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ABSTRACT OF THE DISSERTATION 

 

Thinking inside the “box”: Development and 

implementation of a novel automated 

radiosynthesizer for 18F-labeled positron 

emission tomography tracers 

 

by 

 

Mark Saul Lazari 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2015 

Professor Robert Michael van Dam, Chair 

 

Since the industrial revolution, automation has proven to be a vital component in the 

growth of any major industry. For positron emission tomography (PET), automation provides 

efficient, reproducible, and safe methods for routinely producing PET imaging agents, or tracers, 

using short lived radioisotopes. Over the years, many automated radiosynthesizers have been 

developed to automate the required production steps up through preparation of the tracer for 

intravenous injection into the patient or subject, both for clinical and preclinical applications. 

However, many commercial radiosynthesizers have temperature, pressure, and reagent 

compatibility limitations, which have required synthetic radiochemists to tailor and optimize 

synthesis protocols to fit within the constraints of a particular automated radiosynthesizer. 

Furthermore, the fluidic pathways on these systems generally need to be reconfigured for each 
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tracer one wishes to make. To overcome these limitations, our group has developed a novel, 

three-reactor, automated radiosynthesizer (ELIXYS) based on the principle of dynamic fluid 

paths, which is achieved by actuating the reactors to different positions and pneumatically 

sealing them against a chemically inert gasket. The mechanism enables compatibility with high 

pressures and obviates the need for large numbers of pressure-limiting valves and fittings. 

Coupled with a chemist-friendly user interface, it also enables users to quickly automate known 

radiosyntheses and develop new protocols without requiring specific hardware modifications for 

each tracer. In this dissertation, I present the design, characterization, validation, and 

implementation of the system and discuss the capabilities, limitations, and overall work I 

performed with the system in automating 18F-labeled PET tracer radiosyntheses. I also include 

the translation of several known tracers onto the system, automation of tracers not previously 

automated, as well as characterization data helpful for others to more efficiently utilize this and 

other automated radiosynthesizers. Overall, radiosyntheses of 18F-labeled PET tracers 

performed on the ELIXYS resulted in similar or improved radiochemical yields and synthesis 

times compared to both automated and manual radiosyntheses, without the need for any 

hardware reconfiguration to make different tracers.   
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1. Chapter 1: The Introduction 

1.1. The value of automation 

At its core, automation enables a user to repeatedly and reproducibility perform a given 

task or series of tasks by means of specifically programmed equipment. The purposes for 

automation can be manyfold and often include scaling up the degree of production without 

increasing the quantity and/or skill of the workforce, thus reducing cost. Naturally, every 

industry, particularly those related to the production of tangible products, evolves to increasingly 

incorporate automated procedures [1]. A well-known example is the automobile industry. 

Inherent in the name, an automobile performs many minute tasks on its own in order to enable 

the user (i.e., driver) to operate the vehicle (e.g., accelerate the vehicle forward or backward, 

park the vehicle, etc.). Assistive operations are also automatically enabled exactly when 

needed, many of which are quickly becoming standard in all vehicles (e.g., cruise control, 

automatic headlights, rear-view camera, vehicle stability control, blind-spot indicators, parking 

and braking assistance). The majority of drivers have little to no knowledge regarding the inner-

workings of the vehicle operations, nor the degree of tasks routinely completed by the vehicle 

without their input; yet these drivers are fully capable of operating the vehicle, albeit with a 

certain learning curve. Moreover, the process of building automobiles, particularly the more 

affordable ones, is full of machines operating independently and only requiring human 

intervention for inspection or repair [2]. This type of automation is possible because of the 

degree of painstaking characterization and optimization provided by the manufactures to ensure 

each parameter of the process is robust, reliable, and minimizes the skill needed for operation. 
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As technology continues to advance, the quality and ubiquity of automation continues to 

grow as well. Advances in embedded systems engineering have enabled “smart” technology 

(e.g., smartphones) that allow us to monitor ourselves and our environment, remain in 

communication in multiple ways regardless of global position, manage and schedule tasks for 

ourselves and others, and provide this information to software that make decisions for us based 

on minimal parameters. Especially in affluent areas, instruments like the washing machine and 

coffee maker require very few parameters to operate and do so seamlessly, thus allowing those 

with these instruments to spend their time completing other tasks in parallel. It is clear from the 

advancement of automation that humanity seeks to automate routine tasks to free up time for 

other activities, which, in industrial fields, often provides the means to create new technology 

and new means for automation. Just as academics add to the body of knowledge established by 

other researchers to continually advance science and understanding of the natural world, 

automation builds upon itself and evolves to establish more and more efficient means of routine 

task management and operation that enables continual advancement in many fields. 

 

1.2. Positron emission tomography 

1.2.1. Background 

One particular field that benefits greatly from automation is the development and routine 

production of positron emission tomography (PET) tracers using quickly decaying positron-

emitting radioisotopes (e.g., carbon-11, oxygen-15, fluorine-18, and gallium-68) [3,4]. PET 

provides real-time, in vivo tracking of the metabolism of biomolecules labeled with these 
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radioisotopes by means of detecting high energy annihilation photons that are released when 

the emitted positrons slow down and interact with nearby electrons [3]. Two 511 keV photons 

are emitted from each annihilation that equal the resting mass energies of both positron and 

electron. These two photons are also emitted at 180 degrees from each other due to the near 

zero momentum of the positron and electron during annihilation (Figure 1-1) [5]. Combining the 

strong penetration depth of the high energy photons through organic material and the 

coincidence detection of both of the emitted photons, PET imaging is capable of attaining highly 

sensitive images and data regarding the labeled biomolecule’s pharmacodynamics and 

pharmacokinetics in vivo [6]. For this reason, PET emerged about a half century ago and has 

been since evolving to fill a valuable role in both the scientific and medical communities [7]. 

As technology continues to develop in the medical field, and we seek to more profoundly 

advance our understanding of living systems, the need for understanding biology as well as 

diagnosing and treating disease at a molecular level becomes apparent. Medications developed 

today operate at the molecular level, yet our diagnosis of disease still relies heavily on purely 

anatomical information [8]. By combining the anatomic information gathered from techniques 

such as magnetic resonance imaging (MRI), computed tomography (CT), and ultrasound with 

data acquired from PET on the in vivo distribution and metabolism of biomolecules, a much 

more powerful holistic view of disease, treatment, and overall biological process can be attained 

[9]. 
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Figure 1-1. From positron decay of [18F]fluoride to PET scan. 
(A) [18F]fluoride decays with a half-life of 109.8 min releasing positrons in 97% of decay events. 
(B) Once released, the positron travels on average 0.38 mm and up to a maximum of 2.3 mm in 
vivo (as determined in water), where it loses sufficient energy into the medium and eventually 
interacts with an electron. (C) The positron and electron annihilate producing two 511 keV photons 
at 180 degrees from each other. (D) The photons are detected via detectors arranged as a ring 
within the PET scanner, which uses the data to construct a 3D image of the distribution of 
radiolabeled biomolecule. 

 

PET is currently used for clinical in vivo imaging applications including non-invasive 

disease detection, cancer staging, and monitoring drug efficacy [3]. In fact, the diversity of PET 

research and clinical applications have significantly grown in the recent years and continues to 

grow [10]. The radiolabeled glucose analog 2-deoxy-2-[18F]fluoro-β-D-glucose ([18F]FDG) is, by 

far, the most commonly utilized PET tracer with its use in over 90% of current clinical PET 

imaging [11,12]. This is due to its relative ease of production (i.e., high yielding and 

straightforward synthesis, purification, and reformulation for injection), the favorable physical 

properties of its radioisotope [18F]fluoride (e.g., its 109.8 min half-life provides sufficient time for 
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radiosynthesis and transport to the clinic), and ubiquitous application in many disease models 

(e.g., cancer, cardiovascular health, neurological disorders) that involve abnormal glucose 

metabolism [13,14]. The fact that [18F]FDG is approved by the United States Food and Drug 

Administration (FDA) and Centers for Medicare & Medicaid Services (CMS) for clinical 

administration and reimbursement plays a large role in its widespread use in medical practice.  

Despite the utility of [18F]FDG, there are, in fact, many other potentially relevant clinical 

PET tracers for assessing disease states that do not involve abnormal glucose metabolism, and 

that would benefit from similar approval [15,16]. For example, 3’-deoxy-3’-[18F]fluoro-L-thymidine 

([18F]FLT) is an analog of the nucleoside thymidine that is more effective than [18F]FDG at 

detecting cells in their mitotic stage [17,18]. Another example is (S)-N-((1-Allyl-2-

pyrrrolidinyl)methyl)-5-(3-[18F]fluoropropyl)-2,3-dimethoxybenzamide ([18F]Fallypride), which is a 

ligand for D2-like dopamine receptors in the striatum and is useful for the detection of many 

neurological diseases [19,20]. For these and other valuable PET tracers, rigorous preclinical 

and clinical evaluations, including comparisons to the “gold standard” [18F]FDG [12,21], are 

necessary before they will be approved for routine clinical use. Unfortunately, with current 

technology, the process necessary to even produce these tracers to perform such evaluations 

often becomes a significant barrier. In the following sections, the process of producing, and 

subsequently automating, 18F-labeled PET tracer radiosyntheses will be discussed. 
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1.2.2. Production of 18F-labeled PET tracers 

The production, or radiosynthesis, of a PET tracer, specifically for 18F-labeled tracers like 

[18F]FDG, follows a straightforward path of generating the radioisotope, radiolabeling a 

molecule, cell, or particle with the radioisotope, purifying and isolating the PET tracer, and finally 

reformulating the tracer into a sterile, injectable solution for transport and administration (Figure 

1-2) [22]. The production of fluorine-18 has been done in many ways, but the most commonly 

used method today is the bombardment of oxygen-18 enriched water ([18O]H2O) with high 

energy protons to perform a (p,n) nuclear reaction (i.e., substituting a proton for a neutron) 

converting oxygen-18 to fluorine-18 [23]. The bombardment is performed in a particle 

accelerator known as a cyclotron, which accelerates charged particles in a spiral trajectory by 

manipulating the electric field around the particle and guides the particles into a target filled with 

the desired material [5]. By bombarding [18O]H2O with 11 MeV protons, aqueous [18F]fluoride is 

generated with yields specific to the cyclotron and the target systems and settings (e.g., beam 

current, bombardment time) utilized [24]. Once generated, the aqueous [18F]fluoride is 

transferred out of the cyclotron and either immediately used on-site for radiosynthesis or 

shipped to an external site for radiosynthesis. 
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Figure 1-2. Workflow diagram for PET. 
[18F]fluoride is produced using [18O]H2O inside of a cyclotron. The aqueous [18F]fluoride is 
transferred to a radiosynthesizer (manual or automated) inside of lead shielding, where the 
compound of interest is radiolabeled, purified, and reformulated into a solution safe for injection 
in the subject. A sample of this solution is taken for quality assurance (QA) testing to ensure it is 
safe for use. Multiple samples, as needed, are then taken to be injected into the subject, who is 
then PET scanned to obtain the in vivo distribution of the 18F-labeled PET tracer. PET image was 
reproduced with permission from reference [25]. 

 

The first challenge faced in 18F-based radiolabeling is that water inhibits the reactivity of 

[18F]fluoride by means of a strong hydration shell (i.e., each ion could be surrounded by up to 16 
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water molecules totaling ~ 1500 kJ/mol of hydration energy) [26]. To activate the [18F]fluoride, 

various methods have been developed ranging from direct evaporation of the water to solid-

phase extraction (SPE) methods for both solvent exchange and volume reduction [27], or a 

combination of these approaches. Most commonly, SPE is used first; it works by trapping the 

[18F]fluoride (typically from the entire volume of the cyclotron target, i.e., 1-5 mL of [18O]H2O 

depending on type of cyclotron) onto a strong anion-exchange resin (SAX) within a disposable 

SPE cartridge and subsequently eluting the [18F]fluoride with a solution of salt (typically ≤ 1 mL) 

containing an anion with a higher affinity for the SAX, e.g., potassium carbonate (K2CO3) 

(Figure 1-3). The eluate containing the [18F]fluoride is then evaporated to remove water and 

often azeotropically distilled with acetonitrile (MeCN) to fully remove trace water content. The 

eluent may consist of a purely aqueous salt solution or, more often, an aqueous-organic mixture 

(e.g., 1:4 H2O:MeCN (v/v)) containing both salt and a phase-transfer catalyst (e.g., the cryptand 

4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, a potassium chelating agent 

referred to as Kryptofix® 2.2.2 or K222) that allows salts to readily dissolve in organic solvents. 

The SPE technique is powerful for two key reasons: 1) Trapping the [18F]fluoride enables the 

collection of the valuable [18O]H2O for purification and reuse [28]; 2) elution can be done using 

an eluent containing an aqueous-organic mixture with significantly decreased water volume 

compared to the initial volume of aqueous [18F]fluoride, which allows for faster removal by 

evaporation [27]. Regardless of the water removal technique employed, it is necessary to 

include the phase-transfer catalyst in order to allow [18F]fluoride to dissolve in an organic solvent 

immediately after evaporation. 
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Figure 1-3. SPE method for [18F]fluoride handling. 
[18F]fluoride produced in [18O]H2O is passed through strong anion-exchange cartridge to trap the 
[18F]fluoride and recover the [18O]H2O for purification and reuse. The [18F]fluoride is eluted from 
the cartridge using a solution containing a base (e.g., K2CO3) and phase-transfer catalyst (e.g., a 
cryptand) in a mixture of acetonitrile (MeCN) and H2O. The final solution is then typically 
evaporated to remove the H2O. 

 

Once the water is removed, the [18F]fluoride is considered to be activated (i.e., reactive) 

and ideal for use in nucleophilic reactions. The next stage is to radiolabel the biomolecule of 

interest with [18F]fluoride, which may be performed in a variety of ways depending on the 

desired target’s electrostatic and stereochemical properties and sensitivity to certain reaction 

conditions. Example methods of radiofluorination of small molecules (e.g., sugars, nucleosides, 

steroids) with [18F]fluoride include direct nucleophilic substitution (SN2) with a strategically 

placed leaving group (Figure 1-4A), and isotope exchange with existing non-radioactive 

fluorine-19 (Figure 1-4B) [11,29,30]. Unlike small molecules, macromolecules (e.g., proteins) 

cannot withstand the harsh reaction conditions (i.e., high temperatures, organic solvents, and/or 

extreme pH) necessary for direct radiofluorination; therefore, methods have been developed 
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such as the radiofluorination of prosthetic groups which are then linked to macromolecules with 

much milder radiolabeling conditions (Figure 1-4C) [31–33]. In any of these methods, the first 

step is generally to incorporate the [18F]fluoride into the molecule or prosthetic group, and then 

perform subsequent reaction steps, if needed, to fully synthesize the PET tracer, such as the 

hydrolysis of any protecting groups, or for more complex syntheses, coupling of other 

components (e.g., binding of a nitrogenous base to a radiofluorinated sugar molecule to 

produce 18F-labeled nucleoside analogs) (Figure 1-4D). Once synthesized, the crude product 

mixture is then purified by SPE methods, high performance liquid chromatography (HPLC), or a 

combination thereof to isolate the PET tracer from impurities. Often these purification methods 

are done using toxic material not suitable for immediate injection into patients or subjects, 

therefore one final step is performed to reformulate the isolated PET tracer into a sterile solution 

safe for injection (i.e., in buffered or non-buffered saline). Reformulation is most often completed 

by removing toxic salts by diluting the purified tracer solution with water, trapping the tracer onto 

a reverse-phase SPE resin (e.g., a hydrophobic resin functionalized with C18, or a hydrocarbon 

chain containing 18 carbons), rinsing the SPE resin with water, eluting the tracer with an organic 

solvent, and evaporating the organic solvent. If no toxic salts exist in the purified solution, the 

solution may be immediately evaporated. Once evaporated, the dried tracer residue is 

reconstituted in the desired solution, sterile filtered, and transported to the PET imaging facility 

(Figure 1-5). 
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Figure 1-4. Examples of various 18F-labeled PET tracer radiosynthesis methods. 
(A) The simplest example of a nucleophilic substitution reaction (SN2) involving [18F]fluoride 
requires a leaving group (e.g., the tosylate, TsO, shown here) that readily substitutes with the 
[18F]fluoride. (B) Similarly, isotope exchange reactions can also be employed that interchange 
fluorine-19 and fluorine-18. (C) Macromolecules, such as proteins, cannot withstand the harsh 
conditions of radiofluorination, therefore radiolabeled prosthetic groups are used to introduce the 
[18F]fluoride. In this example, the prosthetic group reacts with a free amine on the protein, and the 
reaction is typically done under physiological conditions (i.e., 37°C in a pH 7.4 buffered solution). 
(D) To produce some PET tracers, the radiofluorination is the first step that is followed by other 
reaction steps required to build the molecule of interest. Schemes (A), (C), and (D) are linked to 
tracer syntheses described in more detail in Chapter 4: The Application. 

 

Figure 1-5. General SPE method for PET tracer handling post-purification. 
(A) Once the purified PET tracer is collected from the HPLC, the solution is diluted with water to 
minimize the concentration of organic solvents that could reduce trapping efficiency. The diluted 
tracer solution is then passed through a hydrophobic (C18) cartridge, trapping the tracer and 
allowing unwanted components (e.g., HPLC mobile phase salts and solvents) to pass through to 
a waste container. Flow is directed by a valve to the waste container. (B) The trapped tracer is 
rinsed with water to ensure the unwanted components are removed. (C) To elute the tracer, an 
organic solvent (e.g., ethanol, MeCN) is passed through the cartridge. Flow is directed to a 
reaction vial placed within a reactor (i.e., heating system) using the same valve, now switched to 
the other flow path. (D) Once eluted, the organic solvent is evaporated using vacuum and inert 
gas in a heated reactor, leaving behind a residue of dried tracer. (E) The dried tracer can then be 
reconstituted in any desired sterile solution (e.g., sterile saline), which is typically transferred to a 
sterile vial for storage until used in PET imaging. 
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A series of the following basic operations are performed as needed to accomplish any 

radiosynthesis: addition of reagents and solvents, reactions, evaporations for solvent exchange, 

and purifications in between reaction steps. The more complex the synthesis process, the more 

reaction steps are needed, and therefore the greater chances for decreased yields due to 

inefficient reaction steps (i.e., conversion of reactants to products), inefficient fluid transfers (i.e., 

where some fluid containing the desired material is left behind) or to radioactive decay. For 

these reasons, much work has been done to develop precursor molecules that enable selective 

and stereospecific late-stage fluorination [34] using, for example, transition-metal mediated [35] 

or enzymatically catalyzed fluorination [36]. Work has also been done to eliminate the need for 

azeotropic drying of the [18F]fluoride prior to synthesis [26,37,38]. Ultimately, the goal remains 

the same for every radiosynthesis: The PET tracer must be synthesized, purified, and 

reformulated for injection. 

Certain regulations are in place to ensure the quality and safety of the reformulated 

tracer solution prior to administration. The required quality assurance (QA) tests are specific for 

every nation, but most follow the guidelines put in place by the United States FDA, which 

dictates regulations in the United States and generally follows the suggestions of United States 

Pharmacopeia (USP), and the European Pharmacopeia, which dictates the regulations in place 

within the European Union. These QA tests include, for example, measurements of the 

radiochemical identity and purity of the tracer, amount of residual volatile organic solvents and 

other toxic substances in the final formulation, and the degree of sterility and existence of 

pyrogens in the sterile solution [39]. Similar tests must be performed for any pharmaceutical, 
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particularly those being injected intravenously; however, unlike non-radioactive 

pharmaceuticals, short-lived PET tracers cannot be stored and must be produced just prior to 

use, and each of these batches must be individually QA tested. 

 

1.2.3. PET and automation 

The routine and repetitive nature of PET tracer radiosynthesis makes it amenable to 

automation. Automation allows for the syntheses to be performed routinely and reliably without 

intervention by the radiochemist, thus protecting the radiochemist from the hazard of radiation 

exposure. Also, considering the regulatory aspects surrounding radiopharmaceutical production, 

automation provides a more efficient means of remaining compliant with current good 

manufacturing practice (cGMP) guidelines necessary for a production process to be approved 

for clinical use. The cGMP guidelines for production refer primarily to the facility and mechanism 

of production, but also incorporate QA protocols up to the transport of PET tracer to the imaging 

facility. Taking these aspects into account, together with the increased demand for [18F]FDG, it 

is not surprising that many companies have developed automated radiosynthesizers to increase 

reliability, enable production at many different sites, and reduce the radiation exposure to the 

radiochemist routinely producing the PET tracers [10,40]. Without automation, highly skilled 

radiochemists manually perform the radiosyntheses using remote manipulation techniques while 

the radiochemist is protected behind lead-shielded fume hoods called hot cells. Hot cells 

provide a leaded glass viewing window and doors for quick access to material inside while 

shielding the radiochemist as much as possible. Generally with manual synthesis, exposure is 

kept to a minimum, but some exposure is unavoidable, particularly to the hands [41]. Routinely 
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performing these syntheses can therefore add up to significant radiation doses to the production 

radiochemists. 

Automated radiosynthesizers are designed to not only minimize and possibly eliminate 

radiation exposure to the radiochemist, but also lessen the need for skilled radiochemists to 

perform routine production, allowing syntheses to be performed by technicians instead. Current 

automated radiosynthesizers are typically based on either a fixed-tubing design, that requires 

cleaning after every synthesis run, or a disposable cassette approach [41,42]. Some fixed-

tubing systems can be custom modified to produce different tracers, though it can be difficult for 

users to reconfigure both the tubing layout and software for new tracers, and to validate that the 

new configuration functions reliably. These systems require highly-skilled users to develop the 

synthesis protocols, though less-skilled technicians may later be able to operate the configured 

system. Furthermore, once a fixed system is configured and optimized for a particular tracer, the 

radiochemist is often reluctant to modify any aspects of the synthesizer, or use the same system 

for another tracer, in order to maintain reproducible production conditions [43]. Thus, in many 

facilities, one radiosynthesizer is dedicated to each tracer that is produced. On the other hand, 

disposable cassette-based systems enable the radiochemist to purchase pre-configured 

cassettes and software programs to avoid the need for operator reconfiguration while enabling 

the production of several different tracers on the same system. The system itself does not need 

to be configured; any differences in fluid path that are needed for different tracers will be 

implemented at the cassette level. The avoidance of cleaning simplifies operation and expedites 

compliance with cGMP guidelines by eliminating the need for validated cleaning methodologies. 

Though the use of cassette-based systems enables production by technicians rather than 
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skilled radiochemists, these systems are often not amenable to custom modifications or novel 

tracer development, and thus tracer diversity is limited by the spectrum of kits available from the 

manufacturer, making them less desirable in research environments. 

The more commonly used cassette-based systems include the FASTlab™ and 

TRACERlab™ MX models from GE Healthcare, and the Explora™ One model from Siemens 

Healthcare (Figure 1-6A and B), and one of the most commonly used fixed tubing systems is 

the TRACERlabTM FXFN from GE Healthcare. Other systems include the IBA Synthera®, which 

has a compact synthesizer design and a compact disposable cassette with one reactor and four 

reagent positions (Figure 1-6C); Advion NanoTek®, which is a fixed tubing system that 

incorporates multiple flow-through microfluidic reactors to enable well-controlled reaction 

conditions or the use of highly elevated reaction temperatures (Figure 1-6D); and the Eckert 

and Ziegler Modular Lab, which provides flexibility for the user to produce their own synthesis 

protocols via various interchangeable and stackable modules also using a fixed tubing design 

(Figure 1-6E) [10]. 
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Figure 1-6. Various other automated radiosynthesizers on the market. 
(A), (B), and (C) are examples of commercially available disposable cassette-based 
radiosynthesizers, while (D) and (E) are examples of fixed-tubing radiosynthesizers. Images were 
reproduced from the manufacturer’s websites and marketing materials: (A) 
http://www3.gehealthcare.com/; (B) http://usa.healthcare.siemens.com/; (C) http://www.iba-
radiopharmasolutions.com/; (D) http://www.advion.com/; (E) http://www.ezag.com/. 

 

The complex software governing current commercial systems also requires the user to 

be versed in how to achieve useful chemistry operations based on the radiosynthesizer’s low 

level operations and components (e.g., turning of valves, connection of fluidic paths, setting and 

optimization of pressures for every component). Often, in literature, researchers will display the 

schematic provided by the software and describe the assembly of the fluidic paths in order to 
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assist others in recreating their reaction conditions on a given system. The use of low-level 

operations to control the synthesizer means the user must, essentially, also be a proficient 

computer programmer. An assessment by Claggett et al. revealed the need for 227 program 

steps to produce [18F]FDG on the IBA Synthera®, while the GE FASTlab™ required 335 steps 

[44]. Ultimately, accounting for such a large number of program steps may greatly increase the 

time needed to program and debug a novel synthesis with these systems. 

 

1.3. The motivation for a different kind of system 

The automated synthesis of [18F]FDG is extremely valuable, and many systems exist on 

the market to routinely produce it, but there still remain many 18F-labeled PET tracers that await 

an automated synthesizer to streamline their production for both preclinical (i.e., research) and 

clinical applications [45]. Though the majority of synthesized PET tracers failed to provide useful 

clinical applications beyond that of [18F]FDG [12,21], there still exist a large and growing 

collection of tracers that have been shown to have clinical potential from initial preclinical 

investigations; unfortunately, some of these tracers require high pressures, complex chemistry, 

and/or corrosive reagents that make automation difficult. For example, nucleoside analogs that 

have been used in imaging cell proliferation, to visualize reporter gene expression levels [46–

48], and as possible screening agents for chemotherapy drug efficacy [49], often require high 

temperature reactions in volatile solvents, therefore generating high pressures inside of the 

reactor that exceed the pressure ratings of most commercially available radiosynthesizers. To 

work around this limitation, researchers must modify their chemistry (e.g., use alternative 
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solvents or reduced temperatures) to reduce the pressures involved and avoid exceeding the 

limitations of the radiosynthesizers [47,50–55]. These modifications rarely improve the synthesis 

and often result in lower overall yields. Other limitations also exist in these synthesizers, such as 

the number of available reactors, purification mechanisms between reactors, and overall 

compatibility with volatile, corrosive, and/or sensitive (e.g., to moisture or oxygen) reagents, 

which either require further modifications to the underlying synthetic pathway to produce the 

PET tracer or necessitate significant modifications to be made to the synthesizer, itself, to 

account for the limitations. Because custom plumbing modifications are needed in many cases, 

and debugging and validation of the process can be quite time-consuming, the typical practice is 

that the system (and its associated hot cell and other infrastructure) will be dedicated for the 

production of a single tracer, despite its flexibility. 

Another problem with existing synthesizers is that the systems that are designed for new 

synthesis development (i.e., devising and optimizing the various reaction conditions such as 

solvent, concentration, temperature, and duration) are not suitable for routine production, and 

vice versa. The implication is that tracer development often proceeds in two phases. First, the 

synthesis is established and somewhat optimized on a development-module (e.g., fixed-tubing 

system) to enable production of several batches of the tracer for preliminary studies. Then, after 

the tracer’s potential as an imaging agent is established, the synthesis of the tracer is adapted 

to a production-module (e.g., cassette-based system) and re-optimized. The re-optimization 

unnecessarily adds substantial cost to the development of a tracer.  

The desire to empower users in ways other systems could not motivated our group to 

work with an industry partner, Sofie Bioscience, Inc., to develop a new automated 
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radiosynthesizer, ELIXYS. The ELIXYS was designed to provide users with a flexible platform 

containing features to facilitate the development and optimization of radiosyntheses, and also 

immediately transition to routine production by means of a disposable cassette-based design 

suitable for cGMP manufacturing of the tracer. Furthermore, it was designed to provide 

sufficient flexibility that a wide array of tracers could be made without modification of the system, 

thus making it practical for a site to use a single system for multiple tracers. In this way, the 

ELIXYS brings together the benefits of both development and production system types. The 

focus of my doctoral work has centered on the initial development and characterization of the 

ELIXYS and the subsequent demonstration of its simplicity and versatility as a system capable 

of fully-automating 18F-labeled PET tracer radiosyntheses.  

 

1.4. Considerations for automating and optimizing PET tracer radiosynthesis 

1.4.1. Radiochemical yield 

The ELIXYS was designed to be a tool allowing users to produce PET tracers that are of 

sufficient quality and quantity for use in imaging. Quality is ensured through the proper 

purification and reformulation of the tracer after synthesis, which is facilitated in part by 

intermediate purification steps performed throughout the synthesis. By purifying along the way, 

the amount of chemically similar side products are minimized, thus simplifying the final 

purification. Quantity is an interesting aspect to radiochemistry, characterized by a factor 

referred to as radiochemical yield (RCY). In traditional organic chemistry, the theoretical 

maximum yield that can be produced for a synthesis is determined by the limiting reagent. In the 



 
 

 

21 
 

 

case of 18F-radiochemistry, the limiting reagent is the initial [18F]fluoride. The quantity of any 

radioisotope is measured as its radioactive decay rate, or disintegrations (i.e., decay events) per 

second (dps). The dps can be averaged over the mean lifetime of the radioisotope, which is a 

factor of the half-life, to determine the absolute amount of the radioisotope, but often dps is used 

as the proxy for the amount of radioactivity in order to simplify calculations. The internationally 

accepted standard unit for dps is the Becquerel (Bq), such that 1 Bq = 1 dps. Occasionally, and 

more often in the United States, the Curie (Ci) is used as the unit of measuring radioactivity, 

where 1 Ci = 37 x 109 Bq or 37 GBq. Most 18F-labeled PET tracer production runs start with 1 – 

5 Ci of starting radioactivity and result in tens of mCi to Ci levels of product, depending on the 

efficiency of the radiosynthesis and the amount of starting radioactivity. The accepted measure 

of efficiency, or RCY, is determined by dividing the final isolated amount of radioactivity of the 

product (e.g., 200 mCi) by the starting radioactivity (e.g., 1 Ci) to obtain the RCY (e.g., 20%). 

Due to the continual decay of the radioactivity, the duration of the synthesis process also 

plays a large role in determining final RCY. For [18F]fluoride, the amount of radioactivity 

decreases exponentially with half of the radioactivity decaying every 109.8 min. To eliminate the 

effect of this time element, one can calculate the “decay-corrected” RCY. This is achieved by 

calculating the amount of radioactivity that would have existed at a normalized time point and 

comparing amounts of radioactivity at the same time point (e.g., amount of isolated product 

corrected to the start of synthesis divided by the amount of radioisotope at the start of 

synthesis). When comparing the theoretical efficiency of the radiochemistry (i.e., the total 

conversion of reactants to products), or the operation of a radiosynthesizer, it is valuable to use 

the decay-corrected RCY in order to normalize out the time element and only assess the 
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variables involved in chemical synthesis and liquid-handling processes. The not-decay-

corrected RCY is the realistic value of greatest interest to those using the PET tracer for 

imaging, as it represents the relative final amount of the PET tracer that is to be expected with a 

given amount of starting radioactivity and determines the number of patients or animal subjects 

that can be imaged. (A certain amount of radioactivity at the time of injection is needed to 

ensure a good quality image.) Often in literature, decay-corrected RCY is presented along with 

the radiosynthesis time to provide researchers with data needed to obtain both RCY values. 

 

1.4.2. Measurement and analysis of radioactivity 

 Due to radioactive decay, it is important to record both the amount of radioactivity (e.g., 

50 mCi) and the time at which the measurement was taken (e.g., 13:05 or 1:05 pm). The 

amount of radioactivity for [18F]fluoride is generally determined by using instruments such as 

dose calibrators, or well counters, that measure the gamma photons emitted from the sample 

and calculate, based on the identity and the calibrated efficiency of the instrument, the amount 

of radioactivity within the sample. The time point noted along with the amount allows for decay 

correction to be done as needed. Decay correction is calculated by the following equation: 

𝐴 =  𝐴0 × 0.5
(∆𝑡 𝑡1

2⁄⁄ )
 

(Equation 1) 

where A and A0 are the decay-corrected and actual measured radioactivity values, respectively, 

t1/2 is the half-life, and Δt is time difference between when the radioactivity value was recorded 

and the time to which decay-correction is made. Decay-correcting to the past would require a 
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negative Δt (i.e., A > A0) and decay-correcting to a future time would require a positive Δt (i.e., A 

< A0). Please note that the units of time must be the same for both Δt and t1/2. 

 In the following example, I show how the efficiency of fluid transfer from one location to 

another in ELIXYS can be accurately measured using radioactivity measurements and decay-

correction calculations using (Equation 1). Suppose, after a given reaction was complete, the 

reaction vial containing a radioactive solution was measured to obtain 5.00 mCi at time 10:03. 

The solution within the reaction vial was then transferred out of the reaction vial using the 

system and collected in some external vial, which was measured to be 3.51 mCi at 10:04. At a 

later time point, the reaction vial was measured again and found to contain 0.5 mCi at 11:10. By 

decay correcting each of these values to 10:03, we can see that the initial radioactivity in the 

reaction vial was 5.00 mCi (Δt = 0 min), the external vial contained 3.53 mCi (Δt = -1 min), and 

the residual in the reaction vial after transfer was 0.76 mCi (Δt = -67 min). These numbers allow 

us to compare exact amounts of the solution without being concerned for losses due to decay. 

From this, we can determine that only 3.53 mCi / 5.00 mCi = 71% of the reaction solution 

transferred to the external vial, and that 0.76 mCi / 5.00 mCi = 15% of the solution remained in 

the reaction vial. Together, this accounts for only 86% of the initial solution, meaning 14%, or 

0.70 mCi were lost in the system during transfer (e.g. in tubing, fittings, valves, etc.). By utilizing 

this data, one can troubleshoot or optimize the transfer process (e.g., add solvent to rinse the 

reaction vial and transfer the contents again to the external vial) to improve the transfer 

efficiency. Similar measurements can characterize the performance of other liquid-handling 

processes, and can be used to identify the largest losses, and to help identify the source of 

losses (see Chapter 2: The Box for more details). 
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One could argue that measuring radioactivity could also be done by massing the vials 

before and after a transfer to determine volume losses. While possible in some cases, it is not 

suitable or convenient for measuring the liquid content of components such as tubing which are 

difficult to remove from the system and difficult to accurately weigh. Furthermore, mass 

measurements do not account for measurement of chemical interactions such as adsorption of 

radioactive species onto different components. Going back to the transfer example, if the 

reaction vial was rinsed multiple times and the amount of radioactivity remained relatively 

constant, one would suppose the radioactivity was bound by some method onto the reaction vial 

surface. Measuring by mass would not be sufficient to accurately determine such losses. 

Therefore, the ability to measure radioactivity is valuable in determining the exact distribution of 

the compounds of interest regardless of whether they are in solution or bound elsewhere in the 

system. 

Measuring the distribution of the radioactivity can also be coupled with measurements 

taken with analytical instrumentation to provide further detailed data on the efficiency of the 

radiosynthesis. Chromatography is a powerful tool in organic synthesis to both monitor the 

progression of a reaction and determine the purity of a sample. Depending on the scale, 

chromatography can be used for analysis or purification. Analytical chromatography is used to 

analyze the relative or absolute amounts of the components in a sample mixture by taking small 

aliquots from the stock solution. Preparative or semi-preparative chromatography takes the 

entire solution and is used to separate out and isolate components within the mixture. In 18F-

radiosynthesis, semi-preparative chromatography is used to purify the final product and 

analytical chromatography is used to analyze the purity and other key aspects needed for 
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quality assurance. In particular, high-performance liquid chromatography (HPLC) is used for 

both semi-preparative and analytical purposes due to the fact that the samples are often in 

solution and that the process must be done relatively quickly. HPLC works by injecting the 

sample solution into a separation column containing a constant flow of a solvent mixture that is 

specifically designed to separate out components based on affinity, polarity, charge, chirality, 

size, etc. Different species in the sample are retained for different times in the column and thus 

exit the column at different times after injection. Using a detector at the column output, one can 

measure a chromatogram showing peaks corresponding to these species as a function of 

retention time. In radiochemistry, one typically uses a radioactivity detector (gamma detector, or 

gamma coincidence detector) to detect only the radioactive species from the original sample. 

This is usually combined in series with a UV absorbance detector, which measures the optical 

absorption of species exiting the column. As an example, Figure 1-7 shows a semi-preparative 

chromatogram collected during purification, and the subsequent analytical chromatogram of the 

isolated product after completion of purification. 
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Figure 1-7. Example chromatograms from HPLC purification and analysis. 
After all of the reaction steps are complete, a final purification is needed to isolate the PET tracer 
of interest (indicated by the * in this example) from the reaction mixture. This is typically done by 
using semi-preparative HPLC, where both UV active and radioactive compounds are separated 
and seen as peaks in the chromatogram (A). By placing valves downstream of the column, the 
desired species (seen as peaks in the chromatogram) can be diverted, while all other species 
exiting the column are flowed to waste. The desired radioactive compound is collected from the 
HPLC as a solution. The purified sample is typically subjected to a more sensitive analysis using 
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analytical HPLC, where ideally only one radioactive peak (representing the compound of interest) 
is seen in the chromatogram (B), indicating high purity. To verify the radiochemical identity of the 
isolated compound, a small amount of the non-radioactive (i.e., fluorine-19-labeled), compound 
is also added to the solution prior to analysis. This non-radioactive compound is usually UV active 
and should result in a UV peak at the same retention time as the radioactive compound, thus 
indicating they are the same. (The radioactivity detector is far more sensitive than the UV detector 
and typically no peak or only a tiny peak is present in the UV chromatogram if a standard was not 
co-injected.) 

 

The UV signal helps determine chemical purity of the sample, while the radioactivity 

detector is used to determine radiochemical purity. Radiochemical purity is considered as the 

radioactivity of the compound of interest (e.g., PET tracer) as a percentage of the total 

radioactivity of the solution. The radioactivity values can either be measured 1) by collecting the 

radioactive solution represented by each peak, using the dose calibrator to obtain its amount of 

radioactivity, and comparing each amount as a fraction of the total amount of radioactivity 

injected into the HPLC, or 2) by integrating the area under each peak from the chromatogram 

and dividing by the sum of all the integrations. (The second method assumes there is one atom 

of the radioisotope per species, which is generally true.) Figure 1-7B shows an example of a 

solution with nearly 100% radiochemical purity. Most regulatory agencies require ≥ 95% 

radiochemical purity of the final tracer, whereas rules for chemical purity (i.e., the same concept 

applied to peaks in the UV signal) are not as clearly established. Refractive index and 

electrochemical detectors are sometimes also used in place of UV detectors, especially when 

working with species that do not have significant optical absorbance. Purity measurement is 

often used to estimate the efficiency of a reaction, e.g., conversion of [18F]fluoride to the 

fluorinated intermediate or product. The percent radiochemical purity can be multiplied by the 
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measurement of radioactivity of a sample to estimate the amount of a particular compound 

present at a particular point in the synthesis. 

One down-side to HPLC is that [18F]fluoride is often lost within the system, whereas the 

loss of other species is smaller or negligible, thus the labeling efficiency of molecules with 

[18F]fluoride may be overestimated from the HPLC chromatogram. To avoid this, another 

chromatographic technique, radio-thin-layer chromatography (radio-TLC) is used, in which a 

small sample from the solution is taken and dried in a small spot on a silica-particle-coated 

plate. This TLC plate is then placed in a shallow pool of a solvent mixture that is drawn up the 

silica layer by capillary forces, allowing components within the dried sample to separate along 

the length of the TLC plate. Once the separation is complete, the distribution of the radioactivity 

is measured along the length of the slide using a radio-TLC scanner. This provides a relative 

percentage of the [18F]fluorinated compounds, which move further up the slide, and the 

unreacted [18F]fluoride, which remains immobilized at the initial point of sample drying (Figure 

1-8) due to the strong interaction between silica and [18F]fluoride. The different peaks in radio-

TLC represent an accurate sampling of the entire sample, with no losses that can skew the 

results. Radio-TLC is better suited to distinguish between [18F]fluorinated compounds and 

unreacted [18F]fluoride, whereas HPLC is much more capable at resolving individual 

components within the mixture. Therefore, the combination of HPLC, radio-TLC, and 

radioactivity measurements provide all the needed information to characterize the 

radiosynthesis process and subsequently optimize the portions that require increased efficiency. 
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Figure 1-8. General development and analysis of TLC samples. 
(A) Using a silica-based TLC plate, the sample is spotted at the origin mark and allowed to dry. 
The spotted plate is then placed in a development chamber where a mixture of solvents slowly 
travels up the plate until the solvent line reaches the solvent front mark. While the solvent travels, 
components in the sample begin to separate based on their polarity. By dividing the distance (D) 
the particular component travels from the origin to the total distance from origin to the solvent 
front (Ds), a retention or retardation factor (Rf) can be calculated. This is a more reproducible way 
of reporting the position of a species than just the distance, and does not depend on the exact 
size of the TLC plate. (B) Once separation is complete, the plate is measured on a radio-TLC 
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reader. The resulting TLC chromatogram contains peaks at the locations of different radioactive 
species, with area related to the amount of radioactivity emitted from each component. The 
percentage of radioactivity of a given sample from the total radioactivity is then taken as the 
relative abundance of the component in the solution. 

 

1.4.3. Limitations to the degree of optimization performed 

 Once the characterization data (i.e., amount of radioactivity and purity of liquid reaction 

mixture at each stage of synthesis) is collected, the radiochemist must determine what areas of 

the radiosynthesis or radiosynthesizer require improvement and how to improve these areas. In 

the development of a radiosynthesizer, engineers work to minimize loss of radioactivity by 

assessing physical loss of material during operation due to liquid residues left behind or 

adsorption of radioactive species onto the surfaces of components. The information collected 

during general use of the system (e.g., adding reagents, transferring solutions, and performing 

reactions and evaporations) by means of decay-corrected radioactivity measurements allows 

the efficiency of physical processes to be monitored quite efficiently. In addition to the 

engineering aspects, measuring decay-corrected losses of radioactivity coupled with the use of 

chromatography techniques such as HPLC and radio-TLC can provide the required information 

in determining the progression of a reaction and overall losses of radioactivity, due to chemistry 

factors, to guide optimization of a particular synthesis protocol. In addition to minimizing decay-

corrected losses, it is desirable to minimize the duration of each physical and chemical process 

to minimize the loss due to radioactive decay. 

The first important reaction yield that is considered is the 18F-labeling efficiency, or 

degree of fluorine-18 incorporation into the molecule of interest. This precursor molecule (i.e., 
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the molecule to be reacted with [18F]fluoride) is generally designed to quickly and efficiently 

react with activated [18F]fluoride. Reaction conditions such as reagent amounts, temperatures, 

and heating times are varied systematically to obtain optimal incorporation. In general, smaller 

reagent amounts are preferred due to the relatively high cost of the precursor, and the difficulty 

of removing unreacted precursor and other species during the purification process. High 

temperatures generally lead to faster reactions, but may also lead to side-reactions if the 

temperature is too high. Furthermore, depending on the reaction solvent, high temperatures 

may result in high vapor pressures that exceed the capability of the apparatus, thus setting 

upper bounds on this variable. In organic synthesis, overall synthesis duration is not often 

considered as an imperative variable, therefore reactions may be performed, for example, 

overnight, or however long is needed to maximize the reaction yield. This is not a luxury 

radiochemists can afford, therefore the impact of reaction time on the reaction yield and loss to 

decay must both be considered. Generally, reaction time is minimized to avoid significant 

radioactive decay. For [18F]fluoride radiochemistry, the majority of reactions are performed in 5-

15 min, though there are reports with reactions requiring 30-60 min. 

Once radiofluorination is optimized, any subsequent reaction steps also must be 

optimized. In general, precursors are designed for “late-stage” radiolabeling, where most of the 

synthesis steps are performed before the introduction of the radioisotope in order to minimize 

loss due to decay. While some processes only require the radiofluorination step, the majority of 

18F-radiosynthesis processes mirror the [18F]FDG protocol of radiofluorination followed by 

deprotection, which is often acid or base-catalyzed and highly efficient. Deprotection is 

necessary when protecting groups are designed into the precursor to prevent potentially 
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nucleophilic or hydrogen bonding functional groups (e.g., alcohols, amines) from forming side 

reactions. The addition of reaction steps after radiofluorination, however, increases the chance 

of decreasing not-decay-corrected RCY due to inefficiency of the reaction step(s) (i.e., low 

reaction yield), physical losses of radioactivity during transfer(s), and/or radioactivity loss simply 

due to elapsed time. This becomes a greater issue for more complex radiosyntheses (e.g., 

Figure 1-4D) as the number of reaction steps after radiofluorination increase. It is important to 

note that protection and deprotection strategies are well understood and widely used in organic 

synthesis; therefore, the amount of optimization of these steps is generally minimal. By sticking 

to common strategies, often >95% yield of deprotection can be achieved in 10 min or less. This 

is not necessarily true for additional steps including coupling reactions or functional group 

modifications, thus these extra steps generally require additional study. A general rule of thumb 

for clinical production is to provide the patient with the PET tracer no longer than three half-lives 

after the initial generation of the radioactivity (e.g., approximately 6 hours when using 

[18F]fluoride). 

In the early stages of optimization, one may choose to determine the yield or efficiency 

of each step in the entire synthesis protocol, to determine at which stages the largest 

improvements can be made, and focus on optimizing those first. In organic synthesis, one 

generally strives to reach the highest reasonably attained yield to obtain the highest absolute 

amount of product. For radiosynthesis, this is less important, because the amount of PET tracer 

generated from a given RCY is dependent on the amount of starting radioactivity, and the cost 

of producing 100 mCi or less of [18F]fluoride is negligibly different than producing 1 Ci or more. 

The only variable between high and low starting radioactivity is production time (i.e., 



 
 

 

33 
 

 

bombardment time of the target within the cyclotron) of the radioactivity. Within the cyclotron, 

the target is always filled with the same amount of the starting isotope, and the process (and 

subsequent wear on the cyclotron) to start and end bombardment is relatively the same. Though 

the overall cost for providing [18F]fluoride varies from facility to facility, most facilities charge 

based on the number of production runs rather than the amount of radioactivity produced per 

run. The amounts and thus cost of the other reagents also remain the same regardless of 

starting radioactivity. Thus, the amount of the final PET tracer can be increased by using more 

starting radioactivity, and maximizing yield is less critical. There are some implications related to 

radiation safety that may limit the maximum amount of starting radioactivity that is practical to 

work with, and these could necessitate achieving a higher RCY (and thus require more 

optimization) to compensate. However, generally 10-20% yield is considered sufficient for 

clinical use, and yields as low as 1% are considered acceptable during the earliest stages of 

PET tracer development before it is established with cell and animal studies whether a new PET 

tracer candidate is even useful. For a typical clinical PET scan, ~ 10 mCi of the PET tracer is 

needed at time of injection. Depending on the PET imaging facility, often a few hundred mCi of 

radioactivity is sufficient to supply several patients throughout the day. For preclinical research 

in animals, only 200 µCi is needed for one mouse (50 µCi on some emerging scanners), and 

thus a few mCi is sufficient to carry out a well-controlled animal study. Therefore, it is valuable 

to appreciate that, provided there is a sufficient amount produced for the desired application, it 

is not important to obtain the highest possible RCY. 

The major cost for developing a synthesis is in the number of experiments needed to 

work out a successful protocol and optimize the RCY. Each experiment requires a certain 
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upfront cost, whether in use of instrumentation or reagents (i.e., mainly for radioactivity and the 

costly precursors) or labor, that may lead to researchers quickly reaching a point of diminishing 

returns, where additional synthesis runs cost more than the benefit of a small increase in the 

RCY. Table 1-1 summarizes the costs associated with the production of two different 18F-

labeled PET tracers at the Crump Institute for Molecular Imaging Cyclotron and Radiochemistry 

Technology Center: [18F]Fallypride and 2’-deoxy-2’-[18F]fluoro-β-D-arabinofuranosylcytosine (D-

[18F]FAC). [18F]Fallypride is neurotracer that requires a simple one reaction radiosynthesis 

(shown in Figure 1-4A), and D-[18F]FAC is a nucleoside tracer that requires a complex set of 

four reactions (shown in Figure 1-4D). Both costs are quite significant, regardless of synthesis 

complexity. Additionally, once a radiosynthesizer is used, often the instrument and/or work area 

is too contaminated with residual radioactivity that it is unsafe to continue working until it has 

decayed (e.g., 10 half-lives). Unfortunately, in general, one cannot perform high throughput 

screening of reaction conditions, and so careful planning is needed to minimize the time and 

number of experiments needed to find optimal reaction conditions for a given tracer [56]. 

Table 1-1. Comparison of production cost for simple vs. complex radiosyntheses. 

Cost 
[18F]Fallypride 

(simple) 
D-[18F]FAC 
(complex) 

Total personnel $326 $489 

Total equipment $380 $380 

Total consumables $680 $865 

Grand total $1,386 $1,734 

Current costs (in USD) to produce tracers at the Crump Institute for Molecular Imaging Cyclotron 
and Radiochemistry Technology Center at UCLA. Costs are broken down as follows: Personnel 
represents radiochemist time in setup and operation of the synthesis. Equipment includes 
depreciation of synthesizer, purification system, and analytical equipment. Consumables includes 
[18F]fluoride (~$300) and all other reagents and consumables. 
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1.4.4. Reproducibility and reliability  

Instead of the magnitude of the RCY, one is often more interested in its reproducibility. 

PET imaging requires that the subjects or patients are scheduled and available for the PET 

scan, and that a team of doctors, nurses, and staff perform all the required steps to prepare the 

subject or patient for the scan. Once the team receives the PET tracer, they can begin 

administration and PET imaging, which often occur within a pre-planned and tight time frame; 

this is not only because of the inherent organization of the imaging facility, but because any 

delays result in the loss of valuable PET tracer due to decay. For these reasons, it is imperative 

that the PET imaging facility know the amount of PET tracer to expect at a given time. Failure of 

the synthesis to produce sufficient tracer is extremely undesirable. Often, the patient will have 

traveled significant distance to the imaging center and/or is in poor health and cancelation can 

impact the patient’s follow-up care or continued participation in a clinical trial. Even in the case 

of animal imaging, especially in disease models, timing can be critical and cancellation can have 

expensive and time-consuming implications. 

Reproducibility is a key attribute in any experiment, as it demonstrates that the variables 

involved are fully understood and accounted for appropriately. For PET tracer production, 

reproducibility in the RCY and production time are necessary to deliver a known amount of the 

PET tracer from a given amount of starting radioactivity at a prescribed time. Therefore, it is 

often more advantageous to determine aspects of the radiosynthesis that cause the most 

variability than for those that decrease the RCY. For automated radiochemistry, this involves 

tuning the parameters of each operation where there is no direct feedback information, in order 

to ensure that the step is always performed completely. Feedback is generally obtained through 
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the use of sensors, which provide real-time information of the status of key components and are 

necessary to trigger the completion of one operation and the start of the next. When the 

implementation of sensors is difficult or impossible, a timer can be used to determine the 

duration and trigger the end of an operation so the next one can begin. In the ELIXYS, an 

example operation that lacks direct feedback information is the evaporation of solvents. Here, 

the user must develop a synthesis protocol where the evaporation is performed for a fixed 

amount of time. We incorporated a camera to allow the user to view the vial contents in real-

time during synthesis development. Using the software, the user can record the time when a 

given evaporation step is complete. By performing the entire synthesis a few times, each 

evaporation step could be studied to determine the average or worst-case time needed to 

evaporate the desired amount of solvent. Then, after adding a “safety factor” to the evaporation 

time, the user can develop a timed evaporation process in their automated program that is likely 

to fully evaporate the contents even if some variability was initially seen. Another example of a 

process step that requires a timer is the transfer of liquids from a reagent vial into the reaction 

vessel, or from the reaction vessel through a purification cartridge to its destination. Generally, 

the use of safety factors, or increases in the duration or amount needed for a particular step 

beyond the required value, can help improve reproducibility, even if they result in slight 

increases in synthesis duration. Examples of where safety factors are implemented for ELIXYS 

are presented in greater detail in Chapter 2: The Box. As a note, the way I have measured 

reproducibility is by calculating the standard deviation or variance in the decay-corrected RCY 

from synthesis to synthesis of a given tracer. 
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Reliability is another factor that goes hand in hand with reproducibility. Where 

reproducibility generally refers to the data, reliability looks more at the instrumentation. Failure 

of the radiosynthesizer, itself, also should not be the reason the PET tracer was not produced. 

This is one of the main reasons automation is valuable for PET tracer production; when 

operating correctly, the automated system will perform the radiosynthesis the same way each 

time and is not open to human error (i.e., assuming reagents are prepared properly). In order to 

operate correctly, each component of the automated system must, of course, be fully 

characterized and tested for reliability. Sensors provide real-time status information to not only 

enable automation by triggering the start and end of operations, but they are also used to detect 

failures of the system itself. Using software, the status of a particular component provided by the 

sensor can be compared to a desire parameter set by either the manufacturer or the user to 

ensure the component is working correctly. As an example in the ELIXYS, we implement 

thermocouples to give us feedback on the temperature of the reactors to ensure the reactors 

reach and remain at the temperature value set by the user. If they don’t, it may signify a failure 

of a heater, a thermocouple, or the control system itself. Further examples of sensors 

implemented to ensure reliable use of the ELIXYS are described in Chapter 2: The Box. 

Ultimately, in order to guarantee that a particular and sufficient amount of tracer is produced at a 

specific time, the goal of the radiosynthesizer must be to ensure both reproducibility and 

reliability in all aspects of the radiosynthesis.  

 



 
 

 

38 
 

 

1.5. Overview of doctoral work 

My independent graduate work began with assisting in the design and construction of 

the ELIXYS [44,57], after which I moved on to fully characterizing the ELIXYS and validating its 

operation with the synthesis of a PET tracer as described in Chapter 2: The Box. As mentioned 

previously, our goal was to provide radiochemists with a single system designed for the 

development of multiple PET tracers without modification of system hardware between tracer 

syntheses, while simultaneously enabling the use of these developed syntheses for routine 

production. This flexibility, coupled with our intuitive software [44], enabled me to automate and 

optimize the complex syntheses of two 18F-labeled PET tracers to our radiosynthesizer, D-

[18F]FAC and 2’-deoxy-2’-[18F]fluoro-5-methyl-β-L-arabinofuranosyluracil (L-[18F]FMAU). The 

syntheses of D-[18F]FAC and L-[18F]FMAU were previously considered unable to be automated 

on available commercial systems due to the syntheses requiring up to four reaction steps 

(Figure 1-4D), two intermediate purification steps, and the use of volatile, corrosive, and 

moisture-sensitive reagents [57–59]. Once optimized, I produced D-[18F]FAC for preclinical 

imaging and compared the results with D-[18F]FAC produced in a manually operated 

synthesizer. The ELIXYS has now been commercialized and is currently being sold by our 

industry partner, Sofie Bioscience, Inc. 

With the ELIXYS, I went on to further characterize the heating and cooling temperature 

profiles of solvents, commonly used in radiochemistry, during fully-sealed reactions. Here, the 

goal was to provide radiochemists with accurate means to determine reaction temperatures 

when translating synthesis protocols to and from the ELIXYS. With this data, I also provided 

evidence for the inconsistent heating environment at which many automated radiochemical 
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reactions are performed when the solvent temperature has not properly equilibrated with the 

reported reactor temperature. This likely occurs during short reactions (e.g., 5 min) commonly 

found in [18F]fluoride radiochemistry due to the short half-life of the radioisotope (i.e., 109.8 min). 

Reactions occurring primarily during temperature ramping, combined with the different heating 

properties found among various systems employed in the field, could provide evidence for the 

difficultly researchers have in reproducing published synthesis procedures, which results in the 

wide variety of conditions employed and yields acquired for a given PET tracer found in 

literature. Finally, I characterized the upper pressure limitations of the ELIXYS by determining 

the maximum temperatures at which very volatile solvents (e.g., dichloromethane) could not 

remain fully-sealed during heating. This pressure was determined to be ~ 200 psi. The details of 

these characterizations are reported in Chapter 3: The Test. 

Once characterized, I was able to use the ELIXYS to quickly translate the syntheses of 

many commonly known 18F-labeled PET tracers from reports in literature [60]. My goal was to 

determine whether the ELIXYS could perform known syntheses in a fully-automated fashion 

with results comparable or better than those reported in literature. Indeed, I was able to produce 

these tracers on the ELIXYS and obtain reaction yields and times on par or surpassing those 

found in literature. Moreover, many of these tracers only required one reactor, therefore I was 

able to leverage the three-reactor nature of the ELIXYS to increase the throughput of 

optimization studies by performing sequential synthesis (i.e., set up multiple syntheses prior to 

introduction of radioactivity, then run them in sequence after the hot cell is closed). For this 

demonstration, I showed the sequential syntheses of [18F]FLT, [18F]FDG, and [18F]Fallypride, 
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which were each then purified, reformulated, and used for preclinical imaging [60]. The details of 

these syntheses are described in Chapter 4: The Application. 

In a final project, I leveraged the synthesis development features of ELIXYS to 

successfully automate the synthesis of 16β-[18F]fluoro-5α-dihydrotestosterone ([18F]FDHT), 

which involved using a synthesis pathway other researchers have claimed was not amenable to 

automation [61,62]. [18F]FDHT is currently produced manually for clinical studies in patients with 

metastatic prostate cancer [63–66], and the initial synthesis protocol was adopted from the 

manual protocol of Liu et al. [67]. Developing the automated synthesis of [18F]FDHT 

demonstrated that automation was possible using the ELIXYS and potentially other 

radiosynthesizers, and provided methodology researchers could use to enable multisite clinical 

trials. The details of this synthesis development are provided in Chapter 5: The 

Demonstration. 

I conclude this dissertation with Chapter 6: The Outlook, which discusses the ELIXYS 

system and possible improvements and additions to the system that could be considered in the 

future. I also discuss additional uses of the ELIXYS for developing new radiosyntheses, and I 

finish with some concluding remarks on automated radiosynthesis and PET. 

  



 
 

 

41 
 

 

2. Chapter 2: The Box 

2.1. Introduction 

In this chapter, the design, construction, initial characterization, and validation of the 

ELIXYS is described. (Further characterization of the system in terms of the temperature and 

pressure properties and limitations are described in greater detail in Chapter 3: The Test.) The 

design of the ELIXYS was built upon its manually-controlled predecessor developed at the 

University of California, Los Angeles (UCLA) Department of Molecular and Medical 

Pharmacology [68], as well as the semi-automated system (ARC-P) that followed [69]. The 

secret behind these predecessors was the unique use of mobilized reaction vials and the 

reaction vial sealing mechanism that allowed fluidic connections to be dynamically configured 

during the synthesis via software, rather than statically configured prior to the synthesis, 

allowing a high-pressure-compatible configuration to be used during sealed reactions. This 

dynamic reconfiguration was also able to accommodate diverse synthesis protocols without the 

need for custom plumbing modifications. It also removed the need for large numbers of valves 

and decreased the amount of fluidic lines needed to perform each radiosynthesis, thus 

minimizing opportunities for fluid loss. Our goal in developing ELIXYS was to incorporate the 

strengths of this novel approach to radiosynthesizer design while fully automating all 

mechanisms including reagent delivery, which was previously performed manually. A further 

goal was to leverage the advantages inherent in a disposable-cassette-based system. 

The initial prototype of ELIXYS addressed these challenges by introducing two unique 

features: a vial-gripper mounted on a Cartesian robot to manipulate sealed reagent vials to 
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prevent the need for seals to be broken during synthesis setup, and a robotic mechanism to 

move the reaction vials among different interfaces that included a fully-sealed configuration 

capable of sustaining high pressures and thus high reaction temperatures. In addition, the 

software interface based on chemistry unit operations (e.g., add reagent, perform evaporation, 

perform reaction, transfer vial contents) instead of low-level tasks (e.g., switching valves, 

activating heaters, controlling the vacuum, controlling the pressure, moving the robotics) greatly 

simplified operation and the development of new syntheses. The details of the software 

interface developed for the system are not described in great detail in this chapter, but this 

information can be found in an article by Claggett et al. [44]. The fluidic pathway was 

implemented as a disposable cassette to facilitate cGMP production, but the software design 

and ability to move the vials to an accessible position for analysis and taking samples also 

facilitated synthesis development and operation. This enabled a single system to be used for 

both development and then production, instead of the typical practice of developing the 

synthesis on one platform then moving to a different system for production. Ultimately, the 

ELIXYS has become a fully-automated three-reactor radiosynthesizer based on a disposable-

cassette design capable of handling high reaction temperatures and pressures and is suitable 

for both novel tracer development and also supports routine production of multiple tracers on a 

single system [57]. 

The automation of the challenging radiosynthesis of D-[18F]FAC was one of the main 

motivations for the development of the ELIXYS. This radiosynthesis requires the use of volatile, 

moisture-sensitive, and corrosive reagents, high temperatures and pressures generated in 

sealed reaction vials, and four reaction steps necessitating three reactors with intermediate 
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purification between each reactor. D-[18F]FAC is an analog of the nucleoside cytidine and is a 

great PET imaging agent for measuring deoxycytidine kinase (dCK) activity within cells in vivo. 

Measuring dCK activity is of particular interest for two key reasons: 1) Gemcitabine, a well-

known chemotherapy drug, is activated in vivo by means of dCK-mediated phosphorylation (i.e., 

it is only effective against cancer cells that have dCK activity), and therefore patients can be 

screened for dCK activated tumors to predict efficacy prior to costly treatment and prevent 

unnecessary side-effects to the patients; and 2) dCK activity has been linked to T-cell 

proliferation studies that are helping researchers better understand antitumor immunity as well 

as autoimmune disorders [48,49,58]. In order to fully assess the potential of D-[18F]FAC and to 

facilitate clinical trials, an automated method for routinely producing this tracer was needed. 

Therefore, the validation of the system is demonstrated via automation of the challenging 

synthesis of D-[18F]FAC and another valuable PET tracer, L-[18F]FMAU, which follows a very 

similar synthetic pathway as D-[18F]FAC. To complete the validation process from production to 

imaging, I also present clinical-level quality assurance (QA) testing and preclinical imaging with 

D-[18F]FAC. This project was a collaborative effort between our lab and our industry partner, 

Sofie Biosciences, Inc. 

 

Please note that this chapter is a modified version of reference [57]. 

 



 
 

 

44 
 

 

2.2.  Apparatus 

 The hardware and software of the ELIXYS radiosynthesizer were designed to be user-

friendly and accommodate a wide variety of synthesis protocols by allowing the user to 

customize the reagents, reaction times, temperatures, and intermediate purifications in a 

manner that focuses on organizing automated synthesis steps into “unit operations”. These 

chemistry operations serve as intuitive building blocks from which diverse syntheses can be 

constructed without the need for reconfiguring the instrument to perform different syntheses. 

 The radiosynthesizer (Figure 2-1) has three key components working in concert: a set of 

three reactors (Figure 2-2), a reagent and gas handling robot (Figure 2-3), and disposable 

cassettes (Figure 2-4). The cassettes store reagents in sealed vials, act as the primary fluid 

path for both reagents and gas flow, and have a rubber gasket affixed to the bottom for sealing 

the top of glass reaction vials mounted in the reactors. Cassettes accelerate setup, eliminate the 

need for cleaning, and facilitate a natural transition from tracer development to routine 

production. 

The reactor subassemblies provide temperature control of the reaction vial and 

movement of the vial to various positions beneath the cassette designed for evaporations, 

sealed reactions, reagent addition, and transfer of product. Once aligned at the proper position, 

the reactor is raised to seal the top of the vial against the gasket on the underside of the 

cassette. The two-axis reagent and gas handling robot supplies inert gas (to drive fluid 

movement and assist with evaporations) and vacuum (to remove vapor during evaporations) to 
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special interfaces on the top of the cassettes. A gripper mounted to the same robot manipulates 

reagent vials between storage and addition positions. 

 

 
Figure 2-1. ELIXYS radiosynthesis module. 
(a) Schematic, (b) photograph, and (c) dimensions of the ELIXYS. The three reactors can be 
moved back and forth and raised to seal the vial against various positions on the gasket at the 
bottom of the disposable cassettes to perform various unit operations. A reagent and gas handling 
robot manipulates reagent vials and supplies inert gas and vacuum for all three cassettes. 
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Figure 2-2. Detailed view of a single reactor. 
(a) 3D view of the reactor subassembly. (b) Side view (bottom) with a cross section through the 
spring-loaded chuck (top). 
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Figure 2-3. The reagent and gas handling robot. 
(a) Overview. (b) Close-up of the vial gripper and gas supplier head. The head moves in the x-
direction (across the three cassettes) and y-direction (across a given cassette) to access reagent 
vial positions and inert gas and vacuum ports on the three cassettes. The vial gripper and gas 
supplier can independently move in the z-direction. 
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Figure 2-4. Overview of the disposable cassette. 
(a) The top view of the disposable cassette illustrates the locations for reagent addition and 
storage along with gas ports for the gas supplier to provide vacuum and inert gas. Tubing extends 
out of the inlet-tubing ports for radioisotope and external additions. (b) Bottom view. The opening 
of the reaction vial seals against various positions on a PTFE-coated silicone gasket underneath 
the cassette to perform various unit operations (Evaporate, React, Add, and Transfer). Each 
cassette contains three stopcock valves and has a dip tube for transferring products to purification 
cartridges, subsequent cassettes, or the HPLC injection valve. 
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2.2.1. Reactor 

 A 5mL glass V-vial (W986259NG, Wheaton; Millville, NJ, USA) is placed into the reactor 

and held within a three-segment spring-loaded “chuck” (Figure 2-2). The segments press firmly 

against the vial to ensure excellent thermal contact and thus efficient heat exchange between 

the reactor and the glass vial. Each segment has one 100 W cartridge heater (CIR-1021-120V-

100W-ST-A, Valin; San Jose, CA, USA) (300 W per reactor) and a K-type thermocouple 

(HTTC72-K-116U-1.25-UNGR, Omega Engineering; Stamford, CT, USA) for individual feedback 

control of the reactor temperature. The maximum reactor temperature is currently 185°C, even 

higher operating temperature could be enabled with improvements on the types of fittings 

utilized in each segment (see section 6.2.1 for more details). Since very similar temperature 

responses were observed in all three segments, the reactor temperature at any given moment is 

considered equal to the average of the three temperature readings from the thermocouples. 

Active liquid cooling is achieved by pumping room temperature coolant (1:1, v/v, 

propylene/ethylene glycol and water mixture) through cooling channels in all three reactors in 

series by a liquid pump (8030-863-236, Steam Brite; San Antonio, TX, USA) and then through a 

radiator with three 140 mm fans (HX-CU1403V, Frozen CPU; East Rochester, NY, USA). 
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Figure 2-5. Fluid diagram for each unit operation. 
(a) Side profile schematic of the disposable cassette. The remaining figures show the schematic 
of cassette fluid paths for each unit operation. (b) Evaporate. Gas supplier provides vacuum and 
inert gas flow while the reactor is heated. (c) React1. First fully sealed reaction position. (d) 
React2. Second fully sealed reaction position. (e) Add. Vial gripper presses a reagent vial into 
one of two addition positions where two needles pierce the vial's septum; one needle allows inert 
gas flow from the gas supplier through the inert gas port, and the other needle allows the reagent 
to flow into the reaction vial. (f) Transfer. Contents of one reaction vial can be transferred to 
another cassette, the HPLC valve, or to a purification cartridge. (g) Radioisotope handling. 
[18F]fluoride trap and release can be done using two of the built in stopcock valves. 

 

 Each reactor is situated beneath a cassette and actuated back and forth among various 

positions (Figure 2-4 and Figure 2-5). In each position, the reactor can be raised by pneumatic 

cylinders (Figure 2-2) to seal the top of the reaction vial against a portion of the gasket affixed 

to the bottom of the cassette. This movement allows for the reaction vial and fluid path to be 

dynamically configured for different unit operations (Figure 2-5). For example, in one position, a 

fluid path consisting of a needle that is sharp on inlet side and blunt on the output is present to 

deliver reagents to the reactor; in another position, only a blank portion of the gasket is exposed 

for the reaction vial to seal against, allowing for fully-sealed reaction conditions. Permanent 

tubing and valve connections to the reaction vial are the root cause of the reaction pressure 

limitations of most synthesizers [68]. The ability to move the reaction vial to a dedicated sealed 

reaction position eliminates these limitations and enables compatibility with higher pressures. To 

ensure reliable operation, the position of the reaction vial is monitored via feedback from the 

linear actuator and the raised or lowered state is detected with Hall-effect sensors (D-M9NWL, 

SMC Corporation; Noblesville, IN, USA). 
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 A camera (PC213XS, Super Circuits; Austin, TX, USA) was mounted behind the reactor, 

which is especially helpful during synthesis development to monitor liquid levels during 

evaporations, to observe visual cues for reaction progression, to confirm reagent additions and 

transfers, and for visual inspection of the eluate post purification. The final component of the 

reactor is a magnet mounted on a DC motor (803-313-5858, KALEJA Elektronik GmbH; Alfdorf, 

Germany) to rotate a removable magnetic stir bar inside the reaction vial. 

 

2.2.2. Reagent and gas handling robot 

 A pneumatically-actuated vial gripper (Figure 2-3) that is affixed to a three-axis motion 

system grasps reagent vials and moves them from storage locations to addition locations (and 

vice versa) in the cassettes. The x- and y-axis motions are performed by a pair of linear 

actuators. The z-axis motion is accomplished with a pneumatic cylinder. Sealed reagent vials 

are installed upside-down in the cassettes (Figure 2-5). 

 A gas supplier, comprised of inert gas and vacuum supply ports, is mounted on a 

second pneumatic z-axis actuator affixed near the vial gripper (Figure 2-3). In the initial 

prototype to the ELIXYS [70], the cassettes each had multiple inputs on their bottom surface for 

inert gas and vacuum that mated with corresponding ports on the synthesizer. This system was 

prone to failure due to the large number of connections and the difficulty in maintaining reliable 

gas-tight seals during operation. In particular, as the reactor sealed below the cassette, an 

upward force was applied that often lifted the cassette slightly and subsequently disconnected it 

from the inert gas and vacuum inputs. With a single, movable gas supplying robot in ELIXYS, a 
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large number of valves and seals are eliminated, increasing the reliability of the system. The 

gas supplier is also lowered to engage respective vacuum and inert gas ports on top of the 

cassette (Figure 2-4), thus offering a downward force onto the cassette to compliment the 

upward force from the reactor. The cassettes contain a rubber gasket around each port to form 

a gas-tight seal with the port on the robot. The vacuum port is mounted at a height above the 

inert gas port and on a spring-loaded mechanism to ensure proper sealing of both ports when 

needed and to avoid collision of the vacuum portion of the gas supplier when vacuum is not 

needed.  

 The use of Hall-effect sensors as feedback mechanisms on z-axis pneumatic actuators 

and the vial gripper enable detection of missing reagent vials and prevent x- and y-axis motions 

if the vial gripper and gas supplier are not in their raised, clearance positions. An in-line check 

valve (CI-5C, Bio Chem Fluidics; Boonton, New Jersey, USA) is installed on the inert gas line 

close to the delivery point to eliminate back flow of vapor. A cold trap (CG451501, Chemglass; 

Vineland, NJ, USA), cooled in a small dewar (10-195A, Fisher Scientific; Pittsburg, PA, USA), 

typically with a mixture of dry ice and methanol, ethanol, or isopropanol is installed in-line 

between the vacuum port and the integrated vacuum pump (VP0140-V1006-D2-0511, Medo 

USA Inc.; Roselle, IL, USA) with a digital vacuum gauge (ZSE30-N7L, SMC Corporation). 

 

2.2.3. Disposable cassette construction 

 Cassettes (Figure 2-4) are designed to contain all disposable components and fluid 

paths, eliminating the need to clean or customize the apparatus between syntheses. These 
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molded polyurethane cassettes contain stainless steel needles (Vita Needle; Needham, MA, 

USA), tubing, chemically-inert three-way stopcock valves (EW-31200-80, Cole-Parmer; Vernon 

Hills, IL, USA), and a custom PTFE-coated silicone gasket (Specialty Silicone Products, Inc.; 

Ballston Spa, New York, USA; and Cannon Gasket; Upland, CA, USA) against which the 

reaction vial is sealed. The fluid paths are shown in Figure 2-5. Preassembled cassettes slide 

along rails into the ELIXYS system, which are then locked down by clamps. Accurate 

positioning is ensured by the mating of alignment features and by the engagement of stopcock 

valves with adapters, or actuator adapters, affixed to rotary pneumatic actuators (CRB2BW20-

180S, SMC Corporation) (Figure 2-6). 

The cassette model initially used (displayed in Figure 2-4) has 11 reagent vial storage 

positions that each house one 13 mm crimped septum-cap vial (with a maximum volume of 3 

mL) in an inverted configuration. New versions of the cassette (not shown here) have 12 

reagent positions in a similar configuration. Three additional vial positions contain dual upward-

pointing needles to pierce the septa for delivery of fluids from the reagent vials. One needle in 

each position is used for fluid delivery; the other connects to an inert gas port on top of the 

cassette, which allows pressurization of the vial by the gas supplier. In the two reagent addition 

positions, the fluid delivery needles output directly to the underside of the cassette where the 

reaction vial is sealed for reagent addition. The fluid delivery needle in the third position (for 

eluent addition) is connected via internal tubing to a stopcock valve. 

Two of the stopcock valves are used to reconfigure the internal fluid paths to perform 

cartridge trap and release, such as for the preparation of an incoming radioisotope, e.g., solvent 

exchange of [18F]fluoride to recover [18O]H2O. The upstream valve selects between incoming 
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fluid from an external addition line (trapping) or the eluent addition position (release). The output 

of the first stopcock is connected via tubing to a SPE cartridge. The output of the cartridge is 

connected to a second tube that feeds into a second stopcock valve that selects whether the 

fluid is directed to a built-in collection vial (trapping) or a line into the position where the reaction 

vial is sealed for reagent addition (release). The third stopcock valve is used for cartridge 

purification of the crude product before transfer to the next reaction vial. The purification 

cartridge is installed between the dip tube (for removal of crude product from the reaction vial) 

and the tube leading to the stopcock. The outputs of the stopcock are connected to a built-in 

waste vial (trapping, washing) or an external output line (release) that can be plugged into the 

next cassette or the HPLC injection valve. Cartridges can be mounted on clips near the front of 

the cassettes for convenience. 

 

2.2.4. Cassette cleaning and reuse 

Though the model centered on developing disposable cassettes, only a few sets of 

cassettes were available during the prototyping phase, thus necessitating cassette cleaning and 

reuse. Typical cleaning procedures involved the use of water to remove highly polar compounds 

and residual salts, the use of an alcohol (e.g., methanol, ethanol) to remove a range of polar 

and nonpolar components, and acetone to ensure 1) any remaining nonpolar compounds were 

removed and 2) any residual water or alcohol from the previous rinses were washed away. 

Acetone is also the most volatile of the cleaning solvents, which allowed for quick and efficient 

drying of the fluid lines using a dry inert gas (e.g., nitrogen). Therefore, cleaning procedures 

were completed in that order: water, alcohol, acetone, drying with inert gas. 
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Cleaning was initially performed by manually passing the cleaning solvents and inert gas 

through each fluid line. Stopcock valves were also manually adjusted to ensure each fluid 

pathway was cleaned. However, once the automated nature of the ELIXYS was fully 

established, I was able to program the system to automatically clean the lines immediately after 

a given synthesis was performed. Before cleaning, the used SPE cartridges were removed and 

discarded, and the tubing ends were directly connected to each other to close the fluid pathway. 

New reaction vials were also put in place to avoid contamination from the previous synthesis. 

Because of these manual procedures, cleaning could only be performed after experiments using 

low starting radioactivity; for experiments with high starting radioactivity, this had to be 

performed after sufficient decay (e.g., the day afterward for fluorine-18). Cleaning solvents were 

stored in standard reagent vials and, in most cases, could be installed before the synthesis 

started. I found that cleaning either immediately after an experiment or the day afterward did not 

adversely affect the synthesis that followed. Ultimately, the implementation of automated 

cleaning allowing for quick turnover of experiments using the same set of cassettes. 

The repeated use of a given set of cassettes allowed us to determine the lifetime of 

various components of the cassettes and uncover any issues in the initial designs. By 

accounting for these issues, newer generations of cassettes could be re-used a number of 

times, or they could, of course, be disposed after a single use. Many components (e.g., cassette 

body, tubing, fluidic fittings, dip tube) were not found to require replacement even after repeated 

(> 50) use. Some components, however, required replacement. 

The chemically-inert gasket needed to be replaced after every experiment. The reason 

for this lies within the mechanism for sealing the reaction vial, which relies on deformation of the 
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PTFE-coated silicone gasket to create a robust seal around the top of the reaction vial. This 

leads to plastic deformation which permanently damages the gasket at that reaction position 

after use. (Because of this, the cassette contains two different positions for performing sealed 

reactions, in case two reactions are needed in the same reaction vial. This also avoids cross-

contamination from one reaction to the next.) In fact, during initial testing, I found that the seal of 

the vial to the gasket was often too strong, causing the reaction vial to retain or “stick” onto the 

gasket when the reactor was lowered, leading to failure of the synthesis run. To solve this 

problem, I suggested we lower the pneumatic pressure from 60 psig (i.e., the pressure used to 

seal the reaction vial) to 30 psig before unsealing to allow the vial to more slowly disengage 

from the gasket prior to lowering the reactor. Other adjustments, such as using stiffer springs 

within the reactor heater spring-loaded “chucks”, were also implemented, and together these 

changes ensured reaction vial retention inside the reactor at all times such that the reaction vial 

could be separated from the gasket. Pressures below 30 psig could also be used, but the lower 

pressures resulted in slower lowering of the reactor. 

The stopcock valves needed to be replaced after a few uses. Stopcock valves exhibited 

a failure mode whereby the fluid could flow from the inlet port to both the selected outlet and the 

blocked ports. Unfortunately, I was never able to fully determine the reason behind the failure of 

the valve, as each stopcock failed after a variable number of uses. We postulated that factors 

such as the amount of radioactivity exposure or chemical exposure (i.e., type of eluent solutions 

that were passed through the valve) caused the failures, because the two valves used for 

[18F]fluoride handling were always the first to fail; however, no other correlation could be found 

during routine use. Because a reliable lifetime could not be determined, stopcocks were 
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individually tested prior to use as a way to minimize the risk of failure during a synthesis run. I 

would remove the valve from the cassette, manually turn the valve, and attempt to pass fluid via 

a syringe through the blocked portion. This was done for each of the three positions of each of 

the stopcocks before installation, or, in the case of reuse, reinstallation into the cassette. If any 

one of the blocked positions allowed fluid to pass through, the stopcock was considered 

unusable and replaced. Though stopcocks could be replaced after each use, the chemically-

inert valves we used were quite expensive (~$35 each), thus potential reuse was found to be 

advantageous during the prototyping phase. 

Before determining the stopcock itself was failing, we discovered another failure mode. 

In this case, we discovered that the stopcocks did not always rotate into the correct position, 

sometimes undergoing a smaller than desired angle of rotation, or no rotation at all. I performed 

an actuation test to ensure the stopcocks were properly turning within the cassette. The 

stopcock valves have a handle that is rotated to switch the internal flow path. Custom actuator 

adapters (Figure 2-6) are used to transfer force from pneumatic rotary actuators in the ELIXYS 

system to rotary motion of the stopcock valves mounted in the cassettes. Using the debug-

mode of the software, which was implemented to allow full control of each individual component 

of the system, I then performed repeated actuations of each stopcock valve (180 degree 

clockwise and counter-clockwise rotations). After each actuation, I visually inspected the 

position of the stopcock to ensure it properly turned (i.e., the actuator and the handle of the 

stopcock rotated by 180 degrees). This was performed for each stopcock actuator. 
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Figure 2-6. Stopcock actuation testing. 
(a) (Actuator View) Photographs of the underside of the pneumatic rotary actuators with flags to 
indicate the relative position of the actuator rod. Left and right images show the two rotary 
positions of each actuator. These actuators are mounted underneath the top plate of the ELIXYS 
system, with actuator rods extending through to actuator adapters on top of the top plate. 
(Stopcock View) Photographs of the stopcock valves with their handles facing downward on the 
bottom of the cassette. The handles mate with the actuator adapters affixed to the rotary 
actuators. Left and right images show the correct positions of the stopcock valves in their two 
states when successfully actuated. (b) The custom rotary actuator adapters are held onto the 
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actuator rod by means of set screws, and the adapters interface with the handles of the stopcocks 
to allow the actuator to turn the stopcock valves. Each cassette has three actuators, one for each 
of the three stopcock valves. 

 

I found that the majority of the stopcocks initially actuated correctly, but only after 5-10 

actuations, they failed to completely turn. At first, we noticed the set screw fixing the actuator 

adapter onto the pneumatic actuator was loose. After tightening this set screw, I repeated the 

testing and found that the screw loosened again after ~15 actuations. Upon further inspection 

by myself and the team, we found that the single set screw was not robust enough to handle 

repeated use. This was solved by increasing the set screw size from a #6 (outer diameter (OD) 

of 0.138”) to a #8 (0.164” OD) and by applying another #8 set screw at 90 degrees from the 

original position. After this adjustment, > 50 actuations were performed for each actuator with no 

failures. 

Finally, the reagent addition needles were another component that require replacement, 

albeit with much less frequency than the stopcocks. The longevity of the needles depended 

primarily on the type of solvent or solution that was passed through the needles. The stainless 

steel material is compatible with many solutions, but with significant corrosive damage possible 

when using solutions with a highly acidic nature. For this reason, in the synthesis of D-[18F]FAC, 

I avoided the use of HBr in acetic acid in the cassette; instead, this reagent was added via a 

manual addition line plumbed from the cassette to outside of the hot cell when prompted by the 

software. Another potentially damaging solution is HCl; however, at the concentrations I typically 

used (i.e., 1 – 3 N), no significant damage was seen on the needles after repeated use. 
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Moreover, often the HCl addition is immediately followed by water, NaOH, or a buffered 

solution, which would rinse and/or neutralize the HCl soon after use. 

Repeated use of the cassettes revealed that more robust features were required to 

immobilize and stabilize the position of the needles. After < 10 experiments, the needles began 

to shift or even bend due to the insertion and removal of the needles into and out of the septum 

caps of the reagent vials. I would notice reagents failing to add to the reaction vial and, upon 

visual inspection, observed damage and/or misalignment of the needles. Also, for the addition of 

certain heterogeneous solutions (i.e., solutions containing suspensions or particulates), such as 

the second precursor for D-[18F]FAC, the needles would either clog during or after the addition. 

Less frequently, I would also observe the needles clog due to coring of the reagent vial septa 

(i.e., a circular piece gets cut from the septum and lodges inside the needle). These two issues 

prompted our team to 1) add needle-stabilizing features to the bottom portion of the cassette, 

into which the needles were snapped or glued to stabilize the position, 2) use larger (i.e., 21G 

instead of the previous 23G) needles, and 3) use needles with lancet-cut (i.e., anti-coring) tips 

instead of a standard bevel to ensure clogging was no longer an issue. The larger needles were 

more rigid, which, along with the stabilization features, allowed the needles to withstand the 

force of the vial septum being both pushed against the needles and pulled off of the needles. 

Even larger gauge needles could not be used as they caused too much damage to the reagent 

vial septa that resulted in leakage of reagent around the needle during addition. Since these 

improvements were implemented, the needles in a given cassette have been used in > 50 

experiments without failure 
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2.2.5. Control system 

 Supporting electronics, pneumatics, and cooling system are enclosed in a separate 

control system (Figure 2-7). The system is controlled by a Linux server, which communicates 

with a programmable logic controller (PLC, CJ2M-CPU31, Omron; Kyoto, Japan) over Ethernet, 

which in turn drives most of the subsystems including linear actuators, pneumatics, cooling, 

heating, stirring, and HPLC injection, in addition to reading radioactivity detectors affixed to each 

reactor. The PLC accomplishes this through several expansion modules (CJ1W-DRM21, CJ1W-

AD081-V1, CJ1W-ID261, CJ1W-DA08V, CJ1W-OD261, CJ1W-TC001, Omron). 

 

Figure 2-7. ELIXYS control system schematic. 
Schematic of control components, actuators, and sensors in the control system and synthesis 
module. 
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 Five motor controllers are connected to a RoboNET network controller gateway unit 

(RGW-DV, IAI America Inc.; Torrance, CA, USA) in the synthesis module, which is in turn 

controlled by the PLC. Two of these are pulse motor controllers (RPCON-42P, IAI America Inc.) 

that drive the x- and y-axes of the reagent and gas handling robot, a 350 mm and 100 mm 

stroke two-axis linear servo motor (RCP2-SS7R-I-42P-12-350-P1-007L-ML-SP, RCP3-TA7R-I-

42P-6-100-P1-N-ML, IAI America Inc.). The other three controllers are linear servo motor 

controllers (RACON-5, IAI America Inc.) driving the linear servo motor (RCP3-SA3R-I-28P-4-

200-P1-P-ML, IAI America Inc.) for y-axis motion of each reactor. 

 A source of inert gas is dynamically regulated in software from > 60 psig supply pressure 

down to two different pressures by two analog pressure regulators (ITV1030-31N2L4-Q, SMC 

Corporation). One pressure line drives the pneumatic actuators (typically set to 60 psig and 

lowered to 30 psig as needed to gently unseal the reaction vial from the gasket), and the other 

pressure line drives gas flow for liquid transfers and evaporation (typically 3-15 psig). The two 

lines are distributed to actuators and the gas supplier through solenoid valve banks located in 

the synthesis module. The higher-pressure line is used to: 1) raise and lower the reaction vials 

using pneumatic cylinders (NCDGBN20-0300, SMC Corporation); 2) turn the stopcock valves 

via the rotary pneumatic actuators; 3) raise and lower the two z-axis actuators (MXS8-50, SMC 

Corporation) for the vial gripper and gas supplier; and 4) open and close the vial gripper (MHS2-

16D, SMC Corporation). Each pneumatic actuator has an associated flow restrictor to adjust the 

speed of movement between its two positions. The lower-pressure line feeds into the gas 

supplier that seals to the gas inlet ports on top of the cassettes, and an external line that can be 
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used, for example, to transfer [18F]fluoride from a source vial into the anion exchange cartridge 

on the cassette. 

 

Table 2-1. List of unit operations used to build a synthesis sequence. 

Unit Operation Description of function 

Initialize Initializes hardware. 

TrapF18 
Trap [18F]fluoride from cyclotron or preloaded 
external vial. 

EluteF18 
Elute [18F]fluoride with a reagent from the 
cassette. 

Add Add a reagent from any cassette. 

Evaporate Evaporate the contents of a reactor. 

React Fully seal a reaction vial for a reaction. 

Transfer 
Transfer solvents and reaction products from one 
reaction vial to another, often using purification 
cartridges in between. 

TransferToHPLC(a) 
Transfers the contents of the reaction vial to the 
HPLC injection loop. 

ExternalAdd 
Move a reactor to its add position for externally 
adding a reagent. 

Mix Mix the contents of a reaction vial. 

Install 
Move a reactor to a position for reaction vial 
removal and/or installation. 

MeasureRadiation(a) Measures the radiation level of a given reactor. 

(a) These unit operations have not yet been developed, but are in current 
development by Sofie Bioscience, Inc. 

 

 The control system also houses a number of other components: solid state relays (G6B-

4BNDDC12, Omron) to switch the heaters on and off for reactor temperature control, the reactor 
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heater cooling system (coolant pump, reservoir, and radiator fans), a video server (VS8401, 

Vivotek; San Jose, CA, USA) to encode the analog signals from the reactor cameras into video 

streams available to the Linux server via Ethernet, and an electronically-controlled HPLC 

injection valve (MHP7900-500-1, Rheodyne; Rohnert Park, CA, USA) connected to a separate 

semi-preparative HPLC system. Loading of the HPLC loop is currently performed manually but 

in the future could be performed automatically [71]. 

 

2.3. System operations 

 The ELIXYS performs automated syntheses by completing a sequence of chemistry unit 

operations (Table 2-1). The interaction among the ELIXYS subsystems and disposable 

cassettes to carry out each operation are described in the sections below. 

 

2.3.1. Radioisotope handling 

 For radiochemistry with [18F]fluoride, a preconditioned quaternary methylammonium 

(QMA) cartridge (i.e., rinsed with a salt solution to ensure a particular anion is bound to all QMA 

functional groups) is installed with Luer fittings between two tubes coming from the cassette, 

and the source of [18F]fluoride, either filled in a vial or directly from the cyclotron delivery line, is 

connected to another tube. If a vial is used, that vial is pressurized by a separate inert gas line 

controlled by the system. During trapping, the [18F]fluoride source solution flows through the 

QMA cartridge and [18O]H2O is collected in a recovery vial (Figure 2-4 and Figure 2-5). To 

perform elution (i.e., release of trapped [18F]fluoride), the two stopcock valves are switched and 



 
 

 

66 
 

 

the reagent and gas handling robot drives the eluent from the eluent addition position of the 

cassette through the cartridge and into the reaction vial. Multiple elutions or rinses can be 

performed to increase efficiency of [18F]fluoride collection (see below). PEEK tubing was used 

for all fluid paths involving [18F]fluoride to maximize specific activity (i.e., minimize contamination 

with non-radioactive fluorine-19 that may result from using fluorinated polymers) [72]. For other 

radioisotopes, a cartridge may not be necessary and can be bypassed. Radioisotopes may be 

added to any of the three reactors independently. 

 Elution of the [18F]fluoride from the QMA was performed using a solution prepared by 

dissolving 0.3 mL of the base (e.g., K2CO3) in water, adding the aqueous solution to the phase-

transfer catalyst (e.g., Kryptofix® 2.2.2), then diluting the solution with 0.5 mL MeCN. The 

phase-transfer catalyst will only dissolve in water when it forms a complex with the base; 

therefore, the solution was prepared in this order to ensure the complex is formed. For eluents 

containing species that act as both the base and the phase-transfer catalyst (e.g., N-

tetrabutylammonium bicarbonate (TBAB)), the eluent is prepared by simply diluting the aqueous 

TBAB solution with MeCN. To ensure that the fluid lines were sufficiently rinsed, pure MeCN 

was also used after the elution; the MeCN rinse doubled as the first MeCN needed for 

azeotropic drying as well (see section 2.4.4). 

 Performance of radioisotope handling was assessed in the following manner. After 

recording the radioactivity measurement of the starting radioactivity, trapping efficiency was 

determined by dividing the radioactivity retained on the QMA cartridge by the starting 

radioactivity (both measurements decay-corrected to the same timepoint). For trap and release 

efficiency, the amount of radioactivity that transferred from the cartridge into the reaction vial 
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after the elution was divided by the starting radioactivity. To determine losses in the system 

during this process, the radioactivity found in the [18O]H2O recovery vial and the residual 

activities in both starting radioactivity vial and QMA cartridge were also measured and 

compared to the starting radioactivity. Typically, these later values were found to be very low. 

These measurements were all taken using a Capintec, Inc. CRC®-25PET dose calibrator 

(Ramsey, NJ, USA). Because dose calibrators are sensitive to the geometries of the radioactive 

items placed inside, a holder was implemented to ensure reaction vials always had the same 

location within the dose calibrator chamber during measurement. Furthermore, where possible, 

identical type and size of vials were used. For example, starting radioactivity was initially placed 

and transferred from the same type of vial used as reaction vials to ensure quantitative 

comparisons. Unfortunately, measurement comparisons among SPE cartridges or between an 

SPE cartridge and a reaction vial were prone to some error. 

 As a quick assessment of an alternative elution strategy, elution was also performed 

using two separate solutions: 1) the base in water and 2) the phase-transfer catalyst in MeCN, 

in that order. The purpose here was to determine whether splitting the eluent into two separate 

solutions would have an effect on the trap and release efficiency, particularly since the anion 

exchange process occurs most readily in the aqueous phase, and the phase-transfer catalyst 

solution could substitute the MeCN rinse step. Table 2-1 reveals the percentage of the decay-

corrected starting radioactivity that was trapped onto the QMA cartridge during trapping and the 

trap and release efficiency using either eluent as two separate solutions or one combined 

solution that was followed by a rinse with MeCN. From this comparison, it is clear that the trap 

and release efficiency was consistently high and the loss to the system was low using either 
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method. Therefore, I continued to use one eluent solution coupled with the MeCN that already 

needed to be added for azeotropic drying, making it the more efficient choice moving forward; 

though, either method is suitable, if desired. 

 

 Table 2-2. Comparison of [18F]fluoride elution methods. 

Radioactivity Analysis Two eluent solutions Single eluent with MeCN rinse 

Trapping efficiency 98 ± 3% 98 ± 1% 

Trap and release efficiency 97 ± 1% 97 ± 1% 

Lost to system 2 ± 1% 3 ± 1% 

All values are based on decay-corrected radioactivity measurements and are displayed as mean 
± standard deviation for n = 4 experiments. The solutions used for the two eluent method were 1 
mg of K2CO3 in 0.4 mL water and 10 mg of Kryptofix® 2.2.2 in 1.0 mL of MeCN. The solution in 
the single eluent method was 1 mg of K2CO3 in 0.3 mL water mixed with 10 mg of Kryptofix® 2.2.2 
in 0.5 mL of MeCN. Trap and release efficiency compares the radioactivity in the reaction vial 
(after all elution steps) with the starting radioactivity, which takes into account the trapping 
efficiency. Loss to the system is calculated by taking the radioactivity sum of the reaction and 
[18O]H2O recovery vial contents and residual found on the QMA cartridge and starting radioactivity 
vial after elution, subtracting this sum with the starting radioactivity, and dividing the result by the 
starting radioactivity. 

 

2.3.2. Reagent handling 

 To add a particular reagent to the reaction vial, the vial gripper moves to the reagent 

storage position, then lowers itself to a position where it can grasp and lift the vial before moving 

it to the designated reagent addition location on the specified cassette. To deliver the reagent to 

the reaction vial, the gas supplier lowers, the inert gas valve opens, and the vial gripper lowers 

to place the vial down onto a pair of needles in one of the two reagent addition positions or 

eluent addition position, pressurizing the vial and transferring its contents. The required time for 
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addition of a reagent is generally determined by repeatedly measuring the time needed for 

complete transfer of the desired liquid and volume at the desired pressure and taking the 

maximum time value. It is important to note that this method requires the entire contents of the 

reagent vial to be delivered at once. Often, particular reagents (e.g., solvents) are added 

multiple times during the course of the synthesis. To ensure this does not become a limitation, 

we have incorporated up to 36 reagent vial storage positions in the current model of the 

cassettes. After addition is complete, the vial gripper lifts the emptied reagent vial, the gas 

supplier disengages, and the vial is returned to its original storage position. The low level steps 

of the Add unit operation are summarized in Figure 2-8. 
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Figure 2-8. Flowchart of ‘Add’ unit operation. 
Sequence of low level steps required to add the contents of a reagent placed in the second 
reagent position of the first cassette to the first reaction vial. The user need only choose the ‘Add’ 
unit operation and set a few parameters; the low level details are carried out automatically. 
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 Like all fluidic systems, there are losses associated with dead volumes during liquid 

transfers. To ensure reproducibility in automated systems, any losses must be characterized 

and provided to the user to enable them to account for this possible variability. With regards to 

reagent addition, I determined the associated loss by weighing a clean, dry reagent vial and 

filling it 1.0 mL of water. Water was used as the fluid, because it was easier to handle and weigh 

to accurately determine volume and had the highest potential to leave residue in both the vial 

and fluid line due to its viscosity and strong adhesion and cohesion properties. After filling the 

reagent vial, it was weighed again, sealed with a septum and crimped, and installed into the 

cassette (Figure 2-9a). A clean, dry reaction vial was also weighed and subsequently placed 

into the reactor. The reagent vial content was then added to the reaction vial using 3 psig of 

driving pressure for 15 s (Figure 2-9b). The reaction vial was then weighed again to accurately 

determine the delivered amount. The reagent vial was also de-crimped and weighed again to 

determine any residual volume. The difference of the volume added to the reaction vial and the 

residual volume in the reagent vial indicates volume lost to the system during transfer. This 

experiment was repeated 120 times across three cassettes to account for possible variability 

among addition positions from different cassettes. 
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Figure 2-9. Reagent vial in the addition position. 
(a) Close up photograph of the reagent vial (before being crimp-sealed) revealing the rubber 
septum, glass vial, and aluminum crimp-top cap. (b) The vial gripper holds the reagent vial upside-
down just before placing the vial onto the addition needles. 

 

The results of the addition experiments are tabulated in Table 2-3. Since I suspected 

that the loss may be fixed and independent of volume in the reagent vial, I also qualitatively 

assessed these losses with various starting volumes (i.e., up to the 3.0 mL limit of the reagent 

vial). What I found is that the residual amount left in the vial is the same as long as the volume 

is above ~ 150 µL. This suggests that the residual loss is likely due to the length of the needle 

piercing a small ways through the vial septum. Once the liquid level drops below the beveled tip 

of the addition needle, it can no longer be transferred to the reaction vial (Figure 2-10). The 

range of allowed reagent volume addition is, then, between 0.15 – 3.0 mL, and the amount lost 

to the reagent vial is fixed at 120 ± 20 µL. To account for this amount of reagent that does not 

make it to the reaction vial, additional reagent can be pre-loaded into the reagent vials. With the 
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incorporation of features in the cassettes to hold the needles more rigidly in place, this 

reproducibility is maintained for all cassettes and addition positions. 

 

Table 2-3. Reagent addition efficiency. 

Measurement Volume (n = 120) Percentage of starting volume 

Starting volume in reagent vial 953 ± 17 µL 100% 

Delivered into the reaction vial 827 ± 20 µL 87 ± 2% (n = 120) 

Residual remaining in reagent vial 120 ± 20 µL 13 ± 2% (n = 120) 

Volume loss to system during addition 5 ± 3 µL < 1% 

Water was used as the added reagent. 
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Figure 2-10. Residual reagent remaining in the vial after addition. 
(a) Representation of the full reagent vial after it is pressed onto the addition needles (green = 
inert gas needle for pressurization; red = delivery needle for liquid) by the vial gripper, but just 
prior to addition of the reagent. Note that in practice the reagent is added immediately after 
insertion of the vial onto the needles since gas is flowing through the inert gas needle. Also, the 
reactor with the installed reaction vial is sealed in the addition position to receive the reagent 
before bringing the vial to the addition needles. (b) Once the reagent vial is pressurized, the 
reagent is added to the reaction vial. A close-up of the reagent vial after addition (yellow box) 
shows a small amount of liquid that is not added because it is below the beveled portion of the 
addition needle.  

 

2.3.3. Reactions 

 To maintain high internal pressure during superheated reactions, the reaction vial is 

sealed by firmly pressing upward against the gasket on the bottom of the cassette. Each 

cassette has two independent reaction positions to support up to two separate sealed reactions 
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in each reaction vial (Figure 2-5). To characterize the seal integrity, ~ 1 mL of anhydrous MeCN 

was sealed and heated at 165°C for one hour. In all experiments, < 14 µL of volume was lost (< 

1.5%). The actual loss of vapor may be even lower because often some small drops of 

condensed solvent were observed on the gasket where the reaction vial had been sealed. 

 Using a hypodermic needle thermocouple (HN-7-K-TEF, J-KEM Scientific; Saint Louis, 

MO, USA) pierced through the gasket, I have also compared the internal liquid temperature 

profile of the reaction vial contents in the ELIXYS to the profile inside the same vial immersed in 

a traditional pre-heated oil bath (Figure 2-11). The comparison of internal liquid temperatures 

was performed as follows: 1) The reaction vial was filled with ~ 1 mL of MeCN with a 

hypodermic thermocouple tip submerged in the liquid; 2A) for the ELIXYS test, the reactor was 

heated to 160°C, sealed against a modified cassette with protruding thermocouple and held at 

temperature for 15 min; 2B) for the oil bath test, the reaction vial was sealed with a silicone 

stopper pierced with the thermocouple and placed in the preheated 160°C oil bath for 15 min; 3) 

active cooling was used for the ELIXYS and passive ambient air cooling was used for the oil 

bath, as is conventional for most oil bath heated systems. As shown in Figure 2-11, ramping 

time for heating the solvent is comparable between the two systems. Both temperatures 

stabilize at a temperature slightly lower than 160°C. This discrepancy is normal in all 

radiosynthesizers if the set point is above the solvent boiling point, with the difference 

depending on the unique thermal characteristics (i.e., heat sources and heat sinks) of the 

system (see Chapter 3: The Test for a more in-depth study). The ELIXYS also cools the 

solvent much faster than simply removing the vial from the oil bath. Cooling by forcing 

compressed-air (rather than a liquid coolant) through internal channels of the ELIXYS 
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radiosynthesizer was qualitatively assessed to cool at a rate between these rates (data not 

shown). 

 After reagents are loaded into the reaction vial, a reaction can be performed by sealing 

the vial against a sealing position on the gasket of the cassette (Figure 2-4 and Figure 2-5). 

The reactor is then heated to the desired temperature, with optional stirring. Once the desired 

elevated temperature is reached in the heating jacket, heating and stirring are continued for the 

desired reaction time. After this time elapses, the heaters are turned off and the cooling pump is 

activated until the heating jacket reaches the desired reduced temperature. Since the 

temperature of the liquid lags the temperature of the jacket, additional cooling of the reaction 

vial is necessary to ensure the internal liquid temperature is sufficiently lowered. The desired 

additional time for cooling can be programmed in the software (see Chapter 3: The Test for a 

more detailed characterization of heating and cooling times with the ELIXYS). 
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Figure 2-11. Temperature profile comparison of ELIXYS and oil bath heating. 
The heating rates and maximum equilibrium internal liquid temperature were comparable between 
the two systems, but the active liquid cooling of the ELIXYS resulted in a more rapid decrease in 
temperature after heating. 

 

2.3.4. Evaporations 

 Evaporation of solvents occurs by sealing the reaction vial against the gasket of the 

cassette at the evaporate position (Figure 2-4 and Figure 2-5). The vial is heated with the 

option of stirring, and the gas supplier provides both vacuum (to remove vapor) and inert gas (to 

assist with vapor removal) through the ports on the cassette. In automated synthesis protocols, 

the required time for evaporation is generally determined by measuring the maximum time 

needed for complete evaporation of solvent from the desired mixture, and multiplying by a 

safety factor. The safety factor ensures the evaporation is complete and accounts for factors 
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that may vary evaporation time from day to day (e.g., relative humidity, temperature of the 

room). After the desired evaporation time, the reactor is cooled. The low-level steps of the 

Evaporate unit operation are summarized in Figure 2-12. 
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Figure 2-12. Flowchart of ‘Evaporate’ unit operation. 
(a) Sequence of low level steps required to evaporate the contents of the first reaction vial. (b) 
Gas supplier (indicated by the arrow) is positioned over the vacuum and inert gas ports of the 
cassette. (c) Gas supplier is pneumatically lowered, supplying vacuum and inert gas to the 
reaction vial. 
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2.3.5. Transfer and purification 

 SPE purification cartridges (e.g., silica, C18) are connected to designated Luer fittings 

on the cassette. A dip tube (e.g., made of 1/8” OD Teflon® tubing) is built into the cassette to 

act as the fluid path for the transfer of crude products. When choosing the best dip tube, two 

main factors should be considered: material and size of the tubing. Materials should be 

chemically resistant across a broad range of organic solvents and basic and acidic solutions. 

Examples could include fluoropolymers (e.g., Teflon®), polyether ether ketone (PEEK), and 

stainless steel. PEEK and stainless steel are rigid materials, and therefore must be checked for 

proper length to avoid damage to either the reaction vial or the dip tube during sealing. 

Fluoropolymers tend to be extremely chemically resistant and often much more flexible, allowing 

for more tolerance in length; however, the lack of rigidity could lead to misalignment with the 

reactor if it is accidentally bumped or moved, necessitating careful checking of the straightness 

and alignment during setup of the synthesis run. Regarding size, the cassette supports 1/4”-28 

fluidic fittings to lock the dip tube in place. This generally allows the use of 1/16” – 1/8” OD 

tubing with any available inner diameter (ID). Larger ID is necessary when transferring synthesis 

products that produce precipitates, but smaller ID tubing should be installed for smaller volume 

transfers. 

The transfer unit operation begins with the reaction vial sealing against the transfer 

position on the cassette (Figure 2-13). The gas supplier provides inert gas to pressurize the 

reaction vial. This moves the fluid through the dip tube and to the SPE cartridge. The output of 

the SPE cartridge is connected to a dedicated stopcock valve in the cassette that switches the 

fluid path between a waste collection vial installed on the cassette and an output tube that can 
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be connected to the input of the next cassette. Often, the first step is to trap the crude product 

onto the SPE cartridge and allow the residual solution to collect in the waste container. The 

stopcock position is switched, and elution of the desired product into the next reaction vial is 

then performed by adding the elution solvent to the first reaction vial and repeating the transfer 

unit operation to elute the product from the SPE cartridge, but this time with the stopcock valve 

directed to the output tube of the cassette rather than waste. 

 

 

Figure 2-13. Reactor sealing in the transfer position. 
(a) Photograph of the reactor before sealing in the transfer position. The portion of the dip tube 
that interacts directly with the solution is indicated by the red oval. (b) Photograph of the reactor 
sealed against the cassette in the transfer position such that the dip tube extends down within the 
reaction vial. 

 

To assess the liquid loss during transfers, I measured the efficiency of transferring water 

from the reaction vial to both the waste vial (performed for trapping) and to the reaction vial in 
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the adjacent reactor (performed for elution). As with reagent addition testing, water was used as 

the fluid in each of these tests, because it was easy to handle and weigh to accurately 

determine volume and had the highest potential to leave residue in the fluid lines due to its 

viscosity and strong adhesion and cohesion properties. SPE cartridges were not used for this 

characterization test to strictly assess loss due to the stopcocks and tubing. (Recovery from 

SPE cartridges can be variable, depending on many factors including the flow rate, the solvent, 

the geometry of the cartridge, and the relation between the cartridge volume and the volume 

being transferred.) The setup included two clean, dry, pre-weighed reaction vials to act as the 

source and receiving vials, which were installed in their respective reactors. A clean, dry waste 

vial was also weighed and then installed into the cassette. Four transfer tests were conducted: 

from reactor 1 to the waste vial in cassette 1 (waste 1), from reactor 1 to reactor 2, from reactor 

2 to a waste vial in cassette 2 (waste 2), from reactor 2 to reactor 3. Transfer were performed 

using 3 psig of driving pressure and fluid was allowed to transfer for 90 s to allow sufficient time 

for transfer. Each test was individually performed 15 times, and the tubing was dried with 

nitrogen gas in between experiments. After each transfer, the receiving container (i.e., waste or 

reaction vial) and source vial were weighed again to assess the volume transferred and the 

residual left behind in the source vial, respectively. The source vial was also weighed after filling 

to determine the initial volume and allow calculation of volume losses.  

The results of the characterization are displayed in Table 2-4. The efficiency of the 

system to transfer ~ 1.0 mL of water was > 90%. On average, ~ 3% of the water was 

unaccounted for in the system, which was attributed to residual water found in the tubing and 

presumably as dead volume in the stopcock valve. The other volume of water never left the 
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source vial. Since there was no indication of volume loss due to leakage, one method to 

increase efficiency is to rinse the fluid path by performing additional transfers with multiple 

volumes of an appropriate solvent. If 10% of the initial solution volume does not reach the 

receiving vial, rinsing with an equal volume of solvent would, in theory, transfer all but 10% of 

the residual volume, or all but 1% of the initial solution. This could be repeated again as needed. 

Due to the nature of the transfer, however, it is important to note that efficiency will vary for 

different solvents, volumes, and tubing lengths for transfer, and with the presence of SPE 

cartridges. Though this data presents an example of volume loss, the best method to ensure 

transfer efficiency is to monitor the radioactivity transferred from point to point, which is 

described in greater detail in sections 2.4.4 and 2.4.5. 

Table 2-4. Fluid transfer efficiency for the transfer unit operation. 

Measurement 
Reactor 1 to 

Waste 1 
Reactor 1 to 

Reactor 2 
Reactor 2 to 

Waste 2 
Reactor 2 to 
Reactor 3 

Volume added to 
source vial 

981 ± 10 µL 963 ± 10 µL 975 ± 6 µL 987 ± 4 µL 

Volume transferred 
to receiving vial 

899 ± 39 µL 938 ± 17 µL 891 ± 23 µL 931 ± 23 µL 

Volume remaining 
in source reactor 

23 ± 13 µL 11 ± 11 µL 48 ± 18 µL 47 ± 15 µL 

Volume 
unaccounted for 
during transfer 

58 ± 38 µL 14 ± 7 µL 37 ± 14 µL 8 ± 14 µL 

Percentage of 
volume transferred 

to receiving vial 
92 ± 4% 97 ± 1% 91 ± 2% 94 ± 2% 

Each value is a mean ± standard deviation for n = 15. Transfer tests were conducted using a 
Teflon® dip tube (1/8” OD, 1/16” ID). For a reference of the fluid paths, see Figure 2-5. 
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2.4. Radiosynthesis 

This section covers the validation of the ELIXYS through the radiosynthesis of D-

[18F]FAC and L-[18F]FMAU. These tracers involve complex synthesis protocols that exercise the 

full functionality of the synthesizer. While previous characterization focused on the ability of the 

system to carryout physical operations (e.g., heating, fluid transfers, etc.) as designed, the 

purpose of validation is to establish whether the system can perform radiochemistry steps with 

efficiency comparable to manual processes, or whether additional design changes are 

necessary. The preparation, or activation, of [18F]fluoride for labeling as well as the subsequent 

steps to produce these tracers are discussed. Preclinical in vivo imaging is also presented for D-

[18F]FAC that compares the quality of tracer produced in both automated (i.e., via ELIXYS) and 

manual formats. 

 

2.4.1. Materials 

 No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [18O]H2O (98% 

isotopic purity, Medical Isotopes; Pelham, NH, USA) in a RDS-112 cyclotron (Siemens; 

Knoxville, TN, USA) at 11MeV using a 1mL tantalum target with havar foil. 2-O-

(trifluoromethylsulfonyl)-1,3,5-tri-O-benzoyl-alpha-D-ribofuranose (D-sugar), 2-O-

(trifluoromethylsulfonyl)-1,3,5-tri-O-benzoyl-alpha-L-ribofuranose (L-sugar), 

bis(trimethylsilyl)cytosine (Precursor 2 for D-[18F]FAC), and 5-methyl-2,4-

bis[(trimethylsilyl)oxy]pyrimidine (Precursor 2 for L-[18F]FMAU) were purchased from ABX 

(Radeberg, Germany). 200-proof ethanol was purchased from the UCLA Chemistry Department 
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(Los Angeles, CA, USA). 1 N hydrochloric acid was purchased from Fisher Scientific (Pittsburg, 

PA, USA). Anhydrous grade solvents and all other reagents were purchased from Sigma-Aldrich 

(Milwaukee, WI, USA). All reagents were used as received. QMA (WAT023525) and silica SPE 

cartridges (WAT020520 and WAT043400) were purchased from Waters (Milford, MA, USA). 

The QMA cartridge was preconditioned with 10 mL of 1 M potassium bicarbonate followed by 10 

mL of 0.1 µm filtered 18 MΩ water, and the silica SPE cartridges were preconditioned with 10 

mL of anhydrous hexane. 

 

2.4.2. Chromatography 

 Semi-preparative HPLC was performed with a WellChrom K-501 HPLC pump (Knauer; 

Berlin, Germany), reversed-phase Gemini-NX column (5 µm, 10 x 250 mm, Phenomenex; 

Torrance, CA, USA), UV detector (254 nm, WellChrom Spectro-Photometer K-2501, Knauer) 

and gamma-radiation detector and counter (B-FC-3300 and B-FC-1000; Bioscan Inc.; 

Washington, DC, USA). The mobile phase for D-[18F]FAC was 1% ethanol in 10 mM ammonium 

phosphate monobasic (flow rate 5 mL/min; retention time 15 min), and for L-[18F]FMAU was 4% 

MeCN in 50 mM ammonium acetate (flow rate 5 mL/min; retention time 20 min). Analytical 

HPLC was performed on a Knauer Smartline HPLC system with a Phenomenex reverse-phase 

Luna column (5 µm, 4.6 x 250 mm) with inline Knauer UV (254 nm) and gamma-radiation 

coincidence detector and counter (B-FC-4100 and B-FC-1000). The analytical HPLC mobile 

phase for D-[18F]FAC was 10% ethanol in 50 mM ammonium acetate (flow rate 1 mL/min; 

retention time 4 min) and for L-[18F]FMAU was 10% MeCN in 50 mM ammonium acetate (flow 

rate 1 mL/min; retention time 7 min). All chromatograms were collected by a GinaStar (raytest 
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USA, Inc.; Wilmington, NC, USA) analog to digital converter and GinaStar software (raytest 

USA, Inc.) running on a PC. 

 

2.4.3. Synthesis protocol 

 Synthesis protocols for D-[18F]FAC and L-[18F]FMAU (Figure 2-14) were nearly identical, 

differing only in precursors and HPLC mobile phases, and were programmed using the ELIXYS 

drag-and-drop software interface [44]. The protocols are a minor adaptation from literature 

[68,69] and are described in more detail in section 4.3.2. A summary of the reagents and unit 

operations used to synthesize the tracers can be found in Table 2-5 and Table 2-6. Upon 

completion of each synthesis, the crude product was purified by semi-preparative HPLC and the 

desired product (structures c and f in Figure 2-14) was collected and a sample taken for 

verification and specific activity analysis by analytical HPLC. 

 
Figure 2-14. Reaction schemes for D-[18F]FAC and L-[18F]FMAU. 
Syntheses of D-[18F]FAC (top) and L-[18F]FMAU (bottom). Synthesis protocol of the two tracers 
differs only in the ribose sugar (a vs. d) and base coupling (b vs. e) precursors. During HPLC 
purification, final products (c and f) are collected. 
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Table 2-5. Reagent list for both D-[18F]FAC and L-[18F]FMAU. 

Reagent ID(a) Name Description 

1-2 Eluent 
1 mg K2CO3 and 10 mg of Kryptofix® 2.2.2 dissolved 
in 0.800 mL of 3:5 (v/v) H2O:MeCN 

1-3 MeCN-1 1.2 mL, anhydrous 

1-4 MeCN-2 1.2 mL, anhydrous 

1-5 Precursor 1 
10 mg of D-sugar (D-[18F]FAC) or L-sugar (L-
[18F]FMAU) dissolved in 1 mL anhydrous MeCN 

1-6 EtOAc-1 2.0 mL, anhydrous 

1-7 EtOAc-2 2.0 mL, anhydrous 

2-1 Toluene 0.90 mL, anhydrous 

2-2 Precursor 2 
30 mg (D-[18F]FAC) or 107 mg (L-[18F]FMAU) 
dissolved in 1.0 mL anhydrous DCE 

2-3 DCM:MeOH-1 2.0 mL 9:1 (v/v) 

2-4 DCM:MeOH-2 2.0 mL 9:1 (v/v) 

2-5 DCM:MeOH-3 2.0 mL 9:1 (v/v) 

3-1 NaOMe 0.70 mL of 0.5M in methanol 

3-2 HCl 0.39 mL of 1N 

3-3 Water 1.0 mL water 

2-ExternalAdd1 HBr 0.15 mL, 33% in acetic acid 

2-ExternalAdd1 DCE 0.60 mL, anhydrous DCE 

(a) Notation: Cassette number – reagent position. 
List of reagents installed into the three cassettes to synthesize D-[18F]FAC and L-[18F]FMAU. 
Externally added reagents (HBr and DCE) do not have designated locations on the cassette and 
can be programmed with the ExternalAdd unit operation so that the operated is prompted to add 
these manually at the required time. 

Table 2-6. Synthesis sequence of unit operations. 

# Unit Operation Description 

1 INITIALIZE Initializes hardware. 
2 TRAPF18 Trap [18F]fluoride for 120 s at 3 psig from external vial. 
3 ELUTEF18 Elute [18F]fluoride with Eluent for 120 s at 3 psig. 

4 EVAPORATE 
Evaporate reactor 1 at 110°C for 360 s with 15 psig and 
vacuum. 

5 ADD Add MeCN-1 to reactor 1. 

6 EVAPORATE 
Evaporate reactor 1 at 110°C for 150 s with 10 psig and 
vacuum. 

7 ADD Add MeCN-2 to reactor 1. 
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8 EVAPORATE 
Evaporate reactor 1 at 110°C for 150 s with 10 psig and 
vacuum. 

9 ADD Add Precursor 1 to reactor 1. 

10 REACT 
React reactor 1 in position 1 for 900 s at 160°C, cooling at 
35°C for 120 s. 

11 TRANSFER 
Trap crude product from reactor 1 onto silica purification 
cartridge with 3 psig for 60 s. 

12 ADD Add EtOAc-1 to reactor 1. 

13 TRANSFER 
Elute product from silica purification cartridge to reactor 2 
with 3 psig for 30 s. 

14 EVAPORATE 
Evaporate reactor 2 at 80°C for 150 s with 10 psig and 
vacuum. 

15 ADD Add EtOAc-2 to reactor 1. 

16 TRANSFER 
Elute product from silica purification cartridge to reactor 2 
with 3 psig for 30 s. 

17 EVAPORATE 
Evaporate reactor 2 at 80°C for 150 s with 10 psig and 
vacuum. 

18 EXTERNALADD 
Add HBr immediately followed by DCE through ExernalAdd-1 
of cassette 2. 

19 REACT 
React reactor 2 in position 1 for 600 s at 80°C, cooling to 
35°C for 120 s. 

20 EVAPORATE 
Evaporate reactor 2 at 80°C for 150 s with 10 psig and 
vacuum. 

21 ADD Add Toluene to reactor 2. 

22 EVAPORATE 
Evaporate reactor 2 at 110°C for 150 s with 10 psig and 
vacuum. 

23 ADD Add Precursor 2 to reactor 2. 

24 REACT 
React reactor 2 in position 2 for 1800 s at 165°C, cooling to 
35°C for 120 s. 

25 TRANSFER 
Trap crude product from reactor 2 onto silica purification 
cartridge with 7 psig for 60 s. 

26 ADD Add DCM:MeOH-1 to reactor 2. 

27 TRANSFER 
Elute product from silica purification cartridge to reactor 3 
with 10 psig for 30 s. 

28 EVAPORATE 
Evaporate reactor 3 at 80°C for 110 s with 10 psig and 
vacuum. 

29 ADD Add DCM:MeOH-2 to reactor 2. 

30 TRANSFER 
Elute product from silica purification cartridge to reactor 3 
with 10 psig for 30 s. 

31 EVAPORATE 
Evaporate reactor 3 at 80°C for 110 s with 10 psig and 
vacuum. 

32 ADD Add DCM:MeOH-3 to reactor 2. 

33 TRANSFER 
Elute product from silica purification cartridge to reactor 3 
with 10 psig for 30 s. 
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34 EVAPORATE 
Evaporate reactor 3 at 80°C for 120 s with 10 psig and 
vacuum. 

35 ADD Add NaOMe to reactor 3. 

36 REACT 
React reactor 3 in position 1 for 300 s at 105°C, cooling to 
35°C for 120 s. 

37 ADD Add HCl to reactor 3. 
38 MIX Mix the contents of reactor 3 for 20 s. 

39 EVAPORATE 
Evaporate reactor 3 at 80°C for 120 s with 10 psig and 
vacuum. 

40 ADD Add Water to reactor 3. 
41 MIX Mix the contents of reactor 3 for 20 s. 
42 TRANSFERTOHPLC Transfer contents of reactor 3 to the HPLC injection loop. 

List of unit operations to synthesize both D-[18F]FAC and L-[18F]FMAU on the ELIXYS. 

2.4.4. Optimization of [18F]fluoride activation and labeling 

 In this section, I describe some of the optimizations that were performed from the start of 

the radiosynthesis up through the radiolabeling step. Once the [18F]fluoride solution is delivered 

into the reaction vial via a trap-and-release process on a QMA cartridge (as described in Figure 

1-3, section 1.2.2, and section 2.3.1), the solution is evaporated to remove any traces of water. 

As mentioned previously (section 1.2.2), water greatly decreases the nucleophilicity (i.e., 

reactivity) of the [18F]fluoride and must be thoroughly removed to activate the [18F]fluoride prior 

to most radiofluorination chemistry. To do so efficiently, azeotropic drying is performed, where 

the mixture of one solvent with an appropriate co-solvent lowers the boiling point of the solution 

and aids in both solvents evaporating at the same time. For [18F]fluoride drying, MeCN is an 

ideal co-solvent to use with water as it can lower the boiling point to as low as 76.8°C [73]. To 

ensure water is fully evaporated, multiple cycles of adding MeCN and fully evaporating the 

[18F]fluoride solution are performed. 
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The removal of water is crucial to maintaining high radiofluorination efficiency. Even 

minute water contamination could have significant effects due to the small amount (< 1 nmol) of 

[18F]fluoride present in the dried residue. It is very difficult to directly measure the water content, 

but one practical means of measuring [18F]fluoride activation is to perform the radiofluorination 

and use the radiolabeling efficiency as a proxy for the measurement of dryness. A higher 

radiolabeling efficiency is presumed to be associated with higher dryness and a lower efficiency 

is associated with less effective water removal. I performed this assessment of [18F]fluoride 

activation by radiolabeling of the D-sugar precursor for the D-[18F]FAC synthesis, which 

contained a triflate leaving group that is highly sensitive to the presence of water (i.e., hydroxyl 

groups in water quickly substitute the triflate). Due to the high reactivity of the triflate, the D-

sugar also acts as a “worse case” model for other, less reactive (i.e., more water tolerant) 

precursors. I first performed four azeotropic drying steps (i.e., addition of MeCN followed by 

evaporation), which are more than what is typically done in literature (i.e, one or two), in addition 

to the evaporation of the initial [18F]fluoride solution eluted from the QMA cartridge. After drying, 

I added the precursor solution (10 mg in 1 mL MeCN, 17 mM) and reacted the solution at 160°C 

for 15 min. Then, I took a sample of the solution for radio-TLC analysis (section 1.4.2) to 

assess the radiolabeling efficiency. The solution was then transferred and trapped onto a silica 

SPE cartridge to remove any unreacted [18F]fluoride. The radiolabeled product was then eluted 

from the cartridge with 2 mL of ethyl acetate into the next reactor. In the other reactor, I fully 

evaporated the ethyl acetate at 80°C, and then performed another elution with 2 mL of ethyl 

acetate followed by another identical evaporation step. (Details of the operations can be found 

in Table 2-6). 
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To assess the overall efficiency of [18F]fluoride activation and radiolabeling, two 

measurements are considered: 1) the radiolabeling efficiency determined from the radio-TLC 

analysis; 2) radioactivity measurements taken after each step to account for any losses of 

radioactivity during each operation (see section 1.4.2 for a detailed description of these 

concepts). The radio-TLC chromatogram provides the radiochemical composition of the 

solution, but it may overestimate the actual radiolabeling efficiency if [18F]fluoride is, for 

example, permanently bound to the glass vial, and therefore no longer in solution. For this 

reason, the second measurement is also considered. The radio-TLC data is compared to the 

radioactivity measurements of both reaction vials before and after the intermediate purification 

step. If, after the intermediate purification step, any radioactivity remained on the reaction vial 

used for radiolabeling, then this loss combined with loss due to inefficient radiolabeling should 

account for the total loss at this stage of the radiosynthesis. Any additional losses could then be 

further investigated by measuring other components (e.g., the SPE cartridge), or by measuring 

the reaction vial before and after [18F]fluoride activation and radiolabeling to ensure [18F]fluoride 

was not lost during the evaporation or reaction steps. A more thorough discussion of optimizing 

synthesis parameters through assessing losses by means of chromatography and radioactivity 

measurements is done in the following section (2.4.5). 

The process of activating [18F]fluoride may be time consuming, taking 20-30 min to trap, 

release, and dry the [18F]fluoride. To minimize yield lost to radioisotope decay, the time spent 

during these operations should be minimized without hurting the radiofluorination efficiency. 

One way to do this is by decreasing the number of MeCN additions and evaporations during 

[18F]fluoride activation. I investigated the difference in radiolabeling efficiency of the D-sugar (as 
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performed above) after [18F]fluoride activation using two vs. four MeCN additions and 

evaporations. I found that using only two MeCN additions and evaporations saved ~ 5 min of 

time and did not result in a significant loss of radiolabeling efficiency as compared to the four 

azeotropic drying step process: 82.2 ± 1.9% (n = 3) for two drying steps and 82.6 ± 0.7% (n = 3) 

for four drying steps (mean ± standard deviation determined by radio-TLC). Another method is 

to lower the reaction time. To investigate this, I performed a quick investigation of whether a 15 

min reaction was needed to reach a steady-state radiolabeling efficiency. This was done by 

performing the same radiofluorination step as described above, but I took samples for radio-TLC 

analysis after 5, 10, and 15 min to measure the progression of the reaction (Table 2-7). As 

shown in Table 2-7, the radiolabeling efficiency continues to increase with the longer reaction 

time; however, when considering radioisotope decay, this improvement nearly disappears. I 

chose to retain the 15 min reaction, as it was more likely to lead to repeatable heating 

conditions (see issues with short reaction times in Chapter 3: The Test). Though these 

particular investigations did not lead to significant changes in the reaction time or radiolabeling 

efficiency, they serve as examples for optimizations that could be performed with other 18F-

labeled PET tracers. 

Table 2-7. Monitoring reaction progression during 15 min radiofluorination. 

Time point 
Radiolabeling efficiency 

from radio-TLC 

Radiolabeling efficiency 
accounting for radioisotope 

decay 

5 min 78.0% 75.6% 

10 min 80.9% 76.0% 

15 min 84.1% 76.5% 

Radiolabeling efficiency is the percentage of the integration of the 
radiofluorinated products divided by the total integration of all peaks. 
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2.4.5. Analysis of the overall reaction progression 

 The optimized protocol of the [18F]fluoride activation is essentially performed in the same 

way for each 18F-labeled PET tracer radiosynthesis. (There are differences in a couple of cases 

with respect to the choice of base and phase-transfer agent, but otherwise the process is the 

same.) After [18F]fluoride activation, the radiofluorination reaction is carried out. Though the 

reaction conditions (i.e., reagents, temperature, time) for each radiofluorination may differ, the 

fundamental chemistry remains very similar among the SN2-based [18F]fluoride reactions with 

suitable leaving groups. Depending on the tracer, there may be additional reactions to complete 

the synthesis process, and the means to measure the reaction progression of each remains 

very similar. Reaction progression in the solution is measured by taking samples for radio-TLC 

and analytical HPLC analysis, and radioactivity measurements of the reaction vial and SPE 

cartridges are taken to assess the distribution of the radioactivity and to complement, or 

possibly verify, the chromatography data. 

As an example of an analysis of a full synthesis process, Table 2-8 displays the 

percentage of the starting radioactivity that remained after each key step in a radiosynthesis of 

L-[18F]FMAU. From this, one can see that the majority of the radioactivity loss in this particular 

experiment was found after the radiofluorination step. For this experiment, the radio-TLC of the 

radiofluorination showed an 82.5% efficiency, which should have theoretically resulted in 82.5% 

× 94% = 78% of starting radioactivity reaching reactor 2 with the rest (17.5% × 94% = 16%) 

trapped on the silica purification cartridge. However, only 61% was found in reactor 2. Upon 

closer inspection, the residual radioactivity remaining stuck to the reactor 1 vial after the first 

and second ethyl acetate elutions were both 19%, thus accounting for the extra loss. The 
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residual found on the silica SPE cartridge after both elutions was 14%, comparing well with the 

expected value of 16%. Together, these two losses account for the loss of 33% that was 

observed between the end of radiofluorination and the end of the first purification step (i.e., 94% 

to 61%). This provides an excellent example of using measurements and chromatography data 

to assess the cause of significant loss of radioactivity. This particular loss was later corrected by 

removing the stirring operation during evaporation, which marginally increased evaporation time 

but ensured that, during evaporation, [18F]fluoride did not dry and chemically bind to the glass 

vial above the solution level of the subsequent reaction step. Similar assessments could be 

done for each of the reaction and transfer steps throughout the synthesis. 

Another example demonstrating the value of taking radioactivity measurements is in 

assessing the number of elution steps needed during intermediate purification. The process of 

intermediate purification on the ELIXYS generally involves trapping the product(s) of interest 

onto a SPE cartridge and subsequently eluting the trapped product(s) into another reaction vial. 

More specifically, the crude product solution in a given reaction vial is transferred through the 

SPE cartridge, through a stopcock valve, and to a waste vial placed onto the cassette. To elute 

the trapped product(s), the eluent is added to the same reaction vial, transferred again through 

the SPE cartridge, but this time via the other output of the stopcock valve to another available 

reaction vial in the system. (See Table 2-6 for more details on these operations). This method of 

elution allows for the initial reaction vial and subsequent fluidic lines to be rinsed, removing any 

residual liquid that may have remained. As seen in Table 2-4, some losses occur during 

transfer, therefore multiple elutions could ensure all of the desired product transfers to the next 

reaction vial. Moreover, monitoring the radioactivity of components during transfer can help 
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determine how many elution steps are needed to efficiently transfer the product(s), as well as 

determine whether or not the radioactivity can be further recovered (as seen above for the 

radioactivity sticking to the reaction vial). For the radiosyntheses of D-[18F]FAC and L-[18F]FMAU, 

two intermediate purification steps are performed using silica SPE cartridges: 1) between 

reactors 1 and 2; 2) between reactors 2 and 3. As seen in Table 2-8, the second ethyl acetate 

elution and the third DCM:MeOH elution do not appear to significantly recover any more 

radioactivity for the two steps, respectively. Though one elution step for the first purification and 

two elution steps for the second purification are sufficient, the extra elution steps are still 

performed to ensure reproducibly by making certain all of the product fully transfers each time 

the radiosynthesis is performed. This addition of one extra elution step is similar to 

implementing safety factors when setting the durations for addition, evaporation, and transfer 

steps. 

One final useful assessment is in comparing the amount of purified product collected 

from the semi-preparative HPLC to the fraction determined from the chromatogram. In this 

particular example, the final collected product represented 75% of the radioactivity that was 

injected into the HPLC (i.e., 43% / 57%). The chromatogram revealed 77.2% abundance of the 

desired product. (Note that HPLC chromatograms must be corrected for decay. Unlike radio-

TLC, which looks at all of the peaks nearly simultaneously, there is a delay for each peak in 

HPLC based on the retention time.) The close correspondence of these two numbers indicates 

that there was very little loss (~2%) due to fluid handling during the purification process. 

It is important to note that the percentages mentioned in this section are all decay-

corrected in order to isolate physical losses away from those due to decay. Decay also plays a 
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large role in the final RCY, particularly for complex reactions or lengthy reaction steps. For 

example, the decay-corrected radioactivity in the reaction vial after the bromination reaction is 

59% and after the subsequent coupling reaction is 59%, but the duration of the coupling 

reaction is 30 min (plus additional time taken to add reagent) so there is significant loss due to 

decay. In such cases, one can consider how to reduce the duration of reactions by studying 

their kinetics. This can be particularly beneficial for relatively lengthy (≥ 30 min) reaction times. 

In complex synthesis protocols, it may also be worth considering how to accelerate various 

processes such as fluid transfers or evaporations. 
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Table 2-8. Radioactivity measurements taken during a L-[18F]FMAU radiosynthesis. 

 Assessment 
% of starting 
radioactivity(a) 

Components measured  

Reactor 1 

QMA capture efficiency 100% QMA cartridge after trapping 

Overall QMA elution 
efficiency 

98% 
Reactor 1 vial after [18F]fluoride 
elution 

Remaining after 
radiofluorination 

94% 
Reactor 1 vial after 
radiofluorination 

Reactor 2 

First ethyl acetate 
elution 

60% 
Reactor 1 vial, reactor 2 vial, first 
silica cartridge  

Second ethyl acetate 
elution 

61% 
Reactor 1 vial, reactor 2 vial, first 
silica cartridge 

Remaining after 
bromination reaction 

59% Reactor 2 vial after bromination 

Remaining after 
coupling reaction 

59% 
Reactor 2 vial after coupling 
reaction 

Reactor 3 

First DCM:MeOH 
elution 

48% 
Reactor 2 vial, reactor 3 vial, 
second silica cartridge 

Second DCM:MeOH 
elution 

56% 
Reactor 2 vial, reactor 3 vial, 
second silica cartridge 

Third DCM:MeOH 
elution 

57% 
Reactor 2 vial, reactor 3 vial, 
second silica cartridge 

Prior to HPLC 
purification 

57% 
Reactor 3 vial immediately before 
HPLC purification 

After 
purification 

HPLC fraction 43% Collected fraction of L-[18F]FMAU 

Percentages are decay-corrected, therefore do not account for loss due to decay. Reagent 
amounts can be found in Table 2-5. 

 

2.4.6. In vivo imaging 

 Performance of the syntheses was also evaluated by in vivo imaging. Four conscious 

C57BL/6 mice were injected at the UCLA Ahmanson Translational Imaging Division with 20 μCi 
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of D-[18F]FAC (tail vein, 60 min uptake) produced on the ELIXYS. Two days afterward, the same 

four mice were injected with D-[18F]FAC produced at the UCLA Biomedical Cyclotron Facility 

using a manual-operated apparatus [68]. Before scanning, mice were anesthetized with 2% 

isoflurane and placed in a dedicated imaging chamber designed for use with both the PET and 

CT systems. 10 minute whole-body PET images were acquired using a GENISYS4 (Sofie 

Biosciences Inc.; Culver City, CA, USA), and then transferred to the micro-CT (ImTek Inc.; 

Knoxville, TN, USA) for an 8-minute scan. Parameters for CT acquisition were 70 kVp, 500 μA 

and an exposure time of 480s. A Feldkamp reconstruction algorithm was applied. PET/CT 

images were fused and analyzed using OsiriX Imaging software (Pixmeo; Geneva, Switzerland). 

Uptake in the bone marrow (femur), spleen, and thymus, were normalized to muscle tissue and 

respectively averaged over the four mice. Uptake values were compared for the two batches of 

D-[18F]FAC. 

 

2.5. Results and discussion of the radiosyntheses 

 To validate the functionality of the synthesizer, the three-reactor syntheses of D-[18F]FAC 

and L-[18F]FMAU were performed. The maximum radioactivity used in the syntheses was ~ 0.95 

Ci. Decay-corrected radiochemical yield, duration of synthesis, and specific activity are listed in 

Table 2-9. Specific activity refers to the amount radioactive (i.e., 18F-labeled) product per total 

mass of the product (i.e., both 18F- and 19F-labeled). It is determined by dividing the radioactivity 

of a sample of the purified product injected into the analytical HPLC by the mass, which is 

determined from the integration of the UV portion of chromatogram that was previously 
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calibrated using a standard curve derived from the cold standard (i.e., 19F-labeled product). 

Standard curves are generated by similarly integrating the UV portion of peaks obtained from 

known amounts of the cold standard injected into the analytical HPLC and determining the 

linear equation that fits the dataset. Synthesis times and yields were comparable to or better 

than other reports found in the literature (Table 2-9). 

 

Table 2-9. Comparison of D-[18F]FAC and L-[18F]FMAU synthesis data. 

Radiotracer Reference RCY (%) 
Duration of 
Synthesis 

(min) 

Specific 
Activity 

(Ci/µmol) 

D-[18F]FAC 
Amarasekera et al. (2013) [68] 39 ± 5 (n = 13) ~240 >1.0 

This work 31 ± 5 (n = 6) 165 1.0 – 1.2 

L-[18F]FMAU 

Alauddin et al. (2002) [50] 20 – 30 210 – 240(a) 2.3 

Mangner et al. (2003) [59] 42.1 ± 12.1 (n = 9) 160 3.0(b) 

Li et al. (2011) [55] 12 ± 3 (n = 4) 150(a) 0.38 ± 0.03 

Amarasekera et al. (2013) [68] 35 ± 6 (n = 10) ~240 >1.0 

This work 46 ± 1 (n = 6) 170 2.7 – 4.6 

Decay-corrected radiochemical yield (RCY), synthesis duration (from start of synthesis to end of 
purification), and specific activity of two tracers produced with the ELIXYS radiosynthesizer 
compared to values found in literature. (a) Endpoint not specified, but presumably includes HPLC 
purification; (b) time point not specified, but presumably at time of injection into the analytical HPLC. 

 

Products were confirmed by co-injection with cold standard into the analytical HPLC, and 

radiochemical purity was found to be > 99% for both tracers. Though more rigorous testing is 

not required for preclinical (animal) imaging, numerous batches of D-[18F]FAC were subjected to 
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the complete set of QA tests required for clinical use and have passed. These tests include 

residual solvent analysis via gas chromatography, Kryptofix® 2.2.2 spot test, filter integrity test, 

radionuclide identity by half-life and energy, visual inspection of optical clarity, as well as 

pyrogenicity and sterility. Sofie Biosciences, Inc. is currently updating the software for 

compliance with current good manufacturing practice (cGMP), and the updated system will be 

placed in a clinical facility for production of D-[18F]FAC and L-[18F]FMAU under 21 CFR 212 

regulations or USP 823 guidelines. 

 In vivo imaging using D-[18F]FAC produced on ELIXYS and that produced by the UCLA 

Biomedical Cyclotron facility in a manual-operated apparatus [68] showed comparable images 

and uptake as expected in the gastro-intestinal tract (GI) and hematopoietic organs (Figure 

2-15) [58]. Though there appears to be higher “noise” (muscle uptake) in the images of mice 

injected with ELIXYS-produced D-[18F]FAC, there is also higher “signal” (organ uptake). Indeed, 

whole-body regions of interest (ROIs) excluding the tail showed that the total amount of 

radioactivity was higher in the images of the mice injected with the ELIXYS-produced tracer. We 

suspect there may have been variations in the injections, e.g., more tracer left in the tail in some 

of the images, leading to a lower amount of radioactivity in circulation. To remove these biases, 

organ uptake was normalized to a region of muscle tissue that showed no significant uptake. 
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Figure 2-15. In vivo imaging of D-[18F]FAC. 
(a) PET/CT imaging of two of the four C57BL/6 mice using D-[18F]FAC produced from either 
ELIXYS or a manually operated apparatus (TH, thymus; GI, gastrointestinal tract; SP, spleen; BL, 
bladder; BM, bone marrow). (b) Percent injected dose per gram (% ID/g) was normalized to 
muscle tissue and averaged for the four mice in each organ of interest. 

 

2.6. Conclusion 

 The information provided in this chapter reveals the design and inner workings of the 

ELIXYS that enables its use for both reaction development and routine production of PET 

tracers. The ELIXYS contains very few wetted fittings and tubing compared to other 

radiosynthesizers, yet through the unique use of motion to implement dynamically 

reconfigurable fluid paths, it is capable of diverse syntheses without hardware customization. It 

has been designed to be capable of diverse syntheses requiring up to three reaction vials, high-

pressure and high-temperature reactions, as well as sensitive, corrosive, and volatile reagents. 

Other features useful for radiochemists, such as numerous reagent positions, intermediate 

purification capabilities between reactors, and cameras for real-time monitoring of the reaction 

vials, have also been implemented and characterized to better improve the user experience. 

Finally, the control system and accompanying software [44] allow for a simplified approach in 

tackling the programming of sequences by eliminating the user’s need to consider the low level 

operations surrounding each unit operation and only require the key parameters to be inserted. 

 By using the complex syntheses of D-[18F]FAC as an example synthesis, the various 

components of the ELIXYS were rigorously tested. In particular, the reuse of the cassettes led 

to significant improvements in the overall design. Characterizations performed to determine 

losses during the addition of reagents and transferring of product solutions were helpful in 



 
 

 

103 
 

 

determining the initial parameters of the operations used in the synthesis protocol, and that may 

be valuable for protocols involving similar steps. The use of chromatography and radioactivity 

measurements aided in optimizing the operations and determining where additional 

improvements were necessary to improve the yield and reliability. In the end, the three-reactor 

syntheses of D-[18F]FAC and L-[18F]FMAU were successfully demonstrated, and yields and 

synthesis times were found to be comparable to other reports. Moreover, imaging performed 

using D-[18F]FAC from both ELIXYS and a comparable manual radiosynthesizer revealed very 

little variation, as expected, and samples of D-[18F]FAC produced in ELIXYS have passed 

clinical-level QA testing necessary for potential use in clinical studies. The ELIXYS performed 

as it was designed, and in the following chapters, more specifics about the temperature and 

pressure characterizations as well as other radiosyntheses performed on the ELIXYS will be 

presented.  
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3. Chapter 3: The Test 

3.1. Introduction 

3.1.1. Background 

 The preparation of positron emission tomography (PET) tracers has evolved over the 

years to include increasing automation [10,42,74]. As described in the previous chapter, for 

automation to be successful, thorough characterization of the reagent delivery, reaction, solution 

transfer, and other mechanisms of the radiosynthesizer needs to be performed and understood 

[40]. Only then is one able to specify appropriate parameters for the automated radiosynthesis 

protocol such that the system consistently and efficiently produces the desired product from a 

given input of reagents. 

An especially critical parameter in determining the reaction rates and yields of both the 

desired product and the formation of side-products is the reaction temperature. Consistent with 

normal practice in the field of organic synthesis, radiochemists typically report the temperature 

of the reactor heater (e.g., metal block, oil bath, etc.) along with the time during which the 

reaction vial (e.g., glass vial) is heated at the given temperature. Though it would be desirable to 

directly monitor and control the temperature of the vial contents, the combination of a harsh 

chemical environment, high pressure, and a small reaction vial makes it very challenging to 

accurately monitor the liquid temperature. Thus in automated radiosynthesizers, there is a 

system-specific discrepancy between the monitored reactor heater temperature and the actual 

liquid temperature that must be considered when developing synthesis protocols. The actual 

liquid temperature is furthermore related to the vapor pressure that is developed when 
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performing sealed reactions; it is critical to understand this relationship, especially when 

developing protocols involving reactions under superheated conditions (i.e., above the solvent’s 

normal boiling point), so that pressure limitations of the synthesizer are not exceeded. 

The ramping time for both heating and cooling should also be carefully considered. 

During relatively lengthy reaction times (e.g., >15-30 min for milliliter-scale volumes), the 

temperature of the reaction vial contents is likely to have equilibrated, reaching a stable value 

for much of the reaction time. However, as the reaction time decreases, which is a crucial 

difference between radiochemistry with short-lived isotopes (e.g., fluorine-18 with t1/2 = 109.8 

min) and conventional synthetic organic chemistry, this equilibrium may not be established, or 

may only be established for a relatively small fraction of the total heating time, with the rest of 

the time occurring during temperature ramping (i.e., heating up or cooling down). This problem 

is further intensified at higher reaction temperatures, which increase the equilibrium temperature 

and the required liquid heating time. It follows that performing reactions primarily during a 

temperature ramping phase can make it difficult to reproduce reaction conditions precisely, 

particularly when trying to adapt reaction conditions from one type of automated 

radiosynthesizer to another. 

Engineering design differences between synthesizers can significantly impact the time it 

takes the liquid temperature to ramp up toward the reactor heater setpoint, the liquid 

temperature reached at equilibrium, and the time it takes the liquid to cool back down to a 

certain temperature. Differences in the heating mechanism (e.g., immersion in an oil bath, 

resistively or thermoelectrically heating a metal “jacket” around the vial, inductive heating, or 

applying microwaves) have a major impact on these parameters. Even among different 
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synthesizers based on jacket heating (i.e., the most common approach), there can be significant 

differences. For example, the heating rate depends on the power output of the heater, the 

thermal mass of the heater and associated systems, the thickness and thermal conductivity of 

the reaction vial, the effectiveness of the thermal interface between the heater and the vial, etc. 

The equilibrium temperature depends on the power output of the heater and the degree of 

thermal insulation of the reaction vial from the rest of the environment. The cooling time 

depends on the heat removal capacity of the cooling system (e.g., exposure to ambient air, 

exposure to forced air, or recirculating liquid coolant) as well as the same geometric and 

mechanical factors that affect heating rate. With all of these potential variations, it follows that to 

achieve the same liquid temperature profile for a reaction on different synthesizers, it may be 

necessary to use different reactor heater setpoints, reaction durations, and cooling times. 

Ultimately, attempting to reproduce reactions on other systems without knowing the actual liquid 

temperatures can be challenging (especially for short-duration or high-temperature reactions), 

and thus require significant re-optimization to achieve similar results with another system. 

To avoid the re-optimization problem between tracer development and routine tracer 

production, many commercial systems, including the ELIXYS, currently exist that can 

accomplish both development of novel tracers and the subsequent translation to routine 

production on a single unit (e.g., GE TRACERlab™ models, Siemens Explora™ One, IBA 

Synthera®, Advion NanoTek®, TRASIS AllinOne). However, the radiochemistry community still 

faces the problem that each type of system behaves differently, and therefore automated 

protocols reported for one system must be specially tailored for use on a different system. 

Combined with the need to operate within system-specific limitations, the variations in reactor 
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heating can result in significant variation in reported protocol parameters for producing the same 

tracer on different systems. As an example, Table 3-1 illustrates the conditions used for the 

three-step radiosynthesis (i.e., [18F]fluorination, deprotection, and NHS ester formation) of N-

succinimidyl-4-[18F]fluorobenzoate ([18F]SFB), a commonly used prosthetic group for 

radiolabeling peptides and proteins with [18F]fluoride (Figure 1-4C), across different platforms. 

Though the reagent types and amounts vary slightly, the fundamental chemistry is the same for 

each reaction step, yet there is large variation in parameters among these publications. In 

addition to optimizations needed to account for differences among synthesizers, limitations 

within some of the automated systems (e.g., insufficient number of reactors, purification 

mechanisms between reactors, etc.) often lead users to make custom modifications to the 

system to fit their needs (e.g., adding additional reactors that are independently controlled) that 

possibly further vary the characteristic properties from the given parent system and make it 

difficult for others to replicate results. The great degree of inconsistency among 

radiosynthesizers, coupled with a lack of data or understanding of the reactor heating 

characteristics could explain, in part, the difficulty and high cost of adopting new tracers at 

production facilities, which in turn create a bottleneck in the investigation and validation of novel 

PET tracers. This is a particularly pressing issue in the radiopharmaceutical field and must be 

overcome to accelerate the expansion of PET and diversification of available tracers. 
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Table 3-1. Reaction parameters for various [18F]SFB synthesis protocols from literature. 

[18F]fluorination Deprotection 
NHS ester 
formation 

Decay-corrected 
RCY, synthesis time 

Synthesizer Reference 

MeCN 
90°C 

10 min 
 

MeCN/H2O 
100°C 
5 min 

 

MeCN 
90°C 
2 min 

 

34–39% 
68 min 

 

GE 
TRACERlab 

FxFDG
 

(modified) 

[75] 
 

DMSO 
115°C 
15 min 

 

H2O 
115°C 
9 min 

 

MeCN 
115°C 
5 min 

 

46±5% (n=4) 
78 min 

 

Siemens 
CPCU 

(modified) 

[76] 
 

MeCN 
90°C 

10 min 
 

MeCN 
120°C 
3 min 

 

MeCN 
90°C 
5 min 

 

44±5% (n=10) 
60 min 

 

Manual 
apparatus 

 

[77] 
 

MeCN 
90°C 

10 min 
 

MeCN 
120°C 
1 min 

 

MeCN 
90°C 
5 min 

 

43–60%(a) 
85 min 

 

GE 
TRACERlab 

FXF-N
 

(modified) 

[78] 
 

DMSO 
110°C 
15 min 

 

MeCN 
110°C 
10 min 

 

MeCN 
110°C 
5 min 

 

69±8% (n=6) 
78 min 

 

ELIXYS 

 
[60] 

 

(a) Decay-corrected RCY calculated from reported not-decay-corrected RCY and overall 
synthesis time. RCY and reaction times reported as mean ± standard deviation for the three-step 
protection of [18F]SFB. 

 

To increase awareness in the community, the above heating-related issues (i.e., 

discrepancy between actual and measured temperatures, temperature ramping time, and vapor 

pressure limitations) are illustrated via an extensive characterization of the relationship between 

the temperatures of the reactor heater (Theater) and liquid within the vial (Tliquid) for the ELIXYS. 

The ELIXYS is an ideal system for this investigation due to its ability to be readily modified to 
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enable simultaneous monitoring of both temperatures, while also supporting a particularly wide 

range of operating temperatures and pressures compared to other systems [57]. I characterized 

the Tliquid profiles over time for common reaction solvents to determine heating times, cooling 

times, and maximum liquid temperatures at equilibrium (Tmax) for different reactor heater 

temperature setpoints (Tset). Furthermore, I examined the effect of solutes using mock 

fluorination solutions for [18F]SFB, [18F]FDG, and D-[18F]FAC previously performed on the 

ELIXYS (see Chapter 4: The Application) [60]. Finally, for highly volatile solvents, I 

investigated the operating temperature limitations arising from the high vapor pressure 

generated at elevated Tset values. In addition to highlighting the importance of the heating 

issues, the presented data and analyses could aid users in efficiently translating synthesis 

protocols between ELIXYS and other thoroughly characterized systems without the need for 

extensive re-optimization. 

 

3.2. Materials and Methods 

3.2.1. Materials 

Potassium carbonate (K2CO3), Kryptofix® 2.2.2, and anhydrous (≥ 99%) MeCN, dimethyl 

sulfoxide (DMSO), N,N-dimethylformamide (DMF), 1,2-dichloroethane (DCE), chloroform 

(CHCl3), dichloromethane (DCM), methanol (MeOH), and toluene were purchased from Sigma-

Aldrich (Milwaukee, WI, USA) and used as received. Mannose triflate, 2-O-

(trifluoromethylsulfonyl)-1,3,5-tri-O-benzoyl-α-D-ribofuranose (D-sugar), and 4-(ethoxycarbonyl)-

N,N,N-trimethylbenzenaminium triflate (SFB precursor) were purchased from ABX (Advanced 
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Biochemical Compounds, Germany). All water was deionized to 18 MΩ and passed through a 

0.1 µm filter before use. 

 
Figure 3-1. Schematic of sealed reactor during temperature profile data collection. 
The top of the reaction vial is pushed up against a PTFE-coated silicone rubber gasket through 
which a thermocouple extends. The thermocouple is held in place by a threaded fluidic fitting 
installed on the cassette and is positioned in the solvent such that the temperature sensitive tip is 
fully submerged. 

 

3.2.2. Liquid temperature monitoring 

All temperature profile data was collected from the ELIXYS using cassettes slightly 

modified to accommodate a thermocouple immersed within the contents of the reaction vial for 

in situ temperature monitoring during heating, similar to that done in section 2.3.3. As shown in 

Figure 3-1, a 7”-long, K-type, Teflon®-coated, hypodermic needle thermocouple (HN-7-K-TEF, 

J-KEM Scientific; Saint Louis, MO, USA) was inserted through the polytetrafluoroethylene 
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(PTFE)-coated silicone gasket (Specialty Silicone Products, Inc., Ballston Spa, NY, USA, and 

Cannon Gasket, Upland, CA, USA) where the dip tube would normally be located. The 

thermocouple was held in place with a standard 1/4”-28 fluidic fitting with 1/16” ID ferrule (IDEX 

Health and Science; Oak Harbor, WA, USA). The thermocouple reading is sensitive to the 

temperature only for the 2 mm of its length closest to the tip. For each experiment, a new piece 

of the PTFE-coated silicone gasket material (cut to 2.2 x 2.7 cm) was prepared and affixed to 

the bottom of the cassette prior to insertion of the thermocouple. Instead of the usual two holes 

punched in this part of the gasket, only a single hole was punched, using a 23G blunt tip needle, 

to ensure a pressure-tight seal around the thermocouple. 

For each experiment, a clean, dry 5 mL glass V-vial (W986259NG, Wheaton; Millville, 

NJ, USA) was pre-weighed and 1.0 mL of the given solvent was added to the vial. The vial was 

then weighed again to determine an exact starting mass and volume. The filled vial (reaction 

vial), was placed into one of the three vial heaters. Using commands built into the debugging 

mode of the ELIXYS, the heater and vial were aligned with the thermocouple and pneumatically 

raised such that the top of the vial sealed against the gasket. The vertical position of the 

thermocouple was adjusted such that the tip was submerged and positioned 5 mm above the 

bottom of the vial. Starting near room temperature (~23-28°C), each experiment consisted of 

the following temperature cycle: 1) The reactor heater was rapidly heated until Theater reached 

the desired Tset; 2) Theater was held at Tset for a heating duration (treaction) of 30 min; 3) the heater 

was rapidly cooled (i.e., by means of the built-in recirculating liquid coolant system) until Tliquid 

dropped to 35°C. Stirring of the liquid was not implemented at any point during data collection 

as inconsistent Tliquid fluctuations were observed when stirring was performed, presumably due 



 
 

 

112 
 

 

to mechanical disturbance of the thermocouple by the stir bar. Upon completion of the 

experiment, the vial was weighed again to determine the remaining mass and volume of solvent 

to compute the amount lost during the experiment. Greater than 10% loss during the 30 min of 

heating was considered to be a failure in correctly sealing the vial. 

The above procedures were repeated for each solvent with Tset values of 40°C, 60°C, 

80°C, 120°C, 140°C, 160°C, and 180°C. 185°C is the current maximum operating temperature 

of the ELIXYS (see section 6.2.1 for more details). Solvents studied include MeCN, H2O, 

DMSO, DMF, DCE, CHCl3, DCM, MeOH, and toluene. Each profile was collected in triplicate for 

each Tset for the first five (commonly-used) reaction solvents, and one time for the last four 

(occasionally-used) solvents. Additionally, individual Tliquid profiles for the most-used solvents, 

MeCN and DMSO, were also collected using 0.5, 2.0, 3.0, and 4.0 mL volumes at each of the 

above Tset values. 

Temperatures were electronically collected every 0.5 s using temperature recording 

functions built into the debugging mode of the ELIXYS system. As described in Chapter 2: The 

Box, the reaction vial in the ELIXYS is heated by contact with a metal jacket consisting of three 

spring-loaded segments, each containing a 100 W cartridge heater and thermocouple for 

individual temperature control. During operation, all three feedback circuits are set to the same 

Tset, but independent control provides superior temperature uniformity around the vial. Theater 

was taken as the average of the three individually-controlled heating elements, and Tliquid was 

taken from the reading of the hypodermic thermocouple. A representative overlay of both Theater 

and Tliquid profiles over time is shown in Figure 3-2A. 
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Figure 3-2. Model temperature profile. 
Example of Theater and Tliquid profiles over time for MeCN heated to a Tset of 160°C for 30 min. 
Heating began with Theater and Tliquid at room temperature. Once the reactor heater temperature 
reached Tset, it was maintained for 30 min (treaction). Subsequently, the heater was deactivated and 
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cooling system activated to cool the vial until the contents reached 35°C. Definitions of relevant 
temperature and time parameters are depicted for the (A) Theater and (B) Tliquid profiles. 

 

3.2.3. Analysis of Tliquid profiles 

Temperature vs. time profiles were analyzed in Excel (Microsoft; Redmond, WA, USA). 

The following parameters were extracted from each Tliquid profile (Figure 3-2B). Tmax was 

determined by obtaining the average temperature reached by the liquid during equilibrium (i.e., 

the plateau region between 10 and 25 min of each profile). To determine a characteristic 

heating time, a straight line was extended from the inflection point until it intersected with the 

horizontal line at Tmax. The time necessary to reach this intersection point after heater activation 

(i.e., time t = 0) was defined as theat. The time for the liquid to cool down to 35°C, tcool-35, was 

defined as the duration between the time the heater was deactivated (and cooling system 

activated) and the time at which Tliquid reached 35°C during the cooling phase. A shorter cooling 

time, i.e., the time necessary to cool the solvent below its normal boiling point (tcool-bp), was 

similarly calculated by taking the time between heater deactivation and Tliquid reaching the 

normal boiling point of the solvent. Cooling to at least the boiling point or lower is essential to 

avoid solvent bumping and splashing when unsealing the reactor. For temperature profiles that 

were repeated multiple times, Tmax, theat, tcool-35 and tcool-bp values were computed as an average 

of the individually determined values and uncertainty was estimated using the standard 

deviation. Using linear regression, a “calibration” equation relating Tset and Tmax was also 

determined for each solvent. 
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To determine whether the presence of solutes significantly altered the Tliquid profile, mock 

solutions mimicking the radiofluorination reaction conditions to produce the 18F-fluorinated 

intermediates of [18F]SFB, [18F]FDG, and D-[18F]FAC were studied in parallel with the respective 

pure solvents under the same heating conditions. To prepare the mock [18F]FDG and D-

[18F]FAC reaction solutions, 1 mg of K2CO3 and 10 mg of Kryptofix® 2.2.2 were dissolved in 0.3 

mL of water and 0.5 mL of MeCN and added to the reaction vial. The contents were evaporated 

at 110°C to dryness and cooled to room temperature. To this, 20 mg of mannose triflate (for 

[18F]FDG) or 10 mg of D-sugar (for D-[18F]FAC) in 1.0 mL of MeCN was added to the reaction 

vial, the solution was mixed for 20 s. Mock [18F]FDG and D-[18F]FAC Tliquid profiling experiments 

were performed for 30 min at 130°C and 160°C, respectively. A Tliquid profile was also obtained 

for a 3 min reaction of the mock [18F]FDG solution as a model short-duration reaction (synthesis 

described in Chapter 4: The Application). To prepare the [18F]SFB mock reaction solution, 

4.25 mg of K2CO3 and 22 mg of Kryptofix® 2.2.2 were dissolved in 0.3 mL of water and 0.5 mL 

of MeCN and added to the reaction vial. The contents were evaporated at 110°C to dryness and 

cooled to room temperature. To this, 5 mg of the SFB precursor in 1.0 mL of DMSO was added. 

Profiling experiments were conducted for 30 min at 110°C. 

 

3.2.4. Determination of maximum Tset for each solvent 

Some of the solvents tested exhibited significant solvent loss (i.e., leaking) when heated 

at the highest temperatures, suggesting that the vapor pressure being generated exceeded the 

maximum operating conditions of the ELIXYS. Experiments were performed to determine the 

maximum Tset that could be used for these solvents. Reaction vials were prepared, weighed, 
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and filled by the same procedure as the temperature profiling experiments. The vial was then 

sealed against an unmodified gasket, (i.e., without pre-punching or thermocouple insertion) and 

heated for 15 min without monitoring of Tliquid. Seal integrity was determined by calculating the 

solvent loss during heating and judged on a pass/fail basis, where loss < 10% was considered a 

pass and loss ≥ 10% was considered a failure. For each solvent, experiments were repeated at 

progressively increasing Tset values starting from the highest previously observed success, and 

the lowest Tset that consistently resulted in significant leakage was determined. Using this Tset, 

the corresponding Tmax was calculated using the calibration equation and the theoretical vapor 

pressure at this Tmax was calculated using the Clausius-Clapeyron equation to determine the 

equivalent pressure limitation of the synthesizer for each solvent [73,79]. 

 

3.3. Results 

3.3.1. Tliquid profiles 

An example of a temperature profile containing both Theater and Tliquid is displayed in 

Figure 3-2. When the heaters are activated at time t = 0, Theater rapidly ramps up to the Tset, 

remains stable for treaction (30 min), and then rapidly drops down to room temperature (i.e., the 

temperature of the coolant) when the heaters are deactivated and cooling system activated. 

Tliquid initially ramps up quickly after a small delay, but then the temperature rise slows down 

(near t = theat), taking relatively considerable time to reach Tmax. During cooling, Tliquid ramps 

down quickly after a small delay, but the rate of cooling slows as the temperature approaches 

ambient conditions. 
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Figure 3-3. Temperature profiles of compromised experiments. 
Examples of MeOH temperature profiles when sealing is momentarily compromised. During initial 
investigations, “dips” were occasionally observed in the liquid temperature (Tliquid) profile for some 
solvents that correlated with significant liquid loss during the 30 min heating. The sudden change 
in pressure that occurs when sealing is momentarily compromised results in sudden decreases 
in Tliquid as the solvent quickly evaporates, and then Tliquid rises again as the vapor pressure 
equilibrium is established again under sealed conditions. The leakage in the Tset = 140°C profile 
was likely due to deformation of the cassette due to repeated use, which did not allow the vial to 
fully seal against the gasket. The loss of > 95% of the liquid for the Tset = 160°C profile was an 
indication of seal pressure limitations of the synthesizer. 

For each 30 min heating experiment, solvent loss was found to be low to negligible (i.e., 

below 10%, or 0.1 mL for a 1.0 mL starting volume) for all solvents and Tset values with the 

exception of CHCl3 at 180°C, MeOH at 160°C and 180°C, and DCM at 160°C and 180°C. 

Further studies were performed for these solvents to determine the Tset of failure (see section 

3.3.4). Note that if any leakage occurs during heating, occasional “dips” in Tliquid are often 

observed (example in Figure 3-3). For the example of MeOH at Tset = 140°C, I noticed that 

deformation of the cassette occurred after repeated temperature profile experiments were 
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performed at elevated temperatures. No leaks were observed at this temperature after the 

cassette was replaced. This shows that any damage to the cassette could lower the maximum 

pressure rating, but this is only noticeable for very volatile solvents such as those above. This 

issue is further discussed in section 6.2.2. No such fluctuations were observed for the 

experiments with solvent loss < 10%. An example of the Tliquid profiles for 1.0 mL of MeCN 

heated at various Tset values can be seen in Figure 3-4. Tliquid profiles for the other solvents can 

be found in Figure 3-5. 

 
Figure 3-4. Overlay of MeCN Tliquid profiles with 1.0 mL volume. 
Liquid temperature (Tliquid) profiles over time for 1.0 mL of MeCN for various reactor heater 
temperature setpoints (Tset). 
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Figure 3-5. Overlays of Tliquid profiles for the other solvents with 1.0 mL volume. 
 



 
 

 

121 
 

 

3.3.2. Maximum equilibrium liquid temperature, Tmax 

In general, the Tliquid equilibrated at some maximum value, Tmax, below Tset. The Tmax 

values are tabulated for 1.0 mL volumes of the different solvents in Table 3-2. For the range of 

tested temperatures, Tmax for each solvent was found to vary linearly with Tset. Table 3-3 

summarizes the results of the linear regression analysis and provides linear equations that allow 

prediction of Tmax for a given Tset (or vice versa). Data for other solvent volumes is given in 

Table 3-4. The solvent volume appears to have only a very minor effect on Tmax. 

 

Table 3-2. Tmax values for 1.0 mL of the given solvents. 

 Tmax (°C) 

Tset (°C) MeCN H2O DMSO DMF DCE CHCl3 DCM MeOH Toluene 

40 41 ± 0 41 ± 1 40 ± 1 40 ± 0 41 ± 0 41 41 41 41 

60 58 ± 1 60 ± 0 59 ± 1 59 ± 1 60 ± 0 59 60 61 61 

80 77 ± 1 78 ± 1 78 ± 0 78 ± 0 79 ± 0 80 78 79 79 

120 115 ± 1 114 ± 0 113 ± 1 118 ± 1 117 ± 1 118 117 116 118 

140 133 ± 2 131 ± 1 132 ± 1 135 ± 1 136 ± 1 135 132 133 138 

160 152 ± 2 148 ± 1 150 ± 2 156 ± 0 153 ± 3 155 a a 155 

180 170 ± 4 164 ± 1 168 ± 1 172 ± 1 173 ± 1 a a a 171 

Maximum achieved equilibrium temperature (Tmax) derived from temperature profiles of various 
solvents heated to different reactor heater temperature setpoints (Tset). For MeCN, H2O, DMSO, 
DMF, and DCE, the data are presented as mean ± standard deviation (n = 3). For the remaining 
solvents, each Tmax is determined from a single temperature profile (n = 1). (a) Tmax was not 
achieved due to reactor seal failure due to excess pressure generation within reactor. 
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Table 3-3. Linear calibration equations relating Tmax to Tset for each solvent. 

  Tmax = m × Tset + b 

Solvent m Δm(a) b Δb(a) R2 
Range of ΔTmax for Tset 

of 40 – 180°C (°C) 
ΔTmax/Tmax @ Tset 

= 180°C (%) 

MeCN 0.93 0.02 3.0 1.9 0.9988 2 – 3 2% 

H2O 0.88 0.01 7.4 1.3 0.9993 1 – 2 1% 

DMSO 0.91 0.01 4.1 1.2 0.9995 1 – 2 1% 

DMF 0.95 0.01 2.5 1.5 0.9993 2 – 3 2% 

DCE 0.94 0.01 3.9 1.6 0.9992 2 – 3 2% 

CHCl3 0.95 0.02 2.9 2.0 0.9998 2 – 4 2% 

DCM 0.92 0.05 4.6 4.4 0.9993 5 – 9 5% 

MeOH 0.92 0.02 5.0 2.4 0.9998 3 – 5 3% 

Toluene 0.94 0.03 4.0 3.9 0.9991 4 – 7 4% 

(a) Δm and Δb represent the ± 95% confidence interval for the slope and intercept of the equation, 
respectively. Goodness of fit and confidence intervals from the regression are also listed. To 
determine the uncertainty ΔTmax (± 95% confidence interval) in Tmax, the following equation was 

used: ΔTmax = √(∆m × Tset)2 + ∆b2. This value grows for increasing Tset, and the range of ΔTmax 

across the whole interval from 40–180°C is displayed. The maximum relative uncertainty 
ΔTmax/Tmax in this range, which occurs at Tset = 180°C, is also displayed. 
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Table 3-4. Tmax values for all measured volumes of MeCN and DMSO. 

 MeCN DMSO 

Tset (°C) 
0.5 
mL 

1.0 mL 
2.0 
mL 

3.0 
mL 

4.0 
mL 

0.5 
mL 

1.0 mL 
2.0 
mL 

3.0 
mL 

4.0 
mL 

40 41 41 ± 0 41 41 41 41 40 ± 1 41 41 41 

60 59 58 ± 1 60 59 58 59 59 ± 1 60 60 59 

80 76 77 ± 1 79 77 78 77 78 ± 0 78 78 79 

120 114 115 ± 1 115 114 114 116 113 ± 1 113 116 117 

140 132 133 ± 2 134 134 133 131 132 ± 1 132 135 135 

160 150 152 ± 2 152 152 152 153 150 ± 2 151 149 147 

180 165 170 ± 4 169 167 168 167 168 ± 1 170 169 170 

Equilibrium temperature (Tmax) derived from temperature profiles of various volumes of 
MeCN and DMSO at different reactor heater temperature setpoints (Tset). 1.0 mL data for 
both solvents are presented as mean ± standard deviation (n = 3). For the remaining 
volumes, each Tmax is determined from a single temperature profile (n = 1). 

 

Tmax values obtained for the mock reaction solutions simulating [18F]fluorination of 

[18F]SFB, [18F]FDG, and D-[18F]FAC are listed in Table 3-5 along with the pure solvent Tmax 

values for comparison. The presence of solutes seems to have minimal effect on the equilibrium 

behavior (i.e., Tmax) in the range tested. Similar independence on solute content was observed 

for the non-equilibrium conditions as a result of short-duration (3 min) heating time (at Tset = 

130°C), where Tmax = 123 ± 2°C (n = 3) for the solution and Tmax = 125 ± 2°C (n = 3) for MeCN 

alone. (Note that, in this non-equilibrated experiment, Tmax was taken as the maximum Tliquid 

temperature reached before cooling began). A comparison of the 3 min heated Tliquid profiles for 

MeCN and mock [18F]FDG solution is shown in Figure 3-6. 
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Table 3-5. Effect of solutes on Tmax values. 

 Measured Tmax (°C) 

 MeCN DMSO 

Tset (°C) Solvent only Reaction solution Solvent only Reaction solution 

110 -- -- 108 ± 1 108 ± 1 (mock [18F]SFB) 

130 127 ± 1 126 ± 1 (mock [18F]FDG) -- -- 

160 155 ± 1 153 ± 2 (mock D-[18F]FAC) -- -- 

Tmax values were derived from temperature profiles of the solvent alone versus mock reaction 
solutions based on the same solvent. Values are reported as mean ± standard deviation (n = 3). 
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Figure 3-6. Tliquid profiles of the 3 min heating of MeCN and mock [18F]FDG. 
Comparison of the Tliquid profile for 1.0 mL of mock [18F]FDG reaction solution and 1.0 mL of pure 
MeCN for a heating time of 3 min at Tset = 130°C. The profile clearly shows that Tliquid was being 
ramped during the entire duration of heating and never reached equilibrium (i.e., T = 126°C, 
representing the steady-state Tmax achieved for 30 min heating of the mock [18F]FDG reaction 
solution at Tset = 130°C). 

 

3.3.3. Heating and cooling times 

The heating time, theat, and cooling times, tcool-35 and tcool-bp, for the 1.0 mL solvent 

volumes are listed in Table 3-6, Table 3-7, and Table 3-8, respectively. Table 3-6 also lists the 

average portion of the heating time that is required to ramp up the heater itself. In general, 

heating and cooling times were longer for higher Tset values, as expected. The theat values were 

found to be relatively independent of solvent, whereas both tcool-35 and tcool-bp exhibited small but 

significant variations among solvents. Comparing the heating and cooling times of the mock 
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reaction solutions with pure solvents (Table 3-9) revealed the solutions to consistently require 

slightly longer heating and cooling times. Heating and cooling times for different volumes of 

MeCN and DMSO are compared in Table 3-10.  

Table 3-6. Heating time for 1.0 mL of each solvent. 

 
Heater 

ramp time 
(min) 

theat (min) 

Tset 
(°C) 

Heater to 
Tset 

MeCN H2O DMSO DMF DCE CHCl3 DCM MeOH Toluene 

40 
0.13 ± 0.03 

(n=19) 
1.0 ± 0.1 1.2 ± 0.2 1.6 ± 0.3 1.4 ± 0.1 1.1 ± 0.1 0.9 0.8 0.8 0.9 

60 
0.26 ± 0.02 

(n=19) 
1.3 ± 0.3 1.4 ± 0.2 1.8 ± 0.1 1.6 ± 0.2 1.3 ± 0.1 1.4 1.2 1.1 1.2 

80 
0.39 ± 0.02 

(n=19) 
1.3 ± 0.1 1.6 ± 0.3 1.7 ± 0.0 1.6 ± 0.1 1.4 ± 0.0 1.1 1.4 1.3 1.3 

120 
0.69 ± 0.03 

(n=19) 
1.6 ± 0.1 1.8 ± 0.1 2.1 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 1.4 1.6 1.5 1.4 

140 
0.90 ± 0.03 

(n=19) 
1.7 ± 0.0 1.9 ± 0.3 2.1 ± 0.1 2.0 ± 0.1 1.8 ± 0.1 1.6 2.0 1.8 1.5 

160 
1.1 ± 0.0 
(n=17) 

1.9 ± 0.1 2.2 ± 0.1 2.3 ± 0.2 2.0 ± 0.1 1.9 ± 0.2 1.7 (a) (a) 1.6 

180 
1.3 ± 0.1 
(n=16) 

2.0 ± 0.1 2.3 ± 0.4 2.4 ± 0.2 2.3 ± 0.1 2.1 ± 0.1 (a) (a) (a) 1.9 

Heating times (theat) derived from temperature profiles of solvents at different reactor heater 
temperature setpoints (Tset). For MeCN, H2O, DMSO, DMF, and DCE, the data are presented as 
mean ± standard deviation (n = 3). For the remaining solvents, the data is from a single 
temperature profile at each Tset (n = 1). For reference, the time necessary for the reactor heater 
to ramp up to Tset is also listed as the mean across all solvents ± standard deviation; this time is 
included in the theat values. (a) Accurate values could not be determined due to significant loss of 
volume during data collection. 
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Table 3-7. Cooling time to 35°C for 1.0 mL of each solvent. 

 tcool-35 (min) 

Tset (°C) MeCN H2O DMSO DMF DCE CHCl3 DCM MeOH Toluene 

40 0.62 ± 0.04 0.68 ± 0.06 0.81 ± 0.09 0.58 ± 0.04 0.63 ± 0.00 0.64 0.49 0.58 0.58 

60 1.3 ± 0.1 1.3 ± 0.2 1.5 ± 0.1 1.3 ± 0.2 1.3 ± 0.1 1.4 1.1 0.99 1.1 

80 1.8 ± 0.0 1.9 ± 0.1 1.9 ± 0.1 1.6 ± 0.0 1.6 ± 0.0 1.3 1.7 1.4 1.4 

120 2.5 ± 0.4 2.3 ± 0.2 2.9 ± 0.5 1.9 ± 0.4 1.9 ± 0.3 1.9 1.6 1.5 1.8 

140 2.8 ± 0.3 2.6 ± 0.5 2.9 ± 0.2 2.6 ± 0.2 2.3 ± 0.5 2.0 2.1 1.8 1.8 

160 2.8 ± 0.1 2.8 ± 0.3 3.1 ± 0.3 2.4 ± 0.5 2.3 ± 0.8 1.8 (a) (a) 2.2 

180 3.2 ± 0.3 3.2 ± 0.3 3.5 ± 0.3 3.0 ± 0.1 2.4 ± 0.1 (a) (a) (a) 2.5 

Cooling times to 35°C (tcool-35) after 30 min heating derived from temperature profiles of various 
solvents and reactor heater temperature setpoints (Tset). For MeCN, H2O, DMSO, DMF, and DCE, 
the data are presented as mean ± standard deviation (n = 3). For the remaining solvents, the data 
is from a single temperature profile at each Tset (n = 1). (a) Accurate values could not be calculated 
due to significant loss of volume during data collection. 
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Table 3-8. Cooling time to normal boiling point for 1.0 mL of each solvent. 

 tcool-bp (min) 

Tset (°C) MeCN H2O DMSO DMF DCE CHCl3 DCM MeOH Toluene 

40 -- -- -- -- -- -- -- -- -- 

60 -- -- -- -- -- -- 0.85 -- -- 

80 -- -- -- -- -- 0.49 1.3 0.46 -- 

120 0.59 ± 0.11 0.37 ± 0.02 -- -- 0.58 ± 0.03 0.81 1.4 0.71 0.27 

140 0.77 ± 0.06 0.51 ± 0.02 -- -- 0.72 ± 0.07 0.92 1.7 0.82 0.36 

160 0.86 ± 0.05 0.63 ± 0.02 -- 0.18 ± 0.03 0.73 ± 0.20 0.93 (a) (a) 0.49 

180 1.1 ± 0.1 0.75 ± 0.03 -- 0.34 ± 0.02 0.90 ± 0.02 (a) (a) (a) 0.60 

Cooling times to the normal boiling points (tcool-bp) after 30 min heating derived from temperature 
profiles of various solvents and reactor heater temperature setpoints (Tset). For MeCN, H2O, 
DMSO, DMF, and DCE, the data are presented as mean ± standard deviation (n = 3). For the 
remaining solvents, the data is from a single temperature profile at each Tset (n = 1). (a) Accurate 
values could not be calculated due to significant loss of volume during data collection. 
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Table 3-9. Effect of solutes on the heating and cooling times. 

 theat (min) tcool-35 (min) 

Tset (°C), treaction Solvent only Reaction solution Solvent only Reaction solution 

110, 30 min 
1.6 ± 0.1 
(DMSO) 

1.8 ± 0.2 
(mock [18F]SFB) 

1.8 ± 0.1 
(DMSO) 

2.1 ± 0.2 
(mock [18F]SFB) 

130, 3 min 
1.5 ± 0.1 
(MeCN) 

1.7 ± 0.1 
(mock [18F]FDG) 

1.9 ± 0.4 
(MeCN) 

2.3 ± 0.2 
(mock [18F]FDG) 

130, 30 min 
1.4 ± 0.1 
(MeCN) 

1.8 ± 0.2 
(mock [18F]FDG) 

2.0 ± 0.3 
(MeCN) 

2.7 ± 0.4 
(mock [18F]FDG) 

160, 30 min 
1.8 ± 0.1 
(MeCN) 

2.2 ± 0.2 
(mock D-[18F]FAC) 

2.0 ± 0.1 
(MeCN) 

3.7 ± 0.3 
(mock D-[18F]FAC) 

Heating times (theat) to reach ~ 80% of the maximum equilibrium temperature and cooling times 
to 35°C (tcool-35) derived from temperature profiles of the mock solutions and their respective pure 
solvents at various reactor heater temperature setpoints (Tset). Both 3 and 30 min reactions times 
(treaction) are listed from the mock [18F]FDG reaction. Each value is mean ± standard deviation for 
n = 3 profiles. 
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Table 3-10. Heating and cooling times for all measured volumes of MeCN and DMSO. 

  MeCN DMSO 

 
Tset 
(°C) 

0.5 
mL 

1.0 mL 
2.0 
mL 

3.0 
mL 

4.0 
mL 

0.5 
mL 

1.0 mL 
2.0 
mL 

3.0 
mL 

4.0 
mL 

theat 
(min) 

40 1.0 1.0 ± 0.1 1.3 1.5 1.4 1.4 1.6 ± 0.3 1.8 1.9 1.9 

60 1.4 1.3 ± 0.3 1.4 1.7 1.8 1.8 1.8 ± 0.1 1.9 1.9 2.0 

80 1.7 1.3 ± 0.1 1.5 1.7 1.8 1.8 1.7 ± 0.0 1.9 2.0 2.1 

120 1.6 1.6 ± 0.1 2.0 2.0 2.1 1.7 2.1 ± 0.1 2.2 2.1 2.3 

140 1.9 1.7 ± 0.0 1.9 2.0 2.1 2.3 2.1 ± 0.1 2.3 2.2 2.4 

160 2.1 1.9 ± 0.1 2.3 2.3 2.4 2.1 2.3 ± 0.2 2.3 2.6 2.6 

180 2.1 2.0 ± 0.1 2.4 2.6 2.7 2.6 2.4 ± 0.2 2.9 2.5 2.5 

            

tcool-35 
(min) 

40 0.62 0.62 ± 0.04 0.51 0.54 0.45 0.79 0.81 ± 0.09 0.64 0.62 0.55 

60 1.3 1.3 ± 0.1 1.1 1.1 1.1 1.6 1.5 ± 0.1 1.2 1.2 1.2 

80 1.9 1.8 ± 0.0 1.5 1.6 1.6 2.0 1.9 ± 0.1 2.1 1.6 1.7 

120 2.9 2.5 ± 0.4 2.2 2.0 1.9 2.3 2.9 ± 0.5 2.9 2.1 2.4 

140 2.9 2.8 ± 0.3 2.1 2.3 2.5 3.1 2.9 ± 0.2 3.0 2.6 2.4 

160 2.9 2.8 ± 0.1 2.3 2.6 2.8 3.1 3.1 ± 0.3 3.5 2.9 2.7 

180 3.3 3.2 ± 0.3 2.6 2.9 3.5 4.3 3.5 ± 0.3 4.1 3.5 3.4 

Heating times (theat) to reach ~ 80% of the maximum equilibrium temperature and cooling times 
to 35°C (tcool-35) derived from temperature profiles of MeCN and DMSO at multiple solvent volumes 
and various reactor heater temperature setpoints (Tset). 1.0 mL data for both solvents are 
presented as mean ± standard deviation (n = 3). For the remaining volumes, each value is 
determined from a single temperature profile (n = 1). 

 

3.3.4. Maximum temperatures and pressures 

The solvents MeCN, H2O, DMSO, DMF, DCE, and toluene all exhibited low loss when 

heated for 30 min at each Tset including 180°C. For the remaining solvents, the operating limits 

were investigated with finer granularity. For CHCl3, MeOH, and DCM, the onset of leaking was 
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observed to occur at Tset values of 179°C, 161°C, and 146°C, respectively. (Note that since 

leakage generally occurs relatively early, only 15 min heating was needed for these 

experiments.) Figure 3-7 summarizes the theoretical vapor pressures of all tested solvents at 

Tliquid values ranging 0 – 180°C. The specific failure points for CHCl3 (212 psi), MeOH (217 psi), 

and DCM (194 psi) are marked on the graph after conversion of Tset at failure to Tmax at failure 

using the calibration equations (Table 3-3). The minimum of the corresponding pressures (i.e., 

194 psi) can be used as a general estimate of the pressure limit for sealed reactions in ELIXYS. 

 

Figure 3-7. Assessment of vapor pressure and Tliquid. 
Theoretical vapor pressure generated inside a sealed reactor as a function of liquid temperature 
for different solvents. Solenoid valves commonly used in automated synthesizers typically 
withstand pressures up to 30, 50, or 100 psi before failing. ELIXYS maintains ~ 200 psi of pressure 
within the reactor before solvent is lost to vapor leakage. Liquid temperatures at which sealing 
failure occurs in ELIXYS for the highly volatile solvents DCM, MeOH, and CHCl3 are displayed 
with their corresponding vapor pressures. In other systems, failures would be observed at lower 
temperatures and for a greater number of the solvents. 
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3.4. Discussion 

3.4.1. Equilibrium temperature 

During heating, energy is transferred from the heater to the vial walls and then to the vial 

contents. Though heat enters the liquid only from the vial walls, convection or stirring within the 

vial rapidly homogenizes the temperature throughout the liquid. The rate of heat transport 

depends on the temperature difference between the heater and the vial; thus, the rate of 

temperature increase of the vial contents is initially rapid and then slows down as the contents 

of the vial approach the setpoint, Tset. Since the reaction vial cannot be completely isolated from 

the surrounding environment during heating, heat losses invariably occur, resulting in the 

equilibrium temperature of the reaction vial contents, Tmax, to always be somewhat lower than 

Tset. The magnitude of this discrepancy in ELIXYS is shown in Table 3-2 and Table 3-5. The 

ELIXYS employs a similar thermal heating mechanism and vial geometry to those found in other 

automated radiosynthesizers, particularly those used in routine clinical production of PET 

tracers; therefore, most of those radiosynthesizers could exhibit a similar discrepancy. 

Additionally, a direct comparison of oil bath heating vs. ELIXYS heating (Figure 2-11) revealed 

comparable Tliquid heating profiles, indicating that the same phenomenon can be expected with 

manual radiochemistry setups employing either metal jacket or oil-based heating mechanisms. 

Note that since it is the heater temperature that is monitored by nearly all radiosynthesizers, it 

may appear to the operator that the reaction is being performed at this exact temperature, but 

as demonstrated here, the reaction solution never quite reaches this temperature, even at 

equilibrium. 



 
 

 

133 
 

 

Since the rate of heat transfer from the reactor heater to both reaction vial and the 

environment is higher for higher Tset, it is not surprising that the discrepancy between Tset and 

Tmax increases in magnitude for higher Tset values. At Tset = 180°C the Tmax values ranged from 3 

– 8% below Tset, depending on the solvent. Though, previously, this discrepancy had not been 

extensively studied in the literature for vial-based systems, one study by Bejot et al. [80], using a 

batch-type microfluidic reactor, reported a similar discrepancy between Theater and Tliquid of 6 – 

8%. Moreover, for a given solvent, the reaction vial and contents maintain a constant mass (m) 

and heat capacity (cp); therefore, it follows that adjusting the Tset, i.e., the overall heat 

transferred to the reaction vial (ΔQ), has a linear effect on the temperature increase to Tmax 

(ΔT), as shown in equation ΔQ = mcpΔT. Further evidence for this is provided by a clear linear 

trend found between the Tset and Tmax values for each solvent (Table 3-3). The Tmax of each 

mock reaction solution was also found to be similar to the Tmax of the pure solvent (i.e., within 

one standard deviation), suggesting that the Tmax for solutions can be approximated using data 

from the pure solvents (Table 3-3) for radiochemical reactions performed on the ELIXYS 

radiosynthesizer at any Tset between 40 – 180°C. More importantly, if the relationship between 

these temperatures is known for a different type of synthesizer, it becomes straightforward to 

translate synthesis conditions between the two systems: Tmax can be predicted by using the data 

from one system, and then, using the data from the second system, an adjusted Tset value to be 

used on the second system can be determined. 
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3.4.2. Heating and cooling times 

The temperature ramping time during heating, theat, was characterized as a function of 

Tset as well as solvent type and solvent volume. As shown in Table 3-6, the Tliquid heating time 

indeed requires up to just over 2 min, depending on Tset. Despite the different heat capacities of 

the solvents, heating times were found to depend very little on the type of solvent. The reported 

times include the time necessary to ramp the temperature of the heater itself, Theater, to the given 

Tset. In the worst case, this ramp time is just over 1 min (Table 3-6); the effect of this is that 

during the first ~ 1 min of heating, the temperature differential between the heater and the 

reaction vial (and thus the rate of heat energy transfer) is not maximized. Systems involving 

movement of the vial to a pre-heated oil bath, for example, would likely exhibit slightly faster 

ramping times, with all other conditions being equal. As noted for the equilibrium temperature, 

since it is the heater temperature that is monitored by nearly all radiosynthesizers, it may appear 

to the operator that heating of the reaction solution to Tset is completed in ~ 1 min, but as 

demonstrated here, the solution requires substantially longer ramping time to equilibrate. 

The ramping time is expected to be on the order of minutes in other radiosynthesizers as 

well, and may be faster or slower depending on the power of the heating system and other 

geometrical factors. Unfortunately, this parameter is not generally specified for commercial 

systems. The ELIXYS system employs 300 W of heating power per reactor. In terms of ramp 

time, one exception is microwave-heated systems, where the temperature of the vial contents 

can rise much more quickly [81] due to the immersion of the entire vial in the microwave field, 

rather than heat energy being supplied only at the vial walls as is the case for conventionally-

heated systems. It should also be noted that the definition of theat is a characteristic time and not 
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the actual time to reach thermal equilibrium. A detailed look at the Tliquid achieved at theat for all 

profiles revealed it to be on average > 80% of the Tmax for all solvents and Tset values (see Table 

3-11). Qualitatively, theat coincides with the transition between rapid heating and slowing of 

heating as Tmax is approached. In general, 1 – 2 min of additional heating time beyond time = 

theat was needed to reach Tmax. 

 

Table 3-11. Percentage of Tmax reached at time = theat. 

Tset (°C) (Tliquid at theat) / Tmax (%) 

40 90 ± 2 (n = 19) 

60 82 ± 2 (n = 19) 

80 80 ± 1 (n = 19) 

120 80 ± 1 (n = 19) 

140 81 ± 2 (n = 19) 

160 82 ± 3 (n = 17) 

180 82 ± 4 (n = 16) 

Values at each Tset are averaged across all solvents. 

 

The ramp time becomes most relevant in short reaction steps, where the ramp time is a 

significant fraction of the reaction time. One can be certain that reactions performed with < 2 

min duration on the ELIXYS system occur primarily, if not entirely, during a significant 

temperature ramp. An example of this is the 3 min mock [18F]FDG [18F]fluorination at Tset = 

130°C (Figure 3-6), in which Tliquid was nearing but had not fully reached equilibrium. Ultimately, 

any reaction that is dominated by time spent during ramping is likely to be difficult to reproduce 

on other systems. The heating data in this study may therefore be useful for estimating heating 
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times for reactions performed on systems with heating systems similar to the ELIXYS. If heating 

performance data are available for systems with differing heating mechanisms than the ELIXYS, 

these data may help in translating protocols between these systems and the ELIXYS. For 

example, when adapting a synthesis from a relatively quick-heating system to a slower-heating 

system, it may be necessary to increase the time the heater remains at the reaction temperature 

to account for the longer time needed to reach equilibrium. 

After the heating step (e.g., reaction) is complete, the reaction vial contents must be 

cooled to quench the reaction and to reduce the vapor pressure within the headspace. If the vial 

is unsealed under pressurized conditions, there is a significant risk that the liquid contents can 

spill out (or “bump”) due to the sudden pressure change. Cooling times down to 35°C (Table 

3-7) were found to vary from under 1 min at the lowest Tset values to just over 3 min for some 

solvents. From shortest to longest cooling times, the ordering of the commonly used solvents 

was DCE, DMF, (MeCN and H2O), and DMSO. For simplicity, a fixed cooling time of 3.5 min 

could be used for all cooling steps, as this was the highest observed time across all solvents 

and Tset values. Unlike heating times which were approximately independent of solvent, tcool-35 

depends more significantly on the type of solvent. The tcool-35 did not appear to be directly 

correlated with the specific heat capacities of the solvents; likely the cooling time depends on a 

combination of physical properties (Table 3-12). 
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Table 3-12. Physical and thermodynamic properties of the solvents in the liquid phase. 

 MeCN H2O DMSO DMF DCE CHCl3 DCM MeOH Toluene  

Molecular weight 
(g/mol) 

41.052 18.015 78.133 73.094 98.959 119.378 84.933 32.042 92.139  

Density (g/mL) 0.7857 0.9970 1.1010 0.9445 1.2454 1.4788 1.3266 0.7914 0.8623  

Normal boiling 
point (°C) 

81.6 99.974 191.9 152.8 83.4 61.2 39.8 64.5 110.60  

Thermal 
conductivity at 
25°C (W/m-K) 

0.188 0.6062 N/A 0.183 0.133 0.117 0.140 0.202 0.1310  

Molar heat 
capacity (J/mol-K) 

91.5 75.3 153.0 150.6 128.4 114.2 101.2 81.1 157.3  

Specific heat 
capacity (J/g-K) 

2.23 4.18 1.958 2.060 1.298 0.9566 1.192 2.53 1.707  

Data taken from Haynes, W.M., 2013. CRC Handbook of Chemistry and Physics, 94th Edition. 
CRC Press [73]. N/A denotes that the particular data point was not available. 

 

In protocols with a large number of heating steps (i.e., reactions or evaporations), the 

cooling time can become a significant part of the overall synthesis time. In fact, due to the 

efficient cooling mechanism in ELIXYS (i.e., pumping room temperature liquid coolant through 

each reactor heater), the cooling times described here may be shorter than those for other 

systems (e.g., which achieve cooling by simply removing the vial from the heating jacket or by 

blowing compressed air over the external surface of the vial). To reduce synthesis time, 

especially if there are many cooling steps, it may be desirable to fine-tune the cooling time 

based on the particular solvent and Tset, rather than simply using a fixed value. To further 
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reduce the time needed for cooling, one can consider cooling to just below the normal boiling 

point (Table 3-8) rather than 35°C. This would require substantially less time, yet still greatly 

reduce the chance of bumping. In general, these cooling times were less than 1 min, except for 

DCM, which required up to 1.7 min at the highest achievable Tset. The ordering of solvents from 

shortest to longest tcool-bp values was DMSO, DMF, H2O, DCE, and MeCN, which was different 

from the tcool-35 ordering. The tcool-bp values inversely correlated to the normal boiling points of the 

solvents (Table 3-12), which was expected considering the lower boiling points required more 

cooling time to be reached. 

Regarding the comparison of pure solvents with the mock [18F]fluorination reaction 

solutions, an increase in the heating and cooling times was observed for the solutions as 

compared to the pure solvents (Table 3-9). This is in contrast to the Tmax, which did not appear 

affected by the presence of solutes. To account for this difference, it is recommended that 

approximately 0.5 min be added to the heating times determined for pure solvents. For cooling 

to 35°C, an addition of 0.3 – 2.0 min may be required, depending on Tset. 

 

3.4.3. Effect of reaction volume 

The solution volume is another variable that could influence the temperature profile. 

Larger volumes in a given reaction vial increase the mass being heated, and thus require more 

heat energy to achieve the same temperature change. On the other hand, larger volumes also 

increase the liquid surface area in contact with the reaction vial wall, thus increasing the rate of 

heat energy transfer. Typical vial-based radiochemical reaction volumes vary from ~0.2 – 2.0 
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mL, therefore I chose 1.0 mL to perform most of the measurements. To specifically study the 

effects of volume, a few preliminary tests were performed with MeCN and DMSO with volumes 

of 0.5, 1.0, 2.0, 3.0, and 4.0 mL and observed Tmax to be relatively independent of volume, 

exhibiting only a standard deviation of ± 2°C across the whole volume range (Table 3-4). 

Heating and cooling times across the volumes for a given Tset and solvent had standard 

deviations of no more than ± 0.4 min (Table 3-10). This suggests that the data tabulated here 

represents a good approximation of heating parameters even for volumes smaller or larger than 

1.0 mL. 

 

3.4.4. Seal integrity testing 

Certain solvents, when heated to high temperatures, exhibited significant volume loss, 

presumably due to the leakage of vapor that resulted from exceeding the pressure limitation of 

the ELIXYS. In some cases, deformation or even destruction of gaskets in the vicinity of the 

thermocouple was found. To ensure that the thermocouple, which would not normally be 

present during routine use of the ELIXYS, was not limiting performance, several experiments 

were performed without the thermocouple installed (i.e., without any holes in the gasket). 

Indeed, slightly increased Tset values could be used without failure. The failure points are shown 

in Figure 3-7, which revealed the current pressure limitation in the ELIXYS to be ~ 200 psi. 

Though most automated synthesizer manufacturers do not disclose the pressure limitations of 

their reactors, this pressure is far above the operating range of chemically-resistant solenoid 

valves likely used in other vial-based radiosynthesizers to seal the reactor during heating. Most 

applicable “off-the-shelf” valves handle 30 – 50 psi with the more robust valves reaching ~ 100 
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psi. It should be noted that certain non-vial-based microfluidic systems, such as the Advion 

NanoTek® and a prototype microfluidic device developed by Siemens, have reported pressure 

ratings of up to 400 psi [82] and 300 psi [83], respectively. Increase of the operating pressure 

range of the ELIXYS system is in principle possible by increasing the pneumatic sealing 

pressure of the reaction vial against the gasket or utilizing other gasket materials (described 

further in section 6.2). 

I believe that synthesizer manufacturers should share data about the pressure limitations 

of their systems. Data about vapor pressure as a function of temperature is readily available for 

many solvents, but the lack of information about the pressure limitations of the synthesizer 

makes it impossible for users to know the practical operating temperature limit when using a 

particular solvent without investigating this themselves. There are examples in the literature 

where the user of a system has chosen a temperature that likely is outside the operating range 

of the system and observed significant losses of solvent, lower than expected yield, or other 

adverse effects. One example is by Paolillo et al., who noted a decrease in overall yield due to 

solvent evaporation during the reaction steps [54]. As the solvent evaporated, solutes from the 

reaction solution dried on the sides of the reactor, thus removing them from the reaction. The 

evaporated solvent had eventually condensed inside tubing connected to the reactor. In the 

end, such information would also help users to determine whether published protocols can be 

directly implemented on that system, or whether modifications of the chemistry would be 

necessary to work around those limitations. 
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3.5. Conclusion 

In this study, I present the equilibrium temperatures and heating and cooling times of a 

variety of solvents and solutions during fully-sealed heating for a wide range of Tset values using 

the ELIXYS. Due to similarities between ELIXYS and other systems, these data are expected to 

give a rough idea of the magnitude of these measures of performance in other systems.  

I observed that the Tmax reached within the vial can be significantly less than the Tset, and 

that significant differences exist among different solvents, especially as Tset values increased. In 

addition to pure solvents, I investigated the heating of mock [18F]fluorination solutions and 

observed very little effect on the maximum equilibrium temperature compared to pure solvents. I 

also observed that, despite the efficient thermal management of the vial and capabilities for very 

rapid heating and cooling on the ELIXYS, temperature changes within the liquid lagged behind 

the reactor heater by up to several minutes. Due to this effect, it is likely that reaction times of 1-

2 min will never reach equilibrium, and thus will be difficult to replicate by others in the field 

unless they are using exactly the same synthesizer. Finally, for highly volatile solvents, sealed 

heating was not possible at some Tset values due to the high vapor pressures that are 

generated, leading to loss of the reaction vial seal integrity (or leading to valve failure in other 

systems). I determined the maximum operating temperature for different solvents and noted that 

the failure point occurred close to ~200 psi, thus indicating the pressure limit of the ELIXYS. 

Though this pressure data is not typically available from manufacturers of other systems, I 

believe it would be immensely useful to radiochemists in determining the acceptable working 

temperature range for different solvents. 



 
 

 

142 
 

 

I encourage the community to perform characterizations of other synthesizers to 

facilitate adaptation of synthesis protocols from one system to another, and thus enable more 

widespread sharing of published automated protocols with reduced need for re-optimization. 

Ultimately, this could help significantly increase the availability of diverse novel tracers to both 

research scientists and clinicians.  
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4. Chapter 4: The Application 

4.1. Introduction 

In this chapter, I present the ability of the ELIXYS to reproducibly synthesize various 18F-

labeled PET tracers with known chemistry: 2’-deoxy-2’-[18F]fluoro-β-D-arabinofuranosylcytosine 

(D-[18F]FAC), 2’-deoxy-2’-[18F]fluoro-5-methyl-β-L-arabinofuranosyluracil (L-[18F]FMAU), 2’-

deoxy-2’-[18F]fluoro-5-ethyl-β-D-arabinofuranosyluracil (D-[18F]FEAU), 2-deoxy-2-[18F]fluoro-β-D-

glucose ([18F]FDG), 3’-deoxy-3’-[18F]fluoro-L-thymidine ([18F]FLT), (S)-N-((1-Allyl-2-

pyrrrolidinyl)methyl)-5-(3-[18F]fluoropropyl)-2,3-dimethoxybenzamide ([18F]Fallypride), 9-(4-[18F]-

fluoro-3-hydroxymethylbutyl)-guanine ([18F]FHBG), and N-succinimidyl-4-[18F]fluorobenzoate 

([18F]SFB). Table 4-1 provides a brief description of the general use of each tracer. The key 

purpose of this study is the application of the ELIXYS to not only perform fully-automated 

radiosyntheses of a diversity of tracers, but also to demonstrate that each tracer could be 

synthesized using the same hardware and cassette design regardless of the requirements of 

the synthesis. The only physical differences (i.e., beyond the programmed sequences) between 

tracer syntheses were the reagents used and the purification mechanisms employed. 

In Chapter 2: The Box, the syntheses of D-[18F]FAC and L-[18F]FMAU were shown to 

require all three reactors, whereas each of the other tracers presented here only require one 

reactor. In fact, the tracer D-[18F]FEAU is presented using both three-reactor and one-reactor 

radiosynthesis methods. Because some of the tracers only required one reactor, I was also able 

to demonstrate that the three reactors can be leveraged to sequentially synthesize multiple 

single-reactor tracers ([18F]FLT, [18F]FDG, and [18F]Fallypride) with very minimal manual 
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intervention. This could enable preclinical imaging with multiple tracers in the same day from a 

single synthesizer. I present the details of this demonstration as well as the imaging performed 

with these tracers. Finally, I present clinical-level quality assurance (QA) testing that was 

performed on batches of D-[18F]FAC and [18F]FDG to ensure the quality of tracers produced is 

suitable for clinical use. 

Ultimately, the goal of this study was to use the characterized ELIXYS to produce a wide 

variety of 18F-labeled PET tracers using simplified system operations and a disposable-cassette 

model designed to flexibly accommodate different unit operations, thus avoiding the need for 

hardware modifications between syntheses of different tracers. As described in section 1.3, the 

motivation for building the ELIXYS centered on providing users with one system capable of 

meeting all of their radiosynthesis needs. Beyond the diversity of tracers synthesized, the 

sequential single-reactor syntheses were designed to exemplify further the power in leveraging 

the three reactors of one system by producing three well-known tracers for immediate use for 

imaging within a given day. Finally, the QA testing provides evidence for the suitability of these 

tracers for clinical production and not simply for preclinical research applications. 

 

Please note that this chapter is a modified version of reference [60]. 
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Table 4-1. Synthesized 18F-labeled PET tracers and their general use for PET imaging. 

Tracer PET Imaging Use(s) 

D-[18F]FAC 
T-cell proliferation and immune disorders; prediction of gemcitabine 
efficacy. 

L-[18F]FMAU 
Tumor proliferation; monitoring gene therapy (reporter probe for 
herpes simplex virus type 1 thymidine kinase reporter gene). 

D-[18F]FEAU 
Monitoring gene therapy (mammal specific reporter probe for herpes 
simplex virus type 1 thymidine kinase reporter gene). 

[18F]FDG Tumor proliferation; glucose metabolism. 

[18F]FLT Tumor proliferation; thymidine kinase 1 activity in mitotic cells. 

[18F]Fallypride 
Ligand for D2-like dopamine receptor in the striatum; monitoring 
neurological disorders. 

[18F]FHBG 
Monitoring gene therapy (reporter probe for herpes simplex virus type 
1 thymidine kinase reporter gene). 

[18F]SFB Prosthetic group for 18F-labeling of proteins and peptides. 

 

4.2. Materials and Methods 

4.2.1. Materials 

No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [18O]H2O (84%, 98% 

isotopic purity, Medical Isotopes; Pelham, NH, USA) in a RDS-112 cyclotron (Siemens; 

Knoxville, TN, USA) using a 1 mL target (11 MeV) or in a PETtrace (GE Healthcare, Milwaukee, 

WI, USA) using a 2.5 mL target (16 MeV). Anhydrous grade acetonitrile (MeCN), 

dimethylsulfoxide (DMSO), ethyl acetate, toluene, 1,2-dichloroethane (DCE), dicholoromethane 

(DCM), methanol (MeOH), 2,3-dimethyl-2-butanol (thexyl alcohol), hexane, N,N,N′,N′-

Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU), potassium carbonate 
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(K2CO3), potassium bicarbonate (KHCO3), potassium phosphate monobasic (KH2PO4), 

ammonium phosphate monobasic (NH4H2PO4), ammonium acetate (NH4OAc), ammonium 

formate, 0.5 M sodium methoxide (NaOMe) in MeOH, 33% hydrobromic acid in acetic acid (HBr 

solution), 2 N sodium hydroxide (NaOH), trifluoroacetic acid (TFA), 1 M tetramethylammonium 

hydroxide in water (TMAOH), 4% tetrabutylammonium hydroxide, triethylamine (TEA), 37% 

hydrochloric acid (HCl, further diluted with water to form a 6 N solution), ammonium sulfate 

((NH4)2SO4), hexamethyldisilazane (HMDS), trimethylsilyl trifluoromethanesulfonate (TMSTfO), 

and 5-ethyluracil were purchased from Sigma-Aldrich (Milwaukee, WI, USA). 1 N HCl was 

purchased from Fisher Scientific (Pittsburg, PA, USA). The tC18 (WAT036810) and silica 

cartridges (WAT020520 and WAT043400) were purchased from Waters (Milford, MA, USA). 

FDG purification cartridges (Chromabond® Set V, 730883.1129785) were purchased from 

MACHEREY-NAGEL GmbH & Co. KG (Düren, Germany). 0.45 µm regenerated cellulose (RC) 

membrane syringe filters (AF0-2103-12) were purchased from Phenomenex (Torrance, CA, 

USA). F18 Trap & Release Cartridges (MP1) for the one reactor D-[18F]FEAU synthesis were 

purchased from ORTG (Oakdale, TN, USA). 2-O-(trifluoromethylsulfonyl)-1,3,5-tri-O-benzoyl-

alpha-D-ribofuranose (D-sugar), 2-O-(trifluoromethylsulfonyl)-1,3,5-tri-O-benzoyl-alpha-L-

ribofuranose (L-sugar), bis(trimethylsilyl)cytosine (FAC precursor), 5-methyl-2,4-

bis[(trimethylsilyl)oxy]pyrimidine (FMAU precursor), mannose triflate, FB-precursor, 3-N-Boc-5′-

O-dimethoxytrityl-3′-O-nosyl-thymidine (FLT precursor), Tosyl-Fallypride, Tosyl-FHBG, 

4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix® 2.2.2), 

tetrabutylammonium bicarbonate (TBAHCO3), preconditioned quaternary methylammonium 

(QMA) cartridges, sterile collection vials, and all cold standards were purchased from ABX 
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(Advanced Biochemical Compounds; Radeberg, Germany). D-sugar and TBAHCO3 used for the 

one reactor D-[18F]FEAU was prepared as reported by Chin et al [47]. 200-proof ethanol (EtOH) 

was purchased from the UCLA Chemistry Department (Los Angeles, CA, USA). Any water used 

was purified to 18 MΩ and 0.1 µm filtered for all cleaning, preparation, syntheses, and 

purification. Unless otherwise specified, all reagents were used as received. 

 

4.2.2. Radiosynthesizer setup 

The QMA cartridges were used as received. The MP1 cartridges were preconditioned 

with 1 mL of a 0.84 M KHCO3 solution, rinsed with 1 mL of water, and then dried under helium. 

The tC18 and FDG purification cartridges were preconditioned with 5 mL of EtOH followed by 

10 mL of water, and the silica cartridges with 10 mL of anhydrous hexane. Unless otherwise 

specified, all conditioned cartridges were kept wet prior to use. 

5mL glass V-vials (W986259NG, Wheaton; Millville, NJ, USA) with magnetic stir bars 

(14-513-65, Fisher Scientific) were installed to serve as the reaction vial(s) for each synthesis. 

Reagent vials were prepared with the respective reagents and solvents and loaded into 

disposable cassettes (Table 4-2), and the cassettes were subsequently installed into the 

system. For multi-reactor syntheses, the installation of intermediate purification cartridges and 

connections between cassettes were made via Luer-fittings pre-assembled on the cassettes 

(Figure 4-1). When high performance liquid chromatography (HPLC) purification was needed, 

the last cassette in the synthesis was connected to the HPLC injector valve, and samples were 

loaded remotely into the HPLC system. 
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Figure 4-1. Disposable cassette fluidic paths used for three-reactor syntheses. 
(A) Top view with fluidic connections inside (dashed) and outside (solid) each cassette, including 
purification cartridges. Side view of cassettes display reactor in the Add position (B), where fluid 
is delivered into reaction vial, and Transfer position (C), where fluid is transferred out of reaction 
vial. SPE = solid phase extraction; QMA = quaternary methylammonium. 
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Table 4-2. Reagent positions on the disposable cassettes for each synthesis. 

  Reagent vial positions* 

Tracer Cassette # 1 2 3 4 5 6 7 8 

D-[18F]FAC/ 
L-[18F]FMAU/ 
D-[18F]FEAU 

(three-reactor) 

1 
Base 

solution 1† 
MeCN MeCN 

L or D-
sugar 

ethyl 
acetate 

ethyl 
acetate 

  

2 
HBr 

solution 
DCE Toluene 

FAC, 
FMAU, or 

FEAU 
precursor 

MeOH in 
DCM 

MeOH 
in DCM 

MeOH 
in DCM 

 

3 
0.5 M 

NaOMe 
1 N 
HCl 

HPLC 
mobile 
phase# 

     

D-[18F]FEAU 
(one-reactor) 

1 
Base 

solution 2‡ 
MeCN MeCN D-sugar 

5-
ethyluracil 
solution 

2.5 M 
NaOMe 

6 N 
HCl 

water 

[18F]FDG 1 
Base 

solution 1† 
MeCN MeCN 

Mannose 
Triflate 

2 N NaOH water water 
water
…** 

[18F]FLT 1 
Base 

solution 3§ 
MeCN MeCN 

FLT 
precursor 

1 N HCl 
2 N 

NaOH 

HPLC 
mobile 
phase# 

 

[18F]Fallypride 1 
Base 

solution 3§ 
MeCN MeCN 

Tosyl-
Fallypride 

HPLC 
mobile 
phase# 

   

[18F]FHBG 1 
Base 

solution 4║ 
MeCN MeCN 

Tosyl-
FHBG 

1 N HCl 
2 N 

NaOH 

HPLC 
mobile 
phase# 

 

[18F]SFB 1 
Base 

solution 5¶ 
MeCN MeCN 

FB-
precursor 

1 M 
TMAOH 

2 mL 
MeCN 

TSTU 
HPLC 
mobile 
phase# 

Base solutions were each prepared in 0.3 mL water with 0.5 mL MeCN, with the exception of [18F]FLT and 
[18F]Fallypride that were in 0.2 mL water and 0.6 mL MeCN and the one-reactor D-[18F]FEAU that was in 
0.1 mL water and 1 mL of MeCN. Specific amounts for each reagent can be found in section 4.3. 
*Only 8 of the 12 possible reagent positions were used in each cassette with the exception of [18F]FDG 
†1 mg (7 µmol) K2CO3 and 10 mg (27 µmol) Kryptofix® 2.2.2 
‡13 mg (43 µmol) TBAHCO3 
§4.6 mg (15 µmol) TBAHCO3 
║5 mg (35 µmol) K2CO3 and 22 mg (59 µmol) Kryptofix® 2.2.2 
¶4.25 mg (30 µmol) K2CO3 and 25 mg (68 µmol) Kryptofix® 2.2.2 
#Specific mobile phase composition for each tracer is found in Table 4-3. 
**Reagent vials in positions 6 – 12 were each filled with 2 mL of water for [18F]FDG 
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4.2.3. Chromatography 

Semi-preparative HPLC was performed with a WellChrom K-501 HPLC pump (Knauer; 

Berlin, Germany) or Dionex P680 quaternary gradient pump (Fisher Scientific), reversed-phase 

Gemini-NX column (5 µm, 10 x 250 mm, Phenomenex) or Luna (5 µm, 10 x 250 mm, 

Phenomenex) columns, ultraviolet (UV) detector (254 nm, WellChrom Spectro-Photometer K-

2501 or K-2001, Knauer) and gamma-radiation detector and counter (B-FC-3300 and B-FC-

1000; Bioscan Inc.; Washington, DC, USA). Analytical HPLC was performed on a Knauer 

Smartline HPLC system with a Phenomenex reverse-phase Luna column (5 µm, 4.6 x 250 mm) 

with inline Knauer UV (254 nm) and gamma-radiation coincidence detector and counter (B-FC-

4100 and B-FC-1000; Bioscan, Inc.), or an Agilent 1200 Series (Agilent Technology; Santa 

Clara, CA, USA) with ChemStation software equipped with a quaternary pump, UV diode-array 

detector, and model 105S single-channel radiation detector using a Phenomenex Gemini C18 

column (5 µm, 250 x 4.6 mm). Unless otherwise specified, chromatograms were collected by a 

GinaStar (raytest USA, Inc.; Wilmington, NC, USA) analog-to-digital converter and GinaStar 

software (raytest USA, Inc.). HPLC mobile phases, flow rates, and retention times are listed in 

Table 4-3. Radio-thin-layer-chromatography (radio-TLC) was performed on a miniGita Star 

(raytest USA, Inc.) using precut silica plates (Baker-flex®, J.T.Baker; Phillipsburg, NJ, USA) 

developed in 95% MeCN in water (v/v). 
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Table 4-3. HPLC conditions for the various tracers. 

 Semi-preparative HPLC  Analytical HPLC 

Tracer Mobile phase (v/v) 
Flow rate 
(mL/min) 

Retention 
time 
(min) 

 Mobile phase (v/v) 
Flow rate 
(mL/min) 

Retention 
time 
(min) 

D-[18F]FAC* 
1% EtOH in 10 
mM NH4H2PO4 

5.0 15  
10% EtOH in 50 

mM NH4OAc 
1.0 4.5 

L-[18F]FMAU* 
4% MeCN in 50 

mM NH4OAc 
5.0 20  

5% MeCN in 50 
mM NH4OAc 

1.0 12 

D-[18F]FEAU 7% MeCN in water 5.0 18  
15% MeCN in 

water 
1.0 7.0 

[18F]FDG† N/A N/A N/A  N/A N/A N/A 

[18F]FLT 
8% EtOH in 20 
mM KH2PO4 

5.0 20  10% EtOH in water 1.0 12 

[18F]Fallypride 
60% MeCN in 25 
mM ammonium 

formate w/ 1%TEA 
5.0 12  

60% MeCN in 25 
mM ammonium 

formate w/ 1%TEA 
1.0 12 

[18F]FHBG 
5% MeCN in 50 

mM NH4OAc 
6.0 17  

10% MeCN in 50 
mM NH4OAc 

1.0 8.5 

[18F]SFB 
50% MeCN in 

water with 0.1% 
TFA 

5.0 13  
50% MeCN in 

water with 0.1% 
TFA 

1.0 7.5 

*Denotes tracers purified with the Gemini-NX semi-preparative column (see section 4.2.3). Other tracers 
were purified with the Luna column. 
†[18F]FDG was purified via solid-phase extraction cartridges and verified by radio-TLC (95% MeCN in water 
(v/v), Rf = 0.56). 

 

4.3. Synthesis of tracers 

For each of the eight tracers, a synthesis program was created and tested using the 

ELIXYS software [44]. After setup and cassette installation, the program was run. Note that after 

all reaction and evaporation operations, the reactor heater was cooled to 35°C, with the 

exception of the [18F]fluoride and base solution drying where cooling was only applied after the 

last azeotropic drying step. All evaporation steps were performed by supplying both vacuum and 

inert gas to the reaction vial while heating. Unless otherwise stated, inert gas supply during 

evaporation was set to 10 psig. All reaction steps were performed with stirring. Both the three-
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reactor and one-reactor D-[18F]FEAU syntheses were conducted using an ELIXYS at the 

Cyclotron and Radiochemistry Facility in the Stanford University Medical Center Department of 

Radiology as part of a collaborative effort. All other tracers were synthesized at the Crump 

Radiochemistry and Cyclotron Technology Center at University of California, Los Angeles. 

 

4.3.1. [18F]fluoride loading 

The preparation of [18F]fluoride was performed in the same manner for all the tracers 

listed in this study. Starting radioactivity ranged from 8 mCi – 1 Ci and averaged around 100 

mCi. A vial of [18F]fluoride in [18O]H2O was connected via the dedicated transfer line to the first 

cassette on the ELIXYS, and transferred via pressure supplied by an inert gas line from the 

system. [18F]fluoride was then trapped by passing the solution through a preconditioned strong 

anion-exchanging QMA or MP1 cartridge that allowed the [18O]H2O to be collected in a recovery 

vial installed on the cassette. Release of the [18F]fluoride was achieved by passing a base 

solution (Table 4-2) to release the [18F]fluoride from the cartridge. The [18F]fluoride and base 

solution eluate was delivered to reaction vial one and subsequently dried at 110°C until almost 

dry (2.5 min). Anhydrous MeCN (1 mL) was then added to reaction vial one to azeotropically 

remove water from the solution at 110°C until complete dryness (1.5 min). This was repeated 

one additional time to ensure activation (i.e. sufficient removal of water). 
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4.3.2. Three reactor syntheses: D-[18F]FAC, L-[18F]FMAU, and D-[18F]FEAU 

Syntheses of these nucleoside tracers were adapted from literature [54,55,57–59,68,84–

86]. The programmed unit operations were identical for the synthesis of each tracer (only the 

precursors and HPLC conditions differed) and varied slightly from previously published work 

[57]. The D-sugar or L-sugar solution (10 mg in 1 mL MeCN, 17 mM) was added to the activated 

[18F]fluoride residue in reaction vial one, and reacted at 160°C for 15 min with stirring. The crude 

fluorinated intermediate solution was then passed through a silica cartridge (WAT020520) to 

trap the intermediate, which was subsequently eluted with ethyl acetate (2 mL) into reaction vial 

two. The ethyl acetate solution in reaction vial two was evaporated at 80°C until dry (2.5 min). 

One additional elution and evaporation step was performed. HBr solution (0.15 mL) was added 

to reaction vial 2 via one of the external reagent lines connected to cassette 2 (Figure 4-1). This 

step was immediately followed by the addition of DCE (0.4 mL), using the same reagent delivery 

line. The bromination reaction was carried out at 80°C for 10 min. The crude mixture was then 

partially evaporated at 80°C for 1.5 min. Toluene (0.9 mL) was added to reaction vial two, and 

the solution was evaporated to dryness at 90°C (2.5 min). FAC precursor (30 mg in 1 mL DCE, 

117 mM), FMAU precursor (100 mg in 1 mL DCE, 370 mM), or FEAU precursor (50 mg in 1 mL 

DCE, 176 mM) was added to reaction vial two and reacted at 165°C for 30 min. The resulting 

solution was then trapped on a silica cartridge (WAT043400) and subsequently eluted with 10% 

MeOH in DCM (2 mL) to reaction vial three. The MeOH in DCM solution in reaction vial three 

was evaporated to dryness at 80°C (2 min). Two additional elutions and evaporations were 

performed. 0.5 M NaOMe in MeOH (0.8 mL) was added to reaction vial three and reacted at 

105°C for 5 min.1 N HCl (0.4 mL) was used to quench the reaction. This solution was partially 
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evaporated at 80°C for 1.5 min to remove the MeOH. D-[18F]FAC HPLC mobile phase (1 mL), L-

[18F]FMAU HPLC mobile phase (1 mL), or D-[18F]FEAU HPLC mobile phase (1 mL) (Table 2) 

was added to reaction vial three prior to being injected into the semi-preparative HPLC for 

purification. 

 

4.3.3. One reactor synthesis: D-[18F]FEAU 

The one reactor synthesis of D-[18F]FEAU is based on previously reported methods 

[47,51]. The D-sugar solution (10 mg in 1 mL MeCN, 17 mM) was added to dried 

tetrabutylammonium [18F]fluoride in reaction vial one and reacted at 160°C for 15 min. After 18F-

labeling, the solvent was evaporated at 110°C (2.5 min). A fresh 5-ethyluracil solution was 

previously prepared by mixing 30 mg 5-ethyluracil, 4.5 mg (NH4)2SO4, 200 µL HMDS, and 200 

µL MeCN and refluxing the mixture at 95°C under helium for 1 hr, then all liquid was removed 

by evaporation and the residue was reconstituted with 100 µL HMDS, 150 µL TMSTfO, and 150 

µL DCM. The 5-ethyluracil solution was added to the dried fluorinated sugar. The coupling 

reaction was then performed at 95°C for 30 min, and afterwards the solvent was evaporated at 

85°C (5 min). 2.5 M NaOMe in MeOH (1.5 mL) was then added and reacted at 105°C for 5 min. 

6 N HCl (1 mL) was then added to quench the reaction. The crude product was partially 

evaporated at 85°C for 1.5 min to remove the MeOH. 1 mL water was added to the reaction vial, 

and the mixture was passed through a filter (0.45 µm RC membrane, Phenomenex) before 

loading onto the semi-preparative HPLC. 
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4.3.4. [18F]FDG 

Synthesis was adapted from multiple literature reports with slight modifications [87,88]. 

Mannose triflate (20 mg in 0.7 mL MeCN, 59 mM) was added to the activated [18F]fluoride 

residue in reaction vial one, and the solution reacted at 130°C for 3 min. After the 

[18F]fluorination reaction, water (2 mL) was added to reaction vial one and the solution mixed for 

15 s. The solution was then passed through a preconditioned tC18 cartridge to trap the 

fluorinated intermediate, and the waste was collected in a vial on the cassette. The tC18 

cartridge was subsequently washed with water (2 mL) and sent to waste. For deprotection of the 

intermediate, 2 N NaOH (2 mL) at room temperature was slowly (4 psig driving pressure) 

passed through the tC18 cartridge, and then immediately to the FDG purification cartridge. 

Before entering the vented sterile collection vial, the product was passed through a 0.22 µm 

sterile filter. Five subsequent rinses with water (2 mL) were performed to remove product from 

the cartridges. Radiochemical purity was determined by radio-TLC. 

 

4.3.5. [18F]FLT 

Synthesis was adapted from multiple literature sources with slight modifications [17,89–

93]. FLT precursor (30 mg in 0.25 mL MeCN and 0.75 mL thexyl alcohol, 36 mM) was added to 

the activated [18F]fluoride residue in reaction vial one, and the solution reacted at 120°C for 6 

min. The crude fluorinated product solution was evaporated until almost dry at 100°C (3.5 min). 

1 N HCl (1 mL) was then added to reaction vial one and the solution reacted at 130°C for 5 min. 

2 N NaOH (0.5 mL) was added to reaction vial one to neutralize the solution. HPLC mobile 
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phase (1 mL, Table 4-3) was added to reaction vial one, and the mixture was passed through a 

filter (0.45 µm RC membrane, Phenomenex) before loading onto the semi-preparative HPLC. 

 

4.3.6. [18F]Fallypride 

Synthesis was adapted from literature with slight modifications [94]. Tosyl-Fallypride (4 

mg in 0.3 mL of MeCN and 0.7 mL thexyl alcohol, 8 mM) was added to the activated 

[18F]fluoride residue in reaction vial one, and the solution reacted at 105°C for 7 min. The crude 

fluorinated product solution in reaction vial one was evaporated to dryness at 100°C (3 min) and 

reconstituted in HPLC mobile phase (1 mL, Table 4-3) prior to being injected into the semi-

preparative HPLC for purification. 

 

4.3.7. [18F]FHBG 

Synthesis was adapted from multiple literature sources with slight modifications 

[18,95,96]. Tosyl-FHBG (4 mg in 1 mL MeCN, 4 mM) was added to the activated [18F]fluoride 

residue in reaction vial one, and the solution reacted at 135°C for 10 min. Solution was 

evaporated until almost dry at 110°C (2 min). 1 N HCl (1 mL) was then added to reaction vial 

one and the solution reacted at 105°C for 5 min. 2 N NaOH (0.5 mL) was added to reaction vial 

one to neutralize the solution. HPLC mobile phase (1 mL, Table 4-3) was added to reaction vial 

three prior to being injected into the semi-preparative HPLC for purification. 
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4.3.8. [18F]SFB 

Synthesis was adapted from multiple literature sources with slight modifications 

[75,76,78,80,97–99]. FB-precursor (5 mg in 1 mL DMSO, 14mM) was added to the activated 

[18F]fluoride residue in reaction vial one, and the solution reacted at 110°C for 15 min. 1 M 

TMAOH solution (0.025 mL in 1 mL MeCN) was then added to reaction vial one, and the 

solution was evaporated at 110°C for 7 min with 5 psig inert gas supply. Immediately after 

evaporation, anhydrous MeCN (2 mL) was added to reaction vial one, and the solution was 

evaporated at 110°C for 3 min with 5 psig inert gas supply to further remove traces of water. 

The TSTU solution (22.8 mg in 1 mL MeCN, 76 mM) was then added to reaction vial one, and 

the mixture was reacted at 110°C for 5 min. HPLC mobile phase (1 mL, Table 4-3) was added 

to reaction vial three prior to being injected into the semi-preparative HPLC for purification. 

 

4.3.9. Post-synthesis procedures and measurements 

Starting radioactivity was assayed prior to transfer into the first cassette, and start of 

synthesis was marked at the initiation of the automated synthesis program. All radioactivity 

measurements were collected from a calibrated CRC®-25PET dose calibrator (Capintec, Inc.; 

Ramsey, NJ, USA) and decay corrected to the start of synthesis. For all HPLC purified samples, 

the purified fraction from the semi-preparative HPLC was collected through a selector valve into 

a collection tube, marking the end of synthesis. The collected purified fraction was assayed, and 

a sample taken to the analytical HPLC for radio-purity analysis and verification of identity by co-

injection with cold standard. Specific activity was determined via analytical HPLC and calculated 

using the radioactivity of the sample at time of injection into the HPLC. The sample’s mass was 
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determined by a standard curve created for each tracer (see section 2.5 for more detail). For all 

tracers, RCY was calculated as the percentage of starting radioactivity that was collected as 

purified product. For [18F]FDG, radiochemical purity was determined by radio-TLC. 

 

4.3.10. Sequential syntheses of three tracers with preclinical imaging 

To demonstrate the high-throughput capability of the ELIXYS, [18F]FLT, [18F]FDG, and 

[18F]Fallypride were synthesized sequentially in a single day on the same instrument with very 

minimal manual intervention. Each tracer was synthesized in one of the reactors using the 

above methods, with the exception that a formulation step was performed and each had its own 

reagents, cartridges, and starting [18F]fluoride solution. Preparation for all three syntheses was 

completed prior to introducing radioactivity into the system. Since the ELIXYS currently has only 

one inert gas supply for transferring [18F]fluoride to the cassette, an inert gas stopcock manifold 

mounted outside of the hot cell was used to control the pressurization of each vial containing 

[18F]fluoride solution. Also, since both [18F]FLT and [18F]Fallypride require HPLC purification, one 

quick manual swap of the lines to the HPLC injection valve was required during the [18F]FDG 

synthesis (see section 6.2.4 for more discussion on automating these manual procedures). 

These two tracers required the same semi-preparative HPLC column, therefore the HPLC 

system could be cleaned and reconditioned without radiation exposure (i.e., the HPLC column 

did not need to be switched). All tracers were reformulated for preclinical imaging after 

purification: [18F]FLT and [18F]Fallypride were rotary evaporated, dissolved with pH 7.4 

phosphate buffered saline (PBS), and transferred to a sterile vial for injection; for [18F]FDG, the 
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purified product was delivered through a 0.22 µm sterile filter into a sterile vial to which 3 mL of 

PBS was previously added, thus making a 15 mL final solution. 

For the preclinical imaging of [18F]FLT, six 6–8 week old female severe combined 

immunodeficient (SCID) mice were injected subcutaneously with 1.0x106 A431 cells in a 1:1 

mixture of DMEM:Matrigel (BD Biosciences; San Jose, CA, USA). For [18F]FDG and 

[18F]Fallypride imaging, two and four non-tumor bearing 9-10 week old BALB/c mice were used, 

respectively. Micro-PET was performed as previously described (section 2.4.6). Briefly, 

conscious tumor-bearing SCID or non-tumor bearing BALB/c mice were injected with 20 μCi of 

[18F]FLT, [18F]FDG, or [18F]Fallypride followed by uptake for 60 min. Prior to scanning, mice 

were anesthetized with 2% isoflurane and placed in a dedicated imaging chamber (Sofie 

Biosciences, Inc.; Culver City, CA, USA). Whole-body PET images were acquired using a 

GENISYS4 (Sofie Biosciences, Inc.) and images were acquired for 10 min and analyzed using 

OsiriX Imaging software (Pixmeo; Geneva, Switzerland). All animal experiments were approved 

by the UCLA Animal Research Committee and were performed according to the guidelines of 

the Division of Laboratory Animal Medicine at UCLA. 

 

4.3.11. Quality assurance analysis 

Multiple batches of D-[18F]FAC and [18F]FDG were subjected to QA testing for clinical 

use. The D-[18F]FAC samples were reformulated by rotary evaporation of the HPLC purified 

fractions, dissolving with PBS, and transferring the product through a sterile filter to a sterile vial 

prior to testing. The [18F]FDG batches did not require further reformulation after purification. 
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These tracers were chosen as models for multi-reactor HPLC purified (D-[18F]FAC) and single-

reactor SPE cartridge purified ([18F]FDG) methods of production. The QA tests were performed 

following the procedures described by Amarasekera et al. [68], which included optical clarity via 

visual inspection, filter integrity test, pH, radionuclide identity and purity via half-life and energy, 

radiochemical identity and purity via analytical HPLC, residual solvent analysis via gas 

chromatography, Kryptofix® 2.2.2 spot test, pyrogenicity, and sterility. 

 

Table 4-4. Summary of synthesis data. 

Tracer 
Decay corrected 

Radiochemical yield 
(%) 

Synthesis 
duration 
(min)* 

Specific activity (Ci/µmol)† 

D-[18F]FAC 31 ± 4 (n = 11) 163 1.0 – 1.2 
L-[18F]FMAU 49 ± 7 (n = 7) 170 2.7 – 4.6 

D-[18F]FEAU (three-reactor) 39 ± 4 (n = 3) 180 0.10 – 0.14‡ 
D-[18F]FEAU (one-reactor) 28 ± 4 (n = 3) 140 0.20 – 0.53‡ 

[18F]FDG 70 ± 9 (n = 3) 38 N/A 
[18F]FLT 69 ± 3 (n = 5) 65 1.8 – 13 

[18F]Fallypride 66 ± 8 (n = 6) 56 0.4 – 2.1‡ 
[18F]FHBG 11 ± 2 (n = 3) 87 2.5 – 5.1 
[18F]SFB 69 ± 8 (n = 6) 78 1.7 

Radiochemical yields are mean ± standard deviation. 
*Synthesis duration was defined from start of synthesis to end of synthesis, including purification 
but not including reformulation. 
†Range of specific activities measured at time of injection into the analytical HPLC. 
‡Starting radioactivity was lower than average and ranged from 35 – 50 mCi 
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Figure 4-2. Examples of HPLC chromatograms. 
[18F]FLT semi-preparative HPLC (A) and analytic HPLC of purified sample with co-injection of 
standard (B). [18F]FHBG semi-preparative HPLC (C) and analytic HPLC of purified sample with 
co-injection of standard (D). Chromatography conditions are found in Table 4-3. *Radioactive 
peak of interest. AU = absorbance units; CPS = counts per second; UV = ultraviolet. 

 

4.4. Results 

Summary of decay-corrected RCY, duration of synthesis (including purification, not 

including reformulation), and specific activity at time of injection into analytical HPLC is listed in 

Table 4-4 for the individual syntheses. All tracers had greater than 99% radiochemical purity. 

Examples of the semi-preparative and co-injected analytical HPLC chromatograms can be 

found in Figure 4-2. 

[18F]FLT required an additional 20 min for reformulation (total synthesis duration of 85 

min), and [18F]Fallypride reformulation required 10 min (total synthesis duration of 66 min). 

Analysis of the reformulated products showed no distinguishable variation in purity to their 

respective HPLC purified samples collected from the individual syntheses. Yields, synthesis 

durations, and specific activities of the three tracers likewise were equivalent to having been 

synthesized individually. Additionally, the pH (7-7.5) and the radiochemical purity were 

acceptable for both preclinical and clinical applications. 

Sequentially synthesized [18F]FLT, [18F]FDG, and [18F]Fallypride were evaluated in vivo 

on the same day by microPET (i.e., preclinical PET imaging). High [18F]FLT tumor uptake in 

A431 tumor bearing mice was observed (Figure 4-3A), consistent with previous results [100]. In 

non-tumor bearing mice, [18F]FDG demonstrated the anticipated uptake in brain and heart 
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(Figure 4-3B) while the striatum could be clearly identified with [18F]Fallypride (Figure 4-3C) 

[19]. 

 
Figure 4-3. Small-animal PET imaging. 
Images were obtained using same-day sequentially synthesized PET tracers produced on 
ELIXYS. Sample images are shown for (A) [18F]FLT, (B) [18F]FDG, and (C) [18F]Fallypride. Scale 
for percentage injected dose per gram (%ID/g) is listed for each image. BL = bladder; BM = bone 
marrow; GB = gallbladder; GI = gastrointestinal tract; HR = heart; KD = kidneys; LG = lacrimal 
glands; ST = striatum; TM = A431 implanted tumor. 

 

The reformulated batches of D-[18F]FAC and [18F]FDG passed full clinical QA testing, 

and their respective chromatograms can be found in Figure 4-4. The specific activity and pH of 

all the reformulated products were within acceptable range for both clinical and preclinical 

production.  
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Figure 4-4. Chromatograms of purified and reformulated products. 
(A) D-[18F]FAC analytic HPLC of formulated product with co-injection of standard. (B) [18F]FDG 
radio-TLC of final, purified product. Chromatography conditions are found in Table 4-3. AU = 
absorbance units; CPS = counts per second; UV = ultraviolet. 
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4.5. Discussion 

The various radiotracer syntheses were performed on the ELIXYS radiosynthesizer 

without hardware modifications regardless of complexity of the synthesis or reagents utilized. 

The only changes needed were in the programmed sequences, the reagents and purification 

cartridges installed in the cassettes, and the methods of HPLC purification. Though other 

cassette-based systems can synthesis several different tracers by changing cassettes, the 

compatibility of ELIXYS with high temperatures and pressures, the compatibility with aggressive 

and sensitive reagents, and the availability of three reaction vials enables the synthesis of more 

diverse array of PET tracers that cannot be achieved with other systems. Also, syntheses 

performed in this study were not extensively optimized as this was intended as a proof-of-

concept demonstration. However, yields and synthesis durations were comparable to literature 

[17,18,47,51,54,55,57–59,68,75,76,78,80,84–99], and there may be room for improvement with 

further optimization. 

The tracers described here included some purified by cartridge and some by semi-

preparative HPLC. For multiple sequential syntheses requiring HPLC, it was necessary to clean 

the HPLC system between syntheses. For several tracers of wide interest (e.g., [18F]FLT), there 

have been efforts toward developing cartridge purification methods [101]. These methods could 

be adapted to ELIXYS, thus simplifying the procedure for [18F]FLT on ELIXYS and perhaps 

reducing the need for switching the HPLC connection during multi-tracer synthesis. Discussion 

regarding possible improvements to the ELIXYS to automate access of multiple cassette 

outputs to a single HPLC injector valve can be found in section 6.2.4. 
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Three tracers were successfully produced on the same day and used for preclinical 

imaging using one synthesizer. Batches of selected tracers also passed full clinical QA testing. 

These qualities combined with a wide range of synthesizable 18F-labeled tracers demonstrate 

the effective use of the ELIXYS radiosynthesizer to adapt previously developed synthesis 

protocols for immediate transition to production. 

 

4.6. Conclusion 

In this chapter, I have described the radiosyntheses of eight well-known 18F-labeled PET 

tracers on the ELIXYS without the need for any hardware reconfiguration between tracers. The 

software enabled automated synthesis programs to be quickly created from published protocols. 

All tracers were produced with repeatable performance and with radiochemical yields and 

synthesis durations comparable to literature. Several batches were reformulated and passed 

clinical level QA testing. In addition to supporting diverse synthesis protocols for both preclinical 

and clinical purposes, the three reactors of ELIXYS were shown to accomplish multiple single-

reactor syntheses sequentially with very minimal manual intervention. Taken together, these 

data demonstrate that the ELIXYS did indeed meet its designed purpose of successfully 

automating a diversity of tracer syntheses (including some involving particularly high pressures 

or with a high synthesis complexity) without the need for any modifications or variations in 

hardware, therefore providing a degree of flexibility not seen in other commercial systems.  
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5. Chapter 5: The Demonstration 

5.1. Introduction 

5.1.1. Background 

Prostate cancer has become, and remains, the second leading cause of cancer-related 

death in American men (CDC, 2014). Effective management of prostate cancer requires early 

detection and the availability of accurate diagnostic modalities for predicting and monitoring the 

disease [63]. Increased androgen receptor (AR) expression in primary tumors of prostate cancer 

are strong indicators of the disease; however, due to heterogeneity of the tumors, biopsy 

samples alone may not be sufficient for disease detection [66,67]. Molecular imaging agents 

that can noninvasively provide prognostic information for distinguishing AR-positive tumors are 

critically important for the treatment of prostate cancer [102]. Over the years, a number of 

fluorinated androgen derivatives have been synthesized and evaluated for AR binding and 

tissue distribution in vivo using positron emission tomography (PET) [63,103]. Several promising 

candidates have been successfully labeled with the positron emitting radionuclide fluorine-18 in 

efforts to develop PET tracers for tumor localization in patients with metastatic prostate cancer 

[67]. 16β-[18F]fluoro-5α-dihydrotestosterone ([18F]FDHT), a fluorinated analog of the native AR-

binding ligand dihydrotestosterone, has been studied in both rat [67] and primate models [64] 

and has proven to be one of the most effective in vivo AR-binding radiotracers studied to date. 

Significant interest in evaluating and monitoring AR expression in prostate cancer 

patients has led to multiple clinical studies using [18F]FDHT. The overall goal of these studies 

was to assess the potential of [18F]FDHT as a diagnostic tool for imaging AR expression in 
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prostate cancer patients. In these studies, [18F]FDHT was found to selectively bind AR in both 

primary tumor and metastatic sites suggesting its crucial role in prostate cancer imaging [64–

66]. An extensive clinical study conducted by Beattie et al. (2010) [66] evaluated the 

pharmacokinetic properties of [18F]FDHT and found that, indeed, uptake of the tracer in prostate 

tumors correlated reasonably well with AR expression in metastatic prostate cancer. Clinical 

efficacy proved promising, even when compared to [18F]FDG in patients with castration-resistant 

prostate cancer (CRPC) [104]. A more recent study compared the features of bone metastases 

in 38 CRPC patients to [18F]FDG and [18F]FDHT uptake as well as overall survival. This study 

concluded that the degree of androgen receptor expression, measured by the intensity of 

[18F]FDHT uptake, and the number of bone lesions were significantly associated with patient 

survival [105]. These studies have established [18F]FDHT as an important tracer in the 

management of advanced prostate cancer. [18F]FDHT is now being applied to study breast 

cancer (NCT01988324), primary prostate cancer (NCT02297386), and is the focus of an 

international multi-center clinical trial in the USA, Europe and Australia (NCT00588185). 

As more clinical studies are conducted, the ability of [18F]FDHT to elucidate the role of 

AR expression in metastatic prostate cancer is becoming clearer. In addition to providing 

prognostic information, [18F]FDHT is a critically important biomarker used to accelerate research 

towards the treatment of CRPC and, ultimately, for the clinical management of the disease. 

Although not all patients respond, drugs targeting AR signaling represent tremendous advances 

in the treatment of the lethal phase of CRPC [106,107]. [18F]FDHT PET can act as a 

noninvasive tool to measure the pharmacodynamic response of an AR binding substrate; such 

is the case with ARN-509 [108]. As a second generation antiandrogen, ARN-509 recently 
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demonstrated favorable safety, tolerability, pharmacokinetics, pharmacodynamics, and 

antitumor activity in men with CRPC in phase I clinical trials. Measurements based on 

[18F]FDHT PET confirmed on-target effect and maximal AR inhibition, ultimately guiding the 

patient dose chosen for Phase II clinical trials. 

The synthesis of [18F]FDHT was reported by Liu et al. via the precursor 16α-

[[(trifluoromethyl)sulfonyl]oxy]-3,3-(ethylenedioxy)androstan-17-one 1 (Figure 5-1) [67]. 

Nucleophilic displacement of the triflate of precursor 1 with N-tetrabutylammonium [18F]fluoride 

(i.e., using TBAB as the base/phase-transfer catalyst) gave the radiofluorinated intermediate 2, 

which underwent subsequent reduction via lithium aluminum hydride (LiAlH4) to afford the α-

hydroxyl intermediate 3. Acid-catalyzed deprotection of the ketal yielded the desired compound, 

[18F]FDHT, in three total steps. The total synthesis time for the manual process, including HPLC 

purification, was 90 min. The reported decay-corrected RCY was 31% - 48%, and the specific 

activity was 1.2 Ci/µmol. This method of producing [18F]FDHT is currently employed in Memorial 

Sloan Kettering Cancer Center (MSKCC) for clinical trials, and the tracer is produced manually 

(i.e., without using an automated radiosynthesizer). The decay-corrected RCY obtained 

currently at MSKCC is 44 ± 5% (n = 4) with a synthesis time (that includes reformulation) of 

about 110 min. 
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Figure 5-1. Three-step synthesis of [18F]FDHT. 
Three-step synthesis of 18F-FDHT. Step 1: 18F-Fluorination reaction (5 min) of triflate precursor 1 
to produce ketone 2. Step 2: Room temperature lithium aluminum hydride (LiAlH4) reduction of 
ketone 2 to produce ketal 3. Step 3: Acid-catalyzed deprotection of ketal 3 to produce 18F-FDHT. 

 

5.1.2. Motivation 

The demand for [18F]FDHT is expected to increase as the clinical potential of this PET 

tracer to predict AR expression levels in prostate cancer patients is being recognized [109]. 

Currently, the clinical production of [18F]FDHT is generally performed manually by trained 

radiochemists; as such, its widespread use is limited to a few sites. Automation of this synthesis 

would enable many more facilities currently equipped for PET synthesis to routinely obtain 

[18F]FDHT without the need for specialized personnel. The reason the radiosynthesis has yet to 

be automated lies primarily with challenges related to the LiAlH4 reaction, which is typically 

performed under cryogenic conditions (explained in more detail in section 5.4.1); therefore, it 

has been considered to not be amenable to automation on current radiosynthesizers [61,62]. By 

means of the ELIXYS radiosynthesizer, I demonstrate, here, the automated radiosynthesis of 

[18F]FDHT without the need for substantial modification of the conventional synthesis 

methodology. The primary goal was to quickly automate the accepted manual synthesis of 

[18F]FDHT currently employed at MSKCC for immediate use in clinical trials, and to also 
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demonstrate that the use of room temperature LiAlH4 reactions in automated radiosynthesis is 

possible. 

 

Please note that this chapter is a modified version of an accepted manuscript (see 

ACKNOWLEDGEMENTS). 

 

5.2. Materials and Methods 

5.2.1. Reagents and cartridges 

No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [18O]H2O (84% 

isotopic purity, Medical Isotopes; Pelham, NH, USA) in a RDS-112 cyclotron (Siemens; 

Knoxville, TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil. All commercially 

available reagents were used as received unless otherwise specified. Anhydrous solvents were 

obtained by filtration through activated alumina columns. Sodium sulfate anhydrous (Na2SO4; 

granular, EMD Chemicals), magnesium sulfate anhydrous crystalline (MgSO4; MP Biomedicals) 

and HPLC grade dichloromethane (DCM) were obtained from Fisher Scientific (Pittsburg, PA, 

USA). HPLC grade ethyl acetate (EtOAc), HPLC grade acetonitrile (MeCN), anhydrous hexane, 

1.0 M LiAlH4 in diethyl ether, and tetrabutylammonium hydroxide (TBAH) (~40% in water) were 

obtained from Sigma-Aldrich (Milwaukee, WI, USA). USP grade sterile saline was obtained from 

Hospira, Inc. (Lake Forest, IL, USA). 200-proof ethanol (EtOH) was purchased from the UCLA 

Chemistry Department (Los Angeles, CA, USA). FDHT precursor and cold standard were 

prepared as previously described [67] at the MSKCC Organic Synthesis Core. The precursor 
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solution used in each synthesis contained 8 mg of the precursor dissolved in 0.5 mL of 

anhydrous THF. LiAlH4 solution was loaded into a reagent vial under an inert atmosphere of 

nitrogen in an mBraun UNILAB glovebox (Stratham, NH, USA). All water used was purified to 

18 MΩ and passed through a 0.1 µm filter. 

Hydrophilic-lipophilic-balanced (HLB) cartridges were purchased from Waters (Milford, 

MA, USA) and preconditioned with 5.0 mL of EtOH, 10.0 mL of water, and dried with nitrogen. 

Preconditioned quaternary methylammonium (QMA) cartridges were purchased from ABX (K-

920, Advanced Biochemical Compounds; Radeberg, Germany) and used as received. Drying 

cartridges were made in-house by filling empty polypropylene solid-phase extraction tubes, 

fitted with polypropylene frits (57024, Sigma-Aldrich; Milwaukee, WI, USA; 20 µm pore size), 

with either 2.0 g of Na2SO4 or 2.0 g of MgSO4 and capped with syringe adapters (210705, 

Grace; Columbia, MD, USA). For each synthesis, one of each cartridge was used. Sterile 

syringe filters (PVDF membrane) were purchased from Fisher Scientific (SLGVM33RS, 0.22 µm 

pore size, 33 mm diameter) and used for the final reformulation. 

 

5.2.2. Chromatography 

Semi-preparative HPLC (10 mL/min flow rate of 7% EtOAc in DCM) was performed with 

a WellChrom K-501 HPLC pump (Knauer; Berlin, Germany), normal-phase Luna column (5 µm, 

21.2 x 100 mm, Phenomenex), ultraviolet (UV) detector (254 nm, WellChrom Spectro-

Photometer K-2501, Knauer), and gamma-radiation detector and counter (B-FC-3300 and B-

FC-1000; Bioscan Inc.; Washington, DC, USA). Analytical HPLC (1 mL/min flow rate of 55% 
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MeCN in water) was performed on a Knauer Smartline HPLC system with a Phenomenex 

reverse-phase Gemini column (5 µm, 4.6 x 250 mm) with inline Knauer UV (190 nm) and 

gamma-radiation coincidence detector and counter (B-FC-4100 and B-FC-1000). HPLC 

chromatograms were collected by a GinaStar (raytest USA, Inc.; Wilmington, NC, USA) analog 

to digital converter and GinaStar software (raytest USA, Inc.) running on a PC. Specific activity 

values were determined by dividing the radioactivity amount injected into analytical HPLC by the 

injected mass as calculated from a standard curve using non-radioactive [19F]FDHT. Radio-thin-

layer chromatography (radio-TLC) was performed on a miniGita Star (Raytest USA, Inc.) using 

precut silica plates (Baker-flex; J.T. Baker) developed in 10% EtOAc in hexane (v/v). Samples 

taken for radio-TLC after LiAlH4 reduction were immediately quenched in acetone prior to 

development and analysis. 

 

5.2.3. Cassette setup 

The synthesis was performed using two reactors and cassettes. Reactor 1 was used for 

all reaction and evaporation steps, and all reagents were loaded into Cassette 1 (Table 5-1). 

The 18F-fluoride source vial was connected to the radioisotope input of Cassette 1, and a QMA 

cartridge was installed in Cartridge Position #1. An HLB cartridge was installed in Cartridge 

Position #2 for solid-phase extraction and solvent exchange (i.e., from aqueous to organic 

phase) prior to HPLC purification. The output of this pathway was connected to an internal 

three-way valve to transfer fluid to either a waste container or a Na2SO4 cartridge, followed by a 

MgSO4 cartridge, and finally to the direct-input of Cassette 2. Cassette 2 was used simply to 
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load the crude product into the HPLC loop for purification. An illustration of the fluid diagram is 

shown in Figure 5-2. 

Table 5-1. List of reagents as organized on Cassette 1.  

Position Reagent 

1 6.5 µL of ~40% TBAH with 0.5 mL water and 0.5 mL MeCN 

2 1.0 mL MeCN 

3 1.0 mL MeCN 

4 8.0 mg precursor in 0.5 mL THF 

5 0.35 mL of 1.0 M LiAlH4 in diethyl ether 

6 0.10 mL acetone in 0.25 mL THF 

7 1.0 mL of 3.0 N HCl 

8 3.0 mL of water 

9 3.0 mL of water 

10 3.0 mL of water 

11 2.5 mL DCM 

12 2.5 mL DCM 

 
Figure 5-2. Fluid diagram and cassette setup for automated [18F]FDHT synthesis. 
All components within the grey rectangles (i.e., three-way stopcock valves, transfer dip tubes, and 
the necessary fluid connection ports) are pre-installed in the disposable cassettes. Both cassettes 
are identical in construction and internal components, but unused components are omitted from 
Cassette 2 for clarity. 
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5.2.4. Synthesis protocol 

[18F]fluoride handling was performed as previously reported (section 4.3.1). Briefly, 

[18F]fluoride in water was delivered into Cassette 1 using positive pressure (6 psig) through the 

QMA cartridge. Trapped [18F]fluoride was subsequently eluted with TBAH eluent solution 

(Reagent Position 1, Table 5-1) into Reactor 1. Contents were partially evaporated while 

applying both vacuum and a stream of nitrogen (10 psig) at 110 °C for 4 min without stirring. 

MeCN (Reagent Position 2) was added through the QMA cartridge (3 psig driving pressure) to 

wash any remaining radioactivity into Reactor 1, and the combined contents of the reactor were 

similarly evaporated for 2 min. MeCN (Reagent Position 3) was then directly added to Reactor 

1, and the contents were fully evaporated using previous conditions for 2 min. Reactor 1 was 

cooled to 30°C, and the precursor solution (Reagent Position 4) was then added. Contents were 

reacted at 75°C for 5 min with stirring. Once the reaction was complete, the solution was cooled 

to room temperature, and the LiAlH4 solution (Reagent Position 5) was slowly added (1 psig 

driving pressure), followed by 20 s of stirring. The reduction reaction was quenched via the slow 

addition (1 psig driving pressure) of an acetone-THF solution (Reagent Position 6), and the 

solution was stirred for another 20 s. HCl (Reagent Position 7) was added, and the solution was 

reacted at 75°C for 10 min with stirring. The reactor was cooled, and the contents were diluted 

with water (Reagent Position 8). The contents were transferred through the HLB cartridge (5 

psig driving pressure), where the product was trapped and highly polar components such as 

[18F]fluoride passed through to a waste vial. Reactor 1 and the HLB cartridge were rinsed with 

two more volumes of water (Reagent Positions 9-10; 5 psig driving pressure). The HLB 

cartridge was dried with nitrogen at 15 psig for 1.5 min. Reactor 1 was filled with DCM (Reagent 
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Position 11), which was transferred through the HLB cartridge (10 psig driving pressure) and 

subsequently through the Na2SO4 and MgSO4 cartridges; this process elutes the [18F]FDHT 

from the HLB cartridge and removes residual water before delivering the dry contents into a vial 

in Reactor 2. This process was repeated once more with DCM (Reagent Position 12), followed 

by the application of 15 psig of nitrogen gas for 45 s to ensure all liquid was transferred to 

Reactor 2. The [18F]FDHT product was purified by HPLC by remotely loading the crude solution 

into the HPLC loop provided on the ELIXYS and injecting the contents into the HPLC. 

 

5.2.5. Reformulation 

The final product was formulated in a ~ 8% ethanol in sterile saline solution. A remote-

controlled fraction collector delivered the purified fraction of [18F]FDHT into our custom rotary 

evaporator fitted with a 100 mL glass pear flask. Contents were fully evaporated, dissolved with 

0.5 mL of EtOH, and diluted with 6.0 mL of sterile saline. The final formulation was remotely 

transferred into a sterile vial through a 0.22 µm sterile filter. 

 

5.2.6. Quality assurance (QA) 

The radiochemical purity and identity of the obtained product was confirmed by 

performing reverse-phase HPLC. The retention time for the radioactive peak produced by the 

product was compared to the non-radioactive [19F]FDHT reference standard peak retention time 

to confirm the radiochemical identity. Additional testing included visual inspection, pH, 

radionuclidic identity via half-life determination, filter integrity testing, determination of residual 
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solvents by gas chromatography, endotoxin level determination and sterility. The obtained 

results conform to the FDHT acceptance specifications established at MSKCC Radiochemistry 

and Molecular Imaging Probes Core for routine manual production of [18F]FDHT. 

 

5.3. Results 

Decay-corrected RCY was 29 ± 5% (n = 7) and was determined by dividing the decay-

corrected reformulated radioactivity by the initial starting radioactivity. After automation of the 

synthesis, validation runs (n = 6) yielded 9 – 33 mCi starting from 77 – 179 mCi. To establish 

suitability for larger scale production, another synthesis was performed (n = 1) starting with 1.0 

Ci of radioactivity that resulted in 189 mCi non-decay corrected [18F]FDHT after reformulation 

(32% decay-corrected yield), sufficient for multiple human patient doses. Overall synthesis time 

was 90 min: synthesis (56 min), purification (20 min), and reformulation of the product for 

injection (14 min). Specific activity for the validation runs was 1.5 ± 0.1 Ci/µmol (n = 3) at the 

end of formulation using starting activities of 77 – 92 mCi. The high radioactivity synthesis 

resulted in a specific activity of 4.6 Ci/µmol at the end of formulation. Approximately 5% of the 

decay-corrected starting radioactivity was lost during reformulation to the sterile filter (4%) and 

the transfer line (1%), which was determined, after removal of the sterile filter and formulated 

product vial, by rinsing the pear flask and subsequent fluid lines with MeCN. Additional decay-

corrected losses during synthesis (e.g., residue in vials, cartridges, transfer lines) were minimal, 

accounting for < 10% of the starting radioactivity. Analytical HPLC was first performed on the 

EtOH/saline solution used for reformulation to determine peaks resulting from solvent effects. 
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Sample chromatograms of this along with the reformulated [18F]FDHT, with and without cold 

standard, are shown in Figure 5-3. All clinical-level QA test results were in full accordance with 

cGMP specifications in place at MSKCC (Table 5-2). 
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Figure 5-3. Analytical HPLC chromatograms from reformulated [18F]FDHT solution. 
(A) Pure reformulation solvent (‡). (B) Reformulated [18F]FDHT (*). (C) Co-injection of [18F]FDHT 
with non-radioactive [19F]FDHT. 

 

Table 5-2. Quality assurance of [18F]FDHT synthesis. 

Clinical QA test MSKCC acceptance criteria Results of this study 

Optical clarity Clear and particle free Clear and particle free 

pH 5.5-8.0 5.5-6.0 

Radiochemical purity >95% 98% 

Radiochemical identity 
Matches retention time of the 

standard 
Matches retention time of the 

standard 

F18 radionuclide identity Half-life 105-115 min 111 min 

Endotoxin level (LAL) <5 EU/mL <1 EU/mL 

Filter integrity >50 psig 51 psig 

Ethanol content <10% (100,000 ppm) 70,000 - 80,000 ppm 

Sterility No growth in 14 days No growth in 14 days 

Clinical level QA test acceptance criteria routinely used at MSKCC for manual [18F]FDHT 
synthesis compared to results from this study. 

 

5.4. Discussion 

The fluorinated AR-binding ligand [18F]FDHT has great potential for both research and 

clinical investigations in the management of metastatic prostate cancer. The automated 

synthesis of [18F]FDHT described herein will allow for routine production of this PET tracer at 

multiple facilities. With the development of a reagent kit for [18F]FDHT and the use of disposable 

cassettes, a technician can perform the synthesis quickly and reproducibly. This is a significant 

advantage over the current, manual production of [18F]FDHT, which requires manual 

preparation of reagents and a highly experienced production radiochemist to routinely perform 

the synthesis. 
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5.4.1. Room temperature LiAlH4 reaction 

Due to the highly reactive nature of LiAlH4, the reduction step is highly exothermic and, 

in the manual synthesis, is performed at -78oC to tame the reactivity of the reducing reagent and 

to also minimize the formation of undesirable side products. Since cryogenic cooling is not 

available on commercial radiosynthesizers for 18F-labeled PET tracers, this step has previously 

hindered automation of the [18F]FDHT synthesis. To avoid the need for cryogenic conditions 

while utilizing LiAlH4, the reducing agent is slowly added to minimize the rate of heat generation 

and potential side product formation. 

In the reduction of ketone 2 (Figure 5-1) with LiAlH4, a potential side reaction that could 

occur at increased temperature is the reduction of the C-F bond. Alkyl halides can be reduced 

by LiAlH4 in ethereal solvents; however, the rates of reduction markedly decrease from iodide to 

bromide to chloride (I > Br > Cl) and from primary > secondary > tertiary halides, thus 

defluorination was not expected to be significant [110]. In fact, a kinetic study of LiAlH4 

reductions at room temperature in THF with various alky halides illustrated that cyclopentyl 

bromide, which is a more reactive model for the cyclopentyl fluoride 2, underwent only 11% 

reduction after 30 min at room temperature and required 24 h to fully reduce [111]. The trend in 

alkyl halide reactivity rates, in addition to the short reaction time of ketone 2 with LiAlH4 (i.e., 20 

s), suggests that the C-F bond would be stable under such reaction conditions. As expected, 

radio-TLC samples taken before and after the LiAlH4 reduction to assess the respective ratios 

between highly polar radioactive compounds (e.g., free [18F]fluoride) and [18F]fluorinated 

compounds remained unchanged (Figure 5-4). 
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Figure 5-4. Chromatograms measuring reaction progression. 
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(A) After Step 1 of the reaction (Figure 5-1) 18F-labeling produced the desired intermediate 2 and 
an unidentified side product. (B) Radiochemical conversion after Step 1. (C) After 20 s of the 
room temperature LiAlH4 reduction reaction (Step 2), complete conversion of 2 to 3 occurs. (D) 
No significant change in relative 18F-fluoride content was observed after LiAlH4 reduction. (E) To 
ensure decomposition (i.e., formation of additional side products) or defluorination did not occur 
with room temperature LiAlH4 reduction, the reaction was allowed to continue for a total of 5 min; 
no decomposition was observed. (F) No defluorination was observed after prolonged LiAlH4 
reduction. Chromatograms remained consistent even after 10 min of room temperature LiAlH4 
reduction (data not shown). 

Reduction of ketone 2 was observed (via analytical HPLC) to be complete after 20 s of 

stirring (Figure 5-4), and thus the reaction was quenched with an acetone-THF solution 20 s 

after the LiAlH4 addition. The amount of acetone was optimized to fully quench excess LiAlH4 

without causing a large exotherm in the reaction vial. Too much acetone resulted in a rapid 

exotherm and the formation of significant aluminum salt deposits on the surface of the vial, 

which resulted in significant retention of up to 11% of decay-corrected starting radioactivity on 

the reaction vial. In addition, retention of the desired intermediate 3 on the inside walls of the 

vial led to inefficient deprotection in the subsequent step due to the inability of the HCl solution 

to reach the top of the vial; intermediate 3 was observed via analytical HPLC after aqueous 

extraction (Figure 5-5) and during the purification of the final product (Figure 5-6). On the 

contrary, insufficient acetone left excess LiAlH4 in the reaction mixture resulting in a similar 

exotherm during the acid-deprotection step. Significantly reduced salt deposition and increased 

reproducibility of yields were obtained when using 0.10 mL of acetone diluted with 0.25 mL of 

THF. This ratio was chosen to maintain a sufficient reagent volume for reliable addition to the 

reaction vial (> 0.15 mL) and also to maintain the 0.35 mL volume utilized in the original manual 

synthesis. Gratifyingly, under these conditions, the exotherm was controlled. Visual inspection 

of the diluted acetone quench revealed minimal splashing of material on the vial, the loss of 
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radioactivity stuck on the reaction vial was notably decreased to < 2%, and the presence of 

ketal 3 during HPLC purification was substantially lowered (Figure 5-7). 

 

Figure 5-5. Chromatograms of the effects of quenching with acetone after LiAlH4 reduction. 
(A) Analytical chromatogram taken of the solution after Step 3 (Figure 5-1) revealed a near 
completion of the deprotection reaction. After deprotection, the reaction vial was rinsed with water, 
the crude product mixture trapped onto a HLB cartridge and eluted from the HLB using DCM, and 
the final solution was dried over Na2SO4 and MgSO4. (B) A sample of the final product was 
analyzed and revealed an increased amount of ketal 3. Presumably, after violent splashing of the 
solution during the LiAlH4 quench, ketal 3 was retained on the top inside sides of the reaction vial. 
The retained product was, therefore, not in the HCl solution during the subsequent deprotection 
step and appeared in the final solution after rinsing of the vial. 
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Figure 5-6. Chromatogram of the crude product during purification after synthesis using 
violent quenching of the LiAlH4 reaction. 
As described in Figure 5-5, the violent quenching of the LiAlH4 reduction reaction resulted in the 
presence of intermediate 3 in the final solution. This is shown in the above semi-preparative HPLC 
chromatogram. Purification was performed via normal phase HPLC; analytical HPLC was 
performed via reverse phase (the order of retention is reversed). 

 

 

Figure 5-7. Chromatogram of the crude product during purification after synthesis 
employing mild quenching of the LiAlH4 reaction. 
In contrast to Figure 5-6, mild quenching of the LiAlH4 was performed by decreasing the amount 
of acetone utilized to avoid splashing and ensure intermediate 3 remained in solution during the 
deprotection reaction, resulting in increased conversion of 3 to [18F]FDHT. This was further 
confirmed by measuring a significant decrease in the radioactivity retained on the reaction vial 
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compared to that from the violent quenching methods. Note: Decreased retention times in this 
chromatogram (i.e., as compared to the chromatogram in Figure 5-6) were due to the installation 
of a more efficient HPLC pump better capable of reaching the 10 mL/min flow rate. 

 

5.4.2. Other improvements 

Additional minor improvements were made to better automate other aspects of the 

manual synthesis to the ELIXYS. For example, the use of 9 mL vs. 15 mL of water was 

sufficient to transfer product to the HLB cartridge for the aqueous extraction and subsequently 

rinse the cartridge. Lowering the required water volume decreased the overall synthesis time by 

minimizing the operations needed to add and transfer the water. Also, the configuration of 

drying cartridges was modified in order to prevent potential blockage of the fluid pathway from 

Cassette 1 to Cassette 2. Initial attempts to solely use MgSO4 as done at MSKCC were 

unsuccessful due to rapid hardening of the drying agent, consequently obstructing the flow. 

After testing both type and quantity of drying agents, I found that initially using the milder drying 

agent, Na2SO4, removed the majority of water from the organic solution, allowing more rigorous 

drying via MgSO4 to occur reliably without hindering the flow. 

 

5.4.3. Overall assessment 

Taken together, these measures avoid the need for cryogenic conditions and enabled 

complete automation of the synthesis, while still resulting in a useful RCY. The RCY obtained 

using ELIXYS was only modestly lower than the RCY of the manual procedure currently 

performed at MSKCC (i.e., 29% vs. 44% decay-corrected and 16% vs. 22% not-decay-

corrected). Moreover, specific activities greater than 1 Ci/µmol were obtained (i.e., considered 
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sufficient for this tracer) and, with a starting radioactivity of 80 mCi, clinical doses of >10 mCi 

(370 MBq) can be routinely produced. This point was validated with a production run performed 

using 1.0 Ci of starting radioactivity that yielded 189 mCi of [18F]FDHT, sufficient for multiple 

patient doses. The specific activity of this production run was higher (4.6 Ci/µmol), as expected 

when starting with a higher amount of radioactivity. Combined with the fact that the formulated 

product passed all clinical-level QA requirements, the synthesis is suitable for direct use in 

clinical production. Much larger starting radioactivities are routinely available from cyclotrons if 

larger quantities of [18F]FDHT are desired. 

With the ELIXYS, I have successfully automated the currently utilized [18F]FDHT 

synthesis with only minor modifications. Recent reports have shown the potential for 

modification of the conventional synthesis methodology to eliminate the use of LiAlH4 and 

normal-phase HPLC purification. The primary goal of such changes is to eventually enable a 

facile translation of the [18F]FDHT synthesis onto other commercial automated synthesizers 

(e.g., GE TRACERlab™). Alterations to the synthesis protocol have been presented as 

conference abstracts in which, for example, reverse-phase HPLC purification was implemented 

to allow for rapid and straightforward reformulation using C18 solid-phase extraction after 

purification [112]. In addition, the use of NaBH4 as a milder reducing agent was recently 

optimized in the manual synthesis of [18F]FDHT to avoid cryogenic conditions [62]. Under this 

protocol, the reduction step was performed at room temperature in ethanol and was complete 

after 10 min. However, prolonged stirring of the reaction mixture in the presence of acetone was 

required to quench excess NaBH4; this critical step avoids significant decomposition of the 

desired product during the subsequent acid mediated deprotection. While the slow 
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decomposition of NaBH4 in protic solvents that forms H2 gas is an insignificant concern at the 

time-scale of the reduction, this incompatibility creates a limitation with regard to reagent 

preparation and automation of this protocol. The requirement to prepare a fresh NaBH4 solution 

before each synthesis, therefore, limits the practicality of reagent kits to be provided for the 

automated synthesis of [18F]FDHT. Furthermore, the low solubility of NaBH4 in alcoholic 

solvents may result in complications of reagent addition (e.g., clogging) during use in 

commercial automated synthesizers. An automated synthesis of [18F]FDHT using a NaBH4 

reduction method was presented in a recent abstract [61], but to my knowledge no peer-

reviewed article describing a fully automated protocol for [18F]FDHT has previously been 

published. Ultimately, I decided against the use of NaBH4 and reverse-phase HPLC in this study 

to accelerate translation to an automated protocol by avoiding significant re-optimization of 

these steps. Of course, simplifications or improvements to the [18F]FDHT synthesis protocol 

could quickly be applied to the ELIXYS, if desired. Moreover, the automation of a LiAlH4 reaction 

presented in this study could also be applied to other automated synthesizers, and potentially 

the automated synthesis of other PET tracers. 

 

5.5. Conclusion 

The radiosynthesis of [18F]FDHT has been adapted for full automation on the ELIXYS 

radiosynthesizer resulting in good yields, high purity, and good specific activity suitable for 

clinical use. In addition to the advantages of automation, the use of disposable kits on ELIXYS 

will enable the creation of reagent kits to simplify the overall protocol and facilitate routine 
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production of [18F]FDHT across multiple sites. The automated synthesis of [18F]FDHT could, 

then, be adopted by others and accelerate research by enabling widespread access to this 

promising PET tracer, potentially aiding in the clinical management of metastatic prostate 

cancer. The demonstration of this radiosynthesis also provides evidence for the practicality of 

room temperature LiAlH4 reactions that could potentially be performed in other automated 

radiosynthesizers. This could set the stage for other difficult and complex radiosyntheses to be 

adapted to automation, as well as provide means for the automation of chemistry previously 

avoided due to the considered inability to be automated. 

  



 
 

 

189 
 

 

6. Chapter 6: The Outlook 

6.1. ELIXYS overview 

 The goal for developing the ELIXYS automated radiosynthesizer was to provide users 

with the means to automate radiochemistry in a way that is both flexible and intuitive. This goal 

was accomplished by constructing a dynamic system that utilized moveable reactors and a gas 

and reagent handling robot that interfaced with generically designed disposable cassettes 

capable of performing the basic unit operations chemists typically employ for any synthesis 

(e.g., Add, React, Evaporate). Key features required for radiochemistry were also included, such 

as three independent reactors and mechanisms to enable intermediate purification and 

radioisotope handling using solid-phase extraction (SPE) cartridges. 

Characterizations and optimizations were performed to understand and improve the 

reliability of these components, and to provide the user with guidelines and methodology to 

generate robust radiosynthesis protocols that ensure reproducible results. I investigated specific 

volume and radioactivity losses that occurred during the addition, evaporation, and transfer 

operations throughout the radiosynthesis (Chapter 2: The Box) using methods that could be 

generalized to study other physical or chemical processes occurring in other synthesis 

protocols. In addition, I thoroughly investigated the liquid temperature profiles and pressure 

limitations of solvents and solutions during fully-sealed reactions (Chapter 3: The Test). The 

information provided could also be useful when translating synthesis protocols to and from the 

ELIXYS. Once the system was characterized and basic elements of synthesis processes 

optimized, I was able to perform various 18F-labeled PET tracer radiosyntheses to both validate 
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the performance of the system and demonstrate the flexible nature of ELIXYS to perform 

diverse syntheses without hardware reconfiguration (Chapter 4: The Application). Finally, to 

demonstrate the ability of the ELIXYS to perform radiosyntheses considered unable to be 

automated on commercial radiosynthesizers, I produced the androgen receptor ligand, 

[18F]FDHT, in a fully-automated fashion with quantities and qualities suitable for immediate use 

in clinical trials (Chapter 5: The Demonstration). 

In the end, the combination of a reagent and gas handling robot, a generically 

constructed cassette design, and three movable reactors enabled a unit operation based 

system that simplified operation while maintaining flexibility, robustness, and reliability. Through 

the characterization and further improvement of these key components, the ELIXYS is able to 

handle high temperature and high pressure reactions using volatile and corrosive reagents 

unlike any other commercial radiosynthesizer. These attributes make the ELIXYS an ideal 

platform for 1) the development of novel tracers that can immediately be used for routine 

production without requiring re-optimization, 2) producing a wide diversity of tracers using a 

single system without requiring modifications or revalidation of the system between tracer 

syntheses, and 3) the automation of complex radiosyntheses previously considered to be not 

amenable to automation. 

A large barrier in both developing and routinely producing PET tracers is the overall cost. 

As seen in Table 1-1, the cost for synthesizing even a simple 18F-labeled PET tracer can be 

over $1000 (USD) per experimental or production run. The ability to initially develop, and then 

routinely produce, the tracer on a single system eliminates the need for re-optimization of the 

radiosynthesis conditions, greatly decreasing the number of radiosyntheses, and therefore cost, 
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necessary to assess the effectiveness of novel tracers in PET imaging. Moreover, the ability to 

use the same system to reliably synthesize many different tracers enables smaller facilities, 

which may not have the space or funding for multiple synthesizers or hot cells, to produce a 

wide diversity of PET tracers. Through its versatility and unique design, the ELIXYS has the 

potential of greatly reducing the barriers to PET tracer development and production, which 

ultimately leads to increased access to valuable in vivo diagnostics that could help solve some 

of humankind’s most challenging medical issues. 

 

6.2. Suggested improvements and additions 

 Though the ELIXYS was successful in performing the tasks it was designed to 

accomplish, extensive use of the system had revealed improvements that could be made to 

further enhance both the usability and efficiency of the system. In this section, I discuss some of 

these improvements and the effects they will have on the overall system. 

 

6.2.1. Reactor 

 Currently, the operating temperature and pressure ratings of the reactors are 185°C and 

~ 200 psi, respectively. Though the vast majority of radiosyntheses can be performed within 

these ratings, researchers have suggested that some radiochemistry could be further improved 

at even higher temperatures and pressures [68,113]. The ability to superheat any solvent, 

regardless of boiling point, would enable the user to explore the effects of a wide range of 

possible reaction conditions. The Advion NanoTek® is able to perform microfluidic flow-through 
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reactions with DMSO at 200°C [114], which could suggest a benefit in the production of PET 

tracers using vial-based systems as well. 

Currently, the temperature limit of 185°C is set by the fittings used to connect the tubing 

carrying the liquid coolant to the reactor heaters. These particular fittings are designed to allow 

convenient insertion and removal of tubing, but they contain plastic parts that are not rated to 

withstand temperatures above 185°C. The convenience these fittings provide, however, allow 

for ease in disassembly and reassembly as needed for maintenance (e.g., replacement of the 

tubing). For users requiring higher temperature ratings, other fitting options are available (e.g., 

compression-type fittings) that can withstand > 185°C. Though the temperature rating is 

currently determined by the operating limit of the particular fitting described above, at higher 

temperatures, it is important to note that others components may become the limitation and 

require re-design or modification. Here is a list of some examples: 1) if the glass transition 

temperature of the polyurethane material from which the cassettes are made is exceeded, the 

cassettes could deform and interfere with system operation; 2) if the coolant is superheated, 

coolant pressure could build up and leak or damage the cooling system; and 3) if the cooling 

capacity of the system fans is exceeded, the internal system temperature could rise. Ultimately, 

the final temperature rating of the reactors will always be limited by the component(s) in the 

heating system with the lowest rating.  

Regarding the increase of the pressure rating, increasing the pneumatic sealing of the 

reaction vial and changes to the gasket material used to create the seal should both be 

considered. Specifically, aspects of the gasket that should be considered are the chemical 

composition, durometer (or hardness), and thickness of both the elastic (e.g., silicone or another 
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applicable material) component as well as chemically inert (e.g., PTFE) coating. For example, 

increasing the durometer of the elastic material may allow it to withstand higher forces resulting 

from increasing the pneumatic sealing pressure of the reaction vial onto the gasket, without 

excessive deformation. Also, increasing the thickness of the PTFE, or any chemically inert, layer 

could help prevent damage caused by the hot vapor of aggressive solvents (e.g., DCM). In the 

end, increasing either the temperature or pressure ratings of the system may be beneficial, but 

they are coupled with the possibility of finding other complications and limitations that may arise. 

 

6.2.2. Cassettes 

 The fluid pathways within the cassettes are made of very inert materials, such as 

fluoropolymer tubing, stainless steel needles, and stopcock valves made of both a fluoropolymer 

and polypropylene. These pathways must be compatible with anything from highly corrosive 

solutions to volatile and aggressive organic solvents, in addition to being placed in a radioactive 

environment. However, cassettes could be further optimized for a given type of tracer by 

incorporating the appropriate tubing and cassette materials, rather than simply using a “one-

size-fits-all” model, though typically custom-manufacturing comes with the disadvantage of 

increasing costs. For example, to minimize release of fluorine-19 from fluorinated polymers that 

can adversely affect the specific activity of the final tracer [72], tubing such as PEEK could be 

employed wherever [18F]fluoride is transferred prior to radiofluorination. With regards to the 

addition of corrosive acids, such as the HBr solution used in the radiosynthesis of D-[18F]FAC, 

Teflon®-coated addition needles could be used to increase the robustness and/or longevity of 

the needles, if needed. 
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 Further investigation into the cause of failure of the stopcock valves will also be 

beneficial to reduce radiochemistry failures due to this issue, especially if there continues to be 

reasons to re-use cassettes. I did perform a series of qualitative tests that included soaking the 

valve in eluent solution and leaving the valve in a high radiation field for prolonged periods of 

time. Failure of the stopcock could not be reproduced through these processes. Alternatively, 

different stopcock valves could be implemented that use other chemically resistant and/or 

radiation resistant materials. Note: The type of actuator adapter may need to be modified to 

account for a new stopcock valve handle. 

 From the temperature characterization experiments, deformation of the cassette was 

observed after repeated, lengthy, high-temperature heating (> 140°C) was performed while the 

vial was sealed against the gasket (Figure 3-3). The deformation occurred locally where the 

reaction vial sealed against the gasket and resulted in a decrease of the pressure rating below 

the maximum. During some qualitative tests with the cassette material, our team found that the 

polyurethane material began to soften when exposed to elevated temperatures. If the user 

desires to reuse a cassette to perform repeated reactions at high temperatures with volatile 

solvents, it may be advantageous to explore the temperature distribution within the cassette and 

make design or material changes. One could perhaps monitor the temperature of the cassette 

at the reaction position as the sealed reaction vial is heated by drilling a small hole from the top 

portion of the cassette and inserting a thermocouple or other temperature measuring device that 

is in contact with the bottom portion of the cassette at a “React” position. This is approximately 

the highest temperature to which any part of the cassette would be exposed. With this 

temperature data, a different cassette material could be considered that has a glass transition 
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temperature above the recorded temperature. The degree of chemical resistance may not need 

to be very high, since the liquid never comes in contact with the cassette body; however, the 

vapor could potentially damage the cassette material, and this might be a consideration for 

some syntheses, especially at high temperatures. 

 Overall, in a disposable model, the robustness of the cassette is only required to survive 

the given radiosynthesis without harming the reproducibility of the not-decay-corrected RCY 

(e.g., avoiding materials that could leach unknown and variable amounts of substances into the 

reaction solutions). Therefore, the degree of optimization into the cassette design will ultimately 

be determined by how often a user is seeking to reuse a cassette. 

 

6.2.3. Integrated HPLC and reformulation modules 

 In its current state, the ELIXYS fully automates the radiochemistry portion of the 

radiosynthesis but requires that the purification and reformulation steps are performed outside 

the system, e.g., manually. Ideally, the system would incorporate an automated method to load 

the final crude product into the HPLC sample loop and inject the sample into an integrated 

HPLC system. Other current radiosynthesizers incorporate such a mechanism (e.g., Siemens 

Explora™ One), and Sofie Biosciences, Inc. is currently implementing automated sample 

injection into the HPLC on the most recent ELIXYS models. They are doing so by incorporating 

a liquid sensor on the tubing connecting the dip tube to the HPLC injector valve. (For example, 

this could be a commercial optical liquid sensor that measures the amount of light from a light-

emitting-diode reaching a photosensor after it passes perpendicularly through the tubing; the 
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signal changes depending on whether air or liquid is inside the tubing.) As the crude product 

solution is pushed (i.e., by means of positive pressure) from the reaction vial to the HPLC valve 

(with the valve in the “Load” state), the liquid sensor detects when the solution begins to reach 

the valve. It continues to monitor until the other end of the fluid sample is seen, and then 

triggers the HPLC injection valve to change to the “Inject” state. The next layer of sophistication 

would be to analyze and detect chromatography peaks and automatically (or with operator 

guidance) choose which one should be collected. This could be done by reading the analog 

output of the HPLC detector and implementing an automated selector valve to vary the fluid 

path as needed to collect different fractions into different containers. Alternatively, the user 

could predefine the retention time ranges that should be collected and the software could look 

for a peak around this time. For the desired product fraction, the selector valve could direct the 

solution into an automated reformulation module, e.g., as described by Tseng and van Dam 

[115]. Automatic production of a formulated, injectable solution would significantly increase the 

safety and convenience of production and decrease the skill needed. 

Even further integration is possible. Once reformulated and sterilized, the sterile solution 

could be transferred into an automated dose dispensing system, as presented by Dooraghi et 

al. [116], which could possibly be interfaced with an automated injection system as 

demonstrated by Berry-Pusey et al. for preclinical PET imaging applications [117]. Together, 

these systems could provide an almost completely automated method for the production and 

use of PET tracers. 
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6.2.4. Considerations for sequential tracer production 

 For the same-day, sequential syntheses of [18F]FLT, [18F]FDG, and [18F]Fallypride 

(section 4.3.10), each synthesis required its own vial containing aqueous [18F]fluoride that was 

connected to its respective cassette. Currently, the ELIXYS only has one external line designed 

to pressurize the [18F]fluoride containing vial to deliver the radioactivity to the cassette for 

synthesis. To account for this in a safe manner, I had to implement a manifold system to 

distribute the pressure manually as needed to each of the three vials at the beginning of the 

respective synthesis. One addition that could benefit those interested in performing sequential 

syntheses is the installation of a distribution valve. This valve could either 1) deliver pressure to 

the particular [18F]fluoride vial if using multiple vials of starting radioisotope solutions or 2) route 

the aqueous [18F]fluoride from the cyclotron to the cassette of interest, depending on the user’s 

source of [18F]fluoride. Additionally during sequential syntheses, often multiple tracers require 

HPLC purification; however, the ELIXYS only has one HPLC injector valve connected to the 

semi-prep HPLC purification system. Similar to [18F]fluoride distribution, by plumbing each 

cassette output to a selector valve where the common line is linked to the HPLC valve, each 

output could access to the HPLC purification system as needed under software control. Taken 

together, these changes would eliminate any need for manual intervention when performing up 

to three sequential syntheses. 
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6.3. Diversity of PET tracers 

 With the flexibility provided by the ELIXYS, the next step would be to implement a larger 

variety of tracer syntheses onto the system. In this dissertation, I presented a series of 18F-

labeled PET tracers that primarily utilized the SN2 method of radiofluorination. Other methods of 

radiofluorination have been developed that utilize isotope-exchange reactions with fluorine-19 

[118,119], as well as extremely rapid transition-metal mediated reactions that enable one or 

two-step late-stage fluorination techniques [34]. Recently, a new method by Sergeev et al. was 

also developed that enabled radiofluorination in solutions with up to 25% aqueous content [120]. 

This method was performed by pre-incubating the precursor with titanium dioxide prior to 

radiofluorination, which is completed in only 5 min at 130°C. Other methods have also been 

developed to enable reactions in highly aqueous environments to avoid the need for [18F]fluoride 

drying [26,35,36,38], which save the 20-30 min necessary for this step. 

Though ideally all of these methods could be adapted to the ELIXYS, some require very 

specific conditions that are difficult to implement in any synthesizer. In particular, some of the 

transition-metal mediated reactions require precursors that are highly sensitive to oxygen and 

moisture. The precursors must remain under an inert atmosphere like argon prior to 

radiofluorination. Inherent in the open nature of the ELIXYS reaction vial, this would not be 

possible unless modifications are made to keep the reaction vial sealed at all times. This can be 

done by capping the reaction vial with a septum and by incorporating needles in the cassette 

that have sharp ends facing the vial that could pierce this septum. Similar modifications could be 

made for the evaporate and transfer operations. Ultimately, only changes need to be made to 
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the cassette and the reaction vial, which both should be disposable; therefore, even these types 

of reactions are potentially applicable to the ELIXYS without modifying the system. 

Beyond 18F-labeled PET tracers, other radioisotopes, such as radiometals (e.g., gallium-

68, zirconium-89, copper-64, and yttrium-86) could also be used with the ELIXYS. With 

radiometals, radiolabeling generally requires incubating the radioisotope in a buffered solution 

containing the desired tracer linked to an appropriate chelating agent [121]. The built-in 

intermediate purification could aid in purifying out unreacted radioisotope, and for gallium-68, 

potential parent radioisotope (i.e., germanium-68) contamination [122]. For 11C-based 

radiosyntheses, the radioisotope is produced as a gas and is generally converted into a solution 

prior to radiolabeling. This would require a sealed reaction vial as mentioned above, unless a 

separate module converts the 11C-labeled gas to liquid form and then transfers the solution to 

the ELIXYS. Generally, for 11C-PET tracer production, researchers purchase dedicated 

systems, though some systems have been developed to handle both 18F- and 11C-

radiosyntheses (e.g., SCINTOMICS HotBoxthree, TRASIS Allinone). Ultimately, in its current 

state, the ELIXYS is designed to handle most solution based radiochemistry, regardless of 

radioisotope. 

 

6.4. Concluding remarks 

Philosophically speaking, I believe users should be empowered to perform automated 

18F-labeled PET tracer radiosyntheses using the methodology they wish to use, rather than 

having to fit their chemistry to the limitations of the radiosynthesizer. With the work our team has 
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done with the ELIXYS, my hope is that the system will not only evolve to satisfy the needs of all 

users, but will also motivate other researchers and manufacturers to adapt this model of 

flexibility. As the title of my dissertation suggests, users should not have to “think outside the 

box” in order to account for the limitations of the system, or “box.” By developing automated 

systems that follow a user-centered model, the “thinking” could be done “inside the box,” 

therefore allowing users to spend their valuable time working to develop new and exciting 

methods to improve the field of PET. 

With regards to PET, the true potential in performing in vivo assays to better elucidate 

the mechanisms behind biological processes will never be fully realized until effectively any 

biomolecule can be quickly radiolabeled and utilized. PET has not only proven to be useful in 

clinical applications, but it has shown great potential as a tool to investigate the basic science 

behind the techniques and pharmaceuticals that ultimately are applied in the clinic. By better 

understanding the molecular basis of disease through basic research, we have accomplished a 

great deal and advanced medicine in ways that continue to amaze and astonish people. 

Leveraging PET to more specifically and sensitively investigate the human body could lead to 

establishing new horizons for modern medicine. With the work I have completed in my doctoral 

program, I have gained valuable insights and skills with regards to automation and the 

radiopharmaceutical industry. I hope to apply this experience to further improve medicine with 

the goal of developing innovative technology designed to provide medical care to anyone who 

requires it. 
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