/Py (96:4, v/v) heating at 110 °C for 5 min. 

 

2.5.2   Optimization of deprotection reaction 

2.5.2.1 Influence of deprotection time 
 
Table 2-10 Influence of reaction time in the deprotection step. 

Deprotection time (min)a Number of repeats (n) Deprotection yield (%) 

0.5 2 96 ± 1 

1 2 96 ± 1 

1.5 2 94 ± 1 

2 2 97 ± 0 

4 2 96 ± 2 

6 2 94 ± 0 

8 2 95 ± 0 

10 6 97 ± 1 
aThe radiosynthesis was carried out with TEAOTf (300 nmol), Cs2CO3 (10 nmol), precursor (450 nmol) and 

Cu(Py)4(OTf)2 (680 nmol) in 10 L of DMF/Py (96:4, v/v) heating at 110 °C for 5 min for fluorination, followed by addition 

of 15 μL of mixture of 0.25 M ascorbic acid and 12 N HCl (1:3, v/v) and reaction at 100 °C for varied times to perform 

the deprotection step.  

2.5.2.2 Influence of deprotectant concentration 
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Table 2-11 Influence of HCl concentration in the deprotection step. 

HCl concentration (N)a Number of repeats (n) Deprotection yield (%) 

1.5 2 54 ± 9 

3 4 91 ± 4 

6 4 93 ± 2 

12 6 98 ± 1 
aThe radiosynthesis was carried out with TEAOTf (300 nmol), Cs2CO3 (10 nmol), precursor (450 nmol) and 

Cu(Py)4(OTf)2 (680 nmol) in 10 L of DMF/Py (96:4, v/v) heating at 110 °C for 5 min for fluorination, followed by addition 

of 15 μL of mixture of 0.25 M ascorbic acid and HCl (with varied concentration) (1:3, v/v) and reaction at 100 °C for 2 

min to perform the deprotection step. 

 

 

 

Figure 2-5 Examples of radio-HPLC chromatograms for deprotection optimization. 
(A) 80 μCi of [18F]F- in 80 μL of mobile phase. (B-E) Crude product after deprotection with 0.25 M 
ascorbic acid and different concentrations of HCl (1:3, v/v) at 100 °C for 2 min. (B) 1.5N HCl; (C): 
3N HCl; (D) 6N HCl; (E) 12N HCl. Peak 1 was radiofluorinated intermediate, Peak 2 was partial 
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deprotected [18F]FDOPA and Peak 3 was [18F]FDOPA. All samples were analyzed on a normal-
phase analytical column (Luna NH2 column, 5 μm, 250 × 4.6 mm) with initial purification protocol. 
 

2.5.3   Automation of the droplet radiosynthesis 

 

 

Figure 2-6 Automated microdroplet radiosynthesizer set up for [18F]FDOPA synthesis. 
(A) Diagram of “One-shot” tubing system for remote delivery of precursor stock solution or 
deprotection solution, and piezoelectric dispensers for radioisotope or other stock solution. (B) 
Configuration of automated microdroplet system for preparing [18F]FDOPA. (Top) Top view 
showing positions of reagent dispensers and collection tubing above the chip. (Bottom) 
Photograph of the automated droplet synthesizer. 
 

2.5.4   Optimization of radio-HPLC purification method 

Table 2-12 Summary of results of radio-HPLC purification optimization on an analytical 
Synergi™ Hydro-RP column. 

Testa Mobile phase 
Retention time of 
[18F]FDOPA (min) 

Volume of 
collected 

product (mL) 

1 100% H3PO4 water (0.1%, v/v), pH=2 17.7 1 

2 1% EtOH (v/v) in H3PO4 (0.1%, v/v) water, pH=2 12.3 0.6 

3 1mM EDTA, 50mM AcOH, 0.57mM ascorbic acid, 1% EtOH (v/v) 9.4 0.5 

4 1% EtOH (v/v) in PBS buffer (100 mM), pH=5 6.8 0.45 

5 100% PBS buffer (100 mM), pH=5 9.7 0.55 

6 100% PBS buffer (100 mM), 0.04% AcOH (v/v), pH=4 11.1 0.6 

aThe purification was performed at the flow rate of 1 mL/min under wavelength of 282 nm 
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Figure 2-7 Examples of radio-HPLC chromatograms of crude [18F]FDOPA using different 
HPLC methods.  
Descriptions of conditions (Test #X) are found in corresponding entries of Table S10.  
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2.5.5   Calibration curve to determine molar activity 

 

 

Figure 2-8 Calibration curve of FDOPA reference standard (282 nm wavelength). 
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Chapter 3: Proof-of-concept [18F]AlF labeling in droplet 
reactions 
 
 

 Introduction 

The [18F]AlF method has recently become a popular and well implemented radiolabeling 

procedure of labelling clinical radiopharmaceuticals and preclinical candidates (138). Being a 

‘pseudo-radiometal’ procedure, it combines cyclotron produced F-18 with the convenience of 

metal chelation radiochemistry. The preparation and use of the [18F]AlF complex was first 

described in 2009 by McBride et al to radiolabel proteins (139,140). Prior to the development of 

this method, proteins were radiolabeled in a multi-step, time intensive process involving the 

labelling of a prosthetic group, (e.g., [18F]SFB) and further conjugation to the protein (141).  

The method is based on the formation of a strong aluminum-fluoride bond (670 kJ/mol) 

and the complexation of the [18F]AlF2+ ion by common chelators such as NOTA to form a [18F]AlF-

chelate-peptide complex (139). Importantly, the formation of [18F]AlF2+ is achieved at mild 

conditions (e.g. at room temperature and in aqueous solution) and does not require F-18 drying. 

Radiolabeling at room temperature overcomes issues of protein tertiary structures denaturing. 

The [18F]AlF complex is heavily pH dependent, with the optimum pH ranging between 4 and 5. 

The more acidic the pH (<4), the formation of [18F]HF is favored, whilst more basic conditions 

leads to the insoluble precipitate of aluminum hydroxide (AlOH3) forming (142,143). Aluminum 

normally forms octahedral complexes, but the [18F]AlF2+ complex requires pentadentate ligands, 

due to the fluoride already occupying a site in the complex. The chelator complex is stable in 

radiopharmaceutical formulations and at high temperatures and in physiological conditions, 

making it an effective radiolabeling procedure. Low doses of the aluminium-fluoride complex are 

compatible in vivo, allowing for its efficient use in molecular imaging.  

Multiple examples of [18F]AlF radiopharmaceuticals, ranging from small molecules to 

peptides, nanobodies and affibodies are present in the literature, as shown in Table 3-1. The 
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most common chelators are the pentadentate, cyclic NOTA and NODA chelators, due to 

commercial availability and affordability.  

 
Table 3-1 Examples of [18F]AlF radiopharmaceuticals. 

Target Agent Use Reference 

SSTR [18F]AlF-NOTA-octreotide Pre/Clinical  Tshibangu T. et al., EJNMMI 2020, 5, 1-23 

Integrins 
receptors 

[18F]AlF-RGD2 
[18F]Alfatide I 
[18F]Alfatide II 

Preclinical 
Clinical 
Clinical 

Liu S. et al., EJNMMI 2011, 38, 1732 
Wan W. et al., J. Nucl. Med., 2013, 54, 691 
Mi B. et al., Theranostics, 2015, 5, 1115 

PSMA [18F]AlF-PSMA-11 
[18F]AlF-PSMA-BCH 

Preclinical 
Pre/Clinical 

Malik N. et al., Mol. Imaging Biol, 2015, 17, 777 
Liu T. et al., J. Nucl. Med., 2019, 60, 1284 

Gastrin-
releasing 
peptide 
receptor 
(GRPR) 

[18F]AlF-BBN 
[18F]AlF-NOTA-PEG2-RM26 
[18F]AlF-JNV5132 

Preclinical 
Preclinical 
Preclinical 

Dijkgraaf I. et al., J. Nucl. Med., 2012, 53, 947 
Varasteh Z. et al., PLoSOne, 2013, 8, e81932 
Chatalic K.L.S. et al., J. Nucl. Med., 2014, 55, 2050 

HER2 [18F]AlF-NOTA-ZHER2:2395 
[18F]AlF-NOTA-ZHER2:342 
[18F]AlF-NOTA-sdAb2Rs15d 

Preclinical 
Preclinical 
Preclinical 

Heskamp S. et al., J. Nucl. Med., 2012, 53, 146 
Xu Y. et al., J.  Cancer, 2017, 8, 1170 
Zhou Z. et al., Bioconjug. Chem, 2018, 29, 4090 

EGFR [18F]AlF-NOTA-ZHER2:2395 Preclinical Su X. et al., Mol. Pharm, 2014 11, 3947 

HER3 [18F]AlF-ZHER3:8698 Preclinical Da Pieve C. et al., Bioconjug, Chem., 2016, 27, 1839 

PD-L1 [18F]AlF-NOTA-ZPD-L1 Preclinical GonzaleZ Trotter D.E., et al., J. Nucl. Med., 2017, 58, 
1852 
Sharma G. et al., Cancers, 2023, 15, 3131 

Apoptosis [18F]AlF-NOTA-MAL-Cys-
Annexin V 

Preclinical Lu C. et al., Oncotarget, 2017, 8, 51086 
 

Integrins 
receptors 

[18F]AlF-NODA-IA Preclinical Wang W. et al., Bioconjug. Chem., 2015, 26, 24 

Amyloid β [18F]AlF-NODA-Benzothiazole Preclinical Song J. et al., ACS Omega, 2018, 3, 13089 

Folate 
receptor 

[18F]AlF-NOTA-Folate 
[18F]AlF-NOTA-PEG12-Folate 

Preclinical 
Preclinical 

Sivola J.M.U. et al., Sci. Rep., 2018, 8, 9720 
Chen Q. et al., Mol. Pharm., 2017, 14, 4353 

FAP [18F]AlF-FAPI-74 
[18F]AlF-FAPI-04 

Clinical 
Clinical 

Giesel F.L., et al., J. Nucl. Med., 2021, 62, 201 
Jiang X. et al., Front. Oncol., 2021, 11, 649148 

 

The potential for [18F]AlF to replace existing Ga-68 radiometal chemistry to address 

limitations of short half-life and limited batch size due to generator capacity has been recently 

explored (144). An example includes the development of [18F]AlF-NOTA-octreotide, as an 

alternative to the [68Ga]Ga-DOTA-TATE/ DOTA-TOC agent imaging the somatostatin receptor 

type 2 (SSTR2) in patients with neuroendocrine tumors (NETs) (145). The NETTER-1 trial has 

also been successful in showing patient stratification using PET to receive [177Lu]Lu-DOTA-TATE 
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peptide receptor radionuclide therapy (PRRT) (146). Clinical comparisons of [68Ga]Ga-DOTA-

TATE and [18F]AlF-NOTA-octreotide in patients with metastatic rectal NETs showed both 

produced similar results, with improved contrast in multiple smaller tumor lesions and no 

significant different in organ uptake (147). Additionally, even with similar image quality, the F-18 

analogue showed lower liver uptake with improved lesion detection, hence highlighting the 

potential for F-18 analogues to serve as an alternative to already successful Ga-68 agents (148). 

Other examples include the development of [18F]AlF-PSMA-11, as a derivative of the FDA 

approved [68Ga]Ga-PSMA-11 for the imaging of PSMA positive lesions in patients with prostate 

cancer (149). Uptake in tumor was higher for the F-18 agent, whilst the bone uptake was higher 

and renal uptake lower compared to Ga-68. Even with PSMA-11 bearing a HBED chelator, (with 

unfavorable configuration for chelating the [18F]AlF complex), the stability in the final formulated 

dose was confirmed up till 4 h, conforming to European Pharmacopeia guidelines (150). The lower 

mean effective dose of [18F]AlF-PSMA-11 (12.8 µSv/MBq) compared to [68Ga]Ga-PSMA-11 (220 

µSv/MBq) and similar clinically relevant diagnostic value, shows the promise of the F-18 agent 

(151,152). The chelator selection is important to allow translation from Ga-68 to F-18 with use of 

the NOTA chelator preferred and encouraged. The theragnostic pair of Ga-68/ Lu-177 therefore 

has the potential to be supplemented with the versatile pair F-18/Lu-177 (153–155). The 

possibilities of newer [18F]AlF radiopharmaceuticals are endless with great scope for optimization 

and development.  

The aluminum fluoride radiolabeling methodology has been implemented with manual 

preparation processes (156) and on automated radiosynthesis (157–159) with the aim to produce 

[18F]AlF radiopharmaceuticals for the GMP clinical use. Generally, overall preparation time 

depends on the final product purification requirements but is usually under an hour for both the 

manual and the automated preparation. Kit based, one-step lyophilized methods to manually 

provide F-18 labelled peptides have been developed with optimized pH conditions and final 
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formulations. The automation of various tracers has since been completed with some examples 

in Table 3-2. 

Table 3-2 automation example of [18F]AlF-labed tracers. 

Agent Automation method  Result  

[18F]AlF-NOTA-octreotide 
 

GE TRACERLabTM 

Trasis AllInOneTM 
56.2  4.2% RCY, AM 12.7  0.14 GBq/µmol 

26.1  3.6% RCY, AM
 160.5  75.3 GBq/µmol, 40 

mins EOS 

[18F]AlF-PSMA-11  GE TRACERLabTM  
SyntheraFCHOL™ 

18  3% RCY, RCP > 95%  

21  3% RCY, RCP > 95%  

[18F]AlF-FAPI-74 
[18F]AlF-FAPI-04 

CFN-MPS200 
Trasis AllInOneTM 

37  4% RCY, RCP > 97% 

26.4  1.5% RCY 

 

Although automated methods are crucial and have been successful, they require facilities 

with large overhead costs. Not to mention the optimization and development of new [18F]AlF 

agents will require extensive work, which can be cumbersome to complete on large automated 

systems; not built for small scale, high throughput reactions. Typically, radiosynthesisers work 

with reaction volumes in the 1-5 mL range, and precursor amounts are in the 1-10 mg range per 

reaction. Since the operators must wait for the radioactivity in the hot cell to decay between 

consecutive syntheses (even with cassette based automated systems), only two to three 

preparations/ day can be carried out. Parallel radiosyntheses cannot be performed in the same 

hot cell with the same radiosynthesiser. The resulting running costs are acceptable for the 

preparation of radiopharmaceuticals (high quantity) for commercial purposes by specialized 

companies or centers but non-viable for development and optimization of novel precursors.  

The advantages of droplet-based radiochemistry includes the ability to overcome some of 

these issues and simultaneously obtain high specific and molar activities. The high throughput 

screening of multiple compounds, rapid optimization of radiolabeling reaction conditions, and the 

possibility of using a benchtop platform for the manufacturing of clinical radiotracers in the future 

makes droplet-based microscale radiochemistry a promising approach.  
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The development of [18F]AlF methodology on microscale technology is novel and has 

never previously been successfully attempted on a droplet scale microchip before. The 

technology developed by van Dam et al. has been used to produce [18F]Fallypride, [18F]FET and 

[18F]FDOPA amongst other radiotracers (160–162). The improvement of yield, radiolabeling 

efficiency, molar activity, and purification processes were highlighted. This work will highlight the 

potential to complete the [18F]AlF methodology on a droplet scale using both a model small 

molecule and clinically relevant FAP targeting tracer FAPI-74.  

 

 Methods 

3.2.1   Materials 

Aluminum chloride hexahydrate (AlCl3·6H2O, 99%), sodium acetate (NaOAc, >99%), 

glacial acetic acid (AcOH, >99%), sodium hydroxide solution (10 M, NaOH), sodium phosphate 

monobasic (NaH2PO4, >99%), trifluoroacetic acid (TFA, >99%), ethyl alcohol (EtOH, >99.5%), 

anhydrous dimethyl sulfoxide (DMSO, >99.9%), and anhydrous acetonitrile (MeCN, 99.8%) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 0.9% NaCl (saline, USP) was obtained from 

Hospira (Lake Forest, IL, USA). The model precursor, tetrazine conjugated to 1,4,7-

triazacyclononane-1,4-diacetic acid (NODA-Tz), was prepared as previously reported(157). The 

precursor for preparing [18F]AlF-FAPI-74 was obtained from SOFIE, Inc. (Dulles, VA, USA). 

Deionized (DI) water was obtained from a Milli-Q water purification system (EMD Millipore 

Corporation, Berlin, Germany). QMA plus light cartridges (130 mg sorbent) and Oasis HLB plus 

light cartridges (30 mg sorbent) were purchased from Waters Corporation (Milford, MA, USA). 

Eppendorf tubes (0.5 or 2.5 mL) were purchased from Eppendorf (Hamburg, Germany). 50 mL 

polypropylene centrifuge tubes were purchased from Corning Inc. (430304, Corning, NY, USA). 

The following stock solutions were prepared before each experiment: (i) 0.5M NaOAc (pH = 4), 

(ii) 10 mM AlCl3 in 0.5M NaOAc, (iii) 2 mM AlCl3 in 0.5M NaOAc, and (iv) collection solution 

comprising MeCN and DI water (7:3, v/v) with 0.1% TFA (v/v). [18F]fluoride in [18O]H2O was 
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obtained from the UCLA Crump Cyclotron and Radiochemistry Center. Prior to each set of 

experiments, [18F]F- was processed with a light QMA cartridge (preconditioned with 3 mL EtOH 

and 10 mL of DI water) and eluted with 0.6 mL of DI water and saline (5:2, v/v), or was used 

directly from the cyclotron and mixed with saline (5:2, v/v) to simulate the QMA process.  

3.2.2   General microdroplet radiosynthesis 

Optimization of droplet-based reactions was performed on Teflon-coated silicon chips 

featuring 3x3 arrays of hydrophilic reaction sites (Figure 3-1), each with a diameter of 4 mm. The 

chips were operated on a temperature-controlled heating platform, as previously described (160). 

 

 

 

Figure 3-1 Schematic of [18F]AlF radiolabelling process flow in a droplet reactor. 
 
 

The general droplet reaction procedure is shown in Figure 3-1, though several variations 

were explored in this work. Since [18F]AlF labeling protocols often include a step where [18F]F- and 

AlCl3 are first incubated at room temperature (RT) prior to adding the precursor and heating, we 

compared the influence of (i) adding AlCl3 to the [18F]F-/saline solution first and incubating for 1 
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min before adding the precursor, and (ii) adding both AlCl3 and precursor to the [18F]F-/saline 

solution, and incubating for 1 min at RT before reaction. The results of these tests showed no 

difference, and thus we opted for the simpler (latter) approach. In General protocol 1, the reagents 

were mixed off-chip and only the reaction was performed on chip. Specifically, [18F]F-/saline 

solution was premixed with AlCl3 and precursor, incubated at RT for 1 min, then added to the 

droplet reactor, where it was reacted at 95 °C for 5 min. In General protocol 2, designed to 

facilitate automation, [18F]F-/saline solution was first added to the droplet reactor, dried at 105 °C 

for ~1 min, and then AlCl3 and precursor were added in subsequent step. The resulting mixture 

was incubated at RT for 1 min and then heated at 95 °C for 5 min. For both protocols, following 

synthesis, the crude product was extracted from the reaction site by adding a collection solution 

(20 μL) and transferring it via micropipette to a 0.5 mL Eppendorf tube for further analysis. The 

collection step was repeated a total of 4 times to minimize activity residue on the chip. 

For the synthesis of [18F]AlF-NODA-Tz, [18F]F-/saline solution (5:2, v/v; 5 μL; containing 

39-73 MBq) was mixed with 10 μL of a 2.8:7.2 v/v mixture of  DMSO and 0.5 M NaOAc containing 

different amounts of Al2Cl3 and precursor. The DMSO was needed for to ensure good solubility 

of the precursor. In some studies, DMSO was replaced by other solvents, while the volume ratio 

of solvent and buffer solution remained the same. 

For the synthesis of [18F]AlF-FAPI-74, [18F]-/saline solution (5:2, v/v; 5.5 μL, containing 14-

29 MBq) was mixed with 10 μL of 7.5:2 v/v mixture of DMSO and 0.5 M NaOAc containing different 

amounts of Al2Cl3 and precursor. In the study of DMSO impact, the ratio of DMSO and 0.5M 

NaOAc in the 10 μL portion was varied. In the scale-up synthesis (Protocol 2), the dried [18F]F-

/saline (280 MBq) was mixed with a 15 μL droplet comprised of 5 μL of DI water combined plus 

10 μL of the optimal ratio of DMSO: 0.5 M NaOAC and containing optimal amounts of Al2Cl3 and 

precursor.  
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3.2.3   Analytical methods 

Radioactivity measurements were conducted with 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 (96). Briefly, samples (0.5 µL) were spotted on 

TLC plates (6 cm x 5 cm pieces cut from 20 cm × 5 cm sheets, silica gel 60 F254, Merck KGaA, 

Darmstadt, Germany). Plates were developed for a 4 cm distance using a mobile phase of MeCN 

and DI water (1:1, v/v) with 0.1% TFA (v/v), dried, and then covered with a glass microscope slide 

(75×50×1 mm3, 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 via ROI analysis as previously described (96). Collection efficiency was determined 

by dividing the activity of product mixture collected from the droplet reactor by the starting activity 

(corrected for decay). Crude radiochemical yield (RCY) was computed as the fluorination 

conversion multiplied by the collection efficiency. The isolated RCY was determined by performing 

purification on an HLB cartridge (preconditioned with 3 mL of EtOH and 10 mL of DI water) and 

eluting the product with 1 mL of EtOH. The activity yield was computed as the amount of purified 

product by the starting activity (not corrected for decay). The [18F]AlF-NODA-Tz reaction mixture 

and the purified [18F]AlF-NODA-Tz were analyzed on an analytical column (ZORBAX RP Eclipse 

Plus C18, 100 x 4.6 mm, 3.5 µm, Agilent Technologies, Santa Clara, CA, USA), using an isocratic 

mobile phase of DI water and MeCN (70:30, v/v) with 0.1% TFA (v/v) at a flow rate of 1 mL/min 

under UV of 254 nm. The radio-HPLC system comprised a Smartline HPLC system (Knauer, 

Berlin, Germany) equipped with a degasser (Model 5050), pump (Model 1000), UV detector 

(Eckert & Ziegler, Berlin, Germany), gamma-radiation detector (BFC-4100, Bioscan, Inc., Poway, 

CA, USA), and counter (BFC-1000; Bioscan, Inc., Poway, CA, USA). Similarly, the [18F]AlF-FAPI-

74 reaction mixture and the purified [18F]AlF-FAPI-74 were analyzed on the same radio-HPLC 

system, but a different mobile phase of 10 mM NaH2PO4 (pH = 4.5-5) and MeCN (84:16, v/v) was 

used with a flow rate of 1mL/min under UV of 240 nm. Co-injection of the purified [18F]AlF-FAPI-
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74 and FAPI-74 (precursor) was performed to confirm product identity. The same analytical scale 

radio-HPLC system was employed to determine the molar activity of the purified [18F]AlF-FAPI-

74, utilizing a linear calibration curve of FAPI-74. 

 Results and discussion 

3.3.1   Model substrate: [18F]AlF-NODA-Tz 

As a proof-of-concept to implement the aluminium fluoride ([18F]AlF) labeling in a droplet 

format, we utilized NODA-Tz as a model substrate and assessed its radiosynthesis performance 

under diverse reaction conditions. In the initial macroscale radiosynthesis of [18F]AlF-NODA-Tz 

conducted by Allott et al. (157),NODA-Tz (30-60 nmol) and AlCl3 (26-54 nmol) were reacted with 

non-purified [18F]fluoride (300-380 μL, ~1000 MBq) in the presence of NaOAc buffer and MeCN 

at 105 °C for 15 min. To scale down the reaction in a droplet format, we started with a smaller 

precursor amount of 7.5 nmol and a corresponding reduced quantity of AlCl3 within a in 15 μL 

volume (2.8 μL of DMSO, 7.2 μL of 0.5 M NaOAC and 5 μL of [18F]fluoride/saline) at a lower 

temperature (95 °C) for 5 min, referencing our previous microscale adoption in a similar reagent 

scale (79,163). To simplify purification and QC, we replaced the toxic co-solvent MeCN with 

DMSO. 

One of our initial investigations focused on the AlCl3-to-precursor ratio (APR). Details of 

measurements and calculations can be found in Figure 3-2B and Table 3-4. In one set of 

experiments, we maintained a constant precursor amount (7.5 nmol), and varied APR from 0.4 to 

4.0 by utilizing varying AlCl3 amount (ranging from 3 to 30 nmol). We observed a steep decrease 

in fluorination conversion from 89 ± 0% (n = 2, for APR = 0.4) to 20 ± 0% (n = 2, for APR = 4.0) 

with an increase in APR. Combined with a consistently high collection efficiency, this led to a 

steep reduction in crude RCY as APR was increased. The peak crude RCY (84 ± 2%, n=2) was 

achieved at APR = 0.8, using 6 nmol of AlCl3 and 7.5 nmol of precursor. 
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We then performed a study with fixed APR of 0.8, and varied the amount of precursor (and 

AlCl3).  Detailed measurements and calculations can be found in Figure 3-2C and Table 3-5. 

Interestingly, the amount of precursor had only a slight impact on the various performance metrics 

of the reaction, with 30 nmol of precursor (and 24 nmol of AlCl3) yielding the highest overall crude 

RCY of 89 ± 2% (n = 2). 

 

 

Figure 3-2 Radiosynthesis optimization of [18F]AlF-NODA-Tz in a droplet reactor. 
(A) [18F]AlF-NODA-Tz synthesis scheme. [18F]AlF-NODA-Tz synthesis results showing impact (n 
= 2 replicates each condition) of using varying AlCl3-to-precursor ratio (APR) with fixed precursor 
amount (7.5 nmol) (B), or constant APR (fixed at 0.8) with varying precursor amount (C). 
Reactions were performed at 95°C for 5 min. 
 

We then investigated the influence of reaction solvent and time. Detailed measurements 

and calculations can be found in Table 3-6. With the optimal APR of 0.8 and precursor amount of 

30 nmol, we also compared whether the reaction worked with the originally reported solvent 

(MeCN) (139,157). The resulting performance exhibited a significant decrease in fluorination 

conversion (14%, n = 1) and a poor crude RCY (13%, n = 1), highlighting the substantial impact 

of the solvent on the reaction. Interestingly, the synthesis results closely align with Allott et al.’s 
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prior macroscale study using an identical precursor amount (30 nmol) and a similar APR (0.87) 

(fluorination conversion: 14.8 ± 1.6%, n = 3; isolated RCY: 12.7 ± 1.3%, n = 3). Notably, in contrast 

to the synthesis in DMSO, a slight increase in APR from 0.8 to 1 contributed to a 2.5x higher 

fluorination conversion (36%, n = 1), resulting in a higher crude RCY of 34% (n = 1). This suggests 

that APR may require re-optimization in a different solvent system. In a brief reaction time study, 

with APR of 0.8 in MeCN, only 5% (n =1) of fluorination conversion was achieved in 3 min, notably 

lower than that in a 5 min-reaction with 14% (n = 1). This suggests that a longer reaction time is 

necessary for optimal performance.  

In summary, the optimal radiosynthesis of [18F]AlF-NODA-Tz involved using 5 µL of 

[18F]fluoride/saline (5:2, v/v) in combination with 30 nmol of NODA-Tz and 24 nmol of AlCl3 (i.e., 

APR = 0.8), in the presence of 2.8 µL of DMSO and 7.2 µL of 0.5 M NaOAc at 95 °C for 5 min. 

This achieved high fluorination conversion (96 ± 2%, n = 2) and collection efficiency (92 ± 1%, n 

= 2) at the end of the reaction, resulting in a crude RCY of 89 ± 2% (n = 2). For purification (see 

Table 3-7), the collected reaction mixture was further diluted with 1 mL of DI water and loaded 

onto an HLB cartridge (preconditioned with 3 mL of EtOH and 6 mL of DI water), followed by 

washing with an additional 10 mL of DI water to remove unreacted [18F]fluoride. Of the collected 

crude reaction mixture, 79% (n = 1) of the activity was trapped on the cartridge and the waste 

contained 14% (n=1). Most of the activity was eluted out with 1 mL of EtOH, recovering 78% (n = 

1) of the collected crude product activity with minimal residual activity on the cartridge (1%, n = 

1). According to radio-HPLC (), the purified [18F]AlF-NODA-Tz exhibited a radiochemical purity 

(RCP) of 100%, compared to 91.8% before cartridge purification. The overall preparation time 

was ~17 min, including ~7 min for the reaction in the microreactor and ~10 min for purification 

and formulation.  

3.3.2   Application to [18F]AlF-FAPI-74 

To assess the versatility of this developed microdroplet-based [18F]AlF radiolabeling 

method, we extended our investigation to a clinically-relevant PET probe, [18F]AlF-FAPI-74, 
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targeting fibroblast activation protein (FAP) which is overexpressed in the stroma of various 

cancer types currently undergoing clinical trials (Figure 3-3). 

Encouraged by the excellent radiosynthesis performance of [18F]AlF-NODA-Tz even with 

small precursor amount down to 5 nmol (crude RCY of 86 ± 5%, n = 2), with the optimal APR 

(0.8) determined from the previous model study, we firstly explored the influence of varying the 

precursor amount of FAPI-74, ranging from 0.1 to 10 nmol (Figure 3-3B and Table 3-8). The 

fluorination conversion exhibited a substantial increase with the precursor, reaching a peak of 

90% (n = 1) with 5 nmol of precursor. Meanwhile, the collection efficiency remained consistently 

high (>91%) with no significant change, resulting in an excellent crude RCY of 92% (n = 1) by 

using 5 nmol of precursor. However, using precursor beyond 5 nmol had a negative impact on 

the synthesis performance, leading to both inferior fluorination conversion and crude RCY.  

We then aimed to reduce the amount of precursor by increasing the reaction temperature. 

Results of a study using 0.5 nmol of FAPI-74 precursor are summarized in Figure 3-3C and Table 

3-9. Increasing temperature from 95 to 125 °C led to a reduction in crude RCY from 40% (n = 1) 

to 28% (n = 1). 
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Figure 3-3 Radiosynthesis optimization of [18F]AlF-FAPI-74 in a droplet reactor. 
(A) [18F]AlF-FAPI-74 synthesis scheme. [18F]AlF-FAPI-74 synthesis results (n = 1 for each 
condition) showing impact of (B) precursor amount (with AlCl3 to precursor ratio (APR = 0.8), 
temperature = 95oC, time = 5 min) or (C) fluorination temperature (with precursor = 0.5 nmol and 
APR = 0.8). 
 

Overall, the optimal radiosynthesis of [18F]AlF-FAPI-74 involved employing aqueous 5.5 

µL of [18F]fluoride/saline (5:2, v/v) with 5 nmol of FAPI-74 and 4 nmol of AlCl3 (i.e., APR = 0.8), in 

the presence of 7.5 µL of DMSO and 2 µL of 0.5 M NaOAc at 95 °C for 5 min, achieving high 

fluorination conversion (90%, n = 1) and collection efficiency (102%, n = 1) at the end of the 

reaction, resulting in a crude RCY of 92% (n = 1). The reaction mixture was further purified on an 

HLB cartridge using the same protocol as [18F]AlF-NODA-Tz purification (Table 3-10). 93% (n = 

1) of the crude collected product was trapped on the cartridge, and the waste activity resulting 

from the trapping and washing procedure was only 4% (n = 1) of crude collected product. The 

majority of the activity was eluted out with 1 mL of EtOH, recovering 92% (n = 1) of crude collected 

product with minimal residual activity on the cartridge (1%, n = 1). According to the radio-HPLC 
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measurement (Figure 3-4), the purified [18F]AlF-FAPI-74 exhibited a radiochemical purity (RCP) 

of 100%. The co-injection of [18F]AlF-FAPI-74 and FAPI-74 confirmed the chemical identity of the 

product. The overall preparation time was the same as for [18F]AlF-NODA-Tz, ~17 min. 

 

 

 

Figure 3-4 Representative radio-HPLC chromatograms via droplet-based [18F]AlF 
radiolabelling. 
(A) purified [18F]AlF-FAPI-74, and (B) co-injection of purified [18F]AlF-FAPI-74 and AlF-FAPI-74 
reference standard. 
 

The performance of microdroplet-based synthesis of [18F]AlF-FAPI-74 is summarized in 

Table 3-3 and compared to the results of the conventional (macroscale) synthesis (164), 

highlighting notable improvements in synthesis time and yield. One possible factor contributing to 

the enhanced RCY at the microscale could be the increased precursor concentration (0.33 mM 

vs 0.13 mM). Despite this increased concentration, we achieved an overall 16x reduction in 

precursor consumption by employing a considerably smaller reaction volume (15 vs. 630 μL). The 

droplet synthesis exhibited a ~2-fold increase in RCY (88%, n = 1) and activity yield (77.3%, n = 

1) compared to the prior macroscale approach (RCY: 45.0 ± 5.2%; activity yield: 37.0 ± 4.3%; n 

= 10), all while requiring only about half the preparation time (17 min for microscale reaction vs. 

31 min for macroscale method).  
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Table 3-3 Comparison of [18F]AlF-FAPI-74 production performance using conventional 
(macroscale) methods and optimized droplet-based synthesis. 

 Macroscale synthesis Microdroplet synthesis 

 Automated Manual 

 Naka et al. This work 

Number of repeats (n) 10 1 

Starting activity (GBq) 32-40 0.05 

Amount of precursor (nmol) 80 5 

Precursor concentration (mM) 0.13 0.33 

Reaction volume (μL) 630 15 

Incubation time (min) 5 1 

Fluorination temperature and time 95°C, 15 min 95°C, 5 min 

Radiochemical yield (RCY, %)a, decay corrected 45.0 ± 5.2b 88 

Activity yield (%), non-decay-corrected 37.0 ± 4.3 77.3 

Activity yield (GBq) 11.3 ± 1.1 0.04 

Radiochemical purity (RCP, %)c ≥97 100 

Molar activity (GBq/μmol) at EOS 220 ± 45 Not measured 

Total preparation time (min) 31 ~17 

aRCY was obtained by cartridge purification. bThe value was calculated based on the synthesis time and activity yield 

in the reference. cRCP was determined by radio-HPLC.  

 
 

To produce clinically-relevant levels (i.e. multiple patient doses) of [18F]AlF-FAPI-74, 

scaled-up production is currently undergoing on an automated microdroplet radiosynthesizer. We 

conducted preliminary experiments to ensure that [18F]fluoride and the reagents could be added 

separately to the reaction site and did not need to be premixed  (Table 3-11). We first performed 

the synthesis by using general protocol 1 with low activity volume of 5.5 µL [18F]fluoride/saline 

(5:2, v/v) solution at 46 MBq. The resulting performance was excellent, with fluorination 

conversion of 98% (n = 1), collection efficiency of 95%, and crude RCY of 94% (n = 1). To further 

mimic the scale-up synthesis, we increased the volume of [18F]fluoride of 25 µL. Using protocol 2, 

the [18F]fluoride was first dried with 1.5 μL of saline at 105 °C for ~1.5 min in the droplet reactor, 

and then the mixed solution of FAPI-74 precursor (2 μL in 0.5 M NaOAc), AlCl3  (7.5 μL in DMSO) 

and 5.5 μL of DI water (added to maintain the reaction volume as in prior optimal condition) was 

loaded and incubated at RT for 1 min before heating to 95 °C for 5 min to perform fluorination. 
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After synthesis, comparable fluorination conversion was achieved (97%, n = 1). However, the 

collection efficiency exhibited a lower performance compared to the synthesis with a lower F-18 

volume, resulting in a decreased crude RCY of 83% (n = 1). The activity loss occurred mainly 

during the drying process (5% of starting activity loss) and activity residue on the chip after product 

collection (4% of starting activity loss), as the total volatile and chip residual loss were <5% for 

the previous reaction with lower F-18 volume. Further optimization might require an increased 

amount of saline along with [18F]fluoride evaporation, and a more optimal collection solution to 

extract all activity from the chip. 

 

 Conclusions 

In this work we have demonstrated the efficacy of droplet reactions within the framework 

of the [18F]AlF radiolabeling technique. Starting with [18F]AlF-NODA-Tz as the model substrate, 

we systematically explored key synthesis factors, such as the AlCl3-to-precursor ratio (APR), 

precursor amount, and the impact of reaction solvent and time. By optimizing droplet reactions on 

a small scale with high-throughput methods, we achieved [18F]AlF-NODA-Tz with high fluorination 

conversion rate of 96 ± 2% (n = 2) and collection efficiency of 92 ± 1% (n = 2), resulting in a crude 

radiochemical yield (RCY) of 89 ± 2% (n = 2). Utilizing the optimal APR of 0.8 and DMSO as the 

reaction co-solvent, we extended our investigation to the synthesis of [18F]AlF-FAPI-74 in a droplet 

reactor, starting with an initial activity of 0.05 GBq. We successfully achieved an isolated RCY of 

88% (n = 1) after solid-phase extraction (SPE) purification and formulation in just 17 min, using a 

minimal 5 nmol of precursor—a significant 16-fold reduction compared to conventional methods. 

This streamlined approach yielded an excellent activity yield of 77.3% (n = 1) along with excellent 

radiochemical purity of 100%. The simplicity and speed of this synthesis method, along with 

improved yield and reduced precursor amount, promise to expedite further evaluations of [18F]AlF-

FAPI-74 as a diagnostic modality for various tumors. After microscale copper-mediated 

radiosynthesis, this work highlights another successful application of metal-based radiochemistry 



69 
 

in a droplet microreactor. The ongoing efforts to scale up the synthesis and implement automation 

hold great promise for supporting preclinical and clinical studies. Additionally, the robust 

microdroplet-based [18F]AlF synthesis approach may have potential applications in labeling other 

biomolecules in the future. 

 

 Appendix 

3.5.1   Optimization of [18F]AlF-NODA-Tz synthesis in a droplet reactor 

Table 3-4 Influence of varying AlCl3-to-precursor ratio (APR) with fixed precursor amount 
for preparing [18F]AlF-NODA-Tz in a droplet reactor. 

AlCl3-to-precursor ratio 
(APR)a 

Fluorination conversion (%) Collection efficiency (%) Crude RCY (%) 

0.4 89 ± 0 92 ± 2 82 ± 2 

0.8 89 ± 1 94 ± 1 84 ± 2 

1.2 80 ± 0 95 ± 0 76 ± 0 

2.0 80 ± 0 95 ± 0 76 ± 0 

3.2 32 ± 2 95 ± 1 30 ± 1 

3.6 22 ± 1 95 ± 10 21 ± 1 

4.0 20 ± 0 93 ± 1 18 ± 1 

aAll reactions were performed with 46-70 MBq of [18F]F-, 7.5 nmol of NODA-Tz and specific amount of AlCl3 in 15 μL of 

mix solution (including 7.5 μL of DMSO) at 95 °C for 5 min (n = 2 replicates each condition).  

 

 

Table 3-5 Influence of varying precursor amount with fixed AlCl3-to-precursor ratio 
(APR=0.8) for preparing [18F]AlF-NODA-Tz in a droplet reactor. 

Amount of precursor (nmol)a Fluorination conversion (%) Collection efficiency (%) Crude RCY (%) 

5 90 ± 2 95 ± 8 86 ± 5 

7.5 89 ± 1 94 ± 1 84 ± 2 

10 89 ± 4 94 ± 3 83 ± 2 

30 96 ± 2 92 ± 1 89 ± 2 

90 81 ± 1 94 ± 2 76 ± 2 

aAll reactions were performed with 40-56 MBq of [18F]F- and fixed AlCl3-to-precursor ratio (APR = 0.8) in 15 μL of mix 

solution (including 7.5 μL of DMSO) at 95 °C for 5 min (n = 2 replicates each condition).  
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Table 3-6 Influence of varying AlCl3-to-precursor ratio (APR) and different reaction time in 
the presence of MeCN for preparing [18F]AlF-NODA-Tz in a droplet reactor. 

AlCl3-to-precursor 

ratio (APR)a 
Reaction time (min) 

Fluorination 

conversion (%) 

Collection 

efficiency (%) 
Crude RCY (%) 

0.8 5 14 94 13 

1 5 36 94 34 

0.8 3 5 93 5 

aAll reactions were performed with 67-73 MBq of [18F]F-, 30 nmol of precursor and specific amount of AlCl3 in 15 μL of 

mix solution (including 7.5 μL of DMSO) at 95 °C for 5 min (n = 1 replicates each condition).  

 
 

3.5.2   [18F]AlF-NODA-Tz purification and radio-HPLC analysis 

3.5.2.1 [18F]AlF-NODA-Tz purification on an HLB cartridge 
 
Table 3-7 Summary of [18F]AlF-NODA-Tz purification on an HLB cartridge. Activity 
measurements are expressed as fraction of starting activity of purification (corrected for 
decay, n = 1). 

Process Results (%) 

Activity of diluted crude product in vial before loading on cartridge 100 

Activity residue in vial after loading 8 

Activity trapped on cartridge 79 

Waste from loading process 13 

Waste from rinsing cartridge  1 

Activity trapped on cartridge after rinse 78 

Activity eluted out with 1 mL EtOH and diluted in saline (i.e., purification efficiency) 78 

Activity residue on cartridge 1 

 

3.5.2.2 Example radio-HPLC analysis of [18F]AlF-NODA-Tz 
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Figure 3-5 Example radio-HPLC analysis of crude [18F]AlF-NODA-Tz sample (upper: UV-
 5  nm and bottom: γ-ray) from a microdroplet reaction. 
 
   
 
 

 
 

Figure 3-6 Example radio-HPLC analysis of purified [18F]AlF-NODA-Tz (upper: UV-254 nm 
and bottom: γ-ray). 
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3.5.3   Optimization of [18F]AlF-FAPI-74 synthesis in a droplet reactor 

3.5.3.1 Influence of precursor amount 
 
Table 3-8 Influence of precursor amount with fixed APR=0.8 for preparing [18F]AlF-FAPI-74 
in a droplet reactor. 

Amount of precursor (nmol)a Fluorination conversion (%) Collection efficiency (%) Crude RCY (%) 

0.1 14 94 13 

0.5 43 93 40 

1 50 97 48 

2 69 95 65 

3 83 91 75 

4 82 96 78 

5 90 102 92 

10 72 102 72 

aAll reactions were performed with 14-29 MBq of [18F]F-, specific amount of FAPI-74 and AlCl3 in 15 μL of mix solution 

(including 7.5 μL of DMSO) at 95 °C for 5 min (n = 1 replicates each condition).  

 
 

3.5.3.2 Influence of fluorination temperature 
 
Table 3-9 Influence of fluorination temperature for preparing [18F]AlF-FAPI-74 in a droplet 
reactor. 

Fluorination temperature (°C)a Fluorination conversion (%) Collection efficiency (%) Crude RCY (%) 

95 43 93 40 

105 40 97 39 

115 39 92 36 

125 32 88 28 

aAll reactions were performed with 14-29 MBq of [18F]F-, 0.5 nmol of FAPI-74 and 0.4 nmol of AlCl3 in 15 μL of mix 

solution (including 7.5 μL of DMSO) at specific temperature for 5 min (n = 1 replicates each condition. 
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3.5.4   [18F]AlF-FAPI-74 purification  

3.5.4.1 [18F]AlF-FAPI-74 purification on HLB cartridge 
 
Table 3-10 Summary of [18F]AlF-FAPI-74 purification on HLB cartridge. Activity 
measurements are expressed as fraction of starting activity of purification (corrected for 
decay, n = 1). 

Process Results (%) 

Activity of diluted crude product in vial before loading on cartridge 100 

Activity residue in vial after loading 2 

Activity trapped on cartridge 93 

Waste from loading process 3 

Waste from rinsing cartridge  1 

Activity trapped on light HLB after rinse 92 

Activity eluted out with 1 mL EtOH and diluted in saline (i.e., purification 
efficiency) 

92 

Activity residue on cartridge 1 

 
 

3.5.5   Preliminary experiment to mimic automated radiosynthesis process 

Table 3-11 Summary of [18F]AlF-FAPI-74 synthesis performance via different reagent 
loading protocols. Activity measurements are expressed as fraction of starting activity 
(corrected for decay, n = 1). 

Protocola 1 2 

Starting activity (MBq) 46 281 

[18F]F- volume (μL) 4 24 

Activity on chip after drying (%) Not measured 95 

Collection of crude product from chip (%) 95 85 

Activity residue on Tip after product collection (%) 2 0.1 

Activity residue on chip after product collection (%) 0 4 

Fluorination conversion (%) 98 97 

Crude RCY (%) 94 83 

aAll reactions were performed with 1.5 μL of saline, 5 nmol of FAPI-74 and 4 nmol of AlCl3 (in 2 μL of 0.5 M NaOAc) in 

total 15 μL of mix solution (including 7.5 μL of DMSO) at 95 °C for 5 min.  
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Chapter 4: Acceleration of radiochemistry through droplet 
reactions: 6x speedup of [18F]FMAU preparation 
 
 

 Introduction 

Over the past several decades, a greater understanding of tumor biology has yielded 

better clinical care and improved survival for many patients with cancer (165–168). Advances in 

morphological and molecular imaging techniques have improved the detection and staging of 

tumors, as well as the measurement of therapy response (169–174). In particular, the 

advancement of positron emission tomography (PET) technology provides the opportunity to 

noninvasively image tumor biochemistry and metabolism (18,175), providing an extra layer of 

information beyond the anatomical details from a computed tomography (CT) or magnetic 

resonance imaging (MRI) scan. 

As a prominent hallmark in cancer, uncontrolled cell division is responsible for tumor 

growth, serving as a key factor in distinguishing malignant tumors from normal tissue and 

assessing the effectiveness of therapy (176–178). PET imaging with the glucose analog [18F]FDG 

has well-established clinical utility in diagnosing, grading, and staging, as well as monitoring tumor 

progression (170). However, it is important to note that [18F]FDG uptake primarily reflects the 

density of viable cells and their glucose metabolism, and measures processes only indirectly 

related to cell division and DNA synthesis. Due to the high metabolism present in the brain and 

heart, there is an increased background of [18F]FDG in these areas, and a similar issue in the 

cases of infection and inflammation, potentially leading improper diagnoses. Furthermore, in 

many preclinical and clinical scenarios, the [18F]FDG signal contradicts the ongoing cell 

proliferation, often indicating a negative or relatively weak association with tumor and cell 

proliferation (177,179–183). Therefore, a clinically applicable PET tracer for visualizing a more 

direct measure of cell division is required. 
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Many additional tracers are being developed that provide improved contrast, sensitivity, 

and accuracy compared to [18F]FDG (184,185). A particularly interesting one is the nucleoside 

analog [18F]FMAU, which is directly incorporated into DNA when cells divide and thus directly 

measures cell proliferation (177). Promising clinical data of [11C]FMAU (chemically identical to 

[18F]FMAU) and preclinical data of [18F]FMAU have led to initial clinical studies of [18F]FMAU in 14 

cancer patients  with active tumors in the breast, brain lung or prostate (186–191) for one-time 

imaging, and there is high interest to pursue clinical studies of [18F]FMAU PET as a means to 

assess treatment response in diverse cancer types (191–194).  

However, the production of [18F]FMAU remains a major challenge. Achieving direct, 

stereospecific (arabino) fluorination through SN2 substitution at the 2’-position of the furanosyl 

moiety in a pyrimidine nucleoside has not yet been realized (195,196) and thus multi-step 

synthesis is necessary. Manger et al. and Alauddin et al. reported the initial radiolabeling of 

[18F]FMAU and its thymidine analogs through fluorination of a ribose precursor, followed by 

bromination and coupling steps to install the base, and a final deprotection step (197,198). 

However, this laborious method involves multiple reaction vessels and intermediate purification 

steps, resulting in low yields. Li et al. later developed a synthetic approach using Friedel−Crafts 

catalysts to simplify the coupling process to a single step, and were able to demonstrate that the 

modified 3-step radiosynthesis could be implemented as a one-pot process with significantly 

reduced synthesis time (199–201). They recently enhanced the one-pot process by replacing the 

toxic reaction solvent 1,2-dichloroethane with 1,4-dioxane (202). [18F]FMAU was obtained in 12 ± 

3% decay-corrected radiochemical yield (~5% activity yield) with >99% radiochemical purity. 

However, this synthesis still takes ~150 min and poses challenges for automation using 

commercially-available synthesis modules (e.g. extremely corrosive reagents) hindering routine 

clinical production. 
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To address the long synthesis time, we explored microscale radiosynthesis approaches 

based on droplet radiochemistry, which use 10-20 µL reaction volumes instead of the 0.5-2 mL 

volumes typical of conventional vial-based apparatus. Compared to conventional synthesis, the 

small volume droplet-based methods use 20-150x less precursor, and require 2-3x shorter time, 

yet have comparable or better yields (39). Droplet radiochemistry has been applied to a variety of 

radiotracers with 1-step (radiofluorination) (78,79,93,98,136) and 2-step (radiofluorination plus 

deprotection) (78,82,162,203–205) synthesis protocols. Because of the small volume and low 

precursor mass, purification can be performed with an analytical-scale HPLC column (39) instead 

of semi-prep, enabling improved separation resolution, shorter purification time, and accelerated 

formulation (via micro-SPE (203)) due to the low volume of purified fraction. A further advantage 

of droplet reactions is that they can be used as a platform for high-throughput studies to speed 

the synthesis development process (206–208). 

 

Figure 4-1 (A) [18F]FMAU synthesis scheme and (B) process flow for radiosynthesis using 
a microdroplet reactor. 
 

Herein, we leverage this extensive past experience to explore the feasibility of conducting 

the one-pot three-step radiosynthesis of [18F]FMAU on a microdroplet reactor (Figure 4-1). We 

optimized the fluorination, coupling and deprotection conditions on microfluidic chips via an 
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extensive set of experiments on a novel high-throughput radiochemistry platform, exploring the 

impact of diverse phase transfer catalysts (PTCs)/bases, solvents, reaction temperatures and 

times. In addition, different amounts of precursor and coupling reagents were investigated in 

detail. Moreover, taking advantage with the microscale reaction, optimization of the purification 

process was able to be explored on an analytical radio-HPLC system. This work represents the 

most complex radiosynthesis to date performed in droplet-based reactions. 

 Methods 

4.2.1   Materials 

Tetrabutylammonium hydrogen carbonate (TBAHCO3, 75 mM in ethanol) was purchased 

from ABX Advanced Biochemical Compounds (Radeberg, Germany). Tetrabutylammonium 

trifluoromethane-sulfonate (TBAOTf, >99%), Kryptofix® 222 (K222, >99%), potassium carbonate 

(K2CO3, >99%), tetraethylammonium bicarbonate (TEAHCO3, >95%), tetrabutylammonium 

perchlorate (TBAClO4, >95%), sodium phosphate monobasic (NaH2PO4, >99%), sodium 

phosphate dibasic (Na2HPO4, >99%), (N,N-dimethylformamide (DMF, 99.8%), anhydrous 

dimethyl sulfoxide (DMSO, >99.9%), anhydrous acetonitrile (MeCN, 99.8%), anhydrous ethyl 

alcohol (EtOH, >99.5%), 2,3-dimethyl-2-butanol (thexyl alcohol, 98%), anhydrous 1,4-dioxane 

(99.8%), trifluoroacetic acid (TFA, 99%) acetic acid (>99.7%), hexane (>99%), ethyl acetate 

(99.8%), and potassium methoxide solution (25 wt.% of KOMe in MeOH) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Tetraethylammonium trifluoromethanesulfonate (TEAOTf, 

>99%) and N-Methyl-2-pyrrolidone (NMP, >99%) was purchased from TCI America (Portland, 

Oregon, USA). 2-O-(trifluoromethanesulfonyl)-1,3,5-tri-O-benzoyl-α-D-ribofuranose (i.e., 

precursor) and reference standard were prepared as previously reported (201) or obtained from 

ABX Advanced Biochemical Compounds (Radeberg, Germany). Coupling reagents, O,O’-bis-

(trimethylsilyl)thymine (i.e., protected thymine, 97%), hexamethyldisilane (HMDS, >99%), and 

trimethylsilyl trifluoromethanesulfonate (TMSOTf, 99%) were purchased from Sigma-Aldrich (St. 
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Louis, MO, USA). Deionized (DI) water was obtained from a Milli-Q water purification system 

(EMD Millipore Corporation, Berlin, Germany). Reagent and collection vials were purchased from 

Eppendorf (Hamburg, Germany). PBS buffer was prepared at a 0.1 M concentration with a pH of 

6 using Na2HPO4 and NaH2PO4 on the same day as the experiment. The high purity 

perfluoroalkoxy (PFA) tubing (HPFA, 1/16" OD x 0.030", 1912L) used for loading reagent 

solutions in automation tests was purchased from IDEX Health and Sciences (Northbrook, IL, 

USA). V-vials (0.3 mL) were purchased from Chrom Tech, Inc. (Apple Valley, MN, USA). 

[18F]fluoride in [18O]H2O 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 radiosynthesis 

4.2.2   Microdroplet radiosynthesis of [18F]FMAU 

Droplet-based reactions were conducted on Teflon-coated silicon chips featuring 2x2 or 

4x4 arrays of hydrophilic reaction site, operated on a temperature-controlled heating platform, as 

previously described (206). 

The general synthesis process involved the following steps (Figure 4-1B) Initially these 

were performed manually with a micropipette and later were automated with a droplet 

radiosynthesizer. First, 10 μL of a [18F]fluoride stock solution (containing 15-1240 MBq of activity 

mixed with a desired amount of PTC and base) was loaded onto a reaction site of the chip and 

dried at 105 °C for 1 min. Next, 10 μL of precursor stock solution was added and heated for 

fluorination. After that, a specific volume of coupling stock solution was added and heated for 

coupling conjugation. For deprotection, 15 μL of deprotection solution was added and heated 

followed by replenishing another 15 μL of deprotection solution after 1.5 min. The crude product 

was extracted from the reaction site using a collection solution (20 μL) and transferring the diluted 

crude product to a 0.5 mL eppendorf tube via for further analysis, repeating this process 4x to 

minimize activity residue on the chip.  
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Several stock solutions were prepared just before each batch of experiments. Stock 

solutions of PTC and base were prepared in DI water, with each 5 µL aliquot containing the 

desired amount of PTC and base for a single droplet reaction. The optimized amounts were 

determined as part of this study. [18F]fluoride stock solution was prepared by mixing 

[18F]fluoride/[18O]H2O with the desired PTC / base stock solution in 1:1 (v/v) ratio, resulting in 10 

µL portion containing 15-1240 MBq of activity, along with the desired amount of PTC and base 

for a single reaction. Stock solution of precursor (21 mM for the initial condition and 16.8 mM for 

other experiments) was prepared in the desired reaction solvent, with each 8 or 10 µL portion 

containing 0.168 µmol of precursor. In the study of precursor amount, varied concentration of the 

precursor stock solution was prepared with each 10 µL portion containing the desired amount of 

precursor. For the coupling reaction, varying concentration of stock solution of protected thymine 

was prepared in 1,4-dioxane, with a 5 or 9 µL (explored during optimization) portion containing 

the desired amount. HMDS and TMSOTf were added into the stock solution of protected thymine 

just prior to synthesis. Deprotection solution was prepared by mixing 25% KOMe in MeOH with 

EtOH in 2:1 (v/v). Collection solution was prepared by mixing MeCN and H2O (95:5, v/v) or hexane 

and ethyl acetate (1:1, v/v). 

 

4.2.3   Analytical methods 

Radioactivity measurements were performed using a calibrated dose calibrator (CRC-

25R, Capintec, Florham Park, NJ, USA). Fluorination conversion and coupling percentage were 

evaluated through multi-lane radio-thin layer chromatography (radio-TLC) methods (96). Briefly, 

0.5 µL samples were spotted on TLC plates (6 cm x 5 cm pieces cut from 20 cm × 5 cm sheets, 

silica gel 60 F254, Merck KGaA, Darmstadt, Germany). Plates were developed for a 4 cm distance 

using a mobile phase of hexane and ethyl acetate (1:1, v/v), dried, and then covered with a glass 

microscope slide (75×50×1 mm3, Fisher Scientific, Hampton, NH, USA) and read out via 

Cerenkov luminescence imaging (CLI) with 5 min exposure time.  
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Fluorination conversion or coupling percentage of each sample (lane) was determined via 

ROI analysis as previously described (96). Collection efficiency after fluorination, after coupling or 

after deprotection was obtained by dividing the activity of the collected mixture (after the 

corresponding reaction) by the starting activity and corrected for decay. Crude fluorination yield 

was computed as fluorination conversion multiplied by the collection efficiency after fluorination. 

Crude coupling product was computed as coupling percentage multiplied by the collection 

efficiency after coupling. The isolated RCY and the ratio of β- to α-anomer were determined by 

performing radio-HPLC purification on an analytical column (Luna C18 (2), RP, 5 μm, 250 × 4.6 

mm, Phenomenex, Torrance, CA, USA; ZORBAX RP Eclipse Plus C18, 100 x 4.6 mm, 3.5 µm, 

Agilent Technologies, Santa Clara, CA, USA; Symmetry C18 Column, 3.5 µm, 150 × 4.6 mm, 

Waters Corporation, Milford, MA, USA) using an isocratic mobile phase which was optimized as 

part of this study. 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]FMAU was 

analyzed on the same radio-HPLC system equipped with ZORBAX RP Eclipse Plus C18 (100 x 

4.6 mm, 3.5 µm) to confirm radiochemical purity (RCP) using a mobile phase of DI water and 

MeCN (95:5, v/v) with 0.1% TFA (v/v) at the flow rate of 1.2 mL/min. Under this condition, the 

retention of [18F]FMAU was 5.0 min. The ratio of β- to α-anomer was calculated from the areas 

under the peaks corresponding to those species (in the radiation signal chromatogram).  Co-

injection of the purified [18F]FMAU and reference standard was performed to confirm product 

identity.  
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 Results and discussion 

4.3.1   Initial conditions 

To begin to adapt the macroscale synthesis to a microdroplet format, we first followed 

closely the conditions reported by Li et al. (202), reducing the volumes and reagent amounts by 

100x, i.e. reducing the fluorination reaction volume from 800 μL to 8 μL and reducing the coupling 

reaction volume from 650 μL to 6.5 μL, while maintaining all the same reagent concentrations and 

ratios. We employed the same fluorination and coupling temperatures as in the original report 

(both at 85 °C) but shortened their reaction times (4 min for fluorination and 5 min for coupling 

conjugation) due to the higher heat transfer efficiency of droplet-based reaction. Details of the 

preliminary experiment's conditions and performance are provided in Table 4-2. While achieving 

moderate fluorination conversion (61%, n = 1), the coupling percentage was low (20%, n = 1), 

and there was poor collection efficiency after coupling (13%, n = 1), leading to low crude coupling 

product at only 2.6% (n = 1). Using this as a starting point, we systematically optimized the 

[18F]FMAU radiosynthesis, addressing fluorination, coupling and deprotection reactions in a step 

by step fashion. 

 

4.3.2   Fluorination optimization  

4.3.2.1 Preliminary optimization of solvent type and temperature 
 

Drawing on our extensive experience in droplet-based optimization (136,205,207,208), we 

anticipated that an elevated fluorination temperature would positively impact the conversion 

efficiency. For example, in previous droplet-based synthesis of [18F]flumazenil, enhanced 

performance was observed by transitioning to solvents with higher boiling points and increased 

temperatures (207). Therefore assessed the impact of elevated temperature in various solvents 

that have performed well for other droplet reactions by performing a rapid screening of: MeCN 

(85 °C; initial condition), NMP (150 °C), DMF (150 °C), thexyl alcohol/DMSO (4:1, v/v) (100 °C), 

and thexyl alcohol/NMP (4:1, v/v) (100 °C). Details of measurements and calculations are 
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tabulated in Table 4-3. Moreover, in line with a precedent set by a report on [18F]FDG synthesis 

with the same leaving group and a similar fluorination mechanism (73), in section 3.2.1 to 3.2.3, 

we also reduced the base amount from the initial condition of 0.54 μmol to 0.176 μmol, with the 

presence of 0.17 of μmol of precursor, while maintaining a fixed precursor-to-base ratio of 1:1.1. 

Among these tests, use of the solvent mixture thexyl alcohol/NMP (4:1, v/v) exhibited the highest 

fluorination conversion (80 ± 3%, n = 4) and collection efficiency after fluorination (41 ± 1%, n=4), 

resulting in the highest crude fluorination yield (33 ± 1%, n = 4), and thus this mixture was used 

for further optimization. 

4.3.2.2 Preliminary optimization of type of phase transfer catalyst / base 
 

The subsequent exploration involved different types of phase transfer catalysts (PTCs) 

and bases, with comprehensive measurements and calculations available in Table 4-4. For 

certain choices of PTC/base, namely TBAClO4 and TBAOTf, significant loss of radioactivity was 

observed during the [18F]F- drying step, indicate they were not suitable under the reaction 

conditions, and we did not perform the subsequent fluorination. For another PTC, TEAOTf, no 

volatile loss was observed during the initial drying, but no fluorinated product was formed after 

the fluorination reaction. With TBAHCO3, the fluorination conversion (86 ± 8%, n=2) and collection 

efficiency after fluorination (46 ± 1%, n=2) provided a crude fluorination yield (39 ± 3%, n = 2) that 

was slightly better than using the initially attempted PTC/base combination of K222 and K2CO3, 

which gave a crude fluorination yield of 33 ± 1% (n=2). In the synthesis using TEAHCO3, we 

observed inferior performance in both fluorination conversion and collection efficiency after 

fluorination, leading to a lower crude fluorination yield (29 ± 2%, n=2) compared that with 

TBAHCO3. Hence, TBAHCO3 was selected as the optimal PTC for subsequent studies. 

 

4.3.2.3 Preliminary optimization of fluorination temperature and time 
 

Next, we conducted additional investigation into the fluorination temperatures and times. 

A comprehensive listing of measurements and calculations can be found in Table 4-5. Maintaining 
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a constant reaction time of 3 min, the fluorination conversion exhibited a notable increase with 

reaction temperature, peaking at 92 ± 1% (n = 2) at 100 °C. At the same time, increasing 

temperature led to increase in volatile radioactivity losses and thus reduced collection efficiency 

after fluorination, dropping from 43 ± 0% (n = 2) at 80 °C to 28 ± 1% (n = 3) at 100 °C (n = 2). 

Overall the reaction at 80 °C gave the best result with a fluorination conversion of 87 ± 1% (n = 

2), collection efficiency after fluorination of 50 ± 1% (n = 2), and corresponding crude fluorination 

yield of 43 ± 0% (n = 2). Extending the fluorination from 3 min to 5 min did not yield improvements 

in either fluorination conversion or collection efficiency after fluorination, and in fact resulted in a 

lower crude fluorination efficiency at both 75 °C and 80 °C.  

 

4.3.2.4 Preliminary optimization of precursor amount 
 

We further explored the influence of precursor amount. Detailed measurements and 

calculations can be found in Table 4-6. Increasing the precursor amount resulted in higher 

fluorination conversion and collection efficiency after fluorination in both experiments, whether 

with a fixed base amount (i.e., 0.176 μmol of TBAHCO3) or a fixed precursor-to-base ratio (1:1.1), 

resulting in an improved crude fluorination yield. The most favourable outcome was achieved with 

0.5 μmol of precursor using the fixed amount of TBAHCO3 (0.176 μmol), where the fluorination 

efficiency reached 90 ± 4% (n = 2), collection efficiency after fluorination was 64 ± 4% (n = 2), 

and the crude fluorination yield was 57 ± 6% (n = 2). Notably, we observed no significant 

difference in fluorination performance between experiments a fixed base amount (i.e., 0.176 μmol 

of TBAHCO3) and those with a fixed precursor-to-base ratio (1:1.1). As a result, we continued to 

use the fixed amount of TBAHCO3 (0.176 μmol) for further optimization exploration. 

4.3.2.5 Re-optimization of solvent type 
 

Upon performing coupling reaction (in 1,4-dioxane) after the optimized fluorination, we 

found the reaction failed to form the desired coupling product (Figure 4-2 and Table 4-7). We 

believe this outcome could be attributed to the residual effects of the fluorination solvent (i.e., 
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thexyl alcohol / NMP) adversely influencing the coupling conjugation with protected thymine. 

Notably, Li et al. also reported poor [18F]FMAU radiosynthesis performance when employing polar 

aprotic solvents such as DMF, DMSO, or co-solvent with only 10% DMSO (v/v) or DMF (v/v) as 

coupling solvents in a previously published paper (199). 

 

Figure 4-2 Influence of solvent on (A) fluorination reaction and (B) subsequent coupling 
reaction. 
All fluorination reactions were performed at 80°C for 3 min. All coupling reactions were conducted 
at 85°C for 5 min, except the one indicated by an asterisk “*” which was performed at 100°C for 
5 min. Each condition was repeated n = 2 times. 
 

To further this potential residual solvent effect, we tested various fluorination solvent 

systems, including (i) MeCN (a polar aprotic solvent, widely used for nucleophilic substitution), (ii) 
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thexyl alcohol (a polar protic solvent) / MeCN (1:1, v/v), (iii) MeCN / 1,4-dioxane (a nonpolar 

solvent), and (iv) 1,4-dioxane. The fluorination reaction was conducted at 80 °C for 3 min, followed 

by a subsequent coupling conjugation at 85 °C for 5 min (n = 2). To our delight, the desired 

intermediate coupling product was formed in all cases. Interestingly, using 1,4-dioxane as the 

fluorination solvent yielded a higher fluorination performance than previously tested solvents, with 

crude fluorination yield of 80 ± 6% (n = 2), affirming its compatibility for nucleophilic substitution. 

Although the mixed solvent systems, namely thexyl alcohol / MeCN (1:1, v/v) and MeCN / 1,4-

dioxane (1:1, v/v), presented similar or even higher fluorination conversion, these reactions 

exhibited significant activity losses, resulting in lower crude fluorination yields of 53 ± 0% (n = 2) 

and 48 ± 1% (n = 2), respectively. Among the various solvents used in the fluorination reaction, 

the use of 1,4-dioxane also led to the highest yield in the subsequent coupling reaction with a 

crude coupling yield of 33 ± 1% (n=2). 

4.3.2.6 Re-optimization of temperature 
 

 
 
Figure 4-3 Influence of (A) temperature and (B) precursor amount on fluorination reaction. 
 
 

Maintaining 1,4-dioxane as the fluorination solvent, we re-investigated the influence of 

fluorination temperature. Details of measurements and calculations can be found in Figure 4-3A 

and Table 4-8. Increasing the fluorination temperature from 80 °C to 100 °C improved the 
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performance, and nearly quantitative fluorination conversion was achieved at 100 °C (95 ± 2%, n 

= 2) as well as high collection efficiency (92%), resulting in high crude fluorination yield (87 ± 2%, 

n = 2). 

4.3.2.7 Re-optimization of precursor amount 
 

Based on the optimal fluorination solvent and temperature, we re-explored the influence 

of precursor amount. Details of measurements and calculations can be found in Figure 4-3B and 

Table 4-9. We found that decreasing the precursor amount reduced performance, but the 

magnitude of the impact was lower than in the preliminary precursor study. The highest 

performance was obtained using 0.5 μmol, which provided fluorination conversion of 94 ± 4% (n 

= 4) and collection efficiency (93%), resulting in enhanced crude fluorination yield of 87 ± 5% (n 

= 4). This amount was then established as the fixed parameter for subsequent optimization 

studies. 

4.3.3   Coupling reaction optimization 

In some of the preceding experiments we performed both fluorination and coupling and 

discovered an interaction of the fluorination solvent on the coupling reaction, corrected this and 

performed further optimization of the fluorination step.  Owing to the good performance using 1,4-

dioxane as the coupling solvent in those tests, we kept the coupling solvent fixed and optimized 

other coupling reaction parameters. 

4.3.3.1 Influence of coupling temperature 
 

In the presence of 1,4-dioxane, Li et al. explored two different temperatures for the 

coupling reaction (85 °C and 100 °C) and determined that the lower coupling temperature (85 °C) 

yielded better synthesis performance (202). In microdroplet-based synthesis, we also examined 

coupling reactions at 85 °C and 100 °C (Figure 4-2 and Table 4-7). Interestingly, a higher coupling 

percentage (73 ± 0%, n = 2) was observed at 100 °C. Consequently, we adopted this as a starting 

point for further exploration in coupling reactions. 
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4.3.3.2 Influence of amount of protected thymine 
 

We further explored the influence of amount of protected thymine. Detailed measurements 

and calculations can be found in Figure 4-4A and Table 4-10, respectively. In the coupling 

reaction, protected thymine conjugates with the fluorinated intermediate, producing both β- and 

α-anomers. To better monitor and maximize the yield of the desired product (β-anomer) in the 

coupling optimization study, coupling was followed by deprotection, so that radio-HPLC analysis 

could be used to quantify the isolated RCY of [18F]FMAU (β-anomer). Despite some small 

variation in collection efficiency (after deprotection) with different amounts of protected thymine 

(ranging from 0.2 to 0.6 μmol), no significant impact was observed on the isolated RCY. 

 

 

Figure 4-4 Influence of coupling parameters on the performance (collection efficiency after 
deprotection and isolated RCY) of the microdroplet radiosynthesis. 
(A) Impact of amount of protected thymine. (B) Impact of ratio of TMSOTf to HMDS (v/v). All 
coupling reactions in A were performed with fixed ratio of TMSOTf to HMDS of 0.75, i.e., TMSOTf 
(4.5 μL) and HMDS (6 μL). All coupling reactions in B were conducted with 0.5 μmol of protected 
thymine, except the ones indicated by an asterisk “*” which were performed with 1 μmol of 
protected thymine. n=1 for all conditions. 
 

4.3.3.3 Influence of ratio of TMSOTf to HMDS (v/v) 
 

Next, we conducted additional investigation into the ratio of TMSOTf to HMDS (v/v). 

Detailed measurements and calculations can be found in Figure 4-4B and Table 4-11, 

respectively. Both collection efficiency (after deprotection) and isolated RCY exhibited gradual 
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increase as the ratio of TMSOTf to HMDS was elevated from 0.75 to 4. Beyond a ratio of 4, a 

slight decrease was observed in isolated RCY, although the collection efficiency (after 

deprotection) remained high. The optimal isolated RCY (21%, n = 1) was achieved when the ratio 

of TMSOTf to HMDS was 4. (In these studies, the amount of protected thymine was fixed at 0.5 

μmol.) 

4.3.3.4 Influence of coupling temperature  
 

Next, we investigated the impact of coupling temperature (Figure 4-5 (A-B)). Detailed 

measurements and calculations can be found in Table 4-12. As the temperature increased from 

85 °C to 130 °C, a sharp rise was observed in both collection efficiency (after deprotection) and 

isolated RCY. However, further temperature increases to 140°C and 150°C resulted in reduced 

performance. Simultaneously, the ratio of β- to α-anomer exhibited a steep increase with rising 

coupling temperatures (ranging from 85 °C to 150°C), suggesting that the α-anomer (i.e., side 

product) might be less stable than the β-anomer (i.e., [18F]FMAU) under elevated coupling 

temperatures. 
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Figure 4-5 Influence of coupling temperature (A,B) and coupling time (C,D) on the 
synthesis performance. 
The performance includes collection efficiency of crude product from the chip, isolated RCY, and 
ratio of β-anomer ([18F]FMAU) to α-anomer (side product). 
 

4.3.3.5 Influence of coupling time  
 

Based on the optimal coupling temperature (130 °C), a study of different coupling time 

was conducted (Figure 4-5 (C-D)). Detailed measurements and calculations can be found in 

Table 4-13. The synthesis results demonstrated that a 1 min coupling reaction sufficed for optimal 

results. Prolonged coupling processes have a detrimental impact on both collection efficiency 

(after deprotection) and isolated RCY, although the ratio of β- to α-anomer improved significantly, 

presumably to degradation of both species (but much faster for the α-anomer). 
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4.3.4   Deprotection optimization 

 
 
Figure 4-6 Influence of deprotection time on the synthesis performance. 
It was measured by (A) collection efficiency of crude product and isolated RCY, and (B) the ratio 
of β-anomer ([18F]FMAU) to α-anomer (side product).  
 

Finally, we optimized the deprotection reaction. Begin with the initial conditions adapted 

from Li et al. (202), i.e. using 800 μL of 25% KOMe in MeOH (wt.) and MeOH (v/v, 1:1) at 85 °C 

for 5 min, we further explored the influence of deprotection time, ranging from 3 to 7 min at 85 °C 

(Figure 4-6). Additionally, we opted for EtOH instead of MeOH as the co-solvent for the 

deprotectant solution due to its higher boiling point (EtOH: 78 °C; MeOH: 65 °C). Detailed 

measurements and calculations can be found in Table 4-14. The results indicated that 3 min was 

sufficient for the deprotection reaction, yielding the highest collection efficiency (78 ± 5%, n = 4) 

and isolated RCY (25 ± 3%, n = 4) (Table 4-1). Longer deprotection times led to inferior synthesis 

performance, although they provided a higher ratio of β- to α-anomer, likely explainable by 

degradation as above. 
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Table 4-1 Comparison of performance of microscale synthesis and the previously reported 
macroscale method. 

 
Microscale synthesis   Macroscale synthesis 

 
This work (manual, 

n=4) 
Li et al. (automated, 

n=4) 

Starting activity (GBq) 0.22-1.22 7.4-11.1 

Precursor used for fluorination (μmol) 0.5 16.8 

Protected thymine used for coupling (μmol) 0.48 74.0 

TMSOTf / HMDS used for coupling  (μL) 4 / 1 150 / 200 

Radiochemical yield (RCY, %), decay-
corrected 

25 ± 3 12 ± 3 

Activity yield (%), non-decay-corrected 19 ± 2 ~5a 

Radiochemical purity (RCP, %) >99 >99 

Ratio of anomers (β/α) 2.4 ± 0.8 1.5 

Total production time (min) 28 ± 1 ~150 

aThe valve was calculated based on information in the literature. 

 
 

4.3.5   HPLC purification optimization 

The preparation of [18F]FMAU involves multiple-step reactions with various reagents, 

resulting in increasing amounts of UV impurity, radioactive side products, and residual reagents 

as the synthesis progresses. To completely separate the product from these interferences, a 

lengthy radio-HPLC purification time (25-35 min) using a semi-prep column is required in 

macroscale production (201,202). In this study, we also explored the efficiency of three different 

analytical columns for purification, along with variations in the mobile phase, to achieve the final 

purified product ([18F]FMAU) within the shortest possible time. A detailed listing of column types, 

mobile phases, flow rates, retention times of [18F]FMAU, volumes of collected product from radio-

HPLC, and individual radio-HPLC chromatograms of crude [18F]FMAU can be found in Table 4-15 

and Figure 4-7. 

Initially, we performed purification on an analytical column, using the analytical condition 

(i.e., Luna C18, RP, 100 Å, 5 μm, 250 × 4.6 mm; mobile phase: 92% H2O, 8% MeCN, 0.1% TFA 
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(v/v); flow rate: 1 mL/min) as reference (202). Unfortunately, in Test 1 (Table 4-15 and Figure 

4-7), an impurity (visible in UV chromatograph) co-eluted with [18F]FMAU. In Test 2, we addressed 

this challenge by reducing the percentage of MeCN, replacing TFA with acetic acid (eliminating 

the risk of TFA residue for future product formulation), and employing a slightly higher flow rate 

(1.2 mL/min vs. 1 mL/min). Encouragingly, [18F]FMAU was successfully separated from the UV 

impurity, albeit with a 7.1 min longer retention time (18.1 min for Test 2 vs. 11.0 min for Test 1). 

However, the volume of collected product increased from ~2 to ~5 mL compared to that in Test 

1, requiring a much higher dilution volume in order to perform the SPE-formulation process (or 

requiring an extended time for an evaporation-based formulation process). In Test 3, utilizing PBS 

buffer (0.1 M concentration with pH = 6) instead of water and acetic acid yielded a slightly sharper 

product peak. However, the retention time remained long (19.1 min), and the collected volume 

was ~4 mL. 

Given the late retention time of [18F]FMAU and the large volume of the purified product 

fraction when using a 250 mm long column, we investigated the use of a shorter one, a 100 mm 

long analytical column (Agilent Zorbax Eclipse Plus C18, 95 Å, 3.5 µm, 100 × 4.6 mm). With the 

same mobile phase as Test 3, the retention time of [18F]FMAU was significantly reduced to 5.9 

min using the shorter column (Test 4) and the product peak became much sharper and required 

less volume (~1.2 mL) of collected fraction. In Test 5, to explore an injectable mobile phase for 

imaging studies and eliminate the need for an additional reformulation step, we replaced MeCN 

with EtOH. To our delight, a similar retention time of [18F]FMAU (6.0 min) was achieved, 

maintaining excellent separation efficiency. To ensure complete separation of the [18F]FMAU peak 

from the UV impurity, we slightly decreased the EtOH percentage from 5% to 4% in Test 6, 

optimizing the retention time to 8.6 minutes. Another column option with a length of 150 mm 

(Symmetry C18 Column, 100 Å, 3.5 µm, 150 × 4.6 mm) was considered as well (Test 7). 

Employing the same mobile phase as the optimal combination in Test 6, the retention time of 

[18F]FMAU was 3.5 min longer, along with a slightly higher volume of collected product (~1.8 mL). 
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Finally, we selected the radio-HPLC condition from Test 6 as the optimal purification method for 

[18F]FMAU synthesis. 

4.3.6   Preliminary study of automated radiosynthesis 

Considering that the coupling reagent TMSOTf used in the radiosynthesis process is 

highly corrosive to the majority of materials, it is incompatible with the internal wetted materials of 

the reagent dispensers (and their nozzles) integrated in our droplet-based synthesis module 

(78,133). Instead of using the piezoelectric dispensers for this reagent, we explored the use of 

tubing (HPFA, 0.03”), mounted in place of a dispenser, for remote delivery of the coupling stock 

solution to the droplet synthesizer and its subsequent coupling reaction (Figure 4-8). In particular, 

we loaded a pre-measured bolus of the reagent into a small v-vial (0.3 mL) connected to the 

tubing, and applied nitrogen pressure to push the bolus through the tubing and onto the chip when 

needed. When studying automated implementation of certain reactions, we typically added the 

reagents for prior steps manually, to minimize introducing too many new variables all at once.  

In the initial attempt (Test 1 in Table 4-16), a volume of 12 μL (slightly higher than the 

optimal volume 10 μL to account for minor residual losses in the fluid path) of coupling stock 

solution was added into the transfer glass vial, and the loading process was initiated by applying 

5 psi until all liquid was dispensed onto the chip. However, less than 4 μL of the solution (roughly 

measured by a micropipette) reached the chip, and no coupling product was observed after the 

reaction. This could be attributed to the viscosity of HMDS and TMSOTf, leading to significant 

adherence on the tubing as a thin film before reaching the chip. Thus we tried diluted coupling 

reagents with MeCN in Test 2 (Table 4-16), i.e., adding an additional 10 μL of MeCN to the 12 

μL of coupling stock solution. We believed that the addition of MeCN could mitigate the residual 

losses of coupling reagents during dispensing, and a larger volume would ensure a more reliable 

delivery. The total 22 μL of the combined solution was manually loaded onto the chip by a 

micropipette. We achieved good coupling performance with a high coupling percentage (71%, n 

= 1) and collection efficiency after coupling (81%, n = 1), resulting in crude coupling product of 
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58% (n = 1). When we attempted it automatically (i.e., loading 22 μL of diluted coupling solution 

by applying 5 psi) in Test 3 (Table 4-16), we observed similar performance. Although the crude 

coupling product (51% vs. 58% for the manual method) was a slightly lower than the manual 

method, along with a reduced coupling percentage (64% vs. 71% for the manual method) and 

collection efficiency after coupling (79% vs. 81% for the manual method), further optimization 

efforts in the automated approach could be focused on a more precise loading volume control. 

This approach for loading TMSOTf, using vials of pre-measured reagents and tubing, 

could be used in general for loading other corrosive reagents or potentially all reagents. In the 

future, we will optimize the tubing material/geometry, loading protocol etc. for each reagent, and 

potentially this approach form the basis for a disposable reagent loading system and full 

automation of droplet radiochemistry. 

 Conclusions 

In this work, we employed a novel droplet-based high-throughput technique to perform a 

comprehensive optimization study of a three-step, one-spot radiosynthesis for the nucleoside 

analog PET tracer [18F]FMAU.  

Under optimal conditions (Table 4-1), the microdroplet-based radiosynthesis of [18F]FMAU 

requires >33x less sugar precursor and 154x less protected thymine (used for coupling reaction) 

compared to conventional methods. The droplet format facilitates an exceptionally rapid, simple, 

and efficient preparation of [18F]FMAU with high radiochemical yield and activity yield in just 28 

min (compared to ~150 min needed for conventional radiosynthesis approach). The Teflon-coated 

microfluidic chip reactors exhibited excellent tolerance to highly corrosive reagents, and the 

microliter scale substantially minimizes the use of hazardous chemicals (e.g. TMSOTf), 

enhancing safety and environmental friendliness.  

Continued efforts are focused on automating the current microdroplet-based synthesis of 

[18F]FMAU, with the aim of scaling up to accommodate multiple patient doses. 
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 Appendix 

4.5.1   Initial condition of [18F]FMAU synthesis on droplet reactors 

Table 4-2 Preliminary droplet radiosynthesis conditions for [18F]FMAU. 

The microscale conditions were adapted from Li et al.’s macroscale conditions (202), in which the 
fluorination reaction was performed with: K222 (39.8 μmol), K2CO3 (54.3 μmol), and 2-O-
(trifluoromethanesulfonyl)-1,3,5-tri-O-benzoyl-α-D-ribofuranose (precursor, 16.0 μmol) in 800 μL 
of MeCN at 85 °C for 20 min, the coupling reaction was performed with: O,O’-bis-
(trimethylsilyl)thymine (protected thymine, 74.0 μmol), 200 μL of HMDS, and 150 μL of TMSOTf 
mixed with 300 μL of 1,4-dioxane at 85 °C for 60 min, and the deprotection reaction was performed 
at 85 °C for 5 min. Microscale conditions used the same reagent ratios as the macroscale 
conditions. The fluorination reaction was reduced from 800 μL to 8 μL, and coupling reaction was 
reduced from 650 μL to 6.5 μL, and all reagent amounts were reduced by 100x. 
 Adapted microscale condition (n = 1) 

PTC and base composition (μmol) K222 (0.40), K2CO3 (0.54) 

Precursor 1 (μmol) 0.16 

Fluorination solvent (8 μL) MeCN 

Fluorination temperature and time 85°C, 4 min 

Protected thymine (μmol) 0.74 

Coupling reagent (μL) HMDS (2), TMSOTf (1.5) 

Coupling solvent (μL) 1,4-dioxane (3) 

Coupling temperature and time 85°C, 5 min 

Performance  

Starting activity (MBq) 14.5 

Fluorination conversion (%) 61 

Coupling percentage (%) 20 

Collection efficiency after coupling (%) 13 

Crude coupling product (%) 2.6 
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4.5.2   Optimization of fluorination reaction 

4.5.2.1 Preliminary optimization of solvent type and temperature 
 
Table 4-3 Impact of solvent and temperature on the fluorination performance in a 
microdroplet reactor. 

Solventa 
Fluorination 

temperature (°C) 

Fluorination 

conversion (%) 

Collection efficiency 

after fluorination (%) 

Crude fluorination 

yield (%) 

MeCN 85 30 ± 1 40 ± 3 12 ± 0 

NMP 150 77 ± 2 39 ± 1 30 ± 2 

DMF 150 50 ± 13 29 ± 3 14 ± 4 

thexyl 
alcohol/DMSO 

(4:1, v/v) 
100 82 ± 3 30 ± 0 24 ± 1 

thexyl 
alcohol/NMP 

(4:1, v/v) 
100 80 ± 3 41 ± 0 33 ± 1 

aAll reactions were performed with K2CO3 (0.176 μmol) and K222 (0.312 μmol), and 0.168 μmol of precursor in 10 μL of 

solvent at specific temperature for 3 min (n = 4 replicates each condition). Chip collection solvent: 4 x 20 μL of MeCN 

and H2O (95:5, v/v). The radio-TLC was developed in hexane and ethyl acetate (1:1, v/v). 

 

4.5.2.2 Influence of type of phase transfer catalyst (PTC)/base 
 
Table 4-4 Impact of PTC/base on the fluorination performance in a microdroplet reactor. 

Type of 

PTC/basea 
Fluorination conversion (%) 

Collection efficiency 

after fluorination (%) 
Crude fluorination yield (%) 

TEAOTf 0 26 ± 3 0 

TEAHCO3 80 ± 0 36 ± 3 29 ± 2 

TBAClO4
b N.M. N.M. N.M. 

TBAOTfb N.M. N.M. N.M. 

K222/K2CO3  80 ± 3 41 ± 0 33 ± 1 

TBAHCO3 86 ± 8 46 ± 1 39 ± 3 

aAll reactions were performed with 0.176 μmol of PTC or K222 (0.312 μmol)/K2CO3 (0.176 μmol) for the [18F]fluoride 

drying step, and 0.16 μmol of precursor in 10 μL of thexyl alcohol/NMP (4:1, v/v) at 100 °C for 3 min (n = 2 replicates 

each condition). Chip collection solvent: 4 x 20 μL of hexane and ethyl acetate (1:1, v/v). The radio-TLC was developed 

in the same solvent system. bAfter drying with the PTC, only ~27% of activity remained on the microdroplet reactor, so 

subsequent radiofluorination was not performed. N.M. = Not measured. 
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4.5.2.3 Preliminary optimization of fluorination temperature and time 
 
Table 4-5 Impact of temperature and time on the fluorination performance in a microdroplet 
reactor. 

Temperature (°C)a 
Fluorination 

conversion (%) 

Collection efficiency after 

fluorination (%) 
Crude fluorination yield (%) 

70 71 ± 4 59 ± 0 42 ± 3 

75b 57 ± 18 58 ± 4 33 ± 9 

80 87 ± 1 50 ± 1 43 ± 0 

80b 81 ± 3 49 ± 0 81 ± 3 

90 88 ± 1 44 ± 1 38 ± 1 

100 92 ± 1 30 ± 1 28 ± 1 

aAll reactions were performed with 0.176 μmol of TBAHCO3 and 0.16 μmol of precursor in 10 μL of thexyl alcohol/NMP 

(4:1, v/v) at specific temperature for 3 min (n = 4 replicates each condition). Chip collection solvent: 4 x 20 μL of hexane 

and ethyl acetate (1:1, v/v).  The radio-TLC was developed in the same solvent system. bThe reaction time was 5 min. 

 
 
 

4.5.2.4 Preliminary optimization of precursor amount 
 
Table 4-6 Impact of precursor amount on the fluorination performance in a microdroplet 
reactor. 

Precursor amount 

(μmol)a 

Fluorination 

conversion (%) 

Collection efficiency after 

fluorination (%) 
Crude fluorination yield (%) 

0.16 79 ± 1 51 ± 0 40 ± 1 

0.16b 72 ± 3 51 ± 2 37 ± 0 

0.25 84 ± 1 60 ± 1 50 ± 0 

0.25b 87 ± 1 57 ± 1 49 ± 0 

0.34 90 ± 1 61 ± 2 55 ± 1 

0.34b 88 ± 1 57 ± 1 50 ± 0 

0.50 90 ± 4 64 ± 4 57 ± 6 

0.50b 90 ± 0 65 ± 1 59 ± 1 

aAll reactions were performed with desired amount of precursor and 0.176 μmol of TBAHCO3 in 10 μL of thexyl 

alcohol/NMP (4:1, v/v) at 80 °C for 3 min (n=2 replicates each condition) unless other claim. Chip collection solvent: 4 

x 20 μL of hexane and ethyl acetate (1:1, v/v). The radio-TLC was developed in the same solvent system. bThe ratio of 

precursor to base was 1:1.1, i.e., the amount of TBAHCO3 was matched with the amount of precursor based on the 

fixed ratio. 
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4.5.2.5 Re-optimization of solvent type  
 
Table 4-7 Impact of fluorination solvent on the fluorination and coupling performance in a 
microdroplet reactor. 

Solventa 

Fluorination 

conversion 

(%) 

Activity on chip 

after 

fluorination (%) 

Crude 

fluorination 

yield (%) 

Coupling 

percentage (%) 

Collection 

efficiency after 

coupling (%) 

Crude 

coupling 

product (%) 

Thexyl 
alcohol/NMP 

(4:1, v/v) 

91 ± 0 60 55 ± 1 0 29 ± 5 0 

MeCN 72 ± 3 37 27 ± 1 72 ± 5 14 ± 2 10 ± 2 

Thexyl 
alcohol/MeCN 

(1:1, v/v) 

97 ± 0 55 53 ± 0 25 ± 2 29 ± 1 7 ± 1 

MeCN: 1,4-
dioxane (1:1, 

v/v) 

87 ± 2 55 48 ± 1 57 ± 1 35 ± 2 20 ± 1 

1,4-dioxane 87 ± 6 92 80 ± 6 48 ± 4 50 ± 4 24 ± 2 

1,4-dioxaneb 87 ± 6 92 80 ± 6 73 ± 0 46 ± 1 33 ± 1 

aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and 0.5 μmol of precursor in 10 μL of solvent 

at 80 °C for 3 min (n = 2 replicates each condition). After fluorination, the remaining activity on microdroplet chips were 

measured by dose calibrator. To measure the fluorination conversion, 0.1 μL of fluorinated intermediate sample was 

taken after adding 5 μL of 1,4-dioxane and mixing it well with the mixture in reaction sites. Coupling reaction was 

performed with protected thymine (0.6 mg, 2.2 umol), HMDS (6 uL, 28.6 umol), TMSOTf (4.5 uL, 24.8 umol) and 1,4-

dioxane (9 uL) at 85 °C, 5 min. Chip collection solvent: 4 x 20 μL of hexane and ethyl acetate (1:1, v/v). The radio-TLC 

was developed in the same solvent system. bThe coupling reaction was performed at 100 °C instead of 85°C for 5 min. 

 
 

4.5.2.6 Re-optimization of temperature  
 
Table 4-8 Impact of fluorination temperature on the fluorination performance in a 
microdroplet reactor. 

Fluorination 

temperature (°C)a 
Fluorination conversion (%) 

Activity on chip after 

fluorination (%) 
Crude fluorination 

yield (%) 

80 87 ± 6 90 78 ± 5 

90 89 ± 5 95 85 ± 5 

100 95 ± 2 92 87 ± 2  

aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and 0.5 μmol of precursor in 10 μL of 1,4-

dioxane at specific temperature for 3 min (n = 2 replicates each condition). Chip collection solvent: 4 x 20 μL of hexane 

and ethyl acetate (1:1, v/v). The radio-TLC was developed in the same solvent system. 
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4.5.2.7 Re-optimization of precursor amount 
 
Table 4-9 Impact of precursor amount on the fluorination performance in a microdroplet 
reactor. 

Amount of precursor 

(μmol)a
 
 

Fluorination conversion (%) 
Activity on chip after 

fluorination (%) 

Crude fluorination 

yield (%) 

0.08 91 ± 1 85 77 ± 0 

0.17 91 ± 4 86 80 ± 6 

0.25 92 ± 3 83 77 ± 5 

0.34 90 ± 3 85 74 ± 10 

0.50 94 ± 4 93 87 ± 5 

aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and precursor in 10 μL of 1,4-
dioxane at 100 °C for 3 min (n=4 replicates each condition). Chip collection solvent: 4 x 20 μL of hexane 
and ethyl acetate (1:1, v/v). The radio-TLC was developed in the same solvent system. 

 
 
 

4.5.3   Optimization of coupling reaction 

4.5.3.1 Influence of amount of protected thymine 
 
Table 4-10 Impact of amount of protected thymine on the performance of the droplet 
radiosynthesis of [18F]FMAU.  

Amount of protected 

thymine (μmol)a 

Number of repeats 

(n) 

Collection efficiency after 

deprotection (%) 

Isolated RCY of 

[18F]FMAU (%)b 

0.7 1 61 15 

1.0 2 62 ± 6 15 ± 1 

1.4 1 47 11 

2.2 2 67 ± 18 12 ± 4 

aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and 0.5 μmol of precursor in 10 μL of 1,4-

dioxane at 100 °C for 3 min. Coupling reaction was performed with protected thymine, HMDS (6 μL, 28.6 μmol), 

TMSOTf (4.5 μL, 24.8 μmol) and 1,4-dioxane (9 μL) at 100 °C, 5 min. Deprotection reaction was performed with 20 μL 

of 25% KOMe in MeOH at room temperature for 5 min. The crude product was collected with 20 μL x 4 of HPLC 

purification mobile. bIsolated RCY was obtained by radio-HPLC isolation and is calculated by dividing activity of 

collected pure product by initial activity and correcting for decay. 

 
 
 
 
 
 
 

4.5.3.2 Influence of ratio of TMSOTf to HMDS (v/v) 
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Table 4-11. Impact of ratio of TMSOTf to HMDS (v/v) on the performance of the droplet 
radiosynthesis of [18F]FMAU.  

Ratio of TMSOTf 

to HMDS (v/v)a 
TMSOTf (μL) HMDS (μL) 

Collection efficiency 

after deprotection (%) 

Isolated RCY of 

[18F]FMAU (%)c 

0.75b 4.5 6 62 14 

3 3 1 65 15 

4b 8 2 60 20 

4 4 1 68 21 

5 5 1 66 17 

6 6 1 71 13 

aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and 0.5 μmol of precursor in 10 μL of 1,4-

dioxane at 100 °C for 3 min. Coupling reaction was performed with 0.5 μmol of protected thymine, HMDS, TMSOTf, 

and 1,4-dioxane (5 uL) at 100 °C for 5 min. Deprotection reaction was performed with 30 uL of 25% KOMe in MeOH 

and EtOH (v/v, 2:1), 85 °C for 3 min. The crude product was collected with 20 μL x 4 of HPLC purification mobile (n=1 

replicates each condition). b1 μmol of protected thymine was used for coupling reaction. cIsolated RCY was obtained 

by radio-HPLC isolation and is calculated by dividing activity of collected pure product by initial activity and correcting 

for decay. 

 
 
 

4.5.3.3 Influence of coupling temperature 
Table 4-12 Impact of coupling temperature on the performance of the droplet 
radiosynthesis of [18F]FMAU.  

Coupling 

temperature (°C)a 

Collection efficiency after 

deprotection (%) 

Isolated RCY of 

[18F]FMAU (%)b 
Ratio of anomers  β/α  

85 54 0 1.0 

100 61 11 1.6 

110 65 19 1.9 

120 71 26 3.8 

130 66 27 12.3 

140 32 2 Very highc 

150 18 4 +∞ Very highc 

aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and 0.5 μmol of precursor in 10 μL of 1,4-

dioxane at 100 °C for 3 min. Coupling reaction was performed with 0.5 μmol of protected thymine, HMDS (1 μL), 

TMSOTf (4 μL), and 1,4-dioxane (5 uL) at specific temperature for 5 min. Deprotection reaction was performed with 30 

uL of 25% KOMe in MeOH and EtOH (v/v, 2:1), 85 °C for 3 min. The crude product was collected with 20 μL x 4 of 

HPLC purification mobile. bIsolated RCY was obtained by radio-HPLC isolation and is calculated by dividing activity of 

collected pure product by initial activity and correcting for decay. cα-Anomer was zero, therefore the ratio of β- to α-

anomer could not be calculated. 
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4.5.3.4 Influence of coupling time 
Table 4-13 Impact of coupling time on the performance of the droplet radiosynthesis of 
[18F]FMAU. 

Coupling time (min)a Repeat number (n) 
Collection efficiency 

after deprotection (%) 

Isolated RCY of 

[18F]FMAU (%)b 

Ratio of 

anomers  β/α  

1 4 78 ± 5 25 ± 3 2.4 ± 0.8 

2 3 70 ± 3 19 ± 2 3.2 ± 2.3 

3 4 71 ± 5 19 ± 2 29.5 ± 23.3 

5 3 72 ± 5 19 ± 8 80.7 ± 39.8 
aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and 0.5 μmol of precursor in 10 μL of 1,4-

dioxane at 100 °C for 3 min. Coupling reaction was performed with 0.5 μmol of protected thymine, HMDS (1 μL), 

TMSOTf (4 μL), and 1,4-dioxane (5 uL) at 130°C. Deprotection reaction was performed with 30 uL of 25% KOMe in 

MeOH and EtOH (v/v, 2:1), 85 °C for 3 min. The crude product was collected with 20 μL x 4 of HPLC purification mobile. 
bIsolated RCY was obtained by radio-HPLC isolation and is calculated by dividing activity of collected pure product by 

initial activity and correcting for decay.  

 

 

 

4.5.4   Optimization of deprotection reaction 

4.5.4.1 Influence of deprotection time 
 
Table 4-14 Impact of deprotection time on the performance of the droplet radiosynthesis 
of [18F]FMAU.  

Deprotection 

time (min)a 

Repeat 

number (n) 

Collection efficiency 

after deprotection (%) 

Isolated RCY of 

[18F]FMAU (%)b 

Ratio of anomers 

 β/α  

3 4 78 ± 5 25 ± 3 2.4 ± 0.8 

5 2 74 ± 6 21 ± 3 3.2 ± 0.5 

7 6 73 ± 5 20 ± 2 22.5 ± 19.0 
aAll fluorination reactions were performed with 0.176 μmol of TBAHCO3 and 0.5 μmol of precursor in 10 μL of 1,4-

dioxane at 100 °C for 3 min. Coupling reaction was performed with 0.5 μmol of protected thymine, HMDS (1 μL), 

TMSOTf (4 μL), and 1,4-dioxane (5 uL) at 130 °C for 1 min. Deprotection reaction was performed with 30 uL of 25% 

KOMe in MeOH and EtOH (v/v, 2:1) at 85 °C. The crude product was collected with 20 μL x 4 of HPLC purification 

mobile. bsolated RCY was obtained by radio-HPLC isolation and is calculated by dividing activity of collected pure 

product by initial activity and correcting for decay.  
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4.5.5   Optimization of radio-HPLC purification method 

Table 4-15 Summary of results of radio-HPLC purification optimization. 

Test  Column 
type 

Mobile phasea Flow rate 
(mL/min) 

Retention 
time of 

[18F]FMAU 

Volume of 
collected 
product 

(mL) 

1 

Phenomene
x Luna C18 
(2), RP, 100 

Å, 5 μm, 
250×4.6 

mm 

92% H2O, 8% MeCN, 0.1% TFA (v/v) 1.0 11.0 ~2 

2 

Gradient: 
• 0-20 min: 95% H2O, 5% MeCN, 0.1% 

acetic acid 
• 20-21 min: changed to 100% MeCN 
• 21-30 min: 100% MeCN 

1.2 18.1 ~5 

3 

Gradient: 
• 0-20 min: 95% PBS buffer, 5% MeCN 
• 20-21 min: changed to 30% PBS buffer 

and 70% MeCN 
• 21-30 min: PBS 30% buffer and 70% 

MeCN 

1.2 19.1 ~4 

4 

Agilent 
ZORBAX 

Eclipse Plus 
C18, 95 Å, 

3.5 µm, 
100×4.6 

mm 

Gradient: 
• 0-13 min: 95% PBS buffer, 5% MeCN 
• 13-14 min: changed to 30% PBS buffer 

and 70% MeCN 
• 14-20 min: PBS 30% buffer and 70% 

MeCN 

1.2 5.9 ~1.2 

5 

Gradient: 
• 0-13 min: 95% PBS buffer, 5% EtOH 
• 13-14 min: changed to 30% PBS buffer 

and 70% MeCN 
• 14-20 min: PBS 30% buffer and 70% 

MeCN 

1.2 6.0 ~1.2 

6 

Gradient: 
• 0-13 min: 96% PBS buffer, 4% EtOH 
• 13-14 min: changed to 15% PBS buffer 

and 85% MeCN 
• 14-20 min: PBS 15% buffer and 85% 

MeCN 

1.2 8.6 ~1.2 

7 

Waters 
Symmetry 

C18 
Column, 

100 Å, 3.5 
µm, 

150×4.6 
mm 

Gradient: 
• 0-13 min: 96% PBS buffer, 4% EtOH 
• 13-14 min: changed to 15% PBS buffer 

and 85% MeCN 
• 14-20 min: PBS 15% buffer and 85% 

MeCN 

1.2 12.1 ~1.8 

aThe PBS buffer was prepared at 0.1 M concentration with pH = 6. 



103 
 

 
 
Figure 4-7 Radio-HPLC chromatogram of crude [18F]FMAU (upper: UV-254 nm and bottom: 
γ-ray) from microdroplet radiosynthesis by using varying purification methods.  
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4.5.6   Preliminary tests of automation 

Table 4-16 Summary of results of automated tests of the droplet radiosynthesis. 

Synthesis parameter 
Testa 

1 2 3 
 

Starting activity (MBq) 96 93 93 
 

Loading approach Automated Manual Automated 
 

Loading protocol for coupling reagent 12 μL of stock 12 μL of stock + 10 μL of MeCN 

Collection efficiency after coupling (%) 9 81 79 
 

Activity residue on tip after collection (%) 0 1 0 
 

Activity residue on Chip after collection (%) 2 1 1 
 

Coupling percentage (%) - 71 64  

Crude coupling product (%) - 58 51  
aFluorination solution was loaded manually by pipetting on chip and all fluorination was performed with 0.176 μmol of 

TBAHCO3 and 0.5 μmol of precursor in 10 μL of 1,4-dioxane at 100 °C for 3 min. Coupling stock solution were loaded 

manually by pipetting or automatically by dispenser, and each 10 μL of coupling stock solution included 0.5 μmol of 

protected thymine, HMDS (1 μL), TMSOTf (4 μL), and 1,4-dioxane (5 uL). To ensure the sufficient volume of coupling 

stock solution was loaded on chip, 12 μL of stock solution was used for dispensing. All coupling reaction was at 130 °C 

for 1 min. Chip collection solvent: 4 x 20 μL of hexane and ethyl acetate (1:1, v/v). The radio-TLC was developed in the 

same solvent system. 

 
 
 

 
 
Figure 4-8 Automated microdroplet radiosynthesizer setup for [18F]FMAU synthesis. 
(A) Diagram of “One-shot” tubing system for remote delivery of the coupling reagents and 
piezoelectric dispensers for radioisotope or other reagents. (B) Configuration of automated 
microdroplet system for preparing [18F]FMAU. (Left) Top view showing positions of reagent 
dispensers and collection tubing above the chip. (Right) Photograph of the droplet synthesizer. 
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4.5.7   Example HPLC chromatograms 

 

 
 
Figure 4-9 Example of radio-HPLC chromatogram of crude [18F]FMAU (upper: UV-254 nm 
and bottom: γ-ray) from microdroplet radiosynthesis obtained during purification. 
The purification mobile phase was 96% PBS buffer and 4% EtOH (v/v) for the first 13 min, then it 
was changed to 15% PBS buffer and 85% MeCN (v/v) in 1 min followed by another 6 min under 
the same mobile phase. Under this condition, the retention time of [18F]FMAU (β-anomer) was 8.6 
min and a α-anomer was 5.9 min. 
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Figure 4-10 Example radio-HPLC analysis of purified [18F]FMAU produced in a droplet 
reactionThe analytical mobile was 95% DI water and 5% MeCN (v/v) with 0.1% TFA. Under 
this condition, the retention time of [18F]FMAU (β-anomer) was 5.0 min. 
 
 

 
 
Figure 4-11 Example radio-HPLC analysis of co-injection of purified [18F]FMAU produced 
in a droplet reaction and reference standard.The analytical mobile phase was 95% DI water 
and 5% MeCN (v/v) with 0.1% TFA. 
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Chapter 5: Robotic platform for high-throughput 
radiosynthesis and optimization 
 
 

 Introduction 

Positron emission tomography (PET) is a non-invasive imaging modality that uses trace 

amounts of radiolabeled compounds to image specific biochemical processes within living 

subjects with high sensitivity and specificity(209,18).  To investigate different biological processes, 

thousands of different radiotracers have been developed(210,211), and as new biological targets 

are discovered, there is ongoing need to develop tracers to image these targets. Currently, it can 

take many years between new target discovery and the development of a useful imaging tracer, 

and even longer for translation into the clinic. Though there are several factors in this timeline, 

the difficulty in synthesizing novel radiolabeled compounds with sufficient reliability and yield at 

each stage of development is a significant bottleneck. 

The majority of available radiosynthesizers are designed to safely and automatically 

perform routine large-scale batch production of radiotracers(212,213). Several characteristics of 

these systems are poorly suited to early stage radiotracer development and synthesis 

optimization. For example, the need to wait for decay of residual radioactivity within the system 

between experiments (e.g. overnight for F-18) severely limits experimental throughput. Each 

experiment may provide a limited amount of data, unless manual interventions are performed to 

make measurements of radioactivity or radiochemical composition at multiple stages throughout 

the synthesis process. Additionally, the typical reactor size requires relatively large quantities of 

expensive precursors (e.g., 1-10 mg for 1 mL reaction volume) per experiment. Finally the high 

value of these systems in service of clinical production often limits their availability for research 

purposes. 

A variety of approaches are being developed to overcome these limitations. One strategy 

is to try to reduce the number of experiments needed to achieve the desired optimization goals. 
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Using a design of experiments (DoE) approach, which helps to identify the most critical reaction 

parameters (factors), Bowden et al. showed more than 2x improvement in experimental efficiency 

for optimization of copper-mediated radiofluorination of arylstannanes(214). Machine learning 

approaches are also being developed to enable synthesis optimization through reduced numbers 

of experiments(215,216). 

Another strategy is to modify radiochemistry hardware or experimental approaches in 

order to increase throughput and decrease experimental costs. For example, Zhang et al. 

leveraged the high sensitivity of LC-MS/MS to detect ultra-low amounts of product when 

performing reactions in conventional radiosynthesizers using nanomolar concentrations of non-

radioactive isotopes (e.g. [19F]fluoride instead of [18F]fluoride)(217). The low concentrations 

simulate the typical concentrations encountered in 18F-radiochemistry, and the authors observed 

a good correlation between the synthesis performance of MDL100907 when using F-19 or F-18, 

enabling increased throughput by avoiding the waiting time for radioactive decay, and finding 

conditions that could be directly translated to a conventional synthesizer. However, each data 

point still consumes a full batch quantity of precursor and other reagents.  

In another approach, Laube et al. reported performing >50 vial-based reactions per day 

(25-50 µL scale) from a single batch of [18F]fluoride by using multi-vial heating blocks to carry out 

groups of simultaneous reactions to investigate the syntheses of [18F]FDG and a celecoxib 

analog(91). This approach both increases throughput and decreases reagent usage, but required 

extensive manual handling, and there is a chance that some degree of re-optimization would be 

needed when translating the optimal conditions to a larger sized vial in a conventional 

radiosynthesizer(218).  

Flow-chemistry methods, where the precursor and radioactive material are mixed and 

flowed through a heated reactor in a continuous fashion, have been used to perform reagent-

efficient optimization (generally 10-40 µL range) but in a more automated fashion. Using the 

Advion Nanotek capillary-based synthesizer, investigators have shown the possibility to 
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sequentially perform dozens of optimization reactions per day from a single batch of radioisotope 

to conveniently explore the influence of temperature or flow rate (which affects reagent ratios, 

residence time, or concentration)(87). Scale-up of optimal conditions is then achieved by scaling 

up the volumes (i.e. running the flow system for a longer time). However, some reaction 

parameters (e.g. reaction solvent, or the conditions for azeotropic drying of [18F]fluoride, which 

are done outside of the flow system) cannot be investigated in a high-throughput manner. In a 

similar approach, our lab has previously experimented with polydimethylsiloxane (PDMS) 

microfluidic chips for generating mixtures of reagents (~120 nL each) with programmable 

composition and pH for optimization of labeling of antibody fragments with the prosthetic group 

N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB)(90,219), but these devices and studies were 

limited to room temperature aqueous conditions.  

We have recently reported an approach for reagent-efficient high-throughput reaction 

optimization in which up to 64 reactions could be performed simultaneously in the form of ~10 µL 

droplets trapped on arrays of hydrophilic sites patterned on Teflon-coated silicon “chips”(93,95). 

Because all steps are performed at each reaction site, any conditions of the overall synthesis 

process (drying conditions, base, precursor, and other reagents amounts, reaction volume, 

solvent, temperature, and duration) can be studied in a high-throughput manner. Once the optimal 

conditions are found, the conditions can be directly transferred to production via the use of an 

automated droplet radiosynthesizer(80). Droplet-based radiochemistry systems have 

successfully been used to synthesize a wide range of 18F-labeled tracers including [18F]FDG(78), 

[18F]Fallypride(93,95), [18F]FET(99), [18F]FDOPA(86), [18F]FBB(99), [18F]Flumazenil(93), 

[18F]PBR06(93), [18F]FEPPA(93), [18F]FPEB(220), and [18F]AMBF3-TATE(79), with several 

demonstrated at the scale of one or more clinical doses(83,99). 

While the high-throughput droplet radiochemistry technique has been used to perform 

hundreds of experiments per week(93), it requires a large amount of manual pipetting operations 

to add reagents and collect and analyze crude reaction products. Experiments are thus very 
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tedious and prone to human error. To address these factors, and to minimize radiation exposure, 

we developed a fully-automated robotic platform for optimization. It automatically performs all of 

the liquid transfer operations and system control, including delivering isotope and reagents to 

reaction sites, performing evaporations or reactions, collecting products into individual reservoirs, 

and spotting crude samples onto thin-layer chromatography (TLC) plates (e.g. for rapid multi-lane 

radio-TLC analysis(96)). This new platform has the potential to increase the accessibility and 

throughput of high-throughput radiochemistry. In this paper, we describe the design, 

characterization, and proof-of-concept demonstrations of the robotic platform. 

 

 

Figure 5-1 Overall system design. 
(A) 3D rendering of the optimization platform showing the geometry and major components. (B) 
Photograph of the system inside a minicell. The fluidics head is shown in the inset to illustrate the 
piezoelectric reagent dispensers and pipette system. 
 
 

 Methods 

5.2.1   Robotic System 

The overall system design is shown in Figure 5-1.  With a size of 63.5 x 40.6 x 55.9 cm3 

(W x H x D), it can fit within a small mini-cell (68 x 50 x 61 cm3 interior; Von Gahlen, Zevenaar, 

Netherlands).  The system consists of three main elements: a work area (where microfluidic multi-

reaction chips are operated, where reagents and collected products are stored, and where TLC 
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plates are spotted), a fluidics head with multiple piezoelectric dispensers for reagent dispensing 

and a pipetting system for liquid transfers, and an XYZ motion gantry to move the fluidics head 

around the work area.  

5.2.2   Work Area 

 
 

Figure 5-2 Work area of robotic microdroplet radiosynthesizer platform. 
(A) Overview of the system work area showing major components of the system. (B) Close-up 
photograph of the heaters with chips installed for 64 parallel reactions. In this photograph the 
pipette system is retracted so that the piezoelectric dispensers can be used to deliver reagents to 
the chip. (C) Detail of “stacked” structure of the TLC plate holder that allows up to 64 samples to 
be spotted on multi-lane TLC plates. 
 

The work area (Figure 5-2A) consists of a multi-heater platform for operating four multi-

reaction chips simultaneously with independent temperature control(93,95) (Figure 5-2B), four 

plate nests that hold standard microwell plates, a pipette tip remover, and a priming sensor. Chips 
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were aligned to the heaters with the aid of Delrin walls on two sides of each heater. Typical plate 

nest configuration was: (i) 384-position pipette tip rack (epT.I.P.S. 384, Eppendorf, Hamburg, 

Germany), (ii) a 96-well plate (Costar 3363, Corning Inc. Corning, NY, USA) containing reagents 

(e.g. precursors, dilution series), (iii) a 96-position strip-well plate (TRC9601 plate, TLS0801 

stripwells, Bio-Rad Laboratories, Inc. Hercules, CA, USA) for collection of crude products, and 

(iv) a custom TLC plate holder with a laddered design to accommodate eight 50 mm wide TLC 

plates for parallel separation of 8 samples (0.5 µL spotted at 4.5 mm pitch)(96) (Figure 5-2C). 

The infrared (IR) liquid priming sensor (OCB350L250Z, Optek-Danulat GmbH, Essen, Germany) 

was used to ensure the piezoelectric dispensers and pipetting system (and associated tubing) are 

fully filled with reagent or water, respectively. Pipette tips were removed with a forked tool and 

collected in a waste container (Appendix 5.6.1.1). 

5.2.3   Fluidics head 

The fluidics head (Appendix 5.6.1.2) comprises set of seven non-contact piezoelectric 

dispensers (INKX0514300A and INKX0514100A, The Lee Company, Westbrook CT, USA) and 

a custom pipette cone, designed to mate with the disposable tips for aspirating and dispensing 

liquids. The piezoelectric dispensers were used for the dispensing of reagents shared across 

many reaction sites, such as collection solutions and [18F]fluoride solutions. Dispensers were each 

connected via 0.03” ID or 0.01” ID PTFE tubing dip tubes to septum capped reagent vials, 

comprising either 20 mL scintillation vials (03-340-25Q, Thermo Fischer Scientific, Waltham, MA, 

USA), 5 mL V-vials (NextGen V Vial, Wheaton Industries, New Jersey, USA), or 1.5mL V-vials 

(µVial 09-1400, Microliter Analytical Supplies Inc., Suwanee, Georgia, USA) based on the total 

volume needed of the corresponding reagent. Each vial was connected to the output of a 

pneumatic valve (S070B-5DG, SMC Corporation, Tokyo, Japan) allowing the vial to be either 

pressurized (inert nitrogen) or vented. The pipetting system was used for delivery of varied 

reagents (e.g. precursor prepared in different concentrations or solvents for optimization) and for 

collecting crude products from reaction sites. The pipette cone was mounted on vertical slide 
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(8381K2, McMaster-Carr) with its position (extended or retracted) controlled using a dual-acting 

pneumatic actuator (6498K003, McMaster-Carr, Elhurst IL, USA). When retracted, attached 

pipette tips would be out of the way of the dispensers, allowing reagent dispensing without 

removing the tip. To attach a tip, the pipette cone was extended and pressed into the tip with a 

pressure of 20 psig (~13N force). The pipette cone was also fitted with an electrical microswitch 

that could be used to precisely determine the Z-axis position of the top of the multi-reaction chips. 

The pipette cone was connected to a syringe pump (Microlab PSD/4, Hamilton Company, Reno 

NV, USA) equipped with 250 µL syringe (with ~100 nL volume accuracy) mounted at the side of 

the workspace, via 0.03” ID PTFE tubing (~1 m long). The syringe pump could switch between 

the pipette cone and a DI water reservoir, allowing filling of the tubing with DI water to improve 

responsiveness and accuracy compared to air. Details of priming of the fluidics systems is 

described in the Appendix 5.6.1.3. 

 

5.2.4   XYZ Gantry 

Fast motion actuators were selected to minimize radioactive decay during movement 

operations. The X and Y axes consist of belt-driven slides (LCR30, Parker Hannifin Corporation, 

Irwin PA, USA), arranged in an H-formation, providing 40 cm travel in the X-direction and 21 cm 

in Y, with a maximum speed of 57 cm/s and positioning repeatability of ±100µm. For the Z-axis, 

a 12 mm/rev pitch lead-screw slide (MLC028, PBC Linear, Roscoe IL, USA) was used, with a 

repeatability of ±20 µm and maximum speed of 12 cm/s. All three axes were powered by stepper 

motors (eCLM-S233F, Parker Hannifin) using hall-effect sensors to define a home position in the 

top back-left-most position. A full explanation of the coordinate system and component positioning 

is provided in the Appendix 5.6.2. 

 

5.2.5   Control system and software 

Front-end control was implemented using a LabView program (National Instruments, 

Riverside, CA, USA) which controlled communications with external devices (microcontroller, data 
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acquisition modules (DAQs), syringe pump), initialize all equipment, load configuration files and 

populate global variables, read method file, and perform all listed method steps. The system 

configuration and calibration information are described in XML files (Appendix 5.6.3) while the 

method file, written by the user in a custom scripting language (Appendix 5.6.4), is used to define 

the optimization study. The system was operated with a Windows computer, but any computer / 

operating system that can run LabView can be used. 

 

 

Figure 5-3 Control system. 
Block diagram of the control system. Blue lines represent gas pathways, solid red represents 
analog signals, dashed red represents digital signals, and black represents serial communication.   
 

The control system (Figure 5-3) comprises multiple subsystems driven by the front-end 

computer. The temperature control system for the heater platform has been previously 

described(93). Briefly, signals from integrated heater thermocouples were amplified (MAX31856, 

Adafruit Industries, New York New York, USA) and measured via a DAQ (USB-202, Measurement 

Computing Corporation, Norton MA, USA) which also digitally controlled a dedicated relay and 
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fan per heater, allowing closed-loop on-off software temperature control. The syringe pump was 

controlled via RS485 serial commands from LabView via a USB to RS485 adapter (USB-485B, 

Sima S. Enterprises, Los Angeles, CA, USA). A separate DAQ (USB-201, Measurement 

Computing Corporation) monitored the analog output of the priming sensor to detect liquid and 

controlled the reset signal for priming sensor recalibration. 

All other systems were interfaced to a microcontroller (Arduino Mega, Arduino AG, 

Sommerville MA, USA) in communication with the front-end computer via USB. Custom firmware 

was written in C++ and compiled using the GNU C++ compiler. The stepper motors (and built-in 

encoders) were connected to closed-loop stepper drivers (CL57T, OMC Corporation, Nanjing 

City, China) which were in turn controlled via step and direction signals from the microcontroller 

for each axis. A stepping algorithm was implemented in the microcontroller to allow smooth 

acceleration and deceleration (Appendix 5.6.5). The pneumatic system contained two electronic 

pressure regulators (ITV0050-3UMS, SMC Corporation) – one for the reagent driving pressure 

for the dispensers, and one for the pipette cone pneumatic actuator. Pressure setpoints were 

controlled by converting digital outputs from the microcontroller to analog signal signals via digital 

potentiometer voltage dividers (10 kΩ, AD5220, Analog Devices, Norwood, MA, USA) in 

conjunction with op-amp follower circuits (1x amplification, AD8012, Analog Devices), and analog 

signals from the regulators representing current pressure were monitored via the microcontroller. 

The valves controlling pressure to each dispenser reagent reservoir, and the two valves to actuate 

the pneumatic cylinder for the pipette cone, were interfaced via a Darlington transistor array 

(ULN2803A, Texas Instruments Inc., Dallas, Texas, USA) to digital outputs of the microcontroller. 

The reagent dispensers were powered by dedicated spike-and-hold drivers (IECX0501350A, Lee 

Company) triggered by the microcontroller to cause the desired open duration. 
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5.2.6   System Calibrations 

System positions were determined as described in Appendix 5.6.2, while heater 

temperatures, pressure regulators, automated TLC spotting protocol, and piezoelectric 

dispensers were calibrated as described in the Appendix 5.6.6. 

 

5.2.7   Reagents 

[18F]fluoride in [18O]H2O was obtained from the UCLA Crump Cyclotron and 

Radiochemistry Center. Anhydrous methanol (MeOH, 99.8%), anhydrous acetonitrile (MeCN, 

99.8%), acetone (99.9%),  ammonium  formate  (NH4HCO2,  97%), dichloromethane (DCM, 

≥99.8%), 2-3-dimethyl-2-butanol (thexyl alcohol, 98%), tetrahydrofuran (THF, ≥99.9%), hexanes 

(HPLC grade),  pyridine (99.8%), triethylamine  (TEA,  99%), trifluoroacetic acid (TFA, 99%), 

ethanol (EtOH, >99.5%) N,N-dimethylacetamide (DMA, 99.8%), 1,3-dimethyl-2-imidazolidinone 

(DMI, ≥99%), and N,N-dimethylformamide (DMF, 99.8%) were  purchased  from Sigma-Aldrich 

(St.  Louis, MO, USA). Tetrabutylammounium  bicarbonate  (TBAHCO3, 75mM in ethanol),  

tetrakis(pyridine)copper(II) triflate (Cu(py)4OTf2, 95%), cesium carbonate (Cs2CO3, >99%), and 3-

[3,4-dimethoxy-5-[[(2S)-1-prop-2-enylpyrrolidin-2-yl]methylcarbamoyl]phenyl]propyl-4-methylben 

-zenesulfonate (precursor for [18F]fallypride, >95%) were purchased from ABX  Advanced 

Biochemical Compounds (Radeberg, Germany). Deionized (DI) water was obtained from a Milli-

Q water purification system (IQ 7000, EMD Millipore Corporation, Berlin, Germany).  N-methyl-2-

pyrrolidone (NMP, >99%) and tetraethylammonium trifluoromethanesulfonate (TEAOTf, >99%) 

were purchased from Tokyo Chemical Industry (Tokyo, Japan). FBnTP precursor ((4-

methylphenylboronic acid pinacol ester)triphenylphosphonium triflate) and reference standard (4-

fluorobenzyl-triphenylphosphonium) were generously provided by Dr. Kuo-shyan Lin (University 

of British Columbia, Canada). 

Teflon-coated silicon chips (containing 4x4 arrays of 3 mm diameter surface tension traps) 

for performing parallel reactions were fabricated as described previously(95).  
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5.2.8   Analytical methods 

Measurements of radioactivity were made in a calibrated dose calibrator (CRC-25PET, 

Capintec Inc., Florham Park, NJ, USA) or a gamma counter (Wizard 3” 1480, PerkinElmer, 

Waltham, MA, USA). To ensure repeatable dose calibrator measurements, a custom acrylic 

holder was machined to hold Eppendorf tubes, strip wells, and chips in consistent positions within 

the dose calibrator chamber. Gamma counting of samples was performed for 45 s, and an empty 

well was measured every 8 samples for background subtraction. 

Fluorination efficiency was determined via multi-lane radio-TLC methods(96). TLC plates 

(silica gel 60 F254 , 200 mm x 50 mm, Merck KgaA, Darmstadt, Germany) were cut into 50 mm x 

50 mm pieces before use. Samples (0.5 µL) were spotted 10 mm from the bottom edge of the 

TLC plates. Up to 8 samples were spotted per plate at 4.5 mm spacing between “lanes”. 

Development distance was 35 mm. TLC plates containing crude [18F]Fallypride samples were 

developed in a mobile phase of 30.0% TEA, 14.7% acetone, 18.8% THF, and 36.5% hexanes 

(v/v)(220). For samples of crude [18F]FBnTP, the mobile phase was 9:2 DCM:MeOH (v/v)(221). 

Readout of plates was performed by covering with a glass microscope slide (75 x 50 x 1 mm3, 

Fisher Scientific, Hampton, NH, USA) using Cerenkov luminescence imaging with 5 min exposure 

time as previously described(96), and fluorination efficiency for each sample (lane) was computed 

from the resulting images using (manual) region of interest analysis as previously described(96). 

Collection efficiency for a reaction was computed by dividing the activity of the collected crude 

product by the initial activity, correcting for decay. The initial activity was estimated via 

measurement of an Eppendorf tube (“aliquot vial”) loaded with the same volume as dispensed to 

all reaction sites. The crude RCY was determined by multiplying the fluorination efficiency by the 

collection efficiency. To determine the activity of a single reaction site on a chip (e.g. residual 

activity after collecting the crude product), the total chip activity was first measured in a dose 

calibrator, then multiplied by the fraction of the total activity corresponding to that reaction site. 
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This fraction was determined by obtaining a CLI image of the chip (covered with 1 mm glass 

microscope slide, 5 min exposure time unless otherwise noted) and then dividing the integrated 

pixel intensity within the desired reaction site by the total integrated pixel intensity of all reaction 

sites. 

 

5.2.9   Robotic system characterization 

Characterization of the performance of the ceramic heater system and pipetting system, 

the piezoelectric reagent dispenser repeatability, assessment of cross-contamination during 

synthesis operations, and repeatability of parallel synthesis, are described in detail in the 

Appendix 5.6.7. 

 

5.2.10  Optimization of [18F]Fallypride synthesis 

 

 
 
Figure 5-4 Map of reaction conditions for optimization experiments. 
(A) Map of reaction conditions for [18F]Fallypride optimization experiments with varied amount of 
TBAHCO3 and precursor. Reactions were all performed in 1:1 v/v thexyl alcohol:MeCN at 110°C 
for 7 min. (B) Map of conditions for [18F]FBnTP optimization experiments. All reactions were 
performed for 5 min with 10 nmol Cs2CO3, 300 nmol TEAOTf, 450 nmol precursor, and 680 nmol 
Cu(py)4OTf2. 
 

To validate the overall system, we performed a study of the synthesis of [18F]Fallypride, 

including conditions for which we have previously reported the performance using manually-



119 
 

performed droplet reactions(93,95). Figure 5-4A shows the experimental layout. One set of 32 

reactions was performed with constant amount of precursor (230 nmol) but different amounts of 

TBAHCO3 (8 values, 120-480 nmol, n=4 replicates each). Another set of 32 reactions was 

performed with a fixed amount of TBAHCO3 (240 nmol) but different amounts of the precursor (8 

values, 3.65 – 468 nmol, n=4 replicates each). 

To prepare the experiment, a stock precursor solution (154 mM) in 1:1 v/v thexyl 

alcohol:MeCN was prepared and additional concentrations (77 – 0.6 mM) were prepared by 

dilution with the same solvent mixture. 250 µL of each stock precursor concentration were loaded 

into wells of a 96 well plate (Costar 3363, Corning Inc., Glendale, AZ, USA) for the reactions with 

varied precursor amount, and an additional 250 µL of 38.5 mM solution was loaded into another 

well for the remaining reactions. A stock collection solution was prepared by mixing 20 mL 9:1 

MeOH:DI water and connecting to a reagent dispensers. A 1.5 mL activity stock solution was 

prepared from [18F]fluoride, DI water, and TBAHCO3 (final concentrations ~740 MBq/mL, 24 mM 

TBAHCO3) and then loaded into a second dispenser, and a 1.5 mL stock solution of 30 mM 

TBAHCO3 in DI water was loaded into a third dispenser.   

Synthesis of [18F]Fallypride at each reaction site was similar to our previous report(95). 

First, 5 µL of the [18F]fluoride/TBAHCO3 stock solution was dispensed to each reaction site. 

Additional amounts of TBAHCO3 solution (0-7 µL) were then dispensed to achieve the desired 

total amount of TBAHCO3 for each reaction. The droplets were then dried by heating all chips at 

92°C for 30s, 98°C for 30 s, and 105°C for 60s. Next, 6 µL of precursor solution was loaded to 

each reaction site, with concentration chosen to achieve the desired precursor amount for each 

reaction site. The fluorination reaction was performed by heating all chips at 110°C for 7 min. 

Individual reactions were collected using 4 collection cycles (i.e. adding 10 µL of collection 

solution to the reaction site, mixing via pipette, and transferring via pipette to a dedicated location 

in a strip-well plate). A 0.5 µL sample of each crude product was spotted to a location on a TLC 

plate. At the end of the experiment, activity of the collected products and aliquot vial was 
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measured, and TLC plates were developed and imaged. Additional activity measurements and 

CLI imaging of chips were performed after [18F]fluoride drying, fluorination, and collection steps. 

 

5.2.11  Optimization of [18F]FBnTP synthesis 

Next we performed an optimization study of a synthesis for which we had not previously 

studied, namely the copper-mediated synthesis of [18F]FBnTP(222). Based on previous study of 

the droplet-based synthesis of [18F]FDOPA via a similar copper-mediated route, we found 

significant impact of reaction solvent and temperature, and thus implemented the experimental 

layout in Figure 5-4B to explore the influence of solvent (DMF, DMI, NMP, and DMA, each with 

3.8% v/v pyridine) and temperature (100, 110, 120, and 130°C) in the synthesis of of [18F]FBnTP. 

To prepare the experiment, stock solutions of the FBnTP precursor (90 mM) were 

prepared in each of the 4 solvent mixtures, and, similarly, stock solutions of Cu(py)4OTf2 (136 

mM) were prepared in each solvent mixture. 20 mL of collection stock solution was prepared by 

mixing 2:3 v/v MeCN:DI water and loading into a reagent dispenser. A 1.5 mL stock solution of 

[18F]fluoride was prepared by mixing aqueous [18F]fluoride with DI water and adding Cs2CO3 and 

TEAOTf (~740 MBq/mL, 1 mM Cs2CO3, 30 mM TEAOTf,), corresponding to 10 nmol of Cs2CO3, 

300 nmol TEAOTf, and ~7.4 MBq per reaction site. 

To perform the droplet reactions, 10 µL of the [18F]fluoride stock solution was first 

dispensed to each reaction site. Droplets were dried by heating all chips to 92°C for 15 s, 98°C 

for 15 s, and 105°C for 60 s. Immediately before fluorination, for each solvent mixture, 125 µL of 

the corresponding precursor and Cu(py)4OTf2 stock solutions were mixed together to create 4 

new precursor stock solutions (each containing 45 mM FBnTP precursor and 68 mM 

Cu(py)4OTf2). The system then deposited 10 µL to each reaction site according to the 

experimental plan, and fluorination was performed by heating chips for 5 min to the temperatures 

in the experimental plan. Crude products and measurements were collected in the same manner 

as for [18F]Fallypride. 
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Some batches of [18F]FBnTP were purified via radio-HPLC using an analytical column 

(ZORBAX RR Eclipse Plus C18, 4.6 x 100 mm, 3.5 µm particle size, Agilent, Santa Clara, CA, 

USA) using a mobile phase of DI water and MeCN (66:34 v/v) with 0.1%TFA (v/v) and flow rate 

of 1.2 mL/min. The radio-HPLC system setup 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 product 

was then formulated via solid-phase extraction using a C18 cartridge (Sep-Pak Plus Short, 

WAT020515, Waters Corporation, Milford, MA, USA) pre-conditioned before use with 3 mL of 

EtOH followed by 20 mL of DI water. The purified product was diluted with 20 mL of DI water and 

then slowly loaded onto the cartridge followed by rinsing with 20 mL of DI water. The final product 

was eluted with 1 mL of EtOH and diluted with DI water to 10 mL. This  final diluted product was 

analyzed on the same HPLC system to confirm radiochemical purity using mobile phase of water 

and MeCN (60:40 v/v) with 0.1%TFA (v/v) and flow rate of 1.2 mL/min. Co-injection of the final 

diluted [18F]FBnTP and reference standard was performed to confirm product identity.  

 

 Results  

5.3.1   System characterization 

Several experiments were performed to establish the ability of the system to accurately 

assess reaction performance. First, one of the piezoelectric reagent dispensers was loaded with 

1.5 mL [18F]fluoride/TBAHCO3 stock solution (~3.7 MBq/mL, 25 mM) and 10 µL was dispensed 

sequentially into each of 96 strip-wells. Gamma counting (with decay correction) of the individual 

separated (and capped) strip wells revealed high repeatability of dispensed amount, with a 

standard deviation of 1.9% (n=96) (Figure 5-5A). Based on this excellent repeatability, we were 

able to estimate the initial activity on each reaction site during a high-throughput experiment by 
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dispensing an equal portion into an “aliquot vial” that could be measured via dose calibrator or 

gamma counter.   

 

 

Figure 5-5 Reagent dispensing uniformity and reaction uniformity. 
(A) Reagent dispensing uniformity. Graph shows gamma counter measurements (decay-
corrected) for 96 individual dispenses of [18F]fluoride into wells of a strip-well plate. (B) Reaction 
uniformity. Crude RCY of [18F]Fallypride synthesized under identical conditions at 16 reaction 
sites. (Conditions: TBAHCO3 amount: 240 nmol, precursor amount: 230 nmol, reaction 
temperature: 110°C, reaction time: 5 min). 
 

We also assessed uniformity of [18F]fluoride dispensing and drying on chip reaction sites 

(n=64) and found excellent site-to-site uniformity and chip-to-chip uniformity (see Appendix 

5.6.7.1).We further assessed uniformity by performing replicate [18F]Fallypride syntheses under 

identical conditions (n=16). Performance was highly consistent across reactions with fluorination 

efficiency of 90.4 ± 0.7 % (n=16), collection efficiency of 91 ± 2 % (n=16) and crude RCY of 83 ± 

1 % (n=16) (Figure 5-5B). Full details can be found in Appendix 5.6.7.2 and 5.6.7.3. A cross-

contamination test was performed by dispensing a [18F]fluoride/TBAHCO3 solution to alternate 

reaction sites on a chip and then performing a drying step (see Appendix 5.6.7.4), and the unused 

reaction sites contained negligible radioactivity. 

 
 

5.3.2   Optimization of [18F]Fallypride synthesis 

Results of the 64-reaction [18F]Fallypride study (exploring the influence of precursor 

amount and TBAHCO3 amount) are summarized in Figure 5-6, with more details available in the 
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Appendix 5.6.7.5. Excellent agreement was observed between the reaction performance in this 

automated study and results of a previous manual study(95). The current study found the optimal 

condition (180 nmol TBAHCO3, 230 nmol precursor) had a crude RCY of 92.5 ± 0.5 % (n=4), 

while in the prior study, the optimum condition (240 nmol TBAHCO3, 230 nmol precursor) had a 

crude RCY of 92 ± 1% (n=2)(95). While in the current study, the crude RCY for 240 nmol 

TBAHCO3 (89 ± 5%, n=8) was not significantly different from the prior study, and the inclusion of 

intermediate base amounts allowed us to find the more optimal 180 nmol value, which also 

provides more robustness (lower sensitivity to deviations in amount of TBAHCO3). 

 

 

Figure 5-6 Results of the 64-reaction [18F]Fallypride study. 
(A) Crude RCY for the droplet synthesis of [18F]Fallypride as a function of the amount of TBAHCO3 
with constant precursor amount of 230 nmol. (B) Crude RCY as a function of the amount of 
precursor with amount of TBAHCO3 fixed at 240 nmol. Other conditions were fixed: reaction 
temperature: 110°C, reaction time: 5min. Results of the current study (black symbols) are 
compared to results of manually-performed experiments previously reported(95) (red symbols). 
 

5.3.3   Optimization of [18F]FBnTP synthesis 

During initial [18F]FBnTP experiments, we discovered that there can be significant 

evaporation of the collection solution from the microwells during the 1.34 h collection process. For 

the collection solution used in this case (3:2 v/v MeCN:H2O), this evaporation could change the 

composition, and we suspect that this affected the solubility of the product in the collection 

solution, resulting in sampling error when the TLC spotting occurred. This is consistent with our 
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observations of unexpectedly low product signal (and low overall signal) when developing and 

imaging the TLC plates. To overcome this issue, we modified the control software to immediately 

transfer a sample of the crude product to TLC right after the collection step, rather than first 

collecting all reaction droplets into microwells, and then subsequently transferring samples of all 

microwells onto TLC plates. This change appeared to eliminate the sampling error, and we 

confirmed that samples spotted onto TLC plates were stable, with no difference in the resulting 

TLC separation regardless of the time the sample was on the plate before the developing step. 

 

 

Figure 5-7 Effect of temperature and reaction solvent on the performance of the synthesis 
of  [18F]FBnTP. 
(A) Fluorination efficiency, (B) collection efficiency, and (C) crude RCY. Each of the indicated 
solvents contains 3.8% v/v pyridine. Fixed conditions: 5 min reaction time, 10 nmol Cs2CO3, 300 
nmol TEAOTf, 450 nmol precursor, 680 nmol Cu(py)4OTf2.  
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Results of the improved [18F]FBnTP study (exploring impact of reaction solvent and 

temperature) are summarized in Figure 5-7, with additional details in Appendix 5.6.7.6. The 

solvent had a particularly large impact on reaction performance, and the optimal condition was 

found to be 110°C in DMI (with 3.8% v/v pyridine), providing a fluorination efficiency of 89±1% 

(n=4), collection efficiency of 97±2% (n=4) and overall crude RCY of 86±2% (n=4). These results 

compare favorably to the reported macroscale reaction with a fluorination conversion of ~60% 

(isolated RCY not reported)(222). The full set of 64 reactions was automatically performed in 180 min, 

with an additional ~60 min needed to perform manual radioactivity measurements and TLC 

analysis. Of the 180 min, the majority of the time (120 min) was spent collecting crude reaction 

products from the reaction sites into the microwell plate. A detailed analysis of the timing for high-

throughput experiments is given in the Appendix 5.6.7.8. 

Using the optimal condition, the droplet radiosynthesis of [18F]FBnTP was slightly scaled 

up, by using higher initial [18F]fluoride activity, to an amount sufficient for preclinical imaging 

studies (~120 MBq). After purification via radio-HPLC and cartridge formulation, the RCY was 66 

± 6% (n=3), with excellent radiochemical purity of 100% (n=3). The overall preparation time 

including on-chip fluorination, HPLC purification and cartridge formulation was only 42 ± 1 min 

(n=3). Taking advantage of this rapid and efficient production format, the activity yield was 49 ± 

3% (n=3). 

 

 Discussion 

We previously showed that arrays of droplet reactions provide an efficient means to 

perform optimization studies by enabling 64 simultaneous reactions while consuming a total 

amount of precursor equivalent to a single conventional synthesis(93). After optimization, the 

synthesis can then be automated via a miniature droplet radiosynthesizer(80), and, if needed, 

scaled to higher activity levels by increasing the starting activity(83,99). In the present work we 
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have developed and demonstrated a novel platform to implement this technique in a highly 

automated fashion to increase throughput as well as safety for the radiochemist. The high 

uniformity of operations of the automated platform (exemplified by the consistent performance of 

n=16 replicate syntheses of [18F]Fallypride), combined with the observation of negligible crosstalk, 

confirms that the automated platform can be relied upon to perform large sets of independent 

reactions with high reliability. The close agreement of the results of our 64-reaction exploration of 

the synthesis of [18F]Fallypride with prior manually-performed experiments(95) further validates 

the current platform as an optimization tool. Due to the wide compatibility of droplet reactions with 

a variety of different 18F-labeled tracers and labeling methods(84), and the successful optimization 

of a reaction not previously studied in droplet format (i.e. copper-mediated radiofluorination route 

to produce [18F]FBnTP), we expect this platform to have wide applicability to other 18F-radiotracers 

and likely other isotopes. 

The robotic system software provides a high degree of customizability without a steep 

learning curve. Experiments are programmed by stringing together a series of parameterizable 

unit operations using a flexible scripting language. In practice, a new optimization experiment can 

often be defined by editing a previously-created program in <15 min by a user familiar with the 

scripting language. Beyond the reaction parameters studied here (base amount, precursor 

amount, solvent, reaction temperature), the platform can also be used to explore a variety of 

different parameters for every stage of the synthesis (see Table 5-1).  

Compared to previously reported manual optimization studies(93,95), the automated 

platform presented here provides enormous practical and safety advantages by eliminating 

tedious manual pipetting steps and minimizing radiation exposure. For example, in the 

[18F]Fallypride experiment described here, there were a total of 768 pipetting operations (including 

all reagent loading and liquid transfer steps, but not counting complex manipulations such as 

“mixing”) and 138 pipette tip changes. It is not difficult to imagine that when performing such an 

experiment manually, there is a high likelihood of human error, such as forgetting a pipetting step, 
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pipetting the wrong reagent, or dispensing or aspirating to/from the wrong reaction site(93); these 

errors are eliminated with the automated system.  Although, in principle, manual operation could 

be simplified using multi-channel pipettes, the increased complexity of reagent preparation and 

the need to continually adjust tip spacing to match either a microwell plate (4.5 mm or 9 mm 

spacing) or chips (5 mm spacing), makes this impractical in the current chip and heater design. 

Table 5-1 Examples of parameters that can be optimized in an 18F-radiosynthesis. 

Stage of radiosynthesis process Parameter(s) 

[18F]fluoride loading and activation 

• Amount(s) and type(s) of base / phase transfer catalyst 

• Drying conditions (temperature, time) 

• Azeotropic drying conditions (with additional MeCN) 

• Activity scale 

Reactions (fluorination, deprotection, 
etc.) 

• Amount of reagent(s) (e.g. precursor, deprotectant) 

• Reaction solvent(s) 

• Amount(s)/type(s) of additives (e.g. catalyst) 

• Temperature 

• Time 

Collection 

• Collection solution composition 

• Volume of collection solution (each step) 

• Incubation conditions (temperature, time) 

• Number of collection steps 

 

From choice of actuators to relative positioning of components within the work area, the 

hardware system was designed for rapid operation and high throughput. The described 

experiments each took ~3 h of automated system operation, plus an additional ~1 h of manual 

effort to perform radioactivity measurements and Cerenkov imaging of chips (i.e. at intermediate 

steps and after the collection step), measure radioactivity of collected crude products, and to 

develop and image the TLC plates. Further system developments are underway to enable these 

radioactivity measurements to be performed in situ, which will increase safety and reduce overall 

experiment time. Even including the manual interventions, the effective time per data point (i.e., 

3 h / 64 reactions = 2.8 min/reaction) is extremely short when compared with conventional 

radiochemistry apparatus, in which experiments (each taking up to several hours) are performed 

sequentially. Leveraging this throughput allows a study that would normally require many months 

of experiments to be completed in just days. We contemplate that the current throughput can 



128 
 

potentially be even further enhanced by operating the system multiple times per day, increasing 

the number of parallel reaction sites, or parallelizing the pipetting operations. Additionally, in 

principle, the robotic system could assist with reagent preparation (e.g. prepare dilution series) to 

further reduce the experimental setup time.  

Performing high-throughput radiochemistry studies requires a high-throughput method to 

analyze the radiochemical composition of crude reaction products. While typical analysis is 

performed via radio-HPLC, the high time requirement per sample (>15-40 min for cleaning, 

equilibration, injection and separation) makes this infeasible for 64 sequential samples before 

they decay to unusable levels. In this work we used multi-lane TLC techniques(96), which are 

particularly convenient due to the capability for simultaneous multi-lane separation and high-

resolution Cerenkov luminescence imaging-based readout of 8 samples per plate. We recently 

reported a systematic approach for determining the optimal mobile phase for TLC separation that, 

for analysis of [18F]Fallypride enabled comparable resolution to HPLC, and that will enable 

extension of high-resolution TLC methods to additional radiopharmaceutical compounds(220). 

We are also investigating the use of other high-throughput analysis techniques such as ultra-

performance liquid chromatography (UPLC), which can be optimized to reduce the time per 

sample to the order of ~1 min(223).  

There are a few cases in which the open nature of the droplet reactions in our platform 

could introduce some limitations. (i) Currently the platform would not be able to handle reactions 

where the radioisotope, intermediate species, or product is volatile. (ii) Atmospheric exposure 

could be an issue for certain reactions involving reagents sensitive to oxygen or moisture (e.g. 

copper-mediated radiofluorination). However, in this work, the observed yield of the open-droplet 

copper-mediated radiosynthesis of [18F]FBnTP exceeded that reported for (closed) vial-based 

reactions, and thus atmospheric exposure does not appear to have a significant adverse impact. 

(iii) Special measures must be taken for reactions involving volatile solvents as the solvent can 

rapidly evaporate at elevated temperature, which can limit the duration of reactions. We have 
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found that the issue can be addressed by replenishing the solvent at regular intervals, using short 

reaction times (e.g. 30 s), or by switching to higher boiling point solvents(93). 

In addition to rapid synthesis optimization, the platform described here could potentially 

also assist with labeling of libraries of radiopharmaceutical compounds to screen in vitro or in vivo 

properties(224), or to generate training data for novel machine learning approaches in 

radiochemistry(215).  

 

 Conclusions 

We developed a robotic, high-throughput radiochemistry platform that fits inside most 

commercially-available mini-cells and hot cells and can perform a set of 64 droplet-based 

reactions on patterned Teflon-coated silicon chips nearly simultaneously. The process is highly 

automated, only requiring manual intervention for intermediate radioactivity measurements and 

analysis of final products. The system automates all aspects of the synthesis including isotope 

dispensing, isotope drying by evaporation, reagent loading, heating to activate the radiolabeling 

reaction, cooling, collecting crude product into microwell plates or tubes, and transferring crude 

samples to TLC plates for analysis. In characterization experiments, performance of replicate 

reactions was highly repeatable and negligible crosstalk among different reaction sites was 

observed. We performed a 64-reaction study to explore the effects of amount of TBAHCO3 and 

precursor in the synthesis of [18F]Fallypride and found performance closely matched a similar prior 

study in which experiments were conducted manually. As a proof-of-concept of novel 

radiosynthesis optimization, we investigated the impact of reaction temperature and solvent on 

the copper-mediated radiosynthesis of [18F]FBnTP(222). As a result of the 64-reaction study, we 

found high-performing conditions for the synthesis and demonstrated that the conditions could be 

combined with purification and formulation to achieve a high RCY (66%) in a 42 min synthesis 

time. The platform will enable routinely performing droplet-array-based radiochemistry studies(93) 
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without the tedious pipetting, chance of human error, and radiation exposure of manual 

techniques. 

 Appendix 

5.6.1   System components 

5.6.1.1 Pipette tip remover 
 

 

 

Figure 5-8 Structure and operation of the pipette tip remover. 
(A) Photograph of forked tool for removing pipette tips. It is positioned at the edge of a plastic 
container which captures the waste tips. (B-C) Top view and side view schematics of step-by-
step movements of the fluidics head for removing a pipette tip. First the tip is moved horizontally 
under the fork. Then the fluidics head is lifted up. When the attachment point of the pipette tip hits 
the fork, the tip will be dislodged while the fluidics head continues to be lifted. 
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5.6.1.2 Fluidics head 
 

 

Figure 5-9 Detailed design of the fluidics head and reagent dispensing system. 
(A) 3D CAD design of a portion of the Z-axis showing the attachment of the fluidics head, location 
of reagent vials, and the pipette cone actuator for retracting the pipette cone. (B) CAD model and 
photograph of the fluidics head. (C) Fluidic diagram of how reagents are connected to reagent 
dispensers, and how the syringe pump is connect to the pipette cone. 

 
Figure 5-10 Exploded view of the fluidics head. 
All components are rigidly connected to a mounting bracket (which is affixed to the Z-axis 
actuator), but the pipette cone can be independently extended and retracted through a hole in the 
fluidics head. 
 



132 
 

5.6.1.3 Liquid priming system 
 

Each of the dispensers and the pipette cone are primed before use in an experiment using 

a priming sensor based on an optical liquid sensor (Figure 5-11). To prime either a reagent 

dispenser or the pipette cone, the system will first move it above the priming sensor (applying the 

predefined position offsets), and then dispense liquid in repeated volume increments while 

monitoring the liquid sensor to determine if liquid was dispensed. 

 

Figure 5-11 Priming sensor based on an optical liquid sensor for dispensers. 
(A) 3D CAD model of the priming sensor. (B) Front view of priming sensor showing the fluidics 
head in position to prime the pipette cone. The signal at the IR detector is altered when liquid 
passes through the IR beam. (C) Schematic time series of the priming process of a dispenser. 
(Left) Liquid has not yet reached the nozzle tip. (Center) Once the nozzle is filled, the next volume 
increment leads to actual dispensing of liquid and detection by the priming sensor. (Right) The 
dispenser is now primed. 

 

For priming reagent dispensers, the pipette cone must be in the retracted position. Prior 

to the first time a dispenser is primed, the line is first purged by dispensing a large initial volume 

(equal to twice the volume of tubing between the reservoir and dispenser nozzle) to flush any 

residual cleaning solvents or air pockets from the fluid path and ensure the tubing is filled with the 

reservoir liquid. The volume increment for priming is defined in the calibration settings. Typically 

0.5 µL was used, as it minimizes reagent waste while ensure reliable detection by the sensor. To 
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avoid false positive detections where small air pockets could be present in the tubing, liquid was 

only considered “detected” if 3 consecutive droplets were observed by the sensor.  

When priming the pipette system, the pipette cone is in the extended position. During 

system initialization, the pipette system is first purged. To do so, the cone is moved above a 

nearby waste vial. The syringe pump then performs an aspirate step to collect any liquid within 

the pipette cone or the tubing between the pipette cone and syringe pump. This volume is then 

dispensed to the DI water reservoir by switching the syringe valve. Subsequently, the syringe 

performs another aspirate step, filling with water from the DI water reservoir, and then the syringe 

valve is switched and the water dispensed to fill the tubing and pipette cone. (10% extra volume 

is dispensed to ensure the path is completely filled with liquid.) To prime the pipette cone, the 

syringe pump dispenses 10 µL at a time until a single droplet forms on the tip of the cone and 

falls past the optical sensor. 

5.6.2   Calibration of system positions 

5.6.2.1 Coordinate system and system extents 
 

The origin for the system coordinate system (shown in \A of the main paper) was chosen 

as the bottom-center of the extended pipette cone, when the fluidic head is in the back-most, left-

most, upward-most location of the XYZ gantry (i.e. the home position of all motors). Looking from 

the front of the system, the positive X direction is toward the right, positive Y direction is toward 

the front, and positive Z direction is downwards.  

Extents of movement in each axis were software-limited to 348.3 mm in X, 210.4 mm in 

Y, and 90.0 mm in Z. While the X-axis can physically move further, the limitation was imposed to 

avoid collisions with certain components, including the syringe pump and the Z-axis motor. The 

clearance height of the system (“Clearance_Z_Global”), i.e. lowest Z-position for which the fluidics 

head could be moved to any (X,Y) position without collision, was set to ensure a minimum 5 mm 

gap (Z = +45 mm). 
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5.6.2.2 Determining index locations 
 

The reference position of each plate nest is defined by its left rear corner. To find this 

position, an aluminum block (127.7 mm x 85.5 mm x 30.0 mm) was locked into the plate nest and 

the XY coordinates of the left-most, back-most corner of the block was determined by manually 

jogging the center of the pipette cone tip as close as possible to the desired corner and then using 

an automated contact-finding routine (Appendix 5.6.2.3) to fine-tune the Z-coordinate. To the 

final position, the thickness of the aluminum block was added to the Z-coordinate to reflect the 

height of the top of the plate nest.  

To access wells in a microwell plate, a set of offsets (relative to the plate nest location) 

must be measured for each type of microwell plate used (Figure 5-12), including the XY distance 

from the index corner of the plate nest to the left-most, rear-most microwell position (i.e. A1 or 

(1,1)), the pitch in each of X and Y (distance between centers of adjacent wells), the total number 

of wells in each direction (e.g. 12x8 for a 96-well plate), the height of the plate, and the depth of 

the wells from the top of the plate. 

 

 

Figure 5-12 Parameters used to characterize each type of microwell plate. 
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The TLC plate holder (Figure 5-13) was designed to hold up to eight TLC plates arranged 

in two rows of four. The geometry was handled similarly to other well plates to identify the locations 

where individual samples should be spotted but some differences were needed to account for the 

division of spotting locations among multiple independent plates. In particular, the Size_Y value 

was recorded on a per-plate basis (e.g. 8) but was internally doubled to account for the total 

number of spotting positions per X coordinate. In addition, an additional variable, Plate_Pitch_Y, 

was added to the geometry definition, to enable determination of the correct spotting position for 

Y coordinates larger than Size_Y. Due to the stacked arrangement of plates, an additional new 

parameter (Z pitch) was needed to define the increase in vertical position of the plates as the X 

coordinate was increased from 1 to 4.  

 

 
 

Figure 5-13 The TLC plate holder. 
(A) 3D CAD model of the TLC plate holder with TLC plates installed. (B) Top-view schematic of 
the TLC plate holder. (C) Side-view schematic of the TLC plate holder along the dashed purple 
line in B.  

The 4 chip heaters acted as “chip nests”, with a set of parameters (Origin X, Origin Y, 

Origin Z, Pitch X, Pitch Y) to define the positions of the individual reaction sites. Similar to 

microwell plates, the reference position for each heater was defined as the top, back, left corner. 
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The position of the priming sensor was determined by moving the pipette cone (in fully-

extended state) to an XY position visually above the approximate center of the sensor opening, 

and Z position 2.0 cm above the center of the IR beam. (This Z position was chosen to ensure 

there were no collisions with the reagent dispensers while priming the pipette cone.) With the 

cone in position, a droplet of water (50 µL, the minimum volume necessary to generate a droplet) 

was dispensed from the pipette cone and the signal from the IR sensor was monitored to 

determine if the beam was interrupted by the droplet. The X and Y offsets were refined until a 

position was found where the droplet interrupted the beam and did not make contact with any 

side of the sensor opening. 

The positions of the tips of the reagent dispensers were defined as offsets relative to the 

pipette cone center to enable the system to position the desired dispenser at the optimal height 

above a desired reaction site on a chip or well in a microwell plate. The Z offset (a single value 

for all dispensers) was set to a value that caused the tip of the nozzle to be 1.0 cm above the 

surface when the fully-extended pipette cone contacted that same surface. The X and Y offset 

positions were initially set to values determined from the CAD model, but were individually refined. 

Beginning with the initial position of a dispenser over a chip reaction site, the X and Y offsets were 

fine-tuned to ensure that 1 µL droplets of DI water were dispensed to the center of the reaction 

site. Fine-tuning was repeated until a position was found where 20 successive droplets could be 

dispensed without any splashing. For accessing the priming sensor, a set of additional position 

offsets (applied in additive manner to the other offsets) was defined for each reagent dispenser. 

This was needed both because the dispensers do not dispense liquid in a perfectly vertical 

direction and because the priming sensor uses a 2.0 cm gap between the nozzle tip and the IR 

beam of the sensor (compared to the 1.0 cm gap used when dispensing to other locations). 

Starting in the initial offset position, the X and Y offsets were refined until a position was found 

where a 1 µL droplet of DI water caused a significant change in the IR sensor signal (>50 mV 

change from baseline). 
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5.6.2.3 Pipette cone contact sensor 
 

To provide a capability for accurate vertical positioning, a “contact sensor” was integrated 

into the pipette cone. Small pieces of copper tape (CTF-1/4, Bertech-Kelex Inc. Torrance, CA, 

USA) were affixed in two distinct locations: the underside of the pipette cone mount and on the 

top surface of the fluidic head main body (Figure 5-14). Wires were soldered to each of two 

separate pieces of tape on the lower portion, such that when the pipette cone was fully extended, 

the upper tape would make contact and bridge the electrical circuit. One wire was held at +5 V, 

while the other was connected to a digital input port on the microcontroller with a pull-down 

resistor. When the pipette cone was fully extended and contact was made, the circuit is completed 

and a +5 V signal is detected by the microcontroller. When used as a contact sensor, the Z 

position is lowered until the extended pipette cone touches a surface, and because the pipette 

cone is mounted via a pneumatic cylinder (essentially a spring), the cone can move upwards 

slightly and break the circuit, causing the microcontroller to read a 0 V signal. 

 

 
 

Figure 5-14 Pipette cone contact sensor. 
(A) Section view of the fluidics head and pipette cone to show the detailed design of the contact 
sensor. (B) Top view schematic showing the tape arrangement for bridging the circuit when 
contact is made.  (C) Top view but the pipette tip is removed, and the two separate copper tape 
lines are shown.  The dotted yellow line indicates the location of the section plane for (A). 
 

To determine a surface location, the fluidics head would be moved above the location of 

interest and the pipette cone fully extended. The cone actuator pressure was set to “low” (5 psig), 

and the fluidics head was then lowered very slowly until the microcontroller detects that contact 
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is made. As a “debouncing” algorithm, contact was confirmed if the contact signal remained at 

+5V for an additional number of downward movement steps (150 µm) of the fluidics head. The 

height value was set to be the Z position at which contact was first detected. 

The contact sensor is also used during optimization experiments for accurate 

determination of the position of the top surface of installed multi-reaction chips. The height can 

vary slightly due to the use of thermal paste between the heaters and chips, and compensation 

is needed during the crude product collection process to ensure efficient transfer of liquid off of 

the reaction site. 

 

 

Figure 5-15 Time sequence of the pipette tip attachment routine. 
(A) Pipette cone moved above next pipette tip. (B) Fluidics head lowered until contact sensor is 
triggered. (C) Pipette tip lefted out of rack. (D) Pipette and cone moved above tip tightener. (E) 
Pipette tip aligned with center of hole and lowered. (F) Lowering is continued to a fixed Z position 
to ensure a tight fit of pipette tip to the cone. 
 

Automated contact sensing is also used during pipette tip installation to ensure reliable 

attachment of tips to the pipette cone. We discovered that the pipette tip rack is not very rigid and 

flexes when the pipette cone is lowered to install the next new pipette tip, giving rise to variability 

in how far the cone is inserted into each tip. We developed an algorithm (Figure 5-15) making 
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use of the contact sensor to reduce this variation. First, the pipette cone is moved above the 

location of the next available pipette tip (tracked by the program), and the pipette cone is extended 

with pressure set to the “tip attach” setting (10 psig). The fluidics head is then moved downwards 

until the contact sensor is triggered, ensuring the tip is reliably picked up. (Error checking and 

correction systems are implemented in case of a missing pipette tip, or in case the cone initially 

hits the edge of the pipette tip.) Next, the cone and tip are retracted and moved over to a nearby 

tip tightener to ensure a leak-free tip installation. The tip tightener is rigid with a hole that is large 

enough for the tapered tip to pass through, but smaller than the tip attachment point. With the 

pipette cone actuator set at the maximum setting (30 psig), the fluidic head is then lowered to 

ensure a snug fit of the cone into the tip. 

5.6.3   Configuration files 

Configuration and calibrations are stored in a set of four XML-like files – the master 

configuration, array definitions, liquid definitions, and experiment configuration.  

5.6.3.1 Master configuration 
 

This file contains information about the XYZ actuator’s physical settings (e.g. step-to-mm 

conversion rate), the locations of specific components that never change (e.g. tip removal, priming 

sensor), the communication settings for the control system, physical offsets (in X, Y, and Z) for 

the 7 dispensers with respect to the pipette cone (plus additional offsets needed for priming), 

excess volume used in TLC spotting pipette actions, tubing volumes for each dispenser, syringe 

pump settings (e.g. pump speed, tubing volume), heater temperature calibrations, maximum 

temperature, and the index positions of the “nests” for the four plate and four chip locations. 

 

5.6.3.2 Array configuration 
 

This file contains the definitions and parameters for all of the plate types and chip designs 

that have been set up for use in the system. New types can be added by modifying this file. For 

each ‘array’ definition, configuration information includes a descriptive name, type of array (chip, 
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plate, TLC plate holder, or tip rack) and physical dimensions such as origin X and Y values (i.e. 

location of center of (1,1) position with respect to the plate nest reference), Z-axis offsets for 

specific positions and clearances above this object, number of positions in X and Y, pitch (i.e. 

center to center distance) in X and Y directions, and maximum volume (tip, well, or reaction site). 

The pipette tip rack and TLC plate holder definitions also include parameters specific to their type 

(e.g. tip racks include the length of the pipette tips). 

5.6.3.3 Liquid definitions 
 

This file contains the calibrations for all of the reagent dispensers. For each dispenser, 

configuration information includes the dispenser number, descriptive name of calibration data, 

date/time of last calibration, solvent name, reagent dispensing pressure, calibration curve slope 

and intercept (i.e. of volume dispensed versus valve-open-duration), the volume to be dispensed 

per priming “droplet”, and repriming interval (i.e. if elapsed time since last dispense exceeds this 

value, the dispenser will be re-primed before further use).  

5.6.3.4 Experiment configuration 
 

This file specifies which types of pipette tips, well plates, chip designs, and TLC plates are 

installed in each of the plate or chip nests for the experiment.  

5.6.3.5 Using the configuration files 
 

At the beginning of an experiment the configuration files are loaded in the following order: 

(i) master configuration, (ii) array definitions, (iii) liquid definitions, (iv) experiment configuration, 

(v) method file (defined below). The LabView program decodes the files and loads the 

configuration information into an in-memory global variable for use during runtime.  

5.6.4   Method files 

Each optimization experiment is specified via a “method” file, which contains definitions 

and a list of commands to perform. The underlying scripting language was inspired by the software 

design of the ELIXYS FLEX/CHEM radiosynthesizer (SOFIE, Inc.), where a synthesis protocol is 
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defined not by a time series of individual hardware state changes, but by a short sequence of 

intuitive “unit operations” (e.g. ‘add reagent’, ‘evaporate’, ‘react’, etc.)(225). The LabView program 

parses this file and creates an array of states that the main program traverses to carry out the 

automated experiment. For more complicated experiments, a “method writer wizard” was 

developed to assist with script generation via a graphical user interface. 

5.6.4.1 Set definitions 
 

Most experiments require repeated operations involving the same group of reaction sites, 

e.g. a subset of all chips, a single full chip, or a subset of reaction sites representing replicates of 

a specific condition. To simplify programming, a simple variable declaration syntax allows users 

to define a “set” of locations on plates or chips that will instruct the system to repeat an operation 

with all locations within the set. This reduces program length and debugging time. The syntax of 

set definitions is as follows: 

$SetName = [C or P]( (N1, X1, Y1), (N2, X2, Y2),…(Nn, Xn, Yn) )  

[C or P] denotes the type of set ([C]hip or [P]late), and each grouping of (N, X, Y) is a 

specific reaction site or microwell, with N denoting the chip or plate number, and X and Y denoting 

the array indices of the particular reaction site or microwell within the chip or plate. 

The plates and chips are numbered as shown in Figure 5-16.  An exploded view of the 

heating platform is shown in Figure 5-17. 
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Figure 5-16 Numbering of the plate nests and chip nests within the work area. 
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Figure 5-17 An exploded view of the chip heating platform at the center of the work area. 
 

As shown in Figure 5-18A,B, individual microwells or reaction sites are numbered with 

X,Y coordinates beginning with 1,1 in the left, rear corner (reference position). In the case of TLC 

plates, there are up to 8 TLC plates installed, but there is a single set of spotting positions 

numbered as shown in Figure 5-18C. 
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Figure 5-18 (A) Numbering of wells in microwell plates and the pipette tip rack. (B) 
Numbering of reaction sites on multi-reaction chips. (C) Number of TLC spotting locations 
across multiple TLC plates installed in the TLC plate holder. 
 

5.6.4.2 Dispenser specification 
 

Additional notation was created for defining the dispensers to be used in the experiment. 

#DispenserName = (dispenserNumber,CalibrationName)  

Here dispenserNumber is the physical dispenser within the system (Figure 5-19) to be 

used and can range from 1 to 7, and CalibrationName references a specific calibration in the 

liquid definitions configuration file corresponding to the desired solvent at the desired reagent 

driving pressure for that dispenser. All dispensers defined in this manner are considered to be 

“active” during the synthesis, meaning that they will be pressurized. 
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Figure 5-19 (A) 3D CAD model of the fluidics head. (B) Top view schematic of the fluidics 
head showing the numbering scheme for dispensers. 
 

5.6.4.3 Commands 
 

The full set of available unit operations (and associated parameters) is listed in Table 5-2. 

Note that there are a few restrictions implicit in these definitions. For operations with multiple 

parameters that are “sets”, the sets must match in size. For example, if performing 

Transfer_NN_Plate_Chip, the sets designated by FROM_Plate and TO_Chip must have the same 

length, and each of the designated wells in FROM_Plate will be transferred to the corresponding 

reaction site in TO_Chip. Volume parameters can either be an array of values (with the same size 

as any sets used in the operation), or it can be a single value. Note that the ordering of sets and 

arrays is critical – the elements will be matched up in the order they are listed. 

Note that the system automatically keeps track of the Z-position of the fluidics head, and 

will raise it to the clearance height as needed before any XY movements between plates, chips, 

or other parts of the system. 

 

Table 5-2 List of available unit operations in “method” files. 
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Operation, Description, and Syntax Parameters 

Pause 
 
Tells the system to wait, with motors disabled, 
until the user presses the continue button on the 
main software front panel.  
 
Pause( 
Location [optional], 
“Note”) 

Location 

A single word which tells the system what to do 
before and after the pause step.  Any number of 
these words can be added, separated by commas 
before the Note 
 
Home: The system will move to the home position 
(0,0,0) before pausing. 
 
Chip: The system will perform a chip height 
measurement after the pause step for all installed 
chips. 
 
Access: The system will move to a specific 
location that allows the user to easily install or 
remove dispense reservoirs or tubing.  

Note 

A string, in quotation marks, which displays during 
the pause step on the front panel.  Allows a user 
to remind themselves on which steps are taking 
place and to perform imaging if desires.  

Transfer_1N_Plate-Chip 
 
Transfer a specified volume from 1 plate well to N 
different reaction sites on installed chips 
 
Transfer_1N_Plate-Chip( 
FROM_Plate, 
TO_Chip, 
VolumeEach) 

FROM_Plate 
Set describing well location(s) to transfer FROM  
 

TO_Chip 
Set describing reaction sites to transfer TO  
 

VolumeEach 

Array of volume(s) (µL) to be dispensed to each 
chip site OR a single volume used across all 
transfers 
 

Transfer_NN_Plate-Chip 
 
Transfer a specified volume from N different plate 
wells to N different reaction sites on installed 
chips 
 
Transfer_NN_Plate-Chip( 
FROM_Plate, 
TO_Chip, 
VolumeEach, 
Mix) 

FROM_Plate 
Set describing well locations to transfer FROM  
 

TO_Chip 
Set describing reaction sites to transfer TO 
 

VolumeEach 
Array of volume(s) (µL) to be dispensed to each 
chip site OR a single volume used across all 
transfers 

Mix 
Boolean to define if mixing should occur after 
each transfer 

Transfer_NN_Chip-Plate 
 
Transfer a specified volume from N different 
reaction sites on installed chips to N different 
wells 
 
Transfer_NN_Chip-Plate( 
FROM_Chip, 
TO_Plate, 
VolumeEach, 
Mix) 

FROM_Chip 
Set describing reaction sites to transfer FROM  
 

TO_Plate 
Set describing well locations to transfer TO 
 

VolumeEach 

Array of volume(s) (µL) to be dispensed to each 
well location OR a single volume used across all 
transfers 
or  

Mix 
Boolean to define if mixing should occur after 
each transfer 

Dispense_Chip 
 
Dispense a volume of reagent from desired 
dispenser to reaction sites 
 
Dispense_Chip( 
#Dispenser, 
TO_Chip, 
Volume, 
Dump[optional]) 

#Dispenser 
Dispenser ID for this action, defined beforehand in 
method 

TO_Chip 
Set describing reactions sites to dispense reagent 
TO 
 

Volume 
Array of volume(s) (µL) to be dispensed to each 
chip site OR a single volume used for all 
dispenses 

Dump 
Single character (“D”), if included, tells the system 
to empty the reservoir of this dispenser into the 
priming waste after this action. 

Dispense_Plate 
 

#Dispenser 
Dispenser ID for this dispense, defined 
beforehand in method 
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Dispense a volume of reagent from desired 
dispenser to plate wells 
 
Dispense_Plate( 
#Dispenser, 
TO_Plate, 
Volume) 

TO_Plate 
Set describing the plate wells to dispense reagent 
TO 
 

Volume 
Array of volume(s) (µL) to be dispensed to each 
well location OR a single volume used for all 
dispenses 

Heat 
 
Sets the array of heaters to the specified 
temperatures for the specified durations 
 
Heat( 
[(Temperature,Duration),…], 
NoCooldown) 

Special Array 
Syntax 

( (Temperature1, Duration1), (Temperature2, 
Duration2), (Temperature3, Duration3), 
(Temperature4, Duration4) ) 

--TemperatureN 
Temperature set point for heater N (°C); if set to 
0, heater N is inactive during operation 

--DurationN 
Time that heater N should stay at the specified set 
point (seconds); if set to 0, heater N is inactive 
during operation 

NoCooldown 
Single character (“N”), if included, tells the system 
to bypass the cooling time after this heating step.  
Used in ramping heating procedures. 

Heat_Replenish 
 
Sets the array of heaters to the specified 
temperatures for the specified durations, and also 
dispenses a specific volume to all reaction sites 
at a set interval (except heaters for which the 
heating duration has expired) 
 
Heat_Replenish( 
[(Temperature, Time)], 
#Dispenser, 
ReplenishTime, 
SET_Replenish, 
Volume) 
 

Special Array 
Syntax 

( (Temperature1, Duration1), (Temperature2, 
Duration2)…) 

--TemperatureN 
Temperature set point for heater N (°C); if set to 
0, heater N is inactive during operation 

--DurationN 
Time that heater N should stay at the specified set 
point (seconds); if set to 0, heater N is inactive 
during operation 

#Dispenser 
Dispenser ID for this operation, defined 
beforehand in method 

ReplenishTime 
Interval that must pass between each dispensing 
to the active chips (seconds) 

SET_Replenish 

Set describing the reaction sites to be replenished 
 
Note: Once a heater has finished its Duration, all 
reaction sites for that heater are ignored for 
replenishment 

Volume 
Array of volume(s) (µL) to be dispensed to each 
chip site OR a single volume used across all 
transfers 

Plate-TLC 
 
Transfers a small volume from N plate wells to 
TLC plates. TLC plate sets are described in the 
next section. 
 
Plate-TLC( 
FROM_Plate, 
SET_TLC, 
Volume) 

FROM_Plate 
Set describing well locations to transfer FROM 
 

SET_TLC 
Set describing TLC plate locations to spot TO 
 

Volume 
Array of volume(s) (µL) to be dispensed to each 
chip site OR a single volume used across all 
transfers 

Collect_Chip 
 
Dispenses collection solvent to reaction sites and 
then transfers that volume to plate wells in series, 
with multiple repeats of dispense/transfer per site  
 
Collect_Chip( 
FROM_Chip, 
TO_Plate, 
#Dispenser, 
Volume_dispense, 
Volume_initial, 
N_repeats) 

FROM_Chip 
Set describing reaction sites to transfer FROM 
 

TO_Plate 
Set describing plate wells to transfer TO 
 

#Dispenser 
Dispenser ID for this dispense, defined 
beforehand in method 

Volume_dispen
se 

Volume (µL) to dispense each collection cycle 

Volume_initial 
Estimated volume (µL) expected to be at the 
reaction sites at the beginning of this operation 

N_repeats 
Number of times to repeat the dispense and 
transfer cycle per collection site 

Collect_TLC 
 

FROM_Chip 
Set describing reaction sites to transfer FROM 
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Dispenses collection solvent to reaction sites and 
then transfers that volume to plate wells in series, 
with multiple repeats of dispense/transfer per 
site. This step also immediately spots to the 
specified TLC location after collection. 
 
Collect_Chip( 
FROM_Chip, 
TO_Plate, 
#Dispenser, 
Volume_dispense, 
Volume_initial, 
N_repeats, 
SET_TLC, 
TLC_volume) 

TO_Plate 
Set describing plate wells to transfer TO 
 

#Dispenser 
Dispenser ID for this dispense, defined 
beforehand in method 

Volume_dispen
se 

Volume (µL) to dispense each time a transfer 
happens 

Volume_initial 
Estimated volume (µL) expected to be at the 
reaction sites at the beginning of this action 

N_repeats 
Number of times to repeat the dispense and 
transfer routine per collection site 

SET_TLC 
Set describing which TLC sites to spot each 
collection TO 
 

TLC_Volume 
Volume (µL) to spot to each TLC plate after 
collection 

 
 

Table 5-3 summarizes the low-level steps that are performed internally to implement each 

operation.  The table is written with pseudocode and uses terminology from Table 5-2. Note that 

the software automatically finds certain needed parameters from the configuration files. For 

example, Z_Pipette_Aspirate is the value for the specific type of plate being used in the method 

file. Additionally, the appropriate dispenser offsets in X, Y or Z are automatically applied 

depending on which dispenser is specified by the unit operation parameters. 

 

Table 5-3 Low-level steps to implement each command (unit operation) and some helper 
commands 

Unit operation  Steps (psuedocode) 

Pause 
 
Tells the system to wait, 
with motors disabled, until 
the user presses the 
continue button on the 
main software front panel.  
 
Pause( 
Location [optional], 
“Note”)  

Display Note 

IF Location INCLUDES “Home” 

  Home() 

IF Location INCLUDES “Access” 

  MoveXY to Access_Cooridnates 

  MoveZ to Access_Z 

Disable Motors 

Wait until Continue_Button=True 

IF Location INCLUDES “Chips” 

  Chip_Surface_Routine() 

Chip_Surface_Routine 
 
Measures the chip height of 
all installed chips and 
calculates the chip height 
profile for accurate Z 
movement. 
 
Chip_Surface_Routine()  

Loop (j = 1 to N=size(Installed_Chips)) 

  Loop over 4 corners 

    MoveXY to Corner(Chip j) - EdgeOffset 

    MoveZ to Clearance_Z_Local 

    Extend Pipette Cone 

    Set Cone Pressure to Low 

    Debounce=0 

    While Debounce < Debounce_Limit 

      MoveZ down 1 

      IF Contact_Sensor = HIGH 

        Debounce+1 

      ELSE 

        Debounce=0 
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Unit operation  Steps (psuedocode) 

    Set Corner Height 

    MoveZ to Clearance_Z_Local 

  Origin_Z(j) = Top Left Height 

  DZ/DX(j) = (Top Right + Bottom Right) – (Top Left + Bottom Left) / 2 

* Distance 

  DZ/DY(j) = (Bottom Left + Bottom Right) – (Top Left + Top Right) / 2 

* Distance 

Pipette_Mix 
 
Mix current contents in 
pipette tip via repeated 
aspirate and dispense 
steps. 
 
Pipette_Mix( 
Volume) 

Loop (j = 1 to Num_Mix_Cycles) 

  Aspirate Volume (pipette) 

  IF (j = Num_Mix_Cycles) 

    Dispense Volume + TipMaxVolume/4 (pipette)  

  ELSE 

    Dispense Volume (pipette) 

Pipette_Mix_Microwell 
 
Mix contents of a microwell 
at the current XYZ position 
via repeated aspirate and 
dispense steps. 
 
Pipette_Mix_Microwell ( 
Volume, 
Z_Aspirate, 
Z_Dispense) 

Pipette_Mix(Volume) 

Loop j = 1 to Num_Mix_Cycles 

  Aspirate Volume (pipette) 

  IF (j = Num_Mix_Cycles) 

    Dispense Volume + TipMaxVolume/4 (pipette) 

  ELSE 

    Dispense Volume (pipette) 

Move Z to Z_Dispense 

Aspirate TipMaxVolume/4 (pipette) 

Move Z to Z_Aspirate 

Transfer_1N_Plate-
Chip 
 
Transfer a specified 
volume from 1 plate well to 
N different reaction sites 
on installed chips 
 
Transfer_1N_Plate-Chip( 
FROM_Plate, 
TO_Chip, 
VolumeEach) 

Get  next  tip 

Loop  (i=1  to  N=Size(TO_Chip)) 

  IF  (Volume_In_Tip  =  0) 

    Move  XY  to  position  FROM_Plate 

    IF  (i  =  1) 

      Pipette_Mix_Microwell (Tip_Max_Volume, 

         Z_Pipette_Aspirate for FROM_Plate[i], 

         Z_Pipette_Dispense for FROM_PLATE[i]) 

    While (Volume_In_Tip+VolumeEach ≤ TipMaxVolume) 

      Aspirate VolumeEach (pipette) 

  Move  XY  to  position  TO_Chip[i] 

  Move  Z  to  Z_Pipette_Dispense  for  TO_Chip[i] 

  Dispense  VolumeEach 

Remove  tip 

Dispense  Volume_In_Tip 

Transfer_NN_Plate-
Chip 
 
Transfer a specified 
volume from N different 
plate wells to N different 
reaction sites on installed 
chips 
 
Transfer_NN_Plate-Chip( 
FROM_Plate, 
TO_Chip, 
VolumeEach, 
Mix) 

Loop  (i=1  to  N=Size(TO_Chip)) 

    Get  next  tip 

    Move  XY  to  position  FROM_Plate[i] 

    Move Z to Z_Pipette_Aspirate for FROM_Plate[i] 

    Pipette_Mix_Microwell (Tip_Max_Volume, 

         Z_Pipette_Aspirate for FROM_Plate[i], 

         Z_Pipette_Dispense for FROM_PLATE[i]) 

    Aspirate  VolumeEach 

    Move  XY  to  position  TO_Chip[i] 

    Move  Z  to  Z_Pipette_Dispense  for  TO_Chip[i] 

    Dispense  volume 

    IF  (Mix) 

        Pipette_Mix(VolumeEach) 

    Remove  tip 

Transfer_NN_Chip-
Plate 
 
Transfer a specified 
volume from N different 
reaction sites on installed 
chips to N different wells 

Loop  (i=1  to  N=Size(TO_Plate)) 

    Get  next  tip 

    Move  XY  to  position  FROM_Chip[i] 

    Move  Z  to  Z_Pipette_Aspirate  for  FROM_Chip[i] 

    Aspirate  VolumeEach 

    Move  to  position  TO_Plate[i] 
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Unit operation  Steps (psuedocode) 

 
Transfer_NN_Chip-Plate( 
FROM_Chip, 
TO_Plate, 
VolumeEach, 
Mix) 

    Move  Z  to  Z_Pipette_Dispense  for  TO_Plate[i] 

        IF  (Mix) 

            Pipette_Mix(VolumeEach) 

   Dispense  VolumeEach  +  Volume_In_Tip/4 (pipette)   

    Remove  tip 

    Aspirate  Volume_In_Tip/4 (pipette)   

 

Dispense_Chip 
 
Dispense a volume of 
reagent from desired 
dispenser to reaction sites 
 
Dispense_Chip( 
#Dispenser, 
TO_Chip, 
Volume) 

IF(time  since  last  use  >  repriming  time  for  dispenser) 

  Prime  Dispenser 

Loop  (i=1  to  N=Size(TO_Chip)) 

  Move  XY  to  position  TO_Chip[i] 

  Move  Z  to  Z_Dispenser_Dispense  for  TO_Chip[i] 

  Dispense  Volume[i] (dispenser) 

Dispense_Plate 
 
Dispense a volume of 
reagent from desired 
dispenser to plate wells 
 
Dispense_Plate( 
#Dispenser, 
TO_Plate, 
Volume) 

IF(time  since  last  use  >  repriming  time  for  dispenser) 

  Prime  Dispenser 

Loop  (i=1  to  N=Size(TO_Plate)) 

  Move  XY  to  position  TO_Plate[i] 

  Move  Z  to  Z_Dispenser_Dispense  for  TO_Plate[i] 

  Dispense  Volume[i] (dispenser) 

Heat 
 
Sets the array of heaters 
to the specified 
temperatures for the 
specified durations 
 
Heat( 
[(Temperature,Duration),…]) 

Set  temperature  =  Setpoint 

Wait  Duration 

Set  Heater_Temp  =  Cool_Temperature 

Wait  (60s  OR  until  Heater_Temp  ≤  Cool_Temperature) 

Heat_Replenish 
 
Sets the array of heaters 
to the specified 
temperatures for the 
specified durations, and 
also dispenses a specific 
volume to all reaction sites 
at a set interval (except 
heaters for which the 
heating duration has 
expired) 
 
Heat_Replenish( 
[(Temperature, Time)], 
#Dispenser, 
ReplenishTime, 
SET_Replenish, 
Volume)  

Prime  Dispenser 

Set  Heater_Temp  =  Setpoint 

While(time  elapsed  <  Duration) 

  IF(time  since  last  replenish  >  Replenish_Time) 

    Loop  (i=1  to  N=Size(SET_Replenish)) 

      Move  XY  to  position  SET_Replenish[i] 

      Move  Z  to  Z_Dispenser_Dispense 

      Dispense  Volume[i] (dispenser) 

  ELSE 

Do  nothing 

Set  Heater_Temp  =  Cool_Temperature 

Wait  (60s  OR  until  Heater_Temp  ≤  Cool_Temperature) 

Plate_TLC 
 
Transfers a small volume 
from N plate wells to TLC 
plates. TLC plate sets are 
described in the next 
section. 
 

Loop  (i=1  to  N=Size(SET_TLC)) 

  Get  next  tip 

  Move  XY  to  position  FROM_Plate[i] 

  Move  Z  to  Z_Pipette_Aspirate  for  FROM_Plate[i] 

  Loop  (j=1  to  5) 

    Aspirate  Volume  * 2 (pipette)   

    Dispense  Volume  * 2 (pipette)   
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Unit operation  Steps (psuedocode) 

Plate-TLC( 
FROM_Plate, 
SET_TLC, 
Volume) 

  Aspirate  Volume  +  AdditionalVolume 

  Move  XY  to  position  SET_TLC[i] 

  Move  Z  to  Z_Pipette_Dispense  for  SET_TLC[i] 

  Wait  Dwell_Time 

  Dispense  Volume  +  Volume_In_Tip/4 (pipette)   

  Remove  tip 

Aspirate  Volume_In_Tip/4    –  AdditionalVolume    (pipette)   

Collect_Chip 
 
Dispenses collection 
solvent to reaction sites 
and then transfers that 
volume to plate wells in 
series, with multiple 
repeats of 
dispense/transfer per site 
 
Collect_Chip( 
FROM_Chip, 
TO_Plate, 
#Dispenser, 
Volume_dispense, 
Volume_initial, 
N_repeats)  

Home 

Prime  Dispenser 

Loop(i=1  to  Size(FROM_Chip)) 

  Get  next  tip 

  Loop(j=1  to  Collection_Cycles) 

    Retract  Tip 

    Move  XY  to  dispenser  position  FROM_Chip[i] 

    Move  Z  to  Z_Dispenser_Dispense  for  FROM_Chip[i] 

    IF(j=1) 

        Dispense  Volume[i]  -  starting  Volume[i]  (dispenser) 

    ELSE 

        Dispense  Volume[i]  (dispenser) 

    Move  XY  to  pipette  position  FROM_Chip[i] 

    Extend  Tip 

    Move  Z  to  Z_Pipette_Aspirate  for  FROM_Chip[i] 

    Loop(k=1  to  Mixes) 

      Aspirate  Volume[i]  (pipette) 

      Dispense  Volume[i]  (pipette) 

    Aspirate  Volume[i] 

    Move  XY  to  pipette  position  TO_Plate[i]     

    Move  Z  to  Z_Pipette_Dispense  for  TO_Plate[i] 

    Dispense  Volume[i]+  Volume_In_Tip/4 (pipette) 

    Move  Z  to  Z_Pipette_Dispense  –  1  cm 

    Aspirate  Volume_In_Tip/4  µL  (pipette) 

  Move  Z  to  Z_Pipette_Aspirate 

  Loop(j=1  to  Mixes)     

    Aspirate  Pipette  Tip_Volume  -  Volume_In_Tip/4 (pipette) 

    Dispense  Pipette  Tip_Volume  –  Volume_In_Tip/4    (pipette) 

  Move  Z  to  Z_Local_Clearance 

  Wait  500  ms 

  Dispense  Volume_In_Tip/4  (pipette) 

  Remove  Tip   

  Aspirate  Volume_In_Tip/4  (pipette) 

  Remove  Tip  and  Aspirate  Volume_In_Tip/4   (pipette) 

Collect_TLC 
 
Dispenses collection 
solvent to reaction sites 
and then transfers that 
volume to plate wells in 
series, with multiple 
repeats of 
dispense/transfer per site. 
This step also immediately 
spots to the specified TLC 
location after collection. 
 
Collect_Chip( 

Home 

Prime  Dispenser 

Loop(i=1  to  Size(SET_TLC)) 

    Get  next  tip 

  Loop(j=1  to  Collection_Cycles) 

    Retract  Tip 

    Move  XY  to  dispenser  position  FROM_Chip[i] 

    Move  Z  to  Z_Dispenser_Dispense  for  FROM_Chip[i] 

    IF(j=1) 

        Dispense  Volume[i]  -  starting  Volume[i]  (dispenser) 

    ELSE 
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Unit operation  Steps (psuedocode) 

FROM_Chip, 
TO_Plate, 
#Dispenser, 
Volume_dispense, 
Volume_initial, 
N_repeats, 
SET_TLC, 
TLC_volume 

        Dispense  Volume[i]  (dispenser) 

    Move  XY  to  pipette  position  FROM_Chip[i] 

    Extend  Tip 

    Move  Z  to  Z_Pipette_Aspirate  for  FROM_Chip[i] 

    Loop(k=1  to  Mixes) 

      Aspirate  Volume[i]  (pipette) 

      Dispense  Volume[i]  (pipette) 

    Aspirate  Volume[i] (pipette)   

    Move  XY  to  pipette  position  TO_Plate[i]     

    Move  Z  to  Z_Pipette_Dispense  for  TO_Plate[i] 

    Dispense  Volume[i]+  Volume_In_Tip/4   (pipette) 

    Move  Z  to  Z_Pipette_Dispense  –  1  cm 

    Aspirate  Volume_In_Tip/4  µL  (pipette) 

  Move  Z  to  Z_Pipette_Aspirate 

  Loop(j=1  to  Mixes)     

    Aspirate  Pipette  Tip_Max_Volume  -  Volume_In_Tip/4    (pipette) 

    Dispense  Pipette  Tip_Max_Volume  –  Volume_In_Tip/4   (pipette) 

  Aspirate  TLC_volume  +  AdditionalVolume   

  Move  to  SET_TLC[i] 

  Move  Z  to  Z_Pipette_Dispense 

  Dispense  TLC_volume  +  Volume_In_Tip/4  

  Remove  Tip 

  Aspirate  Volume_In_Tip/4  µL  –  AdditionalVolume  (pipette)   

 

5.6.5   Motion acceleration algorithm 

To maximize movement accuracy and precision, motors are operated at a setting of 4000 

microsteps/revolution. Because high motion speed is also critical (to minimize radioactive decay), 

motors were driven at the highest practical speeds. Under these circumstances, we found that 

the LabView program could not reliably supply the stepper drivers with the needed pulse rates, 

and thus instead used a microcontroller to generate pulses and direction signals to the stepper 

motor drivers. 

Since our system has a large momentum arm (Z-axis actuator plus fluidics head), we 

found it necessary to implement smooth acceleration and deceleration, requiring varying delays 

(intervals) between subsequent pulses. For computational efficiency, we pre-computed and 

stored these delays in a look-up table in the microcontroller memory. The same lookup table was 

used for all 3 motion axes. Calculations were based on an S-curve motion profile, following the 
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concepts and discretized kinematic equations described by Zeng et al.(226) and Nguyen et 

al.(227). 

 𝐽(𝑡𝑛) = {
𝐽0

−𝐽0
     

𝑉(𝑡𝑛) ≤ 𝑉𝑡0
+ (𝑉𝑀𝐴𝑋 − 𝑉𝑡0

)/2

𝑉(𝑡𝑛) > 𝑉𝑡0
+ (𝑉𝑀𝐴𝑋 − 𝑉𝑡0

)/2
} (1) 

 𝐴(𝑡𝑛) = 𝐴(𝑡𝑛−1) + 𝐽(𝑡𝑛) (2) 

 𝑉(𝑡𝑛) = {
𝑉𝑡0

  𝑡 = 0

𝑉(𝑡𝑛−1) + 𝐴(𝑡𝑛)   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
} (3) 

 𝐷(𝑡𝑛) = 1/𝑉(𝑡𝑛) (4) 

For these equations, J is the jerk (pulses/s2/µs), A is the acceleration (pulses/s/µs), V is 

the velocity (pulses/s), D is the delay (µs between pulses), and tn is the time which increments by 

1 µs for each increment of n. VMAX is the maximum velocity specified in the master configuration 

file (40000 pulses/s). A0 is the initial acceleration (assumed to be 0). V0 is the startup velocity (a 

slow velocity used as the initial speed for motion operations).  J0 is the magnitude of the jerk value.  

To generate the lookup table, we iterate through n (starting at 0) to calculate the motion, 

and store selected values of D(tn) into an array Dm indexed by m (starting at 0), according to the 

following algorithm:  

Set initial time t0 = 0 

Calculate initial motion values, J(t0), A(t0), V(t0), D(t0) from the equations 

Save D0 = D(t0) into the lookup table (index m = 0) 

Define Tm as the time value of the most recent lookup table entry. Set T0 = t0 (index m = 

0) 

Loop while V(tn) < VMAX : 

Increment n 

Compute tn = tn-1 + 1 

Compute J(tn), A(tn), V(tn), D(tn) from the equations 

If D(tn) ≤ (tn - Tm) (i.e. a new pulse is needed): 
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Increment m 

Save Dm = D(tn) into the lookup table 

Set Tm = tn 

Note that for our microcontroller, the lookup table could only fit 2500 entries, i.e. the time 

intervals between the first 2500 pulses. To maximize the smoothness of acceleration (and 

deceleration), the jerk value listed above was empirically chosen so the acceleration profile from 

Vo to VMAX would require exactly 2500 pulses.  Additionally, any necessary unit conversions have 

been excluded from the algorithm as written above for readability. 

The completed lookup table was then used whenever a motion needed to be executed in 

this system. When beginning the motion step (acceleration phase), the lookup table values were 

read in order to determine the delay time between each of the initial 2500 pulses. For the next 

part of the motion (maximum velocity phase), the interval between pulses was taken as the final 

value in the lookup table. When the motion reached a position 2500 steps before the end point 

(deceleration phase), the lookup table values were read in reverse order to determine the interval 

between pulses for the final 2500 pulses.  In circumstances where the total movement distance 

was less than 5000 steps (a full acceleration and deceleration), half of that number of values were 

read from the beginning of the table forward and then the same values in reverse order without a 

maximum speed section. 

5.6.6   Subsystem calibration and characterization 

5.6.6.1 Dispenser calibration 
 

To calibrate a dispenser, a reservoir of the same size as the typical reservoir that would 

be used with the solvent (e.g. a 1.5 mL vial for [18F]fluoride mixture or precursors solutions, 5 mL 

vial for reaction solvents or deprotectants, and 20 mL vial for a collection solution) is filled at least 

75% full and attached to the dispenser. The vial is then pressurized with the intended dispensing 

pressure (typically 5 psig) and the dispenser is primed. Next, sets of 10 sequential dispenses are 

performed with 200 ms delay between droplets, with the liquid from the full set of 10 dispenses 
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captured in an Eppendorf tube and the amount of collected liquid determined gravimetrically. This 

process is repeated for multiple sets of 10, each set having a different dispensing durations (i.e. 

10 ms, 50 ms, 150 ms, 400 ms). The data is then used to construct a linear calibration curve of 

volume dispensed versus dispensing time. The calibration data are recorded in the “liquid 

definition” configuration file, indexed by a unique name and dispenser number, with details of 

solvent type, operating pressure, date of calibration, and fit parameters (slope, intercept). 

We found that dispenser operation remains relatively consistent over time provided we 

performed regular cleaning and avoided corrosive solutions. To minimize drift in performance, 

recalibration was performed occasionally: ~monthly for solvents, and ~biweekly for solute-

containing solutions. Note, however, that we found significant differences among different 

individual dispensers (see Figure 5-20), and thus it was critical that separate calibrations are 

performed for each individual dispenser in the system. All dispensers were all calibrated for DI 

water and MeCN, and additional calibrations were performed for additional solvents frequently 

used in conjunction with particular dispensers. 

 

 
 

Figure 5-20 Example calibration curves for 4 dispensers. 
In all cases, the solvent was filtered DI water, driving pressure was 5 psig, and reservoir size was 
1.5 mL. 
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5.6.6.2 Heater Calibration 
 

Calibration of the heaters was performed by painting the top surface of each with a special 

high-emissivity paint (NEXTEL-Suede Coating 3101, Mankiewicz Gebr. & Co., Hamburg, 

Germany) and the temperature measured with an infrared (IR) camera (T621xx, FLIR Systems, 

Wilsonville OR, USA). Camera settings were changed to match the emissivity value of the paint 

(0.96) before imaging. Using an initial basic calibration based on output of the amplifier (AD8495, 

Adafruit Industries LLC, New York New York, USA) connected to the heater’s built-in 

thermocouple, each heater was set to multiple temperatures between 20 and 125°C, and the 

surface temperature measured via an IR image (calculated as average of a region of interest that 

covers the heater surface). The IR-derived temperature was plotted as a function of thermocouple 

amplifier reading, and a linear fit was calculated to enable conversion of thermocouple amplifier 

signal to temperature. The slope and intercept for each heater were added to the “master 

configuration” file. (Note that preferably the calibration should include setpoints that match or 

exceed the highest temperatures expected during reactions, but the maximum operating 

temperature of the high-emissivity paint was 125°C.). Characterization of the performance of 

these heaters and on-off control algorithm has been reported in prior work(93). 

5.6.6.3 Pipette Characterization 
 

To account for all aspects of pipetting, optimization of pipetting parameters and 

performance characterization were performed in the context of performing droplet collection 

operations. Collection was performed on an empty reaction site of a multi-reaction chip. A 3-cycle 

process was performed, in which 10 µL of 9:1 MeOH:DI water was dispensed to the chip, and 

then transferred to a well in a strip-well plate. (No “mixing” operation, i.e. repeated aspirate and 

dispense steps, was used in these experiments.)  Gravimetric measurements of the amount of 

liquid transferred to the strip-well, and measurements of the duration of the collection process, 
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were made as a function of syringe pump flow rates (Table 5-4). The pipette flow rate setting had 

relatively low impact on the duration of the collection process, but did have a significant impact 

on reliability. With a flow rate of 20 µL/s or higher, the liquid in the pipette tip could “split” upon 

aspiration or dispensing leading to splashing or bubbling. Thus, we selected to use a rate of 10 

µL/s for further experiments.   

 
Table 5-4 Impact of syringe pump flow rate on pipetting accuracy and duration of crude 
product collection. Measurements were performed once (n = 1). 

Pipette flow rate 
setting (µL/s) 

Volume 
collected (µL) 

Duration of 
collection step (s) 

Splashing / splitting / 
bubbling observed? 

5 29.7 39.9 Never 

10 28.7 35.9 Never 

10 29.2 35.9 Never 

20 29.0 33.3 Occasionally 

30 28.8 33.5 Always 

40 28.5 33.5 Always 

50 28.3 33.5 Always 

60 28.4 33.4 Always 

 

5.6.6.4 Pressure regulator calibration 
 

To calibrate each pressure regulator, the regulator was supplied with N2 gas via a manual 

pressure regulator (ARX20-N01, SMC Corporation) set to ~62 psig, and a digital pressure monitor 

(ISE30A-N01-C, SMC Corporation, Chiyoda City, Tokyo, Japan) was attached to the pneumatic 

output. To generate an analog electrical signal for the pressure setpoint, digital signals from the 

microcontroller were used to drive a digital potentiometer voltage divider. The microcontroller was 

used to generator various setpoint voltages in the range 0 – 3 V, and for each value we recorded 

the digital setting by the microcontroller, the resulting analog voltage divider output, the resulting 

stabilized pressure, and the analog electrical output of the pressure regulator (present value 

signal). From this data, we generated two linear calibrations: (i) actual pressure as a function of 

the digital setting for the potentiometer, and (ii) actual pressure as a function of the analog 

electrical pressure signal from the regulator. The slope and intercepts were stored within the 

microcontroller firmware. The calibration was repeated every few months. 
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The first calibration was used to enable the microcontroller to send appropriate signals to 

achieve a desired regulator pressure. The second calibration was used to enable the 

microcontroller to read the present pressure value. After setting a new pressure value, if the 

desired pressure is not reached (to ~0.1 psig tolerance) within 500 ms, the microcontroller will try 

nearby setpoints. If the desired pressure is not reached with 5 s, a timeout occurs. 

5.6.6.5 TLC spotting process 
 

We performed limited investigation of how to reliably to transfer samples via pipette to 

spotting locations on the TLC plate, based on the use of 0.5 µL sample volume. (This volume was 

previously reported to be suitable for use on multi-lane TLC plates with similar pitch between 

lanes(96).) Several parameters were examined in the pursuit of a reliable method including: 

volume of sample initially aspirated, dwell time of the tip in contact with the TLC plate, and the 

volume of a dispense operation after the dwell time has elapsed. The most reliable protocol was 

to (i) aspirate 0.75 µL of sample, place in contact with the TLC plate for 1 s, and then dispense a 

volume of 6.0 µL. After extensive usage, this final protocol has resulted in zero failed TLC spotting 

attempts, no observed splashing, and qualitative consistency among sample deposition positions 

and volumes. 

We did not more thoroughly characterize the accuracy of spotting volume, as TLC analysis 

only relies on the relative comparison between bands within a single lane, and small differences 

in volume or activity level of adjacent lanes does not affect the analysis. 

5.6.7   Characterization experiments 

5.6.7.1 Uniformity of [18F]fluoride dispensing and drying 
 

A dispenser reservoir was filled with 1.5 mL of an aqueous solution containing [18F]fluoride 

(370 MBq/mL) and TBAHCO3 (24 mM). 10 µL portions were dispensed to all 64 reaction sites on 

4 multi-reaction chips, and then the droplets were dried by heating to 95°C for 30 s and 110°C for 

60s. The total radioactivity of each chip was assayed via dose calibrator, and the 4 chips were 

placed in a custom holder for simultaneous Cerenkov imaging (using a 60s exposure time). The 
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holder (Figure 5-21) was machined from black Delrin and contained 4 recesses (800 µm deep) 

into which chips were inserted. An extra 2 mm deep pocket was machined in each recess to 

enabled chips to be picked up more easily with tweezers after imaging. The chips were oriented 

as shown in the figure to fit them into the field of view of the camera. 

 

 
 
Figure 5-21 Custom chip holder. 
(A) Top view schematic of the custom chip holder. (B) Schematic showing the placement of chips. 
In each case the 1,1 reagent site (designated by a black dot on each chip) is positioned at the 
center of the holder. (C) Side view of the holder along the dashed green line in A. 
 

To quantitatively assess the uniformity of dispensing and drying within a single chip, we 

computed the fraction of the total chip radioactivity that is at each reaction site (via Cerenkov 

imaging analysis). For each chip, Circular ROIs (Figure 5-22) were drawn around each reaction 

site, and integrated pixel intensity was computed within each ROIs. Each of these values was 

then divided by the sum of all the ROI integrated pixel intensities. The results tabulated in Table 

5-5 show excellent dispensing uniformity. Ideal uniformity would result in 1/16 = 6.25% of the 

activity in each reaction site. The average activity fraction for chip 1 was 6.25 ± 0.26% (n=16), 

and for chips 2, 3, and 4 was 6.25 ± 0.13 % (n=16), 6.25 ± 0.19 % (n=16) and 6.25 ± 0.22 % 

(n=16), respectively. Importantly, there was no evidence of radioactivity outside of the reaction 

sites, indicating there was no splashing during the dispensing or drying processes. 
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The individual radioactivity measurements for each chip were 30.8, 30.4, 31.1, and 30.6 

MBq (decay-corrected to first measurement) which suggests there is also high chip-to-chip 

uniformity.  

 
 
Figure 5-22 Cerenkov luminescence image of chips after dispensing and drying 
[18F]fluoride solution. 
The white lines indicate the ROIs used for the analysis of each reaction site, and the central black 
dots were used for positioning the ROIs. Chips are in the orientations described in Figure 5-21B.  
 
 
 
Table 5-5 Fraction of radioactivity (%) contained within each reaction site for the four chips 
in the evaluation of [18F]fluoride dispensing and drying uniformity. Ideal uniformity would 
give 1/16 = 6.25%. 

Chip 1 reaction sites Chip 2 reaction sites 

Row 
Column 

Row 
Column 

1 2 3 4 1 2 3 4 

1 6.03% 6.63% 6.60% 6.40% 1 6.10% 6.23% 6.47% 6.33% 

2 6.29% 6.59% 5.67% 6.54% 2 6.13% 6.13% 6.38% 6.48% 

3 6.21% 6.29% 6.26% 6.11% 3 6.18% 6.29% 6.39% 6.27% 

4 6.03% 6.22% 6.11% 6.02% 4 6.08% 6.23% 6.16% 6.16% 

Chip 3 reaction sites Chip 4 reaction sites 

Row 
Column 

Row  
Column 

1 2 3 4 1 2 3 4 

1 6.51% 6.37% 6.15% 5.91% 1 6.38% 6.40% 6.33% 6.22% 

2 6.51% 6.24% 6.29% 6.21% 2 6.31% 6.38% 6.14% 5.97% 

3 6.50% 6.18% 5.88% 6.33% 3 6.63% 6.30% 6.29% 6.37% 

4 6.36% 6.30% 6.05% 6.21% 4 6.30% 6.00% 6.29% 5.68% 
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5.6.7.2 Uniformity of replicate radiosyntheses of [18F]Fallypride 
 

 
Figure 5-23 Uniformity of replicate radiosyntheses of [18F]Fallypride. 
(A) Cerenkov luminescence image (60 s exposure) of chip after drying [18F]fluoride at 16 reaction sites. (B) Cerenkov 

image (5 min exposure) of residual activity on chip after performing parallel [18F]Fallypride syntheses at all sites followed 
by collection of crude products.  Both images show the chip in the same orientation. 
 

16 replicate syntheses of [18F]Fallypride were performed on a single multi-reaction chip. 

First, a 10 µL droplet of [18F]fluoride solution (containing ~16 MBq activity, 240 nmol TBAHCO3) 

was dispensed to each reaction site. (An additional 10 µL was dispensed into an empty “aliquot 

vial”, which was assayed to estimate the starting activity for each reaction site.) The array of 

droplets was dried by heating the chip at 100°C for 15 s and 105°C for 45 s. Next, 6 µL of precursor 

solution (containing 230 nmol precursor) was dispensed to each site, and fluorination reactions 

were performed by heating the chip at 110 °C for 7 min. Crude reaction products were collected 

into individual wells of a strip-well plate as described in the main paper. For each of the strip-

wells, the collected product was “mixed” via repeated aspiration and dispense operations of the 

pipette, and then a 0.5 µL sample was transferred to a TLC plate. After the [18F]fluoride drying 

and collection steps, the chip was assayed via dose calibrator and Cerenkov luminescence 

imaging was performed (Figure 5-23) to analyze the reaction performance (Table 5-6). Cerenkov 

luminescence images of the TLC plates are shown in Figure 5-24. 
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Table 5-6 Detailed results of the [18F]fallypride synthesis uniformity study.   

Fluorination efficiency and crude RCY are based on n=4 replicate TLC results. Reaction 
conditions: 240 nmol TBAHCO3, 230 nmol precursor, 7 min reaction time, 110 °C reaction 
temperature. 

Reaction 
site 

Reaction site 
coordinates 

Fluorination 
efficiency 
(%, n=4) 

Collection 
efficiency 

(%) 

Crude RCY 
(%, n=4) 

1 1,1 91 ± 1 89.8 82 ± 1 

2 1,2 91.2 ± 0.6 89.3 81.5 ± 0.5 

3 1,3 91.5 ± 0.9 91.8 84.0 ± 0.8 

4 1,4 90.4 ± 0.3 91.9 83.0 ± 0.3 

5 2,1 91 ± 1 91.4 83 ± 1 

6 2,2 89 ± 2 94.5 84 ± 2 

7 2,3 90.6 ± 0.9 92.1 83.4 ± 0.8 

8 2,4 90.1 ± 0.9 91.6 82.4 ± 0.8 

9 3,1 89.6 ± 0.9 91.6 82.1 ± 0.8 

10 3,2 91 ± 2 92.7 84 ± 2 

11 3,3 90 ± 2 93.2 84 ± 2 

12 3,4 90 ± 1 92.8 84 ± 1 

13 4,1 90 ± 1 87.2 78 ± 1 

14 4,2 90 ± 1 92.9 83 ± 1 

15 4,3 90 ± 1 90.9 82 ± 1 

16 4,4 92 ± 1 90.4 83 ± 1 

 
 
 

 
 
Figure 5-24 Cerenkov images of the replicate [18F]Fallypride radiosynthesis study. 
(A) Cerenkov images of developed TLC plates spotted with samples of all 16 reactions from the 
replicate [18F]Fallypride radiosynthesis study. Origin lines and spotting locations are shown. (B-
D) The same crude samples were spotted onto additional sets of TLC plates to assess the 
repeatability of TLC spotting. 
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5.6.7.3 Uniformity of replicate TLC analysis 
 

While performing the 16 replicate radiosyntheses of [18F]Fallypride, each crude product 

was spotted onto 4 different TLC plates. Cerenkov images of the developed TLC plates (Figure 

5-24) exhibit excellent qualitative consistency. The calculated fluorination efficiency values are 

tabulated in Table 5-7. For each reaction site, the fluorination efficiency determined from replicate 

analyses (replicate spotting, TLC development, Cerenkov imaging and ROI analysis) shows very 

good repeatability. 

 

Table 5-7 Fluorination conversion for a set of 16 replicate radiosyntheses of [18F]Fallypride, 
each sample assessed via 4 replicate TLC assays. 

Reaction site 
coordinate 

(X,Y) 

Fluorination efficiency (%) 

TLC set 1 TLC set 2 TLC set 3 
TLC set 

4 
Average 

1,1 92 92 90 92 91 ± 1 

2,1 91 92 91 91 91 ± 1 

3,1 92 91 90 92 91 ± 1 

4,1 90 91 91 90 90.4 ± 0.3 

2,1 91 89 90 92 91 ± 1 

2,2 86 90 88 91 89 ± 2 

3,2 91 90 90 92 91 ± 1 

4,2 90 90 89 91 90 ± 1 

3,1 90 88 90 90 90 ± 1 

3,2 91 88 91 92 91 ± 2 

3,3 91 87 92 91 90 ± 2 

4,3 91 89 91 91 90 ± 1 

4,1 90 88 90 91 90 ± 1 

4,3 90 88 90 90 90 ± 1 

4,3 91 89 91 91 90 ± 1 

4,4 92 90 92 93 92 ± 1 
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5.6.7.4 Cross-contamination during [18F]fluoride drying 
 

 
 

Figure 5-25 Cerenkov luminescence image of chip used for cross-contamination 
experiment. ROIs for the analysis are shown in grey. 
 

Cross-contamination was previously investigated by drying [18F]fluoride in a checkerboard 

pattern in chips with the same design and was found to be negligible for manual liquid 

addition(95). Here we assessed the cross-contamination during automated operation. An 

aqueous [18F]fluoride solution (370 MBq/mL) containing TBAHCO3 (24 mM) was prepared and 10 

µL droplets were dispensed in a checkerboard pattern on a 4x4 multi-reaction chip. The droplets 

were then dried at 95°C for 15s, 98°C for 15 s and 105°C for 60 s, and the chip was then visualized 

with Cerenkov luminuescence imaging (60 s exposure time). The resulting image (Figure 5-25) 

was analyzed by drawing ROIs around all reaction sites. The average integrated pixel intensity 

for reaction sites containing [18F]fluoride was 14 ± 2 x 106 and the average for the empty reaction 

sites was 1000 ± 1200. We can thus estimate the cross contamination of activity into adjacent 

reaction sites is < 0.01%. 
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Table 5-8 Fraction (%) of total chip radioactivity in each reaction site of the cross-
contamination experiment as determined by ROI analysis of Cerenkov luminescence 
image. Reaction sites with [18F]fluoride are highlighted in green. 

 

Row  
Column 

1 2 3 4 

1 0.0 12.6 0.0 12.9 

2 12.7 0.0 13.2 0.0 

3 0.0 13.2 0.0 13.4 

4 12.9 0.0 9.1 0.0 

 

5.6.7.5 Optimization of [18F]Fallypride synthesis 
 

During the study, measurements of chip radioactivity and Cerenkov luminescence imaging 

of chips was performed after [18F]fluoride drying, after fluorination, and after collection (Figure 

5-26). The somewhat irregular pattern of activity after [18F]fluoride drying is commonly seen when 

using TBAHCO3 as the phase transfer catalyst, as it tends to form small residue globules as it 

dries. Other phase transfer catalysts tend to spread out as a thin film over the entire reaction site. 

 

 
 
Figure 5-26 Cerenkov luminescence images of chips during [18F]Fallypride synthesis. 
Cerenkov luminescence images of the four chips after (A) [18F]fluoride drying (60 s exposure), (B) 
fluorination (60 s exposure), and (C) collection (5 min exposure). A and B use the same intensity 
scale (shown in B). Chips are numbered as shown in A.  
 
 

The results of performance calculations are summarized in Table 5-9. Fluorination 

efficiency was evaluated via TLC. For each condition, replicate reactions show excellent 

consistency. Graphs of the fluorination efficiency, collection efficiency, and crude RCY for both 

the base study and precursor stud y are shown in Figure 5-27 and Figure 5-28, respectively. 
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Table 5-9 Detailed results of [18F]Fallypride optimization study. 

Note that a mis-positioning error when reinstalling chips into the system after Cerenkov imaging, 
led to an issue when collecting from two of the reaction sites; the affected reactions were excluded 
from the analysis. 

Amount of 
TBAHCO3 

(nmol) 

Amount of 
precursor 

(nmol) 

Number of 
replicates 

(n) 

Fluorination 
efficiency 

(%) 

Collection 
efficiency 

(%) 

Crude 
RCY 
(%) 

Residual 
Radioactivity 
on Chip (%) 

240 3.7 4 6.3 ± 0.8 93 ± 3 5.9 ± 0.7 3.1 ± 0.7 

240 7.3 4 8 ± 1 91 ± 8 7.3 ± 0.5 2.3 ± 0.2 

240 15 3 19 ± 4 82 ± 18 15 ± 1 2.5 ± 0.3 

240 29 3 32 ± 3 99 ± 15 32 ± 2 1.9 ± 0.7 

240 59 4 56 ± 3 93 ± 4 52 ± 2 1.9 ± 0.3 

240 120 4 78 ± 3 96 ± 2 75 ± 3 2.4 ± 0.6 

240 470 4 93 ± 2 96 ± 5 89 ± 5 1.8 ± 0.5 

120 230 4 92 ± 1 95 ± 5 87 ± 6 1.4 ± 0.2 

150 230 4 90.7 ± 0.4 98 ± 1 89 ± 2 1.6 ± 0.4 

180 230 4 91.6 ± 0.6 99 ± 1 91 ± 1 1.6 ± 1.1 

240 230 8 93.1 ± 0.6 99 ± 1 92 ± 1 1.2 ± 0.4 

300 230 4 85 ± 3 98 ± 2 83 ± 4 1.8 ± 0.1 

360 230 4 84 ± 2 99 ± 1 83 ± 3 1.5 ± 0.3 

420 230 4 70 ± 1 98 ± 2 69 ± 1 2.2 ± 0.7 

480 230 4 68 ± 1 98 ± 1 66 ± 1 3.5 ± 3.6 

 
 
 

 
 
Figure 5-27 Effect of the amount of TBAHCO3 on the radiosynthesis of [18F]Fallypride. 
A) fluorination efficiency, (B) collection efficiency, and (C) crude RCY. Fixed conditions: precursor 
amount: 230 nmol, 7 min reaction time, 110 °C reaction temperature. 
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Figure 5-28 Effect of the amount of precursor on the radiosynthesis of [18F]Fallypride. 
(A) fluorination efficiency, (B) collection efficiency, and (C) crude RCY. Fixed conditions: 240 nmol 
TBAHCO3, 7 min reaction time, 110 °C reaction temperature. 
 

5.6.7.6 Optimization of [18F]FBnTP synthesis 
 

During the study, measurements of chip radioactivity and Cerenkov luminescence imaging 

of chips was performed after [18F]fluoride drying and after collection (Figure 5-29). Cerenkov 

images of developed TLC plates are shown in Figure 5-30. Reaction performance is tabulated in 

Table 5-10. 

 
 
Figure 5-29 measurements of chip radioactivity and CLI of chips. 
(A) Brightfield and (B) Cerenkov images (60 s exposure time) of the four chips after [18F]fluoride 
drying during the optimization of [18F]FBnTP. (C) Cerenkov image (5 min exposure time) of the 
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same set of chips after the collection step. Numbers correspond to the chip positions on the heater 
platform. 

 
 
Figure 5-30 Cerenkov images of the developed TLC plates for the [18F]FBnTP study. 
Samples on TLC plates are grouped by condition (n=4 replicates) for each combination of 
temperature and solvent. Each solvent contains 3.8% v/v pyridine. Signal is low in reactions 
performed with DMF due to the high volatile activity loss. 
 
 
Table 5-10 Summary of optimization experiment exploring the impact of solvent and 
reaction temperature on the performance of [18F]FBnTP synthesis. 

For each condition, n=4 replicates were performed. Each solvent contains 3.8% v/v pyridine.  

Solvent 
Performance 

measure 

Temperature (°C) 

100 110 120 130 

DMF 

Fluorination (%) 44 ± 9 44 ± 4 26 ± 2 36 ± 4 

Collection (%) 28 ± 5  26 ± 2 21 ± 2 19 ± 2 

Crude RCY (%) 13 ± 4 12 ± 2 5.4 ± 0.5 6.7 ± 0.9 

DMI 

Fluorination (%) 75 ± 4 89 ± 1 91 ± 1 90 ± 1 

Collection (%) 97 ± 2 97 ± 2 83 ± 3 76 ± 2 

Crude RCY (%) 72 ± 4 86 ± 2 76 ± 2 68 ± 2 

NMP 

Fluorination (%) 64 ± 4 72 ± 4 80 ± 2 82 ± 3 

Collection (%) 81 ± 2 67 ± 4 51 ± 5 49 ± 1 

Crude RCY (%) 52 ± 2 49 ± 2 41 ± 4 40.0 ± 0.9 

DMA 

Fluorination (%) 71 ± 2 74 ± 4 78 ± 3 84 ± 1 

Collection (%) 53 ± 4 59 ± 3 56 ± 3 61 ± 1 

Crude RCY (%) 37 ± 3 44 ± 2 43 ± 3 52 ± 2 

 
 



169 
 

5.6.7.7 Scale-up of [18F]FBnTP synthesis 
 

Using the optimal synthesis conditions, we performed three replicate syntheses at a higher 

activity scale, sufficient for preclinical imaging of small animals. Steps were performed manually, 

and the crude product was purified via analytical-scale HPLC and formulated via solid-phase 

extraction. Measurements for each of the replicates are tabulated in Table 5-11 and example 

chromatograms shown in Figure 5-31. 

 
Table 5-11 Reaction performance parameters for three replicate [18F]FBnTP syntheses at 
higher activity scale 

Reaction Step Trial 1 Trial 2 Trial 3 Average ± Std dev 

Starting activity (MBq) 122 122 122 122 ± 0 

Collection efficiency (%) 88 90 87 88 ± 2 

HPLC fluorination efficiency (%) 94 94 93 94 ± 1 

Purification efficiency (%) 89 79 79 82 ± 6 

Isolated yield (%) 74 67 64 66 ± 6 

Activity yield (MBq) 63 61 56 60 ± 4 

Activity yield (%) 52 50 46 49 ± 3 
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Figure 5-31 Example HPLC chromatogram of injection of [18F]FBnTP crude product, 
purified product and coin-injection of [18F]FBnTP and standard. 
(A) Example HPLC chromatogram obtained during purification of crude [18F]FBnTP prepared via 
the optimized droplet synthesis conditions. (B) Radiochemical and chemical purity analysis of the 
purified and formulated product. (C) Confirmation of radiochemical identity via co-injection of 
reference standard. Note that purification was performed using a different mobile phase than 
analytical tests. 
 
 
 
 

5.6.7.8 System speed characterization 
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We initially set some aggressive goals for the operating speed of the system, in particular 

ensuring the motion actuators were fast enough to move the fluidics head across the entire 

workspace within < 1.0 s. To get a better sense of the operating speed of the system and the 

duration of actions within an optimization study, we performed a timing analysis summarized in 

Table 5-12. 

Table 5-12 Duration of commonly needed individual actions and groups of actions. 

Average and standard deviation are computed from n=3 replicate timing measurements. Any 
action involving attaching pipette tips used a new tip for each of the three replicates.  

Step(s) performed Duration (s) 
Initialization Actions  

Homing (maximum travel distance) 50.3 ± 0.2 

Chip height measurement (4 chips) 244 ± 2 

Simple Actions  

Dispense 10 µL to 64 sites 35.1 ± 0.1 
Attach tip (starting from chip 1 position 1,1) 6.5 ± 0.4 
Remove tip (starting from chip 1 position 1,1) 2.5 ± 0.1 
Heater heat from 21°C to 100°C 3.8 ± 0.4 
Heater cool from 100°C to 30°C (w/ fan) 93 ± 3 
Compound Actions  
Transfer 10 µL (via pipette) from 1 microwell to 16 reaction sites 66 ± 2 
Transfer 10 µL (via pipette) from 64 wells to 64 sites 660 ± 10 
Collection of 1 site (10 µL, 4 cycles, include mixing) 74 ± 1 
Collection of 64 sites (10 µL, 4 cycles, include mixing) 4840 ± 50 
Spot from 1 microwell to TLC plate 7.6 ± 0.3 
Spot from 64 microwells to 64 TLC plate locations 490 ± 10 
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Chapter 6: Economical droplet-based microfluidic production 
of [18F]FET and [18F]Florbetaben suitable for human use 
 
 

 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 (228–230), evaluation of response to cancer therapy (231,232), 

diagnostics of neurodegenerative disease (233–235), cardiac function assessment (236,237), 

drug development (238–240) and development of novel gene- and cell-based therapies (241–

243). Of thousands of developed tracers to probe different biological targets and processes 

(210,211), only very few are routinely available. The complexity and high cost of manufacturing 

short-lived PET tracers has led to a centralized production model, where large batches of the 

tracers are produced in radiopharmacies, and then batches (and costs) are split to be distributed 

to multiple 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 (44,53,61,84,244,245). 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 1-10s of µL), relatively small amounts of product activity have been 

acquired, suitable only for preclinical imaging (61,84,246). Nevertheless, clinically-relevant 
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quantities of various diagnostic radiopharmaceuticals has been produced with such microscale 

systems: [13N]NH3 (247), [68Ga]Ga-PSMA-11 (58(p11)), [89Zr]Zr-DFO-Trastuzamab (46), [18F]FDG 

(248,249), [18F]FET (55), [18F]fallypride (83,250), [18F]FT807 (251), [18F]FPEB (252), [18F]FLT 

(253) and [18F]FMISO (253,254). A summary of reports of the 18F-labeled ones is included in 

Table 6-1.  

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 

(57) or within an isolated droplet (53,84). 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 by concentrating the isotope prior to 

synthesis. The first PET tracer suitable for human use produced in a microfluidic continuous-flow 

reactor was demonstrated using the commercial NanoTek radiosynthesizer (Advion, Inc., Ithaca, 

NY): Liang et al. reported starting activities of up to 170 GBq , and the synthesis of 1.7 GBq of 

[18F]FPEB (252). In a separate report, Liang et al. also reported the synthesis of 4.4 GBq batches 

of [18F]T807 (each with 16 GBq starting activity), for the first time administering the tracer 

produced by continuous-flow reactor to a human subject (251(p807)). Using the same system, 

Zheng et al. reported the synthesis of up to 1.9 GBq of [18F]FMISO (with 5.6 GBq starting activity) 

for use in clinical research, and Akula et al. reported the sequential production of 2 tracers 

[18F]FLT and [18F]FMISO in ~2 GBq quantities, each from 13 GBq of starting radioactivity (253). 

Despite impressive scalability, continuous-flow reactors use relatively large total reaction volumes 

(100s of µL), with 100s of µg of precursor to prepare these clinical-scale batches, and require an 

extended time for the initial [18F]fluoride preparation step (84).  

Batch reactors offer a drastic reduction in precursor consumption (<100 µg) which is 

independent of the amount of loaded radioisotope. However, to produce clinically-relevant 
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quantities of the radiopharmaceutical in these tiny reaction volumes, pre-concentration of 

[18F]fluoride 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 [18F]FDG using 

starting activity up to 170 GBq (248). Using the BG75 system (ABT Molecular Imaging, Knoxville, 

TN) system, which integrates into a small cyclotron, Awasthi et al. reported synthesis of [18F]FDG 

from 1.9 GBq of starting activity, concentrated via azeotropic drying in the reaction vessel, to 

produce single, injectable human doses (0.4-0.6 GBq) (249). Iwata 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 [18F]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 µL 

subsequent reaction to produce [18F]FET (55). The first human images obtain using a 

microfluidically-produced PET tracer were synthesized in a 50 µL batch reactor platform, in this 

work Lebedev et al. performed an upstream trap-and-release process on a miniature QMA 

cartridge to concentrate a full cyclotron-target volume of [18F]fluoride (e.g. ~100 GBq in 2 mL) into 

<45 µL. This could be loaded into the reactor and evaporatively dried, enabling the synthesis of 

up to 38 GBq of [18F]fallypride (250). Chao et al. designed a standalone radioisotope concentrator 

system based on a similar mini-QMA approach, capable of concentrating milliliter-scale 

[18F]fluoride batches into ~12 µL volume (255). The device was subsequently integrated with an 

automated droplet radiosynthesizer, to concentrate starting activities of up to 41 GBq. Production 

of quantities of formulated [18F]fallypride up to 7.2 GBq were demonstrated (83). 

While these methods are all effective, integration with any type of concentrator increases 

system complexity and synthesis time, and, except for the Iwata et al. method (55), requires 

optimization of base quantities used during the [18F]fluoride elution process to avoid adversely 

affecting the downstream synthesis. 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 



175 
 

volumes), to build up the amount of activity in the reaction site. For example, Chen et al. heated 

a 200 µL droplet of [18F]fluoride solution on an open surface until it shrunk to 5 µL and then 

transported this concentrated droplet into an electrowetting-on-dielectric (EWOD) radiosynthesis 

chip for completion of the drying step (70). We later demonstrated the possibility for rapid 

concentration by evaporation by sequentially loading to 2 µL portions to a pre-heated chip (78). 

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 (84). In this work, we leverage the larger 

volume of the reaction site of the surface-tension trap (STT) design chip (80) compared to the 

passive transport (PT) design chip (78), and concentrate [18F]fluoride by loading and drying it in 

30 µL increments. The goal of the present work is to demonstrate that tracers other than 

[18F]fallypride can be produced at clinically-relevant scales using this simple approach for 

[18F]fluoride concentration and thus with a simple overall apparatus. 

Previously, we reported the production of the amino acid PET tracer O-(2-[18F]fluoroethyl-

)-L-tyrosine ([18F]FET) (82) and the stilbene derivative 4-[(E)-2-(4-{2-[2-(2-

[18F]fluoroethoxy)ethoxy] ethoxy}phenyl)vinyl]-N-methylaniline ([18F]florbetaben, [18F]FBB, 

NeuraceqTM, BAY-949172) in a droplet reactor, observing, for each, significant advantages 

compared to conventional synthesis methods. [18F]FET PET assesses amino acid transport and 

is used for glioma differentiation from non-neoplastic lesions and glioma grading (256), while 

[18F]FBB PET visualizes amyloid plaques and aids in diagnosis of Alzheimer’s disease (235). 

Using the simplified [18F]fluoride concentration method described above, we adapted the previous 

synthesis methods to scale up the production of [18F]FET and [18F]FBB to amounts sufficient for 

clinical use (i.e.  one to a few human doses). Furthermore, quality control (QC) testing was 

performed to ensure the tracer batches meet the necessary specifications for clinical use. Some 

of the QC tests were performed using the Tracer-QC automated testing platform (Trace-Ability, 
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Inc., Van Nuys, CA, USA), showing the successful integration of a novel compact microfluidic 

radiosynthesis platform and a modern benchtop QC testing platform, and demonstrating the 

possibility for clinically-relevant radiotracer production with an overall compact, user-friendly 

system. 

Table 6-1 Literature reports of microfluidic production of 18F-labeled radiopharmaceuticals 
with sufficient quantities for human PET. N.R. = not reported 

Reference This work 
Wang et al. 2020 
(83) 

Lebedev et al. 
2013 (250) 

Frank et al. 
2018 (248) 

Liang et al. 
2014 (251) 

Microfluidic 
synthesis 
platform 

Droplet-based 
radiosynthesizer 

Droplet-based 
radiosynthesizer 

PEEK/pDCPD 
chip with syringe-
type microvalves 

GE ISAR 
Advion 
NanoTek  

Synthesis 
format 

Batch Batch Batch Batch Flow 

Tracer(s) 
produced 

[18F]FET  [18F]FBB  [18F]Fallypride [18F]Fallypride  [18F]FDG [18F]T807 

Starting activity 
(GBq) 

2.7 ± 0.4 
(n=3) 

3.2 ± 0.8 
(n=6) 

Up to 41 Up to 111  Up to 170 
16.1 ± 4.4 
(n=3) 

Product activity 
(GBq) 

0.6 ± 0.2 
(n=3) 

0.5 ± 0.2 
(n=6) 

Up to 7.2 N.R. >100  
4.4 ± 0.1 
(n=3) 

Molar activity 
(GBq/µmol) 

420 ± 50 
(n=3) 

480  ± 160 
(n=5) 

Up to 270 N.R. N.R. 
220 ± 50 
(n=3) 

Synthesis time 
(min) 

60 60 50 45 <25 <100 

Precursor 
consumed 
(nmol) 

60 80 616 1940 N.R. 1560 

Reaction 
volume (µL) 

10 10 8 50 650a 400 

QC testing 
reported? 

Yes Yes Yes Yes No Yes 

Used in 
patients?  

No No No Yes No Yes 

 

Reference 
Liang et al. 
2014 (252) 

Zheng et al. 
2014 (254) 

Akula et al. 2019 (253) 
Awasthi 2014 
(249) 

Iwata et al. 2020 
(55) 

Microfluidic 
synthesis 
platform 

Advion 
NanoTek 

Advion 
NanoTek 

Advion NanoTek ABT BG75 
Disposable glass 
vials with a fused  
300-μL insert 

Synthesis 
format 

Flow Flow Flow Batch Batch 

Tracer(s) 
produced 

[18F]FPEB [18F]FMISO [18F]FLT [18F]FMISO [18F]FDG [18F]FET 

Starting activity 
(GBq) 

80.9  ~5.6 13b 13b ~1.9 Up to 6 

Product activity 
(GBq) 

1.7 ± 0.4 
(n=3) 

1.5-1.9 2.2 2.1 0.4-0.6  Up to 4c 

Molar activity 
(GBq/µmol) 

160 ± 10 
(n=3) 

120 ± 30 
(n=4) 

>74  >74 N.R. 480 ± 130 (n=7) 

Synthesis time 
(min) 

75 
106 ± 11 
(n=15) 

77 53 40-60 50 

Precursor 
consumed 
(nmol) 

21500 940 24100 11800 N.R 177 

Reaction 
volume (µL) 

1000 200 2000 2000 N.R. 60 
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QC testing 
reported? 

Yes Yes  No No Yes No 

Used in 
patients?  

No Yes No No No No 

aPrecise reaction volume was not reported, but the total reactor size was 650 µL. bTotal activity used for [18F]FLT and 

[18F]FMISO sequential syntheses combined is reported, approximately half used in each synthesis. cEstimated from 

reported crude yield value for 6 GBq starting activity and assuming 50 min synthesis time 

 

Batch reactors offer a drastic reduction in precursor consumption (<100 µg) 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 

[18F]fluoride 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 [18F]FDG using 

starting activity up to 170 GBq (248). Using the BG75 system (ABT Molecular Imaging, Knoxville, 

TN) system, which integrates into a small cyclotron, Awasthi et al. reported synthesis of [18F]FDG 

from 1.9 GBq of starting activity, concentrated via azeotropic drying in the reaction vessel, to 

produce single, injectable human doses (0.4-0.6 GBq) (249). Iwata 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 [18F]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 µL 

subsequent reaction to produce [18F]FET (55). The first human images obtain using a 

microfluidically-produced PET tracer were synthesized in a 50 µL batch reactor platform, in this 

work Lebedev et al. performed an upstream trap-and-release process on a miniature QMA 

cartridge to concentrate a full cyclotron-target volume of [18F]fluoride (e.g. ~100 GBq in 2 mL) into 

<45 µL. This could be loaded into the reactor and evaporatively dried, enabling the synthesis of 

up to 38 GBq of [18F]fallypride (250). Chao et al. designed a standalone radioisotope concentrator 

system based on a similar mini-QMA approach, capable of concentrating milliliter-scale 

[18F]fluoride batches into ~12 µL volume (255). The device was subsequently integrated with an 

automated droplet radiosynthesizer, to concentrate starting activities of up to 41 GBq. Production 

of quantities of formulated [18F]fallypride up to 7.2 GBq were demonstrated (83). 
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While these methods are all effective, integration with any type of concentrator increases 

system complexity and synthesis time, and, except for the Iwata et al. method (55), requires 

optimization of base quantities used during the [18F]fluoride elution process to avoid adversely 

affecting the downstream synthesis. 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 µL droplet of [18F]fluoride solution on an open surface until it shrunk to 5 µL and then 

transported this concentrated droplet into an electrowetting-on-dielectric (EWOD) radiosynthesis 

chip for completion of the drying step (70). We later demonstrated the possibility for rapid 

concentration by evaporation by sequentially loading to 2 µL portions to a pre-heated chip (78). 

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 (84). In this work, we leverage the larger 

volume of the reaction site of the surface-tension trap (STT) design chip (80) compared to the 

passive transport (PT) design chip (78), and concentrate [18F]fluoride by loading and drying it in 

30 µL increments. The goal of the present work is to demonstrate that tracers other than 

[18F]fallypride can be produced at clinically-relevant scales using this simple approach for 

[18F]fluoride concentration and thus with a simple overall apparatus. 

Previously, we reported the production of the amino acid PET tracer O-(2-[18F]fluoroethyl-

)-L-tyrosine ([18F]FET) (82) and the stilbene derivative 4-[(E)-2-(4-{2-[2-(2-

[18F]fluoroethoxy)ethoxy] ethoxy}phenyl)vinyl]-N-methylaniline ([18F]florbetaben, [18F]FBB, 

NeuraceqTM, BAY-949172) in a droplet reactor, observing, for each, significant advantages 

compared to conventional synthesis methods. [18F]FET PET assesses amino acid transport and 

is used for glioma differentiation from non-neoplastic lesions and glioma grading (256), while 
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[18F]FBB PET visualizes amyloid plaques and aids in diagnosis of Alzheimer’s disease (235). 

Using the simplified [18F]fluoride concentration method described above, we adapted the previous 

synthesis methods to scale up the production of [18F]FET and [18F]FBB to amounts sufficient for 

clinical use (i.e.  one to a few human doses). Furthermore, quality control (QC) testing was 

performed to ensure the tracer batches meet the necessary specifications for clinical use. Some 

of the QC tests were performed using the Tracer-QC automated testing platform (Trace-Ability, 

Inc., Van Nuys, CA, USA), showing the successful integration of a novel compact microfluidic 

radiosynthesis platform and a modern benchtop QC testing platform, and demonstrating the 

possibility for clinically-relevant radiotracer production with an overall compact, user-friendly 

system. 

 Methods 

6.2.1   Materials  

No-carrier-added [18F]fluoride was produced by the 18O(p, n)18F reaction from [18O]H2O 

(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 (HCl; 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 (Na2HPO4-7H2O) and sodium phosphate monobasic (NaH2PO4H2O) 

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-HCl; 

>95%) (FET reference standard) were purchased from ABX GmbH (Radeberg, Germany). 
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([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-[18F]fluoroethoxy) 

ethoxy] ethoxy} phenyl) vinyl]-N-methylaniline) (FBB reference standard) were generously 

provided by Life Molecular Imaging GmbH as a part of [18F]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 

[18F]Florbetaben kits. All reagents were used as received without further purification. Ultrapure 18 

MΩ H2O was obtained from a Milli-Q Integral 3 purification system (Millipore Sigma, St. Louis, 

MO, USA). 

Stock K222/K2CO3 solution (for [18F]FBB synthesis) was prepared by first making an 

aqueous 61 mM K2CO3 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 [18F]FET collection solution (1:1 MeOH:H2O (v/v)) and [18F]FBB collection solution (1:1 

MeCN: H2O (v/v)). Acid mixture used for deprotection in both syntheses was made by mixing 

MeCN and HCl 1:1 (v/v). Scavenger solution for [18F]FBB was prepared either at 33 mg/mL or 10 

mg/mL in H2O. Formulation dilution solution for [18F]FBB contained 39 mg/mL of dry scavenger in 

a 4:13 (v/v) mixture of PEG 400 and H2O. 

6.2.2   Automated droplet synthesizer 

Radiosyntheses were performed in a 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 6-1A) (80). Each 25.0 x 27.5 mm2 

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 (80). The chip 

was placed atop a heater that can rotate, and reagents were delivered by piezoelectric dispensers 
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arranged in a circular pattern above the chip. Dispensers were calibrated and primed before use 

as described previously (78). The operation of this synthesizer is illustrated in Figure 6-1B.  

 

 

Figure 6-1 Automated microdroplet 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). 
 

For synthesis with high (up to multi-GBq) starting activities, the desired quantity of 

[18F]fluoride was pre-mixed with either TBAHCO3 (113 nmol) for synthesis of [18F]FET or 

K222/K2CO3 (383/275 nmol) for synthesis of [18F]FBB, then dispensed and dried on chip in portions 

of up to 30 µL at a time (the maximum capacity of the reaction site). Up to 4 droplets were used 

to load activities in the range 0.02 – 4 GBq. 

Following crude synthesis of the tracers, purification was achieved using analytical-scale 

HPLC with a tracer-specific method reported previously (82,85). Then the tracers were 

reformulated either by evaporation and resuspension ([18F]FET)(82), or automated solid-phase 

extraction (SPE) ([18F]FBB) (85) (Figure 6-2) followed by sterile filtration. 
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Figure 6-2 Tracer preparation scheme. PTC = phase transfer catalyst. SPE = Solid-phase 
extraction. 
 

 

6.2.3   [18F]FET synthesis  

The production of [18F]FET was performed using identical reaction conditions as 

previously reported for manual droplet-based synthesis (82) adapted from a conventional 2-step 

synthesis route (65,257).  

 

 

Figure 6-3 Synthesis routes for (A) [18F]FET and (B) [18F]FBB. 
 

The synthesizer was set up by loading stock solutions into reagent dispensers as indicated 

in Table 6-3. As the last setup step, the desired activity of [18F]fluoride was mixed with 1.5 μL of 

0.075M TBAHCO3 and loaded in the corresponding dispenser. The 2-step (fluorination and 

deprotection) crude synthesis was carried out as shown in Figure 6-3A. The [18F]fluoride / 

TBAHCO3 solution was loaded 30 μL at a time, each droplet dried at 100 °C for 1.5 min. To the 

dried residue, precursor solution (10 µL) was added and the radiofluorination step was performed 

(5 min, 90°C). Acid mixture was ten added to perform deprotection (3 min, 90°C). 20 µL was 
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added at the beginning, and another 20 µL was added after 1.5 min. The crude product was 

recovered with FET collection solution (4x20 µL). To obtain purified [18F]FET, the crude collection 

mixture was diluted with 100 µL 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 [18F]FET 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; FisherbrandTM, Waltham, MA, USA) into a sterile product vial (2 mL, ALK, 

Denmark) and samples taken under aseptic conditions for QC testing. Clinical-scale batches were 

prepared with at least 2 GBq of starting activity. 

6.2.4   [18F]FBB synthesis 

Automated production of [18F]FBB in droplet format, adapted from a 2-step conventional 

synthesis route Figure 6-3B using a Boc-protected precursor (258), was previously reported (85). 

In this work the volume of precursor solution was increased from 10 to 15 μL to reduce sensitivity 

of the reaction performance (85) in case of dispensing errors associated with the viscous DMSO-

based precursor solution. 

The configuration of dispensers is described in Table 6-3. The desired activity of 

[18F]fluoride was mixed with 4.5 μL of K222/K2CO3 stock solution and dispensed 30 μL at a time, 

with each droplet dried at 100 °C for 1.5 min. To the dried residue, precursor solution (10 or 15 

µL) 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 µL at t=0, and another 20 µL at t=1.5 min) 

to remove protecting groups (5 min, 90°C). The crude product was recovered with FBB collection 

solution (4x20µL) into a vial pre-filled with 64 µL of 33 mg/mL scavenger solution, diluted with 50 

µL H2O, and purified via analytical HPLC. The purified product was formulated via SPE using an 

automated system (85), 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 
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(Whatman®, Anotop® 10 mm diameter, 0.02 µm 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 µL EtOH, and the final formulated volume was 1 mL.   

6.2.5   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). 

Radio-HPLC analysis and purification were performed on an analytical-scale HPLC system. 

These methods were reported previously, and are summarized in the Appendix 6.6.2. 

6.2.6   Quality control testing 

Quality control tests were performed on 3 consecutive batches of [18F]FET and 3 

consecutive batches of [18F]FBB. Details of conventional quality control testing are described in 

the Appendix 6.6.3. An additional 3 batches of [18F]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.).  

 



185 
 

 

 

Figure 6-4 Components of the Tracer-QC platform. 
 
 
Table 6-2 Comparison of conventional and automated methods of [18F]FBB quality control 
testing 

QC test Conventional method Tracer-QC method 

Color Visual assessment 

Absorbance measurement 
(with disposable indicators) 

Clarity Visual assessment 

pH Indicator + visual assessment 

Residual Kryptofix Spot test + visual assessment 

Endotoxin concentration Portable test system (PTS) 
reader 

Residual solvents  Gas chromatograph 

Radionuclidic identity (half-life) Dose calibrator + clock Emission measurement 
(with disposable 

scintillators) 
Radioactivtiy concentration Dose calibrator + syringe 

Radiochemical identity/purity Stand-alone radio-HPLC Radio-HPLC integrated in 
Tracer-QC supported by a 

disposable kit 
Chemical identity/purity 

Molar activity 

 

This platform enables complete automation of PET tracer QC and comprises a plate 

reader, liquid handler and HPLC integrated into a single system that operates with disposable test 

kits (Figure 6-4) (259). To operate the system, the user installs the kit, initiates the program, 

delivers the sample, triggers the analysis and collects the report.  After the process is complete 
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and the used kit is removed, the system is ready for the next analysis without any further 

preparation. Table 6-2 summarizes the tests developed for FBB with comparison to conventional 

test methods. These tests 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 QC testing of [18F]FBB produced on the miniaturized platform.  The effects 

of the unique composition of [18F]FBB resulting from such syntheses were studied and reflected 

in the method development and validation. Details of the tests are summarized in the Appendix 

6.6.4. 

 Results 

6.3.1   [18F]FET 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) (82) or automated results using the 

passive-transport droplet-based synthesizer (54 ± 6 %, n=5) (82). 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 

6-4. Previous work with [18F]fallypride showed similar improvements when transitioning from the 

passive-transport (PT) chip to the STT chip (80). 

The impact of increased starting activity on the performance of the crude synthesis was 

also explored (Figure 6-5). Crude RCY decreased from ~70% to ~40% as activity was increased 

in the range 0.2 to 4 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 [18F]fallypride synthesis (83).  
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Figure 6-5 Performance of crude [18F]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 overall synthesis time, including purification and formulation, was 60 min. For clinical-

scale batches, the synthesis exhibited 28 ± 14% (n=3) overall activity yield, >99% radiochemical 

purity, and high molar activity (418 ± 52 GBq/µmol, n=3; EOS). Three consecutive batches of  

formulated [18F]FET passed QC tests (Table 6-5), with most impurities being below detectable 

limits or extremely low. Example chromatograms during [18F]FET purification and assessment of 

radiochemical purity and identity are shown in Figure 6-6.  

 

 

 

Figure 6-6 Example HPLC chromatograms for [18F]FET. 
(A) Crude product. (B) Formulated product. (C) Formulated product co-injected with reference 
standard. 
 

6.3.2   [18F]FBB production and testing 

The initial runs using low (<20 MBq) starting activities were performed for syntheses with 

2 different precursor volumes (10 µL and 15 µL). The crude RCY was similar in both cases (54 ± 

9%, n=5 for 15 µL and 58 ± 7%, n=6 for 10 µL) as were other parameters (Table 6-6). Using a 
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larger precursor volume helped to increase tolerance to any dispensing errors that may occur due 

to the high viscosity of the precursor solution.  

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

6-7). Across the range of 0.02 to 4.0 GBq, the crude RCY exhibited a slight decrease, 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. 

 

 

Figure 6-7 Performance of crude [18F]FBB 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. 
 

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 GBq/µmol (n=3; EOS). All batches passed necessary QC tests 

(Table 6-7). Example chromatograms during [18F]FBB purification and assessment of 

radiochemical purity and identity are shown in Figure 6-8. 

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 GBq/µmol (n=2; EOS). Automated testing of each batch was followed by automated 

analysis producing a summary page along with a detailed 26-page report. All samples passed all 

acceptance criteria for release of the doses, with many impurities below detection limits. The 

acceptance criteria for [18F]FBB QC, along with measured results for each batch are summarized 
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in Table 6-8. The demonstration with 3 consecutive samples confirms consistency of both the 

synthesis and QC testing. 

 

 

 

Figure 6-8 Example HPLC chromatograms for [18F]FBB. 
(A) Crude product. (B) Formulated product. (C) Formulated product co-injected with reference 
standard. 
 

 Discussion 

6.4.1   Comparison to conventional synthesis 

We previously showed, for the syntheses of [18F]FET (82) and [18F]FBB (85), that 

miniaturization of radiopharmaceutical production leads to many benefits compared to 

conventional synthesis, including reduced reagent consumption, shorter reaction time, high molar 

activity, and high reaction yields, on top of the very small physical footprint of the microfluidic 

system. In this work the synthesis activity scale is increased up to 4 GBq with minimal 

modifications to the synthesis parameters. The precursor consumption remained low, consuming 

100-150x less than macroscale methods. 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 (conventional reported synthesis times vary between 45-90 min). The yields are 

comparable to the range reported for conventional methods. Here, [18F]FET was produced with 

36 ± 7% (n=3) overall yield and generally, for conventional syntheses the reported yields vary 

between 20-40% (65,257,260). Microdroplet [18F]FBB synthesis resulted in 23 ± 3 % (n=6) overall 

yield comparable to 10-30% yield range of most reported methods (258,261,262,263(p94),264).  
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As expected, the molar activity of the microscale synthesis remained high (>400 GBq/µmol) at 

the increased activity scale. 

6.4.2   Activity scaling in droplet micro-radiosynthesizer 

In previous work by our group, droplet-based synthesis of [18F]fallypride was demonstrated 

with starting activities ranging up to 41 GBq (83), highlighting the scalability of the droplet 

radiosynthesis techniques. Up to 7.2 GBq of injectable [18F]fallypride was produced, which would 

be sufficient for multiple clinical doses. This work further demonstrates that product amounts of 

additional clinically-relevant radiotracers ([18F]FET and [18F]FBB) can be scaled up to amounts 

sufficient for clinical PET scans. 

For [18F]fallypride, the concentration of aqueous fluoride-18 was performed using a custom 

micro-cartridge-based radioisotope concentrator that could reduce the volume from several mL 

to less than 30 µL in under 8 min (255). However, this and other cartridge-based concentration 

approaches add complexity to the overall synthesizer setup.  In this work, the starting [18F]fluoride 

activity was scaled (up to 4 GBq) by directly loading and drying multiple 30 µL droplets of the 

[18F]fluoride solution (without using a cartridge or additional valves). Another significant advantage 

of this concentration method is that it can be used with any amount of base (in contrast to cartridge 

concentration methods, in which the type and amount of base is linked to the elution efficiency). 

The independence of the approach here is that one can ensure that the total amount of base 

added with the [18F]fluoride matches the optimal amount of base in the reaction as determined 

from low-activity optimization studies.  While it is possible to load even higher activities than 

reported here (i.e., >4 GBq) 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 µL 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 µL could 

be completed in <6 min, which can contain 4 GBq or more of activity, depending on target volume 
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and bombardment parameters. In this work  ~100 µL of [18F]fluoride (~2-4 GBq) afforded 0.4-0.7 

GBq of injectable tracer, which is sufficient for a typical clinical PET scan (~0.37 GBq per 

injection). Overall, sequential drying results in a significantly simpler procedure and more compact 

synthesis system compared to cartridge-based methods (83). 

At the same time as 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 total-body PET allowed good human [18F]FDG scans to be 

obtained with only 25 MBq of administered activity (265), about ~10x lower than what is typically 

injected. Such advancements mean that in the future the modest sized batches produced here 

may each be suitable for many patients, or batches for one or a few patients could be produced 

with lower starting activity levels. 

6.4.3   Impact of starting activity on synthesis performance 

Increasing starting radioactivity in radiopharmaceutical syntheses can directly affect the 

stoichiometry of a reaction and amplify radiolysis effects. We observed that the reaction 

performance was relatively unaffected up to ~1 GBq starting activity, and then started to show 

some reduction for both [18F]FET and [18F]FBB. Both the fluorination efficiency and radioactivity 

recovery exhibited some decline, suggesting reduced fluoride-18 incorporation and resulting in 

moderately lower crude RCY. In previous work with [18F]fallypride, the decrease in crude RCY 

only became significant around 20 GBq (83), indicating that this effect may vary between different 

syntheses. Interestingly, for a microvial-based synthesis of [18F]FET in 10 µL volume by Iwata et 

al., the reaction yield was reported constant when starting activity was varied between 0.1 and 6 

GBq (55). However, upon addition of fluoride-19 carrier (simulating a further increase in activity),  

the RCY was reduced significantly (55). Looking at the work by Iwata et al. and the current 

reported results of [18F]FET syntheses, a higher activity may have been better tolerated in the first 

case due to the higher amount of precursor used (180 nmol,  compared to 60 nmol in our work), 

or differences in purity of the [18F]fluoride source (i.e. the [18F]fluoride undergoes cartridge trap 
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and release process while in our case it is used directly from a cyclotron). Overall, impurities in 

the fluoride-18 solution, reduced excess of precursor, and radiolysis are all potential culprits for 

the observed reduction in the reaction yields with higher starting activities. Further studies are 

needed to fully understand these effects and improve reaction scalability in the future.  

6.4.4   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 (266–

271). In this work we performed QC testing both using conventional procedures as well as a new 

automated QC testing platform (Tracer-QC). In general, likely due to the small total amounts of 

solvents and reagents, the amounts of impurities were extremely low, suggesting that 

microvolume methods may offer some inherent safety advantages for radiopharmaceutical 

production. Conventional QC tests require an array of expensive analytical instrumentation, all of 

which requires space, maintenance, training, calibration, and documentation, making such testing 

a time-consuming, expensive procedure (259,272). Furthermore, some of the tests require 

manual handling of the radioactive batches resulting in high radiation exposure to the operator 

(273) and higher margin for human error or subjective interpretation. Moreover, pairing a compact 

microfluidic reactor system with a large analytical laboratory facility undermines the economic and 

practical advantages offered by microfluidic technology. In contrast, the compact and automated 

Tracer-QC system with integrated HPLC (259) offers key advantages which allow to overcome 

these challenges. (1) Ease and safety of use. Unlike conventional test methods that require 

expertise in operation and maintenance of many different analytical instruments, the integrated 

platform requires only a simple setup and operating procedure with minimal need for training. It 

also avoids the need for subjective assessments of test results, reducing variability and preventing 

human error. Safety is significantly improved because there is never a direct line of sight between 

the user and unshielded sample, and minimal user interaction with the system is needed.  The 

instrument is also very easy to maintain due of its simplicity, absence of cleaning and the large 
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number of automated internal diagnostics. (2) Efficiency.  Because Tracer-QC runs completely 

unattended, personnel are freed up to perform other tasks after setup and initiation of tests. All 

necessary QC tests for [18F]FBB batches were carried out completely unattended, and the 

software automatically generated a detailed report with “pass/fail” results for all QC tests. The 

automated suitability checks and calibrations further reduce the operator effort. Additional 

efficiencies arise due to the compact size of the system, minimizing the laboratory space 

dedicated to QC testing. The kit-based design minimizes effort to maintain the consumables 

inventory and supports the production of multiple different radiopharmaceuticals daily by a single 

Tracer-QC system. 

 Conclusions 

In this work we demonstrate the use of a compact automated microdroplet synthesizer to 

rapidly produce batches of formulated [18F]FET and [18F]FBB with high yield and high molar 

activity. In contrast to previously reported production of [18F]fallypride on a microdroplet chip which 

was coupled to a separated radionuclide concentrator to increase the synthesis scale (83), 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 batches for one or multiple clinical doses (that pass clinical quality control 

tests), while offering advantages such as compact size, reduced reagent usage, high molar 

activity and fast synthesis time (84). Because employing conventional approaches to perform QC 

testing seriously undermines the potential of miniaturized synthesizers, in this work we 

demonstrate an alternative approach.  Pairing of the droplet synthesizer with an automated 

benchtop QC testing system (Tracer-QC) has the potential to establish a robust, rapid, compact 

and economical method for batch-on-demand production of PET radiopharmaceuticals, without 

requiring large radiochemistry and analytical chemistry facilities. 
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 Appendix 

6.6.1   Droplet synthesizer setup 

During setup of the automated microvolume synthesis system, reagents were loaded into 

the dispensers as shown in Table 6-3. Dispensers were primed before use. 

 
Table 6-3 Reagent setup in automated droplet synthesizer for syntheses of [18F]FET and 
[18F]FBB. 

 [18F]FET [18F]FBB 

Dispenser 1 [18F]fluoride / TBAHCO3 [18F]fluoride / K222 / K2CO3 

Dispenser 2 FET precursor solution FBB precursor solution 

Dispenser 3 FET deprotection solution  FBB deprotection solution  

Dispenser 4 FET collection solution  FBB collection solution  

 

6.6.2   Analytical methods (radio-TLC, radio-HPLC) 

Fluorination efficiency was determined via radio-thin-layer chromatography (radio-TLC). 

For [18F]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 µL of the sample and developed 

in 80% (v/v) MeCN in H2O. TLC plates were analyzed with a Cherenkov luminescence imaging 

system as previously described (95).  Retention factors of the observed radioactive species were: 

0 ([18F]fluoride), 0.3 ([18F]FET), and 0.8 (fluorinated intermediate). For [18F]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 H2O. 

Retention factors of the observed radioactive species were: 0.0 ([18F]fluoride), 0.4 ([18F]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 µL 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 µm particles, 100Å pores, 250 x 4.6 mm, Phenomenex, Torrance, CA, USA) with guard column 
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(SecurityGuard C18, Phenomenex). For [18F]FET, separation was performed isocratically using 

10% (v/v) EtOH in H2O at a flow rate of 1 mL/min, and UV absorbance was measured at 269 nm. 

The retention time of [18F]fluoride was ~2-3 min, and ~5 min for [18F]FET. The fluorinated 

intermediate and other impurities were eluted off the column by switching the mobile phase to 

95:5 (v/v) MeCN:H2O. For [18F]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 [18F]fluoride, 6 min for [18F]FBB, and 14 min for the fluorinated 

intermediate.  

6.6.3   Quality control testing methods (conventional instruments) 

Quality control tests for appearance, pH, radionuclide purity  and identity, bacterial 

endotoxins, sterility, radiochemical and chemical purity were determined as previously described 

(83).  

6.6.3.1 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.  

6.6.3.2 Residual content of TBAHCO3 
 

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 al 

(274). 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 [18F]FET (2 μL) onto a 

silica TLC plate (JT4449-2, J.T. Baker, Center Valley, PA, USA), and air dried. 10 μL 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 
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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. 

6.6.3.3 Residual content of K222 
 

Residual kryptofix content was determined using a TLC spot test as reported by Halvorsen 

et al (275). Iodoplatinated TLC strips were prepared according to the reported procedure. The 

standard solutions containing 50 µg/mL (injectable limit) and 12.5 µg/mL of kryptofix in a 

formulation matrix identical to [18F]FBB formulation matrix were prepared. 2 µL of [18F]FBB sample 

was spotted alongside the standards onto a iodoplatinated TLC strip, the spots were air dried 

followed by addition of 1% H2O2 (2.5 µL). After 1 min of drying the sample spots were analyzed 

for K222 content. 

6.6.3.4 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).  

 

6.6.3.5 Residual solvent analysis of [18F]FET 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 μm x 0.25 μm DB-Wax column (Agilent J&W). The GC oven 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 EI 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 
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curve was generated for all solvents (MeOH, MeCN, TA, EtOH). The concentration of the residual 

analytes was then interpolated from this calibration curve.  

6.6.3.6 Residual solvent analysis of [18F]FBB samples 
 

The concentrations of residual solvents (i.e. acetonitrile, DMSO, ethanol) were determined 

using headspace gas chromatography mass spectrometry (GCMS). To 100 µL of each sample, 

1 µL of 2H6-DMSO was added as an internal standard. For acetonitrile and DMSO, an aliquot (10 

µL) 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 μm x 0.25 µm 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 EI 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 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 
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DMSO calibration curve, ratios of DMSO/2H6-DMSO peak areas were used as the ordinate to 

account for potential sulfoxide oxidation. 

6.6.4   QC testing with Tracer-QC 

The Tracer-QC system uses optical measurements for all non-chromatographic QC tests. 

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 (contained in the disposable kit) designated for each of the 

tests (and mixed with sample by the liquid handler) 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. The Tracer-QC software processes the 

obtained signals in the context pf pre-set parameters and measurements from reference 

standards (contained in the disposable kit) to determine the values of all QC parameters.  Each 

test has automated suitability checks which confirm whether the produced measurement is valid.  

After values have been calculated 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. 

6.6.4.1 Color 
 

A spectrophotometric measurement of the sample is performed together with a positive 

control solution containing one or more color standards with known absorbance.   

6.6.4.2 Clarity 
 

A turbidimetric analysis of the sample along with positive and negative control solutions is 

conducted through spectrophotometric measurements.  
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6.6.4.3 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.  

6.6.4.4 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.  

6.6.4.5 Radioactivity concentration 
 

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

radioluminescent emission.  

6.6.4.6 Radionuclidic identity (half-life) 
 

The time-dependent radioactivity of an aliquot of sample solution is determined from the 

intensity of its radioluminescent emission. 

6.6.4.7 Chemical identity, chemical purity, and/or chemical content via 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 activity. 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 molar activity via Radio-HPLC 

The radiochemical identity and radiochemical purity, and molar activity tests can be carried 

out concomitantly with determination of chemical identity, and/or chemical purity. Molar activity is 
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then derived from a combination of the chemical content and radiochemical purity measurements 

(via HPLC) and radioactivity concentration. 

The Tracer-QC HPLC method (Figure 6-9) is an adaptation of the validated HPLC method 

for analysis of Neuroceq formulation. For the blank injection, Neuroceq formulation matrix is 

injected directly with no dilution steps. For quantification of analyte peaks, a reference standard 

solution of 19F-FBB (1.5 µg/mL), Stb-OMs (1.25 µg/mL), and Boc-Stb-TEG (2.5 µg/mL) in 

acetonitrile is also injected directly with no dilution steps. In order to minimize the volume of 

sample dose required for the TA-FBB-HPLC test, the sample dose is diluted in a 1:4 ratio with 

water before injection. 

 

Figure 6-9 Tracer-QC HPLC measurement protocol. 

 
Once the blank, standard, and sample dose injections have been completed, integration 

of the analyte peaks is performed, and data processing software calculates the values of all 

parameters required for release testing. 
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6.6.5   [18F]FET synthesis (low activity) 

Table 6-4 summarizes [18F]FET synthesis performance at low starting activity (<20 MBq) 

and compares the results to previous work using manual operation of a simplified droplet reaction 

chip (82) and automated operation of a passive-transport reaction chip (82). For manual operation, 

this chip was mounted on a similar heater, but reagents were delivered with a micropipette and 

product was collected with a micropipette. 

Table 6-4 Performance of droplet-based [18F]FET synthesis on several platforms. 

 Surface-tension trap chip 
(this work) 

Surface-tension 
trap chip 

Passive-transport chip 

Synthesis operation Automated Manual Automated 

Number of replicates (n) 9 4 5 

Radioactivity recovery (%) 80 ± 6 64 ± 5 59 ± 10 

[18F]FET conversion (%) 88 ± 7 92 ± 4 93 ± 6 

Synthesis time (min) 18 24 19 

Crude RCY (%) 70 ± 9 59 ± 7 54 ± 6 

Residual activity on chip (%) 0.7 ± 0.6 1.3 ± 0.5 3.2 ± 1.5 
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6.6.6   [18F]FET quality control results 

Table 6-5 Conventional (manual) quality control testing results for 3 consecutive batches 
of [18F]FET. 

Test Testing Criteria Batch 1 Batch 2 Batch 3 

Appearance  
Clear, colorless, particle 

free 
Pass Pass Pass 

Radioactivity 
concentration 

7.4-74 MBq/mL [0.2-2 
mCi/mL] 

47 MBq/mL [1.3 
mCi/mL] 

56 MBq/mL [1.5 
mCi/mL] 

46 MBq/mL [1.3 
mCi/mL] 

Molar Activity  > 37 GBq/μmol [1 Ci/ μmol] 
420 GBq/μmol 
[11.4 Ci/μmol] 

697 GBq/μmol 
[18.8 Ci/μmol] 

595 GBq/μmol 
[16.1 Ci/μmol] 

Radiochemical 
identity  

Retention time ratio of radio 
peak vs cold standard (0.9-

1.1) 
1.0 1.0 1.0 

TBAHCO3 <520 mg/La < 45 mg/L < 45 mg/L < 45 mg/L 

Residual solvents 

MeCN < 410 PPM 
MeOH < 3000 PPM 

TA < 5000 PPM 
EtOH < 10% 

N.D. 
N.D. 
N.D. 
N.D. 

N.D. 
N.D. 
N.D. 
N.D. 

N.D. 
N.D. 
N.D. 
N.D. 

Radiochemical purity  > 95% > 99% > 99% > 99% 

Radionuclide identity  104-115 min 109 108 110 

pH 4.0-7.0 5.0 5.5 5.5 

Filter integrity  > 50 PSI > 50 PSI > 50 PSI > 50 PSI 

Shelf life 
Pass appearance, pH and 
radiochemical purity after 

240 min 
Pass Pass Pass 

Gamma ray 
emission energy  

496-526 keV photons Pass Pass Pass 

Radionuclide purity  No less than 99.5% Pass Pass Pass 

Bacterial endotoxin  < 175 EU/total batch Pass Pass Pass 

Sterility  
No colony growth observed 

for 14 days 
Pass Pass Pass 

aAcceptable limit is calculated based on < 2.6 mg/V regulation where V is a total maximum injection volume, in this 

case we compute for 5 mL as total formulation volume. N.D. = not detected. Limits of detection for residual solvents 

are: 40 ppm for MeCN , 30 ppm for MeOH, 40 ppm for TA, 50 ppm for EtOH. 

 

6.6.7   [18F]FBB synthesis (low activity)  

 
Table 6-6 summarizes [18F]FBB synthesis performance at low starting activity (<20 MBq) 

on the surface tension trap chip, and compares the effect of using 10 or 15 µL of precursor stock 

solution. 
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Table 6-6 A comparison of droplet-based [18F]FBB synthesis performance when performed 
manually versus automated, and at 2 different precursor solution volumes. 

 Automated Automated Manual 

Precursor volume (μL) 15 10 10 

Number of replicates (n) 5 6 4 

Radioactivity recovery (%) 63 ± 6 69 ± 9 66 ± 6 

[18F]FBB conversion (%) 86 ± 9 86 ± 9 96 ± 1 

Synthesis time (min) 18 18 23 

Crude RCY (%) 54 ± 9 58 ± 7 63 ± 6 

Residual activity on chip (%) 7 ± 6 8 ± 4 1 ± 1 

 

 

6.6.8   [18F]FBB quality control results (conventional) 

Table 6-7 Conventional (manual) quality control testing results for 3 consecutive batches 
of [18F]FBB. N.D. = not detected. Limit of detection for MeCN is 20 ppm. 

Test Testing Criteria Batch 1 Batch 2 Batch 3 

Appearance  
Clear, colorless, particle 

free 
Pass Pass Pass 

Radioactivity 
concentration 
(MBq/mL) 

45-5000  
83 MBq/mL [2.2 

mCi/mL] 
97 MBq/mL [2.6 

mCi/mL] 
151 MBq/mL [4.1 

mCi/mL] 

Molar Activity 
(GBq/μmol)  

> 37  
593 GBq/μmol 
[16.0 Ci/μmol] 

262 GBq/μmol 
[7.1 Ci/μmol] 

583 GBq/μmol 
[15.7 Ci/μmol] 

Radiochemical 
identity  

Retention time ratio of radio 
peak vs cold standard (0.9-

1.1) 
1.0 1.0 1.0 

K222 < 50 mg/L < 13 mg/L < 13 mg/L < 13 mg/L 

Residual solvents 
MeCN < 410 PPM 

DMSO < 5000 PPM 
Ethanol < 15% 

N.D.* 
529 PPM 

8% 

N.D. 
218 PPM 

7% 

N.D. 
229 PPM 

7% 

Radiochemical 
purity  

> 95% 97% 98% 98% 

Radionuclide 
identity  

105-115 min 113 112 113 

pH 4.0 - 8.0 5.5 5.5 5.5 

Filter integrity  > 50 PSI > 50 PSI > 50 PSI > 50 PSI 

Shelf life 
Pass appearance, pH and 
radiochemical purity after 

240 min 
Pass Pass Pass 

Gamma ray 
emission energy  

496-526 keV photons Pass Pass Pass 

Radionuclide purity  No less than 99.5% Pass Pass Pass 

Bacterial endotoxin  < 175 EU/total batch Pass Pass Pass 

Sterility  
No colony growth observed 

for 14 days 
Pass Pass Pass 
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6.6.9   [18F]FBB quality control results (Tracer-QC) 

The report of the QC testing performed on additional 3 consecutive batches of [18F]FBB 

with an automated Tracer-QC unit are shown in Table 6-8. Note that the indicated values for 

concentration and molar activity are slightly lower than would be expected in practice due to the 

decay that occurred during transport of samples from UCLA to Trace-Ability (~30 min) prior to 

starting the QC tests.  

Table 6-8 Tracer-QC (automated) quality control testing results for 3 consecutive batches 
of [18F]FBB. 

Test Parameter Specification 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 4.5 – 7.5 5.2 5.3 5.3 

Endotoxin (EU/mL) < 7.5 < 1 < 1 < 1 

Acetonitrile (µg/mL) < 410 < 100 < 100 < 100 

Kryptofix (µg/mL) < 50 < 50 < 50 < 50 

Concentration (GBq/mL) 45 – 5000 285 244 400 

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 (µg/mL) ≤ 3.0 0.53 0.62 0.78 

Stilbene-OMs Content (µg/mL) ≤ 3.0 0.00 0.00 0.08 

BOC-Stilbene-TEG Content (µg/mL) ≤ 1.5 0.06 0.11 0.00 

Unspecified Impurity Content (µg/mL) ≤ 5.0 0.00 0.00 0.00 

trans-FBB Radiochemical Identity (%RRT) 90 – 110 100.0 100.0 100.0 

cis-FBB Radiochemical Identity (RRT) 1.12 – 1.16 
Not 

Detected 

Not 

Detected 

Not 

Detected 

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 

Molar activity (GBq/µmol) ≥ 3 196.0 142.9 185.3 
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Chapter 7: Scalable droplet-based radiosynthesis of 
[18F]fluorobenzyltri-phenylphosphonium cation ([18F]FBnTP) 
via a numbering up approach 
 
 

 Introduction  

The recent World Health Organization report highlights ischemic heart disease as the 

leading cause of global mortality, causing 8.9 million deaths in 2019 (276). Early and precise 

detection of cardiac ischemia is crucial, enabling timely consideration of appropriate therapy and 

reducing the risk of disease progression. Utilizing molecular imaging modalities like positron 

emission tomography (PET) and single-photon emission computed tomography (SPECT), 

myocardial perfusion imaging (MPI) emerges as a powerful non-invasive tool for early detection 

and disease monitoring of cardiac ischemia (277–281). 

In the United States, the Food and Drug Administration (FDA) has approved six MPI 

radiotracers, including four SPECT tracers ([99mTc]Tc-teboroxime, [99mTc]Tc-sestamibi, and 

[99mTc]Tc-tetrofosmin all with half-life t1/2 = 6.04 h, and [201Tl]thallium chloride with t1/2 = 73.1 h) 

and two PET tracers ([13N]NH3 (t1/2 = 10 min) and [82Rb]Rb-chloride (t1/2 = 1.27 min)). Despite the 

numerous advantages of PET over SPECT, such as high spatial resolution, attenuation 

correction, sensitivity, and quantitation, SPECT tracers continue to play a central role in clinical 

use, mainly due to the limited accessibility of MPI PET tracers (277,278,280–282). Challenges of 

using [82Rb]Rb-chloride include its ultrashort half-life, low first-pass extraction (~65% at rest), high 

positron range (2.6 mm), and the high cost of monthly generator replacement (278,279,281), and 

[13N]NH3 is restricted by the requirement for an on-site cyclotron for production, significantly 

limiting its availability. PET imaging with F-18 presents an alternative that can overcome these 

limitations and provide several benefits, like longer half-life (t1/2 = 109.8 min) enabling greater 

flexibility in study design, lower injected activity requirement due to low position energy and high 
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positron yield, and the feasibility of using exercise for stress imaging (in contrast to short half-life 

tracers that only permit pharmacological stress) (279). 

The tracer 4-[18F]fluorobenzyltriphenylphosphonium cation ([18F]FBnTP) developed by the 

Dannals group(283) is a promising option. Previous reports have demonstrated its uniform 

distribution in the myocardium and favorable organ biodistribution, showing comparable 

accumulation to clinical tracers [99mTc]Tc-sestamibi and [99mTc]Tc-tetrofosmin (284–287). Further 

clinical trials are required to confirm its suitability for human use, but such studies are hindered 

by its complex and low-efficiency radiosynthesis procedure. The original method, reported by 

Ravert et al. in 2004 (283), involved a demanding 4-step manual process that required large 

amounts of precursor (20 μmol for fluorination) and reagents (20-7930 μmol per step), involved 

high corrosive reagents (HBr), and had low activity yield (6%) and long preparation time (82 min). 

Using microwave activation, Ravert et al. later showed the synthesis could be performed more 

quickly (52 min) and the activity yield increased to 8.3% (288); however the requirement for a 

custom synthesis module was limiting. Further improvements were made By Waldmann et al. in 

2018, including automation on a commercially-available synthesis module (ELIXYS FLEX/CHEM, 

Sofie Inc., Dulles, VA, USA), as well as an improvement in activity yield (16%) (289), but the 

complex synthesis route remained a challenge for routine preclinical and clinical studies in most 

radiochemistry labs. Tominaga et al. later reduced the reaction steps from four to three, though 

critical information such as activity yield, molar activity, and synthesis time were not disclosed 

(284). More recently, Zhang et al. introduced a vastly-simplified one-step preparation of 

[18F]FBnTP through Cu-mediated radiofluorination of a pinacolyl arylboronate precursor (290). 

This method substantially streamlined the radiosynthesis and exhibited high fluorination 

conversion (62 ± 1.4%, n = 2), though the overall synthesis performance was not disclosed. 

Recently, we showed that droplet-based radiochemistry approaches could be leveraged 

to substantially improve Cu-mediated radiosynthesis of [18F]FDOPA (291) and a novel 
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monoacylglycerol lipase (MAGL) ligand, [18F]YH-149 (136). Droplet radiochemistry offers 

advantages of minimal reagent cost, rapid synthesis time, high yield, high molar activity, and low 

space and infrastructure requirements. A further advantage of droplet radiochemistry is the ability 

to perform high-throughput optimization via arrays of droplet reactions performed in parallel 

(160,292). Using a newly developed robotic platform, we used this technique to develop a 

preliminary droplet-based radiosynthesis of [18F]FBnTP (208), resulting in substantial reduction in 

reagent usage and enhancement in radiosynthesis performance (89 ± 1%, n = 4 fluorination 

conversion). Following purification and formulation, [18F]FBnTP was produced with high isolated 

radiochemical yield (RCY, 66 ± 6%, n = 3) within 42 min, corresponding to an activity yield of 49 

± 3% (n = 3). 

In this work, we aimed to establish the clinical relevance of the previous result by scaling 

up the droplet-based production of [18F]FBnTP. Previously, we have shown two different 

approaches for scale-up of droplet reactions: (1) accumulating [18F]fluoride at a reaction site by 

depositing a small aliquot of the [18F]fluoride solution, evaporating the liquid, and repeating 

(Figure 7-1A) (78,97) and (2) pre-concentrating the [18F]fluoride using a trap-elute process on a 

miniature cartridge, enabling a greater amount of activity to be loaded to a reaction site (Figure 

1B) (98). While the first approach is straightforward and suitable for moderate scale-up, handling 

very large activity amounts and volumes becomes impractical due to extended evaporation times 

at a single reaction site. In addition, a modest drop in RCY was observed, potentially due to the 

increased amount of impurities present when using large volumes of radioisotope source solution 

(292). Conversely, the second approach effectively worked with much larger volumes and avoids 

the build-up of impurities, but required a more complex setup. Furthermore, this approach requires 

optimization of the [18F]fluoride elution protocol for each radiotracer because the type and amount 

of phase transfer catalyst (PTC) and base needed for efficient elution can impact the subsequent 
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radiotracer synthesis. Moreover, reductions in RCY were observed at higher activity levels, 

potentially attributable to radiolysis and/or other factors (98). 

 

Figure 7-1 Approaches for scale-up of radiopharmaceutical product amount in droplet-
based radiosynthesis. 
(A) Starting activity for a single droplet reaction is increased by repeated loading and evaporation 
of [18F]fluoride aliquots on the droplet reaction chip prior to the fluorination reaction. (B) 
[18F]fluoride is pre-concentrated using a miniature cartridge into a final volume that is compatible 
with a single reaction site. (C) Multiple reaction sites are loaded with 20-30 µL of (unconcentrated) 
[18F]fluoride and multiple droplet reactions are conducted in parallel. The crude reaction products 
are pooled prior to purification to increase the total product activity. 
 
 

To address these challenges, we developed an alternative scale-up method based on the 

concept of “numbering up”, in which multiple droplet reactions are conducted in parallel and 

pooled together to increase the product quantity (Figure 7-1C). This novel approach is faster than 

the other approaches because it eliminates the need to process the [18F]fluoride ahead of the 

reactions, and because each individual reaction is performed at smaller scale, issues due to 



209 
 

radiolysis or impurities in the radioisotope source  are eliminated. Numbering up provides a rapid 

path to scale-up, minimizing the effort and cost spend to transition from optimization of droplet-

based reactions (at low activity scales) to larger scale production. We demonstrate that this 

approach can be used to conduct production of [18F]FBnTP at clinically-relevant levels in a rapid 

and high-yield manner. 

 Methods 

7.2.1   Materials 

Cesium carbonate (Cs2CO3, 99%), potassium carbonate (K2CO3, >99%), potassium 

trifluoromethanesulfonate (KOTf, 98%), anhydrous pyridine (Py, 99.8%), anhydrous methanol 

(MeOH, 99.8%), dichloromethane (DCM, >99.8%), anhydrous N,N-dimethylformamide (DMF, 

99.8%), 1,3-dimethyl-2-imidazolidinone (DMI, >99.5%), trifluoroacetic acid (TFA, 99%), copper(II) 

trifluoromethanesulfonate (Cu(OTf)2, 98%), and tetrakis(pyridine)copper(II) triflate 

(Cu(OTf)2(Py)4, 95%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Tetraethylammonium trifluoromethanesulfonate (TEAOTf, >99%) was purchased from TCI 

America (Portland, Oregon, USA). Precursor and reference standard were prepared as described 

previously (290). Deionized (DI) water was obtained from a Milli-Q water purification system (EMD 

Millipore Corporation, Berlin, Germany). Reagent and collection vials (0.5 mL, PCR clean) were 

purchased from Eppendorf (Hamburg, Germany). Acetonitrile for high performance liquid 

chromatography (HPLC) was purchased from Fisher Scientific (Pittsburgh, PA, USA). C18 Plus 

Short cartridges (WAT020515) were purchased from Waters Corporation (Milford, MA, USA). 50 

mL polypropylene centrifuge tubes were purchased from Corning Inc. (430304, Corning, NY, 

USA). [18F]Fluoride in [18O]H2O was  obtained  from  the  UCLA  Crump Cyclotron and 

Radiochemistry Center.  
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7.2.2   Droplet-based [18F]FBnTP synthesis 

Droplet-based reactions were conducted on Teflon-coated silicon chips, featuring 2x2 or 

3x3 arrays of arrays of circular (4 mm diameter) hydrophilic reaction sites (Figure 7-4). These 

chips were operated on a temperature-controlled heating platform, as previously described (160). 

The general synthesis process (Figure 7-1C) involved the following steps: First, 10-47 μL of a 

[18F]fluoride stock solution containing 25-1510 MBq of activity mixed with a desired amount of 

phase-transfer catalyst (PTC) and base, was added via micropipette onto a reaction site of the 

chip. The droplet was then dried at 105°C for 1-2 min. Next, 10 μL of a precursor/Cu(OTf)2(py)4 

stock solution was added and heated at 110°C for 5 min to facilitate fluorination. After completion 

of the reaction, the crude product was extracted from the reaction site by adding a collection 

solution (20 μL) and transferring it to a 0.5 mL Eppendorf tube for further analysis. To ensure 

minimal activity residue on the chip, the collection step was repeated a total of 4 times. 

Several stock solutions were prepared just prior to each set of experiments. The stock 

solution of PTC and base was prepared in DI water, with a 5 µL aliquot containing 0.3 μmol of 

TEAOTf and 0.01 μmol of Cs2CO3 for a single droplet reaction unless otherwise indicated. 

[18F]Fluoride stock solution was prepared by mixing a desired volume (5-42 µL) of 

[18F]fluoride/[18O]H2O (containing 25.3-1510 MBq of activity) with a 5 µL aliquot of PTC/base stock 

solution. Individual stock solutions of the precursor (with varied concentration based on precursor 

amount studies) and Cu(OTf)2(Py)4 (136 mM) were prepared in the desired reaction solvent 

mixture, and then these stock solutions were mixed in a 1:1 (v/v) ratio just before synthesis, such 

that each 10 µL portion of the mixed solution contained the desired amount of precursor and 0.68 

μmol of Cu(OTf)2(Py)4. The collection solution was prepared by mixing MeCN and DI water (35:65, 

v/v) with 0.1% TFA (v/v), matching the mobile phase used for HPLC purification. 

When performing scaled-up synthesis, the single droplet process was repeated at multiple 

reaction sites on the same chip. For these reactions, the crude product was collected with smaller 
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aliquots of collection solution (i.e. 10 μL x 4 instead of 20 μL x 4). For example, when performing 

two reactions in parallel, the total volume of the pooled crude products was ~80 μL. 

7.2.3   Analytical methods 

Radioactivity measurements were performed using a calibrated dose calibrator (CRC-

25R, Capintec, Florham Park, NJ, USA). To assess fluorination conversion, we employed multi-

lane radio-thin layer chromatography (radio-TLC) methods (96). Briefly, 0.5 µL of samples were 

spotted on TLC plates (6 cm x 5 cm pieces cut from 20 cm × 5 cm sheets, silica gel 60 F254, Merck 

KGaA, Darmstadt, Germany). These plates were then developed for 4 cm using a mobile phase 

of DCM and MeOH (9:2, v/v), dried, and then covered with a glass microscope slide (75×50×1 

mm³, Fisher Scientific, Hampton, NH, USA) for readout via Cerenkov luminescence imaging (CLI) 

with a 5 min exposure time. The fluorination conversion of each sample (lane) was determined 

via region of interest (ROI) analysis as previously described (96). The collection efficiency was 

obtained by dividing the activity of the product mixture collected from the microdroplet reactor by 

the starting activity (corrected for decay). The crude RCY was computed as fluorination 

conversion multiplied by the collection efficiency. To determine RCY, radio-HPLC purification was 

performed using an analytical column (ZORBAX RP Eclipse Plus C18, 100 x 4.6 mm, 3.5 µm, 

Agilent Technologies, Santa Clara, CA, USA) using an isocratic mobile phase of DI water and 

MeCN (65:35, v/v) with 0.1% TFA (v/v) at a flow rate of 1.2 mL/min. For some experiments, 

purification was performed on an semi-prep column (C18 Gemini-NX, 250 x 10 mm, 5 µm, 

Phenomenex, Torrance, CA, USA) using isocratic mobile phase of DI water and MeCN (60:40, 

v/v) with 0.1% TFA (v/v) at a flow rate of 5 mL/min. This was followed by formulation via a C18 

plus short cartridge (preconditioned with 3 mL of EtOH and then 20 mL of DI water). The radio-

HPLC system (Smartline, Knauer, Berlin, Germany) was equipped with a degasser (Model 5050), 

pump (Model 1000), UV detector (254 nm; Eckert & Ziegler, Berlin, Germany), and a gamma-

radiation detector and counter (BFC-4100 and BFC-1000, Bioscan, Inc., Poway, CA, USA). To 
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confirm the radiochemical purity (RCP), we analyzed the formulated [18F]FBnTP on the same 

analytical radio-HPLC system using a mobile phase of DI water and MeCN (60:40, v/v) with 0.1% 

TFA (v/v) at a flow rate of 1.2 mL/min. Co-injection of the formulated [18F]FBnTP with reference 

standard was performed to validate product identity. 

 Results and discussion 

7.3.1   Preliminary development of droplet-based synthesis conditions 

To enable high-throughput exploration of reactions on 4 mm diameter reaction sites, we 

developed a new chip with a 3x3 array of reaction sites (Figure 7-4). As a starting point for the 

droplet-based synthesis of [18F]FBnTP, we conducted experiments using four sets of conditions. 

First, we scaled down the macroscale synthesis method described by Zhang et al. (290) from 850 

µL to 10 µL, reducing reagents by ~27x (Condition 1). Second and third, we employed our 

previously reported droplet-based conditions for the Cu-mediated synthesis of [18F]FDOPA (291) 

but substituted the [18F]FBnTP precursor (Conditions 2, 3). For Condition 2, the precursor 

amount (0.15 μmol) was set to match Condition 1. For Condition 3, the precursor amount (0.45 

μmol) matched our prior work with [18F]FDOPA (291). Additionally, we used our previous 

preliminary droplet conditions for [18F]FBnTP, but performed reactions on 4 mm reaction sites 

instead of 3 mm sites (208) (Condition 4). Comprehensive details of reaction conditions and 

summary of performance can be found in Table 7-2. 

Surprisingly, our attempts to produce [18F]FBnTP using Condition 1 did not yield any 

product (n = 3). This could potentially be attributed to the fast degradation of Cu(OTf)2 due to 

exposure to atmosphere in the open droplet reaction format, or low effectiveness of Cu(OTf)2 to 

promote the fluorination in a droplet reaction. In our previous report (136), the preparation of 

[18F]YH149 via a similar Cu-mediated route but using the copper reagent Cu(Py)4(OTf)2 resulted 

in a fluorination conversion of 0% (n = 2) in the absence of pyridine. Interestingly, in the current 

study, the synthesis of [18F]FBnTP using the copper reagent Cu(OTf)2  even with the addition of 
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pyridine led to a similar outcome (no conversion). This observation might suggest that 

Cu(Py)4(OTf)2 and pyridine could be a critical pair of reagents necessary for forming the 

radiofluorinated product. 

After switching the PTC/base to Cu(Py)4(OTf)2/Cs2CO3 (Condition 2), we observed a 

small amount of product formation, but with a poor crude RCY of only 8 ± 0% (n = 3), due to both 

low fluorination conversion (25 ± 1%, n = 3) and low collection efficiency (32 ± 1%, n = 3). 

Increasing the precursor amount from 0.15 to 0.45 μmol (i.e. Condition 3) resulted in a significant 

improvement in fluorination conversion (53 ± 8%, n = 3), but the collection efficiency remained 

low (33 ± 1%, n = 3), resulting in only a moderate improvement in crude RCY (17 ± 3%, n = 3). 

In contrast, when taking conditions from our previous high-throughput optimization study 

(Condition 4), but performing the reaction on a 4 mm reaction site, the performance was 

significantly improved, with high fluorination conversion (92 ± 1%, n = 3) and collection efficiency 

(90 ± 1%, n = 3), corresponding to a high crude RCY of 83 ± 2% (n = 3), similar to the performance 

observed when using 3 mm diameter reaction sizes previously (Table 7-3).  

7.3.2   Influence of precursor amount 

 

 
 

Figure 7-2 Influence of precursor amount on the performance of the droplet radiosynthesis 
of [18F]FBnTP. Each experiment was repeated n = 3 times. 
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According to the initial experiments with Condition 2 and 3, the precursor amount showed 

a significant effect on the synthesis performance of [18F]FBnTP. Therefore, we performed further 

optimization to investigate the influence of the precursor amount. Details of measurements and 

calculations can be found in Table 7-4 and results are summarized in Figure 7-2. Excellent 

performance was achieved even with a small amount of precursor (even at the lowest amount 

tested, i.e., 0.15 μmol). We observed that an increased amount of precursor led to a slight 

increase in fluorination conversion and no significant change in collection efficiency, and thus a 

slight increase in crude RCY.  The highest performance was observed for 0.45 and 0.60 μmol of 

precursor, giving crude RCY of 88 ± 3% (n = 3) and 92 ± 2% (n = 3), respectively, and these 

amounts were used in further studies.  

7.3.3   Influence of volume (and activity) of [18F]fluoride 

In our previous report on scaling up the droplet synthesis of [18F]FET and [18F]FBB (97), 

we observed a reduction in the performance of droplet reactions when higher starting activity was 

used. The decrease was attributed to multiple potential factors, but the cause was not conclusively 

identified.  

 

 

 

Figure 7-3 Droplet synthesis performance of [18F]FBnTP as a function of [18F]fluoride 
volume (μL) loaded. 
Impact on (A) fluorination conversion, (B) collection efficiency, and (C) crude RCY are shown. 
(Each conditions was repeated n = 2 times unless otherwise indicated). 
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In the present work, we first explored the possibility of scaling up the synthesis of 

[18F]FBnTP by loading larger amounts of [18F]fluoride. To eliminate the potential impact of 

radiolysis, we first performed a study where the volume of [18F]fluoride used for a reaction was 

varied (5 to 40 μL), but activity level were kept low (11.7 to 69.6 MBq) where there is no impact 

of radiolysis. To maintain a relatively low activity level for higher volumes, the activity was allowed 

to decay for different amounts of time prior to use. This study was performed using 0.45 µmol of 

precursor. Detailed measurements and calculations are tabulated in Table 7-5 and the 

performance is summarized in Figure 7-3 (with blue markers). When using 5-25 μL of aqueous 

[18F]fluoride, we achieved high fluorination conversion and collection efficiency with excellent 

consistency, resulting in similar crude RCY among these conditions (fluorination conversion of 

91-95%, collection efficiency of 90-92%, and crude RCY of 81-87 %; n = 9). However, when 

increasing the isotope volume to 40 μL, we observed a significant drop and lower consistency of 

fluorination conversion (32 ± 27%, n = 2), collection efficiency (81 ± 13%, n = 2), and 

corresponding crude RCY (24 ± 18%, n = 2). Since we can rule out radiolysis, these results 

suggest that increased amount of impurities from the isotope solution could be responsible for the 

reduced performance.  

We performed a small study of precursor quantity during experiments involving a higher 

volume of [18F]fluoride (i.e., 40 μL) to assess whether performance could be improved using 

increased amounts of precursor (i.e., 0.45-1.05 μmol). Detailed measurements and calculations 

are tabulated in Table 7-6. Increasing the precursor quantity from 0.45 to 0.6 μmol did not restore 

the high performance, but significantly increased the crude RCY (from 24 ± 18% (n = 2) to 44 ± 

2% (n = 2)). Subsequent increments did not exhibit significant changes in synthesis performance, 

and therefore we selected 0.6 μmol as the precursor amount for later scale-up synthesis. 

Next, we performed additional tests where the activity level (25-1510 MBq) of the initial 

[18F]fluoride was varied over nearly 2 orders of magnitude. For practical reasons, it was not 
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possible to maintain a consistent volume of [18F]fluoride, which varied from 5-42 μL in these 

studies. Detailed measurements and calculations can be found in Table 7-7 and the performance 

is summarized in Figure 7-3 (with red markers). These data exhibited a similar trend as the prior 

isotope volume study. Regardless of activity level, volumes up to 20 μL exhibited high 

performance (crude RCY 80-90%), volumes of 25 and 30 μL exhibited moderate performance 

(crude RCY 60-80%) and higher volumes gave much lower and variable crude RCY.  

Since the product yield drops significantly if using >30 μL of [18F]fluoride, we used this as 

a maximum volume of isotope to load in each reaction site, and to perform further scale-up we 

performed multiple syntheses in parallel (numbering up). 

7.3.4   Synthesis scale-up   

Assuming a [18F]fluoride concentration of ~30 MBq/μL, each 30 μL portion of fluoride 

contains ~900 MBq. Thus, given an estimated crude RCY (~60%) and estimated synthesis time 

of ~40 min, we estimated that combining two droplet reactions would be sufficient to prepare a 

batch (>740 MBq) sufficient for two or more clinical doses (estimated to be 92.5-315.5 MBq each, 

based on doses used for [18F]Flurpiridaz (293)), or one dose, if significant transport is required 

prior to use. The results are summarized in Table 7-1. This study, where two reactions with 

combined starting activity of 1.6-2.1 GBq, resulted in RCY of 54 ± 6% (n = 3), activity yield of 43 

± 5% (n =3) and radiochemical purity (RCP) of 100% (Figure 7-5,6,7,8). A comparison with the 

results from a 30 μL reaction in a previous optimization study within this work (i.e., crude RCY of 

62 ± 2% (n = 2), exhibited a slightly lower RCY the in the scaled-up synthesis. This discrepancy 

can likely be attributed to minor activity loss during HPLC purification and the product formulation 

process. With this scale-up strategy, we successfully provided a clinically-relevant dose of 

[18F]FBnTP (0.76-0.80 GBq, n = 3) with excellent molar activity of 665-877 GBq/µmol at the end 

of synthesis. Since all reactions ran in parallel, the preparation time remained similar to performing 

a single droplet reaction, the only difference being that additional time is required for the collection 

step (since multiple droplets need to be sequentially collected). The total synthesis time was 37 
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± 1 min. Note that this synthesis time is shorter than reported in our prior high-throughput 

optimization study (42 ± 1 min)  (208), due to using a different mobile phase for radio-HPLC 

purification with a slightly higher proportion of MeCN which shortened the retention time (14.0 vs. 

15.3 min), and reducing the amount of dilution of purified product (15 vs 20 mL) which shortened 

the formulation process (10 min vs 13 min). 

Noting that the use of 20 μL aliquots of [18F]fluoride performed better than 30 μL in our 

isotope volume study, we performed an additional set of experiments, in which we performed 

pooling of four droplet reactions, each starting with 20 μL of activity (Table 7-1). For purification, 

we used a semi-prep column instead of analytical to ensure that the mass and volume of injection 

material did not exceed the column capacity (Figure 7-9). Starting with 0.9-2.7 GBq, the resulting 

performance exhibited slightly higher RCY (64 ± 2%, n = 2) and activity yield (48 ± 2%, n = 2) 

than the 30 μL study, while maintaining high RCP (~100%) and molar activity (339 GBq/µmol for 

the synthesis starting with 2.7 GBq of activity) (Figure 7-10,11). Following purification and 

formulation, up to 1.26 GBq of [18F]FBnTP was produced. Due to the use of the semi-prep column, 

the HPLC purified fraction had larger volume, and required more dilution for formulation, than the 

two-droplet experiments, increasing the formulation time (from 10 min to 19 min), and thus 

extending the overall synthesis time by ~9 min. 
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Table 7-1 Comparison of [18F]FBnTP synthesis performance under microscale and 
macroscale conditions. Where applicable, values are given as averages ± standard 
deviations for the indicated number of replicates.  

Conditions 
This work 

(2 droplets) 
This work 

(4 droplets) 
Ravert et al. 
2004 (283) 

Ravert et al. 
2014 (288) 

Tominaga et 
al. 2016 (294) 

Zhang et al. 
2016 (290)e 

Waldmann et 
al. 2018(289) 

Jones et al. 
2023(208) 

METHOD 

Radiosynt 
hesis 
platform 

Droplet-
based 

synthesizer 

Droplet-based 
synthesizer 

5 mL v-vial 
5 mL v-vial in 
a microwave 

cavity 
Glass vial Glass vial 

ELIXYS 
FLEX/CHEM 

Droplet-
based 

synthesizer 

Manual or 
automated? 

Manual Manual Manual 
Remote 
control 

Manual Manual Automated Manual 

Synthesis 
steps 

1 1 4 4 3 1 4 1 

Synthesis 
route 

Cu-mediated 
fluorination 

Cu-mediated 
fluorination 

1) Fluorination 
2) Reduction 

3) 
Bromination 
4) Alkylation 

1) Fluorination 
2) Reduction 

3) Bromination 
4) Alkylation 

1) Fluorination 
2) Reduction 
3) Alkylation 

Cu-mediated 
fluorination 

1) Fluorination 
2) Reduction 

3) Bromination 
4) Alkylation 

Cu-
mediated 

fluorination 

Precursor 
consumed 
(μmol) 

0.6 × 2 0.6 × 4 20 12.8 42.9 4 14.3 0.45 

Major 
reagent(s) 
consumed 
(μmol) 

Cu(Py)4(OTf)
2 (0.68 × 2) 

Cu(Py)4(OTf)2 

(0.68 × 4) 

1) 
N(Me)3Bz•OTf 
(20), K2CO3 
(20), K222 (30) 

2) NaBH4 
(7930) 

3) PBr2Ph3 
(200) 

4) PPh3 (80) 

1) 
N(Me)3Bz•OTf 
(12.8), K2CO3 
(82.6), K222 
(111) 

2) NaBH4 
(31.7) 

3) HBr (48% 
aq; 0.8 mL) 

4) PPh3 (11.4) 

1) 
N(Me)3Bz•OTf 
(42.9), K2CO3 
(N.R.), K222 
(37) 

2) NaBH4 
(529.) 

3) PPh3•HBr 
(367) 

Cu(OTf)2 (20) 

1) 
N(Me)3Bz•Otf 
(14.3), K2CO3 
(7), K222 (27) 

2)NaBH4•(Al2
O3)x (10 wt.%, 
350 mg) 

3) PBr2Ph3 
(200) 

4) PPh3 (11.4) 

Cu(Py)4(Otf)
2 (0.68) 

Solvent 
volume (µL) 

10 × 2 10 × 4 200-3000 400-1400 600-6000 850 800-4100 10 

PERFORMANCE 

Number of 
repeats (n) 

3 2 20 27 5 2 3 3 

Starting 
activity 
(GBq) 

1.6-2.1 0.9-2.7 N.R. N.R. 3.7-5.6 N.R. 9.4-12.0 0.12 

Radiochemi
cal yield 
(RCY, %)a 

54 ± 6 64 ± 2 10d 11.5 ± 3.3d 12-14 N.R. 28.6 ± 5.1 66 ± 6 

Radiochemi
cal purity 
(RCP, %)b 

100 99.5 >99 >99 >99 >97 >99 100 

Activity 
yield (GBq) 

0.76-0.80 0.38-1.26 N.R. N.R. N.R. N.R. 1.4-2.2 0.056-0.063 

Activity 
yield (%) 

43 ± 5 48 ± 2 6 8.3 ± 2.4 N.R. N.R. 14.9-18.3d 49 ± 3 

Molar 
activity 
(GBq/µmol) 
at EOS 

665-877 339c 16.7 534.5 ± 371.4 N.R. N.R. 80-99 N.R. 

Total 
synthesis 
time (min) 

37 ± 1 47 ± 1 82 52.4±14 N.R. N.R. 90-92 42 ± 1 

aRCY includes purification and formulation. bRCP was determined by radio-HPLC. cThe molar activity was calculated 

from the synthesis starting with 2.7 GBq of activity. dThese valves were calculated based on other information in the 

literature report. eOverall performance was not reported, but radiochemical conversion of product was 62 ± 1.4 (n = 2), 

determined by radio-HPLC using an aliquot of diluted crude product. N.R. = Not reported. EOS = End of synthesis. K222 

= 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexa-cosane.  
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7.3.5   Comparison of droplet and conventional methods 

In comparison to the previously reported macroscale conditions by Zhang et al. (290), this 

scaled-up droplet synthesis through the same Cu-mediated route offered significant advantages. 

The droplet format reduced the reaction volume from 850 μL to 10 μL, allowing for higher reagent 

concentration while consuming much less reagents (i.e., 2-3x less precursor and 7-14x less 

copper reagent, depending whether 2 or 4 droplets are pooled). Moreover, our droplet synthesis 

achieved superior radiochemical purity of 100% (vs. 97% in (290)). In addition, the radio-HPLC 

chromatogram of the crude [18F]FBnTP injection displayed excellent separation resolution on both 

analytical and semi-prep columns (Figure 7-5 and Figure 7-9). Only two major radio-peaks, 

corresponding to unreacted [18F]fluoride and [18F]FBnTP, were observed in the HPLC 

chromatogram from the droplet reaction (Figure 7-5 and Figure 7-9), whereas multiple peaks 

were seen in the initial macroscale reactions (290). This suggests that the microscale synthesis 

had fewer side reactions which may give opportunities for further optimization and shortening of 

the purification process. Though the numbering up method required more precursor consumption 

compared to the single-reaction paired with concentration method (Figure 7-1A,B), the quantity 

is still lower than that for macroscale approach (1.2-2.4 μmol for 2-4 droplet reactions vs. 4 μmol 

for the macroscale reaction).  

In comparison to other macroscale conditions involving multiple reaction steps, the one-

step radiosynthesis approach significantly simplifies the preparation of [18F]FBnTP, shortens the 

synthesis time and purification, and eliminates the need for handling corrosive reagents, making 

it more practical for both preclinical and clinical studies. Moreover, the droplet scale-up method 

dramatically reduced precursor consumption by 2-35x while providing 2-6x higher RCY 

(compared to reported data by Ravert et al. (283,288), by Tominage et al. (294) and Waldmann et 

al. (289)) and 3-8x higher activity yield (compared to reported values by Ravert et al. 2014 (288) 

and Waldmann et al. (289)). Even with 3-4x lower starting activity compared to Waldmann et al.'s 
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method (2.7 GBq in this work vs. 9.4-12.0 GBq in (289)), the droplet scale-up technique achieves 

comparable quantity of [18F]FBnTP (1.26 GBq from 4 droplet reactions vs. 1.4-2.2 GBq (289)), and 

over 4-8x higher molar activity. This enables efficient production of small tracer batches through 

Cu-mediated radiofluorination, especially suitable for preclinical imaging scenarios where high 

molar activity is needed. Additionally, the total preparation time is 5-55 min shorter than all 

reported macroscale approaches. 

Building on the successful flexible scale-up of radiotracer product amount by parallel 

droplet reactions presented in this study, further investigations could explore the feasibility of 

combining more droplet reactions to provide multiple patient doses in an automated format.  

 Conclusions 

In this work, we successfully developed a droplet-based one-step Cu-mediated 

fluorination synthesis for [18F]FBnTP using a pinacolyl arylboronate precursor. After performing 

optimization of droplet reactions at low activity scale using high-throughput techniques, a short 

study enabled determination of the maximum practical volume of [18F]fluoride per reaction (i.e. 

that did adversely impact performance).  Subsequently, within this constraint, the synthesis was 

scaled by performing multiple reactions in parallel to achieve the desired amount of product. The 

resulting radiochemical yield after purification and formulation was high for both a two-reaction 

approach (30 µL per reaction; RCY = 54 ± 6%, n = 3) and four-reaction approaches (20 µL per 

reaction; RCY = 64 ± 2%, n = 2), with excellent radiochemical purity (100%) and high molar activity 

(339-877 GBq/μmol). Sufficient product for multiple clinical doses, 0.76-1.26 GBq, was efficiently 

achieved from 1.6 to 2.7 GBq of [18F]fluoride in a synthesis time of just 37-47 min. The simplicity 

and speed of this synthesis method, along with improved yield and reduced precursor amount, 

will greatly facilitate further preclinical and clinical evaluation of [18F]FBnTP for MPI or other 

applications, like lung cancer studies (295,296). Moreover, this efficient droplet-based scale-up 

technique can readily be applied to prepare other radiotracers on demand, enabling quick and 
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cost-effective production of various radiotracers for diverse applications. This work represents the 

first successful trial of scaling up the synthesis in a droplet microreactor by the numbering up 

technique. Automation of this approach is ongoing and provides a promising route to reliably 

supply multiple patient doses per batch using droplet radiochemistry methods. 

 Appendix 

7.5.1   Microdroplet reaction chips 

 
 

 
 

Figure 7-4 2×2 and 3×3 multi-reaction chips for high-throughput synthesis optimization 
and for increasing synthesis scale by pooling the crude products of parallel reactions 
 “numbering up” . 
 
 

 

7.5.2   Preliminary experiments 
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Table 7-2 Preliminary attempts at droplet radiosynthesis of [18F]FBnTP via the Cu-mediated 
route by adapting literature protocols. 

Condition 1 was adapted from the macroscale conditions reported by Zhang et al. (297) (i.e. 
KOTf (1.33 umol), K2CO3 (1.81 nmol), Cu(OTf)2 (20 µmol), precursor (4 µmol) in 850 μL of DMF 
at 110 oC for 20 min). The microscale reaction was performed by scaling down from 850 μL to 10 
μL and keep the same reagent ratios, but with increased concentration (~3x). Conditions 2 and 
3 are based on a previously reported droplet-based radiosynthesis of [18F]FDOPA (291) 
(fluorination reaction) but with [18F]FBnTP precursor instead, and two different amounts of 
precursor. Condition 4 is the preliminary droplet condition for [18F]FBnTP synthesis reported in 
our recent paper (208). All reactions were performed at 110 °C for 5 min.  

Condition 1 2 3 4 

Reference (297) (291) (291) (208) 

PTC and base composition (nmol) 
KOTf (50)                  

K2CO3 (0.0675) 
TEAOTf (300)       
Cs2CO3 (10) 

TEAOTf (300)   
Cs2CO3 (10) 

TEAOTf (300)   
Cs2CO3 (10) 

Precursor (μmol) 0.15 0.15 0.45 0.45 

Copper reagent (μmol) Cu(OTf)2 (0.75) Cu(Py)4(OTf)2 (0.68) Cu(Py)4(OTf)2 (0.68) Cu(Py)4(OTf)2 (0.68) 

Solvent composition (10 µL 
reaction) 

DMF/Py (96:4, v/v) DMF/Py (96:4, v/v) DMF/Py (96:4, v/v) DMI/Py (96:4, v/v) 

Performance (n = 3)     

Starting activity (MBq) 262 ± 4 262 ± 4 262 ± 4 262 ± 4 

Collection efficiency (%) 80 ± 4 32 ± 1 33 ± 1 90 ± 1 

Residual on pipette tip (%) 1 ± 0 1 ± 1 0.3 ± 0.2 0.4 ± 0.2 

Fluorination conversion (%) 0 25 ± 1 53 ± 8 92 ± 1 

Crude RCY (%) 0 8 ± 0 17 ± 3 83 ± 2 

 
 
 

7.5.3   Influence of reaction site diameter 

Table 7-3 Comparison of the reaction performance on chips with 4 mm reaction sites (this 
work) vs 3 mm reaction sites. 

 Reaction site 
diameter (mm) 

Number of 
replicates (n) 

Fluorination 
conversion (%) 

Collection 
efficiency (%) 

Crude 
RCY (%) 

This worka 4 3 92 ± 1 90 ± 1 83 ± 2 

Previous worka 3 4 89 ± 1 97 ± 2 86 ± 2 
aAll reactions were performed as follows. 5 μL of [18F]F- and 5 μL of TEAOTf (0.3 μmol)/Cs2CO3 (0.01 μmol) were 

dispensed on the reaction site and dried at 105 °C for 1 min. The precursor (0.45 μmol) and Cu(OTf)2(Py)4 (0.68 μmol) 

in 10 μL of DMI/pyridine (96:4, v/v) were then added and reacted at 110 °C for 5 min. 
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7.5.4   Influence of amount of precursor 

Table 7-4 Summary of data acquired when exploring the impact of precursor amount for 
preparing [18F]FBnTP. Each condition was repeated n = 3 times. 

Precursor amount (μmol)a 
Fluorination 

conversion (%) 
Collection 

efficiency (%) 
Crude RCY (%) 

0.15 92 ± 0 89 ± 2 82 ± 2 

0.20 96 ± 0 90 ± 4 86 ± 3 

0.30 97 ± 0 89 ± 2 86 ± 2 

0.45 97 ± 1 90 ± 3 88 ± 3 

0.60 99 ± 0 93 ± 2 92 ± 2 
aAll reactions were performed as follows. 5 μL of [18F]F- and 5 μL of TEAOTf (0.3 μmol)/Cs2CO3 (0.01 μmol) were 

dispensed on the reaction site and dried at 105 °C for 1 min. The precursor (amounts indicated) and Cu(OTf)2(Py)4 

(0.68 μmol) in 10 μL of DMI/pyridine (96:4, v/v) were then added and reacted at 110 °C for 5 min. 

 

 

7.5.5   Influence of starting activity and volume of [18F]fluoride 

Table 7-5 Summary of data acquired when exploring the impact of [18F]fluoride volume or 
starting activity when preparing [18F]FBnTP. Precursor amount for these studies was 0.45 
μmol. All experiments were performed at relatively low activity (11.7-69.6 MBq). 

[18F]fluoride 
volume 
 μL  

Number of 
replicates 

(n) 

Starting 
activity 
(MBq) 

Fluorination 
conversion 

(%) 

Collection 
efficiency (%) 

Crude RCY 
(%) 

5 2 11.9 ± 0.3 92 ± 0 92 ± 2 84 ± 2 

10 2 23.6 ± 0.4 95 ± 1 92 ± 1 87 ± 1 

15 2 34.6 ± 0.3 93 ± 1 92 ± 1 85 ± 0 

20 2 45.7 ± 0.8 91 ± 2 90 ± 1 81 ± 2 

25 1 56.2 93 90 84 

40 2 68.0 ± 2.3 32 ± 27 81 ± 13 24 ± 18 

 
 
Table 7-6 Summary of data acquired when exploring the impact of precursor amount in 
conjunction with higher volume of [18F]fluoride (40 μL) when preparing [18F]FBnTP. All 
experiments were performed at relatively low activity (58.2-69.6 MBq). Each condition was 
repeated n = 2 times. 

Precursor 
amount  μmol  

Starting activity 
(MBq) 

Fluorination 
conversion (%) 

Collection 
efficiency (%) 

Crude RCY (%) 

0.45 68.0 ± 2.3 32 ± 27 81 ± 13 24 ± 18 

0.60 60.5 ± 1.8 52 ± 1 85 ± 1 44 ± 2 

0.75 59.2 ± 1.4 47 ± 3 88 ± 7 41 ± 6 

0.90 60.3 ± 1.9 55 ± 12 84 ± 4 47 ± 13 

1.05 59.8 ± 0.1 65 ± 5 89 ± 1 57 ± 4 
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Table 7-7 Summary of data acquired when exploring the impact of [18F]fluoride volume or 
starting activity when preparing [18F]FBnTP. Precursor amount for these studies was 0.60 
μmol. Experiments were performed over a wider activity range (25.3-1510 MBq). 

[18F]fluoride 
volume 
 μL  

Number of 
replicates 

(n) 

Starting 
activity 
(MBq) 

Fluorination 
conversion 

(%) 

Collection 
efficiency 

(%) 

Crude RCY 
(%) 

5 6 86 ± 47 94 ± 2 91 ± 3 86 ± 4 

25 2 710 ± 270 74 ± 7 86 ± 5 63 ± 2 

30 2 930 ± 180 73 ± 1 85 ± 1 62 ± 2 

40 2 60.5 ± 1.8 52 ± 1 85 ± 1 44 ± 2 

42 2 970 ± 770 26 ± 16 89 ± 1 23 ± 14 

 
 

7.5.6   Representative HPLC chromatograms 

7.5.6.1 The synthesis by pooling two droplet reactions 
 

 
 

Figure 7-5 Radio-HPLC chromatogram, during purification on an analytical column, of 
crude [18F]FBnTP by pooling two droplet reactions. The apparent split in the product peak 
is an artifact due to saturation of the radiation detector. 
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Figure 7-6 Blank injection of formulation buffer, i.e., saline and EtOH (9:1, v/v). 
 
 
 
 

 
 

 
Figure 7-7 Radio-HPLC chromatogram of formulated [18F]FBnTP (from pooling two droplet 
reactions). 
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Figure 7-8 Radio-HPLC chromatogram of co-injection of formulated [18F]FBnTP (from 
pooling two droplet reactions) and FBnTP reference standard. 
 
 
 

7.5.6.2 The synthesis by pooling four droplet reactions 
 

 
 

Figure 7-9 Radio-HPLC chromatogram, during purification on a semi-prep column, of crude 
[18F]FBnTP by pooling four droplet reactions. 
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Figure 7-10 Radio-HPLC chromatogram of formulated [18F]FBnTP (from pooling four 
droplet reactions). 
 
 
 
 

 
 
Figure 7-11 Radio-HPLC chromatogram of coninjection of formulated [18F]FBnTP (from 
pooling four droplet reactions) and FBnTP reference standard. 
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7.5.7   Molar activity determination 

 
 

Figure 7-12 Calibration curve of FBnTP reference standard. UV absorbance was measured 
at 254 nm. 
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Chapter 8: Copper-mediated 18F-radiosynthesis optimization 
of a novel MAGL PET tracer on a high-throughput 
microdroplet platform and its immediate macroscale 
translation 
 
 

 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 (6). 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 (i.e. radiotracers) to specific biomolecular targets (11). 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 (298,299). Aromatic 

systems labeled with [18F]fluorine, in particular, tend to offer good in vivo stability, making them 

ideal for PET tracer development (300). Numerous approaches have been reported for 18F-

labeling of aromatic compounds, though introducing [18F]fluoride into neutral and electron-rich 

aromatic rings remains challenging (299,301–303). 

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 (304–314). 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 types, precursor amount, copper mediator 
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type, reaction temperature, labeling time etc. (315–318). 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. 

Particularly, 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 (319). 

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 (36–40). 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 (44), but 

these setups rely on macroscale components for some synthesis steps (e.g., radioisotope 

concentration and product purification), making them similar to 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 volumes (51), smaller system size, as well as improved 

integration with upstream and downstream processes. A variety of batch approaches have been 

pursued, including microvial reactors (54–56), channel-based devices with integrated isotope 

processing and purification (57,58), 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 (320,321), passive transport chips (322,323), and surface-
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tension trap chips (324). 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 (134,162,325). The enhanced speed is primarily attributed to an efficient chip 

surface heating and cooling system combined with the low solution volumes during reaction and 

evaporation steps, as well as microvolume purification (using analytical-scale HPLC) of <100 μL 

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% (n = 4) from fluorination conversion via TLC of 60 ± 4% and collection efficiency of 71 

± 2%) with only 150 nmol of precursor (291).  

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, i.e., existing vial-based modules? To address these 

questions, we conducted a study using a novel PET tracer ([18F]YH149) targeting the 

monoacylglycerol lipase (MAGL) as a proof-of-concept (326). Designed and synthesized via a 

Cu-mediated route (Figure 8-1A), [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 (326), 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 



232 
 

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. 

 

 

Figure 8-1 Microdroplet-based radiosynthesis of [18F]YH149. 
(A) [18F]YH149 synthesis scheme. (B) 2×2 and 4×4 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). 
 

 Methods 

8.2.1   Materials 

Tetrabutylammonium hydrogen carbonate (TBAHCO3, 75 mM in ethanol) was purchased 

from ABX Advanced Biochemical Compounds (Radeberg, Germany). Tetrabutylammonium 

trifluoromethane-sulfonate (TBAOTf, >99%), Kryptofix® 222 (K222, >99%) and potassium oxalate 

(K2C2O4, 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tetraethylammonium 

trifluoromethanesulfonate (TEAOTf, >99%) was purchased from TCI America (Portland, Oregon, 
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USA). Cesium carbonate (Cs2CO3, 99%), potassium carbonate (K2CO3, >99%), anhydrous 

pyridine (Py, 99.8%), anhydrous N,N-dimethylformamide (DMF, 99.8%), anhydrous N,N-

dimethylacetamide (DMA, 99.8%), anhydrous dimethyl sulfoxide (DMSO, >99.9%), n-butanol 

(nBuOH, 99.9%), 1,3-dimethyl-2-imidazolidinone (DMI, >99.5%), anhydrous acetonitrile (MeCN, 

99.8%), anhydrous ethyl alcohol (EtOH, >99.5%), phosphoric acid (H3PO4, >85 wt. % in H2O) and 

tetrakis(pyridine)copper(II) 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, Oregon, USA). The precursor and reference standard were prepared as previously 

reported (326). 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. (430304, 

Corning, NY, USA). [18F]fluoride in [18O]H2O 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 and vial-based macroscale radiosynthesis. 

8.2.2   Droplet-based radiosynthesis of [18F]YH149 

Droplet-based reactions were performed on Teflon-coated silicon chips patterned with 2x2 

or 4x4 arrays of multiple hydrophilic reaction sites (Figure 8-1B), operated on a temperature-

controlled heating platform, as previously described (160). 

The general synthesis process (Figure 8-1C) was as follows: 10 μL of a [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 

μL of a precursor / Cu(OTf)2(py)4 stock solution was added via micropipette and heating to perform 
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the fluorination. After synthesis, the crude product was extracted from the reaction site by adding 

a collection solution (20 μL) 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.  

Several stock solutions were prepared just prior to each batch of experiments. Stock 

solutions of PTC and base was prepared in DI water at concentrations such that a 5 µL aliquot 

contained the desired amount of PTC and base for a single droplet reaction. The amounts were 

optimized as part of this study. [18F]fluoride stock solution was prepared by mixing 

[18F]fluoride/[18O]H2O with the desired PTC / base stock solution in 1:1 (v/v) ratio, such that each 

10 µL 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(OTf)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 µL portion of the mixed solution contained 

0.185 μmol (0.1 mg) of precursor and 0.68 μmol 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, a 20 μL 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. 

8.2.3   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 30400185, Hogentogler & Co. Inc., Columbia, 
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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 μL of reaction 

solvent mixture, but otherwise maintaining the same conditions as the droplet reaction. 20 μL 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 µL) and drying at the same temperature. 

Stock solutions of precursor and Cu(OTf)2(Py)4 were each prepared in the optimized solvent 

system, and were mixed in 1:1 (v/v) ratio right before synthesis. 300 μL of the resulting mixture 

(containing 10x the amounts of precursor and Cu(OTf)2(Py)4 as the optimized droplet reaction)  

was added into the reaction vial and heated to the fluorination temperature via the 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 down with a water bath (~20 

°C) for ~1 min, and a 0.5 μL sample was taken from the reaction mixture and diluted with 20 μL 

of collection solution for TLC analysis. After taking the sample, the reaction vial was put back into 

the heat block until the next timepoint. After the 0.5 μL 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 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 via analytical-scale HPLC. 
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8.2.4   Analytical equipment and methods 

Radioactivity measurements were conducted with 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 (96). Briefly, samples (0.5 µL) were spotted on 

TLC plates (6 cm x 5 cm pieces cut from 20 cm × 5 cm sheets, silica gel 60 F254, 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 (75×50×1 mm3, 

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 via ROI 

analysis as previously described (96). 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 µm, Agilent Technologies, 

Santa Clara, CA, USA) using an isocratic mobile phase of DI water and MeCN (74:26, v/v) with 

0.1% H3PO4 (v/v) at a flow rate of 1.2 mL/min. 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% H3PO4 (v/v) at a 

flow rate of 1.2 mL/min. 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 Appendix 8.5.3. 
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 Results and discussion 

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

8.3.1.1 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 al.(326) from 300 µL to 10 µL with 10x reduced reagents, while preserving ingredient ratios 

except for Cu(OTf)2(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 (291) but used the [18F]YH149 precursor. The detailed conditions and 

performance of the reactions can be found in Table 8-3. Surprisingly, ourattempts to produce 

[18F]YH149 by Condition 1 yielded no product (n = 2) (Figure 8-6). 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,(326) 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.  

8.3.1.2 Influence of reaction solvent 
 

Various solvent systems were investigated for the preparation of [18F]YH149 (Figure 

8-2A). Details of measurements and calculations are tabulated in Table 8-4, the CLI readout of 

the multi-lane TLC is shown in Figure 8-7. All reactions were conducted with TEAOTf (0.3 μmol) 
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/ Cs2CO3 (0.01 μmol) as PTC/base, Cu(py)4(OTf)2 (0.68 μmol) as copper reagent and 0.1 mg 

(0.18 μmol) of precursor in 10 μL 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% (n = 3). Notably, the absence of pyridine (i.e., using only DMA/nBuOH (2:1, v/v)) 

resulted in a fluorination conversion of 0% (n = 2), suggesting 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 al. in previous reports (311,319). 

 

 

Figure 8-2 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. 
 
 

8.3.1.3 Influence of PTC/base 
 

The next investigation involved different types of PTCs and bases (Figure 8-2B). The 

detailed measurements and calculations can be found in Table 8-5 and multi-lane TLC data are 

shown in Figure 8-8. In the absence of base (Cs2CO3), the reaction with TEAOTf exhibited the 

highest fluorination conversion among the three PTCs tested, achieving 36 ± 1% (n = 3), along 
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with a good collection efficiency of 70 ± 1% (n = 3) and resulting crude RCY of 25 ± 1% (n = 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 TBAOTf and 14 ± 1%, n = 3 for 

TBAHCO3). The addition of the base Cs2CO3 further improved the fluorination conversion (44 ± 

3%, n = 3 for TEAOTf/Cs2CO3 and 36 ± 2%, n = 3 for TBAOTf/Cs2CO3), resulting in higher crude 

RCYs of 31 ± 3% (n = 3) for TEAOTf/Cs2CO3 and 26 ± 4% (n = 3) for TBAOTf/Cs2CO3, 

respectively. Hence, TEAOTf was identified as the optimal PTC for preparing [18F]YH149, and the 

addition of base (Cs2CO3) was also important for a good manufacture.  

8.3.1.4 Effect of temperature and base type 
 
 

 
 
Figure 8-3 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. 
 
 

We conducted additional investigation into the fluorination temperatures (Figure 8-3A,B). 

As a mild and common base source in aprotic solvents, we also opted to explore K2CO3 as an 

alternative to Cs2CO3 in this temperature study. A comprehensive listing of measurements and 
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calculations, and multi-lane radio-TLC images can be found in Table 8-6,7 and Figure 8-9,10, 

respectively. In the presence of Cs2CO3, 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% (n = 3). When K2CO3 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% (n = 3), 

collection efficiency was 57 ± 3% (n = 3) and crude RCY was 38 ± 2% (n = 3). Considering the 

higher volatile losses observed with Cs2CO3 at 140 °C (collection efficiency: 55 ± 1%, n = 3 vs. 

57 ± 3%, n = 3 for K2CO3) and its more basic property in aprotic solvents (327), we adopted 

K2CO3, the milder base, as the base for further experiments. 

8.3.1.5 Effect of reaction time 
 

Next, we investigated the impact of reaction time (Figure 8-3C). Detailed measurements 

and calculations and radio-TLC analysis can be found in Table 8-8 and Figure 8-11. 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). 

8.3.1.6 Effect of base amount 
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Based on the optimal reaction time, a study of different amounts of base was conducted 

(Figure 8-3D). Details of measurements and calculations and radio-TLC images can be found in 

Table 8-9 and Figure 8-12. 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. 

8.3.1.7 Influence of precursor amount 
 

We further explored the influence of precursor amount (Figure 8-3E). Detailed 

measurements and calculations and radio-TLC images can be found in Table 8-10 and Figure 

8-4, 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). 

 

Figure 8-4 Example of high-throughput analysis of crude fluorination products (from study 
of precursor amount) using multi-lane TLC with Cerenkov luminescence imaging (CLI) 
readout. 
 

8.3.1.8 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(94), 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 8-10 and Figure 8-13), the synthesis showed 
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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/nBuOH/Py as the optimal solvent combination. Additionally, given the superior 

performance of Cs2CO3 compared to K2CO3 in the same [18F]FBnTP study (94), we were curious 

to compare these bases again for the preparation of [18F]YH149 (Table 8-10 and Figure 8-13). 

To our surprise, the use of Cs2CO3 exhibited a significant increase in both fluorination conversion 

(80 ± 2%, n = 4) compared to K2CO3 (62 ± 2%, n = 3) and collection efficiency (71 ± 3%, n = 4) 

compared to K2CO3 (68 ± 4%, n = 3). Consequently, this configuration yielded the highest crude 

RCY of 56 ± 3% (n = 4) compared to K2CO3 (42 ± 4%, n = 3). As a result, we selected Cs2CO3 as 

the optimal base type.   

8.3.1.9 Overall synthesis including purification 
 
Table 8-1 Summary of optimization experiments and findings. At each stage, the best 
performing condition was selected and held constant in later experiments.  

Day Optimization study Selected optimal condition 

1 

Initial attempts at droplet 
reaction 

Use Condition B (in Table S1)  

Optimize solvent type 
 Solvent must contain pyridine  
 DMA/nBuOH/pyridine (64:32:4, v/v) 

2 Optimize PTC/base type  TEAOTf/Cs2CO3 

3 
Optimize temperature and base 
type 

 140oC 
 TEAOTf/K2CO3 

4 
Optimize reaction time  3 min 

Optimize base amount  10 nmol 

5 

Optimize precursor amount  0.15 mg 

Additional solvent test No change 

Additional base type test  TEAOTf/Cs2CO3
 
 

 
Overall, as summarized in Table 8-1, 36 distinct conditions (totaling 117 experiments 

when replicates are included) were explored over a span of 5 days, consuming a total of <15 mg 
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of precursor. In order to account for potential interfering factors (e.g. variations in [18F]fluoride 

quality from day to day, batch-to-batch inconsistencies in stock solution preparation, etc.), 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 22-170 MBq. The optimal process involved drying [18F]fluoride 

with TEAOTf (0.3 μmol) and Cs2CO3 (0.01 μmol) 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 μmol) of precursor and 0.68 μmol of Cu(OTf)2(Py)4 in a 10 μL solvent mixture of 

DMA/BuOH/pyridine (64:32:4, v/v). This optimized method achieved fluorination conversion (80 

± 2%, n = 3) and collection efficiency (71 ± 3%, n = 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 μL) 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 (Figure 8-5A). The isolated RCY (52 

± 8%, n=4) closely matched the calculated crude RCY (56 ± 3%, n = 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). Figure 8-5B shows an HPLC chromatogram of a blank 

injection of the purification mobile phase (20 μL), and Figure 8-5C shows a chromatogram of the 

injected purified product (20 μL). Co-injection of the purified [18F]YH149 and the reference 

standard confirmed the product identity (Figure 8-5D). 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 
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min). The molar activity at the end of synthesis was determined to be 77-854 GBq/μmol. The 

overall synthesis time was 26 min, comprising 6 min for radiolabeling and 20 min for purification. 

 

Figure 8-5 Example radio-HPLC chromatograms via droplet-based radiosynthesis. 
(A) crude [18F]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.  
 
 

The performance is summarized in Table 8-2 and compared to the results of the originally-

reported macroscale synthesis,(326) 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 μL). The concentration of the copper reagent was similar (68 mM for the microscale reaction 

vs. 68.7 mM in He et al. (326)), 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 
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in simplified purification. The elevated temperature (140 °C in this work vs. 110 °C in (326)) likely 

also played a role 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 (Figure 8-5A). 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/μmol 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. 
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Table 8-2 Comparison of performance prior macroscale synthesis method, optimized 
droplet-based synthesis, and translated vial-based (macroscale) preparation. 

aRCY was obtained by radio-HPLC isolation and is calculated by dividing activity of collected pure product by initial 

activity and correcting for decay. bRCP was determined by radio-HPLC. cProduct formulation was not included. EOS = 

End of synthesis. 

 

8.3.2   Translation of microscale conditions to vial-based reaction 

Though we have previously shown the possibility of performing relatively large scale 

(multiple patient doses) in individual droplet reactions (83,99), 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. 

 
mL-scale 
synthesis 

Optimized 
droplet 

synthesis 

Translated 
vial-based 
synthesis 

 He et al. This work This work 

Number of repeats (n) 5 4 4 

Starting 18F-activity (GBq)  50-60  0.2-1.45   0.2-1.44   

Amount of PTC/base (μmol) 
K2CO3 (0.7) 
K2C2O4 (6) 
K222 (16.7) 

Cs2CO3 (0.01) 
TEAOTf (0.3) 

Cs2CO3 (0.1) 
TEAOTf (3) 

Amount of precursor (μmol) 3.7-5.5 0.28 2.8 

Precursor concentration (mM) 12.3-18.3 28 9.3 

Amount of Cu(Py)
4
(OTf)

2 
(μmol) 20.6 0.68 6.8 

Reaction volume (μL) 300 10 300 

Temperature (°C) 110 140 140 

Reaction time (min) 10 3 10  

Radiochemical yield (RCY, %)
a
 4.4 ± 0.5 52 ± 8 50 ± 10 

Radiochemical purity (RCP, %)b >99 100 100 

Product activity at EOS (GBq) 1.8-3.02 0.080-0.623 0.058-0.410 

Molar activity (GBq/μmol) at EOS 100-308 77-854 20-46 

Total preparation time (min) 75 26c 58c 
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To continue to leverage the benefits of isolating the crude product via an analytical radio-

HPLC system (i.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 (i.e. 

3 μmol of TEAOTf, 0.1 μmol of Cs2CO3, 2.8 μmol of precursor, 6.8 μmol of Cu(Py)4(OTf)2), while 

increasing the reaction volume 30x from a 10 µL droplet to a 300 µL 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 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 Figure 8-14.  

The performance and duration of each step in the macroscale synthesis are summarized 

in Table 8-11. To enable comparisons to the droplet reaction, the synthesis used a comparable 

activity level (0.2-1.44 GBq) and same volume of aqueous [18F]fluoride. The aliquot was mixed 

with 5 µL 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 µL 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 μL of MeCN (repeated 3X), taking an additional ~6 min. It took ~1 min to cool 

down the vial to room temperature with 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 µL samples were taken at 

different time points (3, 6, and 10 min) to measure the fluorination conversion (Figure 8-15). 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 only exhibited 

a slight increase, reaching 77 ± 2% (n = 4), prompting the reaction to be stopped after 10 min. 
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Following the 10 min reaction, 81 ± 5% (n = 4) of the starting activity (corrected for decay) 

was successfully extracted into a collection vial. 17 ± 4% (n = 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% (n = 4) of the starting activity was trapped on the cartridge, and 

the waste activity resulting from the trapping and washing procedure was 27 ± 11% (n = 4) of the 

starting activity. Using 0.5 mL of MeCN, most of the activity was eluted off of the cartridge, i.e., 

51 ± 10% of the starting activity was recovered with minimal residual activity on the cartridge (1 ± 

0%, n = 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 

Figure 8-17. According to radio-HPLC measurements, the purified [18F]YH149 exhibited a 

radiochemical purity of 100% (Figure 8-18), and the molar activity at the end of synthesis was 

determined to be 20-46 GBq/μmol. The co-injection of purified [18F]YH149 and the reference 

standard confirm the chemical identity from this macroscale synthesis (Figure 8-19). 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 [18F]fluoride loaded manually to eliminate any possible interference (like [18F]fluoride 

losses within fluidic pathways from a QMA process), and using the aliquots of the same batch of 

radioisotope, precursor and copper reagent. (The stock solutions for the precursor and 

Cu(Py)4(OTf)2 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 
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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/µmol vs. 77-854 GBq/μmol), 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 likely be overcome by starting with 

higher activity scale.(134) 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 (Figure 

S9) (compared to 20 min for the droplet method in Figure 8-5) 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 al. (326), interesting findings emerge. Though both approaches 

used the same reaction volume (300 µL), this approach required lower concentrations of 

precursor (9.3 mM vs. 12.3 mM) and Cu(Py)4(OTf)2 (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 μmol) and 

base (0.1 μmol) 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 µmol of TEAHCO3)(328) and Hoffmann et al. (using 4 μmol of TEAOTf).(318) 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 

μmol) of TEAOTf and no change in the amount of Cs2CO3 (0.1 μmol). We tested in droplet 
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reactions the effect of the larger TEAOTf amount and found comparable performance as using 

the 3 μmol optimized condition. 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 µL reaction volume (selected to match previously 

reported vial-based conditions), though at the low end of the volume capability of modern 

radiosynthesizers (300-500 μL) (310,315,326,329,330), suggests 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]PBR06. 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.  
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 Conclusions 

In this work, we used a novel droplet-based high-throughput technique to perform a rapid 

optimization of the 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 high radiochemical yield up to 52 ± 8% (n = 4) in a 26 min process, with excellent 

radiochemical purity (100%) and high molar activity (77-854 GBq/μmol), providing significant 

improvement upon the originally reported conditions based on a 300 µL vial-based reaction (with 

RCY of 4.4 ± 0.5%, n = 5). In conjunction with prior results of droplet-based optimization for 

[18F]FDOPA(291) and [18F]FBnTP(94), 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 µL vial-based reaction had similar RCY to the microscale method i.e., 50 ± 

10% (n = 4), excellent radiochemical purity (100%), and acceptable molar activity (20-46 

GBq/μmol). It is likely that molar activity would be increased by starting with higher initial activity. 

While macroscale studies were limited by 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, i.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. 

 Appendix 

8.5.1   Optimization of [18F]YH149 synthesis on droplet reactors 

8.5.1.1 Initial conditions 
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Table 8-3 Results of initial experiments. 

Condition 1 was adapted from the macroscale conditions reported by He et al. for the Cu-
mediated radiosynthesis of [18F]YH149(331) by reducing reagent amounts by 10x (30x for 
Cu(OTf)2(Py)4) and volume by 30x. Condition 2 was taken from a previous study where we 
optimized the Cu-mediated radiofluorination step for [18F]FDOPA, and we simply changed the 
precursor to that for [18F]YH149(291). Abbreviations: PTC = phase transfer catalyst. 

Adapted reference condition 1 2 

PTC (amount (μmol)) K222 (1.7), K2C2O4
 
(0.6) TEAOTf (0.3) 

Base (amount (μmol)) K2CO3 (0.07) Cs2CO3 (0.01) 

Amount of precursor (μmol) [mg]  0.45 [0.24] 0.45 [0.24] 

Amount of Cu(OTf)2(Py)4 (μmol) 0.68 0.68 

10 μL of solvent  DMA/nBuOH (2:1, v/v) DMA/Py (96:4, v/v) 

Temperature (oC) 110 110 

Reaction time (min) 5 5 

Radiosynthesis performance (n = 2)   

Starting activity (MBq)  45 ± 1 46 ± 1 

Fluorination conversion (%) 0 44 ± 1 

Collection efficiency (%), decay-corrected 84 ± 1 81 ± 2 

Crude RCY (%), decay-corrected 0 36 ± 2 

 

 

 

Figure 8-6 Analysis of crude fluorination products from initial experiments using multi-
lane TLC with Cerenkov luminescence imaging (CLI) readout. 
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8.5.1.2 Influence of solvent type  
Table 8-4 Impact of fluorination solvent on the performance of the droplet radiosynthesis 
of [18F]YH149. 

Solventa 
Fluorination 

conversion (%) 
Collection 

efficiency (%) 
Crude RCY (%) 

DMF 11 ± 2 64 ± 4 7 ± 1 

DMA 43 ± 3 69 ± 3 29 ± 3 

DMSO 3 ± 0 70 ± 2 2 ± 0 

NMP 36 ± 1 75 ± 6 27 ± 2 

DMA/nBuOH (v/v, 2:1) 49 ± 2 75 ± 1 35 ± 0 

DMA/nBuOH (v/v, 2:1)b 0 84 ± 1 0 
aAll reactions were performed with 0.3 μmol of TEAOTf, 0.01 μmol of Cs2CO3, 0.18 μmol of precursor and 0.68 μmol 

of Cu(OTf)2(Py)4 in 10 μL of solvent/pyridine (96:4, v/v) at 110oC for 5 min (n = 3 replicates each condition). bThe 

reaction was performed in the absence of pyridine (n = 2 replicates). 

 

 

Figure 8-7 High-throughput analysis of crude fluorination products (from study of solvent) 
using multi-lane TLC with CLI readout. 
 

 

8.5.1.3 Influence of type of phase transfer catalyst (PTC)/base 
 
Table 8-5 Impact of type of PTC/base on the performance of the droplet radiosynthesis of 
[18F]YH149. 

PTC/basea 
Fluorination 

conversion (%) 
Collection 

efficiency (%) 
Crude RCY (%) 

TEAOTf/Cs2CO3 44 ± 3 71 ± 3 31 ± 3 

TBAOTf/Cs2CO3 36 ± 2 73 ± 8 26 ± 4 

TEAOTf 36 ± 1 70 ± 1 25 ± 1 

TBAOTf 28 ± 7 66 ± 6 19 ± 6 

TBAHCO3 18 ± 1 77 ± 2 14 ± 1 
aAll reaction was performed with 0.3 μmol of PTC, 0.01 μmol of Cs2CO3 (if applied), 0.18 μmol of precursor and 0.68 

μmol of Cu(OTf)2(Py)4 in 10 μL of DMA/nBuOH/pyridine (64:32:4, v/v)  at 110oC for 5 min (n = 3 replicates each 

condition).  
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Figure 8-8 High-throughput analysis of crude fluorination products (from study of 
PTC/base type) using multi-lane TLC with CLI readout. 
 
 

8.5.1.4 Impact of fluorination temperature and base type  
 
Table 8-6 Impact of fluorination temperature (when using TEAOTf/Cs2CO3) on the 
performance of the droplet radiosynthesis of [18F]YH149. 

Fluorination temperature (oC)a 
Fluorination 

conversion (%) 
Collection 

efficiency (%) 
Crude RCY (%) 

100 29 ± 1 70 ± 0 21 ± 1 

110 49 ± 1 68 ± 1 33 ± 1 

115 58 ± 1 65 ± 2 38 ± 2 

120 64 ± 4 63 ± 2 40 ± 2 

130 70 ± 4 59 ± 4 41 ± 5 

140 78 ± 1 55 ± 1 43 ± 1 
aAll reaction was performed with 0.3 μmol of PTC, 0.01 μmol of Cs2CO3, 0.18 μmol of precursor and 0.68 μmol of 

Cu(OTf)2(Py)4 in 10 μL of DMA/nBuOH/pyridine (64:32:4, v/v) at investigating temperature for 5 min (n = 3 replicates 

each condition).  
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Figure 8-9 High-throughput analysis of crude fluorination products (from study of reaction 
temperature with TEAOTf/Cs2CO3) using multi-lane TLC with CLI readout. 
 
 
Table 8-7 Impact of fluorination temperature (when using TEAOTf/K2CO3) on the 
performance of the droplet radiosynthesis of [18F]YH149. 

Fluorination temperature (oC)a 
Fluorination 

conversion (%) 
Collection 

efficiency (%) 
Crude RCY (%) 

120 66 ± 3 59 ± 2 39 ± 3 

140 67 ± 1 57 ± 3 38 ± 2 

150 68 ± 1 52 ± 2 35 ± 1 

160 58 ± 4 46 ± 4 26 ± 2 
aAll reaction was performed with 0.3 μmol of PTC, 0.01 μmol of K2CO3, 0.18 μmol of precursor and 0.68 μmol of 

Cu(OTf)2(Py)4 in 10 μL of DMA/nBuOH/pyridine (64:32:4, v/v) at investigating temperature for 5 min (n = 3 replicates 

each condition).  

 
 

 
 
Figure 8-10 High-throughput analysis of crude fluorination products (from study of 
reaction temperature with TEAOTf/K2CO3) using multi-lane TLC with CLI readout. 
 
 
 

8.5.1.5Impact of reaction time   
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Table 8-8 Impact of reaction time on the performance of the droplet radiosynthesis of 
[18F]YH149. 

Reaction time (min)a Fluorination conversion (%) Collection efficiency (%) Crude RCY (%) 

0.5 35 ± 1 74 ± 0 26 ± 1 

1 41 ± 2 63 ± 0 26 ± 2 

2 61 ± 1 63 ± 3 39 ± 2 

3 66 ± 3 64 ± 0 42 ± 2 

5 68 ± 1 52 ± 2 36 ± 2 

7 73 ± 6 49 ± 3 36 ± 5 
aAll reaction was performed with 0.3 μmol of PTC, 0.01 μmol of K2CO3, 0.18 μmol of precursor and 0.68 μmol of 

Cu(OTf)2(Py)4 in 10 μL of DMA/nBuOH/pyridine (64:32:4, v/v) at 140oC for investigating reaction time (n = 3 replicates 

each condition).  

 
 

 
 
Figure 8-11 High-throughput analysis of crude fluorination products (from study of 
reaction time) using multi-lane TLC with CLI readout. 
 
 

8.5.1.6 Influence of amount of base 
 
Table 8-9 Impact of amount of base on the performance of the droplet radiosynthesis of 
[18F]YH149. 

Base amount (nmol)a Fluorination conversion (%) Collection efficiency (%) Crude RCY (%) 

10 73 ± 6 49 ± 3 36 ± 5 

20b 68 ± 7 47 ± 1 32 ± 4 

30b 61 ± 2 50 ± 2 30 ± 2 
aAll reaction was performed with 0.3 μmol of PTC, investigating amount of K2CO3, 0.18 μmol of precursor and 0.68 

μmol of Cu(OTf)2(Py)4 in 10 μL of DMA/nBuOH/pyridine (64:32:4, v/v) at 140oC for 7 min (n = 3 replicates each 

condition). bn = 2 replicates each condition. 
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Figure 8-12 High-throughput analysis of crude fluorination products (from study of base 
amount with K2CO3) using multi-lane TLC with CLI readout. 
 

8.5.1.7 Influence of amount of precursor 
 
Table 8-10 Influence of amount of precursor on the performance of the droplet 
radiosynthesis of [18F]YH149. 

Amount of precursor (mg)a 
Fluorination 

conversion (%) 
Collection 

efficiency (%) 
Crude RCY (%) 

0.05 66 ± 0 53 ± 4 35 ± 2 

0.1 64 ± 5 60 ± 6 38 ± 1 

0.15 62 ± 2 68 ± 4 42 ± 4 

0.15b 80 ± 2 71 ± 3 56 ± 3 

0.15c 71 ± 5 57 ± 1 40 ± 4 

0.2 60 ± 1 61 ± 2 36 ± 1 

0.25 59 ± 2 61 ± 1 36 ± 1 

0.3 64 ± 3 62 ± 2 39 ± 3 
aAll reaction was performed with 0.3 μmol of PTC, 0.01 μmol of K2CO3, investigating amount of precursor and 0.68 

μmol of Cu(OTf)2(Py)4 in 10 μL of DMA/nBuOH (v/v, 2:1) along with 4% of pyridine (v/v) at 140oC for 3 min (n=3 

replicates each condition). bThe reaction was performed with Cs2CO3 instead of K2CO3, and was repeated n = 4 times.  

cThe reaction was performed in presence of DMA/nBuOH/pyridine (64:32:4, v/v), and was repeated n = 4 times. 

 
 

 
Figure 8-13 High-throughput analysis of crude fluorination products (from additional 
tested conditions) using multi-lane TLC with CLI readout.  
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8.5.2   Macroscale synthesis performance 

 

 
 
Figure 8-14 Implementation of radiosynthesis in a vial-based (macroscale) reaction. 
 
 

 
 

Figure 8-15 Impact on fluorination efficiency of different reaction times (n = 4) in the 
macroscale synthesis. 
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Table 8-11 Performance of translated (droplet to vial) radiosynthesis of [18F]YH149. Activity 
measurements are expressed as fractions of starting activity (corrected for decay). 

Process Measurement Result 

[18F]F- drying 

Starting activity (GBq) 0.2-1.4 

Duration for evaporating initial 25 μL [18F]F-/PTC/base (min) 5 

Duration for cooling down (min) 1 

3 X Duration for additional MeCN (30 μL) azeotropic 
evaporation (min) 

6 

3 X Duration for cooling down (min) 3 

Duration of the whole drying process (min) 15 

Radio-fluorination 

Activity of 3-min sample (%) 0.3 ± 0.2 

Activity of 6-min sample (%) 0.4 ± 0.2 

Activity of 10-min sample (%) 0.3 ± 0.2 

Collected activity from reactor (%) 81 ± 5 

Residual activity in reactors after extraction (%) 17 ± 4 

Duration (min) 15 

Exchange solvent 
to MeCN and 
concentrate to 
<0.1 mL 

Activity before loading on cartridge (%) 81 ± 5 

Activity trapped on light C18 (%) 52 ± 10 

Waste from trapping and washing process (%)  27 ± 11 

Eluted activity with 0.5 mL of MeCN (%) 51 ± 10 

Residue activity on cartridge (%) 1 ± 0 

Duration of the solvent-exchange process (min) 10 

Duration of MeCN evaporation 5 

Purification 
Isolated [18F]YH149 from radio-HPLC (%) 50 ± 10 

Duration (min) 13 

 Total preparation time (min) 58 

 

8.5.3   Calibration curve to determine molar activity 

The same analytical scale radio-HPLC system was used to determine the molar activity 

of the purified [18F]YH149. The area under the curve for the UV absorbance peak was determined 

for a range of mole amounts of YH149 reference standard (0.06-0.98 nmol) to generate a linear 
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calibration curve (Figure S11). This curve was then used to determine the mass of YH149 in the 

unknown sample, and subsequently compute the molar activity, following standard procedures.  

 

 
 
 

Figure 8-16 Calibration curve of YH149 reference standard (254 nm wavelength). 
 

8.5.4   Example HPLC chromatograms from translated synthesis 

 
Figure 8-17 Example radio-HPLC chromatogram of crude [18F]YH149 from macroscale 
radiosynthesis. 
The retention time was 10.0 min, earlier than that with microscale purification (tR=18.6 min) 
because the crude sample was injected in 100 μL MeCN (versus 80 μL of the HPLC mobile phase 
for the microscale synthesis). 
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Figure 8-18 Example radio-HPLC chromatogram of purified [18F]YH149 from macroscale 
radiosynthesis. 
 
 
 

 
 
Figure 8-19 Example radio-HPLC chromatogram of co-injection of purified [18F]YH149 (from 
macroscale radiosynthesis) and reference standard. 
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Chapter 9: A rapid and systematic approach for the 
optimization of radio-TLC resolutions 
 
 

 Introduction 

The analysis of radiolabelled species is vital in applications encompassing the 

development of novel radiopharmaceuticals (e.g., synthesis optimization)(95,332–335), quality 

control analysis of formulated radiopharmaceuticals(266,336), and the analysis of 

radiometabolites(261,337). Separation can be challenging as impurities or metabolites may be 

numerous, and many may have structural similarities to the radiopharmaceutical.  

Radiopharmaceutical analysis is traditionally performed using chromatographic methods 

such as radio high-performance liquid chromatography (radio-HPLC) and radio thin-layer 

chromatography (radio-TLC). Though it exhibits high resolution, radio-HPLC has been criticized 

because species such as [18F]fluoride can be trapped in the column. Thus, based on detectors at 

the column output, the chromatogram may not accurately reflect the actual radiochemical 

composition(338). Traditional radioactivity scanning readouts used in radio-TLC circumvent this 

issue by assessing the entire distribution of analytes along the whole plate. However, radio-TLC 

can suffer from lower resolution than radio-HLPC. Imaging-based TLC readout methods can 

improve readout resolution compared to scanning detectors(96,339). Still, they may not offer 

improvement if the underlying chromatographic resolution of the separation process on the TLC 

plate is poor. 

Though factors such as separation length can improve resolution, short plate lengths are 

usually used because of the need for rapid separations when using short-lived radioisotopes. In 

principle, other factors like stationary phase could be varied. Still, the radiochemistry field has 

predominantly used silica (normal-phase) plates(340–344) and, occasionally,  C18 (reverse-

phase) plates(345), instead relying on adjustment of mobile phase to improve resolution.  
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Due to the limited knowledge of analytes (e.g., synthesis impurities or metabolites), it is 

often difficult to determine which mobile phases are most appropriate for crude 

radiopharmaceutical mixtures. Traditionally, mobile phases for radio-TLC are selected from the 

literature for a radiopharmaceutical structurally similar to the one of interest. Many reports use an 

organic solvent mixed with water (i.e., with the water added to increase migration for highly polar 

species)(346–349). However, we recently showed that water could lead to the complex behavior 

of species on the plate(350), including migration of multiple bands corresponding to [18F]fluoride 

(normally sequestered at the origin), and purely organic mobile phases would be preferable. 

A systematic approach called PRISMA was developed to facilitate optimal mobile phase 

selection without needing prior knowledge about the structures and properties of analytes(351). 

Herein, we describe, for the first time in radiochemistry, the use of the PRISMA method for the 

rapid selection of mobile phase conditions to achieve baseline separation of the desired 

radiopharmaceutical from both radioactive impurities (e.g., free radionuclide and other radioactive 

species) and UV-active non-radioactive impurities (e.g., precursor or precursor-derived 

impurities). Multiple radiopharmaceuticals with various chemical characteristics, prepared from 

crude radiosyntheses (which contain many impurities with high structural and chemical similarity 

to the desired product), are examined to illustrate this approach. 

 Experimental   

9.2.1   Materials  

All reagents and solvents were obtained from commercial suppliers. 2,3-dimethyl-2-

butanol (thexyl alcohol; anhydrous, 98%), 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane  (K222;  98%), acetic acid (AcOH; glacial, >99.9%), acetone 

(suitable for HPLC, >99.9%), acetonitrile  (MeCN; anhydrous,  99.8%), ammonium molybdate 

(99.98% trace metal basis), cerium sulfate, cesium carbonate (Cs2CO3; 99.995%), chloroform 

(>99.5%, contains 100-200 ppm amylenes as stabilizer), dichloromethane (DCM; anhydrous, 
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>99.8% contains 40-150 ppm amylene as stabilizer), diethyl ether (Et2O; >99.9% inhibitor free), 

N,N-dimethylacetamide (DMA; extra dry, 99.8%), dimethylsulfoxide (DMSO; anhydrous, >99.9%), 

hydrochloric acid (HCl; 36.5-38%), methanol (MeOH; anhydrous, 99.8%), n-butanol (n-BuOH; 

anhydrous, 99.8%), n-hexanes (98%), ninhydrin (suitable for amino acid detection), n-methyl-2-

pyrrolidone (NMP; anhydrous, 99.5%), pyridine (anhydrous, 99.8%), sulfuric acid (99.9%), 

tetrahydrofuran (THF; anhydrous, >99.9% inhibitor free), tetrakispyridine copper(II) 

trifluoromethanesulfonate (Cu(py)4(OTf)2; 95%), toluene (anhydrous, 99.8%), and water (H2O; 

suitable for ion chromatography) were purchased from Sigma-Aldrich (St. Louis,   MO,   USA). 

(S)-2,3-dimethoxy-5-[3-[[(4-methylphenyl)-sulfonyl]oxy]-propyl]-N-[[1-(2-propenyl)-2-

pyrrolidinyl]methyl]-benzamide  ([18F]Fallypride precursor, >95%), 5-(3-fluoropropyl)-2,3-

dimethoxy-N-(((2S)-1-(2-propenyl)-2-pyrrolidinyl)methyl)benzamide (Fallypride reference 

standard, >95%), 2-((2,5-dimethoxybenzyl)(2-phenoxyphenyl)amino)-2-oxoethyl 4-

methylbenzenesulfonate ([18F]PBR06 precursor, >95%), 2-fluoro-N-(2-methoxy-5-

methoxybenzyl)-N-(2-phenoxyphenyl)acetamide (PBR06 reference standard, >95%), 

acetamide, N-[2-[2-[[(4-methylphenyl)sylfonyl]oxy]ethoxy]phenyl]methyl]-N-(4-phenoxy-3-

pyridinyl) ([18F]FEPPA precursor,  >90%),     N-acetyl-N-(2-fluoroethoxybenzyl)-2-phenoxy-5-

pyridinamine  (FEPPA reference standard, >95%), 3-nitro-5-[2-(2-pyridinyl)ethynyl]benzonitrile 

([18F]FPEB precursor, >95%),  3-fluoro-5-[(pyridin-2-yl)ethynyl]benzonitrile ([18F]FPEB reference 

standard, >95%),  ethyl-(2S)-3-[4,5-bis[(2-methylpropan-2-yl)oxycarbonyloxy]-2-

trimethylstannylphenyl]-2-formamidopropanoate ([18F]FDOPA precursor, >95%), (2S)-2-amino-3-

(2-fluoro-4,5-dihydroxyphenyl)propanoic acid ([18F]FDOPA reference standard, >95%), and 

tetrabutylammonium bicarbonate (TBAHCO3; 75 mM in ethanol), were purchased from ABX 

Advanced Biochemical Compounds (Radeberg, Germany). Silica gel 60 F254 sheets (aluminum 

backing, 5 cm x 20 cm) were purchased from Merck KGaA (Darmstadt, Germany). Silica with 

concentration zone (Silica 60 with diatomaceous earth zone), TLC plates, channeled F254, were 

purchased from Sorbtech (Norcross, GA, USA). Glass microscope slides (76.2 mm x 50.8 mm, 1 
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mm thick) were obtained from C&A Scientific (Manassas, VA, USA). UV-C lightbulbs (25W, 254 

nm with socket) and pendant lamp sockets (light cord with on/off switch) were purchased from 

Amazon (Seattle, WA, USA).  

No-carrier-added [18F]fluoride was produced by the (p, n) reaction of [18O]H2O (98% 

isotopic purity, Huayi Isotopes Co., Changshu, Jiangsu, China) in an RDS-111 cyclotron 

(Siemens, Knoxville, TN, USA) at 11 MeV, using a 1.2-mL silver target with havar foil.  

9.2.2   Preparation of radiopharmaceuticals and standard mixtures  

A series of radiopharmaceuticals were prepared using droplet radiochemistry methods on 

Teflon-coated silicon surface tension trap chips(80,83(p),352) to illustrate PRISMA's ability to 

optimize mobile phases for radiopharmaceutical analysis. Detailed protocols for the preparation 

of [18F]FEPPA, [18F]PBR-06, [18F]Fallypride, and [18F]FDOPA have been previously 

reported(93,291).  

Crude [18F]FPEB was prepared by adding an 8 µL droplet of [18F]fluoride/[18O]H2O (37-55 

MBq [1-1.5 mCi]; mixed with 120 nmol of Cs2CO3 and 360 nmol of K222) and drying at 105 °C for 

1 min. Then, the fluorination step was performed by adding a 10 µL droplet containing 200 nmol 

of FPEB precursor dissolved in DMSO to the dried [18F]fluoride residue and reacting at 120 °C for 

5 min. The crude product was collected by dispensing 10 µL of 9:1 (v/v) MeOH:H2O to the reaction 

site and aspirating the volume. This process was repeated 6x for 60 µL of collected crude product.  

Stock solutions of reference standards were prepared at 20 mM concentrations. 5 mg of 

Fallypride was added to 685 µL of MeOH. 5 mg of PBR-06 was added to 632 µL MeOH. 5 mg of 

FEPPA was added to 657 µL of MeOH. 5 mg of FPEB was added to 1130 µL of MeOH. 5 mg of 

FDOPA was added to 1167 µL of MeOH.  

9.2.3   TLC spotting, developing, and readout 

TLC plates were cut (L x W, 6 cm x 3 cm), then marked with a pencil at 1 cm (origin line) 

and 5 cm (development line) from the bottom edge. 1 µL of the relevant crude 

radiopharmaceutical sample was applied to the plate via a micro-pipette. Standard and precursor 
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samples were spotted in adjacent individual lanes. The spots were then dried under a gentle 

stream of nitrogen for 1 min. After development using a PRISMA-determined mobile phase (see 

below), the plates were dried under a gentle stream of nitrogen for 3 min and then visualized via 

Cerenkov luminescence imaging (CLI)(96,130) with 1 min exposure and UV imaging for 7 ms 

exposure, as previously reported(350).  

Following CLI and UV imaging, some cases used TLC stains by dipping the developed 

TLC plates in the stain of interest (Hanessian stain or ninhydrin). Gentle heating of the TLC plate 

at 80 °C by a hot plate was used to stain the TLC plates. Hanessian stain was prepared according 

to the literature(353).  

9.2.4   Radio-HPLC analysis of [18F]Fallypride 

As a performance comparison, some crude [18F]Fallypride microscale reactions were 

analyzed with radio-TLC and radio-HPLC. The radio-HPLC system setup 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). 

A C18 Gemini column was used for separations (Kinetex, 250 × 4.6 mm, 5 µm, Phenomenex, 

Torrance, CA, USA). Samples were separated with a mobile phase of 60% MeCN in 25 mM 

HN4HCO2 with 1% TEA (v/v) and a flow rate of 1.5 mL/min resulting in a retention time for 

[18F]Fallypride of 5.8 min. 

 Theory 

9.3.1   Analysis of TLC plates 

To determine the chromatographic resolution for the crude radiopharmaceutical lane on 

each plate, a MATLAB program with a graphical user interface (GUI) was developed (Figure 9-5). 

Initially, the user is asked to select a CLI image file. The program performs background corrections 

as previously described(96,130), the user can scale the image by selecting an upper-intensity 
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value. In the next step, the user selects the corresponding UV image file and is instructed to adjust 

the brightness and contrast through programmed slider controls. The adjusted CLI and UV images 

are combined into a composite black and white image (after inverting the pixel intensities of the 

UV image), which is used to define the lane for the automatic generation of CLI and UV line 

profiles (chromatograms). To select the lane's width, the user draws a line across the broadest 

chromatographic band in the composite image. Following this, the user is prompted to draw a line 

along the center of the lane. 

To generate the CLI chromatogram, the program automatically creates a series of 

adjacent line profiles (image brightness versus distance along lane) at 1-pixel increments within 

the defined lane width and, from these, calculates an average line profile and then normalizes it 

to the highest intensity analyte. This user-defined line profile is then displayed, enabling the user 

to set a threshold height for automated peak identification to ignore background noise. The 

MATLAB program performs automatic peak detection on the resultant chromatogram, then fits 

Gaussian curves to each peak and sums these to create a single multi-Gaussian fit. 

A similar process is carried out to generate the UV chromatogram, except that an 

additional correction is made at the end to account for uneven UV illumination along the length of 

the lane. In the UV image, immediately adjacent to the user-selected lane, the program captures 

an additional 20 ‘background’ line profiles just adjacent to each side of the selected lane and 

averages them together into a single ‘background’ line profile, which is subtracted from the initial 

UV chromatogram to give the final corrected UV chromatogram.  

After fitting, the MATLAB program computes the centroid and full width half maximum 

(FWHM) for each peak in the CLI and UV chromatograms, enabling the user to calculate the 

chromatographic resolution between the radiopharmaceutical and the nearest impurity. 

9.3.2   Analysis of TLC plates 

The originally reported PRISMA method(351) was applied with minor modifications. The 

entire optimization process could be carried out with a single batch of crude radiopharmaceutical 
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using twenty identically-prepared TLC plates in a few hours. Each plate was spotted with three 

lanes: the crude radiopharmaceutical, the precursor, and the reference standard. 

Step 1: solvent selection 

A total of eight plates were developed with pure solvents selected from Snyder selectivity 

groups(354) to compare separation resolution. The pure solvents were miscible with n-hexanes 

(Table 9-4). Based on a visual assessment of their ability to separate impurities (radioactive and 

non-radioactive) from the target radiopharmaceutical, three solvents (A, B, and C) exhibiting the 

highest degree of separation were chosen, where A, B, and C are listed in order of increasing 

solvent polarity. 

Step 2: solvent polarity optimization 

To account for the intrinsic differences in solvent polarity, solvents are all ‘normalized’ to 

the same polarity before optimizing the solvent mixture. The polarity of a mixture is simply the 

volumetric average of polarities of its constituents (St = x*SX + y*SY, where x and y are the volume 

fraction of each solvent, and SX and SY are the polarities of each solvent). N-hexanes (solvent 

polarity = 0) was used to reduce all solvent polarities to equal SA (the lowest pure solvent polarity) 

- 0.5, and also two more strength values, SA - 1.0 and SA - 1.5. For each of the three resulting 

strength values, the diluted solvents were mixed in a 1:1:1 ratio, designated as 333 in selectivity 

point (Ps) notation, where the three digits represent the volume fraction of each of the diluted 

solvents (i.e., volume fraction X 10 and then rounded to an integer value). 3 TLC plates were 

developed with these equal volume polarity-adjusted solvent mixtures. The optimal polarity was 

selected, so the desired radiopharmaceutical band was in the range 0.2 < Rf < 0.8. If multiple 

solvent polarities mobilized the radiopharmaceutical into this range, the polarity with the greatest 

separation of the nearest impurity to the radiopharmaceutical was chosen for further optimization. 

Should none of the solvents mobilize the radiopharmaceutical to the desired range, the solvents 

that moved UV active impurities to the greatest degree were selected for further optimization. 

Step 3: additive selection 
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Adding ionic pairing reagents (e.g., TEA and AcOH) can sometimes further improve 

separation resolution. This process was typically performed with only a few additional TLC plates. 

Due to the low concentration of these additives in the mobile phases, their polarities were treated 

as negligible (e.g., 0) and were included in the solvent mixture by simultaneously removing an 

equal volume of n-hexanes from the mixture recipe. Initially, the addition of each additive was 

tested at concentrations of 0.1%. Should the resolution or band shapes be improved (i.e., reduced 

tailing or fronting), proportions of 0.5% are additionally surveyed. Should additives in these low 

concentrations lead to no observable differences, additional concentrations at 5% are surveyed. 

Further optimization of the additive concentrations was dynamically determined if they led to 

heightened resolution of the radiopharmaceutical.  

Step 4: composition optimization 

Nine additional TLC plates were separated using different solvent compositions to 

optimize the mobile phase composition (Ps values of 100, 010, 001, 622, 262, 226, 406, 460, and 

055, all at the previously selected optimal solvent strength and additive amount). The resolution 

was quantified for each lane. In addition to these selectivity points, we also included resolution 

data for the other selectivity points surveyed. We picked the mobile phase composition from this 

data set that gave the highest resolution, performing linear interpolation if needed (Appendix 

7.6.1). 

 Results and Discussion 

The PRISMA method optimized radio-TLC mobile phases for several clinically-relevant 

radiopharmaceuticals with varying chemical properties (Table 9-1).  
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Table 9-1. Selected radiopharmaceuticals and their calculated properties. 

Radiopharmaceutical cLogP TPSA 
H-Bond Donor 

Count 
H-Bond Acceptor 

Count 

[18F]PBR-06 4.6 48.0 0 5 

[18F]FEPPA 3.6 51.7 0 5 

[18F]Fallypride 3.3 50.8 1 5 

[18F]FPEB 2.7 36.7 0 3 

[18F]FDOPA -2.0 104.0 4 6 

 



271 
 

 

Figure 9-1. PRISMA optimization of [18F]Fallypride. 
(A) The PRISMA method comprises several stages of mobile phase optimization to determine 
conditions that provide the best resolution. TLC plates prepared with mixtures of [18F]Fallypride 
and impurities are separated under different conditions and visualized via CLI and UV imaging. A 
custom software program computes the resolution between the radiopharmaceutical and the 
nearest impurity (radioactive or non-radioactive). Dashed red lines denote the optimal selection 
from each stage of the process, and the inset shows a chromatogram from the final optimized 
conditions. (B) The resolution is mapped as a function of mobile phase composition and solvent 
strength (left), and a slice of this prism taken at the optimal solvent strength (2.0) shows how 
resolution varies as a function of composition (right). 
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9.4.1   Optimization of separation of [18F]Fallypride samples 

Due to its moderate polarity and polar surface area, [18F]Fallypride was selected as an 

initial model compound to undergo the PRISMA process (Figure 9-1A). The solvent-screening 

step revealed that n-BuOH (solvent A), THF (solvent B), and acetone (solvent C) provided the 

best separation of [18F]Fallypride from impurities. Based on the minimum solvent strength of n-

BuOH (3.9), the solvent polarities of 3.5, 3.0, and 2.5 were chosen for the survey at the 

equivolume mixture of strength-adjusted solvents (i.e., Ps = 333). While all the surveyed polarities 

led to the mobilization of [18F]Fallypride in the Rf range of 0.2-0.8, St = 2.5 led to the greatest 

separation of [18F]Fallypride from other analytes. Tailing of [18F]Fallypride was observable with all 

mobile phases tested to this point. A possible explanation for this tailing could be ion pairing 

induced by interactions between the amide functional group of [18F]Fallypride and surface silanol 

groups on the TLC plate. Different concentrations of TEA(355) were added in percentages of 0.1, 

5, and 10% (v/v) to reduce ionic pairing across the plate during development. Using 10% (v/v) 

TEA led to well-defined bands and was used for further optimization. After surveying nine 

additional solvent mixtures (Ps), the optimal chromatographic resolution for [18F]Fallypride from 

nearest impurity (R = 1.54) was found to be Ps = 055, St = 2.5 (Figure 9-1B). This selectivity point 

corresponds to a mobile phase composition of 31.3:24.5:34.3:10.0 (v/v) THF:acetone:n-

hexanes:TEA.   

9.4.2   Comparison of optimized radio-TLC to radio-HPLC 

We next compared the chromatographic resolution of the optimized TLC method with an 

isocratic HPLC method. A crude sample of [18F]Fallypride was produced under droplet-

radiochemistry conditions(93) modified to result in a low yield and high prevalence of side 

products. Briefly, increased TBAHCO3 (300 vs. 240 nmol) was used in the [18F]fluoride drying 

step, and the radiofluorination was performed with 100 nmol instead of 234 nmol of precursor and 

reacted at 140 °C for 10 min instead of 110 °C for 1 min. Interestingly, the radio-TLC optimized 

method separated the same number of radioactive analytes as radio-HPLC (Figure 9-2).  
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Figure 9-2. Chromatographic resolution comparison of optimized TLC against 
conventional isocratic HPLC. 
(A) Cerenkov luminescence image of a TLC plate after spotting with a crude [18F]Fallypride 
sample and separation via the PRISMA-optimized mobile phase. (B) TLC chromatogram was 
generated by taking a line profile of the Cerenkov luminescence image along the lane. The 
chromatogram is truncated to better show the smaller peaks. (C) Isocratic radio-HPLC 
chromatogram of the same sample. 
 

We can see evidence, however, of the well-known underestimation of [18F]fluoride in the 

radio-HPLC analysis(338): the abundance of [18F]fluoride computed from the radio-HPLC 

chromatogram is 71%, but, in comparison, was 95% when computed from the radio-TLC. Even 

more alarming, the apparent formation of [18F]Fallypride calculated from the radio-HPLC 

chromatogram was nearly 7%, while it was <1% using radio-TLC (Table 9-2), suggesting more 

than a 7-fold error by radio-HPLC. If the discrepancy in the size of the [18F]fluoride peaks is 

removed by ignoring this peak in both the radio-HPLC and radio-TLC chromatograms, the 

proportions of all other species are found to be similar, indicating excellent quantitative agreement 

between radio-HPLC and radio-TLC (with the PRISMA-optimized mobile phase). 
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Table 9-2. Comparison of the radiochemical composition of a crude [18F]Fallypride sample 
as determined by radio-TLC and Radio-HPLC. 

Peak 

Integration (%) 

HPLCA HPLCB TLCA TLCB 

[18F]fluoride 70.5 - 94.7 - 

1 8.7 29.9 1.6 30.7 

2 11.0 37.2 2.4 36.3 

3 3.3 11.0 0.6 11.6 

[18F]Fallypride 6.5 22.0 0.8 21.3 

AEstimation accounts for all peaks, including [18F]fluoride; BEstimation ignores [18F]fluoride and is 
calculated solely based on other peaks 
 

Because of the excellent agreement, it is possible to consider using an imaging-based 

readout of TLC plates separated according to the PRISMA-optimized mobile phase as a simpler 

and more rapid alternative to radio-HPLC for radiopharmaceutical analysis.  If multiple samples 

need to be analyzed, then the advantage of radio-TLC is further magnified as multiple samples 

can be spotted on the same plate and separated and read out in parallel(96). In contrast, 

analyzing multiple samples via radio-HPLC requires ample time for cleaning and re-equilibration 

between samples. 

9.4.3   Comparison of literature mobile phases to PRISMA-optimized mobile phase 

The separation achieved with the PRISMA-optimized mobile phase was compared to 

mobile phases reported in the literature for the analysis of [18F]Fallypride. We produced 

[18F]Fallypride under previously-reported droplet radiochemistry conditions(93) modified to give a 

moderate yield and many side products. Specifically, the amount of TBAHCO3 used in the 

[18F]fluoride drying step was increased (from 240 to 800 nmol), and the fluorination was performed 

with 200 nmol instead of 234 nmol of precursor and reacted at 140 °C for 10 min instead of 110 
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°C for 1 min. Analysis was performed using TLC plates with pre-concentration zones, and the 

separation distance was extended from 4 to 5 cm to ensure the highest possible separation 

resolution in all cases. All lanes were spotted with 1 μL of the same crude reaction mixture. Figure 

9-3 details the mobile phases surveyed, along with the obtained CLI images and generated 

chromatograms. For each mobile phase, we also performed separations using only [18F]TBAF 

(Figure 9-7) or [19F]Fallypride (Figure 9-8) to confirm the Rf values of these species.  

 
Figure 9-3. Mobile phases comparisons for the analysis of crude [18F]Fallypride 
conversion. 
(A) CLI images of TLC plates spotted with crude [18F]Fallypride and developed with different 
mobile phases from literature (first five entries) and the PRISMA-derived mobile phase (last entry). 
[18F]fluoride is denoted with dashed blue ellipses, side-products denoted with dashed white 
ellipses, and [18F]Fallypride denoted with dashed red ellipses. (B) TLC chromatograms were 
generated by taking a line profile of the Cerenkov luminescence images. Chromatograms are 
truncated to better show the smaller peaks. 
 

Abundances of species, computed from areas under peaks in the chromatograms, are 

summarized in Table 9-3. A significant disparity in the estimated abundance of [18F]Fallypride and 

other species between different mobile phases is evident. Mobile phases with aqueous 

compositions (rows 3, 4, and 5) led to the greatest apparent abundance of [18F]Fallypride (i.e., 

66.1%, 82.7%, and 84.7%), while purely organic mobile phases (rows 1, 2, and 6) led to a similar 

abundance of [18F]Fallypride compared to the PRISMA optimized mobile phase (i.e., 46.5%, 
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47.4%, and 41.4%). The discrepancy in results obtained from the aqueous mobile phases is 

difficult to explain, but due to the high degree of band overlap (with a low number of resolved 

bands), there are likely species co-eluting with [18F]Fallypride. The moderate discrepancy 

between the organic mobile phases suggests that the initial two literature mobile phases may 

result in incomplete separation of analytes, and an overlapping band may be counted with the 

[18F]Fallypride band. Using the same crude [18F]Fallypride sample, we performed a radio-HPLC 

separation, collected the [18F]Fallypride fraction, and compared the activity to the injected activity. 

In addition to the high similarity between the radio-TLC and radio-HPLC chromatograms (Figure 

9-9), the abundance of collected [18F]Fallypride was 40.2%, in excellent agreement with the 

abundance obtained from radio-TLC using the PRISMA-optimized mobile phase. 

Table 9-3. Integration of analytes detected by radio-TLC in the analysis of [18F]Fallypride.    

Mobile Phase 
(v/v) 

Number of 
Observable 

Peaks 

Abundance (%) 

Fallypride 
Rf [18F]fluoride [18F]Fallypride 

Impurities 

1 2 3 4 

10:90 
MeOH:DCM16 6 46.7 46.5 1.7 2.0 1.3 1.8 0.65 

50:50 
MeOH:EtOAc 

1% TEA17 6 43.9 47.4 0.7 1.7 4.7 1.7 0.76 

60:40 
MeCN:25 mM NH4HCO2 

1% TEA11,34 3 30.4 66.1 3.6 - - - 0.87 

95:5 
MeCN:H2O19 4 9.6 82.7 6.6 1.1 - - 0.55 

90:10 
MeCN:H2O35 4 6.9 84.7 4.3 2.3 - - 0.66 

31.3:24.5:34.3:1.0 
THF:Acetone:n-hexanes:TEA 6 49.8 41.4 2.3 1.0 1.5 4.0 0.91 

 

These results further underscore the problems of [18F]fluoride retention on HPLC columns, 

which can lead to significant over-estimation errors of radiochemical species, especially low-

abundance ones.  Furthermore, the discrepancy when using different radio-TLC mobile phases, 

https://www.zotero.org/google-docs/?q39OmC
https://www.zotero.org/google-docs/?uRZ6gr
https://www.zotero.org/google-docs/?qrN2kz
https://www.zotero.org/google-docs/?Uzz8mO
https://www.zotero.org/google-docs/?yPlTTZ
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even for the identical sample, raises questions about the accuracy of reported results using 

certain mobile phases and underscores the importance of ensuring high chromatographic 

resolution of the analysis method. 

9.4.4   Optimization of separation of [18F]PBR-06 samples 

For crude samples of [18F]PBR-06 (Figure 9-10), the solvent screening step revealed that 

diethyl ether (solvent A), dichloromethane (solvent B), and chloroform (solvent C) exhibited the 

greatest separation of impurities from [18F]PBR-06. Solvent polarities were normalized to 2.5, 2.0, 

and 1.5. With the solvents mixed in equal proportions (Ps = 333), the greatest separation of 

[18F]PBR-06 from impurities was obtained with St = 2.5. Low amounts of AcOH and TEA (0.5%) 

were tested as chromatographic additives. The use of AcOH resulted in more observable UV-

active impurities and a slightly higher chromatographic resolution for [18F]PBR-06 than the use of 

TEA. After evaluating the impact of other mixtures of the solvents (tested at St = 2.5 using 0.5% 

AcOH (v/v)), the greatest resolution of [18F]PBR-06 from nearest impurity (R = 1.84) was obtained 

at Ps = 333, St = 2.5 (Figure 9-10). This selectivity point corresponds to a mobile phase 

composition of 29.8:26.9:20.4:22.85:0.05 (v/v) diethyl ether:dichloromethane:chloroform:n-

hexanes:AcOH. 

9.4.5   Optimization of separation of [18F]FEPPA samples 

For samples of [18F]FEPPA (Figure 9-11), the solvent screening test revealed that n-

BuOH (solvent A), THF (solvent B), and acetone (solvent C) provided the best separation of 

[18F]FEPPA from impurities. These solvents were normalized to have polarities of 3.5, 3.0, and 

2.5. In equivolume mixtures (Ps = 333), St = 2.5 showed the greatest separation of impurities from 

[18F]FEPPA. A screening of additives revealed heightened resolution of [18F]FEPPA from 

impurities using 1% TEA. Further solvent mixtures were tested (at St = 2.5 and with the addition 

of 1% TEA), and Ps = 262, St = 2.5 showed the greatest chromatographic resolution of [18F]FEPPA 

from its nearest impurity (R = 2.07). This selectivity point corresponds to a mobile phase 

composition of 12.8:37.5:9.8:38.8:1 n-BuOH:THF:Acetone:n-hexanes:TEA (v/v). 
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9.4.6   Optimization of separation of [18F]FDOPA samples 

We next considered the two-step radiofluorination of [18F]FDOPA (Figure 9-12), in which 

the crude product contains a relatively nonpolar radioactive intermediate and the highly polar 

[18F]FDOPA product. It is notoriously difficult to separate extremely polar compounds on normal 

phase silica TLC plates. For this reason, it is notable that the literature for [18F]FDOPA analysis 

cites the use of reverse phase chromatography for radio-TLC analyses(356–358). In the solvent-

screening step, [18F]FDOPA could not be mobilized, but using the criteria of the furthest migration 

of UV impurity bands from one another, we selected n-butanol (solvent A), THF (solvent B), and 

acetone (solvent C). The polarity of each pure solvent was normalized to 3.5, 3.0, and 2.5. When 

comparing solvent strengths (at Ps = 333), St = 3.5 led to the greatest degree of movement for 

UV impurities, but St = 3.0 led to more distinguishable peaks and was chosen for further 

optimization. High percentages of chromatographic additives were tested to address the tailing 

across the TLC plate. The best separation was found with AcOH in 30% abundance. After 

comparing different solvent mixtures, Ps = 333, (at St = 3.0 at 30% AcOH) exhibited the greatest 

chromatographic resolution of [18F]FDOPA from its nearest impurity (R = 1.18). This selectivity 

point corresponds to a mobile phase composition of 22.6:21.7:19.6:61:30 (v/v) n-

butanol:THF:acetone:n-hexanes:AcOH. While baseline resolution was not achieved, the 

resolution achieved may be sufficient for synthesis optimization or may be improved by adapting 

the PRISMA method to other types of TLC plates.  

9.4.7   Optimization of separation of [18F]FPEB samples 

Simple leaving groups in aromatic substitutions, such as NO2 groups, are commonly used 

to radiofluorinate radiopharmaceuticals. It is noteworthy that the separation of these 

radiopharmaceuticals and precursor structures is relatively difficult using HPLC. Thus the 

application of the PRISMA method to [18F]FPEB (Figure 9-13), which is produced via SNAR of a 

NO2 leaving group, serves as a good illustration of the high-resolution capabilities of PRISMA. 

The solvent screening step revealed that diethyl ether (solvent A), n-BuOH (solvent B), and 
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acetone (solvent C) yielded the greatest separation of impurities from [18F]FPEB. Normalizing the 

polarities of the solvents to 2.5, 2.0, and 1.5, a comparison of equivolume mixtures (Ps = 333) 

showed that the best separation could be achieved with St = 1.5. Evaluation of chromatographic 

additives showed a minor improvement when using 1% TEA. After comparing additional solvent 

mixtures, the Ps = 406 mixture (with St = 1.5, 1% TEA) exhibited the best resolution of [18F]FPEB 

from the nearest impurity (R = 1.71). This selectivity point corresponds to a mobile phase 

composition of 21.4:17.6:60.0:1.0 diethyl ether:acetone:n-hexanes:TEA  (v/v). 

9.4.8   Optimization of [18F]FPEB radiosynthesis with high-resolution TLC analysis 

As an example of how the PRISMA method can be used, we performed a high-throughput 

synthesis optimization of [18F]FPEB using multi-reaction droplet-radiochemistry methods(93) and 

performed radio-TLC analysis of reactions in a multi-lane fashion(96) (8 samples per TLC plate) 

using the PRISMA-derived mobile phase. In the literature, harsh reaction conditions, like high 

temperature and base concentrations, lead to the formation of hydrolyzed impurities similar to the 

[18F]FPEB(359,360), and HPLC analysis of crude microscale reactions (via flow-based reactor) 

of [18F]FPEB shows closely eluting radioactive impurities(359), that may be difficult to resolve via 

TLC without careful optimization.  

Initial microscale conditions were adapted by scaling down conditions reported in 

literature(361). [18F]fluoride (20-30 MBq) mixed with 500 nmol of the base was first dried at 105 

°C for 1 min, and then a 10 μL droplet of precursor solution (containing 250 nmol) was added and 

reacted for 5 min at 140 °C. We first compared the use of different bases (K2C2O4, K2CO3, 

KHCO3, and Cs2CO3) and two different reaction solvents (DMSO and NMP), with n=2 replicates 

per condition (Figure 9-4A). Cs2CO3, in combination with DMSO, was selected for further 

optimization based on good RCY and low volatile loss (high collection efficiency). In optimization 

of the base amount (Figure 9-4B), 290 nmol was selected as the best compromise of good RCY 

and low volatile losses. From a comparison of the impact of precursor amount (Figure 9-4C), a 

high amount of precursor is needed to improve RCY. By replotting the results as a function of the 
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base to precursor ratio (Figure 9-4D), we noticed we achieved a similar yield with only 120 nmol 

of the precursor by lowering the amount of Cs2CO3 to 200 nmol. The reaction temperature was 

further optimized, revealing an optimal temperature of 140 °C (Figure 9-4E).   

Under the optimized conditions, [18F]FPEB could be produced in a crude RCY of ~16%, 

greater than other reported literature conditions (4-10%)(252,359,361–363). Sixty-four reactions 

could be performed per day, and by employing multi-lane TLC using the optimized mobile phase, 

all samples each day could be analyzed within 60 min.  In contrast, using radio-HPLC analysis 

would likely have significantly overestimated the product yield (due to loss of [18F]fluoride in the 

column), and test reactions would have taken approximately 30-40 min each to analyze. Due to 

the limited half-life of F-18, only 12-16 samples could be practically analyzed each day if HPLC 

was used. Thus the study would have taken many more days, more batches of radioisotope 

(potentially adding other variables for which additional replicates are needed), and more labor 

hours.   

9.4.9   Additional readout channels via staining 

In addition to radiation readout (via Cerenkov imaging) and readout via UV imaging, 

additional chemical information can be gleaned from the TLC plate. Staining is a widely used 

method in TLC analysis that is inexpensive, can be used to detect low abundance analytes (via 

water-based stains like Hanessian), stain for specific functional groups (e.g., ninhydrin for the 

detection of amines), and detect analytes that are not UV-active. To demonstrate this principle, 

we employed TLC stains in the analysis of [18F]PBR-06 and [18F]Fallypride crude samples. In the 

samples of [18F]PBR-06, few analytes can be visualized by UV analysis by TLC (Figure 9-14). 

Hanessian staining reveals faint traces of additional impurities near the product band. Ninhydrin 

staining did not reveal additional bands (Figure 9-14), but because it stains amine groups, this 

can help determine the potential identities of the bands. For [18F]Fallypride, Hanessian staining 

revealed no additional impurities (Figure 9-15). Ninhydrin staining revealed a previously unseen 

impurity (Figure 9-15).  
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Staining methods pose an interesting method to visualize low-abundance species and to 

glean additional chemical information about specific bands that could help to identify bands and 

improve understanding of competing reaction pathways. It is striking that the additional impurities 

detected via staining were well separated from the radiopharmaceutical, even though they were 

not visible during the PRISMA procedure to optimize the mobile phase.     

 Conclusions  

In this study, a systematic mobile phase selection process, PRISMA, was applied to 

optimize TLC mobile phases to separate crude samples of radiopharmaceuticals. The PRISMA 

method provided a systematic framework to rapidly (<4 h) and efficiently (with only 1 batch of the 

crude radiopharmaceutical) reach a set of development conditions resulting in high-resolution 

separation without prior knowledge of impurity identities or properties. The method was 

successfully applied to multiple examples of diverse radiopharmaceuticals, achieving baseline 

separation of the radiopharmaceutical from radioactive and non-radioactive impurities. In the case 

of [18F]Fallypride, the optimized radio-TLC method rivaled the resolution of isocratic radio-HPLC 

while resulting in a more accurate analysis as the method does not suffer from the issue of loss 

of [18F]fluoride to the column of radio-HPLC. Notably, the optimized TLC conditions can be applied 

for synthesis optimization and potentially to portions of QC testing (e.g., radiochemical purity) or 

radio-metabolite studies(364–372). UV imaging and TLC staining can reveal additional species 

that are not visible with the traditional use of radio-TLC. This streamlined methodology can be 

easily employed by radiochemistry labs, using ubiquitous materials, and enabling anyone to 

develop high-resolution TLC separation methods for accurate radiopharmaceutical analysis.  
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Figure 9-4. Optimization of the synthesis of [18F]FPEB (n = 2), leveraging high-throughput 
analyses enabled by multi-lane radio-TLC using the PRISMA-optimized mobile phase. 
Reaction volume is    μL and reaction time is 5 min in all cases. 
(A) Impact of different bases and two different reaction solvents. Relative pH is shown below each 
data point.53 Precursor amount: 250 nmol, base amount: 500 nmol, reaction temperature: 140 °C. 
(B) Effect of the amount of Cs2CO3. Precursor amount: 250 nmol, reaction temperature: 140 °C. 
(C) Effect of precursor amount. Cs2CO3 amount: 290 nmol, reaction temperature: 140 °C. (D) 
Data from B and C were replotted to show the effect of the base:precursor ratio. (E) Effect of 
reaction temperature. Precursor amount: 200 nmol, Cs2CO3 amount: 120 nmol. 

https://www.zotero.org/google-docs/?xX4IF6
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 Appendix  

Table 9-4. Solvents in Snyder selectivity groups that are miscible with n-hexanes and used 
for the PRISMA optimizations performed in this work. 

Snyder Group NumberA Solvent Name Polarity 

1 diethyl ether (Et2O) 2.8 

2 n-butanol (n-BuOH) 3.9 

3 tetrahydrofuran (THF) 4.0 

5 dichloromethane (DCM) 3.1 

6 acetone 5.1 

7 toluene (PhMe) 2.4 

8 chloroform (CHCl3) 4.1 

AGroup 4 (Formamide) was omitted due to incompatibility with silica-based TLC, and its ability to 
visibly etch silica from the TLC plate. A list of all group solvents is detailed in the literature.(354) 
 

 

Figure 9-5. The graphical user interface of software used for analyzing TLC images. 
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9.6.1   PRISMA “Prism” Construction 

The data resulting from the PRISMA process (described in Methods) can be visualized in 

a 3D representation (Figure 9-6). First, we draw a triangle (Figure 9-6A) where each side 

represents the volume fraction of the three pure solvents (A, B, and C) selected in Step 1. By 

convention, the ordering of the solvents is chosen in ascending order of solvent polarity strength. 

A mixture of solvents can be represented as a point within the triangle. According to the PRISMA 

method, selectivity point notation can be used to describe the proportion of each solvent (e.g., Ps 

= 622 comprises 60% solvent A, 20% solvent B, and 20% solvent C). Solvent strength is plotted 

on the vertical axis. Since each solvent can be diluted down to a strength of zero via n-hexanes, 

the available parameter space is a prism-shaped volume with the three vertical edges having 

lengths equal to the strength of the corresponding solvents.  In our optimization process, we limit 

ourselves to a maximum strength corresponding to the minimum of all the solvent strengths (i.e., 

min(SA, SB, SC)) (Figure 9-6B). 

By normalizing all 3 solvents to the same strength value, we ensure that we are working 

on a horizontal slice of the parameter space when varying the solvent mixture. Equivolume 

mixtures (Ps = 333) of solvents at three different solvents strengths are compared in Step 2 

(Figure 9-6C).  The Ps = 333 point is at the center of each triangular slice (corresponding to the 

three different strengths). In Step 3, chromatographic additives are considered and used in later 

optimization stages. The amounts of the additives are small, and they are not reflected in the 3D 

construction. Finally, in Step 4, we work in the triangular slice corresponding to the best strength 

and additives from Steps 2 and 3, and the volumetric ratio of the strength-adjusted solvents is 

varied. Different mixtures (i.e., selectivity points, Ps) are explored and denoted as red asterisks in 

Figure 9-6D. 

For each point examined (i.e., solvent strength and composition), we compute a resolution 

value (between the radiopharmaceutical and its nearest impurity) and plot this as a color.  
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Using the resolution values from the tested points, the space's color in between points 

was determined by linear interpolation, and data was plotted on a triangular mesh grid with step 

size 0.05 (Figure 9-6E). The slice on which the highest resolution value occurred is shown in 

Figure 9-6F. 
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Figure 9-6. Procedure for the 3D visualization of resolution as a function of mobile phase 
composition. 
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Figure 9-7.  LI images of TL  plates spotted with   μL crude [18F]TBAF (30-50 MBq 
[18F]fluoride, 800 nmol TBAHCO3, diluted to    μL   developed with different [18F]Fallypride 
mobile phases from literature (first 5 entries) and the PRISMA-derived mobile phase (last 
entry). 
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Figure 9-8. UV images of TLC plates spotted with Fallypride reference standard and 
developed with different mobile phases from literature (first 5 entries) and the PRISMA-
derived mobile phase (last entry). 
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Figure 9-9. Isocratic HPLC compared to the PRISMA optimized mobile phase of a crude 
[18F]Fallypride sample.  
(A) Radio-HPLC chromatograms (Top) Standard trace of [19F]Fallypride (Bottom) Crude 
[18F]Fallypride. (B) Radio-TLC chromatograms of crude [18F]Fallypride. 
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Figure 9-10. PRISMA optimization of [18F]PBR-06. 
(A) Results of PRISMA optimization applied to samples of [18F]PBR-06. The condition(s) giving 

the best resolution at each step is outlined in dashed boxes. The optimal condition is outlined in 

solid red. (B) 3D visualization of resolution as a function of mobile phase composition. 
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Figure 9-11. PRISMA optimization of [18F]FEPPA.  
(A) Results of PRISMA optimization applied to samples of [18F]FEPPA. The condition(s) giving 

the best resolution at each step is outlined in dashed boxes. The optimal condition is outlined in 

solid red. (B) 3D visualization of resolution as a function of mobile phase composition. 
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Figure 9-12. PRISMA optimization of [18F]FDOPA.  
(A) Results of PRISMA optimization applied to samples of [18F]FDOPA. The condition(s) giving 
the best resolution at each step is outlined in dashed boxes. The optimal condition is outlined in 
solid red. (B) 3D visualization of resolution as a function of mobile phase composition. 
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Figure 9-13. PRISMA optimization of [18F]FPEB.  
(A) Results of PRISMA optimization applied to samples of [18F]FPEB. The condition(s) giving the 

best resolution at each step is outlined in dashed boxes. The optimal condition is outlined in solid 

red. (B) 3D visualization of resolution as a function of mobile phase composition. 
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Figure 9-14. Examples of Hanessian staining possible with TLC readout. 
(A) CLI and UV images of crude [18F]PBR-06 reaction separated under the PRISMA-optimized 
TLC conditions. (B) Hanessian stain of the same TLC plate. (C) CLI and UV images of a different 
crude [18F]PBR-06 reaction separated under the PRISMA-optimized TLC conditions. (D) 
Ninhydrin stain of the same TLC plate. Black dashed lines are used to denote the observable 
bands on the stained plates in B and D. 
 
 

 

 

Figure 9-15. Examples of Ninhydrin staining possible with TLC readout.  
(A) CLI and UV images of crude [18F]Fallypride reaction separated under the PRISMA-optimized 
TLC conditions. (B) Hanessian stain of the same TLC plate. (C) CLI and UV images of a different 
crude [18F]Fallypride reaction separated under the PRISMA-optimized TLC conditions. (D) 
Ninhydrin stain of the same TLC plate. (The pink cast across the plate may be due to incomplete 
drying of the TLC plate after separation, leaving residual TEA from the mobile phase.) Black 
dashed lines are used to denote the observable bands on the stained plate. 
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Chapter 10: PHENYX – A flexible pipetting-based platform for 
automated microvolume radiochemistry 
 
 

 Introduction 

The rapid pace of developments in the fields of molecular imaging, theranostics, and 

radiochemistry is leading to a wealth of new radiopharmaceuticals, including tracers for single-

photon emission computed tomography (SPECT) and positron-emission tomography (PET) as 

well as targeted agents for radioligand therapy (RLT) (373–375). Due to the short half-lives of 

these compounds, they must be manufactured repeatedly and frequently to make them available 

throughout the whole radiopharmaceutical development lifecycle, including in vitro studies, 

preclinical in vivo imaging, clinical research, etc. Compounds that prove useful may require 

ongoing production for preclinical or clinical use to study disease or develop new drugs, or for 

clinical use in diagnosing disease, predicting or monitoring response to therapy, or, in the case of 

theranostics, treating disease. 

Throughout most of this lifecycle, these compounds are currently manufactured using 

commercial radiosynthesizers that are designed and optimized for production of large, multi-dose 

batches (376). Reactions are performed in milliliter scale volumes, despite the miniscule amounts 

of these compounds needed (e.g. nmol amounts for imaging). To ensure reactions proceed at 

reasonable rates, large amounts of radioisotope are used, and other species in the reaction (i.e. 

precursor molecule) are used in high concentrations. Excess precursor leads to significant waste 

and to difficulties in downstream purification to remove excess precursor and side products. The 

use of large amounts of radioisotope ensures high molar activity but is very wasteful when only a 

small batch is needed, e.g. for an in vitro study, preclinical scan, or a single clinical scan; most of 

the radiopharmaceutical is discarded in these cases. These inefficiencies combined with the high 

cost of radiochemistry equipment and facilities make radiopharmaceuticals quite expensive and 

difficult to integrate into routine research.  
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As the number of new radiopharmaceutical compounds rapidly grows there are increasing 

pressures to innovate more efficient, compact, and low-cost methods for their production. During 

at least the last 15 years, investigators have recognized the potential for microfluidic devices to 

provide a more optimal platform for production of radiopharmaceuticals, and have developed a 

wide range of microfluidic tools for radiochemistry. A comprehensive accounting of these 

approaches can be found in numerous recent reviews in the field (36,38,44,377,378). These can 

roughly be classified into flow chemistry systems and batch systems. Though flow chemistry 

systems have exhibited high synthesis performance for a wide range of radiopharmaceuticals, 

they rely on macroscale components to perform some synthesis steps and have similar size and 

volume requirements as conventional radiosynthesizers. On the other hand, recent batch systems 

have exhibited a high degree of integration (e.g. including both [18F]fluoride isotope processing 

and subsequent reactions) into simple and compact devices. The Iwata group has developed a 

microvial-based system for performing reactions as low as ~5 µL using principles similar to 

conventional systems (62,63), though no automation has yet been reported. Our group has 

developed several generations of semi-automated and fully-automated droplet-based reaction 

chips including EWOD (320,321,379), passive transport chips (380), and new surface-tension trap 

chips (381). These devices exhibit yields comparable to conventional approaches, up to ~100x 

reduced precursor consumption (162,325,382,383), much shorter synthesis times in part due to the 

use of analytical-scale high performance liquid chromatography (HPLC), rather than semi-

preparative scale, for purification. Reaction products also exhibit high molar activity, even starting 

with low amounts of activity, which is not possible in conventional systems (and thus they are not 

capable of making small batches that have high molar activity) (134). Recently we have shown 

that droplet reactions can be scaled to large clinically-relevant amounts by starting with more 

radioactivity (83,99). However, the [18F]fluoride concentrator (83) that enabled shrinking the 

radioisotope volume so that a larger amount could fit on the chip (i.e. reducing volume from ~1 
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mL to ~28 µL) involves a complex and relatively bulky fluidic system. Furthermore, the open 

nature of these chips (droplet sitting on the chip surface), while critical to achieve fast evaporation 

times, can result in unwanted evaporation, making it challenging to maintain solvent during 

reactions, or to work with reactions involving volatile reagents, intermediates, or product. A 

number of other batch microfluidic approaches have successfully synthesized numerous 

radiopharmaceuticals (57,250,384–386), though most are much larger in size, use significantly 

larger volumes or have a fixed fluid path (e.g. with specific number of inlets connected to a 

microreactor), which requires different chip designs to perform different syntheses.  

To provide more flexibility, an approach that has been used successfully for macroscale 

reactions in the ELIXYS radiosynthesizer (SOFIE, Inc.) was to employ a robotic system to move 

the reaction vial to different fluidic interfaces and load different reagents (33,346). This robotic 

mechanism replaced most of the tubing and valves used in conventional (fixed plumbing) 

systems, enabling a high degree of dynamic reconfigurability via programming (225). This strategy 

avoids problems due to valve failures, and by avoiding the need for manually reconfiguring 

connections, eliminated the lengthy system switchover process and the associated chance for 

errors and leaks. Our preclinical imaging facility has implemented >30 different syntheses on the 

ELIXYS system (212), all of which can be implemented without any reconfiguration of the fluidic 

system. Similarly, a macroscale system has been developed by GeSIM mbH and ABX Advanced 

Biochemical Compounds GmbH, which used a robotic mechanism to transfer liquids among 

conventional reagent vessels, reaction vessels and solid-phase cartridges to implement different 

radiosyntheses (387).  

To bring the flexibility of robotic pipetting systems to microscale reactions, while also 

addressing the issues of open droplet reactions, we developed here a novel flexible robotic-based 

radiosynthesis system (“PHENYX”). It is designed to perform radioisotope concentration in 

addition to the subsequent multi-step microscale radiosynthesis in 5-50 µL volumes on a 
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disposable cassette. The robotic system moves a high-precision pipettor among a disposable tip 

rack and various components on a disposable cassette, including a [18F]fluoride source reservoir, 

a QMA-based fluoride concentration system, reagent reservoirs, a reaction vessel, and an outlet 

reservoir (connected to downstream purification and formulation system). Notably, the system 

contains no fluidic valves: all operations are performed by pipetting (i.e. liquid transfers) or with 

special attachments for the pipetting head (i.e. radioisotope concentration, sealing of the reaction 

vessel with a heated lid, pressurization of reservoir for transfer to purification system). We 

describe here the design and characterization of this system, and demonstrate the high-yield 

synthesis of [18F]Fallypride as an example radiopharmaceutical. 

 Materials and methods 

10.2.1   System design 

10.2.1.1 Robotic system and cassette stage 
 

The PHENYX system consists of a fixed instrument and an interchangeable single-use 

cassette (Figure 10-1A). The main part of the system is the robotic pipettor (Cavro Air-

Displacement Pipettor; ADP, Tecan Group Ltd., Männedorf, Switzerland), mounted to the Z-axis 

of an XYZ gantry (Cavro Omni Robot, Tecan). The baseplate holds a pipette tip carrier (DiTi 

carrier, Tecan) with capacity of 2 racks of disposable tips, a waste container for discarded tips, 

and a “stage” (Figure 10-1B) to hold the disposable cassette. The stage also provides 

temperature control of the Reactor in the cassette via an aluminum reactor heating block with 

conical cavity (Figure 10-2A) mounted to a 200W ceramic heater (Ultramic CER-1-01-00097, 

Watlow, St. Louis, MO, USA), heatsink, and cooling fans (Figure 10-2A,B). This Reactor heater 

assembly is spring-loaded to ensure good thermal contact between the heater and Reactor, and 

to avoid contact directly with the cassette stage (Figure 10-2C).  
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Figure 10-1 The PHENYX system. 
A. The PHENYX prototype system includes a working bed containing the Cassette Stage and 
racks for disposable pipette tips. Control electronics are located outside the footprint of the main 
system. B. The cassette stage holds the disposable PEEK cassette atop a Reactor heater, as 
well as storage sites for the Lid-heater and Pressure-lid. 
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Figure 10-2 The stage of PHENYX. 
A. The top side of the Reactor heater consists of a heat block with conical cavity that mates to 
the bottom of the Reactor reservoir on the cassette. There is also a top cooling fan. B. The bottom 
side of the Reactor heater includes a heatsink and a bottom cooling fan. C. The Lid-heater 
consists of a custom Teflon adapter designed to mate with the ADP, attached to a heat block with 
a silicone elastomer layer on the bottom, which seals onto the top rim of the Reactor reservoir 
(inset). ADP = air displacement pipettor. 
 
 

10.2.1.2 Disposable cassette 
 

The 127 mm x 80 mm x 22 mm cassette (Figure 10-3) was fabricated from polyether ether 

ketone (PEEK) due to this material’s high temperature stability and chemical inertness. Prototype 

cassettes were made by computer numerical controlled (CNC) machining but could be injection 

molded in the future. In addition to the reservoirs in the top surface, there are several millifluidic 

channels (joining a few ports and reservoirs) machined into the bottom side of the cassette 

(Figure 10-3B), and closed off with a layer of silicone pressure-sensitive adhesive film (9795R, 

3M, Saint Paul, MN, USA). The cassette features three sections: (i) a radioisotope concentrator, 

(ii) a reactor reservoir and associated reagent reservoirs, and (iii) a dilution reservoir and 

connection for transfer of product to a downstream purification and formulation module. 
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Figure 10-3 PHENYX cassette. 
A. Overhead photograph of cassette. The cassette includes a section for receiving and 
concentrating [18F]fluoride (blue), a Reactor and reagent storage reservoirs section (green), and 
a product dilution and transfer section (orange). The cassette contains a number of reservoirs: 
QMA inlet reservoir (2 mL capacity), QMA outlet reservoir (6 mL capacity), Waste reservoir (7 mL 
capacity), Reagent reservoirs (small: 50 μL for S1-S6; medium: 200 μL for M7-M9; large: 2 mL 
for L10-L11), Reactor (50 μL), Dilution reservoir (200 μL). A micro-QMA cartridge is connected to 
the two points joined by the blue arrow. The red dashed areas show locations of fluidic channels 
on the bottom of cassette.  B. Photograph of the bottom of the cassette showing the machined 
fluidic channels, some open and some sealed with adhesive films. The fluidic channels connect: 
(1) fluoride-input connection to Fluoride reservoir, (2) QMA inlet reservoir to QMA inlet connection, 
(3) QMA outlet connection to QMA Outlet Reservoir, and (4) Product transfer reservoir to Product 
Output connection. The image is mirrored to match locations with the overhead view. The cassette 
measures 12.7 cm x 8 cm x 2.2 cm. QMA = quaternary methylammonium (cartridge). 
 
 

The concentrator section has a [18F]fluoride input connection port to introduce the 

radioisotope from an external source through a millilfuidic channel into the [18F]fluoride reservoir. 

The pipettor is used to transfer the desired amount of radioisotope into the QMA inlet reservoir, 
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which is connected to the QMA inlet fitting by a millifluidic channel. The QMA outlet fitting is 

connected via a millifluidic channel to the QMA Outlet reservoir. A custom miniature QMA 

cartridge (see Materials) is connected between the two ports. To move liquid through the 

cartridge, the Pressure-lid (see below) is positioned at the QMA Inlet reservoir by the pipettor to 

push the contents through the QMA cartridge and into the QMA Outlet reservoir. A large waste 

reservoir is used to store [18O]water pipetted out of the QMA Outlet reservoir after trapping. The 

trapped [18F]fluoride is eluted by pipetting a small volume of eluent solution into the QMA inlet 

reservoir and repeating the above process.  In this way, [18F]fluoride volumes of 1-2 mL can be 

concentrated into 20-40 μL at the QMA outlet reservoir, which can then be transferred to the 

Reactor reservoir by the pipettor. 

The radiosynthesis section of the cassette consists of a 50 μL Reactor reservoir as well 

as an array of Reagent Reservoirs. The Reactor reservoir was designed to hold a maximum of 

50 µL of fluid and has thin walls to ensure rapid heat transfer between the reactor heating block 

beneath and the reactor reservoir contents. The array of Reagent Reservoirs includes two large 

(1 mL) reservoirs, six small (50 µL) reservoirs, and three medium (200 µL) reservoirs. The user 

can fill these with any reagents necessary for the fluoride concentration and radiosynthesis steps. 

A sealing foil can be applied after filling to limit evaporation or atmospheric exposure of reagents. 

The Reactor is located sufficiently far from the Reagent reservoirs such that unwanted heating of 

the reagents is avoided. 

The crude reaction product is transferred by the pipettor to the dilution reservoir (if dilution 

is desired), and then to the Product transfer reservoir. Upon pressurization using the Pressure-

lid, the contents are driven through a millifluidic channel to the product output connection and into 

the downstream purification and formulation system.  

 

10.2.1.3 Pipettor attachments 
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The stage also provides storage locations for special attachments (“Pressure-lid” and “Lid-

heater”) that are designed to be picked up and moved by the pipettor for use on-demand at any 

desired location on the cassette. 

The Pressure-lid (Figure 10-4) provides air pressure to drive fluids through the cassette, 

i.e. during the radioisotope concentration step (to push solutions through the trapping cartridge), 

and to transfer the final diluted product after synthesis out of the cassette and into a downstream 

purification/formulation system. The Pressure-lid has a Teflon body with a silicone elastomer 

gasket on the bottom (Figure 10-4A). The top of the Pressure-lid mates to the pipettor (Figure 

10-4B), thus allowing the Pressure-lid to be picked up and pressed down on top of the desired 

cassette reservoir (with 0.5 mm of compression), and pressure is provided to the reservoir through 

a hole in the gasket from a regulated inert gas source connected to the Pressure-lid body. 

Additionally, by adjusting the vertical position so the lid is not sealed, the Pressure-lid can also be 

used to provide convective air flow above the Reactor reservoir to accelerate evaporation steps. 

 

 

Figure 10-4 Pressure-lid. 
A. Photograph showing the silicone gasket at the bottom of the Pressure-lid. A hole in the middle 
connects to pressurized air via a fitting on the side of the Pressure-lid. B. The Pressure-lid 
mounted on the ADP robot and interfaced to the top rim of a reservoir on the cassette. C. Cross-
section showing the operation of the Pressure-lid.  ADP = air displacement pipettor. 
 

The Lid-heater (Figure 10-2C) is designed to seal the reactor, but is heated to prevent 

reaction solvent condensation remaining on the gasket surface. This is imperative for small 

volume reactions where solvent redistribution (due to evaporation and condensation elsewhere) 
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could otherwise drastically affect the synthesis yield. It comprises a 200W ceramic heater 

(Ultramic CER-1-01-00097, Watlow, St. Louis, MO, USA) sandwiched between a Teflon adapter 

(to interface with the pipettor), and a cylindrical aluminum heater transfer block with a thin 1/16” 

silicone elastomer layer affixed to the bottom surface. This assembly can be moved by the pipettor 

and pushed down (with 1 mm of gasket compression) on top of the Reactor to form a tight seal 

when performing reaction steps. A second cooling fan is mounted to the stage and can be 

activated as needed to cool the lid heater before unsealing the Reactor (Figure 10-2A). An 

illustration of how both the bottom and top heaters interface with the Reactor reservoir is shown 

in Figure 10-2C. Typically, evaporation steps were performed using only the bottom heater, but 

reaction steps were performed using both heaters. 

10.2.1.4 Control system 
 

Heaters were controlled with the aid of their built-in K-type thermocouples via standalone 

controllers (TPC-1000, Tempco Electric Heater Corp., Wood Dale, IL, USA). Actuation of the 

Omni Robot robotic system was controlled via a series of custom scripts implementing several 

“unit operations” of the synthesis process. 

10.2.2   Characterization of subsystems 

Evaluation of sealing performance of the Pressure-lid is described in the Appendix 

10.5.1.1. Calibration of the internal Reactor reservoir temperature and Lid-heater gasket surface 

temperature to heater setpoints, and measurement of heating and cooling rates are described in 

the Appendix10.5.1.2. A series of experiments was conducted to compare the quality of sealing 

(i.e. ability to prevent loss of solvent) of the Lid-heater to different Reactor rim designs (Figure 4), 

and using different durometers of the gasket material (see Appendix 10.5.1.4). The pipettor was 

calibrated for the different liquids used in the synthesis (see Appendix 10.5.1.5). To minimize the 

losses of eluent solution from [18F]fluoride concentration process, optimization of the QMA Outlet 

reservoir geometry was performed (see Appendix 10.5.1.6). 
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10.2.3   [18F]Fallypride synthesis 

10.2.3.1 Materials  
 

TBAHCO3 (75 mM in ethanol), tosyl fallypride (fallypride precursor, >95%), and fallypride 

(reference standard for [18F]fallypride, >95%) were purchased from ABX Advanced Biochemical 

Compounds (Radeberg, Germany). Anhydrous MeCN (99.8%), 2,3-dimethyl-2-butanol (98%), 

anhydrous methanol MeOH (99.8%), anhydrous ethanol (EtOH, 99.5%), ammonium formate 

(NH4HCO2, 97%) and triethylamine (TEA, 99.5%) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). DI water was obtained from a Milli-Q water purification system (EMD Millipore 

Corporation, Berlin, Germany). No-carrier-added aqueous [18F]fluoride was obtained from the 

UCLA Ahmanson Biomedical Cyclotron Facility. Micro-cartridges were prepared by loading 3 mg 

of quaternary methylammonium (QMA) resin (Waters Corporation, Milford, USA) into an ethylene 

tetrafluoroethylene (ETFE) tube (1/16" OD x 0.040" ID, 1517L; IDEX Health and Sciences, 

Wallingford, USA) with polyethylene frits as previously described (83). These cartridges were 

preconditioned with 0.5 mL of 1M KHCO3 and 10 mL of DI water sequentially prior to the 

radiosynthesis process. An eluent stock solution of TBAHCO3 was prepared by diluting the 75 

mM TBAHCO3 solution (in EtOH) with DI water to provide 25 mM TBAHCO3 in the mixed solvent 

of EtOH and DI water (1:2, v/v). Precursor stock solution (77 mM) was prepared by dissolving 4 

mg of tosyl fallypride (7.75 μmol) in 100 μL of the mixed solvent MeCN and 2,3-dimethyl-2-butanol 

(1:1, v/v). Collection solution was prepared by mixing MeOH and DI water (9:1, v/v). In some 

experiments, HPLC mobile phase (described below) was used for collecting the crude product. 

10.2.3.2 Synthesizer setup 
 

Prior to performing a synthesis, the cassette was loaded with the following reagents. 30 

μL of eluent stock solution (25 mM TBAHCO3), 40 μL of DI water and 20 μL of precursor stock 

solution were pre-loaded into small-volume reservoirs (S1-S3, respectively). 120 μL of collection 

solution was loaded into a medium-volume reservoir (M7). Microwell sealing tape (Nunc™ 

276014, Thermo Scientific, Waltham, USA) was cut into squares (~0.8 × 0.8 cm) and used to seal 
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the small-volume and medium-volume reservoirs to minimize evaporation and moisture 

contamination prior to use. Disposable pipette tip racks 50 μL (Part No. 30126097, Tecan, 

Männedorf, Zürich, Switzerland) and 200 μL (Part No. 30126093, Tecan) with filter were installed 

in the system.  As a final setup step, 500 μL of aqueous [18F]fluoride was introduced into the QMA 

inlet reservoir via pipette. 

10.2.3.3 Analytical equipment and methods 
 

Radioactivity measurements were performed with a calibrated dose calibrator (CRC-25R, 

Capintec, Florham Park, NJ, USA). The crude reaction product collected from reactor was 

analyzed by radio-thin layer chromatography (radio-TLC). A small sample (~1 μL) was spotted 

onto a TLC plate (silica gel 60 F254 TLC plastic plate, Merck KGaA, Darmstadt, Germany) and the 

plate was developed with 60% MeCN in 25 mM NH4HCO2 with 1% TEA (v/v). After drying, the 

TLC plate was scanned using a radio-TLC scanner (miniGITA, Elysia-Raytest GmbH, 

Straubenhardt, Germany) for 3 min. The proportion of each species was computed using GINA-

STAR software (Elysia-Raytest) by computing areas under the peaks in the chromatogram 

corresponding to the product (Rf = 0.9), side-product (Rf = 0.5) and unreacted [18F]fluoride (Rf = 

0.0), and dividing the individual peak area by the sum of all peak areas. Fluorination efficiency 

was computed as the proportion of the product peak area. Collection efficiency was calculated as 

the activity of the crude product collected from the cassette divided by the starting activity 

(corrected for decay). Crude radiochemical yield (RCY) was computed as collection efficiency 

multiplied by the fluorination conversion. The isolated RCY was determined by performing radio-

HPLC purification on an analytical C18 column (Kinetex, 250 x 4.6 mm, 5 µm, Phenomenex, 

Torrance, CA, USA) using mobile phase of 60% MeCN in 25 mM NH4HCO2 with 1% TEA (v/v) 

and flow rate of 1.5 mL/min with UV absorbance (254 nm) and radiation detectors, as previously 

reported (83). The retention time of [18F]fluoride and [18F]Fallypride were 1.5 and 4.5 min, 

respectively. To determine the residual activity left behind in reservoirs (QMA inlet, QMA outlet, 
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Dilution), the reactor, and the Lid-heater, the wetted surfaces were carefully wiped with Kimwipes 

(Kimberly-Clark, Irving, Texas, U.S.A.) pre-wetted with a solution of EtOH and DI water (7:3, v/v), 

repeated a total of 2 times, and measured via dose calibrator. The values were expressed as a 

proportion of the starting activity (corrected for decay). After wiping the reservoirs and reactor, the 

residual activity in the cassette was visualized via PET/CT. The cassette was scanned in a HiPET 

scanner (388) for 60 min first and then in a CT scanner (CrumpCAT (389)) for 10 min. The PET/CT 

image registration was carried out with AMIDE version 1.0.5 software.  

 

10.2.3.4 Radiosynthesis of [18F]Fallypride 
 

The synthesis was developed in a step-wise fashion, beginning with the radioisotope 

concentration step and then adding the remaining steps, with intermediate measurements and 

samples taken to quantify performance and losses. Afterward, the synthesis was carried out 

without the intermediate measurements in order to determine a more accurate estimate of the 

duration of the automated synthesis. 

To perform the radioisotope concentration step, [18F]fluoride was manually added into the 

QMA inlet reservoir, and the starting activity was determined (i.e., difference in source activity before 

and after transfer). Trapping was performed by applying 20 psi for 90 s via the Pressure-lid, and the 

[18O]H2O was transferred by the pipettor from the QMA Outlet reservoir to waste. Later this liquid was 

collected to compute the trapping efficiency by dividing the activity in the waste by the starting activity 

(corrected for decay) and subtracting from 100%. Next, several elution protocols were compared. First, 

eluent stock solution (7 μL) was transferred from the reservoir S1 to the QMA inlet reservoir, and 

was pushed through the cartridge via the Pressure-lid with by gradually ramping the pressure from 0 to 5 

psi over 40 s, then switching to 10 psi for 20 s. This process was then repeated for another portion of 

elution solution (7 μL). After that, a similar procedure was carried out to rinse the fluid pathways. 

DI water (7 or 15 μL) was transferred from reservoir S2 to the QMA inlet reservoir and then, after 
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installing the Pressure-lid, was passed through the micro-QMA cartridge to wash out the residual 

activity. This was repeated multiple times, depending on the details of the elution protocol being 

tested. The elution efficiency was calculated by dividing total eluted activity (collected manually 

via pipette from the QMA outlet reservoir) by the starting activity (corrected for decay).  The residual 

activity on the cartridge after elution was also measured using a dose calibrator, and this value 

was expressed as a fraction of the starting activity (corrected for decay). 

The eluted [18F]fluoride /TBAHCO3 mixture was then transferred via the pipettor from the 

QMA Outlet reservoir into the Reactor. The Pressure-lid was picked up and moved to a position 

~1 mm above the reactor to provide convective nitrogen flow at 5 psi to accelerate evaporation. 

Evaporation was performed at 100 °C (using calibration data) for 8 or 10 min, with heat supplied 

by the bottom heater. After drying, the reactor was cooled down to 25 °C (~2 min) by turning on 

both the top and bottom cooling fans. To perform the fluorination reaction, 8 μL of precursor stock 

solution (77 mM), which contains 0.62 μmol of precursor, was transferred from reservoir S3 into 

the Reactor. After closing the reactor using the Lid heater, the mixture was heated for 7 min by 

setting both bottom and lid heaters to 110 °C. The crude product was then cooled down to 25 °C 

(~2 min) by turning on the bottom and top cooling fans. Next, 30 μL of collection solution was 

transferred via pipette from the reservoir M7 to the Reactor and then mixed via aspirating and 

dispensing with the same pipette tip 10x in a row. The mixed collection solution was then 

transferred to the Dilution Reservoir. This process was repeated a total of 3x resulting in a final 

volume of ~90 μL, which was transferred to a vial (0.5 mL) from the Dilution Reservoir. The 

collected crude product was analyzed by radio-TLC and its activity measured. Afterward, the 

crude product can be further diluted (e.g. for downstream cartridge purification) or injected for 

HPLC purification. 
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 Results and discussion 

10.3.1   System characterization 

10.3.1.1 Pressure-lid function 
 

The Pressure-lid was tested for its ability to seal onto cassette reservoirs and for the ability 

to push fluid through the cassette. With 0.5 mm of gasket compression, pressures up to 20 psi 

could be maintained (i.e. pressure decay < 0.1 psi in 2 min). Fluid in the QMA Inlet reservoir could 

be pushed through the millifluidic channel and QMA cartridge into the QMA Outlet reservoir using 

15-20 psi. 500 µL of water could be transferred at 15 psi within ~75 s. The same volume of MeCN 

could be flushed through this same path at 10 psi in ~30 s. 

10.3.1.2 Heater calibration and performance 
 

Calibrations for the internal Reactor temperature and Lid-heater gasket surface 

temperature versus the built-in thermocouple of the ceramic heaters are summarized in Figure 

10-8.  Heating was relatively fast. For example, as in Figure 10-9 an internal temperature of 150 

°C can be reached in ~60-75 s, with reactor heater and lid heater setpoints at 170 °C and 220 °C, 

respectively. A temperature of 110 °C (as needed for [18F]Fallypride fluorination) could be reached 

in <20 s by setting the reactor heater and lid heater at 117 °C and 147 °C, respectively.  

10.3.1.3 Reactor sealing by the Lid-heater 
 

Multiple reactor rim designs were tested for the ability to seal under pressure (Figure 

10-5). The flat rim was unable to seal, resulting in substantial loss of MeCN via evaporation when 

heated to 150°C for 5 min, and thus further experiments focused on the other designs (double-

rim and beveled-rim). MeCN was used for these tests as it is commonly used in 18F-

radiosyntheses and has a relatively low boiling point and high vapor pressure. For various 

durometers of the gasket, the double-rim Reactor design exhibited consistently less fluid loss (3.0 

± 2.2%, n=9) than the beveled-rim design (5.4 ± 2.4%, n = 9), but there was not a significant 

difference among different gasket durometers (see Figure 10-11A). To further explore potential 
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differences among durometers, sealing repeatability was compared (3 successive trials) for each 

durometer using the double-rim Reactor design. No significant difference was observed (see 

Figure 10-11B). Ultimately, the 50A durometer was chosen based on the qualitative assessment 

that the mean fluid loss tended to be lower across all tests. 

 

 

Figure 10-5 Reactor rim designs tested for sealing. 
A. Flat rim design consisting of a 1.4 mm wide flat sealing surface. B. Double-rim design 
consisting of two 0.5 mm wide, concentric flat sealing rims with a 0.38 mm wide recessed gap 
between them. C. Beveled rim design consisting of a single beveled rim. 
 

10.3.1.4 Pipettor calibration 
 

Calibration plots of actual volume dispensed versus programmed volume are shown in 

Figure 10-12 for different liquids: DI water, MeCN, 9:1 (v/v) MeOH:DI water (collection solution), 

30 mM TBAHCO3 in 7.5% (v/v) EtOH:water (eluent solution), and 1:1 (v/v) thexyl alcohol : MeCN 

(fluorination solvent). As expected, the relative error was larger at lower target volumes. These 

calibration curves can be programmed directly into the software, creating a library for various 

reagent types. The pipettor has additional parameters (aspirate/dispense speed, and 

aspirate/dispense delay) that can also impact accuracy and precision, but these were not 

optimized in this work. 

10.3.2   Microvolume radiosynthesis of [18F]Fallypride 

10.3.2.1 [18F]fluoride concentration 
 

First the trapping/release performance using the micro-QMA cartridge was evaluated. 

Initially, (Table 10-1, entry 1) elution was carried out using two 7 μL volumes of elution solution 

(25 mM TBAHCO3), followed by 15 μL of DI water to rinse any residual activity out of the fluid 
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path. High trapping efficiency (100%) was observed, but there was only a moderate elution 

efficiency (75%), with significant residual activity in the cartridge (14%) and other parts of the fluid 

path. The addition of a second 15 μL DI water rinse (Table 10-1, entry 2) did not significantly 

change the performance (trapping: 95%, elution: 70%, residual activity on the cartridge: 18%). 

In our previous work performing concentration of [18F]fluoride using a micro-QMA cartridge 

[36], we observed that splitting  the eluent or rinse solution into multiple smaller volumes can 

improve the elution efficiency. Therefore, we attempted the rinse step with four 7 μL portions of 

DI water (Table 10-4, entries 3-4), resulting in a modest improvement of elution efficiency to 82-

83%.   

We attempted to repeat these measurements with cassettes that had been thoroughly 

cleaned, but where the adhesive layer on the bottom of the cassette had not been replaced (Table 

10-4, entries 5-10). However, the elution efficiency (42 ± 35%, n = 6, Table 10-1, entry 3) showed 

a large fluctuation, and also low trapping efficiency in some cases. We hypothesized that organic 

solvents and basic reagents used in the cassette caused damage to the adhesive layer, possibly 

creating small voids and dead volumes where the fluid can flow outside of the intended channel 

and become trapped under the adhesive layer. Indeed, after performing similar experiments, but 

with adhesive layers replaced each time, the elution efficiency was significantly increased and 

consistent, i.e. up to 88 ± 5% (n = 10) with excellent trapping efficiency of 100 ± 1% (n = 10) 

(Table 10-1, entry 4), comparable to our previous report with a more complicated automated 

micro-concentrator design (100 ± 0%, n=6 trapping efficiency and 91 ± 7%, n = 6 elution 

efficiency) (83). 
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Table 10-1 Performance of [18F]fluoride trap and release on the integrated QMA cartridge. 
The starting activity was 3-10 MBq [0.08-0.3 mCi]. All percentages are decay-corrected. 

Entry 1a 2b 3c 4c 

Number of repeats (n) 1 1 6 10 

Elution with TBAHCO3 (μL x repeats) 7 × 2 7 × 2 7 × 2 7 × 2 

Rinse with DI water (μL x repeats) 15 × 1 15 × 2 7 × 4 7 × 4 

Cassette adhesive layer (new or reused) new new reused new 

Trapping efficiency (%) 100 95 95 ± 8 100 ± 1 

Elution efficiency (%) 75 70 42 ± 35 88 ± 5 

Residual activity on cartridge (%) 14 18 N.M. N.M. 

aElution condition: gradually ramping from 0 to 3 psi over 30 s and holding pressure for an additional 10 s. bElution 

condition: gradually ramping from 0 to 2 psi over 100 s and holding pressure for another 20 s. cElution condition: 

gradually ramping from 0 to 5 psi over 40 s, then switching to 10 psi for 20 s. N.M. = Not measured.  

 

10.3.2.2 [18F]fallypride synthesis 
 

After optimizing the [18F]fluoride concentration process, we proceeded to perform the full 

synthesis of [18F]Fallypride on the platform at ~10 MBq scale (Table 10-2).  The reaction 

conditions were selected based on a previous optimization study we performed in open droplet-

based reactions (83). Under these conditions (0.62 μmol precursor; 0.35 μmol of TBAHCO3; 8 μL 

reaction; mixed solvent of MeCN and 2,3-dimethyl-2-butanol (1:1 v/v)), the fluorination reaction in 

the PHENYX system exhibited a high conversion of 79 ± 1% (n = 3), just slightly lower than 

previously observed for droplet-based reactions (89 ± 5%, n = 6). Prior to the fluorination reaction, 

99.8 ± 0.1% (n = 3) of starting activity was trapped on the micro-cartridge and was eluted with 

high efficiency (90 ± 4%, n = 3), consistent with previous trapping/release performance (Table 

10-1, entry 4). Wipe measurements of residual activity showed that only a small amount of 

removable activity was left behind in the QMA outlet reservoir (3 ± 1%, n = 3) and surface of the 

Lid-heater (3 ± 1%, n = 3), and a similar amount of removable activity (3 ± 1%, n=3) remained in 

the Reactor after collection of the crude product.  Afterward, [18F]Fallypride production was carried 

out without the intermediate measurements (Table 10-2) to determine the overall automated 
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synthesis time. The total time was ~48 min (i.e. ~25 min for concentration, 8 min for drying, 7 min 

for fluorination, 2×2 min for cooling down after heating and 4 min for product collection). 

Fluorination efficiency remained the same (79%), but there was a slight increase in collection 

efficiency (i.e. 73% vs. 71 ± 5%, n=3) because losses associated with intermediate measurements 

were reduced. 

There was ~15% of activity unaccounted for in our measurements (“Other loss” in Table 

10-2). We hypothesized this may be due to residual, non-removable activity on the cassette. 

Though the cassette was too large for activity to be measured with the dose calibrator, a PET/CT 

scan was performed to explore the distribution of residual activity on the cassette after product 

collection (Figure 10-6). It showed that the residual activity was mainly located in the vicinity of 

the reactor, with an additional small amount of activity deposited around the exit hole in the QMA 

outlet reservoir and in the Dilution Reservoir. Because the activity was not removed using the 

Kimwipe, the residue may be more strongly adhered to the PEEK surface (or even absorbed 

slightly into the polymer), suggesting it may be worthwhile to optimize the composition of the 

collection solution. 

 

Figure 10-6 Residual radioactivity in the cassette. 
A. Overview of cassette. B. PET/CT scan of cassette after synthesis of [18F]Fallypride showing 
areas where residual activity is concentrated. C. Cross section through the cassette along the 
dashed line.  
 

10.3.2.3 [18F]Fallypride synthesis on simplified (reactor-only) cassette 
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We performed further experiments using a smaller, reactor-only cassette that could fit 

inside a dose calibrator (Figure 10-10B) to allow accurate measurement of residual activity on 

the cassette. Furthermore, to minimize confounding variables, instead of using a micro-QMA 

cartridge for activity concentration, we mixed 5 μL of aqueous [18F]fluoride (~9 MBq), 14 μL of 

TBAHCO3 stock solution and 15 μL of DI water and directly added this mixture into the reactor.  

Because the fluorination efficiency was somewhat lower than we had observed for droplet-

based reactions, we explored variations of the [18F]fluoride drying protocol. As typically is done in 

conventional macroscale syntheses, we added an azeotropic distillation step. After performing 

drying at 100 °C for 8 min, 34 μL of MeCN was added, and heated to 100 °C for another 8 min. 

While results were comparable to the reaction without azeotropic distillation, the fluorination yield 

was much less consistent (75 ± 13%, n = 3 vs. 79 ± 1%, n = 3) as was the collection efficiency 

(73 ± 18%, n = 3 vs. 79 ± 5%). Residual activity in the reactor (via Kimwipe) was found to be 11 

± 8%, n = 3, and negligible activity was found on the lid heater. When the cassette was measured 

in the dose calibrator, an additional 13 ± 10% (n = 3) of the starting activity was found. We 

hypothesized that the inconsistencies may be caused by boiling and splashing of the MeCN within 

the reactor. 

As an alternative enhanced drying protocol, we increased the initial evaporation time to 

10 min (and did not use the MeCN drying step). The fluorination yield was improved (86 ± 1%, n 

= 3) as was the collection efficiency (92 ± 1%, n = 3). Residual activity extracted out of the Reactor 

using a Kimwipe was very small (1 ± 1%, n = 3), activity on the Lid-heater was negligible, and 

residual activity measured by inserting the cassette in a dose calibrator was 5 ± 2% (n = 3). 

10.3.2.4 Higher-activity [18F]Fallypride synthesis  
 

Using this optimized protocol, the synthesis was scaled to higher starting activity (0.3 to 

0.5 GBq), using the full cassette to enable automated operation with results summarized in Table 

10-2. The fluorination efficiency was high (92 ± 1%, n = 3). Since we intended to perform HPLC 

purification, we attempted to collect the product using the HPLC mobile phase (60% MeCN in 25 
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mM NH4HCO2 with 1% TEA (v/v)), instead of the MeOH and DI water mixture (9:1 v/v). The 

collection efficiency with the former was 86 ± 7% (n = 3), which is comparable to the previously 

measured collection efficiency (92 ± 1%, n = 3; simplified cassette). Very little residual activity 

was found in the pipette tips, as shown in the table. Though the full cassette residual activity could 

not be directly measured, the amount of unaccounted activity in this experiment (likely stuck to 

the cassette) was lower than the unoptimized protocol (7 ± 4%, n = 3 vs. 15 ± 2%, n = 3). Overall, 

the crude RCY was 79 ± 7% (n = 3). The ~90 μL of collected crude product was separated by 

analytical-scale radio-HPLC in 5 min, giving an isolated RCY of 71 ± 6% (n = 3). Radiochemical 

purity was >99% based on radio-HPLC and molar activity at the end of purification was 270-670 

GBq/μmol [7.7-18 Ci/μmol]. The synthesis time was 55 ± 3 min (n = 3), corresponding to 50 min 

synthesis and 5 min purification. 
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Table 10-2 [18F]Fallypride synthesis performance. All activity percentages are made 
relative to the starting activity (and corrected for decay) unless otherwise indicated. 

 Automated synthesis; full 
cassette 

Manual synthesis; simplified 
cassette 

Higher-activity 
automated 
synthesis; full 
cassette 

 
With 
intermediate 
measurements 

Skip 
intermediate 
measurements 

With azeotropic 
drying 

With 
extended 
drying 

 

Starting activity (MBq) 10 ± 3 3 10 ± 2 9 ± 3 430 ± 105 

Number of repeats (n) 3 1 3 3 3 

Activity in Waste reservoir (%) 0.2 ± 0.1 0.2 N.A. N.A. 0 ± 0 

Trapping efficiency (%) 99.8 ± 0.1 99.8 N.A. N.A. 100 ± 0 

Elution efficiency (%) 90 ± 4 N.M. N.A. N.A. N.M. 

Residual activity on micro-
QMA (%) 

5 ± 3 5 N.A. N.A. 4 ± 4 

Drying conditions (at 100 °C) 8 min 8 min 
8 min + 8 min 
azeotropic 
drying 

10 min 10 min 

Activity of cassette (Reactor) 
after drying (%) 

N.A. N.A. 92 ± 6 96 ± 1 N.A. 

Collected crude product (%)a 71 ± 5 73 73 ± 18 92 ± 1 86 ± 7b 

Residual activity (wipe) on 
QMA outlet reservoir (%) 

3 ± 1 2 N.A. N.A. 2 ± 0 

Residual activity (wipe) on 
Reactor (%) 

3 ± 1 3 11 ± 8 1 ± 1  1 ± 1 

Residual activity (wipe) on Lid 
Heater (%) 

3 ± 1 2 0.1 ± 0.2  0 ± 0.1  0 ± 0 

Residual activity of cassette 
(Reactor) after wiping 

N.A. N.A. 13 ± 10 4 ± 1  N.A. 

Residual activity on pipette tip 
for QMA outlet reservoir to 
waste transfer (%) 

N.A. N.A. N.A. N.A. 0 ± 0 

Residual activity of pipette tip 
for QMA outlet reservoir to 
reactor transfer (%) 

N.A. N.A. N.A. N.A. 1 ± 1 

Residual activity of pipette tip 
for precursor to Reactor 
transfer (%) 

N.A. N.A. N.A. N.A. 0 ± 0 

Residual activity of pipette tip 
for collection from reactor (%) 

N.A. N.A. N.A. N.A. 0.1 ± 0.1 

Other loss (%)c 15 ± 2 14 3 ± 1 3 ± 1 7 ± 4 

Fluorination conversion (%)d 79 ± 1 79 75 ± 13 86 ± 1 92 ± 1 

Crude RCY (%)  56 ± 4 58 55 ± 17 79 ± 1  79 ± 7 

Synthesis time (min) N.M. 48 N.M. N.M. 50 

aThe crude product was collected with MeOH / water (9:1 v/v). bThe crude product was collected with mobile phase for 

HPLC purification (60% MeCN in 25 mM NH4HCO2 with 1% TEA (v/v)). cOther loss was computed by subtracting from 

100% the residual activity on the micro-QMA (%), collected crude product (%), and residual activities (wipe) of the QMA 
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outlet reservoir (%),Reactor (%) and Lid Heater (%).dFluorination conversion (%) was determined by radio-TLC. N.A. 

= Not applicable. N.M. = Not measured. RCY = Radiochemical yield.  

 

10.3.3   Comparison to other approaches 

Table 10-3 compares this work to macroscale and microscale methods for producing 

[18F]Fallypride using the same precursor and phase transfer catalyst (TBAHCO3). 

Compared to macroscale methods, the microscale method on PHENYX platform allows 

>10x higher precursor concentration (77 mM for PHENYX, 7.7 mM for ELIXYS (212) and 3.9 mM 

for TracerLab FXFN (390)) but with a net 7-13x reduction of precursor consumption due to the 

much smaller reaction volume. The high concentration may contribute to the high conversion and 

yield. The analytical-scale HPLC purification was faster (5 min) than semi-preparative methods 

used in conventional systems (>12 min, e.g. with ELIXYS (212) and TracerLab FXFN (390)). 

Consistent with previous reports of microvolume synthesis (134), high molar activity was observed 

without requiring high starting activity that is needed in conventional macroscale reactions. This 

provides opportunities to efficiently make small batches of tracers (e.g. for preclinical imaging or 

a single clinical dose) that have sufficient molar activity (378). 

[18F]Fallypride synthesis on an open-droplet-based microvolume synthesizer at low 

radioactivity level was reported by Wang et al. with a high crude RCY (96 ± 3%, n = 9) and isolated 

RCY (78%, n = 1), based on high fluorination conversion (94.6 ± 0.4%, n = 9) and excellent 

collection efficiency (101 ± 3%, n = 9) (381). However, this synthesis was only conducted with a 

small amount of activity. In another report, Wang et al. integrated a micro-cartridge-based 

radioisotope concentrator with a droplet synthesizer  (83). Compared to that configuration, the 

PHENYX method provided slightly higher fluorination conversion (92 ± 1%, n = 3 vs. 89 ± 5%, n 

= 6) and collection efficiency (86 ± 7%, n = 3 vs. 81 ± 9%, n = 6), resulting in higher crude RCY 

of 79 ± 1% (n = 3) (vs. 72 ± 8%, n = 6), when compared at similar activity levels (0.3-0.5 GBq in this 

work and 0.01-0.2 GBq in (83)). However, the overall crude synthesis time was 15 min longer (50 vs. 
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35 min (83)) due to a larger number of QMA elution steps, a longer [18F]fluoride drying time (due 

to the reduced surface area for evaporation in the PHENYX cassette reactor versus an open 

droplet), and some additional processing (e.g. transferring [18O]H2O from QMA outlet reservoir to 

the waste reservoir after the trapping step). A detailed breakdown of the timing for each setup is 

summarized in Table 10-5. The overall synthesis time on the PHENYX system could likely be 

further reduced by automated inert gas control when using the Pressure-lid, perhaps increasing 

the drying temperature, and by selecting faster motion actuators (or shortening actuation 

distances by shrinking the platform). 

Table 10-3 Comparison of automated [18F]fallypride synthesis performance on PHENYX (at 
higher activity level tested) with other methods. All activity percentages are made relative 
to the starting activity (and corrected for decay) unless otherwise indicated.  

 

This work 
(PHENYX) 

Wang  et al. 
(microdroplet 
synthesizer)   

Wang et al. 
(Intergrated 
concentrator and 
microdroplet 
synthesizer) 

Collins et al. 
(convetional 
synthesizer : 
ELIXYS) 

Moon et al. 
(conventional 
synthesizer : 
TracerLab 
FXFN) 

Number of repeats (n) 3 9 6 6 42 

Starting activity (GBq) 0.3-0.5 0.01 0.01-0.2 1.3-1.9 8.1-52 

Activity volume before 
concentration/drying (μL) 

500 8 500-1000 800 1200 

TBAHCO3 (μmol) 0.35 0.24 0.31 N.R. 1.54 

Precursor amount (μmol 
[mg]) 

0.6 [0.3] 0.2 [0.1] 0.6 [0.3] 7.7 [4] 3.9 [2] 

Reaction volume (μL) 8 6 8 1000 1000 

Synthesis duration (min) 55 ± 3a 22b 50 56a 51 ± 1 

Fluorination conversion 
(%)c 

92 ± 1 94.6 ± 0.4 89 ± 5 N.R. N.R. 

Collection efficiency (%) 86 ± 7 101 ± 3 81 ± 9 N.R. N.R. 

Crude RCY (%) 79 ± 7 96 ± 3 72 ± 8 N.R. N.R. 

Isolated RCY (%)d 71 ± 6 78e N.R. 66 ± 8 68 ± 2 

Radiochemical purity (%)d >99 >99e >98 >95 >97 

Molar activity (GBq μmol-1) 286-668a N.R. 81-270 15-78a 140-192 

aThe value does not include formulation step. bThis method did not include [18F]fluoride concentration and product 

formulation step. cFluorination conversion (%) was determined by radio-TLC. dIsolated RCYs and radiochemical purity 

were determined by radio-HPLC. ePurification was only performed for one batch (i.e. n=1). N.R. = Not reported. 
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The system presented here combines both the intrinsic benefits of performing 

radiochemistry at 10s of μL volume scale, while also offering the advantage of integrated 

[18F]fluoride metering (i.e. selecting the amount of activity to be used in a synthesis and loading it 

into the QMA Inlet reservoir) and [18F]fluoride concentration (shrinking the radioisotope volume 

down to 10s of µL). Inclusion of these features into the same disposable cassette as the reaction 

(and same system) greatly simplifies setup and operation.  

To perform pipetting, the design leverages existing robotic fluidic handling systems 

commonly used in high-throughput laboratories, which have well-established reliability and 

accuracy in handling microscale reagent volumes. Unlike conventional or microchannel-based 

radiosynthesizer systems where there are pre-established fluidic connections between 

components, the pipetting system allows any reagent to be added to any other part of the system, 

providing greater flexibility in terms of reactions (e.g. number of reagents, volume of each reagent, 

number of reaction steps), without requiring any replumbing of fluidics in the system. The feature 

also allows significant customization and optimization of the radioisotope concentration process 

if needed, without the complexity of using bulky components like HPLC injection valves to meter 

the small ‘plugs’ of elution solution (255).  

Beyond the proven fluid handling capabilities of the liquid handling robot, we leveraged 

the pipettor (ADP) by designing custom “attachments” to provide additional functions. Both the 

Pressure-lid and the Lid-heater were designed to mount to the ADP much like a pipette tip, so 

that the ADP robot could be used to pick them up and move them into any desired position on the 

cassette. For example, the Pressure-lid was used at three cassette positions: (i) to provide air 

pressure to drive fluid flow through the QMA cartridge, (ii) to provide convective airflow during 

evaporation steps (e.g. drying of [18F]fluoride), and (iii) to provide air pressure to drive the product 

fluid out of the cassette to downstream purification and formulation. These components could be 

reused and when not in use, the components were simply parked onto the instrument cassette 

stage. By adapting these components directly to the XYZ robot, we eliminated the need for 
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additional actuators or valves to control the application of pressure or to seal the reactor reservoir. 

Combined with the pipette-based liquid transfers, this completely avoided the need for dedicated 

fluid connections (e.g. inert gas pressure, vacuum, fluid sources) directly to the cassette, thus 

simplifying installation and removal of the cassette and eliminating issues due to incorrect 

cassette installation. In fact, the cassette-instrument interface is reduced to only a single heater 

interface. 

The use of the liquid handling robot also completely eliminated the need for on-cassette 

valves. Many current radiosynthesizer systems have complex disposable cassettes comprised of 

numerous fluidic tubes, multiple valves, and numerous connection points for syringes, reagent 

vials, or pressure sources, all of which can be complex to fabricate and can introduce risks of 

failures. In contrast, the PHENYX systems requires only a simple, small disposable cassette that 

can be easily manufactured by standard molding methods. Cassette assembly would also be 

simple: only the QMA cartridge would need to be attached to the cassette. Since we observed 

some limitations of the adhesive films to the millifluidic channels, it may be preferable to use a 

PEEK film attached via standard laser welding or thermal bonding systems. The on-cassette 

reservoirs could also be pre-filled with select reagents for a particular PET probe synthesis and 

the reservoirs sealed for long term storage using metalized films, to prepare ready-to-use “kits”. 

While the cassette was fabricated from PEEK for these studies, a more cost-effective material 

such as cyclic olefin copolymer (COC), which provides similar temperature compatibility and 

chemical compatibility but is more amenable to mass production, could be explored. This material 

has been used for disposable components in other microfluidic radiochemistry systems (384–386). 

This system leveraging the pipettor and attachments to mediate fluid transfers and other 

operations shares many of the concepts of dynamically reconfigured fluid paths found in the 

ELIXYS radiosynthesizer (SOFIE, Inc.), enabling high synthetic flexibility with only software 

changes (and no need for reconfiguration of the fluidics) (33,212,346). Another shared feature is 
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the use of an applied actuation force to seal the reaction vessel. Testing showed the Lid-heater 

to be able to withstand at least 150 °C for 5 min in the presence of 25 µL of MeCN (Bp: 81-82 °C) 

suggesting the possibility to perform microvolume reactions under relatively high pressure (and 

thus high temperature conditions), much like the ELIXYS system (218). 

Currently, the prototype system measures 69 cm (L) x 59 cm (W) x 75 cm (H) and can fit 

into many different lead-shielded hot cells. However, it is unable to fit into the smaller production 

hot cells used in many radiopharmacy sites. Future efforts on the platform will focus on 

miniaturization to enable integration into a wider range of hot cell sizes. For example, the X, Y 

and Z movement axes have far more travel distance needed for the relatively small work area, 

and could be replaced with a much smaller custom XYZ gantry to make the system more user 

friendly, increased integration of controllers and development of an improved software interface 

to automate all aspects of the system could be developed. An example of a flexible software 

approach that could be used here was reported for the ELIXYS system, in which low-level 

operation steps were grouped into useful chemistry “unit operations” (macros) that can more 

intuitively and quickly sequenced together into synthesis protocols (225). 

 Conclusions 

We developed a novel cassette-based radiosynthesizer where all operations are carried 

out with a small pipetting robot, including concentration of [18F]fluoride via a miniature QMA 

cartridge, reagent addition, closing and opening the reaction vessel, and transferring crude 

product out of the reactor to a downstream purification system. The system combines the 

advantages of performing radiochemistry in microscale volumes (<10s of µL), but addresses 

some limitations in other systems (e.g. ability to seal the reaction, unlike EWOD and open-droplet 

systems), and integrates radioisotope concentration into the same cassette as the reaction steps. 

After characterization of the system, we have successfully demonstrated the synthesis of 

[18F]Fallypride, a clinical PET probe for neuropsychiatric diseases (391,392). The method here 
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provided the highest radiochemical yield of 71 ± 6% (n = 3) among current reports of microvolume 

syntheses with scalable synthesis (i.e. using [18F]fluoride concentrator), as well as excellent 

radiochemical purity (>99%) and molar activity (290-670 GBq/μmol [7.7-18 Ci/μmol]). This 

platform could readily be programmed to make a wide range of other 18F-labeled 

radiopharmaceuticals and likely compounds labeled with many other radionuclides.  

 Appendix 

10.5.1   PHENYX system design and characterization 

10.5.1.1 Pressure-lid characterization 
 

The sealing of the Pressure-lid to the cassette was verified using the setup shown in 

Figure 10-7A. A ¼”-28 plug fitting was used to block the port where the QMA cartridge inlet would 

normally be connected. Targeting an elastomer compression of about 20%, the Pressure-lid was 

driven vertically an extra 0.5 mm after contacting the top of the QMA Inlet reservoir. After 

supplying an input pressure and allowing time for equilibration, the inline valve was closed and 

the pressure decay monitored using the pressure gauge for 2 min (Figure 10-7B). The stability 

of pressure over time confirms adequate sealing of the pressure lid to the QMA inlet reservoir. 

 

 
 
Figure 10-7 A. Pressure-lid testing setup. B. Pressure monitoring after isolating pressure-
lid from the pressure source.  

 

To test the ability to drive fluid through the quaternary methylammonium (QMA) cartridge 

and the cassette channels, deionized (DI) water or MeCN was loaded into the QMA Inlet reservoir 
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(i.e. mimicking the expected solutions during trap and elute workflow), and the amount of time it 

took to transfer fluid under different driving pressures was measured. Time varied as a function 

of reagent type, volume, and pressure.  

A final pressure was selected for each reagent type with a target of being able to transfer 

500 µL of fluid in ~60 s. Operating at 15 psi, 500 µL of water could be pushed from the QMA Inlet 

reservoir through the QMA cartridge and into the QMA Outlet reservoir in ~75 s. 500 µL of MeCN 

could be flushed through this same path at in ~30 s using 10 psi driving pressure. For the elution 

step, which used small volumes of ~10-20 µL, a target flush time of 15-20 s was appropriate to 

ensure there was sufficient residence time of the elution solution in the QMA cartridge to 

effectively elute off the [18F]fluoride. Ramping of pressure was necessary to ensure the small 

volume remained as a single ‘slug’ of liquid as it moved. 

Note that we observed during these experiments that the acetonitrile was degrading the 

adhesive layer on the film used to seal the cassette channels, leading to the possibility of leaks. 

The problem was solved by replacement of the film for each experiment. (With single-use 

cassettes, this would not be an issue.) 

10.5.1.2 Heater calibration and characterization 
 

To calibrate the internal Reactor temperature as a function of heater setpoint, 40 µL of 

mineral oil (CAS# 8042-47-5, MP Biomedicals, Santa Ana, USA) was added to the Reactor 

reservoir and a small thermocouple inserted into the oil. The mineral oil provides a medium that 

can heat up to high temperatures (150 °C) without evaporating and surrounds the thermocouple 

to provide an accurate temperature reading. The Reactor heater was then set to various 

temperature setpoints (as measured by the built-in thermocouple) and the temperature in the 

Reactor measured over time using a temperature meter (HH802U, Omega Engineering, Norwalk, 

USA) until a steady state was reached (Figure 10-8A). As expected, the internal temperature is 

somewhat lower than the setpoint. 
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To characterize the Lid-heater, the Lid-heater was placed onto the ADP robot and brought 

down to just contact a flat portion of the cassette body. A thin thermocouple (Part No. 88309K, 

Omega Engineering, Norwalk, USA) was placed between the gasket on the bottom of the Lid-

heater and the top surface of the cassette. The Lid-heater was then compressed down 0.1 mm to 

ensure good contact, and was then heated to various setpoints and the temperature of the 

thermocouple measured over time using the Fluke temperature meter (Figure 10-8B). As 

expected, the gasket temperature is significantly lower than the setpoint. 

 
Figure 10-8 Temperature calibrations. 
A. Temperature of liquid inside the reactor as a function of setpoint, measured 2 min after reaching 
the setpoint. B. Temperature at bottom of gasket on Lid-heater as a function of heater setpoint, 
measured 2 min after reaching the setpoint.  
 

An example of the dynamic temperature profile is shown in Figure 10-9, giving a sense of 

the heating and cooling rates. As expected, the heater temperatures change quite rapidly and 

more time is needed for the internal reactor temperature or gasket surface temperature to 

stabilize. 
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Figure 10-9 Dynamic heater temperature characterization. 
The plot shows the thermal ramp of the heaters (Reactor and Lid-heater) along with the measured 
temperature within the Reactor and at the lid-tip. In this case, the internal target temperature is 
150 °C, for which the Reactor heater must be set to 170 °C and the Lid-heater to 220 °C. 
 

10.5.1.3Simplified cassette with a single reactor 
 

To better understand the performance of the synthesis, some experiments were 

performed with a specialized PEEK cassette containing only a reactor. The full cassette and 

reactor-only cassette are shown in Figure 10-10. This cassette was small enough to fit in a dose 

calibrator to quantify the residual activity. The Reactor well in the simplified cassette has the 

identical shape as the Reactor in full PHENYX cassette and mates with the same reactor heating 

block on the cassette stage. It also has the same double-rim style for sealing of the Lid-heater.  

 

Figure 10-10 A. Full cassette. B. Simplified cassette with only a reactor. 

10.5.1.4 Characterization of reactor sealing 
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Several designs of the top of the reactor were explored to ensure a robust vapor-tight seal 

between the reactor and the gasket layer of the Lid-heater. Three reactor sealing rim designs 

(Figure 10-5(A-C) in main paper) were prototyped as reactor-only miniature cassettes and 

sealing with the Lid-heater was evaluated. Tests were conducted by first weighing the empty 

Reactor prototypes on a balance (XP205, Mettler-Toledo International Inc., Greifensee, 

Switzerland), then adding 25 µL of MeCN and weighing again. The Lid-heater was then sealed 

down onto the Reactor by first making contact, then actuating further to compress the gasket by 

1.0 mm. Using the temperature calibration, the reactor was heated to 150 °C (bottom and top 

heaters) and then held for 5 min, after which both heaters were turned off and cooled back to 

room temperature. The Lid-heater was then removed from the Reactor and the Reactor prototype 

weighed a final time. The change in mass before and after heating was used to determine the 

amount of solvent mass that escaped. 

Parameters tested included the Reactor designs (flat-rim, double-rim, beveled-rim) as well 

as the durometer of the silicone elastomer gasket (50A, 60A, 70A) on the bottom of the Lid-heater. 

Figure 10-11A shows the resulting two-factor interaction plot of mean fluid loss (%) for the 

combinations of Reactor type and silicone durometer. Results were analyzed using a two-way 

ANOVA, indicating a significant difference between the Reactor types (p = 0.034), but no 

significant difference between the durometers (p = 0.564) and no significant interaction between 

the Reactor type and the durometer (p = 0.107). From this result, the double-rim Reactor was 

selected as the final design incorporated into the disposable cassette.  

Moreover, because some radiosynthesis reactions require more than one high-

temperature heating step, the elastomer gaskets were tested multiple times in succession to 

determine any effects of reusing the material. The results of this testing for each the 3 durometers 

are plotted in Figure 10-11B. A two-factor ANOVA resulted in no significant p-values for the 

durometer, the test number, nor the interaction of the two parameters. This indicates that from 
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the data collected, all three durometers performed equally well at sealing across a succession of 

three consecutive tests. 

 
 
Figure 10-11 Parameters tested included the Reactor designs (flat-rim, double-rim, 
beveled-rim) and the durometer of the silicone elastomer gasket (50A, 60A, 70A) on the 
bottom of the Lid-heater. 
Interaction plot showing the mean % fluid loss for the two parameters: (i) Reactor design (double-
rim vs. beveled), and (ii) silicone elastomer durometer (50A, 60A, and 70A). B. Interaction plot 
showing the mean % fluid loss for the two parameters: (i) Test number (1, 2, or 3) and (ii) silicone 
elastomer durometer (50A, 60A, and 70A). All tests were performed using the double-rim Reactor 
design. Each experiment was repeated 3 times. 
 

10.5.1.5 Pipettor calibration 
 

Because the ADP uses air displacement to meter the fluid volumes, it must be calibrated 

for various reagent types and pipette tip sizes to account for the compressibility of the air in the 

tip along with the differing fluid properties. Key solvents/reagents relevant to the radiosynthesis 

were evaluated, including acetonitrile (MeCN), methanol (MeOH), water, tetrabutylammonium 

bicarbonate (TBAHCO3), etc. The ADP was programmed to dispense a specified volume, ranging 

from 10% to 100% of the pipette tip capacity (using 50 µL and 200 µL sized tips), and the actual 

volume dispensed was then measured gravimetrically. A calibration curve was created for each 

given reagent type and pipette tip size to enable dispensing of the desired volume at each step 

of the synthesis. 

Moreover, to ensure the full volume was available for transfer via pipette, we measured 

the dead volumes of the small and medium reagent reservoirs, QMA Outlet reservoir and the 

Reactor which were used in the proof-of-concept radiosynthesis. For each test, we loaded the 
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following solutions: 7 µL of 30 mM TBAHCO3 into the small reagent reservoir, 30 µL of mixture of 

MeOH and DI water (v/v, 9:1) into the medium reagent reservoir, 30 µL of DI water into the QMA 

outlet reservoir and 8, 15 and 40 µL of DI water into the Reactor. The ADP (using calibrations) 

was then used to pick up the nominal volume from each source. The residual liquid was then 

estimated by manually collecting with a fine pipette tip and gravimetrically determining the 

recovered liquid. The volume loss (i.e. residual volume) for the small and medium reservoirs was 

found to be 1.5 ± 0.2 μL (n = 3) and 1.4 ± 0.9 μL (n = 3), respectively. Residual volume left in the 

QMA Outlet reservoir and Reactor was negligible. 
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Figure 10-12 Volume calibration curves for ADP dispensing of reagents.  
A. MeCN (dispensed with 200 µL tip). B. Deionized (DI) water (dispensed with 200 μL pipette tip). 
C. Mixed solution of MeOH and DI water (9:1, v/v), dispensed with 50 µL tip. D. 30 mM of 
TBAHCO3 in 7.5% (v/v) EtOH:water, dispensed with 50 µL tip. E. 39 mM of tosyl-Fallypride in 
mixed solvent of MeCN and thexyl alcohol (1:1, v/v), dispensed with 50 μL pipette tip. 

10.5.1.6 Optimization of QMA Outlet reservoir design 
 

Recovery of the small volume of eluent solution used to recover [18F]fluoride from the 

miniature QMA cartridge into the QMA Outlet reservoir is a critical step of the [18F]fluoride 

concentration process. To ensure minimal losses when using elution volumes in the range of 10-

40 µL, it was important to design the QMA Outlet reservoir to allow efficient recovery (via pipette 

tip) with minimal residual fluid left behind. At the same time, the reservoir must be able to handle 
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multiple mL volumes of [18O]H2O that are collected during the trapping step (and subsequently 

transferred to the Waste reservoir). 

A total of six configurations were designed, fabricated using 3D printing, and tested, two 

of which are shown in Figure 10-13. The QMA outlet fitting port is connected via a millilfluidic 

channel on the underside of the cassette and liquid rises up to the QMA outlet reservoir via a 

vertical hole. Design parameters of the reservoir included the location of the vertical inlet hole into 

the QMA Outlet reservoir, the geometry of the inlet hole region, and the shape and slope of the 

reservoir walls. Testing was conducted by mimicking the [18F]fluoride trap and elute workflow. 

First, 500 µL of fluid was flushed through a test QMA cartridge and into the prototype QMA Outlet 

reservoir. Then, 500 µL of acetonitrile rinse was flushed through. Finally, 15 µL of blue dyed eluent 

solution was flushed through the QMA cartridge and into the QMA Outlet reservoir prototype. This 

was repeated one more time for a total volume of 30 µL of eluent solution. The fluid was collected 

from the bottom of the QMA Outlet reservoir using a pipette (simulating a transfer to the Reactor 

using the ADP) and weighed to determine the volume of eluent recovered. The QMA Outlet 

reservoir was also qualitatively assessed by visualizing residual blue-dyed eluent solution near 

the inlet hole or on the walls of the reservoir. The best QMA Outlet reservoir design was then 

used in the final disposable cassette prototype. 
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Figure 10-13 Example QMA Outlet reservoir prototypes.  
 A. The cylindrical design featured the inlet channel at the top of the reservoir with a V-shaped 
slope leading into the main body of the reservoir. B. The asymmetric reservoir design placed the 
inlet channel very near the bottom of the reservoir. Both images show elution of two 15 µL eluent 
plugs (30 µL total) in each reservoir prototype. 

The design shown in Figure 10-13B, had the highest eluent recovery, losing only 3.4 ± 

1.0 µL (n=3) from a total of 30 µL of eluent, and was selected to be incorporated into the final 

cassette design. This design shown in more detail in Figure 10-14, has an asymmetric reservoir 

shape with a steep wall where the fluid enters via a vertical inlet channel. Unlike other designs 

where residual fluid was stuck to the walls after elution (e.g. Figure 10-13A), the positioning of 

the inlet channel hole directly in the steep reservoir wall and located very close to the deepest 

point in the reservoir addressed this problem. 

 

 
 
Figure 10-14 Final QMA Outlet Reservoir design.  
A. Cross-section CAD model of the final QMA Outlet reservoir design showing the fluidic channel 
leading from the port connected to the outlet of the QMA cartridge to the inlet hole of the QMA 
Outlet reservoir. The yellow fluid represents 2 mL volume within the 6 mL reservoir as would be 
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present after completing the trapping step. B. Photograph of 30 µL of blue-dyed eluent solution 
collected in the QMA Outlet reservoir after the elution step. 
 

10.5.2   Cassette cleaning 

Though the PHENYX cassette is envisioned to be used in a disposable manner, the initial 

prototype cassettes were cleaned and re-used. After completion of radiosynthesis, the cassette 

was stored at least overnight to allow residual radioactivity to decay to background levels. The 

adhesive layer was removed and the used reservoirs and reactor on the cassette were washed 

with DI water (2x) and then with MeCN (2x). The cleaned cassette was dried in the oven (~65°C) 

for at least 4 h. After cooling, fresh pieces of adhesive film were affixed to the bottom of the 

cassette to close the channels.  

10.5.3   QMA trapping and release performance  

Table 10-4 QMA trapping and release performance. 

Trapping was performed using [18F]fluoride (1.7-15 MBq) in DI water (total of 500 µL). Each elution 
step is performed using pressure ramping from 0 to 5 psi (over 40 s) and then switching to 10 psi 
for another 20 s, unless otherwise indicated. All percentages are corrected for decay. 

Entrya 
Base 

elution 
(μL) 

DI water 
elution (μL) 

Adhesive layer 
(New or reused) 

Trapping 
efficiency 

(%)d 

Elution 
efficiency (%)e 

Residual activity on 
cartridge (%)f 

1b 7 × 2 15 × 1 New 99.6 75.0 13.7 

2c 7 × 2 15 × 2 New 94.9 70.2 18.3 

3 7 × 2 7 × 4 New 99.8 83.0 6.5 

4 7 × 2 7 × 4 New 97.9 82.2 14.1 

5 7 × 2 7 × 4 Reused 82.7 74.8 0.2 

6 7 × 2 7 × 4 Reused 87.9 78.9 3.3 

7 7 × 2 7 × 4 Reused 99.8 65.5 N.A. 

8 7 × 2 7 × 4 Reused 99.9 0.9 N.A. 

9 7 × 2 7 × 4 Reused 99.9 18.9 N.A. 

10 7 × 2 7 × 4 Reused 100.0 11.6 N.A. 

11 7 × 2 7 × 4 New 99.9 89.3 N.A. 

12 7 × 2 7 × 4 New 100.0 94.0 N.A. 

13 7 × 2 7 × 4 New 99.7 83.8 8.1 

14 7 × 2 7 × 4 New 99.7 90.5 7.6 

15 7 × 2 7 × 4 New 99.4 83.8 10.4 

16 7 × 2 7 × 4 New 99.9 95.4 3.3 

17 7 × 2 7 × 4 New 99.7 86.7 8.0 

18 7 × 2 7 × 4 New 99.7 88.6 4.6 
aElution is achieved by gradual ramping to 5 psi over 40 s and then switching to 10 psi and holding for another 20 s. 
bUsed a variation in pressure ramping, i.e. gradually ramping to 3 psi over 30 s and holding at 3 psi for another 10 s. 
cUsed a variation in pressure ramping, i.e. gradually ramping to 2 psi over 100 s and holding at 2 psi for another 20 s. 

N.A. = not applicable.  
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10.5.4   Timing of synthesis steps 

Table 10-5 Duration of steps involved in [18F]fallypride synthesis.  

Comparison for implementation on PHENYX (this work) and previously-reported integrated 
radioisotope concentrator and microdroplet synthesizer (83). 

 PHENYX system (this work) 
Integrated radioisotope concentrator and 

microdroplet synthesizer 

Synthesis 
stage 

Detailed steps 
Time 
(min) 

Detailed steps Time (min) 

[18F]fluoride 
concentration 

via QMA 
cartridge 

Trap [18F]fluoride on QMA 
cartridge and pipette waste 

to the waste reservoir 
3 

Trap [18F]Fluoride,  
release with 25 mM 

TBAHCO3 (6.2 μL x 2), 
rinse DI water (6.2 μL 

x 2) 

10 Elute with 25 mM 
TBAHCO3 (7 μL x 2)  

3.5 (x 2) 

Rinse with DI water (7 μL x 
4) 

3.5 (x 4) 

Loading and 
drying 

concentrated 
[18F]fluoride 

Transfer the eluted 
[18F]fluoride to the Reactor 

0.5 
Transfer concentrated 
[18F]fluoride to chip as 
a series of tiny droplets 

and dry continuously 

6 

Dry [18F]fluoride at 100 °C 10 

Cool to 25 °C 2 Cool to 25 °C 2 

Fluorination 
Fluorinate at 110 °C 7 Fluorinate at 110 °C 7 

Cool to 25 °C 2 Cool to 25 °C 2 

Collection Collect crude product 4 Collect crude product 8 

 Total 49.5 Total 35 

 

10.5.5   HPLC purification of [18F]fallypride 

After the synthesis in the PHENYX cassette, the crude product was transferred to the 

Dilution Reservoir, and then was manually transferred to an analytical-scale HPLC system for 

purification. Figures S10, S11, and S12, show chromatograms of the crude product, purified 

product, and purified product co-injected with fallypride reference standard, respectively. 
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Figure 10-15 Radio-HPLC chromatogram of crude [18F]Fallypride (upper: UV-254 nm and 
bottom: γ-ray). 
 

 

 

Figure 10-16 Radio-HPLC chromatogram of purified [18F]Fallypride (upper: UV-254 nm and 
bottom: γ-ray). Radiochemical purity was >99%. 
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Figure 10-17 Radio-HPLC chromatogram of purified [18F]Fallypride co-injected with 
fallypride reference standard for identity verification. (upper: UV- 5  nm and bottom: γ-
ray). 
 

10.5.6   Calibration curve to determine molar activity 

The same analytical scale radio-HPLC system was also used to determine the molar 

activity of the purified [18F]Fallypride. The area under the curve for the UV absorbance peak was 

determined for a range of masses of fallypride reference standard (0.3-13 nmol) to generate a 

linear calibration curve (Figure S13). This curve was then used to determine the mass of fallypride 

in the unknown sample and in turn to compute the molar activity following standard procedures.  

 

 
 

Figure 10-18 Calibration curve of fallypride reference standard (254 nm wavelength). 
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Chapter 11: Electrochemical Radiofluorination of Methyl 
(Methylthio)acetate Using a Split-Bipolar Electrode 
 
 

 Introduction 

Many fluorine-containing compounds have found use as pharmaceuticals and bioactive 

materials (393–395). In addition, fluorine-18 (18F), a radioisotope of fluorine, has been widely used 

for molecular imaging through positron emission tomography (PET) because of its ideal nuclear 

properties, such as low positron energy and moderate half-life (t1/2 = 109.8 min).(396–398) 

Encouraged by the attractive features of fluorine-containing organic compounds, various synthetic 

methodologies to synthesize them have been developed (393,394,399–401). Electrophilic 

fluorinating reagents, including F2 gas and F2 gas derived reagents such as NFSI and 

SelectfluorTM, are often used for the fluorination of the electron-rich position on molecules 

(396,397,402). However, the use of these reagents in radiofluorination leads to a drop of molar 

activity (Am; amount of radioactivity per mole of total radioactive and non-radioactive product) 

because of the intrinsic low Am of the[18F]F2 production process (396,397). On the other hand, 

nucleophilic fluorination using [18F]-fluoride ([18F]F−) ions as a fluorine-18 source is preferable to 

achieve higher Am (396,397,402). [18F]F− is easily accessible via a 18O(p,n)18F nuclear reaction in 

a cyclotron. Various [18F]F− ion-derived nucleophilic fluorinating reagents, such as HF, 

KF/kryptofix (K222), and tetrabutylammonium fluoride (TBAF), are available for nucleophilic 

radiofluorination (396,397,402). In general, nucleophilic radiofluorination is efficient for introducing 

18F into electro-deficient moieties(403); however, its application to electron-rich positions remains 

challenging (404–406). 

Electrochemical (radio)fluorination (ECF) might be a promising approach to carry out 

nucleophilic fluorination of electron-rich moieties on molecules. ECF generally proceeds through 

the generation of cationic intermediates from anodic oxidation of substrates followed by 

nucleophilic substitution with fluoride (F−) ions (407,408). ECF has great potential to be applied in 
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radiofluorination of PET tracers because [18F]F− ion obtained by 18O(p,n)18F reaction in a cyclotron 

can be directly used for the ECF (409–413). A major limitation of ECF is to require large amounts 

of supporting salts and carrier [19F]F− to drive the reaction, usually more than 0.1 M of salts is 

used. The high concentration of supporting salts ensure sufficient electrical conductivity of the 

electrolytic solution where the presence of carrier [19F]F− ions mainly serve as a nucleophile to 

stabilize the cationic intermediates. In most reported ECF reactions, F− ion-contained salts, such 

as HF salts (407,408), alkali-metal fluorides (414,415), and alkylammonium salts (416,417), are 

often used. The presence of carrier [19F]F− ions produces a mixture of 18F and 19F-radiofluorinated 

products, which significantly decrease the Am (409). To improve the Am, no-carrier-added ECF 

has been developed, where [18F]F− ions are obtained from the ion-exchange cartridge capturing 

[18F]F− ions by using other salts different from [19F]F− ions (418). However, impurities of [19F]F− 

ions often arise from the target, tubing, or reagents used in experimental procedures (419). 

Despite the no-carrier-added ECF, using the large amount of supporting salt to elute [18F]F− ions 

from the ion exchange cartridge would result in contamination of more amount of [19F]F− ions as 

impurities into electrolyte used in ECF. Besides, large amounts of supporting salts are difficult to 

remove through downstream purification which largely lengthens the production procedure and 

decreases the activity yield (AY) due to time decay of radioactive products. Therefore, ECF 

carried out under the low concentration of supporting salts is promising to achieve good Am.  

A plausible alternative to achieve ECF at low concentration of supporting salts and [19F]F− 

is to focus on bipolar electrochemistry. A bipolar electrode (BPE) is a conductive material 

immersed in an electrolytic cell containing a low concentration of supporting electrolyte and 

equipped with driving electrodes connected to a power supply. When voltage is applied to the 

driving electrodes, an electrical field is generated to simultaneously cause anodic and cathodic 

reactions on the surface of BPE (420–422). The common BPE system has both anodic and 

cathodic poles on the same surface of a BPE. We have developed a split bipolar electrode (s-

BPE) system which is composed of two conductive materials with electrical connection and can 
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perform anodic and cathodic reactions at different surfaces of the conductive materials. Recently, 

we have demonstrated ECF with moderate yields under low concentration of [19F]F− salts using a 

U-shaped cell with the s-BPE system (423,424). Encouraged by these results, we envisage that 

no-carrier-added ECF using s-BPE system could achieve high Am. To highlight the first application 

of BPE to electrochemical radiofluorination, we have carefully investigated the effects of various 

reaction conditions on the radiochemical yield (RCY), AY, and Am of the final products. As a proof-

of-concept, we performed ECF of methyl (methylthio)acetate (MMTA) in a U-shaped cell equipped 

with a s-BPE using [18F]TBAF as a 18F-fluorine source. Although carrier-added and no-carrier-

added electrochemical radiofluorination of some thioether derivatives have already been 

achieved (413,425,426), large amounts of supporting salts and fluorine sources are required in 

the previous reports; therefore, the Am of the obtained radiofluorinated thioethers from the ECF 

remains insufficient for clinical uses (i.e. >18.5 GBq/μmol) because of the contamination of the 

impurities of [19F]F− ions. In addition, nucleophilic fluorination of the specific α-position to the sulfur 

atom is still difficult and largely under explored because of electron-donating characteristics of the 

sulfur atom (427,428). Therefore, ECF of MMTA with picomole or nanomole of [18F]fluoride using 

the BPE approach is challenging and would also be of great interest to the radiochemistry 

community (409). 

 Result and discussion 

The ECF of thioether derivatives is known to proceed based on the Pummerer-type 

mechanism (Figure 11-1) (407,408). Firstly, anodic oxidation of the sulfur atom of thioether 

moieties occurs, followed by a nucleophilic attack with fluoride ion to the oxidized sulfur atom, 

which results in the generation of the fluorosulfonium intermediate via second oxidation of the 

sulfur atom. A final product is obtained from the fluorination of the α-position to the sulfur atom 

accompanying dehydrofluorination of the fluorosulfonium intermediate. In ECF of thioether 

derivatives, fluoroalcohols, such as 2,2,2-trifluoroethanol (TFE), and 1,1,1,3,3,3-hexafluoro-2-
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propanol (HFIP), are suitable solvents because they can stabilize cationic species generated from 

anodic oxidation (429,430). We optimized ECF conditions of MMTA based on non-decay 

corrected radiochemical yield (RCY) determined by radio-TLC measurement for aliquots from the 

reaction mixture. 

 

 
 

Figure 11-1 Electrochemical (radio)fluorination of MMTA following a Pummerer-type 
mechanism via generation of the fluorosulfonium intermediate. 
 

First, we investigated the effects of the reaction temperature on ECF of MMTA (Figure 

11-2). Optimization was performed in TFE containing 5 mM MMTA, tetrabutylammonium 

perchlorate (TBAP), and [18F]TBAF (approximate 5 mCi) using platinum wire (length = 20 cm, 

diameter = 0.33 mm) as both driving electrodes and s-BPEs. The applied voltage to the driving 

electrodes was set at 50 V. The detailed procedures are described in the supplementary 

information. Figure 11-2 shows the trace of RCY of the reaction mixture collected at different 

reaction times (5, 10, 20, 30, 40, 50, and 60 min). The highest RCY was obtained at 40 °C after 

30 min. The changes in the RCY with the reaction time were found to be also dependent on the 

reaction temperature. Elevating the reaction temperature from 10 ℃ improved the RCC with the 

extension of the reaction time, presumably because of the facilitation of the diffusion of MMTA 

and [18F]F− ions in the solution. On the other hand, setting reaction temperature at 60 ℃ resulted 

in lower RCY than that obtained at 40 °C. Extending reaction times beyond 30 min at both 40 °C 

and 60 °C also impaired the RCY. These results suggested that side reactions, such as 

decomposition or overoxidation of products, occurred during the reaction. Particularly, when the 

reaction temperature was set at 60 °C, such side reactions presumably tended to take place. 

Therefore, we concluded that 40 °C was the optimal reaction temperature in the present reaction 

system and used for further optimization. 
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Figure 11-2 (a) Scheme of ECF of MMTA under different temperature (T [ºC] = 10, 40, 60). 
(b) The trace of RCY (non-decay corrected) of the reaction mixture collected at different 
reaction times. RCY was determined by radio-TLC of the reaction mixture (n = 3). 
 
 

Applied voltage to the driving electrode affects the potential difference between the s-BPE, 

which influences the yield of electrochemical fluorinated products (423,424). Next, we optimized 

the applied voltage to the driving electrodes at 40 ℃. Figure 11-3 exhibits the relationship 

between the applied voltage to the driving electrodes and non-decay corrected RCY of the crude 

collected at 30 and 60 min, respectively. RCY gradually increased with the applied voltage up to 

37.5 V, and RCY at 60 min was larger than that at 30 min. On the other hand, as described above, 

when the applied voltage was set at 50 V, the RCY at 60 min was lower than that at 30 min. 

Thorough these optimization, application of 37.5 V to the driving electrodes was found to result in 

the highest RCY at 60 min. Therefore, 37.5 V was determined to be the optimum applied voltage 

and used for further investigation in this work. 
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Figure 11-3 Influence of driving electrode potential and reaction time on RCY. RCY was 
determined by radio-TLC of the crude samples (n = 3 or 15 (37.5 V at 30 min). 
 
 

Generally, the choice of supporting salts and solvents generally plays an important role in 

the electrosynthesis including ECF due to their impact on the stability and reactivity of 

intermediates generated from the working electrode. Therefore, we also investigated the effects 

of supporting salts and solvents on our ECF system. Electrolysis was performed using different 

tetrabutylammonium salts (TBAX; X− = TsO−, TfO−, ClO4
−, BF4

−, and PF6
− in the descending order 

of reported donating abilities) (431). A [18F]TBAF solution in TFE was prepared by passing 1 mL 

of 25 mM TBAX/TFE through the cartridge with [18F]F− ion-loaded anion exchange resin. Figure 

11-4 shows the effects of TBAX salts on both the elution efficiencies and RCC. The elution 

efficiency of [18F]F− gradually decreased with the increase in the donating nature of anions of 

TBAX. ECF using more donating anions (i.e., TsO− and TfO−) than ClO4
− gave lower RCY than 

that using less donating anions than ClO4
− because donating anions have potential to behave as 

a nucleophile, which would lead to the decrease of the stability of the reaction intermediates (432). 
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On the other hand, using less donating anions (i.e., BF4
− and PF6

−) than ClO4
− also decreased 

RCY. In the ECF of MMTA using the s-BPE system, these anions (i.e., BF4
− and PF6

−) were 

considered to serve not only as supporting salts but also base for generating the sulfonium 

intermediate in the Pummerer-type mechanism (Scheme 1); however, the basicity of these anions 

was lower than ClO4
−, which seemed to result in lower RCY. The trend was similar to our previous 

work.(425) To investigate the effects of solvents on RCY of the ECF of MMTA, we attempted to 

use HFIP, acetonitrile (MeCN), and 1,2-dimethoxyethane (DME) as a solvent (Table 11-2). 

However, these solvents were found not to be suitable for the reaction. During the ECF performed 

in HFIP solution, the U-typed cell made of ULTEMTM was partially dissolved. Using both MeCN 

solution and DME solution for the extraction of [18F]TBAF from the cartridge resulted in very low 

elution efficiency. From these results, we concluded that using TBAP as a supporting salt and 

TFE as a solvent was the most suitable combination for our electrolysis system. 
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Figure 11-4 Influence of different anions (X− of TBAX) on the elution efficiencies (n = 3) and 
RCC at 30 (blue bar) and 60 min (red bar). 
ECF was performed in [18F]TBAF/TBAX/TFE solutions containing 5 mM MMTA with the 
application of 37.5 V to driving electrodes at 40 ℃. RCC was determined by radio-TLC of the 
crude samples (n = 3 or 15 (X− = ClO4

− at 30 min)). 
 

We also investigated the effects of the concentration of MMTA on RCY (Table 11-1). RCY 

increased together with the concentration of MMTA up to 5 mM, suggesting that at low 

concentration of MMTA (below 5mM) the formed sulfonium cation intermediate could not react 

with [18F]F− ions. In contrast, for concentrations of MMTA higher than 5 mM, the RCY of the crude 

collected at 60 min remains about constant at 60% suggesting the nucleophilic attack of [18F]F- 

limits the reaction. Surprisingly, when 25 mM of MMTA was used, the RCY of the crude collected 

at 30 min was up to approximately 70% with high reproducibility; however, this reason is not clear 

in this work. Considering PET trace synthesis, the higher RCY with less reaction time is 

preferential because of the decay of the activity. Therefore, from the series of the optimization 

process, the optimal reaction conditions were determined as shown in Entry 7 in Table 11-1, 

where ECF of MMTA (25 mM) was performed in [18F]TBAF/TBAP/TFE with the application of 37.5 

V to the driving electrodes at 40 ℃ for 30 min.   



344 
 

Table 11-1 Effects of the concentration of MMTA on RCC. 

 

Entry [MMTA] [mM] RCY (n = 3) [%]a 

30 min 60 min 

1 0.1 5.8 ± 0.9 7.2 ± 1.3 

2 1.0 4.6 ± 0.5 4.1 ± 0.1 

3 2.5 18.2 ± 1.0 11.9 ± 2.0 

4 5.0 38.0 ± 4.9b 60.3 ± 0.5 

5 7.5 31.9 ± 2.5 58.3 ± 1.1 

6 10.0 33.8 ± 1.0 56.3 ± 1.9 

7 25.0 71.1 ± 2.9c 62.0 ± 6.5 

8 50.0 34.9 ± 1.1 67.2 ± 0.4 

aDetermined by radio-TLC of the crude. bn = 15 cn = 9. 

 

 

The optimized ECF conditions were applied to MMTA and the RCY and Am of [18F]F-MMTA 

were determined by radio-HPLC analysis. The purification protocol of the crude [18F]F-MMTA is 

described in the Appendix 11.4.5. The overall preparation time for [18F]F-MMTA including the 

radiosynthesis and isolation process was about 80 minutes. The isolated RCY of [18F]F-MMTA 

was 46.3 ± 4.2% (n = 3), and the radiochemical purity (RCP) was approximate 100%. Am was 28–

43 GBq/μmol (0.74–1.1 Ci/μmol) (n = 3) with starting activity of 2.5–3.3 GBq (67–89 mCi). 

Although the RCY was lower on a s-BPE system compared to the previous report using a 

conventional ECF platform (46.3 ± 4.2%, n = 3 for BPEs vs. 88 ± 3%, n = 3(418)), the Am obtained 

in this work was five times higher (28–43 GBq/μmol vs. 4.7–5.3 GBq/μmol(418)), and had satisfied 

the quality-control requirement for clinical use (i.e. >18.5 GBq/μmol) which was impossible to be 

achieved by previous ECF approaches. The present study fills the gap in the literature by applying 
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BPE systems to ECF to provide clinically-relevant Am for radiofluorinated compounds,(419) and 

eases the pain for radiofluorination of thioether derivatives with acceptable Am. 

 Conclusions  

In conclusion, this report successfully demonstrated the first application of wireless 

electrodes (i.e., BPE) to radiochemistry. ECF of MMTA was achieved under low concentration of 

supporting salts using a s-BPE system. Through the optimization of reaction conditions such as 

temperature, applied voltage to driving electrodes, electrolytic solution, and concentration of 

MMTA, we achieved comparable RCY of 46.3 ± 4.2% (n = 3) with clinical use (i.e., >18.5 

GBq/μmol) and high Am of 28–43 GBq/μmol (0.74–1.1 Ci/μmol) (n = 3) by using starting activity 

of 2.5–3.3 GBq (67–89 mCi). The obtained Am in this work was five times higher than that reported 

in the previous report.(418) The s-BPE system can be potentially integrated with other efficient 

synthetic platforms, such as flow electrosynthesis(433) and automated ECF systems.(426) 

Further research is underway to construct a novel ECF platform based on such systems for 

realizing efficient nucleophilic radiofluorination systems. 

 Appendix 

11.4.1   Materials 

All reagents and solvents were purchased from commercial suppliers and used without 

further purification. Distilled water or deionized (DI) water was used for all experiments requiring 

the use of water. Platinum wire (99.9%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) 

or Thermo Fisher Scientific (Waltham, MA, USA). Silver wire was obtained from MiliporeSigma 

(Burlington, MA, USA). The light quaternary methylammonium (QMA) cartridge with CO3
2- as 

counter ions (130 mg, Part No. K-920) was purchased from ABX Advanced Biochemical 

Compounds (Radeberg, Germany) and used for trapping/releasing F-18 for radiosynthesis. The 

short tC18 cartridges (WAT036810, 400 mg) used for purifying crude product before HPLC 

separation were obtained from Waters Corporation (Milford, MA, USA). [18F]fluoride was produced 



346 
 

using [18O]H2O (84% isotopic purity, Medical Isotopes) in a RDS-112 cyclotron (Siemens) from a 

11 MeV bombardment with a 1 mL tantalum target with havar foil. Methyl 2-[19F]fluoro-2-

(methylthio)acetate ([19F]F-MMTA) was synthesized by performing electrochemical fluorination of 

methyl 2-(methylthio)acetate (MMTA) according to the literature.(418) 

11.4.2   General 

Nuclear magnetic resonance (NMR)  

All 1H and 19F NMR spectra were recorded on a Bruker AV600 MHz spectrometer (600.13 

MHz for 1H, and 564.68 MHz for 19F) using CD3CN as a solvent at room temperature. 

 

Gas chromatography mass spectrometer (GC-MS) 

GC-MS spectra were recorded on Agilent Analytics System (HP 6890 GC with 5973 Mass 

Selective Detector; Santa Clara, CA, USA) using electron ionization (EI) method. 

 

High-performance liquid chromatography (HPLC) 

HPLC characterization for [19F]F-MMTA was performed on a Waters Binary HPLC System 

(Model 1525; Milford, MA, USA) equipped with a UV detector (Model 2489, Waters) under UV 

absorbance detection of 254 nm and 241 nm, and a gamma-radiation detector and counter (Model 

106, Bioscan Inc., Poway, CA, USA). Spectra were analyzed on Empower 3 software (Waters). 

 

11.4.3   Preparation of BPE cell 

Electrochemical radiofluorination (ECF) was carried out using a U-shaped cell with a split 

bipolar electrode (s-BPE) system. The U-shaped cell was made of ULTEMTM (Polyetherimide) 

(Figure S1). The U-shaped cell was designed by following our previous report (423). 
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Figure 11-5 (a) A photograph of the top view of a U-shaped cell. (b–d) Detail designs of the 
U-shaped cell, including (b) top view, (c) front view, and (d) side view. 
 

11.4.4   Synthesis and purification of [19F]F-MMTA 

 

 
 

Figure 11-6 Electrochemical synthesis of [19F]F-MMTA condition. 
 

 
[19F]F-MMTA was synthesized according to the literature (418). Autolab 128 (Metrohm, 

Herisau, Switzerland) was used as a power supply. An electrochemical cell (E-cell) equipped with 

a three-electrode system was used for electrochemical fluorination of MMTA (Figure 11-7(a)). A 

platinum wire with 10 cm length and 0.25 mm diameter was used as both a working electrode and 

a counter electrode, and a silver wire was used as a reference electrode. A 10 mL of solution 

containing 50 mM MMTA, tetrabutylammonium perchlorate (TBAP) (50 mM) and triethylamine 
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trihydrofluoride (Et3N-3HF) (500 mM) in acetonitrile (MeCN) was prepared. Electrochemical 

fluorination of MMTA was performed in the prepared MeCN solutions using a single chamber E-

cell under constant-potential conditions (1.9 V vs. Ag wire) at room temperature for 4 hours with 

stirring at 600 rpm as shown in Figure 11-7(b). To reduce the passivation of the electrodes, 

multiple cycles of 60 seconds oxidation at 1.9 V (vs. Ag wire) followed by 6 seconds reduction at 

−0.6 V (vs. Ag wire) were performed. 

 

 

 

Figure 11-7 (a) Schematic representation of an E-cell setup with three electrodes, including 
two platinum electrodes, a silver reference electrode and a stirring bar. (b) Photograph of 
an E-cell used for the preparation of [19F]F-MMTA. 
 

After the electrolysis, the crude product solution was purified as follows. The crude product 

(10 mL) was diluted with 30 mL of dichloromethane (DCM) and loaded into a pre-conditioned Sep-

Pak Plus Long Silica cartridge to remove salts. 2–5 mL of DCM was used to wash the cartridge. 

The organic solution containing the product in MeCN/DCM mixture was concentrated to 1–2 mL 

with air flow. (Rotary evaporation and performing high vacuum lyophilization were not suitable to 

concentrate the mixture because of the high volatility of [19F]F-MMTA.) The concentrated crude 

was diluted with 10–20 mL of water and loaded onto a preconditioned Sep-Pak C18 Short 

cartridge. Afterwards, the cartridge was washed with 3 mL of water and then the crude product 

was eluted with 1.5 mL of ethanol/H2O (v/v = 70/30). The resultant mixture was purified with 
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semipreparative HPLC. Column: Gemini 5 μm NX-C18 110 Å column (250 × 10.0 mm). Gradient: 

A = H2O with 0.1% formic acid (v/v); B = MeCN with 0.1% formic acid (v/v); flow rate = 4 mL/min; 

0–13 min 80% to 40% A, 12–13 min 40% to 5% A, 13–15 min 5% A, 15–18 min 5% to 60% A, 

18–22min 60% to 80% A. UV wavelength: 254 nm and 241 nm. The product was collected around 

8.5 min. The purity of the collected product was assessed by an analytical HPLC. Column: Gemini 

5 μm NX-C18 110 Å column (250 × 4.6 mm). Gradient: A = H2O with 0.1% formic acid (v/v); B = 

MeCN with 0.1% formic acid (v/v); flow rate = 1.5 mL/min; 0–13 min 80% to 40% A, 12–13 min 

40% to 5% A, 13–15 min 5% A, 15–18min 5% to 60% A, 18–20 min 60% to 80% A. The obtained 

product was also analyzed using GC-MS, and 1H and 19F NMR to confirm the identity.  

11.4.5   Electrochemical radiofluorination (ECF) of MMTA using a s-BPE 

 

 
 
 

Figure 11-8 Electrochemical radiofluorination (ECF) of MMTA using a s-BPE 
 

ECF was performed using a U-shaped cell equipped with Pt wires (length = 20 cm, 

diameter = 0.33 mm, Figure 11-9(a)) as both driving electrodes and a s-BPE. The two Pt wires 

were connected with an Ag wire, and the tied Pt wire was used as a s-BPE (Figure 11-9 (b)). The 

reaction setup for ECF is shown in Figure 11-9(c). GPS-4303 (GW-INSTEK, Taiwan) was used 

as a power supply for ECF. 

Typical experimental procedures of ECF of MMTA are described as follows. 0.19–3.3 GBq 

(5–89 mCi) of [18F]F− was trapped on a preconditioned cartridge by passing 1 mL of diluted 

aqueous [18F]fluoride with water through the resin. To remove all water residue from the 

cartridge, nitrogen was flowed through the cartridge for 10 min, then 1 mL of anhydrous MeCN (2 
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times), nitrogen flow for 10 min, and then 1 mL of 2,2,2-trifluoroethanol (TFE). [18F]F− was 

subsequently eluted out from the cartridge with 1 mL of 25 mM TBAP in TFE. The MMTA stock 

solution (0.025 mmol in 4 mL of TFE) and the eluted [18F]TBAF (1 mL) solution, (i.e. total 5 mL of 

reaction mixture), were added to the U-shaped cell. ECF of MMTA was performed in the U-shaped 

cell at 40°Cby using a water bath, with application of 37.5 V to the driving electrode. To suppress 

the evaporation of solution during the ECF, the U-shaped cell was covered with a parafilm as 

shown in Figure 11-9(c).  

 

 

 

Figure 11-9 Photographs of (a) a Pt electrode, (b) the U-shaped cell equipped with the 
driving electrode (D.E.) and a s-BPE, and (c) electrolysis setup for ECF. 
 
 

After reaction, the radiochemical yield (RCY) of the crude mixture was analyzed by radio-

thin layer chromatography (radio-TLC) to determine the reaction efficiency. A small sample (~1 

μL) was spotted onto a TLC plate (silica gel 60 F254 TLC plastic plate, Merck KGaA, Darmstadt, 

Germany) by pipetting, and the plate was developed with 100% MeCN. After drying, the TLC plate 

was scanned by a radio-TLC scanner (miniGITA, Elysia-Raytest GmbH, Straubenhardt, 

Germany) for 3 min. The percentage of each species was obtained with GINA-STAR software 

(Elysia-Raytest) by computing areas under the peaks in the chromatogram corresponding to the 

product (Rf = 0.9) and unreacted [18F]fluoride (Rf = 0.0), and dividing each individual peak area by 
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the sum of all peak areas. RCC was computed as the percentage of product. 0.5 mL of the crude 

product was diluted with 10 mL of water, and then the diluted mixture was loaded onto a tC18 

cartridge, which was pre-conditioned with 3 mL of ethanol followed by 30 mL of water. The crude 

product was eluted out with 1.5 mL of water and MeCN (v/v, 1:1). 0.2 mL of the eluted crude 

product was injected into an analytical C18 column (Luna, 250 × 4.6 mm, 5 µm, Phenomenex, 

Torrance, CA, USA), and purified by using isocratic mobile phase of MeCN and water (v/v, 1:1) 

with 0.1% TFA (v/v) at a flow rate of 1.5 mL/min, under UV absorbance of 241 nm with radiation 

detectors (Figure 11-10). Radiochemical yield (RCY) and radiochemical purity (RCP) were 

determined by radio-HPLC. 

 

 

 

Figure 11-10 Enlarged radio-HPLC chromatogram of crude [18F]F-MMTA (upper: UV-241 nm 
and bottom: γ-ray). 
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11.4.6   Molar activity (Am) calculation 

Analytical HPLC was used to determine the molar activity (Am) of purified [18F]F-MMTA. A 

calibration curve was generated by injecting known amounts of [19F]F-MMTA reference standard 

(0.04–0.1 µmol) and determining area under the peak under same conditions (at 241 nm) (Figure 

S5). This curve was then used to determine the amount of [19F]F-MMTA in the unknown sample 

and Am was computed following standard procedures. 

 

 

Figure 11-11 Calibration curve of [19F]F-MMTA reference standard (241 nm wavelength). 
 

11.4.7 Effects of solvents on both elution efficiencies of [18F]F− and RCC in ECF 

To investigate the effects of solvents on our proposed ECF system, we performed ECF 

by using various solvents, such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), MeCN, and 1,2-

dimethoxyethane (DME), instead of TFE. The same experimental protocols described in the 

section 5 were used. Table S1 summarizes the effects of solvents on both elution efficiencies of 

[18F]F- and RCC.  
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Table 11-2 Effects of solvents on elution efficiencies and RCC 

Entry Solvent 
Elution efficiency 

(n = 2) [%] 

RCY [%]a 

30 min 60 min 

1 TFE  90.2 ± 1.4b  38.0 ± 4.9c  60.3 ± 0.5d 

2 HFIP 70.6 ± 4.4 - - 

3 MeCN ~ 0 - - 

4 DME ~ 0 - - 

aDetermined by radio-TLC of the crude samples. bn = 3. cn = 15. dn = 3. 
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Chapter 12: Outlook  
 
 

As discussed in Chapter 1, the production of radiopharmaceuticals for PET diagnostics 

faces numerous challenges, including its expensive and intricate nature. The miniaturization of 

different aspects of PET tracer production holds the potential to address some of these challenges 

by creating more compact, cost-effective, and efficient devices. Microfluidics, through the 

reduction of shielding, physical footprint, and reagent consumption, offers the prospect of low-

cost decentralized production of PET tracers. This entails producing tracers on demand within 

imaging centers, diverging from the traditional centralized large-batch production and distribution 

model. Despite the existence of microfluidic analogues for conventional radiosynthesizers, their 

widespread adoption is currently hindered, partly due to high costs, dependence on specialized 

parts, and limitations in the macro-to-micro interface. Additional challenges arise when production 

practices must be validated and approved in compliance with various clinical use regulations. 

Notably, our lab, among other research groups, has developed several microfluidic instruments 

with the aim of replacing various components of PET tracer production. 

This dissertation centers on the microscale radiosynthesis of PET tracers, aiming to 

showcase the versatility and advantages inherent in droplet-based synthesis methods. In Chapter 

2, droplet synthesis methods were initially applied to the copper-mediated radiofluorination 

approach—a highly promising and primary method for introducing aromatic C-18F bonds into both 

novel and established PET tracers. The well-known clinical PET agent [18F]FDOPA served as an 

illustrative example. This successful study revealed a significantly more economical 

manufacturing strategy for [18F]FDOPA, requiring much less precursor and a substantially shorter 

preparation time compared to the conventional approach. Encouraged by the markedly improved 

production performance of [18F]FDOPA in a microreactor, further endeavors in Chapter 5 and 8 

focused on the translation of microdroplet synthesis for both established ([18F]FBnTP) and novel 

([18F]YH149) tracers via a similar copper-mediated synthesis route. In addition to the pivotal 
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copper-mediated radiosynthesis, this dissertation delves into the successful application of another 

metal-based radiochemistry, [18F]AlF, in droplet reactions, as detailed in Chapter 3. Building upon 

this, Chapter 4 leverages my extensive past experience to explore the feasibility of executing a 

one-pot three-step radiosynthesis of [18F]FMAU on a microdroplet reactor. The optimization 

process involved optimizing fluorination, coupling, and deprotection conditions on microfluidic 

chips. This was achieved through a comprehensive series of experiments conducted on a novel 

high-throughput radiochemistry platform, where I investigated the impact of diverse PTCs/bases, 

solvents, varying amounts of precursor and coupling reagents, reaction temperatures and times, 

and purification methods. It is worth noting that this work represents the most complex 

radiosynthesis to date performed in any microscale reaction. These chapters demonstrated that 

the high versatility of droplet-based radiolabeling, extending applications to new chemistries, 

including Cu-mediated radiosyntheses of 18F-labeled tracers, and [18F]AlF radiolabeling, and also 

extending to the extremely complex preparation process for [18F]FMAU, offering advantages of 

simplicity, speed, and versatility compared to conventional approaches. 

Chapters 6 and 7 provide evidence that droplet synthesis can be easily scaled up to 

produce a few human doses of tracers. While ongoing research explores further scale-up 

possibilities, the current production level proves sufficient for scenarios with moderate tracer 

demand, such as the early stages of novel radiopharmaceutical development, clinical or research 

studies, and the use of approved radiotracers for specialized diseases. In Chapter 6, the 

produced [18F]FET and [18F]FBB successfully met all necessary quality control (QC) requirements, 

affirming the viability and robustness of the droplet synthesis approach on a larger scale. 

Additionally, Chapter 7 introduces a successful demonstration of the numbering up scale-up 

method, providing an alternative and viable approach for producing clinically-relevant batches. 

The proof-of-concept example, [18F]FBnTP, highlights the potential of this new method to 

significantly reduce the time from droplet optimization to clinical scale-up, offering increasing 

dose-on-demand flexibility.  
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The limited availability of droplet reactor systems currently poses a substantial barrier to 

adoption, preventing wider access to the enhanced droplet-based synthesis process. 

Researchers have long been curious about the performance of droplet-based optimized 

conditions when scaled up to macroscale reactors. In a groundbreaking development, Chapter 8 

presents the first demonstration of successfully translating the optimized droplet conditions to a 

vial-based macroscale reaction. This not only addresses the current scarcity of droplet reactor 

systems but also opens the door for broader utilization of the improved synthesis process on a 

larger scale. This approach provides a temporary stopgap measure to enable researchers to be 

comfortable with the benefits of droplet technology, until droplet reactors become commercially 

available for preclinical and clinical production in the future. Eventually, we believe droplet 

reactors will be used for production as well. To seamlessly integrate the droplet reaction technique 

into routine clinical practice, it is imperative to automate the droplet-based synthesis process. This 

involves developing a fully-integrated prototype equipped with a multi-reaction-site chip, HPLC 

purification, and cartridge formulation. This effort is currently underway. 

In addition to advancing droplet-based radiosynthesis techniques, this dissertation 

emphasizes efforts to develop supporting technologies for efficiently conducting numerous droplet 

reactions, facilitated by robotic automation in Chapter 5. The high-resolution and high-throughput 

analysis of these reactions is detailed in Chapter 9 through the implementation of the PRISMA 

method, coupled with multi-lane TLC separation and readout. This innovative analysis technique 

provides a comprehensive solution for high-throughput optimization, enabling the execution of 

hundreds of reactions within a few days and seamlessly transitioning to production in a droplet-

based automated radiosynthesizer. To date the high-throughput technique has been employed 

for synthesis optimization, but it could also be extended to study substrate scope of new labeling 

methods, or potentially to label libraries of related compounds (e.g. peptides), to enable rapid 

initial evaluation and screen via in vitro and in vivo measurements. 
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The ideal end goal in PET tracer miniaturization is a fully automated, integrated device 

that demands minimal user intervention, seamlessly managing the entire production process from 

radioisotope dispensing to quality control. We firmly believe that the straightforward yet versatile 

droplet techniques presented in this dissertation will not only inspire but also drive further 

advancements in radiochemistry miniaturization—ultimately influencing its application in both 

research and clinical settings. Our vision encompasses the transformative impact of such low-

footprint, low reagent consumption, and low waste devices, offering substantial benefits to the 

field of radiochemistry. These advancements have the potential to simplify, reduce costs, enhance 

safety, and increase accessibility in PET tracer production. Paired with ongoing progress in PET 

imaging technology, we anticipate a global promotion of powerful PET diagnostics, extending their 

reach to diverse settings, including those with limited resources. 
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