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ABSTRACT OF THE DISSERTATION 

Designing Microfluidic Tools for Radiochemical Analysis and High-

throughput Radiopharmaceutical Development 

Jason Jones 

Physics and Biology in Medicine 

University of California Los Angeles, 2021 

Professor R Michael van Dam, Chair 

Positron emission tomography (PET) is a highly sensitive non-invasive imaging modality that uses 

small masses of radiolabeled “tracer” compounds to probe specific biochemical pathways within the 

whole body. PET is used extensively in clinical diagnostics, basic research, drug development, treatment 

monitoring, and in the new field of theranostics.  To minimize radiation exposure to the radiochemist, the 

preparation (synthesis, purification and formulation) of PET tracers is performed using automated 

instruments known as radiosynthesizers. Because current systems are quite expensive, bulky (requiring 

operation in a specialized radiation-shielded hot cell) and consume tens to hundreds of times as much 

precursors and reagents compared to the amount of tracer needed for imaging, there has been intense 

interest in microfluidics in this field. A particular promising avenue has been the use of droplet-based 

radiochemistry platforms that can produce similar quantities as conventional systems, yet reduce volume 

and reagents by 100x, reduce synthesis times, and are small enough that they could be self-shielded and 

operated as a benchtop instrument in a normal laboratory.  

In addition to advantages for tracer production, this approach enables parallel syntheses by 

performing multiple reactions together on a single chip, paving the way to rapid, high-throughput 

radiochemistry for basic investigations, synthesis optimization, and tracer development. In one project, I 

designed a droplet chemistry heating platform involving a fast ceramic heater for accurate temperature 

control for a singular droplet synthesis.  This initial platform was used in the development of the droplet 

synthesis of [18F]AMBF3-TATE, realizing an Isolated radiochemical yield (RCY) of 16±1% (n=5) with via 

isotopic exchange radiofluorination.  I also developed a robotic system to perform fully-automated droplet 
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reactions (up to 64 at a time). A Cartesian 3-axis gantry was built that could quickly move a fluidics head 

(for reagent dispensing and crude product collection) across a 20cm x 40cm workspace containing a set 

of four multi-reaction chips (each with 16 sites) each controlled by an independent heater, a pipette tip 

rack, microwell plates for reagents and reaction products, and a set of thin-layer chromatography (TLC) 

plates for reaction analysis.  

The system was extensively tested and characterized, and a scripting language was developed to 

allow high-throughput studies to be programmed as a series of intuitive operation sequences applied to 

sets of reaction sites. Consistency was assessed by performing a series of identical reactions (synthesis 

of [18F]Fallypride) which exhibited crude RCY of 79±5% (n=16).  This was lower than the manual optimal 

conditions (90±1%, n=4), and with slightly higher variation.  

In a second project, I explored microfluidic technology related to the analysis of radiotracers. After the 

synthesis of a PET tracer, the resulting product must be purified, formulated in saline and finally must 

pass a number of quality control (QC) tests to ensure safety of the tracer and identity of the product.  

These tests are typically performed using equipment such as high-performance liquid chromatography 

(HPLC) which is an expensive instrument that requires significant table space for the device. 

We designed a “hybrid” capillary and PDMS microfluidic chip for the performance of these QC tests 

using capillary electrophoresis (CE).  I helped develop a volumetric injection chip to inject a 4nL volume of 

analyte into the separation capillary in a highly repeatable manner.  Using this device, injected sample 

peak relative standard deviation (RSD) was found from the UV absorbance detector electropherogram to 

be <1.5%, allowing for baseline separation (i.e. resolution > 1.5) of FLT from known synthesis impurities, 

and enabling impurity species to be quantified independently. The major limitation towards this device 

performing some of the required QC tests was the lack of a method for in situ radiation detection.  

Therefore, I added an avalanche photodiode (APD) to the previous device for the purpose of detecting 

radioactive species.  This detector provides highly localized detection due to the short positron range and 

thus narrow peak widths in the radiation detector electropherogram. The radiation detector enabled 

confirmation of radiochemical identity, and radiochemical purity, and a limit of quantitation of 114 MBq/mL 

(3.1 mCi/mL), suitable for testing batches of tracers at higher levels of radioactivity concentration. 
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show normalized measurement of Vm, which is proportional to electrical current through the 
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Chip 2, (C) Valve in Chip 3. The same legend applies to all graphs. .........................................81 

Figure 20: Repeatability of response time of different microvalves within the same chip. 
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Figure 21: Effect of the amount of hydraulic fluid on the microvalve response time. (A) 
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with hydraulic fluid (e.g., water) to avoid injection of pressurized gas into the other device 
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Figure 23: Electropherogram of single compound (50mM Thymidine) injected via the 

volumetric injector chip with the perpendicular chip-to-capillary junction (A) and the collinear 
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capillary, and detection chip. (B) Top view schematic (not to scale) of detection chip showing 

both the UV absorbance and radiation detection regions. Red arrows represent positron 

emissions from the sample. The sensitive region of the radiation detector extends ~1 mm 

beyond the edges of the detector for positrons from F-18. (C) Side view schematic (not to scale) 
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channel width tapers down from 125 µm at the right edge of the chip to 45 µm in the optical path 
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Valve control channels (filled with Krytox® oil) hydraulically actuate microvalves to control the 

loading of the 4 nL injection chamber, and injection into the capillary for separation. The two 

chips are connected via the 20 cm long separation capillary. Note that panels A and B are not 
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Figure 29: Separation and detection of mixtures of non-radioactive compounds.  (A) 
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and 95 µM CLT in DI water) using the detection chip with 125 µm wide optical flow cell. (B) 

Electropherogram of a 5-compound mixture (250 µM FLT, 250 µM thymidine, 250 µM stavudine, 

238 µM CLT, and 250 µM nosyl acid in DI water) using a 45 μm wide optical flow cell. ........... 101 

Figure 30: Radiation detector signal when detection channel is uniformly filled with aqueous 

[18F]fluoride solution of different concentrations. The background has been subtracted from all 

values.  Error bars represent the standard deviation of the 600 detector readings over the 5 min 

acquisition for each sample. The line is a linear least-squares fit (y = 6.29x + 0.04; R2 = 0.998).
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concentration of injected samples of purified [18F]FLT. Peaks were time-corrected to the same 
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increased volume increases the fluorine-19 contamination, leading to reduced molar activity. At 
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[18F]fluoride solution for 2 h prior to on-chip radiosynthesis. Each data point represents n=3 

repeats; error bars show standard deviation. .......................................................................... 218 

Figure 76: Summary of dynamic imaging study #1 of the influence of molar activity on in 

vivo imaging of [18F]Fallypride. (A) Average striatal uptake during dynamic scans of healthy 

mice. Right graph shows the final uptake as a function of molar activity. (B) Cerebellar uptake 
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1. Introduction 

1.1 Positron Emission Tomography  

Positron emission tomography (PET) is a molecular imaging technique that allows tracking 

the distribution of a radioactive agent (a “tracer”), in a highly sensitive and non-invasive manner 

in the whole body1.  To acquire a PET image, the patient must first be injected with the tracer, 

and the tracer must be allowed to circulate throughout the body and participate in the desired 

biochemical interaction (i.e. binding or enzymatic ‘trapping’). The distribution of the tracer 

throughout the body is visualized by placing the patient in a PET scanner. 

Historically, PET was first conceived by Kuhl, Chapman, and Edwards in the 1950s, and the 

first tomographic images were captured by Ter-Pogossian, Phelps, and Hoffman in 1975 2,3. 

PET has been widely used for fundamental research, disease detection, and drug development 

since4,5. 

The radioisotope label undergoes decay, where the nucleus, in the case of PET, emits a 

positron (an anti-electron with positive charge). 

 

Positrons, being antimatter, annihilate when encountering a nearby electron, generating two 

anti-parallel gamma rays with 511keV energy.  Equation 1 is a generalized annihilation event, 

where β+ is a positron, β- is an electron, and γ is a gamma ray, while Figure 1 shows the same 

equation physically. 

The PET scanner has a ring of detection elements which measure the light generated by a 

small scintillation crystal when a gamma ray interacts and deposits energy within6.  As each 

annihilation generates two gamma rays simultaneously, a decay can be registered by the 

 β+ + β− → 𝛾 + 𝛾 Equation 1 
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detection of two events in two different detectors within some very small (order of ns) time frame 

of each other. 

 

Figure 1: Representation of the physical processes involves with positron emitting isotopes, and the 

annihilation with an electron producing two antiparallel gamma rays. 

Over the course of the scan, many pairs of coincidence events are recorded by detectors. 

These events are then reconstructed into a 3D image of the distribution of radioactivity (i.e. 

decay events) within the subject. In the resultant PET image, the voxels of higher intensity 

correspond to areas where the most decays occurred, and therefore where more of the 

radiotracer accumulated.  A detailed review of reconstruction concepts can be found in Alessio 

et al.7, and more recent approaches can be found in Tong et al.8. 

The PET image is typically co-registered with another image showing the anatomy of the 

body – most often a CT scan though occasionally an MRI scan – with the patient in the same 

position (preferably in the same machine) as in the PET scan.  This allows the PET data to be 

assigned to well-defined organs or other regions of the body.  

Typically, images are analyzed quantitatively, and a common method is to calculate a 

standard uptake value (SUV) for the region of interest (ROI).  The SUV is defined as the amount 



3 
 

 

of radioactivity in the tissue divided by the injected dose per bodyweight.  For a detailed 

explanation of different quantitative image analysis protocols and a discussion of their 

connections to the experimental design of the study, see a review by Yoder9. 

With the discovery of both the glucose analog 2-deoxy-2-[18F]fluoro-D-glucose (FDG) and 

the abnormal glucose metabolism that occurs in a wide variety of diseases, PET has been used 

extensively in the detection of cancers10–12, neurology13,14, cardiology15–17, and is still by far the 

most widely used tracer in clinical PET scans. 

The development of more focused and specialized tracers has expanded the usage of PET 

into many other areas of medicine and medical research. 

1.2 PET radioisotopes and tracers  

There are a number of positron-emitting isotopes commonly used in PET, including F-18, 

Ga-68, C-11, N-13, O-15, Zr-89 and Cu-64.  Each radioisotope is characterized by its half-life 

(time after which ½ of the radioactivity of the radioisotope has decayed), its positron energy 

(related to the distance the positron travels before annihilating)18, and the branching ratio 

(percentage of decays that result in a positron)6.  Conti and Eriksson discuss the fundamental 

physics involved with positron emitters and the important differences between each19.   

Half-life is one of the important factors for choosing a radioisotope.  F-18 has a half-life of 

110 minutes, which allows sufficient time for preparation and transport of the tracer, but is short 

enough to minimize radiation dose to the patient. It is suitable for same-day imaging (tracer 

administration and PET scanning occurring during the same day) provided the tracer has rapid 

kinetics, which is generally true for small molecules, peptides, and small antibody fragments. 

Critically, the ability to transport the tracers over relatively large distances within 1 to 2 half-lives 

enables wide-spread access to 18F-labeled radiopharmaceuticals. 
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C-11 (20 min half-life) is widely used for early small-molecule drug and tracer development, 

as carbon is a ubiquitous atom, allowing labeling without changing the molecular structure. 

However, the short half-life does not allow complicated synthesis nor transport of the tracer, 

restricting use to facilities that have an on-site cyclotron for producing C-11.  Zr-89 (78 hours), 

Cu-64 (13 hours), and Ga-68 (68 min) are labeled via a simpler chelation process (often having 

higher yield and simpler purification than F-18 and C-11 covalent bond labeling). A notable 

feature of Ga-68 is that it can very conveniently be produced from a compact on-site ‘generator’ 

from the parent isotope (Ge-68) multiple times per day, though the quantity available per 

generator elution (<1.9GBq [<50 mCi]) is very limited compared to the quantities of F-18 that 

can be produced in a cyclotron (up to hundreds of GBq [multiple Curies]) 20,21. 

The wide range of half-lives allows tailoring to the kinetics of the tracer (e.g. minutes for 

small molecules to days for large molecules such as antibodies). In some applications such as 

cell-tracking in the development of new cell-based immune therapies22–25, PET tracers have 

enabled monitoring of processes over days to weeks26. 

Another important choice in radioisotope is the positron energy.  A positron with higher 

energy will travel further before annihilation and can reduce image resolution and thus clinical 

value. Therefore, when possible, a lower-energy radioisotope is preferred.  For reference, Ga-

68 decays have an average positron energy of 0.84MeV, for F-18 the energy is 0.25MeV27, for 

Cu-64 it is 0.65 MeV and for Zr-89 it is 0.40 MeV. A discussion of positron range and how it 

affects imaging is given by Levin and Hoffman28. 

Branching ratio, the percentage of decays that produce positrons versus other types of 

emissions (e.g. prompt gamma rays), is also an important consideration. The branching ratio of 

both Ga-68 (89%) and F-18 (97%) are very high. However, some isotopes have a much lower 

value. For example, Cu-64 has a branching ratio of only 18%, with 40% of decays producing 
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high-energy electrons, and 43% of decays producing Auger electrons from electron capture 

within the nucleus.  These electrons still deposit energy to the surrounding tissue, increasing 

radiation dose without contributing to the image production. Zr-89, has a similarly low (22%) 

branching ratio. Despite this unfavorable dosimetry, these radiometals find use in monitoring of 

longer timescale biological processes29,30.   

In addition to imaging diagnostics another rapidly growing application of PET tracers is in 

the use of theranostics. Broadly, theranostics are compounds that can be labeled with an 

imaging isotope for imaging to calculate dosimetry (to determine maximum therapeutic dose) 

and then a therapeutic isotope to perform treatment via targeted radionuclide therapy. 

Yordanova et al. review the concepts and applications of theranostics and scientific 

breakthroughs in that field31.  A commonly used theranostic pair is Ga-68 for imaging and Lu-

177 (a ß-emitter) for therapy. There are also cases where a single element has both a positron-

emitting isotope for imaging and a different isotope suitable for therapy, such as Sc-44/43 and 

Sc-47, as described in Müller et al.32 Another direction is designing tracer molecules in such a 

way that it can be labeled with two isotopes at once; Lepage et al. discusses a PSMA-targeting 

tracer designed with a DOTA chelator as a lutetium labeling site (for either Lu-177 or stable 

lutetium) and an trifluoroborate isotopic exchange site (for either F-18 or stable fluorine) which 

can be chosen based on the purpose of the scan33. Such strategies are important as even a 

change of one atom can affect the biodistribution of a molecule. 

Overall, the favorable physical properties of F-18 (moderate half-life, low positron range, 

high branching ratio), its relatively small disruption to chemical properties (which allows 

incorporation into small molecules, unlike bulky chelation approaches needed for radiometals), 

and the wide availability of F-18 from commercial sources, have fueled its widespread use. This 

dissertation will focus on 18F-labeled tracers. 
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1.3 PET tracer manufacturing  

1.3.1 Overall workflow for producing PET tracers  

Manufacturing a PET tracer for imaging (Figure 2) involves the generation of the 

radioisotope, performing chemical reactions to incorporate the radioisotope into the tracer 

precursor, purification of the product, formulation into an injectable solution (typ. saline), and 

finally the performance of a number of quality control tests to ensure the safety of the injected 

tracer34. 

 

Figure 2: Workflow of PET tracer production.  [18F]Fluoride is produced by a cyclotron and 

transferred to an automated radiosynthesizer.  Once the crude tracer is produced, it is purified, 

formulated for injection, then the quality control tests are performed before administration to the 

patient. PET scan image courtesy of the National Cancer Institute. 

The use of an automated radiosynthesizer is necessary to protect the radiochemist from 

radiation exposure during production, and to ensure consistency of each batch.  These devices 

allow controlled heating for evaporation of solvents or performing reactions at elevated 

temperatures, addition and mixing of precursor and other reagents, and collection of crude 
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product to perform purification. The radiosynthesizer and purification module are located in a 

lead-shielded “hot cell,” to shield the operator from radiation exposure.  

1.3.2 Example synthesis procedure  

As an example, Figure 3 illustrates the synthesis of 3’-deoxy-3’-[18F]fluorothymidine 

([18F]FLT)35,36.  After the production of the [18F]fluoride from the cyclotron, it must be prepared for 

the reaction by removing water as well as some other impurities.  Due to the strong interaction 

of water with fluoride, the presence of water has an inactivating effect and must be removed 

prior to downstream reaction steps. This is typically done by flowing the aqueous [18F]fluoride 

through a pre-conditioned quaternary methylammonium (QMA) cartridge, a resin with positively 

charged functional groups, to trap the negatively-charged [18F]fluoride.  After trapping, the 

cartridge may be washed with water to help remove any impurities (e.g. metal ion contaminants 

resulting from cyclotron bombardment process) and often with acetonitrile to minimize the 

amount of residual water. 

Once trapped, the [18F]fluoride is eluted from the QMA by a solvent with a base and often a 

phase transfer catalyst, in this case a solution of MeCN/H2O with added K2CO3 and Kryptofix 

2.2.2 (K222).  This solution is added to the reactor, which is then heated to dryness (“fluoride 

drying step”), with the goal of evaporating off remaining water.  Typically this is followed by 

multiple “azeotropic distillation” steps, in which MeCN is added to the reactor and then 

evaporated. 

After cooling the reactor, precursor solution is added and mixed with the dried [18F]KF/K222, 

and then the reactor is sealed and heated to the reaction temperature (here 110°C) for the 

desired duration (here 15 min) to perform the radiofluorination of the precursor.  To ensure the 

[18F]fluoride reacts in a site-specific manner, the precursor is designed with a leaving group at 
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the desired site, and protecting groups at any other labile sites in the molecule.  If such 

protecting groups are used, then a subsequent deprotection step is needed to cleave these 

groups to yield the biologically active tracer. In the example of [18F]FLT, this deprotection step is 

performed by the addition of the deprotectant HCl, followed by sealing the reactor and heating. 

Once cooled, the [18F]FLT is neutralized with NaOH.  The crude product is then typically diluted 

with the high-performance liquid chromatography (HPLC) mobile phase and then injected onto 

the HPLC column for purification. 

 

Figure 3: Radiosynthesis of [18F]FLT.  Top: synthesis scheme. Bottom: Schematic of actions 

performed in a radiosynthesizer. A) Trapping [18F]fluoride on QMA cartridge, B) Eluting [18F]KF/K222 

into reactor, C) Drying of [18F]fluoride residue, including multiple azeotropic drying steps, D) Addition 

of precursor, E) Fluorination reaction, F) Addition of deprotectant, G) Deprotection reaction, and H) 

Dilution and purification.  Synthesis scheme adapted from Marchand et al.©2016 with permission of 

Elsevier35. 
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1.3.3 Conventional radiosynthesizers  

A synthesizer at its most basic level is a machine that has at least 1 reactor (usually with a 

heater), valves and tubing lines for adding reagents to the reactor, and a purification system37,38.  

Some radiosynthesizers, including many of the earliest radiosynthesizers, are designed for 

synthesizing one specific tracer, with static plumbing39–42.  These devices can reliably produce a 

specific tracer (e.g. [18F]FDG). Other tracers can be produced, but manual re-plumbing and 

changing of connections is required to reconfigure the system to perform other syntheses, a 

process that can lead to errors or leaks in the system. These systems generally are compatible 

with a very wide range of operating conditions (high temperatures and pressures) and have the 

flexibility to accommodate a diverse range of syntheses (e.g. multiple reaction vessels, options 

for purification of intermediate). In fact, some radiosynthesizers are designed with expansion in 

mind, allowing scalable number of reactors and reagents, but still requiring manual connection 

of all components43.  Other radiosynthesizers are designed for use with disposable cassette-

based “kits” that are specifically plumbed for the synthesis in question44–46.  Cassettes are 

discarded after use, simplifying cleaning and preparation (especially in clinical settings where 

cleaning would require extensive optimization and validation) at the cost of buying new 

cassettes regularly. Often the cassettes are made of plastic which can limit temperature and 

reagent compatibility.  A book chapter by Keng et al. contrasts these approaches 47, and Bruton 

and Scott provide a recent review of the history of radiosynthesizers modules38. 

The ELIXYS radiosynthesizer (Sofie, Inc.) combines both of these approaches48.  The 

system includes 3 robotically-actuated reaction vessels positioned below 3 disposable 

cassettes, each containing a flexible set of fluid pathways. The reaction vessel can be 

dynamically interfaced with the bottom of the cassette in different positions to achieve different 

functions such as reagent addition, evaporation of solvent, sealed reactions, or transfer of 
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product out of the reactor. A pneumatic actuation mechanism provides robust sealing of the 

reaction vessel against the gasket, enabling high-temperature (and high-pressure) reactions. A 

vial gripper mounted on an XYZ axis can manipulate sealed reagent vials stored in the cassette, 

and dynamically position them at different needle interfaces and pressurize them to achieve the 

desired function (e.g. addition of reagent to reactor, elution of compound from cartridge into a 

reactor, etc.). A wide variety of 18F-labeled radiopharmaceuticals have been synthesized with 

this system, including [18F]FDG, amyloid-ß targeting [18F]Florbetaben ([18F]FBB), and various 

prosthetic groups ([18F]FBA, [18F]SFB, [18F]FBEM) for indirect labeling of peptides and 

proteins49–51. Despite the widely varying synthesis pathways, no hardware reconfiguration was 

required; instead the dynamic reconfiguration could be leveraged by simply programing 

appropriate synthesis sequences. 

Commercially-available systems are typically designed for synthesizing large (high-

radioactivity), batches for multiple patient doses at once42,44,46,52,53.  These commercial 

synthesizers usually have 1-3mL reaction volumes and consume 1-10 mg of precursor per 

reaction.  This quantity of precursor can cost $10-$100 USD for widely used tracers, and much 

higher, up to hundreds of USD or more, for investigative tracers54.  Furthermore, these 

synthesizers typically become contaminated after use, and common practice is to 

decontaminate prior to the next use by waiting for radioactive decay of >10 half-lives before it 

can be used again (~18 hours, i.e. overnight, for F-18).  Combined with these limitations, the 

high costs of the synthesizers themselves, the necessary shielding infrastructure and hot cells 

(and specialized ventilation with radiation monitoring), as well as the skilled personnel, result in 

a very high overall production cost. However, by producing a large batch that can be split 

among multiple patients, the cost per dose can be much lower55.  Due to the short half-life of F-

18, amortization of costs in this way relies on tight schedule coordination of clinical and research 
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centers, and sufficient demand for the tracer.  A detailed discussion of the costs of 

radiochemistry facilities (hundreds of thousands USD, circa 2005) can be found in Saha56, and a 

discussion of the cost to implement current good manufacturing practices (cGMP) in an 

academic radiochemistry facility can be found in Zhu et al57. 

While existing commercial systems are generally reliable and effective and support the 

production of routinely used tracers today, and have supported the development of the majority 

of currently used tracers, the high cost remains a major barrier47,58.  For example, it can be very 

difficult to justify the high production cost when only a small batch is needed, e.g. to support 

preclinical (small animal) studies or synthesis optimization experiments.  

1.3.4 Microfluidic radiosynthesizers  

“Microfluidics” is a term referring to methods and technologies for manipulating liquids on the 

micro-scale (volume and/or dimensions), which have a number of attractive properties for 

radiochemistry.  A general review of microfluidic technologies can be found in Boyd-Moss et 

al.59.  The particular attractiveness of microfluidics as way to address cost and other issues in 

radiochemistry have been extensively reviewed60–66.  

One major benefit of microfluidic methods is that they require less reagents (particularly 

relevant when using expensive or scarce precursors) than their macroscale counterparts, often 

one or two orders of magnitude less.  Another important benefit is that microfluidic technologies 

are very compact, and therefore take up less space in the radiochemistry lab or radiopharmacy.  

This alone can lead to a dramatic reduction in cost of operation, as space within the hot cells 

can be more efficiently used, or potentially hot cells can be avoided altogether by using self-

shielded microfluidic systems. Microfluidic methods can also dramatically simplify the synthesis 

and purification procedures due to the small amount of material involved and can often reduce 
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the synthesis time (reducing losses to radioactive decay). At the same time, microfluidic 

radiosynthesis devices can usually provide equal or higher yields than their macroscale 

counterparts.   

Rensch et al. 2013 gives a very thorough review of the many different microfluidic 

approaches in radiochemistry66.  These approaches include: (i) flow-through reactors (10s-100s 

of microliters of liquid continuously flows through heated capillary- or channel-based “reactors”), 

(ii) small batch reactors (microreactors similar in concept to conventional batch systems but with 

1-10s of microliter volumes), and (iii) droplet-based reactors (performing reactions in 1-10 

microliter volumes).   

1.3.5 Droplet-based microfluidic radiosynthesizer  

Wang and van Dam review the various types of droplet reactors used in radiochemistry and 

discuss the advantages of microdroplet approaches in comparison to other systems58.  The 

droplet format is of particular interest due to its very small volume, which minimizes reagent 

consumption and can speed up lengthy process steps such as the [18F]fluoride drying step.  

Our lab has developed a number of droplet-based radiochemistry technologies.  Early 

designs used electrowetting on dielectric (EWOD) to manipulate droplets using electric fields67 

to move reagent droplets from the reagent loading sites to the heated reaction site67–70.  Though 

multiple tracers were successfully synthesized, fabrication of EWOD devices was expensive, 

and chips suffered reliability issues due to defects in the dielectric layer and the hydrophobic 

coating. To address those issues, we designed a “passive transport” microchip that used 

patterned wettability gradients to move droplets without the need for electronic control (and thus 

no electrode or dielectric layers were needed)71.  The most recent microfluidic synthesis 

platform (Figure 4) even further simplified the design to improve reliability and yields72,73.  Each 
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chip is a 25 mm x 25 mm piece of Teflon-coated silicon with a 3-4mm circular section where 

Teflon is removed, acting as a surface-tension trap and serving as the reaction site.  The chip is 

placed on a ceramic heater enabling temperature control for evaporation and chemical 

reactions. Non-contact piezoelectric dispensers positioned above the chip are used to deliver 

reagents (e.g. [18F]fluoride solution, precursor) to the reaction site on demand.   To accomplish 

this, a motor rotates the heater to align the reaction site to a particular dispenser when the 

corresponding reagent is needed.  After the reaction, the crude reaction droplet is rotated under 

a stainless steel tube, to which vacuum is applied to remove the droplet from the chip. It can 

then be purified via analytical HPLC.  

 

Figure 4: Rendering of the automated rotary microdroplet synthesizer, shown adjacent a cup of 

coffee for size comparison. Adapted from Wang et al. ©2019 with permission from Royal Society of 

Chemistry. 

We found that this droplet radiosynthesizer has a number of benefits compared to 

conventional radiosynthesizers, as well as other larger-volume microfluidic methods.  The first is 

DispensersCollection Tube

Rotation platform

Chip
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space; the synthesizer is vastly smaller than other radiosynthesizers, using significantly less 

space, which is at a premium within a hot cell.  Second, the device consumes much less 

reagents than a conventional synthesizer (in some cases >100x less), which can reduce costs 

and allow for expensive or custom precursors to be spread over many more syntheses. Third, it 

uses smaller final volumes (e.g. ~50µL to collect the crude product droplet from the chip) and 

low mass of precursor/product, which result in faster purification (e.g. analytical-scale HPLC 

instead semi-preparative HPLC), and the possibility of simpler and more compact purification 

methods.  Finally, we have found that the molar activity of produced compounds remains high, 

even with low starting radioactivity.  This is in contrast to conventional radiosynthesizers, where 

the molar activity is highly dependent on the starting radioactivity; a macroscale synthesis using 

a small amount of radioactivity will have a lower molar activity than one that uses a larger 

amount of radioactivity.  This concept is discussed in detail in Appendix A: Benefits of 

microfluidics in achieving high molar activity in radiochemistry.  

Droplet radiochemistry has also been found to be quite versatile. Examples of the many 

compounds that have been successfully synthesized include [18F]Fallypride (RCY = 78% vs. 

68±1.6%, n=42 at the macroscale, and with 50x less precursor)73, [18F]FET (RCY = 55±7%, n=4 

vs. 56±9%, n=9 at the macroscale, and with 150x less precursor)74, and [18F]FDOPA (RCY = 

3.9±1.8%, n=3 vs. 6.7±1.2 at the macroscale, and with 100x less precursor)75.   
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1.3.6 Example droplet radiosynthesis  

The radiosynthesis process in droplet format is very similar to the conventional-scale 

process shown in Figure 3, except with volumes scaled down to ~10 microliters. A detailed 

schematic of the droplet-based synthesis of [18F]FLT is shown in Figure 5. 

Despite the small volume, the amount of synthesized tracer can be scaled over a wide 

range. For small-scale synthesis (e.g. for preclinical imaging), a small volume of [18F]fluoride 

can be directly mixed with the base and phase transfer catalyst, deposited on the chip and 

dried. For larger-scale syntheses, it is necessary to concentrate the activity (typically produced 

in ~1-5 mL volume) into a smaller volume (~10s of µL) that is compatible with the chip. One 

approach is to sequentially load and dry multiple additional droplets of [18F]fluoride after the 

initial drying step76.  However, it is preferable to perform the usual QMA trap and elute step but 

using a microscale cartridge. This approach has enabled the production of multiple clinical 

doses of [18F]Fallypride77.  

 

Figure 5: Implementation of [18F]FLT radiosynthesis in droplet microfluidics. A) Trapping [18F]fluoride 

on QMA cartridge, B) elution of [18F]fluoride into reactor, C) drying of [18F]fluoride via evaporation, D) 

addition of precursor, E) fluorination reaction, F) addition of deprotectant, G) deprotection reaction, 

and H) dilution and collection from the chip, followed by purification. Unlike conventional scale 

synthesis, the [18F]fluoride drying is very efficient and azeotropic distillation steps are normally not 

needed. 
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1.3.7 Purification and formulation  

Purification is the separation and isolation of the tracer from any side-products, unreacted 

radioisotope and excess reagents and solvents78.  Typically, purification of a crude product (1-

2mL range) uses semi-preparative HPLC.  After purification, a formulation step is typically 

needed to remove toxic components of the HPLC mobile phase (e.g. acetonitrile, high amounts 

of ethanol, or certain buffer salts) and resuspend the tracer in an injectable buffer such as 

saline. HPLC systems are very bulky and expensive, and the semi-prep scale is typically 

associated with 10-30 min retention times for the product. Formulation can be performed by 

using solid-phase extraction (SPE), where the purified product is passed through a C18 

cartridge to trap the product while the solvent is washed through to waste. The product is then 

eluted from the cartridge (typically with a small volume of ethanol) and then diluted to reduce the 

EtOH concentration to acceptable levels (<10% v/v)79.  An alternative approach to formulation is 

to evaporate the mobile phase by applying heat to a vial or flask of the collected crude product 

(sometimes using a rotary evaporator), and reconstituting the tracer in the new buffer. Such an 

approach is more complicated and sometimes lengthy, but can enable a more concentrated 

final product, which can be critical when making small batches of tracers for preclinical use. 

In a few cases (including FDG), SPE can be used for combined purification and formulation 

(i.e. no HPLC), significantly simplifying the overall radiosynthesis process and system80. 

However, the low separation efficiency of SPE restricts this simpler purification method to only a 

very small set of tracers.  

Due to the much smaller volumes used in microscale radiosynthesizers compared to the 

conventional counterparts, there is an opportunity to consider using more compact, simpler, or 

faster approaches.  Another reason to investigate smaller-scale purification methods is to move 

towards the concept of benchtop production, where every step in the tracer production process 
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happens in a very compact device that can be self-shielded (and not require a hot cell), 

requiring only the input of radionuclide and precursors, and producing an injectable tracer.  

Such a concept would require a purification method substantially smaller than HPLC.  

 Early approaches at miniaturizing purification for radiochemistry focused on miniaturized 

SPE cartridges external to the microfluidic synthesizer81,69, or directly integrated into the 

device82,83. In EWOD devices, it was possible to design analogous approaches for removing 

unreacted [18F]fluoride by adding alumina beads to the crude product and actuating the droplet 

through an on-chip filter 84.  Keng and van Dam discuss these approaches in more detail85. 

Despite the success of these proof-of-concept studies, most microfluidic syntheses still rely 

on HPLC. However, as the volumes and mass quantities in microscale synthesis are typically 

much lower than a macroscale synthesis, purification can be performed with analytical scale 

columns, leading to faster separation times (e.g. a few min instead of 10-30 min for semi-prep), 

and lower volumes of the isolated product (e.g. 1 mL instead of 10s of mL).  

In terms of formulation, microscale SPE cartridges and evaporative formulation have both 

been investigated.  Lisova et al. used a custom 10 mg C18 cartridge, versus the typical 100-

1000mg commercial cartridges, for the formulation of microscale-synthesized [18F]FBB76.  The 

product could be eluted from this miniature cartridge using 100 µL of EtOH, as opposed to the 

typical ~1-2mL of EtOH required for a commercial cartridge, meaning the final diluted product 

could be as low as ~1mL in volume. This is of enormous advantage when making small batches 

of PET tracers for preclinical imaging in small animals, as mice require high radioactivity 

concentration due to the small maximum injection volume. 

 As an alternative miniaturized formulation method, Chao et al. developed a microfluidic 

device for the automatic concentration and formulation of purified PET tracers where the tracer 

is loaded into a serpentine channel exposed to a porous hydrophobic membrane that prevents 
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the passage of liquid but allows solvent vapor to pass86.  The device allowed partial solvent 

evaporation to concentrate tracers (used in the case of non-toxic HPLC mobile phases), or the 

solvent could be completely evaporated and the tracer reconstituted in ~1 mL of saline.  

1.3.8 QC testing  

1.3.8.1 Quality control tests  

As radiotracers are regulated as a special class of pharmaceuticals, each batch must be 

subject to quality control (QC) testing as specified by regulatory agencies, such as the Food and 

Drug Administration (in the United States), to ensure the safety of the patient87. The purpose of 

QC tests is to verify the safety, identity, and purity of the product before injection. For preclinical 

imaging sometimes an abbreviated set of tests is performed. A list of commonly required tests 

for radiopharmaceuticals is shown in Table 179.   

 

Table 1: Summary of required QC tests, conventional and microfluidic methods. 

QC Test Conventional method(s) Typical acceptance criteria 

pH pH indicator strips; pH meter 4.5 < pH < 8.5 

Appearance (color / clarity) Visual Clear, colorless, particulate-free 

Sterility88 Short term: filter integrity test 

(e.g. bubble point test); Long 

term: Bacterial culture 

Long term: no bacterial growth 

observed 

Bacterial endotoxin89 LAL test <175 EU/V 

Chemical identity/ purity HPLC w/ UV detection Varies 

Kryptofix 2.2.2 Color spot test <50 µg/mL (USP); <2.2 mg/V 

(EP) 

Residual organic solvents Gas chromatography; HPLC w/ 

refractive index detection 

 

Varies (e.g., MeCN 410 ppm, 

EtOH 5000ppm, DMSO 5000 

ppm, DCM 600 ppm, DMF 880 
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QC Test Conventional method(s) Typical acceptance criteria 

ppm) 

Radioactivity concentration Dose calibrator Varies  

Radionuclidic identity  Half-life measurement with 

dose calibrator  

Varies (e.g. 105-115 min for 18F-

labled tracers) 

Radionuclidic purity Gamma spectrometer Match expected energy spectrum 

Radiochemical identity and 

purity 

Radio-HPLC; radio-TLC >95%; (>90% for [18F]FDG) 

Specific activity Radio-HPLC and dose 

calibrator 

Varies 

Abbreviations: V = injection volume; EU = endotoxin units; LAL= limulus amebocyte lysate; USP=United States 

Pharmacopia; EP=European Pharmacopia; MeCN=acetonitrile; EtOH=ethanol; DMSO=dimethylsulfoxide; 

DMF=dimethylformamine; TLC=thin-layer chromatrography; HPLC=high-performance liquid chromatography 

1.3.8.2 Microscale QC testing  

Many of the QC tests require bulky and expensive pieces of equipment which either require 

significant benchtop space in the radiochemistry lab, or sometimes a dedicated room.  To move 

toward an all-in-one benchtop device for PET tracer production, the QC testing apparatus must 

also be reduced in size alongside the miniaturized synthesizer and purification module.  Even 

for tracers produced by conventional methods, an integrated and automated QC testing platform 

would be highly desirable90.   

Microfluidic versions of many of the QC tests have been, or are currently being explored. A 

review of such approaches can be found in Ha et al.91 

However, despite the critical role of chemical and radiochemical identity and purity tests, 

there has been little exploration of miniaturizing them. Chemical purity testing is designed to 

verify that the quantity of various chemical impurities (e.g. solvents, unreacted reagents, and by-

products) are below allowed regulatory limits. Radiochemical purity testing is to confirm that the 

majority of the radioactivity is in the form of the desired species, typically with a limit of <5% of 



20 
 

 

other radioactive species. Any radioactive side products lead to decays but are indistinguishable 

from the desired tracer and confound interpretation of PET images.  Radiochemical identity 

testing is to confirm that the major radioactive species is indeed the desired compound. These 

tests are typically performed using HPLC equipped with a radiation detector (radio-HPLC), or 

ultra-high-performance liquid chromatography (radio-UPLC). Though there are compact HPLC 

columns, and even chip-based columns, the overall instruments are very bulky and expensive. 

Miniaturization of these tests therefore requires investigating alternatives to HPLC for the 

chromatographic separation. 

1.3.8.3 Alternative to HPLC: capillary electrophoresis  

An electrical separation technique known as capillary electrophoresis (CE) has been posited 

as an alternative to HPLC primarily because of its excellent separation performance and very 

compact size, including implementation in small microfluidic chips92–94.  While HPLC uses high 

pressures and solid phase material interactions to separate out species, CE instead uses high 

electric fields to separate species by charge/mass ratio with potential to separate out different 

charge states.   

Briefly, CE works by applying a high voltage along a capillary filled with an electrolytic buffer 

solution (hereafter “buffer”).  The walls of the capillary are negatively charged, and positive ions 

in the buffer are electrically attracted to the walls of the capillary.  This layer of ions, called the 

electrical double-layer, will move towards the negative terminal of the applied longitudinal 

electric field, a phenomenon called electroosmotic flow (EOF).  Cohesive forces within the buffer 

drive the fluid in the center of the capillary along with edges.  

Interestingly, EOF is characterized by a relatively flat velocity profile (i.e. the speed in the 

center of the capillary is similar to that at the edges). This flat profile leads to reduced 

dispersion, and therefore sharper peaks, in comparison to HPLC’s parabolic profile95.  
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Analytes are separated based on the change in velocity (compared to the EOF) from the 

interaction of each species with the electric field. For example, positively charged species will be 

accelerated and negatively charged species will be slowed. In the context of 18F-labeled 

radiopharmaceuticals, the majority of tracers and their impurities are uncharged, meaning they 

will not separate from each other from purely electrophoretic effects.  To overcome this, a 

method known as micellar electrokinetic chromatography (MEKC) can be used, in which 

surfactant molecules are added into the buffer. These surfactant molecules self-assemble into 

structures called micelles, which add another type of separation interaction, hydrophobicity 

being the most common. With their negative charge the micelles are slowed compared to the 

EOF, and analytes with greater hydrophobicity will have more interaction with micelles and thus 

experience more slowing than less hydrophobic analytes. This allows neutral species to be 

separated based on their hydrophobicity. A representation of the mechanism of CE, MEKC, and 

an example electropherogram is shown in Figure 6A. A more comprehensive discussion of the 

mechanics of CE can be found in Chapters 2 and 3.   



22 
 

  

  

   

   

Figure 6: A) Representation of the mechanics of CE inside the capillary.  B) Addition of 

surfactants allow for the formation of negatively-charged micelles, which add hydrophobicity as 

another separation factor, allowing separation of neutral species (n) in addition to positive (+) and 

negative (-) charged species.  Separation of neutral species in A) is exaggerated to visualize 

each of the species.  VEOF is the velocity of the electroosmotic flow, VEM is the additional velocity 

on charged species from the electric field, and VMC is the differential velocity from interaction with 

the micelles.  Vtotal is the combined velocity for each species.  C) Example electropherograms for 

CE (top) and MEKC (bottom).  
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The most important advantage of CE is the ease of miniaturization into microchip CE (MCE) 

format, as evidenced by decades of literature92–94,96. CE also offers high flexibility of separations 

comparable to HPLC. In fact, some types of separations (e.g. chiral) that require a different type 

of column in HPLC can be implemented simply by introducing additional species into the 

buffer97–99. Another difference between HPLC and CE is volume scale. While analytical HPLC 

typically uses 10-100 µL samples, and UPLC uses sub-µL to 10 µL samples, CE can be 

performed with nL samples.  This means that a negligible amount of the final product is 

consumed for QC testing.   

All of these factors contribute to our belief that CE can replace HPLC for the chemical and 

radiochemical identity and purity tests, providing a pathway to microscale implementation of 

these tests. 

1.3.8.4 Towards microscale CE analysis  

While there have been a few previous reports of the use of CE to separate radioactive 

species, they universally have been performed in a conventional capillary (not microchip), and 

for detection rely on a scintillator and photomultiplier tube (PMT) system which does not provide 

the localized detection necessary for microchip implementation and is thus not compatible with 

miniaturization.  Prior examples of radiation detection in CE and applications are explored in 

Chapter 3.  

Our lab first showed that neutral compounds relevant to PET tracer synthesis could be 

separated via MEKC methods (using FLT as a model compound)100. Using a commercial CE 

instrument and a 31 cm capillary, we showed that separating FLT (neutral) from 5 impurities 

(also all neutral) using CE was feasible, and the limit of detection (via UV absorption) was 

comparable to HPLC.  The next design was a “hybrid” MCE device, where a capillary was 

attached to a pair of PDMS microchips (one for sample injection, and one to implement a 
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detection flow-cell)101,102. Though separation could be achieved, the traditional methods of 

sample injection used with these devices (electrokinetic, hydrodynamic, etc.) exhibited too much 

variance in quantity injected to be acceptable for a QC test, (e.g. peak area relative standard 

deviation (RSD) must be below 2%103).  Therefore, we designed a specialized “volumetric” 

injection chip to inject a highly-repeatable volume of sample (RSD < 2%) during every 

experiment104.  This work is further expanded upon in Chapter 2.  

Additional refinements were made including optimization of both capillary/chip junctions and 

the UV optical flow cell geometry to achieve high separation efficiency and low LOD similar to 

HPLC, but much faster101.  While the device at this stage was capable of performing chemical 

identity and purity measurements, there was no way to detect the radioactive species.  

Therefore, we have recently added a radiation detector to the detection chip, allowing for 

radiation measurement in addition to UV for purposes of radiochemical identity 

measurements36.  This work is further expanded upon in Chapter 3.   

1.3.8.5 Exploration of MCE as a microscale purification method  

Finally, we considered whether the extreme miniaturization of CE compared to HPLC could 

provide a way to perform high-resolution separations for the purpose of purification (instead of 

analysis). The main challenge was to bridge the gap between the typical crude product volume 

from microfluidic reactors (60-80 µL from droplet platforms) and the 4 nL injection volume of the 

MCE chip. These efforts are described in Chapter 4. 

1.3.9 Towards a revolution in radiopharmaceutical production  

These technologies have the potential to significantly change the manufacture and supply of 

radiopharmaceuticals58,85,91,105. 
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A major goal of developing microfluidic methods for PET tracer production is the creation of 

a highly-integrated self-shielded batch-on-demand benchtop device.  Such a device would be 

capable of producing a ready-to-use PET tracer as output and requiring only the radioactivity 

and precursor as inputs.  Requiring only small volumes of expensive reagents could reduce 

ongoing operating costs, while avoiding the need for hot cells and other radiochemistry lab 

infrastructure could enable operation outside of traditional radiochemistry labs, greatly 

expanding the capacity for production of diverse radiopharmaceuticals. Integration of 

purification, formulation, and QC tests included in the device would enable full automation and 

ease of operation.  Instead of relying on a small set of radiopharmaceuticals available in the 

local geographic area, investigators could produce desired tracers on demand at low cost, with 

no need to try to coordinate with other researchers to share the synthesis cost.  In applications 

such as preclinical research, the microscale synthesizer enables high molar activity tracers 

without the need for excess starting radioactivity, ensuring minimal amount of activity is 

required, lowering radioisotope cost, amount of shielding needed, and potentially lowering the 

burden of radiation safety compliance.  

These compact synthesizers could also be used within existing radiopharmacies. The small 

footprint would enable the radiopharmacy to expand their variety of radiopharmaceuticals (e.g. 

where there may only be demand for a small number of clinical doses at a time) with minimal 

equipment cost or space requirements. 

In fact, with the device being self-shielded and small enough to rest on a benchtop, the 

space requirements for radiopharmaceutical production would be significantly reduced, allowing 

new radiopharmacies to be established with significantly less resources. 
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1.4 Tracer development and chemistry optimization 

1.4.1 Introduction  

In the discussion above, we have assumed there is a known production method for the 

desired tracer.  However, as new biological targets are discovered, or their relevance to a 

disease revealed, it is useful to develop new imaging agents to monitor those targets in vivo (to 

understand the progression of a disease, to monitor the response to treatment, or to directly 

label therapeutics to study their in vivo properties). Just as production of known 

radiopharmaceuticals benefits from microfluidic approaches, so can the development of new 

radiopharmaceuticals. 

1.4.2 Developing a novel tracer  

Development of a new tracer can be a very lengthy and expensive process106.   

In some cases (e.g. developing a new diagnostic marker for a specific disease), the target 

will first have to be identified. Typically one searchers for biomarkers (e.g. enzymes, receptors, 

or transporters) or processes (e.g. metabolism) that are capable of distinguishing disease from 

non-disease.   

Once the target is chosen, the pharmacophore must be chosen, which can take many 

forms, most often being a small molecule, peptide, or antibody fragment.  The ideal 

pharmacophore will have the following properties107: 

 High specificity to the target, with minimal off-target binding, including in healthy organ 

tissues for diseases affecting those organs (e.g. cancers and their surrounding organs 

may have similar biological markers, and the pharmacophore should be specific to 

disease only). 

 High affinity (e.g. ~nanomolar) to the target. 
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 A requirement specific for neurotracers is the ability for the pharamcophore to cross the 

blood-brain barrier (BBB).  He et al. review recent progress in BBB-penetrating design 

for pharmaceuticals108. 

 Stability in vivo should be high as radioactive metabolites confound image interpretation. 

 Clearance from non-targeted tissues should be rapid, to ensure high signal to 

background.  

 Low toxicity and immunogenicity reduces the chances of the pharmacophore having 

physiological effects that could confound imaging. 

 Finally, an ideal tracer should be inexpensive to produce, to increase the number of 

facilities that can readily access the tracer for diagnosis. 

As these requirements are very demanding, often many different candidate 

pharmacophores will be investigated simultaneously, with the highest performing candidate 

chosen for radiolabeling and imaging studies.  More recent developments in chemical screening 

technologies have allowed candidate ligands to be tested for binding activity thousands at a 

time, both in physical space109, and simulated space110.  From these results, dozens of 

candidates can be chosen for radiolabeling and further studies in vitro and in vivo. 

Radiolabeling a pharmacophore will depend highly on the nature of the candidate.  Indirect 

labeling, where the radioisotope is first attached to a prosthetic molecule and then attached to 

the main ligand, is used most often with delicate biological ligands such as antibodies and 

proteins, where the harsh labeling chemistry to prepare the prosthetic group is followed by a 

mild conjugation process to avoid destroying or denaturing the ligand.  Often the conjugation 

takes the form of “click” chemistry, where a specific moiety designed into the ligand will react 

very specifically and very quickly with another moiety on the prosthetic group containing the 

radioisotope desired111,112.  Direct labeling of the ligand with the radioisotope is most often used 
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for small molecules, small peptides, and rarely nanoparticles, which are more robust in high 

temperature or extreme pH situations.  For these chemistries, F-18 and C-11 have a small 

advantage to other radioisotopes in that carbon atoms exist in many natural bioactive 

molecules, and fluorine atoms exist in many drug molecules.  Furthermore, the addition of a 

prosthetic group onto a small molecule can add steric bulk to the molecules and therefore 

reduce or alter bioactivity. 

Once a method is chosen, the labeling for the ligand is performed.  Often, the initial 

chemistry will have very poor yield, and may not even produce enough tracer for early in vitro 

experiments.  In this case, optimization of the labeling radiochemistry may be required before 

moving onward. 

Once the synthesis performance is sufficient, a number of in vitro experiments to quantify 

affinity and specificity are performed with all radiolabeled tracer candidates.  Binding affinity, the 

assay for bioactivity of the tracer candidate, is typically performed via a competition binding 

assay113.  Additional assays to quantify the kinetics of the tracer candidates include 

internalization and efflux assays114, in vitro stability115,116, and immunoreactivity117,118.  Each of 

these assays can disqualify a tracer candidate from further study; if a candidate performs 

poorly, there is no reason to continue with it.  After in vitro studies, the tracer candidate is 

injected into the animal used for the disease model and imaged.  These earliest imaging studies 

look for the interaction of the tracer candidate and the disease in the animal model.  The most 

obvious example is in cancer imaging where a xenograft tumor of the cancer of interest is 

implanted into the animal and imaged to look for the signal within the tumor compared to 

surrounding tissue119.  If a tracer candidate performs poorly (e.g. poor signal to background, 

high off-target signal, or no signal at all in the disease), the candidate may be abandoned, with 

the time spent on it wasted. 
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While these earliest preclinical imaging studies can be performed with minimal amounts of 

the tracer candidate being produced inefficiently (e.g. requiring only ~100MBq every other 

week), a tracer candidate that shows promise may need to be produced much more often, 

which can become expensive.  This is another point at which the radiochemistry for the tracer 

candidate can be revisited and optimized to increase the yield of the probe and allow for easier 

production of imaging quantities of the tracer. 

After the tracer candidate is shown to provide useful imaging data, another battery of assays 

is performed.  Dynamic imaging (imaging from the injection of the tracer to a specified time 

point) is used to determine the tracer kinetics and clearance pathways 120,121, blocking studies 

(imaging the disease with increasing quantities of non-radioactive tracer) are performed to 

quantify the specificity of the tracer122,123, and time-point analysis (e.g. of tumor-to-background 

ratio) to determine the optimal time after injection to perform static imaging124.  Dosimetry of the 

tracer, a vital step for clinical translation, is also performed at this stage, in order to quantify how 

much radiation dose each organ in the animal receives, and models can be used to estimate the 

radiation dose to human organs125.  Biodistribution of the tracer is most often performed ex vivo, 

where the individual organs as well as blood are assayed for radiotracer concentration at 

multiple time points.  Toxicity studies are also performed as the tracer candidate is closer to a 

clinical translation; animals are injected with high concentrations of the tracer to determine acute 

toxicity of the compound126. 

Once the tracer candidate has reached this final stage, where clinical studies can begin, it is 

generally worth revisiting the tracer labeling chemistry.  Achieving sufficient yield (typically >15-

25%) and simplifying the synthesis processes (i.e. minimal number of steps, fewer QC tests) are 

crucial to ensure it will be possible to perform multi-site clinical trials. A complex or poor 
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synthesis may inhibit many hospitals from participating in the clinical trials for lack of facilities or 

funds.  

1.4.3 Purpose of synthesis optimization in tracer development  

Optimization of a tracer synthesis can have multiple goals.  The most straightforward and 

obvious goal is the increase of the synthesis yield.  A higher yielding synthesis will allow for 

either more doses of the tracer produced with high starting radioactivity, or a single dose 

produced with much less starting radioactivity.  Poor yielding syntheses require very high 

amounts of radioactivity to produce imaging-level doses, and are highly wasteful, increasing the 

radiation exposure to the radiochemist while simultaneously increasing the cost of production.  

Relatedly, sometimes the precursor is very expensive or scarce in early research, and 

minimization of precursor consumption per synthesis can lower the cost of the already 

expensive synthesis protocol. 

Another goal can be the simplification of the synthesis.  Each step in a complex synthesis 

can introduce uncertainties and errors to the final product yield, increase losses, and require 

more complex equipment.  A synthesis that requires multiple reactors (two-pot, three-pot, etc.) 

will require a synthesizer which has that many reactors available. Such systems are not that 

common, and any radiochemistry lab that does not have a compatible synthesizer will be unable 

to produce the tracer (unless they purchase a new synthesizer, which requires significant capital 

and space).  Therefore, a simpler synthesis protocol will allow more synthesizers to be able to 

produce the tracer, and therefore more locations will be capable of producing it.  In the case of 

clinical translation, adaptation of the synthesis to a disposable-cassette-based radiosynthesizer 

can be highly desirable.  Reducing the complexity of the synthesis can also reduce the 

complexity of the purification process, as the less reagents added to the reaction, the less 
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reagents that must be separated from the desired product. Finally, reducing the number of 

reagents or solvents used in the synthesis or HPLC mobile phase can be beneficial as it may 

reduce the need for subsequent QC testing. 

1.4.4 Variables to optimize  

Some of the variables and conditions that are typically optimized in each step of a 

radiosynthesis are listed in Table 2. Initial conditions are often chosen based on literature 

reports for radiosyntheses with similar precursors, leaving groups, etc. There is a vast literature 

of manual and automated radiosyntheses for thousands of radiolabeled molecules. Many 

reviews have been published on the chemistry of 18F-labeled radiopharmaceuticals127–131. 

Table 2: Typical variables explored during 18F-radiosynthesis optimization 

Synthesis Step Conditions to Optimize 

[18F]Fluoride 
preparation 

Drying temperature 
Drying time 

Base / phase transfer catalyst type 
Base / phase transfer catalyst amount 

Azeotropic drying 

Fluorination Reaction Temperature 
Reaction time 

Solvent 
Catalyst(s) type and amount 

Precursor concentration/amount 
Reaction volume 

Deprotection Reaction temperature 
Reaction time 

Solvent 
Deprotectant concentration / pH 

Reaction volume 

Neutralization / 
Collection / Preparation 

for purification 

Neutralization solvent 
Collection/dilution solvent 

Heating for dissolution / mixing 
pH of final solution  

1.4.4.1 Radioisotope preparation and drying  

As mentioned in Section 1.3, preparation of the radioisotope is critical for the subsequent 

reaction(s). Generally, the trapping step is optimized to maximize trapping efficiency (amount of 



32 
 

 

radioactivity on cartridge versus starting radioactivity), with minimal trapping time as a 

secondary goal (to limit radioactive decay).  The following parameters can be explored during 

trapping on the QMA cartridge: mass of QMA resin, geometry of QMA cartridge, pre-

conditioning and washing protocols, flow rate through the resin. After trapping, additional 

washing of the resin (e.g. with DI water) can help to remove ionic impurities, though it can be 

difficult to determine the impact (e.g. due to low abundance of the impurity) without performing a 

subsequent fluorination reaction. 

Elution of the trapped [18F]fluoride involves a solvent and a phase transfer catalyst/base 

combination, and is typically optimized to maximize eluted radioactivity from the cartridge. The 

solvent should be one that does not immediately disrupt the structure of the QMA resin and is 

volatile enough to be fully removed during the drying step. Typically a mixture of water and 

solvent such as MeCN, or an alcohol is used. The volume should be compatible with the 

downstream reaction vessel. In the case of droplet reactions, this volume should be in the 10s 

of µL range. Because of the high possibility that eluent will get lost in the QMA cartridge and 

tubing, often repeated elutions, or elution followed by multiple rinsing steps, can achieve more 

effective (i.e. higher recovery, lower volume) elutions. The type and amount of base and phase 

transfer catalyst are also critical in achieving efficient elution135. However, these choices must 

be made with the downstream [18F]fluoride drying and fluorination reactions in mind, as well as 

the purification and QC assays necessary to remove the phase transfer catalyst.  The most 

often used phase transfer catalyst is the cryptand K222, typically paired with a potassium salt. 

Drying of the eluted [18F]fluoride in the reaction vessel relies on evaporation to remove the 

solvent (especially residual water), leaving only the base-[18F]fluoride complex. Typically this 

step is optimized towards minimal radioactivity losses, with shorter drying times being a 

secondary goal (to reduce radioactive decay).  The conditions that can be optimized are drying 
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temperature, drying time, and use of additional azeotropic drying steps.  Temperature is 

generally set >100°C, with higher temperatures accelerating evaporation, but increasing the risk 

of degrading the phase transfer catalyst.  Evaporation is usually continued until only a small 

fraction of initial liquid remains (or until dryness). Finally, extra acetonitrile can be added to the 

drying step to assist in removing the residual water.  The volume and number of such addition 

and drying steps are parameters which can be optimized, as more such azeotropic drying steps 

reduce the final water content but require more time. 

1.4.4.2 Fluorination  

Fluorination is performed by adding the precursor to the dried residue of base-[18F]fluoride 

complex plus any phase transfer catalyst, and reacting at a specific temperature for a specific 

time.  The reaction vessel is typically sealed to prevent loss of the reaction solvent. 

The variables of time and temperature are quite intuitive136,137; the temperature must be 

sufficient to reach the activation energy and a higher temperature will allow a reaction to 

proceed faster but thermal decomposition can become a problem if the temperature is too high. 

A longer reaction will typically lead to higher fluorination, but it could also lead to degradation of 

the product and/or by-product formation when there are competing reactions, in addition to 

increased radioactive decay.  

Precursor concentration is another quite intuitive condition to optimize.  A higher precursor 

concentration will increase the reaction rate. However, there are important tradeoffs to consider. 

High amounts of precursor increase the cost of the synthesis and can complicate downstream 

purification and QC testing.  In the special case of isotopic exchange reactions, high amounts of 

precursor lower the molar activity of the final tracer138,139.  

The solvent that the reaction is performed in can have a significant impact on the 

fluorination140,141.  Typically polar aprotic solvents are used, such as MeCN, DMSO or DMF. In 
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recent years, the use of alcohols has been shown to enhance the fluorination of some types of 

precursors132,142.  One must consider the solubility of the precursor molecule, the final product, 

and the [18F]fluoride ion complexed with phase transfer catalyst. While low boiling point solvents 

are generally desired because they can be more easily removed at the end of the synthesis, this 

can lead to reaction temperature limitations (due to buildup of vapor pressure which may 

exceed the operating pressure of some synthesizers). Especially in open reactions and small 

volume reactions, higher boiling point solvents are useful to ensure the reaction remains in 

solution.  While large amounts of high boiling solvents can be difficult to remove in conventional 

radiosynthesizers, the small amounts used in microscale synthesizers are straightforward to 

remove.  

In some cases, particularly recent metal-mediated radiofluorinations, a catalyst is necessary 

for the reaction to proceed143.  One can optimize the quantity of catalyst with similar tradeoffs as 

the precursor amount. 

1.4.4.3 Deprotection  

Deprotection variables include the time and temperature of the deprotection reaction, the 

type of deprotectant, and its concentration (or reaction pH).  The deprotectant required will 

depend highly on the type(s) of protecting groups used. Typically one tries to achieve a rapid 

and quantitative reaction to minimize radioactive decay. The textbook by Peter G.M. Wuts is an 

excellent resource for protection groups and their usage/cleavage process144. 

1.4.4.4 Dilution and purification  

Dilution of the final product aids transfer out of the reaction vessel and into the purification 

system. The dilution solution can significantly impact (e.g. via solubility issues) the amount of 

the residual tracer remaining on the reactor surface and thus the overall yield. The solvent can 
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also impact the purification and formulation process.  For example, high boiling point solvents 

such as DMSO can be problematic during HPLC and can be difficult to remove during 

formulation so are often avoided. 

Optimization of separation conditions to achieve purification is then needed. Espada et al. 

describes various optimization protocols for separation of drug compounds via HPLC145. Finally 

the formulation step may also require optimization. Evaporative formulation must be performed 

at sufficiently lower temperature to avoid degradation of the tracer and the final buffer may 

require additives to improve solubility or radiolytic stability.  Optimizing SPE-based formulation 

involves similar considerations as the QMA trap and elute process, to ensure maximal trapping 

and elution efficiencies, and optimizing the washing process to eliminate the desired impurity 

(e.g. toxic solvent from HPLC mobile phase).  

1.4.5 Conventional synthesis optimization methods  

Optimization is typically performed with the same radiosynthesizers used for tracer 

production, which typically is a conventional radiosynthesizer module51.  This has an advantage 

in that the resulting optimal conditions do not need to be tweaked for production, as may be 

necessary if the optimization was performed using a different system.   

However, these conventional radiosynthesizers can often perform only one synthesis before 

requiring decontamination (by radioactive decay, requiring 10 half-lives, e.g. ~18 hours for F-18) 

and thus are limited to one or two syntheses per day. Typically, syntheses are performed at 

different sets of reaction conditions and the performance compared. Replicate reactions 

(typically n=3) are required to ensure rigor and enable statistical analysis. In order to perform 

even the most basic optimization experiment where two values of one parameter are compared, 
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at three replicates each, 6 experiments would need to be performed. With an expected 

experiment throughput of 1/day, this would require 6 days of experiments.   

However, hidden variables, such as the quality of radioisotope from day-to-day, can 

complicate the results, requiring yet more experiments attempting to control for these variables. 

This further increases the cost and slows the pace of optimization studies, typically severely 

limiting the scope of such studies.  Even such a modest optimization can end up requiring 

weeks or months to perform.   

Each day of experiments requires an additional batch of the radioisotope (which incurs a 

significant cost) and requires personnel to perform the experiments.  Additionally, limiting a 

synthesizer to one experiment for such a long period may not be feasible for the radiopharmacy 

schedule, which can further limit replicates and rigor.  Furthermore, each synthesis will use the 

same amounts of reagents as a production synthesis which can incur significant cost per 

experiment, especially with rare precursors.  

1.4.6 Emerging methods for synthesis optimization  

Many new methods for optimizing radiosyntheses focus on how to increase the throughput 

of experiments, reducing the time spent overall on the optimization.   

One interesting approach for increasing the throughput of macroscale optimization was 

performed by Zhang et al., who replaced radioactive [18F]fluoride with equivalent (sub-µM) 

concentrations of non-radioactive [19F]fluoride in their syntheses146. To detect the tiny amount of 

product, sensitive analysis via liquid chromatography-coupled tandem mass spectrometry (LC-

MS/MS) was used.  Their method allowed for up to 10 syntheses per day (operating 24 hours 

per day) on a conventional radiosynthesizer, but each experiment still consumed a large amount 
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of reagents, and a LC-MS/MS machine is not a piece of equipment normally available in 

radiochemistry labs. 

To address the issue of high reagent consumption per data point, one direction that has 

been investigated by Iwata et al. is to use the same batch reactor concept but reduce the size of 

the reaction vessel to µL scales147.  Significant focus is placed on their method for adding a 

large quantity of [18F]fluoride into their reaction vial via the clever combination of MAX and MCX 

cartridges (to ensure a low base amount) and a much smaller than usual (200µL) elution 

volume. 

Similarly, Laube et al. described using small gas-chromatography vials to perform reactions 

in 25-50µL148.  A focus of theirs was on the parallelization of experiments, with initial [18F]fluoride 

source efficiently aliquoted into multiple vials that were heated simultaneously via large multi-

vial heating block placed on a hot plate for temperature control.  Using this method, they were 

able to perform up to 50 experiments per day. 

Both small-vial methods suffered from a few similar downsides:  Each method involved 

manual steps, where errors can be introduced and where the radiochemist is exposed to more 

radiation.  Additionally, after optimization, each system would likely require some additional 

effort to scale up to a conventional automated radiosynthesizer for routine production. (No 

automated synthesizer based on these small vial-based approaches has been reported.) 

Another method of minimizing reagent consumption uses continuous flow microreactors.  

These devices work by adjusting reagent feed flow rates (e.g. radioisotope and precursor) and 

temperature and waiting for the system to reach steady state. Then a desired amount of product 

is collected for analysis149–151. The conditions are then changed and the process repeated for the 

next data point.  Continuous flow microreactors have been used to optimize several 18F-labeled 

compounds by sequentially exploring tens of reactions conditions in sequence (each with ~20µL 
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volume), which allowed many reactions with the total reagent amounts used in the single 

comparative macroscale synthesis152,153. Pascali et al. showed a standardized procedure for 

optimizing residence time (equivalent to reaction time), temperature, and reagent ratios over 5-

10 days in a systematic fashion153.  Despite this success, flow chemistry systems have a few 

drawbacks with respect to optimization: only a few parameters can be straightforwardly varied 

and certain steps (e.g. [18F]fluoride drying conditions) or certain variables (e.g. changing 

reaction solvent) simply cannot be optimized in a high-throughput fashion.  Furthermore, the 

serial nature of experiments is slower than performing reactions in parallel. 

As none of these techniques solve both the above issues in radiochemistry optimization, the 

slow pace of optimization studies and the high reagent requirements, looking to other fields is a 

good next step.  Organic chemistry, for instance, has seen significant development of high-

throughput techniques for combinatorial synthesis of compound libraries and reaction 

optimization154–158, enabling studies that would not have been practical otherwise. Many of these 

approaches use small volumes (e.g. microfluidics) to reduce the consumption of reagents and 

time needed for compound synthesis or optimization measurement.  However, work in 

translating these techniques over to radiochemisty has been minimal; the void of a simple, low-

cost, and fast radiochemistry optimization platform has yet to be filled. 

1.4.7 High-throughput droplet radiochemistry platform  

Based on our work on droplet-based reactions (see Chapter 1.3.5), where we have shown 

low reagent consumption with all synthesis steps performed on-chip, we have designed chips 

with multiple reaction sites for performing parallel reactions on a single heater.  These new chip 

designs allow for an array of 4 or 16 reaction sites instead of the previous single site per chip137. 

Figure 7 shows a comparison between different chip designs. 



39 
 

 

 

Figure 7: Comparison of multiple chip array designs: A Single reaction site, B 4-reaction site, and C 

16-reaction site chips.  The 4- and 16-reaction site chips used with permission from Rios et al. 

©2019 Royal Society of Chemistry137.  The single droplet chip is used with permission from Wang et 

al. ©2019 Royal Society of chemistry73. 

Further parallelism can be achieved by using multiple heaters and operating multiple chips 

simultaneously. Using a platform with 4 independent heaters (“HT platform”), we can routinely 

perform up to 64 reactions per day, which is sufficient to compare the results of 16 different 

reaction conditions with n=4 for each.  In comparison, with a macroscale radiosynthesizer 

performing 1 reaction per day, this set of experiments would require at least two months to 

perform.  More often macroscale optimization will only cover 2-3 values for one parameter (with 

n=3 replicates), meaning that with the HT platform, it is possible to map out the parameter 

space much more thoroughly while also requiring less time.  A version of this platform has 

already been used for the optimization of multiple tracers, including [18F]Fallypride137, 

[18F]AMBF3-TATE159 (Appendix B: Microfluidic method for the isotopic exchange 

radiofluorination of [18F]AMBF3-TATE), as well as [18F]Flumazanil, [18F]PBR06, and [18F]FEPPA 

[manuscript in progress]. 

This platform may be useful for other chemistry investigations beyond reaction optimization, 

such as efficient study of reaction kinetics, exploring the mechanisms and performance of novel 

reaction chemistries, and more. One such benefit, the ability to decouple [18F]fluoride 

preparation from a cartridge, may actually allow for a higher degree of control over base 
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amounts in the reaction, which can be useful for optimization.  A review by Campbell and Ritter 

discuss the future of fluorination radiochemistry and where high-throughput methods such as 

this may acceleration novel developments160. 

While it has been possible to perform hundreds of reactions and quickly and economically 

optimize several different syntheses, the experiments are quite tedious with all reagent addition, 

crude product collection, and TLC spotting performed manually. The possibility of human error 

is significant, and there is some radiation exposure.  

To make this technology more practical to use and to disseminate to others, automation is 

needed. In addition to increasing safety, reducing human error, automation would also benefit 

the radiochemist who could focus their energies on more interesting topics (e.g. designing the 

next experiment).  In Chapter 5, I describe a robotic liquid handling system to automate the 

optimization process using this technology. 

1.5 Summary and outline of the dissertation  

Currently, radiochemistry is performed using large equipment and large volumes, and the 

costs involved severely disincentives production for many applications such as preclinical 

research. Microfluidics has incredible potential to revolutionize the process of producing and 

developing PET tracers, with the end goal of an all-in-one dose-on-demand synthesizer that can 

be placed and run on a benchtop. Microscale devices have shown shortened synthesis time, 

improved yield, reduced reagent consumption, vastly reduced space and infrastructure needs, 

and high molar activity of produced PET tracers. 

Molar activity is an important quantity for a PET tracer to ensure high image contrast.   

describes how microfluidic syntheses can produce tracers with high molar activity, even 

when producing only a small batch for a preclinical study, something that cannot be achieved in 

a conventional radiosynthesizer.  
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With such strong evidence of the value of microfluidic synthesis methods and potential 

impact of batch-on-demand synthesis, there is strong motivation to develop and mature the 

technologies to make this a reality.  To that end, this work describes efforts towards 

development of microscale platforms for PET tracer production, particularly miniaturized quality-

control testing, and automation of high-throughput synthesis and optimization. 

Chapter 2 details the development of a highly repeatable volumetric injection chip for our 

hybrid MCE device.  Using the chip, we performed 4nL injections of a mixture of FLT and its 

synthesis impurities into the separation capillary, finding peak RSD, a measure of the 

repeatability of sample injection, as low as 1.04% (n=11), well below the threshold needed in 

chemical purity testing. 

Chapter 3 describes the implementation of an avalanche photodiode (APD) into our MCE 

detection chip in order to perform radiochemical identity tests in addition to chemical purity tests.  

Using [18F]FLT, This detector system was able to quantify radioactivity concentrations down to 

114MBq/mL (3.1mCi/mL), allowing purity testing of PET tracers near the higher end of PET 

tracer activity concentration (~37-370MBq/mL [1-10mCi/mL]). 

Chapter 4 describes a proof-of-concept experiment regarding the feasibility of increasing 

the capillary diameter of our MCE device to increase the injection volume from the 4nL for 

analysis to at least 1µL necessary for purification of crude products.  However, using injections 

of FLT, the 100µm capillary (7.1nL) showed poor separation compared to the 75µm baseline, 

and 150µm (16nL) failed to provide any data, suggesting that this method is not currently 

feasible at the volumes desired. 

Our lab developed a droplet radiochemistry platform which has been used to produce a 

variety of compounds using a variety of chemistries.  Appendix B: Microfluidic method for the 

isotopic exchange radiofluorination of [18F]AMBF3-TATE describes the isotopic exchange 
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radiofluorination of novel SSTR2 neuroendocrine tumor tracer [18F]AMBF3-TATE (obtained via 

collaborator Dr. D. Perrin) using the aforementioned droplet radiochemistry technology.  The 

droplet synthesis highlights the advantages of the droplet radiochemistry with high yield and 

high molar activity with ~nmol of precursor.  Further, imaging studies demonstrated that 

[18F]AMBF3-TATE exhibited similar detection sensitivity to [68Ga]DOTA-TATE, the current gold-

standard. 

A 64-reaction version of this platform has been developed and used for the optimization of 

many syntheses in droplet form, but involves heavy manual involvement.  Chapter 5 describes 

a robotic radiochemistry device for automating this droplet radiochemistry technology to reduce 

tedious manual pipetting and reduce exposure.  The system exhibited high speeds and 

accuracy of liquid handling, with excellent drying uniformity. However, a 16-spot parallel 

synthesis of [18F]fallypride using previously optimized conditions was found to be 79±5% (n=16) 

crude RCY, compared to 90±1% crude RCY (n=4), suggesting some additional work is 

necessary to improve the system.    
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2. Microchip capillary electrophoresis device with highly-

repeatable injection mechanism 

2.1 Summary 

A novel injector for microchip electrophoresis (MCE) that achieves very high repeatability of 

injection volume suitable for quantitative analysis has been designed and evaluated. It 

eliminates the injection biases in electrokinetic injection and the dependence on pressure and 

sample properties in hydrodynamic injection. The microfluidic injector, made of 

poly(dimethylsiloxane) (PDMS), operates similarly to an HPLC injection valve. It contains a 

channel segment (chamber) with a well-defined volume that serves as an “injection loop”. Using 

on-chip microvalves, the chamber can be connected to the sample source during the “loading” 

step, and to the CE separation channel during the “injection” step. Once the valves are opened 

in the second state, electrophoretic potential is applied to separate the sample. For evaluation 

and demonstration purposes, the microinjector was connected to a 75 µm ID capillary and UV 

absorbance detector. For single compounds, a RSD of peak area as low as 1.04% (n=11) was 

obtained, and for compound mixtures, RSD as low as 0.40% (n=4) was observed. Using the 

same microchip, the performance of this new injection technique was compared to 

hydrodynamic injection and found to have improved repeatability and less dependence on 

sample viscosity. Furthermore, a non-radioactive version of the positron-emission tomography 

(PET) imaging probe, FLT, was successfully separated from its known 3 structurally-similar 

byproducts with baseline resolution, demonstrating the potential for rapid, quantitative analysis 

of impurities to ensure the safety of batches of short-lived radiotracers. Both the separation 

efficiency and injection repeatability were found to be substantially higher when using the novel 

volumetric injection approach compared to electrokinetic injection (performed in the same chip). 
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This novel microinjector provides a straightforward way to improve the performance of 

hydrodynamic injection and enables extremely repeatable sample volume injection in MCE. It 

could be used in any MCE application where volume repeatability is needed, including the 

quantitation of impurities in pharmaceutical or radiopharmaceutical samples. 

2.2 Introduction 

Capillary electrophoresis (CE) is a powerful separation technique with high separation 

efficiency, flexibility in separation mechanism, low consumption of sample and reagents, and 

simple instrumentation 161,162. CE is employed in diverse applications including DNA and protein 

separation 163–165, detection of disease biomarkers 166,167, environment monitoring on earth and 

other planets 168,169, food (e.g. wine) analysis 170, and pharmaceutical analysis 171–173. Unlike 

other separation methods such as high-performance liquid chromatography (HPLC), CE can 

more readily be miniaturized using microfluidic chip technology 94,174–176. This is especially 

important for applications where compactness, portability, and/or low cost are needed. 

Miniaturization confers even further advantages, including lower sample consumption, improved 

resolution, shorter separation times, improved reproducibility (e.g. from improved temperature 

control), and increased sensitivity and diversity of detection methods 177–179. We have previously 

explored the feasibility of using CE as a replacement for HPLC during quality control (QC) 

testing of batches of short-lived radioactive positron emission tomography (PET) tracers for 

medical imaging. With CE, comparable separation performance and limit of detection could be 

achieved, while analysis times could be shortened in some cases. This is part of a larger effort 

to miniaturize all stages of tracer production to reduce costs of radiation shielding, equipment, 

and overall production, which could increase access to diverse PET tracers 66,180–182. 
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However, CE has often been considered to have inferior reproducibility compared to other 

separation techniques such as HPLC or gas chromatography (GC) due to sample injection bias, 

sample leakage and other factors inherently induced by current sample injection methods, and 

thus has not been as widely used in quantitative analysis 183–185. Numerous advances have 

largely eliminated this concern in recent years 176,186, though achieving the desired degree of 

reproducibility (e.g. peak area RSD < 2% 103)  remains a challenge in many cases. In HPLC, 

highly repeatable sample volumes are achieved by using “injection valves”. In the “load” state of 

these specialized two-state valves, a “loop” of well-defined volume is filled with the sample, and, 

when switched to the “inject” state, this sample is injected directly into the separation pathway. 

Such method has not been directly applicable to CE due to the much smaller sample volume 

requirements of CE as well as issues arising from the use of high voltages. However, by 

developing an electrical decoupler, a similar approach has been shown in conventional, 

macroscale, CE systems 183,187. Sample was loaded into a nanoliter-scale injection valve, then 

pushed via a syringe pump through the electrical decoupler into the separation channel, after 

which the CE voltage can be applied. Combining this approach with low temperature operation, 

peak area RSD was reported to be 0.5 – 2.7%.  

In microchip electrophoresis (MCE), however, it is generally preferable that the injection 

method be integrated directly into the microfluidic chip rather than relying on external systems. 

Though a wide variety of methods have been explored to increase the reliability of sample 

injection in MCE 188–190, to the best of our knowledge, there has not been a fixed loop injector as 

in HPLC that allows the same quantity of sample to be introduced per injection 185. Typically in 

MCE devices, injection of sample into a separation channel occurs at the intersection point 

between a sample channel and the separation channel. The intersection may be a “T”, a cross,  

or a “double T”. With a T junction, the sample flows directly into the separation channel and 
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control of timing or the sample flow determines the injection volume. With a cross or double-T 

injection, the sample flow crosses the separation channel and flows toward a (sample) waste 

outlet; the detailed geometry of the junction and operation sequence/timing generally 

determines the injection volume. 

A common way to induce the sample flow is by applying a potential between the sample and 

a waste well (electrokinetic injection). While very simple and offering the possibility to perform 

integrated sample concentration (i.e. stacking) 191, this method suffers from injection bias in 

which solutes with higher electrophoretic mobilities are preferentially introduced, resulting in a 

difference between the compositions of the original and injected samples  190,192. The problem is 

exacerbated with repeated injections, though several groups have developed methods to 

replenish the sample to mitigate long-term changes in sample composition 193,194. The 

electrokinetic injection method is also sensitive to the voltage and to many properties of the 

sample (e.g. conductivity, pH, possibility of complex formation, electrolysis) 190.  

To overcome these drawbacks, pressure-driven injection is becoming more widely used 190. 

It is often performed in a cross or double-T geometry by applying a pressure difference between 

two points to drive a sample into the separation channel, and then separation voltage is applied. 

The resulting sample plug is free of injection bias (thus representative of the original sample). 

The sample can be driven by hydrostatic pressure 195, with a syringe pump 196, or by applying 

positive or negative pressure to the sample well 197,198. A variety of other “plug shaping” 

techniques have been developed to reduce the sample volume and/or avoid sample “leakage” 

196,199, or to improve control of the sample volume 200, but they tend to add complexity and 

sometimes introduce injection biases. 

Despite the advantages of these pressure-driven injection methods, injection reproducibility 

remains too low in many cases. Rather than rely on geometry to control the injection volume, 
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several methods rely on internal pumps and valves to exert more precise control over the 

amount of sample injected. One approach is to use microvalve-based chips 201, typically made 

from poly(dimethylsiloxane) (PDMS). The basic concept is to apply constant pressure to the 

sample and use a computer-controlled microvalve that can be momentarily opened to inject the 

sample into the separation channel 197,199. Such valve-based approaches exhibit repeatable 

sample injection, yielding RSD of the peak area in the range of 1.76 to 5% 189,202,203. Though 

pressure-driven injection eliminates analyte-dependent electrokinetic bias, it could still suffer 

from other types of variations due to its dependence on flow rate of the sample and microvalve 

timing to determine the volume injected and could be influenced by sample properties such as 

viscosity, which can vary significantly with temperature.  

In addition to timing-based valves, other approaches have been developed in an attempt to 

improve repeatability and reduce dependence on sample properties. Bowen and Martin reported 

controlling the actuation time and frequency of an on-chip peristaltic pump, rather than timing 

and pressure, to achieve consistent injection volume 204. Karlinsey et al. reported a similar 

approach with a CV of peak area of ~5% 205. There also has been an attempt to combine the 

on-chip pump with a valve-enclosed sample loading area; however, it would be challenging to 

achieve injection repeatability due to problems associated with the large dead volume 206. 

Solignac and Gijs reported a different method in which an elastomeric membrane is actuated 

with an electromagnet to generate a pressure pulse to inject a controllable amount of sample 

207. Though most of these reports did not include reproducibility data, it is expected that all of 

these methods would still depend on fluid properties similarly to hydrodynamic injection.  

In this paper we develop a valve-based microchip injection method that eliminates all of 

these biases and is similar in operation to an HPLC injection valve. Using PDMS microvalves 

placed around the separation channel, a well-defined fixed volume can be confined within the 
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separation channel in a loading step 208. Due to the volumetric metering approach, this method 

eliminates the injection bias found in electrokinetic injection and eliminates the influence of 

several variables in valve-based injection such as driving pressure, valve response times, or 

properties of the sample (e.g. viscosity). Furthermore, unlike previously reported methods to 

meter accurate volumes in an external injection loop, this method is directly integrated into the 

chip, avoids the need for an electrical decoupler, and avoids dispersion and mixing because the 

sample does not need to be moved before separation can begin. Thus substantially improved 

injection repeatability can be expected. We characterize the performance, compare to 

conventional hydrodynamic injection and electrokinetic injection, and demonstrate the 

independence from fluid properties such as viscosity.  

2.3 Materials and methods 

2.3.1 Reagents and solutions 

Sodium phosphate monobasic (NaH2PO4), sodium phosphate dibasic dihydrate (Na2HPO4), 

sodium dodecyl sulfate (SDS), sodium hydroxide (NaOH), 3’-deoxy-3’-fluorothymidine (FLT), 

thymidine, 2′ ,3′ -didehydro-3′ -deoxythymidine (Stavudine) and zidovudine impurity B 

(chloro-L-thymidine; CLT) were purchased from Sigma Aldrich (Milwaukee, WI, USA). Glycerol 

(AR® ACS) was purchased from Avantor Performance Materials, Inc. (Center Valley, PA, USA). 

All chemicals were of analytical grade and were used as received without further purification. 

Deionized water (18 MΩ) was obtained using a Milli-Q® Integral Water Purification system (EMD 

Millipore, Billerica, MA, USA).  
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2.3.2 Microfluidic chip design and fabrication 

The microfluidic injector chip and details of the channel design are shown in Figure 8. To 

achieve a well-controlled injection volume, sample is loaded into a fixed-volume chamber within 

the chip. The chamber is formed from a segment of a microchannel bounded by closed 

microvalves. The geometry and positioning of the microvalves are designed to minimize the 

dead volume. Inlets and outlet are connected to the sides of the chamber via microvalves to 

enable sample loading and washing. Once the chamber has been filled, microvalves at the ends 

of the chamber are opened, allowing the contents to be injected into the separation channel.  

 

The chip was fabricated in the UCLA Integrated Systems Nanofabrication Cleanroom (ISNC) 

from poly(dimethylsiloxane) (PDMS) using multilayer soft lithography 201. The chip consisted of 

two layers of PDMS bonded to a bottom PDMS substrate layer. Integrated microvalves were 

formed via a “push-up” valve architecture 209, with valve control channels (15 µm deep x 75 µm 

wide) molded in the thin PDMS layer closest  to the substrate, and fluid-carrying (“flow”) 

 

Figure 8: 3D representation and detailed channel design of the PDMS microfluidic chip 

connected to a capillary with (A) perpendicular junction geometry and (B) collinear junction 

geometry. Valve control channels are shown in orange and fluid handling channels are shown in 

blue. Micrograph of the collinear junction (blue dashed box) is shown in the inset in B. The 

injection chamber is outlined in a red dashed box. vx = valve control port. (C) Micrograph of the 

region in the black dashed box. 
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channels (20 µm deep x 75 µm wide) molded in a thicker layer above. The flow channel layers 

had a rounded cross section to enable complete channel sealing when underlying control 

channels were actuated. To minimize dead volumes, microvalves were placed as close as 

possible to the edge of the channel they were blocking. Details of the fabrication of molds and 

microfluidic chips are described in Chapter 2.6. 

Separation was performed in a 20 cm long, Teflon-coated fused silica capillary (75 µm I.D., 

375 µm O.D; Polymicro, Phoenix, AZ, USA) connected to the PDMS chip. In initial experiments, 

the capillary was connected via a port perpendicular to the channel (“perpendicular junction”). 

While suitable for characterizing volume repeatability, the dead volume inherent in this design 

led to non-optimal separation. Thus, in later experiments, the capillary was connected by 

insertion directly into the microchannel through the side of the microfluidic chip (“collinear 

junction”). The two chip-to-capillary junctions are illustrated in Figure 8. 

2.3.3 Microchip and capillary conditioning 

The chip was hydrated prior to conditioning by filling the chip and capillary with water via the 

buffer inlet port. Water was loaded at 10 psi for 30 min to ensure all air was purged from the 

device. The chip was placed in a Petri dish containing a damp Kimwipe and wrapped with 

parafilm and the other end of the capillary was inserted into a septum-sealed vial containing DI 

water. Conditioning, to form hydroxyl groups 210 was performed by following this same 

procedure using 1M NaOH instead of water. Just prior to use, the NaOH was flushed first with 

water and then the separation buffer, i.e., 30 mM sodium phosphate buffer with 100 mM SDS. 

2.3.4 Capillary electrophoresis setup 

The overall setup to evaluate the PDMS injector chip is shown in Figure 9. The capillary 

extending out of the hybrid chip runs through a detection cell and the other end is placed in a 
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PDMS waste well. The waste well is fabricated from two 1”x1/2” PDMS slabs (~5 mm thick). A 

well is created by punching a 4.75mm ID hole through the top slab prior to corona discharge 

bonding of the two slabs together.  

 

The sample (~1 mL) was contained in a 2 mL septum-sealed vial (Fisherbrand™ 2 mL 

screw thread autosampler vial, Thermo Fisher Scientific, Waltham, MA, USA). Pressurized 

nitrogen gas was supplied to the vial through an electronic pressure regulator (ITV0010-3BL, 

SMC Corporation of America, Noblesville, IN, USA) set to a pressure of 1.5 psi. The vial also 

contained an outlet tubing (#30 PTFE tubing) connected to the sample inlet port of the injector 

chip. The buffer was contained in an identical vial, supplied with 6.0 psi nitrogen pressure, and 

with the outlet tubing connected to the buffer inlet of the injector chip. On-chip microvalves were 

each controlled by the common port of an external solenoid valve (S070B-5DG, SMC 

Corporation), connected to the chip via #30 PTFE tubing. The solenoid valves switched 

between two states: (i) supplying pressurized nitrogen (35 psi) to close the on-chip microvalve, 

 

Figure 9: Experimental setup for evaluation of micro-injector chip. 
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and (ii) venting to atmosphere to allow the on-chip microvalve to open via elastic restoration of 

the PDMS. To avoid the generation of air bubbles inside the sample-containing channels of the 

chip, the valve control channels were filled with water. To achieve this, the end of each PTFE 

tubing was immersed in DI water and a ~1” water plug aspirated into the tubing prior to 

connection to the chip. By then supplying 35 psi pressure to each tubing for a few minutes, the 

small amount of air trapped in the corresponding channel was eliminated prior to operation.  

Injected samples were separated via micellular electrokinetic chromatography (MEKC). The 

separation voltage was provided by a 0-30 kV high voltage DC power supply (HV350, 

Information Unlimited, Amherst, NH, USA). The tip of the high voltage electrode wire was 

submerged in the separation buffer well of the injector chip and that of the ground electrode wire 

was submerged in the PDMS waste well. Electrodes were held in place by electrically-insulated 

clamps mounted on a retort stand. 4kV was supplied to achieve a field of 190 V/cm across the 

separation channel (~1 cm long channel in chip plus 20 cm long capillary). CE voltage was 

turned on or off using a solid-state relay in series with the high-voltage side of the circuit. During 

operation, DC current was monitored in real-time via a digital multimeter (Model 2831E, BK 

precision, Yorba Linda, CA, USA) to detect any abnormal behavior of the chip such as air 

bubble formation followed by electrical arcing. The typical current was ~0.6 mA. If arcing 

occurred, the high voltage was immediately interrupted and the channel and capillary were 

flushed with buffer for 2 min to purge any bubbles and re-equilibrate the inner surfaces. 

The detection cell was located 16 cm from the inlet of the capillary, i.e. 17 cm from the point 

of injection. It consisted of a 4-way junction (PEEK Cross, P-729, Idex Health & Science, Oak 

Harbor, WA, USA) for aligning the illumination and detection optical fibers with the capillary to 

perform UV absorbance measurements. Illumination was provided by a deuterium continuous 

light source (DH2000-DUV, Ocean Optics, Inc, Dunedin, FL, USA) and detection was performed 



53 
 

 

via a spectrometer (USB4000, Ocean Optics, Inc, Dunedin, FL, USA). UV absorbance was 

measured at 262 nm, corresponding to the wavelength of maximum absorbance for the model 

compounds used (see Chapter 2.6.2). 

The solenoid valves, digital pressure regulator and spectrometer were connected to a digital 

acquisition (DAQ) module (USB 6211, National Instruments Corporation, Austin, TX, USA). A 

custom-written LabVIEW program (National Instruments Corporation, Austin, TX, USA) was 

used to coordinate the timing of all functions. 

2.3.5 UV absorbance measurements 

Spectrometer output was recorded at a rate of 10 samples/s starting from the time of 

injection to create an electropherogram. The transmitted light intensity across the buffer-filled 

capillary, IB, was measured by the spectrometer prior to sample injection and used as a 

reference. Then, the absorbance of the sample (AS) was calculated as AS = log10(IS / IB), where 

IS is the transmitted light intensity across the capillary containing the sample as measured by 

the spectrometer. 

2.3.6 Chip operation 

2.3.6.1 Volumetric injection 

The detailed steps involved in operation of the chip to perform volumetric injection are 

shown in Figure 10A. The basic approach is to prefill a fixed chamber (to volumetrically 

measure the sample), then open valves to fluidically connect this chamber to the separation 

channel, and finally apply the electric potential. The chamber was a channel of length 4 mm (75 

µm wide, 20 µm deep). Due to the rounded profile the nominal volume is approximately 4 nL. In 

our chip design, a valve (v7) was also included in the middle of this chamber, enabling switching 
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to a chamber of only half the volume (i.e. ~2 nL). This valve is not shown in Figure 10A, but is 

shown in Figure 15. Valve v4 was not used and was kept closed at all times. Before operation, 

the chip was first primed with buffer (Step 1) to ensure that the tubing from the buffer vial and all 

channels are filled with buffer. This was accomplished by pressurizing the buffer vial (6 psi) and 

opening valves v1, v3, and v6 until the entire channel and capillary were filled with buffer, and 

the buffer started flowing out of all the ports and buffer well. Next (Step 2), the sample inlet was 

primed to ensure that the tubing from the sample vial as well as the sample inlet channel were 

completely filled with sample. This could be accomplished in two ways. In the first method 

(shown in the figure), the sample vial could be temporarily pressurized to a higher pressure (e.g. 

~10 psi) causing the air ahead of the sample to permeate out through the PDMS until the 

sample inlet was completely filled with sample up to the valve v5 (blind filling).  A faster method 

is to purge the air by applying the normal sample pressure and opening both v2 and v5 until all 

of the air has passed through v5, the sample chamber, and past v2. 

After priming, the sample chamber is loaded by pressurizing the sample to 1.5 psi and 

opening valves v2 and v5 (Step 3). Once the sample has started exiting the chamber through 

the waste, v5 is closed first, followed by closure of v2 after a ~2s delay (Step 4). The delay is 

included so that the sample pressure (1.5 psi) is not “trapped” in the sample chamber, which 

could distort the PDMS and change its volume 211. The sample is then injected by opening 

valves v1 and v6 (Step 5), allowing a brief delay (150 ms) to ensure the valves are fully open, 

then then applying the electrophoretic potential (Step 6). 

Though completion of chamber loading was monitored by observing liquid emerging out of 

the waste port, which could consume a relatively large amount of sample, it is conceivable to 

use other means such as on-chip peristaltic pumping for a certain number of cycles 204 to 

minimize sample consumption associated with each injection. 
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2.3.6.2 Timed hydrodynamic injection 

Using the same chip, it is also possible to perform conventional hydrodynamic sample 

injection, providing an ideal benchmark for comparison of the performance of the two injection 

 

 

Figure 10: Schematic view of injector chip operation for volumetric injection (A) and timed 

injection (B). Solid red boxes indicate closed microvalves and hollow red boxes indicate open 

microvalves. Arrows indicate direction of fluid flow. Channels filled with buffer are shown in blue 

while those filled with sample are shown in green. The capillary and waste well are connected for 

all steps but for clarity are only depicted in the final step when the separation voltage is applied. 

Diagrams not to scale. 
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methods. Basically, the sample is pressurized and a microvalve is momentarily opened to admit 

a small amount of sample into the separation channel. The detailed operation of the chip to 

perform “timed injection” is shown in Figure 10B. Before use, the chip is first primed with buffer 

(Step 1) by pressurizing the buffer vial and opening valves v1, v3, and v6 until buffer started 

flow out of all the ports and buffer well. Next, the sample inlet is primed (Step 2) using either of 

the two methods described in the previous section. If the “purging” method is used, it it 

necessary to flush the sample out of the separation channel by flowing buffer through v3 and v2.  

To load the sample, valve v1 is opened, and then valve v5 is momentarily opened for a fixed 

time to allow sample to fill part of the main channel in the chip (Steps 3-4). The opening time 

(600 ms) was chosen to achieve a comparable injection volume as the volumetric injection 

method (see Chapter 2.6.4). The peak area resulting from volumetric injection was measured to 

be 3.5 AU-sec and 6.3 AU-sec for the timed injection.To inject the sample, v1 and v6 were 

opened (Step 5), followed by a brief delay (150 ms), and then electrophoretic potential was 

applied (Step 6). 

It should be noted that in many reports of timed injection, there is no valve interrupting the 

separation channel. Since the sample flow is less constrained in that case (i.e. it flows both 

upstream and downstream into the separation channel), we believe such form of timed injection 

would have comparable or inferior performance to that reported here. 

2.3.7 Injection performance characterization 

Using the same chip design, comparisons were made among volumetric injection and timed 

hydrodynamic injection, as well as electrokinetic injection (see Chapter 2.6.5). 

Injections were performed with single compounds initially, and then mixtures of multiple 

compounds. The single-compound samples comprised thymidine in DI water or FLT in 95:5 
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water:acetonitrile (v/v). The mixture sample contained thymidine, stavudine, FLT, and CLT in 

water. These represent the product and structurally-similar side products in the synthesis of the 

positron emission tomography (PET) tracer [18F]FLT 100,212. Each injection resulted in an 

electropherogram. The detected UV absorbance peaks (at 262 nm) were fit to a Gaussian 

profile to determine the peak area and migration time (tm; peak center) from each injection. 

Injection repeatability was measured by performing multiple injections in the same chip and 

calculating the RSD of peak areas. Sets of injections were performed in different chips to 

determine consistency. 

Since peak symmetry can affect the resolution for mixture samples, we also characterized 

the peak symmetry by computing the U.S. Pharmacopeia (USP) tailing factor for each peak: Tf = 

wac / 2wab, where wac is the peak width at 5% of the peak height, and wab is the front half-width 

measured from the leading edge to a perpendicular dropped from the peak apex at 5% of the 

peak height. Tailing factor close to 1 is desired. The number of theoretical plates was also 

calculated for each peak: N=16 x (tm/W)2, where tm is the migration time and W is the baseline 

peak width determined via the tangent method (see Chapter 2.6.6). For mixture samples, the 

peak resolution between pairs of neighboring peaks was calculated: R= (tm2-tm1)/0.5*(W1+W2), 

where tmi is migration time and W i is the peak width at baseline (tangent method) for each peak 

(i = 1,2). 

To avoid effects of buffer depletion, which can affect the migration speed and hence the 

peak area, the fluidic channels were flushed with fresh buffer solution after each individual 

injection. In addition, the buffer well and waste well were replenished with ~120 µL each of fresh 

buffer solution. It may be possible to avoid the need for manual buffer exchange by implmenting 

wells for buffer and waste that have larger volume. Alternatively, a more sophisticated 
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microfluidic chip could be designed that includes additional valves and pumps to perform 

automated buffer exchange. 

2.4 Results and Discussion 

2.4.1 Comparison of injection performance 

In volumetric mode, the microfluidic chip with perpendicular chip-to-capillary junction was 

used to inject successive ~4 nL samples of single compounds. For each run, the 

electropherogram showed a flat baseline with a sharp single peak (Figure 11A,B). The 

migration time for thymidine was 207±2 s (n=11), and that for FLT was 221±6 s (n=11). 

Examples of the UV absorbance peaks from 11 successive injections in the same chip are 

shown in Figure 11C for 50 mM thymidine, and Figure 11D for 50 mM FLT. Table 3 compares 

the peak area RSD values. As summarized in Table 3, the peak area RSD values for 3 trials (of 

11 injections each) were 1.34%, 1.04%, and 1.47% for thymidine, and 1.79%, 1.55%, and 

1.74% for FLT. 
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Table 3: Summary of RSD for single-compound injections using volumetric injection and timed 

injection in the same PDMS chip design.  

Each RSD value is computed from n=11 individual injections. A fresh microfluidic chip was used for each trial and 

for each compound. 

Injection method 
Injection 

parameters 
Trial 

Peak area RSD (%) 

thymidine FLT 

Volumetric 
injection 

Sample volume 
= 4 nL 

1 1.34 1.79 

2 1.04 1.55 

3 1.47 1.74 

Timed injection 
Injection time 

= 600 ms 

1 3.37 7.16 

2 4.59 1.86 

3 2.04 3.65 
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The small RSD values are comparable to or better than literature reports. To the best of our 

knowledge, the best reported peak area RSD was 1.77% (n=15) using a PDMS chip with 

integrated microvalves for timed hydrodynamic injection 202. Since there are many factors of the 

setup that could affect the apparent consistency of the results (e.g., optical setup, light source 

 

Figure 11: (A) Example electropherogram of single injection of 50 mM thymidine using the 

microfluidic volumetric injector chip. (B) Example electropherogram for sample of 50 mM FLT. 

(C) Assembled electropherograms of successive injections (n=11) for 50 mM thymidine. Peak 

area RSD was 1.04%. There is a gap between peaks because the wells were replenished 

between runs to avoid effects of buffer depletion. (D) Assembled electropherograms for 50 mM 

FLT. Peak area RSD was 1.55%.  
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stability, detector performance), our results likely cannot be directly compared to those of Li et 

al.  

To better gauge the enhanced performance of volumetric injection, we also performed timed 

hydrodynamic injection in the same chip to eliminate potential variables. As expected, operation 

in time-dependent injection mode resulted in higher peak area RSD compared to volumetric 

injection. For thymidine, we observed peak area RSD values of 2.04%, 3.37% and 4.59% in 

three chips (11 injections per chip), and for FLT we observed values of 1.86%, 3.65% and 

7.16%. Clearly, using the same chip and CE setup, volumetric injection shows significantly 

improved performance over timed injection.  

2.4.2 Sources of variation in timed injection 

We investigated some factors that affect only the timed injection method to see if they could 

potentially explain the different performance (peak area RSD) between the two injection 

methods. 

One consideration is the stability and repeatability of the pressure source. The flow rate of 

the sample would be expected to change linearly with any pressure changes. Some reports 

have controlled pressure via fluid height (hydrostatic pressure) 195,213,214 or external syringe 

pump 196,215, while we used an electronic pressure regulator. The regulator is reported to have a 

stability of ±0.2% of full-scale value (i.e. ±0.06 psi). Since the sample pressure was nominally 

1.5 psi, it is possible that pressure fluctuations could be responsible for at least some of the 

observed variation. 

Another consideration is the consistency of microvalve operation: any variation in the 

opening or closing time could potentially affect the total amount of time the sample is flowing 

into the separation channel, and thus the volume that is loaded. The actual time the microvalve 
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is open is the programmed opening time minus the opening response time plus the closing 

response time. The response times depend on several parameters: (i) the pressure of the gas 

used to control the valves (which may be subject to some fluctuation), (ii) the electromechanical 

response time of the external solenoid valve that switches between pressurized and vented 

state, (iii) the fluidic delay due to movement of pneumatic/hydraulic fluid within the valve control 

channel and valve control line (which would vary based on the amount of hydraulic fluid in the 

lines), and (iv) the mechanical deflection of the microvalve membrane (which would vary 

depending on the thickness of the micromachined valve membrane and the elastic properties of 

the PDMS). By monitoring the electrical current through a microchannel, we found in some 

cases significant variation (up to several %) in the total open time for a single valve or for 

different valves in the same chip (see Chapter 2.6.7). Variations in amount of hydraulic fluid in 

the valve control lines seem to have negligible effect on the total open time of the valves (see 

Chapter 2.6.7). 

Volumetric injection, on the other hand, provides a way to use similar technology for 

injection (i.e. microvalves), but eliminate the effect of any variability in driving pressure, valve 

response times, etc. 

2.4.3 Effect of sample viscosity 

The volumetric flow rate, 𝑄 = ∆𝑝/𝑅 , can be affected by the stability of the driving pressure 

∆𝑝 or by the fluid resistance, R, which is highly dependent on the geometry of the channel as 

well as fluid properties (i.e., proportional to sample viscosity). A higher viscosity sample will flow 

more slowly than a low one, so any inconsistencies in sample concentrations, sample buffer 

composition, or temperature (e.g. Joule heating over time) can lead to poor reproducibility. The 

latter can be a significant issue as viscosity of aqueous solutions can exhibit significant 
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temperature dependence (e.g., at room temperature, the viscosity of water or saline solution 

can vary ~2% / °C 216,217). One of the expected advantages of volumetric injection is that the 

loaded volume should be independent of the fluid properties. We compared the effect of 

viscosity on the quantity of sample injected for the two injection methods (Figure 12). Samples 

consisted of 50 mM thymidine dissolved in DI water or dissolved in 30% glycerol/water (v/v), 

with expected dynamic viscosities of 0.893 mPa-s and 2.57 mPa-s, respectively, at room 

temperature 218,219.  

 

 

Figure 12: (A) Representative electropherograms of thymidine samples with different viscosities 

injected via timed injection (hydrodynamic injection) and volumetric injection. Note that the small 

negative peak in the electropherograms for the higher viscosity samples likely represents the 

glycerol that is present in these samples. (B) Averaged peak area (n=6 each) observed at 

detector after separation voltage applied. The use of timed injection results in variation in peak 

area (i.e. amount injected) depending on viscosity. For volumetric injection, the peak area is 

independent of viscosity. 
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For timed injection, the higher viscosity sample showed significantly lower peak area 

compared to non-viscous sample (p = 8x10-8 << 0.05, two-tailed T-test). The peak area was 

3.58±0.10 AU-sec (n=6) for the low viscosity sample and 2.84±0.09 AU-sec (n=6) for the high 

viscosity sample. Based on the Hagen-Poiseuille equation, the flow rate is expected to be 

inversely related to the dynamic viscosity, and so a nearly 3-fold reduction in injected volume 

would be expected based on the viscosity differences (for the same driving pressure and valve 

opening time). A smaller reduction was seen, perhaps due in part to the elastic nature of the 

PDMS which may expand slightly and tend to reduce the fluidic resistance, counteracting the 

effect of increased viscosity. 

In contrast, with volumetric injection, the peak areas of the low and higher viscosity samples 

were not significantly different (p = 0.20). The lower viscosity sample had peak area of 

3.05±0.08 AU-sec (n=6), while the higher viscosity sample had peak area of 3.10±0.05 AU-sec 

(n=6). Thus the volumetric injection technique is expected to prevent differences in injection 

amounts for different samples, or for the same sample at different temperatures. This could 

enhance quantitative performance in situations where a variety of different samples (or sample 

buffers) may be injected in sequence. 

2.4.4 Other comparisons between injection methods 

An advantage of timed injection is that different injection volumes can easily be achieved via 

control of the valve opening time. This flexibility can be used to accommodate different length 

capillaries or other variations in CE method that might require different sample amounts. In the 

volumetric approach, the volume too can be adjusted, but requires redesign of the chip to 

implement a chamber of different volume.  Alternatively, modest changes in volume could be 

achieved by filling the chamber under pressurized conditions, which leads to a predictable 



65 
 

 

expansion of the chamber volume 211. (The loading process would need to be slightly modified 

to ensure that the sample chamber is closed while still under pressurized conditions.) Another 

possible approach to add volume flexibility is to introduce several microvalves along the sample 

chamber to allow the length of the chamber to be dynamically adjusted (in discrete steps) 220, as 

was done in the chip designed in this study (i.e. either ~2 or ~4 nL injection volume; see Figure 

15). 

Another difference between the two injection methods is the flow profile. The hydrodynamic 

flow associated with timed injection has a parabolic velocity profile (i.e. faster flow in middle of 

channel compared to flow near the walls), which could lead to a small amount of dispersion in 

the sample plug as it is loaded from the inlet into the separation channel. In contrast, in 

volumetric injection, the injection chamber is part of the separation pathway and the sample 

does not undergo this dispersive flow prior to experiencing the separation potential.   

2.4.5 Improvement of peak symmetry 

It was evident from the electropherograms (e.g. Figure 11) that there was significant peak 

tailing for both the volumetric and timed injection approaches. For samples of 50 mM FLT, the 

tailing factors were 1.78±0.2 (n=8; volumetric injection) and 1.80±0.19 (n=8; timed injection), 

and for 50 mM thymidine, the tailing factors were 1.62±0.14 (n=8; volumetric injection) and 

1.85±0.05 (n=8; timed injection). 

We suspected the tailing was largely due to the chip-to-capillary junction. The 

“perpendicular” junction used in initial studies has significant dead volume (see Chapter 2.6.8), 

which is known to be a cause of dispersion and potentially peak asymmetry as the sample plug 

is flowing through that region 221,222. To attempt to resolve the issue of peak shape, we 

implemented an improved chip-to-capillary junction with minimal dead volume.  Indeed, when 
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switching to a “collinear” junction geometry, we observed that absorbance peaks were 

significantly narrower and more symmetric (see Figure 24). For samples of 50 mM thymidine, 

the tailing factor was within the acceptable range (i.e., 1.15±0.01, n=8) with the collinear 

junction compared to 1.62±0.14 (n=8) with the perpendicular junction and this was comparable 

to the tailing factor of electrokinetic injection with the collinear junction, 1.18±0.21 (n=8). 

In addition, the number of theoretical plates increased from 7770±730 (n=8) to 9130±710 

(n=8) with use of the collinear junction compared to the perpendicular junction. For a trial of 

successive injections, the peak area RSD was found to be 1.56% (n=10), which is in the same 

range as results with the perpendicular junction chips.  

2.4.6 Separation of 4-compound mixtures 

We then examined the ability to separate multiple compounds, and compared results of 

volumetric injection (with two different junction geometries) as well as the widely-used approach 

of electrokinetic injection. To avoid introducing additional variables, similar injection volume was 

used in all three different injection modes (see Supporting Information). Baseline separation of a 

mixture of 4 compounds was achieved using the microfluidic volumetric injector chip with the 

collinear junction (Figure 13). Separation using the perpendicular junction is shown in Figure 

25, and separation using electrokinetic injection is shown in Figure 26. 

Peak area RSD values for the 4 compounds and various injection methods are summarized 

in Table 4. It can be seen that the capillary-to-chip junction geometry does not significantly 

affect the sample injection repeatability. This is expected because the injected sample amount 

is physically metered within the injection chamber before even seeing the junction. For 

volumetric injection, the peak area RSD was always < 2.0% and values as low as 0.55% were 

observed. When electrokinetic injection was performed in the same chip with the same injection 
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volume (as verified by comparing peak areas), the peak area RSD was found to be substantially 

higher, indicating less consistent sample injection. From these results and the comparison of 

volumetric and timed injection presented earlier, it appears that sample injection repeatability is 

mainly influenced by the injection method.  

 

 

Figure 13: CE electropherogram showing baseline separation of a mixture of 4 compounds 

using the microfluidic volumetric injector chip and 20 cm capillary connected via collinear 

junction. Injected sample contained: 20 mM thymidine (peak 1), 13.6mM Stavudine (peak 2), 

16mM FLT (peak 3) and 14mM CLT (peak 4). 
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The number of theoretical plates, N, was also calculated for each peak for each junction 

geometry (Table 5). As expected, we observed N to be significantly higher for all compounds for 

injection using the collinear junction compared to the perpendicular junction (p<0.05, See 

Chapter 2.6.11 for details). In addition, N was significantly higher using volumetric injection than 

electrokinetic injection in the same chip (p<0.05). The peak resolution, R, was also calculated 

between pairs of adjacent peaks (Table 5). Peak resolution between the thymidine and 

Stavudine peaks was significantly higher for volumetric injection using the collinear capillary-to-

chip junction compared to the perpendicular junction; however, the difference in resolution for 

Stavudine and FLT peaks, and for FLT and CLT peaks, was not statistically significant. 

Interestingly, R was significantly higher for volumetric injection than for electrokinetic injection in 

the same chip.  These results illustrate that the improved injection repeatability does not come 

at the expense of sacrificed performance elsewhere. 

Table 4: Summary of peak area RSD (%) for mixture samples. 

  

Volumetric injection 
Electrokinetic 

injection 

Perpendicular 
junction 

(n=4) 

Collinear 
junction 

(n=3) 

Collinear 
junction 

(n=3) 

thymidine 0.40 0.55 7.13 

stavudine 1.59 1.70 7.86 

FLT 1.78 0.65 7.79 

CLT 1.93 1.69 5.78 
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2.5 Conclusions 

A novel type of volumetric microfluidic injector for CE was developed to eliminate variations 

in injection volume and thereby increase repeatability for quantitative analysis. With this 

injection method, substantially improved repeatability of sample injection was achieved 

compared to hydrodynamic injection.  Volumetric injection showed relative standard deviation 

(RSD) of peak area as low as 1.04% (n=11) for single-compound injections and as low as 

0.40% (n=4) for multiple compound injections, both of which are lower than the best RSD values 

reported in the literature for hydrodynamic microvalve-based injection. Furthermore, in contrast 

to hydrodynamic injection, volumetric injection was found not to depend on sample viscosity, 

which might be beneficial in situations where diverse samples are studied, or where sample 

temperature is not well controlled. 

As a demonstration of the performance of the volumetric injection approach, we showed 

successful baseline separation of a 4-compound mixture with high injection repeatability. The 

set of compounds represents a positron emission tomography tracer and synthesis byproducts, 

Table 5: Summary of the number of theoretical plates and the peak resolution for mixture 

samples. 

  Peak(s) 

Volumetric injection Electrokinetic injection 

Perpendicular 
junction 

(n=4) 

Collinear 
junction 

(n=3) 

Collinear 
junction 

(n=3) 

Number of 
theoretical 
plates, N 

thymidine 12090 ± 1600  21910 ± 1100 12440 ± 860 

Stavudine 12130 ± 660 18190 ± 550 10720 ± 940 

FLT 10190 ± 750 15390 ± 770 8800 ± 1400 

CLT 14400 ± 1300  17570 ± 1030 8040 ± 530 

Peak 
resolution, R 

thymidine-
Stavudine 

3.18 ± 0.22 3.60 ± 0.19 2.65 ± 0.10 

Stavudine-FLT 2.28 ± 0.09 2.34 ± 0.07 1.77 ± 0.12 

FTL-CLT 7.77 ± 0.44 8.10 ± 0.19 5.32 ± 0.30 
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illustrating how rapid CE analysis could be used in the QC testing process of 

radiopharmaceuticals to ensure that levels of impurities are below acceptable limits. In previous 

work we showed that adequate limit of detection could be achieved for this application 100. 

We also made comparisons of injection repeatability, peak symmetry, and separation 

efficiency for different chip-to-capillary junction geometries between the PDMS injection chip 

and separation capillary. Injection repeatability was not influenced by the junction geometry, but 

the number of theoretical plates and peak symmetry were all higher in the collinear junction 

(with very small dead volume) compared to the perpendicular junction (with significant dead 

volume). Compared to electrokinetic injection (performed in the same chip to avoid introducing 

additional variables), we found volumetric injection to have significantly higher separation 

efficiency, resolution, and injection repeatability. 

The injector is straightforward to implement with standard PDMS microfluidic fabrication 

techniques. To increase volume flexibility, valve-based approaches where the volume or length 

of the chamber is dynamically adjusted can be readily incorporated 211,220. The separation 

channel can be incorporated in a hybrid fashion as was done here (i.e. with capillary), or could 

be integrated directly into the microfluidic chip. This injector would be useful in a wide range of 

applications where an accurate and/or consistent injection amount is needed.  

2.6 Supplemental Information: 

2.6.1 Fabrication of microfluidic chips 

2.6.1.1 Mold fabrication 

The mold for the PDMS layer with control channels was fabricated from a 4” silicon wafer 

(Silicon Valley Microelectronics, Santa Clara, CA USA). The wafer was first cleaned with oxygen 

plasma using a Matrix 105 – Downstream Asher (Allwin21, Morgan Hill, CA, USA), and then 
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baked at 150°C for 10 min prior to use. To form the negative channel pattern, the wafer was 

spin-coated (Model PWM32, Headway Research, Inc., Garland, TX) with SU8-2010 negative 

photoresist (MicroChem, Newton, MA, USA). The wafer was first spun at 500 RPM (200 RPM/s 

ramp) for 5 s, then at 1500 RPM (500 RPM/s ramp) for 30 s, and finally ramped down to 0 RPM 

(500 RPM/s ramp). The coated wafer was then soft baked at 95°C for 3 min, then allowed to 

cool to room temperature for 5 min. To form the channel pattern, the wafer was then exposed to 

UV light (365 nm, 140 mJ/cm2) through the control layer transparency mask (CAD/ART 

services, Inc., Bandon, OR, USA) using a MA150 Mask Aligner (Karl Suss American Inc., 

Williston, Vermont, USA). The exposed wafer was post baked at 95°C for 4 min. The wafer was 

allowed to cool to room temperature, and then developed by immersion in SU-8 Developer 

(MicroChem, Newton, MA USA) for 3 min. The wafer was then cleaned using isopropyl alcohol 

followed by DI water, and dried with compressed nitrogen gas. Finally, the mold was hard baked 

by heating at 175°C for 15 min and 100°C for 5 min. The wafer was then allowed to cool to room 

temperature for 5 min.  The height of the channel features was measured using a Veeco Dektak 

150 Surface Profilometer (Bruker, Tustin, AZ, USA) to be 15 µm. 

The fluidic mold was fabricated from a second 4” silicon wafer.  After cleaning as described 

above, the adhesion promoter hexamethydisilazane (HMDS) (Sigma-Aldrich, St. Louis, MO 

USA) was deposited via vaporization in a sealed chamber. The wafer was then spin-coated with 

SPR 220-7.0 positive photoresist (MicroChem, Newton, MA, USA) as follows: 400 RPM (200 

RPM/s ramp) for 30 s, 1000 RPM (500 RPM/s ramp) for 80 s, and finally 0 RPM (500 RPM/s 

ramp). The coated wafer was soft baked at 105°C for 6 min, and allowed to cool to room 

temperature for 5 min before exposure (720 mJ/cm2) through the fluid layer transparency mask. 

After exposure, the coated wafer was set aside for a 3 h rehydration step.  The exposed wafer 

was then post baked at 110°C for 5 min, and then set aside for an additional 45 min rehydration 
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at room temperature. The wafer was developed by immersion in CD-26 (MicroChem, Newton, 

MA USA) for 30 min.  The wafer was then rinsed gently with water and dried with compressed 

nitrogen gas. To create the rounded channel cross-section, the photoresist was reflowed by 

placing the wafer on a 65°C hot plate and then setting the hot plate to 140°C.  Once the hot 

plate reached 140°C, the wafer was left there for 40 min, then cooled to room temperature for 5 

min. Finally, the wafer was hard-baked by placing the wafer on a 135°C hot plate and then 

gradually increasing the temperature to 190°C. The wafer was heated for 3 h (channel features 

became blackened), and then cooled to room temperature for 5 minutes.  The height of the 

channel features was then measured to be 17±2 µm. 

2.6.1.2 Microfluidic chip fabrication 

To fabricate the control channel layer of the chip, ~45 g of 20:1 mass ratio of RTV615 A:B 

(Momentive, New Smyrna Beach, FL, USA) was mixed in a plastic cup for 1 min, and degassed 

in a vacuum desiccator for 1 h. The mixture was then poured onto the control channel mold and 

spun at 2500 RPM (1000 RPM/s ramp) for 1 min.  For the flow channel layer of the chip, a ~50 

g amount of 5:1 mass ratio of RTV615 A:B was prepared in the same fashion. This mixture was 

poured into a foil-lined Pyrex Petri dish (140 mm ID, Corning Inc., Corning, NY, USA) containing 

the flow channel mold to a thickness of ~5 mm. Both layers were then baked in an oven at 80°C 

for 25 min to solidify the PDMS prepolymer. After baking, the flow layer was peeled from the 

wafer mold, trimmed to the size of the chip with a razor blade, and aligned (channel-side down) 

onto the control layer with the assistance of alignment marks and a stereomicroscope (Stemi SV 

11, Zeiss, Oberkochen, Germany), ensuring no air bubbles remained between layers.  Adhesive 

tape (810 Scotch Tape, 3M, Saint Paul, MN, USA) was used to keep the surface of the chip 

clean before alignment. The aligned pair of layers was placed back in the 80°C oven for a 

minimum of 2 h to bond the layers together. To create the bottom substrate for the chip, ~50 g 
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of a 10:1 mass ratio of RTV615 A:B was prepared as above, poured to a ~5 mm thickness onto 

a blank 4” silicon wafer in a foil-lined Pyrex Petri dish, and baked at 80°C for 2 h. 

Once the control layer and fluid layer bonding was complete, the chips were removed from 

the control wafer mold. A manual press (Press Type 3/6, Schmidt, Cranberry Twp., PA, USA) 

equipped with metal punches was then used to create a buffer well (4.75 mm ID catheter punch, 

HS1871730P1183S, Syneo, West Palm Beach, FL), and ports for fluidic and control lines (720 

µm ID catheter punch, CR0350255N20R4, Syneo). 

For the chips with the fused silica capillary connected via the “perpendicular junction”, a port 

was also punched for the capillary (330 µm ID punch, CR0180115N26R4, Syneo). The capillary 

was inserted into the capillary port so that one end of the capillary was nearly flush with the 

bottom surface of the chip. We found that placing the capillary exactly flush with the surface 

resulted in deformation around the capillary port that interfered with bonding so the capillary was 

pulled ~1 mm back from the surface. This assembly was then bonded to the flat PDMS 

substrate using a corona discharge bonder (LM4816-11MS-MSA, Enercon Industries) followed 

by baking at 80°C for at least 2 h to form the completed “hybrid” capillary microchip. 

For the chips with the capillary connected via the “collinear junction”, this port for the 

capillary was not punched but bonding to the bottom substrate was performed as described 

above. After three layers were assembled and completely cured, the chip was cut vertically from 

the top surface with a razor blade near the end of fluidic channel, such that the channel was 

accessible from the side of the chip. One end of the capillary was tapered by polishing with 

microgrit sand papers (grit sizes of 600, 1200 and 2500 in sequence; 2 min each) on the spin-

coater (Model PWM32, Headway Research, Inc., Garland, TX). At the end of this procedure, the 

capillary was tapered down to an outer diameter of close to 75 µm. With the aid of a 

stereomicroscope (Stemi SV 11, Zeiss, Oberkochen, Germany) and portable microscope (Dino-
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lite Plus AM311S, AnMo Electronics, Taipei), the tapered capillary was horizontally inserted 

about ~1mm deep into the exposed end of the fluidic channel. To provide mechanical 

stabilization and provide an air-tight seal, additional PDMS pre-polymer mixture was poured 

near the interface and cured in the oven at 80°C for 2 h.  

The thickness of the control layer was measured via profilometry of the thin PDMS film 

remaining on parts of the control layer mold to be 30 µm. Thus, the thickness of the deflectable 

valve membrane (between the top of the control channel and bottom of fluid channel) was 15 

µm. 

2.6.2 Selection of wavelength for UV absorbance measurements 

To determine the optimal wavelength for absorbance measurements, the UV absorbance of 

each compound was measured across the range 200-400 nm. Briefly, a capillary was filled with 

buffer and placed in the detection cell. The transmitted light intensity across the buffer-filled 

capillary was measured and used as a reference. Then, the capillary was filled with one 

compound of interest (dissolved in the same buffer) and the transmitted light intensity was 

measured. Absorbance was calculated as described in the main text. The highest absorbance 

for all four compounds occurred at a wavelength of ~262 nm.  
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2.6.3 Controlling the injected volume 

We included a microvalve in the middle of the sample chamber to allow loading of two 

different sample volumes, i.e. a full chamber volume (~4 nL) or a half chamber volume (~2 nL). 

Chip operation to inject the full volume is shown in the main text in Figure 10A. Figure 15 

shows the procedure to load a half chamber volume.  

 

Figure 14: Absorbance of thymidine, stavudine, FLT and CLT as a function of wavelength.  
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2.6.4 Choice of valve opening time in timed injection method 

The microvalve opening time (or injection time) to control the injected amount in timed 

injection was chosen to achieve a comparable injection volume as the volumetric injection 

method. An empirical study of peak height as a function of injection time was performed (Figure 

16). The 600 ms injection showed similar height and was used for subsequent experiments 

involving timed injection.  

 

Figure 15: Sequence of operations to perform injection of a half chamber volume (2 nL). The 

microfluidic chip used in this work contained an additional valve and waste port in the middle of 

the sample chamber that can be used to subdivide the sample chamber and thus provide some 

control over the sample volume. A full volume (4 nL) can be injected by keeping v7 open and v8 

closed and performing the steps in Figure 10A. 
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2.6.5 Method of Electrokinetic injection 

Electrokinetic injection (EK) was performed using the same chip to avoid the introduction of 

additional variables. Injection was performed by the series of steps in Figure 17. The chip is first 

filled with buffer (Step 1). During the sample loading step, v5 remains closed and sample 

reservoir is filled with the sample solution (Step 2). For sample injection, the same field strength 

as separation, 200 V/cm, was applied between sample reservoir and sample waste. Because 

the distance was 1.5 cm, a potential of 300 V was applied. Potential was applied for 3.0 s to 

inject sample in the sample reservoir toward sample waste (Step 3). This time was chosen to 

achieve a similar injection amount to the other approaches. Finally, the sample was injected into 

the capillary by applying separation voltage between the buffer well and waste well (Step 4). 

The injection electrodes submerged in the sample inlet and sample waste were physically 

removed from the wells 1 s prior to applying separation voltage to avoid any backflow or other 

undesired fluid movement. The channel was flushed with fresh buffer solution between 

injections with v5 closed to avoid any change in sample composition during the rinsing step. 

 

Figure 16: Peak height of the timed injection as a function of valve opening time (n=1), and 

comparison to volumetric injection. Injected sample was 50mM FLT.  
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To verify the comparable injection volume in EK injection and volumetric injection, we 

compared the peak area of each peak in multiple-compound electropherograms. For 20 mM 

thymidine, the peak area for volumetric injection was 1.21±0.01 AU-sec (n=4) and that for EK 

injection was 1.26±0.06 AU-sec (n=3). For 13.6 mM Stavudine, the peak areas of both 

volumetric and EK injections were 0.91 AU-sec (n=4 and 3, respectively). 

2.6.6 Baseline peak width determination 

Baseline peak widths were measured using the tangent methods. Tangents were drawn 

from the inflection points on each side of the peak and intersection with the baseline 

determined. The distance between these intersection points was the peak width (Figure 18). 

 

Figure 17: Schematic view of injector chip operation for EK injection. Solid red boxes indicate 

closed microvalves and hollow red boxes indicate open microvalves. Arrows indicate direction of 

fluid flow. Channels filled with buffer are shown in blue while those filled with sample are shown 

in green. The capillary and waste well are connected for all steps but for clarity are only depicted 

in the final step when the separation voltage is applied. The same field strength (200 V/cm) was 

used for both sample injection (HV1) and sample separation (HV2). 
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2.6.7 Measurement of microvalve response times 

To explore possible sources of variation in injected volumes for the timed injection method, 

we explored the consistency of response times of the on-chip microvalves. The experimental 

setup is shown in Figure 19. The positive terminal of a 5 VDC power supply was connected to 

the buffer well, and the ground terminal was connected to a series resistor, Rm = 8 MΩ, which 

was connected to the waste well. The potential causes a current to flow through the separation 

channel and capillary and through Rm. The voltage across this resistor, Vm, was measured over 

time while momentarily opening (for 600 ms) a microvalve positioned along the separation 

channel. When the valve was open, current could flow and Vm had a non-zero value. When the 

valve was closed, current could not flow and Vm was 0. The time period that the valve was open 

was determined from graphs of voltage versus time. Consistency of the total open time was 

compared for different valves on the same chip, different chips, and valves with different amount 

of hydraulic fluid (water) in the valve control lines.  

 

Figure 18: Method for determination of peak width. 
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We first measured the consistency of the total open time for individual valves (Figure 20). 

Some valves showed very little variation while others showed significant variation. In chip 1, the 

valve had an open time RSD of 5.3% (n=3 runs), potentially contributing significant variation in 

injected volume and thus peak area. In chips 2 and 3, the valves had open time RSDs of 2.6% 

(n=3 runs) and 0.6% (n=3 runs), respectively. 

Interestingly, the time for the valve to open was quite consistent, while the majority of the 

variation could be attributed to the time for the valve to re-close. Opening the valve took ~33 

ms, while the fastest closing time was ~74 ms.  

 

Figure 19: (A) Experimental setup for electronically measuring the response time of microvalves. 

Vm is recorded as a function of time by a computer as a valve is momentarily opened. The 

resulting plots are analyzed to determine the total time that the valve is open (i.e. non-zero Vm 

due to non-zero current through the fluidic circuit). (B) Illustration of current flow when microvalve 

is open. (C) Current is blocked when microvalve is closed. 
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We also compared the consistency of different valves in the same chip (Figure 21). Again, 

we saw significant variation in the results. The RSDs of the total open time were 7.9% (n=3 

valves), 5.8 (n=3 valves), 1.8 (n=3 valves), and 0.9 (n=3 valves), respectively, for Chips 1-4. 

It should be pointed out that these and the above results were noted for a 600 ms injection 

time. As the desired injection volume (and thus injection time) becomes smaller, the variations 

in valve response time would be expected to become relatively more significant and could 

contribute significant variation in the injected volume and peak area. 

 

Figure 20: Repeatability of response time of the same microvalve in the same chip. Graphs 

show normalized measurement of Vm, which is proportional to electrical current through the 

channel, as the valve was momentarily opened for 600 ms. (A) Valve in Chip 1, (B) Valve in Chip 

2, (C) Valve in Chip 3. The same legend applies to all graphs.  



82 
 

 

 

Finally, we also investigated the influence of the amount of hydraulic fluid inside the valve 

pressure line. Figure 22A illustrates the location of the hydraulic fluid. Variations in the amount 

loaded are possible during chip setup. Using different lengths of the water plug in the control 

line tubing (0 to 300 mm; tubing inner diameter 510 µm), the total valve open time was 

measured (Figure 22B). Almost no difference in microvalve response was observed for widely 

varying water plug sizes. The RSD of the total open time for the five plug sizes was 0.48% (n=5 

lengths). 

 

Figure 21: Repeatability of response time of different microvalves within the same chip. Graphs 

show normalized measurement of Vm, which is proportional to electrical current through the 

channel, as the valves were momentarily opened for 600 ms. (A) Chip 1, (B) Chip 2, (C) Chip 3, 

and (D) Chip 4. The same legend applies to all graphs. 
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2.6.8 Comparison of dead-volume in capillary-to-chip junctions 

Figure 23 shows the cross-section of the chip near the chip-to-capillary junction for both the 

initial (perpendicular) geometry and improved (collinear) geometries. The perpendicular 

geometry has significant dead volume (estimated ~90-170 nL). As the sample passes through 

this huge transition region, it is likely to experience significant dispersion that could lead to peak 

broadening and tailing. In contrast, the collinear geometry has nearly zero dead volume, 

eliminating these detrimental effects. 

 

Figure 22: Effect of the amount of hydraulic fluid on the microvalve response time. (A) 

Schematic showing the tubing connecting the solenoid valves to the control channel inlet ports 

on the microfluidic chip. The distal portion of the tubing (i.e. closest to the chip) is typically filled 

with hydraulic fluid (e.g., water) to avoid injection of pressurized gas into the other device 

channels by permeation through PDMS. (B) Normalized voltage profile of a single valve actuation 

with varying amounts of hydraulic fluid (water). 
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2.6.9 Effect of junction geometry on tailing factor 

 

For samples of 50 mM thymidine, we have noticed peak tailing (1.62±0.14, n=8) (Figure 

24A) when the volumetric injector chip with the initial perpendicular chip-to-capillary junction 

geometry was used. In contrast, injections of the same compound using the chip with collinear 

 

Figure 24: Electropherogram of single compound (50mM Thymidine) injected via the volumetric 

injector chip with the perpendicular chip-to-capillary junction (A) and the collinear junction (B). 

Inset shows zoomed in peak shape in the region of red box. 

 

Figure 23: Schematic of chi-to-capillary junction geometry. (A) Perpendicular junction; (B) collinear 

junction. Diagrams not to scale. 
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junction reduced the tailing factor to 1.15 ± 0.01 (n=7) (Figure 24B), indicating significantly 

lower tailing. 

Tailing in the chip with the perpendicular junction was especially evident when compound 

mixtures were injected. The tailing in Figure 25 is significantly greater than that of Figure 13. 

 

2.6.10 Electropherogram of EK injection 

A representative electropherogram of multiple compound separation using electrokinetic 

injection is shown in Figure 26. Since no significant tailing was observed, we did not use 

complex gating methods in our study. 

 

Figure 25: Electropherogram of four compound mixture injected via the volumetric injector chip 

with the perpendicular junction geometry. The sample contained: 20mM thymidine (peak 1), 

14mM Stavudine (peak 2), 16mM FLT (peak 3) and 6mM CLT (peak 4). 
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2.6.11 Statistical comparison of the number of theoretical plates and peak 
resolution 

 

For a statistical comparison of numbers of theoretical plates and peak resolution shown in 

Table 5, P-values were computed using the two-tailed t-test (summarized in Table 6).  

Table 6: Calculated P-values for statistical comparison of numbers of theoretical plates (N) and 

peak resolution (R) from multiple compound injections. 

 
Peak(s) 

Perpendicular vs collinear 
junctions           

  (Volumetric injection 
method) 

Volumetric vs 
electrokinetic injection 

methods   
(Colinear junction) 

P-values for 
N 

thymidine 0.0002 0.0001 

stavudine 0.0001 0.0001 
FLT 0.0003 0.0004 
CLT 0.0157 0.0001 

P-values for 
R 

thymidine-
stavudine 

0.0420 0.0006 

stavudine-
FLT 

0.3635 0.0005 

FLT-CLT 0.2283 0.0001 

 

 

Figure 26: Electropherogram of four compound mixture injected electrokinetically in the 

volumetric injector chip with the collinear chip-to-capillary geometry. The sample contained: 

20mM thymidine (peak 1), 13.6mM Stavudine (peak 2), 17mM FLT (peak 3) and 4mM CLT (peak 

4). 
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3. Addition of radiation detector for microchip radio-capillary 

electrophoresis  

3.1 Abstract 

For decades, there has been immense progress in miniaturizing analytical methods based 

on electrophoresis to improve sensitivity, and to reduce sample volumes, separation times, 

and/or equipment cost and space requirements, in applications ranging from analysis of 

biological samples, to environmental analysis to forensics. In the field of radiochemistry, where 

radiation-shielded laboratory space is limited, there has been great interest in harnessing the 

compactness, high efficiency, and speed of microfluidics to synthesize short-lived radiolabeled 

compounds.  We recently proposed that analysis of these compounds could also benefit from 

miniaturization, and have been investigating capillary electrophoresis (CE) and hybrid microchip 

electrophoresis (hybrid-MCE) as alternatives to the typically-used high-performance liquid 

chromatography (HPLC). We previously showed separation of the positron-emission 

tomography (PET) imaging tracer 3′-deoxy-3′-fluorothymidine (FLT) from its impurities in a 

hybrid-MCE device with UV detection, with similar separation performance to HPLC, but with 

improved speed and lower sample volumes. In this paper, we have developed an integrated 

radiation detector to enable measurement of the emitted radiation from radiolabeled 

compounds. Though conventional radiation detectors have been incorporated into CE systems 

in the past, these approaches cannot be readily integrated into a compact hybrid-MCE device. 

We instead employed a solid-state avalanche photodiode (APD)-based detector for real-time, 

high-sensitivity beta particle detection. The integrated system can reliably separate [18F]FLT 

from its impurities and perform chemical identification via co-injection with non-radioactive 

reference standard. This system can quantitate samples with radioactivity concentrations as low 
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as 114 MBq/mL (3.1 mCi/mL), which is sufficient for analysis of radiochemical purity of 

radiopharmaceuticals.  

3.2 Introduction 

Capillary electrophoresis (CE) has been used in a wide variety of fields such as separation 

of biomolecules 163–165, environmental monitoring 168,169, food analysis 170,223, and forensics 224. 

Typically, compounds are detected via UV absorbance 225, though many additional modes of 

detection can be implemented, including pulsed amperometric detection 204, capacitively-

coupled contactless conductivity detection 226–228, refractive index detection 229, mass 

spectrometry 230,231, and fluorescence232,233. CE has also been used for separation of radioactive 

compounds in applications such as assessing the purity of radiopharmaceuticals labeled with 

positron-emitting isotopes for positron-emission tomography (PET) or with gamma-emitting 

isotopes for single photon emission computed tomography (SPECT) 234,235, as well as the 

analysis of radioisotopes in nuclear fuel development 236,237. 

Due to the small sample volumes used in CE, detectors and flow cells must be designed to 

maximize detection efficiency, especially for radiation detection. Several radiation detection 

approaches have been reported in the literature for CE applications. For example, Altria et al. 

placed a NaI(TI) crystal scintillator and photomultiplier tube (PMT) adjacent to a capillary for 

detection of gamma rays from [99mTc]TcO4- and various chelates 238. Due to the long range of 

gamma rays, a lead collimator was used to localize the detection volume.  Jankowsky et al. 

threaded the capillary through a NaI crystal for detecting various 99Tc-labeled compounds and 

reported a detection efficiency of 85.4% {Citation}.  Klunder et al. passed the capillary through a 

plastic scintillator with an added reflective coating to increase light collection, and achieved 

detection efficiencies for beta particles emitted from the lanthanide fission products Eu-152 and 
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Cs-137 of ~60% and ~80%, respectively 239.  In a report by Kaniansky et al, the flow cell was a 

small channel through a thin layer of a plastic scintillator sandwiched between layers of 

transparent plastic and dual PMTs. The thin geometry was designed to shrink the detection 

region to improve resolution, but came at the expense of a lower detection efficiency – only 13-

15% for 14C-labeled compounds 240.  Pentoney et al. reported an alternative way to improve 

detection sensitivity via “flow programming”, in which the separation voltage was reduced when 

a “band” (corresponding to a particular radioactive species) was in the detection region, to 

increase the residence time 234,241. Using a detection geometry where the capillary passed 

through a 2 mm thick plastic scintillator with reflective coating adjacent the PMT, mixtures of 

32P-labeled molecules were detected with 65% efficiency. 

Despite these examples of successful analysis via CE, analysis of radiochemicals is nearly 

always performed with radio-high-performance liquid chromatography (radio-HPLC). We have 

been exploring the analysis of radiopharmaceuticals with CE as an alternative to HPLC 100 due 

to the potential advantages of smaller sample volume and faster separation time (important for 

short-lived compounds), the potential for miniaturization into extremely compact microchip 

electrophoresis (MCE) devices 94,242, and reduced need for shielding. A MCE setup is expected 

to have similar separating power as HPLC, but significantly lower cost and smaller footprint – 

important in radiochemistry applications where radiation-shielded laboratory space is at a 

premium. Importantly, MCE also has the benefit of high flexibility of flow cell geometry and 

detector integration that can be implemented into a microfluidic format. Ultimately this approach 

could reduce the resources needed for radiopharmaceutical analysis, and could become an 

integral part of emerging, compact microfluidic radiopharmaceutical production systems91,243. 

We previously demonstrated the analysis of the non-radioactive form of the PET tracer 3’-

deoxy-3’-[18F]fluorothymidine ([18F]FLT) and its known impurities using a conventional CE 
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system 100, as well as a hybrid-MCE system that we developed 101,104, both using UV 

absorbance detection, and found the separation efficiency and UV sensitivity to be similar to 

HPLC.  

 

Figure 27: (A) 3D rendering of the hybrid-MCE device design, comprising an injection chip, 

capillary, and detection chip. (B) Top view schematic (not to scale) of detection chip showing both 

the UV absorbance and radiation detection regions. Red arrows represent positron emissions from 

the sample. The sensitive region of the radiation detector extends ~1 mm beyond the edges of the 

detector for positrons from F-18. (C) Side view schematic (not to scale) of the detection chip.  

To our knowledge, radiation detection has not been reported in conjunction with MCE. The 

key challenges are to maximize (i) sensitivity (due to the very small injection volume and thus 

low amount of radioactivity, and the very short time in which the sample is in the field of view of 

the detector) and (ii) spatial localization (to ensure that the detector is only sensitive to radiation 

from a dedicated small section of the chip at the exit of the separation channel). Using analysis 

of radiolabeled imaging tracers as an example application 79,244,245, the expected radioactivity 

concentrations of the samples could range from ~37 MBq/mL (a dilute batch sufficient for 
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imaging a single patient) to ~10 GBq/mL (a large multi-patient batch produced in a 

radiopharmacy for distribution to multiple imaging sites).  Since MCE uses sample volumes in 

the nL range, high sensitivity is of paramount importance. 

The aforementioned radiation detection techniques for CE cannot be easily integrated into 

MCE setups due to the bulky nature of PMTs, the need to route the capillary through the 

scintillating material itself, or the need for extensive shielding and collimation. However, 

numerous groups have integrated more compact radiation detectors into microfluidic devices for 

a variety of applications 91, which can potentially be applied to MCE. An advantage of working 

with beta+ or positron-emitting compounds is that the positron range is relatively small (e.g., <1 

mm for fluorine-18 in water) and thus shielding can be largely avoided provided the detector has 

much higher sensitivity to positrons than gamma rays (resulting from annihilation of positrons). 

This could be achieved using a thin, low-Z scintillator coupled to a sensitive photodetector 246 or 

a thin solid-state detector 247. Of course due to this short particle range, it is critical that the 

detector or scintillator be located very close to the radioactive source 27. 

Cho et al. used a CCD camera to observe the distribution of 18F-labeled compounds within a 

microfluidic chip mounted adjacent a thin scintillator layer. Though the scintillator had large 

lateral dimensions, by monitoring only a small subset of pixels, sensitive detection in a localized 

area was possible (185 Bq in 1 mm2) 248. Using a silicon photomultipler (SiPM) in place of a 

PMT or CCD camera allows for a large reduction in instrument size while maintaining high 

sensitivity. Tarn et al. used a SiPM array adjacent a thin plastic scintillator containing a 

machined 0.7 µL flow cell 249, in which each SiPM element monitored a localized region of the 

chip. Interestingly, SiPM pixels have also been used to directly detect positrons without a 

scintillator, as shown by Taggart 250 and Salvador 251, though the efficiency was quite low due to 

a relatively large source-to-detector distance. One disadvantage of SiPMs is the difficulty in 
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eliminating thermal noise that becomes problematic at low radioactivity levels. To address this, 

Dooraghi et al. used a 14 mm x 14 mm position- sensitive avalanche photodiode (PSAPD) to 

measure small amounts of 18F-labeled compounds taken up into biological cells cultured in 

chambers in an adjacent PDMS microfluidic chip 247. The APD had very low and easily-

eliminated noise, fast response, and very high detection efficiency (up to 43% of the maximum 

50% achievable for a planar detector on one side of the radioactive source). 

Based on the high efficiency and low noise of the APD approach, we present here the first, 

to our knowledge, hybrid-MCE system with an integrated radiation detector. We characterize 

this system and, using a device with both UV absorbance and radiation detectors, demonstrate 

the ability to simultaneously perform chemical purity analysis and radiochemical identity analysis 

using the PET tracer [18F]3′-deoxy-3′-fluorothymidine [18F]FLT as a model compound.  We 

believe our hybrid-MCE device has potential for use in rapid analysis of radioactive materials, 

including PET tracers and other radiopharmaceuticals 

3.3 Materials & Methods 

3.3.1 Reagents 

Sodium phosphate monobasic (NaH2PO4, ≥98%), sodium phosphate dibasic dihydrate 

(Na2HPO4, ≥99.0%), sodium dodecyl sulfate (SDS, ≥98.5%), potassium phosphate monobasic 

(KH2PO4, ≥99.0%), thymidine (≥99%), 2′,3′-didehydro-3′-deoxythymidine (stavudine, ≥98%), and 

nosyl chloride (97%) were purchased from Sigma–Aldrich (Milwaukee, WI, USA). Zidovudine 

impurity B (chlorothymidine, CLT, European Pharmacopoeia reference standard) was 

purchased from LGC Standards (Wesel, Germany). 30mM phosphate buffer (PB) was prepared 

via titration of 100 mM solutions of NaH2PO4 and Na2HPO4 and monitored with a calibrated pH 

meter (FiveEasy, Mettler Toledo, Columbus, OH, USA). SDS (100 mM) in 30 mM phosphate 
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buffer was prepared by dissolving SDS in 30 mM PB. Separation buffers were prepared with, 

and reference standards were dissolved in, 18 MΩ-cm deionized (DI) water obtained from a 

Milli-Q® Integral Water Purification system (EMD Millipore, Billerica, MA, USA). All chemicals 

were of analytical grade and were used as received. 

3.3.2 Hybrid-MCE device 

The hybrid-MCE device (Figure 27) comprised a poly(dimethylsiloxane) (PDMS) sample 

injection chip (to load a precise sample volume), a 20 cm long 75µm ID fused-silica capillary for 

separation, and a PDMS detection chip (to perform UV absorbance and radiation detection). 

The two PDMS chips have been slightly modified from previous designs 104,252 to improve 

performance and to incorporate the radiation detector.  

3.3.2.1 Injection chip 

The injection chip was fabricated as reported previously 104 but with several modifications as 

shown in Figure 28B. First, the number of inlets/outlets was reduced to reduce the fluidic 

connections to the main separation channel. Second, on these connections, we implemented 

triple microvalves instead of single microvalves to improve electrical isolation from the 

separation voltage (Chapter 3.7.1.1). 

Operation of the chip was carried out as described previously 101. Briefly, to load a sample 

with the new chip design, valves 1, 2, and 3 are closed, while valves 4, 5, and 6 are opened. 

The sample vial is pressurized to 3 psi, allowing the sample to flow from the inlet, through the 

injection chamber to the sample waste. Loading is continued until radioactive liquid emerges at 

the sample waste port. Once the injection chamber is filled, valves 4 and 5 are closed to 

pressurize the sample and eliminate any microscopic gas bubbles. Finally, sample pressure is 

removed, and all remaining valves are closed. To inject the sample, valves 1 and 2 are opened, 
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and, after a 0.5 s delay, high voltage is applied between the buffer well of the injection chip and 

waste well of the detection chip (Figure 28). 

3.3.2.2 Detection chip 

The previous design of the PDMS detection chip 101 was modified to improve the 

performance in several ways. The optical path length of the Z-shaped UV absorbance detection 

cell was extended from 0.5 to 2.0 mm to improve limit of detection (LOD). The height of 

channels was 125 µm to enable inclusion of channels to align and hold optical fibers (125 µm 

outer diameter; ThorLabs, Newton, NJ, USA) in line with the optical path of the cell. The optical 

fibers were connected to the light source (DH-2000-BAL, Ocean Optics, Dunedun, FL, USA) 

and spectrophotometer (USB-4000, Ocean Optics)  as previously described 101. In the previous 

version of the detection chip, the width of all channels was also 125 µm. However, to improve 

separation resolution, we explored a design with decreased volume of the UV absorbance cell, 

achieved by shrinking the channel width within the optical path from 125 to 45 µm while 

maintaining the same channel height (see Figure 28B and Chapter 3.7.1.2). The UV signal was 

collected as previously described 101.  

In addition, a radiation detector was integrated into the detection chip. Downstream of the 

UV absorbance cell, the detection channel crosses over a region with a thin PDMS membrane 

(100 μm) under which the 2 mm x 2 mm radiation detector is mounted, before terminating in the 

waste well. Fabrication of the detection chip was described previously 101, except that the thick 

bottom PDMS “substrate” was modified to contain a 4 mm x 4 mm square cavity, where the 

thickness of PDMS was only 100 µm, that was aligned with the radiation detection region 

(Figure 27B).  
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Figure 28: Design of PDMS chips. (A) Detection chip for UV and radiation detection. The channel 

width tapers down from 125 µm at the right edge of the chip to 45 µm in the optical path to reduce 

the UV flow cell detection volume. The radiation detector is ~6 mm downstream of the UV detection 

region and ~10 mm upstream of the waste well center. (B) Sample injection chip.  Valve control 

channels (filled with Krytox® oil) hydraulically actuate microvalves to control the loading of the 4 nL 

injection chamber, and injection into the capillary for separation. The two chips are connected via the 

20 cm long separation capillary. Note that panels A and B are not shown at the same scale. 

Finally, to further improve separation resolution, the capillary-to-chip junction dead volume 

was reduced by implementing a collinear junction 104,221,222 as also used in the injection chip, by 

tapering the capillary and inserting it into of the detection channel via the side end of the chip. 

To stabilize these collinear junctions, channels were filled with DI water, then degassed liquid 

PDMS (10:1 mass ratio A:B, RTV615) was applied around the connection and cured at 80°C for 

>1 h.  

3.3.3 Radiation detector 

Radiation detection was performed using an APD (S0223, Radiation Monitoring Devices 

Inc., Watertown, MA, USA) with a 2 mm x 2 mm active area biased at 1750 V using a high-

voltage power supply (TC952; Tennelec, Oak Ridge, TN, USA). The APD was mounted on an 

Ultem pillar structure (Figure 27C) designed such that when the detection chip is placed over it, 

the active surface of the APD is in contact with the bottom side of the thin PDMS membrane 

within the 4 mm x 4mm cavity of the bottom PDMS substrate described above. 
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A thin opaque coating was deposited on the detector to prevent optical photons from 

triggering the detector while also minimizing attenuation of positrons. The device was first 

coated with 2 µm of parylene C (Specialty Coating Systems Inc., Indianapolis, IN, USA) using a 

parylene deposition machine (PDS 2010, Specialty Coating Systems), followed by 350 nm of 

gold deposited by sputtering (Desk V, Denton Vacuum, Moorestown, NJ, USA), and finally 

followed by an additional 2 µm of parylene C. This was the lowest thickness that gave an 

opaque coating such that the detector response in light and dark conditions (with no 

radioactivity nearby) were the same. The metal layer also served as a Faraday cage, providing 

electrical shielding of the detector. To form an electrical contact to the gold coating, a thin 

nichrome wire was attached to the polyether ether ketone (PEEK) pillar via silver epoxy (MG 

Chemicals, Burlington, Ontario, Canada) before the gold coating, which was later soldered to 

the circuit ground.  

To readout the APD signal, a pre-amplifying circuit based on a transimpedance amplifier, as 

described in Dooraghi et al. 253, was capacitively-coupled (1 µF) to the positive terminal of the 

detector. The signal was processed via a series of amplifiers and analog filters to perform pulse 

shaping (~200 ns time constant), and then a comparator was used to exclude low-amplitude 

thermal and electronic noise pulses but retain higher-amplitude pulses from positron interactions 

(Chapter 3.7.2).  Pulses from the output of the comparator were counted by a data acquisition 

(DAQ) module (USB-6501, National Instruments, Austin TX, USA). A program written in 

LabVIEW (National Instruments) recorded the number of counts every 0.5 s (and then reset the 

counter), and the recorded value was used to determine the count rate per second (cps). 
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3.3.4 Characterization of radiation detector 

To investigate the linear range, a detection chip was filled with known concentrations of 

aqueous [18F]fluoride (11-1600 MBq/mL [0.3-42 mCi/mL]) and the resulting APD signal 

measured for each sample. All measurements were performed with a single hybrid-MCE device 

on a single day. Between each sample, the hybrid-MCE device was cleaned with DI water (1.0 

mL) and dried with nitrogen. Due to the possibility of residual radioactivity within or near the 

channel, a measurement of background was performed prior to each experiment. The average 

count rate of each 5 min dataset (after background subtraction) was plotted versus radioactivity 

concentration, and a linear fit was calculated.  The limit of detection (LOD) and limit of 

quantitation (LOQ) were calculated from this linear fit as the radioactivity concentrations that 

would give signals equal to the average background plus 3x and 10x the standard deviation of 

the background count rate, respectively. 

To measure background, the chip was filled with DI water and all radioactive sources were 

moved away from the detector, and then radiation detector background was measured for 5 

min. The average was subtracted from the subsequent dataset. 

To estimate the size of the detection volume of the detector, Monte Carlo simulations were 

performed. By exploring the expected detector count rate as a function of the geometry of a 

microchannel filled with homogeneous radioactivity concentration (Chapter 3.7.3), we 

determined that the detector is sensitive to radioactivity up to ~1 mm (in the lateral direction) 

from the edge of the detector. Thus, for a channel of 125 μm width and 125 μm height crossing 

the radiation detector, >95% of the counts originated from a 4 mm long segment of the channel 

centered on the detector. 
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3.3.5 Performing microchip electrophoresis 

The detection and separation of samples were performed on the hybrid-MCE chip via 

micellar electrokinetic chromatography (MEKC) as described previously101,104. The buffer 

consists of 30mM sodium phosphate buffer and 100 mM SDS in DI water. After loading a 

sample into the injection chamber (~4 nL) of the PDMS injection chip, the sample is separated 

(in the capillary) by applying ~4 kV between the buffer well in the injection chip and the waste 

well of the detection chip (field strength 200 V/cm). For all radioactivity measurements, the bias 

voltage of the APD was turned on for 1 hour before injection to allow device to warm up and 

stabilize.  

To demonstrate the utility for assessment of chemical purity, samples of purified PET tracer 

([18F]FLT; Chapter 3.3.6) with known concentrations of side-products were injected. 

Radiochemical identity testing was performed by co-injection of purified [18F]FLT mixed with FLT 

reference standard. The same samples were also injected into analytical HPLC to confirm 

radiochemical identity.   

To estimate the sensitivity to radioactivity of the overall system, hybrid-MCE runs were 

performed with samples with different radioactivity concentrations of [18F]FLT (2.1 – 1800 

MBq/mL [0.056 – 49 mCi/mL]). Background was measured for 5 min just prior to each injection, 

and subtracted from the corresponding electropherogram before analysis. All samples were run 

on the same hybrid-MCE device, on the same day, and were prepared from the same initial 

batch of [18F]FLT.  
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3.3.6 Data Analysis  

3.3.6.1 UV absorbance signal 

Each UV electropherogram was analyzed as described previously 101,104 to determine peak 

migration time (tm, taken at peak center), peak width (WFWHM; full width at half maximum), 

number of theoretical plates (N), theoretical plate height (H), and peak area (Gaussian fit). For 

electropherograms with multiple peaks, these parameters were computed for all peaks, and 

separation resolution was also computed. Briefly, for each peak in the resulting 

electropherogram, the number of theoretical plates, N, was calculated as N = 5.54 x (tm / 

WFWHM)2. The plate height, H, was calculated as H = L / N, where L is the effective separation 

length (21 cm). For mixture samples, the peak resolution, R, between pairs of peaks was 

computed as R = 1.18 x (tm2 - tm1) / (WFWHM,1 +WFWHM,2), where tm1 and tm2 are the migration 

times of the two peaks and WFWHM,1 and WFWHM,2 are the peak widths. Because the migration 

time can vary from run to run (e.g. alteration of surface condition or liquid temperature) and 

migration speed affects the apparent peak area, a time-correction is needed for quantitative 

peak analysis.  

Before further analysis, the time axes were scaled such that the FLT peaks had identical 

migration time. Following the procedure of Bidulock et al. 254, where the flow rate during each 

separation is assumed to be constant, each dataset’s time-axis is multiplied by the factor ti/t0 

where t0 is the measured migration time of FLT for that dataset, and ti is the reference time. 

Peaks in mixtures were identified based on migration times determined by injecting 

individual reference standards. 
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3.3.6.2 Radiation detector signal 

After subtracting the average background, radio-electropherograms were analyzed in a 

similar manner to UV, including scaling the time-axis to align the [18F]FLT radiation peak 

migration times to that of the UV peak migration time as described in Chapter 3.7.5.1.   

Co-injection with FLT reference standard was performed to confirm peak identity, and 

compared with radio HPLC. 

Limit of detection was estimated by dividing the standard deviation of the intercept (of the 

peak area vs. radioactivity concentration linear fit) by the slope, to give a critical limit of 

radioactivity concentration 255.  The LOD and LOQ were defined as 3x and 10x this 

concentration, respectively. Uncertainties were calculated via standard error propagation 

formulae.   
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3.4 Results  

3.4.1 Separation efficiency  

 

Figure 29: Separation and detection of mixtures of non-radioactive compounds.  (A) 

Electropherogram of a 4-compound mixture (100 µM FLT, 100 µM thymidine, 100 µM stavudine, and 

95 µM CLT in DI water) using the detection chip with 125 µm wide optical flow cell. (B) 

Electropherogram of a 5-compound mixture (250 µM FLT, 250 µM thymidine, 250 µM stavudine, 238 

µM CLT, and 250 µM nosyl acid in DI water) using a 45 μm wide optical flow cell. 

To assess the separation performance of the overall setup, non-radioactive samples were 

injected into the hybrid-MCE device with 20 cm capillary length, and monitored with the UV 

absorbance detector. When a mixture of 4 compounds was injected in the device with 125 µm 

wide optical flow cell, several peaks were overlapping and baseline separation was not 
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achieved (Figure 29A). However, when we performed the separation of a similar mixture with 5 

compounds in the device with 45 µm wide optical flow cell (same optical path length, but 

reduced flow cell volume), baseline separation was achieved for all species (Figure 29B). A 

detailed comparison of peak parameters is included in Table 9. Notably, with the improved flow 

cell design, the resolution between the FLT peak and the closest impurity (stavudine) improved 

from 0.68 (n=1) to 1.85 ± 0.17 (n=3), and the number of theoretical plates (for FLT) was 

increased from 2470 to 11000. 

Sensitivity of the device (LOD for FLT of 5 µM) was found to be similar to that of our 

previous report (3 µM) 101.It also compares favorably with previously characterized commercial 

CE  (6 µM) and HPLC (2 µM) systems 101. The longer UV path length in this work (2.0 vs 0.5 

mm) helped to compensate for the use of a higher-noise spectrometer than we used previously. 

3.4.2 Characterization of radiation detector 

We then studied the performance of the integrated radiation detector. Figure 30 shows the 

measured average signal as a function of radioactivity concentration when we manually loaded 

samples to completely fill the detection chip. The resulting data show good linearity (R2=0.994). 

Combing with the background measurement (0.01 ± 0.12 cps, n=600), the radioactivity 

concentrations corresponding to the LOD and LOQ were estimated to be 590 kBq/mL [16 

µCi/mL] and 2.0 MBq/mL [54 µCi/mL], respectively. While these values are well below the 

typical PET tracer concentrations discussed in the introduction (i.e. 10 MBq/mL to 10 GBq/mL), 

we must keep in mind that, based on Monte Carlo simulations, the detector is sensitive to a 

volume of ~63 nL (4 mm long channel segment, 125 µm wide, 125 µm deep), while the sample 

injector chip provides a volume of only ~4 nL for each sample, therefore we expect a 

deterioration in LOD from this reduction in active volume.  
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Figure 30: Radiation detector signal when detection channel is uniformly filled with aqueous 

[18F]fluoride solution of different concentrations. The background has been subtracted from all 

values.  Error bars represent the standard deviation of the 600 detector readings over the 5 min 

acquisition for each sample. The line is a linear least-squares fit (y = 6.29x + 0.04; R2 = 0.998). 

Thus, we next used the whole hybrid-MCE setup and performed sample injections of 

different radioactivity concentrations of [18F]FLT. The resulting electropherograms were 

analyzed to determine peak area, peak width, and number of theoretical plates (Table 7) and 

the peak areas were plotted as a function of radioactivity concentration (Figure 31). The peaks 

were sharp, but quantitative analysis showed them to be slightly wider than the UV peaks (i.e. 

15 s versus 8 s). Analyses also showed that the separation efficiency (N = 3000-15000) was 

slightly worse than obtained from the UV detector with the 45 μm wide optical flow path (N = 

6000-22000). The LOD and LOQ were estimated to be 34 MBq/mL (0.9mCi/mL) and 114 

MBq/mL (3.1 mCi/mL), respectively. A summary of figures of merit for samples injected to 

explore the radiation detector LOD are shown in Table 7.   

3.4.3 Demonstration of radio-MCE separation 
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Figure 31: Radio-electropherogram peak area (total counts) as a function of radioactivity 

concentration of injected samples of purified [18F]FLT. Peaks were time-corrected to the same 

migration time (140 s). The solid line shows a linear least-squares fit (y = 4.8x + 19.8; R2=0.9998). 

Inset shows lowest-concentration points on a log-log plot, with the solid line showing the same fit. 

First, a sample of purified and formulated [18F]FLT was analyzed with the hybrid-MCE 

device. With a concentration of 700 MBq/mL (19 mCi/mL), the total injected radioactivity in the 4 

nL sample plug was ~2.8 kBq (~76 nCi). A large peak was observed in the radioactivity 

electropherogram (Figure 32A), and a corresponding small peak was observed in the UV 

electropherogram. There were no UV impurity peaks observed at the expected times of known 

impurities, though a small, unknown radioactive impurity peak was observed at 240s (~3.5% of 

the area of all peaks in the radiation detector electropherogram), which was not seen in the 

corresponding radio HPLC chromatogram (Figure 42).  This may suggest some remaining 

sample from a previous run, or a species whose migration time in CE is different than its HPLC 

retention time.  To verify radiochemical identity, the same [18F]FLT sample was spiked with the 

FLT reference standard giving a solution with ~500 μM FLT and a radioactivity concentration of 

630 MBq/mL (17 mCi/mL). A single peak was observed in the radio-electropherogram Figure 

32B, and a single large peak was observed in the UV electropherogram. A summary of the 
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analysis is given in Table 10.  Analytical HPLC analysis of the same sample showed a single 

UV and radiation peak at a retention time of 5.5 min, with the co-injection confirming the identity 

of FLT.  

 

Figure 32: Example dual-modality electropherograms from a sample of (A) purified/formulated 

[18F]FLT, and (B) the same sample co-injected with 500 µM FLT (reference standard). UV 

absorbance signal is shown in blue, and radiation detector signal in black. 

A sample of crude [18F]FLT (before purification) was also analyzed (Figure 33 and Table 11: 

Analysis of peaks in the gamma and UV electropherograms of main text Error! Reference 

source not found., including separation resolution between all the compounds in the crude [18F]FLT 

mixture.). From the UV electropherogram, the major side products stavudine, thymidine, and 

CLT were observed, as well as another significant peak. This impurity has been observed by 
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other investigators but not identified 35. Here we observe that the impurity appears to coincide 

with the migration time of nosyl acid, the by-product resulting from removal of the leaving group 

when the precursor is fluorinated. During purification, we collected the fraction corresponding to 

this peak and also confirmed its identity via analytical HPLC.  The retention time matched that of 

nosyl chloride dissolved in DI water, and a co-injection of the collected fraction with nosyl acid 

exhibited only a single, larger UV peak.  

 

Figure 33: Superimposed electropherograms of crude [18F]FLT product (non-purified sample). 

Radioactivity concentration is ~30 MBq/mL. For this sample, a detection chip with a 125 µm wide 

optical cell was used. 

3.5 Discussion 

The modified UV detection cell (45 μm wide channel instead of 125 μm) significantly 

improved the separation efficiency and resolution (Figure 29). However, the peak heights were 

lower after accounting for concentration differences; we suspect the lower signal is due to the 

channel width (45 µm) being smaller than the diameter of the optical fiber (100μm ID); such a 

situation could allow some illumination light to directly reach the detector without interacting with 

the sample or cause reduced amount of light to reach the detector. Improvements in optical 
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coupling (e.g. focusing UV into a narrower beam), or further increase of optical path length, 

could improve the LOD. The detection chip was capable of simultaneously monitoring the UV 

absorbance and radiation signals. Due to the difference in positioning, there is a time delay 

between UV and radiation detectors that requires correction by scaling the time axis to align and 

coregister radiation peaks with UV. For ~4 nL injected samples, the radiation detector had LOD 

and LOQ of 34 MBq/mL (0.9mCi/mL) and 114 MBq/mL (3.1 mCi/mL), respectively, for 18F-

labeled compounds. (Interestingly, if we use the maximum theoretical molar activity of F-18 to 

estimate the number of radioactive molecules, these values correspond 0.54 and 1.8 nM, 

respectively, which is significantly more sensitive than the UV detector.) The typical radioactivity 

concentration of a formulated PET tracer is in the range 37-11000 MBq/mL (1-300 mCi/mL), 

depending whether a single patient dose is prepared, or a large multi-patient batch. Comparing 

to the sensitivity, it would be possible to detect low-abundance impurities (for purposes of 

quantifying radiochemical purity, as low as 0.5% of the major peak79) in samples with 

radioactivity concentrations toward the higher end of this range.  However, for smaller batches 

improvement in sensitivity is needed and is the focus of ongoing studies. One route to improve 

the LOQ would be to increase the radiation signal by (i)  increasing the total injected 

radioactivity, such as increasing the sample injection volume (currently only 4 nL compared to 

10s of μL used in analytical radio-HPLC), (ii) performing on-line preconcentration of the sample, 

or (iii) modifying the detection cell to increase the residence time. Another way to improve the 

LOQ would be to reduce the level of noise in the system. For example, results from Dooraghi et 

al. 247 suggest that for our 4mm2 detector area that the background in an APD detector could be 

as low as ~3.2 counts/h (8x10-4 cps) resulting from cosmic rays. In comparison, we observed 

background noise of ~0.04±0.12 cps, indicating room for improvement through optimization of 

the radiation detector geometry and electronics. 
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The use of an APD for radiation detector has a number of advantages compared to 

scintillator-PMT approaches but also introduces a few challenges. The sensitivity only to short-

range particles enables high resolution (localized detection) without the need for bulky radiation 

shielding, but requires close positioning to the sample. Electrical shielding was critical to avoid 

interference from the separation channel, but could be achieved with a thin coating of an 

insulation layer and conductive metal layer (which also shielded against ambient light). While 

the APD would have limited sensitivity and resolution when working with gamma-emitting 

species, it is suitable for beta-emitting radioactive species, which includes any PET 

radiopharmaceuticals as well as many SPECT and theranostic radiopharmaceuticals. 

3.6 Conclusions 

A novel hybrid-MCE device was developed to analyze radioactive compounds following 

electrophoretic separation. In a set of preliminary demonstrations, the radiolabeled PET tracer 

[18F]FLT was successfully detected by both the positron detector and an integrated UV 

absorbance detector, and was separated from impurities present in the sample. The system can 

perform chemical and radiochemical identity tests, and can perform chemical and radiochemical 

purity tests. 

Using the UV detector, the LOQ of FLT was 17µM, and using the radiation detector, the 

LOQ of [18F]FLT was 114 MBq/mL (3.1 mCi/mL) for a 4 nL sample injection volume. While 

adequate for many analysis applications, including analysis of radiochemical purity of 

radiopharmaceuticals with high radioactivity concentration (e.g. large multi-patient batches 

prepared in radiopharmacies for distribution to imaging sites), improvements in sensitivity would 

expand the use of this setup to smaller, more dilute batches, e.g. for research purposes or for 

batches intended for smaller numbers of patient. Studies are ongoing to improve the detection 
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sensitivity for both UV and radiation detectors. Wider adoption would also require further 

development and refinement and simplification of the hybrid-MCE device and its operation, and 

would likely require the development of separation methods for additional radiopharmaceuticals 

and comparisons to radio-HPLC. 

In addition to chemical and radiochemical analysis of samples, we are also exploring 

whether additional quality control tests, such as molar activity and half-life, can be performed in 

the system. 

We expect the radiation detector is not limited to analysis of 18F-labeled compounds, but 

would also be suitable for the detection of other positron-emitting isotopes, as well as beta-

emitting isotopes (e.g. Lu-177), and potentially alpha-emitting isotopes (e.g., Ac-225) used in 

radiopharmaceuticals for targeted radionuclide therapy. 

3.7 Supplemental Information:  

3.7.1 Hybrid-MCE Chip fabrication 

3.7.1.1 Triple valve structure 

We found it necessary to use triple microvalves instead of single microvalves (Figure S1) for 

fluidic isolation of any inputs and outputs that connected to the separation channel (i.e. the 

injection chamber). With a single microvalve to separate the side channels from the main 

channel, we previously observed breakdown frequently when operating at >4 kV (e.g. for 

separation in longer capillaries) and occasionally when operating at 4 kV. We suspect that 

buffer, sample, or waste reservoirs fluidically connected to the chip act as local grounds, 

causing a large potential drop across the closed valve.  With the actuation membrane of the 

microvalves having a thickness of ~15µm, a single valve has approximately 30µm of PDMS 

between the potential in the separation channel and the local ground(s). The channel is filled 
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with a conductive buffer solution so the potential drop along the fluid sections is ~0V. With 

typical breakdown strength of PDMS in the range 19 - 133 V/μm 256, a single valve can 

withstand 0.6 – 4.0 kV without breakdown.  We used multiple valves to increase the breakdown 

strength of the valve structure. Additionally, use of a low-conductivity oil to fill the valve control 

channels helps to further increase the breakdown voltage. 

This modification to the injection chip improved the reliability of the device. With CE potential 

of 4 kV in combination with single microvalves, approximately 1 in 4 chips failed within the first 3 

samples injected. By using triple valves at the junctions of side channels and the main channel, 

failures have been eliminated (no failures in ~30 chips tested).  

 

Figure 34: Diagram illustrating how triple valves increase the voltage that can be sustained before 

electrical breakdown. When the CE voltage is applied, only ~30µm PDMS and ~50µm oil exist 

between this potential and any stray (local) grounds, leading to electrical breakdown and causing 

severe heating of the valve and liquid within the channel. With the triple valve, there are three such 

sections, increasing the overall breakdown voltage by 3x, eliminating this problem. 
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3.7.1.2 Detection chip: reduced optical flow cell volume 

The fluidic channel was narrowed from 125 µm to 45 µm in the path of the UV beam in order 

to reduce the total volume present in the OPL without significant reduction in sensitivity. This 

effect is illustrated in Figure 35. 

 

Figure 35: The effect of the optical path channel width (in the detection chip) on the separation 

efficiency. Time sequence illustrating detection of subsequent analytes in the chip with (A) non-

tapered detection channel (125 µm wide) and (B) tapered detection channel (45 µm wide in 

detection region). The reduced optical flow cell volume reduces the chance that multiple analytes are 

simultaneously present in the detection region, leading to improved resolution. 

3.7.1.3 Detection chip: serpentine channel above radiation detector 

To increase the residence time of samples in the radiation detector, we explored the use of 

a serpentine flow path across the detector (Figure 36). The serpentine channel had a width of 

125 µm, rounded corners, and spacing between ‘passes’ of 125 µm, and was designed to 

increase the residence time by ~3x compared to the original straight channel design. 
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In a preliminary experiment, the radiation detector was placed beneath the 1x channel for a 

single injection of [18F]FLT, and then placed beneath the 3x channel for a single injection of 

[18F]FLT of the same radioactivity concentration. The 3x channel geometry exhibited the 

expected ~3x increase in the peak width and a slightly greater than 3x increase in the peak 

area, compared to the 1x channel.  This result suggests that the serpentine channel geometry 

may be beneficial at boosting the detected signal, provided the reduction in resolution (via the 

increase in peak width) is acceptable. 

 

Figure 36: Schematic of detection chip showing two different channel patterns (the radiation 

detector could be moved between the two locations). The geometry and spacing are exaggerated for 

clarity. In one case, the detection channel passes straight over the radiation detector (1x channel); in 

the other case, it passes over the detector three times (3x channel). 

3.7.2 Radiation Detector Circuitry 

The radiation detector used was an avalanche photodiode (APD) which was installed on a 

custom PCB designed to bias the detector for operation, as well as measure the signals from 

the device. The bias voltage of +1750V was supplied by a nuclear-instrumentation high-voltage 

supply (TC952; Tennelec, Oak Ridge, TN, USA). A low-pass filter (50 ms) was used to remove 

power supply fluctuations, and two current-limiting resistors (both 1 MΩ) were used to connect 

the power supply to the APD (one on each terminal) to protect against electrical shorts and 

damage to the APD (<1mA max current). The ±5V necessary for the detection circuitry was 
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provided by a DC power supply (XP720; Elenco Electronics Inc., Wheeling, IL, USA), which was 

modified to attach an AC line filter (Corcom 3VS1, TE Connectivity, Schaffhausen, Switzerland) 

just after the power cable to reduce noise from power line fluctuations.   

 

 

Figure 37: Schematic of the pulse shaping electronics. 

.   
A circuit was built to enable measurement of the small currents generated when radiation 

deposits energy in the APD (Figure 37). The positive terminal of the APD was capacitively 

coupled (1 nF) to the preamplifier, in this case a transimpedance amplifier as described in 

Dooraghi et al.253. This amplifier uses 1 each of AD8066 and AD8002 high-speed operational 

amplifiers (Analog Devices Inc., Norwood MA, USA). Typical output from the transimpedance 

amplifier was a voltage signal between 60-120 mV, with a steep pulse front, a FWHM of 

approximately 15-20ns, and fall to baseline after 50ns.  In order to shape this signal and remove 

unwanted noise, the signal was passed through two pairs of 100 ns high-pass / 200 ns low-pass 

filters.  Between each filter, the signal is passed through a non-inverting amplifier of varying 

strength, each using an AD8012 operational amplifier (Analog Devices). The two filters remove 

noise from lower-frequency sources (thermal noise and dark current) as well as very-high-

frequency electronic jitter.  The total amplification is ~10x after accounting for natural filter 

attenuation.  After the filtering, the amplified output is between 20 mV and 1V. To distinguish 

signals from noise, a comparator was added to eliminate outputs below a certain threshold. 
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The threshold for the comparator was chosen via measurement of the highest signal exiting 

the final amplifier with an oscilloscope when there was no radioactivity in the hybrid-MCE 

device. To determine the effect of threshold on count rate, a source of [18F]fluoride was dried on 

the surface of the detector and the count rate was measured for 300s at thresholds between 

4.1mV and 200mV.   The detector response data, as well as dark noise at the similar threshold 

levels are shown in Figure 38.  The count rate for a 40 kBq source at the 100mV required to 

block the noise added by the CE power supply gives ~1000cps, with the count rate increasing 

up to ~3500cps at the minimum pulse rate without a similar increase in noise.  This suggests 

that a good number of pulses are in fact being lost through under-amplification and being lost by 

the threshold.  Further improvements to the circuitry could lead to a significant improvement to 

the sensitivity of the device with minimal design change on the microchip side. 

 

Figure 38: Graph of the average radiation detector output count rate vs. the threshold level.  The 

noise level for multiple representative thresholds show that the dark noise stays sub-1cps until 
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approximately 10mV.  All data is decay corrected to the time of measurement of the radioactivity 

total. Error bars represent the standard deviation in the count rate signal over the 300s timeframe. 

To count the pulses, they were first inverted (AD8611; Analog Devices) and then counted 

using a DAQ (USB-201, National Instruments).  Every 0.5s, the number of pulses was read from 

the counter, and subsequently reset by the computer. 

3.7.3 Monte Carlo Simulations 

To help understand the detection region, simulations were performed using Geant4 with the 

GATE toolkit (GATE Collaboration, www.opengatecollaboration.org/). The detector was defined 

as a 2 mm x 2 mm slab of silicon of thickness 220 µm, with an active thickness of 40 µm (the 

region where ionization electrons will accelerate enough to cause their own ionization: 

avalanching) in the center, where the electric field is the most homogenous.  The detector was 

attached to a 1 cm x 1 cm square of 1 mm thick Al2O3 ceramic to model the substrate upon 

which the actual APD was mounted.  The two layers of parylene (2µm thick each) and the layer 

of gold (300nm) were coated over the entire device.  The detector was placed in contact with a 

100µm thick membrane of PDMS connected to a 2 cm x 2 cm x 1 cm slab of PDMS to simulate 

the bulk chip. Inside the slab, there was a 2 cm long channel of variable height and width, filled 

with a homogenous sample of [18F]fluoride in water (37 MBq/mL). Channel width and height was 

varied from 100 µm to 5mm independently.  Figure 39 shows the geometry of the simulation 

(looking along the channel).  The number of primary particles that interacted in the active area 

within a 60 s interval was recorded for each geometry. A count rate was computed for each 

geometry by dividing the total number of interactions by 60 s. Results for each channel width 

and height are plotted in Figure 40.   

http://www.opengatecollaboration.org/
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Figure 39: Simulation Geometry. Channel width and height, though shown at one example size, are 

variable.  Not to scale. 

 

Figure 40: Graph of simulated count rate versus channel width (x-axis) and channel height (different 

lines) for the geometry shown in Figure 39. Radioactivity concentration is 37 MBq/mL for all 

samples.  

We found that the count rate increased linearly with channel width until the channel width 

matched the detector width, and then increased at a decreasing rate with respect to width until a 

width of ~4 mm (i.e., 1 mm beyond the edge of the detector on each side), where it plateaued, 
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with the count rate having no clear pattern based on size of the channel.  Count rate also 

increased with increasing channel height, but at a decreasing rate, up to a height of ~1 mm 

above the detection surface, where a similar plateau and lack of pattern emerged as with the 

channel width.  From these results, we defined that the “sensitive area” of the detector as a 

volume 1 mm thick above the detector with an extent of 4 mm in each lateral direction.  

Effectively the path length within the radiation detector is thus ~4 mm, suggesting that the 

width of peaks in the gamma electropherograms could be ~2x as wide as peaks in the UV 

electropherograms, since the optical path length is only 2 mm long (assuming the same channel 

width and depth).  

3.7.4 Synthesis of [18F]FLT 

3.7.4.1 Reagents 

Anhydrous acetonitrile (MeCN), ethanol (EtOH), 2,3-dimethyl-2-butanol (thexyl alcohol), 1N 

hydrochloric acid (HCl), and 2M sodium hydroxide solution (NaOH), were purchased from 

Sigma–Aldrich (Milwaukee, WI, USA). Kryptofix 2.2.2 (K2,2,2), 3-N-Boc-5′-O-dimethoxytrityl-3′-O-

nosyl-thymidine (FLT precursor) and 3′-deoxy-3′-fluorothymidine (FLT reference standard, 

>95%), were purchased from ABX (Radeberg, Germany). No-carrier-added [18F]fluoride was 

produced by the 18O(p,n)18F reaction of [18O]H2O (84% isotopic purity, Zevacor Pharma, 

Noblesville, IN, USA) in an RDS-112 cyclotron (Siemens; Knoxville, TN, USA) at 11 MeV using 

a 1 mL tantalum target with havar foil. Unless otherwise specified, all reagents were analytical 

grade and used as received. 

3.7.4.2 Radiosynthesis 

The one-pot synthesis of [18F]FLT was adapted from literature 35 and performed on the 

ELIXYS radiosynthesiszer (Sofie, Inc., Culver City, CA, USA). Briefly, [18F]fluoride in [18O]H2O 
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(14.8 GBq [400 mCi]) was trapped on a pre-conditioned QMA cartridge and eluted with 1.18 mL 

of a 68% v/v MeCN:H2O mixture containing 0.59 mg K2CO3 and 15 mg K2,2,2 into the reaction 

vial. This solution was then dried at 110°C under nitrogen (25 psi) and vacuum. The cartridge 

was eluted with 1 mL MeCN into the reaction vial and the contents evaporated to dryness at 

110°C. This azeotropic drying step was repeated a total of 2 times. 5 mg FLT precursor 

dissolved in 700 µL thexyl alcohol and 300 µL MeCN was added to the vial and reacted at 

115°C for 15 min.  After cooling, the solution was evaporated at 105°C until dryness, and then 2 

mL 1N HCl was added to the vial and reacted at 135°C for 10 min. After cooling the vessel, the 

solution was neutralized with 1 mL of 2M NaOH, and then diluted with 2 mL of HPLC mobile 

phase. 

The diluted crude product was purified via reversed-phase semi-preparative HPLC with a 

WellChrom K-501 HPLC pump (Knauer; Berlin, Germany), C18 semi-prep column (Luna, 250 x 

10 mm, 5 µm particle size; Phenomenex, Torrance, CA, USA), WellChrom K250 

spectrophotometer UV absorbance detector (254 nm; Knauer) and B-FC-3300 and B-FC-1000 

radiation detector and counter (Bioscan Inc., Washington, DC, USA). The mobile phase was 8% 

v/v EtOH in water with 20 mM potassium phosphate and the flow rate was 4.0 mL/min. Under 

these conditions, the retention time of FLT was 19-21 min. Since the mobile phase is suitable 

for injection, no additional formulation step was performed. An example semi-prep 

chromatogram is shown in Figure 41. 

To achieve different ranges of radioactivity concentrations, some samples of purified 

[18F]FLT were concentrated by evaporation at 95 °C with a nitrogen stream (30 psi) to reduce 

the typical ~7 mL collected pure fraction to <1 mL. After concentration, radioactivity 

concentration of 0.74 – 1.8 GBq/mL [20 – 47 mCi/mL] could be achieved. For some 
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experiments, the [18F]FLT was spiked with the reference standard of FLT and/or several known 

impurities (thymidine, stavudine, nosyl chloride, CLT) 212. 

 

Figure 41: Semi-preparative HPLC chromatogram of crude [18F]FLT. 

3.7.4.3 Analysis 

For all experiments using [18F]FLT, radiochemical identity and purity of the samples 

collected were confirmed via analytical radio-HPLC using one of two systems. One instrument 

was a Smartline HPLC system (Knauer) equipped with a pump (Model 1000), degasser (Model 

5050), UV detector (Model 2500) and radiometric detector (B-FC-4000, Bioscan Inc.). 

Separation was performed using a C18 analytical column (Luna, 250 mm x 4.6 mm, 5 µm 

particle size; Phenomenex) with 10% v/v EtOH in 20 mM phosphate buffer mobile phase at 1.25 

mL/min. Retention time of FLT was 7.3 min. The second system comprised a WellChrom K-501 
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HPLC pump (Knauer), C18 analytical column (Kinetex, 250 mm x 4.6 mm, 5 µm particle size; 

Phenomenex), UV detector (254 nm, WellChrom Spectrophotometer K2501, Knauer) and 

radiation detector and counter (B-FC-3300 and B-FC-1000; Bioscan Inc.) Retention time of FLT 

on this system was 6.3 min with the same mobile phase and flow rate.  

An example analytical HPLC chromatogram is shown in Figure 42.  The identity of the peak 

was confirmed with a co-injection of non-radioactive standard.  Typically, radiochemical purity 

was found to be >99%. 

 

Figure 42: Example analytical HPLC chromatogram of purified [18F]FLT (~350 MBq, 25µL volume).  
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3.7.5 Limit of detection analysis 

3.7.5.1 UV Detection 

UV electropherograms were obtained using the 45 µm wide detection channel for injections 

of FLT reference standard at concentrations of 1 to 34 µM. Peaks were fitted to a Gaussian, and 

then time-corrected to be at the same migration time (here chosen as 210 s). Figures of merit 

for all peaks are summarized in Table 7.  A linear least-squares fit of peak area versus 

concentration was performed (y = 0.001x - 0.0007; R² = 0.994), and the LOD and LOQ 

concentrations were calculated as standard deviation of the intercept divided by the slope, 

multiplied by 3 and 10, respectively255.  LOD was found to be 5.2 µM and LOQ found to be 17.5 

µM.   

Table 7: Figures of merit for electropherograms used for LOD analysis of UV detector.  No peak 

was observed for the 1 µM concentration. The capillary length was 20.1cm for this chip. 

Concentration of FLT 
(µM) 

Peak area 
(AU x s) 

Peak width, 
FWHM 

(s) 

Number of 
Theoretical 
Plates, N 

Theoretical Plate 

Height, H (µm) 

1 0 -- -- -- 

3 0.002 3.2 22279 9.2 

6.1 0.007 5.5 6443 31.8 

17 0.016 4.2 14000 14.3 

34 0.035 3.0 12312 16.7 

 

3.7.5.2 Radiation Detection 

Table 8: Analysis of peaks from radio-electropherograms obtained from injection of [18F]FLT of 

different radioactivity concentrations. The capillary length was 20.1 cm for this chip. 

Radioactivity 
concentration (MBq/mL) 

Peak area 
(cps x s) 

Peak width, 
FWHM 

(s) 

Number of 
theoretical 
plates, N 

Theoretical 
plate height, 

H (µm) 
2.09 25.2 16.43 444 453 
5.02 41.3 7.72 1799 112 
28.1 161 15.41 524 383 
68.8 410 13.20 669 301 
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239 1158 12.03 738 272 
643 3030 10.42 1102 182 
1820 8758 17.01 584 344    

 

Radio-electropherograms were obtained for injections of purified [18F]FLT of varying 

radioactivity concentrations. After fitting to a Gaussian, each electropherograms was time-

corrected to the same migration time: in this case 140 s. Table 8 summarizes the figures of 

merit.  After performing a linear least-squares fit of the peak area as a function of radioactivity 

concentration, (Y=4.8x + 19.8 with R2=0.9998) the LOD and LOQ concentrations were 

calculated as standard deviation of intercept divided by the slope, multiplied by 3 and 10, 

respectively255. 

Due to Poisson counting noise during each 0.5 s counting interval, the peak shapes for the 

lowest activity concentrations were somewhat irregular, leading to some uncertainty in the 

calculated peak widths.  

3.7.6 Hybrid-MCE control system 

A schematic of the control system for the hybrid-MCE device is shown in Figure 43. 

Equipment and operation is the same as previously reported 104, except with the inclusion of the 

radiation detection circuitry (As shown in Chapter 3.7.2).  Beyond connecting all grounds 

together, the computer was plugged into an uninterruptable power supply alongside the other 

electronics to reduce noise from cross-talk and different grounds. 
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Figure 43: Schematic of the fluidic and electrical connections for the system. Dashed lines represent 

data flow while solid lines represent electrical or fluidic connections. 

3.7.7 Radioelectropherogram Figures of Merit 

 

Table 9: Analysis of peaks from the UV electropherograms in main text, obtained from injection of 

mixture samples, to compare the influence of the optical flow cell geometry (45 vs. 125 µm channel 

width). 

 
Peak area 
(AU x s) 

Migratio
n time (s) 

FWHM 
(s) 

Number of 
theoretical 
plates, N 

Theoretica
l plate 
height 
(µm) 

Peak 
resolution 
(STV-FLT) 

125 
µm 
cell 

(n=1) 

thymidine 2.17 226 12.6 1780 118 

0.68 
Stavudine 1.83 249 13.7 1820 116 

FLT 3.10 264 12.5 2470 84.9 

CLT 2.26 321 16.5 2110 99.7 

45 
µm 
cell 

(n=3) 

thymidine 0.42 ± 0.01 220 ± 10 4.5 ± 0.0 13000 ± 1000 16 ± 1 

1.84 ± 
0.17 

Stavudine 0.36 ± 0.01 240 ± 10 4.7 ± 0.1 15000 ± 2000 14 ± 1 

FLT 0.80 ± 0.03 260 ± 20 5.1 ± 0.1 14000 ± 1000 15 ± 2 

CLT 0.56 ± 0.02 320 ± 20 7.2 ± 0.1 11000 ± 1000 20 ± 2 

nosyl acid 0.74 ± 0.02 380 ± 30 7.7 ± 0.2 13000 ± 1000 16 ± 1 
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Table 11: Analysis of peaks in the gamma and UV electropherograms of main text Error! Reference 

ource not found., including separation resolution between all the compounds in the crude [18F]FLT 

mixture. 

 

UV peaks Gamma peak 

Thymidine Stavudine FLT CLT Nosyl 
Acid 

FLT 

Peak area (AU x s or cps x s) 0.22 0.19 0.80 0.39 0.63 580 

Migration time (s) 242 251 260. 277 361 311 

FWHM (s) 3.7 4.1 4.4 5.2 9.0 8.6 

Number of theoretical plates, N 23700 21000 19300 15900 8870 5080 

Theoretical plate height, H (µm) 8 9 11 13 23 40 

Separation resolution  
(between listed compound and 

subsequent compound) 
1.4 1.2 2.2 6.94 - N/A 

 

Table 10: Analysis of peaks from the gamma and UV electropherograms in main text Figure 32, for 

both purified and co-injection of FLT after synthesis. 

 

Pure [18F]FLT 
Co-injection 

([18F]FLT + FLT) 

Gamma peak UV peak Gamma peak UV peak 

Migration time (s) 290 290. 290 290. 

Peak height (cps or AU) 502 0.010 349 0.80 

FWHM (s) 8.5 3.2 7.9 4.6 

Area (cps x s or AU x s) 4560 0.03 2950 3.7 

Number of theoretical plates, N 5070 47000 6100 22000 

Theoretical plate height, H (µm) 41 4.5 34 9.4 
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4. Feasibility of purification via MCE: investigating larger 

diameter capillaries 

4.1 Introduction 

Purification of radiopharmaceuticals is necessary to ensure the safety and efficacy of the 

product.  Currently, most radiochemistry purifications are performed using HPLC, which requires 

bulky and expensive instruments.  Despite developments in microfluidic tools for other sections 

of the PET tracer production workflow66,85,182,257, radiochemistry purification has had limited work 

in miniaturization85.  One of the few methods which shows promise in microscale purification 

involves SPE, but is difficult to implement for most syntheses because of its low comparative 

separating power82,83,258.  Moving towards analytical-scale HPLC (requiring ~50-100µL and 

much faster migration times) has the limitation of volume; conventional radiosynthesizers would 

produce too much mass to be separable with such small columns. 

With the success of MCE for separation of radiopharmaceutical samples for analysis (e.g. 

QC testing, see Chapter 3), we hypothesized that MCE could potentially be applied as a 

compact method for radiotracer purification. 

Despite widespread use of CE as an analytical tool, the application of CE as a preparative 

method is rare due to the very limited sample volume. Typical crude product volume from a 

microscale synthesis is typically 40-80 µL.  This volume could be substantially reduced, possibly 

to 10 uL or even 1 uL through evaporative methods.  However, our existing MCE device has a 

sample volume of 4 nL. 

Generally the injected sample should not exceed ~2% of  the  volume  of  the  separation  

channel to preserve high separation efficiency95.  Equation 2 below gives the injection volume 

as a function of the physical parameters of the system. 
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Where Vinj is the injection volume, Lcap is the length of the capillary, Dcap is the diameter of 

the capillary.  Thus, increasing injection volume is only possible by scaling up the diameter 

and/or length of the separation channel, or by using parallel multichannels81.  The latter is 

infeasible, as each channel would require their own control structure, UV and radiation 

detection, fraction collection, and carefully monitored voltage control to keep each separation at 

the same rate.  This highly complicates any device, and will increase cost, size, or both. 

Increasing the channel/capillary length by 2x would allow 2x more sample to be loaded, but 

would result in ~2x longer separation time. Thus length-scaling does not offer a practical 

solution when dealing with short-lived radiopharmaceuticals. Additionally, increasing capillary 

length requires proportionally higher voltage to maintain the same electric field, and therefore 

the same nominal separation efficiency, as with the shorter capillary.  This will require a more 

expensive voltage supply. 

In  contrast,  increasing  the  diameter  by  2x  enables  4x  more  sample to  be  loaded,  

while  retaining  the  same  injection  plug  length, and thus  similar  separation performance  

and separation time. Indeed, in the very limited literature of CE used for purification, this general 

idea has been observed.  For example, using 180 µm versus 75 μm inner diameter capillaries, 

Yin et al. reported scaling up to ~0.14 μL sample size with a 32 cm long capillary259.  

However, increasing capillary diameter leads to some practical issues. The first is that as the 

capillary diameter increases, the cohesive forces which drag the center of the capillary buffer 

along with the edge are inversely proportional to the distance from the capillary edge95.  This 

means that as the capillary increases in diameter, the peaks will begin to spread as the center 

of the capillary moves slower than the edges, creating an inverse-parabolic flow pattern.  

 
𝑉𝑖𝑛𝑗 = 0.02 ∗ 𝐿𝑐𝑎𝑝 ∗ (

𝐷𝑐𝑎𝑝

2
)

2

 Equation 2 
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Exactly where this effect becomes severe enough to impact separation efficiency isn’t well 

understood, and therefore is worth investigating.  Another issue with larger capillaries is that a 

larger diameter reduces electrical resistance, leading to higher current, and thus greater Joule 

heating.  Higher temperature will reduce the viscosity of samples, meaning that each analyte will 

migrate faster, reducing the time for separation to occur, and will also increase the conductivity 

of the sample which will further increase the current.  This feedback loop can quickly accelerate 

if the temperature of the capillary is not properly regulated.  Additionally, a larger diameter 

increases the effect of siphoning, the passive movement of liquid through the capillary from the 

higher-elevation (above the capillary entrance) well to the lower elevation well.  Siphoning can 

significantly impact the separation resolution of a sample by either increasing the time for 

dispersion (if the flow is against the EOF) or reduce the time to separate fully (if flow is with the 

EOF).  And so In order to increase the capillary diameter, the CE device must be able to 

properly regulate the temperature of the capillary device and keep the capillary completely 

horizontal to minimize siphoning, and only then can the effect of higher diameter on separation 

efficiency be properly examined. 

In order to test the viability of increasing the capillary diameter, a system was designed to 

reduce the number of variables to just the diameter.  To compare results with previous results 

from Chapter 3, FLT was used as the model compound for the separation. 

4.2 Experimental Methods 

4.2.1 Materials: 

Sodium phosphate monobasic (NaH2PO4, ≥98%), sodium phosphate dibasic dihydrate 

(Na2HPO4, ≥99.0%), sodium dodecyl sulfate (SDS, ≥98.5%), potassium phosphate monobasic 

(KH2PO4, ≥99.0%), thymidine (≥99%), 2′,3′-didehydro-3′-deoxythymidine (stavudine, ≥98%), and 
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nosyl chloride (97%) were purchased from Sigma–Aldrich (Milwaukee, WI, USA). Zidovudine 

impurity B (chlorothymidine, CLT, European Pharmacopoeia reference standard) was 

purchased from LGC Standards (Wesel, Germany). 30mM phosphate buffer (PB) was prepared 

via titration of 100 mM solutions of NaH2PO4 and Na2HPO4 and monitored with a calibrated pH 

meter (FiveEasy, Mettler Toledo, Columbus, OH, USA). SDS (100 mM) in 30 mM phosphate 

buffer was prepared by dissolving SDS in 30 mM PB. Separation buffers were prepared with, 

and reference standards were dissolved in, 18 MΩ-cm deionized (DI) water obtained from a 

Milli-Q® Integral Water Purification system (EMD Millipore, Billerica, MA, USA). All chemicals 

were of analytical grade and were used as received. 

4.2.2 Experimental Setup 

4.2.2.1 Theoretical device changes  

To scale up our current design of 4nL to the minimum 1µL volumes, we would have to 

increase the capillary diameter by a factor of √250, or ~16x.  Given our starting capillary size of 

75µm ID, this would require a capillary ID of 1.2mm.  A capillary of this size would generate a 

current of 250x that of the 75µm capillary (~40µA), which would be ~10mA.  This would require 

a 40W power supply (4000V * 10mA), which is significantly more than the previous supply could 

provide.   

This increase in current leads to an increase in heat generated, which requires alternate and 

stronger methods of heat dissipation compared to the passive air-cooling of the 75µm design.  

Using the full power necessary for the separation as a baseline, the improved cooling system 

would need to be able to dissipate at least 40W, or ~140 BTU/hr, to keep temperatures stable. 

Finally, to account for the increased size of the injection volume, new injection chips would 

need to be designed, increasing the fluidic channel widths to the same as the capillary ID, and 
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the channel heights by the same factor (e.g. a 150µm injection chip would double the width and 

height compared to a 75µm injection chip) to keep a constant aspect ratio.  If the channel width 

is increased without increasing the height, the channel could collapse during fabrication; if the 

channel height is increased without increasing the width, the valves would become less effective 

(or potentially ineffective).  

4.2.2.2 Test device design 

To examine the effect of capillary diameter on separation efficiency, three starting capillary 

sizes (75, 100, and 150 µm) were chosen.  Injection chips for each new size were designed and 

fabricated via PDMS and soft lithography molding and the preparation and insertion of the 

capillary followed procedures described in Chapter 3.7.1.  For the 75, 100, and 150 µm 

capillary, the injection chips had volumes of 4, 7.1, and 16 nL, respectively.   

The setup used for the experiments is diagrammed in Figure 43.  To reduce the number of 

capillary-chip junctions, and therefore the reduction in separation efficiency that comes with 

each, no detection chip was used for any of these experiments.  Instead, UV detection was 

performed in-capillary, using a PEEK cross fitting to hold the optical fibers (125 µm outer 

diameter; ThorLabs, Newton, NJ, USA) aligned with the center of each capillary during use.  

Additionally, a piece of acrylic was machined to hold the waste well with a ¼-28 fitting on the 

side for holding the capillary within the well.  These parts were designed to keep the capillary 

completely horizontal and keep both wells at the same height above the capillary opening, in 

order to minimize siphoning within the larger capillaries. 

To keep the capillary temperature near-constant, the injection chip and the capillary 

between the injection chip and UV detection position were immersed in a constantly 

recirculating water bath.  Using a cooling pump (Freezone Elite fz-1010, Coolit Systems, 

Stamford, CT, USA), the temperature within the water bath was kept at 10°±1°C.  Temperature 



130 
 

 

of the bath was measured (directly outside of the capillary-injection chip junction) with a k-type 

thermocouple connected to a handheld thermometer (51 II, Fluke Corp. Everett WA, USA) 

before and after every run and recorded.  The thermocouple was removed from the bath and 

temperature was not recorded during runs to reduce the possibility of electrical discharge onto 

the thermocouple and damaging the monitoring device.  Additionally, once it was shown that the 

temperature of the bath did not deviate beyond measurement error from the beginning of a run 

to the end of a run, no further temperature measurements were deemed necessary. 

   

For each experiment, the appropriate volume of the sample mixture (0.92mM FLT, 1.0mM 

thymidine, 1.0mM stavudine) was injected into the device and voltage was applied for 5 

minutes. Injection protocol followed the same process as in Chapter 3.3.5.   

 

Figure 44: A diagram of the setup for the larger capillary injection experiments.  All electronics 

and fluidics are otherwise the same as for Chapter 3, and not shown.  Sizes are exaggerated 
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A deuterium light source (DH-2000-BAL, Ocean Optics, Dunedun, FL, USA) and 

spectrophotometer (USB-4000, Ocean Optics) were connected to the optical fibers and the 

resulting UV absorbance measured on the spectrophotometer was recorded with a LabView 

program (National Instruments Corp, Austin, TX, USA). 

4.2.2.3 Analysis 

From the resulting electropherogram, the resolution of FLT from stavudine as well as 

stavudine from thymidine were calculated as described in Chapter 2.3.7.  Briefly, for each peak 

in the resulting electropherogram, the number of theoretical plates, N, was calculated as N = 

5.54 x (tm / WFWHM)2
, where tm is the migration time and WFWHM is the full-width at half-max of the 

peak. The plate height, H, was calculated as H = L / N, where L is the effective separation 

length (21 cm). For mixture samples, the peak resolution, R, between pairs of peaks was 

computed as R = 1.18 x (tm2 - tm1) / (WFWHM,1 +WFWHM,2), where tm1 and tm2 are the migration 

times of the two peaks and WFWHM,1 and WFWHM,2 are the peak widths. Because the migration 

time can vary from run to run (e.g. alteration of surface condition or liquid temperature) and 

migration speed affects the apparent peak area, a time-correction is needed for quantitative 

peak analysis. The time-axis correction was chosen on a per-chromatogram basis such that the 

migration time of FLT was 250s, in order compare against each other as well as previous 

results. A more detailed explanation of why this is necessary can be found in Chapter 3.3.6.  

4.3 Results: 

The 75µm capillary was able to achieve baseline separation of FLT from stavudine (2.9±0.3, 

n=10), with the migration time of FLT found to be 267±8 s. For the 100µm capillary, the 

separation did not reach baseline between stavudine and FLT (1.3±0.1, n=10) with a FLT 
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migration time of 270±20 (n=10).  Figure 45 shows example chromatograms for each capillary, 

with the time axis rescaled such that FLT migrates at 250s. 

The measured current was 34.0±0.9µA (n=10), for the 75µm capillary and 60±2µA (n=10) 

for the 100µm capillary, corresponding to a current increase of 76% for a capillary diameter 

increase of 33%, matching the expected increase for that capillary size. 

The change in temperature of the water over the course of a 5 minute run was within the 

measurement uncertainty (±1°C, including repositioning uncertainty) for the 75µm capillary, and 

1.0±0.5°C for the 100µm capillary.  Measurements of temperature made at the end of a 150µm 

capillary run suggested some temperature change from the heat generation (1°C higher than 

starting temperature after ~60s) but no experiment could be performed long enough to properly 

compare to the smaller capillaries. 

For the 150µm capillary, over 10 injections were performed, but none lasted long enough to 

detect any sample peaks before a sudden drop in current to 0µA, which is indicative of a 

blockage in the flow pathway.  Only one attempt was able to last more than 60s.  The current 

measured for the longest run achieved 150 µA at maximum, which is approximately 30µA above 

the expected current increase compared to the 75µm standard (4x or ~120µA).  

Failed chips were investigated under microscope to determine the cause of the failure, and 

100% of the time the failures were from boiling of the buffer inside the injection chip.  When the 

injection chip was observed during a run, a small gas bubble would appear somewhere in the 

injection channel, and would quickly spread to fill the entire injection channel.   Often, this 

boiling would burn sections of the injection chip, rendering the device inoperable for further runs.  

In one failure event, the culprit gas bubble was observed coming from the capillary and flowing 

backwards into the injection chip before expanding and blocking the channel. 
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4.4 Discussion: 

Attachment of the larger capillaries proved no more difficult or prone to leakages than the 

75µm capillaries, which suggests that fabrication was not the cause of the worse results in the 

larger capillaries. 

Heat generation is suspected to be the major cause of failure of the 150µm chips, as well as 

the reduction in separation efficiency from the 100µm chips.  Gas bubble formation and 

subsequent burning of the injection chip are failure modes which occur from high heat buildup in 

a very small section of the fluid pathway.  Part of why this occurs is that PDMS has very poor 

thermal conductivity (0.16W/mK vs. 0.8W/mL for glass) which means that the joule heating 

generated by the higher current is not adequately drawn away from the fluidic channel of the 

PDMS chip.  One method to solve this heat dissipation issue, at least in any PDMS chip, is the 

 

 

Figure 45: Example chromatograms for A) 75µm ID capillary and B) 100µm ID capillary.  

Time axis was rescale to set migration time of FLT to 250 s. 
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increase in the conductivity of the PDMS. Wei et al. have previously investigated the addition of 

alumina powder to a PDMS mixture during fabrication, and found that by mixing up to 80% 

alumina powder into PDMS by volume, the thermal conductivity increased to 2.8W/mK260. This 

would allow the PDMS to effectively transfer heat away from the fluidic channel at a higher rate 

than the capillary itself.  However, the addition of the alumina powder causes the PDMS to 

become an opaque grey, which effectively removes one of the major benefits of using PDMS for 

microchips: the material’s transparency. The transparency of the PDMS allows for careful visual 

analysis of devices before and during usage, which can prevent damaging incidents by user 

intervention. This property, however, would not be necessary once the devices have reached 

the mass manufacturing stage. Another method to increase heat transfer, which could be more 

easily implemented without changing anything fundamental about how the system would work, 

is the introduction of coolant channels near the main fluidic channel.  These channels could 

have flowing, chilled water to draw heat, though they would have to be routed in such a way that 

they would not cross either current fluidic connections or important valves.  Introduction of such 

channels would not necessarily add significant complexity to the device design, simply a few 

more liquid connections and a recirculating cooler. Additionally, the alteration of the separation 

buffer, particularly reduction in the salt concentration, could lead to reduced current, and 

therefore joule heating, but would require optimization of the new conditions.  

Additionally, currently only ~2/3 of the capillary is within the recirculating water bath.  This 

means that ~1/3 of the capillary is cooling purely from the surrounding air, which is not at the 

same temperature as the water bath and therefore is not redirecting heat as efficiently.  To 

cover the remaining capillary (which cannot be as easily cooled by altering the lithography like 

the chip can), the entire experimental setup would need to be designed to keep all components 

underwater.  This is a difficult prospect, as the water would need to be kept out of both the UV 
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detection beam (and therefore the cross piece) and the waste well.  The waste well connection 

would be of particular importance, as a seal around the capillary which was not water-tight could 

lead to dilution of the waste well and an increase of the effective resistance of the capillary 

(even if only for a very small section), could lead to leakage of buffer into the water bath which 

could eventually damage tubing or cooling pipes, and could create a second electrical sink 

which would be a significant electrical hazard as well as increase the fluctuations in the current. 

The reduction in separation efficiency for the 100µm capillary compared to the 75µm 

capillary are at odds with previous literature that these small changes in capillary diameter 

should have no noticeable effect on the separation259.  Our hypothesis for this is that the larger 

diameter capillary injections experienced additional peak diffusion from the temperature gradient 

in the capillary.  This follows from the increased peak width (for all species) in the 100µm 

capillary electropherogram compared to the 75µm capillary, when they should theoretically have 

been the same.   

We do not suspect the influence of increased siphoning, as the migration time of FLT was 

consistent between the two sizes. 

While these results are not promising, there are ways to improve the design of this 

experiment to probe the effects of larger capillary sizes more accurately.  However, once the 

capillaries reach a large enough size, the drag forces along the capillary inner walls can no 

longer pull the center of the capillary as well, leading to an inverse parabolic profile which 

negates one of the key benefits of CE over a method such as HPLC (as discussed previously).  

In fact, Grushka et al. showed that, with all other effects on separation efficiency held constant, 

increasing capillary diameter reduces the separation efficiency by ~1/D2 from temperature 

effects alone261.  Therefore, use of mm-scale diameter capillaries to achieve ~10µL injections 

would negatively impact resolution.   
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One other method of purification, the use of parallel injections of the same sample to 

multiple identical capillaries, could be a solution but raises questions of combining the purified 

products and ensuring that each capillary sees the same peaks, at the same migration times, 

etc.  

Implementing a method of preconcentration, as suggested in Chapter 3.5, would reduce the 

injection volume and therefore the maximum necessary capillary size, but all the previous 

questions regarding the total concentration factor would still need to be answered.  Additionally, 

crude mixtures, as compared to purified samples, often have larger concentrations of salts and 

side products which may concentrate above their critical levels and precipitate, causing physical 

blockages within the device which may not be easily removable.  These obstacles would require 

a significant redesign of the MCE device such that the direct comparison with the QC scale 

MCE device (Chapter 3) may not be possible.  This would eliminate a benefit of CE for both 

purification and analysis: both methods would produce the exact same migration time for the 

desired compound, simplifying identity and purity analysis. 

4.5 Conclusions 

Since we were unable to see baseline separation of stavudine from FLT with larger 

capillaries and no successful runs using 150µm capillaries after repeated attempts, we deemed 

this method to not be worth pursuing further.  Taking into account both the results of this 

experiment and the potential methods for overcoming the issues raised during this experiment, 

we suspect that CE may not be feasible for purification of samples 1µL in volume, much less 

those well above this volume level. 
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5. Automated robotic platform for parallel radiosynthesis and 

optimization 

5.1 Abstract 

Developing a novel PET tracer is a slow process involving thousands of man-hours of 

experiments, biological assays, and chemistry.  Optimization of the radiochemistry yields are 

necessary to produce enough tracer for later-stage imaging experiments.  This requires dozens 

of experiments, which conventionally are performed using bulky radiosynthesizers which can be 

run once per day and are highly wasteful of both expensive precursors and radioisotope.  Using 

these synthesizers therefore requires weeks or months and significant expense to investigate 

non-trivial amounts of the reaction parameter space. 

Out lab has developed a droplet radiochemistry platform which can perform up to 64 

reactions in parallel for optimization, but currently requires hundreds of manual pipetting actions, 

which is tedious and can introduce human errors and high exposure.  In this work, we present a 

robotic automation extension to this droplet radiochemistry platform for the purpose of high-

throughput radiochemistry optimization. 

Using [18F]fallypride as a model synthesis, the presented system can perform 64 reactions in 

about 60 minutes, equating to 56 seconds/reaction, including automated spotting of TLC plates 

for fluorination conversion measurements.  The system found yields slightly lower than manual 

results 79%±5% (n=16), and decent reaction uniformity. 

5.2 Introduction 

Positron emission tomography (PET) is a non-invasive imaging modality that uses tiny 

amounts of radiolabeled tracers to image specific biochemical processes within living subjects 
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with high sensitivity and specificity 262,263.  To investigate different biological processes, 

thousands of different radiotracers have been developed264,265, and as new biological targets are 

discovered, there is ongoing need to develop tracers to image these targets. However, it can 

take many years between new target discovery and the development of a useful imaging tracer, 

and even longer for translation into the clinic. The difficulty in synthesizing radiolabeled 

compounds contributes to this long timeline. 

To mitigate radiation exposure, radiochemistry is generally performed using automated or 

semi-automated machines called radiosynthesizers operated within radiation-shielded ‘hot cells’ 

51. These systems are primarily designed to make large batches of these short-lived tracers in a 

radiopharmacy (i.e. for routine production of clinical doses), and can be inefficient and poorly 

suited for tasks earlier in tracer development such as supplying small amounts for initial 

evaluation (e.g. in preclinical sutides), or repeated synthesis under different reaction conditions 

to perform optimization. The primary inefficiencies are the large amount of the scarce or 

expensive precursor and reagents needed per synthesis (e.g. 1-10 mg of precursor in the ~1 

mL reaction volume), and the radioactive contamination of the apparatus after use, which 

typically requires a waiting period for decontamination by radioactive decay (e.g. overnight for F-

18) before the next use. Optimization studies involving many reaction parameters and replicates 

can take weeks or months, each day yielding just one or a small number of data points. 

Additional days tie up apparatus, increase labor costs, and require more radioisotope batches.  

Despite these challenges, synthesis optimization is frequently necessary to transform a 

complex, low-yield, and/or lengthy synthesis into one that can more readily be replicated at 

additional sites to facilitate production of the tracer for more widespread development efforts for 

preclinical imaging assays, and to move towards first-in-human studies and clinical trials. A few 

approaches have emerged recently to streamline and accelerate optimization efforts. Zhang et 
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al. developed a technique that avoids the need for radioactivity by performing chemistry with 

nanomolar concentrations of non-radioactive isotope (to simulate the concentrations typically 

encountered in radiosyntheses), and using LC-MS/MS to detect the ultra-low amounts of 

product to assess the reaction conversion146. This technique was used to optimize the synthesis 

of MDL100907, a 5HT2a receptor ligand, and reaction performance of the non-radioactive and 

conventional methods were well correlated. The approach improves optimization throughput 

since no radioisotope is initially needed, and the waiting time between experiments is 

eliminated; however, each data point still consumes a full batch quantity of precursor and other 

reagents. 

Another strategy has been miniaturization. Iwata et al. demonstrated 5-20 µL reaction 

volumes in small vials (100-300 µL capacity) to perform some optimizations of multiple tracers 

([18F]Fallypride, [18F]FET, [18F]FES, [18F]FLT, and [18F]FMISO) 147, with the benefits of low 

reagent consumption and small experimental footprint.  Laube et al. recently described 

performing >50 vial-based reactions per day (25-50µL scale) from a single batch of [18F]fluoride 

by using multi-vial heating blocks to carry out groups of reactions in parallel to investigate the 

syntheses of [18F]FDG and a celecoxib analog148.  While these approaches address some of 

the throughput and reagent consumption issues, they are performed manually, and it is not 

obvious how such approaches could be automated. In addition, the heating in a small vial is 

likely to be different than in a large vial, and could require re-optimization when scaling up the 

synthesis to clinically-relevant batches266.  

Flow-chemistry methods, where the precursor and radioactive material are mixed and 

flowed through a heated reactor in a continuous fashion, can also be used to perform reagent-

efficient optimization (generally 10-40 µL range)  but in a more automated fashion. Using the 

Advion Nanotek capillary-based synthesizer, investigators have shown the possibility to 
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sequentially perform dozens of optimization reactions per day with adjustments of the relative 

flow rates of reagents enabling convenient exploration of reagent ratios, residence time, and 

concentration153,267. However, some aspects (such as changing the reaction solvent, or 

adjusting the conditions for azeotropic drying of [18F]fluoride, which are done outside of the flow 

system) cannot be investigated in a high-throughput manner. In a similar approach, our lab has 

previously experimented with polydimethylsiloxane (PDMS) microfluidic chips for generating 

mixtures of reagents (~120 nL each) with programmable composition and pH for optimization of 

labeling of antibody fragments with the prosthetic group N-succinimidyl-4-[18F]fluorobenzoate 

([18F]SFB)211,220,268, but these studies were limited to room temperature aqueous conditions.  

To overcome all of these limitations, we have developed a microfluidic droplet 

radiochemistry platform, where reactions are performed in ~10 µL volumes on hydrophilic 

surface-tension traps patterned on a Teflon-coated silicon ‘chip’73,58,137,77,75,269,76. By integrating 

up to 16 reaction sites per chip, reactions can be performed in parallel137. Integration of multiple 

heaters further allows for simultaneous operation of up to 4 chips (each with independent 

temperature control) and thus up to 64 reactions75,270. Because all steps including [18F]fluoride 

drying are performed at each reaction site, any conditions of the overall synthesis process 

(drying conditions, amounts of base and precursor and other reagents, reaction volume, 

reaction solvent, as well as reaction temperature and duration, for each step in the 

radiosynthesis) can be studied in  a high-throughput manner.  

However, in this platform, reagents are added manually, and droplets are collected manually 

for offline analysis. These manual operations are very tedious, prone to human error, and result 

in radiation exposure. To address these factors, we developed a fully-automated platform for 

optimization. It performs the processes of delivering reagents to chip reaction sites, performing 

reactions, collecting products into individual reservoirs, and spotting onto thin-layer 
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chromatography (TLC) plates (e.g. for rapid multi-lane analysis271) under automatic control.. The 

platform can be used to increase the number of conditions and/or replicates explored, frees up 

the radiochemist from tedious manual tasks, reduces the chance for errors, and limits radiation 

exposure. This device was designed with a very flexible scripting protocol based on intuitive unit 

operations to allow for a large variety of radiochemistry processes to be easily programmed by a 

radiochemist.  In this paper, we describe the design, characterization, and proof-of-concept 

testing of this platform. 

5.3 Methods 

5.3.1 Materials 

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

Biomedical Cyclotron Facility.  Anhydrous methanol (MeOH, 99.8%), anhydrous acetonitrile 

(MeCN, 99.8%), acetone (99.9%),  ammonium  formate  (NH4HCO2,  97%), 2-3-dimethyl-2-

butanol (thexyl alcohol, 98%), tetrahydrofuran (THF, ≥99.9%), hexanes (HPLC grade),  and  

triethylamine  (TEA,  99%)  were  purchased  from Sigma-Aldrich (St.  Louis, MO, USA).  

Tetrabutylammounium  bicarbonate  (TBAHCO3,  75mM),  tosyl  fallypride (fallypride precursor, 

>90%) and fallypride (reference standard for [18F]fallypride, >95%) were purchased from ABX  

Advanced  Biochemical  Compounds  (Radeberg,  Germany).  DI water was obtained  from  a  

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

TLC plates (silica gel 60 F254 , 180 mm x 40 mm, Merck KGaA, Darmstadt, Germany) were 

cut into 40 mm wide by 50 mm long  pieces before use.  

A stock solution of fallypride precursor (154 mM) in 1:1 v/v thexyl alcohol:MeCN, was 

prepared and further diluted in the same solvent as needed for experiments. Collection solution 

was prepared by mixing 9:1 v/v MeOH:water.  The TLC mobile phase consisted of 30.0% TEA, 
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14.7% acetone, 18.8% THF, and 36.5% hexanes (v/v).Teflon-coated silicon chips for performing 

parallel reactions were fabricated as described previously137. 

5.3.2 System Design 

The overall design of the system is shown in Figure 46.  With a size of 63.5 x 55.9 x 40.6 

cm3 (w x h x d), it can fit within a small (68 x 61 x 50 cm3 interior) mini-cell (Von Gahlen, 

Zevenaar, Netherlands).  The system consists of three main elements: a work area where 

microfluidic chips are operated and where reagents and collected products are stored, a fluidics 

head, and an XYZ motion gantry to move the fluidics head around the work area.  

 

Figure 46: (A) 3D rendering of the optimization platform showing the geometry. (B) Photograph. 

5.3.2.1 XYZ Gantry 

Fast motion actuators were selected to minimize time spent moving the fluidics head from 

one position to another (and thus minimize radioactive decay). The X and Y axes consist of belt-

driven slides (LCR30, Parker Hannifin Corporation, Irwin PA, USA), arranged in an H-formation 

providing 40 cm travel in the X-direction and 20 cm in Y (Figure 47).  These actuators can move 

up to 57 cm/s with positioning repeatability of ±100µm.  For the Z-axis, a 12mm/rev pitch lead-
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screw slide (MLC028, PBC Linear, Roscoe IL, USA) was used. The accuracy in this direction is 

±20 µm, and the maximum speed is 12 cm/s (sufficient for the relatively small movements along 

this axis). All three axes are powered by stepper motors (eCLM-S233F, Parker Hannifin). Hall-

effect sensors are used to define a home position in the left-most, back-most, or top-most 

position the gantry.  See the Chapter 5.7.1 for a more detailed explanation of the coordinate 

system. 

 

Figure 47: 3D Rendering (A) and photograph (B) of X and Y axes from the underside of the ceiling. 

5.3.2.2 Work Area 

The work area consists of a multi-heater platform for operating 4 microfluidic chips 

simultaneously with independent temperature control137, four plate nests that hold standard 

microwell plates, a pipette tip remover, and a priming sensor (Figure 48). Chips were aligned to 

the heaters with the aid of alignment markings on both chip and platform surface. Typically the 

plate nests were loaded with: (i) a 384-position pipette tip rack, fitted with a custom insert 

designed to provide mechanical stability, (ii) a 96-position strip-well plate for collection of crude 

products, (iii) a 96-well plate containing reagents (e.g. dilution series to explore reagent 

concentrations), and (iv) a custom TLC plate holder (Figure 49) with a laddered design to 
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accommodate up to 8 TLC plates, each 40 mm wide and 50-60* mm long and sufficient for 

separation of 8 lanes in parallel (0.5 µL samples spotted at 5 mm pitch)271. 

 

Figure 48: Photograph of the work area, showing each of the important positions for plates and 

chips, as well as the tip removal and priming locations. 

Prior to operation it is necessary to ensure that the dispensers (and associated tubing) are 

fully filled with reagent, and that the hydraulic pipetting system is filled with water. For this 

purpose, an infrared (IR) liquid sensor (OCB350L250Z, Optek-Danulat GmbH, Essen, 

Germany) was affixed near the heating platform.  Priming system and operation can be found in 

Chapter 5.7.2.  
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Figure 49: TLC plate holder: A representation of the collection step and spotting to TLC via 

automated system, with an example TLC image.  Positions and size of chip are exaggerated. 

Pipette tips were removed with the aid of a forked tool (Figure 50) and collected in a 

ramped waste container. 

 

Figure 50: Photograph of the tip removal piece. B: Schematic (top and side view) showing the steps 

necessary to remove the tip (underneath and then upwards).  Black arrows represent movement of 

the pipette cone and tip. 



146 
 

 

5.3.2.3 Fluidics head 

The fluidics head (Figure 51) comprises a set of seven non-contact piezoelectric dispensers 

(INKX0514300A, INKX0514100A, The Lee Company, Westbrook CT, USA) and a pipette cone 

(for aspirating and dispensing liquids using disposable tips). 

Dispensers were each connected via 0.028” ID PTFE tubing dip tubes to septum capped 

reagent vials, either 20 mL scintillation vials (03-340-25Q, Thermo Fischer Scientific, Waltham, 

MA, USA), 5 mL V-vials (NextGen V Vial, Wheaton Industries, New Jersey, USA), or 1.5mL V-

vials (µVial 09-1400, Microliter Analytical Supplies Inc., Suwanee, Georgia, USA) depending on 

the total volume needed of the corresponding reagent. Each vial was also connected to the 

output of a 3-way pneumatic valve (S070B-5DG, SMC Corporation, Tokyo, Japan) allowing the 

vial to be either vented or supplied with inert gas (nitrogen) pressure.  All lines were kept as 

short as possible to minimize losses and provide responsive and accurate reagent dispensing.   
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Figure 51: (A) 3D rendering of the fluidics head, including dispensers and pipette cone.  (B) 

Photograph of the fluidics head. (C) Simplified cross-section view of the fluidics head, with schematic 

of fluidic connections to other components. 

The pipette cone was designed for picking up disposable pipette tips (epT.I.P.S. 384, 

Eppendorf, Hamburg, Germany). The ‘resting’ position was located below the dispenser nozzles 

to allow tips to be picked up without any collisions with the tip rack, but the cone was mounted 

on vertical slide (8381K2, McMaster-Carr) and connected to a dual-acting pneumatic actuator 

(6498K003, McMaster-Carr, Elhurst IL, USA) so that it could be fully retracted with the tip still 

installed (an important speed optimization described below). When retracting or extending, the 

pipette pressure was set to 30psi.   While installing a pipette tip, the pipette cone was extended 

and pressed into the pipette tip with a pressure of 10 psig (corresponding to 6.5N force). 

Whenever the pipette cone was used for Z-axis surface contact measurements (described in 

Chapter 5.7.1.3), the pressure was set to ~1psi.  The pipette cone was connected to a syringe 

pump (Microlab PSD/4, Hamilton Company, Reno NV, USA), mounted at the side of the 

workspace, via 0.028” ID PTFE tubing (~1m long). The syringe pump was fitted with a 250µL 

syringe, with ~100 nL volume resolution.  The syringe pump had an integrated valve that could 

switch between two ports, one linked to a DI water reservoir and the other connected to the 

pipette cone. The tubing between the pump and cone was filled with water as hydraulic 

actuation improves responsiveness and accuracy compared to a pneumatic pipetting system.  

5.3.3 Control system and software 

5.3.3.1 Software 

Front-end control was implemented using a set of LabView programs. The main program 

would start by starting communications with external devices, including the microcontroller and 

DAQs, then would initialize the microcontroller and syringe pump, load all configuration files, 
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populate all global variables with information from the configuration files, read method file, and 

perform all steps listed in the method file.  System configuration and calibration information is all 

described in XML files (see Chapter 5.7.3) and automatically loaded at startup.  A method file 

written by the user in a custom scripting language (see Chapter 5.7.4.1) is then loaded, which 

defines the sequence of unit actions that the device will perform and the options for each step. 

The scripting language comprises (i) definitions for Sets (i.e. arrays of locations on chips or 

plates that will be used in an experiment), (ii) definitions for reagent dispensers (dispenser 

number, loaded liquid, volume loaded, calibration data to use), and (iii) a sequence of unit 

operations to carry out the experiment. Operations include dispensing reagents to chips (or well 

plates), liquid transfer via pipette to or from chips, performing a heating step, and special 

compound actions. The exact details of the operations are specified using input parameters 

(e.g. sets of reaction sites or microwells on which to act, reagent and volume to be dispensed, 

temperature and time for heating). 

5.3.3.2 Control system 

The control system (Figure 52) comprised a number of subsystems driven by a custom 

LabView software program (National Instruments, Riverside CA, USA) running on a computer. 
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Figure 52: A block diagram of the electrical connections in the system.  Purple lines represent gas 

pathways, red represents analog signals, green represents digital signals, and black represents USB 

communication signals.  Power for all parts is left out for clarity. 

The temperature control system for the heater platform has been previously described137.  

Briefly, the signals from the integrated heater thermocouples were amplified (MAX31856, 

Adafruit Industries, New York New York, USA) and measured via a data acquisition (DAQ) 

module (USB-202, Measurement Computing Corporation, Norton MA, USA). This DAQ also 

digitally controlled four AC relays (to provide power to each heater) and four fans, allowing 

closed-loop on-off temperature control (implemented in LabView). 

The syringe pump was controlled via RS485 serial commands issued from LabView via 

USB-RS485 adapter (USB-485B, Sima S. Enterprises, Los Angeles, CA, USA).   

The priming sensor control consisted of a DAQ (USB-201, Measurement Computing 

Corporation) wired to both the analog output of the priming sensor and the digital input “reset” 
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pin.  The reset pin was used to recalibrate the device at the beginning of every experiment. The 

analog output was monitored to detect droplets and liquid streams passing through the beam. 

All other systems were interfaced to a microcontroller (Arduino Mega, Arduino AG, 

Sommerville MA, USA) in communication with the LabView program via USB.  The use of a 

microcontroller (instead of a DAQ) was necessary for accurate and fast control of the 

acceleration profile of the motor drivers.   

The system contained two electronic pressure regulators (ITV0050-3UMS, SMC 

Corporation) – one for the reagent driving pressure for the dispensers, and one for the pipette 

cone pneumatic actuator. Setpoints were controlled using analog signals derived from digital 

potentiometer voltage dividers (AD5220, Analog Devices, Norwood MA, USA) controlled by the 

microcontroller, and present values were captured from analog output signals of the reguators. 

The 3-way valves controlling the pressure to each dispenser reservoir and the two valves to 

actuate the pipette cone air cylinder were interfaced via a Darlington transistor array 

(ULN2803A, Texas Instruments Inc., Dallas, Texas, USA) to digital outputs of the 

microcontroller.  Dispensers were powered by dedicated spike-and-hold drivers 

(IECX0501350A, Lee Company) triggered by the microcontroller to cause the desired open 

duration. 

The stepper motors of the motion system (and built-in encoders) were connected to closed-

loop stepper drivers (CL57T, OMC Corporation, Nanjing City, China) in turn controlled with step 

and direction signals from the microcontroller for each axis. A stepping algorithm was 

implemented to allow smooth acceleration and deceleration (Chapter 5.7.5). 
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5.3.4 System Calibrations 

System positions were determined as described in Chapter 5.7.1, while heater 

temperatures, pressure regulators, and piezoelectric dispensers were calibrated as described in 

the Chapter 5.7.6. 

5.3.5 System Characterization 

Characterization of the ceramic heater system (e.g. temperature ramp time, stability) are 

described in detail in a separate work [Manuscript in progress].  Importantly, stability over time 

was found to be within 1°C at temperatures up to 140°C, and uniformity of surface temperature 

was found to be <2% over the active chip area. These results found that each reaction site 

experienced nearly identity conditions, and so we decided against further characterization in this 

work. 

The time spent to perform two important actions within the system, dispensing to multiple 

locations and collecting product from a chip, were measured for four random starting positions 

around the system geometry via LabView’s internal timers.  The average of these resulting 

times were calculated.  The time spent performing other actions were estimated based off of 

system timings aggregated during the characterization experiments. 

5.3.5.1 Pipetting Characterization 

The pipette system’s accuracy and precision were characterized by aspirating from a large 

reservoir, and then dispensing, a specific volume of solvent into clean Eppendorf tubes, and 

measuring the change in mass between empty and filled for each.  Three volumes were 

investigated (0.5, 5.0, and 10.0 µL) for water and MeCN.  Additionally, when characterizing the 

aspiration of water, the pipette aspirated only the desired volume but two methods for 



152 
 

 

dispensing the aspirated volume were investigated: dispensing only the desired volume, and 

dispensing 5µL more than the desired volume.   

Additionally, the speed of the pipetting was characterized beforehand, and the optimal 

pipetting speed was used for all experiment (details of this characterization are described in 

Chapter 5.7.6.3). 

5.3.5.2 Repeatability of dispensing 

Repeatability of piezoelectric dispensing was measured by dispensing the same nominal 

volume (10µL) from a vial initially containing 2 mL of aqueous [18F]fluoride solution (3.7kBq/mL 

[100µCi/mL]) into all wells in a 96-stripwell plate (TRC9601 with stripwells TLS0801, Bio-Rad 

Laboratories, Hercules, CA, USA).  After dispensing, all wells are capped, and then labeled and 

separated for individual activity measurement in a gamma counter (Wizard 3” 1480, 

PerkinElmer Inc., Waltham, MA, USA). Measurements were made for 45 s. An empty gamma 

counter container was measured at the beginning and after every 8 samples for background 

measurements; these were subtracted from the subsequent 8 data points during offline 

analysis. All measurements were decay-corrected to a common timepoint. 

5.3.5.3 Cross-contamination of drying 

Cross-contamination was previously investigated by drying [18F]fluoride in a checkerboard 

pattern in chips with the same design and was found to be negligible for manual liquid 

addition137.  Here we assessed the cross-contamination from the use of a dispenser for the 

addition and drying of [18F]fluoride on chip. 10µL of aqueous [18F]fluoride (37MBq/mL 

[1mCi/mL]) with 24mM TBAHCO3 was dispensed to a checkerboard pattern on a 16-spot chip, 

dried at 99°C for 15s and 105°C for 55 seconds and then visualized via Cerenkov imaging using 

a custom-built imaging system272 (Figure 53).  A 1 mm thick glass microscope slide was placed 
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over each chip during imaging. After previously-described image corrections were performed, 

ROIs for each reaction site were drawn and integrated.  

 

Figure 53: Schematic of fluoride cross-contamination experiment. 

5.3.6 Parallel synthesis of [18F]Fallypride 

Previous work synthesizing [18F]Fallypride using manual droplet chemistry found using 

240nmol of TBAHCO3/reaction site and 77mM precursor produced crude RCY of 90±1% 

(n=4)137.  Another work synthesized [18F]Fallypride n=8 times using the same precursor 

concentration but only 30nmol of TBAHCO3/reaction site and found the uniformity of fluorination 

efficiency to be 74±1% (n=8) for reactions performed manually271.  To determine the uniformity 

of this automated system, a 16-site parallel synthesis of [18F]Fallypride was performed. 

Each individual synthesis(Figure 54) involved drying 10µL of [18F]fluoride solution (w/ 

240nmol TBAHCO3/site) at 100°C for 15s and 105°C for 45s, dispensing 6µL of precursor 

solution (77mM) and reacting at 110°C for 7 min. The reaction product at each site was 

collected into an individual stripwell. The collection step involved the repeated dispensing of 

10µL of the collection solution, aspiration of the droplet via the pipette, and dispensing said 
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droplet into a stripwell plate a total of 4 times, with a mixing step at the end.  Finally, 0.5µL of 

each sample was spotted onto TLC plates for analysis. During the [18F]fluoride loading step, an 

additional 10µL aliquot was dispensed to an empty microcentrifuge tube and assayed via dose 

calibrator.  This value is used to determine the amount of radioactivity dispensed to each 

reaction site. 

 

Figure 54: Synthesis scheme of [18F]fallypride.   

The activity on the chip was assayed in a dose calibrator and then imaged with Cerenkov 

after [18F]fluoride drying, after fluorination, and after collection.  The Cerenkov image of the chip 

was analyzed by drawing ROIs over each of the reaction sites and using the ROI sums to 

partition the dose calibrator measurement and determine actual activity at each reaction site. 

For all syntheses, the results are analyzed based on previous methods137,271.  Conversion of 

[18F]fluoride to product (“fluorination efficiency”) was analyzed via multi-lane radio-TLC271 using a 

35mm separation distance and TLC mobile phase described in Materials. The collection 

efficiency was computed by dividing the radioactivity recovered in the strip well by the amount of 

radioactivity that was initially dried on that reaction site.  Crude radiochemical yield (crude RCY) 

was calculated as the fluorination efficiency multiplied by the collection efficiency.  All activity 

measurements are corrected for decay to a common timepoint.  
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5.4 Results  

5.4.1 System Characterization 

The time required to dispense 10µL to each of 64 reaction sites was 35.11±0.1s (n=4).  The 

addition of a priming step increased the overall time by 6s to 41.10s for that dispensing action.  

This corresponds to an average movement overhead per reaction site of 0.47s.  The time 

required to collect a sample from a single reaction site, using n=4 collecting actions (dispensing 

10µL collection solution, aspirating, and transferring) and including the time to attach and 

remove a tip required 42±1s (n=4).  The time spent A more detailed table of worst-case results 

are given in Table 16. 

5.4.1.1 Pipetting Characterization 

When dispensing just the desired volume, for water the volume collected was 0.4±0.4, 

4.8±0.3, and 9.7±0.4 µL for 0.5µL, 5µL, and 10µL respectively, N=20 repeats for each.  When 

dispensing the desired volume plus 5µL, the volume collected was 0.6±0.2, 5.0±0.2, and 

10.0±0.2 µL for 0.5µL, 5µL, and 10µL respectively, N=20 repeats for each.  From the increase in 

accuracy and precision, all further experiments were performed with the 5µL extra dispensing 

volume when dispensing the entirety of the aspirated volume (e.g. Collection step).  For 

characterization of pipetting of MeCN, the volume collected was 0.3±0.2, 4.7±0.3, and 9.7±0.3 

µL for the same volume settings, N=20 repeats each.   

The results of the speed characterization found that 20µL/s was the optimal mix of pipetting 

speed and accuracy. 

5.4.1.2 Repeatability of dispensing 

Results of the dispensing repeatability test can be seen in Figure 55.  Average radioactivity 

measurement was 130±8 kCPM (counts per minute) (n=96), which corresponds to a 6% 
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variation in dispensing, which for a 1µL nominal dispense volume means a variation of 

approximately 60nL.  For comparison, the expected variation from Poisson noise would be 

0.09%, meaning that this variation cannot be entirely from randomness. 

 

Figure 55: Results of dispensing repeatability test (96 dispenses of 10 µL of [18F]fluoride solution via 

piezoelectric dispenser into a strip well plate). Radioactivity of each well in the order they were 

dispensed. 

5.4.1.3 Drying cross-contamination 

For the cross-contamination study, the average “filled” ROIs were 14e6±2e6 pixel intensity 

units versus the “empty” ROIs at 1000±1200, suggesting that cross contamination is <0.01%.  

The Cerenkov images for the chip are shown in Chapter 5.7.7.2.  

5.4.1.4 Parallel synthesis of [18F]Fallypride  

Crude RCY for the parallel syntheses was 79±5% (n=16), with the results plotted in Figure 

56A.  This is lower than the comparison 90±1% (n=4), and less uniform despite more repeats 

and the same conditions.  Fluorination efficiency from the TLC images was 91±5% (n=16), with 

the TLC images shown in Figure 56B.  These results were lower and less uniform than the 
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previous results (98±1%, n=4), but still above 90%.  The collection efficiency from this 

experiment was 87±2%, compared to 92±1% from previous work.   

 

Figure 56: Results of the 16 parallel reactions. A) Graph of all crude RCYs with respect to 

dispensing order.  B) TLC Cerenkov image for the 16 reactions. Lanes go from right to left. 

Performing 16 parallel Fallypride reactions in parallel took 25 min, not including intermediate 

measurements.  This is equivalent to 94s/reaction.   

5.5 Discussion 

5.5.1 System Characterization 

5.5.1.1 Pipetting Characterization 

Pipette accuracy with MeCN was consistently below desired volume, suggesting that a 

correction factor may be necessary for high accuracy pipetting of organic solvents.  This would 

prove complex, as the system would have to track what solvent each reaction mixture was in at 

each stage of the synthesis, something which is not currently implemented. The absolute 

volume variation of the pipette appears to be volume-agnostic at ~200nL, and should be minor 

for most reaction-level liquid transfers (5~10µL).  At worst, this could add a 4% variation to any 

action dispensing a specific volume onto a chip, as opposed to Collection steps where the all 
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liquid is aspirated from the reaction site, or TLC where the result is independent of spotted 

radioactivity. 

5.5.1.2 Repeatability of dispensing 

The dispensing uniformity of the system of 6% is quite low, though not as low as desired.  

However, in Figure 55 the first data point is notably higher than the following points.  This can 

be explained as insufficient emptying of the dispenser line following the previous testing.  Given 

that this system would be used with built-in repeat conditions, we consider a single abnormal 

point among 64 dispenses (and in this case 96 dispenses) acceptable.  The chances of such 

abnormal dispenses are limited as this effect was solved in later experiments by more thorough 

cleaning procedures (2mL methanol wash of dispenser and 30 pulses of 1s 15 psi dry) to 

remove residual liquid which would alter the initial concentration of [18F]fluoride.  With proper 

cleaning and sample mixing procedures, this system can have a very high uniformity of 

dispensing, which is necessary for precise reagent mixtures during droplet reactions. 

5.5.1.3 Drying cross-contamination 

With empty locations having measurements well below 1% of their radioactive neighbor 

sites, the dispensing procedure of this system does not add any cross-contamination.  A user 

can therefore be confident that poor yields are not a function of sample cross-contamination. 

5.5.1.4 16 parallel [18F]Fallypride reactions  

Both the crude RCYs and fluorination efficiencies were less uniform than manual syntheses, 

which goes against expectation that automation would improve the uniformity.  Use of a 

scintillator for the TLC in future experiments may be warranted to increase the signal from the 

unreacted [18F]fluoride and therefore reduce the effect of randomness on the fluorination 

efficiency.  Additionally, minor alignment mismatches between the collection dispenser nozzle 
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and the calculated reaction site position may have contributed to small volumes of collection 

solution splashing to adjacent reaction sites, spreading around a small amount of radioactivity 

and reducing uniformity.  This will be solved by a reduction in the dispenser-surface distance (to 

reduce potential splashing from liquid velocity), as well as a re-alignment of all nozzles and all 

chip reaction site positions. 

The lower crude RCY of the final datapoint is suspected to be a poor tip alignment leading to 

a reduced collection efficiency from poor to nonexistent surfacing mixing of the sample.  The 

poor TLC fluorination yield for that reaction site was later found to be because of a bad spot 

from a minor lean in the TLC plate holder which reducing the contact between the tip and the 

plate for wicking of the solution.  This has since been rectified. 

5.5.2 Outlook 

This device shows strong evidence for its value as a high-throughput optimization device.  

The consistency is similar to that of manual experiments, but with higher speed and much less 

tedium and radiation exposure.  However, manual intermediate radioactivity measurements are 

still a limitation, as they are necessary to get a complete picture of the reaction performance.  

Addition of an automated imaging system for the chips and crude product plate is currently 

being investigated to replace this remaining radiation exposure during optimization. 

As of this writing, the system has not been used for the performance of an optimization of 

[18F]Fallypride.  While the degree of uniformity is currently poorer than manual, there are many 

small changes (e.g. realigning dispensers, optimizing positioning and pressures, optimizing 

syringe pump speeds) which can improve this uniformity.  From there, replication of the previous 

manual optimization is a key next step, as results should be nearly identical.  An additional 

optimization focusing on a highly tedious condition to handle manually would be reaction time. 
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As comparison of reaction times on the same chip requires the completion of multiple full 

syntheses in series, the automation would both speed up the entire synthesis procedure while 

also reducing the chances for human error (especially in control of very short reaction times). 

While [18F]Fallypride has a fairly fast reaction, the use of that tracer for optimization allows for 

comparison to previous data, and allows for a more complex Method file without a necessarily 

more complex device setup or chemistry. 

The design allows for a high degree of customizability, allowing changes to chip and plate 

sizes and shapes with a quick change to a single file.  The scripting method was designed to be 

flexible, and allow for powerful control of many variables (e.g. time, temperature, 

volumes/concentrations) for each step.  It was designed to be easy to learn and use even by a 

non-programmer, with emphasis on copy-and-paste of previous syntheses with minor tweaks.  

A GUI method writer was also designed to assist in laying out a synthesis method, especially in 

long or complex syntheses (e.g. multiple reactions, intermediate measurement steps, etc.) 

Currently the system requires minimal time to use.  Using the [18F]fallypride experiments as 

an example, a typical synthesis procedure would require approximately 10-30 minutes of setup 

depending on the nature of the experiment (cleaning dispensers, preparing reagents, installing 

chips, etc.).  The actual experiment typically requires approximately 60 minutes for a 64-reaction 

experiment, with an additional 10-30 minutes if intermediate measurements (e.g. chip 

radioactivity assays and/or Cerenkov imaging) are desired.  In-lab analysis (assay of crude 

product, develop and image TLC, image chips for residual radioactivity) typically would take 20-

30 minutes, done in parallel with the system cleanup, specifically dispenser cleaning.  Overall, 

this process takes 2.5-3 hours to perform a synthesis with intermediate measurements.  If the 

dispensers are properly cleaned (there will always be some residual radioactivity contamination 

in the F-18 dispenser), and new chips are available, 2-4 experiments could be performed in one 
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day, with some parallelization of setup, cleanup, and previous user’s analysis.  This can allow 

for potentially hundreds of individual reactions per day, increased if no need for intermediate 

measurements. 

One possible additional application of this platform is for high-throughput labeling of different 

compounds, e.g. a library of compounds that can be labeled with similar chemistry (e.g. 

peptides) for initial evaluation / screening of in vitro and in vivo imaging properties. 

Implementation would just require addition of purification and formulation, e.g. via SPE plates, 

or via high-throughput chromatography, e.g. UPLC.  

Additionally, since the quantity of tracer made in a single droplet reaction can be scaled up 

by adding more starting activity, even up to clinical amounts76,77, the system could conceivable 

also be used for production of multiple different tracers, provided the purification could be 

solved. 

5.6 Conclusions 

We presented here a radiochemistry platform that fits in a small mini-cell that can perform 64 

reactions simultaneously and could be run multiple times per day. It automates all aspects of the 

synthesis including isotope dispensing, evaporation, reagent loading, heating, cooling, collecting 

crude product into microwell plates or tubes (for offline radiation measurements and 

radiochemical analysis). It even includes transferring samples of crude products to multi-lane 

TLC plates to assist when TLC analysis is possible. As a proof-of-concept, replicate syntheses 

of [18F]Fallypride were carried out and high fluorination efficiency and collection were found 

which were similar to manual experiments.  However, the degree of variation from these 

experiments was slightly higher than the manual. The automation helps to eliminates human 
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error, avoids tedious work, and minimizes exposure to radiation.  We believe this system can 

provide valuable benefits in the area of radiochemistry optimization. 

5.7 Supplemental Information 

5.7.1 Position calibration 

5.7.1.1 Coordinate system 

The origin for the system coordinate system (Figure 57) was chosen as the bottom-center of 

the extended pipette cone, when the fluidic head is in the back-most, left-most, upward-most 

location of the XYZ gantry (i.e. the home position of all motors).  Looking from the front of the 

system, the positive X direction is to the right, positive Y direction is to the front, and positive Z 

direction is downwards.  

Extents of movement in each were limited to: 348.3 mm in X, 210.4mm in Y, and 90.0mm in 

Z. For example, while the X-axis can move further, this limit avoids the syringe pump and 

provides room for the Z-axis motor and a camera to monitor the work area.  The safe movement 

Z-axis level, defined as “Clearance_Z_Global” was manually chosen as +45 mm, a position at 

least a 5 mm above all components in the system, the highest being the top surface of TLC 

plate holder.    

To determine each important location, the fluidic head was manually jogged to several 

locations to measure their positions in this coordinate system. This includes the two XYZ 

locations for the pipette tip removal procedure (“before” and “after” XYZ coordinates), and the 

beam center for the priming sensor.  For Z-positions of non-surface entities (e.g. tip removal fork 

and priming sensor), the fluidic head with the pipette cone extended was carefully moved into 

the desired XY position and the desired Z position was found (e.g. ~2mm above the top of the 

priming sensor board for the priming sensor location).  For Z-positions of surfaces, or surface-
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derivatives, the fluidic head was moved to the necessary XY position and then the Z axis was 

slowly moved down until near contact.  Then, the system would perform a contact routine, 

where the pipette cone pressure was set to low (~1psi) and the system would move downwards 

very slowly until the cone makes contact and is pushed backwards for a set number of steps.  

The Z axis position is then recorded for that location. 

 

Figure 57: 3D rendering of the system, showing the size and direction of each coordinate axis. 

5.7.1.2 Determining important locations 

The reference position of each plate nest is defined by its left rear corner. To find this 

position, an aluminum block (127.7 mm x 85.5 mm x 30.0 mm) was locked into the plate nest 

and the XY coordinates of the left-most, back-most corner of the block was determined by 
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slowly moving the fluidic head to where the pipette cone centers over the reference corner (to 

within the limits of the human aligning the location). The Z coordinate of its bottom surface was 

determined by performing the contact routine discussed in the previous section, and then 

calculating the bottom surface location by adding the thickness of the block to the determined 

location. 

To access microwells, a set of offsets (relative to the plate nest location) must be measured 

for each type of microwell plate used (Figure 58), including the XY distance from the top-left 

corner to position A1 (or 1,1, i.e. left rear of plate when installed), the pitch in both X and Y 

(distance between centers of adjacent wells), and the total number of wells in each direction 

(e.g. 12x8 for a 96-well plate).  Additionally, the height of the plate and the depth of the wells are 

important measurements for determining the Z locations for liquid manipulation. 

 

Figure 58: Necessary measurements to be made for each microwell plate added to the system, 

using a general 96-well plate as example. 
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Similarly in the heating zone, the fixed positions of the 4 heaters (acting as ‘chip nests’) 

were measured and a set of relative measurements made to define each type of chip. The 

reference position is the top, back, left corner of each heater. 

The final important offsets necessary to determine are the offsets for each dispenser with 

respect to the pipette cone.  These offsets were initially determined from the CAD design files, 

but were manually updated based on minor variations in the dispenser nozzle angles.  This 

updating is performed by moving the fluidic head over a microchip in one of the chip nests and 

dispensing 1µL of water using the dispenser whose offsets are being updated.  The offset is 

updated and the fluidic head updates the movement and dispenses until the dispensed liquid 

dispenses to the center of the chip without splashing 10 times in a row.  Additionally,  

Of the other objects of interest, the priming sensor location and tip remover are listed as 

unique locations in the documentation determined as listed previously.  The priming sensor Y-

direction was determined more specifically by dispensing a droplet of water from the pipette 

cone and watching the analog output signal of the priming sensor to ensure that the droplet 

would pass through the sensor.  X-direction was chosen as approximately centered in the beam 

visually.  Each dispenser is also given a specific offset for that dispenser which is used to 

position dispensed liquid from that dispenser into the sensor beam.  The reason for this is that 

an off-angle dispenser nozzle will be farther from the priming sensor beam than it would be from 

a chip surface, so it would need to be positioned slightly differently. 

The TLC plate holder is handled nearly the same as other well plates, except that the pitch 

and total number of locations in Y is for an individual TLC plate, and there is an offset that is 

used to dispense to the second TLC plate in a given X column.  Additionally, for each X column, 

a Z-offset is applied to the Z position to account for the higher surface of the plates as the X-

location increases.  This is determined from the 3D models. 
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5.7.1.3 Pipette cone attachment and contact 

To provide an automatic leveling capability, a “contact sensor” was integrated into the 

pipette cone actuator. A small piece of copper tape (CTF-1/4, Bertech-Kelex Inc. Torrance, CA, 

USA) was affixed to the fluidics head in two distinct locations, the underside of the pipette cone 

near where the cone attaches to the pneumatic cylinder and on the top surface of the dispenser 

array manifold.  At each location wires were soldered to the copper.  The wire attached to the 

manifold head was held at 5V while the wire connected to the pipette cone was connected to a 

digital input port on the microcontroller with a pull-down resistor. As long as the pipette cone can 

fully extend, the pieces of copper tape are in contact, and a 5V signal is detected by the 

microcontroller. However, if the pipette cone (or installed pipette tip) is blocked from fully 

extending (e.g. if in contact with a surface), then the contact is broken and the microcontroller 

detects the 0V signal. This contact sensing was used for both attachment of pipette tips at a 

repeatable height as well as the determination of installed chip heights (see Section 5.7.1.1). 

5.7.2 Priming subsystem 

Each of the dispensers and the pipette cone must be primed before usage during synthesis.  

To perform this, the optical sensor (OCB350L250Z, optek-Danulat GmbH, Essen, Germany) 

attached near the heating platform (Error! Reference source not found.) was used to determine 

he dispensing of liquid.  

To prime a dispenser, it is positioned directly over the light beam of the sensor and 

dispensing small volumes (determined by the calibration settings, typically chosen as 0.5µL) 

until liquid droplets were detected. To avoid false positive detections where small air pockets 

could be caught in the tubing, liquid was only considered ‘detected’ if 3 consecutive droplets 

were observed. Though efforts are made after use to clean and dry the tubing, there is a 
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possibility of a small amount of cross contamination due to residual liquid. Thus, the first time 

each dispenser is primed, the system dispenses a larger initial volume (equal to the tubing 

volume between the reservoir and dispenser nozzle) to flush out the entire fluid path before 

proceeding with the normal priming algorithm. 

    

Figure 59: (A) A 3D rendering of the priming sensor.  (B) Front view illustrating the operation. 

Droplets or liquid streams pass down through the IR beam, and the system measures the response 

to determine if a droplet passed through. (C) The expected sensor signal as a function of time during 
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the priming process. The height of the peak depends on the type of liquid, and the width is based on 

the dispensing duration. 

Priming the pipette cone was performed once at the beginning of an experiment.  For the 

first run of each day, the pipette cone was also “purged” of all liquid before priming.  The “purge” 

process involved moving the pipette cone over a waste vial near the priming sensor, then 

aspirating of all water out of the tubing between the pipette cone and the syringe pump and 

dispensing that water into the syringe pump reservoir.  Then, the line would be refilled with 

water, aspirating 50µL more liquid than the line volume out of the reservoir and dispensing it 

through the tubing and out of the pipette cone.  This process ensured that no air pockets would 

exist within the pipette tubing; the line was regularly checked for leaks to preserve this effect.  

To then prime the pipette, the system would move the pipette cone above the priming sensor 

and dispense 10µL at a time until a droplet passed the beam.  The “purge” process would 

ensure that the entire tubing line was filled with water, and as evaporation would only happen 

from the pipette cone side, once a single droplet of water would pass the beam, we were 

confident that the pipette cone was accurately primed.   

5.7.3 Configuration files 

Configuration and calibrations are stored in a set of 4 XML files.  

5.7.3.1 Master configuration 

Master Configuration file contains information about the XYZ actuator’s physical settings 

(e.g. step-to-mm conversion rate), the locations of specific components which do not change 

(e.g. tip removal, priming sensor), the communication settings for the system, physical offsets 

for the 7 dispensers with respect to the pipette cone and their individual tubing volumes, the 

pipette cone and syringe pump settings (e.g. pump speed, tubing volume), heater temperature 
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calibrations and safe maxima, and the coordinate positions of the “nests” for the four plate and 

four chip locations.  Additionally, this contains defaults for the plate, chip and dispensers. 

5.7.3.2 Array configuration 

The Array Configuration file contains the details for all of the plates and chips that have 

been used by the lab, generalized as “arrays”.  This includes physical dimensions such as 

number of locations in X and Y, X and Y pitch (distance between two locations in each 

direction), maximum volumes, and origin locations with respect to their respective nests (origin 

defined as center of position 1,1).  Whenever a user would want to use a new plate or chip 

design, they would need to add the details to this file, including a descriptive name for reference 

in other configuration files. 

5.7.3.3 Liquid definitions 

The Liquid Definition file similarly contains the most up-to-date calibrations for all of the 

dispensers.  This includes the slope and intercept of the volume per time open conversion, 

solvent, pressure, minimum priming volume, and repriming time (the time since last dispense 

necessary for the system to need to prime the dispenser again.)  Each of these calibrations also 

contains their respective dispenser in the data, and a descriptive name to reference in other 

configuration and method files. 

5.7.3.4 User configuration 

The User Configuration file contains which chips and plates are going to be used by the 

system during the method.  Dispensers will be overridden by the Method file, but are added 

here as they must be loaded before they can be overridden. 
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5.7.3.5 Using the configuration files 

At the beginning of a method routine (or whenever the manual control program is loaded or 

a specific command is called to re-load the files) each of the configuration files are fed into the 

LabView program during startup.  The files are loaded in a specific order (Master, Array, Liquid, 

User, Method) and the program decodes them and puts the requisite information into memory (a 

global variable file which can be accessed from any subroutine) for use during runtime.  Once 

loaded, the files are closed and can be edited further during runtime; while this is crucial for 

determining exact dispenser offsets and XYZ locations using the manual program, edits cannot 

affect the automated routine. 

5.7.4 Method files 

The Method file is a text file that includes the definitions and commands necessary to 

perform the synthesis.  The LabView program parses this file and creates an array of states that 

the main program moves to in order, to perform each action in sequence.  

5.7.4.1 Scripting Language: 

The user-side scripting language was inspired by the ELIXYS FLEX/CHEM radiosynthesizer 

(SOFIE, Inc.), where pieces together a synthesis protocol not by defining the state of various 

hardware valves and components but by defining a sequence of intuitive “unit operations” (e.g. 

‘add reagent’, ‘evaporate’, ‘react’, etc.) that are designed to make sense to the radiochemist 

rather than an engineer273. 

The operations used for the high-throughput droplet platform are listed in Table 12.   

Table 12: List of available operations 

Operation, Description, and 
Syntax 

Parameters 
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Operation, Description, and 
Syntax 

Parameters 

Transfer_1N_Plate-Chip  
 

Transfer a specified volume from 1 
plate well to N different reaction sites 

on installed chips 
 

Transfer_1N_Plate-Chip (SET_FROM_Plate, 
SET_TO_Chip, VolumeTotal, VolumeEach) 

SET_FROM_Plate Set describing well location to transfer from (P,X,Y) 

SET_TO_Chip Set describing reaction sites to transfer to (P,X,Y) 

Volume_Total Total volume(µL) required to aspirate from the well 

Volume_Each Volume(µL) to be dispensed to each chip site  

Transfer_NN_Plate-Chip 

 
Transfer a specified volume from N 
different plate wells to N different 
reaction sites on installed chips 

 
Transfer_NN_Plate-Chip (SET_FROM_Plate, 

SET_TO_Chip, VolumeEach,Mix) 

SET_FROM_Plate Set describing well locations to transfer from (P,X,Y) 

SET_TO_Chip Set describing reaction sites to transfer to (P,X,Y) 

Volume_Each Volume(µL) to be dispensed to each chip site  

Mix Boolean to define if mixing should occur after each transfer 

Transfer_1N_Chip-Plate 
 

Transfer a specified volume from 1 
different reaction sites on installed 

chips to N different wells 
 

Transfer_1N_Chip-Plate (SET_FROM_Chip, 
SET_TO_Plate, VolumeTotal, VolumeEach) 

SET_FROM_Chip Set describing reaction sites to transfer from (P,X,Y) 

SET_TO_Plate Set describing plate wells to transfer to (P,X,Y) 

Volume_Total Total volume(µL) required to aspirate from the reaction site 

Volume_Each Volume(µL) to be dispensed to each chip site  

Transfer_NN_Chip-Plate 
 

Transfer a specified volume from N 
different reaction sites on installed 

chips to N different wells 
 

Transfer_NN_Chip-Plate (SET_FROM_Chip, 

SET_TO_Plate, VolumeEach,Mix) 

SET_FROM_Chip Set describing reaction sites to transfer from (P,X,Y) 

SET_TO_Plate Set describing plate wells to transfer to (P,X,Y) 

Volume_Each Volume(µL) to be dispensed to each well  

Mix Boolean to define if mixing should occur after each transfer 

Dispense_Chip 
 

Dispense a volume of reagent from 
desired dispenser to reaction sites 

 
Dispense_Chip(#Dispenser, 

SET_TO_Chip, Volume) 

#Dispenser Dispenser ID for this action, defined beforehand in method 

SET_TO_Chip Set describing the reactions sites to dispense reagent to 
(P,X,Y) 

Volume Volume(µL) to be dispensed to each reaction site 

Dispense_Plate 

 
Dispense a volume of reagent from 

desired dispenser to plate wells 
 

Dispense_Plate(#Dispenser, 
SET_TO_Plate, Volume) 

#Dispenser Dispenser ID for this dispense, defined beforehand in 
method 

SET_TO_Plate Set describing the plate wells to dispense reagent to 
(P,X,Y) 

Volume Volume(µL) to be dispensed to each reaction site 

Heat 
 

Sets the array of heaters to the 

Array Syntax[] ( (Temperature1, Duration1), (Temperature2, Duration2)…) 

Temperature Temperature set point for the heater (°C) 
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Operation, Description, and 
Syntax 

Parameters 

specified temperatures for the 
specified durations 

 
Heat([(Temperature,Duration)]) 

Duration Time that the heater should stay at the specified set point 
(s) 

Heat_Replenish 
 

Sets the array of heaters to the 
specified temperatures for the 
specified durations, and also 

dispenses a specific volume to all 
heaters which have not yet reached 
their specified duration every interval 

 
Heat_Replenish([(Temperature, 

Time)], #Dispenser, ReplenishTime, 
(SET_Replenish, Volume*)) 

 
Note: Heaters with temperatures or 
times set to 0 will not be replenished 

to  

Array Syntax[] ( (Temperature1, Duration1), (Temperature2, Duration2)…) 

Temperature Temperature set point for the heater (°C) 

Duration Time that the heater should stay at the specified set point 
(s) 

#Dispenser Dispenser ID for this dispense, defined beforehand in 
method 

ReplenishTime Interval that must pass between each dispensing to the 
active chips (s) 

SET_Replenish Previously defined chip set of all reaction sites that require 
replenishment.  Sites on heaters that have finished their 

Duration are skipped during dispensing 

Volume* Volume(µL) to be dispensed to each reaction site.  This can 
also be an array of values equal to the size of 

SET_Replenish, in which case it will dispense the specified 
volume to each location in SET_Replenish individually. 

Plate-TLC 
 

Transfers a small volume from N plate wells to 
TLC plates.  TLC plate sets are described in the 

next section. 

 

Plate-TLC (SET_FROM_Plate, 
SET_TLC, Volume) 

SET_FROM_Plate Set describing well locations to transfer from (P,X,Y) 

SET_TLC Set describing TLC plate locations to spot to (P,X,Y) 

Volume Volume(µL) to be dispensed to each reaction site  

Collect_Chip 
 

Dispenses collection solvent to 
reaction sites and then transfers that 
volume to plate wells in series, with 
multiple repeats of dispense/transfer 

per site 
 

Collect_Chip(SET_FROM_Chip, 
SET_TO_Plate, #Dispenser, 

Volume_dispense, Volume_initial, 
N_repeats) 

SET_FROM_Chip Set describing reaction sites to transfer from (P,X,Y) 

SET_TO_Plate Set describing plate wells to transfer to (P,X,Y) 

#Dispenser Dispenser ID for this dispense, defined beforehand in 
method 

Volume_dispense Volume(µL) to dispense each time a transfer happens 

Volume_initial Estimated volume(µL) expected to be at the reaction sites 
at the beginning of this action 

N_repeats Number of times to repeat the dispense and transfer 
routine per collection site 

 

Table 13 summarizes the low-level steps that are performed internally to implement each 

operation.  All XY movement between chips or plates involve moving the Z-axis first to the 

clearance height described in Section S1.  Additionally, whenever the notation (P,X,Y) appears 
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in the table, it represents a specific location for the system; P is the plate or chip number and X 

and Y are the location of the reaction site or well of interest.  These can be used as either 

singular “coordinates”, or a set of coordinates, as discussed in Chapter 5.7.1.1. 

 

Table 13: Internal low-level steps to perform each unit operation 

Operation  Steps (in order, psuedocode) 

Transfer_1N_Plate-Chip  Get next tip  

Move to position (i_plate) 

Move Z to Z_Pipette_Aspirate for Plate  

Aspirate total volume  

Loop (i:1 to N=number of Chip locations) 

  Move to position (i_chip) 

  Move Z to Z_Pipette_Dispense for Chip 

  Dispense volume 

Remove tip 

Transfer_NN_Plate-Chip  Loop (i:1 to N=number of Plate and Chip locations) 

  Get next tip 

  Move to position (i_plate) 

  Move Z to Z_Pipette_Aspirate for Plate 

  Aspirate volume 

  Move to position (i_chip) 

  Move Z to Z_Pipette_Dispense for Chip 

  Dispense volume 

  Remove tip 

Transfer_1N_Chip-Plate  Get next tip  

Move to position (i_chip) 

Move Z to Z_Pipette_Aspirate for Chip  

Aspirate total volume  

Loop (i:1 to N=number of Plate locations) 

  Move to position (i_plate) 

  Move Z to Z_Pipette_Dispense for Plate 

  Dispense volume 

Remove tip 

Transfer_NN_Chip-Plate  Loop (i:1 to N=number of Plate and Chip locations) 

  Get next tip 

  Move to position (i_chip) 

  Move Z to Z_Pipette_Aspirate for Chip 

  Aspirate volume 

  Move to position (i_plate) 

  Move Z to Z_Pipette_Dispense for Plate 

  Dispense volume 

  Remove tip 

Dispense_Chip IF(time since last use > repriming time for dispenser) 

  Prime dispenser 

Loop (i:1 to N=Number of Chip locations) 

  Move to position (i) plus dispenser offset 

  Move Z to Z_Dispenser_Dispense 

  Dispense volume 

Dispense_Plate IF(time since last use > repriming time for dispenser) 
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Operation  Steps (in order, psuedocode) 

  Prime dispenser 

Loop (i:1 to N=Number of Chip locations) 

  Move to position (i) plus dispenser offset 

  Move Z to Z_Dispenser_Dispense 

  Dispense volume 

Heat Set temperature = Setpoint 

Wait Duration 

Set temperature = Cool Temperature 

Heat_Replenish Set temperature = Setpoint 

While(time elapsed < Duration) 

  IF(time since last replenish > Replenish_Time) 

    Loop (i:1 to N=Number of Chip locations) 

       Move to position (i) plus dispenser offset 

       Move Z to Z_Dispenser_Dispense 

       Dispense volume 

  ELSE 

    Wait 

Set temperature = Cool Temperature 

Plate-TLC Loop (i:1 to N=number of Plate locations) 

  Get next tip 

  Move to position (i_plate) 

  Move Z to Z_Pipette_Aspirate for Plate 

  Aspirate volume (typ. 0.5µL) 

  Move to position (next TLC) 

  Move Z to Z_Pipette_Dispense for TLC 

  Dispense volume 

  Remove tip 

Collect_Chip Loop(i:1 to N=Number of Chip locations) 

  Get next tip 

  Loop(j:1 to M=Number of collection repeats) 

     Retract Tip 

     Move to position (i_chip) plus dispenser offset 

     Move Z to Z_Dispenser_Dispense for Chip 

     Dispense volume 

     Move to position (i_chip) 

     Extend Tip 

     Move Z to Z_Pipette_Aspirate for Chip 

     IF(j = 1) 

         Aspirate volume + starting volume 

     ELSE 

         Aspirate volume 

     Move to position (i_plate) 

     Move Z to Z_Pipette_Dispense for Plate 

     IF(j=1) 

         Dispense volume + starting volume 

     ELSE 

         Dispense volume 

 Remove Tip 
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5.7.4.2 Set notation 

Most experiments require repeated operations involving the same set of reaction sites, e.g. 

a subset of all chips, a single full chip, or a subset of reaction sites representing replicates. To 

simplify programming, a simple variable declaration syntax allows users to define a “set” of 

locations on plates or chips that will instruct the system to repeat an operation to all locations 

within the set. This reduces program length and debugging time. Syntax of sets are as follows:  

 $SetName = [C or P]( (N1, X1, Y1), (N2, X2, Y2),…(Nn, Xn, Yn) )  

Here, C or P denotes a chip or plate set, N is the chip or plate number (1-4 for each in 

current design, Figure 60), and X and Y are the locations on the plate or chip in the X and Y 

direction, respectively, in integer from 1 to the max in that direction for that chip or plate.  

Subscripts denote the index within the array, in this case from 1 to n.  Chips are currently limited 

to a maximum X and Y value of 4 (for 4x4 reaction site chips), whereas well plates can go 

higher in each direction to accommodate 96-well, 384-well, or higher density plates.   As of the 

current iteration, only pipette tips can be placed in plate 1. 
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Figure 60: Numbering of each of the nests for the workspace. 

In the case of TLC plates, the numbering follows the same general pattern, but with a 

different numbering scheme.  Each TLC plate has a number of locations equal to its Y-Size.  

Each X-position can accommodate two TLC plates.  Therefore, to create a set of the “first” 16 

TLC locations, the set would be P((4,1,1)…(4,1,16)).  This TLC plate holder controls the spacing 

and size of each TLC plate; a different number of spots per plate, and/or a different spacing 

would require a different TLC plate holder definition. 

5.7.4.3 Dispenser notation 

 

Figure 61: Layout of the dispensers in the fluidic head.  The pipette cone is at the center of the 

dispensers, in red, and is the comparison point for all dispenser offsets. 

Additional notation was created for defining the dispensers to be used so that the system 

would read the correct calibration files from the Liquid configuration file.  Dispensers are 

defined: 
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 #DispenserName = (dispenserNumber,CalibrationName)  

Here the dispenserNumber is the physical dispenser within the system to be used and can 

range from 1 to 7, for dispensers 1-7 respectively, and CalibrationName references a specific 

calibration in the liquid definitions configuration file corresponding to the desired solvent at the 

desired reagent driving pressure for that dispenser.  All dispensers defined in this manner are 

considered to be “active” during the synthesis, whether they are used or not, meaning that they 

will be pressurized.  Figure 61 shows a cartoon layout of the dispensers as seen from above. 

5.7.5 Motion Algorithm 

We developed our own controllers to use direction and pulses to the stepper motors. Due to 

the need for high movement accuracy, motors are operated at a setting of 4000 microsteps / 

revolution, and due to the high motion speed, operation may require up to 40000 pulses/s. We 

found this could not be sustained by the LabView program and thus implemented the controller 

in a microcontroller.  The lower cost of a microcontroller vs. a high-accuracy controller device 

was also helpful. 

To handle smooth acceleration and deceleration with a large arm (Z-axis plus fluidics head), 

an S-curve profile was implemented.  S-curve movement works by setting the jerk (3rd derivative 

of position) to a constant, and calculating acceleration and velocity from that value. 

The math for determining the delay between steps was performed by using the discrete 

version of the basic kinematic equations and calculating acceleration and velocity at each 

microsecond. If the delay from this updated velocity (1/v) was equal or greater than the time 

since the previous step pulse, in microseconds, the motor was stepped again, and the process 

continued until velocity hit max.  It was found that the speed of calculating these delays in real-

time would limit the acceleration profile of the system.  To account for this, a lookup table 

method was implemented, where the microcontroller pre-calculates all of the step delays for the 
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entire movement duration and saves them in a local variable to be accessed during routine 

movement.  These delays were calculated at the beginning of the system startup, as well as any 

time there was a change in maximum velocity.  Zeng et al. gives an example of this type of 

algorithm, including equations involved in calculating each delay time between step pulses, 

which was used in the development of our methods274. 

5.7.5.1 Calculations 

To calculate each of the delay times, the following set of equations were implemented.  The 

concept and general layout of these discretized equations are based off of work by Nyugen et 

al., though their implementation was customized to the microcontroller used (Arduino Mega, 

Arduino LLC, Boston MA, USA)275.  Note that the total number of stored delay times was 2500 

which was the most allowed within the microcontroller’s memory limits; the acceleration profile 

was designed with a set acceleration distance as opposed to a duration or speed. 

 𝐽(𝑡𝑛) = {
𝐽0

−𝐽0
       

𝑉(𝑡𝑛) ≤ 𝑉𝑡0
+ (𝑉𝑀𝐴𝑋 − 𝑉𝑡0

)/2

𝑉(𝑡𝑛) > 𝑉𝑡0
+ (𝑉𝑀𝐴𝑋 − 𝑉𝑡0

)/2
} Equation 1 

 𝐴(𝑡𝑛) = 𝐴(𝑡𝑛−1) + 𝐽(𝑡𝑛) Equation 2 

 𝑉(𝑡𝑛) = {
𝑉𝑡0

𝑡 = 0

𝑉(𝑡𝑛−1) + 𝐴(𝑡𝑛) 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
} Equation 3 

 𝐷(𝑡𝑛) = 1/𝑉(𝑡𝑛) Equation 4 

   

For these equations, tn is time in microseconds, J0 is the constant jerk velocity at that time 

(chosen based on calculated values and reducing the number of table values at maximum 

speed at the lowest jerk value), V0 is the startup velocity and VMAX is the maximum velocity 

(40000 pulses/s).   

In words, the method was to calculate the acceleration, velocity, and delay time of that 

velocity at each microsecond by using the previous value of each.  The first time’s delay (D(t0)) 

was chosen as the first delay time for every calculation.  For each next value in the lookup table, 
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the D(tn) was compared against the time since the last recorded step in the lookup table, and if 

D(tn) ≥ this time, D(tn) is added to the lookup table, the time since last recorded step is reset, 

and the system continues calculating values.  Once the final value in the lookup table is 

recorded, all calculation ceases.  All units are properly handled within the code, the equations 

here ignore the unit conversions for clarity. 

5.7.6 Subsystem calibration and characterization 

5.7.6.1 Dispenser calibration 

Each dispenser was calibrated for a variety of solvents, including DI water, MeCN, and other 

solvents and solvent mixtures. In operation, the user should use the calibration file for the 

solvent or solvent mixture actually present in the solution to be dispensed.  

To calibrate a dispenser, a reservoir is attached to the dispenser which is filled at least 75% 

of the total reservoir volume or 1mL, whichever is larger. The pressure is then set at a desired 

dispensing pressure and the reservoir is pressurized. A clean microcentrifuge tube is weighed, 

the dispenser is manually primed, and then 10 dispenses at the same opening time are 

performed in quick succession (20ms between each) into the tube, the tube is quickly capped, 

and then re-weighed and the value recorded. 

The opening times used are 10ms, 50ms, 150ms, and 400ms.  The change in weight is 

divided by the solvent density, and by 10 to account for the 10x dispenses, and each result is 

plotted versus the opening time to generate a calibration curve.  A linear fit is calculated.  These 

calibration curves are recorded in the Liquid Definition file, stored as the intercept, slope, date of 

calibration, solvent type, and dispenser number. 
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There was a minor variation in performance between dispensers (up to ~5% in calibration 

slope), requiring a dispenser-specific calibration for each type of liquid. Examples of calibration 

curves for DI water between 4 dispensers are shown in Figure 62. 

 

Figure 62: Example calibration curves for 4 dispensers. (Solvent: DI water). 

5.7.6.2 Heater Calibration 

Calibration of the heaters was performed by painting the top surface of each with a special 

high-emissivity paint (NEXTEL-Suede Coating 3101, Mankiewicz Gebr. & Co., Hamburg, 

Germany) and the temperature measured with an infrared (IR) camera (T621xx, FLIR 

Systems, Wilsonville OR, USA).  The camera used was set to the specific emissivity value of 

the paint, in this case 0.96, before the imaging; this is performed so the camera applies any 

internal corrections or sensitivity changes before data is taken.  Each heater, once coated, was 

set to multiple temperature between 20 and 125°C, using the base temperature calibration of 

the thermocouple amplifier (AD8495, Adafruit Industries LLC, New York New York, USA), and 

both IR temperature (calculated as average of a region of interest that covers the heater 

surface) and integrated thermocouple voltage (measured from the thermocouple amplifier 
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output) were measured.  For temperatures outside of this range, the calibration curve is 

extrapolated up to 200°C, the system maximum safe temperature. 

The IR temperature data was plotted versus the thermocouple reading, and a linear fit was 

calculated.  The slope and intercept of this fit was added to the Master configuration file for each 

heater, which was used to convert the thermocouple amplifier voltage into a temperature. 

5.7.6.3 Pipette Characterization 

High-speed pipetting (i.e. fast volumetric flow rate) is critical to achieve high speed operation 

of the overall system, but also has an impact on the pipetting precision. These factors were 

assessed by performing a Collection step (Table 12, i.e. adding collection solution to a reaction 

site, transferring to a microwell, and repeating 3x) on one reaction site at various syringe pump 

flow rates.  The solvent used was our typical collection solvent for [18F]fallypride reactions: 9:1 

MeOH:water. 

Table 14: Effect of syringe pump flow rate on pipetting 

Flow rate 
(µL/s) 

Volume dispensed 
 (µL, 3x) 

Volume collected 
(µL) 

Time spent 
(s) 

5 10 29.7 39.9±0.3 

10 10 28.7 35.9±0.3 

10 10 29.2 35.9±0.3 

20 10 29.0 33.3±0.3 

30 10 28.8 33.5±0.3 

40 10 28.5 33.5±0.3 

50 10 28.3 33.5±0.3 

60 10 28.4 33.4±0.3 

 

The overall amount of time spent to perform a collection step, the most pipette-heavy action 

this system can perform, saw at most a 20% increase in time spent on the action for a ~5% 

overall increase in pipetting accuracy.  While accuracy is heuristically weighted more heavily 

than time spent, an increase in the time for one action will cascade to multiple minutes over the 
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course of a multiple-reaction-site method.  Therefore, to gain the most value from both speed 

and accuracy, the pipetting speed was set to 20µL/s. 

5.7.6.4 Pressure regulator calibration 

To calibrate the pressure regulators, a digital pressure monitor (ISE30A-N01-C, SMC 

Corporation, Chiyoda City, Tokyo, Japan) was attached to the pneumatic output of the regulator 

to be calibrated.  The monitor output from the regulator was connected to both the 

microcontroller and an analog input pin on the priming DAQ.  The analog control voltage 

(controlled via the voltage divider potentiometer setting) is then set to various values between 0 

and 1V to establish a setpoint, and then the pressure reading is allowed to equilibrate for at 

least 30 s before being recorded.  The pressure and the analog monitor voltage are recorded 10 

potentiometer settings covering the entire range of voltage.  A linear fit is calculated for analog 

voltage vs. potentiometer setting and the resultant slope and intercept values are coded into the 

microcontroller program for setting pressure.   

The pressures measured for each setting were compared against the analog voltage output 

from the regulator and the input voltage setting.  From this, two linear fits were generated: 

nominal pressure versus the input voltage, and nominal pressure versus analog output voltage.  

Setting the dispenser pressure involved calculating the input voltage setting required for that 

nominal pressure.  The setting was applied, and given 5-10 seconds (depending on the degree 

of pressure change necessary) to equilibrate before measuring the analog output voltage.  If this 

output voltage did not match the output voltage expected for the nominal pressure desired, the 

system performed up to 3 steps of “feedback”, where the input voltage setting was increased or 

decreased by one setting, given 5 seconds to settle, and then measured again.  This was used 

to account for minor changes in pressure from day-to-day or from the effect of particularly large 

reservoir air volumes (e.g. a 20mL scintillation vial which was less than half-full.)  
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5.7.6.5 Preliminary TLC spotting optimization 

To determine the optimal TLC spotting protocol, 300 µL of a solution of [18F]fluoride 

(398MBq/mL [10.7mCi/mL]) was aliquoted to a well plate and small volumes were aspirated and 

spotted (move pipette tip to contact) to a small TLC plate (40 mm wide x 15 mm long)  at 10 mm 

spacing.  Each plate was cut to separate individual spots and each spot was assayed in a dose 

calibrator and (after necessary decay time) a gamma counter.  The total volume aspirated, the 

amount of time spent waiting for the solution to wick out of the pipette tip were investigated as 

variables.  

Results from the TLC Optimization are tabulated in Table 15.  The uniformity of spotting 

using the optimal condition (1µL aspiration, 1000ms contact time) was found to be ±11%.  

Table 15: TLC Optimization protocols. 

Volume 

aspirated (µL) 

Time in 
contact 

(ms) 

Radioactivity 
(kCPM) 

Calculated 
volume (µL) 

Variation 

1 100 220±20 0.23±0.02 10% 

1 500 500±100 0.5±0.1 20% 

1 1000 460±50 0.47±0.02 11% 

2 1000 700±100 0.7±0.1 13% 

0.5 Pipette 494 - - 

1.0 Pipette 1010 - - 

5.7.6.6 System speed characterization 

Table 16 lists a number of small actions which are performed often when using the system 

and the estimated longest time taken to perform such an action.  This is valuable for estimating 

how long a particular method would take using this system.  Heating actions would require at 

most 70s above the desired heating time, based on calculations from previous work and a 60s 

maximum cooldown time137. 
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Table 16: Approximate worst-case time required for singular actions. 

Action performed Time 

Move from Home to Xmax,Ymax 1.25 s 

Dispense reagent to 1 site 333 ms 

Move between reaction sites 500 ms 

Attach pipette tip (not including movement) 1.50 s 

Remove pipette tip (not including movement to start) 2.50 s 

Collect from one site (10µL, 4x aspirations, incl. tip 
attach/removal) 

60.0 s 

Prime dispenser (incl. first-time large volume dispense) 20.0 s 

Transfer from 1 well to 1 chip (or vice-versa, incl. tip 
attach/removal) 

6.25 s 

5.7.7 Application-specific experiments 

For applications involving Cerenkov imaging, images of all used chips were obtained by 

placing the chips in a custom 4-chip holder and covering the chip(s) with a glass slide. This 

holder, a piece of PMMA material, was machined with 4x 30mm x 50mm x 0.70mm deep 

rectangular channels, rotated around an arbitrary center such that the channels formed a 

“pinwheel” shape.  Each channel was separated from its closest neighbors by a 1mm-thick wall.  

This allowed four chips, when placed inside the holder together, to be within the same FOV of 

the camera while the glass placed above them would not make physical contact with any of the 

radioactivity.  Additionally, each channel had a number of small holes drilled into the material 

outside of them, one had a single hole while the next clockwise channel had two, and so on; this 

was used to position the chips into the same relative location for each image.  The final piece 

was painted matte black in order to reduce reflected light during Cerenkov imaging. 

As all images shown are of a single chip, that chip was placed into one of the channels and 

positioned such that the bottom of the chip was towards the bottom of the image and the top of 

the chip was towards the top of the image.  Chips were aligned by hand to be as close to 

parallel with the image FOV as possible; sides of the chip were approximately parallel with the 

sides of the images. 
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5.7.7.1 Drying cross-contamination 

Figure 63 shows the Cerenkov image for the cross-contamination study with all ROIs 

shown.  Table 17 gives all resulting ROI values used for the analysis of cross-contamination.   

 

Figure 63: Cerenkov image of chip for cross-contamination experiment. ROIs for the analysis are 

shown. 

Table 17: ROI data for all 16 spots, indexed by XY location, “empty” sites in italics. 

Y\X 1 2 3 4 

1 320 1406514 24 1443927 
2 1422463 147 1475171 838 

3 204 1473463 1188 1501546 
4 1443902 1176 1020704 3799 

 

5.7.7.2 Parallel synthesis of 64 reactions 

Images for the 16 parallel reactions experiment intermediate measurements were taken as 

with other Cerenkov images.  All images are in the same orientation (e.g. position 1,1 is the top 

left).  
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5.7.7.2.1 Drying Step 

 

Figure 64: Cerenkov image of chip from the 16 parallel reactions, post-[18F]fluoride drying. 

Table 18: ROI data for all 16 spots, indexed by XY locations. 

Post Drying 

Y\X 1 2 3 4 

1 954965 974873 960477 944253 

2 968553 982529 965583 930499 

3 974106 1009027 1014393 931378 

4 935736 971390 938162 890447 

 

5.7.7.2.2 Fluorination Step 

 

Figure 65: Cerenkov image of chip post-fluorination. 
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Table 19: ROI data for all 16 spots, indexed by XY locations. 

Post Fluorination 

Y\X 1 2 3 4 

1 1447354 1526475 1547805 1491452 

2 1453371 1546864 1573437 1517063 

3 1462551 1567461 1572009 1507164 

4 1433125 1505883 1504963 1471740 

 

5.7.7.2.3 Collection Step 

 

Figure 66: Cerenkov image of chip post-collection. Because of the low radioactivity level, a plastic 

scintillator was used instead of the normal glass slide  

Table 20: ROI data for all 16 spots, indexed by XY locations. 

Post Collection 

Y\X 1 2 3 4 

1 535069 643206 715592 397098 

2 731366 668477 795138 458468 

3 485323 935953 826212 1012694 

4 456480 804833 887798 2031519 

 

5.7.7.2.4 TLC spotting 

Table 21: ROI data for all 16 lanes of TLC analysis 

Lane [18F]Fluoride [18F]Fallypride Conversion 
1 5387 121389 96% 

2 8386 120544 93% 
3 9886 107691 92% 
4 7957 112005 93% 
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Lane [18F]Fluoride [18F]Fallypride Conversion 
5 9003 132622 94% 

6 8533 128280 94% 
7 16033 112422 88% 

8 5209 91251 95% 
9 12085 152102 93% 

10 15222 114644 88% 

11 9568 99383 91% 
12 11983 111211 90% 

13 8205 84996 91% 
14 8865 58890 87% 
15 11501 113988 91% 

16 13412 41398 76% 
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6. Future Directions 

6.1 Overview 

In Chapter 1 of this dissertation, I outlined the current state of PET tracer development and 

manufacturing, and how microfluidics can assist in the reduction of costs (monetary, solvent, 

and product) for each stage of the development process.  Currently, there are few microfluidic 

options on both the analysis side (for performing the necessary QC steps for injection of the 

tracer into a patient, particularly chemical identity and purity and radiochemical identity and 

purity) and the chemistry side (optimization of chemical synthesis for large-scale production 

during later experiments).  In an effort to fill in the necessary gaps, our lab developed a capillary 

electrophoresis device out of PDMS after the success of CE for separation and analysis of the 

tracer FLT, though the pure-PDMS device was not as efficient or robust as necessary.  

Additionally, our lab has developed a droplet microfluidics platform for multiple radiochemical 

syntheses at once, though it is currently a potential exposure hazard as the device is entirely 

manual operation. 

To address the efficiency of the MCE device, in Chapter 2, I discussed our design of a 

highly repeatable volumetric injection chip for a hybrid MCE device for chemical identity and 

purity QC tests for PET radiotracers.  This device was able to reduce variation between 

injections dramatically, while requiring only a small device footprint, but was unable to measure 

the radioactivity required to perform the radiochemical identity or purity tests.  Additionally, while 

the injection chip itself was fairly robust, imperfect attachment of the control layer would 

occasionally lead to the destruction of the valve structures under the separation voltage, which 

caused many undesired chip failures, and wasted time and materials. 
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To add the ability for the radiochemical identity to the MCE device, in Chapter 3, I discussed 

the implementation of a radiation detector within a novel PDMS detection chip, allowing the 

MCE device to perform the radiochemical identity QC test for PET tracers.  The addition of the 

injection chip improvements in addition to the detection chips allowed for significant increase in 

UV LOD while increasing the success rate of the devices.  While the device was able to 

consistently detect radioactivity concentrations down to 114MBq/mL (3.1mCi/mL) in the process 

of achieving baseline separation of [18F]FLT from its impurities, it is currently unable to detect or 

quantify radioactivity concentrations in the lower end of the PET tracer injection range 

(37MBq/mL [1mCi/mL]).  Additionally, the device was unable to detect unreacted [18F]fluoride 

under the current buffer conditions, which made performing the radiochemical purity QC test 

impossible for radio-fluorinated compounds.  

To investigate the feasibility for MCE as a purification process (thereby potentially negating 

the need to detect unreacted [18F]fluoride in analysis if we know it to be impossible to collect), in 

Chapter 4, I discussed a proof-of-concept experiment towards the expansion of our MCE 

analysis device to PET tracer purification. The large degree of heat generated by the high 

current at even 150µm ID in addition to the widening of peaks and reduction in separation 

between FLT and its nearest impurities suggested that the We determined that, currently, this 

method for increasing injection volume is infeasible for our current device design. 

Finally, to attempt to solve the need for manual operation of the droplet radiochemisty 

platform, in Chapter 5 I discussed my work building and characterizing a fully-automated 

robotics system for interfacing with our droplet radiochemistry technology. While the robotics 

system showed high consistency and was able to successfully replicate the previous 

optimization of the radiotracer [18F]Fallypride, the large number of manual steps for intermediate 
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measurements combined with the slight differences between the manual and automated 

method suggest that there are a number of improvements that can still be made to the system. 

6.2 MCE device and microscale PET tracer QC and analysis 

Within the focus on the radiation detector, the MCE device has a number of limitations that 

still need to be addressed.  The fairly poor limit of detection and quantification means that the 

system would only be valuable for the absolute highest radioactivity concentration.  Methods for 

improving this limit of detection were discussed in Chapter 3.5.  The most useful of the potential 

direction is a method of upstream preconcentration of the sample, as this can increase the 

radioactivity concentration of the sample from smaller concentrations (~2x) to a few hundred-

fold increase in concentration.  This both allows a typical PET tracer of the lowest concentration 

to be easily detected and quantified, it also could allow for a high degree of control based on the 

expected radioactivity concentration of the incoming sample, potentially equalizing the 

radioactivity concentration for each injected sample.  However, this method would require a 

significant amount of research, as the degree of concentration would need to be very well 

known to properly quantify the amount of each impurity, as well as secondary measures such as 

molar activity, with sufficiently high precision.  Our lab has previously designed a radionuclide 

concentrator86,276, though it would need to be integrated with the MCE device, and the output 

volumes readjusted to the 4nL injection volume.   

Using a separate or integrated PDMS evaporation-based concentrator could also work, as 

the PDMS is highly gas-permeable, but would be an entirely new system and require significant 

characterization before integration.  Additionally, this preconcentration device would add extra 

complexity to the design of the current MCE injection chip, either from the addition of additional 
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channels and heat generation into an already heat-sensitive system (see Chapter 4), or by 

designing an entirely new device which would need its own control system. 

For the detection of unreacted [18F]fluoride, I feel there are two major options which could be 

explored.  The first involves the simultaneous use of radio-TLC in addition to the MCE 

radiochemical identity analysis.  While this uses a very well-developed and quantitative analysis 

method (using our Cerenkov system271) for calculating the amount of unreacted [18F]flouride, the 

addition of a second test serves to both weaken the power of the MCE analysis method on its 

own, and requires the FDA to approve a combination test, which is less likely to happen than 

with the MCE device on its own. 

The second option would be to significantly change the CE method used.  While altering the 

separation buffer in order to increase the migration speed of the unreacted fluoride ion without 

reducing the separation efficiency would be possible, the amount of work necessary to design 

and optimize this buffer would prove prohibitive, especially as each tracer must be optimized 

separately in the manner.  Another way would be the usage of the positively-charged amine-

coated capillaries mentioned briefly in Chapter 3.5.  As the fluoride ion is a small, highly 

negatively charged ion, it has a high affinity for the positive electrode that would be difficult to 

overcome with just the electroosmotic force in our current MCE paradigm.  However, by using 

the amine capillaries and reversing the electrical double-layer on the capillary wall, the 

electroosmotic flow could be redirected towards the positive electrode instead of the negative.  

This method would allow the unreacted fluoride ion to migrate very quickly, similar to that of 

HPLC, though the optimization of both the new buffer, as well as the quantification of the 

separation of the compound from impurities would need to be characterized.  Finally, many such 

capillary coatings are sensitive to heat and dryness, which may interfere with the PDMS curing 
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steps in our current fabrication protocol.  This may require a new fabrication method which limits 

the amount of long-term heat used in curing stages once the capillary is attached. 

6.3 Robotics system and high-throughput PET tracer optimization 

The high-throughput robotics system was highly successful at automating the tedious 

manual processes involves with 64-parallel microdroplet reactions.  However, if the 

radiochemist wants to obtain intermediate measurements of the radioactivity at various stages 

of the reaction, which is highly valuable when optimizing a synthesis, this requires multiple 

manual removals and reinsertions of the microchips for assaying and imaging.  Each of these 

gives undesired radiation dose, and requires specific positioning when reinserting the chips, 

which must be done carefully to prevent cross-contamination by the user.  Implementation of an 

on-board imaging system could easily remove this limitation.  One method could be to replicate 

our Cerenkov imaging device inside the robotic platform.  This could be implemented with a 

camera optically coupled to a scintillation crystal, painted and marked so to create “pixels” 

above each of the 64 reaction sites, allowing each site their own independent measurement of 

the radioactivity.  This would require (i) that the droplets are fully dried before the scintillator 

crystal is positioned above the chips, so as to keep the scintillator from contaminating, and (ii) 

the scintillator and camera system must be movable in a way that can allow the fluidic head to 

access the chips without impacting the imaging system while also repeatably returning to the 

same location in a rapid manner.  There are many options for the design of this system being 

debated at the time of writing. 

Along this same pathway, a method to measure the radioactivity collected from each 

reaction site would be equally valuable so as to limit the amount of post-collection work needed 

to be performed by the radiochemist (e.g. separating and assaying each individual product vial).  
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This could be performed in a similar way to the chip measurement, but designed to image the 

bottom of a 96 well-plate, which would allow measurement of each individual collected product 

in one image.  This would require (i) the redesign of the well plate holder to have an open 

bottom, potentially filled with a thin layer of organic scintillation material for increased light 

generation, (ii) choice of a flat-bottom, preferably scintillator-lined well plate, as non-flat bottoms 

would create more undesirable geometries for the light, and (iii) careful positioning of the optics 

to narrow the FOV of the well plate to that of the camera lens while also reaching the camera 

without interfering with any motion of the system.  Clever positioning may even allow for a single 

camera to handle both imaging requirements (chip and plate). 

6.3.1 High-throughput PET tracer library labeling 

One other potential usage for this system is for the labeling of multiple compounds, 

particularly libraries of closely-related molecules or peptides. 

6.3.1.1 Background  

Gagnon et al. labeled 42 αvβ6 integrin-selective peptides with 4-[18F]fluorobenzoic acid, each 

of which was evaluated by in vitro assays and imaging in two mice277. To label 42 compounds, 

~4 tracers were synthesized per day with special decontamination procedure between 

syntheses. The study took 11 full days and consumed >11 batches of radioisotope. 

Interestingly, they discovered that results from in vitro experiments (e.g. affinity assays, 

selectivity assays) were not always correlated with the best in vivo performing peptides. In fact, 

3 of the 4 top ranked peptides by selective tumor uptake in images were below 10 th in both 

affinity and selectivity in the in vitro studies, and included one that didn’t even make the original 

selection criteria. Others have also noted that excellent radiotracer candidates often fail during 

preclinical in vivo imaging due to poor in vivo pharmacokinetics or high non-specific binding, 
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which are difficult to predict278. These observations underscore that it would be preferable to 

perform the initial evaluations directly in vivo rather than using surrogate in vitro assays to 

narrow down the “hits” and only label a few candidates. The latter predominant approach can 

lead to a slow and expensive tracer development process, where poor in vivo results lead to 

iterative structural modifications to try to improve the in vivo properties (sometimes many 

dozens of iterations over many years)278. New technology with the ability to perform high-

throughput radiolabeling of combinatorial libraries could transform the way that new tracers are 

developed. Existing capability exists for high-throughput pre-clinical imaging279,280, but the 

capacity for high-throughput radiochemistry is lacking. 

6.3.1.2 Potential 

The high-throughput robotic device, with the ability to perform multiple independent 

reactions in parallel is an ideal system for library labeling.  The typical simplicity of the labeling 

synthesis, and the similarity amongst all the reactions means that the procedures would not 

even be significantly more complicated than a typical optimization.  A good test for this system 

in this area would be to partner with another lab or company that specializes in peptide library 

generation and label a large number of their peptide candidates.  While this would require an 

outside step (the preparation of the prosthetic group for labeling to the peptide), this could be 

performed once with a high amount of radioactivity and aliquoted for all the peptide labelings 

desired throughout the day.  This mass labeling would require the use of a UPLC system for the 

high-throughput purification of the peptides in a reasonable amount of time (e.g. 3-5m/injection). 



196 
 

 

7. Appendix A: Benefits of microfluidics in achieving high 

molar activity in radiochemistry 

7.1 Abstract: 

Positron emission tomography (PET) is a molecular diagnostic imaging technology to 

quantitatively visualize biological processes in vivo. For many applications including imaging of 

low tissue density targets (e.g. neuroreceptors), imaging in small animals, and evaluation of 

novel tracers, the injected PET tracer must be produced with high molar activity (Am) to ensure 

low occupancy of biological targets and to avoid pharmacologic effects. Additionally, high Am 

production is essential for tracers with lengthy synthesis and quality control testing processes, 

and when tracers must be transported to distant PET scanning sites. We show that 

radiosynthesis of PET tracers in microliter volumes instead of conventional milliter volumes 

results in substantially increased Am, and we identify the most relevant variables affecting this 

parameter. Furthermore, using the PET tracer [18F]fallypride, we illustrate that Am can have a 

significant impact on PET tracer biodistribution. With full automation of droplet manipulations 

and radioisotope concentration, microdroplet platforms could provide a means for radiochemists 

to routinely, conveniently, and safely produce PET tracers with high molar activity. 

7.2 Introduction: 

Positron emission tomography (PET) is an effective in vivo molecular imaging technology in 

clinical care, preclinical and clinical research, and drug discovery 281–285. PET applications span 

a broad range of medical fields, including oncology, cardiology, immunology, and neurology. In 

the latter, for example, PET is used in the diagnosis and monitoring of neurodegenerative 

disorders 286, and is a vital tool in the discovery and development of novel therapeutics by 
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enabling in situ measurements of drug target occupancy, binding kinetics, etc. 287. Based on the 

principles of “tracer kinetics”, PET enables measurements of biological processes such as 

receptor occupancy, cell proliferation, metabolism, apoptosis, and gene expression, 

quantification of their temporal changes, and identification of their roles in the mechanisms of 

disease without perturbing the underlying biology 288,289. While PET tracers have been 

developed incorporating various radionuclides 264, those labeled with fluorine-18 are of particular 

interest due to the wide availability of this radionuclide and its and favorable physical and 

chemical properties 
290. 

During synthesis of PET tracers, inevitable contamination by sources of non-radioactive 

[19F]fluoride leads to a final product comprising a mixture of 18F- and 19F-labeled molecules, of 

which only the former are detectable by the PET scanner. Molar activity (Am; commonly referred 

to as ‘specific activity’) describes the ratio of the radioactivity (e.g. quantity of 18F-labeled 

molecules) to the total quantity of radioactive plus non-radioactive (i.e., 19F-labeled) molecules 

291–293.  High Am of PET tracers is critical for several reasons 294–296. It ensures that “tracer 

principles” are satisfied (i.e., <5% occupancy of biological targets) to avoid perturbation of the 

biological process to be measured or other pharmacologic effects 285,297–300, and is especially 

important when imaging low density biological targets such as neuroreceptors. High Am is also 

needed for PET “microdosing” studies, a mechanism sanctioned by the US Food and Drug 

Administration for Phase 0 evaluation of the pharmacokinetic profile of novel drug compounds, 

provided the injected mass is <1% of the human dose equivalent (HDE) of the “no observed 

adverse effect limit” (NOEAL) for the compound determined from animal toxicology studies 301–

304. Additionally, since Am decreases over time due to radioactive decay, high Am improves the 

logistics of PET tracer transport to the imaging site, enabling transport of these tracers over 

greater times/distances; the possibility of achieving intercontinental transport of 18F-labeled 
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tracers has been suggested 305. Though it is not always true that higher Am is better for imaging 

306, producing tracers with high initial Am would permit precisely controlled addition of non-

radioactive tracer molecules to achieve optimal Am prior to imaging, increasing consistency of 

Am values during clinical trials 296 and potentially simplifying regulatory approval 307. Finally, high 

Am is critical in preclinical research, where high-resolution small animal PET scanners require 

injection of much higher concentrations of the tracer per mass of the animal than for humans to 

achieve sufficient signal-to-noise ratio 298,299,308. In fact, some argue that Am for some tracers 

should be up to ~100x higher than routinely available to ensure sufficiently low receptor 

occupancy in mice 298. 

The theoretical maximum Am of a radiofluorinated tracer is 𝐴𝑚
𝑚𝑎𝑥  = 1710 Ci/µmol [63.3 

TBq/µmol] (i.e. all molecules are labeled with 18F). In contrast, reported Am values are most 

typically in the 0.5-1.0 Ci/µmol [19-37 GBq/µmol] range (for nucleophilic radiofluorination) 305, 

though there is considerable variation 307 and a few reports of very high Am (e.g. >10x higher 

than typical reports). The discrepancy of three orders of magnitude can be attributed to 

[19F]fluoride contamination in the radioisotope solution produced in the cyclotron (i.e. from 

production and delivery process) and/or from the radiosynthesis process itself (i.e. from 

reagents and/or synthesis apparatus). Since [18F]fluoride and [19F]fluoride are chemically 

identical, both are incorporated into the precursor nearly in proportion to their abundance. Thus, 

the molar activity of a tracer can be expressed as: 

 

where 18Fc is the number of [18F]fluoride ions from the cyclotron, 19Fc is the number of 

[19F]fluoride ions from the cyclotron, and 19Fs is the number of [19F]fluoride ions from the 

synthesis process.  

𝐴𝑚 = 𝐴𝑚
𝑚𝑎𝑥 (

𝐹𝑐
18

𝐹𝑐
18 + 𝐹𝑐

19 + 𝐹𝑠
19 ),                     Equation 3 
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There are several strategies to increase Am . The typical one is to start with a higher amount 

of radioactivity (e.g. >1 Ci [>37 GBq]), thus increasing the numerator in Equation 3. In this 

approach, Am > 20 Ci/µmol [>740 GBq/µmol] has been reported from 5 Ci [185 GBq] 309,310, and 

unusually high Am values of 130-160 Ci/µmol [4.7-5.9 TBq/µmol] were recently reported starting 

with ~6 Ci [220 GBq] of activity 311. However, the use of such large amounts of radioactivity 

poses many safety challenges in production and handling of the tracer, and can lead to 

significant radiolysis of the product 312. Furthermore, there is a cost associated with using higher 

amounts of radioactivity that may be difficult to justify if the goal is only to perform a small 

number of patient scans or to perform small animal imaging. As an aside, another approach for 

increasing molar activity that isn’t reflected in Equation 3 is the addition of multiple labeling 

sites per tracer molecule 295. Using trifluoroborate derivatives, tripling of molar activity has been 

reported 313, and certainly such an approach could be combined with the findings in this paper.  

Reducing the amount of 19F-contamination (i.e. 19Fc and 19Fs in Equation 1) is another 

strategy to improve Am. Contamination present in the [18F]fluoride solution after cyclotron 

bombardment (19Fc) can be characterized by:  

 

Very high values of 𝐴𝑚
𝑖𝑠𝑜𝑡𝑜𝑝𝑒

 have been reported after optimization of cyclotron bombardment 

conditions (140 Ci/µmol) 314  and optimization of processes related to loading and cleaning the 

[18O]water target (1200 Ci/µmol) 315. However, it has been remarked that typical values are 

generally closer to the range of 10 Ci/µmol [370 GBq/µmol] 294 or 15-30 Ci/µmol [560-1100 

GBq/µmol] 296,316. Though the amount of 19F-contamination can likely be reduced for most 

cyclotrons, most radiochemists will not have control over this aspect of the tracer production and 

the practical upper limit of molar activity will be 𝐴𝑚
𝑖𝑠𝑜𝑡𝑜𝑝𝑒

.  

𝐴𝑚
𝑖𝑠𝑜𝑡𝑜𝑝𝑒 = 𝐴𝑚

𝑚𝑎𝑥 (
𝐹𝑐

18

𝐹𝑐
18 + 𝐹𝑐

19 ).    Equation 4 
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Contamination from the synthesis process (19Fs) is generally even more significant and 

dominates the molar activity of the final tracer. In one study, radiolysis of Teflon was found to be 

a major source of 19F-contamination, with 90-95% reduction of contamination by avoiding Teflon 

(tubing, stir bars, etc.) 317. Other sources of contamination include starting materials and 

reagents (such as K2CO3, solvents, etc.) 318, and anion exchange cartridges (e.g. quaternary 

methylammonium, QMA) that are often used to accelerate the drying of [18F]fluoride as the first 

step of synthesis 136.We hypothesized that 19F-contamination could be significantly decreased 

(and Am increased) by replacing conventional radiochemistry apparatus and methods with 

microfluidic chips, due to orders of magnitude reduction in volumes and surface areas. 

Recently, digital microfluidic devices based on electrowetting-on-dielectric (EWOD), in which 

droplets are controlled by application of electric fields, have been developed for performing 

radiochemical reactions in microliter-scale droplets 81,85. Despite the small volumes, these chips 

can produce clinically-relevant amounts of PET tracers by pre-concentrating the radioisotope 

319. A few preliminary results suggested that the molar activity of tracers produced with this 

platform may be remarkably high compared to conventional macroscale synthesis with reaction 

volume of ~1 mL 68–70,81,181. Here, we report on a comprehensive study of these differences in 

Am, comparing radiosyntheses of two model compounds performed at the micro- and 

macroscales. We observed interesting trends that shed light on the relative magnitude of the 

various contributions of 19F-contamination. Microscale radiochemistry, it turns out, provides 

intrinsic advantages compared to conventional methods and could provide a means for 

consistently achieving high Am without requiring the high starting activities that are necessary in 

macroscale processes.  
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7.3 Results 

7.3.1 Factors affecting molar activity 

 

Micro- and macroscale radiosynthesis were compared using two model precursors: 1,4-

dinitrobenzene for aromatic fluorination leading to 1-[18F]fluoro-4-nitrobenzene ([18F]FNB), and 

tosyl-fallypride for aliphatic fluorination leading to [18F]fallypride, a tracer for dopamine D2/D3 

receptors (Figure 67). The microscale synthesis was performed on a microdroplet synthesis 

platform (Figure 68), and the macroscale synthesis, with a commercial synthesizer (ELIXYS, 

Sofie Biosciences, Inc.). The experimental design is illustrated in Figure 69. 
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Figure 67: Model radiosynthesis. Reaction schemes for the radiosyntheses of [18F]fallypride (2a) 

and [18F]FNB (2b). 
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Figure 68: Schematic of microdroplet-based radiosynthesis process. (A) A fixed volume of 

[18F]fluoride/base stock solution is added to the chip. (B) Additional [18F]fluoride/[18O]water 

(without base) is added to the chip to scale the amount of radioactivity. (C-D) The solvent is 

evaporated, leaving a dried residue. (E) MeCN is added. (F-G) Azeotropic distillation is 

performed to remove residual water and leave a dried residue of the [18F]fluoride/base complex. 

(H) A fixed volume of the precursor stock solution is added, and the chip is covered (I-J). (K) The 

chip is heated to perform the reaction. (L) The chip is separated, and MeOH is added (M) to 

dilute the crude product. (N) The diluted product is removed from the chip. Steps M-N are 

repeated for the cover chip as well. 
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7.3.1.1 Effect of reaction volume 

We suspected that increasing reaction volume would increase [19F]fluoride-contamination 

originating from reagents (e.g., precursor and phase transfer catalyst). Indeed, macroscale 

syntheses performed with increasing reaction volumes from 0.1 to 3.0 mL showed decreasing 

 

 

Figure 69: Measuring the influence of variables on molar activity in macroscale radiosynthesis. 

Experimental design for assessing the influence on molar activity of (A) reagent volume 

(macroscale), (B) starting radioactivity (macroscale), (C) reaction droplet volume (microscale), 

and starting radioactivity (microscale). 
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molar activity (Figure 70A). For example, for [18F]FNB, Am resulting from 0.1 mL reaction 

volume was nearly 10x higher than for the 3.0 mL reaction, i.e., 0.41 ± 0.04 Ci/µmol [15.2 ± 1.5 

GBq/µmol] (n=3) vs. 0.04 ± 0.03 Ci/µmol [1.5 ± 1.1 GBq/µmol] (n=3), respectively. The same 

synthesis (starting with similar amount of radioactivity) in the microchip produced much higher 

Am, 22.7 ± 0.6 Ci/µmol [840 ± 22 GBq/µmol] (n=12), and Am was nearly constant despite 

fluorination volume variation from 2 to 8 µL (Figure 70B). For [18F]fallypride, Am was also found 

to be nearly constant (18.2 ± 0.4 Ci/µmol [673 ± 15 GBq/µmol], n=12) in microscale volumes 

from 2 to 8 µL (Figure 70). Though variation in Am of [18F]fallypride at the macroscale was not 

systematically measured as a function of reaction volume, we noted that Am for the synthesis at 

0.5 mL scale was significantly lower (i.e., 0.9±0.05 Ci/µmol [33 ± 2 GBq/µmol]; n=3) than the 

chip results. These data demonstrate that reagents are the dominant source of 19F-

contamination at the macroscale, but are negligible relative to other sources at the microscale. 
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Though not related to molar activity, it is interesting to note that the decay-corrected 

radiochemical conversion of [18F]fluoride into 18F-labeled tracer in macro- and microscales (as 

measured by radio-TLC) were similar, and remained relatively constant across all volumes 

tested. Conversion was 67 ± 9% (n=11) at the macroscale and 54 ± 14% (n=12) at the 

microscale for [18F]FNB, and 76.6 ± 1.4% (n=3) and 71.4 ± 2.2% (n=12), respectively, for 

[18F]fallypride. 

7.3.1.2 Effect of starting radioactivity 

Increasing the amount of the radioisotope is known to increase the molar activity at the 

macroscale, which is the rationale for using high starting radioactivities when producing a tracer 

 

Figure 70: Comparison of parameter influence on molar activity at different synthesis scales 

Comparison of Am values as a function of reaction volumes in the (A) macroscale and (B) 

microscale. Data points represent the average obtained across 3 days of experiments; the error 

bars are standard deviations. (C) Molar activity of [18F]FNB and [18F]fallypride for different starting 

activity levels in microscale and macroscale syntheses. 
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with high Am 309,310. We compared the molar activity for both [18F]FNB and [18F]fallypride 

syntheses at the macroscale, starting from different radioactivities (8 to 360 mCi [0.3-13.3 GBq]) 

while maintaining a constant reaction volume (0.5 mL). A linear relationship between Am and 

starting activity for both tracers was observed (Figure 70C). Comparative experiments were 

then conducted in microscale on-chip syntheses with fixed reaction volume (4 µL). Interestingly, 

Am was relatively constant for both tracers (~20-25 Ci/µmol [740-930 GBq/µmol]), despite a wide 

range of starting radioactivities used (25 – 525 mCi [0.9 – 19.4 GBq]) (Figure 70C). 

An interpretation for these results is depicted in Figure 71. Because the starting radioactivity 

was varied by adding different volumes of the [18F]fluoride solution from the cyclotron, 

increasing the starting radioactivity therefore also increases the cyclotron source of 19F-

contamination. At the macroscale, we concluded above that reagents are the dominant source 

of 19F-contamination; thus, even as starting activity is increased, we expect the associated 

increase in 19F-contamination from the cyclotron to be negligible in comparison. Equation 3 

then becomes Am ≈ Am
max

 [18FC / (18FC + 19FS)] ≈ Am
max

 (18FC/19FS). (The second approximation is 

made since the number of fluorine-19 typical far outnumbers the number of fluorine-18 ions.) 

This equation describes a linear dependence of molar activity on the amount of [18F]fluoride, as 

observed in our study. On the other hand, at the microscale, we previously concluded that the 

reagents are a negligible source of 19F-contamination. As more radioactivity is added, we thus 

expect the dominant source of [19F]fluoride (cyclotron) to increase in proportion with 

[18F]fluoride. Equation 3 becomes Am ≈ Am
max

 [18FC / (18FC + 19FC)] ≈ Am
max

 (18FC/19FC). This 

expression is a constant for a given batch of the isotope, as we observed. 
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7.3.1.3 Effect of fluorinated materials 

Radiolysis of fluorinated materials such as Teflon are known to lead to reduction in molar 

activity at the macroscale 317. We investigated the possibility that the Teflon coating of the 

EWOD chips, in contact with reagents before and during the fluorination process, could 

adversely impact Am in the microscale synthesis (see Chapter 7.5 for details). Surprisingly, 

 

Figure 71: Visual interpretation of the impact of reaction parameters on molar activity at the 

macro- and microscales. During the radiofluorination reaction, precursor molecules are labeled 

with either the radioactive or non-radioactive forms of fluoride (F-18 and F-19) that are present in 

the reaction mixture. The resulting products cannot be chemically separated, resulting in a 

mixture of 18F- and 19F-labeled forms of the tracer. (A) Effect of increasing reaction volume. At 

the macroscale (top), since reagents are the dominant source of fluorine-19 contamination, 

increased volume increases the fluorine-19 contamination, leading to reduced molar activity. At 

the microscale (bottom), the reagents add negligible fluorine-19 and thus molar radioactivity is 

unaffected. (B) Effect of increasing the starting radioactivity. At the macroscale (top), the 

radioactivity is increased without significant additional fluorine-19, resulting in increased molar 

activity. At the microscale (bottom), additional radioactivity is accompanied by a proportional 

amount of fluorine-19 contamination, leaving the molar activity unchanged. 
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experiments assessing the impact of Teflon exposure to the initial [18F]fluoride solution as a 

function of surface area, duration, and radioactivity showed negligible impact on the Am of the 

resulting tracers. 

The above trends suggest that, in microfluidic 18F-radiosynthesis, reagents and Teflon 

contact do not have an appreciable effect on Am compared to cyclotron sources of 19F-

contamination. Microdroplet-based radiosynthesis therefore provides a route, under the 

radiochemist’s control, for maximizing molar activity of PET tracers from a given batch of the 

radioisotope. 

7.3.2 Effect of molar activity on in vivo imaging 

While a few reports have compared the impact of low vs high molar activity in small animal 

imaging 121,299,320,321, this subject does not appear to have been extensively studied. In general, 

higher molar activity is expected to be important for imaging low density targets by reducing 

competition for binding sites with the non-radioactive form of the tracer. On the other hand, 

some tracers will benefit from lower Am such as those with a substantial “sink” outside of the 

target tissue (e.g. non-specific binding or metabolism)308. In general, many factors could affect 

imaging and optimal molar activity may have to be evaluated experimentally for particular 

applications and having high Am facilitates these evaluations. 

We empirically studied the impact of molar activity on in vivo imaging of the saturable 

dopamine D2/D3 system with [18F]fallypride. In two replicate experiments, a panel of mice were 

injected with the same amount of radioactivity, but each with a different Am at the time of 

injection. Static scans after 60 min uptake are shown in Figure 72. Substantial differences were 

observed in the images depending on Am. In the first study (Figure 72A), Am ≥ 0.49 Ci/µmol [18 

GBq/µmol] resulted in significant image contrast between striatum (region with high density of 
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D2/D3 receptors) and cerebellum (where no binding is expected), but the striata remained 

undetectable at Am = 0.059 Ci/µmol [2.2 GBq/µmol]. Similarly in the second study (Figure 72B), 

significant image contrast is seen at Am ≥ 0.90 Ci/µmol [33 GBq/µmol], whereas the striata was 

undetectable at Am = 0.009 Ci/µmol [0.33 GBq/µmol]. 

 

Dynamic images revealed significant kinetic differences related to molar activity (see Figure 

76 and Figure 77). For Am ≥ 0.49 Ci/µmol [18 GBq/µmol], [18F]fallypride retention in the striatum 

(Figure 76A, Figure 77A) rapidly increased from the beginning of the scan until ~200 s. 

Retention remained nearly constant thereafter for Am ≥ 0.96 Ci/µmol [36 GBq/µmol], with signal 

intensity correlating with Am. For Am ≤ 0.49 Ci/µmol [18 GBq/µmol], significant washout occurred 

after initial uptake, resulting in relatively low signal by the end of the 1 hr scan, with lower 

retention for lower Am. For the lowest Am in each study, the initial rapid uptake was not observed 

 

Figure 72: Effect of molar activity on [18F]Fallypride PET/CT imaging in mice.  Transverse 

projections of mouse brain from 10 min static scans after 60 min conscious uptake of 

[18F]fallypride for two different sets of experiments (A) and (B). 
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(didn’t occur or was shorter than the frame duration). In the cerebellum, an initially high uptake 

rapidly decreased (Figure 76B, Figure 77B), the decrease being faster for lower Am. The 

striatum:cerebellum ratio increased over time and was generally higher for higher molar activity, 

though midrange Am values (0.49 –2.0 Ci/µmol [18-74 GBq/µmol]) seemed to provide the 

greatest ratio (Figure 76C, Figure 77C). While additional studies involving more replicates and 

increased coverage of Am values are needed to develop a better understanding of the influence 

of Am, it is clear from these results that, at least for [18F]fallypride, molar activity can have 

substantial impact on the quantitative analysis and qualitative interpretation of PET images.  

7.4 Discussion 

Our study showed that macroscale and microscale radiosynthesis had marked differences in 

the effect of several parameters on molar activity of 18F-labeled PET tracers. The data suggest 

that the advantage of microscale synthesis is the minimization of 19F-contamination in reagents 

(and perhaps from synthesizer surfaces). By reducing reaction volume by 2-3 orders of 

magnitude, sources of contamination in the synthesis became negligible in comparison to 

contamination already present in the initial [18F]fluoride solution from the cyclotron. Microdroplet 

synthesis thus provides the radiochemist a tool for achieving the highest possible molar activity. 

The consistency of microscale Am values over a wide range of conditions suggests that Am likely 

matches Am
isotope. Indeed, values are consistent with measurements over several years in our 

cyclotron facility suggesting Am
isotope is ~20 Ci/µmol [740 GBq/µmol]. Since other facilities have 

reported similar values 296, we expect comparable results could be achieved using [18F]fluoride 

from other cyclotrons.  

It should be appreciated that, in the microscale experiments presented here, high molar 

activity was achieved even using only very low starting radioactivity (e.g. 1 mCi [37 MBq]). 
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Normally, the production of tracers with such high Am requires starting with multiple Ci [e.g. 100-

200 GBq] of radioactivity. The ability to work with orders of magnitude less radioactivity and still 

achieve high Am has the important benefits of (i) greater safety, (ii) lower requirement for 

radiation shielding (e.g., enabling production to be performed with an L-block instead of a mini-

cell or hot-cell), (iii) more flexibility in synthesis (e.g., safely enabling some degree of manual 

manipulation), (iv) reduced radiation damage to equipment, tubing, etc., and (v) reduced 

radioisotope cost. Furthermore, if the tracer is intended for preclinical imaging, where especially 

high Am may be critical 298, microscale synthesis makes it possible to produce only what is 

needed, as it is needed, rather than the conventional macroscale approach of a single high-

radioactivity tracer production for the purpose of boosting Am with much of the batch left unused. 

This is also an important concept for emerging technologies for benchtop production of PET 

tracers 47, where radiation shielding, and therefore total amount of radioactivity that can be 

safely handled, will be limited. In these cases, it might be impossible to produce sufficiently high 

Am without the use of microvolume radiochemistry. 

This ability to reliably synthesize tracers with high Am provides important advantages in the 

screening and development of novel tracers, especially at early stages when very little may be 

known about toxicity, pharmacokinetics, target abundance, etc. Currently, not much regard is 

given to the molar activity during initial in vivo studies of new tracers; however, as was seen with 

[18F]fallypride, the impact on qualitative and quantitative imaging can be significant. It may be 

desirable to always err on the side of very high Am to avoid potential pharmacologic response or 

target occupancy issues (which could lead to false negative results). Alternatively, it may be 

useful to be able to produce a small batch of a new tracer with very high Am, aliquot several 

portions and adjust each to a different (lower) Am by addition of non-radioactive tracer, and then 

studying the effect in vivo to determine the optimal range of molar activity for the intended 
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application. High Am also enables increases in throughput of animal experiments by enabling 

the batch of tracer to be used over a longer period of time and still have sufficient molar activity 

at the time of injection. 

We suspect the ability of microscale radiosynthesis to achieve high molar activity is not 

limited to the model compounds chosen here, and can likely be generalized to most 18F-labeled 

tracers 69 and potentially also to tracers labeled with other isotopes (e.g., radiometals). In 

addition to reducing isotopic contamination, microvolume radiochemistry may also provide a 

simple route to reduce the absolute amount of precursor used, while maintaining a high 

concentration of reagent during the radiolabeling reaction to ensure a fast reaction rate. This will 

improve Am for isotopic exchange reactions 313 and apparent Am for labeling of larger molecules 

such as proteins where labeled and unlabeled species cannot be separated during purification. 

Furthermore, reduction in precursor would likely enable simpler purification processes. 

In summary, we showed that shrinking the volume scale of typical radiochemistry equipment 

from ~1 mL to the 1-10 µL range enabled the production of PET radiotracers with consistently 

high molar activity (~20 Ci/µmol [740 GBq/µmol]), independent of parameters such as the 

reaction volume and amount of starting radioactivity. Furthermore, these high Am values could 

be obtained starting with very low amounts of radioactivity, providing a practical and safer 

means to prepare small amounts of high molar activity tracers. Automation of the overall 

microscale synthesis process, which is in progress in our laboratory and in collaboration with 

Sofie Biosciences 85, could enable more widespread access to the advantages of microscale 

radiosynthesis. Wider availability of high Am PET tracers is critical in areas of neuroscience and 

drug development, and could streamline the process of developing novel tracers, or enable 

more thorough optimization of imaging protocols (i.e. considering Am as a variable). In addition, 

it could enable the use of longer synthesis processes to produce PET tracers, enable transport 
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of tracers across longer distances, or facilitate the development of benchtop radiosynthesizers 

for producing small batches of diverse tracers on demand. 

7.5 Supplemental Information 

7.5.1 Analysis of molar activity (Am) 

7.5.1.1 Calibration curves for Am determination 

First, calibration curves were built for Fallypride and FNB (Figure 73). To build calibration 

curves, stock solutions of Fallypride and FNB reference standards were injected into HPLC, 

resulting in chromatograms with a single peak. Amount injected was varied by using different 

injection volumes. HPLC conditions were identical to the analytical conditions described in the 

main paper. The area under the curve (AUC) of each peak was determined, and the AUCs were 

plotted as a function of injected amount of each compound. A linear least squares fit was then 

performed for each compound (R2 = 0.9906 for Fallypride and R2 = 0.9986 for FNB). The range 

of concentrations was chosen to cover the expected range of masses in samples.   

 

Figure 73: Calibration curves for determination of molar activity. (A) Fallypride. (B) FNB. AUC = 

area under the curve. 
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7.5.1.2 Determination of Am 

To determine the molar activity of an unknown sample, a 20 µL portion was aspirated in a 

50 µL glass syringe (Hamilton) and the radioactivity was measured via dose calibrator. The 

sample was injected into HPLC, and the radioactivity of the empty syringe was measured. The 

decay-corrected difference in measurements represents the actual amount of radioactivity 

injected into HPLC. Since this amount also includes any impurities that may be present in the 

crude mixture (e.g. unreacted [18F]fluoride and other 18F-labeled species), this amount was 

further corrected by multiplying by the radiochemical purity (RCP) of the desired species. 

Because of known losses of [18F]fluoride in HPLC columns 322, the radiochemical purity was 

determined via a two-step process. (i) Radio-TLC analysis of the sample yielded a 

chromatogram with two peaks: one (Rf = 0.0) representing unreacted [18F]fluoride, and the other 

(Rf = ~0.75 for Fallypride, Rf = ~0.8 for FNB) representing the radiofluorinated product (plus 

other potential fluorinated impurities). The area of the second peak divided by area of both 

peaks represents the fraction of non-fluoride species. (ii) From the radio-HPLC analysis, a 

chromatogram is obtained from the radiation detector, showing separation of the various non-

fluoride radioactive species. The fraction of desired product is calculated by dividing the area 

under the peak matching the desired non-radioactive standard by the sum of areas of all other 

peaks (ignoring the underestimated fluoride peak). The RCP is the product of these two 

fractions. The injected radioactivity is then multiplied by the RCP to estimate the amount of the 

desired product ([18F]Fallypride or [18F]FNB) that was actually injected into the radio-HPLC.   

From the UV detector chromatogram, the AUC of the peak corresponding to the tracer is 

determined. Using the appropriate calibration curve, this value is converted to the number of 

moles of compound injected. Finally, the determined radioactivity value was divided by molar 

amount of the probe to obtain the molar activity. 
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7.5.1.3 Effects of chloro-derivatives on molar activity determination 

Theoretically, chlorination of the precursor is also possible using chloride ions, which may 

be present as contamination in the initial [18F]fluoride solution originating from the cyclotron or 

might be present in reagents. To ensure that UV peaks represent only the fluorinated form, we 

compared the retention times of the standard solutions of the fluoro- and chloro-derivatives and 

found them to be well-separated (Figure 74), ruling out the possibility that these derivatives 

could be affecting Am measurements.  

 

Figure 74: Confirmation that chloro-derivatives do not influence molar activity measurement. 

HPLC chromatogram of 2:1 mixture of 4-chloronitrobenzene (tR = 21.2 min) and 4-

fluoronitrobenzene (tR = 24.4 min).  

7.5.2 Fabrication of microchips 

The chips were made from glass pieces (25 mm x 25 mm) cut from standard microscope 

slides (Fisherbrand Plain Glass Microscope Slides). After cleaning with MeOH, acetone, and DI 

water, the glass pieces were spin-coated with a 1% Teflon® AF2400 solution (prepared by 

diluting the 6% solution with Fluorinert® FC40). The coating protocol consisted of three steps: 

5s at 500 rpm (100 rpm/s ramping rate), 30s at 1000 rpm (100 rpm/s ramping rate), and then 0 

rpm (500 rpm/s ramping rate). Subsequently, Teflon-coated glass slides were placed in an open 
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Pyrex® Petri dish, and underwent baking on a hotplate at 150, 180 and 350 °C for 10, 10, and 

60 min, respectively, to remove solvent and anneal the Teflon layer. 

7.5.3 Study of effects of Teflon surface on Am 

7.5.3.1 Methods 

Since it is known that radiolysis of bulk Teflon can introduce [19F]fluoride ion into the reaction 

mixture in proportion to the time of exposure, surface area of exposure, and amount of 

radioactivity 317, we performed several experiments to evaluate if there is any influence of the 

Teflon coating on Am of a probe synthesized using the microchip. 

In one experiment, a constant volume of [18F]fluoride/base stock solution (i.e. 8 µL, 

corresponding to ~5 mCi [0.19 GBq] at the start of the experiment) was placed on each of 6 

chips. The solutions were incubated for varying times (0, 15, 30, 60, 120, and 180 min), and at 

the appropriate time for a given droplet, the droplet was dried and synthesis was performed as 

described above. Finally, samples were collected from each chip to determine Am. The whole 

experiment was repeated 3 times (on different days). 

We also investigated the effect of surface contact area of the droplet to the Teflon layer by 

varying the droplet size.  Equal amounts of [18F]fluoride/base solution (i.e. 8 µL, corresponding 

to ~5 mCi [0.19 GBq] at the start of the experiment) were used for each chip, but droplets were 

diluted with different volumes of DI water to give final droplet volumes of 10, 20, 40, and 70 µL, 

covering different areas of the chip.  The droplets were incubated on the surface for 120 min, 

and then were dried and synthesis carried out as described above. Finally, samples were 

collected from each chip to determine Am. The whole experiment was repeated 3 times (on 

different days). 
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In order to estimate the surface area of the droplet in contact with the surface, images of 

each droplet were taken by placing the chip on an illuminated stage under an overhead digital 

microscope (Dino-Lite Plus AM311S, AnMo Electronics Corporation). A clear ruler was included 

in the field of view to provide a scale. Each droplet image was a clear circle with a thick dark 

border. The area within the inner edge of this border was assumed to be the area of contact, 

and was estimated using ImageJ (National Institutes of Health, Bethesda, MD). 

7.5.3.2 Results 

First, we evaluated if the time of contact between the radioactivity and the chip surface has 

an effect on the molar activity of the final tracer. Using a single batch of chips, identical reagents 

(including the [18F]fluoride batch), we found that droplets (~5 mCi) incubated on the surface for 

up to 3 hr prior to synthesis of [18F]FNB or [18F]Fallypride had no observed effect on Am (Figure 

75A). Average values of Am in these experiments were 18.1±0.4 Ci/µmol [670±15 GBq/µmol] 

(n=18) for [18F]Fallypride and 21.8±0.6 Ci/µmol [810±22 GBq/µmol] (n=18) for [18F]FNB. The 

maximum exposure times far exceed what normally would be expected during on-chip 

radiosynthesis (<1 hr). 

Next, we investigated if the contact area of droplet on the Teflon coating has an effect on 

Am. For this purpose we performed the microscale syntheses according to the standard 

protocol, but after first incubating the [18F]fluoride/base solution with the surface for 2 h. Equal 

~5 mCi [0.19 GBq] aliquots of the initial solution were diluted to different volumes corresponding 

to different contact areas. No significant difference in Am of target products was observed after 

incubation of the different sized droplets (Figure 75B). Molar activities for [18F]fallypride and 

[18F]FNB were found to be 18.7±1.4 [690±50 GBq/µmol] (n=12) and 22.2±1.1 Ci/µmol [820±40 

GBq/µmol] (n=12), respectively. Since, in practice, [18F]fluoride will likely be concentrated to ~10 
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µL prior to introduction onto the chip 257, the various contact areas tested are all larger than is 

expected during an on-chip synthesis.  

The third variable correlating to Teflon radiolysis is amount of radioactivity. In experiments 

with the influence of starting activity on Am described previously, we also observed Am values 

consistent with those observed here across the whole range of starting activities from ~20-600 

mCi [0.74–22 GBq]. This suggests that in no cases was Teflon radiolysis ever a significant 

source of 19F-contamination in these experiments. Depending on the mechanism of radiolysis, 

there are possible explanations for this lack of effect of Teflon on Am. If the mechanism is direct 

interaction of positrons with Teflon, then the lack of effect may be because the Teflon layer is 

only 100-120 nm thick while the mean positron range is water is much longer (max 2.6 mm; 

mean 0.66 mm  323) , and thus the positrons do not appreciably interact with this layer. If the 

mechanism is caused by radical attack of Teflon after radiolysis of the solvent, then the absence 

of effect may be due to the favorable geometry of capillary and planar microfluidic systems, 

where the small fluid dimensions in 1 or 2 directions leads to the majority of positrons exiting the 

solution before radiolysing the solvent, leading to a strong suppression of radiolysis 324. 

 

 

Figure 75: Effect of Teflon surface of chip on molar activity. (A) Am values after incubation of ~5 mCi 

[~0.2 GBq] of the [18F]fluoride solution for different amounts of time on the Teflon surface prior to 
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synthesis. (B) Influence of Teflon surface area contact of ~5 mCi [~0.2 GBq] of [18F]fluoride solution 

for 2 h prior to on-chip radiosynthesis. Each data point represents n=3 repeats; error bars show 

standard deviation. 

7.5.4 Dynamic imaging analysis 

Quantitative region of interest (ROI) analysis of the dynamic imaging data was performed. 

Figure 76 and Figure 77 show the dynamic uptake in a ROI composed of the left and right 

striata (where D2/D3 receptors are located) and in a ROI within the cerebellum (where no 

specific binding is expected). Also shown is the striatum to cerebellum uptake ratio. 
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Figure 76: Summary of dynamic imaging study #1 of the influence of molar activity on in vivo 

imaging of [18F]Fallypride. (A) Average striatal uptake during dynamic scans of healthy mice. Right 

graph shows the final uptake as a function of molar activity. (B) Cerebellar uptake during dynamic 

scans. Right graph shows the final uptake as a function of molar activity. (C) Ratio of striatal to 

cerebellar uptake during dynamic scans. Same legend for all graphs of dynamic data. All molar 

activities are evaluated at time of injection. 
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Figure 77: Summary of dynamic imaging study #2 of the influence of molar activity on in vivo 

imaging of [18F]Fallypride. (A) Average striatal uptake during dynamic scans of healthy mice. 

Right graph shows the final uptake as a function of molar activity. (B) Cerebellar uptake during 

dynamic scans. Right graph shows the final uptake as a function of molar activity. (C) Ratio of 

striatal to cerebellar uptake during dynamic scans. Same legend for all graphs of dynamic data. All 

molar activities are evaluated at time of injection. 
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8. Appendix B: Microfluidic method for the isotopic exchange 

radiofluorination of [18F]AMBF3-TATE 

8.1 Abstract: 

Background: Peptides labeled with positron-emitting isotopes are emerging as a versatile 

class of compounds for the development of highly specific, targeted imaging agents for 

diagnostic imaging via positron-emission tomography (PET) and for precision medicine via 

theranostic applications. Despite the success of peptides labeled with gallium-68 (for imaging) 

or lutetium-177 (for therapy) in the clinical management of patients with neuroendocrine tumors 

or prostate cancer, there are significant advantages of using fluorine-18 for imaging. Recent 

developments have greatly simplified such labeling: in particular, labeling of 

organotrifluoroborates via isotopic exchange can readily be performed in a single-step under 

aqueous conditions and without the need for HPLC purification. Though an automated synthesis 

has not yet been explored, microfluidic approaches have emerged for 18F-labeling with high 

speed, minimal reagents, and high molar activity compared to conventional approaches. As a 

proof-of-concept, we performed microfluidic labeling of an octreotate analog ([18F]AMBF3-

TATE), a promising 18F-labeled analog that could compete with [68Ga]Ga-DOTATATE with the 

advantage of providing a greater number of patient doses per batch produced. Methods: Both 

[18F]AMBF3-TATE and [68Ga]Ga-DOTATATE were labeled, the former by microscale methods 

adapted from manual labeling, and were imaged in mice bearing human SSTR2-

overexpressing, rat SSTR2 wildtype, and SSTR2-negative xenografts. Furthermore, a dosimetry 

analysis was performed for [18F]AMBF3-TATE. Results: The micro-synthesis exhibited highly-

repeatable performance with radiochemical conversion of 50±6% (n=15), overall decay-

corrected radiochemical yield of 16±1% (n=5) in ~40 min, radiochemical purity >99%, and high 
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molar activity. Preclinical imaging with [18F]AMBF3-TATE in SSTR2 tumor models correlated 

well with [68Ga]Ga-DOTATATE. The favorable biodistribution, with highest tracer accumulation 

in the bladder followed distantly by gastrointestinal tissues, resulted in 1.26x10-2 mSv/MBq 

maximal estimated effective dose in human, a value lower than that reported for current clinical 

18F- and 68Ga-labeled compounds. Conclusions: The combination of novel chemical approaches 

to 18F-labeling and microdroplet radiochemistry have the potential to serve as a platform for 

greatly simplified development and production of 18F-labeled peptide tracers. Favorable 

preclinical imaging and dosimetry of [18F]AMBF3-TATE, combined with a convenient synthesis, 

validate this assertion and suggest strong potential for clinical translation.  

8.2 Introduction 

The use of PET (positron emission tomography) has revolutionized applications in cancer 

diagnosis.  To wit, PET provides dynamic, high-resolution spatio-temporal imaging of tumor 

uptake and clearance of the injected radiotracer.  New hybrid imaging machines, which combine 

PET with CT (X-ray computed tomography) or MRI (magnetic resonance imaging), can enhance 

tumor images with the superposition of anatomical features including bony structures, soft-

tissues, as well as blood flow for proper anatomical registration and assessment of 

neovascularization 325. 

The production of PET radiotracers requires the judicious use of one of several short-lived 

positron-emitting nuclides, the choice of which is often dictated in part by the tracer’s 

pharmacokinetics. Of the various PET isotopes in use, fluorine-18, however, is the only one that 

can be produced at large scale (>37 GBq [1 Ci] per run) sufficient for production of many patient 

doses in a single batch. With a moderate half-life, a track-record in FDA approval of 18F-labeled 

radiotracers, low radiotoxicity, and the highest resolution of any PET nuclide due to a low 
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positron energy 326,327, fluorine-18 is the choice isotope for use in PET. Early on, 2-[18F]fluoro-2-

deoxy-D-glucose ([18F]FDG), 3’-[18F]fluoro-3’-deoxythymidine ([18F]FLT), and 1H-1-(3-[18F]fluoro-

2-hydroxypropyl)-2-nitroimidazole ([18F]FMISO) 328 enabled cancer imaging based on increased 

metabolism or hypoxia typical of most but not all cancers. Over the past four decades, [18F]FDG 

has become the most extensively used radiotracer. Yet despite its utility, it typically cannot 

assess tumor subtypes, and it can give both false negatives and positives 329,330. 

Over the past two decades, cancer subtypes are increasingly being distinguished by 

peptides that have emerged from the study of endocrinology and from various combinatorial 

screens 277,331–335 that were undertaken to identify target-based diagnostics and therapeutics 336. 

Radiolabeled peptides have been used in clinical PET imaging to distinguish pathologically 

distinct cell types via recognition of specific molecular targets – a feat that is impossible with 

[18F]FDG 337–340.  Examples of such peptides include octreotate 341–345, bombesin 346, folate 347–

352, and RGD 353–355. Drugs based on peptides include Lupron™ for prostate cancer, various 

octreotate analogs (e.g. Sandostatin™) for neuroendocrine tumor treatment, the folate-

vincristine conjugate Vintafolide™ for ovarian cancer 356,357, as well as other potential 

therapeutic toxin conjugates 358,359. Undeniably, peptides and other relatively large biologic 

entities provide the needed specificity and affinity for specific recognition of pathognomonic 

targets, which when properly imaged can enhance personalized diagnosis.  In some cases, the 

same peptide that is used for PET imaging can be engineered for theranostic applications that 

may include targeted therapy via conjugation/chelation with a radiotoxin, chemotherapeutic, or 

used fluorescently to guide surgical resections.   

Given the molecular complexity of peptides and their general water solubility, peptides have 

been typically labeled for both diagnostic and radiotherapeutic purposes by radiometal chelation 

that simply involves heating a peptide-chelator conjugate in the presence of a radiometal (e.g. 
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gallium-68 or copper-64 for imaging or lutetium-177 for therapy). Nevertheless, the use of 

radiometals for imaging poses several drawbacks, most notably a lack of scalability in their 

production, the potential for transchelation of the metal in vivo 360–362, and generally lower molar 

activities compared to those labeled with fluorine-18. Yet radiometal chelation remains highly 

useful for imaging since the production of 18F-labeled peptides continues to be challenged by 

the relatively short half-life of fluorine-18 (110 min) and more importantly, by both solvent and 

chemical incompatibilities. Anionic [18F]fluoride is unreactive as a nucleophile in water 363 whilst 

most peptides are insoluble in the dry aprotic solvents that are typically used for 18F-labeling 294, 

and electrophilic fluorinating agents (e.g. [18F]F2) pose problems including non-selective reaction 

with cysteine, methionine and tryptophan and generally have lower molar activity compared to 

anionic [18F]fluoride.  Hence, multistep syntheses are usually required such as first synthesizing 

an 18F-labeled prosthetic for further conjugation to a peptide via a variety of chemistries 

including biorthogonal “click” reactions. While feasible, multistep procedures generally suffer 

from long reaction times and unwanted side-products. Hence any approach that would simplify 

radiofluorination would be of considerable interest.  

Recently, three new methods for one-step/late-stage 18F-labeling of peptides have 

appeared: (1) triorganosilyl-fluorides that are labeled by 19F-18F isotope exchange (IEX) 364,365, 

(2) NOTA chelation of aluminum-fluoride 141,366,367, and (3) organoboronate esters to capture 

aqueous fluoride as 18F-labeled organotrifluoroborates (RBF3s).  While all three methods are 

relatively simple, peptide-BF3 bioconjugates are labeled under fully aqueous conditions and do 

not require HPLC purification.  Nevertheless, to date, only a manual synthesis has been 

reported for various peptide-BF3 bioconjugates. Moreover, conventional automated 

radiosynthesizers are not suited to the relatively small reaction volumes needed to achieve high 

molar activities that can be observed with 18F-labeled peptide-BF3 conjugates 295. Hence, 
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emerging microfluidic platforms, which offer advantages such as faster synthesis times, reduced 

reagent consumption, would be expected to afford the requisite low volumes that in turn would 

increase molar activity values 66,85,243 while also increasing both ease of use and access to 

peptide-BF3 tracers provided that such a platform could be configured for automated preparation 

of such conjugates. Our work using electrowetting-on-dielectric (EWOD) microfluidics for the 

droplet-based radiosynthesis of several 18F-labeled PET tracers (e.g. [18F]FDG, [18F]FLT, 

[18F]Fallypride) 68–70,81 has provided compelling evidence that it could be readily adapted to 

these novel peptide tracers.  

To interface the unique microfluidic platform of the EWOD system with an aqueous 

radiofluorination of a peptide-BF3 conjugate in a one-step automated synthesis with requisite 

low volumes, we opted to investigate octreotate as there would be considerable interest if it 

could be labeled with [18F]fluoride on a microfluidic platform for eventual translation for imaging 

neuroendocrine tumors (NETs).  The previous report on the preclinical evaluation of the 18F-

labeled BF3-conjugate of octreotate, [18F]AMBF3-TATE, showed excellent pharmacokinetic 

properties, with high tumor uptake and high contrast ratios, in mice bearing AR42J tumor 

xenografts 368 underscoring the potential utility of this particular octreotate-derived tracer. Yet 

this report featured manual labeling within a fully shielded hot-cell using up to 37 GBq [1.0 Ci] of 

no-carrier-added [18F]fluoride consistent with clinical GMP guidelines and since then, there has 

been no report of an automated synthesis of the same tracer, nor a report on microfluidic 

synthesis, both of which would be of considerable import in terms of extending the means and 

methods for producing, distributing, and translating this and other 18F-labeled peptide tracers. 

Our choice for [18F]AMBF3-TATE is based in part on these previous results that now provide an 

essential set of benchmarks in terms of radiochemical yields, molar activities, reaction times, 

tumor uptake values and contrast ratios, all of which arguably would need to be recapitulated on 
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an EWOD microfluidic platform in order to consider is use in clinical translation and a means of 

comparing microfluidic production compared to a manual synthesis.   

In turn, an 18F-labeled octreotate might be expected to compete with  [68Ga]Ga-DOTATATE, 

a DOTA-conjugate to the somatostatin analog octreotide that is now used routinely in the United 

States to determine target expression and stage neuroendocrine tumors 369 for diagnosis or 

patient stratification for radioligand therapy using [177Lu]Lu-DOTATATE, a radiotoxin conjugate  

based on the same targeting peptide. The great success of SSTR2 imaging using the Tyr3-

octreotate peptide has paved the way for U.S. FDA approval for Advanced Accelerator 

Applications (AAA) of NETSPOT, a kit for the preparation of a single patient dose of [68Ga]Ga-

DOTATATE injection. Notwithstanding the viability of [68Ga]Ga-DOTATATE, labeling with Ga-68 

can make it difficult to meet the high imaging demand at some facilities, while the development 

of an 18F-labeled analog, that could be made in larger multi-patient-dose batches is of 

considerable practical interest.  

 

In this paper, we pave the way toward automated production of such tracers by 

demonstrating the straightforward radiosynthesis of [18F]AMBF3-TATE (Figure 78) in 

microdroplet format 85. Eventually, the microfluidic chip could form the basis for a compact, 

inexpensive synthesis kit. Furthermore, herein we report preclinical imaging studies of  human 

 

Figure 78: Radiosynthesis of [18F]AMBF3-TATE via isotopic exchange on a microfluidic chip 
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SSTR2 transduced and rat SSTR2 wildtype murine xenografts, performed to provide direct 

comparison of [68Ga]Ga-DOTATATE and [18F]AMBF3-TATE in the same animals. To support 

clinical translation, a dosimetry analysis of [18F]AMBF3-TATE is also presented. The microscale 

synthesis can readily produce clinically-relevant quantities and could be further scaled up using 

techniques such as concentration of [18F]fluoride 319 prior to introduction into the microreactor.  

8.3 Materials & Methods 

8.3.1 Reagents and materials 

No-carrier-added [18F]fluoride was produced by the (p,n) reaction of [18O]H2O (84% isotopic 

purity, Zevacor Pharma, Noblesville, IN, USA) in an RDS-112 cyclotron (Siemens; Knoxville, 

TN, USA) at 11 MeV using a 1 mL tantalum target with havar foil. [18F]FDG and [68Ga]Ga-

DOTATATE were obtained from the UCLA Biomedical Cyclotron Facility.  

Acetonitrile (MeCN; anhydrous, 99.8%), methanol (MeOH; anhydrous, 99.8%), ethanol 

(EtOH; 200 proof), aqueous ammonia solution (28% NH3 in H2O), and N,N-dimethylformamide 

(DMF; anhydrous, 99.8%) and 0.2 µm inorganic membrane filters (Whatman Anotop, catalog # 

6809-3122) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Saline (0.9% sodium 

chloride injection, USP) was obtained from Hospira Inc. (Lake Forest,  IL, USA); pyridazine ( 

>99%) was obtained from Tokyo Chemical Industry Co., Ltd. (Japan), and hydrochloric acid 

(HCl; 3N) was obtained from HAZCAT (Mariposa, CA, USA). All reagents were used without 

further processing or purification. Deionized (DI) water was obtained with a purification system 

(RODI-C-12BL, Aqua solutions, Inc., Georgia, USA). C18 cartridges (Sep-Pak Plus C18) were 

obtained from Waters (Milford, MA, USA) and were preconditioned before use by flowing 10 mL 

of MeOH followed by 15 mL of DI water. The AMBF3-TATE precursor was prepared as 

previously described 368.  
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To prepare a batch of the reaction buffer, 720 µL pf pyridazine was added to 5mL of DMF 

and 2.5 mL DI water in a 15 mL conical tube. The pH was adjusted to the range 2.0-2.5 with 3M 

HCl. The final volume was then adjusted with DI water until the final volume reached 10 mL. To 

prepare a batch of the quench solution (5% NH3 aq. v/v), 1.8mL of 28% NH3 was diluted in 8.2 

mL of DI water.  

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

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

8.3.2 Microdroplet radiosynthesis of [18F]AMBF3-TATE 

The radiosynthesis was performed in droplets on microfluidic chips composed of Teflon-

coated glass substrates. These simple chips serve as surrogates for more sophisticated 

electrowetting-on-dielectric (EWOD) chips 69,70,81 that could be used to perform fully-automated 

droplet synthesis. Details of fabrication are described in Section 8.8.1. A simple temperature 

control system was assembled to heat and cool the glass chip (Figure 79). The detailed design 

of this subsystem is described in the Section 8.8.2. 

 

[18F]AMBF3-TATE was synthesized via an isotopic exchange process at a trifluoroborate 

group, similar to the SiFA methodology first introduced by Schirrmacher and Jurkschat in 2006 

 

Figure 79: (A) Photograph of heating setup and microfluidic reaction chip. (B) Schematic of the 

chip and heating setup 
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364 . To maximize the molar activity, the synthesis 368,370 was adapted to the droplet scale 85,181 to 

minimize the amount of precursor needed (Figure 80). Cyclotron-produced aqueous 

[18F]fluoride (up to 3.7 GBq [100 mCi], 100 µL) was deposited on the chip surface with addition 

of equal volume of MeCN (up to 60 µL) and 10 µL saline; the chip was then heated at 105°C for 

2-3 min until only a tiny droplet remained. 5 nmol of TATE-AMBF3 precursor, dissolved in 

pyridazine-HCl buffer / DMF (5 µL, 1M, pH 2.0-2.5), was loaded onto the chip and mixed with 

the dried residue. Next, the droplet was covered with a second chip placed Teflon-side down. 

This cover chip had narrow strips of tape adhered on the underside of 2 edges to provide a 

separation between the plates of 150 µm when assembled. The isotopic exchange reaction was 

carried out for 15 min at 90°C. After removing the top chip, the reaction was quenched by 

adding a 10µL droplet of 5% aq. NH3 to the reaction droplet. Next, the product was collected 

from the bottom chip by adding 20 µL of an EtOH/saline mixture (1:1 v/v) to the area where the 

droplet was in contact with the chip surface, and then transferring the diluted crude product with 

pipette into a clean vial. The process was then repeated with an additional 20 µL. Residual 

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

 

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

injection. It was first diluted with 5% aq. NH3 quench solution to a volume of 2 mL and then 

 

Figure 80: Schematic of the sequence of operations to perform the microdroplet radiosynthesis of 

[18F]AMBF3-TATE on the chip 
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slowly passed through the pre-conditioned C18 Sep-pack to trap [18F]AMBF3-TATE. Next, the 

cartridge was washed with 4 mL of DI water.  Finally, [18F]AMBF3-TATE was eluted with 0.5 mL 

EtOH/saline mixture (1:1 v/v), and diluted to ≤10% EtOH with 2.0 mL saline. The resulting 

product was passed through a sterile 0.2 µm filter into a sterile empty glass vial. If more 

concentrated product was needed (i.e. to achieve at least 37-74 MBq/mL [1-2 mCi/mL] for 

imaging), the compound was instead formulated via an evaporation method. The [18F]AMBF3-

TATE was eluted from the cartridge with 2 mL EtOH into a glass vial with Teflon stir bar, and 

then the solvent was fully evaporated with nitrogen gas flow (7psi) under vacuum for 3-5 mins at 

90°C (using an ELIXYS FLEX/CHEM radiosynthesizer, Sofie Biosciences, Inc., Culver City, CA, 

USA). Next, saline was added to redissolve the residue to the desired concentration and sterile 

filtration was performed. 

Samples of final product or intermediate steps were analyzed via standard procedures to 

determine the performance of the synthesis (see Section 8.8.3). 

8.3.3 Murine tumor models 

To evaluate [18F]AMBF3-TATE in vivo, NOD scid gamma (NSG) mice (n=4) were first 

engrafted with 1 x 107 AR42J cells (pancreatic NET model cell line naturally expressing SSTR2) 

in the left shoulder on day -7 and 1 x 105 RM1 cells (murine control cells, SSTR2-negative) in 

the right shoulder on day -3. This tumor inoculation protocol has been optimized to ensure 

similar tumor sizes of about 50 mm3 at day 0 for both cell lines. On day 0 [18F]FDG PET/CT 

imaging was performed to assess tumor viability and size. PET/CT imaging with [18F]AMBF3-

TATE and [68Ga]Ga-DOTATATE were performed on day 1 and day 2, respectively. Across all 

imaging days, AR42J tumors were 56 ± 19 mm3 and RM1 tumors were 111 ± 59 mm3. (The 

RM1 tumors were larger due to their faster growth rate beginning at day 0.) To indicate well-
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preserved binding capability to the human receptor, RM1 cells stably transduced with human 

SSTR2 were used (RM1-hSSTR2). 

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

USA), whereas the RM1 cells were kindly provided by Dr. Michel Sadelain (Memorial Sloan-

Kettering Cancer Center, New York, USA). The cells were grown in Dulbecco's Modified Eagle's 

Medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate (Cellgro, Corning Life 

Sciences) and 10% fetal bovine serum (Omega Scientific) at 37°C, 20% O2 and 5% CO2. For 

tumor injection, the cells were harvested and resuspended in a 1:1 mixture of PBS (Gibco Life 

Technologies) and Matrigel (Corning Life Sciences). 

8.3.4 PET/CT imaging and biodistribution 

PET/CT images were acquired using the integrated GENISYS 8 microPET/CT (Sofie 

Biosciences). It has a PET subsection optimized for mouse imaging with an energy window of 

150-650 keV and peak sensitivity of approximately 14% at the center of field of view (FOV). The 

intrinsic detector spatial resolution is 1.5 mm FWHM in the transverse and axial directions. The 

CT section consists of a gantry and flywheel that uses a 50 kVp, 200 µA x-ray source and flat-

panel detector. The CT acquires images in a continuous-rotation mode with 720 projections at 

55 msec per projection, and reconstructed using a Feldkamp algorithm. 

Tumor-bearing NSG mice underwent static imaging with [18F]FDG and [68Ga]Ga-

DOTATATE, and dynamic and static imaging with [18F]AMBF3-TATE. For [18F]FDG imaging, the 

mice were fasted 4 hours prior to tracer injection. 0.74 MBq (20 µCi) of [18F]FDG were 

administered via tail vein injection. The mice were kept under 2% isoflurane anesthesia during 

the tracer uptake of 1 h and 10 min static PET imaging. For [68Ga]Ga-DOTATATE imaging, the 

mice were injected with 1.1 MBq (30 µCi) of the tracer with conscious uptake of 1 h and 10 min 
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static PET. For [18F]AMBF3-TATE imaging, the mice were injected with 1.1 MBq (30 µCi) 

[18F]AMBF3-TATE via a tail vein catheter at the beginning of 1 h dynamic PET scans, followed 

by 10 min static PET scans at 2 h. All mice received CT scans following each PET imaging. 

Image analysis was performed using AMIDE version 1.0.5 imaging software 371. 

For determining [18F]AMBF3-TATE dosimetry, male C57BL/6 mice (n=3) were injected with 

approximately 2.2 MBq (60 µCi) via a tail vein catheter at the beginning of 1 h dynamic PET 

scans, followed by static PET scans at 2 h (10 min acquisition), 4 h (15 min acquisition) and 6 h 

(15 min acquisition). All mice received CT scans following each PET imaging. For improved soft 

tissue identification, for the last CT scan mice were injected via tail vein catheter with 100 µL of 

Omnipaque 350 immediately before start of the CT scan, followed by an additional injection of 

100 µL during the first 30 s of scanning. Imaging biodistribution was confirmed by ex vivo 

analysis: each mouse was sacrificed following its last imaging time point and organs (brain, 

heart, lung, liver, kidneys, spleen, stomach, small intestine, large intestine, muscle, bone, bone 

marrow and blood) were collected, weighed and counted using a gamma counter (Cobra II 

Auto-Gamma, Packard Instrument Co., Meriden, USA) with decay correction to time of 

[18F]AMBF3-TATE injection. Data were normalized to mass of the organs. 

8.3.5 [18F]AMBF3-TATE dosimetry 

From [18F]AMBF3-TATE PET scans of 3 C57BL6 mice, the amount of radioactivity in 

selected organs was quantified and absorbed doses were calculated based on the respective 

time-integrated activity coefficients (TIACs; formerly known as residence times, RTs). The dose 

extrapolation to humans involved scaling the biodistributions and the subsequent calculation of 

the absorbed doses from the scaled biodistributions. The biodistribution scaling was performed 

by two alternative methods. Method 1 was based on the assumption that the TIAC for the same 



234 
 

 

organ is the same in mice and humans 372,373. Method 2 considered a relative mass scaling in 

which the TIAC value in a human organ is set equal to the TIAC value in the same animal organ 

multiplied by the ratio of whole body and the respective mass of the human and the animal 

organ372,373. 

 TIACs  were calculated using the software solution NUKFIT as described by Kletting et al., 

choosing the optimal fit functions as proposed by the code 374. TIAC values for bladder were 

calculated based on trapezoidal method. The absorbed dose calculation was performed for a 

selected group of organs using OLINDA/EXM v1.1 375. Details on the methodology used for 

extrapolating the mouse data to humans are provided in the Chapter 8.8.4. 

8.3.6 Statistical Analysis 

Data are presented as mean ± standard deviation. All p values were determined with 

unpaired, two-tailed T tests and values less than 0.05 were considered to be statistically 

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

8.4 Results 

8.4.1 Microdroplet radiosynthesis of [18F]AMBF3-TATE 

We initially performed low-radioactivity fluorination reactions and observed highly-

reproducible performance with radiochemical conversion (as determined by a combination of 

radio-TLC and radio-HPLC analysis of the crude product) of 50 ± 6% (n=15), and non-isolated 

radiochemical yield (crude RCY) of 17 ± 3% (n=15). Full production runs were then performed, 

including cartridge purification and formulation, with up to 3.7 GBq [100 mCi] of activity. The 

RCY in these experiments was 16±1% (n=5). Radiochemical purity was >99%. A representative 

chromatogram is shown in the Section 8.8.5. The molar activity was determined for several 
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syntheses ranging in starting activities from 0.185-1.85 GBq [5-50 mCi]. Molar activity was 

found to increase with starting activity, ranging from 37 to 185 GBq/μmol [1 to 5 Ci/μmol], all 

values decay-corrected to EOB (Figure 82). 

8.4.2 Preclinical imaging 

 

The preclinical biodistribution of [18F]AMBF3-TATE is summarized in Figure 81 and in the 

Figure 85). Highest tracer accumulation was observed in the bladder followed distantly by 

gastrointestinal tissues 368. Bone retention was within range of background tissues lacking 

SSTR2, indicating little to no in vivo defluorination for [18F]AMBF3-TATE. [18F]AMBF3-TATE 

retention was approximately two-fold higher in SSTR2-high AR42J tumors than in SSTR2-low 

RM1 tumors (3.99 ± 0.75 %ID/g and 1.87 ± 0.22 %ID/g, respectively; p < 1.6e-3). Time-activity 

 

Figure 81: MicroPET/CT imaging. (A) MIP image and tissue biodistribution of 1.1 MBq injection of 

[18F]AMBF3-TATE in C57BL6 mouse , n=3. MIP image (top) and transverse slice (bottom) of (B) 

1.1 MBq injection of [18F]AMBF3-TATE, (C) 1.1 MBq injection of [68Ga]Ga-DOTATATE and (D) 0.74 

MBq injection of [18F]FDG of the same NSG mouse engrafted with SSTR2-positive (AR42J; left) 

and SSTR2-negative (RM1; right) tumor cells. (E) Region-of-interest analysis of PET images, n=4. 

Images were acquired for 10 min under 2% isoflurane anesthesia at 1 h post-injection of the PET 

tracer. Error bars are standard deviations. Tumors are delineated in dashed circles. MIP = 

maximum intensity projection.  
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curves derived from PET imaging (see Figure 86) showed [18F]AMBF3-TATE saturation in 

AR42J tumors by 20 min, but a continuous decline in RM1 tumors after peaking at 

approximately 10 min. [68Ga]Ga-DOTATATE uptake in the tumors at 1 hr post-injection (3.94 ± 

0.53 %ID/g and 2.13 ± 0.30 %ID/g, respectively; p < 9.8 e-4) was nearly identical to [18F]AMBF3-

TATE. Results were confirmed with ex vivo gamma counter analysis of tissues after the last 

imaging time point. In contrast, [18F]FDG imaging, a measure of tissue glucose metabolic 

activity, showed a reverse pattern with lower [18F]FDG metabolism in AR42J tumors than RM1 

tumors (2.44 ± 0.57 %ID/g and 5.25 ± 2.14 %ID/g, respectively; p < 4.4e-2). 

8.4.3 Dosimetry analysis 

Similarities in somatostatin peptide binding affinity between mouse and human SSTR2 

suggest mouse dosimetry provides a good estimation for human dosimetry 376,377. Absorbed 

doses for [18F]AMBF3-TATE in humans were extrapolated from mouse PET biodistribution data 

using two extrapolation methods, Method 1 and Method 2 (see Section 8.8.4). Organ TIAC 

values are summarized in Table 22 and a full list of the corresponding mean absorbed doses is 

provided in Table 23. The highest TIAC values were observed for the bladder and small 

intestine based on Method 1 (0.536 ± 0.021 h and 0.207 ± 0.019 h, respectively). Based on 

Method 2, the highest TIAC values were observed for the bladder, small intestine and bone 

marrow (0.536 ± 0.021 h, 0.237 ± 0.017 h and 0.030 ± 0.013 h, respectively). The highest 

absorbed dose value using the one-compartment voiding bladder model was 0.106 ± 0.003 

mGy/MBq (Method 1) and 0.107 ± 0.004 mGy/MBq (Method 2) for the bladder. All other organs 

showed significantly lower absorbed dose values. Bladder was the dose-limiting organ and on 

average the maximum administered human activity limit is estimated as 472 MBq (Method 1) 

and 469 MBq (Method 2) (FDA Code of Federal Regulations 21CFR361.1). In addition, the 
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effective dose per unit activity has been calculated. However, the quantity “effective dose” can 

only be applied to the description of stochastic radiation effects and organ absorbed doses of 

less than 1 Gy. The mean extrapolated effective doses are 1.26 x 10 -2 ± 3.06 x 10-4 mSv/MBq 

(Method 1) and 1.16 x 10-2 ± 1.53 x 10-4 mSv/MBq (Method 2). This corresponds to effective 

doses of 2.6 mSv (Method 1) and 2.4 mSv (Method 2) for an administered activity of 200 MBq, 

which is lower than that reported for current clinical 18F- and 68Ga-labeled PET tracers for 

imaging SSTR2-expressing tumors 343,378. 

 

Table 22: Mean time-integrated activity coefficient (TIAC) values for several organs scaled to 

humans. 

Target Organs 

Mean TIAC 
(h) 

Standard deviations 
(h) 

Method 1 Method 2 Method 1 Method 2 

Bladder 5.36E-01 5.36E-01 2.14E-02 2.14E-02 

Bone marrow 1.77E-02 2.95E-02 7.99E-03 1.33E-02 

Brain 1.73E-03 2.10E-03 4.30E-04 7.10E-04 

Gallbladder content 5.34E-03 2.05E-02 4.02E-03 1.58E-02 

Heart content 2.74E-03 6.01E-03 1.78E-04 1.08E-03 

Heart wall 3.04E-04 6.67E-04 1.97E-05 1.19E-04 

Kidneys 4.23E-02 1.27E-02 5.77E-03 2.05E-03 

Liver 2.07E-02 1.45E-02 5.56E-03 3.53E-03 

Lungs 2.99E-03 6.62E-03 4.89E-04 1.93E-03 

Small intestine 2.07E-01 2.37E-01 1.91E-02 1.72E-02 

Spleen 1.88E-03 2.95E-03 1.45E-03 1.62E-03 

Stomach 3.50E-02 4.94E-03 4.49E-03 3.17E-04 

Cortical bone 1.62E-02 1.52E-02 1.23E-02 1.20E-02 

Trabecular bone 7.97E-03 7.50E-03 6.06E-03 5.90E-03 

Remainder of body 4.70E-01 4.72E-01 9.62E-02 7.50E-02 
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8.5 Discussion 

8.5.1 Microdroplet radiosynthesis of [18F]AMBF3-TATE 

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

this an attractive platform for on-demand production of [18F]AMBF3-TATE. It is expected that 

further developments of the microfluidic system could enable significant reductions of the 

Table 23: Mean absorbed dose coefficient values of the organs and the respective standard 

deviations for both methods using a one-compartment voiding bladder model. 

Target Organ 

Mean absorbed dose 
coefficients of the organs 

(mGy/MBq) 

Standard deviations 
(mGy/MBq) 

Method 1 Method 2 Method 1 Method 2 

Adrenals 4.44E-03 3.91E-03 3.96E-04 4.62E-04 

Brain 8.40E-04 9.27E-04 1.11E-04 1.58E-04 

Breasts 2.20E-03 2.21E-03 3.75E-04 3.12E-04 

Gallbladder Wall 1.45E-02 3.80E-02 6.59E-03 2.49E-02 

LLI Wall 9.08E-03 9.49E-03 2.20E-04 1.97E-04 

Small Intestine 4.54E-02 5.12E-02 3.25E-03 2.85E-03 

Stomach Wall 1.71E-02 6.14E-03 1.90E-03 3.38E-04 

ULI Wall 1.14E-02 1.24E-02 1.73E-04 2.89E-04 

Heart Wall 2.63E-03 3.43E-03 2.12E-04 3.03E-04 

Kidneys 2.88E-02 1.09E-02 3.32E-03 1.10E-03 

Liver 4.85E-03 4.22E-03 7.34E-04 5.61E-04 

Lungs 2.15E-03 2.72E-03 2.48E-04 4.53E-04 

Muscle 3.96E-03 3.97E-03 3.67E-04 3.27E-04 

Ovaries 1.04E-02 1.11E-02 1.15E-04 1.73E-04 

Pancreas 5.51E-03 4.68E-03 5.20E-04 5.75E-04 

Red Marrow 5.43E-03 6.26E-03 5.64E-04 9.45E-04 

Osteogenic Cells 6.40E-03 6.78E-03 1.96E-04 2.95E-04 

Skin 2.45E-03 2.44E-03 3.21E-04 2.66E-04 

Spleen 5.35E-03 5.54E-03 1.28E-03 1.52E-03 

Testes 4.60E-03 4.63E-03 3.87E-04 2.93E-04 

Thymus 2.62E-03 2.71E-03 4.56E-04 3.72E-04 

Thyroid 2.53E-03 2.57E-03 4.65E-04 3.75E-04 

Urinary Bladder Wall 1.06E-01 1.07E-01 3.00E-03 3.51E-03 

Uterus 1.36E-02 1.41E-02 1.53E-04 2.00E-04 
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synthesis time. For example, automation of reagent delivery steps 85, and automation of the 

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

and simplicity of operation. While the yield was slightly lower than the 20-25% (uncorrected) 

yield reported by Liu et al. for the macroscale synthesis of [18F]AMBF3-TATE  368, the microscale 

synthesis used 10x lower precursor (5 nmol vs 50 nmol). Notably, equally high molar activity 

could be achieved using much lower starting radioactivity (0.93-1.1 GBq [25-30 mCi] instead of 

30-37 GBq [800-1000 mCi] to achieve ~110 GBq/μmol [3 Ci/μmol]). This is noteworthy insofar 

as the chip has significant potential for miniaturized production in a kit-like system 47. Since the 

quantity and concentration of the tracer were sufficient for imaging, we did not perform 

significant optimization; however, in Section 8.8.7 we report a detailed analysis of intermediate 

measurements during the synthesis and potential optimization strategies. While these yields are 

still a bit low, yields, purities, and molar activities are suitable to contemplate clinical use for 

human translation. In addition, the ease of use and the reproducibility in terms of yields and 

molar activity augur well for eventual clinical use. 

By using portions of a large initial batch of [18F]fluoride, or by producing small batches of 

[18F]fluoride throughout the day, we anticipate that radiosyntheses on the scale reported herein 

(i.e. up to ~3.7 GBq [100 mCi]) would be sufficient to supply patient doses throughout the day. 

Generation of [18F]fluoride throughout the day would have the advantage of ensuring similar 

molar activity for each batch of the tracer, but would require proximity to a cyclotron. In addition, 

the microdroplet approach may also be compatible with the concept of producing larger multi-

dose batches. Though it is often assumed that microfluidic approaches are limited to only low 

activity levels, we should emphasize that this is not the case: whereas experiments here were 

limited to <3.7 GBq [100 mCi] for safety reasons, there are approaches to load significantly 

more activity into microdroplet reactions. One of us previously reported that ~30 GBq [~810 
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mCi] of [18F]fluoride can be concentrated into a volume of 5 µL 319, clearly opening up the 

possibility to use high levels of activity (sufficient for multiple patient doses) in microdroplet 

synthesis. Though it remains to be investigated in practice, mathematically, we would predict 

that the increase in scale from 3.7 – 30 GBq [100-800 mCi] would increase the molar activity 8-

fold, assuming the amount of precursor is fixed at 5 nmol and that the batches of [18F]fluoride 

have similar molar activities. However, due to the increased proportion of [18F]fluoride relative to 

precursor, we would also predict that the RCY could decrease. To counteract this effect, the 

amount of precursor could be increased (e.g. from 5 to 40 nmol), while still achieving molar 

activities in the range we report herein. As further evidence that scalable syntheses are well 

within the realm of possibility, it should also be noted that manual synthesis of [18F]AMBF3-TATE 

has been previously performed with 30-37 GBq [0.8 – 1.0 Ci] and 50 nmol precursor, resulting in 

20-25% RCY and molar activities >111 GBq/μmol [>3 Ci/μmol] 368. 

Finally, it should be appreciated that the BF3 moiety can easily be connected to other 

molecules to create precursors for other radiolabeled peptides and dual-modality tracers 379,380 

that can likely be labeled under identical or similar conditions. Microfluidic isotopic exchange 

labeling could therefore provide a route to a variety of 18F-labeled compounds with simple 

production and high molar activity. Despite the low pH and relatively high reaction temperature, 

these conditions are not unusual in peptide synthesis as much more acidic conditions are 

typically used for resin cleavage e.g. 80% TFA, conc. HF, and during purification e.g. 1% TFA, 

pH 0, and are only slightly more acidic than methods commonly used in radiometallation of 

peptides (i.e., pH 3-4 and similar temperatures). Notably, several peptides and other small 

molecules have successfully been labeled with this approach 313. While we recognize that not all 

functional groups (e.g. trityl groups, para-methoxybenzyl acetals) would survive these 

conditions, for the most part, standard peptides should be compatible. Further development and 
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automation of the microdroplet labeling methods would benefit the development of this whole 

class of reactions. 

8.5.2 Preclinical imaging and dosimetry 

Preclinical biodistribution and dosimetry calculations for [18F]AMBF3-TATE showed 

significant potential for clinical use and was undertaken to further demonstrate that the 

radiotracer produced on the EWOD chip would provide clinically useful tracers with dosimetry 

that could be used to support clinical administration of this tracer as well as the further 

development of this method for labeling other peptide tracers. In particular, [18F]AMBF3-TATE 

showed very similar biodistribution to [68Ga]Ga-DOTATATE in our experiments, and in 

comparisons with literature reports 368. [18F]AMBF3-TATE tumor imaging corroborated with level 

of SSTR2 expression, but did not correlate with [18F]FDG, suggesting these two tracers provide 

different information for therapeutic strategy and response monitoring. Dosimetry calculations 

showed lower effective dose per unit radioactivity than reported for current clinical 18F- and 

68Ga-labeled PET tracers for imaging SSTR2-expressing tumors 343,378. Since comparable 

performance to [68Ga]Ga-DOTATATE (currently the clinical gold standard for imaging SSTR2) 

was achieved, these data suggest that further study of [18F]AMBF3-TATE, including evaluation in 

humans, is warranted. 

8.6 Conclusions 

We adapted the isotopic exchange based radiosynthesis of [18F]AMBF3-TATE to a droplet-

based radiochemistry platform and could produce the injection-ready tracer with 16±1% (n=5) 

overall RCY (decay-corrected) in ~40 min. The small volume synthesis used minimal quantities 

of precursor (5 nmol), enabling high molar activity to be achieved, even starting from very little 

radioactivity. The BF3 chemistry is very convenient, with straightforward purification and 
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formulation performed using solid-phase extraction on a C18 Sep-pak cartridge. Though only 

demonstrated at scales starting with <3.7 GBq [100 mCi] for safety reasons, it is possible to 

leverage technologies to concentrate [18F]fluoride ion for automated microdroplet synthesis to 

explore the possibility of scale-up to produce [18F]AMBF3-TATE for multiple human doses. 

Preclinical evaluation with [18F]AMBF3-TATE in SSTR2 tumor models showed excellent 

contrast with surrounding tissues and comparable results to [68Ga]Ga-DOTATATE. Due to the 

convenient synthetic method, favorable physical properties and scalability of fluorine-18 

compared with gallium-68, and encouraging imaging and dosimetry, clinical translation of 

[18F]AMBF3-TATE and further development of the microdroplet synthesis are warranted. We 

contend that the [18F]AMBF3-TATE can be used for diagnosis and [177Lu]Lu-DOTATATE can be 

used for therapy; eventual demonstration that [177Lu]Lu-DOTATATE can block uptake of 

[18F]AMBF3-TATE would be sufficient to fully qualify this for application as a companion 

diagnostic.. Finally, while we have not addressed the possibility of boron neutron capture 

therapy (BNCT), the use of 10B-enriched AMBF3 might constitute a promising approach that 

would qualify [18F]AMBF3-TATE for diagnosis and [10B]AMBF3-TATE for therapy in theranostic 

applications demanding a single molecule for both diagnosis and therapy.  

Notably, we expect that other trifluoroborate conjugates of various other peptides could be 

labeled with fluorine-18 with high molar activity using the microdroplet approach in the same 

straightforward, kit-like manner, paving the way to the rapid development of novel 18F-labeled 

peptides for potential theranostic applications when paired with appropriate analogs labeled with 

therapeutic isotopes. Furthermore, the underlying microfluidic technology is anticipated to be 

compatible with other single-step peptide labeling methods (including organosilane conjugates 

labeled via isotopic exchange, NOTA conjugates labeled via chelation of [18F]AlF, etc.) or other 

more complex multi-step processes involving conjugate of modified peptides to 18F-labeled 
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prosthetic groups. Leveraging the availability of fluorine-18 in high quantities, the microdroplet 

reactor is capable of producing sufficient quantities of 18F-labeled peptides for several human 

doses. Further efforts in automation of the overall droplet radiochemistry process will allow safe 

investigation of scaling activity levels above 3.7 GBq [100 mCi]. 

8.7 Abbreviations 

NET: Neuroendocrine tumor; SSTR2: Somatostatin receptor type 2; RLT: Radioligand 

therapy; HPLC: High-performance liquid chromatography; FDA: Food and Drug Administration; 

TLC: Thin-layer chromatography; AAA: Advanced Accelerator Applications; EWOD: 

Electrowetting-on-dielectric; IEX: Isotopic exchange; RCY: Radiochemical yield; TIAC: Time-

integrated activity coefficient; AMBF3: ammoniomethyltrifluoroborate; DOTA: 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid; NOTA: 1,4,7-triazacyclononane-1,4,7-

trisacetic acid; FDG: 2-fluoro-2-deoxy-D-glucose; RCP: Radiochemical purity; FWHM: Full-width 

half maximum; PET: Positron emission tomography; 

8.8 Supplemental Information 

8.8.1 Chip fabrication 

Sulfuric acid (96%, cleanroom MB), hydrogen peroxide (30%, cleanroom LP),  acetone 

(99.5%, cleanroom MB), methanol (99.9%, cleanroom LP) were purchased from XMG 

Electronic Chemicals Inc. (Houston, TX, USA). Tridecafluoro-1,1,2,2-tetrahydrooctyl 

trichlorosilane (silane) was purchased from Gelest, Inc. (Morrisville, PA, USA), and Teflon AF 

2400 1% solution was purchased from DuPont Fluoroproducts (Wilmington, DE, USA). Tape 

(TimeMed Label Tape) was obtained from Fisher Scientific. 
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Glass substrates (25x25x1 mm) were cut from standard microscope slides, and placed in a 

custom-made teflon rack. The slides were sonicated in acetone for 5 min, then in MeOH for 5 

min. Next, the slides were rinsed with DI water and dried using a N2 gun. The glass slides were 

submerged in Pirahna cleaning solution (3:1 sulfuric acid (96%) and hydrogen peroxide (30 %)) 

for 15-30 min. After cleaning, the glass pieces were extensively rinsed with DI water and dried 

with nitrogen. Next, the slides were silanzed by placing them in a glass desiccator with few 

droplets of silane, applying vacuum to the chamber for 5-10 min to reduce pressure, and then 

sealing the chamber overnight. After silanization, chips were heated at 110°C for 10 min on a 

hot plate.  Teflon AF solution was spin-coated (Headway PWM 32, Headway Research Inc., 

Garland, TX, USA ) on one side of each chip using the following 3-step program: 500 RPM for 

5s (ramp rate 100 RPM/s), 1000 RPM for 30 s (ramp rate 500 RPM/s) and 0 RPM (ramp rate 

1000 RPM/s). After coating, the glass chips were heated on a hotplate at 160°C for 10 min, then 

at 245°C for 10 min. Finally, the chips were baked in a Carbolite oven (HTCR6 28 with 3216P1 

programmer option, Carbolite Gero Ltd., UK) at 340°C for 3.5 h.  

8.8.2 Chip temperature control system 

Heating was accomplished via a small rectangular 180 W ceramic heater with a built-in 

thermocouple (CER-1-01-00098 Ultramic heater, Watlow Electric Manufacturing Co., St. Louis, 

MO, USA). The thermocouple signal was connected to a data acquisition module (USB-201, 

Measurement Computing, Norton, MA, USA). A custom program developed with Labview 

(National Instruments, Austin, TX, USA) performed feedback control of the temperature via an 

on-off algorithm triggering a solid-state relay to power the heater. The heater was affixed to a 

thermoelectric (Peltier) device to enable heat insulation during heating steps and accelerated 

cooling of the chip after these steps. The Peltier was fixed to a heatsink and fan. The chip was 
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placed on top of the ceramic heater with the Teflon-AF side up. A small amount of thermal paste 

(OmegaTherm 201, Omega Engineering, Inc., Stamford, CT, USA) was used at all thermal 

junctions. 

8.8.3 Analytical radiochemistry methods 

To understand the performance of each step of the microscale synthesis, radioactivity 

remaining at intermediate steps was measured, and samples were taken for radio-TLC or radio-

HPLC analysis. 

Measurements of radioactivity were made with a calibrated ion chamber (CRC 25-PET, 

Capintec, Florham Park, NJ, USA). For radio-TLC analysis, a small sample was transferred with 

a glass capillary onto a TLC. The plate was developed in MeCN/H2O (1:1 v/v), and then 

scanned with a TLC reader (miniGita star, Raytest, Inc., Wilmington, NC, USA). R f for 

[18F]fluoride was 0.0, and for [18F]AMBF3-TATE was 0.75. Radio-HPLC analysis was performed 

using a Smartline HPLC system (Knauer, Berlin, Germany) with a pump (Model 1000), 

degasser (Model 5050), a UV detector (Model 2500) and a radiometric detector (Bioscan B-FC-

4000, Bioscan Inc., Washington DC, USA). Samples were separated using a Luna C18 (4.6 x 

250mm, 5µm) column (Phenomenex, Torrance, CA, USA) with guard column (SecurityGuard 

C18, Phenomenex) at a flow rate of 1 mL/min. UV absorbance was measured at 277 nm. A 

gradient program was used with the following solvents: 0.1% (v/v) TFA in DI water (solvent A) 

and MeCN (solvent B). The solvent B concentration changed as follows: 5% from 0-2 min, 5-

35% from 2-7 min, 35-65% from 7-15 min, 65-100% from 15-20 min, 100% from 20-25 min, and 

100-5% from 25-30 min.  The retention time of [18F]fluoride was 2-3 min, and that of [18F]AMBF3-

TATE was 11-12 min. 
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Since [18F]fluoride is not accurately quantified via radio-HPLC 322, we used the following 2-

step procedure to determine the radiochemical purity (RCP) of collected samples. First, a radio-

TLC chromatogram was used to estimate the proportion of non-[18F]fluoride species by 

computing the area of the second peak and dividing by the sum of the areas of both peaks. 

Next, the radio-HPLC chromatogram was used to compute the fraction of the desired product by 

taking the area of the product peak and dividing by the sum of areas of all other peaks, except 

the [18F]fluoride peak. These two fractions were multiplied to determine the RCP. For samples of 

the crude extract from the chip, the RCP corresponds to reaction conversion. 

Molar activity (commonly known as specific activity) was determined by standard 

procedures. From the UV trace of a radio-HPLC injection, the area under the curve (AUC) 

corresponding to the product was determined and converted to a molar amount using a 

calibration curve (Figure 82). The injected radioactivity was determined from decay-corrected 

measurements of the sample vial and syringe before and after HPLC injection. This radioactivity 

value was multiplied by the RCP to determine the radioactivity of [18F]AMBF3-TATE injected. 

The molar activity then was determined by dividing this final radioactivity by the molar amount of 

AMBF3-TATE. 
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Figure 82: Calibration curve for molar activity determination of [18F]AMBF3-TATE. 

8.8.4 Calculation of time-integrated activity coefficients (TIACs) 

The time integrated activity coefficient (TIAC, and previously called “residence time”) was 

determined from non-decay-corrected microPET images of mice acquired from time 0 – 6 hr 

post-injection of tracer. A volume-of-interest (VOI) was drawn for each organ and the total organ 

radioactivity at time t was determined using ex vivo weights (gram) or, if not available, image-

derived VOI volume assuming density of tissue was the same as water at 1 g/mL. Organs that 

used the VOI volume were the gastrointestinal tract (stomach, small and large intestines), 

kidneys, heart, femur, gallbladder, bladder, and total body. 

Generally, 

total_radioactivityorgan(t) = mean_radioactivity_concentrationorgan(t) ∗ massorgan 

TIAC of each organ was determined using the NUKFIT software described by Kletting et al. 

with input being total radioactivity of each organ across time, choosing the optimal fit functions 

as proposed by the code 374. 

For scaling to humans, TIAC was calculated using two different methods. 
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Method 1 is based on the assumption that the TIAC for the same organ is the same in mice 

and humans 372,373. 

TIACorgan_Human = TIACorgan_Mouse 

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

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

the respective mass of the human and the animal organ 372. 

TIACorgan_Human = TIACorgan_Mouse ∗
(

organ mass in human
total body mass of human

)

(
organ mass in mouse

total body mass of mouse
)

 

For some organs, TIACorgan_Mouse was calculated as follows: 

TIAC of total red marrow 

First, the fraction of radioactivity found in red marrow of femur relative to total femur was 

determined ex vivo by flushing red marrow from femur and counting radioactivity in red marrow 

and femur bone separately. TIAC of femur (bone + red marrow) was determined from microPET 

VOI analysis. Finally, we scaled up the calculated TIAC for red marrow in femur to red marrow 

in whole body based on literature values. 

TIACred_marrow = (TIACfemur ∗
radioactivity in red marrow of femur

radioactivity in femur
) ∗

1

0.11
 

where 0.11 is a scaling constant representing the estimated fraction of red marrow mass in 

femur to red marrow mass in whole body of mice based on reported values 381 and calculated as 

follows: 

massred_marrow = massleft_limb_marrow + massright_limb_marrow + massspinal_cord 

massred_marrow = 0.0166 + 0.0168 + 0.1121 = 0.1455 

scaling_constant =
massleft_limb_marrow

massred_marrow
=

0.0166

0.1455
= 0.11 
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TIAC of total bone 

We first calculated the TIAC for total skeleton (bone + red marrow) from microPET images 

as follows, using AMIDE’s 3D isocontour function to create a VOI of the skeleton from the 

corresponding CT: 

total radioactivityskeleton(t) = mean radioactivity_concentrationskeleton_VOI(t) ∗ volumeskeleton_VOI 

TIACbone = TIACskeleton − TIACred_marrow 

We assumed total bone is composed of 67% cortical and 33% trabecular bone: 

TIACcortical_bone = TIACbone ∗ 0.67 

TIACtrabecular_bone = TIACbone ∗ 0.33 

TIAC of heart 

Since radioactivity was relatively minimal in heart at later time points, we assumed heart 

content and wall were 90% and 10% of total heart radioactivity, respectively: 

TIACheart_content = TIACtotal_heart ∗ 0.90 

TIACheart_wall = TIACtotal_heart ∗ 0.10 

8.8.5 Sample chromatograms 

Representative radio-HPLC chromatograms are provided for a typical sample of the crude 

reaction mixture (Figure 83) and for the product after purification (Figure 84). 
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Figure 83: Representative radio-HPLC chromatogram of crude [18F]AMBF3-TATE. (Top) UV 

detector. (Bottom) Gamma detector. 

 

Figure 84: Representative radio-HPLC chromatogram of purified [18F]AMBF3-TATE. (Top) UV 

detector. (Bottom) Gamma detector. 
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8.8.6 Detailed analysis of microfluidic synthesis of [18F]AMBF3-TATE 

To understand potential areas for further improvement of yield, all trial runs and some 

production runs were performed with intermediate measurements of radioactivity and 

radiochemical purity (see Table 24 and Table 25). 

Table 24: Performance of synthesis of [18F]AMBF3-TATE as determined from the collected crude 

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

Parameter Average ± SD 
(n=15) 

Total radioactivity collected from the chip (%) 37.2 ± 9.0 

Residual radioactivity on top chip (%) 20.5 ± 3.0 

Residual radioactivity on bottom chip (%) 22.4 ± 4.3 

Radioactivity loss during reaction (%) 20.1 ± 6.4 

TLC purity ([18F]fluoride incorporation, %) 49.9 ± 6.3 

HPLC purity (fraction of product among non-[18F]fluoride peaks, 
%) 

92.7 ± 3.0 

Double-corrected purity (%) 46.4 ± 6.7 

Crude RCY (%) 16.7 ± 2.6 

 

Table 25: Performance of full production runs (including purification) for [18F]AMBF3-TATE. All 

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

Parameter Average ± SD 
(n=5) 

Total radioactivity collected from the chip (%) 34.0 ± 12.3 

Residual radioactivity on top chip (%) 20.6 ± 2.5 

Residual radioactivity on bottom chip (%) 26.2 ± 7.6 

Radioactivity loss during reaction (%) 19.6 ± 9.1 

TLC purity ([18F]fluoride incorporation, %) 56.4 ± 7.8 

HPLC purity (fraction of product among non-[18F]fluoride peaks, 
%) 

92.4 ± 3.3 

Double-corrected purity (%) 52.2 ± 8.0 

Crude RCY (%) 16.4 ± 1.1 

Loss on purification (%) 0.6 ± 0.2 

Isolated RCY (%) 15.8 ± 1.0 

 

In Table 25, it can be seen that there are significant losses (~20%) on each of the chips, 

and another ~20% is lost during the reaction, perhaps due to formation of volatile by-products. 
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Perhaps alterations to the chip fabrication process or materials could reduce the chip losses, 

and perhaps confinement of the reaction droplet could reduce the other losses. 

8.8.7 Preclinical tumor imaging and biodistribution 

The results of an imaging study showing the impact of SSTR2 expression are shown in 

Figure 85. Uptake of both tracers is clearly correlated with human or rat SSTR2 expression. 

 

Figure 85: Comparison of [18F]AMBF3-TATE and [68Ga]Ga-DOTATATE imaging of (A) human 

SSTR2-expressing (RM1) xenografts and (B) rat SSTR2-expressing (AR42J) xenografts. 

Untransduced RM1-WT cells were used as a negative control.   

Time activity curves of [18F]AMBF3-TATE in normal tissues in C57BL/6 mice are shown in 

Figure 86. 
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Figure 86: Non-decay-corrected [18F]AMBF3-TATE time activity curves determined from microPET 

images, averaged over n=3 mice. 
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