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ABSTRACT OF THE DISSERTATION 
 

 
Microfluidic Technologies for Positron Emission Tomography (PET) radiopharmaceutical 

production and analysis: How low can we go? 

 

by 

 

Travis Scott Laferriere-Holloway  

Doctor of Philosophy in Molecular and Medical Pharmacology 

University of California Los Angeles, 2022 

Professor R. Michael van Dam, Chair 

 

The increasing use of quantitative imaging in the understanding of the pathophysiological 

processes, monitoring disease progression, and assessment of responses to treatment has 

become evident in modern healthcare in the past decade. Using short-lived radionuclides, 

positron emission tomography (PET) harnesses the ability to visualize and quantify specific 

biochemical processes in vivo non-invasively. However, despite the increasing importance of 

PET, cost-restrictive and complex production is undermining due to the use of highly specialized 

facilities needed for conventional macroscale radiosynthesis systems. To reduce the cost 

associated with PET, centralized production of large batches of radiopharmaceuticals has been 

leveraged to achieve economies of scale. While cost-effective, this production pathway severely 

limits the diversity of PET radiopharmaceuticals that are available for routine use.  

In recent years, microfluidic technologies have hinted at the possibility replace macroscale 

vial-based reactors and to restructure the current centralized production of PET 
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radiopharmaceuticals. Microvolume syntheses, allow the reduction of reagents utilized, reduce 

the overall synthesis time, and in some cases have led to higher yield. While many initial advances 

were achieved with micro-flow devices, and micro-batch devices, the complexity of operation, 

poor robustness, and high cost of prototyping have led to limited use. Instead, our group has 

recently pioneered the use microfluidic reactors that allow the use of sessile droplets for 

microvolume radiosyntheses. With these devices our lab has improved radiochemical yield, 

lowered reagent use, allowed high molar activity to be achieved with low reaction activities, 

shortened synthesis time, all in a compact and low-cost apparatus. These initial studies 

highlighted the possibility of clinical scale production. Despite these advances, there are some 

aspects that require further improvement before widespread use. The current reliance on 

conventional chromatography systems with a large footprint, undermine the advances in 

miniaturization and cost-reduction of the droplet microfluidic system. Second, though clinical-

scale production has been achieved, it Is not as reliable or easy to use as other aspects of the 

droplet system. Third, the adaption of tracer synthesis protocols to this platform requires tedious 

optimization since reaction conditions at the microscale are usually different from conventional 

vial-based reactors. Several advances are necessary to allow the advances seen with the sessile 

microvolume droplet reactors pioneered by our group to achieve the cost effective on demand 

syntheses of PET radiopharmaceuticals.   

We describe here several advances toward addressing these shortcomings. One 

development is the creation of new high-throughput methodologies that allow the synthesis of 

PET radiopharmaceuticals in a massively parallel fashion, with dozens of times greater 

throughput than possible with conventional technology, allowing the fine tuning of reaction 

parameters to increase yields, reduce reagent consumption, and shorten reaction times. In 

conjunction, we developed high-throughput methodologies for the analysis of 
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radiopharmaceuticals via radio-TLC, and the development of approaches (PRISMA) to achieve 

high chromatographic resolution on par with conventional HPLC systems.  

Once an optimized droplet synthesis protocol is achieved, it can be immediately used for 

routine production in a droplet-based radiosynthesizer. We explore novel, more robust methods 

of radionuclide concentration that have allowed scaling to clinically-relevant batches of a diverse 

range of radiopharmaceuticals. We have also developed miniaturized methods for purification 

and formulation based on high-resolution radio-TLC that can potentially replace HPLC-based 

purification protocols. This novel method enabled compact, fast, and high-efficiency purification 

of PET radiopharmaceuticals, and, furthermore, eliminated the need for a separate formulation 

step since the purified radiopharmaceutical is provided in a biocompatible buffer solution, enabling 

further simplification of the system and reduction of overall synthesis time. 

The improved radio-TLC methods were also applied to the assessment of the metabolism 

of radiopharmaceuticals in tissue such as blood. Compared to HPLC, SPE, or earlier TLC analysis 

approaches, we achieved high sensitivity by using commercially available channeled TLC plates 

with concentrating zones to permit the deposition of large sample volumes without adversely 

affecting resolution. In fact, we showed for the first time that TLC-based analysis has sufficient 

sensitivity for analysis of clinical plasma samples to profile the metabolism of [18F]FEPPA as a 

function of time. 

In addition to the microreactor systems, we also developed novel radiolabelling 

techniques. Experimental approaches with electrochemistry are also described for the fluorination 

of electron rich moieties that are not able to be directly labelled through conventional 

radiochemistry strategies.  

Finally, we describe the development of synthesis protocols for the routine production of 

a potentiometric PET radiopharmaceutical, [18F]FBnTP, to study mitochondrial membrane 

dysfunction in the context of lung cancer metabolism. Initial studies reveal that tumors feature 
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metabolic heterogeneity not assessable through conventionally accepted clinical profiling. Further 

studies suggested that tumors with high oxidative phosphorylation (OXPHOS), feature distinct 

compartments of mitochondrial networks. This data suggests in lung cancers, mitochondrial 

networks are compartmentalized into distinct subpopulations that govern bioenergetic capacity. 

These studies elucidate a potential treatment pathway for tumors, that harness mitochondrial 

complex inhibitors. Our group is currently surveying microscale radiosynthesis methods for the 

production of [18F]FBnTP to leverage the high interest of the community in this 

radiopharmaceutical. Not described in this dissertation, we conducted further studies to develop 

novel potentiometric analogues of [18F]FBnTP that could measure mitochondrial dysfunction in 

the brain.  
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Chapter 1: Introduction 

 Positron emission tomography 

Molecular imaging has improved our understanding of biochemical processes in vivo: 

stratifying disease1–3, determining the effectiveness of treatment4,5, and understanding their 

underlying pathophysiological processes6,7. By utilizing short-lived radionuclides tagged to 

biologically active molecules (known as radiopharmaceuticals), positron emission tomography 

(PET) allows the in vivo assessment of these processes8. There are two potential decay 

possibilities for neutron deficient radionuclides, positron emission (β+) or electron capture (EC)9. 

Fluorine-18 is the most utilized PET radionuclide due to its high positron decay ration (97%), short 

half-life (109.8 min), low positron energy (635 keV), and wide availability10–12. Inside the body, the 

emitted positron is slowed by tissue through collisions, allowing it to reach a speed where 

annihilation with an electron can occur (Figure 1-1). Two near co-linear gamma-rays of 511 keV 

are generated. The gamma rays are detected using a ring of scintillator crystals9, and coincidence, 

and sometimes, time of flight (TOF), are used to partially localize the annihilation event. The 

scintillator crystals emit a burst of light that is detected by photomultiplier tubes. Computerized 

readout is able to reconstruct images of the decay events, giving biodistribution of radioactivity in 

the body. 

 In recent decades, the increased use of PET and development of numerous novel 

radiopharmaceuticals have transformed the clinical understanding of a myriad of diseases. In 

2020, it was estimated that 2.2 million PET scans were performed in the U.S. alone13. Many of 

these scans utilize 2-[18F]fluoro-2-deoxy-D- glucose ([18F]FDG); a radiopharmaceutical that has 

been in routine use since the 1970s14–16. Many novel radiopharmaceuticals, though providing 

promising imaging, have not advanced to widespread clinical application. One of the main 

underlying reasons for this is the very high cost of PET radiopharmaceutical production, and the 
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insufficient demand of new radiopharmaceuticals to allow coordination of schedules for 

centralized production and distribution of these compounds, which are the keys to the low cost of 

[18F]FDG17. Furthermore, the specialized facilities required to handle the radioactivity necessary 

to produce radiopharmaceuticals have great initial cost and high maintenance costs18,19. 

Production is carried out primarily using specialized automated radiosynthesizers that operate 

within radiation shielded “hot cells” to perform multi-step synthesis protocols in milliliter volumes. 

To increase accessibility to diverse PET tracers, and to facilitate the production of novel tracers 

for early studies, advances are needed in radiosynthesis technology that make it possible to 

affordably produce smaller batches of radiopharmaceuticals on demand, perhaps by avoiding the 

needed for specialized facilities and expensive instrumentation. 

 

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. PET scan image courtesy of National Cancer Institute. 

 History of microfluidic radiosynthesis of PET tracers  

In recent years, there has been significant development of microfluidic devices to perform 

radiochemical synthesis of PET radiopharmaceuticals20,21. The quantity of PET tracer needed for 

imaging is typically in the nmol to pmol range, and thus useful quantities can be produced even 

in the tiny volume scale of microvolume devices. One increasingly popular methodology of 

microfluidic radiosynthesis utilize “flow chemistry” in which reagent streams flow through a mixer 

Array of detectors

Patient

Positron emitting 
nucleus

Annihilation

511 keV 
photon

~180°511 keV 
photon

e+ = positron
e- = electron



3 
 

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

have been observed to be rapid22–24. Custom and commercially available flow systems have been 

used with a wide array of PET radionuclides: carbon-11, nitrogen-13, fluorine-18, copper-64, 

gallium-68, zirconium-89, and lutetium-17725–29. However, these systems are bulky and expensive 

and often utilize additional bulky external macroscale systems ahead of the flow reactor (e.g., 

azeotropic activation of [18F]fluoride) and downstream of the flow reactor (e.g. HPLC 

purification)30,31 or require the scaling up of overall volumes and reagent amounts for increased 

activity scales32,33. These limitations have limited the usefulness of flow-based systems in 

achieving a cost-effective pathway to on demand PET radiopharmaceutical production.  

Among the various approaches that have been explored, batch-mode systems may provide 

the greatest potential for cost reduction in PET radiopharmaceutical production on demand34,35. It 

is possible to reduce the cost of reagents by 2-3 orders of magnitude by performing reactions at 

the microliter scale (compared to the milliliter scale of conventional radiosynthesizer technologies 

and microfluidic flow chemistry approaches). Furthermore, miniaturization of the synthesizer can 

result in a significant reduction in the cost of specialized radiation-shielded facilities (e.g., hot cells 

or minicells) and equipment. Moreover, the small volume scale used limits contamination of 

reactions with fluorine-19 derived from reagents36. As a result, 18F-labeled tracers can be 

produced with high molar activities (as determined by the ratio between radioactive molecules 

and non-radioactive molecules37). High molar activity can be achieved even when the PET tracer 

is produced in small batches; whereas conventional systems require large quantities of tracer to 

achieve satisfactory molar activity. It is particularly important to use high molar radioactivity in 

early tracer development and preclinical research because it allows injection of sufficient activity 

(for high signal-to-noise ratio images) without inducing pharmacologic effects. Generally, small 

animals are injected with much higher concentrations of the tracer than humans to achieve 

sufficient signal for small animal scanners that have small voxel sizes38,39. Due to the greatly 

reduced quantities of reagents and small volume (10 microliters) of crude product, microvolume 
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radiosynthesis facilitates the simple purification of crude products by using radio-high-

performance liquid chromatography (radio-HPLC) on an analytical scale rather than semi-

preparative scale. A more rapid purification process is provided by analytical-scale 

chromatography (shorter retention times), and a smaller volume is collected of the pure product, 

which simplifies the formulation of the tracer into an injectable solution downstream. There is, 

however, still a need for advancements in microscale purification due to the large footprint and 

high cost of the HPLC system, which hinders many of the attributes of microfluidic devices. Some 

advances by the Reichert group have shown the ability to radiolabel with the radiometals Cu-64, 

Ga-68, and Zr-89 in PDMS devices26,40. Similar advances have been made by the Pamme31 and 

Manning41 groups. 

 Batch-scale microfluidic devices 

Lee et al. reported the first batch-based microfluidic system for multistep radiochemistry 

(Figure 1-2)42. Utilizing this system the successful production of a small quantity (10s of μCi) of 

[18F]FDG in a chip with 40 nL reactor volume was achieved. Poly(dimethylsiloxane) (PDMS) was 

used to fabricate the integrated microfluidic chip according to well-established “soft lithography” 

procedures43,44. Several pneumatically actuated micromechanical valves on the chip were used 

to separate distinct regions, to accelerate diffusion-dominated mixing by peristaltically pumping 

liquid around a ring-shaped reaction loop, as well as to create an in-situ ion-exchange resin bed 

to concentrate radionuclides. Due to the gas-permeable nature of PDMS, it was possible to 

perform solvent exchange steps (evaporatively). Despite the integrated radionuclide 

concentration, the small size and slow flow rates of this chip limited the ability of the chip to 

produce larger quantities of tracer. 

. 
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Figure 1-2. Optical micrograph of the batch-based microfluidic system.  
The various channels have been loaded with food dyes to help visualize the different components 
of the microfluidic chip. Green channels contain the reagents and reaction mixture. Red channels 
are microvalves. Yellow channels are triplets of microvalves used as peristaltic pumps. Inset: 
View of the whole device positioned beside a penny (diameter 18.9 mm) for scale comparison. 
Figure adapted from Lee et al. © 2005 Science42. 

 
Later, Elizarov et al. developed a scaled-up version of this chip featuring a 5 L cylindrical ("coin-

shaped") reaction chamber for the synthesis of [18F]FDG up to the mCi level45 (Figure 1-3). The 

new version of the chip featured an additional layer of channels, in addition to the previous two-

layer design (i.e., with a flow layer and a valve control layer): the new layer contained channels 

just beneath the reaction chamber to which vacuum is applied. Gas transport across the 

membrane was accelerated due to the very thin layer of PDMS between the reaction chamber 

and these channels. This resulted in the rapid removal of trapped gas when initially filling the 

chamber with reagents and the rapid removal of solvent vapor during solvent evaporation. 

Additionally, air could be applied to the vent channels during reactions to minimize unwanted 

evaporation. The radionuclide concentration process was also moved to an off-chip column so 

that a faster flow rate (2 mL/min) could be used to trap more radionuclide before introduction into 

the microfluidic device. However, the layers are still constructed of PDMS elastomer, which has 

low chemical resistance to many organic solvents commonly used for radiosynthesis. This limits 



6 
 

their potential for radiochemical reactions. As a result of PDMS reacting with [18F]fluoride under 

certain conditions, a large amount of radioactivity was not recovered from the chip46. 

 

 

Figure 1-3. The coin-shaped reactor for scaled-up radiosynthesis.  
(A) Photograph of chip with off-chip ion exchange column controlled by on-chip valves. (B) 
Zoomed in photograph of the chip. The channels are filled with dyes for visualization: the fluid 
channel network is shown in green, control valves in red, and the vent channel in yellow. Figure 
adapted from Elizarov et al. © 2010 Journal of Nuclear Medicine45. 

In order to overcome the chemical compatibility issue with PDMS, van Dam et al. developed a 

new generation of the 5-litre "coin-shaped" reactor using polydicyclopentadiene (pDCPD), a rigid, 

transparent material47. The microfluidic chip (Figure 1-4) consisted of three layers - a flexible 

gasket layer (PDMS coated with an optimized perfluoropolyether) between a fluidic layer (pDCPD) 

and a vent layer (pDCPD). In contrast to the previous version with a thin layer of PDMS between 

the reaction chamber and vent channels, the new composite gasket material provided both good 

vapor permeability and excellent chemical resistance. The layers of this chip were not bonded 

together, requiring a different approach to implement diaphragm microvalves on the chip. Linearly 

actuated metal rods either allowed the membrane to deflect (open valve) or prevented it from 

deflecting (closed valve). With this reactor, a human dose (~16 mCi) of [18F]FDG was produced. 

Despite this, the speed of operation was still limited by the transport of vapor across the gasket 

layer. While further advances to this approach led to the successful synthesis of a wide range of 

PET radiopharmaceuticals48,49, even in one instance producing a dose of [18F]Fallypride sufficient 
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for clinical use50, the need for a bulky external system limit its practicality in miniaturizing on 

demand production.  

 

 

Figure 1-4: The new coin-shaped reactor fabricated from inert materials.   
Cross-section of microfluidic chip illustrating the main features in each layer and the architecture 
of the on-chip diaphragm valves. Figure adapted from van Dam et al. © 2007 NSTI 
Nanotechnology Conference47. 

 
In order to develop a more compact and disposable microfluidic system for PET 

radiopharmaceutical production, our lab has utilized droplet-based electrowetting-on-dielectric 

(EWOD)51–54. As shown in Figure 1-5, the EWOD chip has a bottom plate with a pattern of 

individual electrodes that is two-dimensional. The chip can control droplet movement by applying 

local electric fields via the electro-wetting phenomenon (reduction in contact angle between 

droplet and surface during the application of electrical potential). A ground electrode is provided 

by a cover plate. The two plates are coated with a conductor layer, a dielectric layer, and a 

hydrophobic layer (Teflon), which facilitates droplet movement and provides excellent 

compatibility with various solvents and reagents. In the EWOD microfluidic chips, sequential 

electrode activation is used to transport reagent droplets (surrounded by air), as they are required, 

from fixed reagent loading sites to a central, temperature-controlled zone where evaporation and 

reaction processes are carried out to perform multi-step radiosynthesis (Figure 1-6). 
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Figure 1-5. 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. Figure adapted from Keng et al. © 2015 Digital 
Microfluidics35. 

 

Figure 1-6. Schematic of the 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. Figure adapted from Keng et al. © 2015 Digital Microfluidics35. 
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Multiple tracers have been successfully synthesized with the EWOD system and used for 

preclinical imaging, including [18F]fallypride53, [18F]FDG55, 3’-fluoro-3’-[18F]fluorodthymidine 

([18F]FLT56), and [18F]SFB52. However, the complex production pathway of EWOD devices, with 

high fabrication failure rates, limit their disposability, posing an issue for cost-effective PET 

radiopharmaceutical production. 

 Next-generation droplet radiosynthesis 

Another example of active droplet manipulation for the radiosynthesis of PET 

radiopharmaceuticals is the use of magnetic droplet microfluidics57. At the beginning of the 

synthesis, a volume of [18F]fluoride solution (up to 1 mL) and droplets of reagents (∼50 µL) are 

manually placed atop a hydrophobic Teflon sheet mounted on a plastic stage. By addition of 

magnetic particles into a droplet, that droplet can be manipulated by robotically moving a magnet 

mounted under the stage. Despite its capability of moving aqueous droplets and conducting room 

temperature reactions (mixture of water and t-BuOH) under aqueous conditions, it has yet to be 

proven that it can extend to additional radiosyntheses involving organic solvents, elevated 

temperatures, or moisture-sensitive precursors. 

 Our lab has instead utilized a simplified version of EWOD chips, that utilize Teflon coated 

silicon chips, to create a series of hydrophilic trap reaction sites, that contained manually added 

reagents58. These simple Teflon-glass chips could in fact also be used for manually carrying out 

the entire production of tracers for imaging36,59. Heating was provided by placing the chip atop a 

temperature control platform (Figure 1-7). The chip was mounted on a temperature control 

platform which in turn was mounted off-center on a compact rotation stage, which was used to 

align the reaction site under different reagent dispensers or product collection tubing. 

Piezoelectric dispensers were used to load reagent droplets directly onto the reaction site. After 

the chip was heated to perform an evaporation or reaction step, the chip was then rotated to align 

the reaction site under the dispenser containing the next reagent to be added. Once the synthesis 
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was finished, the resulting crude product was collected by aligning the reaction site under a 

stainless-steel tube and transferring the droplet off the chip via application of vacuum. 

 

Figure 1-7. A compact and automated droplet radiochemistry system.  
(A) A CAD rendering of the system alongside a 12 oz. coffee cup. (B) A photograph of the 
synthesizer, including the reagent dispensing, product collection, temperature control, and 
rotation subsystems. Figure adapted from Wang et al. © 2019 Lab on a Chip58. 

 
 This novel droplet radiosynthesizer holds enormous potential in the cost-effective, on-

demand production of PET radiopharmaceuticals. As our lab and others continue to explore 

droplet radiochemistry, we expect there will be continued translation of known tracers from 

macroscale methods to droplet-based reactors, and eventually synthesis development could 

occur on the droplet platform itself to take advantage of the reagent economy and simple 

operation. Initial clinical scale has been shown for these droplet reactor systems60. 
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 Reaction Optimization 

Droplet reactions also provide significant advantages for radiosynthesis development. In 

particular, the reduced consumption of reagents can enable ∼2 orders of magnitude more 

experiments to be performed (for synthesis optimization or production of batches for in vitro and 

in vivo studies) with a single macroscale reaction quantity of precursor. This is particularly 

valuable at early stages when the precursor is scarce. However, due to the nature of 

radiochemistry systems, and the contamination of apparatus after use, it can take a long time and 

high cost (i.e., many batches of radioisotope, significant labor cost) to optimize radiochemical 

processes on the system, suffering the same issues as conventional radiosynthesizers.  

Toward the concept of optimization, our group recently developed a high-throughput chip 

that has multiple hydrophilic traps (Figure 1-8) to perform up to 16 reactions simultaneously61. 

The reagent loading and product collection were performed manually on a temperature-controlled 

platform (Figure 8B). Further studies remain to determine the effectiveness of these multi-

reaction chips for optimization of a diverse range of radiopharmaceuticals. Preliminary use of 

these platforms also highlighted the need for improvements to the available methods for the 

analysis of reaction mixtures, especially throughput. 
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Figure 1-8. High-throughput methodology for the reaction of multiple sessile reactions on 
a single reactor chip. 
(A) Schematic process to perform multiple simultaneous radiosynthesis using multi-reaction 
chips. (B) Top view photographs of multi-reaction chips with 4 reaction sites (diameter 4 mm, pitch 
9 mm) and 16 reaction sites (diameter 3 mm, pitch 5 mm). First, at each site, a droplet (8 µL) of 
[18F]fluoride mixed with phase transfer catalyst was added and then dried using heat. Then, a 
droplet of precursor solution (6 µL) was added and reacted at elevated temperature. Finally, 20 
µL of collection solution was loaded on the reaction site to dissolve resulting compounds and 
collected from the chip. Each site was collected for independent analysis via 3 repeats of the 
collection process. Figure adapted from Wang et al. © 2020 Molecular Imaging62. 

 The history of TLC 

The history of liquid chromatography dates back to the early 1900s, with its first description 

by Mikhail Tsvet for the separation of plant pigments63, further descriptions of this work have been 

covered by Sherma64. This seminal work described the use liquid-adsorption chromatography 

with the use of calcium carbonate as a stationary phase (absorbent phase), and mixtures of 

petroleum ether and ethanol as a mobile phase (eluent) for the separation of chlorophylls and 

carotenoids. The underlying methodology of this method, the use of a stationary phase, and 

mobile phase for the differential adsorption and elution of chemical entities has translated to many 

modern chromatographic techniques: TLC65, paper chromatography64, adsorption 

chromatography63, partition chromatography66, ion-exchange chromatography67, affinity 

chromatography68, gel filtration gas chromatography69, and high-performance liquid 
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chromatography70. One of the simplest cases of chromatography, TLC, remains one of the most 

utilized techniques across a myriad of disciplines.  

While the origins of TLC can be traced back to work by Izmailov and Schraiber in 1938 for 

the separation of medicinal compounds, this technique does not bear high similarity to familiar 

TLC methods of today71. Instead, in this work, glass plates coated with alumina were used to 

separate applied mixtures of compounds applied as droplets. The advent of modern TLC as we 

visualize it today, instead can be traced back to the late 1950s, by work from Kirchner and 

colleagues at the U.S. Department of Agriculture72. Kirchner utilized silica gel adhered to glass 

plates through the aid of binding agents. This silica gel was coated with a fluorescence indicator 

to visualize the separation of chemical species that are UV-active. These plates utilized vertical 

development, which at the time, was conventionally used with paper chromatography. This 

simplification in the separation of compounds was a departure from other popularized methods of 

the time. Importantly, Kirchner standardized the TLC materials (e.g., backing material – glass, 

aluminum; stationary phase – silica, alumina), procedures (e.g., sample deposition and plate 

development), and nomenclature (underlying terms that are still in use today). Commercial 

companies helped to lead the widespread adoption of TLC, with standardized plates and 

developing apparatuses – which are currently in use today.   

 The basic principles of TLC 

 The principles and basic protocol of TLC outlined by Kirchner are still used today (Figure 

1-9). A small aliquot of sample is placed onto the stationary phase at a defined origin. Once the 

spotted sample is dried, the bottom edge of the TLC plate, near the spotted sample, is placed into 

a developing chamber containing a small amount of mobile phase. The developing chamber is 

closed to limit mobile phase evaporation and prevent drying of the TLC plate or demixing of multi 

component mobile phases. When the mobile phase has migrated the desired distance along the 

plate, normally pre-defined by marking the face of the TLC plate (denoted as the solvent front), 
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the plate is removed from the developing chamber. The mobile phase is then evaporated from 

the TLC plate (e.g., by ambient evaporation or heating of the plate). Visualization of the separated 

components of the sample can be achieved through many different methods. The most employed 

method, fluorescence, utilizes willemite that is embedded into the stationary phase, that when 

exposed to UV light (e.g., short wave - 254 nm and long wave – 365 nm), is excited and fluoresces 

a brilliant green. If a chemical analyte absorbs UV light is present, it will quench the natural 

fluorescence of the plate, producing dark bands of contrast. While this technique is commonly 

employed, its use is limited to analytes that are UV active. Other visualization methods include 

the use of chemical stains that the plate is dipped into and which cause a color change if there 

are species present on the plate with certain functional groups. It should be kept in mind that 

these methods are often destructive and can’t be used in conjugation with recovery of analytes 

from the TLC plate. The differential migration distances of different chemical species up the length 

of the TLC plate are the result of different affinities for the analytes in equilibrium between the 

stationary and mobile phases. While various separation mechanisms are involved for silica 

stationary phases, the predominant forces have been elucidated by Snyder73 and colleagues and 

include proton donation affinity, proton acceptor affinity, and dipole interactions. 

 

Figure 1-9. The basic procedure for the development of TLC plates. 
 

 TLC analysis of radiopharmaceuticals 

While many disciplines utilize TLC, no field, like that of radiochemistry, utilizes the method 

as a core technique for as many applications. This is likely because of the simplicity of TLC, and 
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the rapidity of separation, as time is critical when working with short-lived compounds. Radio-TLC 

is useful in determining the incorporation of radionuclide into the target radiopharmaceutical (i.e. 

assessing the reaction yield). For the case of fluorine-18 labeling, it is generally the case that 

unreacted radionuclide is sequestered at the origin, while the radiopharmaceutical of interest (and 

impurities) are mobilized away from the origin with an appropriate mobile phase. Determining the 

relative abundance of radionuclide and label species allows reaction metrics like the 

radiochemical conversion to be calculated74. In a similar fashion, quality control (QC) analysis of 

the final formulated radiopharmaceutical relies on the separation of the product from the 

radionuclide and impurities to determine the radiochemical purity of the formulated 

radiopharmaceutical75. Further, when radio-TLC is coupled with staining procedures, spot testing 

of formulated radiopharmaceuticals can be used to determine the residual presence of toxic 

phase transfer catalysts76. Radio-TLC has also been utilized to profile the in vivo metabolism of 

injected radiopharmaceuticals to enable quantitative analysis of PET images77. Radio-TLC can 

be used to determine the relative abundance of intact radiopharmaceutical (versus radioactive 

metabolites) in tissues such as plasma. These measurements in tandem with gamma counting of 

blood samples taken at multiple timepoints after injection of the tracer allows accurate 

determination of the arterial input function (AIF), i.e. the concentration of available 

radiopharmaceutical78.  

 Factors affecting chromatographic resolution of radio-TLC 

While there are numerous factors that can be optimized for increased chromatographic 

resolution between species in TLC, due to the short-lived nature of radiopharmaceuticals, the 

selection of the stationary and mobile phases remains the most impactful factors in the resolution 

of radio-TLC. (Factors such as separation length are not often considered as small changes in 

separation length can add significantly to the separation time.) Conventionally, silica has been 

utilized in PET radiochemistry due to most syntheses utilizing organic reaction solvents that are 
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miscible with common mobile phases. There are some notable cases in the literature that make 

use of reverse-phase sorbents as stationary phases, for the separation of highly polar chemical 

species. However, in some cases, the reaction solvent is incompatible with mobile phases used 

for these stationary phases – often leading to poor chromatographic behavior. The mobile phases 

utilized in radio-TLC are usually experimentally determined, seeking to separate the 

radiopharmaceutical from the sequestered radionuclide at the origin79–82. However, substantial 

optimization and validation is rarely performed, and it is often the case that multiple different 

mobile phase may be found in the literature for studies of the same radiopharmaceutical80,83. A 

gap in the literatures remains for a systematic determination of mobile phase conditions suitable 

for radiopharmaceuticals with diverse chemical properties.    

 Radio-TLC readout 

After the radio-TLC plates are developed they are read out for analysis of the 

radiochemical species distribution across the plate. 1-dimensional TLC scanners are 

predominantly used. This basic TLC scanner consists of a flatbed scanning table, that moves the 

plate under a radiation detector. One detector configuration consists of a radiation-shielded gas-

based radiation detector that is sensitive to gamma radiation and beta particles. Notably, this 

detector suffers from the need for a continuous gas supply and the need for periodic calibration. 

Due to these issues, increased use of lead shielded crystal scintillators that emit light when excited 

(e.g., gamma emission or positron interaction) are recorded by photodiodes. A chromatogram is 

generated by plotting the radiation signal as a function of distance along the plate. The spatial 

resolution of these systems is a function of the type of radiation being measured. Resolution is 

high for short-ranged particles (e.g., alpha and beta) when employing detectors sensitive to short 

decay distances. Longer-ranged particles (e.g., gamma rays) often result in lower resolution, but 

can be improved with the use of collimators, at the expense of sensitivity.   
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Some commercially available 2-dimensional scanners (e.g., AR-2000) allow the 

automated scanning of multiple lines along the TLC plates to give an ‘image’ of the distribution of 

radioactivity on the plate, or to scan multiple TLC plates placed on the scanner bed84. Of course, 

scanning multiple plates is performed sequentially, requiring longer readout times for larger TLC 

plates or larger numbers of plates. Alternatively, autoradiography has been used as a radio-TLC 

readout method. The TLC plate once developed (or multiple plates) is placed into contact with a 

phosphor imaging screen, effectively capturing an image of the radioactivity distribution on the 

TLC plate(s) all at once. The screen is subsequently read out with a phosphor imaging system85. 

While capable of parallel imaging of many plates, this method is time-consuming and 

cumbersome.   

 Technical advances of radio-TLC readout 

Other readout methods have also been employed, including the advent of imaging-based 

readout. One category of such approaches is solid-state imagine devices. Jeon et al. utilized a 

64x1 array of scintillator crystals above a photodiode array to quantify sample at multiple locations 

using different radionuclides (e.g., F-18 and Tc-99m)86. Maneuski et al. used a pixelated solid-

state timepix silicon detector to obtain a 2D image of a partial radio-TLC plate spotted with 

fluorine-1887.  These methods, however, are small and too expensive to scale to image multiple 

TLC plates.  

Autoradiography studies have been conducted with instant imaging systems (e.g., 

Canberra Packard) that have a large-area multiwire proportional counter detector, on which 

multiple radio-TLC plates can be imaged simultaneously. This system has been used with many 

different radionuclides (e.g., C-11, F-19, Cu-64, Tc-99m, and I-124)88–91. 

Optical imaging utilizing light derived from radionuclide decay, namely Cerenkov 

luminescence imaging (CLI), has recently been used to read out TLC plates92,93. As a charged 

particle traverses a dielectric medium at speed greater than light's phase velocity, Cerenkov 
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luminescence occurs94. In general, light emitted from a particle is in a cone, and its spectrum is 

proportional to the inverse wavelength squared. Material properties limit the wavelength ranges 

and intensities of emitted light. The low light level makes the detection of Cerenkov luminescence 

rather difficult, as it typically requires the same type of imaging system as bioluminescence, which 

is a high-sensitivity charge-coupled device (CCD) coupled to a focusing optics and placed in a 

light-tight environment. 

Originally, CLI was reported by Park et al. for the read out of TLC plates spotted with 

radionuclides. However, Wang et al. recently reported that the method could be used for the 

massive read out of multiple samples developed on radio-TLC plates (Figure 1-10).  This work 

additionally showed a very low-cost readout method using an inexpensive camera. It had much 

smaller field of view than small animal imaging systems but was large enough for multilane TLC 

plates. The benefits of this imaging approach are numerous. The larger field of view allows 

multiple lanes developed in parallel to be readout simultaneously. This allows the timely analysis 

of a great number of samples, that would not be achievable by other analysis means.  

 

Figure 1-10. Cerenkov luminescence imaging setup within a light-tight enclosure.  
(A) Schematic. (B) Photograph. Figure adapted from Wang et al. © 2020 Nuclear Medicine and 
Biology93. 
 

In contrast to simple 1D TLC scanners, the ability to image the plate allows the ability to 

assess the quality of the separation and to detect anomalies across the face of the TLC due to 
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irregular development or contamination (Figure 1-11).  When the CLI image is combined with 

other optical imaging techniques like brightfield imaging, its further possible to better archive data, 

and compute the Retention factor (Rf) of analytes across the TLC plate.  

 

Figure 1-11. Assessing quality of the TLC spotting and developing process.  
(A) Cerenkov image of developed plate after spotting of two replicates (1 μL) each of crude 
[18F]FET product. This image indicates a normal spotting and developing process. (B) Separation 
artifacts visible in most distant spots when the plate was not completely dried prior to developing. 
(C) Separation artifacts due to a combination of incomplete drying as well as abnormally large 
sample volume (right spot 2.0 μL). (D) Separation artifacts arising from liquid contamination at the 
right edge of the TLC plate during developing, causing the main solvent flow to be deflected to 
the left. The TLC plate in this case was spotted, at the positions marked with dash circles, with 
two replicates (1 μL each) of crude [18F]Fallypride product. Figure adapted from Wang et al. © 
2020 Nuclear Medicine and Biology93. 
 

In the work by Wang et al. conventional radio-TLC scanner readout was compared with 

CLI imaging readout93. While single well separated peaks showed good correlation between the 

methods, quantitation of overlapping bands was improved with CLI imaging due to improved 

readout resolution, and improved ability to quantity the radioactivity in the entirety of each band, 

and not just the center line. The quantification of the two overlapping radiochemical analytes with 

conventional radio-TLC scanning differed from that quantified with CLI imaging, especially for 

overlapping bands that significantly differed in intensity (abundance). 

While imaging-based readout methods provide high resolution readout, resolution among 

different chemical species is still dictated by the underlying chromatographic resolution of radio-

TLC, which is typically rather low compared to other chromatographic approaches such as radio-

HPLC. This is especially important given the fact that many radiochemical syntheses are late-
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stage nucleophilic substitution reactions where the precursor used to produce 

radiopharmaceuticals has high structural similarity to the product. Given the harsh reaction 

conditions necessary to promote these reactions, many side products of high structural similarity 

can also be generated. Therefore, a major unmet need to develop a systematic approach to 

enhance the chromatographic resolution of radio-TLC remains. This method should take into 

account the various intermolecular forces that govern the resolution of radio-TLC.  

 

Figure 1-12. Radio-TLC readout performance comparison of radio-TLC scanner.  
The data points show the average activity fraction in each spot (averaged over the analysis 
performed by n = 8 participants) normalized by the activity fraction determined by gamma 
counting. The normalized activity fraction provides a measure of accuracy. Values close to 1.0 
indicate high accuracy, i.e., close agreement between the result from the radio-TLC scanner or 
Cerenkov luminescence analysis and the gamma counter measurement of the radioactivity in a 
particular spot. The error bars show the relative standard deviations and indicate the precision. 
The black dashed vertical lines separate the data from each of the five radio-TLC plates. Cartoons 
of the activity distribution are shown at the top of the graph (darker green spots represent higher 
activity level). Figure adapted from Wang et al. © 2020 Nuclear Medicine and Biology93. 
 

 Summary of Dissertation  

Next-generation droplet microfluidic radiosynthesizers have shown enormous promise for 

cost-effective, on-demand production of radiopharmaceuticals. Reductions in costs are possible 
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due to vastly lowered reagent use. High molar activity values can be achieved for all batches, 

even those with low activities, which could allow the cost-effective production of small batches of 

radiopharmaceuticals for applications where receptor density of the biological target of interest 

may be low. Reductions in synthesis time are also attractive. Further reductions in the mass scale 

of reactions lead to cleaner synthetic reactions, that can employ lower capacity chromatographic 

methods, shortening the purification and reformulation processes to produce 

radiopharmaceuticals. Furthermore, it has been shown in many preliminary reports that the 

radiochemical yield of conventional macroscale literature reported radiopharmaceuticals can be 

matched. Finally, the small footprint of the droplet radiosynthesizer is attractive for use in clinical 

locations, that may only utilize small shielding apparatuses, obviating the need for highly 

specialized facilities that are too expensive for the use of PET in many exploratory studies. All of 

these advantages promise the ability to provide a diverse catalogue of radiopharmaceuticals at 

low cost on demand. With the advent of droplet microfluidic radiosynthesizers that allow multiple 

parallel reactions to be run simultaneously, high-throughput reaction optimization studies are 

possible, enabling rapid translation of known macroscale synthesis protocols to the droplet format. 

It is conceivable that this capability could be leveraged to optimize synthesis protocols where 

conventional yields are low, perhaps providing improved reaction conditions and improved 

manufacturing methods. The ability of high-throughput methods for the development of 

microscale reaction conditions could have enormous implications in the cost-effective production 

of radiopharmaceuticals, however, to leverage these methods, the need for equally high-

throughput and resolution analysis techniques remains. 

In Chapter 2, I describe the methodology for high throughput experimentation that enables 

the rapid optimization of droplet radiochemical syntheses. This method is applied to the 

optimization of a previously reported droplet radiosynthesis of [18F]Fallypride, showing an 

increase in yield due to optimization. In Chapter 3, we explore the utilization of this high-

throughput methodology for the optimization of [18F]FDOPA. The synthesis of [18F]FDOPA 
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presents a challenge not seen with [18F]Fallypride, due to the need for a secondary optimization 

of the deprotection reaction. Utilizing this method, we were able to increase the yield of 

[18F]FDOPA. In Chapter 4, we explore the use of a radiosynthesizer system that features multiple 

heating elements. Using the high-throughput methodology we performed over 1000 reactions in 

a 14-day time-period – a feat unachievable with conventional macroscale systems. The 

radiosyntheses of [18F]FEPPA, [18F]PBR-06, [18F]FMZ, and [18F]Fallypride were all adapted from 

the macroscale and optimized in the microfluidic droplet format. In Chapter 5, we explore the 

ability to increase the radiosynthesis activity scale of optimized radiotracers in the microvolume 

droplet scale to product clinically-relevant quantities of radiotracers. Previous reports by our lab 

have shown that activity yield decreases as a function of the activity scale used for reactions. 

However, a universal base free concentration method was developed that in principle allows 

scaling activity to arbitrary levels of radioactivity in droplet reactions, and which decouples the 

conditions for the concentration step (i.e., base amount) from the downstream reaction step using 

a volatile base. Starting in Chapter 6, I begin to describe our efforts to develop improved 

techniques for radio-TLC. First, we assess the effects of utilizing aqueous components for mobile 

phases used with silica-based TLC plates. Conventionally, water is used in radiochemistry as a 

mobile phase component to mobilize polar compounds. However, we show that the use of water 

can in fact lead to ambiguous results, that render radio-TLC unhelpful in the analysis of 

radiopharmaceuticals. In Chapter 7, we introduce a systematic approach (PRISMA) for 

developing mobile phase conditions to achieve high chromatographic resolution in a set of 

radiopharmaceuticals with a diverse range of chemical properties. In the series of 

radiopharmaceuticals tested, complete baseline separation of radiopharmaceuticals from 

impurities (e.g., radioactive, and UV-active) was achievable. In Chapter 8, leveraging the low 

mass scale of microvolume droplet reactions, along with the high resolution of TLC achievable 

with CLI and PRISMA, to explore the use of TLC separation as a means for the purification of 

microscale produced radiopharmaceuticals without the need for expensive and bulky radio-HPLC 
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apparatus. Purification of [18F]PBR-06 and [18F]Fallypride was achievable with high efficiency. 

Furthermore, the ability to recover purified radiopharmaceuticals in saline obviated the need for 

conventional downstream reformulation, significantly shortening the purification timeline. In 

Chapter 9, we describe the application of the TLC advances to the analysis radio-metabolites. 

Using separation conditions that givehigh chromatographic resolution between [18F]FEPPA and 

impurities, we successfully analyzed intact [18F]FEPPA fraction in rat plasma samples. Using 

channeled radio-TLC plates large deposition volumes could be achieved without affecting 

radiopharmaceutical resolution and used autoradiography readout to increase signal-to-noise 

ratio, and also extended this method to the analysis of clinical samples, where the radioactivity 

concentration in plasma is much lower than for small animals. Finally, an automated sample 

deposition manifold was developed to allow the parallel spotting of samples onto TLC plates, 

further reducing the analysis time of radiometabolites and simplifying the procedure for potential 

routine clinical use. In Chapter 10-Chapter 11, we explore the electrochemical fluorination of 

electron rich moieties, like thioethers. Under conventional nucleophilic fluorination pathways, the 

ability to label thioethers is not achievable. These successful methods are being translated to 

further reduced scale volumes, can could be attractive for microvolume droplet reactors. In 

Chapter 12-Chapter 13, we explore the use of charged radiopharmaceutical ([18F]FBnTP) for the 

assessment of mitochondrial membrane potential. Interestingly, it was found that tumors can have 

different metabolic profiles that are not fully captured by the clinically recognized standard 

[18F]FDG. Further studies elucidated the role that [18F]FBnTP can have in the assessment of the 

metabolic pathway of OXPHOS. Together, these findings hold enormous impact for the next-

generation profiling of metabolism in tumors, and their susceptibilities to novel treatments. Our 

lab is currently researching methods to produce [18F]FBnTP in the microvolume droplet format. 

This dissertation is concluded with Chapter 14, that looks at potential outlooks of microvolume 

reactors, utilizing the findings of this dissertation for a truly microscale radiosynthesizer for the 

cost-effective on-demand production of radiopharmaceuticals.   
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Chapter 2: Microfluidic radiochemistry: synthesis in sessile 

droplets 

 Introduction 

Positron-emission tomography (PET) radiopharmaceuticals are widely used as research tools 

to monitor specific in vivo biochemical processes and study diseases, and for the development of 

new drugs and therapies. Moreover, PET is a critical tool for diagnosing or staging disease and 

monitoring a patient’s response to therapy95–97. Due to the short half-life of PET radioisotopes 

(e.g., 110 min for fluorine-18-labeled radiopharmaceuticals) and radiation hazard, these 

compounds are prepared using specialized automated systems operating behind radiation 

shielding and must be prepared just before use. 

Current systems used to synthesize radiopharmaceuticals are designed to produce large 

batches that are divided up into many individual doses to share the production cost. While current 

systems are suitable for the production of widely used radiotracers like [18F]FDG (because 

multiple patient scans and research experiments can be scheduled in a single day), these 

systems can be wasteful for the production of novel radiotracers during early-stage development, 

or less commonly used radiotracers. Volumes that conventional systems use are typically in the 

1-5 mL range, and the reactions require precursor amounts in the 1-10 mg range. Furthermore, 

using conventional radiosynthesizers is generally cumbersome during optimization studies since 

the apparatus becomes contaminated after use and the user must wait for radioactivity to decay 

before performing the next experiment. Aside from equipment cost, the cost of the radioisotope 

and reagents can, therefore, become very substantial for studies requiring production of multiple 

batches. This can occur, for example, during the optimization of synthesis protocols for novel 

radiotracers to achieve sufficient yield and reliability for initial in vivo imaging studies.  
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Microfluidic technologies have been increasingly used in radiochemistry to capitalize on 

several advantages over conventional systems20,25,98. Microfluidic platforms, including those 

based on 1-10 µL reaction volumes35,58,99, have shown a significant reduction of reagent volumes 

and consumption of expensive precursors, as well as short reaction times. These reductions lead 

to lower costs, faster heating and evaporation steps, shorter and more straightforward 

downstream purification, an overall “greener” chemistry process61, and higher molar activity of the 

produced radiotracers36. These improvements make it more practical to perform more detailed 

optimization studies by lowering the reagent cost of each synthesis. Further benefits can be 

achieved by performing multiple experiments from a single batch of radioisotope in a single day. 

For example, microfluidic flow chemistry radiosynthesizers operating in “discovery mode” can 

sequentially perform dozens of reactions, each using only 10s of µL reaction volume100. 

Inspired by these advantages, a multi-reaction droplet array chip in which microvolume 

reactions are confined to an array of surface-tension traps on a silicon surface, created using a 

patterned Teflon coating, was developed. These chips enable multiple reactions at the 1-20 µL 

scale to be performed simultaneously, opening the possibility to explore 10 s of different reaction 

conditions per day, each with multiple replicates. In this paper, the utility of this new high-

throughput approach for performing rapid and low-cost radiochemistry optimizations is 

demonstrated. Using multi-reaction droplet chips allows for convenient exploration of the impact 

of reagent concentrations and reaction solvent, and the use of multiple chips could enable the 

study of reaction temperature and time, all while consuming very low amounts of precursor. 

 Protocol 

2.2.1 Microfluidics in Radiochemistry 

NOTE: Batches of multi-reaction microdroplet chips are fabricated from 4” silicon wafers using 

standard photolithography techniques (Figure 2-1). This procedure will produce 7 chips each with 

4x4 array of reaction sites. 
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2.2.1.1 Place silicon wafer on the spin-coater chuck, ensuring that it is centered. Deposit 3 mL 
of polytetrafluoroethylene solution at the center of the wafer with a transfer pipette and coat 
wafer at a 1000 rpm for 30 s (500 rpm/s ramp). 
 

2.2.1.2 To solidify the coating, place the wafer on a 160 °C hotplate for 10 min and then transfer 

to a 245 °C hotplate for 10 min.  

 

2.2.1.3 Anneal the coating in a high-temperature oven at 340 °C for 3.5 h under nitrogen 

atmosphere, followed by cooling to 70 °C at a 10 °C/min ramp 

 

2.2.1.4 Place the silicon wafer on the spin-coater chuck, ensuring that it is centered. Pour 2 mL 

of positive photoresist at the center of the wafer using a transfer pipette, and then perform coating 

at 3000 rpm for 30 s (1000 rpm/s ramp). 

 

2.2.1.5 Solidify the photoresist by performing a soft bake of the wafer on a 115 °C hotplate for 3 

min.  

 

2.2.1.6 Install the wafer and photomask in a mask aligner and perform a 14 s exposure at 12 

mW/cm2 lamp intensity and 356 nm wavelength in hard contact mode. This step uses a 

transparency mask containing the negative final polytetrafluoroethylene pattern, i.e., a 4” diameter 

pattern of 4 copies of the 16-reaction chip, with reaction sites transparent and all other regions in 

opaque color. 

 

2.2.1.7 Submerge the wafer using 20 mL of photoresist developer solution in a glass container 

for 3 min with slight agitation to develop the exposed pattern. 
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2.2.1.8 Rinse away the developing solution by submerging the wafer in a glass container with 20 

mL of DI water for 3 min with slight agitation. Dry the wafer with a nitrogen gun. 

 

2.2.1.9 Remove the exposed polytetrafluoroethylene regions via reactive-ion etching (RIE) with 

oxygen plasma under the following conditions: 30 s exposure, 100 mTorr pressure, 200 W power, 

and 50 sccm oxygen flow.  

 

2.2.1.10 Dice the wafer into individual chips (7 total per wafer) using a silicon wafer cutter.  

 

2.2.1.11 Submerge each chip in acetone for 1 min to remove the photoresist, then isopropanol 

for 1 min. Finally, dry each chip with a nitrogen gun.  

 

2.2.1.12 Place dry chips in a glass container and cover with aluminum foil for storage until use. 

 

2.2.2 Planning of the optimization study 

NOTE: In this protocol, synthesis of the radiopharmaceutical [18F]fallypride is used as an example 

to illustrate high-throughput optimization (Figure 2-2). With a single chip, 16 simultaneous 

reactions can be performed, for example, with varied precursor concentration (8 different 

concentrations, n=2 replicates each). The conditions are mapped to reaction sites in Figure 2-3A. 

Adjustments can be made to this protocol to optimize other reaction parameters (e.g. reaction 

solvent, reaction volume, amount of TBAHCO3, etc.) or other radiopharmaceuticals. 

 

2.2.2.1 Select the reaction parameter(s) to be varied, the specific values to be used, and the 

number of replicates. 
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2.2.2.2 Compute the number of chips needed to perform the experiment. 

 

2.2.2.3 For each chip, prepare a map of which reaction conditions will be used at each reaction 

site to assist with reagent preparation and performing the droplet reactions. 

 

2.2.3 Preparation of reagents and materials for optimizing the radiosynthesis of 
[18F]Fallypride 

NOTE: The droplet-based radiosynthesis of [18F]fallypride (Figure 2-2) begins with the addition 

of [18F]fluoride and phase transfer catalyst (TBAHCO3) to the reaction site, followed by heating to 

evaporate water and leave a dried residue. Next, a droplet of precursor (tosyl-fallypride) in 

reaction solvent (thexyl alcohol and acetonitrile) is added and heated to perform the 

radiofluorination reaction. Finally, the crude product is collected from the chip for analysis. The 

reagent preparation and synthesis procedures should be adapted if performing optimization of a 

different tracer. 

 

2.2.3.1 Prepare a 30 µL stock solution of precursor (tosyl-fallypride) in the reaction solvent with 

the maximum concentration to be explored (77 mM). Ensure that the volume is enough to perform 

the planned experiment. In this example optimization, ~30 µL is sufficient. 

 

2.2.3.2 Prepare a stock solution of the reaction solvent, consisting of thexyl alcohol and 

acetonitrile in a 1:1 by volume mixture. Ensure that the volume is enough to create the planned 

dilution series. In this example optimization, ~30 µL is sufficient. 
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2.2.3.3 From the precursor stock solution and reaction solvent, perform 2x serial dilutions to 

prepare the different concentrations of the precursor solution. Ensure that the volume of each 

dilution is enough to perform the desired number of replicates for each condition. In this example 

optimization, ~15 µL of each concentration is sufficient.  

 

2.2.3.4 Prepare microcentrifuge tubes to collect each crude reaction product using a permanent 

marker to label each tube with a unique number. Ensure that the total number of microcentrifuge 

tubes matches the number of conditions multiplied by the number of replicates (8 x 2 = 16). 

 

2.2.3.5 Prepare a stock of collection solution (10 mL) comprising 9:1 methanol:DI water (v/v). 

Aliquot 50 µL into each of 16 additional labeled microcentrifuge tubes (one per reaction site on 

the chip).  

 

2.2.3.6 Prepare a [18F]fluoride stock solution in a 500 µL microcentrifuge tube by mixing 

[18F]fluoride/[18O]H2O (~260 MBq [7 mCi])  with 75 mM TBAHCO3 solution (56 µL) and diluting 

with DI water up to 140 µL. 8 µL of this solution will be loaded to each reaction site (containing 

~15 MBq [0.40 mCi] of activity, and 240 nmol of TBAHCO3).  

 

2.2.4 Parallel synthesis of [18F]Fallypride with different precursor concentrations 

NOTE: The chip is operated atop a heating platform (constructed as previously described13) 

consisting of a 25 mm x 25 mm ceramic heater, controlled using an on-off temperature controller 

using the internal thermocouple signal for feedback. Heater surface temperatures were calibrated 

using thermal imaging. If such a platform is not available, a pair of hot plates can be used (one at 

105 °C and one at 110 °C). 
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2.2.4.1 Load [18F]fluoride stock solution (with phase transfer catalyst). 

 

2.2.4.2 Using a micropipette, load an 8 µL droplet of [18F]fluoride stock solution on the first reaction 

spot of a multi-reaction chip. Measure the activity of the chip by placing it in a dose calibrator and 

record the time at which measurement is conducted.  

 

2.2.4.3 Remove the chip from dose calibrator and then load an 8 µL droplet of [18F]fluoride stock 

solution on the second reaction spot. Measure the activity on the chip by placing it once again in 

the dose calibrator and record the time at which measurement is conducted.  

 

2.2.4.4 Repeat for all other reaction sites on the chip. 

 

2.2.4.5 Calculate the activity loaded per reaction spot by taking the activity measurement after 

loading the radioisotope and subtracting the previous measurement (decay-corrected) before that 

site was loaded. 

 

2.2.4.6 Align the multi-reaction chip on the heater. 

 

2.2.4.7 Add a thin layer of thermal paste on top of the ceramic heater.  

 

2.2.4.8 Carefully place the chip on top of the heater using tweezers to avoid the spill of the 

droplets, aligning the reference corner of the chip with the reference corner of the heater (as 

shown in Figure 3B). The chip will overhang the heater by a small amount.  

 



31 
 

2.2.4.9 Dry the [18F]fluoride and phase transfer catalyst. 

 

2.2.4.10 Heat the chip for 1 min by setting the heater to 105 °C in the control program to evaporate 

the droplets to dryness leaving a dried residue of [18F]fluoride and TBHACO3. After 1 min, cool 

the chip by setting the heater to 30 °C and turning on the cooling fan with the control program.  

 

2.2.4.11 Add the precursor solution. 

 

2.2.4.12 Using a micropipette, add a 6 µL solution of fallypride precursor on top of the dried 

residue on the first reaction site.  

 

2.2.4.13 Repeat for all other reaction sites on the chip. Use the optimization plan to determine 

which concentration of the dilution series is used for each reaction site. 

 

2.2.4.14 Perform fluorination reaction. 

 

2.2.4.15 Heat each chip to 110 °C for 7 min using the control program to perform radiofluorination 

reaction. Afterwards, cool the chip by setting the heater to 30 °C and turning on cooling fan with 

the control program. 

 

2.2.4.16 Collect the crude products from the reaction sites. 
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2.2.4.17 Collect the crude product at the first reaction site by adding 10 µL of collection solution 

from the designated microcentrifuge tube via micropipette. After waiting for 5 s, use the 

micropipette (with the same tip installed) to aspirate the diluted crude product and transfer to its 

corresponding labeled collection microcentrifuge tube.  

 

2.2.4.18 Repeat this process a total of 4 times using the same pipette tip for all operations.  

 

2.2.4.19 Repeat the collection process for all other reaction sites on the chip. 

 

2.2.5 Synthesis analysis to determine reaction performance and optimal conditions 

2.2.5.1 Determine the “collection efficiency” for the first reaction on the chip.  

 

2.2.5.2 Place the microcentrifuge tube with the collected crude product of the first reaction spot in 

the dose calibrator to measure the activity. Record the measurement and time of the 

measurement. Repeat this process for each of the collected crude products.  

 

2.2.5.3 Calculate the collection efficiency by dividing the activity of the collected crude product by 

the starting activity measured for the same reaction site (decay-correcting the activity values to 

the same timepoint). 

 

2.2.5.4 Repeat for all other reaction sites on the chip. 

 

2.2.5.5 Analyze the composition (fluorination efficiency) of each collected crude product. 

 

NOTE: To make practical the analysis of all samples in a short time, fluorination efficiency is 

analyzed using a previously described high-throughput radio-thin layer chromatography (radio-
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TLC) approach93. This technique allows up to eight samples to be processed in parallel by spotting 

then side by side (5 mm pitch, 0.5 µL per spot) on a single TLC plate, then developing together, 

and performing readout together using Cerenkov imaging93,101. For the example optimization with 

16 parallel reactions, 2 TLC plates are needed. Another option is to use radio- high-performance 

liquid chromatography (radio-HPLC) for analysis, though the time for separation, cleaning, and 

equilibration may limit the number of samples that can be analyzed. 

 

2.2.5.6 For each TLC plate (50 mm x 60 mm), with a pencil, draw a line at 15 mm away from one 

50 mm edge (bottom), and another line 50 mm away from the same edge. The first line is the 

origin line; the second is the solvent front line. Draw 8 small “X”s along the origin line at 5 mm 

spacing to define the sample spotting position for each of 8 “lanes”. 

 

2.2.5.7 Using a micropipette, transfer 0.5 µL of the first crude product onto the TLC plate at the 

“X” for the first lane.  

 

2.2.5.8 Repeat for additional crude products (up to 8 per TLC plate).  

 

2.2.5.9 Wait for the crude product spots to dry on the TLC plate.  

 

2.2.5.10 For each TLC plate, develop using a mobile phase of 60% MeCN in 25 mM NH4HCO2 

with 1% TEA (v/v) until the solvent front reaches the solvent front line.  

 

2.2.5.11 Wait for the solvent on the TLC plate to dry and then cover with a glass microscope slide 

(76.2 mm x 50.8 mm, 1 mm thick). 
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2.2.5.12 Obtain a radioactivity image of each TLC plate by placing the plate in a Cerenkov imaging 

system for a 5 min exposure. Perform standard image corrections (dark current subtraction, flat 

field correction, median filtering, and background subtraction). 

 

2.2.5.13 Use region of interest (ROI) analysis for the first lane of the first TLC plate. Draw regions 

around each band visible in the lane. The software will compute the fraction of integrated intensity 

of each region (band) compared to the total integrated intensity of all regions (bands).  

 

2.2.5.14 With this mobile phase, the following bands are expected at the indicated retention 

factors: Rf = 0.0: Unreacted [18F]fluoride; Rf = 0.9: [18F]fallypride; Rf = 0.94: Side product. 

Determine the fluorination efficiency as the fraction of activity in the [18F]fallypride band. 

 

2.2.5.15 Repeat this analysis for all other lanes on all TLC plates. 

 

NOTE: If a Cerenkov imaging chamber is not available, a small animal (preclinical) in vivo optical 

imaging system can be used to image the TLC plates. Alternatively, a 2-dimensional TLC scanner 

can be used. Alternatively, if only a 1-dimensional TLC scanner is available, the TLC plates can 

be analyzed by cutting into strips with scissors (1 per lane), and scanning each strip individually.   

 

2.2.5.16 Determine the crude radiochemical yield (crude RCY) for each reaction site. 

 

2.2.5.17 Determine the crude RCY for the first crude product by multiplying the collection 

efficiency by the fluorination efficiency. 
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2.2.5.18 Repeat for all other reaction sites. 

 

2.2.5.19 Analyze the results. 

 

2.2.5.20 Aggregate values for any replicate experiments into an average and standard deviation. 

 

2.2.5.21 Plot the collection efficiency, fluorination efficiency, and crude RCY as a function of the 

parameter that was varied (precursor concentration in this example). 

 

2.2.5.22 Select the optimal conditions based on the desired criteria. Typically, this is the maximum 

crude RCY. Additionally, the point is often chosen in a region where the slope of the graph is 

relatively flat, indicating it is insensitive to small changes in the parameter, providing a more robust 

protocol. 

 Representative results 

A representative experiment was performed to illustrate this method. Using 16 reactions, 

optimization studies of the radiopharmaceutical [18F]fallypride were performed by varying 

precursor concentration (77, 39, 19, 9.6, 4.8, 2.4, 1.2, and 0.6 mM) in thexyl alcohol:MeCN (1:1, 

v/v) as the reaction solvent. Reactions were performed at 110 °C for 7 min. Collection efficiency, 

sample composition (i.e., proportions of [18F]fallypride product, unreacted [18F]fluoride, and side 

product) are tabulated in Table 2-1 and are summarized graphically in Figure 2-4.  

The study showed that the fluorination efficiency (proportion of [18F]fallypride) increases with 

increasing precursor concentration, and that the remaining unreacted [18F]fluoride varied inversely 

(Figure 2-4A). There was a small amount of a radioactive side product at low precursor 

concentrations, but the proportion decreased to near zero at the higher precursor concentrations 
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(Figure 2-4A). The collection efficiency was nearly quantitative for most conditions, though it 

dropped slightly at low precursor concentrations. 

From these results, the highest RCY can be achieved with ~230 nmol of precursor (i.e., 39 

mM concentration in a 6 µL droplet). At this condition, the fluorination efficiency was 96.0 ± 0.5% 

(n=2) and the crude RCY was 87.0 ± 2.7 (n=2), and there was no observed radioactive side 

product formation. While the use of 77 mM precursor showed similar results, in general it is 

desirable to use a lower amount of precursor to reduce cost and simplify downstream purification 

steps.  

 Discussion 

Due to limitations of conventional radiochemistry systems that allow only one or a small 

number of reactions per day and consume a significant quantity of reagents per data point, only 

a tiny portion of the overall reaction parameter space can be explored in practice, and many times 

results are reported with no repeats (n=1). Compared to conventional systems, this multi-reaction 

droplet radiosynthesis platform makes it practical to accomplish more comprehensive and 

rigorous studies of radiosynthesis conditions while consuming very little time and amount of 

precursor, potentially enabling new insights on parameters that impact product yield and side-

product formation. The information can be used to choose the conditions that result in the highest 

product yield or the most robust synthesis. The low precursor consumption may be especially 

useful in the early development of novel radiotracers when only a small amount of precursor may 

be available or when the precursor is expensive. While the open nature of the chips contributes 

to rapid synthesis time and ease of access via pipette, it can lead to substantial losses of volatile 

molecules and may not be practical when optimizing the synthesis of radiopharmaceuticals that 

have volatile precursors, intermediates, or products. 
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Due to the hazard of radiation exposure, it should be reiterated that these experiments should 

be performed only with suitable training and approvals and should be conducted behind radiation 

shielding, preferably in a ventilated hot cell. Due to the short half-life of the radioisotopes, it is 

important to perform the experiments quickly and efficiently. Pipetting reagents to the chip and 

collecting products from the chip should be practiced under non-radioactive conditions to become 

familiar with the reduced access and visibility in a hot cell. Similarly, installing and removing the 

chip, and making measurements of the chip with the dose calibrator should also be practiced. In 

addition, it is critical to be organized, with a detailed experiment map (i.e., specific reaction 

conditions at each site on the chip). It is also helpful to prepare in advance a table of results to be 

filled in as measurements are made. To ensure reproducibility, especially with the possibility of 

human error, multiple replicates of each set of conditions should be performed. It is important to 

be especially careful during the step of collecting the crude samples from the chip to avoid spilling 

liquid outside the reaction site and causing cross-contamination with adjacent reaction sites. If 

any errors are noticed, it is important to flag these reaction sites so the data can be excluded from 

the eventual analysis. 

In this example study, the amount precursor consumed for 16 data points was 1.1 mg (~70 

µg each), compared to 4 mg per data point using a conventional radiosynthesizer.  Furthermore, 

all 16 reactions were completed in 25 min all in a single experiment. In comparison, the synthesis 

of crude [18F]fallypride on a conventional radiosynthesizer requires ~15-20 min per reaction79,102.  

This representative experiment demonstrated the utility of a multi-reaction microdroplet chip 

with 16 reactions to optimize conditions for the radiosynthesis of the radiopharmaceutical 

[18F]fallypride by exploring 8 different precursor concentrations (n=2 replicates for each condition) 

in a fast and economical manner. Other variables that can be conveniently optimized using a 

multi-reaction chip include the amount of radioactivity, type of phase transfer catalyst, amount of 

phase transfer catalyst, evaporation/drying conditions (e.g., number of azeotropic drying steps), 

reaction solvent, etc. By using multiple multi-reaction chips, it also is possible to explore the 
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influence of reaction temperature and reaction time, in addition to conditions such as 

evaporation/drying temperature and time. Such studies would need to be performed sequentially 

using the single heater or could be parallelized by operating multiple heaters at the same time. 

The underlying droplet synthesis method has been shown to be compatible with a wide range 

of 18F-labeled radiopharmaceuticals, such as[18F]fallypride61, [18F]FET103, [18F]FDOPA104, 

[18F]FBB105 and it can be used for the optimization of the majority of other 18F-labeled compounds 

and compounds labeled with other isotopes. Moreover, the resulting optimized droplet-based 

reactions intrinsically leverage the advantages of microvolume radiochemistry, including reduced 

precursor consumption, faster process times, and compact instrumentation, and can offer these 

same advantages for routine production of large batches. Larger batches simply require scaling 

up the amount of activity initially loaded at the start of the reaction. To prepare a tracer suitable 

for use in in vitro or in vivo assays, the crude product must be purified (e.g., using analytical-scale 

HPLC) and formulated (e.g. via evaporative or solid-phase solvent exchange60) Alternatively, it 

may be possible to adapt the optimal conditions from droplet-scale to a conventional vial-based 

radiosynthesizer. Investigation of this possibility is ongoing. 

 
 
 
 

 
Figure 2-1. Droplet reaction chip fabrication. 
(A) Photograph of multi-reaction microdroplet chip with 4x4 array of reaction sites. The chip 
consists of Teflon-coated silicon with circular regions of Teflon etched away to create the 
hydrophilic reaction sites. (B) Schematic of fabrication procedure. A silicon wafer is spin-coated 
with Teflon AF 2400 solution and baked to solidify the coating. Next, photoresist is spin-coated, 
and patterned via photolithography to produce an etch mask. Photoresist is developed with 
photoresist developing solution. The exposed Teflon is then removed via dry etching with oxygen 
plasma. The wafer is diced into individual chips and photoresist is stripped.  
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Figure 2-2. Experimental procedure for performing 16 parallel syntheses of the 
radiopharmaceutical [18F]fallypride on a multi-reaction chip. In this example, the precursor 
concentration is varied for each reaction. 
 
 
 
 

 
Figure 2-3. Precursor concentration study overview. 
(A) Experimental design to explore the influence of precursor concentration on the 
radiofluorination of tosyl fallypride using a single 16-reaction chip (top view). Eight different 
concentrations were explored, each with n=2 replicates. Other reaction conditions were held 
constant (temperature: 110 °C; time: 7 min; solvent: thexyl alcohol:MeCN; amount of TBAHCO3: 
240 nmol). Each reaction was performed with ~14 MBq of activity.  (B) Photograph of the ceramic 
heater platform with a 16-reaction chip installed. Red lines represent the reference corner of the 
chip used for alignment with the reference corner of the heater. 
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Figure 2-4. Influence of precursor concentration on the microdroplet synthesis of 
[18F]Fallypride. 
(A) Proportion of radioactive species present in the collected crude reaction product, i.e. 
[18F]Fallypride, side product, or unreacted [18F]fluoride. (B) Synthesis performance. Collection 
efficiency, fluorination efficiency, and crude RCY are plotted as a function of precursor 
concentration. In both graphs, data points represent the average of n=2 replicates, and error bars 
represent the standard deviation. 
 
  
 
 
 
 
Table 2-1. Data obtained from study of precursor concentration. All values are averages ± 
standard deviations computed from n = 2 replicates. 

Precursor 
concentration 

(mM) 

Collection 
efficiency (%) 

Fluorination 
efficiency (%) 

Crude RCY 
(%) 

Unreacted 
[18F]fluoride 

(%) 

Side product 
(%) 

77 91.8 ± 2.1 96.7 ± 2.0 88.8 ± 3.9 3.3 ± 2.0 0.0 ± 0.0 

39 90.6 ± 2.4 96.0 ± 0.5 87.0 ± 2.7 4.0 ± 0.5 0.0 ± 0.0 

19 91.1 ± 0.5 81.1 ± 0.3 73.9 ± 0.7 8.4 ± 1.2 10.5 ± 2.0 

9.6 90.9 ± 0.6 62.7 ± 0.9 57.0 ± 0.5 23.3 ± 2.1 14.0 ± 0.9 

4.8 88.4 ± 0.8 37.0 ± 1.5 32.8 ± 1.6 47.3 ± 0.8 15.7 ± 1.0 

2.4 87.6 ± 2.0 21.0 ± 2.1 18.4 ± 2.2 67.4 ± 2.1 11.6 ± 1.0 

1.2 82.3 ± 1.6 12.7 ± 0.3 10.4 ± 0.1 72.8 ± 0.7 14.5 ± 1.0 

0.6 81.2 ± 3.7 6.3 ± 0.8 5.1 ± 0.5 84.3 ± 0.2 9.4 ± 1.0  
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Chapter 3: Droplet radiosynthesis production of [18F]FDOPA 

 Introduction 

The amino acid positron-emission tomography (PET) tracer 3,4-dihydroxy-6-[18F]fluoro-L-

phenylalanine ([18F]FDOPA) is mainly applied to the clinical imaging of Parkinson’s disease106, 

brain tumors107,108 and diseases related to dopaminergic system. Recently, there has also been 

increasing interest in the use of [18F]FDOPA to image various neuroendocrine tumors (NETs)109, 

in which the uptake of [18F]FDOPA through the transmembrane amino acid transporter systems 

is upregulated significantly It has been demonstrated that [18F]FDOPA has high sensitivity and 

precision for imaging of carcinoid tumors, medullary thyroid cancer and et al. 110–112. 

Even though [18F]FDOPA has wide application in molecular imaging, its usage is limited due 

to its complicated synthesis. The earliest methods relied on a straightforward synthesis pathway 

involving electrophilic fluorination (which requires the production of [18F]F2 
113) and deprotection. 

However, the low availability of [18F]F2 contributes to poor accessibility. Thus, many groups have 

been exploring alternative production pathways based on nucleophilic fluorinations using 

[18F]fluoride 114. High radiochemical yield (RCY ~40%) has been reported using two-step copper-

mediated approaches115, but these methods require a high amount (~40 mg) of the expensive 

precursor, which can complicate purification. Furthermore, the toxicity of copper also complicates 

purification and testing for clinical use. Libert et al. described a five-step radiosynthesis employing 

a chiral phase-transfer catalyst and successfully produced more than 45 GBq [1.2 Ci] [18F]FDOPA 

after 65 min synthesis time with 36 ± 3% (n=8) (decay corrected) RCY116. However, the 

preparation of the catalyst is difficult and expensive, and the synthesis can be difficult to 

implement on some synthesizers because two reaction steps are performed on solid supports. 

Kuik et al. reported a simple 2-step diaryliodonium salt synthesis method to produce [18F]FDOPA 

with RCY of 14 ± 4% 117. The overall synthesis time was still relatively long (~117 min as reported 
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by Kuik et al., and ~71 min as reported by us102) due to the need for an intermediate purification 

step.  

To overcome the limitations of current synthesis methods for [18F]FDOPA, we explored the 

feasibility of synthesizing [18F]FDOPA using microfluidics. Our group has previously demonstrated 

the successful production of multiple tracers (e.g. [18F]fallypride, [18F]FDG, [18F]FET, [18F]SFB, 

etc.) using microdroplet reactors, including devices based on electrowetting-on-dielectric 

(EWOD)35,52 and passive droplet transport by patterned wettability99. By performing syntheses in 

the microscale, 10s to 100s times less reagents are needed, which can significantly reduce the 

production cost and increase the molar activity (by reduction of [19F]fluoride contamination)36. 

Moreover, rapid purification is possible via analytical-scale HPLC instead of semi-preparative 

HPLC due to the reduced quantity of unreacted reagents and side products. By integrating a 

radionuclide concentrator118, microdroplet-based syntheses can be scaled to clinically-relevant 

levels119.  

Here, we implement the diaryliodonium salt based method117 of synthesizing [18F]FDOPA to 

microdroplet format. We focused on this method due to the simple synthesis process and the 

commercial availability of the precursor. We optimized the synthesis protocol by testing various 

parameters, including concentrations of base and precursor, and reaction temperature. In 

addition, we investigated the use of the radical scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO) to increase yield through prevention of precursor decomposition during the reaction120. 

Furthermore, we automated the synthesis on a newly developed ultra-compact microdroplet 

reactor (similar in size to a small (12 oz) coffee cup).  

 Materials and Methods 

3.2.1 Planning of the optimization study 

Anhydrous acetonitrile (MeCN, 99.8%), methanol (MeOH, 99.9%), ethanol (EtOH, 99.5%), 

diethylene glycol dimethyl ether (diglyme, 99.8%), TEMPO (98%), potassium carbonate (K2CO3, 
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99%), 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (K222, 98%), hydrocholoric 

acid (HCl, 37%), sulfuric acid (H2SO4, 99.99%), ethylenediaminetetraacetic acid (EDTA, 99%), 

acetic acid (99%), L-ascorbic acid and perchloric acid (HClO4) were purchased from Sigma-

Aldrich. Both 6-Fluoro-L-DOPA hydrochloride (reference standard for L type [18F]FDOPA) and 6-

Fluoro-D,L-DOPA hydrochloride (reference standard for mixture of D and L type [18F]FDOPA) 

were purchased from ABX Advanced Biochemical Compounds (Radeberg, Germany). ALPDOPA 

precursor was obtained from Ground Fluor Pharmaceuticals (Lincoln, NB, USA). DI water was 

obtained from a Milli-Q water purification system (EMD Millipore Corporation, Berlin, Germany). 

No-carrier-added [18F]fluoride in [18O]H2O was obtained from the UCLA Ahmanson Biomedical 

Cyclotron Facility. 

Prior to synthesis of [18F]FDOPA, several stock solutions were prepared. Base stock solution 

was prepared by dissolving K222 (22.8 mg) and K2CO3 (4.08 mg) in a 9:1 (v/v) mixture of DI water 

and MeCN (600 μL). [18F]fluoride stock solution (containing 8.4mM K222 and 4.1mM K2CO3) was 

prepared by mixing [18F]fluoride/[18O]H2O (10 μL, ~220 MBq [~6.0 mCi]), base solution (10 μL) 

and DI water (100 μL). Precursor stock solution (containing 9mM ALDOPA) was prepared by 

dissolving ALDOPA (0.96 mg) in  in diglyme (120 μL, 75 mol% TEMPO). Finally, a collection 

solution to dilute the crude product prior to collection from the chip was prepared from a 4:1 (v/v) 

mixture of MeOH and DI water (500 µL). 

3.2.2 Microscale synthesis of [18F]FDOPA  

The initial microscale [18F]FDOPA synthesis protocol was adapted from the macroscale 

synthesis method reported by Kuik et al.117. Experiments were first performed on multi-reaction 

microfluidic chips to optimize the protocol in a more high-throughput fashion, and then the 

synthesis with optimal conditions was automated. Optimization experiments were performed on 

microfluidic chips comprising a 2x2 arrays of circular hydrophilic reaction sites (4 mm diameter, 9 

mm pitch) patterned in a hydrophobic substrate (25 mm x 27.5 mm) (Figure 3-1A). The patterned 

chips were prepared as described previously99 (except that no final acid treatment step was used) 
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by coating silicon wafers with Teflon AF, and then etching away the coating to leave exposed 

silicon regions. The microfluidic chip was affixed atop of a heater platform to control temperature, 

and reagent addition and crude product collection were performed with a micro-pipette.  Each 

chip was used once and then discarded after use. 

 
Figure 3-1. Microfluidic chips and experiment setup. 
(A) Photograph of the microfluidic chip with four hydrophilic liquid traps serving as the reaction 
sites. Diameter of the site is 4 mm and pitch is 9 mm. (B) Photograph of the microfluidic chip 
comprising a Teflon-coated silicon wafer with one hydrophilic liquid trap serving as the reaction 
site. Diameter of the site is 4 mm. (C) Schematic of the side view of the experimental setup for 
the microdroplet reactor. 

The details of the microscale synthesis are shown in Figure 3-2B. Briefly, a 10µL droplet of 

[18F]fluoride stock solution (~11MBq, 84 nmol K222 / 41 nmol K2CO3) was first loaded on each 

reaction site, and the chip was heated to 105°C for 1min to form the dried [18F]KF/K222 complex 

at each site. Then, a 10µL droplet of precursor solution was added to reach reaction site and the 

chip was heated to 100°C to perform the fluorination step. During the 5 min reaction, the solvent 
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was replenished at all sites by adding droplets (~7 µL) of diglyme every 30 s. Following 

fluorination, a 10 µL droplet of H2SO4 (6M) was added to each reaction site and the mixtures were 

heated to 125°C for 5 min to perform the deprotection step. Finally, for each individual reaction 

site, a 20 µL droplet of collection solution was loaded at each site to dilute the resulting crude 

product, which was then recovered via pipette. The dilution and collection process was repeated 

4x in total to maximize the radioactivity recovery.  

 

 
Figure 3-2. Multi-step radiochemical synthesis of [18F]FDOPA.  
(A) Synthesis scheme. (B) Schematic of manual [18F]FDOPA synthesis process using the multi-
reaction chip. 

3.2.3 Automated synthesis using the microdroplet reactor 

To increase safety and to facilitate routine production, we next automated the synthesis. 

Automated syntheses were conducted on chips with a single reaction site (Figure 3-1B) operated 

using a custom-built compact framework (Figure 3-1C), consisting of a rotating, temperature-

controlled platform, a set of reagent dispensers, and a collection system to remove the reaction 

droplet at the end of the synthesis. The rotating stage positions the reaction site as desired under 

a carousel in which reagent dispensers and product collection tube are mounted. More details 

about the ultra-compact microdroplet reactor were previously described.  

Prior to synthesis, reagent vials connected to the reagent dispensers were loaded with the 

[18F]fluoride stock solution, precursor stock solution, replenishing solution (diglyme), deprotection 
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solution (6M H2SO4) and collection solution. An illustration of the automated microdroplet 

radiosynthesis is shown in Figure 3-3. The chip was first rotated to position the reaction site below 

the dispenser 1 for [18F]fluoride stock solution and ten 1 μL droplets of [18F]fluoride stock solution 

(~18.5 MBq; ~0.5 mCi) were sequentially loaded onto the chip (total time < 10s). The chip was 

rotated 45° counterclockwise (CCW) and heated to 105 °C for 1 min to evaporate the solvent and 

leave a dried residue of the [18F]KF/K222 complex at the reaction site. Then, the chip was rotated 

45° CCW to position the reaction site under the precursor dispenser and ten 1 μL droplets of 

precursor solution were loaded to dissolve the dried residue. Next, the chip was rotated 45° CCW 

to position the reaction site under the replenishing dispenser (diglyme) and heated to 100 °C for 

5 min to perform the fluorination reaction. Solvent was replenished by adding a 1 μL droplet of 

diglyme every 10 s. Afterwards, the chip was rotated 45° CCW to position the reaction site under 

the deprotection solution dispenser, twenty 0.5 μL droplets of deprotection solution were loaded 

on the reaction site and the chip was heated to 125 °C for 5 min to perform deprotection step. 

Finally, the chip was rotated 45° CCW to position the reaction site under the collection solution 

dispenser, and twenty 1 μL droplets of collection solution were deposited to dilute the crude 

product. After rotating the chip 45° CCW to position the reaction site under the collection tube, 

the diluted solution was transferred into the collection vial by applying vacuum. The collection 

process was repeated a total of four times to minimize the residue on the chip (i.e., by rotating 

the chip 45° CW back to the collection solution dispenser, loading more collection solution, etc.).  
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Figure 3-3. Schematic of the automated microdroplet radiosynthesis. 
(A) Top view schematic of the microfluidic chip mounted on the rotating heating platform and the 
fixed locations of reagent dispensers and the collection tube above the chip. (B) Schematic of 
automated [18F]FDOPA synthesis process with the microdroplet reactor setup. 

3.2.4 Analytical methods 

Performance of the fluorination step was assessed through measurements of radioactivity 

using a calibrated dose calibrator (CRC-25R, Capintec, Florham Park, NJ, USA) at various stages 

of the synthesis process, and measurements of fluorination efficiency using radio thin-layer 

chromatography (radio-TLC). All radioactivity measurements were corrected for decay. 

Radioactivity recovery was calculated as the ratio of radioactivity of the collected crude product 

to the starting radioactivity on the chip after loading the [18F]fluoride stock solution. Residual 

activity on the chip was the ratio of radioactivity on the chip after collection to the starting 

radioactivity on the chip. Fluorination efficiency of the crude product collected from the chip was 

determined via radio-TLC. Fluorination yield (decay-corrected) was defined as the radioactivity 

recovery times the fluorination efficiency. 
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To accelerate the analysis, radio-TLC was performed using recently-developed parallel 

analysis methods. Groups of 4 samples were spotted via pipette (1 µL each, 1 mm pitch) onto 

each TLC plate (silica gel 60 F254 TLC plate, aluminum backing (Merck KGaA, Darmstadt, 

Germany)). TLC plates were dried in air and developed in the mobile phase (95:5 v/v MeCN : DI 

water). After separation, the multi-sample TLC plate was read out by imaging (5 min exposure) 

with a custom-made Cerenkov luminescence imaging (CLI) system101. To determine the 

fluorination efficiency, regions of interest (ROIs) were drawn on the final image (after image 

corrections and background subtraction) to enclose the radioactive regions/spots. Each ROI was 

integrated, and then the fraction of the integrated signal in that ROI (divided by the sum of 

integrated signal in all ROIs) was computed. Two radioactive species were separated in the 

samples: [18F]fluoride (Rf = 0.0) and the fluorinated intermediate (Rf = 1.0). 

Analysis of samples (crude reaction mixture or purified product) was performed on a Smartline 

HPLC system (Knauer, Berlin, Germany) equipped with a degasser (Model 5050), pump (Model 

1000), a UV detector (Eckert & Ziegler, Berlin, Germany) and a gamma-radiation detector and 

counter (B-FC- 4100 and BFC-1000; Bioscan, Inc., Poway, CA, USA). Injected samples were 

separated with a C18 column (Luna, 5 µm pore size, 250 x 4.6 mm, Phenomenex, Torrance, CA, 

USA).  The mobile phase consisted of 1 mM EDTA, 50 mM acetic acid, 0.57 mM L-ascorbic acid 

and 1% v/v EtOH in DI water. The flow rate was 1.5 mL/min and UV absorbance detection was 

performed at 280 nm. The retention times of [18F]fluoride, [18F]FDOPA and the fluorinated 

intermediate were 2.4, 6.2, and 25.8 min, respectively. [18F]FDOPA conversion was determined 

via dividing the area under the [18F]FDOPA peak by the sum of areas under all three peaks.  

For purification, the collected crude product (~ 80 µL) was first diluted with 80 µL of the mobile 

phase, and then separated under the same conditions as above. 
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 Results and discussion 

3.3.1 Optimization of manual synthesis 

Before developing our multi-reaction microfluidic chips, we performed some initial studies of 

the fluorination step with varied reaction conditions to establish a baseline set of conditions upon 

which further fine-grained optimizations could be made. The initial studies examined reaction 

temperature (85 – 125 °C), reaction time (5 – 15 min), reaction solvent (DMF, MeCN, DMSO, 

diglyme), precursor concentration (9 – 71 mM), base amount (21 – 168 nmol of K222 and 10 - 82 

nmol of K2CO3). The highest fluorination yield (~7%) was observed using 84 nmol K222 / 41 nmol 

K2CO3, 9 mM precursor, diglyme as reaction solvent, 105°C temperature, and 5 min reaction time, 

but the yield exhibited poor day to day consistency.  

Previously, Carroll et al. reported that the yield and reproducibility of the fluorination of 

diaryliodonium salts could be improved by adding TEMPO as a radical scavenger to improve the 

stability of the diaryliodonium salt precursor120; we investigated whether this approach could be 

potentially used to improve the yield and consistency of [18F]FDOPA synthesis using the multi-

reaction chips.  

Initially we added 20 mol% TEMPO into the precursor solution, and performed a detailed study 

of the effect of precursor concentration on the fluorination yield (Figure 3-4A) with 5 min reaction 

time and 105 °C reaction temperature. The highest yields were obtained with moderate precursor 

concentrations. At 9 mM and 18 mM, the fluorination yields were 12.0 ± 1.7 % (n=3) and 11.6 ± 

0.3 % (n=3), respectively. We chose 12 mM for subsequent experiments to study of the effect of 

TEMPO concentration on the fluorination step (Figure 3-4B). The fluorination yield was only 6.5 

± 0.1 % (n=2) without any TEMPO but nearly tripled (18.8 ± 0.2 % (n=2)) when 80 mol% TEMPO 

was added. The improvement was mainly due to an increase in fluorination efficiency from 23 ± 

1 % (n=2) to 53 ± 2 % (n=2), respectively, though a small increase in radioactivity recovery (from 

28 ± 2 % (n=2) to 35 ± 2 % (n=2), respectively) was also observed. Next, we studied the effect of 
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the amount of base, keeping the ratio of K222 at K2CO3 fixed at 2.05. (Figure 3-4C). As the amount 

of base was increased, starting from 21 nmol K222 / 10 nmol K2CO3, the fluorination yield rose 

sharply and reached the maximum, 21.89 ± 0.02 % (n=2) at 84 nmol K222 / 41 nmol K2CO3). The 

fluorination yield remained relatively constant up to ~252 nmol K222 / 123 nmol K2CO3 (18.8 ± 1.7 

% (n=2)), and then began to drop significantly as base amount was further increased. Thus, for 

the later deprotection study, we picked 75 mol% TEMPO, 9 mM precursor solution, 84 nmol K222 

/ 41 nmol K2CO3 as base amount.  

 
Figure 3-4. Optimization of microdroplet synthesis of [18F]FDOPA using the manual setup.  
(A) Effect of precursor concentration. (B) Effect of TEMPO concentration. (C) Effect of base 
amount, represented by K222 amount, which is 2.05 times of K2CO3 amount. Data points represent 
average values and error bars represent standard deviations. For 70 and 90 mol % datapoints in 
(B), n=1, and the rest of datapoints have n=2. For datapoints in (C), n = 2.  

Deprotection was performed immediately after fluorination, with no intermediate purification 

step. To assess the performance of this step, the [18F]FDOPA conversion after deprotection was 

assessed via radio high-performance liquid chromatography (HPLC). Crude radiochemical yield 

(RCY, decay-corrected) was defined as the radioactivity recovery times the [18F]FDOPA 

conversion. Isolated RCY was defined as the ratio of radioactivity of the purified product 

(recovered from the same analytical-scale radio-HPLC) to the starting radioactivity on the chip. 

Preliminary optimization of the deprotection step (deprotection reagent, concentration, reaction 

temperature and reaction time) is summarized in the Appendix 3.5, Table 3-2. Even though the 

overall crude RCY and isolated RCY were below 10% due to performing these experiments 

starting with non-optimal fluorination conditions (i.e. 20 mol% TEMPO, 36 mM precursor, 84 nmol 
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K222 / 41 nmol K2CO3), comparative conclusions could still be drawn.  Performing deprotection 

with 6 M H2SO4 at 115 °C enabled the highest RCY. Combining these conditions with the optimal 

fluorination conditions, [18F]FDOPA could be produced on the chip with crude RCY of 11% (n=1) 

and isolated RCY of 7.2 % (n=1). By adding a cover plate over the droplet during deprotection 

(Appendix 3.5, Figure 3-6 and Table 3-3), the crude RCY and isolated RCY could be further 

increased to 14.3 ± 0.5 % (n=2) and 10.0 ± 0.7 % (n=2), respectively. Noting that the [18F]FDOPA 

conversion was only 84 ± 5 % (n=2) at 115 °C, indicating the deprotection reaction was not 

complete, we increased the deprotection temperature to 125 °C and the conversion improved to 

95% (n=1). 

Finally, we performed full (manual) syntheses including analytical-scale HPLC purification and 

formulation. The fluorination conditions were 75 mol% TEMPO, 9 mM precursor solution, 84 nmol 

K222/41 nmol K2CO3 at 105°C for 5 min, and the deprotection conditions were 6M H2SO4 at 125 

°C for 5 min (with cover plate). The resulting crude RCY and isolated RCY were 20.5 ± 3.5 % 

(n=3) and 15.1 ± 1.6 % (n=3), respectively (Table 3-1). An example of a radio-HPLC 

chromatogram of the crude product is shown in the Appendix 3.5, Figure 3-7A, and a co-injection 

with L-DOPA and D-DOPA reference standards to determine enantiomeric purity (98.0 ± 0.2 

(n=3)) is shown in the Appendix 3.5, Figure 3-7B. The retention time of [18F]FDOPA was ~6 min, 

and the chromatogram was relatively clean with no nearby side-product peaks, despite omission 

of the intermediate cartridge purification between fluorination and deprotection steps 117. The 

overall synthesis time was only ~40 min, including ~25 min for initial drying of [18F]fluoride and the 

two reactions, ~7 min for purification and ~8 min for formulation. 

3.3.2 Optimization of automated synthesis 

Considering the accuracy of droplet volume dispensed by the dispensers (~10%) studied 

previously, we adjusted some concentrations so the overall synthesis would be more robust and 

repeatable, and tolerant of volume errors. The optimal condition was selected where the slope of 
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the optimization curves (in Figure 3-4) was close to zero.  Automated syntheses were performed 

with 80 mol% TEMPO, 12 mM precursor solution and 101 nmol K222 / 49 nmol K2CO3.  

Benefiting from the automated dispensing system, the frequency of replenishing solvent during 

heated reactions could be increased (up to several droplets per second, compared to one droplet 

per ~7 s via manual dispensing), and we therefore briefly explored higher fluorination 

temperatures. As shown in Figure 3-5, with the increase of reaction temperature from 100 °C to 

140°C, even though the fluorination efficiency increases from 58 ± 3 % (n=3) to 95 ± 1 % (n=2), 

the radioactivity recovery fell from 36 ± 4 % (n=3) to 27.3 ± 0.3 % (n=2). Due to these opposite 

effects, the overall fluorination yield was relatively constant (~26%) for temperatures above 105 

°C. Overall, 120 °C reaction temperature resulted in the highest fluorination yield of 26.9 ± 1.3 % 

(n=2) and was chosen as the optimal reaction temperature for the automated synthesis. As shown 

in Table 3-1, with full automated synthesis, the crude RCY and isolated RCY were 15.2 ± 2.1 % 

(n=3) and 10.3 ± 1.4 % (n=3), respectively. Both are slightly lower than the manual synthesis, 

which is commonly occurs when transferring from manual to automated synthesis protocol. We 

note that the [18F]FDOPA conversion was lower for the automated synthesis (i.e., 78 ± 4 % (n=3) 

vs 95.6 ± 0.4 % (n=3), respectively), likely due to the absence of the cover plate, which was 

omitted to avoid the need for manual intervention during operation, while the radioactivity 

recoveries of both methods were comparable (20 ± 2 % (n=3) vs 21 ± 4 % (n=3), respectively). 

To further increase the [18F]FDOPA conversion, we attempted performing the deprotection step 

at even higher temperature (130 °C), but significant side products appeared..  The synthesis time 

was ~22 min, which was slightly faster than the manual synthesis (~25 min) due to the automation 

steps. 



53 
 

 
Figure 3-5. Optimization of reaction temperature.  
(A) Effect on the fluorination yield. (B) Effect on the radioactivity recovery. (C) Effect on the 
fluorination efficiency. Datapoints represent average values and error bars represent standard 
deviations. For 100, 105, 110, 120, 130, and 140 °C datapoints, the number of replicates is n = 
3, 2, 3, 3, 2, 2, respectively. 

Compared to macroscale methods for [18F]FDOPA synthesis using the same precursor and 

route, the microscale method, with 10 μL reaction volume, used significantly less precursor, i.e. 

0.12 μmol versus 16.8 μmol 102 or 13.4 μmol117. The small mass of reagents and small volume 

collected from the chip (~80 µL) furthermore facilitated the use of analytical-scale HPLC to 

perform purification. This enabled rapid purification (~7 min) and needed only a short time for 

formulation (~8 min). Overall the synthesis time with the microdroplet reactor was ~37 min, 

compared to ~71 min102, or ~117 min117 in conventional radiosynthesizers. In fact the isolated 

non-decay-corrected yield of the microscale method 8.2 ± 1.1 % (n=3) (was higher than both 

macroscale approaches, i.e.  2.9 ± 0.8 % (n=3) 102 and 6.7 % ± 1.9 % (n =?)117. 

Table 3-1. Comparison of microscale [18F]FDOPA synthesis performance using manual and 
automated approaches.  
All values are averages ± standard deviations for the indicated number of replicates. All 
percentages are decay-corrected. N.M. indicates the quantity was not measured. 

 Manual synthesis 
(n=3) 

Automated synthesis 
(n=3) 

Starting activity (MBq) 4.4 ~ 12.2 12.6 ~ 22.9 

Synthesis time including purification (min) ~40 ~37 

[18F]FDOPA conversion (%) 95.6 ± 0.4 78 ± 4 

Crude RCY (%) 20.5 ± 3.5 15.2 ± 2.1 

Isolated RCY (%) 15.1 ± 1.6 10.3 ± 1.4 

Enantiomeric purity (%) 98.0 ± 0.2 N.M. 

Total activity loss during overall synthesis (%) 50 ± 5 78 ± 2 

Unrecoverable activity on cover chip (%) 24.7 ± 0.3 NA 

Unrecoverable activity on bottom chip (%) 2.1 ± 0.4 2.9 ± 0.2 

Radioactivity recovery (%) 21 ± 4 20 ± 2 
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 Conclusion  

A straightforward synthesis for [18F]FDOPA using the diaryiodonium salt-based route was 

implemented in microscale for the first time. Through optimizing various parameters (base 

amount, precursor concentration, reaction temperature, etc.…) and adding a radical scavenger 

(i.e., TEMPO), a moderate yield could be achieved reliably.  With manual operation, the isolated 

RCY (decay corrected) was ~15%, which slightly exceeded the highest reported macroscale 

synthesis (~14%)117. Furthermore, the non-decay corrected isolated RCY of manual synthesis 

was 11.9%, significantly higher than 6.7% 117 and 2.9%102 of the diaryliodonium precursor-based 

macroscale synthesis The synthesis was automated using a novel, ultra-compact microdroplet 

reactor. By performing synthesis in the microdroplet, the tedious and time-consuming solid-phase 

extraction process and evaporative solvent exchange (for intermediate purification between 

fluorination and deprotection) could be eliminated while still achieving comparable yields and a 

crude product that could be easily purified with analytical-scale HPLC. Due to this change and 

the rapid heating, cooling, and evaporation of small volumes, the overall synthesis time was 

shortened significantly (~37 min vs ~71 min or ~117 min). Another prominent benefit brought by 

this microscale synthesis was substantial reduction (> 100x) reduction in precursor consumption, 

which could significantly lower the cost per batch of [18F]FDOPA. At the time of writing, the retail 

price of the precursor is ~$600 per batch using the macroscale approach. While the volume of 

the droplet reactor is very small, integration with a radionuclide concentrator119 can be used to 

safely increase the production scale to clinically-relevant levels, while also providing advantages 

of a very compact system (enabling easy shielding) and the possibility of performing multiple 

syntheses in a single day. 
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 Appendix 

3.5.1 Optimization of deprotection step 

Using single-reaction microfluidic chips, the influence of several deprotection reaction 

parameters was investigated, including type of acid (HCl and H2SO4), acid concentration, reaction 

time, and reaction temperature. These experiments were performed prior to complete optimization 

of the fluorination step, and used 84 nmol K222, 41 nmol K2CO3, 36 mM precursor, and 20 mol% 

TEMPO. Results are tabulated in Table 3-2. 

Table 3-2. Effect of various deprotection conditions (without cover plate).  
Radioactivity loss indicates the combined activity losses (due to formation of volatile species) 
during evaporation, fluorination and deprotection steps. Percentages are corrected for decay. For 
most conditions, only n=1 experiment was performed. * indicates n=2 replicates were performed, 
and values indicate average ± standard deviation. 

Deprotection reagent HCl H2SO4 

Concentration (M) 6 3 6 

Deprotection time (min) 5 10 15 15 5 5 

Deprotection temperature (°C) 90 90 90 100 100 120* 130 140 

Radioactivity loss (%) 86 88 86 88 78 84 ± 3 90 87 

Residual activity on chip (%) 3 1 2 1 3 3 ± 1 2 2 

Radioactivity recovery (%) 8 8 10 8 15 9 ± 1 6 7 

[18F]FDOPA conversion (%) 24 37 53 72 42 87 ± 1 83 92 

Crude RCY (%) 2.0 3.1 5.2 5.5 6.3 7.2 ± 0.5 4.9 6.8 

Isolated RCY (%) 1.4 2.7 4.0 4.5 4.5 4.8 ± 0.6 3.2 3.7 

 
For some experiments, a cover chip consisting of a Teflon-coated glass slide (25 mm x 25 mm) 

was positioned 150 μm above (resting on spacers along the chip edges) above the reaction 

mixture to reduce evaporation (Figure 3-6). In this experiments, extra dilution and collection 

processes were performed to recover the crude product from the cover chip as well as the 

(bottom) chip.  A detailed comparison of the reaction performance with and without the cover plate 

is summarized in Table 3-3. 

 

 



56 
 

 

 

 
Figure 3-6. Schematic of [18F]FDOPA synthesis process when a cover plate is used during 
the deprotection step.  
 

 

 

 

 

 

 

 

Table 3-3. Effect of cover plate on the synthesis performance.  
Radioactivity loss indicates the combined activity losses (due to formation of volatile species) 
during evaporation, fluorination and deprotection steps. Percentages are corrected for decay. 
Values of the group with cover plate indicate average ± standard deviation computed from the 
indicated number of replicates. 

 No cover plate 
(n=1) 

With cover plate 
(n=2) 

Radioactivity loss (%) 84 53.7 ± 0.4 

Residual activity on cover chip (%) NA 26 ± 2 

Residual activity on bottom chip (%) 3 1.5 ± 0.2 

Radioactivity recovery (%) 12 17 ± 2 

[18F]FDOPA conversion (%) 91 84 ± 5 

Crude RCY (%) 11.0 14.3 ± 0.5 

Isolated RCY (%) 7.2 10.0 ± 0.7 
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3.5.2 Example radio-HPLC chromatograms  

 
Figure 3-7. Examples of analytical radio-HPLC chromatograms. 

(A) crude [18F]FDOPA product, (B) purified [18F]FDOPA product coinjected with a mixture of 
reference standards of both D-FDOPA and L-FDOPA. 
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Chapter 4: Microliter-scale reaction arrays for economical, 

high-throughput experimentation in radiochemistry 

 Introduction 

The field of molecular imaging has created positron emission tomography (PET) and single-

photon emission computed tomography (SPECT)97for the visualization and quantification of 

biochemical processes in living subjects. The use of biologically active molecules tagged with 

short-lived radionuclides enables such imaging to be performed non-invasively at the whole-body 

level. PET is used in a wide range of research in small animals and humans to help understand 

disease pathways121,122, measure pharmacokinetics, confirm the biological effects of new 

therapeutic compounds6,123, monitor disease progression, or monitor the response to treatment124–

126. Common radioisotopes used in PET include C-11 (t1/2 = 20.4 min), F-18 (t1/2 = 109.8 min), and 

Ga-68 (t1/2 = 67.7 min), among others.  

Radiopharmaceuticals are typically prepared using automated synthesizers to limit radiation 

exposure to personnel and improve reproducibility127. Preparing a batch of a radiopharmaceutical 

is expensive due to the high cost of the radiosynthesizer, radiation shielding, reagents, 

radioisotope, and skilled personnel. These costs are greatly multiplied for optimization studies, 

which require many syntheses to be performed under different conditions. Furthermore, most 

radiosynthesizers are designed for only one or a few consecutive radiosyntheses per day, thus 

optimization studies can take weeks or months which further increase labor cost, resource usage, 

and radioisotope cost. 

Recently, multiple approaches have been described to significantly improve the throughput of 

radiochemistry experiments. Zhang et al. performed reactions without radioactivity but mimicked 

the ultra-low concentrations associated with radionuclides, and leveraged the high sensitivity of 



59 
 

LC-MS/MS analysis to assess product yield128. While avoiding the use of radioactivity increased 

the throughput of experiments, the reliance on conventional reaction volumes still consumed 

significant time and reagents to obtain each data point.  As an alternative, microfluidic platforms 

and miniaturized radiochemistry techniques provide promising avenues to increase throughput 

while minimizing reagent consumption20,25,36,41 by borrowing concepts from high-throughput 

experimentation in organic chemistry129–131. Several groups have shown that dozens of small-scale 

radiochemical reactions (i.e. 10s of µL each, compared to the ~0.5 – 2.0 mL used in conventional 

setups) can be sequentially performed using flow-chemistry capillary reactor platforms with crude 

products collected and analyzed offline31,33,100,132. While parameters like temperature and reagent 

flow rates can be readily studied in a high-throughput manner, others, such as reaction solvent or 

the conditions for the drying/activation of the [18F]fluoride, cannot. Another optimization platform 

used a polydimethylsiloxane (PDMS) microfluidic chip to prepare ultra-small batches (~100 nL 

each) for screening of aqueous protein radiolabeling conditions but was limited to varying reagent 

ratios and pH133,134.  

Small-volume vial-based reactions have also been used for optimization135 and enable a wider 

range of parameters to be studied. Recently, Laube et al. reported the use of multi-vial heating 

blocks to perform up to ~50 radiofluorinations per day, each involving drying a small aliquot of 

[18F]fluoride eluted from a QMA cartridge, followed by reaction at the 25-50 µL scale136. While 

demonstrating parallelism and low reagent consumption, this technique required significant 

manual handling of vials, including installation and removal of vial caps. In addition, it is well 

known that the detailed heating characteristics of the system are essential to consider137, and after 

optimization in small vials the conditions may have to be adapted to a conventional synthesizer 

for routine automated production.  

Our group recently pioneered a microfluidic platform, in which reactions are performed at an 

even smaller scale (i.e. 1-10 µL) in droplets confined in surface-tension traps patterned on a 
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surface58. Under these conditions, droplet reactions typically have yields comparable to 

conventional methods but allow shorter synthesis time and up to ~100x lower reagent 

consumption per reaction62,103,138. Of particular note, after optimization under low activity 

conditions, larger scale production (e.g. one or a few clinical doses) can be achieved under 

identical conditions using an automated droplet-based radiosynthesizer60,139 by a simple increase 

of starting activity. To increase throughput, we created chips with multiple reaction sites for 

performing up to 16 droplet-based syntheses in parallel, all with the same reaction temperature 

and time but with varying volumes or concentrations of reagents61. A preliminary study showed 

the possibility of optimizing several parameters in the synthesis of [18F]Fallypride, including the 

amount of base, precursor concentration, and droplet reaction volume. In this paper, throughput 

and flexibility are further increased by introducing an array of 4 independent heaters, enabling 

operation of 4 chips in parallel. This improved platform allows the parallel exploration of additional 

reaction variables (reaction temperature and time) that cannot be conveniently studied with a 

single chip at a time 

 Materials and reagent preparation  

4.2.1 Analysis of reaction performance 

Anhydrous N,N-dimethylformamide (DMF, 99.8%) purchased from Fisher Scientific, 

anhydrous dimethyl sulfoxide (DMSO, ≥99.9%), anhydrous acetonitrile (MeCN, 99.8%), 2,3-

dimethyl-2-butanol (thexyl alcohol,98%),  4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane (K222, 98%), triethylamine (TEA, 99%),  trifluoroacetic acid (TFA, 

>99%), tetrahydrofluran (THF, >99.9%, inhibitor-free),  hexanes (95%), dichloromethane (DCM, 

>99.8%), acetone (99.5%), ammonium formate (NH4HCO2: 97%) N-methyl-2-pyrrolidone (NMP, 

99.5% anhydrous), 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU, 98%), ethylene 

glycol (99.8%) and potassium carbonate (K2CO3, 99.995%) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). n-butanol (nBuOH, 99%) was purchased from Alfa Aesar (Ward Hill, MA, USA).  
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Tetrabutylammonium bicarbonate (TBAHCO3, 75mM in ethanol), ethyl-5-methyl-8-nitro-6-oxo-

5,6-dihydro-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-carboxylate (nitromazenil; precursor for 

[18F]Flumazenil, > 97%) and Flumazenil (reference standard, >99%), 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 (reference standard for 

[18F]PBR06, >95%), (S)-2,3-dimethoxy-5-[3-[[4-methylphenyl)-sulfonyl]oxy]-propyl]-N-[[1-(2-

propenyl)-2-pyrrolidinyl]methyl]benzamide (Fallypride precursor, >90%), Fallypride (reference 

standard, >95%), 2-(2-((N-4-phenoxypyridin-3-yl)acetamido)methyl)phenoxy)ethyl-4-

methylbenzenesulfonate ([18F]FEPPA precursor, >90%), and N-[[2-(2-

fluoroethoxy)phenyl]methyl]-N-(4-phenoxypyridin-3-yl)acetamide (reference standard for 

[18F]FEPPA, >95%) were purchased from ABX Advanced Biochemical Compounds (Radeberg, 

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

Corporation, Berlin, Germany). No-carrier-added [18F]fluoride in [18O]H2O was obtained from the 

UCLA Ahmanson Biomedical Cyclotron Facility and Crump Cyclotron Facility.  

1% Teflon AF 2400 solution was purchased from Chemours. Positive photoresist 

(MEGAPOSIT SPR 220-7.0) and developer (MEGAPOSIT MF-26A) were purchased from 

MicroChem (Westborough, USA). Additional solvents and chemicals used for microfluidic chip 

fabrication, including methanol (MeOH, Cleanroom LP grade), acetone (Cleanroom LP grade), 

isopropanol (IPA, Cleanroom LP grade), sulfuric acid (96%, Cleanroom MB grade) and hydrogen 

peroxide (30%, Cleanroom LP grade), were purchased from KMG Chemicals (Fort Worth, USA).  

4.2.2 Reagent preparation 

The following stock solutions were prepared daily to carry out droplet reactions. The 

[18F]fluoride stock solution contained either 60 mM TBAHCO3 and 1.8 MBq/μL (48 μCi/μL) of 

[18F]fluoride in water (i.e. for [18F]Flumazenil, [18F]PBR06, [18F]Fallypride, and [18F]FEPPA), or  60 

mM of K222 with 30 mM of K2CO3 and 1.8 MBq/μL (48 μCi/μL) of [18F]fluoride in water (i.e. for 

[18F]Flumazenil and [18F]PBR06), or 60 mM of K222 with 30 mM of Cs2CO3 and 1.8 MBq/μL (48 
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μCi/μL) of [18F]fluoride in water (i.e. for [18F]Flumazenil). [18F]Flumazenil precursor stock solution 

contained 70 mM precursor in either DMSO, DMF, NMP, DMPU, or ethylene glycol. [18F]PBR06 

precursor stock solution contained 70 mM precursor in either DMSO or a 1:1 v/v mixture of thexyl 

alcohol and MeCN. [18F]Fallypride stock solution contained 77 mM of precursor in a 1:1 v/v mixture 

of thexyl alcohol and MeCN. [18F]FEPPA stock solution contained 30 mM of precursor in a 1:1 v/v 

mixture of thexyl alcohol and MeCN. For [18F]Flumazenil, the collection stock solution was a 2:1 

v/v mixture of reaction solvent and water when using DMSO or DMF as the reaction solvent, or a 

9:1 v/v mixture of MeOH and H2O collection stock solution when using NMP, DMPU, or ethylene 

glycol as the reaction solvent. For [18F]PBR06, [18F]Fallypride, and [18F]FEPPA, the collection 

stock solution was a 9:1 v/v mixture of MeOH and H2O. 

 Analytical methods  

4.3.1 Analysis of reaction performance 

Radioactivity measurements were made using a calibrated dose calibrator (CRC-25R, 

Capintec, Florham Park, NJ, USA). To calculate the starting activity on each reaction site, we 

measured the activity on the chip after loading the initial [18F]fluoride solution to each individual 

spot (via dose calibrator) and subtracted the previous measurement of chip activity. All 

measurements were decay-corrected to a common timepoint. Collection efficiency was 

determined by dividing the activity of the collected crude sample from an individual spot by the 

starting activity used in that same reaction site (corrected for decay). Fluorination efficiency was 

analyzed using radio-TLC. Crude radiochemical yield (crude RCY) was calculated by multiplying 

the collection efficiency by the fluorination efficiency. The total residual activity left on the chip 

was measured by placing the chip in a dose calibrator after collection of the crude products from 

each reaction site. To compute the residual activity left on the chip at each individual reaction site, 

the activity distribution on the chips was first determined via Cerenkov imaging61,99,101. For 

Cerenkov imaging, a glass microscope slide (76.2 mm x 50.8 mm, 1 mm thick; C&A Scientific; 
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Manassas, VA, USA) was placed on top of the chip, and the acquisition time was 5 min. Raw 

images were corrected as previously described93. Residual activity for a particular reaction site on 

the chip was computed with the aid of a custom region-of-interest (ROI) analysis software written 

in MATLAB (MathWorks, Natick, MA). For each reaction site, an ROI was drawn and the 

integrated Cerenkov signal was computed from the image. To quantify the amount of residual 

activity at a particular reaction site, the corresponding ROI integrated signal was divided by the 

sum of integrated signal for all ROIs and multiple by the measured total residual radioactivity on 

the chip. This value could then be expressed as a fraction of starting radioactivity by dividing the 

residual activity for a particular reaction site by the starting activity used at that particular reaction 

site (correcting for decay). 

4.3.2 Thin-layer chromatography 

Performing 64 simultaneous reactions presents a significant challenge for analysis. Typical 

methods of spotting one sample per TLC plate for typically used TLC plates lengths and conditions 

require 2-7 min per sample separation and readout and cannot be practically scaled to 64 

samples. To accelerate the analysis, TLC plates (silica gel 60 F254; Merck KGaA, Darmstadt, 

Germany) were spotted with multiple samples (8 samples at 0.5 mm pitch), with all samples 

separated in parallel and read out simultaneously via Cerenkov imaging using methods we have 

previously reported93. Briefly, 8 samples (0.5 μL each) were spotted onto a 50 mm x 60 mm (W x 

L) TLC plate, with adjacent spots separated by 5 mm. Developed TLC plates were read out by 

covering the TLC plate with a scintillator plate (50 mm x 35 mm, 1 mm thick, BC-400, Saint-

Gobain, OH, USA) or a glass microscope slide (76.2 mm x 50.8 mm, 1 mm thick, A&C Scientific) 

to obtain images of the emitted light. The solvent front took ~2 min to travel 45 mm (corresponding 

to 30 mm separation distance). The mobile phase to separate the [18F]Flumazenil crude sample 

was 100% MeCN, for [18F]PBR06 crude samples 13:10:24:54 (v/v) 

dichloromethane:chloroform:acetone:hexanes as the mobile phase, for [18F]FEPPA crude 

samples 25.6:37.5:36.5:0.4 (v/v) nBuOH:THF:hexanes:TEA as the mobile phase, and 
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[18F]Fallypride crude samples were separated using 60% MeCN in 25 mM HN4HCO2 with 1% TEA 

(v/v), as previously reported61. More information on Rf values and TLC separation studies can be 

found in Appendix 4.7.4, under the radio-TLC methods. 

4.3.3 High-performance liquid chromatography (HPLC) 

Analytical radio-HPLC was used to identify the product of each synthesis (via co-injection with 

reference standard) and to isolate pure products to confirm the Rf value of the product bands in 

radio-TLC. 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) and gamma-radiation detector, and counter (B-FC- 4100 and 

BFC-1000; Bioscan, Inc., Poway, CA, USA). All HPLC separations used a C18 Gemini column 

(Kinetex, 250 x 4.6 mm, 5 µm, Phenomenex, Torrance, CA, USA). Using a mobile phase of 3:1 

H2O:MeCN with 0.1% TFA (v/v) and a flow rate of 1.0 mL/min, the retention time of [18F]Flumazenil 

was 11 min. For [18F]PBR06, the retention time was 8 min using a mobile phase of 60:40 (v/v) 

MeCN:20 mM sodium phosphate buffer (pH = 5.8) with a flow rate of 1.5 mL/min. [18F]Fallypride 

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 of 4.5 min.  [18F]FEPPA samples 

were separated with a mobile phase of 70:30 v/v H2O:EtOH  with 0.1% H3PO4 at 0.8 mL/min, 

giving a retention time of 15.5 min. 
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 Results  

4.4.1 Platform Design 

Arrays of reactions were performed in droplet format on 25.0 x 27.5 mm2 Teflon-coated silicon 

“chips” (Figure 4-1). Each reaction was confined to a 3 mm diameter circular hydrophilic site 

(made by etching away the Teflon coating) that acts as a surface tension trap. Details of the chip 

fabrication have been previously reported61 and shown in Chapter Error! Reference source not f

ound..   

Figure 4-1. High-throughput reaction apparatus. 
(A) Photograph of multi-reaction chip. (B) CAD model showing platform components. (C) Cross-
section view of the multi-heater platform showing the path of forced-air cooling. (D) Photograph 
of the platform (from above) with multi-reaction chips installed. 
 

Multiple chips were operated in parallel using a custom-built four-heater platform (Figure 4-1B-

D). To provide radiation protection, the platform was operated inside a hot cell, but the control 

system could be placed outside to minimize the footprint. The platform comprised four 25 mm 

ceramic heaters glued with epoxy on top of a thermally insulating frame CNC-machined from a 

calcium silicate composite, which was in turn affixed atop of a 3D-printed nylon piece to direct 

cooling air to each heater from a set of four 36 mm 12V DC fans (Appendix 4.7.3 and Figure 

4-8). Thermal simulations were performed to determine an appropriate heater spacing to avoid 
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thermal crosstalk from neighboring heaters (Appendix 4.7.3 and Figure 4-9-12). The chips were 

affixed to the heaters with a thin layer of thermal paste. 

Each heater (and fan) was independently controlled, enabling the set of reactions on each 

multi-reaction chip to be performed at a unique temperature or duration (Figure 4-8). For each 

heater, the signal from the integrated K-type thermocouple was amplified and connected to an 

analog input of a data acquisition module (DAQ). Heaters were powered with 120VAC switched 

by a solid-state relay driven by a digital output of the DAQ using an on-off controller implemented 

in LabView (National Instruments). After the desired heating time, forced-air cooling was activated 

using a digital output of the DAQ to power the corresponding fan via a Darlington driver circuit. 

After calibrating the heaters, temperature stability was assessed by monitoring the integrated 

thermocouple with respect to time (Figure 4-13). At each setpoint tested, heating took only ~5 s, 

and temperature exhibited <1 °C fluctuation once stabilized (Table 4-2). Forced-air cooling to 30 

°C took ~3 min from 140 °C, ~2.5 min from 100 °C, and ~1.2 min from 50 °C. In addition, spatial 

temperature distribution of each heater was visualized via thermal imaging. All heaters exhibited 

uniform surface temperature (Figure 4-14, Figure 4-15, and Table 4-3), except near the edges 

(where deviation >2% from the mean was observed). In all cases, the extent of this unusable 

region was limited to <1.5 mm on each edge of the heater. Thus, the multi-reaction chips were 

designed with a 2.4 mm unused boundary, ensuring that all 16 reaction sites were entirely located 

within the uniform portion of the heater surface (Figure 4-16)61. A previous study confirmed the 

consistency of reactions at different sites on the chip and the negligible degree of cross-

contamination from one site to another61. With the platform, up to 64 radiochemical syntheses 

could be performed in parallel, each reaction using ~100x less reagents than conventional 

approaches. Because all steps, including [18F]fluoride drying, are performed on-chip, the 

conditions used in any part of the synthesis can be explored in a high-throughput fashion.  
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4.4.2 Synthesis optimization  

We used this new platform to perform extensive studies of the syntheses of several clinically 

relevant PET tracers: [18F]Flumazenil ([18F]FMZ), [18F]PBR06, [18F]Fallypride, and [18F]FEPPA.  

For each radiopharmaceutical, an extensive set of experiments was performed to compare the 

influence of different reaction conditions related to [18F]fluoride drying and the radiofluorination 

reaction. Our goals were to better understand the influence of various reaction parameters and to 

develop efficient microscale synthesis protocols for these tracers. Initial droplet reaction 

conditions were determined essentially by reducing volumes ~100x from conventional macroscale 

protocols. In general, experiments were performed in batches of 64 simultaneous reactions (4 

chips x 16 reactions each), exploring 16 different conditions, each with n=4 replicates. 

Figure 4-2 illustrates the synthesis scheme for each tracer and the generalized process for 

one set of 16 reactions. At each site, an 8 μL droplet of [18F]fluoride stock solution ([18F]fluoride 

mixed with the desired amount and type of base and phase-transfer catalyst) is added to the 

reaction site and dried. (Though drying parameters to eliminate residual water could also be 

studied, drying was performed for 1 min at 105 °C in all experiments.) Next, 8 µL of precursor 

solution (6 µL for [18F]Fallypride) with the desired concentration and reaction solvent is added to 

the dried residue and reacted at elevated temperature for the desired time. Reaction volume could 

also be studied as a parameter but was not explored here. After the reaction is complete, crude 

product is collected. Though collecting parameters could be optimized to minimize residual activity 

on the chip, we performed product collection in all cases by dispensing 10 μL of collection solution 

to the reaction site and aspirating the volume and repeating these steps 4x for a total of 40 μL of 

collected crude product. The reaction performance was determined by measuring both the 

conversion of [18F]fluoride to product via radio-TLC, as well as the recovered activity from each 

reaction (compared to starting activity, i.e. collection efficiency) to determine an overall crude 

radiochemical yield (RCY). TLC analysis was performed using recently reported multi-lane 

methods with 8 samples per plate93. 
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Figure 4-2. Optimization process. 
(A) Scheme for the radiosynthesis of [18F]Flumazenil. (B) Synthesis of [18F]PBR06. (C) Synthesis 
of [18F]Fallypride. (D) Synthesis of [18F]FEPPA. (E) Experimental procedure for performing parallel 
radiosyntheses using a (4x4) multi-reaction microdroplet chip. Concentrations, solvents, and 
volumes can be varied from site to site, and temperature and heating time can be varied from 
chip to chip. (F) Procedure for reaction performance analysis. Activities of collected crude 
samples are measured using a dose calibrator and compared with starting activity to determine 
collection efficiency. Residual activity on chip is analyzed via Cerenkov imaging. Crude samples 
are analyzed via radio-TLC to determine the fluorination efficiency. 
 

4.4.3 Optimization of [18F]Flumazenil 

[18F]Flumazenil is used to quantify changes in the density of GABAA receptors associated with 

Alzheimer’s disease, Schizophrenia, neuronal plasticity, and sensory processes140. We focused 

on the route from the commercially-available nitromazenil precursor33,141–145, for which reported 

isolated yields are in the range of 8 to 30%141–145. Though other synthesis routes have led to higher 

yields, they were not pursued here due to the lack of commercial availability of the diaryliodonium 

tosylate precursor146 or the very low molar activity (0.37 GBq/µmol [0.01 Ci/µmol]) of the isotopic 

exchange method147. Previous optimization studies using macroscale and flow chemistry 
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approaches (Table 4-1) have typically compared just a couple of values for parameters studied 

and often with few if any replicates33,141–145.  

Table 4-1. Summary of parameters and conditions tested in reports of optimization of 
[18F]Flumazenil using nitromazenil as precursor in microscale and macroscale platforms. 

 This work 
Wong et 

al33. 
(2012) 

Nasirzadeh 
et al142. 
(2016) 

Mandap et 
al143. (2009) 

Massaweh 
et al144. 
(2009) 

Ryzhikov 
et al145. 
(2005) 

Synthesizer 
type 

Microscale 
(droplet 
format) 

Microscale 
(flow 

format) 
Macroscale 

Macroscale 
(microwave) 

Macroscale Macroscale 

Solvents 

DMSO, 
DMF, NMP, 

DMPU, 
ethylene 

glycol 

DMSO, 
DMF, 
MeCN 

DMF 
DMSO, 
DMF, 
MeCN 

DMF 
DMSO, 
DMF 

Reaction 
times (min) 

0.5, 1, 2, 3, 
4, 5, 6, 7 

2.5  15, 30 2, 5, 10 30 15, 30 

Temperatures 
(°C) 

100, 120, 
140, 160, 
180, 200, 
220, 240 

110, 120, 
130, 140, 

160 
150 

90, 140, 
160, 180, 

200* 
160 130, 160 

Base types 

TBAHCO3, 
K222 / 

K2CO3, K222 
/ Cs2CO3 

K222 / 
KHCO3 

K222 / 
K2CO3 

K222 / K2CO3 
K222 / 

K2CO3 
K222 / 

K2CO3 

Base 
amounts 
(nmol) 

480, 320, 
240, 160, 
80, 40, 20, 

10 and 
240/120 

2850 / 
2590 

25000 / 
12000 

12000 / 
6000# 

2800/ 1200 
25000 / 
12000┼ 

Precursor 
amounts 
(nmol) 

560, 400, 
280, 160, 
80, 40, 20, 

10 

1500 
24220, 
12000, 

5100, 3030 

24000, 
15000, 
12000, 
51000, 
3000 

18000, 
21000 

6000, 
12000, 
13000, 
13000, 
19000, 
24000, 
25000, 
25000, 
25400, 
36000 

Total number 
of different 
conditions 

tested 

85 13 3 19 1 14 

Total number 
of 

experiments 
performed 

335 13 23 52 15 14 

#Not reported but the amount of K222 was computed based on the amount of precursor and an 
indicated precursor to K222 / K2CO3 molar ratio of 0.5:1. Ratio of K222 to K2CO3  needed to calculate 
K2CO3 was inferred from a paper they referenced148 
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┼Based on 1:1 precursor to K222 / K2CO3 molar ratio. Note: different volumes of solvent were used 
as an additional parameter (0.5, 1.0, 1.5, and 2.0 mL) 
*In the microwave reactor, the pressure was also varied (0, 100, and 200 kPa). 

 

Leveraging the increased throughput of our platform, we performed a series of experiments to 

explore more comprehensive ranges of each parameter with finer granularity (typically 8 values 

each) and more replicates. Parameters explored included: (i) reaction temperature, (ii) amount of 

base, (iii) amount of precursor, (iv) reaction time, (v) reaction solvent, and (vi) type of base and 

phase-transfer catalyst. Full details and results for each set of experiments can be found in 

Appendix 4.4.3. Since most literature reported the use of the solvents N,N-dimethylformamide 

(DMF) and dimethyl sulfoxide (DMSO)33,143, the studies we performed for parameters i – iv were 

carried out using each of these solvents. As an example of how each experiment was set up, 

Figure 4-3 shows how four chips were used to explore reaction temperature. The figure also 

shows the images of residual radioactivity on the chips after synthesis, and the Cerenkov images 

of the TLC plates used to evaluate conversion. 
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Figure 4-3. Experimental set up for one batch of experiments that explored the influence 
of reaction temperature (8 values) and solvent (2 types) for the synthesis of 
[18F]Flumazenil. 
(A) Assignment of 64 reaction sites. Half of the reaction sites were used first to explore 4 different 
temperatures in the first set of 32 simultaneous reactions. Then the other half of the sites were 
used for the remaining 4 temperatures. (B) Cerenkov images show the distribution of the residual 
activity on each chip after collecting the crude products.  Radioactivity signal is decay-corrected 
to a common timepoint for all images. The reaction marked with an “X” was not analyzed (by 
mistake the precursor droplet was not added to reaction site). (C) Cerenkov images of developed 
TLC plates (each containing 8 samples) for reactions that used DMSO as the reaction solvent. 
(D) Separated crude samples using DMF as the reaction solvent. Dashed circles indicate the 
ROIs used for analysis. The dashed red arrow indicates the direction of solvent movement during 
development. White dotted lines represent the boundary of each multi-sample plate. 
 

The resulting performance calculations for each condition are tabulated in Appendix 4.7.5 

Table 4-4 and the performance is plotted in Figure 4-4A. The fluorination efficiency increased 

strongly with temperature. However, unlike other droplet-based reactions, volatile losses during 

the fluorination reaction, as well as residual activity stuck to the chip after collection, led to 
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declining collection efficiency with increasing temperature. (Generally, the amount of volatile loss 

dominated and was about 15 - 10x higher than the residual loss.) The resulting crude RCY 

exhibited a peaking behavior with a maximum of 13.5 ± 0.6 (n=4) at 200 °C (with DMF). Consistent 

with these trends, Wong et al. found temperature of a flow reactor to be an essential factor with 

fluorination efficiency increasing from ~0% at 120 °C  to ~20% at 160 °C using DMF as the solvent, 

and from ~0% to ~5% using DMSO33.  Mandap et al., using a microwave reactor, also found that 

fluorination efficiency increased substantially with temperature to a maximum value and then 

declining somewhat at higher temperatures143. 

We should point out that typically only the radiofluorination efficiency (as determined by radio-

HPLC or radio-TLC) and/or radiochemical yield is reported in optimization experiments, making it 

difficult to make detailed comparisons with droplet reactions. Reporting only radiofluorination 

efficiency can be misleading as many potential losses (e.g. volatile losses or residual activity stuck 

on vials or tubing, which can be significant149) are not accounted for. Reporting only radiochemical 

yield accounts for losses, but all the losses (from various synthesis steps or purification) are 

lumped together. Significant discrepancies have been reported between radiochemical 

conversional and radiochemical yield for [18F]Flumazenil141,142,144. For example, Vaulina et al. 

observed fluorination efficiency (TLC) of 25% but obtained only a 2% isolated yield after HPLC 

purification and SPE formulation, or 9% after SPE-based purification/formulation141. Massaweh et 

al. found that despite a fluorination efficiency (TLC) of 27-35%, isolated yield was only 2-5% 145, 

though it improved to 15-20% after mobile phase optimization144. While these discrepancies may 

reflect high losses during the purification/formulation step141, these reports do not contain 

sufficient details or data to rule out other losses (e.g. residual activity on reaction vessel or tubing, 

volatile losses, etc.) 

The temperature was fixed at 200 °C for subsequent experiments. With increasing base 

amount (Figure 4-4B), we observed the fluorination efficiency to increase from near zero and 
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plateau at a maximum value when base amount reached ~150-200 nmol. Collection efficiency 

exhibited an inverse behavior, and the overall crude RCY for DMF (the higher performing solvent) 

exhibited a sharp increase and then plateau starting at ~160 nmol of base. 240 nmol (where the 

crude RCY was only marginally lower) was selected as the optimal amount to provide robustness 

against pipetting errors. Study of increasing precursor amount (Figure 4-4C) showed rapid 

increases up to ~80 nmol and then a plateau, for fluorination efficiency, collection efficiency and 

crude RCY. The highest crude RCY (with DMF, the higher performing solvent) occurred at a 

precursor amount of 280 nmol, which was selected as the optimal condition.  The strong impact 

of precursor amount below the plateau is consistent with Mandap et al., who reported low 

fluorination efficiency (<3%, n = 1) for 1 mg of precursor in DMF at 160°C, and high values (~30%) 

with 2-8 mg of precursor.  Ryzhikov et al. also found marked differences in fluorination efficiency 

in pairwise comparisons of precursor amounts145. Unfortunately, the reaction volume is given as 

a range in both papers, making it impossible to compare the concentration values. In many 

reactions, the ratio of base to precursor is a relevant parameter and we thus plotted the reaction 

performance as a function of this ratio in Figure 4-24. Ratios in the range ~1-3 gave the highest 

crude RCY, with a rapid drop for lower ratio values and a gradual drop for higher values. When 

exploring increasing reaction time (Figure 4-4D), fluorination efficiency exhibited a gradual 

increase, and the collection efficiency exhibited an inverse trend (mostly due to volatile activity 

loss). The resulting crude RCY in DMF (the better performing solvent) exhibited a decrease with 

time, with a maximum of 15.4 ± 0.9% (n = 4) for a 0.5 min reaction. Though reaction time has not 

been extensively studied in the literature, longer times seemed to improve the synthesis 

performance in closed reactors. Ryzhikov et al. observed an increase in fluorination efficiency 

from 39% (n = 1) to 80% (n = 1) when increasing the time from 15 to 30 min145. 

Considering the high volatile losses at high temperatures and longer reaction times, we 

explored additional high boiling point reaction solvents (Figure 4-4E), including N-methyl-2-
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pyrrolidone (NMP), 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), and ethylene 

glycol, which have been used in other radiosyntheses150,151. Fluorination efficiency and crude RCY 

were significantly improved using NMP compared to DMF. As a final test we compared the 

influence of the type of base and phase-transfer catalyst (Figure 4-4F) in the reaction solvents 

DMF, DMSO, and NMP. The best combination was NMP with TBAHCO3; much lower 

performance was observed with K222/K2CO3 and K222/Cs2CO3. The optimized conditions (NMP 

reaction solvent, 240 nmol base (TBAHCO3), and 280 nmol precursor in an 8 µL droplet at 200 

°C for 0.5 min) resulted in fluorination efficiency of 37.5 ± 0.8 (n = 4), collection efficiency of 51 ± 

1 (n = 4) and crude RCY of 19.1 ± 0.6% (n = 4).  Purification via analytical HPLC (Figure 4-50) for 

a batch that had a crude RCY of 18.0% gave an isolated yield of 11.6% (n = 1). Further 

optimization of purification may lead to modest improvements but was not investigated. Notably, 

the droplet-based synthesis could achieve useful isolated yields that are only slightly below the 

isolated yields reported by others (Table 4-12) while offering multiple advantages, including 

completion within only ~35 min (20 min for synthesis and HPLC purification, with an estimated 

~15 min needed for formulation152)  instead of 55-80 min 143–145, and 100x reduced precursor 

consumption143–145. 
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Figure 4-4. Influence of reaction parameters on the performance of the microdroplet 
radiosynthesis of [18F]Flumazenil. 
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For each parameter, influence on fluorination efficiency, collection efficiency, and crude RCY are 
plotted individually. (A) Effect of temperature (and solvent). Precursor amount: 280 nmol. 
Reaction volume: 8 µL. Base amount: 480 nmol. Reaction time: 2 min. (B) Effect of amount of 
base (and solvent). Precursor amount: 280 nmol. Reaction volume: 8 µL. Reaction temperature: 
200 °C. Reaction time: 2 min. (C) Effect of precursor concentration (and solvent). Reaction 
volume: 8 µL. Base amount: 240 nmol. Reaction time: 2 min. Reaction temperature 200 °C. (D) 
Effect of reaction time (and solvent). Precursor amount: 280 nmol. Reaction volume: 8 µL. Base 
amount: 240 nmol. Reaction temperature: 200 °C. (E) Effect of reaction solvent. Precursor 
amount: 280 nmol. Reaction volume: 8 µL. Base amount: 240 nmol. Reaction temperature: 200 
°C. Reaction time: 0.5 min. (F) Effect of the base type (and solvent). Precursor amount: 280 nmol. 
Reaction volume: 8 µL. Base amount: 240 nmol. Reaction temperature: 200 °C. Reaction time: 
0.5 min. 
 

4.4.4 Optimization of [18F]PBR06 radiosynthesis  

To demonstrate versatility of the high-throughput approach, we next used the platform to 

perform an optimization of the radiosynthesis of [18F]PBR06. This tracer detects microglial 

activation by targeting the translocator protein (TSPO) and is used for monitoring treatment 

response in Huntington’s disease153, imaging neuroinflammation, and monitoring tumor 

progression154. Using the commercially-available tosylate precursor for the radiosynthesis, 

isolated yields of [18F]PBR06 in the range 30-60% have been reported in literature154,155; however, 

to our knowledge, no studies have been reported on the influence of different reaction conditions 

on the radiosynthesis performance.  

Full details of all parameters we explored (precursor amount, base amount, temperature, 

reaction time, and type of base / phase transfer catalyst) are included in the Appendix 4.7.6. 

Similarly to [18F]Flumazenil, studies of each parameter were performed in the following two 

different reaction solvents: DMSO (commonly reported in literature154,155), and a 1:1 (v/v) mixture 

of thexyl alcohol and MeCN (used in aliphatic radiofluorinations of other tosylate precursors61). In 

the study of precursor amount (Figure 4-5A), reactions in the mixed solvent showed a rapidly 

increasing fluorination efficiency with increasing precursor amount, reaching a plateau of ~100% 

at ~100-200 nmol of precursor, and the collection efficiency was consistently high. The resulting 

crude RCY increased rapidly as precursor amount was increased, reaching a plateau of 91 ± 4% 

(n = 4) at 160 nmol of precursor. Interestingly, for reactions performed in DMSO, the trends were 
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similar for precursor amounts below ~100-200 nmol precursor, but for higher precursor amounts, 

the fluorination efficiency, collection efficiency, and crude RCY showed gradual to moderate 

decrease instead of leveling off. Still, the maximum crude RCY using DMSO (86 ± 6%, n = 4) was 

similar to that obtained using the mixed solvent. 

In the studies of base amount (Figure 4-5B), fluorination efficiency, collection efficiency, and 

crude RCY were relatively unaffected, showing only modest reductions when the amount of base 

was lower than ~150 nmol. The crude RCY was maximal at 240 nmol of base. In the study of 

reaction temperature (Figure 4-5C), the fluorination efficiency was relatively independent of 

temperature when using the mixed reaction solvent. When using DMSO, the fluorination was 

highest from 90 – 130 °C. Collection efficiency was consistently high across all temperatures (and 

for both solvents), and the crude RCY mirrored the fluorination efficiency.  A temperature of 100 

°C was selected. The reaction time (Figure 4-5D) had almost no impact, with high crude RCY in 

all cases except for DMSO at 0.5 min, where the crude RCY was substantially lower. Finally, we 

found no significant difference when using TBAHCO3 compared to the typically reported phase 

transfer catalyst K222/K2CO3 when using the mixed solvent; however, when using DMSO as the 

reaction solvent, the fluorination efficiency and crude RCY were slightly lower when using 

K222/K2CO3 compared to TBAHCO3 (Figure 4-5E). The results for DMSO were lower overall due 

to the suboptimal reaction time used in this comparison.  

Overall, the optimal conditions (240 nmol of TBAHCO3, 160 nmol of precursor in 8 µL of thexyl 

alcohol: MeCN (1:1 v/v), 100 °C, 0.5 min) gave a fluorination efficiency of 97.4 ± 0.2% (n = 4) and 

crude RCY of 94 ± 2% (n = 4). Compared to conventional methods (Table 4-19), our optimal 

conditions were significantly quicker (0.5 vs 15 min reaction time)154 and milder (100 vs 140 °C)154. 

We performed purification via analytical-scale radio-HPLC (Figure 4-51) and obtained an isolated 

yield of 75.8 % (n=1). Though we did not perform formulation to determine the overall RCY, this 

compares favorably with the overall RCY values (30-60%) reported in literature154,155, consumed 

10-30x less precursor154,155, and was a shorter synthesis process (~35min, i.e. 20 min for 
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synthesis and HPLC purification, plus an estimated ~15 min needed for formulation152), compared 

to 50 min reported in literature155. 

 

Figure 4-5. Influence of reaction parameters on the performance of the microdroplet 
radiosynthesis of [18F]PBR06. 
For each parameter, influence on fluorination efficiency, collection efficiency, and crude RCY are 
plotted individually.  (A) Effect of precursor concentration (and solvent). Reaction volume: 8 µL. 
Base amount: 240 nmol. Reaction time: 5 min. Reaction temperature 100 °C. (B) Effect of amount 
of base (and solvent). Precursor amount: 160 nmol. Reaction volume: 8 µL. Reaction 
temperature: 100 °C. Reaction time: 5 min. (C) Effect of temperature (and solvent). Precursor 
amount: 160 nmol. Reaction volume: 8 µL. Base amount: 240 nmol. Reaction time: 5 min.  (D) 
Effect of reaction time (and solvent). Precursor amount: 160 nmol. Reaction volume: 8 µL. Base 
amount: 240 nmol. Reaction temperature: 100 °C. (E) Effect of the base type. Precursor amount: 
160 nmol. Reaction volume: 8 µL. Base amount: 240 nmol. Reaction temperature: 100 °C. 
Reaction time: 0.5 min. 
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4.4.5 Optimization of [18F]Fallypride radiosynthesis 

[18F]Fallypride is used to study diseases associated with the dopaminergic system, such as 

Parkinson’s, Huntington’s, and Alzheimer’s diseases156,157. We previously performed a preliminary 

study of the droplet synthesis of [18F]Fallypride from the tosylate precursor exploring the impact 

of the base amount, precursor amount, and reaction volume61. However, with only a single heater 

operating a single chip, reaction temperature and time could not previously be studied 

conveniently. Using the expanded capabilities of the multi-heater platform described here, we 

studied the impact of temperature and reaction time in combination with precursor concentration. 

Full details are in Appendix 4.7.7. As a function of increasing precursor concentration, the 

fluorination efficiency and crude RCY exhibit a rapid increase from near zero and reach a plateau, 

while the collection efficiency is consistently high. Surprisingly, nearly identical behavior was 

observed for reaction temperatures of 95, 110, and 125 °C; but at 80 °C it was evident that a 

higher precursor concentration was needed to achieve the maximal fluorination efficiency and 

crude RCY (Figure 4-6A). Maximum crude RCY occurred at 110 °C and 39 mM precursor. When 

examining the combined effect of precursor concentration and reaction time (Figure 4-6B), the 

impact of reaction time was nearly negligible, only leading to discernable differences when the 

precursor concentration was below ~20 mM. The highest crude RCY (93 ± 5%, n = 2) was 

obtained when running the reaction at 110 °C for 1.0 min, 240 nmol of TBAHCO3, and 39 mM 

precursor in 6 µL of thexyl alcohol: MeCN (1:1 v/v).  After purification by analytical HPLC (Figure 

4-52) the isolated yield was 74% (n = 1). The ability to perform a kinetic study like this in one set 

of simultaneous experiments is a significant advantage compared to the typical lengthy series of 

sequential studies with conventional instruments or microfluidic flow chemistry systems158–160. This 

approach likely also provides more reliable reaction times and temperatures than when repeatedly 

cooling and opening a single reaction to extract samples at different timepoints161. 
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Figure 4-6. Influence of temperature and reaction time on [18F]Fallypride production. 
(A) Investigation of [18F]Fallypride synthesis performance reaction performance as a function of 
reaction temperature and precursor concentration. Reaction volume: 6 µL. Base amount: 240 
nmol. Reaction time: 7 min. Reaction solvent: thexyl alcohol and MeCN (1:1 v/v) (B) Investigation 
of reaction performance as a function of reaction time and precursor concentration. Reaction 
volume: 6 µL. Base amount: 240 nmol. Temperature: 110°C. Reaction solvent: thexyl alcohol and 
MeCN (1:1 v/v). 

 

4.4.6 Optimization of [18F]FEPPA radiosynthesis 

As a final example, we performed a very limited optimization of the synthesis of [18F]FEPPA, a 

radiopharmaceutical that has been used in several pre-clinical and clinical settings in recent 

years162–166 to look at the overexpression of TSPO, which is known to be associated with a variety 

of neurodegenerative disorders. With the aid of the high-throughput platform to explore the 

influence of temperature (Appendix 4.7.8), we translated the synthesis into droplet format to 

leverage the advantages of small-volume reactions. We started with conditions like past droplet 

studies for other tracers using tosylate precursors. Since literature reports include a range of 9 to 

45 mM precursor concentration162–164,167, we chose an initial value of 30 mM. As a function of 

increasing temperature (Figure 4-7), the fluorination efficiency was ~10% at 60 °C and sharply 

increased to reach a plateau after 90 °C. The collection efficiency was consistently high at all 
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temperatures, and the resulting crude RCY showed a similar trend to the fluorination efficiency. 

The highest crude RCY (77 ± 2%, n = 4) was observed at a temperature of 110 °C for 2.0 min, 30 

mM precursor in 8 µL of thexyl alcohol: MeCN (1:1 v/v) solvent and 240 nmol of base (TBAHCO3). 

Compared to literature methods (Table 4-23), the reaction time is shorter (2 min vs 10 min162–

164,167), the droplet reaction consumes 40-50x less precursor, and the overall synthesis is shorter 

and has higher yield162–164,167. A batch was purified by analytical-scale HPLC (Figure 4-53) and the 

collected fraction was diluted (1:3, v/v) with 9 mM NaHCO3 to produce an isotonic solution 

appropriate for injection containing 440 MBq [12 mCi], sufficient for multiple preclinical studies. 

The overall 30 min synthesis had an RCY of 67% (n = 1).  

 

Figure 4-7. Effect of temperature on the performance of [18F]FEPPA synthesis. Reaction 
volume: 8 µL. Base amount: 240 nmol. Precursor amount: 240 nmol. Reaction time: 2 min. 
Reaction solvent: thexyl alcohol and MeCN (1:1 v/v). 
(A) Effect on fluorination efficiency. (B) Effect on collection efficiency. (C) Effect on crude RCY.  
 

4.4.7 Clinical-scale radiosynthesis 

The optimization experiments in this work were performed with ~14 MBq [0.38 mCi], where  

each reaction often yielded enough product for multiple mouse scans168,169. Nevertheless, we 

wanted to explore whether one of the optimized compounds ([18F]PBR06) could be scaled to 

clinically-relevant levels without changing any reaction conditions other than the amount of 

starting radioactivity. We’ve previously reported that significant scale-up is possible for 

[18F]Fallypride (7.2 GBq demonstrated)60, as well as O-2-[18F]fluoroethyl-L-tyrosine ([18F]FET) and 

[18F]Florbetaben (up to 0.8 GBq demonstrated for each)139. Experiments with increasing starting 
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activity up to 3.2 GBq (86 mCi) are described and shown in the Figure 4-54. While the crude RCY 

showed a slight reduction as starting activity increased due to a decrease in fluorination efficiency, 

the final quantities after purification and formulation would still be sufficient for several clinical 

doses. 

These results reinforce the ability to optimize small-scale reactions in a high-throughput 

fashion using the platform described here, and then scale up the starting activity to increase the 

output of a droplet radiosynthesis. In fact, the starting activity itself could be varied as a reaction 

parameter and studied with high throughput using the platform described in this paper. Studies 

are currently underway in our laboratory to explore in more detail how scale-up influences the 

performance. 

 Comparison to other optimization approaches 

With the platform presented here for performing parallel radiosyntheses in droplet format, we 

were able to rapidly and conveniently study the influence of various reaction parameters to obtain 

a detailed map of conditions that influence the synthesis performance. Each radiopharmaceutical 

synthesis could be extensively investigated (100s of data points) in a few days, requiring only a 

few batches of radioisotope. In total, for the four example compounds, 820 experiments were 

completed in 15 experiment days, with an average of 55 reactions per day. While the maximum 

number of experiments completed in a single day was 64, it is probably feasible to increase this 

number to ~96. The limiting factor is the tedious manual adding of reagents, collecting crude 

products, and performing TLC analysis. An automated platform for high-throughput 

experimentation is currently being developed, which could address these issues and perhaps 

increase reaction throughput further while also reducing radiation exposure and the chance for 

human error170. Performing many reactions per day saves on total time (and thus labor and other 

costs) for optimization and requires far fewer batches of radioisotope, significantly reducing 

radioisotope production and/or purchase and shipping costs. Importantly, since day-to-day 
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variation such as radioisotope quality or reagent preparation can sometimes also affect results171, 

reducing the total number of experimental days (and radioisotope batches) also reduces the 

confounding effects of this variability. Furthermore, using small-scale droplet reactions (i.e., 6-8 

µL) compared to conventional reactors (0.5-2.0 mL), reagent usage per datapoint was reduced 

by ~10-100x. The total amount of precursor consumed was only 30 mg for 355 data points for 

[18F]Flumazenil, 20 mg for 296 data points for [18F]PBR06, 6 mg for 128 data points for 

[18F]Fallypride, and 4 mg for 32 data points for [18F]FEPPA. These amounts are equivalent to just 

12 macroscale reactions for [18F]Flumazenil (5 mg each), 6-7 for [18F]PBR06 (3 mg each), 3 for 

[18F]Fallypride (2 mg each), and one for [18F]FEPPA. Moreover, the amount of product activity in 

some cases is sufficient for in vitro or pre-clinical in vivo imaging studies. This could be a 

tremendous advantage for new radiotracer development where the precursor is in short supply. 

The droplet platform allows the possibility of performing both optimization and initial preliminary 

biological studies in the shortest time using only a few mg of precursor.  

Aside from conventional radiosynthesizers, rapid and economical optimizations have also 

been performed using continuous-flow microfluidic platforms. Small boluses of reagents (10s of 

µL) are reacted sequentially under different conditions100,172 (up to 25 experiments per day have 

been reported173). While convenient for studying the influence of residence time, reactant 

concentrations and ratios (via changes in relative flow rates), and reaction temperature, varying 

other conditions (e.g. solvent) is cumbersome, requiring manual intervention and cleaning 

procedures for each change. In addition, some aspects (e.g. [18F]fluoride drying conditions) 

cannot be explored in a high-throughput fashion since they are performed outside the flow-

chemistry workflow. Droplet reactors are suitable for studying all of these variables and can 

perform reactions in parallel rather than sequentially.  An additional advantage of optimization 

using droplet reactions is that the multi-heater platform is compact (120 x 120 x 100 mm3), 

allowing operation in a small part of a hot cell or mini-cell. Its low weight (~900 g) makes the 
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system portable and easy to move in and out of a hot cell and occupies space only when 

optimization efforts are needed. In contrast, conventional radiosynthesizers and flow chemistry 

systems are typically much larger and integrated into infrastructure (gases, vacuum) and cannot 

easily be moved.  

A unique feature of the open microdroplet system is the convenience of visualizing and 

quantifying the radioactivity distribution on the chip surface via Cerenkov imaging at different 

stages of the synthesis process. This information enables a more comprehensive assessment of 

the performance of each step.  While some macroscale systems include radiation detectors near 

reaction vessels and cartridges that enable straightforward activity measurements on these 

components to help pinpoint losses149, other systems require removing / disassembling 

components to make activity measurements, which may be infeasible or inconvenient and 

increases radiation exposure. In comparison, this data can be readily gathered in parallel for many 

reactions at once in our high-throughput approach, saving significant time, reducing radiation 

exposure, and reducing the chance for errors.  

On the other hand, a limitation of this approach is that the open droplet format had significant 

volatile losses for some syntheses. While volatile losses were very low for [18F]PBR06, 

[18F]Fallypride, and [18F]FEPPA in droplet format (as well as many other tracers99,103,152), losses 

were significant for [18F]Flumazenil and were found to occur during the radiofluorination step. In 

contrast, in macroscale systems, the reactor is usually closed for the duration of the reaction, and 

losses during this step are generally likely to be lower. Of course, both droplet systems and 

conventional systems can exhibit volatile losses at other stages of the radiosynthesis process, 

such as during solvent evaporation steps. Despite the volatile loss, meaningful and repeatable 

experiments could still be performed. Moreover, the isolated yield for [18F]Flumazenil (which had 

substantial volatile loss) was only slightly below the range of isolated yields (before formulation) 

reported by others, suggesting that loss of the volatile species was not very detrimental to the 



85 
 

overall reaction performance, or perhaps that the reaction loss was offset by other improvements 

(e.g. perhaps the use of an analytical instead of semi-preparative HPLC column reduced the 

degree of purification loss). Of course, the volatile losses present a hazard that needs to be 

mitigated by operation of the system within an appropriate hot cell.  

While studies here were performed using a one variable at a time (OVAT) method, further 

optimization efficiency improvements might be achieved by integrating concepts like the design 

of experiments (DoE)171 and reaction modeling. In addition to the reactions optimized here, the 

droplet format is compatible with other 18F-labeled radiopharmaceuticals59,103,138,152. It can likely be 

used with other isotopes, including radiometals. Although designed for operation in a 

radiochemistry laboratory, the platform could possibly also be used for reagent-economical 

optimization of a wide range of chemical reactions outside the field of radiochemistry. Recently, 

several new platforms and techniques have been reported for performing screening of organic 

reactions in volumes of 1.5 –100 µL129,130, and our platform could provide an enhanced ability to 

vary reaction temperatures and times for different simultaneous reactions. 

 Conclusion  

In this work, we have developed a platform for radiosynthesis optimization relying on droplet-

based reaction arrays that enables many reactions (up to 64) to be performed in parallel, each 

with minimal reagent consumption. Combined with high-throughput analysis methods93, it is 

practical to perform hundreds of experiments in a matter of days. While similar in throughput to 

flow-chemistry-based optimization methods174, this platform allows studies of all stages of the 

synthesis process, including [18F]fluoride drying/activation, and it has been shown in previous 

work that the chips are also compatible with optimization of reactions having at least 2 synthetic 

steps138,152. It also allows reaction solvent and reagent amounts to be readily varied without the 

constraints of flow-based systems. Finally, product amounts can be scaled up after optimization 

by varying the starting activity. 
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As examples, we used the platform to perform the rapid optimization of the production of 

[18F]Flumazenil, [18F]PBR06, [18F]Fallypride, and [18F]FEPPA from their commercially-available 

precursors. Using the platform, a series of syntheses using different conditions (85 for 

[18F]Flumazenil, 74 for [18F]PBR06, 64 for [18F]Fallypride, and 8 for [18F]FEPPA), spanning 6 

different reaction parameters, were performed. Replicate studies were performed for each 

condition and the small standard deviation computed for each set of replicates indicated that the 

platform has high reproducibility. For [18F]Flumazenil, the observed trends were comparable to 

optimization studies performed using conventional radiosynthesizers. For other tracers there is 

limited optimization data in the literature.  

This platform conveniently brings the power and efficiencies of high-throughput 

experimentation to the field of radiochemistry.  It could find use in: (i) rapid refinement and 

optimization of radiosynthesis protocols for existing or novel radiopharmaceuticals, (ii) translation 

of known macroscale protocols into droplet format, and (iii) studies of novel labeling methods. The 

high throughput platform allows exploration of many more reaction conditions within the available 

parameter space, which can potentially lead to discovery of favorable reaction conditions that 

might not otherwise be attempted with conventional methods due to time, cost, and low 

throughput. The small amount of precursor required for each reaction is a crucial advantage, 

particularly in the early stages of novel radiopharmaceutical development where only a small 

amount of the starting material may be available; the high-throughput platform enables the 

development of syntheses within a short timeframe at low cost. 

 Appendix  

4.7.1 Multi-heater platform  

The platform was assembled as described in the manuscript from the following components: 

ceramic heaters (Ultramic CER-1-01-00093, Watlow, St. Louis, MO, USA), , epoxy glue (JB weld, 

Sulphur Springs, TX, USA), calcium silicate thermal insulation material (McMaster-Carr; Atlanta, 
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GA), 3D-printed nylon piece (Fictiv Inc., San Francisco, CA, USA), DC fans (Sanyo Denki model 

9GV3612G301), thermocouple amplifier board (AD8495 Breakout Board, Adafruit, New York, NY, 

USA), data acquisition module (DAQ; NI USB-6003, National Instruments, Austin, TX, USA), and 

solid-state relay (SSR, Model 240D05, Sensata-Crydom). Thermal paste (OT-201-2, OMEGA, 

Norwalk, CT, USA) was used to enhance thermal conductivity between the heaters and the multi-

reaction chips.  

Figure 4-8 shows a photograph of the entire platform composed of the high-throughput 

microdroplet apparatus and a separate control box (250 mm x 204 mm x 200 mm) that can be 

placed outside the shielding or hot cell. CAD models of the platform will be provided upon request. 

 

Figure 4-8. High-throughput microdroplet reaction platform. 
(A) Photograph of fully assembled high-throughput apparatus with control box inside a hot cell.  
(B) Photograph with control box located outside the cell to illustrate the small system footprint 
compared to a conventional radiosynthesizer (ELIXYS, Sofie, Inc., Culver City, CA, USA). C) 
Electronic wiring diagram of the high-throughput platform. 
 

4.7.2 Thermal simulations 

To prevent thermal crosstalk between heaters (i.e., one heater affecting the temperature of a 

neighboring heater), the heaters were mounted to a frame made of thermally insulating material. 
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Two different types of thermal insulation were explored: Thermo-12 Gold (Johns Manville, 

Brunswick, GA, USA) and Firetemp – X (Johns Manville). We chose to use Firetemp-X as it could 

be readily machined, in contrast to Thermo-12 Gold, which we found too flaky and fibrous. To 

understand if the spacing of the heaters (19.3 mm gap) was enough to prevent thermal crosstalk, 

thermal modeling was performed on a simplified CAD model of the platform using Solidworks 

(Dassault Systems, Vélizy-Villacoublay France) with the Solidworks Simulation add-in. The model 

includes the thermal insulation frame and the heaters. The heaters were modeled as aluminum 

nitride blocks having a thermal conductivity of 285 W/m-K. The frame was modeled as Firetemp–

X; according to manufacturer specifications, the thermal conductivity of this material depends on 

operating temperature, so we chose a value of 0.094 W/m-K, which corresponds to an estimated 

operating temperature range of 60-150°C. The model included a thin layer (200 μm) of JB Weld 

epoxy between the heaters and insulating material, with thermal conductivity of 0.2 W/m-K. A 

thermal resistivity value of the interface between the heater and the insulation was set to be 0.001 

m2K/W. This value is derived from both the thermal conductivity of the epoxy and the contact area 

(allowing for heat transfer) of the heater and insulating material. Bulk ambient temperature and 

starting temperatures in the model were set to 298 K, and the convective coefficient for stagnant 

air was modeled as 25 W/m2-K. A convection boundary condition using the convective coefficient 

listed above was applied to all outward-facing surfaces. Each heater was defined to have a heater 

power of 150 W.  A high-quality mesh was applied to the model resulting in 17239 nodes and 

9796 total elements.   

A simple steady-state thermal simulation was performed to analyze the overall temperature 

distribution of the construct with each of the four heaters set to different temperatures. The 

resulting temperature distribution from the simulation can be seen in Figure 4-9. 
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Figure 4-9. Temperature influence from heater to heater. 
Steady-state temperature distribution of the four-square heaters mounted in the insulating 
construct, with setpoints of 323, 373, 298, and 423 K (clockwise, starting at top left). The 
annotated probe points represent approximate midpoints between adjacent heaters. 
 

The simulation shows that with the designed spacing, heaters are not affected by their 

neighbors, even for the room temperature (298 K) heater operated adjacent to the hottest (423 

K) heater. When probing the insulating material between different pairs of heaters, the highest 

temperature increase at the midpoint was 10.3 K (between 423 K and 323 K heaters), and the 

lowest was 3.7 K (between 373 K and 298 K heaters). The temperature change of the insulating 

material right near the edge of the heater set to 298K was zero confirming adequate insulation of 

the heater from neighboring heaters 

The model results were verified empirically on the heating platform through thermal imaging. 

The heaters on the heating platform were set to different temperatures, and the system was 

allowed to reach a steady-state. In this study, heaters 1 to 4 (i.e., counterclockwise, starting from 

the top right) were set to 373K, 323K, 413K, and 305K, respectively. The thermal IR plot can be 

seen in Figure 4-10. Positions probed between adjacent heaters on the insulating material show 

a maximum increase of 5.1 K compared to the temperature of the heater set to the lowest 

temperature (305 K), suggesting that the insulating material can adequately prevent thermal 

crosstalk.  
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Figure 4-10. Thermal image of the heater platform. 
Box 1 through 4 corresponds to areas within heaters 1 through 4. Locations of spot probes 
between heaters are also shown. 
 

Following the initial steady-state simulation, a transient simulation was performed to estimate 

the cooling time required for the system to reach room temperature. The model was set up similar 

to that of the static heating model mentioned above with some minor modifications. The transient 

model was performed over 600 s with a 1 s step size. Different simulations were performed using 

different starting temperatures (413 K, 373 K, 323 K) applied to all heaters. The bulk ambient 

temperature was set to 298 K. To mimic active cooling using fans, a convective coefficient of 200 

W/m2-K was applied to all surfaces in contact with the cooling airflow. The surfaces are highlighted 

in Figure 4-11 by the green cones.  All the other exposed surfaces were set with a convective 

coefficient for stagnant air modeled as 25 W/m2-K. A solid mesh was applied consisting of 21594 

nodes and 12641 elements.  
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Figure 4-11. CAD model of the insulating material with embedded heaters. 
The green cones indicate the surfaces affected by active fan cooling.  
 
 

For each simulation, temperature readings positioned at the center of each heater were 

measured as a function of cooling time. Due to symmetries in the geometry, all heaters behaved 

identically. Cooling temperature profiles for heater 1 as a function of different starting 

temperatures can be seen in Figure 4-12. The required cooling time (to 303K) decreases as we 

decrease the starting temperature. For starting temperatures of 413K, 373K, and 323K, the 

cooling times were 108 s, 93 s, and 55 s, respectively. Empirical performance (presented in the 

main paper) was found to have a slower cooling time than the simulation. 
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Figure 4-12. Simulated cooling temperature profiles as a function of time for different 
starting temperatures. 
The cooling setpoint temperature is plotted as a yellow line to visualize better when this setpoint 
temperature has been reached. 
 

4.7.3 Heater calibration and characterization 

We initially performed a 2-point linear calibration of thermocouple signal versus temperature 

by submerging each heater in 2 different water baths (ice water: 0°C; boiling water: 100°C) and 

measuring the output voltage from the corresponding thermocouple amplifier. Water baths were 

prepared in 500 mL glass beakers with stir bars, and the temperature was measured 

independently with a calibrated digital thermometer (53 II B, Fluke, Everett, WA, USA). The 

temperature stability of the heaters was assessed by setting each heater to a set temperature 

(50, 100, and 140 °C) and observing the integrated thermocouple measurement for 5 min (Figure 

4-13). Temperature data were recorded every 0.5 s using the DAQami program (National 

Instruments) and plotted to examine the heating rate, cooling rate, and temperature stability at 

the setpoint.  
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Figure 4-13. Temperature stability of the four heaters at three different temperatures. 
In each case, the heater was activated, and once it reached the setpoint, it was maintained at 
that temperature for 5 min, followed by forced-air cooling. (A) Heater 1; (B) Heater 2; (C) Heater 
3; (D) Heater 4. 
 

To improve accuracy, a 3-point linear calibration was later performed using a thermal camera 

(T440-25, FLIR, Wilsonville, OR, USA) to measure the average temperature on the heater 

surfaces (set at 50, 100, 140 °C, using the original calibration). For each thermal image, the 

temperature was allowed to stabilize for 5 min before recording the image. The spatial uniformity 

of temperature distribution was assessed via thermal imaging after this final calibration. Table 4-2 

shows the average thermocouple reading and standard deviation for the plots in Figure 4-14 and 

Figure 4-15. Average and standard deviation were computed from the 5 min region where the 
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temperature had stabilized. All heater temperatures exhibited a standard deviation of <1 °C over 

time.  

 
Table 4-2. Average heater temperatures during 5 min heating. 

 Average ± standard deviation (°C) 

Setpoint (°C) Heater 1 Heater 2 Heater 3 Heater 4 All Heaters 

50 48.5 ± 0.4 48.1 ± 0.5 46.6 ± 0.5 47.9 ± 0.6 47.8 ± 0.8 

100 97.0 ± 0.5 97.4 ± 0.5 95.4 ± 0.4 96.9 ± 0.5 96.7 ± 0.9 

140 136.3 ± 0.5 137.1 ± 0.5 135.5 ± 1.4 136.0 ± 0.5 136.2 ± 0.7 

 
 
 
 
 
 
 

 
Figure 4-14. Thermal images of all four ceramic heaters (columns) surface at three different 
temperature setpoints (rows). 
The color represents the deviation of each pixel from the mean temperature. The dark areas show 
the pixels that deviate by >2% from the mean. 
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Figure 4-15. The same data as Figure 5.14 was replotted in 3D to provide a different 
illustration of uniformity. 
 

Regions of the heater with deviations >2% were considered to be unusable. Table 4-3 

summarizes the size of unusable regions of each heater at different set temperatures. The 

maximum width of the unusable region was 1.5 mm across all heaters and temperature setpoints. 

The maximum fraction of unusable heater surface was 8.3% (always at the edges). 

 

Table 4-3. Summary of unusable regions of heaters, defined as areas where temperature 
value deviated >2% above or below the mean temperature of each heater (computed from 
thermal images). 

 
Unusable fraction of heater area 

(%) 
Max. width of unusable area (mm) 

Setpoint 
(°C) 

Heater 
1 

Heater 
2 

Heater 
3 

Heater 
4 

Heater 
1 

Heater 
2 

Heater 
3 

Heater 
4 

50 0.27 0.43 3.88 4.01 0.38 0.38 0.76 1.15 

100 0.33 0.98 6.85 3.90 0.38 0.38 1.15 1.14 

140 1.01 2.81 8.27 4.89 0.38 0.76 1.52 1.52 

 
 
 

Since the maximum width of the unusable region was 1.5 mm, we designed the multi-reaction 

chips such that the outermost 2.4 mm border was unused, and all reaction sites were entirely 
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located within the usable portion of the heater surface. Figure 4-16 shows the detailed chip 

design. Chips are installed onto the heater platform in the orientations shown in Figure 4-17. 

 

Figure 4-16. Chip dimensions. 
(A) Photograph of the chip with 16 reactions sites. The chip is made from silicon coated with 
Teflon AF, and then the Teflon AF layer is etched away in the circular regions. (B) The hatched 
region shows the unusable region of the chip (due to >2% temperature deviation from the mean 
temperature of the heater in these regions). (C) Detailed chip design. 
 

 
Figure 4-17. Chip positioning on heaters. 
(A) Orientation of heaters. Red dashed lines indicate the reference corner for the alignment of 
chips to heaters. (B) Example thermal images from heater surfaces, shown in the actual heater 
orientation. (C) Thermal images in this paper are all rotated such that reference corner is located 
at the top left of each image. 
 

4.7.4 Radio-TLC Methods 

In order to use high-throughput radio-TLC for analysis of [18F]Flumazenil, we first investigated 

different types of TLC plates (normal and RP-18 versions of silica gel 60 F254, Merck KGaA 
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Darmstadt, Germany) and mobile phases from literature141–143,145 (Figure 4-18). Crude samples 

were prepared in DMSO:water (2:1 v/v), and 1 μL samples were deposited on the TLC plates. 

Bands were identified by comparing their Rf values with the Rf values for samples of isolated (via 

HPLC purification) product. The best separation between [18F]fluoride, [18F]Flumazenil, and an 

unknown impurity was achieved using (normal) silica gel 60 F254 plates with 100% MeCN as the 

mobile phase. Due to the proximity of the impurity to the product under several conditions, it is 

possible that the bands might not be well resolved using some readout methods such as 

conventional radio-TLC scanners. When using DMSO as the reaction solvent, [18F]Flumazenil 

samples exhibited up to 3 bands: [18F]fluoride (Rf = 0), [18F]Flumazenil (Rf = 0.7), and an unknown 

impurity (Rf = 0.9), but while using DMF, only 2 bands were observed: [18F]fluoride (Rf = 0) and 

[18F]Flumazenil (Rf = 0.8), with no impurity evident (also not observed using radio-HPLC). 

 

 

Figure 4-18. Development of radio-TLC separation method for crude [18F]Flumazenil 
([18F]FMZ). 
(A) Silica gel 60 F254 plate with mobile phase of 100% MeCN. (B) Silica gel 60 F254 plate with 
mobile phase of ethyl acetate: ethanol (80:20 v/v) as reported in Ryzhikov et al.145. (C) Silica gel 

60 F254 plate with mobile phase ethyl acetate: ethanol: water (80:15:5 v/v) as reported in Vaulina 
el al.141 and Nasirzadeh et al.142. (D) RP-18 silica gel 60 F254 plate with mobile phase ethyl acetate: 

ethanol (95:5 v/v) as reported in Mandap et al.143. (E) RP-18 silica gel 60 F254 plate with mobile 

phase MeCN: water (90:10 v/v). Dashed circles represent the ROIs for analysis. The dashed 
arrow represents the direction of solvent flow during development. 
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[18F]PBR06 samples were spotted on silica gel 60 F254 plates and separated using 13:10:24:54 

(v/v) dichloromethane:chloroform:acetone:hexanes as the mobile phase. Chromatograms 

exhibited up to 2 bands: [18F]fluoride (Rf = 0) and [18F]PBR06 (Rf = 0.4). [18F]FEPPA samples were 

spotted on silica gel 60 F254 plates and separated using 25.6:37.5:36.5:0.4 (v/v) 

nBuOH:THF:hexanes:TEA as the mobile phase. Chromatograms exhibited up to 2 bands: 

[18F]fluoride (Rf = 0) and [18F]FEPPA (Rf = 0.6).  Figure 4-19 shows example TLC images 

confirming the separation. 

 

Figure 4-19. Cerenkov images of TLC plates confirming separation for [18F]PBR06 and 
[18F]FEPPA. 
(A) Isolated [18F]PBR06 (left lane) and the crude product after the end of synthesis (right lane). 
(B) Crude [18F]FEPPA (left lane) and isolated product (right lane). The dashed red arrows indicate 
the direction of solvent movement during development. (To show more details of bands, images 
are cropped and do not include the full extent of the TLC plate.) 
 

[18F]Fallypride samples were spotted on silica gel 60 F254 plates and separated using 60% 

MeCN in 25 mM HN4HCO2 with 1% TEA (v/v), as previously reported61. [18F]Fallypride 

chromatograms exhibited up to 3 bands: [18F]fluoride (Rf = 0), [18F]Fallypride (Rf = 0.8), and an 

impurity was previously reported when using high base amounts for the reaction (Rf = 0.9)61. 
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4.7.5 Optimization of [18F]Flumazenil synthesis 

4.7.5.1 Reaction temperature and solvent  
 

Experiments were performed by drying of [18F]fluoride/[18O]H2O under identical conditions (13-

15 MBq [0.35-0.40 mCi], mixed with 480 nmol of TBAHCO3), and then performing fluorination at 

different temperatures and in different solvents. The first batch of experiments was performed 

with heaters 1 – 4 set at 100, 120, 140, and 160 °C, respectively, and a second batch was 

performed with heaters 1 – 4 set at 180, 200, 220, and 240 °C, respectively (Figure 4-3A). Other 

parameters in the reaction were chosen to be similar to other syntheses we have adapted to 

droplet format, i.e., 8 µL reaction volume, 480 nmol of TBAHCO3, and 280 nmol of 

precursor61,103,138. The initial reaction time was chosen to be 2 min, matching the condition reported 

for a flow microreactor33. The crude [18F]Flumazenil product was then collected with 40 μL of 2:1 

v/v solvent/water mixture (i.e., the same solvent as used in the reaction). The collection solution 

loading and collecting were 10 μL at a time and were repeated a total of 4 times to minimize the 

residue left behind at the reaction. Cerenkov images of chips showing residual activity after 

collection are shown in Figure 4-3B of the main paper and radio-TLC data are shown in Figure 

4-3C & D. Detailed analyses for each individual reaction (collection efficiency, fluorination 

efficiency, crude RCY, and activity left on-chip) are tabulated in Table 4-4.  

Table 4-4. Summary of data acquired when exploring the effects of temperature and 
solvent in the radiosynthesis of [18F]Flumazenil. 

Solvent 
Temperature 

(°C) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency (%) 

n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

DMSO 

100 93.4 ± 1.7 1.1 ± 0.5 1.0 ± 0.5 0.6 ± 0.1 

120 90.6 ± 3.5 4.0 ± 0.4 3.6 ± 0.5 1.1 ± 0.2 

140 78.8 ± 4.4 9.7 ± 0.9 7.7 ± 0.6 1.6 ± 0.1 

160 64.6 ± 2.5 13.3 ± 1.1 8.6 ± 0.7 1.8 ± 0.2 

180 33.4 ± 0.7 26.1 ± 2.0 8.7 ± 0.8 1.7 ± 0.2 

200 25.7 ± 2.5 41.7 ± 3.4 10.7 ± 1.6 2.2 ± 2.0 

220 12.8 ± 2.3 47.1 ± 1.6 5.9 ± 1.1 8.9 ± 2.6 

240 10.3 ± 2.7 50.0 ± 1.6 5.2 ± 1.5 8.9 ± 2.5 

DMF 

100 93.6 ± 2.4 2.1 ± 0.5 2.0 ± 0.5 1.0 ± 0.2 

120 90.0 ± 0.3 5.1 ± 0.6 4.6 ± 0.6 2.0 ± 0.4 

140 75.8 ± 4.2 14.2 ± 2.8 10.7 ± 1.7 2.3 ± 0.5 
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160 65.7 ± 4.3 19.1 ± 1.8 12.5 ± 0.8 2.5 ± 0.2 

180 55.8 ± 3.2 21.7 ± 0.9 12.1 ± 0.8 2.9 ± 0.2 

200 49.0 ± 3.6 27.5 ± 0.9 13.5 ± 0.6 3.1 ± 0.5 

220 25.1 ± 3.3 30.5 ± 2.1 7.7 ± 1.4 5.4 ± 1.0 

240 17.9 ± 2.6* 39.1 ± 4.1* 7.0 ± 1.2* 5.7 ± 1.5 * 

*One reaction was performed incorrectly, and so only n=3 repeats are summarized 
 

4.7.5.2 Base amount and solvent  
 

Experiments to explore the effect of base amount were conducted by mixing 

[18F]fluoride/[18O]H2O (13-15 MBq [0.35-0.40 mCi]) with different amounts of the base TBAHCO3 

for the drying step as shown in Figure 4-20A. Chip 1 and 2 explored different base amounts using 

DMF as the solvent, and chips 3 and 4 explored different base amounts using DMSO as the 

solvent. All reactions were performed using 280 nmol of precursor in 8 μL of solvent and reacting 

for 2 min at 200 °C. Cerenkov images of chips showing residual activity after collection are shown 

in Figure 4-20B and radio-TLC data from reactions is shown in Figure 4-21. Detailed analyses 

for each reaction are tabulated in Table 4-5. 

 

Figure 4-20. Experimental setup for the exploration of base amount and solvent. 
(A) Experimental setup for one batch of experiments that explored the influence of base amount 
(8 values) and solvent (2 types) on the synthesis of [18F]Flumazenil. All 64 reactions were run 
simultaneously. (B) Cerenkov images showing the distribution of the residual activity on each chip 
after the collection of all the crude samples. Brightness is decay-corrected to a common timepoint 
for all images. 
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Figure 4-21. Cerenkov images of TLC plates (each containing 8 samples) after developing. 
In this case, each TLC plate contains samples from two different base amounts in one reaction 
solvent (n=4 replicates each). White dotted lines show the edges of each separate multi-sample 
TLC plate. (A) Spotted crude samples using DMF as the reaction solvent. (B) Spotted crude 
samples using DMSO as the reaction solvent. Dashed circles indicate the ROIs used for analysis. 
The dashed red arrow indicates the direction of solvent movement during development. The “X” 
represents an experimental error and was excluded from further analysis. 
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Table 4-5. Summary of data acquired when exploring the effect of the base amount in the 
radiosyntheses of [18F]Flumazenil in two different solvents. 

Solvent 
Base amount 

(nmol) 

Collection 
efficiency (%) 

n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

DMF 

480 47.0 ± 5.0 25.8 ± 3.6 12.1 ± 1.6 3.7 ± 1.9 

320 37.7 ± 8.0 30.5 ± 4.5 11.5 ± 0.5 5.4 ± 0.7 

240 38.7 ± 2.2 32.1 ± 2.8 12.4 ± 0.5 6.0 ± 2.0 

160 39.0 ± 3.9 32.7 ± 2.8 12.7 ± 0.9 7.9 ± 1.0 

80 27.7 ± 2.5 16.9 ± 3.1 4.6 ± 0.4 4.6 ± 0.2 

40 27.6 ± 2.5 7.0 ± 1.4 1.9 ± 0.5 4.9 ± 0.4 

20 37.6 ± 3.3 4.3 ± 0.7 1.6 ± 0.1 5.7 ± 0.7 

10 43.8 ± 3.0 1.1 ± 0.4 0.5 ± 0.1 6.8 ± 1.0 

DMSO 

480 43.0 ± 2.0 22.5 ± 2.5 9.7 ± 1.2 3.9 ± 1.0 

320 30.1 ± 0.5 32.5 ± 2.3 9.8 ± 0.3 5.2 ± 0.3 

240 27.9 ± 6.5 32.2 ± 1.8 9.0 ± 2.0 5.3 ± 0.8 

160 21.8 ± 2.7 22.9 ± 3.8 5.0 ± 1.2 5.2 ± 0.6 

80 25.6 ± 1.5 21.0 ± 2.0 5.4 ± 0.5 5.1 ± 0.3 

40 32.7 ± 2.2 8.2 ± 2.2 2.7 ± 0.6 5.3 ± 0.4 

20 45.6 ± 8.4 3.8 ± 1.5 1.6 ± 0.4 5.9 ± 1.3 

10 55.3 ± 4.8 1.9 ± 0.5 1.0 ± 0.2 6.9 ± 1.5 

*One reaction was performed incorrectly, and so only n=3 repeats are summarized 
 

4.7.5.3 Precursor amount and solvent  

  
Effect of precursor amount experiments were conducted as depicted in Figure 4-22A. Drying 

of [18F]fluoride/[18O]H2O was performed under identical conditions (13-15 MBq [0.35-0.4 mCi], 

mixed with 240 nmol of TBAHCO3), and the subsequent fluorination reactions were performed 

with different amounts of precursor dissolved in the 8 μL droplet and reacted at 200 °C for 2 min. 

Chips 1 and 2 used DMF as the solvent, while chips 3 and 4 used DMSO. Cerenkov images of 

chips showing residual activity after collection are shown in Figure 4-22B and radio-TLC data is 

shown in Figure 4-23. Detailed analyses for each individual reaction are tabulated in Table 4-6. 
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Figure 4-22. Experimental setup for the exploration of precursor amount and solvent. 
(A) Experimental setup for one batch of experiments that explored the influence of precursor 
amount (8 values) and solvent (2 types) on the synthesis of [18F]Flumazenil. All 64 reactions were 
performed simultaneously. (B) Cerenkov images show the distribution of the residual activity on 
each chip after collecting all the crude samples.  Brightness is decay-corrected to a common 
timepoint for all images. 
 

 

Figure 4-23. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. 
In this case, each TLC plate contains samples from two different precursor amount conditions in 
one reaction solvent (n=4 replicates each). White dotted lines show the edges of each separate 
multi-sample TLC plate. (A) Spotted crude samples using DMF as the reaction solvent. (B) 
Spotted crude samples using DMSO as the reaction solvent. Dashed circles indicate the ROIs 
used for analysis. The dashed red arrow indicates the direction of solvent movement during 
development. 
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Table 4-6. Summary of data acquired when exploring the effect of precursor amount in the 
radiosyntheses of [18F]Flumazenil. 

Solvent 
Precursor 

amount (nmol) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

DMF 

560 23.3 ± 6.8 39.2 ± 4.9 9.2 ± 3.1 2.7 ± 0.5 

400 21.0 ± 4.2 44.6 ± 4.6 9.5 ± 2.7 5.3 ± 0.5 

280 24.0 ± 3.3 47.9 ± 1.6 11.5 ± 1.4 6.1 ± 1.9 

160 19.6 ± 3.5 48.3 ± 5.3 9.5 ± 2.3 6.6 ± 0.6 

80 20.4 ± 0.5 54.5 ± 2.3 11.1 ± 0.3 5.9 ± 0.3 

40 10.0 ± 1.8 48.0 ± 9.0 4.7 ± 0.3 4.9 ± 0.7 

20 8.7 ± 0.9 41.6 ± 3.7 3.4 ± 0.2 4.3 ± 0.3 

10 7.3 ± 0.7 41.9 ± 4.0 3.1 ± 0.3 3.7 ± 1.0 

DMSO 

560 22.3 ± 1.9 43.9 ± 4.0 9.7 ± 0.4 5.5 ± 0.6 

400 24.9 ± 1.7 39.8 ± 3.0 9.9 ± 0.2 6.3 ± 0.8 

280 23.9 ± 2.8 35.4 ± 3.6 8.5 ± 1.6 5.6 ± 1.6 

160 21.6 ± 3.3 38.3 ± 4.8 8.2 ± 1.3 3.9 ± 0.7 

80 20.7 ± 2.3 36.8 ± 2.3 7.6 ± 1.0 9.1 ± 0.6 

40 17.3 ± 1.2 32.9 ± 1.8 5.7 ± 0.5 4.2 ± 0.8 

20 14.2 ± 1.2 27.7 ± 3.2 3.9 ± 0.7 3.6 ± 1.0 

10 13.0 ± 0.8 19.7 ± 3.3 2.5 ± 0.3 2.7 ± 0.7 

 

4.7.5.4 Effect of base to precursor ratio 

       
Figure 4-24 summarizes the effect of base to precursor ratio on collection efficiency, 

fluorination efficiency, and crude RCY. This data has all been previously presented above, but 

here it is reorganized to show the dependence on base to precursor ratio. Table 4-7 tabulates the 

values of base to precursor ratio used as the x-axis in Figure 4-24. 
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Figure 4-24. Summary of the impact of the base to precursor molar ratio on the synthesis 
of [18F]Flumazenil. 
Data points are derived from other experiments as indicated. Graphs in (A) used DMF as a 
reaction solvent. Graphs in (B) used DMSO as the reaction solvent. 
 
 
Table 4-7. Tabulated values of the base to precursor ratios used in both DMF and DMSO. 

 
Base:Precursor 

(nmol:nmol) 
Base:Precursor 

ratio 
 

Base:Precursor 
(nmol:nmol) 

Base:Precursor 
Ratio 

Data from 
base 

amount 
study 

480:280 1.71 

Data from 
precursor 
amount 
study 

240:560 0.43 

320:280 1.14 240:400 0.60 

240:280 0.86 240:280 0.86 

160:280 0.57 240:160 1.50 

80:280 0.29 240:80 3.00 

40:280 0.14 240:40 6.00 

20:280 0.07 240:20 12.0 

10:280 0.04 240:10 24.0 

 

4.7.5.5 Reaction time and solvent 
 

The study of the effect of reaction time on the synthesis of [18F]Flumazenil was conducted as 

shown in Figure 4-25A. First, [18F]fluoride/[18O]H2O was dried under identical conditions (13-15 

MBq [0.35-0.40 mCi], mixed with 240 nmol of TBAHCO3), and then the fluorinations were carried 

out for different amounts of time and in different solvents. All fluorinations used 280 nmol of 
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precursor in 8 μL of reaction solvent and were carried out at 200 °C. A first batch of experiments 

used reaction times of 30, 60, 120, and 180 s on heaters 1 – 4, respectively, followed by a second 

batch with reaction times of 240, 300, 360, and 420 s. Cerenkov images of chips showing residual 

activity after collection are shown in Figure 4-25B and radio-TLC data are shown in Figure 4-26. 

Detailed analyses for each individual reaction are tabulated in Table 4-8. 

 

Figure 4-25. Experimental setup for to study the effects of time and reaction solvent. 
(A) Experimental setup for one batch of experiments that explored the influence of reaction time 
(8 values) and solvent (2 types) on the synthesis of [18F]Flumazenil.  (B) Cerenkov images 
showing the distribution of the residual activity on each chip after collection of all the crude 
samples.  Brightness is decay-corrected to a common timepoint for all images. The reaction 
marked with an “X” was not analyzed as a mistake was made in the reaction. 
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Figure 4-26. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. 
In this case, each TLC plate contains samples from two different time conditions in one reaction 
solvent (n=4 replicates each). White dotted lines represent the boundary of each multi-sample 
plate. (A) Spotted crude samples using DMSO as the reaction solvent. (B) Spotted crude samples 
using DMF as the reaction solvent. Dashed circles indicate the ROIs used for analysis. The 
dashed red arrow indicates the direction of solvent movement during development. 
 
Table 4-8. Summary of data acquired when exploring the effect of reaction time and solvent 
in the radiosyntheses of [18F]Flumazenil. 

Solvent Time (min) 
Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%) 

n=4 

DMSO 

0.5 27.1 ± 0.7 26.7 ± 2.7 7.2 ± 0.8 2.5 ± 0.1 

1.0 20.2 ± 0.6 36.4 ± 8.8 7.4 ± 1.8 2.8 ± 0.6 

2.0 14.2 ± 1.9 44.1 ± 4.3 6.2 ± 0.7 4.5 ± 0.4 

3.0 15.8 ± 1.0 65.0 ± 3.4 10.3 ± 0.7 4.5 ± 0.4 

4.0 14.9 ± 1.2 63.4 ± 3.9 9.4 ± 0.8 5.1 ± 0.9 

5.0 12.7 ± 4.4  60.1 ± 4.2 7.6 ± 2.2 7.7 ± 2.9 

6.0 12.5 ±0.8 60.8 ± 4.5 7.5 ± 1.0 5.2 ± 0.6 

7.0 16.8 ± 0.4* 66.7 ± 4.9* 11.2 ± 0.6* 7.2 ± 0.9* 

DMF 

0.5 35.7 ± 1.6 43.1 ± 2.0  15.4 ± 0.9 4.9 ± 0.2 

1.0 29.4 ± 4.4 47.5 ± 3.8 14.0 ± 2.4 5.1 ± 0.9 

2.0 26.8 ± 2.2 51.4 ± 1.6 13.7 ± 1.3 6.2 ± 0.5 

3.0 26 ± 2.1 54.4 ± 5.2 14.4 ± 1.5 6.7 ± 1.5 

4.0 18.3 ± 1.7 55.9 ± 4.0 10.6 ± 1.2 5.8 ± 0.2 

5.0 17.7 ± 0.3 59.8 ± 2.8 10.6 ± 0.4 6.0 ± 0.2 

6.0 18.8 ± 1.3 57.8 ± 2.1 11.0 ± 0.5 5.5 ± 0.3 

7.0 16.3 ± 0.8 61.2 ± 4.4 10.0 ±0.8 6.4 ± 0.4 

*Reaction was performed incorrectly and so only n=3 repeats are summarized 
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4.7.5.6 Further studies of reaction solvent and temperature  
 

We further explored the use of different aprotic solvents with a high boiling point for reactions 

at 200°C. In addition to DMF and DMSO, the solvents tested were N-methyl-2-pyrrolidone (NMP; 

BP: 202 °C), 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU; BP: 247 °C), and 

ethylene glycol (BP: 197 °C). The experimental design is described in Figure 4-27A. Experiments 

were performed by drying of [18F]fluoride/[18O]H2O under identical conditions (13-15 MBq [0.35-

0.40 mCi], mixed with 240 nmol of TBAHCO3), and then performing fluorination in different 

solvents (each replicated n=3 times).   Cerenkov image of the chip showing residual activity after 

collection is shown in Figure 4-27B, and radio-TLC data is shown in Figure 4-28. Detailed 

analyses for each individual reaction are tabulated in Table 4-9. 

 

Figure 4-27. Solvent effect experimental set up. 
(A) Experimental setup for one batch of experiments that explored the influence of type of solvent 
(5 types) on the synthesis of [18F]Flumazenil. (B) Cerenkov images showing the distribution of the 
residual activity on each chip after collection of all of the crude samples. 
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Figure 4-28. Cerenkov images of TLC plates (each containing 3 samples) after developing 
in the mobile phase. 
In this case, each TLC plate contains samples using one of the reaction solvents (n=3 replicates 
each). Dashed circles indicate the ROIs used for analysis. The dashed red arrow indicates the 
direction of solvent movement during development. 
 
Table 4-9. Summary of data acquired when exploring the effect of type of base and reaction 
solvent in the radiosyntheses of [18F]Flumazenil. 

Solvent 
Collection 

efficiency (%) 
n=3 

Fluorination 
efficiency (%) 

n=3 

Crude RCY (%) 
n=3 

Activity left on 
chip (%) 

n=3 

NMP 37.4 ± 1.1 48.8 ± 6.5 18.2 ± 2.0 5.0 ± 0.3 

DMPU 49.5 ± 8.2 18.1 ± 3.5 8.8 ± 0.3 3.1 ± 0.8 

Ethylene glycol 108.5 ± 5.0 2.3 ± 0.5 2.5 ± 0.4 0.6 ± 0.1 

DMF 46.1 ± 1.8 32.8 ± 2.3 15.1 ± 0.5 10.5 ± 2.9 

DMSO 35.1 ± 4.5 25.3 ± 0.2 8.9 ± 1.1 5.7 ± 0.6 

 
We then explored the effect of temperature using NMP as reaction solvent for the 

radiosynthesis of [18F]Flumazenil, as shown in Figure 4-29A. Experiments were performed by 

drying of [18F]fluoride/[18O]H2O under identical conditions (13-15 MBq [0.35-0.40 mCi], mixed with 

240 nmol of TBAHCO3), and then performing fluorination at different temperatures. Though this 

experiment could be implemented using 4 chips on 4 heaters, since only 4 reaction sites were 

needed per temperature value, the experiment was instead performed using just 2 chips in 

multiple batches. The first batch of experiments was performed with heaters 1 and 2 set at 100 

and 120 °C, respectively, a second batch with temperatures of 140, 160 °C, the third batch with 

temperatures of 180 and 200 °C, and a final batch with temperatures of 220 and 240 °C. All 

reactions were performed in 8 µL volume, with 240 nmol base, 280 nmol precursor, and 0.5 min 

reaction time. Cerenkov images of chips showing residual activity after collection are shown in 

Figure 4-29B, and radio-TLC data are shown in Figure 4-30. Detailed analyses for each 
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individual reaction are tabulated in Table 4-10, and the results are plotted in Figure 4-31. The 

optimal temperature was 200 °C, giving a crude RCY of 19.1 ± 0.6% (n=4). 

 

Figure 4-29. NMP solvent and temperature study. 
(A) Experimental setup for one batch of experiments that explored the influence of reaction 
temperature (8 values) in NMP as reaction solvent on the synthesis of [18F]Flumazenil. (B) 
Cerenkov images showing the distribution of the residual activity on each chip after collection of 
all the crude samples. Brightness is decay-corrected to a common timepoint for all images. 
 

 
Figure 4-30. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. 
In this case, each TLC plate contains samples from two different temperatures (n=4 replicates 
each). White dotted lines show the edges of each separate multi-sample TLC plate. Dashed 
circles indicate the ROIs used for analysis. The dashed red arrow indicates the direction of 
solvent movement during development. 
 

 
Figure 4-31. Effect of temperature on the performance of [18F]Flumazenil synthesis with 
NMP as the reaction solvent. 
(A) Effect on fluorination efficiency. (B) Effect on collection efficiency. (C) Effect on crude RCY.  
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Table 4-10.  Summary of data acquired when exploring the effect of temperature (with NMP 
as reaction solvent) on the radiosyntheses of [18F]Flumazenil. 

Temperature 
(°C) 

Collection 
efficiency (%) 

n=4 

Fluorination 
efficiency (%) 

n=4 

Crude RCY (%) 
n=4 

Activity left on 
chip (%) 

n=4 

100 95.0 ± 0.7 1.4 ± 0.1 1.3 ± 0.1 0.11 ± 0.01 

120 92.8 ± 1.1 4.2 ± 0.3 3.9 ± 0.3 0.24 ± 0.03 

140 85.8 ± 1.9 7.3 ± 0.8 6.3 ± 0.8 0.9 ± 0.2 

160 74.4 ± 3.4 11.3 ± 0.5 8.6 ± 0.7 1.4 ± 0.4 

180 61.3 ± 1.0 26.9 ± 1.5 16.5 ± 0.9 7.4 ± 0.9 

200 50.9 ± 1.3 37.5 ± 0.8 19.1 ± 0.6 8.1 ± 1.7 

220 31.5 ± 1.1 41.7 ± 1.7 12.9 ± 0.3 12.7 ± 0.1 

240 22.8 ± 1.3 47.0 ± 1.9 10.7 ± 0.7 11.1 ± 2.1 

 

4.7.5.7 Base type and solvent 
 

Finally, we explored the use of different types of base/phase transfer catalyst, comparing 

Kryptofix (K222) with K2CO3, K222 with Cs2CO3, and  TBAHCO3, as well as three different solvents (DMF, 

DMSO, and NMP). Only 2 chips were used for this study. For the drying step, 13-15 MBq [0.35-0.40 

mCi] of [18F]fluoride/[18O]H2O was loaded to each reaction site. The experiment was organized as 

shown in Figure 4-32A. After drying, the subsequent fluorinations were performed with 280 nmol of 

precursor in 8 µL of DMF, DMSO, or NMP and reacted at 200°C for 0.5 min. Cerenkov image of the 

chip showing residual activity after collection is shown in Figure 4-32B, and radio-TLC data is 

shown in Figure 4-33. Detailed analyses for each individual reaction are tabulated in Table 4-11. 

 

Figure 4-32. Base type study. 
(A) Experimental setup for one batch of experiments that explored the influence of type of base 
(3 types) and solvent (3 types) on the synthesis of [18F]Flumazenil.  (B) Cerenkov images showing 
the distribution of the residual activity on each chip after the collection of all of the crude samples.  
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(C) Photograph of chips showing the different droplet colors (during fluorination) depending on 
which base was initially dried on the chip. The reaction marked with an “X” was not analyzed as 
a mistake was made in the reaction. 
 

 
Figure 4-33. Cerenkov images of TLC plates after developing. Each TLC plate contains data 
from 2 different combinations of solvent and base/phase transfer catalyst (n=4 replicates 
each). 
Dashed circles indicate the ROIs used for analysis. The dashed red arrow indicates the direction 
of solvent movement during development. (A) Separated crude samples using DMF as the 
reaction solvent. (B) Separated crude samples using DMSO as the reaction solvent. (C) 
Separated crude samples using DMF or DMSO as the reaction solvent. (D) Separated crude 
samples using NMP as the reaction solvent. 
 
Table 4-11. Summary of data acquired when exploring the effect of type of base and 
reaction solvent in the radiosyntheses of [18F]Flumazenil. 

Solvent 
Base type and 
amount (nmol) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

DMF 

TBAHCO3 (240) 40.5 ± 3.0 38.6 ± 2.6 15.7 ± 1.5 3.3 ± 0.2 

K222/K2CO3 

(240/120) 
28.4 ± 0.8 33.8 ± 5.1 9.6 ± 1.6 8.9 ± 0.9 

K222/Cs2CO3 

(240/120) 
68.1 ± 2.9 2.5 ± 0.6 1.7 ± 0.3 3.7 ± 1.1 

DMSO 

TBAHCO3 (240) 30.8 ± 3.8 33.4 ± 4.7 10.3 ± 2.0  2.8 ± 0.3 

K222/K2CO3 

(240/120) 
30.8 ± 2.2 34.2 ± 2.5 10.4 ± 1.5 6.6 ± 1.4 

K222/Cs2CO3 

(240/120) 
50.3 ± 4.1* 5.1 ± 2.4* 2.5 ± 1.0* 6.1 ± 0.4* 

NMP 

TBAHCO3 (240) 50.9 ± 1.3# 37.5 ± 0.8# 19.1 ± 0.6# 8.1 ± 1.7# 

K222/K2CO3 

(240/120) 
25.8 ± 2.8 21.9 ± 1.7 5.6 ± 0.2 3.1 ± 0.6 

K222/Cs2CO3 

(240/120) 
76.2 ± 5.4 3.4 ± 1.3 2.6 ± 0.9 4.2 ± 1.9 

*One reaction was performed incorrectly, and so only n=3 repeats are summarized 
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4.7.5.8 Comparison to literature methods 
 
Table 4-12. Comparison of optimized droplet conditions with literature reports for 
conventional and flow chemistry synthesis of [18F]flumazenil. 

 This work 

Wong et 

al33. 

(2012) 

Vaulina et 

al141. 

(2018) 

Nasirzadeh 

et al142. 

(2016) 

Mandap et 

al143. 

(2009) 

Massaweh 

et al144. 

(2009) 

Ryzhikov 

et al145. 

(2005) 

Synthesizer 
type 

Microscale 
(droplet 
format) 

Microscale 
(flow 

format) 
Macroscale Macroscale Macroscale Macroscale Macroscale 

Base type TBAHCO3 
K222 / 

KHCO3 
K222 / 

K2CO3 
K222 / 

K2CO3 
K222 / 

K2CO3 
K222 / 

K2CO3 
K222 / 

K2CO3 

Base 
amount 
(nmol) 

240 
2850 / 
2590# 

18900 / 
10100 

25000 / 
12000 

12100 / 
1800 

27700 / 
1200 

25000 / 
12000 

Precursor 
amount 
(nmol) 

280 1500 4500 3000-6100‡ 6100 
18000-
21000 

25000 

Reaction 
solvent 

NMP DMF DMF DMF DMF DMF DMF 

Reaction 
volume (mL) 

0.008 0.10 1.5 0.7 0.5-2.0‡ 0.6 0.5-1.0 

Temperature 
(°C) 

200 160 140 150 160 150-160 160 

Reaction 
time (min) 

0.5 
2.5 

(residence 
time) 

20 15 5 30 30 

Synthesis 
time (min) 

35§ N. R. 53 50 55-60 80 Δ 75-80 Δ 

Starting 
activity 

(MBq [mCi]) 
13.7 [0.37] 400 [10.8] 

10000-
2700  

[270-730]‡ 

2000-3000  
[54-81]‡ 

N.R. 

50000-
56000 
[1350-
1510] 

1800 [49] 

Fluorination 
efficiency 

(%) 

42 ± 7 
(n=7) 

20 (n=1) 
23 ± 5 
(n=10) 

30 ± 7 
(n=9) 

40 ± 5 
(n=7) 

27-35 
(n=15) 

80 (n=1) 

Crude RCY 
(decay-

corrected; 
%) 

19.1 ± 0.6 
(n=4) 

–   – – – – – 

RCY 
(decay-

corrected; 
%) 

11.6 
(n=1)Δ N.R. 

9.0 ± 1.0 
(n=6)* 8 26 ± 4 15-20Δ 30Δ

   

‡ The value corresponding to the optimized condition is not clearly specified, so the whole range 
reported in the paper is indicated 
# Not reported, but amount of KHCO3 was computed based on the amount of precursor and an 
indicated 1.9:1 molar ratio of base to precursor. The amount of K222 was in turn computed based 
on the reported 1.1:1 molar ratio of K222 to KHCO3. 
N.R. = Not Reported 
* Calculated from shorter and higher-yield SPE purification method instead of HPLC  
Δ Isolated yield (i.e., not formulated) 
§ 20 min for radiosynthesis and HPLC purification plus an estimated ~15 min additional time for 
formulation152 
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4.7.6 Optimization of [18F]PBR06 synthesis  

4.7.6.1 Precursor amount and solvent  
 

Effect of precursor amount experiments were conducted as depicted in Figure 4-34A. Drying 

of [18F]fluoride/[18O]H2O was performed under identical conditions (13-15 MBq [0.35-0.4 mCi], 

mixed with 240 nmol of TBAHCO3). The subsequent fluorination reactions were performed with 

different amounts of precursor dissolved in the 8 μL droplet and reacted at 100 °C for 5 min. Chips 

1 and 2 used thexyl alcohol: MeCN (1:1, v/v) as the solvent while chips 3 and 4 used DMSO. 

Cerenkov images of chips showing residual activity after collection are shown in Figure 4-34B, 

and radio-TLC data is shown in Figure 4-35. Detailed analyses for each individual reaction are 

tabulated in Table 4-13. 

 

 
Figure 4-34. Precursor amount and solvent study. 
(A) Experimental setup for one batch of experiments that explored the influence of precursor 
amount (8 values) and solvent (2 types) on the synthesis of [18F]PBR06. All 64 reactions were 
performed simultaneously. (B) Cerenkov images showing the distribution of the residual activity 
on each chip after collection of all of the crude samples. Brightness is decay-corrected to a 
common timepoint for all images. 
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Figure 4-35. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. In this case, each TLC plate contains samples from two different 
precursor amounts in one reaction solvent (n=4 replicates each). 
White dotted lines show the edges of each separate multi-sample TLC plate. (A) Image of 
separated crude samples when using thexyl alcohol:MeCN (1:1 v/v) mixture as the reaction 
solvent. (B) Image of separated crude samples when using DMSO as the reaction solvent. 
Dashed circles indicate the ROIs used for analysis. The dashed red arrow indicates the direction 
of solvent movement during development. 
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Table 4-13. Summary of data acquired when exploring the effect of precursor amount in 
the radiosyntheses of [18F]PBR06. 

Solvent 
Precursor 

amount (nmol) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

Thexyl 
alcohol: 
MeCN 

(1:1 v/v) 

560 91.4 ± 1.5 98.0 ± 0.4 91.8 ± 5.2 4.6 ± 1.4 

400 94.9 ± 1.7 96.5 ± 1.5 91.8 ± 3.4 1.2 ± 0.8 

280 91.3 ± 1.6 97.8 ± 0.7 89.3 ± 1.7 2.3 ± 2.1 

160 93.2 ± 4.4 97.8 ± 0.1 91.1 ± 4.3 1.2 ± 0.2 

80 93.1 ± 0.9 92.7 ± 0.8 86.3 ± 1.5 2.4 ± 1.7 

40 94.3 ± 2.9 78.8 ± 1.9 74.4 ± 3.9 2.8 ± 1.2 

20 96.6 ± 2.7 45.4 ± 3.6 43.9 ± 4.7 3.5 ± 1.2 

10 94.6 ± 5.0 24.9 ± 1.6 23.6 ± 2.8 5.0 ± 2.0 

DMSO 

560 48.4 ± 4.2 59.7 ± 6.0 28.8 ± 2.7 4.6 ± 0.7 

400 72.9 ± 7.5 89.2 ± 2.0 65.1 ± 7.5 8.5 ± 6.3 

280 82.5 ± 5.9 93.9 ± 0.4 77.5 ± 5.8 6.7 ± 2.7 

160 90.8 ± 6.1 94.9 ± 0.3 86.3 ± 5.7 0.5 ± 0.2 

80 92.9 ± 0.7 92.8 ± 2.2 86.1 ± 2.2 1.9 ± 1.3 

40 93.5 ± 2.3 81.3 ± 2.1 76.0 ± 0.8 5.3 ± 2.9 

20 91.1 ± 6.4 66.6 ± 0.8 60.7 ± 4.2 4.2 ± 0.8 

10 91.3 ± 3.6 56.5 ± 1.3 51.6 ± 2.5 3.4 ± 1.2 

 
 

4.7.6.2 Base amount and solvent 
 

Investigation of the effect of base amount was conducted by mixing [18F]fluoride/[18O]H2O (13-

15 MBq [0.35-0.40 mCi]) with different amounts of the base TBAHCO3 for the drying step as 

shown in Figure 4-36A. In the subsequent fluorination, chips 1 and 2 used thexyl alcohol:MeCN 

(1:1 v/v) mixture as a reaction solvent and chips 3 and 4 used DMSO. All reactions used 160 nmol 

of precursor and were performed at 100°C for 5 min. Cerenkov images of chips showing residual 

activity after collection are shown in Figure 4-36B, and radio-TLC data from reactions is shown 

in Figure 4-37. Detailed analyses for each individual reaction are tabulated in Table 4-14.  
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Figure 4-36. Base amount and solvent study. 
(A) Experimental setup for one set of experiments that explored the influence of base amount (8 
values) and solvent (2 types) on the synthesis of [18F]PBR06. All 64 reactions were run 
simultaneously. (B) Cerenkov images showing the distribution of the residual activity on each chip 
after collection of all the crude samples.  Brightness is decay-corrected to a common timepoint 
for all images. 
 

 
Figure 4-37. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. In this case, each TLC plate contains samples from two different base 
amount conditions in one reaction solvent (n=4 replicates each). 
White dotted lines show the edges of each separate multi-sample TLC plate. (A) Image of 
separated crude samples when using thexyl alcohol:MeCN (1:1 v/v) mixture as the reaction 
solvent. (B) Image of separated crude samples when using DMSO as the reaction solvent. 
Dashed circles indicate the ROIs used for analysis. The dashed red arrow indicates the direction 
of solvent movement during development. 
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Table 4-14. Summary of data acquired when exploring the effect of the base amount in the 
radiosyntheses of [18F]PBR06 in two different solvents. 

Solvent 
Base 

amount 
(nmol) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

Thexyl 
alcohol:MeCN 

480 94.8 ± 2.4 93.6 ± 2.0 88.7 ± 3.7 1.9 ± 0.7 

320 95.0 ± 1.4 96.8 ± 0.5 91.9 ± 1.4 2.4 ± 2.1 

240 95.5 ± 2.9 95.7 ± 0.6 91.5 ± 3.4 2.0 ± 0.8 

160 92.1 ± 3.9 96.0 ± 1.1 88.5 ± 4.7 5.9 ± 2.0 

80 96.9 ± 3.9 85.3 ± 2.6 98.3 ± 7.5 2.7 ± 1.3 

40 88.2 ± 1.9 89.6 ± 3.9 83.7 ± 4.5 2.1 ± 1.3 

20 88.0 ± 3.7 88.7 ± 3.1 79.4 ± 0.9 4.0 ± 1.6 

10 89.9 ± 6.8 85.2 ± 2.4 75.0 ± 8.5 9.0 ± 4.4 

DMSO 

480 94.4 ± 1.6 89.9 ± 1.5 84.8 ± 1.5 2.7 ± 0.6 

320 94.6 ± 2.4 91.9 ± 2.0 86.9 ± 2.6 2.4 ± 0.6 

240 94.8 ± 4.4 92.6 ± 0.7 87.8 ± 4.2 1.5 ± 0.2 

160 96.8 ± 2.9 85.0 ± 1.7 82.3 ± 4.0 5.0 ± 4.8 

80 86.1 ± 3.4 91.0 ± 0.6 78.4 ± 2.8 7.9 ± 4.5 

40 89.5 ± 1.3 83.2 ± 3.4 74.4 ± 4.1 1.6 ± 0.7 

20 80.7 ± 1.5 77.2 ± 3.8 62.3 ± 2.1 3.0 ± 1.9 

10 74.8 ± 4.0 74.6 ± 1.3 55.8 ± 3.2 5.9 ± 3.0 

 

4.7.6.3 Reaction temperature and solvent 
 

The experimental design for exploring temperature and solvent effect on the radiosynthesis of 

[18F]PBR06 was described in Figure 4-38A. Experiments were performed by drying of 

[18F]fluoride/[18O]H2O under identical conditions (13-15 MBq [0.35-0.40 mCi], mixed with 240 nmol 

of TBAHCO3) , and then performing fluorination at different temperatures and in different solvents. 

A first batch of experiments was performed with heaters 1 – 4 set at 80, 90, 100, and 110 °C, 

respectively, and a second batch was performed with heaters 1 – 4 set at 120, 130, 140, and 150 

°C, respectively. All fluorinations used 160 nmol of precursor in 8 µL of solvent and were reacted 

for 5 min. Cerenkov images of chips showing residual activity after collect are shown in Figure 

4-38B, and radio-TLC data are shown in Figure 4-39. Detailed analyses for each individual 

reaction (collection efficiency, fluorination efficiency, crude RCY, and activity left on chip) are 

tabulated in Table 4-15. 
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Figure 4-38. Temperature and solvent test. 
(A) Experimental setup for one batch of experiments that explored the influence of reaction 
temperature (8 values) and solvent (2 types) on the synthesis of [18F]PBR06. Half of the reaction 
sites were used first to explore 4 different temperatures in a first set of 32 simultaneous reactions, 
and then the other half of the sites were used to explore 4 additional temperatures in a second 
set of 32 simultaneous reactions. (B) Cerenkov images showing the distribution of the residual 
activity on each chip after collection of all the crude samples.  Brightness is decay-corrected to a 
common timepoint for all images. 

 
Figure 4-39. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. In this case, each TLC plate contains samples from two different 
temperature conditions in one reaction solvent (n=4 replicates each). 
White dotted lines represent the boundary of each multi-sample plate. (A) Image of separated 
crude samples when using thexyl alcohol:MeCN (1:1 v/v) as the reaction solvent. (B) Image of 
separated crude samples when using DMSO as the reaction solvent. Dashed circles indicate the 
ROIs used for analysis. The dashed red arrow indicates the direction of solvent movement during 
developing. 
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Table 4-15. Summary of data acquired when exploring the effect of temperature and 
solvent in the radiosyntheses of [18F]PBR06. 

Solvent 
Temperature 

(°C) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency (%) 

n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

Thexyl 
alchohol: 

MeCN 

80 93.0 ± 3.0 95.0 ± 1.2 88.4 ± 3.6 1.1 ± 0.4 

90 94.1 ± 1.4 95.7 ± 0.4 90.1 ± 1.6 0.6 ± 0.1 

100 94.2 ± 3.1 95.7 ± 0.6 91.1 ± 2.4 0.4 ± 0.2 

110 94.1 ± 1.2 96.3 ± 0.6 90.6 ± 1.1 0.4 ± 0.5 

120 93.6 ± 0.6 88.2 ± 3.7 82.6 ± 4.0 1.3 ± 0.4 

130 93.8 ± 1.4 90.8 ± 8.3 87.5 ± 10.9 0.5 ± 0.2 

140 91.3 ± 1.4 96.4 ± 0.7 91.7 ± 6.2 0.8 ± 0.3 

150 92.7 ± 0.9 94.7 ± 1.1 87.8 ± 1.2 0.9 ± 0.3 

DMSO 

80 94.3 ± 3.4 72.4 ± 4.4 68.2 ± 4.4 3.7 ± 1.1 

90 93.5 ± 4.8 91.4 ± 2.1 85.6 ± 5.5 2.0 ± 0.4 

100 93.0 ± 2.4 92.7 ± 0.5 86.2 ± 1.9 1.8 ± 1.1 

110 89.5 ± 2.5 91.9 ± 1.8 82.3 ± 1.9 2.5 ± 2.8 

120 89.1 ± 1.7 87.6 ± 1.0 78.7 ± 1.3 5.0 ± 4.1 

130 93.1 ± 3.3 87.6 ± 3.3 81.6 ± 3.5 9.6 ± 2.4 

140 90.6 ± 2.6 71.3 ± 5.9 64.9 ± 5.9 8.5 ± 6.4 

150 88.6 ± 2.4 75.3 ± 4.2 66.8 ± 4.9 8.4 ± 5.0 

 

4.7.6.4 Reaction time and solvent  
 

The study of the effect of reaction time on the synthesis of [18F]PBR06 was conducted as 

shown in Figure 4-40A. First, [18F]fluoride/[18O]H2O was dried under identical conditions (13-15 

MBq [0.35-0.40 mCi], mixed with 240 nmol of TBAHCO3), and then the fluorinations were carried 

out for different amounts of time and in different solvents. All fluorinations used 160 nmol of 

precursor in 8 μL of reaction solvent of thexyl alcohol:MeCN (1:1 v/v) mixture or DMSO and were 

carried out at 100 °C. A first batch of experiments used reaction times of 30, 60, 120, and 180 s 

on heaters 1 – 4, respectively, followed by a second batch of experiments with reaction times of 

240, 300, 360, and 420 s on heaters 1 – 4, respectively. Cerenkov images of chips showing 

residual activity after collection are shown in Figure 4-40B and radio-TLC data are shown in 

Figure 4-41. Detailed analyses for each individual reaction are tabulated in Table 4-16. 
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Figure 4-40. Time and solvent test. 
(A) Experimental setup for one batch of experiments that explored the influence of reaction time 
(8 values) and solvent (2 types) on the synthesis of [18F]PBR06. Half of the reaction sites were 
used first to explore 4 different times in 32 simultaneous reactions, and then the other half of the 
sites were used to explore 4 additional times in 32 simultaneous reactions. (B) Cerenkov images 
showing the distribution of the residual activity on each chip after collection of all the crude 
samples.  Brightness is decay-corrected to a common timepoint for all images. 
 

 
Figure 4-41. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. In this case, each TLC plate contains samples from two different time 
conditions in one reaction solvent (n=4 replicates each). 
White dotted lines represent the boundary of each multi-sample plate. (A) Image of separated 
crude samples when using thexyl alcohol:MeCN (1:1 v/v) mixture as the reaction solvent. (B) 
Image of separated crude samples using DMSO as the reaction solvent. Dashed circles indicate 
the ROIs used for analysis. The dashed red arrow indicates the direction of solvent movement 
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during developing. Red dashed circle represents an area of contamination that was inadvertently 
on the cover plate when imaging the TLC plates. 
 
 
 
Table 4-16. Summary of data acquired when exploring the effect of reaction time and 
solvent in the radiosyntheses of [18F]PBR06. 

Solvent Time (min) 
Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%) 

n=4 

Thexyl 
alcohol: 
MeCN 

0.5 92.9 ± 1.6 98.0 ± 0.1 91.0 ± 1.5 2.2 ± 2.0 

1.0 94.1 ± 1.4 94.1 ± 4.4 88.6 ± 4.6 0.5 ± 0.1 

2.0 91.5 ± 2.5 96.5 ± 2.7 88.3 ± 2.2 0.9 ± 0.2 

3.0 94.1 ± 0.9 96.1 ± 2.4 90.4 ± 2.1 0.8 ± 0.2 

4.0 88.7 ± 2.7 95.1 ± 2.7 84.3 ±1.7 0.5 ± 0.2 

5.0 93.3 ± 2.0 97.5 ± 1.0 91.0 ± 1.9 2.6 ± 2.1 

6.0 89.0 ± 5.4 92.6 ± 3.5 82.3 ± 9.1 0.8 ± 0.2 

7.0 94.1 ± 1.2 94.7 ± 2.8 89.1 ± 3.4 2.7 ± 1.7 

DMSO 

0.5 94.2 ± 3.0 66.5 ± 3.1 62.6 ± 3.1 0.6 ± 0.3 

1.0 94.5 ± 3.6 90.4 ± 0.6 85.3 ± 3.0 3.7 ± 2.6 

2.0 92.7 ± 2.0 91.9 ± 1.0 85.2 ± 2.5 0.9 ± 0.4 

3.0 93.8 ± 0.6 90.2 ± 0.9 84.6 ± 0.8 3.8 ± 2.0 

4.0 92.0 ± 2.4 92.8 ± 1.2 85.3 ± 2.6 1.7 ± 0.7 

5.0 91.0 ± 4.3 90.8 ± 1.5 82.7 ± 5.2 3.4 ± 1.8 

6.0 90.5 ± 8.9 90.3 ± 0.6 81.8 ± 8.6 1.5 ± 0.2 

7.0 94.2 ± 4.8 89.9 ± 1.1 84.7 ± 3.5 3.7± 3.3 

 
 

4.7.6.5 Base type and solvent 
 

Finally, we explored the use of different type of base / phase transfer catalyst, comparing 

Kryptofix (K222) and K2CO3 versus TBAHCO3 as shown in Figure 4-42A. Only one chip was used for 

this study. For the drying step, 13-15 MBq [0.35-0.40 mCi] of [18F]fluoride/[18O]H2O was loaded to each 

reaction site. For half of the spots, the fluoride was mixed with 240 nmol of TBAHCO3. For the other 

half of the spots, the fluoride was mixed with 240 nmol of K222 and 120 nmol of K2CO3. After drying, the 

subsequent fluorinations were performed with 280 nmol of precursor in 8 µL of either thexyl 

alcohol:MeCN (1:1 v/v) mixture or DMSO, and reacted at 100°C for 0.5 min. Cerenkov image of the 

chip showing residual activity after collection are shown in Figure 4-42B, and radio-TLC data is 

shown in Figure 4-43. Detailed analyses for each individual reaction are tabulated in Table 4-17. 

 



123 
 

 
Figure 4-42. Base type and solvent test. 
(A) Experimental setup for one batch of experiments that explored the influence of type of base 
(2 values) and solvent (2 types) on the synthesis of [18F]PBR06. (B) Cerenkov images showing 
the distribution of the residual activity on each chip after collection of all the crude samples. (C) 
Photograph of chip after precursor is loaded, showing absence of base-dependent color 
difference (seen for [18F]Flumazenil). 
 

 
Figure 4-43. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. In this case, each TLC plate contains samples from two different base 
type conditions in one reaction solvent (n=4 replicates each). 
Dashed circles indicate the ROIs used for analysis. The dashed red arrow indicates the direction 
of solvent movement during developing. (A) Image of separated crude samples when using thexyl 
alcohol:MeCN (1:1 v/v) mixture as the reaction solvent. (B) Image of separated crude samples 
when using DMSO as the reaction solvent. 
 
Table 4-17. Summary of data acquired when exploring the effect of type of base and 
reaction solvent in the radiosyntheses of [18F]flumazenil. 

Solvent 
Base type and 
amount (nmol) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency 
(%) n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

Thexyl 
alcohol: 
MeCN 

TBAHCO3 (240) 96.4 ± 2.2 97.4 ± 0.2 93.9 ± 2.0 0.7 ± 0.1 

K222/K2CO3 

(240/120) 
95.8 ± 3.5 96.5 ± 0.9 92.4 ± 3.0 1.63 ± 0.03 

DMSO 

TBAHCO3 (240) 94.7 ± 4.1 70.7 ± 3.5 66.9 ± 2.9 4.4 ± 1.1 

K222/K2CO3 

(240/120) 
93.5 ± 5.3 60.5 ± 3.2 56.5 ± 2.0 4.3± 1.9 

4.7.6.6 Additional studies of reaction temperature 
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Using thexyl alcohol: MeCN (1:1 v/v) as a reaction solvent exhibited high crude RCY at 80 °C 

in a 5 min reaction, and high crude RCY at 100 °C in a 0.5 min reaction. We were interested 

whether short reactions (0.5 min) at lower temperatures would also give good performance. 

Experiments were performed by drying of [18F]fluoride/[18O]H2O under identical conditions (13-15 

MBq [0.35-0.40 mCi] with 240 nmol of TBAHCO3), followed by fluorination with 160 nmol of 

precursor in 8 µL of solvent for 0.5 min at different temperatures. To conserve chips, temperatures 

were explored sequentially, using 4 fresh reaction sites each time. (Two chips were needed in 

total.) Radio-TLC data are shown in Figure 4-44. Detailed analyses for each individual reaction 

are tabulated in Table 4-17 and the results are plotted in Figure 4-45. We observed that the 

temperature could be lowered to 90 °C without compromising performance. Table 4-18 compares 

our approach with other literature macroscale reports.  

 

Figure 4-44. Cerenkov images of TLC plates (two containing 8 samples and one containing 
4 samples) after developing in the mobile phase. 
In this case, each TLC plate contains samples from up to two different temperatures (n=4 
replicates each). White dotted lines show the edges of each multi-lane TLC plate. Dashed circles 
indicate the ROIs used for analysis. The dashed red arrow indicates the direction of solvent 
movement during developing. 

 

Figure 4-45. Temperature studies of [18F]PBR06. 
(A) Fluorination efficiency. (B) Collection efficiency. (C) Crude RCY. The blue markers represent 
0.5 min reactions, and the red data points represent 5 min reactions.  
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Table 4-18. Summary of data acquired when exploring the effect of temperature in the 
radiosyntheses of [18F]PBR06 (for 0.5 min reactions). 

Solvent 
Temperature 

(°C) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency (%) 

n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

Thexyl 
alchohol: 

MeCN 

35 94.2 ± 1.6 7.8 ± 1.0 7.5 ± 1.0 2.2 ± 0.2 

50 94.2 ± 1.1 10.4 ± 0.4 9.8 ± 0.4 3.5 ± 1.0 

65 94.3 ± 4.0 7.9 ± 0.8 7.5 ± 1.0 1.5 ± 0.8 

80 93.0 ± 3.3 73.3 ± 1.2 68.2 ± 2.9 1.0 ± 0.6 

90 92.6 ± 2.2 95.4 ± 0.8 88.0 ± 1.4 2.5± 0.7 

 
 

4.7.6.7 Comparison to literature methods 
 
Table 4-19. Comparison of optimized droplet conditions with literature reports for 
conventional synthesis of [18F]PBR06. 

 
This work 

(2021) 

Wang et al.154 

(2011) 
Zhang et al.155 (2019) 

Synthesizer type 
Microscale 

(droplet format) 
Macroscale Macroscale 

Base type TBAHCO3 K222 / K2CO3 K222 / K2CO3 

Base amount (nmol) 240 27000/ 12000 40000/10000 

Precursor amount 
(nmol) 

160 1800 5500 

Reaction solvent 
Thexyl alcohol: 
MeCN (1:1 v/v) 

DMSO DMSO 

Reaction volume 
(mL) 

0.008 1  1 

Temperature (°C) 100 140 140 

Reaction time (min) 0.5 15 15 

Synthesis time 
(min) 

35 # 50-60 50 

Starting activity 
(MBq [mCi]) 

13.8 [0.375] N.R. N.R. 

Fluorination 
efficiency (%) 

98.0 ± 0.1 (n=4) N.R. N.R. 

Crude RCY (decay-
corrected; %) 

93.9 ± 2.0 (n=4) N.R. N.R. 

RCY 
(decay-corrected; 

%) 
75.8 (n=1)* 30-60 40-60 

* Isolated yield (i.e., not formulated) 
# 20 min for radiosynthesis and purification plus an estimated ~15 min additional time for 
formulation152 

N.R. = Not reported 
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4.7.7 Optimization of [18F]Fallypride synthesis 

4.7.7.1 Precursor concentration and reaction temperature 
 

A set of experiments to explore the effect of precursor concentration and temperatures were 

conducted as depicted in Figure 4-46A. Drying of [18F]fluoride/[18O]H2O was performed under 

identical conditions (13-15 MBq [0.35-0.4 mCi], mixed with 240 nmol of TBAHCO3), and the 

subsequent fluorination reactions were performed with different amounts of precursor dissolved 

in the 6 μL droplet, for 7 min. Chip 1 was run at 80 °C, chip 2 at 95 °C chip 3 at 110°C, and chip 

4 at 125 °C. All reactions were conducted using thexyl alcohol:MeCN (1:1 v/v) mixture as solvent. 

Cerenkov images of chips showing residual activity after collected are shown in Figure 4-46B, 

and graphical representation is shown in Table 4-6A in the main paper. Detailed analyses for 

each individual reaction are tabulated in Table 4-20. 

 

Figure 4-46. Precursor concentration and temperature test. 
(A) Experimental setup for one batch of experiments that explored the influence of precursor 
concentration (8 values) and temperature (4 types) on the synthesis of [18F]Fallypride. Each chip 
explored 8 different precursor concentrations at one particular temperature. (B) Cerenkov images 
showing the distribution of the residual activity on each chip after collection of all the crude 
samples.  Brightness is decay-corrected to a common timepoint for all images. 
 
 
 
 
 
 
 
 
 



127 
 

Table 4-20. Summary of data acquired when exploring the effect of precursor 
concentration and temperature on the radiosyntheses of [18F]Fallypride. 

Temperature 
(°C) 

Precursor 
concentration 

(mM) 

Collection 
efficiency 
(%) n=2 

Fluorination 
efficiency 
(%) n=2 

Crude RCY 
(%) 
n=2 

Activity left 
on chip (%) 

n=2 

80 

77 93.64 ± 0.05 94.7 ± 1.3 88.6 ± 1.2 4.1 ± 0.4 

39 93.1 ± 1.6 91.9 ± 4.0 85.7 ± 5.2 4.2 ± 2.4 

19 93.2 ± 0.8 61.7 ± 3.6 57.5 ± 2.9 3.1 ± 1.2 

9.6 91.2 ± 8.3 33.4 ± 3.8 30.6 ± 6.2 5.8 ± 4.4 

4.8 94.9 ± 3.6 24.4 ± 1.7 23.1 ± 0.8 3.4 ± 1.2 

2.4 96.1 ± 2.0 13.0 ± 1.1 12.5 ± 0.7 4.3 ± 0.1 

1.2 93.9 ± 7.4 12.7 ± 0.8 12.0 ± 1.7 3.4 ± 0.7 

0.6 92.5 ± 5.7 6.7 ± 0.7 6.2 ± 0.3 3.8 ± 0.8 

95 

77 88.2 ± 3.0 95.5 ± 0.1 84.3 ± 3.0 4.6 ± 0.7 

39 89.8 ± 3.8 95.1 ± 1.0 85.3 ± 2.7 2.1 ± 1.0 

19 94.4 ± 3.1 85.0 ± 3.6 80.3 ± 6.0 1.4 ± 0.2 

9.6 93.6 ± 4.5 59.7 ± 0.5 55.9 ± 2.2 0.75 ± 0.02 

4.8 92.0 ± 1.2 34.9 ± 2.3 32.1 ± 2.5 1.3 ± 0.2 

2.4 90.3 ± 8.6 19.4 ± 0.4 17.2 ± 2.5 1.0 ± 0.3 

1.2 87.4 ± 9.1 15.9 ± 0.5 13.6 ± 1.4 1.0 ± 0.3 

0.6 89.3 ± 0.8 7.4 ± 0.8 6.6 ± 0.8 8.6 ± 5.5 

110 

77 91.7 ± 2.1 96.1 ± 0.5 88.1 ± 1.5 3.6 ± 0.2 

39 98.7 ± 1.7 96.0 ± 0.2 94.7 ± 1.8 2.1 ± 0.4 

19 94.0 ± 0.8 89.6 ± 0.4 84.2 ± 1.1 1.3 ± 0.4 

9.6 93.5 ± 2.8 61.0 ± 0.4 57.1 ± 2.1 4.6 ± 0.3 

4.8 86.0 ± 3.5 34.0 ± 2.4 29.2 ± 0.8 6.4 ± 3.1 

2.4 88.2 ± 7.4 18.6 ± 0.3 16.3 ± 1.1 3.4 ± 0.5 

1.2 88.6 ± 3.4 15.7 ± 1.1 13.9 ± 0.4 3.9 ± 1.6 

0.6 88.1 ± 6.1 7.1 ± 0.4 6.2 ± 0.1 5.0 ± 3.3 

125 

77 90.6 ± 0.5 95.3 ± 0.6 86.3 ± 1.0 1.34 ± 0.01 

39 90.0 ± 5.6 95.1 ± 0.3 85.5 ± 5.1 3.1 ± 2.8 

19 86.7 ± 3.8 90.2 ± 0.5 78.2 ± 3.0 0.6 ± 0.1 

9.6 85.6 ± 4.3 64.0 ± 3.8 54.7 ± 0.5 0.4 ± 0.1 

4.8 82.8 ± 6.2 37.5 ± 4.0 30.9 ± 0.9 1.7 ± 1.4 

2.4 78.6 ± 4.0 21.8 ± 0.2 17.1 ± 1.0 2.0 ± 1.3 

1.2 85.6 ± 0.7 21.3 ± 2.3 18.2 ± 2.1 2.6 ± 0.4 

0.6 82.6 ± 3.5 7.8 ± 1.5 6.4 ± 1.0 2.6 ± 2.3 

 
 
 

4.7.7.2 Precursor concentration and reaction time 
 

Another study of the impact of precursor concentration and reaction time was conducted as 

depicted in Figure 4-47A. Drying of [18F]fluoride/[18O]H2O was performed under identical 

conditions (13-15 MBq [0.35-0.4 mCi], mixed with 240 nmol of TBAHCO3), and the subsequent 

fluorination reactions were performed with different amounts of precursor dissolved in the 6 μL 
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droplet, at 110 °C. All reactions were conducted using thexyl alcohol:MeCN (1:1 v/v) mixture as 

solvent. Samples on each chip were reacted for different times. Cerenkov images of chips 

showing residual activity after collection are shown in Figure 4-47B. Detailed analyses for each 

individual reaction are tabulated in Table 4-21, and the results are plotted in Figure 4-6B. 

 

 
Figure 4-47. Precursor concentration and reaction time test. 
(A) Experimental setup for one set of experiments that explored the influence of reaction precursor 
amount (8 values) and reaction time (4 types) on the synthesis of [18F]Fallypride. (B) Cerenkov 
images showing the distribution of the residual activity on each chip after collection of all the crude 
samples.  Brightness is decay-corrected to a common timepoint for all images. 
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Table 4-21. Summary of data acquired when exploring the effect of precursor amount and 
reaction time on the radiosyntheses of [18F]Fallypride. 

Time (min) 
Precursor 

concentration 
(mM) 

Collection 
efficiency 
(%) n=2 

Fluorination 
efficiency 
(%) n=2 

Crude RCY 
(%) 
n=2 

Activity left 
on chip (%) 

n=2 

1.0 

77 93.4 ± 0.7 80.5 ± 2.8 75.2± 2.1 4.1 ± 1.0 

39 99.2 ± 4.1 93.3 ± 1.1 92.7 ± 5.0 2.8 ± 0.5 

19 92. ± 6.9 93.4 ± 0.1 86.7 ± 6.4 1.7 ± 0.5 

9.6 90.1 ± 0.5 84.3 ± 2.8 75.9 ± 2.1 3.8 ± 1.0 

4.8 92.9 ± 2.3 72.2 ± 0.9 67.0 ± 2.5 3.6 ± 3.2 

2.4 95.9 ± 2.7 31.0 ± 0.6 29.7 ± 1.4 5.7 ± 2.6 

1.2 93.4 ± 4.7 18.4 ± 0.1 17.2 ± 1.3 5.8 ± 5.4 

0.6 95.9 ± 0.4 11.2 ± 1.3 10.7 ± 1.3 5.6 ± 4.9 

3.0 

77 93.8 ± 1.2 90.0 ± 0.1 84.4 ± 1.2 3.7 ± 0.5 

39 94.1 ± 1.5 93.9 ± 0.8 88.4 ± 2.2 1.7 ± 1.0 

19 92.9 ± 1.2 92.8 ± 2.5 86.2 ± 1.2 1.9 ± 0.2 

9.6 91.8 ± 2.7 61.3 ± 1.9 56.3 ± 3.4 1.4 ± 0.8 

4.8 93.4 ± 7.4 31.9 ± 3.3 29.9 ± 5.4 2.3 ± 1.3 

2.4 93.1 ± 4.8 15.4 ± 1.3 14.4 ± 2.0 3.6 ± 0.3 

1.2 92.3 ± 1.1 7.9 ± 1.3 7.3 ± 1.1 4.5 ± 0.3 

0.6 101.7 ± 2.1 5.5 ± 0.2 5.6 ± 0.1 8.7 ± 2.4 

5.0 

77 91.61 ± 0.01 87.0 ± 0.7 79.7 ± 0.7 2.4 ± 0.7 

39 91.0 ± 5.4 89.0 ± 0.2 81.0 ± 5.0 2.4 ± 0.7 

19 94.8 ± 0.4 89.2 ± 1.7 84.5 ± 1.9 3.4 ± 0.7 

9.6 91.6 ± 2.5 63.0 ± 1.5 57.7 ± 3.0 3.7 ± 1.3 

4.8 94.4 ± 7.8 59.2 ± 1.7 55.8 ± 3.0 3.5 ± 2.9 

2.4 93.5 ± 4.6 31.1 ± 5.0 29.2 ± 6.1 2.5 ± 1.2 

1.2 90.8 ± 6.7 16.7 ± 1.6 15.1 ± 0.3 2.1 ± 0.8 

0.6 90.2 ± 8.4 8.2 ± 1.0 7.4 ± 1.6 2.5 ± 1.1 

7.0 

77 89.7 ± 0.5 88.0 ± 1.1 78.9 ± 1.5 8.0 ± 1.0 

39 93.4 ± 2.1 90.7 ± 0.6 84.7 ± 1.3 5.2 ± 0.6 

19 93.5 ± 6.0 88.5 ± 1.2 82.8 ± 6.5 2.1 ± 0.8 

9.6 93.6 ± 3.7 64.8 ± 2.8 61.5 ± 0.2 2.85 ± 0.04 

4.8 93.8 ± 0.8 39.4 ± 1.1 35.9 ± 1.3 3.31 ± 0.03 

2.4 92.8 ± 8.4 17.5 ± 0.4 10.2 ± 1.9 2.9 ± 0.6 

1.2 93.3 ± 3.3 9.0 ± 0.7 8.4 ± 0.9 2.27 ± 0.05 

0.6 91.2 ± 9.9 5.2 ± 0.6 4.8 ± 1.0 2.7 ± 1.3 

 

4.7.8 Optimization of [18F]FEPPA synthesis 

Experiments to explore the effect of reaction temperature were conducted as shown in Figure 

4-48A. Drying of [18F]fluoride/[18O]H2O was performed under identical conditions (13-15 MBq 

[0.35-0.4 mCi], mixed with 240 nmol of TBAHCO3), and the subsequent fluorination reactions 

were performed at 8 different temperatures for 2 min using 240 nmol of precursor dissolved in the 

8 μL droplet in thexyl alcohol: MeCN (1:1, v/v). Though this experiment could be implemented 
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using 4 chips on 4 heaters, since only 4 reaction sites were needed per temperature value, the 

experiment was instead performed using just 2 chips as follows. A first batch of experiments was 

performed with heaters 1 and 2 set at 60 and 100 °C, respectively, a second batch with 

temperatures of 70, 110 °C, a third batch with temperatures of 80 and 120 °C, and a final batch 

with temperatures of 90 and 130 °C. Cerenkov images of chips showing residual activity after 

collection are shown in Figure 4-48B, and radio-TLC data is shown in Figure 4-49. Detailed 

analyses for each individual reaction are tabulated in Table 4-22. 

 

 
Figure 4-48. Temperature studies. 
(A) Experimental setup for one batch of experiments that explored the influence of reaction 
temperature (8 values) on the synthesis of [18F]FEPPA. (B) Cerenkov images showing the 
distribution of the residual activity on each chip after collection of all the crude samples. Brightness 
is decay-corrected to a common timepoint for all images. 
 
 

 
Figure 4-49. Cerenkov images of TLC plates (each containing 8 samples) after developing 
in the mobile phase. In this case, each TLC plate contains samples from two different 
temperatures (n=4 replicates each). 
White dotted lines show the edges of each separate multi-sample TLC plate. Dashed circles 
indicate the ROIs used for analysis. The dashed red arrow indicates the direction of solvent 
movement during developing. 
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Table 4-22. Summary of data acquired when exploring the effect of temperature on the 
radiosyntheses of [18F]FEPPA. 

Temperature 
(°C) 

Collection 
efficiency 
(%) n=4 

Fluorination 
efficiency (%) 

n=4 

Crude RCY 
(%) 
n=4 

Activity left 
on chip (%)  

n=4 

60 94.1 ± 1.6 11.9 ± 1.8 11.2 ± 1.5 2.5 ± 0.4 

70 91.6 ± 1.7 22.8 ± 2.0 20.9 ± 1.7 2.1 ± 0.3 

80 91.6 ± 0.9 65.1 ± 1.1 59.6 ± 1.2 1.8 ± 0.2 

90 92.7 ± 1.5 77.5 ± 1.6 71.8 ± 1.8 1.7 ± 0.2 

100 93.8 ± 1.5 81.3 ± 1.5 76.3 ± 2.6 1.0 ± 0.2 

110 92.9 ± 1.9 83.0 ± 1.4 77.1 ± 2.0 1.0 ± 0.3 

120 91.4 ± 1.0 75.5 ± 1.8 69.0 ± 1.5 1.2 ± 0.2 

130 90.6 ± 1.1 75.2 ± 2.7 68.1 ± 3.0 1.6 ± 0.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.7.8.1 Comparison to literature methods 
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Table 4-23. Comparison of optimized droplet conditions to literature reports for 
conventional and flow-chemistry synthesis of [18F]FEPPA. 

 
This work 

(2021) 

Chang et 
al.162 (2021) 

Dahl et 
al.167 (2019) 

Vignal et al. 
163 

(2018) 

Berroteran-
Infante et 

al.164 (2018) 

Synthesizer 
type 

Microscale 
(droplet 
format) 

Macroscale 
Microscale 

(flow 
format) 

Macroscale Macroscale 

Base type TBAHCO3 K222 / K2CO3 
K222 / 

KHCO3 
K222 / K2CO3 K222 / K2CO3 

Base amount 
(nmol) 

240 
28000/ 
20000 

2000/2000 40000/22000 58000/32000 

Precursor 
amount (nmol) 

240 9000 9000 9000 12000 

Reaction 
solvent 

thexyl alcohol: 
MeCN (1:1 

v/v) 
MeCN MeCN MeCN MeCN 

Reaction 
volume (mL) 

0.008 0.6 0.2 1 0.5 

Temperature 
(°C) 

90 90 80 90 90 

Reaction time 
(min) 

2 10 10 10 10 

Starting 
activity 

(MBq [mCi]) 
13.8 [0.375] N.R. 3700 [100] N.R. N.R. 

Fluorination 
efficiency (%) 

88.5 ± 0.9 
(n=4) 

N.R. N.R. N.R. N.R. 

Crude RCY 
(decay-

corrected; %) 

80.7 ± 1.2 
(n=4) 

N.R. N.R. N.R. N.R. 

Activity yield 
(%) 

53 (n=1) 30 ± 2 (n=8) 29* 
34 ± 2 
(n=17) 

38 ± 3 
(n=15) 

RCY (decay-
corrected; %) 

67 (n=1) 50 ± 2 (n=8) 
51 ± 6 
(n=3)* 

48 ± 2 
(n=17) 

46 ± 3 
(n=15) 

Synthesis time 
(min) 

30 80 55* 55 30 

* Isolated yield without formulation 
N.R. = not reported. 
 

4.7.9 Representation of chromatograms  

4.7.9.1 [18F]Flumazenil  
 

Crude [18F]Flumazenil was injected in HPLC to isolate the product (Figure 4-50A). A 

subsequent injection was performed to confirm purity (Figure 4-50B), and a co-injection with 
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Flumazenil reference standard was performed to confirm product identity (Figure 4-50C). The 

crude product showed minimal UV impurities. 

 
Figure 4-50. HPLC chromatograms of [18F]Flumazenil. 
(A) Crude product. (B) Isolated product. (C) Co-injection with reference standard.   
 

4.7.9.2 [18F]PBR06  
 

Crude [18F]PBR06 was injected in HPLC to isolate the product (Figure 4-51A). A subsequent 

injection was performed to confirm purity (Figure 4-51B), and a co-injection with PBR06 reference 

standard was performed to confirm product identity (Figure 4-51C). The crude product showed 

minimal UV impurities. 

 
Figure 4-51. HPLC chromatograms of [18F]PBR06. 
(A) Crude product. (B) Isolated product. (C) Co-injection with reference standard. 
 
 

4.7.9.3 [18F]Fallypride 
 

Crude [18F]Fallypride was injected in HPLC to isolate the product (Figure 4-52A). A 

subsequent injection was performed to confirm purity (Figure 4-52B), and a co-injection with 
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Fallypride reference standard was performed to confirm product identity (Figure 4-52C). The 

crude product showed minimal UV impurities. 

 
Figure 4-52. HPLC chromatograms of [18F]Fallypride. 
(A) Crude product. (B) Isolated product. (C) Co-injection with reference standard. 
 

4.7.9.4 [18F]FEPPA 
 

Crude [18F]FEPPA was injected in HPLC to isolate the product (Figure 4-53A). A subsequent 

injection was performed to confirm purity (Figure 4-53B), and a co-injection with FEPPA 

reference standard was performed to confirm product identity (Figure 4-53C). The crude product 

showed minimal UV impurities. 

 
Figure 4-53. HPLC chromatograms of [18F]FEPPA. 
(A) Crude product. (B) Isolated formulated product. (C) Co-injection with reference standard. 
 
 
 
 
 

4.7.10 Clinical-scale radiosynthesis 

Summaries of high activity droplet syntheses of [18F]PBR06 carried out with different starting 

activity are shown  in Table 4-24 and Figure 4-54. 
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Table 4-24. Synthesis performance of [18F]PBR06 at increased activity levels. 

Starting 
activity (MBq 

[mCi]) 

Number of 
replicates 

Collection 
efficiency (%) 

Fluorination 
efficiency (%) 

Crude RCY (%) 

14.1 [0.38] n=4 95.8 ± 3.5 96.5 ± 0.9 92.4 ± 3.0 

651 [17.6] n=1 94.0 87.1 81.0 

1120 [30.3] n=1 90.3 80.9 73.0 

2200 [59.7] n=1 90.9 68.6 62.4 

2390 [64.7] n=1 89.5 88.7 71.5 

2960 [80.8] n=1 91.0 79.3 72.1 

3170 [85.6] n=1 90.3 65.6 59.2 

 

 
Figure 4-54. Comparison of [18F]PBR06 synthesis performance for different starting 
activities. 
(A) Fluorination efficiency. (B) Collection efficiency. (C) Crude RCY.  
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Chapter 5: A base free, universal [18F]fluoride concentration 
and purification method for scale-up of microscale reactions 

to GBq levels 
 

 Introduction 

Positron emission tomography (PET) has become an indispensable method for patient 

diagnostics, monitoring response to drug treatment, and developing new therapeutics175. PET 

uses biologically active molecules tagged with a short-lived positron-emitting radioisotopes that 

allow dynamic in vivo measurements of specific biochemical processes. The majority of such PET 

radiopharmaceuticals with regulatory approval and in clinical trials are labeled with F-18, due to 

its wide availability, high positron decay ratio (97%), moderate half-life (109.8 min), and good 

imaging resolution6. Preparation of these compounds is expensive due to the high cost of the 

radiosynthesizer, radiation shielded facilities, reagents and radioisotope for each batch, and 

skilled personnel needed to operate the equipment. 

For more than a decade, there has been an increase in the use of microreactors for the 

performance of radiochemical reactions due to the substantial cost reduction on production 

through the lower consumption of expensive reagents, small system footprint, and possible 

reduction of shielding25,62. In addition, increase in yield can be increased due to rapid mixing of 

reagents, short evaporation times, and higher concentration of radionucleotide62. While there have 

been several prototypes that leverage the advantages of microfluidics for PET 

radiopharmaceuticals, most focus on production for preclinical use52,58,176,177. Recently, activity 

scale-up has been shown using a miniature trap and release process for the increase of activity 

on microdroplet reactions (e.g., up to 20 clinical doses of [18F]Fallypride)35,45,50,60. Another method 

that allowed the increase of activity on microdroplets was the dispensing and drying of relatively 

large amounts of activity by loading 30 µL droplets onto the chip, evaporating them, and repeating 

until the desired activity is concentrated on the chip (e.g., up to 2 clinical doses of [18F]FET and 
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[18F]Florobetaben139). Subsequent reactions were performed in 10 μL volumes, utilizing 4 mm 

reactor droplet trap reactors139. 

While both methods successfully enabled the production of clinical doses using a 

microfluidic chip, the results showed that with the increase of starting activity there was a decrease 

in the radiochemical yield of the reactions. The use of the microscale concentration method for 

the production of [18F]Fallypride at high activities (ranging from 3.7 GBq to 41 GBq [0.10 Ci to 1.1 

Ci]) showed a decrease in the crude RCY from 65% to 25% as the overall starting activity 

increased. The one factor that led to the decrease in the overall crude RCY was the drop in 

fluorination efficiency from 90% to 40%60. Furthermore, utilizing microscale concentrations 

methods, increased activity scales led to lower [18F]fluoride trapping on QMA resin (from ~94% to 

~63%)60. While mock experiments using KF showed 100% trapping efficiency with a mock sample 

of 37 MBq (1 Ci) (i.e., 50 µM KF)  with the mass of 3 mg of QMA resin60, the experiments with 37 

GBq of activity showed  that 3 mg of QMA only trapped ~63% of the activity. 

The concentration of activity on chip via the dispensing and drying method allowed the 

desired amount of activity to be use without any losses during the concentration process. To 

increase the amount of starting activity on chip using the dispensing and drying method, more 

volume from the activity source needs to be dried on the reaction site. However, similar 

observations on the decrease of overall crude RCY for the production of [18F]FET, [18F]FBB, and 

[18F]BPR06 were observed139,178. In the case of [18F]FET the overall crude RCY was reduced (from 

~70% to ~40%) by the decrease in both the collection efficiency and fluorination efficiency as the 

starting activity increased from 0.2 to 4 GBq. Similarly, [18F]FBB showed a decrease in the overall 

crude RCY from ~60% to ~40% as activity amount increases (from 0.02 to 4 GBq) due to the 

decrease in collection and fluorination efficiency139. The dispensing and drying method to increase 

the amount of starting activity was also applied to the synthesis of [18F]PBR06, while no decrease 

on the collection efficiency was observed as the amount of staring activity increased like in the 

cases of [18F]FET and [18F]FBB (due to the lack of deprotection step), the fluorination efficiency 
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of the reaction decreased from ~97% at 14.1 MBq (0.38 mCi) to ~65% at 3170 MBq (85.6 mCi), 

which led to the overall decrease of the crude RCY from ~90% at low activity to ~60% at high 

activities178. 

Many potential reasons for this decrease in observed yield could be due to: radiolytic 

degradation, stochiometric change in the precursor to contaminant [19F]fluoride species, 

increased concentration of contaminant anionic impurities, increased concentration of any 

residual cationic impurities in the [18F]fluoride solution introduced into the reactor. (i) Radiolysis is 

the process of chemical bond cleavage caused by radiation mediated by radicals, which can lead 

to the reduction in yield of the desired radiolabeled molecule and the formation of side 

products34,179,180. The degree of radiolysis is related to the activity concentration in solution and the 

geometry of the activity volume181. (ii) As activity is scaled up contaminant concentrations of 

[19F]fluoride species can begin to outweigh the concentration of [18F]fluoride, leading to a 

stochiometric precursor ratio that could have a significant [18F]fluoride labelled product yield 

impact182. Since reaction conditions are optimized at lower activities (i.e., 15MBq [0.41 mCi])178 

and therefore lower source volumes, the conditions may no longer be optimal when the total 

amount of source is increased by orders of magnitude. (iii) Anionic impurities could be in 

abundances large enough to outcompete fluoride, labelling precursor and reducing the overall 

fluoride reactivity. (iv) It has been noted that metal contaminants are produced during 

bombardment of [18O]water in a cyclotron for [18F]fluoride production183. For example, inorganic 

cationic impurities that come from parts of the target (body, foils) during the bombardment can 

dramatically decrease the synthesis yield by either reacting with the [18F]fluoride to produce 

insoluble salts or to reduce its nucleophilicity184.   

In this chapter we explore approaches to look at these factors independently with the aim 

of determine the cause(s) of reduced yield so that it can be address for reaction scale-up.  As part 

of this study, we develop an improved method for [18F]fluoride concertation that can enhance the 
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removal of contaminants while remaining fast and able to concentrate arbitrary activity volumes 

into 100-80 µL that can rapidly be loaded and dried on the microdroplet chips. Compared to 

previous QMA methods, it involves additional cartridges and filtration steps to remove impurities, 

and also uses a volatile base for elution that enables “base free” elution of [18F]fluoride to better 

decouple the fluoride concentration process from the downstream reaction, enabling base type 

and amount to be optimized independently for each tracer synthesis. 

 Materials and Methods 

5.2.1 Materials 

Anhydrous acetonitrile (MeCN, 99.8%), 2,3-dimethyl-2-butanol (thexyl alcohol, 

98%),  4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (K222, 98%), triethylamine (TEA, 

99%),  trifluoroacetic acid (TFA, >99%), tetrahydrofluran (THF, >99.9%, inhibitor-free),  hexanes (95%), 

dichloromethane (DCM, >99.8%), acetone (99.5%), ammonium formate (NH4HCO2: 97%), ethylene 

glycol (99.8%) and potassium carbonate (K2CO3, 99.995%), and Chelex 100 (Sodium form, 50-100 

mesh) resin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Kimwipe (1-ply, cellulose) 

was purchased from Fisher Scientific (Pittsburgh, PA, USA). Strong cation exchange resin (SCX; 

35-60 μm, 300 A) were purchased from Altech (USA). Sep-Pak Plus QMA Light cartridges (37-

55 µm particle size) were purchased from Water Corporation (Milford, MA, USA). PTFE tubing 

(1/8” OD, 1/16” ID; 1530L. 1/16” OD, 0.04” ID; 1517L, 1/16” OD, 0.01” ID; 1529L) was purchased 

from IDEX Health and Science (Wallingford, CT, USA). n-butanol (n-BuOH, 99%) was purchased 

from Alfa Aesar (Ward Hill, MA, USA).  Tetrabutylammonium bicarbonate (TBAHCO3, 75mM in 

ethanol), 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 (reference standard for [18F]PBR06, >95%), 

tosyl fallypride (fallypride precursor, >90%), Fallypride (reference standard, >95%), acetamide, 

N-[2-[2-[[(4-methylphenyl)sylfonyl]oxy]ethoxy]phenyl]methyl]-N-(4-phenoxy-3-pyridinyl) 
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([18F]FEPPA precursor, >90%), and N-acetyl-N-(2-fluoroethoxybenzyl)-2-pehonoxy-5-

pyridinamine (reference standard for [18F]FEPPA, >95%) were purchased from ABX Advanced 

Biochemical Compounds (Radeberg, Germany). DI water was obtained from a Milli-Q water 

purification system (EMD Millipore Corporation, Berlin, Germany). 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.  

5.2.2 Methods 

5.2.2.1 Ionic Exchange Theory 
 

Previous reports have shown that various metal impurities arise during the production of 

[18F]fluoride in medical cyclotrons185,186. In addition to the ubiquitously used quaternary 

methylammonium (QMA) cartridge to trap and release fluoride in conventional systems, strong 

cation exchange (SCX) cartridges are also used in many cases such as aluminum fluoride (AlF) 

chemistry187,188. Reagents prior to addition to the metal fluoride complex, need to be depleted of 

trace metals that can be introduced through their various production methods. 

SCX cartridges have previously been used in conjunction with microscale [18F]fluoride 

concentration to eliminate contaminants that could interfere with trapping on the QMA micro-

cartridge60. However, because SCX resin primarily interacts with positively charged basic 

compounds such as amines or cations (1+ charge), we sought to enhance this approach with 

additional resin to remove multivalent metal ions in greater specificity. Chelex consists of a 

stryrine-divinylbenzene copolymer functionalized with iminodiacetate ions that act as chelator 

groups for the binding of polyvalent metal ions, with high specificity to divalent cations. It is 

important to note that Chelex resin utilized in its sodium form cannot be used on its own or 

downstream of the SCX, since Na+ would be displaced for each trapped metal ion. This Na+ can 

interfere with the efficiency of the downstream radiofluorination reactions, due to the 

nucleophilicity of Na+ to fluoride. Thus, Chelex resin was placed upstream of the SCX cartridge. 



141 
 

The SCX cartridge in its H+ form, allows the efficient exchange of Na+ which will not interfere with 

downstream radiofluorination.  

[18F]fluoride, and contaminant species are first directed through the Chelex resin, 

capturing polyvalent cations, and releasing Na+. [18F]fluoride, anionic impurities, monovalent 

cations, and Na+ ions are then directed through the SCX resin. This SCX resin captures 

monovalent cations, exchanging H+. [18F]fluoride, anionic impurities, and H+ are then directed to 

the QMA. The QMA traps the [18F]fluoride and anionic impurities. Sequential washing of the QMA, 

ensures that residual cationic contaminants are removed prior to the concentration of [18F]fluoride. 

Cationic species (e.g., K+ (from K2CO3), and TBA+ (from TBAHCO3)) are often then mixed with 

phase transfer catalysts (K222 or TBA+) to release [18F]fluoride in a nucleophilic form suitable for 

radiofluorination.   

5.2.2.2 Remote [18F]fluoride processing  
 

  A remote processing apparatus was developed to allow the processing of [18F]fluoride 

(Figure 5-1). A series of vials can be pressurized with an external N2 source, then flow paths can 

be effectively switched with the use of a selector valve for different processes. In the initial trapping 

process, the source vial is pressurized (~18 psi) and directed though the Chelex, SCX into an 

intermediate vial. Once the cartridges are blown dry, a secondary vial downstream of the eluent 

path is pressurized (~18 psi), to direct the activity through the QMA path. The activity in the 

trapping configuration, passes through the QMA, through line 1 of the selector valve, and into a 

vial marked for waste. To wash the path of this initial trapping, both pressure to the source and 

vial downstream of the eluent are reduced to 0. Preloaded water (1 mL), is pressurized ahead of 

the source vial, filling the source vial for rinsing the path length previously used. The source once 

full is pressurized (~18 psi), and the water is directed through the Chelex and SCX cartridges, 

into the intermediate hold vial. The vial downstream of the eluent is pressurized, directing water 

through the QMA and line 1 of the selector valve into waste. Nitrogen is directed through the line 
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to ensure complete drying of the QMA cartridge prior to elution of the concentrated activity. 

Pressure to the various vails is halted, and eluent is loaded remotely outside of the hot cell into 

the eluent vial (~100 μL). The eluent vial is sealed, then pressurized (~18 psi), delivering the 

eluent to the vial used previously for pressurization downstream, and into the intermediate vial. 

The line through the valve selector is switched to line 2, that is directly connected to an empty vial 

for capture of the concentrated activity. The eluent in the intermediate vial through pressurization 

is then directed through the QMA, through the selector valve and into the empty vial. To ensure 

complete recovery of the eluent solution through the path length, the vial downstream of the eluent 

vial is additionally pressurized (~18 psi), for an additional minute. The system is completely 

depressurized until recovery of the concentrated activity.  

 

Figure 5-1. Trap and release apparatus for the removal of metallic contaminants and 
concentration of [18F]fluoride. 
(A) Photograph of the apparatus set up showing the placement of vials for the trap and release 
process of activity. (B) Schematic of the apparatus indicating the liquid direction throughout the 
system, the inner diameter of the connected PTFE tubing, and the vials where N2 pressure was 
applied for the movement of the liquid. 
 

5.2.2.3 Reagent preparation 
 

Eluent solution (100 µL) was composed of 20 nmol/µL of TEA (aq.). [18F]PBR06 precursor 

stock solution contained 20 mM precursor in a 1:1 v/v mixture of thexyl alcohol and MeCN. 

[18F]Fallypride stock solution contained 39 mM of precursor in a 1:1 (v/v) mixture of theyxl alcohol 

and MeCN. [18F]FEPPA stock solution contained 30 mM of precursor in a 1:1 (v/v) mixture of 

theyxl alcohol and MeCN. The collection solution for [18F]PBR06, [18F]Fallypride, and [18F]FEPPA 
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was a 9:1 v/v mixture of MeOH and H2O. 240 nmol of TBAHCO3 base phase transfer catalyst was 

added to the concentrated activity volume after processing (i.e., the amount needed for the 

droplet-based synthesis of these 3 tracers178). TLC mobile phases for each tracer were similar to 

those reported in Chapter 4. 

5.2.2.4 Micro-cartridge fabrication 
 

Cationic impurities were removed with 10 mg of Chelex resin and 30 mg of SCX resin, 

which were packed into an 8” length of 1/8” OD 1/16” ID PTFE tubing. A small Kimwipe was torn 

and inserted into the tubing segment to act as a frit. Using a needle cleaning rod from a spinal 

needle (Quincke Spinal Needle, BD Biosciences, San Jose, CA, USA) it was positioned at about 

7” away from the inlet and secured within the tubing by pinching the tube just downstream of the 

frit. A slurry of the SCX resin was prepared by adding 30 mg of the resin in 500 µL of ion 

chromatography (IC) grade water (Sigma-Aldrich, St. Louis, MO, USA). A syringe fitting was 

connected to the exit of the tubing, and a 1 mL syringe was connected to pull the slurry from the 

inlet side of the tubing. After complete, the resin container was filled with an additional 1 mL of IC 

water and the procedure repeated. A second frit was then inserted upstream of the SCX resin 

bed. A slurry of Chelex resin was prepared by dispersing 10 mg of the resin in 500 µL of IC water, 

repeating the packing procedure detailed above. A final frit was inserted upstream of the Chelex 

resin, secured by deforming the tubing upstream of this frit. (Resin masses for both Chelex and 

SCX ranged from 3 mg to 30 mg during the optimization phase.) The QMA cartridges were 

prepared in a similar fashion with 9 mg of resin packing into 1/16” OD, 0.04” ID tubing (3 to 9 mg 

were explored during optimization). 

The purchased QMA resin consisted of quaternary methylammonium groups prepared 

with a bicarbonate counter ion. While complete conversion of the HCO3
- form to the HO- form is 

impossible, we treated the QMA resin (~1 g) with 1 N NaOH (10 mL) for 20 min. in a glass beaker 

with a stir bar. The treated resin was then transferred to an SPE tube fitted with a polyethylene 
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filter (20 μm), then rinsed with 3x 20 mL of IC water. At the end of this washing volume, the pH of 

the exiting water was tested to confirm a range of 6-7. The resin packed in the SPE tube was 

dried with N2 (10 psi) for 60 min. Dried resin could be recovered from the SPE tube by gently 

tapping the tube into a capture falcon tube. QMA micro-cartridges were packed just prior to use 

to avoid the potential for microbial contamination. Conversion of the QMA was performed to avoid 

the deposition of bicarbonate salt residues, that could poison downstream radiofluorination. 

Figure 5-2 shows that the residue of QMA resin in the HCO3
- form, leaves increasing deposits as 

a function of base mass used during the elution process. When the QMA is in the HO- form, this 

salt deposition is not observed. 

 

Figure 5-2. Residue formation on reaction site after elution of activity through QMA micro-
cartridge using different amounts of TEA. 
Four chips on the left show the formation of white residue on the reaction site after drying activity 
volume eluted using 3500-1037 nmol of TEA, activity was eluted through QMA micro-cartridges 
that contained bicarbonate counter ions. Chip on the right shows the reaction site after drying the 
activity eluted through a QMA that was treated to contain hydroxyl counter ions, no residue was 
shown when using high amounts of TEA. Yellow circles show the reaction site on the chip. 
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5.2.2.5 Micro-cartridge trapping visualization studies 
 

To optimize the resin amount of QMA needed for efficient [18F]fluoride trapping, were 

Cerenkov luminescence imaging (CLI) was used. The QMA micro-cartridge was taped into the 

field of view (FOV) of the Cerenkov setup (Figure 5-3) to observe the distribution of radioactivity 

on cartridges in real-time during trapping, washing, and elution of the [18F]fluoride. Additional 

measurements of waste activity, residual source vial activity, the eluted concentrated activity vial, 

and the residual cartridge activity were made at the end of the experiment to quantify trapping 

efficiency (and breakthrough), losses during washing, and elution efficiency. 

Visualization of the cartridges was performed using a previously-described home-built CLI 

setup101. The cartridge was enclosed in a light-tight apparatus, then connected to its respective 

source (Figure 5-3). The source was pressurized so that it allowed a drip rate of exit solution at 

a rate similar to the remote apparatus described above (~1 psi). Once the vial was pressurized, 

the light-tight enclosure was closed, then the QMA imaged for 1 s over 100 frames. Due to the 

readout of the camera, each frame represents a 3 s delay (e.g., frame 1 denotes 1 s, and frame 

2 denotes 4 s). Following the collection of the CLI frames, pressure through the QMA was halted, 

and a brightfield image was taken for 7 ms. This brightfield image, allows user section of the QMA 

bed for activity breakthrough analysis in the MATLAB processing described below.   

  The CLI frames were imported into MATLAB and processed as previously described93. 

After frame 1 is imported into MATLAB, a script was written (Appendix 5.5.1) that allows the 

selection of the brightfield image for overlay in the video file. The user after the CLI and brightfield 

image is overlaid, is asked to define the boundaries of the cartridge. The pixel intensity across 

this defined ROI is measured for each frame by the program. Overlays of the CLI and brightfield 

images, the pixel intensity distribution across the cartridge, and the gaussian smoothing of this 

profile are all written into separate video files for analysis by the user.  

5.2.2.6 Micro-cartridge concentration efficiency determination 
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To characterize trapping and elution efficiency, various radioactivity measurements were 

made with a calibrated dose calibrator (CRC-25 PET, Capintec, Inc., Ramsey, NJ). For the 

purposes of calculations, all radioactivity measurements were decay-corrected to a common 

timepoint. Measurements were made of the activity in the [18F]fluoride source vial before trapping 

(A0 source), activity in the source vial after trapping (Asource), activity in the [18O]H2O recovery vial 

after trapping (Awaste), and the collected activity after elution (Acollect). The activity on the cartridge 

after trapping (Acartridge) was determined indirectly (i.e., calculated as A0 source − (Awaste + Asource)) to 

minimize radiation exposure. This method also proved to be significantly more accurate than 

directly measuring the cartridge in the dose calibrator, presumably due the differing geometry of 

the cartridge compared to the vials. Trapping efficiency (%) was computed as Acartridge/(A0 source − 

Asource). Elution efficiency (%) was calculated as Acollect/Acartridge. Recovery efficiency (%), defined 

as the amount of activity recovered following elution relative to starting activity, was calculated as 

trapping efficiency x elution efficiency. Starting activity was defined as A0 source − Asource which can 

be approximated as A0 source since we found Asource < ∼0.1% of A0 source. 

 
Figure 5-3. Visualization apparatus utilized for QMA mass optimization studies.  
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 Results  

5.3.1 Scale-up via increased volume of radioisotope source 

In addition to examining in previous work the impact of activity scale-up (via loading 

multiple increments of [18F]fluoride/[18O]water directly from the cyclotron) on the optimized 

synthesis of [18F]PBR06178, we explored scaling the activity in the syntheses of [18F]Fallypride and 

[18F]FEPPA. The volume of activity solution loaded and dried on the reaction site varied from 40 

to 180 µL, corresponding to activity levels of 740 to 3000 MBq (20 to 80 mCi). Activity 

concentration varied from day to day due to the production of different amounts of activity. Figure 

5-4 and Table 5-1 show the trends observed for the collection efficiency, fluorination efficiency, 

and crude RCY for [18F]Fallypride, and Figure 5-5 and Table 5-2 show the results for [18F]FEPPA. 

Both radiosynthesis exhibited a decrease in overall performance with increased starting activity. 

 

 

 

 

 

 
Figure 5-4. Microscale reaction performance of [18F]Fallypride with variant activity scales.  
(A) Collection efficiency, (B) Fluorination efficiency, and (C) Crude RCY performance. Activity 
scale was varied by using different volumes of the radioisotope source solution. 
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Table 5-1. Synthesis performance of [18F]Fallypride at increased activity levels. 

Starting 
activity (MBq 

[mCi]) 

Number of 
replicates 

Collection 
efficiency (%) 

Fluorination 
efficiency (%) 

Crude RCY (%) 

14.1 [0.38] n=2 99.2 ± 4.1 93.3 ± 1.1 92.7 ± 5.0 

135 [3.6] n=1 94.5 89.3 84.4 

1250 [34.0] n=1 94.9 78.3 74.2 

1480 [40.0] n=1 87.9 81.6 71.8 

1690 [46.0] n=1 91.9 81.5 74.9 

2700 [73.0] n=1 88.1 32.2 28.4 

2800 [76.0] n=1 91.3 81.2 74.2 

2900 [78.0] n=1 88.9 79.3 70.5 

 
 
 
 
 
 
 
 
 

 
Figure 5-5. Radiosynthesis performance of [18F]FEPPA with activity using microdroplets. 
(A) Collection efficiency, (B) Fluorination efficiency, and (C) Crude RCY performance.  
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Table 5-2. Synthesis performance of [18F]FEPPA at increased activity levels. 

Starting 
activity (MBq 

[mCi]) 

Number of 
replicates 

Collection 
efficiency (%) 

Fluorination 
efficiency (%) 

Crude RCY (%) 

14.0 [0.38] n=2 91.1 ± 0.4 88.5 ± 0.9 80.7 ± 1.2 

740 [20.0] n=1 91.8 65.2 59.5 

800 [23.0] n=1 89.5 63.6 56.9 

900 [24.0] n=1 90.1 71.8 64.7 

1000 [27.0] n=1 88.6 52.9 46.9 

2100 [57.0] n=1 82.9 19.9 16.5 

2200 [59.0] n=1 90.5 51.9 47.0 

2900 [79.0] n=1 90.0 60.1 54.1 

 
 

5.3.2 Study of impact of source volume at constant activity scale 

In the previous experiments, increasing the activity was achieved using a higher volume 

of source activity, with multiple potential causes of the reduced reaction performance. To eliminate 

the impact of radiolysis, we performed similar experiments using different volumes of decayed 

activity source (i.e., which would have the same amount of cyclotron impurities and total fluoride 

as the activity solution before decay) spiked with low volumes of source (2 µL) to ensure low 

activity (14.1 MBq [0.38 mCi]) and 240 mol of TBAHCO3. 2x2 multi-reaction microdroplet chip was 

used to explore 4 different such volumes (0, 50, 130, and 230 µL). For the reaction site that did 

not contain any decayed source, 200 µL of IC water was used instead. To perform the study, 

activity was loaded to the reaction site in 30 µL increments. The syntheses of [18F]PBR06, 

[18F]Fallypride, and [18F]FEPPA were each performed at the difference volume scales. 
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We noticed an increase of white residue on the reaction site with the increase of decayed 

source volume (Figure 5-6). 

 

Figure 5-6. Photograph of 2x2 microdroplet chip after drying decay source volume mixed 
with 14.1 MBq of activity and 240 nmol of base. 
 

This observed a decrease in reaction performance for each radiopharmaceutical as the 

decay source volume increased, was similar to the effects seen with drying increasingly large 

volumes of source. The most noticeable change was in the fluorination efficiency of each reaction 

though we also noticed a decrease in the collection efficiency due to loss of activity on the chip. 

 

Figure 5-7. Effects of decay source volume on activity retention on chip and color of 
collected crude product. 
(A) Cerenkov image of a 2x2 chip after collection of products. The numbers indicate the amount 
of decay source that was added to that reaction site. (B) Photograph of crude products after 
collection from its corresponding reaction sites. 

The radiosynthesis results are summarized in Figure 5-8, Table 5-3, Table 5-4 and Table 

5-5. In the case of [18F]PBR06 we noticed a decrease on crude RCY from 90% to 49% as the 

volume of decayed source solution increased. For [18F]Fallypride, the crude RCY decreased from 
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87% to 23%, and for [18F]FEPPA it decreased from 80% to 2%. These results show the dramatic 

impact on reaction performance even when the possibility of radiolysis is eliminated by using low 

activity levels, underscoring the need to remove impurities from [18F]fluoride prior to performing 

scaled-up droplet reactions. 

 

Figure 5-8. Radiosynthesis performance of 3 radiopharmaceuticals as a function of activity 
source volume (all performed at 14 MBq level). 
(A) Collection efficiency, (B) Fluorination efficiency, and (C) Crude RCY performance. 
 
 
 
 
Table 5-3. The effect of different source volumes on the reaction performance of [18F]PBR-
06. 

Volume dried 
(μL) 

Collection 
efficiency (%) 

Fluorination 
efficiency (%) Crude RCY (%) 

Activity lost to 
chip (%) 

230 71.0 68.4 48.5 

12.4 
130 82.5 74.0 61.1 
50 87.2 84.4 73.6 
0 96.6 93.3 90.1 

 
 
 
 
 
Table 5-4. The effect of different source volumes on the reaction performance of 
[18F]Fallypride. 

Volume dried 
(μL) 

Collection 
efficiency (%) 

Fluorination 
efficiency (%) Crude RCY (%) 

Activity lost to 
chip (%) 

230 81.9 27.9 22.9 

6.0 
130 98.6 40.1 35.9 
50 95.3 65.2 62.1 
0 95.3 91.3 87.1 
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Table 5-5. The effect of different source volumes on the reaction performance of 
[18F]FEPPA. 

Volume dried 
(μL) 

Collection 
efficiency (%) 

Fluorination 
efficiency (%) Crude RCY (%) 

Activity lost to 
chip (%) 

230 73.1 2.4 1.7 

7.2 
130 89.4 41.6 37.1 
50 94.7 58.2 55.1 
0 96.7 82.8 80.0 

 
 

5.3.3 Determination of resin masses for trap and release process 

In previous work using 3 mg microscale QMA cartridges to scale-up [18F]fallypride 

synthesis60, there was not only a decrease in reaction performance at higher activity scales, but 

also in the efficiency of trapping [18F]fluoride on the cartridge. Above ~20 GBq of activity, the 

efficiency dropped significantly, despite mock scale-up experiments (by adding KF) suggesting 

much higher capacity of the 3 mg cartridge. The reduction in performance when using the large 

volume of the radioisotope source may be indicative that other species / contaminants are either 

reducing the QMA cartridge capacity or interfering with binding of [18F]fluoride ions. 

To more realistically simulate higher activity scales, we spiked activity (0.37 – 1.1 GBq 

[10-30 mCi]) amounts into 1 mL of decayed [18F]fluoride in [18O]H2O which realistically simulates 

the effects of the higher volume of solution and contains all the impurities and same total fluoride 

content as a ~37 GBq (~1.0 Ci) cyclotron bombardment. Under this low activity scale, radiolysis 

would not be expected to impact the efficiency of the trapping process (e.g., due to the direct 

damage of resin). Furthermore, activity level can be eliminated as a potential variable for 

determining the cause for trapping efficiency issues, by keeping the activity level low, and by 

utilizing the same source volume. 

In a preliminary test, we performed trapping of 200 µL decayed source water spiked with 

0.37 GBq of activity using a 3 mg QMA micro-cartridge and found only 89% of the initial activity 

was retained on the cartridge after trapping and 2 washes. We explored if more resin mass would 

be able to retain the activity. Using a 9 mg QMA micro-cartridge, the observed trapping and wash 

efficiency was only 78%. Noting this poor trapping behavior, the buildup of dark coloration at the 
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entry port of the QMA micro-cartridge (Figure 5-9A) was observed, indicating the presence of 

significant amounts of contaminants that may interfere chemically or mechanically with trapping, 

perhaps leading to the surprisingly poor performance (and perhaps explaining the reduced 

trapping efficiency in the previous study60).   

Next, a Chelex and SCX cartridge (30 mg Chelex, 30 mg SCX) upstream of the 9 mg QMA 

cartridge was tested to determine if contaminants could be removed prior to QMA trapping. This 

time, using 1000 µL of decayed source activity spiked with 0.37 GBq, there was no observed dark 

coloration in the QMA cartridge (Figure 5-9B), but faint traces of coloration could be observed 

across both the Chelex and SCX resin beds. Trapping efficiency was returned to near quantitative 

levels, but further optimization was performed to allow the best entrapment of [18F]fluoride on the 

QMA cartridge (e.g., the lowest bed length utilized for trapping [18F]fluoride).  

 

Figure 5-9. Removal of contaminants from decayed source. 
(A) Photograph of QMA micro-cartridge after the passing of 200 µL of decayed source. (B) 
Photograph of Chelex, SCX, and QMA micro-cartridges after passing 200 µL of decayed source. 
Numbers indicate the order of connection and liquid direction. Dashed red lines indicate the entry 
and exit port points of each cartridge. 
 

To find the optimal mass of Chelex and SCX resin to be used for purification of the 

[18F]fluoride, we performed a series of experiments with different combinations of masses (0 to 

30 mg) of each of these resins upstream of a 9 mg QMA cartridge, in which activity (1 mL of 

decayed source spiked with 1 GBq [30 mCi] of activity) was trapped, washed, and eluted. The 

activity distribution in the QMA cartridge was imaged with Cerenkov imaging and plotted as a 
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profile of activity along the length of the cartridge. Results are presented in Figure 5-10. The 

optimal distribution is one that is positioned as close as possible to the entrance of the cartridge 

(i.e., suggesting it may have additional capacity for trapping). We selected 10 mg of Chelex and 

30 mg of SCX as the optimal values, which had activity distributed only along 150 pixels of the 

approximately 400 pixels long QMA cartridge.  

 

Figure 5-10. Distribution of activity trapped in a 9 mg QMA cartridge with different sized 
Chelex and SCX cartridges upstream. Images shown in the left of each pair is a snapshot 
at time 300 s for the trapping step. Images shown in the right of each pair is a snapshot in 
time at 300 s for the washing step. 
(A) 0 mg Chelex, and 0 mg SCX. (B) 0 mg Chelex, and 30 mg SCX. (C) 3 mg Chelex, and 30 mg 
SCX. (D) 10 mg Chelex, and 30 mg SCX. (E) 30 mg Chelex, and 30 mg SCX. (F) 10 mg Chelex, 
and 10 mg SCX. (G) 30 mg Chelex, and 3 mg SCX. (H) 30 mg Chelex, and 10 mg SCX. 
 

5.3.4 Determination of eluent for the activity release process 

Previous work by Wang et al. (2020) showed that with the use of a 3 mg QMA micro-

cartridge, 2 boluses of 6.2 µL (25 mM each) of TBAHCO3 followed by 2 boluses of 6.2 μL water 
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was sufficient to elute out the trapped activity form the cartridge and perform high activity 

experiments of [18F]Fallypride. However, the same amount of TBAHCO3 was not sufficient to push 

out the activity trapped in a 9 mg QMA micro-cartridge (Figure 5-11). 

 

Figure 5-11. Activity distribution in a 9 mg QMA micro-cartridge with 24 µL of 30 mM of 
TBAHCO3 for elution. Activity moved to the middle of QMA cartridge after 300 sec but did 
not elute from the micro-cartridge. 
 

A solution would be to increase the amount of TBAHCO3 for the elution process, but ambiguity 

on the final concentration of TBAHCO3 in the reaction would be difficult to control precisely. 

Furthermore, the addition of base would contradict many of the optimal conditions found through 

previous optimization studies178, hindering reactions. Therefore, there is a need for an efficient 

method to elute activity without affecting the optimized concentration of TBAHCO3 for downstream 

reactions.   

Triethylamine (TEA) is a commonly used base in organic chemistry and is commonly used in 

radiochemistry for HPLC mobile phase preparation. TEA is a weak base with a low boiling point 

of 88.6 °C and does not interact with free [18F]fluoride (low nucleophilicity). Recently, its use has 

been reported for eluting [18F]fluoride from a QMA cartridge83. We hypothesized that TEA could 

provide a way to elute the activity from the cartridge and be removed by evaporation when loaded 

onto the reaction site prior to the downstream radiofluorination reaction – allowing a base “free” 

elution method. During the drying step, the optimized base concentration can be spiked to the 

reaction site, allowing optimized conditions to be followed for high activity reactions. 
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To test the effectiveness of TEA as an eluent of 0.37 GBq (10 mCi) of [18F]fluoride trapped on 

a 9 mg QMA cartridge, a series of 10 µL boluses of 10 nmol of TEA (aq.) were passed through 

the cartridge and the collectivity measured (Figure 5-12). Most activity was eluted after 40 µL of 

TEA, and nearly all was eluted within 80 µL. To ensure complete elution of activity, 150 nmol of 

TEA was utilized for further studies. To determine if the process could be simplified, we also tried 

a single 80 µL with 150 nmol of TEA to ensure full elution and we achieved 90.4 ± 0.8% (n = 4) 

elution efficiency. 

 

Figure 5-12. Elution efficiency of activity using plugs 10 µL of 10 nmol TEA. 
 

Initially, we tried to load the eluted [18F]fluoride in 20 μL increments, directly to the chip and 

evaporate at 105 °C, but found a very high loss of activity due to volatility (e.g., >90%). Likely this 

problem occurs because as the TEA evaporates, the solution is no longer basic, allowing [18F]HF 

to form and escape. To address this, we mixed the concentrated activity prior to loading with the 

optimized concentration of base (e.g., TBAHCO3) needed for the optimal conditions of the 

downstream radiosynthesis (For example, for the synthesis of [18F]Fallypride, we added 240 nmol 

of TBAHCO3). 
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Next, we optimized the amount of TEA. In theory, it should volatize during the fluoride drying 

step, leaving a minimal concentration that should not interfere with downstream fluorination. 

However, to determine the effect of residual TEA concentrations, on fluorination, a 4x4 multi-

reaction microdroplet chip was used to vary the amounts of TEA (from 0 to 3500 nmol) used 

during the [18F]fluoride drying step prior to the synthesis of [18F]Fallypride. Briefly, experiments 

were conducted with 2 µL of activity (37 MBq [1 mCi]) loaded on each reaction site with 240 nmol 

of TBAHCO3 and a varied amount of TEA. After drying at 105 °C for 1 min was completed, 39 mM 

(8 μL) of Fallypride precursor was added to each reaction and reacted for 1 min at 110 °C. 

Collected product was measured and analyzed via radio-TLC as previously described93. We 

noticed no adverse impact on the reaction performance with the addition of TEA (Figure 5-13). 

Considering that the residual concentration of TEA has no effect on the downstream fluorination, 

2000 nmol of TEA was utilized for the elution of activity trapped on the QMA. 

 

 

Figure 5-13. Fluorination efficiency of [18F]Fallypride with different amounts of TEA (n = 2). 
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5.3.5 Evaluation of the full [18F]fluoride purification process 

Next, we combined the [18F]fluoride processing with the downstream reaction. We 

performed an experiment with 1 mL of decayed source spiked with 185 MBq (5 mCi) in a system 

comprising 10 mg Chelex / 30 mg SCX and 9 mg QMA micro-cartridges. The efficiency of the 

concentration process in this format was >95%. Activity was then eluted using 2000 nmol of TEA 

(aq.) in a bolus of 100 µL.  The elution efficiency of this format allowed 89%. Using a droplet chip 

that contained 240 nmol of TBAHCO3 at the reaction site from addition with a micropipette, 

sequential 20 µL boluses of the eluted activity were loaded onto, and dried, on the reaction site. 

Next, 160 nmol of [18F]PBR06 precursor in 8 µL of thexyl alcohol: MEOH (1:1 v/v) was added to 

the reaction site and reacted for 0.5 min at 100 °C. Product was collected with 60 µL of collection 

solution (9:1 MeOH: H2O v/v) and spotted on TLC for analysis. A control reaction was performed 

separately with 4 µL of unprocessed [18F]fluoride (18.5 MBq [0.5 mCi]). The results showed 

fluorination efficiency of treated decayed source to be 90.9% and the control reaction 91.7% 

(Figure 5-14), indicating that the processing method was effectively able to remove all impact of 
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impurities from 1 mL of decayed source solution and achieve the same high yield as a small-scale 

reaction. 

 

Figure 5-14. Comparison of different decay source volume effects on the synthesis of 
[18F]PBR06 crude RCY without cartridge treatment and the effect on the crude RCY after 
treatment of 1 mL decay source with our serial cartridge method. 
 

 Conclusions  

This chapter describes a new method for purifying and concentrating [18F]fluoride suitable for 

use with microscale reactions. The use of 10 mg chelex and 30 mg SCX resins upstream of a 9 

mg QMA resin (hydroxyl form) was able to completely remove coloration from the QMA and 

achieve high trapping and elution performance (trapping >95% and elution ~90%) in 80 µL of milli 

q water containing 150 nmol of TEA. This eluted solution can then be loaded in 20 µL increments 

to a droplet reaction chip (with the desired amount and type of base / phase transfer catalyst pre-

loaded and dried). The yield of reactions ([18F]PBR-06) exhibited identical performance whether 

using a tiny volume of unprocessed activity solution loaded directly to the reactor, or 1 mL of 

processed decayed source, processed with the novel method. 
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The next step is to apply this method to large volumes of non-decayed source activity, to 

enable loading of high activities to the droplet reactor and compare the reaction performance. 

With the cartridge able to remove the impact of impurities and potential stoichiometry effects (i.e. 

since the decayed source has the same amounts of these as non-decayed source), it will be 

possible to assess if and when radiolysis becomes an issue as activity scale is increased. If 

radiolysis is observed, radical scavengers can potentially be used to mitigate the effect. 

 Appendix 

5.5.1 MATLAB script for real-time imaging of QMA trapping process  

%User selects the cernkov images to be combined in video 
waitfor(msgbox('Please select the Cerenkov Images in the Pop-Up Window')); 
filename = uigetfile('*.*','MultiSelect', 'on'); 
Average_image = 0; 
%The number if images is counted to loop program below 
input_loop = length(filename); 
 
%User selects the background to remove thermal read noise 
waitfor(msgbox('Please select the Cerenkov Background in the Pop-Up Window')); 
sample_image_folder = fullfile('C:\Users\tholl\OneDrive\Documents\MATLAB\Trials'); 
[filename2,sample_image_folder] = uigetfile('*.*'); 
imageUV = filename2; 
 
%User selects the brightfield image to impose with cernkov captures 
waitfor(msgbox('Please select the Brightfield Image in the Pop-Up Window')); 
sample_image_folder = fullfile('C:\Users\tholl\OneDrive\Documents\MATLAB\Trials'); 
[filename3,sample_image_folder] = uigetfile('*.*'); 
Brightfield = filename3; 
 
%User selects the brightfield image BKG to remove artifacts in image 
waitfor(msgbox('Please select the Brightfield Background in the Pop-Up Window')); 
sample_image_folder = fullfile('C:\Users\tholl\OneDrive\Documents\MATLAB\Trials'); 
[filename4,sample_image_folder] = uigetfile('*.*'); 
BrightfieldBKG = filename4; 
 
%Convert Image to Text Array (Cell Format) 
image_path = 'imageCerenkov';  
%Converted Image File is Named 
save_path = 'read.tiff'; 
%Text File is Read 
backgroundCerenkov1 = textread(imageUV); %#ok<DTXTRD> 
%Written into Image File 
imwrite(uint16(backgroundCerenkov1), save_path); 
%Raw Image of Interest 
backgroundCerenkov = imread('read.tiff'); 
 
%Convert Brightfield Image to Text Array (Cell Format) 
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image_path = 'Brightfield';  
%Converted Image File is Named 
save_path = 'read.tiff'; 
%Text File is Read 
Brightfield1 = textread(Brightfield); %#ok<DTXTRD> 
%Written into Image File 
imwrite(uint16(Brightfield1), save_path); 
%Raw Image of Interest 
Brightfield1 = imread('read.tiff'); 
 
%Convert Brightfield BKG to Text Array (Cell Format) 
image_path = 'BrightfieldBKG';  
%Converted Image File is Named 
save_path = 'read.tiff'; 
%Text File is Read 
BrightfieldBKG = textread(Brightfield); %#ok<DTXTRD> 
%Written into Image File 
imwrite(uint16(BrightfieldBKG), save_path); 
%Raw Image of Interest 
BrightfieldBKG = imread('read.tiff');  
 
%Master Dark Frame is Made 
imgdark = imread('masterdark.tiff'); 
%Dark Field Correction 
img_subtraction2 = Brightfield1 - imgdark; 
%Flatfield Correction from UV Plate (every element divided) 
BrightfieldImage = double(img_subtraction2)./double(BrightfieldBKG); 
%Median Filter Correction 
BrightfieldImage = medfilt2(BrightfieldImage); 
%Image is rotated from source program 
BrightfieldImage = imrotate(BrightfieldImage,180); 
 
%Adjust image brightness 
imshow(BrightfieldImage); 
imcontrast 
uiwait(msgbox('Press Ok, once done adjusting image contrast')); 
BrightfieldImage = getimage; 
BrightfieldImage = imadjust(BrightfieldImage); 
 
%Setup the total ROI for analysis 
MyFigure=figure; 
imshow(BrightfieldImage); 
             
%set up the measuring tool 
h = imdistline(gca); 
api = iptgetapi(h); 
api.setLabelVisible(false); 
%pause -- you can move the edges of the segment and then press the enter key to continue 
pause(); 
%get the distance 
dist = api.getDistance(); 
 
%User is now asked to draw the single improfile line through the 
%center of the lane of interest 
         
%Cx, Cy are the initial x,y coordinates of drawn line (C), and xi,xy 
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%are the end coordinate of the line 
waitfor(msgbox('Draw a Straight Line Through the Center of the Lane')); 
figure; imshow(BrightfieldImage, [])        
[CX,CY,C,xi,yi]=improfile; 
close(gcf); 
         
%The starting coordinates of the line are found 
m=1; 
while m<length(xi) 
   if (xi(m)==xi(m+1))&(yi(m)==yi(m+1)) 
       xi((m+1):(end-1))=xi((m+2):end); 
       yi((m+1):(end-1))=yi((m+2):end); 
       xi(end)=[]; 
       yi(end)=[]; 
       warning('double values have been deleted!'); 
   end 
   m=m+1; 
end 
     
%The total length of the line is now found based on the user 
%drawn line, then the total bounds of the ROI (rectangle) are 
%calculated 
linescan=[]; 
             
for m=2:length(xi) 
    dy=yi(m)-yi(m-1); 
    dx=xi(m)-xi(m-1); 
    if abs(dx)<1e-3 
      if dy>0 
         rotation_angle=-90; 
      elseif dy<0 
         rotation_angle=90; 
      end 
    else 
         rotation_angle = (atan2(dy,dx) - atan2(0,1)) * (180/pi); 
    end 
     
%Placeholder im_log variable defined for calculations below 
im_log=~(zeros(size(BrightfieldImage),'uint16')<1); 
 
im_log(uint16(yi(m)),uint16(xi(m)))=true; 
im_log(uint16(yi(m-1)),uint16(xi(m-1)))=true; 
     
%Image is rotated so that the rectangle can be generated 
im_log=bwdist(im_log)<1.2; 
im_log=imrotate(im_log,rotation_angle); 
[yidx,xidx]=find(im_log); 
     
%The bounds of the rectangle are constructed -- see the PPT deck 
%for outline of how this is done 
if length(xidx)>1 
   xmin=min(xidx); 
   xmax=max(xidx); 
   ymin=min(yidx); 
   ymin=ymin-round(dist/2); 
   height=dist; 
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   width=(xmax-xmin); 
   ROIrect=[xmin ymin width height]; 
end  
end 
 
%Video file (MP4) is written and opened for collection of Cerenkov Lineplot 
Video1 = VideoWriter('LinePlot','MPEG-4'); 
Video1.FrameRate = 3; 
open(Video1); 
 
%Video file (MP4) is written and opened for collection of overlay images 
Video = VideoWriter('CerenkovFile1','MPEG-4'); 
Video.FrameRate = 3; 
open(Video); 
 
%Time counter is made 
Count = 1; 
position = [0 0]; 
 
h = waitbar(0,'Please wait ...'); 
 
for i = 1:input_loop 
    close all 
    f = figure('visible','off'); 
    img = filename{i};% Convert Image to Text Array (Cell Format) 
    image_path = 'img';  
    %Converted Image File is Named 
    save_path = 'read.tiff'; 
    %Text File is Read 
    img = textread(img); %#ok<DTXTRD> 
    %Written into Image File 
    imwrite(uint16(img), save_path); 
    %Raw Image of Interest 
    img1 = imread('read.tiff'); 
     
    %Master Flatfield Image 
    img3 = imread('masterflat.tiff'); 
    %Non-Uniform Pixel Correction 
    img_division = img1./img3; 
    %Median Filter Correction 
    img_medianfiltered = medfilt2(img_division); 
    img_medianfiltered_rotated = imrotate(img_medianfiltered,180);  
    imgnew = imagesc(img_medianfiltered_rotated);colorbar; 
     
    %Automatic selection of background 
    h = drawellipse('Center', [30,30], 'SemiAxes', [20,20], 'RotationAngle', 0, 'StripeColor', 'm'); 
    a = createMask(h); % create the binary matrix of background 
    %Creation of black mask             
    blackMaskedImage_bg = img_medianfiltered_rotated; % write the matrix in blackMaskImage_bg 
    blackMaskedImage_bg(~a)= 0;% set elements outside ROI to be 0 
    mean_bg = mean(blackMaskedImage_bg(a));% calculate mean value of elements in selected bg 
region 
    img_bgfiltered = img_medianfiltered_rotated - mean_bg; 
 
    %Now, the total pixel intensity across the region is determined  
    im_pi2=imrotate(img_bgfiltered,rotation_angle); 
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    %Cerenkov image is cropped for analysis, background to follow 
    im_pi3_Cerenkov=imcrop(im_pi2,ROIrect); 
    linescan_Cerenkov=[linescan sum(im_pi3_Cerenkov)]; 
 
    %Can code to normalize values here if wanted 
    f1 = figure('visible','off'); 
    xlabel('Distance from Origin (Pixels)'); 
    ylabel('Cerenkov Luminescence (Arbitrary Units)'); 
    plot(linescan_Cerenkov/(dist+1)); 
 
    %Display the time axis at top of image 
    a = gca; 
    a.Position(3) = 0.6; 
    Text_Str = ['Time: ', num2str(Count), ' s']; 
    annotation('textbox', [0.75, 0.1, 0.1, 0.1], 'String', Text_Str) 
    ylim([0 inf]) 
    xlabel('Distance from Origin (mm)') 
    ylabel('Cerenkov Luminescence (Arbitrary Units)') 
    frame1 = getframe(gcf); 
   
    %Video frame is written to open file 
    writeVideo(Video1,frame1); 
    close(f1); 
     
    %Overlay of Cerenkov and Brightfield Image 
    f = figure('visible','off'); 
    ax1 = axes; 
    imagesc(BrightfieldImage); 
    colormap(ax1,'gray'); 
    ax2 = axes; 
    M = max(img_bgfiltered, [], 'all'); 
    imagesc(ax2,img_bgfiltered,'alphadata', 0.65); 
    colormap(ax2, 'hot'); 
    caxis(ax2,[min(nonzeros(img_bgfiltered)) max(nonzeros(img_bgfiltered))]); 
    ax2.Visible = 'off'; 
    linkprop([ax1 ax2],'Position'); 
    c = colorbar; 
    c.Label.String = 'Cerenkov Luminescence (Arbitrary Units)'; 
 
    %Display the time axis at top of image 
    a = gca; 
    a.Position(3) = 0.53; 
    Text_Str = ['Time: ', num2str(Count), ' s']; 
    annotation('textbox', [0.75, 0.1, 0.1, 0.1], 'String', Text_Str) 
     
    %Video captures the frame 
    frame = getframe(gcf); 
     
    %Updated time count based on imaging program lag 
    Count = Count+3; 
     
    %Video frame is written to open file 
    writeVideo(Video,frame); 
     
    %Update waitbar 



165 
 

    waitbar(i/input_loop); 
end 
 
F = findall(0,'type','figure','tag','TMWWaitbar'); 
delete(F); 
 
%Video is closed so it can be processed 
close(Video1); 
close(Video); 
 
%Video that was written is played 
implay('LinePlot.mp4') 
implay('CerenkovFile1.mp4'); 
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Chapter 6: Impact of aqueous phases in the analysis of 
radiopharmaceuticals via radio-TLC 

 

 Introduction 

Positron-emission tomography (PET) is a non-invasive molecular imaging technique that 

harnesses radiopharmaceuticals to quantify biochemical processes in vivo. The 

radiopharmaceutical (or tracer) is a bioactive molecule labelled with a short-lived positron-emitting 

radionuclide. The most commonly used radionuclide is fluorine-18 due to its favorable physical 

and chemical properties10,11. Currently, most PET scans measure glucose metabolism with the 

radiopharmaceutical 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) to diagnose a myriad of 

diseases. However, additional types of scans may become more prevalent as several new PET 

tracers that are more specifically targeted to disease phenotypes have recently garnered clinical 

approval, including those targeting amyloid plaques (Neuraceq, Amyvid, Vizamyl), dysfunctional 

tau protein (Tauvid), prostate cancer (Axumin, Pylarify), and Parkinson’s disease ([18F]FDOPA)189. 

The list of new 18F-labeled tracers under development also grows with the discovery of new 

biological targets and therapeutic strategies190.  

The successful development and production of PET tracers rely on analytical techniques such 

as radio-high performance liquid chromatography (radio-HPLC) and radio-thin layer 

chromatography (radio-TLC) to assess radiochemical conversion (during radiosynthesis 

development) or radiochemical purity (during quality control testing of tracers produced for clinical 

use). A shortcoming of radio-HPLC, however, is the propensity for retention of free [18F]fluoride in 

the column (i.e., not reaching the detectors), which can lead to the underestimation of this species 

in the output chromatogram191. In contrast, radio-TLC does not suffer from this issue as the 

entirety of the TLC plate is scanned. 
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When using typical silica TLC plates to separate 18F-labelled mixtures, [18F]fluoride is usually 

sequestered near the origin through strong interaction with surface silanol groups, and the mobile 

phase moves the radiopharmaceutical away from the origin. The stationary phase, silica gel 

(polysilicic acid), is well known in the literature to possess the ability for acidic hydrogen bonding, 

basic hydrogen bonding, and dipolar interactions with analytes73, and the mobile phase plays an 

important role in modulating these interactions. The reported mobile phases vary widely in 

literature, even for analysis of the same compound (Table 6-1), and we noted with interest that 

many studies use water as a polar mobile phase additive to enhance the migration of polar 

radiopharmaceutical compounds. 

Table 6-1. Mobile phases reported in the literature for silica-based TLC separation of 
various radiopharmaceuticals. 

Radiopharmaceutical Aqueous Mobile Phase Non-Aqueous Mobile Phase 

[18F]Fallypride 

(60:40 MeCN: 25 mM NH4HCO2, 1% 
TEA)36,93, 

(95:5 MeCN:H2O)149, 
 (90:10 MeCN:H2O)80  

(10:90 MeOH:DCM)83, 
(50:50 MeOH:EtOAc, 1% TEA)192  

[18F]FET 
(80:20 MeCN:H2O)93,139, 

(67:16.5:16.5 MeCN:MeOH:H2O)193  
(90:10 MeOH:AcOH)194, 

(67:33 Hexanes:EtOAc)195  

[18F]FBB (90:10 MeCN:H2O)196  NR 

[18F]FDOPA 
(95:5 MeCN:H2O)104, 

(67:16.5:16.5 MeCN:MeOH:H2O)81  
(90:10 DCM:EtOAc)116, 
(40:60 EtOAc:Et2O)197  

[18F]FEPPA NR 
(8:10:92 

MeOH:Hexanes:EtOAc)198  

[18F]FPEB NR (95:5 EtOAc:EtOH)199  

[18F]FLT (95:5 MeCN:H2O)79,200  (90:10 DCM:MeOH)201  

[18F]FMZ (80:15:5 EtOAc:EtOH:H2O)141,142  (80:20 EtOAc:EtOH)147  

[18F]FMISO NR 
(95:5 MeOH:NH4)200,  

(MeOH)202  

[18F]FNB (60:40 MeCN:H2O)203  NR 

[18F]FBA (95:5 MeCN:H2O)203  (67:33 Hexanes:EtOAc)204  

[18F]DFA (95:5 MeCN:H2O)203  NR 

[18F]AlF-2-AMPDA-HB (75:25 MeCN:H2O)205  NR 

[18F]AlF-NOTA-HL (50:50 MeCN:H2O)206  NR 

[18F]FTP (20:80 MeOH: 1M NH4OAc)207  NR 

[18F]Altanserin (80:20 MeCN:H2O)173  NR 

[18F]MPPF (90:10 MeCN:H2O)208  NR 

NR = Not Reported 
 
 

However, a drawback of using water is that it can alter the stationary phase itself through direct 

interactions of the water with surface silanol groups of the TLC plate. These modifications can 
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disrupt the possible intermolecular interactions of the surface silanol groups, impeding plate-

analyte interactions and adversely affecting chromatographic behavior209. In fact, under some 

conditions, the [18F]fluoride-silica interaction can be disrupted, leading to the movement of free 

radionuclide away from the origin, which could lead to confusion and ambiguities in the analysis 

of 18F-radiopharmaceuticals if the TLC method is not carefully validated. We use systematic 

studies with different aqueous compositions to illustrate the potential detrimental impacts of using 

mobile phases with significant aqueous component on the radio-TLC analysis of tracers labeled 

with [18F]fluoride and argue that the effects could also apply to tracers labelled with other 

radionuclides. 

 

 Materials and Methods 

6.2.1 Materials 

All reagents and solvents were obtained from commercial suppliers.  Acetonitrile  (MeCN; 

anhydrous,  99.8%), methanol (MeOH; anhydrous, 99.8%), water (H2O; suitable for ion 

chromatography), 2,3-dimethyl-2-butanol (thexyl alcohol; anhydrous, 98%), N-methyl-2-

pyrrolidone (NMP; anhydrous, 99.5%), 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane  (K222;  98%),  and potassium carbonate (K2CO3; 99.995%), were 

purchased from Sigma-Aldrich (St. Louis,   MO,   USA). Tetrabutylammonium bicarbonate 

(TBAHCO3; 75mM in ethanol), (2S)-O-(2′-tosyloxyethyl)-N-trityl-tyrosine-tert-butyl ester (TET ; 

precursor for [18F]FET, >95%), O-2-fluoroethyl-L-tyrosine (FET-HCl; reference standard, >95%), 

ethyl-5-methyl-8-nitro-6-oxo-5,6-dihydro-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-carboxylate 

(nitromazenil; precursor for [18F]Flumazenil, >97%), Flumazenil (FMZ; reference standard, >99%),  

(S)-2,3-dimethoxy-5-[3-[[(4-methylphenyl)-sulfonyl]oxy]-propyl]-N-[[1-(2-propenyl)-2-

pyrrolidinyl]methyl]-benzamide  ([18F]Fallypride precursor, >90%), Fallypride (reference standard, 

>95%), 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 
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(Darmstadt, Germany). Glass microscope slides (76.2 mm x 50.8 mm, 1 mm thick) were obtained 

from C&A Scientific (Manassas, VA, USA). 

6.2.2 Preparation of samples of [18F]fluoride and complexes 

To illustrate the impact of aqueous mobile phases on the migration of [18F]fluoride, several 

samples were prepared. 

[18F]fluoride samples were prepared by diluting [18F]fluoride/[18O]H2O with ion chromatography-

grade water to a concentration of 0.75-1.1 MBq/µL.  

[18F]KF/K222 samples were prepared by adding K2CO3 (0.5 mg, 3.6 µmol) and K222 (5 mg, 13.3 

µmol) to a volume of 0.5 mL of ion chromatography grade water spiked with [18F]fluoride, yielding 

a 0.75-1.1 MBq/µL solution with 7.2 mM K2CO3 and 26.2 mM K222.  

[18F]TBAF samples were prepared by adding TBAHCO3 (75 mM; 1.2 µL, 0.7 µmol) to 99 µL of 

ion chromatography grade water spiked with [18F]fluoride to yield a 0.75-1.1 MBq/µL solution with 

7.2 mM TBAHCO3. 

6.2.3 Preparation of samples of [18F]fluoride labeled radiopharmaceuticals 

To prepare mixed samples of radiotracers and [18F]fluoride, several radiopharmaceuticals were 

prepared using droplet radiochemistry methods on Teflon-coated silicon surface-tension trap 

chips as previously described8; except that optimal reaction conditions were altered to increase 

the amount of [18F]fluoride in the crude reaction mixture. 

Mixtures of [18F]FET-intermediate/[18F]TBAF were prepared by depositing an 8 µL droplet of 

[18F]fluoride/[18O]H2O (70-90 MBq [1.9-2.5 mCi]; mixed with 240 nmol of TBAHCO3) and drying at 

105 °C for 1 min. Then, the fluorination step was performed by adding a 10 µL droplet containing 

80 nmol of FET precursor dissolved in thexyl alcohol:MeCN (1:1; v/v) to the dried [18F]fluoride 

residue and reacting at 90 °C for 5 min. The crude product was collected by dispensing 10 µL of 

MeCN to the reaction site and aspirating the volume. This process was repeated 6x for 60 µL of 

collected crude product.  

https://www.zotero.org/google-docs/?y01HKK
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Mixtures of [18F]FMZ/[18F]TBAF were prepared similarly, except that the fluorination step was 

performed by adding an 8 µL droplet containing 280 nmol of FMZ precursor dissolved in NMP to 

the dried [18F]fluoride residue and reacting at 200 °C for 0.5 min. 

Mixtures of [18F]Fallypride/[18F]TBAF were prepared similarly, except that (i) the initial 

[18F]fluoride droplet contained 480 nmol of TBAHCO3, and the fluorination step was performed by 

adding a 6 µL droplet containing 234 nmol of Fallypride precursor dissolved in thexyl 

alcohol:MeCN (1:1; v/v) to the dried [18F]fluoride residue and reacting at 110 °C for 1 min.  

Stock solutions of non-radioactive reference standards were prepared at 20 mM concentration. 

5 mg of Fallypride standard was added to 685 µL of MeOH. 5 mg of FMZ standard was added to 

825 µL of MeOH. 5 mg of FET standard was added to 1100 µL of MeOH. MeOH was chosen due 

to the high solubility of these reference standards (as suggested by the manufacturer), and due 

to its relatively low boiling point that allowed rapid drying after spotting onto the TLC plate. 

6.2.4 TLC spotting, developing, and readout 

TLC plates were cut (6 cm long x 3 cm wide), then marked with a pencil at 1 cm (origin line) 

and 5 cm (development line) from the bottom edge. 1 µL of the relevant sample was applied to 

the plate via a micro-pipette. In cases where radiopharmaceutical solutions were separated, an 

adjacent lane on the plate was spotted with the corresponding reference standard. The sample 

spots were then dried under a gentle stream of nitrogen for 1 min. Spotting was repeated on 

multiple plates to compare the effect of different mobile phases containing MeCN with different 

amounts of H2O (all compositions expressed as v/v). After developing, plates were dried under a 

gentle stream of nitrogen for 3 min. 

To better visualize the location of phase transfer catalysts (TBAHCO3 and K2CO3/K222), some 

plates were stained after developing by exposure for 1 min to a mixture of iodine crystals and 

silica gel in a sealable container210.  

Plates were visualized via Cerenkov luminescence imaging (CLI) as previously described36,93.  

Briefly, the radio-TLC plate was positioned inside a light-tight chamber, then the plate was 
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covered with a glass microscope slide. The Cerenkov light emission was detected by a cooled (-

10 °C) scientific camera (QSI 540, Quantum Scientific Imaging, Poplarville, MS, USA) equipped 

with a 50 mm F/1.2 lens (Nikkor, Nikon, Tokyo, Japan) for a 60 s exposure. In addition to 

previously described corrections, background subtraction was further performed by selecting a 

small region of the image (approximate size 20 pixels) not containing any radioactive species, 

computing the average pixel intensity, and subtracting this average from the entire image. 

After CLI imaging, the glass microscope slide was removed, and a UV lamp installed inside 

the light-tight chamber was illuminated while acquiring another image of the plate (7 ms exposure 

time). This enabled visualization of chemical species on the plate (which appear as darker bands 

due to indicator present on the TLC plate), as well as capturing an image of pencil markings and 

iodine-stained bands on the plate. 

6.2.5 Analysis of TLC plates 

A MATLAB program (MathWorks, Natick, MA, USA) was written to generate TLC 

chromatograms and display TLC plate images (Appendix 6.6.1). The user is first prompted to 

select the CLI image to be analyzed, followed by a corresponding darkfield image, and corrections 

are applied as previously described101. The program then asks the user to select a corresponding 

UV image, followed by selecting a flat field correction UV image (taken in advance with a blank 

TLC plate installed). The UV image is corrected in a similar fashion (i.e., dividing by the flat field 

correction image and applying 3x3 median filtering), and the user can further adjust brightness 

and contrast for viewing. The CLI image is then redisplayed, and the user is asked to draw a line 

to define the width of the widest radioactivity band, which is used as the lane width. The UV image 

is then redisplayed, and the user is asked to draw a line from the bottom of the TLC plate to the 

solvent front. The program then generates an average line profile along the lane, taking the pixel 

intensities versus distance from the CLI image along the user-defined centerline and averaging 

with adjacent lines automatically generated at 1-pixel intervals along the entirety of the selected 
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lane width. The program displays the final averaged line profile (chromatogram), the corrected 

CLI image, and the UV image. 

The chromatogram was then exported and loaded in OriginPro (OrignLab, Northampton, MA, 

USA)  to normalize the chromatograms to the highest intensity and plot groups of chromatograms. 

To compute the percentage of each species in a chromatogram, OriginPro was used to find the 

area under each band (peak) after fitting to a sum of Gaussian curves and then dividing the area 

corresponding to a particular band by the sum of areas for all bands. 

 Results  

Samples of [18F]fluoride (with and without phase transfer catalysts) and various crude 

radiopharmaceuticals with different polarities were prepared and separated on silica TLC plates 

with different aqueous mobile phase compositions to illustrate the effect of water on the 

mobilization of different species and the potential pitfalls in analysis. 

6.3.1 Effect of aqueous mobile phases on migration of [18F]fluoride 

Samples of [18F]fluoride/[18O]H2O were initially spotted on TLC plates and developed under 

mobile phases of increasing aqueous composition (Figure 6-1, Table 6-2). When the water 

content is low, [18F]fluoride remains at the origin as expected. For ≥40% water, free [18F]fluoride 

begins migrating away from the origin. Notably, and with great potential for ambiguity in the radio-

TLC analysis of radiopharmaceuticals, two distinct bands of radioactivity are observed when using 

a mobile phase with ≥50% water.  For ≥80% water composition, there is again only a single band 

observed, but it is located at the solvent front, near where the radiopharmaceutical species would 

be expected. 
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Figure 6-1. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the 
migration of [18F]fluoride. 
(A)  CLI images of TLC plates.  (B) TLC chromatograms generated from the CLI images. F 
denotes [18F]fluoride. 
 

Recognizing that phase transfer catalysts are typically used in 18F-radiosyntheses, the 

behavior of complexed [18F]fluoride was also investigated. Figure 6-2 and Table 6-3 shows the 

effects of water on the movement of [18F]TBAF (i.e., [18F]fluoride in the presence of TBHACO3). 

The overall trend is similar to free [18F]fluoride, though there are increased signs of 

chromatographic fronting and band widening for some mobile phase compositions. This fronting 
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may be explained because [18F]fluoride and the phase transfer catalyst interact with one another 

yet have different migration behavior (Figure 6-1A). The migration of [18F]KF/K222 (i.e., 

[18F]fluoride in the presence of K2CO3 and K222) was also explored (Figure 6-6 and Table 6-7) 

and shown to behave similarly to [18F]TBAF. 

 

 

 

 

 

Table 6-2. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the 
retention factor (Rf) of [18F]fluoride. 

MeCN (%) H2O (%) Rf 

100 0 0.0 

90 10 0.0 

80 20 0.0 

70 30 0.0 

60 40 0.0, 0.13 

50 50 0.0, 0.44 

40 60 0.0, 0.76 

30 70 0.0, 0.83 

20 80 0.92 

10 90 0.92 

0 100 0.93 
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Figure 6-2.The effect of aqueous mobile phases (MeCN:H2O) on the migration of [18F]TBAF. 
(A) For each mobile phase composition, two images are shown: a UV image of the TLC plate 

stained with I2 to visualize TBAHCO3 (top), and a CLI image of a TLC plate spotted with [18F]TBAF 

(bottom). (B) Normalized TLC chromatograms generated from the CLI images. F denotes 

[18F]TBAF. The Supplementary Information contains an additional figure showing the migration of 

samples of [18F]KF/K222. 
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Table 6-3. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the Rf of 
[18F]TBAF. 

MeCN (%) H2O (%) Rf 

100 0 0.0 

90 10 0.0 

80 20 0.0 

70 30 0.0 

60 40 0.0, 0.16 

50 50 0.0, 0.40 

40 60 0.0, 0.53 

30 70 0.0, 0.77 

20 80 0.88 

10 90 0.92 

0 100 0.93 

 

6.3.2 Effects of aqueous mobile phases on the analysis of [18F]Fallypride 

Noting the effects that water composition had on the chromatographic behavior of [18F]fluoride 

and its complexes, the effect of aqueous mobile phases on the chromatographic behavior of crude 

[18F]Fallypride samples (containing unreacted [18F]TBAF) was investigated (Figure 6-3, Table 

6-4). Interestingly, while [18F]Fallypride is non-polar (cLogP = 3.3), using a mobile phase of 100% 

MeCN did not lead to migration away from the origin, and the [18F]TBAF and [18F]Fallypride bands 

could not be resolved. Increasing the water content to ≥20% caused the migration of 

[18F]Fallypride toward the solvent front and allowed the bands to be resolved. However, for ≥40% 
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water, there was decreased migration of [18F]Fallypride (and further increased mobilization of 

[18F]TBAF), and at 50% water, there was a significant overlap of the two species. Further addition 

of water (≥60%) led to a reversal in the order of the bands.  

Under most TLC analyses performed, the radioactivity at the origin is generally assumed to be 

the free radionuclide and the migrated species as the intermediate or product. Without careful 

assessment and validation of which bands correspond to which species, the overlapped or 

reversed results under the moderate or high proportion of water could introduce significant 

ambiguity and errors during analysis (Figure 6-7). 
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Figure 6-3. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the 
migration of [18F]Fallypride. 
(A) Images of TLC plates. For each mobile phase composition, a CLI image of the TLC plate 
spotted with crude [18F]Fallpyride is shown (top), along with a UV image of an adjacent lane 
spotted with Fallypride standard (bottom). The Fallypride standard band is enclosed with a yellow 
dashed line for clarity. (B) Normalized TLC chromatograms generated from the CLI images. F 
denotes [18F]TBAF, P denotes [18F]Fallypride, and I denotes impurity.  
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Table 6-4. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the Rf of 
different radiochemical analytes in the crude synthesis of [18F]Fallypride. The Rf of 
[18F]Fallypride was confirmed by parallel spotting of [19F]Fallypride. ND = Not discernable. 

  Rf values 

MeCN (%) H2O (%) [18F]TBAF [18F]Fallypride Impurity 

100 0 0.0 0.07 0.75 

90 10 0.0 0.27 0.84 

80 20 0.0 0.50 0.86 

70 30 0.0 0.68 0.90 

60 40 0.0, 0.19 0.57 0.79 

50 50 0.0, 0.40 0.40 ND 

40 60 0.0, 0.53 0.18 ND 

30 70 0.0, 0.77 0.10 ND 

20 80 0.88 0.05 ND 

10 90 0.92 0.0 ND 

0 100 0.93 0.0 ND 

 
 

6.3.3 Effects of aqueous mobile phases on the analysis of [18F]Flumazenil 

The effects of water composition were further investigated using samples of a more polar 

compound, [18F]FMZ (cLogP = 1.0), containing [18F]TBAF (Figure 6-4, Table 6-5). Though 

[18F]FMZ is more polar than [18F]Fallypride, the use of 100% MeCN led to the complete separation 

of [18F]FMZ (near the solvent front) from [18F]TBAF (at the origin). For ≥40% water, the [18F]TBAF 

band begins to migrate away from the origin and split into two distinct radioactive bands, and for 

≥60% water, mobilization of [18F]FMZ begins to be adversely impacted. Significant overlap of the 

bands was observed using a 70% water mobile phase. Mobile phases with higher water content 

resulted in the migration of [18F]TBAF to the solvent front, and [18F]FMZ remained close to the 

origin. As mentioned previously, improper assumptions about the band locations could lead to 

significant misinterpretation of results (Figure 6-8). 
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Figure 6-4. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the 
migration of [18F]FMZ. 
(A) Images of TLC plates. For each mobile phase composition, a CLI image of the TLC plate 
spotted with crude [18F]FMZ is shown (top), along with a UV image of an adjacent lane spotted 
with FMZ reference standard (bottom). The FMZ standard band is enclosed with a yellow dashed 
line for clarity. (B) Normalized TLC chromatograms generated from the CLI images. F denotes 
[18F]TBAF, P denotes [18F]FMZ, and I denotes impurity. 
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Table 6-5. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the Rf of 
different radiochemical analytes in the crude synthesis of [18F]FMZ. The Rf of [18F]FMZ was 
confirmed by parallel spotting of [19F]FMZ. ND = Not discernable. 

  Rf values 

MeCN (%) H2O (%) [18F]TBAF [18F]FMZ Impurity 

100 0 0.0 0.84 0.89 

90 10 0.0 0.89 0.79 

80 20 0.0 0.78 ND 

70 30 0.0 0.82 ND 

60 40 0.0, 0.18 0.88 ND 

50 50 0.0, 0.42 0.88 ND 

40 60 0.0, 0.58 0.82 ND 

30 70 0.0, 0.80 0.70 ND 

20 80 0.84 0.60 ND 

10 90 0.84 0.53 ND 

0 100 0.93 0.18 ND 

 
 

6.3.4 Effect of aqueous mobile phases on the analysis of [18F]FET-intermediate 

Next, the impact of aqueous mobile phases was assessed for crude mixtures of [18F]FET-

intermediate (cLogP = 3.9) containing [18F]TBAF.  Spotting of FET reference standard (cLogP = -

0.9) in an adjacent lane allowed visualization of the impact of mobile phase composition on the 

analysis of 3 species (i.e., [18F]TBAF, [18F]FET-intermediate, and FET). With 100% MeCN, both 

[18F]TBAF and FET remain at the origin, while the non-polar [18F]FET-intermediate moves with 

the solvent front (Figure 6-5, Table 6-6). With ≥10% water, FET begins to move away from the 

origin, and with ≥40% water, [18F]TBAF moves away from the origin, travelling close to FET. 

Interestingly, using ≥60% water impairs the mobility of the [18F]FET-intermediate, which ends up 

closer to the origin with increasing water content, while [18F]TBAF and FET remain overlapped at 
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the solvent front. Figure 6-9 shows the potential for the erroneous determination of radiochemical 

yield if the bands were improperly identified. 

 

Figure 6-5. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the 
migration of [18F]FET-intermediate and FET. 
(A) Images of TLC plates. For each mobile phase composition, a CLI image of the TLC plate 
spotted with crude [18F]FET-intermediate is shown (top), along with a UV image of an adjacent 
lane spotted with FET reference standard (bottom). The FET standard band is enclosed with a 
yellow dashed line for clarity. (B) Normalized TLC chromatograms generated from the CLI 
images. F denotes [18F]TBAF, Int denotes [18F]FET-intermediate, and I denotes impurity. 
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Table 6-6. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the Rf of 
different radiochemical analytes in the crude synthesis of [18F]FET.  ND = Not discernable. 

  Rf values 

MeCN (%) H2O (%) [18F]TBAF [18F]FET-
intermediate  

FET 

100 0 0.0 0.97 0.0 

90 10 0.0 0.95 0.11 

80 20 0.0 0.97 0.48 

70 30 0.0 0.95 0.69 

60 40 0.0, 0.13 0.95 0.79 

50 50 0.0, 0.43 0.91 0.80 

40 60 0.0, 0.55 ND 0.82 

30 70 0.0, 0.77 ND 0.82 

20 80 0.79 ND 0.81 

10 90 0.82 0.0 0.76 

0 100 0.90 0.0 0.71 

 

 Discussion 

These findings underscore water's complex role in chromatographic selectivity and highlight 

two major concerns about using water as a mobile phase additive for radiopharmaceutical 

analysis on silica TLC plates. Firstly, the use of increasing amounts of water leads to a decreasing 

ability of the silica TLC plate to sequester [18F]fluoride (and [18F]fluoride complexes) at the origin, 

as well as the possibility that the [18F]fluoride can form multiple bands when using a certain range 

of mobile phase compositions.  Secondly, the water content can greatly affect the migration of the 

radiopharmaceutical species. Evidently, water plays a more important role in TLC plate selectivity 

than as a purely polar additive to affect analyte retention. These effects can lead to the overlap of 

bands at moderate water content and reversal of expected band positions at high water content, 
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potentially leading to ambiguous or inaccurate determination of radiochemical compositions if TLC 

methods are not carefully validated. 

A possible explanation for the first observation could be that water can convert silanol groups 

(Si-OH; isoelectric point ~2-3) to silanolate (Si-O-) groups211. While silanol groups can act as weak 

ion exchangers and bind anionic [18F]fluoride, silanolate groups do not possess this ion exchange 

capacity212, potentially explaining the inability of the silica plates to sequester [18F]fluoride at the 

origin when using mobile phases with moderate to high water percentages. This change in the 

TLC plate may also explain the reduced migration of polar radiopharmaceuticals for mobile 

phases with high water content, i.e., modification of the silanol groups could lead to greater 

analyte affinity.  

Interestingly, the water content of the mobile phase also appears to strongly influence the 

migration of cationic radionuclides like [68Ga]Ga3+ on silica TLC plates. In a recent publication, 

researchers studied the effects of various mobile phases in the analysis of a 68Ga-labeled 

radiopharmaceutical213, finding that with a 50% aqueous mobile phase, [68Ga]Ga3+ remains at the 

baseline, but for 100% aqueous mobile phases, [68Ga]Ga3+ migrated with the solvent front. This 

trend of mobilization for cationic species also appears to be true for other radionuclides like 

[64Cu]Cu2+, which have also been shown to move with the solvent front when using purely 

aqueous mobile phases214, and it is possible that similar effects could be possible for other 

charged radionuclides (e.g., Sc-47, Zr-89, I-124, Lu-177, Ac-225). Further study is needed to 

better understand the chromatographic behavior of radiometals on silica TLC plates due to the 

complexity of these systems (e.g., different charge states of metal ions, possible coordination of 

metal ions with anions or solvents, and possible coordination with the surface functional groups). 

 Conclusion 

Via systematic studies of different TLC mobile phase compositions and different 18F-labelled 

radiopharmaceuticals, we investigated the potential pitfalls of using water-containing mobile 
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phases in TLC analysis of radiopharmaceuticals on silica TLC plates. Aqueous mobile phases 

with ≥30% water composition led to the migration of [18F]fluoride (or complexes) away from the 

origin, with higher water content (~50%), leading to the splitting of the [18F]fluoride band, and 

further increase of water content pushing [18F]fluoride to the solvent front. Secondarily, it was 

found that moderate amounts of water could hinder the migration of the radiopharmaceutical and 

even cause overlap with the [18F]fluoride band. While water is often used as a polar mobile phase 

additive in radiochemical analysis, the observations in this work highlight that water has, in fact, 

a more complex role in chromatographic selectivity, and care is needed in radio-TLC interpretation 

when using mobile phases containing significant amounts of water. To avoid these complex 

effects, we are exploring facile methodologies for purely organic mobile phase optimization that 

can efficiently separate radiopharmaceuticals from radionuclides. 

 Appendix 

Further effects observed with different percentages of water added to a mobile phase 

composition for the development of radiopharmaceuticals. 
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Figure 6-6. The effect of aqueous mobile phases (MeCN:H2O) on the migration of 
[18F]KF/K222. 
(A) For each mobile phase composition, two images are shown: a UV image of the TLC plate 
spotted with K2CO3/K222 and stained with I2 (top) and a CLI image of a TLC plate spotted with 
[18F]KF/K222 (middle). (B) TLC chromatograms generated from the CLI images. F denotes 
[18F]KF/K222. 
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Table 6-7. Impact of water composition in aqueous mobile phases (MeCN:H2O) on the Rf of 
[18F]KF/K222. 

MeCN (%) H2O (%) Rf 

100 0 0.0 

90 10 0.0 

80 20 0.0 

70 30 0.0 

60 40 0.0, 0.16 

50 50 0.0, 0.40 

40 60 0.0, 0.53 

30 70 0.0, 0.77 

20 80 0.88 

10 90 0.92 

0 100 0.93 
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Figure 6-7. The adverse impact of water-containing mobile phases in the naive calculation 
of fluorination efficiency for [18F]Fallypride. 
(A) Chromatograms of samples of [18F]Fallypride/[18F]TBAF separated under different 
compositions of MeCN:H2O mobile phases replicated from Figure 3. Chromatograms are 
annotated with the following naive assignment of bands: F ([18F]fluoride, assumed at origin), P 
(radiopharmaceutical product, confirmed with the spotting of Fallypride standard); Ii (additional 
band(s), naively assumed to be impurities). (B) Computed proportion of each species based on 
naive assumptions. The actual proportions of [18F]TBAF and [18F]Fallypride in the samples were 
44% and 56%, respectively. 
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Figure 6-8. The adverse impact of water-containing mobile phases in the naive calculation 
of fluorination efficiency for [18F]Flumazenil. 
(A) Chromatograms of samples of [18F]FMZ/[18F]TBAF separated under different compositions of 
MeCN:H2O mobile phases replicated from Figure 4. Chromatograms are annotated with the naive 
assignment of bands: F ([18F]fluoride, assumed at origin), P (radiopharmaceutical product, 
confirmed with the spotting of FMZ standard); Ii (additional band(s), naively assumed to be 
impurities). (B) The computed proportion of species is based on naive assumptions. The actual 
proportions of [18F]TBAF and [18F]Fallypride in the samples were 72% and 28%, respectively. 
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Figure 6-9. The adverse impact of water-containing mobile phases in the naive calculation 
of fluorination efficiency for [18F]FET-intermediate. 
(A) Chromatograms of samples of [18F]FET-intermediate/[18F]TBAF separated under different 
compositions of MeCN:H2O mobile phases replicated from Figure 5. Chromatograms are 
annotated with the naive assignment of bands: F ([18F]fluoride, assumed at origin), P 
(radiopharmaceutical product, assumed at solvent front); Ii (additional band(s), naively assumed 
to be impurities). (B) The computed proportion of species is based on naive assumptions. The 
actual proportions of [18F]TBAF and [18F]FET-intermediate in the samples were 39% and 61%, 
respectively. 
 

6.6.1 MATLAB Readout Script 

%User selects the CLI image file 
waitfor(msgbox('Please select the CLI Image in the Pop-Up Window')); 
CLI = uigetfile('*.*'); 
 
%User selects the darkfield image file 
waitfor(msgbox('Please select the darkfield image in the Pop-Up Window')); 
DarkField = uigetfile('*.*'); 
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%CLI Image Corrections 
 
%Convert CLI image to Text Array (Cell Format) 
img = textread(CLI);  
imwrite(uint16(img), temp_file); 
img1 = imread(temp_file); 
 
%Convert darkfield image to Text Array (Cell Format) 
backgroundCerenkov1 = textread(DarkField); 
imwrite(uint16(backgroundCerenkov1), temp_file); 
backgroundCerenkov = imread(temp_file); 
 
%Darkfield Correction 
img_subtraction = img1 - backgroundCerenkov; 
 
%Flatfield correction 
img3 = imread('masterflat.tiff'); 
img_division = img_subtraction./img3; 
 
%Median Filter Correction 
img_medianfiltered = medfilt2(img_division); 
 
%Rotate image 
img_medianfiltered_rotated = imrotate(img_medianfiltered,180);  
imgnew = imagesc(img_medianfiltered_rotated);colorbar; 
     
%Automatic selection of background 
h = drawellipse('Center', [30,30], 'SemiAxes', [20,20], 'RotationAngle', 0, 'StripeColor', 'm'); 
a = createMask(h); % create the binary matrix of background 
%Creation of black mask             
blackMaskedImage_bg = img_medianfiltered_rotated; % write the matrix in blackMaskImage_bg 
blackMaskedImage_bg(~a)= 0;% set elements outside ROI to be 0 
mean_bg = mean(blackMaskedImage_bg(a));% calculate mean value of elements in selected bg region 
img_bgfiltered1 = img_medianfiltered_rotated - mean_bg; 
 
A = max(nonzeros(img_bgfiltered1)); 
 
%User can control the upper axis for color bar generated 
titleBarCaption = 'Maximum Axis Value'; 
UserNumber = 2; 
     while UserNumber == 2 
            promptMessage = sprintf('Is the Maximum Axis Value Acceptable?') 
            img_bgfiltered = imagesc(img_bgfiltered1);colormap('hot'); 
            caxis([0 A]); 
            c = colorbar; 
            c.Label.String = 'Cerenkov Luminescence (Arbitrary Units)'; 
            set(gca,'xtick',[]); 
            set(gca,'ytick',[]); 
            button = questdlg(promptMessage, titleBarCaption, 'Yes', 'No', 'Yes'); 
        if strcmpi(button, 'Yes') 
            UserNumber = 1; 
        else 
            A = str2double(inputdlg('Please enter the new axis maximum', 'Axis Max')); 
                while isnan(A) || fix(A) ~= A 
                    A = str2double(inputdlg('Please enter an INTEGER: ', 's')); 
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                end 
            UserNumber = 2; 
        end 
    end  
 
%User selects the UV Image to superpose with the cerenkov image 
waitfor(msgbox('Please select the UV image in the Pop-Up Window')); 
Brightfield = uigetfile('*.*'); 
 
%User selects the UV flatfield image 
waitfor(msgbox('Please select the UV flatfield image in the Pop-Up Window')); 
BrightfieldBKG = uigetfile('*.*'); 
 
%UV Image Corrections 
 
%Convert Brightfield Image to Text Array (Cell Format) 
Brightfield1 = textread(Brightfield);  
imwrite(uint16(Brightfield1), temp_file); 
Brightfield1 = imread(temp_file); 
 
%Convert Brightfield BKG to Text Array (Cell Format) 
BrightfieldBKG1 = textread(BrightfieldBKG);  
imwrite(uint16(BrightfieldBKG1), temp_file); 
BrightfieldBKG1 = imread(temp_file);  
     
%Flatfield correction 
BrightfieldImage = double(Brightfield1)./double(BrightfieldBKG1); 
 
%Median Filter Correction 
%BrightfieldImage = medfilt2(BrightfieldImage); 
 
%Image is rotated  
BrightfieldImage = imrotate(BrightfieldImage,180); 
 
 
%Show image and user selects contrast 
imshow(BrightfieldImage); 
imcontrast 
uiwait(msgbox(['Please adjust contrast in the pop-up. Once adjusted, ' ... 
    'press ok, then press ok in this box to continue:'])); 
BrightfieldBKG = imadjust(BrightfieldImage); 
BrightfieldImage = getimage; 
 
%Now, the line profile is computed 
 
%CLI image now shown for drawing of ROI width 
img_bgfiltered = imagesc(img_bgfiltered1);colormap('hot'); 
caxis([0 A]); 
c = colorbar; 
c.Label.String = 'Cerenkov Luminescence (Arbitrary Units)'; 
set(gca,'xtick',[]); 
set(gca,'ytick',[]); 
 
%User selects the lane width using measuring tool 
h = imdistline(gca); 
api = iptgetapi(h); 
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api.setLabelVisible(false); 
waitfor(msgbox(['Reposition the line and its length to fit the width of the' ... 
    ' region of interest (Press Enter Once Done):'])); 
%pause -- you can move the edges of the segment and then press the enter key to continue 
pause(); 
%get the distance 
dist = api.getDistance(); 
 
%User is now asked to draw the single improfile line through the 
%center of the lane of interest 
         
%* Cx, Cy are the initial x,y coordinates of drawn line (C) 
%* xi,xy are the end coordinate of the line 
waitfor(msgbox(['Draw a Straight Line Through the Center of the Lane ' ... 
    '(Beginning to End):'])); 
figure; imshow(BrightfieldImage); 
set(gca,'xtick',[]); 
set(gca,'ytick',[]); 
[CX,CY,C,xi,yi]=improfile; 
close(gcf); 
         
%The starting coordinates of the line are found 
m=1; 
while m<length(xi) 
   if (xi(m)==xi(m+1))&(yi(m)==yi(m+1)) 
       xi((m+1):(end-1))=xi((m+2):end); 
       yi((m+1):(end-1))=yi((m+2):end); 
       xi(end)=[]; 
       yi(end)=[]; 
       warning('double values have been deleted!'); 
   end 
   m=m+1; 
end 
     
%The total length of the line is now found based on the user 
%drawn line, then the total bounds of the ROI (rectangle) are 
%calculated 
linescan=[]; 
             
for m=2:length(xi) 
    dy=yi(m)-yi(m-1); 
    dx=xi(m)-xi(m-1); 
    if abs(dx)<1e-3 
      if dy>0 
         rotation_angle=-90; 
      elseif dy<0 
         rotation_angle=90; 
      end 
    else 
         rotation_angle = (atan2(dy,dx) - atan2(0,1)) * (180/pi); 
    end 
     
%Placeholder im_log variable defined for calculations below 
im_log=~(zeros(size(img_bgfiltered1),'uint16')<1); 
 
im_log(uint16(yi(m)),uint16(xi(m)))=true; 
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im_log(uint16(yi(m-1)),uint16(xi(m-1)))=true; 
     
%Image is rotated so that the rectangle can be generated 
im_log=bwdist(im_log)<1.2; 
im_log=imrotate(im_log,rotation_angle); 
[yidx,xidx]=find(im_log); 
     
%The bounds of the rectangle are constructed 
if length(xidx)>1 
   xmin=min(xidx); 
   xmax=max(xidx); 
   ymax=max(yidx); 
   ymin=min(yidx); 
   ymin=ymin-round(dist/2); 
   height=dist; 
   width=(xmax-xmin); 
   ROIrect=[xmin ymin width height]; 
end  
end 
 
%Now, the total pixel intensity across the region is determined  
im_pi2=imrotate(img_bgfiltered1,rotation_angle); 
 
%Cerenkov image is cropped for analysis, background to follow 
im_pi3_Cerenkov=imcrop(im_pi2,ROIrect); 
linescan_Cerenkov=[linescan sum(im_pi3_Cerenkov)]; 
 
%Can code to normalize values here if wanted 
f1 = figure; 
xlabel('Distance from Origin (Pixels)'); 
ylabel('Cerenkov Luminescence (Arbitrary Units)'); 
plot(linescan_Cerenkov/(dist+1)); 
h = findobj(gca,'Type','line'); 
xData=get(h,'Xdata'); 
yData=get(h,'Ydata'); 
 
f = figure; 
img_bgfiltered = imagesc(img_bgfiltered1);colormap('hot'); 
caxis([0 A]); 
c = colorbar; 
c.Label.String = 'Cerenkov Luminescence (Arbitrary Units)'; 
set(gca,'xtick', []); 
set(gca,'ytick', []); 
 
f2 = figure; 
img_bgfiltered = imrotate(img_bgfiltered1, rotation_angle); 
img_bgfiltered = imagesc(img_bgfiltered);colormap('hot'); 
rectangle(gca,'Position', ROIrect, 'EdgeColor', [1 1 1], 'LineWidth', 1, 'LineStyle','--'); 
F = getframe; 
close(f2); 
 
figure;  
B = imrotate(F.cdata, -rotation_angle); 
imshow(B); 
colormap('hot'); 
caxis([0 A]); 
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c = colorbar; 
c.Label.String = 'Cerenkov Luminescence (Arbitrary Units)'; 
set(gca,'xtick',[]); 
set(gca,'ytick',[]); 
 
figure;  
imshow(BrightfieldImage); 
colormap('gray'); 
set(gca,'xtick',[]); 
set(gca,'ytick',[]); 
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Chapter 7: A rapid and systematic approach for the 

optimization of radio thin-layer chromatography resolution 

 Introduction 

The importance of radiopharmaceuticals in healthcare has boomed in recent years, especially 

with the development and regulatory approval of several novel positron-emission tomography 

(PET) tracers and targeted radiotherapeutics for neuroendocrine tumors and prostate cancer, 

illustrating the profound potential of theranostics and personalized medicine215–220. There have 

also been significant advances in new imaging agents to study, diagnose, and aid drug 

development for Alzheimer’s disease221–223, and discoveries of new oncologic targets that may 

lead to improved diagnostics and therapies for many types of cancer1,224. In support of these 

research and clinical uses, the analysis of radiolabelled species is vital in applications 

encompassing the development of novel radiopharmaceuticals (e.g., synthesis 

optimization)61,154,162,197,225, quality control (QC) analysis of formulated radiopharmaceuticals75,226, 

and the analysis of radiometabolites227,228. 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 

composition191. 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 
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improve readout resolution compared to scanning detectors93,229. Still, they may not offer 

improvement if the underlying chromatographic resolution of the separation process on the TLC 

plate is poor. 

Though there is an optimum separation distance, with regards to separation efficiency and 

resolution, for each type of TLC plate230, distances are often kept short in the radiochemistry field 

due to the strong dependence on of separation time on separation distance and the need for rapid 

separations when using short-lived radioisotopes. In principle, factors like stationary phase could 

be varied, but the radiochemistry field has predominantly used silica (normal-phase) 

plates83,141,142,145,192 and, very occasionally, C18 (reverse-phase) plates143. This leaves mobile 

phase composition as the main adjustment to improve resolution.  

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) 

79,173,206,208. However, we recently showed that water could lead to the complex behavior of species 

on the plate231, 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 analytes232. 

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). While the PRISMA method is widely used in analytical chemistry laboratories, it has 

never, to our knowledge, been used in the radiochemistry field. This may be due to the fact that 
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available radio-TLC scanners only provide detection of radioactive species, which in general does 

not provide a sufficient number of visible high-abundance species to efficiently optimize the mobile 

phase. We overcome this limitation by integrating radiation detection and UV detection in a co-

registered manner using multi-channel imaging-based readout of the developed TLC plates. 

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 the utility of the PRISMA approach. 

 Experimental   

7.2.1 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  (Kryptofix 222, 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, >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-hexane (98%), ninhydrin (used as a TLC stain), n-

methyl-2-pyrrolidone (NMP; anhydrous, 99.5%), potassium carbonate (K2CO3; ACS grade, 

>99%), potassium bicarbonate (KHCO3; >99.95%, trace metal basis), potassium oxalate 

monohydrate (K2C2O4; ACS reagent, 99%), pyridine (anhydrous, 99.8%), sulfuric acid (99.9%), 

triethylamine (TEA; anhydrous, >99%), 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 
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(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]PBR-06 precursor, >95%), 2-fluoro-N-(2-methoxy-5-

methoxybenzyl)-N-(2-phenoxyphenyl)acetamide (PBR-06 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 (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 (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 

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.  
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7.2.2 Preparation of radiopharmaceuticals and standard mixtures  

A series of radiopharmaceuticals were prepared using droplet radiochemistry methods on 

Teflon-coated silicon surface tension trap chips58,60,138 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 reported178,233.  

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.  

7.2.3 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 

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)93,101 with 1 min exposure and UV imaging for 7 ms 

exposure, as previously reported231.  
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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 literature234.  

7.2.4 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. 

 Methodology 

7.3.1 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 7-5). 

Initially, the user is asked to select a CLI image file. The program performs background corrections 

as previously described93,101, the user can scale the image by selecting an upper-intensity 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 



202 
 

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. 

7.3.2 PRISMA optimization 

The originally reported PRISMA method232 was applied with minor modifications. The 

entire optimization process could be carried out with a single batch of crude radiopharmaceutical 

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 

groups73 to compare separation resolution. The pure solvents were miscible with n-hexanes 
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(Table 7-4). 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 (St) is simply the 

volumetric average of polarities of its constituents, i.e. St = x*SX + y*SY, where x and y are the 

volume fraction of the two component solvents, and SX and SY are the polarities of each of the 

two component solvents. N-hexane (solvent polarity = 0) was used as a dilutant to ‘normalize’ the 

solvent polarities to the same values. Recalling that the strength of the lowest polarity pure solvent 

(A) is SA, diluted forms of the three solvents A, B, and C were prepared that all had strength SA – 

0.5. Similarly, another set of three diluted solvents A, B, C, all with strength SA - 1.0, and a third 

set, all with strength SA - 1.5, were prepared. For each of the three resulting strength values (SA 

– 0.5, SA - 1.0, and SA - 1.5), the corresponding set of three 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 in PRISMA 

optimization are often treated as negligible (i.e., 0) and were included in the solvent mixture by 

simultaneously removing an equal volume of n-hexane from the mixture recipe232. 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. 

(Though adding larger amounts of additives can have a non-negligible impact on the overall 

strength of the mixture, i.e. changing it slightly from the optimum determined in Step 2, the solvent 

mixture comparisons in Step 4 are all performed with the same proportion of additive and thus 

same overall mixture solvent strength, and useful interpolations can still be made.)  

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 7-1).  
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Table 7-1. 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 

 



206 
 

 

Figure 7-1. 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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7.4.1 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 7-1A). 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 TEA64 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 7-1B). 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.   

7.4.2 Comparison of optimized radio-TLC to radio-HPLC 

We next compared the optimized TLC method with an isocratic HPLC method. While there 

are limitations of comparing a normal-phase TLC method with a reversed-phased HPLC method, 

which furthermore have very different migration lengths, we aimed only to compare the number 

of resolved species (which are likely in different orders), and the relative abundance of those 

species. This comparison is made because normal-phase TLC and reversed-phase HPLC (with 

similar migration lengths as used here) are by far the most predominantly used analytical methods 

in radiochemistry. A crude sample of [18F]Fallypride was produced under droplet-radiochemistry 
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conditions178, 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 optimized radio-TLC method 

separated the same number of radioactive analytes as radio-HPLC (Figure 7-2). We can see 

evidence, however, of the well-known underestimation of [18F]fluoride in the radio-HPLC 

analysis191: 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, due to 

the underestimation of [18F]fluoride, the apparent formation of [18F]Fallypride calculated from the 

radio-HPLC chromatogram was nearly 7%, while it was <1% using radio-TLC (Table 7-2), 

suggesting more than a 7-fold error by radio-HPLC. However, 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).  

 

 

Figure 7-2. 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 
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chromatogram is truncated to better show the smaller peaks. (C) Isocratic radio-HPLC 
chromatogram of the same sample. 
 

Table 7-2. 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 parallel93. In contrast, analyzing 

multiple samples via radio-HPLC requires ample time for cleaning and re-equilibration between 

samples. 

7.4.3 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 conditions178 modified to give a 

moderate yield and many side products. Specifically, the amount of TBAHCO3 used in the 
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[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 

°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 

7-3 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 7-7) or [19F]Fallypride (Figure 7-8) to confirm the Rf values of these species.  

 
Figure 7-3. 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 7-3. 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., 
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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%, 

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 

7-9), 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 7-3. 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 

 

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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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, 

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. 

7.4.4 Optimization of separation of [18F]PBR-06 samples 

For crude samples of [18F]PBR-06 (Figure 7-10), 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 7-10). 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. 

7.4.5 Optimization of separation of [18F]FEPPA samples 

For samples of [18F]FEPPA (Figure 7-11), 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 
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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). 

7.4.6 Optimization of separation of [18F]FDOPA samples 

We next considered the two-step radiofluorination of [18F]FDOPA (Figure 7-12), 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 analyses235–237. 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.  

7.4.7 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 
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application of the PRISMA method to [18F]FPEB (Figure 7-13), 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 

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). 

7.4.8 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 methods178 and 

performed radio-TLC analysis of reactions in a multi-lane fashion93 (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]FPEB199,238, and HPLC analysis of crude microscale reactions (via flow-based reactor) of 

[18F]FPEB shows closely eluting radioactive impurities238, that may be difficult to resolve via TLC 

without careful optimization.  

Initial microscale conditions were adapted by scaling down conditions reported in 

literature239. [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 7-4A). 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 
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amount (Figure 7-4B), 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 7-4C), a high 

amount of precursor is needed to improve RCY. By replotting the results as a function of the base 

to precursor ratio (Figure 7-4D), 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 7-4E).   

Under the optimized conditions, [18F]FPEB could be produced in a crude RCY of ~16%, 

greater than other reported literature conditions (4-10%)174,238–241. 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.   

7.4.9 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 7-14). 

Hanessian staining reveals faint traces of additional impurities near the product band. Ninhydrin 

staining did not reveal additional bands (Figure 7-14), but because it stains amine groups, this 

can help determine the potential identities of the bands. For [18F]Fallypride, Hanessian staining 
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revealed no additional impurities (Figure 7-15). Ninhydrin staining revealed a previously unseen 

impurity (Figure 7-15).  

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 studies77,198,242–248. 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 7-4. 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 10 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 7-4. 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.73 
 

 

Figure 7-5. The graphical user interface of software used for analyzing TLC images. 
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7.6.1 PRISMA “Prism” Construction 

The data resulting from the PRISMA process (described in Methods) can be visualized in a 

3D representation (Figure 7-6). First, we draw a triangle (Figure 7-6A) 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 7-6B). 

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 7-6C).  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 7-6D. 

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 7-6E). The slice on which the highest resolution value occurred is shown in 

Figure 7-6F. 
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Figure 7-6. Procedure for the 3D visualization of resolution as a function of mobile phase 
composition. 
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Figure 7-7. CLI images of TLC plates spotted with 1 μL crude [18F]TBAF (30-50 MBq 
[18F]fluoride, 800 nmol TBAHCO3, diluted to 60 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 7-8. 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 7-9. 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 7-10. 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 7-11. 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 7-12. 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 7-13. 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 7-14. 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 7-15. 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 8:  Rapid purification and formulation of 

radiopharmaceuticals via thin-layer chromatography 

 Introduction 

In the last decade, positron-emission tomography (PET) has led to many advances in 

disease characterization1,2, drug development4,249,250, and monitoring treatment efficacy for 

various diseases251,252. While numerous short-lived radionuclides may be used to label biologically 

active radiotracers, fluorine-18 remains by far the most common due to its high positron decay 

ratio (97%), short half-life (109.8 min), low positron energy (635 keV) and wide availability10–12.  

The production of 18F-labelled radiopharmaceuticals typically involves a late-stage 

radiofluorination method involving the reaction between [18F]fluoride or a prosthetic group labelled 

with F-18, and a precursor, followed in some instances by the deprotection of functional groups. 

Subsequently, purification of the crude radiopharmaceutical is required to ensure that all 

unreacted precursors, reaction by-products, solvents, and other toxic reagents (e.g., phase-

transfer catalysts), are removed. The high structural similarity of precursors and byproducts to 

radiopharmaceuticals, along with the vast precursor excess typically used in radiosyntheses to 

ensure efficient reaction kinetics, imposes significant challenges for the purification process.  

Several chromatographic approaches are currently used to purify radiopharmaceuticals, 

including solid phase extraction (SPE) and high-performance liquid chromatography (HPLC). 

While these chromatographic methods are both versatile and compatible with a variety of 

stationary phases (e.g., reverse-phase C18
253,254, size exclusion (SE)255,256, and ion exchange 

(IEX)257, they differ in complexity and performance. SPE is generally rapid, but separation 

resolution is generally regarded as low258. A further downside is that developing a suitable SPE-

based purification protocol can take considerable time and effort. So far, SPE has only 
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successfully been used to purify a handful of 18F-labeled radiopharmaceuticals55,56,259–262. HPLC 

has high resolution and is used to purify the vast majority of radiotracers. Still, it is time-

consuming, bulky, expensive, and often requires a downstream re-formulation process due to bio-

incompatible mobile phases263,264. Another approach that has been used to purify 

radiopharmaceuticals is molecular imprinting chromatography265. However, this technique 

requires a unique stationary phase for each radiopharmaceutical and is not widely used.  

Recently, our group and others have shown that microscale synthesis methods enable 

efficient reactions while enabling vast reduction of reagent masses58,99,104,152,178. Consequently, 

the quantity of impurities is drastically reduced, and it appears in some cases, the number of 

different impurities may also be reduced138,152. These factors may allow lower-resolution forms of 

purification to be employed in the purification of microscale-produced radiopharmaceuticals. For 

example, purification has been performed using microscale SPE for [18F]FDG55,262 and [18F]FLT56.  

It has also been attempted for microfluidically-produced [18F]Fallypride. Still, sufficient chemical 

purity was not achieved266, suggesting that microscale and conventional SPE may have similar 

limitations of versatility due to the low resolution. Alternatively, our group and others have shown 

that conventional semi-prep HPLC columns can be replaced with analytical scale columns60,105, 

enabling faster purification, higher resolution, and reduced volume of collected pure fraction 

(enabling faster downstream formulation). However, the continued need for a bulky and expensive 

instrument to perform purification undermines many of the advantages of microfluidic 

radiosynthesis. 

To overcome these challenges, we propose using thin-layer chromatography (TLC) as a 

more compact, rapid, and lower-cost way to purify microfluidically-produced 

radiopharmaceuticals. Purification via TLC is not new and is often used in the pharmaceutical 

industry for the crude synthesis of candidate molecules267. Utilizing preparative TLC plates, crude 

products are separated, then the product-binding sorbent is removed from the plate and extracted 

in organic solutions for subsequent processing.  Though separations in the pharmaceutical 
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industry usually involve long TLC plates and lengthy separation times, which are incompatible 

with the production of short-lived radiopharmaceuticals nor the goals of miniaturizing the entire 

radiosynthesis processes, the masses involved in batches of radiopharmaceuticals are far 

smaller. We hypothesized that short, analytical-scale plates might be suitable for purifying 

radiopharmaceuticals (Figure 8-1).  

Radio-TLC is already widely used in radiochemistry to analyze small samples (e.g., 1 µL) 

of radiopharmaceuticals. By making use of high-resolution imaging-based readout (e.g., 

Cerenkov luminescence imaging; CLI and UV imaging), our group has recently shown that 

separation resolution comparable to radio-HPLC can be achieved on analytical scale TLC plates 

with very short separation distances (4 cm) and short separation time (<4 min)93. In addition to 

being rapid and having high resolution, TLC is very versatile. We recently adopted the PRISMA 

algorithm232 for efficiently optimizing mobile phase compositions to achieve high separation of a 

wide variety of radiopharmaceuticals from their radioactive and non-radioactive impurities268. This 

paper shows the feasibility of using analytical-scale TLC as a compact, rapid, and high-resolution 

method for the purification of microfluidically-produced (i.e., low mass scale, low volume) 

radiopharmaceuticals.    
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Figure 8-1. Procedure for the purification of microscale-synthesized radiopharmaceuticals 
using TLC.  

 Results 

8.2.1 Performance of TLC at the scale of crude reaction mixtures 

When performing TLC analysis of radiopharmaceuticals, typically, only a small sample 

volume (0.5 or 1.0 μL) is spotted on the plate via a capillary or pipette. In contrast, the volume of 

the collected crude product from microscale reactions is on the order of 40-60 μL269, all of which 

need to be loaded onto the TLC plate to use this as a purification method. 

We have previously used the PRISMA algorithm to establish suitable TLC mobile phases 

for baseline separation of [18F]PBR-06 from radioactive and non-radioactive impurities in crude 

reaction mixtures (1 µL sample), and for [18F]Fallypride from its impurities (1 µL sample)268. While 

the separation resolution is expected to suffer by increasing the sample volume and mass, the 

degree of resolution reduction needs to be quantified. 

To study the effect of sample mass without significantly changing the size of the sample 

spot, we loaded samples by pipetting crude [18F]PBR-06 in 1 µL increments onto the origin while 

heating the TLC plate with a heat gun (120 °C setting), allowing each droplet to dry (~2 s) before 

adding the next. For [18F]PBR-06, we discovered that the chromatographic resolution of [18F]PBR-



234 
 

06 from its nearest impurity decreased from 2.2 to 1.0 when increasing the total volume of the 

spotted crude product from 6 to 60 μL. Notably, 60 μL corresponds to an entire batch of crude 

radiopharmaceutical. When performed manually, sample deposition with this approach took ~5 

min to load a 60 µL sample.  

We next tried applying the 60 μL volume in a streak rather than a single spot. Each 20 μL 

portion was deposited as a ~20 mm long line along the origin and then dried at 120 °C (~5 s) 

before applying the next streak in the same location. By spreading out the mass amount of product 

over a greater width of the separation medium, the chromatographic load is decreased, achieving 

nearly the same resolution (2.0) as the plate spotted with only 6 µL. The 60 µL sample could be 

deposited in <2 min by streaking. 

We also tried spotting a 60 µL sample to TLC plates containing a concentration zone.  A 

large volume can be deposited as a single spot within the concentration zone. During 

development, it will be concentrated into a thin line at the boundary of the concentration zone 

before its migration and separation within the separation zone. Using this method, the resolution 

was 1.7. While we expected the resolution to be similar to the streaking approach, the observed 

resolution may be slightly lower because the plate was an HPTLC plate, which has a thinner 

sorbent layer (150 μm) than the analytical plates used for other samples (250 μm).  

These results are summarized in Figure 8-2 and Table 8-1. Due to the high performance 

of the sample streaking method in conjunction with analytical TLC plates, they were used for the 

remainder of the study. 
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Figure 8-2. Effect of sample deposition parameters on separating [18F]PBR-06 samples.  
(A) Images (left: CLI; right: UV) of crude [18F]PBR-06 deposited on TLC plates using different 
volumes and application methods. Yellow lines denote the area of the image used to compute the 
line profiles shown in panel B, excluding the origin and solvent front lines with a strong signal in 
the UV images. (B) TLC chromatograms generated from the CLI and UV images. Legend: black 
- 6 μL spot, red - 60 μL spot, green - 60 μL streak, and blue - 60 μL spot (HPTLC plate). The inset 
shows a magnified view of the dashed region to highlight the full-width half maximum (FWHM). 
 
 
 
Table 8-1. Effect of sample deposition parameters on chromatographic resolution between 
[18F]PBR-06 and the nearest impurity.  

Sample volume 
(μL) 

Deposition 
method 

TLC plate Resolution 

6 Spot Analytical 2.2 

60 Spot Analytical 1.0 

60 Streak Analytical 2.0 

60 Spot 
HPTLC 

(with concentration zone) 
1.7 

 
 
In addition to evaluating separation resolution, losses during the sample application process were 

evaluated. Measurements using a calibrated ion chamber (CRC 25-PET, Capintec, Florham Park, 

NJ, USA) revealed ~10-20% loss of initial sample activity on the pipette tip and Eppendorf tube 
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originally containing the crude radiopharmaceutical. The loss could be reduced to <1% if the 

Eppendorf and pipette tip were rinsed with 20 μL of 9:1 MeOH:H2O (v/v). When applied during 

the sample streaking method, the additional rinse volume did not effect the chromatographic 

resolution. 

8.2.2 Efficiency of radiopharmaceutical collection from the TLC plate 

After separation, the product must be collected from the plate. We elected to use a process 

of scraping the silica stationary phase from the plate in the region of the desired band, followed 

by extraction of the product into a buffer. 

The effectiveness of collecting the sorbent-bound radiopharmaceutical for [18F]PBR-06 

and [18F]Fallypride is demonstrated in Figure 8-3. Each TLC plate was streaked with 60 µL of 

crude product, developed, and then measured by a dose calibrator. A CLI image of the plate was 

then obtained, and the relative abundance of radiochemical species was determined using region 

of interest (ROI) analysis as previously described93,101. Combining these two measurements, we 

could estimate the initial quantity of radioactivity corresponding to the radiopharmaceutical 

product on the TLC plate. Initially, scraping of the sorbent at the position of the 

radiopharmaceutical band was performed via a small spatula. The sorbent (a fine powder) was 

collected onto weighing paper and then transferred into an SPE tube. However, using this method, 

>20% of the radiopharmaceutical activity (and sorbent) could be lost. Instead, we used a piece of 

plastic tubing with a beveled tip as the scraper. We connected the other end of the tubing through 

an empty SPE tube fitted with a 0.2 μm frit (Figure 8-1) to a vacuum source to capture the removed 

sorbent more efficiently. The entirety of the scraping process took <2 min to complete. 

Comparison of the collected sorbent activity of the product from the TLC plate (measured via dose 

calibrator) to the estimate of initial radioactivity of the radiopharmaceutical on the plate indicated 

that the sorbent-bound product was collected with >97% efficiency for both [18F]PBR-06 and 

[18F]Fallypride (Table 8-2, rows 1 and 3). Additional CLI images of the TLC plates were obtained 

after the scraping process. ROI analysis showed that the region of the plate corresponding to the 



237 
 

product contained ~0% of the initial radioactivity (Figure 8-3), confirming that the silica removal 

process is quantitative. 

 

 
Figure 8-3. CLI images of TLC plates show the effectiveness of the stationary-phase 
removal step during TLC-based purification.  
(A) Images of analytical TLC plate streaked with crude [18F]PBR-06 before and after collection. 
(B) Images of analytical TLC plate streaked with crude [18F]Fallypride before and after collection. 
Yellow bands denote ROIs used in quantifying the proportion of different radiochemical species.   
 
 
 
Table 8-2. Performance of microscale droplet radiosyntheses coupled with the TLC-based 
purification and formulation. In the extraction step, Method 1 uses 1.0 mL of saline alone, 
and Method 2 uses 100 µL EtOH, followed by 900 µL saline. The overall collection and 
extraction efficiency is calculated by multiplying the silica collection efficiency by the 
extraction efficiency for individual runs and then averaging across replicates. The overall 
RCY is calculated by multiplying the crude RCY of the droplet synthesis by the silica 
collection efficiency and the extraction efficiency for individual runs and then averaging 
across replicates. 

 
Radiotracer 

 
Activity 
level 

(MBq) 

Crude RCY 
of droplet 
synthesis 

 (%)            
(n = 8) 

Silica collection 
efficiency (%)   

(n = 8) 

Extraction efficiency (%) 

Overall collection and 
extraction efficiency 

(%) Overall  RCY (%) 

Method 1 
(n = 4) 

Method 2 
(n = 4) 

Method 1  
(n = 4) 

Method 2 
(n = 4) 

Method 1 
(n = 4) 

Method 2 
(n = 4) 

[18F]PBR-06 

11 94.4 ± 1.2  98.7 ± 1.3 96.4 ± 3.4 97.9 ± 1.6 95.4 ± 4.6  96.3 ± 1.7  89.6 ± 3.9 91.3 ± 1.9 

1110-
1480 

91.9 ± 1.8 98.1 ± 1.1 95.6 ± 2.9 
98.2 ± 0.3 

94.2 ± 2.6 95.9 ± 0.9 86.7 ± 3.7 87.9 ± 1.8 

[18F]Fallypride 

7.5 96.5 ± 1.6 97.5 ± 1.6 95.4 ± 1.1 98.4 ± 0.3 92.6 ± 2.6 96.2 ± 1.3 89.4 ± 3.7 92.9 ± 2.6 

740-1480 93.2 ± 2.5 97.5 ± 1.2 97.1 ± 1.0 97.8 ± 1.4 94.5 ± 1.9 95.6 ± 2.8 88.1 ± 3.8 89.2 ± 4.7 
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8.2.3 Efficiency of radiopharmaceutical collection from the TLC plate 

Finally, the purified radiopharmaceutical needs to be separated from the sorbent. This is 

accomplished by flowing liquid through the sorbent and capturing the eluted liquid while the 

particles remain trapped by the frit. For this step, the output of the SPE tube (containing the 

sorbent-bound product) is connected through a sterilizing filter (0.2 μm) to a sterile septum-

capped product vial. Vacuum is applied to a sterile filter connected to the vent port of the product 

vial.  The end of the tubing used for scraping the sorbent is then dipped into an Eppendorf tube 

filled with extractant solution, effectively rinsing the sorbent collection path and eluting the 

radiopharmaceutical from the collected sorbent.  

  To avoid needing a later downstream reformulation step, we evaluated the ability to extract 

the product from the sorbent into biocompatible solutions.  Using 100 μL of EtOH, followed by 900 

μL of saline, it was possible to extract >97% of the product from the sorbent for both tracers 

([18F]PBR-06 and [18F]Fallypride) (Table 8-2, rows 1 and 3). Flowing the additional 900 μL of 

saline through the sorbent provided a final formulated product with <10% EtOH (v/v). We also 

tried extracting with saline. Using 1 mL of saline, the extraction efficiency was >95% for both 

[18F]PBR-06 and [18F]Fallypride (Table 8-2, rows 1 and 3). 

We achieved very high overall radiochemical yield (RCY) for both radiopharmaceuticals 

with the combination of droplet radiosynthesis and TLC-based purification/formulation (Table 

8-2). Compared to our prior reports of droplet radiosyntheses that used analytical-scale HPLC 

purification (with purification efficiency of ~80%), the efficiency of the TLC purification and 

formulation process was significantly higher (nearly quantitative), leading to higher overall 

radiochemical yield. In particular, a prior report of droplet-based [18F]PBR-06 production showed 

high crude RCY (94 ± 2%, n = 4), but due to losses during HPLC purification, the isolated RCY 

was only 76% (n = 1)178, and further losses would have been expected during downstream 

formulation which was not performed in that study. Similarly, a prior report of droplet-based 
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[18F]Fallypride production exhibited high crude RCY (96 ± 2%, n = 4), but due to losses during 

HPLC purification, the isolated yield was 78% (n=1)58.  

Notably, the entire purification and formulation process with the TLC method was very fast 

and took <10 min to complete (2 min for sample spotting, >4 min for TLC plate development, 2 

min for silica removal, and 2 for radiopharmaceutical extraction and filtration). 

8.2.4 Scale-up to clinical quantities 

The ability of the TLC method to purify radiopharmaceuticals at clinically relevant levels 

were explored. For droplet-based radiosynthesis, scale-up is achieved by simply increasing the 

amount of radioactivity in the synthesis and does not require increasing the reaction mass scale60. 

For this reason, the chromatographic resolution of the TLC method should not be impaired when 

utilizing greater activity scales. Indeed, scaling up the amount of radioactivity led to the efficient 

purification of clinically relevant activity levels of [18F]PBR-06 and [18F]Fallypride (Table 8-2, lines 

2 and 4). Automating the TLC purification procedure may allow more activity scales to be purified. 

8.2.5 Quality control testing of purified [18F]PBR-06 

A series of selected key quality control (QC) tests were performed to assess the safety 

and purity of the radiopharmaceuticals purified (and formulated) using the TLC method. Tests 

performed include appearance (color, clarity), pH, residual phase transfer catalyst, residual 

solvents, radiochemical purity, chemical purity, and radiochemical identity.  

Radiochemical and chemical analyses were performed using HPLC (Figure 8-4).  When 

we initially analyzed TLC-purified [18F]Fallypride (Figure 8-5), we noticed some impurities at early 

retention times in the UV channel and confirmed that these peaks come from the TLC plate itself. 

By pre-cleaning the TLC plates, these impurity peaks could be removed (Figure 8-7, Figure 8-8). 

When using pre-cleaned TLC plates, radiochemical and chemical purity standards suitable for 

injection were achievable. 
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Figure 8-4. HPLC chromatograms of [18F]PBR-06. 
(A) Crude reaction mixture. (B) TLC-purified (and formulated) product. (C) Co-injection of TLC-
purified product with the [19F]PBR-06 reference standard. 
 

The results of these and additional tests (Appendix 8.6.1) for three consecutive batches 

of TLC purified [18F]PBR-06 are summarized in Table 8-3. The results suggest that this method 

could potentially be used to produce tracers for clinical use.   

Due to the silica sorbent's integral role in the TLC-purification process, we were concerned 

that some silica could end up in the final formulation, either as small nanoparticles that pass 

through the frit and filter or through solubility of silica in aqueous solutions270. To determine levels 

of residual silica, we used ICP-MS to measure Si content of samples that were first digested in 

HNO3 to ensure any particulate silica was captured into the solution (Appendix 8.4.9). Si was not 

detected for the formulated tracer samples (limit of detection 0.83 ng/mL). While the complete 

elimination of silica in the final radiopharmaceutical formulation cannot be confirmed, it can be 

concluded that the residual amount is extremely low. 
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Table 8-3. Performance and quality control testing results for three consecutive batches 
of [18F]PBR-06.  

Test Criteria Batch 1 Batch 2 Batch 3 

Radioactivity - 
821 MBq 
[22.2 mCi] 

744 MBq 
[20.1 mCi] 

829 MBq 
[22.4 mCi] 

Molar Activity - 342 GBq/µmol 315 GBq/μmol 327 GBq/μmol 

Appearance 
Clear, colorless, and 

particulate-free 
✓ ✓ ✓ 

Radiochemical 
Identity  

Retention time ratio of 
radio peak vs. 

reference standard 
(0.90-1.10) 

1.01 1.01 1.01 

Residual 
TBAHCO3 

<104 mg/L < 45 mg/L < 45 mg/L < 45 mg/L 

Residual 
Solvents 

MeCN < 410 ppm 
MeOH < 3000 ppm 
Hexanes < 290 ppm 

CHCl3 < 60 ppm 
Et2O < 5000 ppm 

EtOAc < 5000 ppm 
AcOH < 5000 ppm 

Thexyl alcohol 
< 5000 ppm 

< 1 
24 
6 

< 1 
104 
21 
7 
 

< 1 

< 1 
21 
2 

< 1 
47 
10 
5 
 

< 1 

< 1 
24 
5 

< 1 
102 
20 
7 
 

< 1 

Radiochemical 
Purity 

>95% >99% >99% >99% 

Radionuclide 
Identity 

(half-life)  
105-115 min 110.4 111.7 113.8 

pH  4.5-7.5 5.5 5.5 5.5 

Shelf-life 
Pass appearance, pH, 

and radiochemical 
purity after 120 min 

✓ ✓ ✓ 

 
 

 Discussion 

A significant advantage of the TLC-based purification approach described is its high-speed 

operation. In addition to the rapid separation via TLC, for the radiopharmaceuticals tested, the 
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purified tracer could be recovered in saline (or a mixture with <10% EtOH), eliminating the need 

for a downstream reformulation step. Current microscale radio-pharmaceutical production 

protocols generally rely on HPLC purification followed by a separation formulation step performed 

via solid-phase extraction on a reversed-phase cartridge or via solvent evaporation followed by 

resuspension in an injectable buffer, requiring 30-60 min to complete139,228,271. In contrast, for the 

TLC purification (and formulation) method, these steps were completed in <10 min for both 

[18F]PBR-06 and [18F]Fallypride. Based on the half-life of fluoride-18, an additional 20-50 min of 

overall synthesis time would lead to a 12-27% loss of product. Furthermore, during HPLC and 

cartridge- or evaporation-based reformulation, activity losses are typically substantially higher 

than the 3-5% loss observed here. 

We found the product band retention factors and band heights to be remarkably consistent 

from run to run for both the [18F]PBR-06 and [18F]Fallypride product bands (i.e., (Rf = 0.66 ± 0.01, 

band height = 0.22 ± 0.05 cm, n = 7), (Rf = 0.91 ± 0.01, band height = 0.31 ± 0.05 cm, n = 4), 

respectively). This allowed us to mark the TLC plate in advance with the expected position of the 

product band, allowing the sorbent collection without imaging the TLC plate. Batches processed 

in this fashion had high efficiency (low loss of product) and high chemical and radiochemical 

purity, equivalent to batches that relied on imaging. This observation suggests that for well-

developed methods, the TLC plate imaging step can potentially be skipped, simplifying the 

apparatus and procedure. To use this technique reliably requires adequate separation of the 

desired radiopharmaceutical band from impurity bands (both radioactive and non-radioactive 

impurities). The mobile phases used for the separation of [18F]PBR-06 and [18F]Fallypride from 

impurities were optimized using a recently-reported methodology (PRISMA) to maximize the 

resolution between the radiopharmaceutical and nearest impurity272. This optimization algorithm 

provides a systematic and resource-efficient way to discover suitable mobile phases for 

radiopharmaceuticals and appears to have high versatility for a broad range of 

radiopharmaceuticals272, suggesting that it will be possible to develop high-resolution TLC-based 
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methods to purify other radiotracers. Despite the presence of various organic solvents in the TLC 

mobile phases, GC-MS analysis revealed the amounts to be minimal and far below per-mitted 

amounts (Table 8-3). The low values are likely due to (i) the low initial volume of mobile phase 

“contained” within the silica in the region of the product band, (ii) the ap-plication of heat (90 °C 

for 30 s) to dry the TLC plate after separation, and (iii) the use of vacuum during the sorbent 

collection step that may further assist in the removal of any residual solvents.  

An additional requirement for more widespread use would be to increase the degree of 

automation to simplify the process and reduce radiation exposure, especially for producing clinical 

scale or multi-patient batches. Simplifications could be made in the process to reduce exposure, 

e.g., connecting the SPE tube to the sterilizing filter at the start of the experiment and pulling 

vacuum through the sterile vent filter both for collecting the scraped silica into the SPE tube, as 

well pulling the extraction buffer through the silica. Further automation of each of the processes 

(sample deposition, TLC separation, and ex-traction of product) are also needed. While 

commercially-available systems exist for automated sample deposition in spots, lines, or other 

patterns (e.g., CAMAG automatic TLC sampler 4273), transfer of the crude radiopharmaceutical to 

the device, operation time, and system footprint are concerns for use in radiochemistry 

applications. A more practical approach may be to simply use TLC plates with concentrating 

zones, which would al-low the sample to be dripped at a controlled flow rate onto a single location 

onto a heated TLC plate rather than the more complicated process of depositing the sample in a 

streak pattern. The resolution obtained for [18F]PBR-06 samples spotted onto concentrating-zone 

HPTLC plates was nearly as good as for samples streaked onto normal analytical plates and 

could perhaps be further optimized by comparing different types of concentrating-zone plates. 

Concentrating zone plates are also likely to reduce the potential dispersion effects if the streak 

pattern is not perfectly straight. The need for manual handling in the development process can 

likely be eliminated by integrating the above sample deposition approaches with commercial or 

custom horizontal TLC setups274–277. Commercially available online extraction systems also exist 
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for the collection of identified product bands directly from TLC plates without the need for scraping 

(e.g., CAMAG TLC-MS Interface 2278, Advion Plate Express279), using methods such as liquid 

extraction. However, the manual steps for installation and alignment of TLC plates, system size, 

and limitations on the band geometry (that will prevent complete collection of the product species) 

may not be well-matched to preparative applications in the radiopharmaceutical field. A more 

practical approach to automation may to develop a custom apparatus with adjustable or movable 

flow cell placed across the product band to extract the species of interest280,281.  

Another strategy for automation may be to leverage the PRISMA procedure to develop mobile 

phase systems that could provide high separation resolution using other chromatography 

methods (e.g. silica flash chromatography), which may be easier to automate, or perhaps 

miniaturize using microfluidic-based systems with integrated purification media262,282. However, it 

is not clear if the resolution achieved in the column format would match that achieved in the planar 

TLC format, or whether a similar fast operation speed and high recovery efficiencies would be 

observed. Furthermore, the use of highly-UV-absorbing organic solvents could limit the ability to 

monitor non-radioactive impurities and obtain a pure product, and the collected 

radiopharmaceutical would require extensive reformulation to remove relatively large amounts of 

solvents, making the process more time-consuming and complicated compared to the TLC-based 

approach. 

 Materials and Methods 

8.4.1 Reagents and Materials 

All reagents and solvents were obtained from commercial suppliers and used without 

further purification. 2,3-dimethyl-2-butanol (thexyl alcohol; anhydrous, 98%), acetic acid (AcOH; 

glacial, >99.9%), acetone (suitable for HPLC, >99.9%), acetonitrile (MeCN, anhydrous, 99.8%), 

ammonium formate (NH4HCO2, 97%), chloroform (>99.5%, contains 100-200 ppm amylenes as 

a stabilizer), dichloromethane (DCM; anhydrous, >99.8% contains 40-150 ppm amylene as a 
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stabilizer), diethyl ether (Et2O; >99.9% inhibitor free), ethyl acetate (EtOAc; anhydrous, 99.8%),  

ethyl alcohol (EtOH; 200 proof, anhydrous, >99.5%), methyl alcohol (MeOH; anhydrous, 99.8%),  

n-hexanes (98%), Polypropylene SPE tube with PE frits (1 mL, 20 μm porosity), Silica with 

concentration zone (Silica 60 with diatomaceous earth zone) HPTLC plates, tetrahydrofuran 

(THF; anhydrous, >99.9% inhibitor free), water (H2O; suitable for ion chromatography) and 

Whatman Anotop 10 syringe filters (sterile, 0.2 um) 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]PBR-06 precursor, >95%), 2-fluoro-N-(2-methoxy-5-

methoxybenzyl)-N-(2-phenoxyphenyl)acetamide (PBR-06 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). Glass microscope slides (76.2 mm x 50.8 mm, 1 mm thick) were 

obtained from C&A Scientific (Manassas, VA, USA). Saline (0.9% sodium chloride injection, USP) 

was obtained from Hospira Inc. (Lake Forest, IL, USA). Sodium phosphate dibasic (Na2HPO4-

7H2O) and sodium phosphate monobasic (NaH2PO4-H2O) were purchased from Fisher Scientific 

(Thermo Fisher Scientific, Waltham, MA, 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. 

8.4.2 Preparation of radiopharmaceuticals and reference standards 

[18F]PBR-06 and [18F]Fallypride were prepared using droplet radiochemistry methods on 

Teflon-coated silicon surface tension trap chips58. Detailed protocols for preparing these 
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radiotracers have been previously reported178. Stock solutions of reference standards were 

prepared at 20 mM concentrations: 5 mg of Fallypride was added to 685 µL of MeOH, and 5 mg 

of PBR-06 was added to 632 µL of MeOH. 

8.4.3 Preparation of TLC plates 

TLC plates were cut (W x H, 3 x 6 cm), then marked with horizontal pencil lines at 1 cm 

(origin line) and 5 cm (development line) from the bottom edge. 

To eliminate impurities in the TLC plate that can contaminate the radiopharmaceutical, 

plates were pre-cleaned with solvent as previously described283. Briefly, TLC plates were 

submerged to the origin line in a mixture of 2:1 EtOAc: MeOH (v/v), allowed to develop for 20 min, 

and then heated for 1 min (at a 120 °C setting) using a heat gun (Furno 500, Wagner). 

8.4.4 Sample spotting and separation 

60 μL of the relevant crude radiopharmaceutical sample was applied to the plate by 

various methods (e.g., sequential spotting or streaking) by a micro-pipette. Spotting on analytical 

scale TLC plates was performed by adding 1 µL of the sample and heating with a heat gun at 120 

°C (~2 s). Spotting of samples on HPTLC plates occurred with the addition of 10 µL of sample to 

the concentration zone, followed by drying at 120 °C (~5 s). Streaking of samples on analytical 

scale TLC plates were performed by deposition of 20 µL of sample in a thin streak covering ~30 

mm, followed by heating at 120 °C (~5 s).  

Plates were then developed in the mobile phase up to the development line. The mobile 

phases for [18F]PBR-06 and [18F]Fallypride were 29.8:26.9:20.4:22.85:0.05 (v/v) 

Et2O:DCM:CHCl3:n-hexanes:AcOH and 31.3:24.5:34.3:10.0 (v/v) THF:acetone:n-hexanes:TEA, 

respectively. After development, the plates were dried by a heat gun for 30 s at 90 °C. 

8.4.5 Readout and analysis of TLC plates 

The developed TLC plate was covered with a glass plate and visualized as previously 

reported93 to obtain a Cerenkov luminescence image (CLI) (1 min exposure), followed by a UV 

image (7 ms exposure).   
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Images were analyzed to determine chromatographic resolution using a custom MATLAB 

program (Mathworks, Natick, MA, USA) with a graphical user interface (GUI) was used as 

previously described268. Briefly, the user is guided by the program to create chromatograms from 

the CLI and UV images, from which peak positions, widths, and resolution are calculated268. In 

the analysis, the lines drawn (for origin and solvent front) are omitted from the selected lanes 

since the pencil markings show up as false peaks in the UV chromatogram. The TLC 

chromatograms were plotted by exporting the data from the Matlab program and processing using 

OriginPro (OriginLab, Northampton, MA, USA). 

8.4.6 Readout and analysis of TLC plates 

8.4.6.1 Collection of sorbent from TLC 
 

When performing purification, the CLI and UV images of the TLC plate were used to 

identify the location of the product band and nearest impurity bands. During the preparation of the 

TLC plate, a pencil was used to outline the expected position and size of the radiopharmaceutical 

band (as determined from averaging images of multiple separations from crude batches of the 

same radiopharmaceutical and identifying the midpoint between the radiopharmaceutical band 

and its nearest impurities). To scrape the sorbent from the plate, the opening of a piece of plastic 

tubing cut at a ~45° angle (polyurethane, 1/4“ ID, IDEX) was used.  The tubing was connected to 

the inlet of an empty SPE tube (polypropylene, 1 mL, SigmaAldrich) that was fitted at the output 

end with a 10 µm frit (polyethylene, SigmaAldrich), and the output end was further connected to 

vacuum. While the desired region was scraped in a series of horizontal lines (raster motion), the 

sorbent was collected into the SPE tube. The visualization step could be omitted through the pre-

calibration step of determining the margins of radiopharmaceutical collection.   

8.4.6.2 Extraction of the radiopharmaceutical from sorbent 
 

Before extraction, the sterile product vial was fitted with 2 sterile filters (Anotop, 0.2 µm), 

one prewetted with saline and then connected to the output of the SPE tube and one left dry 

(vent). The radiopharmaceutical was then eluted from the collected sorbent with biocompatible 
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solvents (1 mL saline, or 100 µL EtOH followed by 900 µL saline) by applying vacuum to the vent 

filter of the product vial and by moving the tubing ‘scraper’ into an Eppendorf tube filled with the 

desired extraction solvent. No separate re-formulation of the collected purified product was 

required. 

8.4.7 HPLC analyses 

Radio-HPLC was used to analyze crude radiopharmaceuticals and to perform tests for 

radiochemical and chemical purity and radiochemical identity of TLC-purified batches of 

radiopharmaceuticals. 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). [18F]PBR-06 samples were separated with a mobile phase of 60:40 (v/v) MeCN:20 mM 

sodium phosphate buffer (pH = 5.8) at a flow rate of 1.5 mL/min resulting in a retention time for 

[18F]PBR-06 of 6.5 min. [18F]Fallypride samples were separated with a mobile phase of 60% 

MeCN in 25 mM HN4HCO2 with 1% TEA (v/v) at a flow rate of 1.5 mL/min resulting in a retention 

time for [18F]Fallypride of 5.8 min. 

8.4.8 Quality control testing 

Quality control (QC) tests were performed on 3 consecutive batches of [18F]PBR-06 

produced via a droplet microreactor and purified with the TLC approach described here.  Testing 

focused primarily on color and clarity, radiochemical and chemical purity, molar activity, and 

residual solvent content to highlight the performance of this novel purification method. A full 

summary of tests and results can be found in Appendix 8.6.1. 

8.4.9 ICP-MS analysis for silicon content 

To estimate silica content in the final formulation, the amount of silicon was determined 

via inductively-coupled plasma mass spectrometry (ICP-MS) using a NexION 2000 (Perkin 
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Elmer). For each sample, an area (2.0 x 1.5 cm, WxH) was scraped from a cleaned TLC plate 

into an SPE tube, and 1 mL of saline was flowed through the silica and a sterile filter and collected 

into an Eppendorf tube for analysis. Each sample was transferred to a clean Teflon vessel for 

acid digestion in concentrated HNO3 (65-70%, Trace Metal Grade, Fisher Scientific) with a 

supplement of H2O2 (30%, Certified ACS, Fisher Scientific) at 200 °C for 50 min in a microwave 

digestion system (Titan MPS, Perkin Elmer). Once the sample was cooled to room temperature, 

it was subsequently diluted to make a final volume of 10 mL by adding filtered DI H2O for analysis. 

The calibration curve was established using a standard solution while the dwell time was 50 ms 

with thirty sweeps and three replicates with background correction. The detection limit using this 

procedure was 0.82 ng/mL. 

 Conclusions 

In this feasibility study, high-resolution radio-TLC was leveraged as a means to per-form rapid 

purification of two clinically-relevant radiopharmaceuticals ([18F]PBR-06 and [18F]Fallypride) 

produced via droplet radiochemistry methods.  Due to the high chemical and radiochemical purity 

and the high efficiency of product collection and formulation achieved, it is conceivable that the 

TLC purification method could serve as a versatile approach for the purification of microscale-

produced radiopharmaceuticals. The combination of droplet radiosynthesis with TLC-based 

purification/formulation for the production of [18F]PBR-06 led to high molar activities (⪎ 300 

GBq/µmol), comparing favorably to literature reports (37-222 GBq/μmol154,284).  

Even with the higher mass loading and volume of the crude radiopharmaceutical (60 µL) 

compared to typical samples (0.5-1 µL), high separation resolution of the radiopharmaceutical 

product from radioactive and non-radioactivity impurities was achieved on the TLC plates, as 

visualized via CLI and UV imaging.  The product collection (via sorbent collection from the plate 

followed by extraction) was nearly quantitative. Notably, by using injectable buffers (saline or 

EtOH diluted to <10% v/v in saline), the need for subsequent re-formulation is eliminated. 
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Consequently, radio-TLC purification (and formulation) could be completed in under 10 min. 

Furthermore, due to the low cost of TLC plates, one can consider the purification and formulation 

system to be disposable (in stark contrast to HPLC-based systems), further simplifying microscale 

radiosynthesis instruments, and eliminating the need for developing and validating cleaning 

protocols 

As a proof-of-concept, several batches of [18F]PBR-06 and [18F]Fallypride were produced and 

purified at scales sufficient for clinical imaging. Critical QC tests were per-formed on multiple 

batches (e.g., color and clarity, chemical and radiochemical purity, molar activity, and residual 

solvents) and suggested the potential suitability for clinical production of the TLC purification 

method. 

 
 

 Appendix 

 
Figure 8-5. HPLC chromatograms of [18F]Fallypride samples. 
(A) Crude reaction product. (B) TLC-purified product. (C) Co-injection of TLC-purified product with 
Fallypride reference standard. 
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Figure 8-6. Visualization of crude [18F]Fallypride streaking.  
Images (Left: CLI; Right: UV) of crude [18F]Fallypride deposited on TLC plates using the streaking 
deposition method. 
 
 
 
 
 

 
Figure 8-7. The difference between uncleaned and cleaned TLC plates. 
UV images of non-cleaned and pre-cleaned TLC plates after spotting with the PBR-06 reference 
standard and developing in the mobile phase for [18F]PBR-06. Yellow dashed circles denote the 
PBR-06 band.  The non-cleaned plate appears to have additional regions with significant UV 
signals. 
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Figure 8-8. HPLC analysis (using the mobile phase for PBR-06) of mock samples obtained 
by silica collection and subsequent product extraction with saline from a variety of 
samples.  
(A) non-cleaned and (B) pre-cleaned TLC plates. (C) Blank injection with fresh saline. 
 
 

8.6.1 Quality control testing methods 

Quality control tests for final appearance (color and clarity), radionuclide purity and 

identity, bacterial endotoxins, filter integrity (via bubble point test), sterility, radiochemical and 

chemical purity were determined as previously described139.  The remaining QC tests were 

performed as described below. 

8.6.1.1 Molar Activity 
 

Molar activity was estimated by quantifying the area under the curve (AUC) of the product 

peak in the HPLC chromatogram (UV signal) of the purified radiopharmaceutical. AUC was 

converted to a molar amount using a calibration curve generated using the reference standard 

(Figures S5 and S6). Finally, the molar activity was computed by dividing the collected 

radioactivity of the product peak by the molar amount determined from the UV peak. 
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Figure 8-9. Calibration curve for PBR-06 (n = 3 for each data point). 
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Figure 8-10. Calibration curve for Fallypride (n = 5 for each data point). 

8.6.1.2 Residual TBAHCO3 
 

Residual TBAHCO3 has an acceptable limit of 104 mg/L for a 1 mL formulation volume. 

Two assays were performed to compare the level of TBAHCO3 in formulated radiopharmaceutical 

samples to a reference of 45 mg/L TBAHCO3.  

Using the method described by Kuntzsch et al.285, 2 µL of TBAHCO3 reference was spotted 

against formulated [18F]PBR-06 and [18F]Fallypride (2 µL) onto TLC plates. After drying under 

ambient conditions, 5 µL of 0.72 M NH4OH (9:1 MeOH:H2O (v/v)) was spotted on top of each 

sample. Dried samples were immersed in a sealed container to be subjected to staining with I2 

for a total of 2 min. Example images of these tests are shown for each radiopharmaceutical in 

Figure 8-11. 
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Figure 8-11. Images of iodine-stained plates to test for residual TBAHCO3.  
(Left) Reference (45 mg/L) compared with three batches (B1, B2, B3) of formulated [18F]PBR-06. 
(Right) Reference compared with three batches of formulated [18F]Fallypride. 
 
Another test was performed using a recent method reported method using Dragendorf’s 

reagent76. Similar to the method above, TBAHCO3 reference and radiopharmaceutical samples 

(2 µL) were spotted on TLC plates. Plates were dried, directly dipped into the stain, and removed 

immediately. Heating with a heat gun (setting 170 °C) revealed TBAHCO3 as a violet color, as 

shown in the example images in Figure 8-12. 

 
Figure 8-12. Images of Dragendorf-stained plates to test for residual TBAHCO3.  
(Left) Reference TBAHCO3 (45 mL/L) compared with three batches (B1, B2, B3) of [18F]PBR-06. 
(Right) Reference TBAHCO3 compared with three batches of [18F]Fallypride. 
 

8.6.1.3 Residual solvent analysis 
 

The concentration of residual solvents (MeCN, MeOH, Hexanes, CHCl3, Et2O, EtOAc, 

AcOH, and thexyl alcohol) was determined using gas chromatography with mass spectrometry 

detection (GC-MS).  

GC-MS measurements were carried out using an Agilent 6890N GC, 5975 MSD, and 

7683B autosampler.  The instrument was controlled by Enhanced Chemstation software version 

E.01. The GC inlet was operated in split mode at 250 °C. UHP helium (Airgas West, Culver City, 

CA) was used as the carrier gas, with the flow rate set to 1.2 mL/min.  GC separation was carried 
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out on a 30m x 250 µm x 0.25 µm DB-Wax column (Agilent J&W).  The GC oven was initially held 

at 40 °C, heated to 100 °C at 10 °C/min, and then heated to 230 °C at 30 °C/min.  The MSD was 

operated in the SIM mode and used EI ionization.   

Instrument response for known concentrations of all pure analytes in water was measured 

to determine the analyte concentrations in the unknown samples.  A linear relationship was 

observed between the known concentration values and instrument response for these standard 

samples.  The measured analyte response values for known and unknown samples were 

normalized to that of isopropanol used as the internal standard. 

8.6.1.4 pH 
 

The resultant formulation was assessed via commercial pH test strips (MColopHast, EMD 

Millipore, Darmstadt, Germany). Chemical indicators embedded into the tape change color in 

response to hydroxide and hydrogen ion concentrations. Samples images are shown in Figure 

8-13. 

 

Figure 8-13. pH testing of radiopharmaceutical batches. 
(A) Color scale. (B) pH tests of saline (control) and three batches (B1, B2, B3) of TLC-purified 
[18F]PBR-06. (C) pH tests of saline and three batches of [18F]Fallypride.   
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8.6.1.5 Radionuclidic identity 
 
The identity of the radionuclide was determined by counting an aliquot of the formulated 
radiopharmaceutical in a calibrated dose calibrator over the course of 30 min. The following 
formula was compared to measured values to determine the radionuclidic identity:  
 

𝑇1/2 =  −0.693 ∗ (𝛥𝑡)/𝑙𝑛(𝐴𝑓/𝐴0) 
 
where T1/2 = the half-life of the radionuclide, Δt = the change of time between two measurements, 
Af = final activity measured, and A0 = the initial activity measured.  
 

8.6.1.6 Shelf-life 
 
Radiochemical and chemical purity was assessed for batches via radio-HPLC after 120 min. A 
sample chromatogram for a sample of [18F]PBR-06 is shown in Figure 8-14. 
 

 
Figure 8-14. HPLC chromatogram of formulated [18F]PBR-06 injected 120 min after the end 
of synthesis.  
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Chapter 9: Detection of radiometabolites in human blood 

using a high-performance, high-throughput thin-layer 

chromatography method 

 Introduction 

Quantitative imaging with positron-emission tomography (PET) has enabled an improved 

understanding of pathophysiological processes1–3, detailed monitoring of disease progression4,5, 

and rapid assessment of responses to treatment over the last decade6,7. Using biologically-active 

molecules tagged with short-lived radionuclides (radiopharmaceuticals), PET allows in vivo 

visualization of specific physiological processes via measurement of the tissue concentration of 

the radiopharmaceutical throughout the body8,286. Many studies use the measurement of uptake 

normalized to injected dose and body weight (SUV) at static time points to approximate 

pathophysiological processes287. However, radiopharmaceuticals undergo complex 

pharmacokinetics (e.g., delivery, uptake, retention, and clearance), and PET images are unable 

to distinguish between radioactivity that is within the blood, in the extracellular space, specifically 

bound to the intended target, nonspecifically bound, or in metabolites of the 

radiopharmaceutical78. Dynamic scanning coupled with the metabolite-corrected arterial input 

function (AIF) must be used to distinguish these compartments and provide quantitation. Many 

recent studies have looked to derive AIF directly from PET images by estimating the activity 

concentration in the arterial blood from a blood pool (e.g., aorta, large blood vessels, or heart)288, 

and, furthermore, the advent of total body PET promises to routinely allow this approach to non-

invasively measure the AIF due to the heart always being in the field of view289. However, the 

image-derived AIF only allows the determination of whole blood activity and cannot account for 

the metabolism or binding of radiopharmaceuticals to red blood cells (RBC)290. Consequently, 
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arterial blood sampling at various time points post-injection, combined with measurements of 

intact tracer fraction and its free fraction, to determine the AIF remains indispensable.  

 

However, several obstacles exist in experimentally determining the AIF, including low 

concentrations of radioactivity in blood samples due to the removal of radioactivity from blood to 

other organs over time. Furthermore, it is necessary to remove blood cells and proteins to 

determine the free fraction of the radiopharmaceutical in plasma291 because this free fraction of 

the radiopharmaceutical is the only available population for binding the target of interest292. The 

necessary steps, including protein precipitation, unfortunately further dilute samples (e.g., a ~100 

μL blood sample from a rat results in ~240 μL of processed plasma, and ~5 mL of human blood 

leads to ~12 mL of processed plasma)293, necessitating high sensitivity radiation detection. 

A further challenge is a need to distinguish radioactivity associated with the parent 

radiopharmaceutical and metabolites that can be present in plasma samples. These 

radiometabolites range from free radionuclides to compounds with high structural similarities to 

the parent compound, necessitating high-resolution chemical separation methods. Several 

methods (Table 9-1) have been used for the analysis of radiometabolites, including high-

performance liquid chromatography (HPLC)294,295, thin layer chromatography (TLC)296,297, and 

solid phase extraction (SPE)298,299 (Figure 9-5). The sensitivity and high resolution of HPLC make 

it the preferred method for metabolite analysis when combined with a scintillation detector. 

Nevertheless, HPLC has many disadvantages, including limited sample injection volumes300 

which are much smaller than the total volume of processed plasma, the possibility of retaining 

non-polar or ionic species on the column191, which may result in overestimation of the intact 

radiopharmaceutical concentration, the tendency to clog the column293, the long analysis time for 

each sample (including the time needed for cleaning and re-equilibration between samples)293, 

and in sensitivity as a function of the time associated with the sample being passed through the 

detector. The use of a pre-concentration column in the “column switching”301 HPLC technique 
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addresses sensitivity by enabling the injection of larger amounts of radioactivity but requires a 

complex HPLC setup293. Since samples must be processed serially, the long analysis time can 

be particularly problematic for the large numbers of blood samples needed to construct the AIF 

and/or when using short-lived PET isotopes such as C-11. One recent advance, utilizing micellular 

chromatography, has shown that the analysis time of plasma samples utilizing HPLC can be 

significantly reduced, though its adoption is limited due to complex instrumentation302. SPE 

analysis of plasma samples addresses many of the concerns by enabling the handling of large 

sample volumes, quick sample separation, and high sensitivity when combined with gamma 

counting, as well as the possibility of high-throughput analysis via parallelization. However, 

drawbacks of SPE include poor chromatographic resolution303 and a need for extensive fine-

tuning of washing/elution protocols to measure intact radiopharmaceuticals accurately299. 

Micellular chromatography has also been proposed for integration with SPE techniques, 

heightening resolution achievable, though again, its adoption is limited due to the use of 

specialized materials304. The use of TLC for analysis can provide moderate-resolution while also 

providing high sample throughput when coupled with autoradiography readout of multiple TLC 

lanes in parallel305. However, TLC is usually performed in small sample volumes (for example, 1 

μL), meaning that only a small fraction of available plasma radioactivity is analyzed, hindering 

sensitivity306. Therefore, routine analysis of radiometabolism from a variety of widely used 

radiopharmaceuticals is necessary, and new methods that are rapid and easily adoptable due to 

the use of ubiquitous materials are warranted. 

Leveraging a new approach we developed for optimizing TLC mobile phases to achieve 

high-resolution separations of radiopharmaceutical samples268 and using TLC plates with 

concentration zones that allow much larger sample volumes (e.g., 1-2 mL) and radioactivity 

amounts to be deposited without affecting chromatographic resolution307, we hypothesized that 

the shortcomings of the TLC radiometabolite analysis method could be overcome. We tested this 

hypothesis using blood samples obtained from rats and in human research participants 
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administered with [18F]FEPPA, a ligand for the translocator protein of 18 kDa (TSPO) used as a 

PET biomarker for glial activation and neuroinflammation308–310 and show that TLC can be used 

as a straightforward, convenient, high-resolution and high-sensitivity tool for determining the AIF. 

Table 9-1. Comparison of chromatographic techniques for radiometabolite analysis at a 
glance. 

Category Conventional TLC HPLC SPE 

Sample Deposition Volume Low Medium High 

Separation Time High High Low 

Analysis Time Low High High 

Sensitivity Medium Medium High 

Resolution Low High Low 

Method Development Time High High High 

Parallel Processing Possible Not Possible Possible 

 Materials and Methods 

9.2.1 Materials 

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%), acetone (suitable for HPLC, >99.9%), acetonitrile  

(MeCN; anhydrous,  99.8%), Eppendorf tubes (2 mL, DNA LoBind, PCR clean), methanol (MeOH; 

anhydrous, 99.8%), n-butanol (n-BuOH; anhydrous, 99.8%), n-hexanes (98%), tetrahydrofuran 

(THF; anhydrous, >99.9% inhibitor free), and water (H2O; suitable for ion chromatography) were 

purchased from Sigma-Aldrich (St. Louis,   MO,   USA). 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%), and tetrabutylammonium bicarbonate (TBAHCO3; 75 

mM in ethanol), were purchased from ABX Advanced Biochemical Compounds (Radeberg, 

Germany). Multi-channeled silica TLC plates (2315126C) were purchased from Sorbtech 

(Norcross, GA, USA). 1000 USP/mL Heparin was obtained from Sagent Pharmaceuticals 
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(Schaumburg, IL, USA). PTFE tubing (1/16” OD, 0.01” ID; 1529L) was purchased from IDEX 

Health and Science (Wallingford, CT, USA).  

No-carrier-added [18F]fluoride was produced via 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) using a 1.2-mL silver target with havar foil, or in a TR-19 cyclotron 

using a 2 mL niobium target. 

9.2.2 Preparation of [18F]FEPPA 

Production of [18F]FEPPA was adapted from literature reports311,312. [18F]fluoride (100-

1000 mCi in 2 mL [18O]H2O) was recovered through an anion-exchange cartridge followed by 

elution with K2CO3 (3 mg) in H2O (0.3 mL) into a pyrex glass vessel. K222 (10 mg) dissolved in 

MeCN (1 mL) was added to the vessel, and the solution was heated at 100 ± 3 °C until the liquid 

was fully evaporated. Azeotropic evaporation of the residual H2O was continued by adding and 

drying two more 1 mL portions of MeCN. After cooling for 2-4 min, a solution of FEPPA precursor 

(5 mg) in MeCN (0.75 mL) was added to the dried [18F]KF/K222 complex. The solution was reacted 

at 75 ± 3 °C for 20 min with N2 bubbling, then cooled for 2-4 min, and finally, the reaction was 

quenched by adding H2O (1.25 mL). The solution was injected into a 2 mL HPLC loop and purified 

by semipreparative HPLC (column: Phenomenex Kinetex C18 5 μm, 250 mm x 10 mm; mobile 

phase: 1:1 v/v EtOH:H2O; flow rate: 3 mL/min; detectors: UV 254 nm and radioactivity). The 

desired fraction (retention time ~9.6 – 10.2 min) was collected in a flask containing 25 mL of sterile 

water. The [18F]FEPPA was trapped on a t-C18 cartridge (SepPak light, Waters), washed with 11 

mL of sterile water, eluted with 0.85 mL of EtOH followed by 20 mL of sterile 0.9% saline, and 

passed through a sterile 0.22-μm filter (Millipore MP) into a sterile, pyrogen-free vial. Aliquots of 

the formulated solution were used to establish the chemical and radiochemical purity and specific 

activity of the final solution by analytical HPLC (column: Phenomenex Kinetex C18 5 μm, 250 mm 

x 4.5 mm; mobile phase: 45:55 v/v MeCN:0.1 N ammonium formate; flow rate: 1.5 mL/min). In 

each case studied, the minimum radiochemical purity was >99% and >740 GBq/μmol. 
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9.2.3 Pre-clinical blood sampling 

Sprague-Dawley rats (male) were injected with 59 ± 17 MBq (n = 4) [18F]FEPPA with molar 

activities >740 GBq/μmol. Periodic arterial blood sampling was performed via cannulation of the 

femoral artery. At each time point (1, 3, 6, 9, 12, 15, 20, 30, 45, and 60 min), ~100 μL of blood 

(determined by weight) was collected using a heparin-flushed syringe into an Eppendorf tube 

coated with cooled heparin (4 μL, 1000 USP/mL) and stored on ice. All collected samples were 

processed within 10 min. 

9.2.4 Clinical blood sampling 

Subjects were injected with 187 ± 14 MBq [18F]FEPPA (n = 5) with molar activities >740 

GBq/μmol. 8 ccs of whole arterial blood was collected via a needle-free syringe (to avoid shearing 

forces) into 10 cc heparinized tubes and transferred onto ice. Samples were collected at 2.5, 7, 

12, 20, 30, 45, 60, 90, 120, and 150 min post-injection. 

9.2.5 Plasma processing procedure 

Blood samples were centrifuged at 4 °C and 3,000 x g for 10 min. For each sample, the 

supernatant plasma was collected by a micropipette and placed into a secondary Eppendorf tube. 

After adding 4x (v/v) of ice-cooled MeCN, the tube was vortexed for 20 s. The samples were then 

recentrifuged at 4 °C and 12,000 x g for 20 min. The supernatant was collected via micropipette, 

leaving pelleted proteins behind. 

9.2.6 Radioactivity measurements 

Radioactivity measurements were made at multiple steps for each sample (i.e., initial total 

blood sample, blood cell pellet, total plasma, plasma protein pellet, and protein-depleted plasma). 

Samples were assessed via a gamma counter (Wizard 3” 1480 Automatic Gamma Counter, 

PerkinElmer, Waltham, MA, USA), with a blank sample counter after each set of 4 measurements 

(subtracting the background measurement from the measured samples). Each sample was 

counted for 45 s, and a calibration curve was used to convert the gamma counter output into a 

radioactivity amount. 
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Several calculations were made from these measurements at each time point. To assess 

red blood cell (RBC) binding of [18F]FEPPA (and its metabolites), plasma to blood ratio (%) was 

calculated as the total plasma activity divided by the total blood activity. Binding to plasma proteins 

(%) was computed as the plasma protein pellet activity divided by the total plasma activity. The 

concentration of available [18F]FEPPA at each timepoint was determined by multiplying the activity 

of the protein-depleted plasma by the intact fraction of [18F]FEPPA (as determined below using 

multiple different methods) and dividing by the volume of the blood sample. 

9.2.7 Determination of intact fraction via radio-TLC 

To enable parallel separation of plasma samples, multi-lane TLC plates were used. Plates 

were placed on a 70 °C hot plate during sample deposition to enable the loading of large sample 

volumes. For rats, each 250-500 µL protein-depleted plasma sample was pipetted 10 µL at a time, 

allowing the deposited aliquot to dry before adding the next one. The total time to deposit one 

plasma sample was ~5-7 min. Each sample was deposited onto a dedicated lane. To accelerate 

the deposition process for clinical samples, we constructed an automated setup (Figure 9-1) for 

dripping multiple samples onto multiple lanes simultaneously. A pressure manifold was connected 

to a nitrogen source (20 psig), and each output tubing (1/8” OD, 1/16” ID) was connected via a 

dedicated adjustable flow restrictor (AS2211F-02006S, SMC, Noblesville, IN, USA) to pressurize 

a corresponding sample reservoir. Dip tubes (1/16” OD, 0.04” ID) connected to each sample 

reservoir were threaded through vertical holes in a custom machined plastic block and secured 

with 1/4"-28 fittings to align the position of the tubing outlets above the origins of the lanes on the 

TLC plate. The flow restrictors were adjusted beforehand to a rate of one 10 µL droplet each 5 s. 

Samples were dispensed in this fashion to the heated TLC plate until <5% of the initial volume 

remained, and then the corresponding pressure source was turned off (to prevent 

spraying/splashing as the final volume emerged from the dip tube). 
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Figure 9-1. Apparatus used to automate and parallelize the deposition of plasma samples 
to the TLC plate. 
(A) A plastic tubing holder was fabricated to secure tubing above the origin for each lane. The 
inlets show a zoomed view of a single tubing holder and a zoomed view of the tubing for one 
sample positioned above the TLC plate. (B) The channeled TLC plates with concentration zones. 
Only 4 lanes are shown, but we used 10 lanes sections cut from commercially-available 20-lane 
plates. (C) The samples are placed into v-vials and pressurized with nitrogen to enable the 
dripping of each sample to the TLC plate. (D) The pressure manifold system allows individual 
control of the nitrogen flow for each sample, enabling the deposition of 10 samples in tandem. 
 

After the TLC plate was allowed to dry completely, it was placed in a developing chamber 

(LatchLid). The TLC plate was allowed to develop a total distance of 8 cm (3 cm in the 

concentration zone and 5 cm in the development zone) using a mobile phase of 

12.8:37.5:9.8:38.8:1 v/v n-BuOH:THF:acetone:n-hexanes:TEA268. After developing, the TLC plate 

was dried by placing it on the hot plate and then cooled to room temperature. The plate was then 

affixed to a phosphor imaging screen (BAS-TR2025, FujiFilm Life Science, Stamford, CT, USA) 

and stored overnight in a light-tight enclosure. The imaging screen was then imaged with a 

phosphor imager (BAS-5000, FujiFilm Life Science, Stamford, CT, USA). Autoradiography 

images were analyzed by ImageReader (FujiFilm Life Science, Stamford, CT, USA). This 

software allows the selection of the number and position of lanes and generates an integrated 
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line profile (encompassing the width) of the pixel intensity along the length of each selected lane. 

Line plot profiles were exported to OriginPro (OriginLab Corporation, Northampton, MA, USA), for 

plotting and determining the area under the curve (AUC) for each identified analyte peak (band). 

Briefly, using the peak analyzer function of OriginPro, the minimum value in the chromatogram 

was established as the baseline subtraction value (used for the entire chromatogram correction). 

Bands were manually selected, and the integration window width of each selected band was 

automatically determined by OriginPro. The intact [18F]FEPPA fraction was calculated as a 

function of the integrated area of the [18F]FEPPA band, compared to the sum of the integrated 

areas of all peaks of the chromatogram. 

9.2.8 Determination of intact fraction via SPE 

Oasis HLB cartridges were pre-conditioned with 5 mL of EtOH and 5 mL of water. Plasma 

samples, without prior plasma protein precipitation, are initially mixed with 1:1 (v/v) AcOH:H2O 

(volume varies with sample number), then introduced to the pre-conditioned HLB cartridge. The 

cartridge is then washed successively with 4 mL of 5% v/v MeOH (aq.), then 4 mL of 25% v/v 

MeCN (aq.) with 0.1 N ammonium formate. At the end of the elution cycle, cartridges were cut 

and gamma counted (GAMMA COUNTER INFO). The amount of activity remaining on the 

cartridge at the end of the elution cycle was compared to the initial activity in plasma and treated 

as the intact population of [18F]FEPPA. 

 Results 

9.3.1 Mobile phase for TLC separation 

Accurate quantification of intact [18F]FEPPA requires adequate separation of [18F]FEPPA 

from radiometabolite species. Optimization of mobile phase for TLC separation of [18F]FEPPA 

metabolites on silica analytical TLC plates was recently reported198. Separation of 2 µL samples 

was achieved using 8:10:82 (v/v) MeOH:Hexanes:EtOAc and a developing distance of 7 cm. 

However, significant tailing of the intact [18F]FEPPA band and overlap with closely migrating 



267 
 

bands were observed198. Line profiles that featured an overlap of analytes were deconvoluted 

through the use of a custom MATLAB program. In a recent report, our lab used an adapted version 

of the PRISMA optimization algorithm to develop an alternative mobile phase for the analysis of 

crude reaction mixtures of [18F]FEPPA (for reaction optimization) that gave excellent separation 

between [18F]FEPPA and radioactive and non-radioactive impurities268. Since the mobile phase 

was optimized using highly similar chemical species samples, we hypothesized that it would also 

be suitable for analyzing radiometabolite samples.  Using analytical TLC plates, with a separation 

distance of 4 cm, we separated crude samples (1 μL) of synthesized [18F]FEPPA178 with both 

mobiles phases and used Cerenkov luminescence imaging (CLI) and UV imaging(32) to visualize 

the plates (Figure 9-2A and Figure 9-2B). The PRISMA-optimized mobile phase had better 

resolution (2.07, Rf 0.73) than the literature-derived mobile phase (0.45, Rf 0.54). The PRISMA-

optimized mobile phase reduced the development time (~3.8 min) compared to the literature-

derived mobile phase (~6.6 min).  

 

Figure 9-2. TLC resolution comparisons compared for crude radiochemical reactions and 
radiometabolites. 
(A) Separation of crude [18F]FEPPA using an optimized mobile phase reported in the literature198 
on an analytical TLC plate. The left image shows the CLI image of radioactivity distribution. The 
right image was captured with UV illumination to show non-radioactive species. (B) Separation of 
the same sample using the PRISMA-optimized mobile phase. (C) Separation of [18F]FEPPA and 
radiometabolites in a rat plasma sample using the literature mobile phase, performed on 
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concentrating zone TLC plates and read out with autoradiography. (D) Separation of the same 
sample as C but using the PRISMA-optimized mobile phase. 
 

Anticipating that radiometabolite samples have much lower radioactivity concentration that 

will not be detectable with CLI or scintillation imaging198, we used autoradiography imaging as a 

higher sensitivity readout of the TLC plates. Furthermore, instead of spotting only 1 μL of each 

plasma sample (hundreds of µL for preclinical samples and multiple mL for clinical samples), we 

employed TLC plates with concentration zones. The concentration zone, made of highly porous 

diatomaceous earth, allows rapid evaporation of the solvent from the sample and facilitates rapid 

migration of species such that when separation begins, all species effectively focus to a thin line 

along with boundary between the concentration and separation zones, enabling high-resolution 

TLC separations despite the use of large sample volumes234. Initially, we deposited the total 

plasma sample (~150 µL) directly onto the concentrating zone TLC plates but found that the plate 

can be overloaded with proteins (Figure 9-6). Plasma precipitation can resolve this issue at the 

expense of further dilution. Using 600 µL samples of the same batch of protein-depleted plasma 

from a rat injected with [18F]FEPPA, we again compared the two mobile phases (Figure 9-2C and 

Figure 9-2D) and found that the PRISMA-optimized mobile phase was able to completely resolve 

intact [18F]FEPPA from other radiometabolites (minimum resolution = 4.5), while the literature 

mobile phase did not (minimum resolution = 0.9). 

To enable rapid TLC analysis of many samples, we showed previously that small volumes 

of crude reaction mixtures can be spotted at adjacent positions with separation and readout 

performed simultaneously for the whole set of samples93. Due to the large sample volumes used 

here and the large pore size of the concentrating zone, very wide spacing between sample origins 

is needed to avoid spillover between lanes. We used commercially available TLC plates with pre-

defined lanes to avoid this problem. Lanes are separated by a 2 mm gap where the sorbent 

material has been etched from the plate, preventing spillover from one lane to another. Using 
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these plates in combination with the PRISMA-optimized mobile phase, we determined the 

locations of the [18F]fluoride (Rf = 0.00) and [18F]FEPPA (Rf = 0.73) bands (Figure 9-7).  

As a final step of method development, we assessed the detection sensitivity of the TLC 

method utilizing the pre-concentration zone plates used in further studies with autoradiography 

readout (Figure 9-8) and a radio-HPLC method (Figure 9-9). The LOD and LOQ for the TLC 

method were 0.014 nCi and 0.022 nCi, respectively, and for the radio-HPLC methods were 7.0 

nCi and 10.5 nCi, respectively (Figure 9-10). Heating of the TLC plate during these studies led to 

no observed decomposition of [18F]FEPPA. Previous studies by our lab have further shown that 

volatility from the TLC plates does not occur as a function of heating268,307. 

9.3.2 Analysis of pre-clinical radiometabolite samples 

To evaluate the performance of the TLC method, we performed proof-of-concept studies 

of blood samples obtained from rats. Each 100 μL blood sample provided ~60 μL of total plasma, 

and after precipitation of plasma proteins, a final volume of ~240 μL. An example TLC plate 

surveying the fraction of intact [18F]FEPPA as a function of blood sampling time is shown in Figure 

9-3A. Remarkably, the fraction of intact [18F]FEPPA showed very low variance when 

corresponding time points were averaged over multiple animals (Figure 9-3B). The computed 

intact fraction also agrees well (within experimental error) with published HPLC-derived data as 

a function of blood sampling time311 (Figure 9-3B). We further assessed the role of RBC binding 

to determine its effect on the free fraction of [18F]FEPPA in blood. A sample collection of these 

values in rodent and human samples spiked ex vivo (Figure 9-11) or collected from in vivo studies 

(Figure 9-12) are presented in Section 9.6.5. 
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Figure 9-3. PRISMA-optimized TLC readout of pre-clinical [18F]FEPPA radiometabolites.  
(A) An example autoradiography image of a whole multi-lane concentrating zone TLC plate 
spotted with plasma extracted from blood sampled at various time points from a rat injected with 
[18F]FEPPA and separated using the PRISMA-optimized mobile phase. (B) Intact [18F]FEPPA 
fraction plotted as a function of blood sampling time. Values derived from TLC analysis and 
compared with literature values derived from HPLC analysis313. At each time point, values are 
averaged across different rats. 
 

9.3.3 Analysis of clinical radiometabolite samples 

Analysis of human samples is more challenging due to the lower radiotracer concentration 

in blood (185 MBq for a 70 kg human, vs. 50 MBq for a 0.32 kg rat). Though 50x larger blood 

volumes can be sampled (e.g., 5 mL in humans vs. 100 µL in rats) to compensate for this, the 

final volume of processed plasma (~12 mL) is too large to deposit on the TLC plate, and only a 

portion of the radioactivity in each sample can be used (~2 mL). The larger sample volume, 

however, takes more time to deposit onto the TLC plate, and thus we developed an automated 

TLC spotting apparatus to enable parallel deposition of all samples (Figure 9-1). Using the 

automated sample deposition set up, up to 10 samples could be deposited in a total of 20-30 min 

instead of 200-300 min, which would have led to 66 - 83% radioactive decay of the samples before 

exposure to the autoradiography plate. A proof of concept of a TLC plate for analysis of intact 

[18F]FEPPA from human samples is shown in Figure 9-4A. Analysis of [18F]FEPPA fraction shows 

good agreement when averaged across different patients at the same time points (Figure 9-4B), 

and the TLC method shows good agreement to the SPE method (Figure 9-4B) and HPLC data 
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from the literature313 (Figure 9-4B). An individual trial between the PRISMA-optimized TLC 

method and SPE can be found in Figure 9-13, also showing good agreement. 

 

Figure 9-4. PRISMA-optimized TLC readout of clinical [18F]FEPPA radiometabolites.  
(A) An example autoradiography image of a whole multi-lane concentrating zone TLC plate 
spotted with plasma extracted from blood sampled at various time points from a human subject 
injected with [18F]FEPPA and separated using the PRISMA-optimized mobile phase. (B) Intact 
[18F]FEPPA fraction is shown as a function of blood sampling time. The same samples were 
analyzed by both TLC and SPE methods and compared with HPLC-derived data from the 
literature313. Data for each timepoint is averaged across different patients. 
 

 Discussion 

The selected TLC mobile phase provided good separation of [18F]FEPPA from radio-

metabolites. Despite the fact that the mobile phase was optimized using crude radiosynthesis 

samples of [18F]FEPPA (i.e., not radio-metabolite samples198), separation of intact [18F]FEPPA 

from radiometabolites exhibited excellent resolution. We suspect this approach works because 

the PRISMA method optimizes the separation between FEPPA, its radiosynthesis precursor, and 

impurities formed during the radiosynthesis, many of which have very high structure similarity to 

FEPPA. Thus the method should also be capable of separating all metabolites (whether 

structurally-similar or not) of [18F]FEPPA from the parent compound. The PRISMA approach is 

far more convenient than conventional approaches for optimizing radiometabolite mobile 

phases198. Such methods require full production and quality-control testing of the 

radiopharmaceutical, injection into animals or patients, blood sampling, and plasma extraction 



272 
 

just to generate the samples needed for the optimization study. Due to the extremely low 

radioactivity of each plasma sample, the number of mobile phases that can be compared is 

severely limited, and multiple batches of the tracer and animals would be required to perform an 

in-depth optimization study. Furthermore, the low activity hinders accurate quantitation of 

resolution, limiting the ability to distinguish between similarly-performing mobile phases. In 

contrast, with the PRISMA approach, the entire optimization can be performed using a single 

batch of crude radiopharmaceutical in just a few hours. Pre-clinical studies utilizing the method 

gave similar results as previously reported HPLC methods. However, in the pre-clinical HPLC 

analysis study, only 3-time points were conducted for analysis. This is likely due to the complexity 

needed to ensure quantitative analysis with HPLC, which requires collecting detected analytes 

for downstream gamma counting. In contrast, the TLC method described allows the ability to 

profile up to 20 different blood collection time points on a single commercially available plate. The 

ability to sample a greater number of time points could have enormous implications for the kinetic 

analysis of radiopharmaceuticals.   

The TLC method reported here made possible the analysis of [18F]FEPPA 

radiometabolites in clinical samples. Previous literature-TLC studies had shown analysis of 

[18F]FEPPA in pigs198.  The use of commercially-available concentrating zone plate allows the 

deposition of much larger sample volumes (up to 1-2 mL shown) than previous reports (1-10 μL 

198,247,305,314–322). With an analytical TLC plate, a large sample volume would lead to reduced 

resolution, but the concentrating zone effectively eliminates the impact of the initial spot size 

deposited on the plate.  Furthermore, the availability of concentrating zone plates with inter-

channel boundaries enables multiple samples to be spotted in adjacent lanes on a single TLC 

plate for convenient parallel development and readout. This feature makes the method more 

practical for studies requiring fine timepoint measurements. When combined with the automated 

sample deposition apparatus we developed, the whole process of sample deposition, separation, 

and preparation of autoradiography plate requires only 50 min of effort for the 10 samples shown 



273 
 

here and minimal additional time to analyze increased numbers of samples. With the dimensions 

and capacities of commercially available TLC plates and autoradiography plates, samples from 

up to 20-time points could be conveniently analyzed. 

Due to the ability to deposit large volumes, the sensitivity is significantly improved 

compared to prior TLC-based approaches. A typical 1 μL sample spot would contain only 1 Bq of 

activity when analyzing preclinical (rat) samples, which is close to the LOQ of the separation and 

readout method we reported (0.81 Bq), and it would be very difficult to quantify the proportion of 

[18F]FEPPA at later timepoints where significant amounts of radiometabolites were present. 

However, using a larger sample volume (0.3 mL), it is possible to instead load 300 Bq, far above 

the LOQ. This issue is heightened with samples from human subjects. In such samples, a 1 μL of 

the sample would contain only ~0.02 Bq, while full deposition (2 mL) enables 33.3 Bq to be loaded, 

which is far above the LOQ. Since our TLC method does not use the full volume of processed 

plasma, a smaller blood volume (~0.5 mL vs. ~5 mL) is actually needed for each time point, and 

potentially smaller blood volume can be drawn at each time point to minimize the physiologic 

impact323 and discomfort to the patient. Furthermore, drawing less blood could significantly reduce 

the time and effort to draw and process blood samples.  

While specialized autoradiography instruments have been proposed198 to account for low 

radioactivity levels in samples, their use would be cost-prohibitive to many studies. Combining 

high separation resolution, high sensitivity, and high parallelism, the method offers comparative 

resolution to radio-HPLC and the ability to fully profile radiometabolites that are not retained as in 

radio-HPLC. Furthermore, the TLC method described allows heightened resolution and sensitivity 

over SPE approaches. While our studies focused only on the analysis of [18F]FEPPA metabolites 

as a proof of concept, the underlying methodology could be applied to other 

radiopharmaceuticals. We demonstrated that the PRISMA approach could be applied to a wide 

range of radiopharmaceuticals268, and the results here suggest that the approach could be used 

to determine optimal TLC mobile phases for radiometabolite analysis rapidly. The methods can 
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likely be extended to radiopharmaceuticals labeled with other isotopes. For example, 

autoradiography has been employed for additional positron-emitting radionuclides, including C-

11, Cu-64, Ga-68, and Zr-89324–327. While differences in isotopes (e.g., branching ratios and half-

life) will affect the determined LOD/LOQ values, this effect may be partially overcome by adjusting 

the autoradiography exposure time and/or sample volume deposition. The rapid separation 

method combined with parallel analysis would be particularly advantageous for shorter-lived 

radionuclides such as C-11 and Ga-68. Further use of this TLC method could find application with 

therapeutic radionuclides used in emerging theranostic studies328,329 for the analysis of in vivo 

stability or to understand the kinetics of these radiopharmaceuticals. 

 Conclusions 

In this study, an improved TLC-based method was developed to perform radiometabolite 

analysis in animal and human PET studies. The chromatographic resolution achievable with the 

PRISMA-optimized method was far greater than for previously reported TLC mobile phases, and 

in separate work, we have shown is comparable to the resolution of HPLC268. Importantly, 

because the PRISMA-optimization process is performed with the crude radiopharmaceutical, 

whereas the literature-derived mobile phase was developed with metabolite samples, it will be 

straightforward to extend this approach to other radiopharmaceuticals. The new method was used 

to quantify the intact [18F]FEPPA fraction at 10-time points in blood samples collected from rats 

and humans and yielded values in agreement with the SPE and HPLC analysis methods. By using 

concentrating zone TLC plates, the method can accommodate much larger sample volumes than 

previous TLC approaches, significantly boosting sensitivity and enabling the analysis of human 

samples of [18F]FEPPA for the first time, where the radioactivity concentration in blood is 60x 

lower than in rats. Compared to HPLC and SPE, the optimized TLC method is faster, more 

sensitive, and does not suffer the possibility of inaccuracies due to the trapping of unexpected 

radiochemical species on the stationary phase. Further, the ability to profile a greater throughput 
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of samples compared to HPLC could have enormous implications for the kinetic analysis of 

radiopharmaceuticals. 

 Appendix 

9.6.1 Literature review of radiometabolite analysis methods 

 
Figure 9-5. Literature survey of radiometabolite analysis. Studies are separated by 
radionuclide: carbon-11 and fluorine-18 No restriction was placed on the publication year. 
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9.6.2 Effect of plasma protein concentration on sample deposition 

 
Figure 9-6. Effect on TLC plates when loaded with plasma samples containing proteins. 
(A) Plasma (60 µL) extracted from a hemolyzed blood sample from a rat, skipping the protein 
precipitation step. (B) Plasma (400 µL) extracted from a human blood sample, skipping the protein 
precipitation step. Protein precipitation on the face of the plate impedes the speed of development 
and leads to the loss of [18F]FEPPA to the concentration zone. 
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9.6.3 Determination of [18F]fluoride and [18F]FEPPA 

 
Figure 9-7. Location of [18F]fluoride and [18F]Fallypride bands after deposition of samples 
on concentrating zone TLC plates developed with the PRISMA-optimized mobile phase. 
TLC plates were imaged with CLI. 
(A) Schematic of the TLC plate shown in panel B. (B) Left: 200 µL saline containing [18F]fluoride. 
Right: 200 µL saline containing [18F]FEPPA. 
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9.6.4 Determining sensitivity differences between TLC and HPLC 

9.6.4.1 Limit of Detection (LOD) and Limit of Quantitation (LOQ) Studies 
 

To compare the LOD and LOQ of the TLC and HPLC methods, [18F]FEPPA was 

synthesized and purified via microscale methods as previously described178. HPLC methods178 

were used to purify and formulate [18F]FEPPA in 9:1 (v/v) saline:EtOH (phosphate buffered). 

Serial dilutions were used to prepare [18F]FEPPA in the activity range of (60-0.0001 nCi) in 200 

μL sample volumes of saline. Eppendorf tubes containing the samples were measured by gamma 

counter before and after sample deposition (all samples profiled were deposited or injected in 

complete 200 μL volumes) to correct for residual activity left to the Eppendorf. Samples were 

subjected to radio-TLC (as described in the main text) or radio-HPLC (described in Section 

9.6.4.2) analysis. The resulting chromatograms were assessed for their signal-to-noise ratio 

according to the European Pharmacopoeia definition330: 

𝑆𝑁𝑅 =  
2𝐻

ℎ
 

Wherein, H denotes the height of the signal, and h denotes the height of noise in a 

reference frame of at least 20x the FWHM of the signal being quantitated. The LOD of this ratio 

is defined as 3, while the LOQ is defined as 10. 

9.6.4.2 HPLC analysis of [18F]FEPPA 
 

An HPLC method was developed to allow a slow flow rate to be used to maximize the 

detection of [18F]FEPPA, while also allowing fast analysis time by a low retention time of 

[18F]FEPPA. 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 (250 × 4.6 mm, 5 µm, Phenomenex, Torrance, CA, USA). A mobile phase of 

60:40 v/v MeCN:H2O (0.1% TFA) with a flow rate of 0.6 mL/min led to a retention time for 
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[18F]FEPPA of 7.1 min. Chromatograms were directly imported to OriginPro to determine the LOD 

and LOQ. 

9.6.4.3 TLC analysis of [18F]FEPPA 
 

A pre-concentration zone TLC plate was used to ensure the full deposition of sample 

volumes, as described in the main text (Section 9.2.7). All parameters of sample spotting, 

development, and readout were mimicked according to the pre-clinical samples described to 

ensure the appropriate determination of the LOD and LOQ for the TLC method. 

 

Figure 9-8. TLC analysis for the LOD and LOQ determination of [18F]FEPPA.  
(A) TLC chromatograms were computed from lanes of autoradiography images of developed TLC 
plates where each lane was spotted with 200 µL of a different concentration of purified [18F]FEPPA 
in saline. (B) Computed signal-to-noise ratio (SNR) as a function of activity level. 
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Figure 9-9. HPLC analysis for the LOD and LOQ determination of [18F]FEPPA. 
(A) HPLC radio-chromatograms for injections of different concentrations of purified [18F]FEPPA 
(each sample 200 µL in saline). (B) Computed signal-to-noise ratio (SNR) as a function of activity 
level. 
 

 
Figure 9-10. Comparison of signal-to-noise ratio (SNR) of TLC and HPLC methods. 
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9.6.5 Assessment of red blood cell (RBC) binding of [18F]FEPPA 

9.6.5.1 Ex vivo spiking of blood with formulated [18F]FEPPA  
 

To 50 μL (mouse) or 100 μL (rat or human) blood, formulated [18F]FEPPA was spiked 

(mouse: 8 μL (90,000 CPM); rat, human: 16 μL (180,000 CPM)) in an Eppendorf tube (2 mL, DNA 

LoBind). Blood samples were incubated for different amounts of time (1, 10, 30, and 60 min) at 

37 °C using a water bath. At the end of the incubation period, samples were quenched by adding 

heparin (1000 USP/mL; mouse: 15 μL; rat, human: 30 μL) and transferred to ice for further 

processing. All samples were centrifuged at 3,000 x g for 10 min in a cooled centrifuge (4 °C). 

The supernatant plasma of each sample was collected and transferred to a separate Eppendorf 

tube. Gamma counting of the blood pellet and plasma was performed, and the plasma:blood ratio 

was computed as the total activity of the plasma (not protein depleted) to the initial activity 

measured in blood. Data is summarized in Figure 9-11. After incubation, samples were also 

subjected to TLC analysis, but all samples showed ~100% intact [18F]FEPPA. 
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Figure 9-11. RBC binding was assessed after incubating [18F]FEPPA with blood samples 
ex vivo. 
 

 

9.6.5.2 In vivo analysis of RBC binding of [18F]FEPPA  
 

The degree of RBC binding was also assessed from the processed and analyzed blood 

samples from the in vivo studies in rats and humans described in Sections 9.3.2-9.3.3. 

Plasma:blood ratio (%) was calculated for each timepoint and averaged across the rat studies 

and human studies (Figure 9-12). 

Interestingly, the degree of RBC binding differs between ex vivo and in vivo studies. In the 

ex vivo studies, rat blood shows high RBC binding, which, over time, differs slightly. However, in 

the case of the in vivo studies, the RBC binding in rats changes as a function of time, likely due 

to the metabolism of the [18F]FEPPA. Ex vivo incubation studies of [18F]FEPPA with human blood 

showed increased RBC binding over time. In vivo, this binding to RBC differs, possibly due to 

binding to peripheral targets in the body. 
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Figure 9-12. RBC binding was assessed in vivo in blood samples taken at different time 
points after administration of [18F]FEPPA. 
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9.6.6 Determining the compatibility of the TLC method with SPE 

 
Figure 9-13. Example comparison of analysis of intact [18F]FEPPA fraction from a single 
patient between the optimized TLC and SPE methods. All samples were divided and 
analyzed by the TLC and SPE methods. 
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Chapter 10: Electrochemical flash fluorination and 
radiofluorination 

 

 Introduction  

Fluorinated organic compounds have distinguishing physical, biological and chemical 

properties with a wide range of applications in fields such as agrochemicals, pharmaceuticals and 

materials science.331–333 Recently, there has been growing interest in the chemistry and properties 

of fluorinated organic compounds.333–335 Fluorine gas and anhydrous HF have been broadly used 

for fluorination of organic compounds.336–338 However, these chemicals are costly, highly reactive, 

corrosive, hazardous, and difficult to handle. There is a consensus in the community that given 

the wide-ranging applications of fluorine in design of bioactive molecules  and  molecular  imaging  

through  positron  emission tomography (PET), there is still a strong demand for further 

development of new synthetic methodologies to expand the chemist’s toolbox for easier access 

to a broader scope of fluorinated and radiochemical compounds.339 There have been significant 

recent developments in the area of nucleophilic fluorination, a more accessible form of 

fluorination, and their application to radiochemistry with [18F]fluoride, such as syn-thesis  of  aryl  

fluorides  directly  from  the  corresponding phenols,340 hypervalent iodine reagents used as 

fluorine sources in fluorocyclization reactions,341,342 radiofluorination of diaryl-iodonium salts and 

Cu-catalyzed mesityl-aryl-iodonium precursors,343 metal-catalyzed aryl fluoride bond formation,344 

and recent reviews on these advances and their limitations.345 Despite the development of modern 

fluorination techniques, many challenges still exist in terms of limited substrate scope, lack of 

functional group tolerance, difficulty in synthesizing the precursors and their stability, and the need 

for strict control of synthesis conditions. No one technique can address all the challenges for site 

specific fluorination. The electro-chemical approach to fluorination of stabilized cations presents 

a unique method for direct and very rapid fluorination in one step under mild conditions. The 
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method described here can target moieties such as thioethers not amenable to late-stage 

fluorination with existing methodologies, allowing their radio-fluorination for PET tracer 

development. Electrochemistry is gaining renewed prominence as a versatile tool in organic 

synthesis.346,347 Electrochemical fluorination of organic compounds can be a powerful alternative 

technique for direct fluorination. Electrochemical oxidation can create an electron-poor carbon, 

potentially without the need for chemical modification, preparing the organic molecules for 

nucleophilic fluorination.348,349 Fluorine atoms can be added to organic compounds in one step 

under mild conditions using electrochemistry, even for electron rich moieties such as aromatic 

and heteroaromatic rings, without the need to have leaving groups.350,351 Traditionally, the 

oxidative formation of a carbocation intermediate in electroorganic synthesis has been performed 

in the presence of an excess of nucleophile due to the instability of the carbocations. The 

presence of reactive and low oxidation potential nucleophiles and products in the anodic chamber 

during electrolysis can limit reaction yields and scope. To overcome this problem Yoshida and 

co-workers developed the cation pool method, with which they could stabilize the carbocations 

formed during the electrochemical oxidation of carbamates by performing the electrochemical 

oxidation at low temperatures (-72 ˚C) followed by addition of nucleophiles such as allylsilanes 

post electrolysis.352 Subsequently, the same group reported thiofluorination of alkenes and 

alkynes using low-temperature  anodic  oxidation  of  ArSSAr  in  Bu4NBF4/CH2Cl2.353 In their 

process, the counter anion of the supporting electrolyte (BF4
-), which was present during the 

electrolysis was also the source of fluoride. Here, for the first time, the electrochemical fluorination 

and radiofluorination of organic molecules using the cation pool technique is reported, where the 

fluoride is added post electrolysis. This approach enables the use of the cation pool method for 

the widely useful application of rapid and late-stage fluorination and radiochemistry. The cation 

pool method has tremendous potential especially for radiofluorination experiments. The excess 

concentration of reactive cations can provide an efficient reaction mechanism for late-stage 

fluorination under low fluoride concentrations encountered during radio-fluorination.354 
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Furthermore, radiochemical yield, which is reduced by decay of the radioisotope, can benefit from 

a rapid late-stage fluorination reaction.  The cation pool can be prepared prior to cyclotron 

production of [18F]fluoride isotope, thereby, providing a truly late-stage fluorination reaction, 

maximizing radiochemical yield by minimizing decay through a flash  reaction  of  the  previously  

prepared  cations  with [18F]fluoride. 

 Materials and methods 

10.2.1 Materials 

2,2,2-trifluoroethanol (TFE, 99.9%, C2H3F3O), trifluoromethanesulfonic acid (triflic acid, 

CF3SO3H, 99%), methyl (ethylthio)acetate (99%, C5H10O2S) and methyl(phenylthio)acetate 

(C9H10O2S, 99%) were purchased from Oakwood Chemical. Acetonitrile (ACN, anhydrous, 98%), 

tetrabutylammonium fluoride solution 1.0 M in THF (TBAF solution, ∼5 wt% water), cesium 

fluoride (99%, CsF), Potassium fluoride (≥99.9%, KF), triethylamine trihydrofluoride (98%, 

(C2H5)3N·3HF) and platinum wire (99.9%) were purchased from Sigma-Aldrich. 

Tetrabutylammonium perchlorate (TBAP, >98.0%, C16H36ClNO4) methyl (methylthio)acetate 

(>99.0%, C4H8O2S), tetrabutylammonium tetrafluoroborate (>98.0%, C16H36BF4N) and 

ptoluenesulfonic acid (>98.0%, C7H8O3S·H2O) were purchased from TCI America. 2,6-Di-

Tertbutyl-4-methylpyridine (98%, C14H23N) was purchased from Ark Pharm, Inc. Nafion® 

membrane N117, 7 mils (178 µm thickness) was purchased from Fuel Cell Earth. Analytical grade 

(AG) MP1M anion exchange resin was purchased from Bio-Rad. 

10.2.2 Methods 

In this study, a divided electrochemical cell was used for electrolysis. The anodic and cathodic 

chambers were separated by a Nafion membrane. Methyl (phenylthio) acetate (12 mM) was used 

as substrate and 2,2,2-trifluoroethanol (TFE) as solvent with different supporting electrolytes in 

the anodic chamber. TFE, tetrabutylammonium perchlorate (TBAP) and triflic acid were used in 

the cathodic chamber. 1,1,1,3,3,3-Hexafluoroiso-propanol (HFIP) has also recently been reported 
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as a solvent for electroorganic synthesis with a stabilizing effect on carbocation intermediates.355–

358 However, yields were negligible due to instability  of fluorinated  products  reported  here  in  

HFIP. Previous reports on electrochemical fluorination of Methyl(phenylthio) acetate guided our 

choice for the substrate.355,359 Traditional fluorination of sulfoxides have been based on fluoro-

Pummerer rearrangement with DAST, electrophilic fluorination of thioethers and the combinations 

of chemical oxidants with nucleophilic fluorinating reagents.360 Previous electro-chemical 

fluorination of thioethers were performed with excess amounts of HF salts or TBAF present in the 

cell during electrolysis, resulting in low fluoride conversion yield and preventing no-carrier-added 

fluorination.350,361,362. 

10.2.3 Results and discussion  

Here, electrochemical oxidation was performed for 60 min at a constant potential of 1.6 V vs 

Ag wire quasi-reference electrode followed by addition of a fluoride nucleophile to the anodic 

chamber at the end of electrochemical oxidation. The mixture was stirred and allowed to react for 

30 min while the temperature was rising to room temperature. With 168 mM of CsF, KF, Et3Nx3HF 

and tetrabutylammonium fluoride (TBAF) used as fluoride (nucleophile) sources, respective yields 

of 4.5%,1.4%, 4% and 4.5% of methyl 2-fluoro-2-(phenylthio) acetate were obtained. The yields 

were quantified using gas chromatography mass spectrometry (GC-MS). Figure 10-1 shows the 

schematic of the reaction and representative GC-MS chromatograms can be found in the 

supporting information. 
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Figure 10-1. Schematic of the cation pool method for fluorination of methyl-2-(phenylthiol) 
acetate. 
 

Electrolysis was repeated with TBAF at different temperatures of 21 ˚C, 0 ˚C, -20 ˚C and -40 

˚C and chemical yields of 2.2%, 4%, 6% and 3% were obtained respectively. The drop in the yield 

from -20 ˚C to -40 ˚C is due to the low oxidation current resulting in the slowing of precursor 

oxidation. 68% of the precursor was consumed when oxidation was performed at -20 ˚C, while 

only 12% of the precursor was consumed at -40 ˚C. -20 ˚C was chosen as the optimum 

temperature for further optimization. The effect of changes in supporting electrolyte on the 

chemical yield is shown in Table 10-1. 
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Table 10-1. Effect of supporting electrolyte on the chemical yield of 2. Electrolysis was 
carried out using 12 mM of 1 in TFE for 60 min at 1.6 V vs Ag wire at -20 °C followed by 
addition of 168 mM of TBAF post electrolysis. 

Supporting electrolyte Yield 

(%) 

50 mM Tetrabutylammonium perchlorate (TBAP) 

 

0 

300 mM Tetrabutylammonium perchlorate (TBAP) 

 

0 

300 mM Tetrabutylammonium perchlorate + 14.2 mM triflic acid 

 

6.0 

300 mM Tetrabutylammonium tetrafluoroborate + 14.2 mM triflic acid 

 

1.3 

300 mM p-Toluenesulfonic acid + 14.2 mM triflic acid 

 

2.0 

142 mM triflic acid 12.5 

 

It can be seen from Table 1 that TBAP alone results in negligible product formation, while addition 

of 14.2 mM of triflic acid increases the yield to 6%. The highest yield of 12.5% was obtained where 

only 142 mM of triflic acid was used without addition of salts as supporting electrolyte. 

Further optimization was performed using only triflic acid as supporting electrolyte and the 

effect of triflic acid concentration on the yield was examined. Yields of 3.6%, 12.5% and 0% was 

obtained when 71 mM, 142 mM and 284 mM of triflic acid were used, respectively. The effect of 

precursor concentration on the product yield is presented in Table 10-2. 

 

Table 10-2. Effect of precursor 1 concentration on the chemical yield of product 2. 
Electrolysis was carried out using precursor 1, and 142 mM of triflic acid in TFE for 60 min 
at 1.6 V vs Ag wire at -20 °C. 168 mM TBAF was added at the of electrochemical oxidation. 

Precursor concentration (mM) Yield (%) (n=3) 

0.5 
1 
2 
4 
6 
12 
24 

8.5±0.9 
9.6±1.0 
11.5±1.2 
10.6±1.1 
12.7±1.4 
11.2±1.3 
9.2±1.0 

 
 

Precursor concentration changes from 0.5 mM to 24 mM resulted in only a moderate change 

in the yield. Due to the diminishing [18F]TBAF concentration during no-carrier-added 
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radiochemistry experiments, the effect of lowering of TBAF concentration and ratio of TBAF to 

triflic acid concentration were also investigated and the results are shown in Table 10-3. 

Table 10-3. Effect of TBAF concentration and TBAF concentration/tiflic acid concentration 
ratio on the chemical yield of product 2. Electrolysis was carried out using 12 mM of 1 and 
triflic acid in TFE for 60 min at 1.6 V vs Ag wire at -20 °C. The values marked with an asterisk 
in the second column reflect experiments where triflic acid concentration was kept 
constant at 142 mM. 

TBAF concentration [mM] 
TBAF concentration/triflic 

acid concentration Yield (%) 

21 
1.18 1.6 

0.15* 0.0 

42 
1.18 3.8 

0.30* 0.0 

84 
1.18 4.0 

0.60* 0.0 

168 

1.18* 12.5 

0.60 0.0 

2.36 3.6 

 

It was observed that by lowering the TBAF concentration the product yield decreased to 1.5% 

when 21 mM of TBAF was used. It was further observed that the ratio of TBAF to triflic acid 

concentration plays a crucial role with optimum product yield obtained when this ratio is 

maintained at 1.18. This may be due to the instability of product at low pH where TBAF addition 

can act as a base to increase the pH of the solution. 

Using the optimized parameters, radiofluorination of 1 was performed with the cation pool 

method with 142 mM of triflic acid and 24 mM of 1in TFE in the anodic chamber. Radio-chemical 

fluorination efficiencies (RCFEs) were calculated based on conversion of [18F]fluoride to product 

2. Initially [18F]fluoride in the form of [18F]TBAF was added to the anodic chamber after60 min of 

electrolysis, however no radio-fluorinated product was observed. Due to the diminishing TBAF 

concentrations in the radiochemistry experiment, addition of a non-nucleophilic base was 

necessary to increase the pH to 3, at which point the product was observed to be stable. To 
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address this challenge,5 mCi of [18F]fluoride was mixed with 300 mM of 2,6-di-tert-butyl-4-

methylpyridine and the mixture was added to the anodic chamber after electrolysis resulting in 

RCFE of 5.7±1.0% (n=3) and molar activity of 1.13±0.2 Ci/mM (n=3).Similar  to  cold  experiments  

with  [19F]-TBAF,  samples  for characterization were taken 30 min after [18F]fluoride addition. 

Notably, RCFE of 4.8±0.6% (n=3) was obtained after just 5 min post [18F]fluoride addition. 

Successful radiofluorination of methyl 2-(methylthio) acetate and methyl 2-(ethylthio) acetate 

were performed using cation pool technique with same condition as above, the RCFE of 

20.6±2.0% and 18.2±1.5% were obtained, respectively Figure 10-2. 

 

Figure 10-2. Schematic of the radiofluorination reactions. 

 Conclusion 

In Summary, this report demonstrates a new tool for rapid late-stage fluorination and 

radiofluorination using the cation pool method. This is made possible through generation and 

pooling of stable cations under low temperature using TFE as solvent, and the subsequent 

fluorination reaction of carbocations with fluoride under non-oxidative conditions. Cation pool 

fluorination prevents further oxidation of the fluorinated product during the electrolysis and rapid 

late-stage radio-fluorination can minimize the losses of [18F]fluoride due to radioactive decay. 

More in-depth studies of scope and the use of microfluidic platforms are currently in progress to 
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increase yields and introduce automation. Flash fluorination and radio-fluorination based on the 

cation pool method can be used to produce PET radiotracers and fluorinated pharmaceuticals, 

potentially expanding the library of fluorinated bioactive molecules available for medicinal 

chemistry and molecular imaging. 

 Appendix  

10.4.1 Electrochemical synthesis  

The electrochemical oxidation (the cation pool formation) and cyclic voltammetry (CV) were 

performed using an H shape divided 3-electrode cell with two platinum wires (length = 200 mm, 

diameter = 0.33 mm) as working and counter electrodes and Ag wire as quasi-reference 

electrode. The cathodic chamber and anodic chamber were separated by a nafion membrane. 

The anodic chamber contained 10 ml of TFE as solvent, methyl(phenylthio)acetate (precursor) 

and different supporting electrolytes such as triflic acid, tetrabutylammonium perchlorate, 

tetrabutylammonium tetrafluoroborate and p-toluenesulfonic acid. The cathodic chamber 

contained 10 ml of TFE as solvent, 300 mM tetrabutylammonium perchlorate and 757 mM of triflic 

acid. The reference electrode (Ag wire) was immersed in the anodic reaction mixture. The counter 

electrode and working electrode were cleaned before each experiment using potential cycling in 

1 M sulfuric acid solution in water. The electrodes were cycled between −2 V and 2 V (2 electrode 

configuration) 10 times before each experiment. The electrochemical oxidation of 

methyl(phenylthio)acetate (carbocations formation) was performed at constant potential of 1.6 V 

vs Ag wire for 60 min. At the end of electrolysis, the nucleophile (TBAF) was added to the anodic 

chamber and allowed to react for 30 min while the reaction mixture was stirred using a magnetic 

stirring bar at 500 RPM and temperature was rising to the room temperature. The CVs and 

electrochemical oxidation experiments were performed using the Metrohm PGSTAT128N 

electrochemical workstation. The CVs were performed using a 200 mV/s scan rate and no stirring. 

Figure 10-3 shows the CV of background (TFE + supporting electrolyte in the anodic chamber) 
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and CV of the cation pool reaction mixture (methyl(phenylthio)acetate + TFE + supporting 

electrolyte in the anodic chamber). 

 

Figure 10-3. CVs of TFE and triflic acid with and without precursor (background). 
The CVs were run with 200 mv.s−1 scan rate at room temperature (21 °C) using a divided cell 
and no stirring. 
 

It can be seen from figure A3.5.1 that the oxidation of precursor starts at 0.9 V vs Ag wire and 

reaches a peak at 1.08 V vs Ag wire due to the diffusion limit. The CV of the background shows 

very small anodic currents up to 1.5 V vs Ag wire; by increasing the potential further the 

background anodic current starts to increase to higher values. It also can be seen that adding the 

precursor to the solution can suppress the cathodic currents at potentials lower than 0.5 V vs Ag 

wire. 

10.4.2 Gas chromatography-mass spectrometry (GC-MS) spectra 

The product identification and quantification was performed using GC-MS. Mass spectra and 

chromatograms were carried out using an Agilent 5975C Triple-Axis Detector (TAD) inert MSD 

mass spectrometer coupled with an Agilent 7890A gas chromatograph. The mass spectrum was 

set to electron ionization mode with a voltage of 1.9 kV. The mass range was 50-250 (amu). The 

details of gas chromatograph’s column and the method are outlined below: Inlet was set at 120 

°C and had 1:10 split ratio. Oven was set to 120 °C and held for 1 min, then increased to 138 °C 
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at a rate of 1 °C/min and held for 15 mins. Column was Agilent 122-5532, maximum operating 

temperature 325 °C; 30 m length, 250 µm internal diameter and 0.25 µm film thickness. A constant 

flow of 1 mL/min was delivered to the transfer column. The transfer column Agilent G3185-60062, 

450 °C; 0.17 m length, 100 µm internal diameter and 0 µm film thickness delivered a constant 

flow of 1.5 mL/min to the source. The GC-MS method had a 10 min solvent delay in order to 

enhance the MS filament lifetime. Figure 10-4 is the GC-MS calibration plot used in the 

quantification of product 2 yield. 

 

Figure 10-4. The GC calibration plot used in the quantification of formation of product 2. 
 

Figure 10-5, Figure 10-6 and Figure 10-7 show the GC-MS mass spectra of the products 2, 

4 and 6, respectively. Figure 10-8 shows a representative GC-MS chromatogram of the crude 

product. 
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Figure 10-5. Mass spectrum of the product 2. 
 

It can be seen from Figure 10-8 that after electrolysis, 70% of the precursor has been 

consumed and no product peak can be observed at 21.7 min. The product is only observed after 

the injection of TBAF post electrolysis, pointing to the reaction of fluoride anions with stabilized 

carbocations formed during electrolysis. 

 

Figure 10-6. Mass Spectrum of product 4. 
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Figure 10-7. Mass spectrum of product 6. 
 

 
Figure 10-8. GC-MS chromatograms of the crude reaction mixture before and after 
electrochemical oxidation and after fluoride addition. 
Electrolysis was carried out using 12 mM of 1 and 142 mM of triflic acid in TFE for 60 min at 1.6 
V vs Ag wire at -20 °C. 168 mM TBAF was added at the end of electrochemical oxidation and 
allowed to react for 30 min while the reaction mixture was stirring and temperature was rising to 
the room temperature 
 

10.4.3 Nuclear magnetic resonance (NMR) spectra 

19F-Nuclear-Magnetic-Resonance (19F-NMR) was performed on the 19F-fluorinated thioether 

reference standards. 19F-NMR spectroscopic data were in agreement with previous reports [1-8]. 

Nuclear magnetic resonance spectroscopy (NMR) The identity of the product 2 was also further 
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characterized by 19F-NMR. The 19F-NMR spectrum was obtained on a Bruker AV400 (400 MHz). 

19F chemical shift is reported in parts per million (ppm) using the trifluoro acetic acid (CF3COOH) 

as a reference. Figure 10-9, Figure 10-10 and Figure 10-11 show the 19FNMR spectra of the 

products 2, 4 and 6, respectively. 19F-NMR spectroscopic data for products 2 and 6 were in 

agreement with previous reports. 
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Figure 10-9. The 19F NMR of the HPLC purified product 2 plus trifluoro acetic acid as 
standard for further identification of the fluorinated product obtained by cation pool 
method. 
 
 
 
 
 
 
 
 

 

Figure 10-10. The 19F NMR of the HPLC purified product 4 plus trifluoro acetic acid as 
standard for further identification of the fluorinated product obtained by cation pool 
method. 
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Figure 10-11. The 19F NMR of the HPLC purified product 6 plus trifluoro acetic acid as 
standard for further identification of the fluorinated product obtained by cation pool 
method. 

10.4.4 Radiochemical characterization 

No-carrier-added [18F]-fluoride was produced by the (p,n) reaction of 18O–H2O (84% isotopic 

purity, Medical Isotopes) in a RDS-112 cyclotron (Siemens) at 11 MeV using a 1 mL tantalum 

target with havar foil. The radioactive isotope was trapped on analytical grade (AG) MP-1M anion 

exchange resin by passing through the 1 ml of bombarded 18O–H2O. Most of the water on the 

resin was removed by washing with 10 mL of anhydrous ACN and drying with ultra-pure N2 for 

10 min. [18F]fluoride was subsequently eluted out from the cartridge with a 2 ml TFE containing 

25 mM TBAP salt. In a typical experiment, approximately 5 mCi was eluted from the anion 

exchange cartridge in [18F]-TBAF form in TFE. Radiofluorination conversion was measured using 

Radio-thinlayer-chromatography (radio-TLC). Radio-TLC was performed on silica plates (TLC 

Silica gel 60 W F254s, Merck). After dropping a sample volume (∼1–5 μL) using a glass capillary, 

the plate was developed in the mobile phase (ACN). Chromatograms were obtained using a radio-

TLC scanner (miniGita Star, Raytest). Analytical High Performance Liquid Chromatography 

(HPLC), equipped with a UV and gamma detector was used to determine radiochemical purity 

(RCP) of the radio-fluorinated product. HPLC was performed using a 1200 Series HPLC system 
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(Agilent Technologies) equipped with a GabiStar flow-through gamma detector (Raytest). Data 

acquisition and processing was performed using GINA Star Software version 5.9 Service Pack 

17 (Raytest). Typically, 20 μL of radioactive sample was diluted with 180 μL of ACN and 5–20 μL 

of this solution was injected for HPLC analysis. Column: Synergy 4u Polar RP 80 A, 250 × 4.6 

mm, 4 micron. Gradient: A = ACN; B = water; flow rate = 1.8 mL/min; 0–28 min 95% B to 45% B, 

28–29 min 45% B to 5% B, 29–32 min 5% B, 32–34 min 5% B to 95% B. Radio-TLC 

chromatograms were used to measure radiochemical conversions (RCC). RCP and RCC were 

measured by dividing the area under the curve (AUC) for the desired product by the sum of AUC 

for all peaks. The TLC purity accounts for unreacted [18F]-fluoride while the HPLC purity corrects 

for radiochemical side-products. The radiochemical fluorination efficiency (RCFE) was 

determined by the equation: RCFE = TLC RCC × HPLC RCP. 

 

Figure 10-12. Analytical (A) UV HPLC and (B) gamma HPLC profiles of the crude sample 
after electrolysis. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 1, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi [18F]-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after [18F]-fluoride addition. 
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Figure 10-13. UV HPLC profile of purified product. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 1, 142 mM of triflic acid. 2 ml of TBAF solution was added after electrolysis was 
finished and the sample was HPLC purified 30 min after TBAF addition. 
 

 

Figure 10-14. Analytical (A) UV HPLC and (B) gamma HPLC profiles of the crude sample 
after electrolysis. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 3, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi 18F-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after 18F-fluoride addition. 
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Figure 10-15. UV HPLC profile of purified product. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 3, 142 mM of triflic acid. 2 ml of TBAF solution was added after electrolysis was 
finished and the sample was HPLC purified 30 min after TBAF addition. 
 

 

Figure 10-16. Analytical (A) UV HPLC and (B) gamma HPLC profiles of the crude sample 
after electrolysis. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 5, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi [18F]-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after [18F]-fluoride addition. 
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Figure 10-17. UV HPLC profile of purified product. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 5, 142 mM of triflic acid. 2 ml of TBAF solution was added after electrolysis was 
finished and the sample was HPLC purified 30 min after TBAF addition. 
 

 
Figure 10-18. Gamma TLC of the crude sample post radio-electrochemical synthesis. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 1, 142 mM of triflic acid. 2 ml of TFE solution containing 25 mM TBAP and 5 
mCi [18F]-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after [18F]fluoride addition. 
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Figure 10-19. Gamma TLC of the crude sample post radio-electrochemical synthesis. 
Electrolysis was performed for 60 min at 1.6 V vs Ag wire at -20 ºC using TFE solution containing 
24 mM of product 3, 142 mM of triflic acid. 2 mL of TFE solution containing 25 mM TBAP and 5 
mCi [18F]-fluoride was added after electrolysis was finished and the sample was taken for analysis 
30 min after [18F]-fluoride addition. 
 
 
 
 
 
 

 
Figure 10-20. Calibration curve of UV absorbance vs. molar mass. 
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Chapter 11: Electrochemical radiofluorination of thioethers 
 

 Introduction  

Positron Emission Tomography (PET) is an established molecular imaging technology widely 

used for the visualization of biological processes in clinical and research settings363. This 

technology relies on radioactively labeled molecules, called tracers. Fluorine-18 is the most 

frequently used radionuclide in PET due to its wide availability, physical half-life (t1/2 = 109.8 

min), which closely matches biological half-life of many small molecules, and its favorable decay 

characteristics for imaging. Importantly, [18F]fluoride is routinely produced in a no-carrier-added 

(NCA) form, that is, without added stable 19F-species. Tracer formulations prepared from NCA 

[18F]fluoride364 contain only nanomolar quantities of the physiologically active molecule. This low 

amount allows for imaging without perturbing the biochemical process under investigation. If 19F-

carrier is added for production purposes, product molar activity (Am – amount of radioactivity per 

mole of product) is decreased and total amount of physiologically active tracer in the final 

formulation is increased. Low Am formulations can lead to saturation of the biological target under 

investigation and is suitable for only a handful of applications. Thioethers are attractive scaffolds 

for PET tracer development yet approaches for their radiolabeling are limited. Examples of 

biologically relevant thioethers include radiolabeled methionine and cysteine, which are important 

in elucidating amino acid metabolism in multiple diseases365–367. The strongly nucleophilic sulfur 

atom hinders the use of weakly nucleophilic [18F]fluoride in labeling reactions. Due to this 

interference, methionine radiolabeling mostly relies on electrophilic agents based on [11C]carbon, 

a suboptimal choice due to 20 min half-life of this isotope. Despite these limitations, [11C]-

methionine has demonstrated significant clinical utility368, urging further development in this 

area369. Several pharmaceuticals in clinical use contain thioether scaffolds and can be potentially 

radiolabeled by electrochemical radiofluorination if appropriately protected precursors are 
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synthesized368,370. Among them are nucleotide receptor antagonist Ticagrelor371, antiretroviral 

Nelfinavir372, and a urate transporter inhibitor Lesinurad373. Using [18F] fluoride for radiolabeling of 

thioethers remains an important but elusive target. 

 Materials and methods 

11.2.1 Materials  

Chemicals were purchase from commercial sources and used without further purification. 

Tetrabutylammonium perchlorate (TBAP, >99%, for electrochemical analysis) was purchased 

from Fluka. Tetraethylammonium fluoride tetrahydrofluoride (>97%) and Pyridinium 

pToluenesulphonate (>98%) were purchased from TCI. Methyl 2-(phenylthio)acetate (99%) was 

purchased from Alfa Aesar. Acetonitrile (ACN, anhydrous, >99.8%) and pToluenesulphonic Acid 

(99%) were purchased from Agros Organics. Methyl 2-(methylthio)acetate (>98%), 2-

(Phenylthiol)acetonitrile (98%), diethyl ((phenylthio)methyl)phosphonate (96%), 

Dimethoxyethane (DME) (>99%) and Trifluoroethanol (TFE) (>99%) were purchased from Fisher. 

Trifluoromethanesulfonic acid (Triflic Acid) (99.5%) and Methyl 2-(ethylsulfanyl)acetate (99%) 

were purchased from Oakwood Chemical. Ethanol (200 proof, anhydrous) was purchased from 

Decon. 2-(Phenylthiol)acetamide (97%) was purchased from Synthonix. Hexafluoroisopropanol 

(HFIP) (99%) was purchased from VWR International. All water used was purified to 18MΩ and 

passed through a 0.1 mm filter. No-carrier-added [18F]fluoride was produced 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. 

11.2.2 Experimental methods 

11.2.2.1 Carrier added electrochemical fluorination procedure 
 

The carrier added experiments were performed to produce the 19F-labelled thioether reference 

standards. Electrolysis was performed at an oxidation potential of 1.9V.  The electrochemical 

solution contained 50 mM thioether precursor, 50 mM TBAP and 100 mM tetraethylammonium 
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fluoride tetrahydrofluoride. A 30 mL single chamber electrochemical cell was used with 20 mL of 

solution using ACN as the solvent. An oil bath was used to set the temperature to 70°C. 

Electrolysis was performed for 60 mins with stirring at 600 rpm using a three-electrode system 

under a constant potential mode controlled by an Autolab128 potentiostat-galvanostat (Metrohm 

USA).  Alternating pulses were applied to reduce passivation of the electrodes. The oxidation 

pulse was held for 60 seconds and a reduction pulse of -0.6V for 6 seconds. Platinum wire was 

used for the working and counter electrodes. Silver wire was used as a pseudo reference 

electrode.  

The crude electrochemical solution after electrolysis was concentrated using a C18 SPE 

cartridge (Waters). The crude was added to 500 mL of water, stirred and then trapped on the C18 

cartridge. 100 mL of water was then passed through the cartridge and dried with N2 for 10 mins. 

The organics with the 19F-labelled product were then eluted with 1 mL of ethanol, which was mixed 

with 1 mL of water. The resulting mixture was transferred into the loading loop of the HPLC 

followed by water (0.5 mL) and injected onto the HPLC column for purification. This was 

performed with our previously reported radio-electrochemical fluorination platform HPLC 

separation subunit. Column: (Phenomenex, Gemini 5u C18 110A, 250 × 10 mm); gradient A = 

ACN (0.1% TFA); B = water (0.1% TFA); flow rate = 5 mL/min; 0 min 95% B, 0–30 min 95%-40% 

B. The product containing fraction was collected in ~4–5 mL. The collected fraction was then 

concentrated using a C18 CPE cartridge by adding 20x volume of water, mixing and then trapping 

the product on the cartridge. 100 mL of water was then passed through the cartridge and it was 

dried for 10 mins with N2. The product standards were then eluted with 1 mL of ethanol. The 

thioether product standards were identified using GC-MS and NMR as described below. The 

HPLC retention times of the 19F labelled thioether product standards was used to verify the NCA-

ECF 18F labelled products. 

11.2.2.2 No-carrier added electrochemical [18F]fluorination procedure 
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No-carrier-added 18F-fluoride was produced by the (p,n) reaction of 18O–H2O (84% isotopic 

purity, Medical Isotopes) in a RDS-112 cyclotron (Siemens) at 11 MeV using a 1 mL tantalum 

target with havar foil. The radioactive isotope was trapped on analytical grade (AG) MP-1M anion 

exchange resin by passing through the 1 ml of bombarded 18O–H2O. The cartridge was built using 

PEEK tubing with SPE frits (Agilent) on both ends containing 5 mg of the anion exchange resin. 

The cartridge was dried with a stream of ultra-pure N2 for 5 mins followed by 3 mL of anhydrous 

ACN. The cartridge was further dried with a stream of N2 for 5 mins. 18F-fluoride was subsequently 

eluted off the cartridge with 1 mL of TFE containing 50 mM Bu4NClO4 and used in the 

electrochemical fluorinations. In a typical experiment, approximately 5 mCi of no-carrier-added 

18F-fluoride was eluted from the anion exchange cartridge in 18F-TBAF form in TFE. 

The electrochemical reaction cell volume was 1.5 mL. Electrolysis was performed for 30 mins. 

The solvent used was trifluoroethanol (TFE). No Et4NF·4HF was added. Electrolysis was 

performed at an oxidation potential of 1.9V with 1.5 mL 50 mM thioether precursor, 50 mM TBAP 

and in TFE at 70°C for 30 mins and stirring at 600 rpm under a constant – potential mode 

controlled by an Autolab128 potentiostat-galvanostat (Metrohm USA). The cell used alternating 

pulses to reduce passivation of the electrodes. The oxidation pulse was held for 60 seconds and 

cleaning pulse of -0.6V for 6 seconds. Pt was used for the working and counter electrodes. Ag 

wire was used as a pseudo reference electrode. 

 Results and discussion 

In this paper we report no-carrier-added electrochemical fluorination (NCA-ECF) of a range of 

thioethers (Figure 11-1). 
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Figure 11-1. Scope of the NCA-ECF. Radiofluorination was performed on platinum 
electrodes under potentiostatic conditions. 
Radiochemical yield is reported as an average of three experiments.  

 

 

 

This success is enabled by electrochemical methodology, which to the best of our knowledge, 

is the first report of electrochemical production of NCA radiotracers in quantities typically used in 

clinical settings. Outside of radiochemistry, electrochemical methods offer a unique approach to 

the fluorination of thioethers348,374–377. Unfortunately, it relies on excess of (HF)n salts and thus 

cannot yield NCA products. Fuchigami et al. first proposed a mechanism for the electrochemical 

fluorination (ECF) of thioethers378,379 (Figure 11-2). 
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Figure 11-2. Proposed mechanism for the NCA-ECF compared to Fuchigami mechanism. 
 

In this mechanism, fluoride plays a 3-fold role: it stabilizes the radical cation intermediate after 

first oxidative step, acts as a base in the elimination step and as a nucleophile to produce the α-

fluorinated sulfide380. There is a clear need for an excess of fluoride for this reaction to proceed 

in good yields381. The use of fluorinating agents that are not HF-based is still very rare382. In 

previous reports, we applied the Fuchigami methodology for the electrochemical 18F-fluorination 

of a model compound, methyl-2-(phenylthio)acetate356,358. Predictably, only low Am product was 

produced and lowering HF concentration reduced Radiochemical Yield (RCY) without significant 

gain in Am. We hypothesized that an auxiliary reagent could be used to replace fluoride in two 

roles that it plays in the Fuchigami mechanism: to stabilize the radical intermediate and to act as 

Lewis base. This study reports the successful search for a Brønsted acid that plays a role of this 

auxiliary reagent and facilitates no-carrier-added electrochemical radiofluorination (NCA-ECF).  

summarizes RCY, [18F]fluoride conversion (Radiochemical Conversion, RCC; assessed with 
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radio-TLC) and radiochemical purity (RCP; assessed with radio-HPLC) in a series of experiments 

exploring radiolabelling conditions of methyl(phenylthiol) acetate. 

 

Table 11-1.  NCA-ECF of Precursor 1 Using Potential Auxillary Groups (average of 3 
experiments). 

 
PPTS= Pyridinium p-Toluenesulfonate; TBA-OTf= Bu4N+ CF3SO3

-; TfOH= CF3SO3H; TBAP= 
Bu4NClO4. 

 

To establish a baseline yield, NCA-ECF of [18F]1 in acetonitrile (MeCN) with 

tetrabutylammonium perchlorate (TBAP) as the electrolyte was investigated. The non-isolated, 

decay-corrected RCY of the reaction was 0.5 ± 0.2% (n = 3; Table 11-1, entry 1). Using 



313 
 

dimethoxyethane (DME) as a solvent failed to produce any radioactive products (Table A4.1, entry 

2) despite its reported ability to solvate quaternary ammonium cations, thereby increasing the 

availability of fluoride for ECF383,384. We explored the use of relatively weak nucleophilic triflate 

(OTf) and tosylate (OTs) additives in an attempt to provide stability for the cation-radical without 

competing with [18F]fluoride nucleophile385. TBAP was replaced with either pyridinium tosylate or 

Bu4N-OTf in the NCA synthesis of [18F]1. While the use of OTf yielded no product (Table 11-1 

entry 8), a more nucleophilic386 OTs additive led to an observed RCY of 3.9 ± 1.2% (n = 3): an 

order of magnitude increase from that observed with TBAP. This led us to hypothesize that using 

triflic or toluenesulfonic acids instead of their salts might have a beneficial effect. In this way, 

respective conjugate bases would form after cathodic reduction of acidic protons in situ. However, 

low pH was previously reported to diminish product yields in ECF356, leading us to examine two 

concentrations of TfOH and pTSA (2 mM, 10 mM). Unfortunately, these studies did not lead to 

product formation. In search of additives that would be more nucleophilic than OTs, yet only 

modestly competitive with [18F]fluoride species, we discovered that Eberson suggested use of 

trifluoroethanol (TFE) and hexafluoroisopropanol (HFIP) for stabilization of radical cations387. 

These solvents are known to have high dielectric constants, low polarizabilities and propensities 

to solvate competing anions thereby increasing the cationic intermediate lifetime360,361,387–389. 

Recently, fluorination of thioethers has been successfully demonstrated in these solvents390. This 

data encouraged us to try TFE and HFIP in NCA-ECF. This strategy proved to be fruitful and good 

conversion of [18F] fluoride in the NCA synthesis of [18F]2 was observed with TFE and HFIP as 

the solvent and TBAP as the electrolyte. Whereas in the case of HFIP, considerable amounts of 

unknown byproducts were formed, with TFE, the vast majority of [18F]fluoride incorporation 

resulted in the formation of the desired product [18F]2. It is likely that the byproducts are formed 

through formation of perfluorinated ethers previously described391. The observed RCY of 49.8 ± 

1.0% with TFE as the solvent marked a breakthrough in the NCA-ECF of thioethers. In a series 

of follow-up experiments, the previously investigated triflate and tosylate compounds (pTS, 
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TBATF, TfOH and pTSA) were retested as additives to the solvent TFE, resulting in reduced 

formation of [18F]2 as compared to the use of neat TFE. The promising results with TFE as the 

solvent can be explained by the proposed fluoro-Pummerer-type mechanism. Figure 11-2 

presents a combined illustration of commonly accepted fluoro-Pummerer mechanism (Figure 

11-2, right) and its modification that we suggest to explain the no-carrier added reaction reported 

here (Figure 11-2, left). Trifluoroethanolate enhanced by reduction of TFE on the cathode in the 

single chamber cell, acts as a promoting agent in the fluoro-Pummerer-type rearrangement. TFE 

and HFIP alcoholates stabilize the sulfur carbocation after the first anodic oxidation. Following the 

second anodic oxidation reaction, fluorinated alcoholate abstracts proton in the α-position to sulfur 

forming a sulfonium ion. The latter can react with either [18F]fluoride or competing nucleophiles to 

yield the desired product or an auxiliary-ether, respectively. Indeed, a substantial amount of the 

auxiliary-ether was observed using GC–MS356. HFIP alcoholate seems to have weaker stabilizing 

effect on the sulfur carbocation as suggested by the increased formation of undesired side 

products. TFE is likely to extend the cation intermediate lifetime, thereby increasing the probability 

of the nucleophilic attack at diminishing NCA concentrations of fluoride. In a limited study of the 

scope of this approach, NCA-ECF of several thioethers in TFE was performed (Figure 11-1). 

Excellent RCYs were observed in the formation of [18F]2 and [18F]3. Notably, both respective 

substrates lack the phenyl group adjacent to sulfur as compared to substrate 1. Poor RCY was 

observed in the formation of [18F]4. The nitrile group potentially exerts a destabilizing effect on the 

sulfonium/carbenium cation resulting in the formation of unidentified radiochemical side products. 

A similar trend was seen in case of [18F]5 with the second lowest RCY within the scope, likely 

caused by electron withdrawing properties of the phosphonate group. The NCA-ECF of 2-

(phenylthio) acetamide to yield [18F]6 is notable since the primary amide has an oxidation potential 

similar to that of sulfur. The fact that this transformation proceeds without the protection of the 

primary amide illustrates the versatility of this methodology, in that a wider range of thioethers can 

potentially be fluorinated without prior modification. A complete radiosynthesis of [18F]2 that 
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includes the HPLC isolation of the final product was performed. Up to 700 MBq of [18F]2 were 

synthesized within 90 min from the end of bombardment in 88 ± 3% isolated RCY and RCP of 

>95%. Am ranged from 4.7 to 5.3 GBq/μmol, representing >100x increase compared to previous 

reports on electrochemical radiofluorination, and approaching values observed in other NCA 

techniques82. 

 Conclusion 

This is the first example of no-carrier added radiofluorination of thioethers. The methodology 

tolerates a range of functional groups, including unprotected amides. This methodology offers the 

possibility to produce high Am 18F-fluorinated thioethers as tracers for PET imaging. Further 

research is underway to increase the yield of NCA-ECF and extending the scope beyond 

thioethers and to biologically relevant molecules. 

 Appendix 

11.5.1 Synthesis parameter optimization 

The NCA procedure described in section 4 was used for all experiments with the changes 

annotated in tables S1 and S2. The experimental results of the NCA-ECF using the precursor 

Methyl (phenylthio) Acetate 1 are tabulated in Table 11-2 and Table 11-3. Table 11-2 contains 

the experiments to optimize the electrochemical reaction for time and temperature. The optimal 

temperature was 70°C and time was 30 mins. Table 11-3 summarizes results for alternative 

auxiliary groups in the fluoro-Pummerer mechanism to facilitate NCA-ECF with ACN and TFE 

were used as solvents in these experiments. The only successful fluorination in ACN was 

performed using Pyridinium pToluenesulfonate (PPTS) with an RCY of 3.9+1.2% (n=3).  Triflic 

Acid (TfOH) and pToluenesulphonic Acid (TsOH) both reduced RCY in TFE. PPTS and 

Tetrabutylammonium Trifluoromethanesulfonate (TBA-OTf) also resulted in reduced RCY in TFE 

compared to using TBAP. 
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Table 11-2. NCA-ECF optimization of 1 in TFE (n=3). 

Time 

(mins) Temp (°C) RCC RCP RCY 

10 70 34.5+5.2% 90.5+3.5% 31.4+5.9% 

30 70 59.3+1.0% 84.1+2.1% 49.8+0.5% 

60 70 57.5+1.4% 34.7+4.9% 19.9+2.3% 

30 25 21.2+2.6% 91.9+0.7% 19.4+2.2% 

Trifluoroethanol (TFE). 

 
 
Table 11-3. NCA-ECF of 1 Testing of Possible Auxiliary Groups (n=3). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11.5.2 Molar activity calculations  

NCA-ECF was performed to synthesize the radiofluorinated product methyl 2-[18F]fluoro-2-

(methylthio)acetate ([18F]3) as described above. TLC and HPLC Analysis were performed on 

product. Due to the similarity of the absorbance of the fluorinated and non-fluorinated molecules 

Solvent Acid (mM) 

Electrolyte 

(50 mM) RCC RCP RCY 

TFE - PPTS 70.5+1.9% 21.9+0.6% 15.4+1.8% 

ACN - PPTS 62.6+7.7% 6.1+1.2% 3.9+1.2% 

TFE - TBA-OTf 30.9+1.8% 79.9+1.3% 24.7+1.8% 

ACN - TBA-OTf 0% 0% 0% 

TFE 2mM TfOH  TBAP 27.5+1.5% 84.2+4.1% 23.2+2.1% 

TFE 10mM TfOH TBAP 2.4+0.1% 13.5+0.8% 0.3+0.1% 

ACN 2 mM TfOH  TBAP 0% 0% 0% 

ACN 10 mM TfOH TBAP 0% 0% 0% 

TFE 2 mM TsOH  TBAP 35.8+0.4% 71.1+1.7% 25.5+0.3% 

TFE 10 mM TsOH TBAP 15.9+0.5% 85.8+2.6% 13.7+0.8% 

ACN 2mM TsOH  TBAP 0% 0% 0% 

ACN 10 mM TsOH TBAP 0% 0% 0% 

Acetonitrile (ACN). Pyridinium pToluenesulfonate (PPTS).  Tetrabutylammonium 

trifluoromethanesulfonate (TBA-OTf).  Triflic Acid (TfOH).  pToluenesulphonic Acid 

(TsOH). Tetrabutylammonium Perchlorate (TBAP).  
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and the slow decomposition of the synthesized non-radioactive reference, a more precise known 

concentration of the precursor was used to measure UV absorbance vs. molar mass. A calibration 

curve of the UV absorbance at 205 nm was used to determine the concentration of the 

radiofluorinated product after NCA-ECF. Curves were obtained using a linear-least square fit of 

absorbance versus molar mass spanning the expected mass range. Molar activity was calculated 

by dividing the radioactivity of the injected sample by the molar mass (as determined from the 

AUC for the UV peak and the calibration curve). The radioactivity was determined by a well 

counter (Capintec Inc.) and corrected for RCC determined by TLC and RCP determined by HPLC. 

All results were corrected for radioactive decay. A molar activity (Am) example calculation is 

shown below. 

𝟓𝟕𝟎 µ𝑪𝒊

𝟒. 𝟐 µ
𝒎𝒐𝒍
𝑳𝒊𝒕

× 𝟏𝟎𝟎 µ𝒍
= 𝟏. 𝟑𝟔 𝑪𝒊/µ𝒎𝒐𝒍 

 

11.5.3 HPLC analysis  

HPLC chromatograms of the carrier added electrochemical syntheses for the fluorinated 

standards are shown in the graph below. 
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Figure 11-3. HPLC chromatograms of different thioether molecules. 
 

The crude HPLC of the NCA-ECF UV and gamma chromatograms using each of the 6 

thioether precursors are shown below. The procedure for the NCA-ECF is described above. The 

top chromatogram of each graph is the gamma signal from 18F-labelled molecules with the gamma 

peak of the product highlighted with an arrow. The bottom chromatogram of each graph is the UV 

(205 nm) of the molecules produced during electrolysis. The remaining precursor is highlighted 

with an arrow. 
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Figure 11-4. HPLC chromatogram of crude methyl(phenylthiol)acetate. 
 

 

 

Figure 11-5. HPLC chromatogram of crude methyl(methylthiol)acetate. 
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Figure 11-6. HPLC chromatogram of crude methyl 2-(ethylsulfanyl)acetate. 
 

 

 

Figure 11-7. HPLC chromatogram of crude methyl 2-(ethylsulfanyl)acetate.  
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Figure 11-8. HPLC chromatogram of crude diethyl phenylthiomethylphosphonate.  
 
 
 

 

Figure 11-9. HPLC chromatogram of crude (phenylthiol)acetamide. 
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Chapter 12: In vivo imaging of mitochondrial membrane 
potential in non-small cell lung cancer 

 

 Main 

Mitochondria are required for lung tumorigenesis as was shown in a KrasG12D driven 

genetically engineered mouse model (GEMM) of lung cancer392. Therefore we used KrasG12D 

mutant, Lkb1 deficient (Kras/Lkb1) GEMMs to perform 18FBnTP PET imaging on lung tumors in 

vivo393,394. 18FBnTP is a positively charged lipophilic cation that localizes to the negatively charged 

mitochondrial inner membrane in a voltage-dependent manner395,396.  The probe has most 

frequently been studied in rodent and canine myocardium to detect myocardial infarction397,398 

and in cancer cell xenografts as a surrogate marker of apoptosis following cytotoxic treatment 

with chemotherapy agents399. While mass spectroscopy based approaches have been used to 

study ΔΨ400, no study to date has used 18FBnTP PET to measure mitochondrial ΔΨ using 

autochthonous murine models of lung cancer. We first synthesized 18FBnTP as previously 

described358 and performed PET imaging on lung tumors in Kras/Lkb1 mice ten weeks post tumor 

induction. We identified both 18FBnTP positive lung tumors and heart (Figure 12-1a). We then 

performed biodistribution analysis of tissues by either measuring gamma counts or percent 

injected dose per gram (%ID/g) and confirmed high uptake of the tracer in the heart, liver and 

intestine as well as low uptake in normal lung, skeletal muscle and brain (Figure 12-1b-c). 

Analysis of 18FBnTP PET imaged Kras/Lkb1 mice identified two distinct populations of lung tumors 

distinguished by either high or low 18FBnTP uptake (Figure 12-1d-e). Interestingly, we confirmed 

that tumors with high 18FBnTP avidity segregated with lung adenocarcinomas (ADCs) while lung 

squamous cell carcinomas (SCC) tumors had uniformly lower avidity for 18FBnTP (Figure 12-1d). 

We confirmed lung tumor histology by staining tumors for cytokeratin 5 (CK5) to mark SCC and 

thyroid transcription factor 1 (TTF1) or surfactant protein C (SP-C) to identify ADCs (Figure 12-1f). 
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We suspected that lung SCC with low 18FBnTP uptake had low mitochondrial content thus 

explaining the reduced ΔΨ and 18FBnTP uptake. We stained tumors for the pan mitochondrial 

marker Tom20 and confirmed similar staining intensities for both lung ADC and SCC (Figure 

12-1f). We performed additional analysis of the mitochondrial membrane proteins Tom20, 40, 70 

and Tim23 in lung ADC and SCC from KL mice and showed that ADCs (SP-C:actin ratio >0.5) 

had no discernable difference in expression of these proteins as compared to SCC (SP-C:actin 

ratio <0.5) (Figure 12-5). These results demonstrate both tumor subtypes have similar 

mitochondrial content but a two-fold difference in 18FBnTP affinity (Figure 12-1d).  

We next sought to validate 18F-BnTP as a voltage-sensitive marker of both ΔΨ and 

oxidative phosphorylation (OXPHOS) by treating cells with the mitochondrial complex I inhibitor 

phenformin, which dissipates ΔΨ and inhibits OXPHOS401 (Figure 12-2a). Short-term phenformin 

treatment of the human lung ADC cell line A549 or the mouse lung ADC line L3161C (derived 

from a KrasG12D;p53-/-;Lkb1-/- mouse) significantly reduced ΔΨ in a dose dependent manner as 

measured by TMRE staining (Figure 12-2b, e). The flow cytometry gating parameters for TMRE 

analysis and cell viability following acute phenformin treatment are represented in Figure 12-6a-

c. Likewise, acute treatment of A549 cells with phenformin significantly reduced 18FBnTP uptake 

similar to results with TMRE staining (Figure 12-2c). We next demonstrated that loss of ΔΨ 

induced by phenformin also resulted in a significant reduction of cellular OXPHOS in both A549 

and L3161C cells as measured by respirometry (Figure 12-2d, f). Lastly, we treated L3161C cells 

with oligomycin, a complex V ATPase inhibitor, which induces increased ΔΨ. We detected a 

significant increase in TMRE and 18FBnTP uptake following oligomycin treatment while ΔΨ was 

significantly reduced following the addition of the mitochondrial uncoupler FCCP (Figure 12-2g, 

h; Figure 12-6b) matching a response equal to the in vivo probe MitoClick400. Acute treatment 

with oligomycin +/- FCCP did not affect cell viability (Figure 12-6d). These results demonstrate 

that 18FBnTP is a voltage sensitive probe that detected changes in ΔΨ and OXPHOS in mouse 

and human lung cancer cells. 
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We next measured 18FBnTP uptake in lung tumors of Kras/Lkb1 GEMMs before and after 

treatment with either phenformin or vehicle (saline) as described in Figure 12-2i.  Representative 

PET images show reduced 18FBnTP uptake in lung tumors following phenformin treatment 

(Figure 12-2j). Treatment groups showed no significant difference in 18FBnTP uptake values 

before start of the treatment (Figure 12-2k) but showed a significant reduction in 18FBnTP uptake 

in the mice that received phenformin (Figure 12-2l). We further quantified the fold change in 

18FBnTP uptake following treatment and show that phenformin induced a significant drop in tracer 

uptake compared to vehicle treated mice (Figure 12-2m). We performed three independent 

experiments in Kras/Lkb1 mice that showed a significant reduction in 18FBnTP uptake in 

phenformin treated lung tumors compared to those treated with vehicle alone (Figure 12-2n). 

Because Kras/Lkb1 tumors are sensitive to phenformin394 it is possible that reduced 18FBnTP 

uptake was due to phenformin induced cell death. Therefore, we stained phenformin and vehicle 

treated tumors for cleaved caspase 3 and Ki67 and found no evidence of phenformin induced 

apoptosis or reduced cell viability (Figure 12-7a-d). This data agrees with previously published 

studies in which only a longer duration of phenformin treatment between 4-8 weeks resulted in 

cellular apoptosis394,402. Measurement of phenformin by mass spectrometry in lung tumor tissue 

from KL mice showed a significant increase in phenformin in tumors from treated mice as 

compared to tumors treated with vehicle (Figure 12-8). 

We then investigated whether 18FBnTP could selectively measure changes in ΔΨ and 

OXPHOS in vivo following treatment with a broader panel of ETC inhibitors. The complex I 

inhibitors included metformin, phenformin, or rotenone, which all reduce ΔΨ and suppress 

OXPHOS394,401,403  as well as the complex V inhibitor oligomycin, which induces an increase in 

ΔΨ. We used an orthotopic mouse model in which we transthoracically implanted L3161C lung 

tumour cells into the left lobe of syngeneic recipient mice Figure 12-3a to profile mitochondrial 

ΔΨ in lung tumours. Notably, this enabled us to spatially localize a single lung tumour in the left 

lobe of the mouse and perform PET imaging of 18F-BnTP in mouse lung ADC tumours (Figure 
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12-7f–h). We measured 18F-BnTP uptake in these orthotopically implanted mice after acute 

treatment for 4 h with either oligomycin or rotenone404 (Figure 12-3a). We used a safely tolerated 

dose of rotenone (0.5 mg kg−1) or oligomycin (0.25 mg kg−1) below the toxic dose range405. 

Uptake of 18F-BnTP in lung tumours was significantly increased after the delivery of oligomycin, 

whereas rotenone treatment significantly reduced 18F-BnTP uptake (Figure 12-3b). Our results 

demonstrate that 18F-BnTP PET detected acute changes in mitochondrial ΔΨ in lung tumours 

after inhibition of respiratory complexes I or V.  

At a cellular level metformin, like phenformin, inhibits mitochondrial complex I resulting in 

reduced OXPHOS406–408, and is broadly used world wide to clinically manage type 2 diabetes409. 

Yet, despite decades of clinical use and research on metformin there has been no definitive 

biomarker established to measure its direct inhibition of complex I activity in vivo.  We therefore 

sought to determine if 18FBnTP PET could measure changes in the ΔΨ of lung tumors following 

systemic treatment of mice with metformin (Figure 12-3f). Our results show that 18FBnTP uptake 

in lung tumors was significantly reduced in the mice that received metformin compared to the 

vehicle treated mice (Figure 12-3g). Metformin is a less potent inhibitor of complex I than 

phenformin and as expected it had slightly less inhibition of 18FBnTP uptake than did phenformin 

(Figure 12-3 f,g). Histological analysis of tumors treated with biguanides confirmed that neither 

metformin nor phenformin induced apoptosis, cell death or significantly altered tumor growth 

measured by CC3 and Ki67, respectively (Figure 12-9b). These results confirm that 18FBnTP 

imaging can accurately detected a loss of ΔΨ following delivery of metformin.  

We next sought to perform a rescue experiment using the Saccharomyces cerevisiae NADH 

dehydrogenase (ND1), which oxidizes NADH similar to mammalian mitochondrial complex I. 

Expression of the yeast ND1 protein enables cells to bypass complex I inhibition rendering them 

insensitive to metformin or phenformin408,410. Expression of ND1 in the L3161C tumor line 

conferred resistance to phenformin as L3161C-ND1 cells maintained higher OXPHOS following 

phenformin treatment as compared to cells expressing the vector alone (Figure 12-9c-d). We 
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then performed 18FBnTP PET imaging on L3161C-vector and L3161C-ND1 tumors treated with 

phenformin. ND1 expressing L3161C tumors were resistant to phenformin and showed no loss of 

18FBnTP uptake as compared to vector expressing L3161C tumors (Figure 12-9e). Vehicle 

treated L3161C-ND1 and vector tumors were both positive for 18FBnTP uptake (Figure 12-9f). 

Our results demonstrate that 18FBnTP imaging allows for selective measurement of ΔΨ and 

OXPHOS in lung tumors following inhibition with multiple complex I inhibitors.  

NSCLC is marked by genetic, metabolic and histological heterogeneity in tumors411–413. We 

next sought to perform multi-tracer PET imaging on Kras/Lkb1 mice using both 18FBnTP and 

[18F]Fluoro-2-deoxyglucose (18F-FDG) PET tracers as a means to non-invasively profile glucose 

metabolism with 18F-FDG and mitochondrial ΔΨ with 18FBnTP. Multi-tracer PET imaging of 

Kras/Lkb1 lung tumors revealed distinct metabolic heterogeneity between lung tumors in which 

we identified three distinct tumor populations (Figure 12-4a). Glycolytic tumors denoted as type 

“A” represent tumors positive for 18F-FDG with low uptake of 18FBnTP, tumors denoted as type 

“B” represent tumors positive for 18FBnTP with low uptake of 18F-FDG negative and tumors 

denoted as type “C” represent tumors with uptake of both 18FBnTP and 18F-FDG tracers (Figure 

12-4a). Histological analysis of PET imaged lung tumors revealed that type A tumors were SCC 

marked by positive CK5-TTF1staining. Conversely, type B and C tumors were both positive for 

TTF1 and absent of CK5 staining confirming ADC histology (Figure 12-10a,b).  

Both lung ADC and SCC showed distinct 18FBnTP and 18F-FDG profiles suggesting these 

tumor subtypes may have distinct bioenergetic profiles. Previous studies have shown that lung 

SCC tumors from Kras/Lkb1 mice are refractory to phenformin, which suggested that lung SCC 

tumors may harbor intrinsic defects in complex I that modulate response to complex I 

inhibition402,414. Supporting this, a study of mitochondrial proteins in human NSCLC identified that 

late stage lung carcinomas have reduced expression of NDUFS1 and NDUFV1, which are 

complex I subunits involved in the transfer of electrons from NADH (Figure 12-11a)415. The 

authors showed that reduced NDUFS1 gene and protein expression correlated with lower overall 



327 
 

survival of NSCLC patients. Therefore, we performed a PET guided biochemical analysis of 

Ndufs1 and Ndufv1 in lung ADCs and SCCs in Kras/Lkb1 mice. We identified that 18FBnTPNEG / 

18F-FDGPOS SCC tumors (shown in red) had a marked reduction in Ndfus1 and Ndufv1 proteins 

as compared to 18FBnTPPOS / 18F-FDGNEG ADCs (shown in blue) (Figure 12-4b,c; Figure 12-11b-

d). We analyzed Ndfus1 and Ndufv1 proteins in lung ADC and SCC tumors from Kras/Lkb1 mice 

across four independent experiments and discovered that SCCs (red boxes) had a consistent 

reduction in Ndfus1 as compared to ADCs (blue boxes) (Figure 12-4d; Figure 12-11e and Figure 

12-12). Lung ADC and SCC were distinguished by the presence or absence of SP-C protein and 

immunoblots for Tom20, Tom40, Tom70 or Tim23 showed similar distribution of mitochondrial 

content between SCC and ADC tumors (Figure 12-4c,d; Figure 12-11e).   

We next examined the NDUFS1 and NDUFV1 proteins in the human lung ADC cell line 

A549 and lung SCC line RH2. Identical to mouse lung tumors, we identified a decrease in levels 

of both the NDUFS1 and V1 proteins in RH2 cells compared to A549 cells (Figure 12-4e). 

Functional analysis of mitochondrial ΔΨ in human and mouse ADC and SCC cell lines 

demonstrated that the SCC tumor cells had a significantly reduced ΔΨ to that of ADC cells (Figure 

12-4f; Figure 12-13a). RH2 cells had significantly reduced oxygen consumption rate and a 

significantly increased extracellular acidification rate compared to A549 cells (Figure 12-4g,h).  

Analysis of complex I in coomassie stained blue native gels showed that RH2 cells had lower 

complex I levels than A549 (Figure 12-4i). In addition, RH2 cells had significantly reduced 

complex I activity as compared to A549 cells (Figure 12-4j). These results suggest that ΔΨ and 

complex I activity may be predictive of response to complex I inhibition – with lung ADC cells 

predicted to have increased sensitivity compared to lung SCC cells.  We demonstrated that both 

human and mouse lung ADC cell lines were in fact more sensitive to phenformin at low doses 

compared to lung SCCs lines (Figure 12-4k; Figure 12-13b).  

 Spurred by the ability to use multi-tracer PET imaging to detect metabolic heterogeneity 

across multiple tumors, we next asked whether 18FBnTP and 18F-FDG PET imaging could detect 
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metabolic heterogeneity within an individual lung tumor. We identified heterogeneous uptake of 

both 18FBnTP and 18F-FDG in lung nodules from Kras/Lkb1 mice as represented in Figure 12-4l. 

Histological analysis of the tumor revealed that the 18F-FDG avid region was positive for the SCC 

tumor marker CK5 and had elevated expression of Glut1 thus explaining the elevated 18F-FDG 

uptake. In contrast, the 18FBnTP avid region that stained positive for the ADC marker TTF1 and 

negative for CK5 had low expression of Glut1 thus explaining the low 18F-FDG uptake (Figure 

12-4m,n; Figure 12-14). These results demonstrate that multi-tracer PET imaging with 18FBnTP 

and 18F-FDG was able to identify distinct mitochondrial and metabolic heterogeneity within 

individual lung tumors. Our study represents a novel and non-invasive approach to using 18FBnTP 

PET imaging to profile mitochondrial ΔΨ and functional mitochondrial heterogeneity within 

NSCLC. We detected distinct mitochondrial ΔΨ and complex I activity profiles in lung SCC and 

ADCs tumors that were predictive of response to phenformin. With complex I inhibitors such as 

IACS-010759 poised to enter testing in clinical trials416, our results suggest 18FBnTP may function 

as a noninvasive biomarker to differentiate tumors that will be sensitive or resistant to complex I 

inhibition.  18FBnTP PET imaging represents a valuable resource not only to the field of cancer 

metabolism but one that can be extended to other fields actively investigating mitochondrial 

activity in aging, physiology, and disease. 

 Methods 

12.2.1 Cell culture 

Cells were maintained at 37 °C in a humidified incubator with 5% CO2. A549 cells were 

obtained from ATCC. The RH2 lung cancer cell line was previously established in our laboratories. 

All cell lines were routinely tested and confirmed to be free of Mycoplasma using the LookOut 

Mycoplasma PCR Detection Kit (Sigma). Cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) plus 5% fetal bovine serum (Hyclone) and 1% penicillin/streptomycin (Gibco).  
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12.2.2 Studies in genetically engineered mouse models 

We performed studies with the genetically engineered mouse model of lung cancer, in 

which KrasLSL-G12D mice (which carry a loxP-Stop-loxP sequence followed by the KrasG12D 

point mutation allele) were crossed with Lkb1-deficient (Lkb1lox/lox) and R26-LuciferaseLSL 

(which carry a loxP-Stop-loxP sequence followed by luciferase at the Rosa26 locus) mice, to 

generate KrasG12D;Lkb1−/−;R26LSL-Luc (KL) mice, as previously described414. In brief, lung 

tumours were induced by intranasal administration of 5 × 105 transduction units of Lenti-PGK-

Cre (FCT071, Kerafast) and developed nearly 100% lung adenocarcinomas, as previously 

described394,414. KL mice that inhaled Lenti-PGK-Cre were used in studies with phenformin 

treatment. For studies in which mice were imaged with both 18F-BnTP and 18F-FDG probes, KL 

mice inhaled Cre-expressing adenovirus (Adeno-Cre), which leads to development of both ADC 

and SCC tumours. For all treatments, KL mice were imaged with 18F-BnTP and sorted into two 

groups based on the tumour maximum percentage injected dose per gram (%ID/g) values. Then, 

the values were normalized to the maximum %ID/g uptake of the heart, so that two groups would 

have similar matched maximum %ID/g values, as described in ‘PET–CT imaging studies’. 

Treatment was initiated on the same day or the next day after 18F-BnTP imaging. Mice were 

treated with 125 mg kg−1 day−1 phenformin for 5 days or 15 mg kg−1 day−1 IACS-010759 for 

12 days. The drugs were delivered by oral gavage. All experimental procedures that were 

performed on mice were approved by the UCLA Animal Research Committee (ARC). Mice were 

euthanized before the ARC-approved end points were reached; none of the tumours exceeded 

maximum ARC-defined volumes. Both male and female mice were used in all experiments and 

no preference in mouse gender was given for any of the studies. 

12.2.3 Studies in syngeneic mice 

We established the L3161C mouse cell line from a lung tumour dissected from a 

KrasG12D;p53−/−;Lkb1−/− (KPL) mouse. After resection, the tumour was minced and incubated 

in collagenase/dispase (10269638001, Sigma) for 3 h. Cells were filtered using a 70-μm strainer, 
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centrifuged, resuspended in DMEM with 5% FBS and plated in a 6-cm dish. The next day, medium 

was changed and cells that attached were cultured. We confirmed that the L3161C cell line was 

ADC by implanting cells into syngeneic mice, detecting lung tumours and staining with H&E and 

CK5 and TTF1. For some experiments, L3161C cells expressed pBabe or pBabe-NDI (from 

Addgene plasmid 72876,) as previously described410. For imaging studies, 1 × 105 L3161C cells 

suspended in 20 μl PBS were implanted into the left lung lobe via transthoracic injection. Two 

weeks after injection, mice were imaged by computed tomography. Mice with similar sized 

tumours were used for 18F-BnTP imaging. For treatment studies, syngeneic mice were imaged 

with 18F-BnTP, and split into two groups (three groups for Figure 12-3b) based on tumour 

maximum %ID/g, such that maximum %ID/g values of tumours in both groups would be similar, 

as described in ‘PET–CT imaging studies’. Treatment was then initiated for the specified time. 

Mice were treated with a single dose of 0.25 mg kg−1 oligomycin or 0.5 mg kg−1 rotenone; both 

drugs were delivered by intraperitoneal injection. For other studies, mice were treated with 125 

mg kg−1 day−1 phenformin or 500 mg kg−1 day−1 metformin for 5 days; both drugs were 

delivered by oral gavage in the morning. After imaging, mice were euthanized and tissue was 

obtained. For some experiments, lungs were fixed with 10% neutral buffered formalin overnight; 

for other experiments, lung tumor nodules were rapidly dissected, snap-frozen in liquid nitrogen 

and stored at −80 °C. 

12.2.4 [18F]FBnTP synthesis 

The radiotracer 18F-BnTP was synthesized as previously described358. The three-pot, four-

step synthesis of 18F-BnTP was performed using the automated radiochemical synthesizer 

ELIXYS FLEX/CHEM (Sofie Biosciences). The no-carrier-added [18F]fluoride was produced from 

the (p, n) reaction of [18O]H2O with an RDS-112 11 MeV cyclotron (Siemens) in a 1-ml tantalum 

target with Havar foil. [18F]Fluoride in water was pushed through a strong cation-exchange (SCX) 

cartridge and trapped on a QMA cartridge. [18F]Fluoride was then eluted with a solution of 

Kryptofix 222 (10 mg, 27 μmol) and K2CO3 (1 mg, 7 μmol) in an acetonitrile:water (3:5, 0.8 ml) 
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mixture. Azeotropic evaporation was performed at 110 °C under a stream of nitrogen (7 p.s.i.) to 

remove excess water using acetonitrile. The 4-trimethylammoniumbenzaldehyde 

trifluoromethansulfonate (5 mg) precursor was solvated in DMSO (0.8 ml), added to the reactor 

vial containing the dried [18F]fluoride and allowed to react at 90 °C for 5 min with stirring. The 

resulting 4-[18F]fluorobenzaldehyde (18F-FBA) mixture was diluted with water containing 1% (w/v) 

Na-ascorbate solution (5 ml total) and passed through an Oasis WCX cartridge (41 kPa) for 1.5 

min. The WCX cartridge was dried with nitrogen (138 kPa) for 1 min and eluted with DCM (3 ml). 

The mixture was passed through a glass column containing NaBH4·(Al2O3)x (350 mg) on the top 

half portion and K2CO3 (2 g) on the bottom half portion for a flow-through reduction of 18F-FBA to 

4-[18F]fluorobenzyl alcohol (18F-FBnOH), which was directed to the second reactor vial (21 kPa). 

A subsequent elution and rinsing of the column was performed using DCM (1 ml, containing 0.2% 

(v/v) of water; 21 kPa). The mixture containing 18F-FBnOH was reacted with Ph3PBr2 (100 mg) in 

DCM (1.1 ml) at 35 °C for 10 min resulting in the formation of 4-[18F]fluorobenzyl bromide (18F-

FBnBr). The resulting mixture was passed through a silica cartridge and directed towards the third 

reactor vial (14 kPa). A solution of PPh3 (3 mg) in ethanol (0.6 ml) was added, followed by removal 

of most of the DCM under vacuum and a stream of nitrogen (21 kPa) at 45 °C for 6.5 min while 

stirring. Ethanol (1 ml) was added and the mixture was evaporated to approximately 0.5 ml under 

vacuum and a stream of nitrogen (48 kPa) at 80 °C for 2.5 min while stirring. The mixture was 

reacted at 160 °C for 5 min in a sealed position, which converted the 18F-FBnBr to the desired 18F-

FBnTP. The reaction vial was cooled to 35 °C and diluted with water (3 ml) while stirring. The 

mixture was passed through a Sep-Pak Plus Accell CM cartridge (55 kPa) and the cartridge was 

washed with ethanol (20 ml). The product was released with 2% ethanol in saline plus 0.5% (w/v) 

Na-ascorbate (10 ml) and passed through a sterile filter into a vented sterile vial. Under optimized 

conditions, the resulting 18F-FBnTP PET tracer was obtained in AY of 1.4–2.2 GBq starting from 

9.4 to 12.0 GBq [18F]fluoride in 90–92 min (radiochemical yield = 28.6 ± 5.1% with n = 3). Molar 

activities ranged from 80 to 99 GBq μmol−1 (end of synthesis) and radiochemical purity was >99%. 
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12.2.5 PET-CT imaging studies 

All PET–CT imaging was performed on KL mice or syngeneic mice transthoracically 

implanted with L3161C using either single tracer imaging with 18F-BnTP or dual radiotracer 

imaging with 18F-BnTP and 18F-FDG, as previously described413,414. To reduce variability between 

mice imaged with 18F-BnTP, the maximum %ID/g for each tumour was normalized to maximum 

%ID/g of heart, as indicated in the figures. For waterfall plots in Figure 12-2g, Figure 12-3b, d, e 

and Figure 12-8c, d, we calculated the percentage change in the uptake of the 18F-BnTP probe 

after treatment relative to before treatment, using maximum %ID/g of the tumour that was 

normalized to maximum %ID/g of the heart for each mouse. 

12.2.6 Respirometry analysis 

Experiments were conducted on a Seahorse XF96 Extracellular Flux Analyzer (Agilent 

Technologies) to measure oxygen consumption rate (OCR) and extracellular acidification rate. 

L3161C, A549 or RH2 cells were seeded into an XF96 microplate at density of 12,000–15,000 

cells per well. Cells were plated in growth medium and maintained overnight in a tissue culture 

incubator (37 °C, 5% CO2). On the day of the experiment, assay medium (Seahorse XF Base 

Medium supplemented with 2 mM L-glutamine, 1 mM pyruvate and 10 mM glucose) was freshly 

prepared. The cells were washed twice with assay medium and brought to a final volume of 175 

µl per well. The XF96 plate was placed in a 37 °C incubator without CO2 for 30 min before loading 

the plate into the instrument. Injection of compounds during the assay included: the mitochondrial 

ATP synthase inhibitor oligomycin (final concentration 2 μM); the chemical uncoupler FCCP (final 

concentration 1 μM); and the complex I inhibitors rotenone (final concentration 2 μM) and 

phenformin (final concentration 1 mM); and the complex III inhibitor antimycin A (final 

concentration 2 μM). At the conclusion of the assay, the cells were fixed with 4% 

paraformaldehyde, stained with Hoechst, and cell number per well was determine based on nuclei 

number using an Operetta High-Content Imaging System (PerkinElmer). OCRs were normalized 

to cell number per well. Activity of complex I was measured in permeabilized cells using XF PMP 
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assay where complex I dependent OCR was measured by determining OCR in the presence of 

pyruvate and malate (as substrates for complex I) before and after addition of rotenone (complex 

I inhibitor). 

12.2.7 Measurement of mitochondrial ΔΨ 

Experiments were conducted by analysing TMRE fluorescence using flow cytometry. 

A549 and L3161C cells were collected on the day of the assay and 500,000 cells were aliquoted 

into a microcentrifuge tube. Cells were resuspended in 0.5 ml DMEM and 5% FBS with different 

concentrations of phenformin, oligomycin or FCCP as indicated. Cells were incubated in a tissue 

culture incubator (37 °C, 5% CO2) for 2 h. After 2 h incubation, medium with TMRE was added to 

tubes, such that final concentration of TMRE was 7 nM and concentrations of phenformin, 

oligomycin and FCCP were constant. Cells were incubated for an additional 1 h in a tissue culture 

incubator (37 °C, 5% CO2). Cells were washed twice in phenol-red-free DMEM and cellular 

fluorescence was acquired with a BD LSRII analyser at UCLA Flow Cytometry Core. Data were 

analysed with Flowing Software. 

12.2.8 In vitro [18F]FBnTP uptake assay 

On the day of the assay, cells were trypsinized, collected in DMEM plus 5% FBS and 

counted. Then, 1,000,000 cells were aliquoted into a microcentrifuge tube, resuspended in 0.5 ml 

medium containing DMEM and 5% FBS plus vehicle, 1 mM phenformin, 8 μM oligomycin or 8 μM 

oligomycin with 4 μM FCCP. Cells were incubated in a tissue culture incubator (37 °C, 5% CO2) 

for 2 h. After 2 h incubation, 0.5 ml of media with 18F-BnTP was added to tubes, such that final 

concentration of 18F-BnTP was 10 μCi ml−1 and concentrations of phenformin, oligomycin and 

FCCP were constant. Cells were incubated for a further 1 h in a tissue culture incubator (37 °C, 

5% CO2). The uptake was terminated by centrifugation at 4 °C (134g, 5 min). Cells were washed 

twice with cold media. After the final wash, cell pellet was resuspended in 500 μl of media, and 

300 μl was used in a gamma counter, while 100 μl was used to count viable cells using ViCell 

counter (Beckman). Counts per minute were normalized to viable cells. 
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12.2.9 Immunohistochemistry 

After the fixation step in 10% neutral buffered formalin overnight, lungs were transferred 

to 70% ethanol and further processing and embedding was done by the Translational Pathology 

Core Laboratory at UCLA. The following antibodies were used: anti-CK5 (EP1601Y) (Abcam, 

ab52635 1:100), anti-TTF1 (8G7G3/1) (DAKO, 1:1,000), anti-Ki67 (SP6) (Thermo-Scientific, RM-

9106-S1, 1:200), anti-GLUT1 (Alpha Diagnostic, GT11-A, 1:400), anti-cleaved caspase 3 (CST, 

9664, 1:1,000). Slides were scanned onto a ScanScope AT (Aperio Technologies). Digital slides 

were analysed with Definiens and QuPath software. 

12.2.10 Western blot analysis 

Whole-cell lysates from lung tumours isolated from mice were prepared as previously 

described7. In brief, tumours were homogenized in buffer containing phosphatase and protease 

inhibitors (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 50 mM sodium fluoride, 1 mM 

EDTA, 1 mM EGTA, 2.5 mM pyrophosphate, 1 mM sodium orthovanadate, protease inhibitor 

tablet), centrifuged and the supernatant was normalized, aliquoted and stored in −80 °C freezer. 

Lysates were separated on 4–12% Bis-Tris protein gels (Thermo), transferred to PVDF 

membrane and probed with the following antibodies: SP-C (1:5,000, AB3786 Milipore); GLUT1 

(1:2,000, GT11-A, Alpha Diagnostic); NDUFS1 (1:2,000, ab169540, Abcam); NDUFS1 (1:2,000, 

sc-271510, Santa Cruz); NDUSV1 (1:500, sc-100566, Santa Cruz), NDUFV2 (1:2,000, sc-

271620, Santa Cruz), TOM20 (1:10,000, FL-145, Santa Cruz), TOM40 (1:2,000, 18409-1-AP, 

Proteintech); TOM70 (1:2,000, 14528-1-AP, Proteintech); TIM23 (1:2,000, 11123-1-AP, 

Proteintech); actin (1:8,000, 4970 and 3700, Cell Signaling Technology). Intensity of bands was 

quantified using Image J. 

12.2.11 Blue native gel 

Blue native (BN)–PAGE was performed as previously described30 with minor 

modifications. In brief, mitochondria (100 μg protein) were solubilized for 15 min with digitonin 

using a 6 g:1 g digitonin:protein ratio. Insoluble material was removed by centrifugation at 21,000g 
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for 30 min at 4 °C, the soluble component was combined with BN–PAGE loading dye and 

separated on a 3–13% acrylamide–bisacrylamide precast BN–PAGE gel. For separation, cathode 

buffer (15 mM Bis-Tris, pH 7.0, and 50 mM tricine) containing 0.02% (w/v) Coomassie blue G was 

used until the dye front had reached approximately one-third of the way through the gel before 

exchange with cathode buffer lacking Coomassie blue G. Anode buffer contained 50 mM Bis-Tris 

(pH 7.0). Native complexes were separated at 4 °C at 110 V for 1 h, followed by 12 mA constant 

current. Thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase 

(140 kDa), and bovine serum albumin (BSA 67 kDa) were used as markers (GE Healthcare). 

12.2.12 Liquid chromatography-mass spectroscopy 

Tumours were homogenized with a Tissue Master (Omni international) in 1 ml chilled 80% 

methanol. Tumour suspensions were spun down at 4 °C for 5 min at 17,000g, and the top layer 

taken as extracted metabolites. The volume equivalent of 1 mg of tumour was transferred into 

glass vials and the samples were dried with a EZ2-Elite lyophilizer (Genevac). Dried metabolites 

were resuspended in 100 μl of 50%:50% acetonitrile:dH2O solution; 10 μl of these suspensions 

were injected per analysis. Samples were run on a Vanquish (Thermo Scientific) UHPLC system 

with mobile phase A (5 mM ammonium acetate, pH 9.9) and mobile phase B (acetonitrile). 

Separation was achieved at a 200 μl min−1 flow rate on a Luna 3mm NH2 100A (150 × 2.0 mm) 

at 40 °C with a gradient going from 15% A to 95% A in 18 min followed by an 11 min isocratic 

step. The UHPLC was coupled to a Q-Exactive (Thermo Scientific) mass analyser running in 

positive mode at 3.5 kV with an MS1 resolution of 70,000. Metabolites were identified using exact 

mass (MS1), retention time, and fragmentation patterns (MS2) at normalized collision energy 35. 

Quantification was performed via area under the curve (AUC) integration of MS1 ion 

chromatograms with the MZmine 2 software package. For the quantification of absolute moles of 

phenformin, one tumour from the vehicle group was selected to provide a representative tumour 

small molecular matrix. The volume equivalent of 1 mg of this tumour was distributed into several 

glass vials and 10 μl of pure aqueous phenformin standards (0.1–0.5 mM) was added to these 
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samples to span the possible range of phenformin concentrations. From this point on, samples 

were treated as described above. AUC values from the phenformin standards were used to fit a 

linear regression model that related MS1 AUC to the moles of phenformin present. The linear 

regression equation was used to convert MS1 AUC to moles of phenformin in all tumour samples 

and expressed relative to the tissue mass of each tumour. 

12.2.13 Statistical analysis 

The in vivo experiments were analysed using analysis of variance (ANOVA) models to 

evaluate the main effects of the two treatment types on the various quantitative outcome 

measures. Categorical outcomes were compared between groups with Fisher’s exact test. The 

sample size of 7–10 KL mice per group provided a 99% power to detect differences in the 

outcomes of percentage CC3, Ki67 and 18F-BnTP %ID/g positivity, based on the observed results 

previously described7, assuming a two-sample t-test (a simplification of the ANOVA analysis plan) 

with a two-sided 0.05 significance level. 

Mouse experiments involving imaging of KL mice with 18F-BnTP were repeated with three 

separate cohorts several months apart. For imaging studies with both genetically engineered 

mouse models and syngeneic mice, after basal 18F-BnTP imaging, mice were split into two groups 

(three cohorts for Figure 12-3b) based on maximum %ID/g values, such that maximum %ID/g 

values of tumours in both groups would be similar after normalization to the maximum probe 

uptake in the heart. Variation is indicated using standard deviation or standard error of the mean 

as described. Differences between groups were determined using unpaired two-tailed t-test or 

one-way ANOVA if more than two groups were compared. Western blot analysis of mitochondrial 

markers was completed on lung nodules isolated from three separate cohorts of mice. 

Investigators were not blinded to the allocations for treatment groups. This is because 

allocations to the groups were done on the basis of the maximum uptake of the 18F-BnTP probe, 

which was calculated using AMIDE computer software. Maximum uptake values were based on 

the percentage injected doses of the 18F-BnTP probe, which were calculated independently of the 
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investigators. Regions of interest were defined for tumour and heart by investigators, and were 

used to calculate the maximal uptake value. Regions of interest were independently reviewed by 

two authors and verified in a blinded manner. For the histological analysis, quantification of the 

Ki67 and CC3 staining was done using automated morphometric Definiens software that defines 

positive and negative staining regions using established algorithms before analysis. Histological 

analysis was verified in a blinded review. 
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Figure 12-1. 18FBnTP PET imaging and biodistribution analysis of Kras/Lkb1 lung tumors 
identified differential uptake between lung adenocarcinomas (ADC) and squamous cell 
carcinomas (SCC). 
a PET/CT overlay of a Kras/Lkb1 mouse with lung tumors, imaged with 18FBnTP probe. Right 
panel is rotated 90° compared to left panel. Heart and Tumor are indicated by arrows. L – liver; 
GI – gastrointestinal tract; K – Kidney; B – Bladder. b Biodistribution of 18FBnTP probe in tissue 
from wild type FVB mice measured by gamma counter ex vivo after 1 hr uptake (n = 5 mice). c 
Biodistribution of the 18FBnTP probe in normal tissue of Kras/Lkb1 mice measured by % injected 
dose/gram after 1 hr uptake (n = 5 mice). d 18FBnTP uptake in lung ADC and SCC from Kras/Lkb1 
mice (n = 5 mice, n = 10 ADC tumors, n = 7 SCC tumors). e Representative transverse image of 
the heart and lungs of a Kras/Lkb1 mouse imaged with CT (left panel) and 18FBnTP (right panel). 
H – heart, T1 – adenocarcinoma (ADC), T2- squamous cell carcinoma (SCC). f IHC staining of 
T1 and T2 tumors from panel d. TTF1 – thyroid transcription factor 1; CK5 – keratin 5; Tom20 – 
translocase of outer membrane 20. Scale bar = 100 μm. The data are represented as the mean 
+/- SD. Statistical significance (**p<0.01) was calculated using unpaired two-tailed t-test.   
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Figure 12-2. Treatment of Kras/Lkb1 GEMMs with the complex I inhibitor phenformin 
suppresses 18FBnTP uptake in lung tumors.  
a Schematic drawing representing voltage dependent uptake of 18FBnTP into the mitochondria. 
Bioenergetics driven by electron transport chain (ETC), and oxidative phosphorylation (OXPHOS) 
are shown. b TMRE measurements in A549 cells treated with indicated concentrations of 
Phenformin or FCCP for 3 hr (n = 3 replicates). c Uptake of 18FBnTP measured by gamma 
counter in A549 cells treated with 1 mM Phenformin for 3 hr (n = 5 replicates). d Oxygen 
consumption rate (OCR) per cell measured in A549 cells treated acutely with 1 mM Phenformin 
for 45 min (n = 25 technical replicates). e TMRE measurements in mouse cell line L3161C treated 
with indicated concentrations of Phenformin or FCCP for 3 hr (n = 3 replicates). f OCR per cell 
measured in mouse tumor line L3161C treated acutely with 1 mM Phenformin for 45 min (n = 25 
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technical replicates). g TMRE measurements in mouse cell line L3161C treated with Vehicle, 8 
μM Oligomycin, or 8 μM Oligomycin + 4 μM FCCP for 3 hr (n = 3 replicates). h Uptake of 18FBnTP 
probe measured by gamma counter in mouse cell line L3161C treated with Vehicle, 8 μM 
Oligomycin, or 8 μM Oligomycin + 4 μM FCCP for 3 hr (n = 6 replicates). i Schematic drawing of 
imaging and treatment regiments for Kras/Lkb1 mice treated with 125 mg/kg/day Phenformin. j 
Representative images from a Kras/Lkb1 mouse before (top panel) and after (bottom panel) 
treatment for 5 days with 125 mg/kg/day Phenformin. Values for maximum percent injected dose 
(%ID/g) for the heart and tumor are indicated. H - heart. k Quantification of maximum percent 
injected dose (%ID/g)  for tumors in Vehicle (Veh) and Phenformin (Phen) groups before 
treatment (Pre-treatment). Each dot represents an individual tumor; n = 11 Vehicle and 
Phenformin groups. l Quantification of 18FBnTP uptake for tumors in Veh and Phen groups after 
treatment (Post-treatment) with 125 mg/kg/day Phenformin for 5 days. Each dot represents 
individual tumor; n = 11 Vehicle and Phenformin groups. m Waterfall plot for % change in probe 
uptake post-treatment to pre-treatment for mice treated with Veh or Phen for 5 days. Each bar 
represents an individual tumor. n Average 18FBnTP uptake in Kras/Lkb1 mice after 5 day 
treatment with Vehicle (Veh) (n = 48 tumors; 10 mice) or Phenformin (Phen) (n = 23 tumors; 10 
mice). Each dot represents individual tumor. The data are represented as the mean +/- SD. 
Statistical significance (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant) was 
calculated using unpaired two-tailed t-test or one-way ANOVA (for b, e, g, h). Experiments in b-g 
were performed twice; experiment in h was performed once. 
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Figure 12-3. 18FBnTP detects mitochondrial complex I inhibition in vivo. 
a Schematic drawing of the transthoracic (TT) implantation of KPL lung adenocarcinoma (ADC) 
cells into syngeneic recipient mouse. b Representative 18FBnTP PET/CT overlay of a tumor 
formed by transthoracically implanted L3161C cell line. H – heart, T – tumor. c H&E slide of a 
tumor formed by transthoracically implanted L3161C cell line. Scale bar = 2 mm. d Schematic 
drawing of the treatment and imaging regiment for syngeneic mice implanted transthoracically 
(TT) with L3161C cell line and treated with a single dose of Vehicle or Oligomycin or Rotenone. 
e Waterfall plot for % change in 18FBnTP uptake post-treatment to pre-treatment for mice treated 
with a single dose of Vehicle (n = 7 mice) or 0.25 mg/kg Oligomycin (n = 9 mice) or 0.5 mg/kg 
Rotenone (n = 7 mice). Statistical significance (*p<0.05) was calculated using one way ANOVA. 
f Schematic drawing of the treatment and imaging regiment for syngeneic mice implanted 
transthoracically with L3161C cell line and treated with Vehicle or Complex I inhibitor for the 
indicated time. g Waterfall plot for % change in 18FBnTP uptake post-treatment to pre-treatment 
for mice treated with Vehicle (n = 4 mice) or 500 mg/kg Metformin (n = 5 mice) for 5 days. h 
Waterfall plot for % change in 18FBnTP uptake post-treatment to pre-treatment for mice treated 
with Vehicle (n = 4 mice) or 125 mg/kg Phenformin (n = 6 mice) for 5 days. Experiments in e, g, 
and h were performed once. Statistical significance for g and h was calculated using unpaired 
two-tailed t-test. 
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Figure 12-4. Multi-tracer PET imaging of lung tumors in Kras/Lkb1 mice with of 18FBnTP 
and 18F-FDG.  
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a Representative PET images of Kras/Lkb1 mice imaged with 18FBnTP and 18F-FDG on 
sequential days. Top panel shows CT and 18FBnTP image and bottom panel shows CT and 18F-
FDG image. H - heart, T - tumor; tumors are indicated by arrows and circled. b PET/CT images 
of a Kras/Lkb1 mouse with two tumors, T1 and T2. Top panel – 18FBnTP/CT overlay, bottom panel 
– 18F-FDG/CT overlay. H – heart. c Western blot of tumors T1 and T2 isolated from mouse imaged 
in b and probed with indicated antibodies. d Western blot from tumors isolated from Kras/Lkb1 
(KL) or Kras/p53 (KP) mice was probed with indicated antibodies. e Whole cell lysates from 
adenocarcinoma cell line A549 and squamous cell carcinoma cell line RH2 were probed with 
indicated antibodies. f TMRE measurement comparing A549 and RH2 (n = 3 replicates) human 
cell lines. g Basal oxygen consumption rate (OCR) per cell was measured in A549 and RH2 cell 
lines (n = technical 15 replicates). h Extracellular acidification rate (ECAR) was measured in A549 
and RH2 cell line (n = technical 15 replicates). i Coomassie staining of mitochondria isolated from 
A549 and RH2 cells separated on blue native gel. SC – supercomplex, I – complex I, V – complex 
V. j Complex I activity was evaluated by measuring oxygen consumption rate (OCR) per cell in 
A549 and RH2 cell lines (n = technical 25 replicates) when cells were using pyruvate and malate 
as substrates. k Cell viability of A549 and RH2 cell lines (n = 3 replicates) was measured in the 
presence of indicated concentrations of phenformin for 48 hr. l Transverse view of a Kras/Lkb1 
mouse imaged with 18FBnTP PET/CT (left panel) and 18F-FDG PET/CT (right panel). H - heart, 
tumor is outlined by the dotted line. m H&E stain of the PET imaged tumor. Tumor histology is 
indicated as ADC or SCC. Scale bar = 1.0 mm. n representative images of Glut1 (left panel) and 
CK5/TTF1 (right panel) stained tumor. Scale bar = 25 μm. The data are represented as the mean 
+/- SD. Statistical significance (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant) 
was calculated using unpaired two-tailed t-test. Experiments in e-k were performed twice. 
 

 Appendix 

 
Figure 12-5. Mitochondrial markers in Kras/Lkb1 mouse lung tumors.  
Whole cell lysates from lung tumors isolated from Kras/Lkb1 mice were immunoblotted with 
indicated antibodies. Tumors with high levels of surfactant protein C (SP-C:actin > 0.5) are defined 
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as adenocarcinomas (blue box), while tumors with lower levels of SP-C (SP-C:actin < 0.5) are 
defined as squamous cell carcinomas (red box). 
 

 
Figure 12-6. Flow cytometry data from L3161C cells stained with TMRE.  
a Gating strategy used for quantification of TMRE signal. The R2 – region representing single 
cells was used for quantification of the TMRE signal. b Overlay histogram showing shifts in TMRE 
signal in L3161C cells strained with Vehicle, 8 μM Oligomycin, and 8 μM Oligomycin + 4 μM 
FCCP. c Viability of A549 cells treated for 3 hr with vehicle or increasing doses of phenformin. d 
Viability of L3161C cells treated for 3 hr with vehicle or oligomycin +/- FCCP. The data are 
represented as the mean +/- SD. Statistical significance (*p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001; ns, not significant) was calculated using one-way ANOVA. Experiments in c and d 
were repeated once. 
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Figure 12-7. Short-term treatment with phenformin does not induced changes in 
proliferation or apoptosis. 
a Transverse 18FBnTP/CT overlay (left panel), image of the whole mouse lung after treatment 
with phenformin (middle panel), H&E stain of a lung lobe with associated adenocarcinoma (ADC) 
tumor (right panel). b Representative slides stained with H&E (left panel), Cleaved Caspase 3 
(middle panel), and Ki67 (right panel) from tumors from Kras/Lkb1 mice treated with Vehicle (top 
panel) or Phenformin (bottom panel). Scale bar = 100 μm. c Quantification of staining for Ki67 
(left panel) and d Cleaved Caspase 3 (right panel) for tumors from Kras/Lkb1 mice treated with 
Vehicle (n = 5 mice) or Phenformin (n = 5 mice). The data are represented as the mean +/- SD. 
Statistical significance (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant) was 
calculated using unpaired two-tailed t-test. 



346 
 

 
 

 
Figure 12-8. Detection of phenformin in lung tumors by mass spectrometry.  
Phenformin was quantified using liquid chromatography/mass spectroscopy in lung tumors 
isolated from Kras/Lkb1 mice. Tumors were isolated from mice treated with Vehicle (saline) (n = 
6) or 100-200 mg/kg Phenformin (n = 4) by oral gavage for 5 days. This experiment was repeated 
once. The data are represented as the mean +/- SD. Statistical significance (*p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001; ns, not significant) was calculated using unpaired two-tailed t-test. 
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Figure 12-9. In vitro and in vivo analysis of the mouse lung adenocarcinoma cell line 
L3161C. 
a H&E staining of a lung ADC from L3161C mouse tumor cell line. Scale bar = 25 μm. b 
Representative slides stained with Ki67 (top panel), and Cleaved Caspase 3 (bottom panel) from 
tumors formed by transthoracically transplanted L3161C cells that were treated with Vehicle, 
Metformin, Phenformin or Rotenone. Scale bar = 200 μm. c Basal OCR rate per cell for L3161C-
pBabe (black) (n = 6-12 replicates) and L3161C-ND1 cells (red) (n = 12 replicates) treated with 
50 μM Phenformin for 24 hr. d Basal OCR rate per cell for L3161C-pBabe (black) (n = 6-12 
replicates) and L3161C-ND1 cells (red) (n = 12 replicates) treated with indicated concentrations 
of Phenformin for 24 hr. This experiment was repeated once. The data are represented as the 
mean +/- SD. Statistical significance (***p<0.001; ****p<0.0001; ns, not significant) was calculated 
using one way ANOVA. e Waterfall plot for % change in 18FBnTP uptake post-treatment to pre-
treatment for mice transthoracically transplanted with L3161C cells expressing empty vector 
(L3161C+pBabe) (n = 5 mice) or expressing ND1 (L3161C+ND1) (n = 5 mice) and treated with 
125 mg/kg/day Phenformin for 5 days. e, Waterfall plot of % change in 18FBnTP uptake in tumors 
formed by transthoracically transplanted L3161C-pBabe (n = 3 mice) or L3161C-ND1 cells (n = 6 
mice) that were treated with Vehicle for 5 days. Experiments in e and f were preformed once. 
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Statistical significance (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant) was 
calculated using unpaired two-tailed t-test. 

 
Figure 12-10. IHC markers in lung tumors from Kras/Lkb1 mice. 
a Whole lungs from Mouse 1, Mouse 2 and Mouse 3 stained for H&E or antibodies against Tom20, 
Glut1 or CK5-TTF1. Scale bar = 5 mm. b Representative images from tumor circled in red were 
stained with H&E or the indicated antibodies. Scale bar = 25 μm. 
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Figure 12-11. PET/CT and biochemical analysis of Kras/Lkb1 tumors.  
a-d PET/CT images from Kras/Lkb1 mice that were imaged on sequential days with 18FBnTP (top 
panel) and 18F-FDG (bottom panel). Tumors are circled, H – heart. Maximum %ID/g uptake value 
for each tumor normalized to the maximum %ID/g uptake in the heart is indicated e Western blot 
analysis from lung nodules that were isolated from mice imaged in a-d. Two lung tumors from 
mouse 5372 (imaged in b) are shown – T2 in red (high 18F-FDG and Glut1 levels; low 18FBnTP 
and low Ndufs1 and Ndufv1 levels); and T5 in blue (low 18F-FDG and Glut1 levels; high 18FBnTP 
and high Ndufs1 and Ndufv1 levels). 
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Figure 12-12. Differential Ndufs1 protein expression between ADC and SCC Kras/Lkb1 
tumors. 
Whole cell lysates from lung tumors isolated from Kras/Lkb1 mice were immunoblotted with the 
indicated antibodies. 
 

 
Figure 12-13. Sensitivity of mouse lung cell lines to phenformin. 
a TMRE measurement comparing mouse adenocarcinoma cell line and mouse squamous cell 
carcinoma cell lines (n = 3 replicates). b Cell viability of mouse adenocarcinoma cell line and 
mouse squamous cell carcinoma cell line (n = 3 replicates) was measured in the presence of 
indicated concentrations of Phenformin for 48 hr. The data are represented as the mean +/- SD. 
Statistical significance (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant) was 
calculated using unpaired two-tailed t-test. Experiments were repeated twice. 
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Figure 12-14. IHC staining on a Kras/Lkb1 tumor with ADC-SCC mixed histology. 
Glut1 (left) and CK5-TTF1 (right) staining were performed on an ADC-SCC mixed tumor from a 
Kras/Lkb1 mouse. Tissue segmentation demarks ADC from SCC regions. Boxes indicated where 
representative 40X images were captured. Scale bar = 1.0 mm. 
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Chapter 13: 3-dimensional mapping of mitochondrial 
networks defines diverse bioenergetic phenotypes in lung 

cancer 
 

 Main 

13.1.1 Introduction 

Mitochondria are critical to the governance of metabolism and bioenergetics in cancer cells. 

The mitochondria form highly organized networks, in which the structure of their outer and inner 

membranes defines their bioenergetic capacity. However, in vivo studies defining the relationship 

between the structural organization of mitochondrial networks and their functional bioenergetics 

in cancer have been limited.  In this study we performed in vivo structural and functional profiling 

of mitochondrial networks and bioenergetic phenotypes in non-small cell lung cancer (NSCLC) 

using an integrated platform comprised of PET imaging, respirometry and 3-dimensional scanning 

block-face electron microscopy (3D SBEM). The diverse bioenergetic phenotypes and metabolic 

dependencies we profiled in NSCLCs aligned with distinct structural organization of mitochondrial 

networks. We discovered that mitochondrial networks were organized into distinct compartments 

within tumor cells. In tumors with high rates of oxidative phosphorylation (OXPHOSHI) we 

identified peri-droplet mitochondrial networks in which mitochondria contacted lipid droplets to 

support respiration and fatty acid oxidation in tumor cells.  In contrast, we discovered that in 

glycolytic tumors with low OXPHOS activity (OXPHOSLO) glucose flux directly regulated peri-

nuclear localization of mitochondria, structural remodeling and the respiratory capacity of 

mitochondria. Our data suggest that in NSCLC, the mitochondrial networks are 

compartmentalized into distinct subpopulations that govern the bioenergetic capacity within 

tumors.  

Non-small cell lung cancer (NSCLC) is a heterogeneous disease at a histological, genetic and 

in particular metabolic level411,413. Mitochondria are essential regulators of cellular energy and 
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metabolism, playing a critical role in sustaining growth and survival of lung tumor cells392. 

Specifically, the mitochondria are organized into dynamic networks such that the structural 

architecture of their outer and inner membrane dictates cellular electron transport chain (ETC) 

activity and respiratory capacity417,418. However, our understanding of how mitochondrial networks 

are structurally and functionally regulated in cancer at an in vivo level is limited.  

To better understand mitochondrial bioenergetics in NSCLC, we recently utilized a voltage 

sensitive, positron emission tomography (PET) tracer known as 4-[18F]fluorobenzyl 

triphenylphosphonium (18FBnTP)397, to measure changes in mitochondrial membrane potential 

(ΔΨ) in autochthonous K-Ras driven mouse models of NSCLC419–421. Importantly, 18FBnTP 

uptake in lung tumors was predictive of response to Complex I inhibitors419. PET imaging of 

NSCLC tumors in Kras-driven GEMMs identified that LUADs and LUSC had distinctly different 

uptake for the 18FBnTP and 18F-FDG tracers suggestive of functionally distinct metabolic and 

bioenergetic phenotypes419. We next sought to determine if 18FBnTP uptake in lung tumors 

directly correlated with OXPHOS activity. 

13.1.2 In vivo profiling of bioenergetics reveals distinct OXPHOS signatures among NSCLC 
tumor subgroups 

In order to evaluate the respiratory capacity of the electron transport chain (ETC) in lung 

tumors, we coupled PET imaging of NSCLC tumors in genetically engineered mouse models 

(GEMMs) followed by ex vivo respirometry analysis of mitochondrial Complex I and II performed 

on frozen lung tumors represented in Figure 13-1a. Coupling PET imaging with ex vivo 

respirometry allowed for the direct measurement of Complex I (and Complex II) maximal 

respiratory capacity (MRC) in frozen lung tumors422. Representative 18FBnTP and 18F-FDG PET 

imaging of a KrasG12D;p53-/-;Lkb1-/- (KPL) mouse is shown in Figure 13-1b, which identified 

synchronous lung tumors with heterogeneous 18FBnTP and 18F-FDG tracer uptake values. KPL 

lung tumor 1 was observed to be 18FBnTPHI; 18F-FDGLO and predicted to have elevated Complex 

I and II activity characteristic of an OXPHOSHI signature. In comparison, the KPL lung tumor 2, 
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which was 18F-BnTPLO; 18F-FDGHI was predicted to have reduced Complex I and II activity 

characteristic of an OXPHOSLO signature (Figure 13-1b). We performed ex vivo respirometry on 

KPL tumors 1 and 2 and observed a 3-fold upregulation in Complex I and Complex II MRC in the 

18FBnTPHI tumor 1 compared to the 18F-BnTPLO tumor 2 (Figure 13-1c). We confirmed the 

histology of all lung tumors by immunoblot analysis of protein expression of SP-C and GLUT1 in 

whole cell lysates of lung tumors as well as immunohistochemical (IHC) co-staining of tumors for 

TTF1 and cytokeratin 5 (CK5) as previously described413. Tumor histology confirmed that KPL 

tumor 1 was LUAD and tumor 2 was LUSC based on surfactant protein C (SP-C) and glucose 

transporter 1 (GLUT1) protein expression413,418. We then examined mitochondrial respiration in 

LUAD and LUSC tumors from a larger cohort of KPL mice and found a significant increase in 

Complex I MRC in 18FBnTPHI LUADs as compared to 18F-BnTPLO LUSCs (Figure 13-1d). We 

obtained similar results performing a PET guided ex vivo respirometry analysis on LUAD and 

LUSC tumors from KL mice.  

In order to determine if the differences in Complex I and Complex II MRC were intrinsic to 

lung tumor histology as opposed to tumor genotype we examined GEMMs from five different 

genetic backgrounds. These included – the KPL GEMMs as well as KrasG12D; Lkb1-/- (KL), 

KrasG12D;p53-/- (KP), KrasG12D (Kras) and Lkb1-/-;p53-/-;Pten-/- (LPP) mice. Of note, the KPL, KL and 

LPP GEMMs develop both LUAD and LUSC subtypes, while K and KP GEMMs develop 

exclusively LUADs. We identified a direct and significant correlation between 18FBnTP uptake and 

Complex I and Complex II MRC in NSCLC tumors (Figure 13-1e). Importantly, the LUAD and 

LUSC tumor subtypes segregated into two distinct populations in which LUADs had a higher 

18FBnTP uptake and Complex I and Complex II MRC as compared to LUSCs (Figure 13-1e). 

Conversely, 18F-FDG uptake was inversely correlated with Complex I and Complex II MRC in 

LUAD and LUSC tumors and again these tumors subtypes separated into two distinct populations 

(Figure 13-1f).  
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We next evaluated whether the differences in OXPHOS activity and glucose flux observed 

in mouse tumors were conserved in human LUAD and LUSC tumors as well. We measured 

significantly higher Complex I and II MRC in tumor xenografts from LUAD cell lines H1975 and 

A549 as compared to tumors from LUSC cell line RH2 or the head and neck squamous cell 

carcinoma (HNSCC) cell line Tu686 (Figure 13-1g). We tested A549 vs A549 Rho cell lines in 

tumor xenografts as a control. The A549 Rho cells lacked ETC complex proteins compared to 

wildtype A549 cells. Additionally, A549 Rho tumors had reduced 18FBnTP uptake and significantly 

lower Complex I and Complex II MRC in xenografts from a control A549 Rho cell line that were 

established using ethidium bromide treatment423. We next measured 18FBnTP and 18F-FDG 

uptake in OXPHOSHI H1975 and OXPHOSLO RH2 mouse tumor xenografts and confirmed that 

H1975 had a significantly higher 18FBnTP uptake compared to RH2 tumors (Figure 13-1h). 

Conversely, RH2 tumors had significantly higher 18F-FDG uptake than H1975 tumors (Figure 

13-1i). Collectively, these results showed that 18FBnTP uptake correlates with Complex I activity 

in mouse and human lung tumors. By coupling 18FBnTP and 18F-FDG PET imaging with ex vivo 

respirometry it is now possible to distinguish bioenergetic signatures in tumors and distinguish 

between OXPHOSHI vs OXPHOSLO phenotypes. While we identified a significantly higher 

mitochondrial respiratory capacity in LUADs as compared to LUSC, given the genetic and 

metabolic heterogeneity that is common to NSCLC411, we anticipate that OXPHOSHI and 

OXPHOSLO mitochondrial phenotypes will be identified among both LUAD and LUSC 

subpopulations. 

13.1.3 PET guided ultra-resolution 3D SBEM imaging of mitochondrial architecture in 
NSCLC 

The distinct functional differences that we observed in mitochondrial respiration between 

NSCLC tumor subtypes suggested that equally distinct differences existed in the structural 

organization of mitochondrial networks between LUAD and LUSC tumors. To investigate this, we 

developed a workflow that paired functional 18FBnTP and 18F-FDG PET imaging with ultra-
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resolution 3-dimensional serial block-face electron microscopy (3D SBEM) (Figure 13-2a).  

Pairing PET imaging with 3D SBEM enabled us to functionally image mitochondria activity in 

whole lung tumors and then map the ultrastructures of mitochondrial networks in tumor cells424. 

Using 18FBnTP and 18F-FDG PET and microCT imaging we first spatially orientated tumors and 

functionally distinguished tumor regions as 18FBnTPHI; 18F-FDGLO (OXPHOSHI) vs 18F-BnTPLO; 18F-

FDGHI (OXPHOSLO) tumor regions in order to accurately guide SBEM analysis. Representative 

images of both transverse PET/CT scans and 3D reconstructions show lung tumors from KL mice 

that are either 18FBnTPLO; 18F-FDGHI (Figure 13-2b) or 18FBnTPHI; 18F-FDGLO.  

Next, we imaged whole lungs by high resolution microCT in both 18F-BnTPHI; 18F-FDGLO 

and 18FBnTPLO; 18F-FDGHI lung tumors (Figure 13-2c). Tumors were then sectioned in half along 

the transverse axis (Figure 13-2c) with the top half of the tumor was analyzed by SBEM imaging 

and the bottom half of the tumor was saved for histological analysis in order to exclude any 

necrotic tissue and select tumor dense regions for SBEM imaging (Figure 13-2c-e). We quantified 

tumor volume and vasculature using microCT analysis and CD34 IHC staining. Our data showed 

no significant differences in vasculature between LUAD vs LUSC. CD34 staining showed a 

significant increase in CD34 in normal tissue as compared to that of tumor tissue. No significant 

differences in CD34 staining were identified in either lung tumor subtype (LUAD vs LUSC).  

SBEM ultra-resolution imaging was then performed on the tumor blocks to generate 2-

dimensional (2D) sequential image slices. Within our SBEM images we generated isotropic voxels 

of nanometer scale allowing comprehensive visualization of NSCLC tumors at a cellular and 

subcellular level. The SBEM sample volume imaged represented over 300 cells per tissue volume 

at a nanometer resolution of 5-6nm on the x-y axis. The enabled visualization cellular 

ultrastructure such as mitochondrial cristae. Serial SBEM images generated within the x-y-z-axes 

achieved a resolution of nanometer at 20-60nm. 2D images were stacked in order to create a 3D 

SBEM tumor volume (Figure 13-2f). Following the generation of a 3D image of the tumor we built 

a topographical map of the tumor’s cellular landscape in order to differentiate tumor from non-
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tumor cells. We performed segmentation of individual cells followed by labeling of each cell type 

within the tumor landscape based on morphological features of each of the cell types that 

included: adeno and squamous carcinomas, neutrophils, macrophages, endothelial cells and red 

blood cells (Figure 13-2g,h). These results demonstrate a successful 3D mapping of the cellular 

topography in NSCLC tumor subtypes in GEMMs. In LUSC, the two major cell types identified 

were squamous cell carcinomas (40%) and neutrophils (42%) as distinguished by their distinct 

subcellular structures (Figure 13-2h)425–429. A small proportion of adenomatous carcinoma and 

red blood cells were also observed in the LUSC tumor SBEM tissue block (Figure 13-2h). 

Identical analysis was performed on OXPHOS-proficient (18FBnTPHI; 18F-FDGLO) LUADs using the 

workflow described in Figure 13-2a. 3D SBEM analysis of LUADs identified a predominance of 

tumor infiltrating macrophages. The presence of neutrophils in LUSCs and macrophages in 

LUADs agrees with the tumor infiltrating immune cells documented within the microenvironment 

of each lung tumor subtype in autochthonous mouse models of NSCLC430–433 as well as in NSCLC 

patients434,435.   

13.1.4 Distinct spatial and structural organization of mitochondria mark OXPHOSHI vs 
OXPHOSLO tumors 

The functional differences in Complex I activity measured between LUAD and LUSC 

tumors suggested distinct differences exist in the structural and spatial organization of 

mitochondria in each tumor subtype. It is well described that morphological changes in 

mitochondrial structure impact their function. Increases in mitochondrial fission and cristae 

remodeling through either genetic or pharmacological perturbation results in uncoupling of 

mitochondrial respiration and increases in glycolytic metabolism436,437. We therefore analyzed 

mitochondrial ultrastructure and the spatial localization of mitochondria within individual tumor 

cells from (18FBnTPHI; 18F-FDGLO) LUADs and (18FBnTPLO; 18F-FDGHI) LUSCs. We segmented the 

mitochondria and nuclei in LUAD and LUSC cells. We measured a volume of 5.62x104µm3 and 
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~200 intact cells in LUSC tissue and a volume of 2.75x105 µm3 and ~350 intact cells in LUAD 

tissues in order to generate 3D reconstructions of individual tumor cells (Figure 13-3a).  

In order to achieve a comprehensive analysis of the large mitochondrial content within the 

SBEM volumes, we developed a deep learning convolutional neural network utilizing the U-Net 

architecture. This enabled us to achieve robust and accurate trinary segmentation of 

mitochondria, nucleus and background438–440. We first generated a ground truth annotation by 

performing manual labeling of mitochondria based on their morphological features. We then 

trained the convolutional neural networks evolved from U-shaped encoder decoder architecture 

adapted with Atrous Spatial Pyramid Pooling (ASPP) filters to automate trinary segmentation of 

the mitochondria, nucleus and background. We applied the U-NET based deep learning neural 

network algorithm on 200-550 serial 2D SBEM images in order to generate 3D renderings of 

mitochondria and nucleus in lung tumor cells. This approach provided an accurate reference of 

spatial distribution and enabled 3D reconstruction of images along the x, y and z axis.  

We analyzed 20,000-50,000 mitochondrion per tumor section with morphological 

measurements taken for length, total volume, sphericity (roundness) and cristae density. We 

validated mitochondria prediction accuracy generated from our U-Net algorithm by pairwise 

comparisons to manual segmentation. The performance of trinary segmentation (mitochondria, 

nucleus and background) from our neural networks was measure by similarity coefficient and 

compared to that of ground truth (manual) segmentation. The U-Net algorithms achieved a 0.92 

DICE score which translated to 92% accuracy as compared to that of manual registration. 

Representative images 3D reconstructions of mitochondrial networks (red) and nuclei (blue) from 

LUAD and LUSC cells are shown in Figure 13-3b. From here, 2D images of mitochondria and 

their IMM cristae architecture were reconstructed into 3D structures (Figure 13-3c-e).  

In line with the distinct bioenergetic profiles measured among LUAD vs LUSC tumor cells 

in Figure 13-1, we measured equally distinct differences in mitochondrial organization and cellular 

localization in both tumor subtypes. Quantification of mitochondrial sphericity (roundness), length, 
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and volume showed that LUSC maintained mitochondrial pools characterized by fragmented and 

circular morphology (Figure 13-3b, f-h). The mitochondrial parameters graphed in the density 

plots (length, volume, cellular localization) showed a narrow distribution in LUSC as compared to 

LUADs. This narrow distribution is characteristic of a more uniform or homogenous distribution of 

mitochondrial structure. These results were in stark contrast to the organization of mitochondrial 

networks in LUADs in which the density plots showed a broad distribution of mitochondrial 

networks characteristic of more diverse or heterogeneous mitochondrial structures as compared 

to LUSC (Figure 13-3b, f-h). In addition to structural differences, we identified distinct variances 

in the spatial distribution of mitochondria between LUAD and LUSC cells. The mitochondria in 

LUSC localize in perinuclear clusters, whereas in LUAD the mitochondria are distributed 

throughout the cell and localized at both the nucleus and cytoplasm (Figure 13-3b). We next 

developed an algorithm to measure the distance of individual mitochondria from the nucleus of 

each cell. We then measured and quantified the distance between individual mitochondria and 

the nucleus in lung tumor cells.  We discovered a broad distribution of mitochondria in LUAD that 

included a mix of perinuclear and cytoplasmic mitochondrial pools (Figure 13-3b, k-l). In contrast, 

LUSC maintained a uniform concentration of mitochondrial around the nucleus with few 

mitochondria localized to the cytoplasm. We also confirmed similar trend of mitochondrial 

morphology and spatial distribution has been conserved between in vivo tumor tissues and in vitro 

culture cell lines derived from mouse NSCLC tumors. 

We next investigated the architecture of the cristae within LUAD and LUSC tumors. The 

mitochondrial cristae, which reside in the inner mitochondrial membrane (IMM) house the 

respiratory chain Complexes I-V that comprise the electron transport chain and serve as the site 

of OXPHOS and cellular bioenergetics441–443. Importantly, the structural organization of cristae 

directly impacts the bioenergetic capacity of the mitochondria417,418,444. We therefore analyzed and 

quantified the ultrastructure of the cristae architecture in LUAD and LUSC tumor cells using a 

Weka segmentation (Image J) program445 (Figure 13-3c-e). Morphological analysis identified a 
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differential density and distribution of cristae structures between LUAD and LUSC (Figure 13-3e). 

We identified three cristae structures in our analysis that have been well described in both normal 

tissue and cancer cells. These included: 1) highly organized orthodox or lamellar cristae that we 

classified as Type I446, 2) sparse and disorganized cristae that we classified at Type II447 and 3) 

condensed cristae that we classified at Type III448  represented in Figure 13-3e.  

Our analysis revealed that LUAD cells had a heterogenous distribution of Type I, II and III 

cristae, whereas LUSC tumor cells had predominantly Type II and III cristae and a significant 

absence of Type I cristae (Figure 13-3i). Orthodox, lamellar cristae support robust OXPHOS 

activity in cells whereas disorganized and condensed cristae are associated with defects in 

cellular OXPHOS activity446,448–450. The significant reduction of Type I cristae in LUSC as 

compared to that of LUAD tumor cells supports the distinct bioenergetic activities that we profiled 

in these tumor subtypes, in which 18FBnTPLO LUSC tumors had significantly reduced Complex I 

and Complex II MRC as compared to 18FBnTPHI LUADs.  

In order to confirm that the mitochondrial phenotypes we profiled in mouse NSCLC tumors 

were conserved across species, we analyzed mitochondrial structure and cellular localization in 

human LUAD and LUSC tumor cell lines. Analysis of mitochondrial length as measured by 

circularity and aspect ratio showed that OXPHOSHI LUAD cell lines A549 and H1975 had 

significantly increased circularity and aspect ratio as compared to OXPHOSLO LUSC cell lines 

RH2 and the HNSCC cell line Tu686 (Figure 13-3j,k). In addition, A549 and H1975 cells had 

significantly increased mitochondrial and were distributed cytoplasmic distribution as compared 

to RH2 and Tu686 cells whose mitochondrial were fragmented and predominantly localized to the 

nucleus perinuclear mitochondrial phenotype (Figure 13-3l,m). A549 and H1975 cells had higher 

cristae density and displaying predominantly type I cristae that were distributed throughout the 

cytoplasm compared to RH2 and Tu686 cells, whose mitochondria were primarily comprised of 

both type II and III cristae (Figure 13-3n,o). Quantitative, measurement of mitochondrial networks 

within NSCLCs tumors identified that OXPHOSLO LUSC had a narrow gaussian distribution in all 
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mitochondrial parameters measured - mitochondria dynamics (length), spatial localization of 

mitochondria and cristae architecture. Conversely, OXPHOSHI LUADs displayed a broad 

distribution of mitochondrial dynamics, spatial localization and cristae architecture. These results 

demonstrate that mitochondrial networks within OXPHOSLO LUSC are significantly more 

homogeneous as compared to OXPHOSHI LUADs, which maintain more diverse pools of 

mitochondria.  

13.1.5 OXPHOSHI LUADs compartmentalize mitochondrial into peri-droplet 
subpopulations 

The broad spatial distribution of mitochondrial networks throughout the cytoplasm in 

18FBnTPHI, OXPHOSHI LUADs prompted us to investigated whether the mitochondria 

compartmentalize into subpopulations that support OXPHOS activity in these tumors. 

Compartmentalization of metabolism among tissues and within individual cells has been shown 

to support cellular growth through the coordinated function451. At an intracellular level, the 

mitochondria communicate with cellular organelles such as the ER and nucleus to facilitate a 

metabolic and survival functions in both normal and cancer cells452–454. We therefore examined 

communication of cytoplasmic mitochondria (CM) with cellular organelles.  SBEM imaging and 

3D reconstructions of lung tumor cells identified a vast number of lipid droplets (LDs) in 18FBnTPHI, 

OXPHOSHI LUADs that was nearly absent in 18FBnTPLO LUSC (Figure 13-4a-c). We identified 

subpopulations of cytoplasmic mitochondria (CM) that contact LDs and wrapped themselves 

around the LDs to form peri-droplet mitochondria (PDM) (Figure 13-3a bottom left inset). PDMs 

have been described in brown adipose tissue (BAT)455, heart456, and skeletal muscle457 but not in 

lung cancer. In BAT, PDMs directly bind to LDs in order to regulate cellular respiration, lipid 

production and nutrient preferences for fatty acid oxidation (FAO)458. Structurally, PDMs are 

characterized by increased fusion, organized lamellar cristae and elevated rates of respiration as 

compared to CM networks458. These results suggested that OXPHOSHI lung tumor cells may 

compartmentalize mitochondrial subpopulations to support cellular respiration. 
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We quantified the distribution of PDM, PNM and CM subpopulations across LUAD and 

LUSC tumor cells and showed a broad distribution of PDM, PNM and CM among LUADs (Figure 

4d). Interestingly, PDMs were nearly absent in 18FBnTPLO, OXPHOSLO LUSC cells. There cellular 

landscape was dominated by PNM and CM subpopulations (Figure 13-4d). In LUADs, the PDMs 

were characterized as hyperfused mitochondria with predominantly orthodox Type I cristae and 

were consistent with morphologies previously reported in BAT458. PDMs were interlaced through 

dense regions of LDs and contacted multiple LDs shown in both 2D and 3D SBEM images (Figure 

13-4e-f). Following this, we used oil red O staining, which labels the neutral lipids (triglycerides 

and diacylglycerols) to confirm the presence of LDs NSCLC tumors. Oil red O staining from 

KrasG12D-driven GEMMs and human NSCLC xenografts showed a significant enrichment in LDs 

in 18FBnTPHI, OXPHOSHI LUADs that was absent in 18FBnTPLO, OXPHOSLO LUSCs (Figure 

13-4g-j).  

We next measured PDM in human OXPHOSHI LUAD vs OXPHOSLO LUSC cell lines. We 

showed that OXPHOSHI LUAD lines – H1975, H1651 and A549 had a significant increase in LDs 

and PDM formation as compared to OXPHOSLO squamous cell carcinoma lines RH2 and Tu686 

(Figure 13-4k-m). Lastly, we analyzed The LUAD and LUSC Cancer Genome Atlases for gene 

expression of the PLIN5 and DGAT1 proteins that regulate lipid droplet biogenesis and peri-

droplet mitochondrial formation. PLIN5 is a perilipin that acts as a scaffolding protein and is 

associated with peri-droplet mitochondrial formation in cardiac and skeletal muscle456. DGAT1 is 

an enzyme that mediates the final step of triacylglycerol synthesis, esterifying diacylglycerol to 

yield triacylglycerol, which is then packaged into lipid droplets459. We identified a significant 

upregulation of gene expression for both PLIN5 and DGAT1 in LUADs as compared to LUSC 

tumors.  

PDMs have been shown to support cellular respiration through increased FAO458. We next 

examined whether the PDM compartment supported mitochondrial respiration in LUAD cells 

through FAO and if this was absent in PDM-deficient LUSC cells. Measurement of the percent 
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change in basal oxygen consumption rate (OCR) following treatment with inhibitors of pyruvate 

metabolism (UK-5099), glutamine metabolism (BPTES) or fatty acid oxidation (etomoxir) showed 

that OXPHOS-proficient LUADs cell lines utilized pyruvate, glutamine and FAO to support 

respiration (Figure 13-4n). In contrast OXPHOS-deficient squamous cell lines RH2 and Tu686 

were sensitive to only pyruvate and glutamine inhibition and not reliant on FAO. We next 

measured cell growth of PDM-rich H1975 vs PDM-deficient RH2 cell lines following nutrient 

deprivation of glucose, glutamine or free fatty acids (FFA). Our results showed that restricting 

FFAs significantly inhibited growth of H1975 cells but not RH2 cells (Figure 13-4o) suggesting 

that cells with high PDM content are dependent on FFAs to support cellular respiration and 

growth. Both cells were highly dependent on glutamine as is normal for many cultured lung tumor 

cells460. Of interest, H1975 cells grew well in low glucose conditions while RH2 cells did not thus 

agreeing with previous studies that identified LUSC are reliant on glucose and glutamine for cell 

survival413,461.  

13.1.6 Glucose flux regulates mitochondrial motility and respiratory capacity in 
OXPHOSLO LUSC tumors 

Quantitative analysis of the spatial distribution of mitochondrial subpopulations among 

LUSC tumors confirmed that mitochondria were predominantly populated by PNM subpopulations 

with Type III cristae (Figure 13-5a,b). The perinuclear localization of mitochondria in LUSC 

suggested that mitochondrial motility may be impaired thus confining the mitochondria to the 

nuclear region in the cell. Distribution of mitochondrial throughout the cell is regulated by 

mitochondrial motility. Mitochondria move along the cytoskeleton (microtubules, actin, 

intermediated filaments) aided by motor and adaptor and transmembrane proteins462,463. Notably, 

motor adaptors sense glucose flux via O-GlcNAcylation by O-GlcNAc Transferase (OGT) (Figure 

13-5c). Approximately 2% of glucose imported into cells is shunted into the nutrient-sensing 

hexosamine biosynthetic pathway, which activates OGT464. The hexosamine pathway was shown 

to be activated in lung cancer465 and studies in neuronal axons have shown that OGT forms a 
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complex on the outer mitochondrial membrane and O-GlcNAcylates motor adaptors in response 

to elevations in glucose concentration that results in arrest of mitochondrial motility466. Importantly, 

elevated glucose uptake and high glycolytic flux are hallmarks of hypermetabolic LUSC tumors461. 

We postulated that increased glycolytic flux may repress mitochondrial motility along the 

cytoskeleton through activation of the Hexosamine pathway and OGT functioning to confine and 

localize the mitochondria to the nuclear space shown in the model in Figure 13-5c.  

We quantified mitochondrial motility by measuring the displacement of individual 

mitochondria over time (PMID: 15545319). Glycolytic, OXPHOSLO squamous cell lines had 

significantly reduced mitochondrial motility compared to the OXPHOSHI LUAD cell lines H1975 

and A549 (Figure 13-5d). Glucose restriction in the media by either low glucose concentrations 

(1mM) or galactose induced significant increases in mitochondrial motility (Figure 13-5e). 

Targeted inhibition of glucose transport using the pan GLUT1/3 inhibitor KL-11743467,468 in RH2 

cells resulted in a significant increase in mitochondrial motility and distance from the nucleus in 

which mitochondria relocated to the cytoplasm (Figure 13-5f-h). We inhibited the hexosamine 

pathway using azaserine that inhibits glutamine-fructose-6-phosphate transaminase [isomerizing] 

2 (GFPT2) and OSMI-1 that inhibits OGT as previously shown465. Both azaserine and OSMI-1 

induced a significant increase in mitochondrial motility (Figure 13-5i). Additionally, KL-11743 

treatment induced a stark decrease in total cellular O-GlcNAcylation (Figure 13-5j). Glucose 

restriction, azaserine treatment and siRNA knockdown of OGT led to a similar decrease in total 

cellular O-GlcNAcylation. Lastly, siRNA knockdown of OGT lead to a significant increase in 

mitochondrial motility (Figure 13-5k). In sum, these results demonstrate that glucose flux through 

the Hexosamine and OGT pathways regulate mitochondrial motility in glycolytic LUSC tumor cells.  

 In addition to increased motility, KL-11743 induced the elongation of mitochondrial 

networks shown in Figure 13-5g. We next investigated whether inhibition of glucose flux induced 

remodeling of mitochondrial cristae. KL-11743 treatment induced remodeling of cristae marked 

by a significant increase in organized lamellar type I cristae and a concomitant decrease in type 
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III cristae in RH2 cells (Figure 13-5l-m). Glucose restriction, inhibition of the hexosamine pathway 

and OGT knockdown in RH2 cells yielded identical results to KL-11743 treatment in cells in which 

cristae were remodeled from predominantly Type III to Type I.  H1975 cells showed a modest but 

significant enrichment in Type I cristae after azaserine treatment or OGT knockdown. The 

remodeling of mitochondrial dynamics and cristae from malformed circular type II and III cristae 

into well-formed lamellar type I cristae in RH2 cells following KL-11743 treatment suggested an 

upregulation of OXPHOS activity in these cells. We measured significant increases in the 

maximum oxygen consumption rate (OCR max) of cells as well as increased of Complex I and 

Complex II activity in RH2 and to a lesser extent in H1975 cells following KL-11743 treatment, 

glucose restriction, azaserine treatment or OGT knockdown (Figure 13-5n-o). These results 

demonstrate that remodeling of mitochondrial dynamics and cristae induced an increase in 

mitochondrial respiration in glycolytic, OXPHOSLO RH2 cells. Lastly, we performed 18FBnTP PET 

imaging on RH2 tumor xenografts following treatment with KL-11743. KL-11743 induced a 

significant increase in 18FBnTP uptake compared to vehicle treated tumors (Figure 13-5p). We 

performed ex vivo respirometry on KL-11743 and vehicle treated RH2 tumors and showed that 

KL-11743 treatment induced a significant increase in Complex I and Complex II MRC as 

compared to vehicle (Figure 13-5q). These results demonstrate that glycolytic flux restricts 

mitochondrial motility and OXPHOS, in hypermetabolic LUSCs both in vitro and in vivo.  

We next investigated the role of microtubules, actin and vimentin in the regulation of 

mitochondrial motility. Disruption of both microtubule and actin networks by treatment with 

latrunculin A or nocodazole respectively, led to a significant decrease in mitochondrial motility in 

both H1975 and RH2 NSCLC cell lines. In contrast, siRNA mediated knockdown of vimentin in 

H1975 or RH2 cells led to a significant increase in mitochondrial motility. We next confirmed that 

both latrunculin A and nocodazole treatment induced a significant decrease in the distance of 

mitochondria from the nucleus resulting in an enrichment of peri-nuclear mitochondria, whereas 

knockdown of vimentin led to a significant increase in H1975 and RH2 cells. Lastly, we measured 
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basal OCR after disruption of the cytoskeleton componentry. We identified that latrunculin A and 

nocodazole treatment induced a significant decrease and that vimentin knockdown induced a 

significant increase in in basal OCR in H1975 and RH2 cells.  These results suggest that both 

microtubules and active networks support mitochondrial motility, cytoplasmic distribution of 

mitochondria and respiratory capacity while vimentin functions in an antagonistic and suppressive 

manner.    

13.1.7 Glucose flux regulates mitochondrial motility and respiratory capacity in 
OXPHOSLO LUSC tumors 

In summary, we present an in vivo structural and functional analysis of mitochondrial 

networks and bioenergetic phenotypes across NSCLC tumor subtypes in both mouse and human 

tumors. The ex vivo respirometry we performed on lung tumors identified significant increases in 

Complex I respiratory activity in 18FBnTP positive LUAD as compared to glycolytic, LUSCs with 

low 18FBnTP uptake. These results underscore the diversity of bioenergetic activity among 

NSCLC tumor subtypes. A recent study defined that ubiquinol oxidization is required for lung 

tumor growth, highlighting a critical role of Complex III and the ETC in lung tumorigenesis469. 

Collectively, this study and our work profiling respiration dependencies underscore the importance 

of mapping respiratory chain dependencies across NSCLC subtypes. The functional diversity we 

discovered between LUADs and LUSCs accurately predicted distinct structural mitochondrial 

phenotypes among lung tumor subtypes demonstrating that mitochondrial structure impacts its 

function. PET-guided 3D SBEM analysis successfully identified structural and spatial distribution 

of mitochondrial networks within 18FBnTP positive LUADs. In contrast, we identified that 18FBnTP 

negative LUSC retain uniform structural and spatial organization of their mitochondria that is 

metabolically regulated by glucose flux. The broad diversity of mitochondrial phenotypes intrinsic 

to LUADs suggests that these tumors possess an innate metabolic and bioenergetic flexibility that 

is distinct from LUSCs. We identified a previously unrecognized mechanism of metabolic 
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compartmentalization in LUADs in which populations of PDM exist that support mitochondrial 

respiration in tumor cells.  

The closely regulated and uniform mitochondrial networks we profiled in LUSCs 

corresponded with reduced metabolic flexibility in these tumors compared to that of LUADs. LUSC 

were more reliant on glucose and glutamine metabolism to support OXPHOS and less so on FAO, 

while LUADs utilized glucose, glutamine and fatty acids to support cellular respiration. This 

suggests a therapeutic window may exist to selectively target metabolism lung tumors with 

homogeneous mitochondrial phenotypes and limited metabolic flexibility. We have demonstrated 

that LUSCs are dependent on glucose and glutamine metabolism and are selectively sensitive to 

inhibition of these pathways413,459. Structure-and-function studies defining the relationship 

between mitochondrial architecture and metabolic dependencies may hold promise as strategies 

to profile metabolic liabilities unique to lung cancer subtypes. We anticipate that coupling PET 

imaging with 3D SBEM will have dynamic applications beyond that of lung cancer and enrich our 

understanding of how mitochondrial bioenergetics impact human disease. 

 Methods 

13.2.1 Cell culture 

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific) 

supplemented with 10% fetal bovine serum (FBS) (Hyclone) and 1% penicillin/streptomycin 

(Gibco). A549 cells and H1975 cells were obtained from ATCC. The lung squamous cell line 

(human) RH2 were established in the laboratory of Dr. Steven Dubinett (UCLA). The head and 

neck squamous cell line (human) Tu686 was a gift from Maie St.John laboratory (UCLA). The 

mouse lung squamous cell line derived from Mouse 5 (LPP) and mouse lung adenocarcinoma 

cell line derived from Mouse 4 (LPP) were established in our laboratory. After resecting the tumor 

tissues, they were minced with razors and digested with collagenase/dispase (Sigma). Lysate 

was filtered through 70 m cell strained. Dissociated single cells were centrifuged and 
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resuspended in DMEM (10% FBS). Plate the cells in tissue culture dished and medium change 

until there were enough colonies to expand the culture. All cells were grown at 37C in 5% CO2 

in a humidified incubator, and Mycoplasma tested using the LookOut Mycoplasma PCR Detection 

Kit (Sigma).  

13.2.2 Genetically engineered mouse models (GEMMs) of lung tumor 

We employed 5 GEMMs in this study: (1) Kras-Lox-Stop-Lox-G12D; Rosa26-Lox-Stop-Lox-Luc 

(Kras); (2) Kras-Lox-Stop-Lox-G12D; Lkb1 Lox/Lox; Rosa26-Lox-Stop-Lox-Luc mice (KL); (3) 

Kras-Lox-Stop-Lox-G12D; p53 Lox/Lox; Rosa26-Lox-Stop-Lox-Luc mice (KP); (4) Kras-Lox-Stop-

Lox-G12D; Lkb1 Lox/Lox; p53 Lox/Lox; Rosa26-Lox-Stop-Lox-Luc mice (KPL); (5) Lkb1 Lox/Lox; 

p53 Lox/Lox; Pten Lox/Lox; Rosa26-Lox-Stop-Lox-Luc mice (LPP). Lung tumors were induced by 

Ad5-CMV-Cre (VVC-U of Iowa-1174) or LentiCre (Kerafast) delivered intranasally as described 

previously394. Tumor growth was routinely monitored by bioluminescence imaging using IVIS 

imager (PerkinElmer). All animal experiments were approved by Animal Research Committee 

(ARC) and performed following ARC protocols and requirements. Lung tumors from different 

GEMM mice were collected by snap freezing in liquid nitrogen. Snap frozen samples were stored 

at -80 C until respirometry assay and Western blotting analysis. 

13.2.3 Subcutaneous implantation in NSG mice 

A549, H1975, A549 Rho, RH2 and Tu686 cells were cultured in vitro under the condition 

described above. Cells were collected and suspended in PBS, then mixed with Matrigel 

Membrane Matrix (Corning) and implanted subcutaneously on the flanks of NSG mice (2-4  10*6 

cells/flank). For the treatment study of GLUT1/3 inhibitor KL-11743 (C6), mice were treated with 

C6 (100mg/kg) delivered by oral gavage for 8 days. Subcutaneous tumors were either snap frozen 

in liquid nitrogen or fixed in 10% formalin overnight. Snap frozen samples were stored at -80 C 

until respirometry assay. Formalin fixed samples were sent to Translational Pathology Core 

Laboratory (TPCL) at UCLA for embedding and sectioning.  
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13.2.4 18F-FBnTP synthesis 

The procedures of synthesizing radio-active18F-FBnTP probe was performed as previously 

described257,419. 

13.2.5 PET/CT imaging 

The procedures of PET/CT imaging and analysis was performed as previously described59,61. PET 

signals were measured by % injected dose (ID)/gram (g) after 1h uptake and normalized to heart 

signal. The ratio of 18FBnTP uptake %ID/g (tumor) to %ID/g (heart)  0.5 is defined as 18FBnTPHI; 

a ratio < 0.5 is defined as 18FBnTPLO. The ratio of 18F-FDG uptake %ID/g (tumor) to %ID/g (heart) 

 0.2 is defined as 18F-FDGHI; ratio < 0.2 is defined as 18F-FDGLO tumor438. 

13.2.6 Ex vivo respirometry analysis on frozen tissues 

Tumor tissues were isolated from genetically engineered mouse models of lung cancer 

and snap frozen using liquid nitrogen. Frozen samples were stored in -80°C until use in the 

Seahorse experiments. Frozen tissues were thawed on ice and homogenized in MAS buffer 

(70mM sucrose, 220mM mannitol, 5mM KH2PO4, 5mM MgCl2, 1mM EGTA, 2mM HEPES pH 7.4) 

with protease inhibitor cocktail (Roche). Homogenates were centrifuged at 1,000g for 10 minutes 

at 4°C and supernatant was collected. Protein concentrations were determined by BCA assay kit 

(Thermo Fisher). Lysates (12µg/well for human samples and 6µg/well for mouse samples) were 

loaded into Seahorse XF96 microplate in MAS buffer (20µL each well) and centrifuged at 2,000g 

for 5 minutes at 4°C. After centrifugation the volume was increased to 150µL by adding 130µL 

MAS containing cytochrome c (10µg/mL). At port A, substrates of NADH (1mM) were injected to 

determine the respiratory capacity of mitochondrial Complex I; succinate (5mM) + rotenone (2µM) 

were injected to determine the respiratory capacity of mitochondrial Complex II. Following 

substrate injections were loaded: port B: rotenone (2µM) + antimycin (4µM); port C: TMPD 

(0.5mM) + ascorbic acid (1mM); port D: azide (50mM). OCR rates were measured using Seahorse 

XF96 Extracellular Flux Analyzer (Agilent Technologies) and normalized to mitochondrial content 

quantified by MitoTracker Deep Red staining (Thermo Fisher).  
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13.2.7 In vitro respirometry analysis on cultured cells 

Cells were seeded into Seahorse XF96 microplate prior to the assay and maintained in 

tissue culture incubator (37°C in 5% CO2) to reach 90-100% density before running Seahorse 

assay. To measure Complex I and Complex II respiratory capacity, cells were permeabilized with 

5nM XF Plasma Membrane Permeabilizer (PMP, Agilent) and analyzed as described above in ex 

vivo tissues. Permeabilized cells were started in State 3 with substrates of pyruvate (5mM) + 

malate (0.5mM) and 4mM ADP for respiration-driven through Complex I; succinate (5mM) + 

rotenone (2µM) and 4mM ADP for Complex II. Following State 3 measurements injections 

included: port A: oligomycin (2µM); ports B and C: FCCP (B: 0.75µM and C: 1.35µM); port D: 

rotenone (2µM) + antimycin (2µM).  

To measure OCR and ECAR rates, cells were washed twice and incubated with freshly 

prepared assay medium (Seahorse XF Base Medium + 2mM L-glutamine + 1mM Pyruvate + 

10mM glucose) for 30 minutes. The substrates were injected in the order of oligomycin (2µM), 

FCCP (0.75/1.35µM), rotenone (2µM) + antimycin A (2µM).  

Cell count (per well) was determined by nuclei number which were stained with Hoechst 

and quantified by Operetta High-Content Imaging System (PerkinElmer). OCR and ECAR rates 

were normalized to cell count per well.  

13.2.8 Whole animal perfusion and tissue fixation 

Fixative solution (2% paraformaldehyde, 2.5% glutaradehyde, 0.15M cacodylate and 2mM Ca2+) 

was freshly prepared every time. Animals were anesthetized by ketamine (200mg/kg) / xylazine 

(10mg/kg) delivered by intraperitoneal injection. Anesthesia took effect after several minutes. The 

depth of anesthesia was tested using tail pinch and paw prick and ensured the breathing did not 

stop. The body cavity was cut with scissors and followed by cutting up midline to sternum. Heart 

was exposed and needle was placed into left ventricle then right atrium was snipped with 

iridectomy scissors. The animal was perfused for 30 seconds at the flow speed of 8mL/minute 

with Ringer’s solution supplemented with 2% xylocaine and 1000U herapin. Then valve on the 
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pump was switched on to fixative solution and perfused for 5-8 minutes. After continuous 

perfusion, mouse lung tumor was harvested, placed in ice-cold fixative solution and fixed 

overnight in the fridge. Fixed tissues were washed 3 times with 0.15M cacodylate buffer (2mM 

Ca2+) and stored in the same buffer at 4 C until further processing.  

13.2.9 Sample preparation for SBEM imaging 

Post-fixed tissues of mouse lung tumor were washed in 0.15M cacodylate buffer (2mM Ca2+). 

Tissues were stained for 1 hour with 2% osmium and 1.5% potassium ferrocyanide in 0.15M 

cacodylate buffer (2mM Ca2+). Tissues were washed 5 times (5 minutes each time) with ddH2O, 

then Placed in filtered TCH buffer (0.05g thiocarbohydrazide in 10mL ddH2O) for 20 minutes at 

room temperature (RT). Tissues were washed 5 times (5 minutes each time) with ddH2O and then 

stained with 2% osmium in ddH2O for 30 minutes at RT. Following that, tissues were stained with 

2% uranyl acetate overnight at RT and lead aspartate solution (0.66% (w/v) lead in 0.03M aspartic 

acid) for 30 minutes in 60C oven. Tissues were dehydrated in serial ice-cold ethanol (70%, 90% 

and 100%) and ice-cold acetone after washing in ddH2O. Tissues were then embedded in serial 

Durcupan resin (50%, 75%, 100%) and solidified in 60C oven for 2 days.  

13.2.10 Sample preparation for SBEM imaging 

SBEM volumes were collected on a Zeiss Gemini 300 microscope equipped with a Gatan 3View 

2XP microtome system. The volumes were collected at 2.5 kV using a 30m aperture, the gun in 

analytic mode, and the beam in high current mode. Focal charge compensation with nitrogen gas 

was used to mitigate charging artifacts. The dwell time was 1 microsecond. The pixel size was 

either 5 or 6 nm, and the Z step size was always 50 nm. Following data collection, the images 

were converted to .mrc format and cross correlation was used to for rigid image alignment of the 

slices using the IMOD image processing package470.  
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13.2.11 Sample preparation for SBEM imaging 

MicroCT imaging was performed on a Zeiss Versa 510 microscope. The wet lung specimens were 

imaged with no contrast staining in buffer at 40 kV, using 360 degrees of specimen rotation and 

collecting 801 projection images. The pixel size was 11.5m. Specimens stained for SBEM and 

embedded in epoxy were imaged at 80 kV, using 360 degrees of specimen rotation and collecting 

1601 projection images. The pixel size was between 5-8m. 

13.2.12 3D visualization and analysis of SBEM images 

Individual cells were segmented using Amira software (Thermo Scientific). Sequential SBEM 

images were processed with median filter and contrast adjustment to enhance the appearance of 

intracellular space. Interactive thresholding was applied to distinguish cellular and extracellular 

space and generate binary images. Binary images were processed with Separate Object 

algorithm to fragment cells without clear extracellular boundaries. Connected Components 

algorithm was applied to create individual labels for each identified cell. Segmented individual 

cells in each stack are visualized with a voxelization rendering. 

13.2.13 Machine learning based segmentation of nucleus and mitochondria in SBEM 
images 

We propose a method to segment nuclei (class 1) and mitochondria (class 2) from the background 

(class 0) in a 3D SBEM volume. Our method takes individual slices from the volume (2D images) 

as input and predicts the segmentation for the slices independently. To perform the segmentation, 

we propose to learn a deep neural network which is a function which takes an image as input and 

outputs a confidence map corresponding to each class. The class with the highest response is 

chosen for each pixel to yield the segmentation map for each slice. Specifically, we chose an 

encoder-decoder architecture based on U-Net470, with 3 modifications. (i) We use ResNet471 

blocks (with 32, 64, 128, 256 and 256 filters) instead of standard convolutional blocks. (ii) Since 

mitochondria are small objects, we chose to limit spatial downsampling to 
1

8
th of the original image. 

To do so, we remove max-pooling operations after the 3rd layer. (iii) We used an Atrous Spatial 
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Pyramid Pooling (ASPP)472  layer with strides 6, 12, 18, 24 as the last layer of our encoder to 

increase the field of view of our filters. All weights use random uniform initialization, and we used 

leaky-ReLU activations. Our model is trained using the standard cross-entropy loss and is 

optimized using Adam473 with  β1 = 0.9 and β2 = 0.999. We used an initial learning rate of 1 × 10−4 

and decreased it to 1 × 10−5 after 150 epoch for a total of 200 epochs. We use a batch size of 8 

and resize each image to 768 × 768. We perform random horizontal and vertical flips, rotations 

between [−20∘, 20∘], zero-mean additive gaussian noise with standard deviation of 0.08, and crop 

sizes up to 90% of the image height and width as data augmentation. Each augmentation has a 

50% probability of being applied. We train our model on 10 densely labeled images, and reserve 

3 images for validation. Training takes ≈ 8 hours on an Nvidia GTX 1080 GPU, and inference 

takes ≈ 11 ms per 2D image. Our segmentation model achieves a 0.92 DICE score and a 0.86 

IoU across all classes. 

13.2.14 Machine learning based segmentation of nucleus and mitochondria in SBEM 
images 

We composed the volumes by stacking individual network predictions for all slices. We used 3D 

connected components with 26-connectivity to aggregate instances independently on nuclei and 

mitochondria predictions and removed objects smaller than 30 voxels. To quantify the distance 

between mitochondria and nucleus surface we computed the centroid of each nuclear and 

mitochondrion prediction, and used the centroids to assign each mitochondria to the closest 

nuclei. We then reported the distance between the nucleus' centroid and the centroids of all 

mitochondria assigned to it. Mitochondrial length is measured by the TEASAR algorithm [ref], 

which is a fully automatic tree structure extraction method, to skeletonize each mitochondrion. 

We interpreted the skeletons as adjacency matrices which define 3D undirected graphs. The 

length was computed as the longest path in the graph. Quantification of mitochondrial volume is 

to derive a closed triangular mesh for every mitochondrion in the predicted volume through the 

3D marching cubes algorithm. We then computed the volume inside the mesh by summing the 
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volumes of the tetrahedra which compose it. We also quantified the sphericity of mitochondria 

given the mesh obtained through marching cubes (described above) and the corresponding 

enclosed volume, we just need the surface area of the mesh to compute sphericity. The surface 

area of the mesh is computed as the sum of the surface areas of the triangles that compose it, 

which allowed us to compute the sphericity for the mitochondria. 

13.2.15 Quantification of distance between mitochondria and nucleus in fluorescent 
images 

Given the center of a mitochondria, we want to find its minimum distance to the surface of a 

nucleus, which is segmented as an ellipse. The result can be obtained by solving a constrained 

optimization problem using Lagrange multiplier. The original ellipse of nucleus is tilted by a degree 

θ and is centered at an arbitrary coordinate (h,k). To ease the computation, we translate and 

rotate the original ellipse to a standard ellipse that is centered at (0,0) with major axis aligned with 

the x-axis and the minor axis aligned with the y-axis. The center of the mitochondria follows the 

same transformation. Through substitution and rearranging the terms, the objective function is a 

fourth degree polynomial, which has at most four possible roots that satisfy the criteria. We then 

choose the coordinate (x,y) on the ellipse that has the minimal distance to the target nucleus. 

13.2.16 Immunohistochemistry 

The procedures of immunohistochemistry staining and analysis was performed as previously 

described 2. Tissue slides were probed with following antibodies: CD34 (1:800, ab8158 Abcam); 

TTF-1 (1:1000, M3575 Dako); Cytokeratin 5 (1:1000, ab52635 Abcam). 

13.2.17 Oil Red O Staining 

The oil red o staining was performed following the protocols of commercial kit (StatLab, 

KTOROPT). Frozen tissues were fixed by O.C.T compound (Fisher HealthCare) and sectioned 

at Translational Pathology Core Laboratory (UCLA). The frozen tissue sections were fixed in 10% 

formalin for 5min, then rinsed in distilled water. Slides were immersed in propylene glycol for 2min 

followed by immersing in preheated oil red o solution at 60°C for 6min. Slides were then washed 
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in 85% propylene glycol for 1min and running distilled water for 1min. The nuclei were stained 

with Modified Mayer’s Hematoxylin for 1min and rinsed in distilled water for 1min. The slides were 

mounted with aqueous medium and covered with coverslip.  

13.2.18 Western Blotting 

Whole cell lysates of lung tumors isolated from GEMMs were generated by homogenizing snap 

frozen tumor tissues in lysis buffer (20mM Tris pH 7.5, 150mM NaCl, 1% (v/v) Triton X-100, 50mM 

sodium fluoride, 1mM EDTA, 1mM EGTA, 2.5mM pyrophosphate, 1mM sodium orthovanadate, 

complete protease inhibitor cocktail). Whole cell lysates were centrifuged at 2,000g for 5 minutes 

and supernatants were transferred to empty tubes. Supernatants were stored at -80C until use. 

Whole cell lysates of in vitro cultured cells were generated by homogenizing in SDS lysis buffer 

(100mM Tris pH 7.5, 100mM NaCl, 1% SDS, protease inhibitor cocktail) followed by  heat 

inactivation at 90C for 10 minutes. Protein concentration was determined by BCA assay (Thermo 

Fisher). Lysates were run on 4-12% Bis-Tris gels (Thermo Fisher) to separate the proteins, then 

transferred to PVDF membrane. Membranes were stained with Poceau S to confirm transfer 

efficiency. Membranes were then probed with following antibodies: SP-C (1:5000, AB3786 

Milipore); Glut1 (1:2000, GT11-A, Alpha Diagnostic); Ndufs1 (1:1000, ab169540, abcam); O-

Linked N-Acetylglucosamine (1:1000, ab2739, Abcam); SDHA (1:1000, 5839, Cell Signaling 

Technology); SDHC (1:1000, ab155999, Abcam); Actin (1:5000, A3853, Sigma); Tubulin (1:2500, 

T9026, Sigma). 

13.2.19 Mitochondrial Motility and Mitochondrial Cristae analysis 

210*5 cells were plated per well into CELLview 4-compartment glass-bottom tissue culture 

dishes (Greiner Bio-One) 48 hours prior to the imaging section, and maintained in tissue culture 

incubator (37C in 5% CO2). Cells were stained with TMRE (15nM, Thermo Fisher) for 1h to 

analyze mitochondrial motility, and 10-N-nonyl acridine orange (100nM, Thermo Fisher) for 1-3h 

to analyze mitochondrial cristae. Live cell imaging was performed on the Zeiss LSM 880 with 



376 
 

Airyscan using the alpha Plan-Apochromat 100x/1.46 Oil DIC M27 objectives. Images were 

deconvoluted by Airyscan Processing in ZEN software. Image analysis was performed using 

ImageJ (Fiji) in the order of: background subtraction, crop region of interest, adjust thresholds and 

measure parameters. Mitochondrial motility was analyzed using Motility Journal w/ Percent 

Threshold developed in Dr. Orian Shirihai laboratory. The algorithm takes the mitochondrial area 

in the first frame, and it pseudocolors them green. Then it takes the mitochondrial area in the 

second frame, third frame, and so on, and pseudocolors them red. Then, for each time point, the 

algorithm overlays the green and red time points, making a yellow region where there is overlap 

between the two channels. For each time point, there is a green, red, and yellow value. The 

algorithm takes these values and computes: (green + red)/yellow. There is a value for each time 

point, and when the algorithm has computed the value for each of the frames in the video, it takes 

the slope of the values. Therefore, the actual number that you get from the algorithm represents 

the slope of [(green + red)/yellow] for each of the time points in the movie. Of course, values 

closer to zero mean there is less mitochondrial displacement. Mitochondrial cristae structure was 

analyzed using macros designed for cristae segmentation and quantification which have been 

described previously445,449. 

13.2.20 Statistical analysis 

Statistical analyses were performed on GraphPad Prism 9. Differences between groups were 

determined using unpaired two-tailed t-test or one-way ANOVA if more than two groups were 

compared. For treatment studies, Dunnett test was employed to compare every mean to a control 

mean. For non-treatment studies, Tukey test was used to compare every mean to every other 

mean. 
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Figure 13-1. Functional in vivo imaging of OXPHOS defined heterogeneous respiratory 
chain activities among NSCLC subtypes. 
a, Schematic depicting experimental workflow of dual-probe PET imaging with 18FBnTP and 18F-
FDG tracers followed by respirometry on frozen tumor samples measuring mitochondrial Complex 
I (CI) and Complex II (CII) maximal respiration capacity (MRC). b, Representative transverse 
image of the heart and lung tumors of mouse 1 (KPL) imaged with CT (left panel) and PET (right 
panel) probed with 18FBnTP (top) and 18F-FDG (bottom). H-heart, T1 is LUAD, T2 is LUSC c, 
MRC of mitochondrial CI and CII isolated from frozen tissues of T1 and T2 in mouse 1. Data are 

mean  s.e.m. (n = 3 technical replicates). d, MRC of CI and CII in LUAD and LUSC from KPL 
mice (n = 8 tumors, 3 LUAD tumors and 5 LUSC tumors. Unpaired two-tailed t-test. e,f, Scatter 
plot with regression line showing %ID/g of PET tracers versus CI MRC of tumors from KPL, KL, 
Kras, KP and LPP mice (n=30 tumors, 18 LUAD tumors  (blue dots) and 12 LUSC tumors (yellow? 
dark yellow? dots)). F-statistics. g, MRC of CI isolated from frozen xenograft tumors established 

from human LUAD, LUSC, and HNSCC cell lines; data are mean  s.e.m. (n = 15 total 
subcutaneous tumors, n = 3 biological replicates (xenografts) per cell line); One-way ANOVA, 
Tukey test. h,i, 18FBnTP and 18F-FDG uptake of subcutaneous xenografts of human LUAD and 
LUSC cell lines. Unpaired two-tailed t-test. 
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Figure 13-2. Functional super-resolution mapping of mitochondrial architecture in lung 
tumors using PET and 3D SBEM imaging.  
a, Overview of serial block-face electron (SBEM) imaging and reconstruction on tumor regions 
orientated by microCT and functionally characterized by dual-probe PET imaging. b, Identification 
of 18F-FDG high and 18F-FDG low regions in transverse and 3D rendered PET/CT overlayed 
image. Synchronous LUSC tumor was isolated from KL mouse. Heart and tumor are indicated by 
arrows. c, MicroCT image and 3D reconstruction showing the position of tumor (white outlined) in 
the lung lobe (orange outlined). Dense tumor region is distinguished from tissue sparse necrotic 
area (brown outlined) within the tumor based on tissue density. d, Hematoxylin and eosin (H&E) 
slide of whole tumor adjacent to the section processed for high-resolution microCT and SBEM 

imaging, scale bar 500m. e, High-resolution microCT image of selected SBEM region with high 
18F-FDG signal. Representative H&E staining was from matched SBEM region. f, Left panel: 3D 

rendering of high-resolution microCT images, scale bar 100m; Right panel: 3D rendering of 

SBEM images, scale bar 4m. g, Segmentation of individual cell in SBEM volume using Amira, 
individual cells were labelled with different colors. h, Whole-volume SBEM landscape composed 
with LUSC (different shades of blue), neutrophils (NTPH, different shades of yellow), red blood 
cells (RBC, different shades of purple) and LUAD (different shades of red). 
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Figure 13-3. Conserved spatial and structural mitochondrial phenotypes identified in 
18FBnTP positive and negative lung tumors.  
a,b, Representative 2D SBEM images and 3D reconstruction of nuclei and mitochondria from 
18FBnTPHI 18F-FDGLO LUAD (left) and 18FBnTPLO 18F-FDGHI LUSC (right) cells, scale bar 5m. 
c,d, Representative 2D SBEM images and 3D reconstruction of mitochondrial cristae structures 
defined as type I, II and III from cells shown in a and b. e, Schematic illustration of mitochondrial 
ultrastructure including outer mitochondrial membrane (OMM), matrix and cristae defined as type 
I, II and III. f-h, Density plots of mitochondrion sphericity, volume enclosed within meshed surface, 
and distance between meshed nucleus surface and each meshed mitochondrial surface. n > 
50,000 mitochondria (approximately 250 cells) from LUAD SBEM volume and n > 22,000 
mitochondria (approximately 170 cells) from LUSC SBEM volume were analyzed. i, percentage 
of type I, II and III cristae structure in 18FBnTPHI 18F-FDGLO LUAD and 18FBnTPLO 18F-FDGHI LUSC 

cells, n > 1,000 mitochondria per SBEM volume were analyzed. Data are mean  s.e.m. Unpaired 
two-tailed t-test. j-m, Violin plots of mitochondrial shape descriptors (circularity, aspect ratio), 
mitochondrial size (area) and spatial distribution descriptors (distance relative to nucleus) in 
human LUAD cell lines (H1975, A549), LUSC cell line (RH2) and HNSCC cell line (Tu686). Data 
are from n = 3 biological replicates, n = 100 cells per replicate, One-way ANOVA, Tukey test. n, 
Representative mitochondrial cristae structure stained with NAO and segmented by Weka 
segmentation (ImageJ) in human LUAD cell line (H1975) and human LUSC cell line (RH2). 
Examples of defined type I, II and III cristae structure were shown in both cell lines. o, percentage 
of type I, II and III cristae structure in in human LUAD cell lines (H1975, A549), LUSC cell line 
(RH2) and HNSCC cell line (Tu686). Data are from n = 3 biological replicates, n = 100 cells per 
replicate, One-way ANOVA, Tukey test. 
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Figure 13-4. OXPHOS-proficient LUADs are enriched for peri-droplet mitochondrial 
subpopulations and rely on fatty acid oxidation to support cellular respiration and survival.  
a, Representative 3D reconstruction of lipid droplets (green), mitochondria (red) and nucleus 
(blue) from 18FBnTPHI 18F-FDGLO LUAD (left) and 18FBnTPLO 18F-FDGHI LUSC (right) SBEM 

volumes, scale bar 4m. Peri-lipid mitochondria (PDM) and peri-nuclear mitochondria (PNM) are 
indicated by white arrow and white box. The interaction and contact sites between lipid droplets 
(LDs) and mitochondria are shown with the zoomed-in images with white box. b,c, Quantification 
of total volume (left panel) and total number (right panel) of LDs, and percentage of PDM, PNM 
and cytoplasmic mitochondria (CM) in 18FBnTPHI 18F-FDGLO LUAD and 18FBnTPLO 18F-FDGHI 

LUSC SBEM volumes. Data are mean  s.e.m., n = 3 biologically independent samples. Unpaired 
two-tailed t-test. d,e, (left) Representative images of oil red o and hematoxylin staining on LUAD 
and LUSC tumors isolated from GEMMs (KL) and Xenografts of human cells. (right) Quantification 
of oil red o staining density relative to hematoxylin staining in LUAD and LUSC tumors dissociated 
from GEMMs (Kras, KL, KP, KPL) and Xenografts of human cells (LUAD: H1975, A549, H1651; 
LUSC: RH2; HNSCC: Tu686). Unpaired two-tailed t-test. f, (left) Representative 2D SBEM image 

and 3D reconstruction showing PDM and associated cristae structure, scale bar 2m. (right) 

Percentage of type I, II and III cristae in PDM. Data are mean  s.e.m., n = 3 biologically 
independent samples. Unpaired two-tailed t-test. g, Representative fluorescent images stained 
with MitoTracker DeepRed (MTDR), bodipy and Hoechst in in vitro cultured human cells, scale 

bar 2m. g (right) and h, average number of LDs and PDM in human LUAD and SCC cell lines. 
Data are from n = 3 biological replicates, n = 100 cells per replicate. Unpaired two-tailed t-test. i, 
Percentage of change in basal OCR in human LUAD and SCC cells in response to UK-5099, ETO 

and BPTES treatments. Data are mean  s.e.m., n = 3 biologically independent samples. One-
way ANOVA, Tukey test. j, cell count of H1975 and RH2 cells proliferating under the conditions 
of normal medium (25mM glucose), no free fatty acids (FFAs), low glucose (12mM) and no 

glutamine medium. Data are mean  s.e.m., n = 3 biologically independent samples. Unpaired 
two-tailed t-test. 
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Figure 13-5.  Glucose metabolism regulates mitochondrial motility and remodeling of the 
cristae to suppress mitochondrial respiration in OXPHOS-deficient LUSC tumors.  
a, (top) Representative 2D SBEM image showing PNM and associated type III cristae in 
18FBnTPLO 18F-FDGHI LUSC. b, Heat map showing the percentage of mitochondrial population 
classified by spatial distribution and cristae structure. n > 1,000 mitochondria per SBEM volume 
were analyzed. Data are mean value from n = 3 biologically independent samples. c, Diagram of 
glucose flux driven hexosamine biosynthetic pathway and our hypothesized model of 
mitochondrial cristae remodeling and OXPHOS function.  c, Mitochondrial motility in in vitro 
cultured human LUAD (H1975, A549), LUSC (RH2) and HNSCC (Tu686) cell lines. Data are 

mean  s.e.m. (n = 3 biological replicates and n = 50 cells per replicate), one-way ANOVA, Tukey 
test. d, Mitochondrial motility in RH2 cells treated with indicated concentrations of KL-11743 for 

72h. Data are mean  s.e.m. (n = 3 biological replicates, and n = 50 cells per replicate), one-way 
ANOVA, Dunnett test. e, Representative fluorescent image of RH2 cells stained with MTDR and 

DAPI (blue) of RH2 cells after treatment of KL-11743 (200nM) for 72h, scale bar 4m. f, 
Quantification of spatial distribution descriptors (distance relative to nucleus) in RH2 cells after 

treatment of KL-11743 at indicated concentrations for 72h. Data are mean  s.e.m. (n = 3 
biological replicates, and n = 100 cells per replicate), one-way ANOVA, Dunnett test. g,i, (g) 
Mitochondrial motility in RH2 cells after treatment of hexosamine biosynthetic pathway inhibitors 

azaserine (0.5M) and OSM1 (25M) for 72h. (i) Mitochondrial motility in RH2 and H1975 cells 

treated with si-ctrl and si-OGT for 72h. Data are mean  s.e.m. (n = 3 biological replicates, and n 
= 50 cells per replicate), unpaired two-tailed t-test. h, Western blot of RH2 cells treated with 
indicated concentrations of KL-11743 for 72h was probed with indicated antibodies. j, 
Representative fluorescent images stained with NAO and followed by Weka segmentation 
(ImageJ) in RH2 cells treated with KL-11743 (200nM) for 72h. k, Percentage of type I, II, III cristae 

structure in RH2 cells treated with indicated concentrations of KL-11743. Data are mean  s.e.m. 
(n = 3 biological replicates, and n > 500 mitochondria per replicate. l,m, Mitochondria OCR-max 
and MRC of CI in RH2 cells treated with indicated concentrations of KL-11743 for 72h. Data are 

mean  s.e.m., n = 3 biologically independent samples, one-way ANOVA, Dunnett test. n, 
18FBnTP uptake of subcutaneous xenografts of human LUSC (RH2) treated with KL-11743 
(100mg/kg, 10 days). Unpaired two-tailed t-test. o, MRC of CI and CII frozen subcutaneous 

xenografts of human LUSC (RH2) treated with KL-11743 (100mg/kg, 10 days). Data are mean  
s.e.m. (n = 3 subcutaneous tumors per condition), unpaired two-tailed t-test. 
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Chapter 14: Outlook  

Chapter 1 of this dissertation discussed the many challenges surrounding the production of 

PET radiopharmaceuticals in a manner that would ensure availability of a wide range of 

radiopharmaceuticals. While many advances in the literature surrounding the use of microfluidic 

devices have been described in recent years, many approaches feature complex or expensive 

microfluidic chips that would unlikely be amenable to use as disposable devices. (Disposability is 

an enormous advantage for operational simplicity and obviates the need to develop and validate 

system cleaning protocols, which can be complicated if using a single system to prepare multiple 

radiotracers.) One recent development by our group features a simple Teflon-coated silicon 

microfluidic chip with a surface tension trap for droplet reactions. Initial reports utilizing these 

microvolume droplet reactors have shown that conventional radiochemical yields of 

radiopharmaceuticals in macroscale reactors can be reproduced, while providing many 

advantages. Due to the lower volume scale utilized, reagent cost is reduced, specific activity 

heightened, and the purification scale (and purification time) are substantially reduced. 

Automation of the microvolume droplet reactor system has also been shown, featuring a small 

physical footprint that could allow the possibility for self-shielding and housing the setup away 

from radiopharmacies and instead within clinics or imaging centers for on-site, on-demand 

production of PET radiopharmaceuticals. All these observed benefits hint at the possibility that 

soon, the cost-effective on-demand production of PET radiopharmaceuticals may be achievable. 

Current generations of the droplet radiosynthesizer of our lab require the need for an analytical 

HPLC system for purification of synthesized radiopharmaceuticals. The TLC method we show in 

Chapter 8 showed that purification and reformulation of radiopharmaceuticals could be performed 

in an alternative format. The successful application of this method with [18F]Fallypride, and 

[18F]PBR-06 was shown at clinical dose scales. The use of this method could allow a smaller 
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footprint and cost of the overall droplet radiosynthesizer. We expect that the PRISMA method 

shown in Chapter 7 could be applied to other radiopharmaceuticals, but this would need to be 

demonstrated further. In addition, the ability to truly replace HPLC would require further 

development in automation; some of these ideas were covered in Section 8.5.   

 The PRISMA method we showed in Chapter 7 combined with multi-lane TLC readout, 

allows for high-throughput analysis of radiopharmaceuticals. This concept was shown with a 

series of 5 diverse radiopharmaceuticals. In combination with multi-reaction chips, this is a 

complete solution for high-throughput optimization, where hundreds of reactions can be 

performed in a matter of a few days. This optimization could be followed by production in a droplet-

based automated radiosynthesizer. This methodology could be further applied to adapt 

macroscale protocols to microscale system to take advantage of microscale production, or tackle 

optimization of difficult syntheses. 

 The TLC-based radiometabolite method discussed in Chapter 9 solved the problems of 

previous TLC-based approaches, and now offers advantages over HPLC and SPE. The PRISMA 

approach allows ease of optimization with diverse radiopharmaceuticals. The apparatus allows 

straightforward use and could be adopted for routine clinical use that would have advantages of 

(i) reduced effort to prepare and analyze samples, (ii) lower blood volume needed per timepoint, 

(iii) higher sensitivity. The method would find great use in radiopharmaceuticals that have lower 

plasma availability. Notably, the method due to its high sensitivity could be extended to later 

timepoints, or isotopes with lower positron-branching ratio. Methods to fully automate this 

promising technique are warranted.  
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