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Abstract

Concentration of [18F]fluoride has been mentioned in literature, however, reports have lacked 

details about system designs, operation, and performance. Here, we describe in detail a compact, 

fast, fully-automated concentration system based on a micro-sized strong anion exchange 

cartridge. The concentration of radionuclides enables scaled-up microfluidic synthesis. Our system 

can also be used to provide highly concentrated [18F]fluoride with minimal water content. We 

demonstrate how the concentrator can produce varying concentrations of [18F]fluoride for the 

macroscale synthesis of N-boc-5-[18F]fluoroindole without an azeotropic drying process, while 

enabling high starting radioactivity. By appropriate choice of solid-phase resin, flow conditions, 

and eluent solution, we believe this approach can be extended beyond [18F]fluoride to other 

radionuclides.

Keywords

Radionuclide concentration; Positron emission tomography (PET); radiopharmaceutical 
preparation; microfluidic radiofluorination; azeotropic drying free radiofluorination; anion 
exchange cartridge; micro-cartridge

3 Introduction

Positron-emission tomography (PET) provides an increasing range of in vivo assays of 

specific biological receptors or biochemical processes, providing critical information for 

patient management in areas such as oncology (Gambhir, 2002; Kitson et al., 2009; Kubota, 
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2001), neurodegenerative disorders (e.g. dementia, Alzheimer’s disease, Parkinson’s disease, 

and epilepsy) (Kitson, 2014; Newberg and Alavi, 2005; Ravina et al., 2005; Virdee et al., 

2012), cardiovascular disease (Guludec et al., 2008; Kitson et al., 2009; Schindler et al., 

2010), as well as inflammation or infectious diseases (Chryssikos et al., 2008; Glaudemans 

et al., 2013; Stumpe et al., 2000; Tarkin et al., 2014).

There has recently been considerable interest in the development of microscale technologies 

for the synthesis of the short-lived radiolabeled tracers that must be injected prior to a PET 

scan (Rensch et al., 2013). Some microscale approaches can reduce required radiation 

shielding and reagent costs, compared to macroscale approaches, and could make it practical 

and affordable to produce small batches of diverse PET tracers on demand. Although there 

has been significant progress in “flow-through” type microreactors for microscale 

radiosynthesis, including demonstration of a wide range of tracers (Pascali et al., 2013) and 

clinical use of tracers produced by this approach (Liang et al., 2014), there are considerable 

advantages of using microscale “batch” reactors (Keng and van Dam, 2015). For example, 

reaction volume can be significantly smaller (e.g. ≤50 µL), reducing reagent related 

expenses. In addition, for microfluidic chips that do not require large supporting pumps and 

valves, the overall system size can be much more compact, and potentially the system can be 

shielded and operated on a benchtop without the need for a conventional radiochemistry hot 

cell. An added advantage of low reaction volume is an improvement in molar activity of the 

synthesized PET tracer compared to macroscale methods (Javed et al., 2014; Sergeev et al., 

2018); high molar activity is critical for imaging of scarce biological targets (e.g. 

neuroreceptors).

However, a challenge is that the radionuclide is typically produced/supplied in a volume 

much greater than these microreactors. For example, [18F]fluoride is typically produced in 

amounts of 10s of GBq or higher as a dilute solution in ~1–5 mL of [18O]H2O. At a typical 

concentration of about 37 GBq/mL [1.0 Ci/mL], it would be necessary to load 40–80 µL of 

the radionuclide solution at the start of synthesis to produce a single patient dose (~370–740 

MBq [10–20 mCi] (Hoover et al., 2016)), assuming an overall decay-corrected yield of 

~50% and synthesis time of 1 half-life. To produce enough tracer for multiple human doses, 

or to produce enough for long-distance transport to the imaging site, especially when 

working with low-yield reactions, would require even more activity (and volume) to be 

loaded. To ensure sufficient activity can be loaded into the microreactor, the radionuclide 

therefore needs to be concentrated before use. If a sufficient degree of concentration can be 

achieved, the entire batch of radionuclide could be used for the microscale synthesis, rather 

than the highly undesirable situation of using e.g. 10 µL and discarding the remaining 99% 

of a 1 mL target bombardment.

Concentration of [18F]fluoride can also be useful to reduce water content in conventional 

macroscale radiosynthesizers. For nucleophilic fluorination reactions, the presence of water 

severely reduces the reactivity of [18F]fluoride (Lemaire et al., 2010; Seo et al., 2011), and 

thus water must be removed prior to fluorination, typically through a multi-step azeotropic 

drying process. Concentration of [18F]fluoride to a few microliters can substantially reduce 

water content and facilitate a reactive [18F]fluoride without the need for azeotropic drying. 

For example, concentration down to 5 µL would result in <0.5% (v/v) water content if added 
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to a reactor containing 1 mL of precursor solution in organic solvent. The base content can 

also be reduced. This approach has been used to increase the yield and simplify the 

preparation of human doses of [18F]5-Fluorouracil ([18F]5-FU) (Hoover et al., 2016). This 

method can be considered an alternative to other approaches that have previously been 

reported for reducing water and/or base content for macroscale reactions. For example, 

Lemaire et al. (2010) demonstrated nearly quantitative elution of [18F]fluoride from a 

conventional QMA cartridge with a solution containing organic base in MeCN with either a 

small amount of alcohol or water (0.2–2.5%). The eluate was directly used in fluorination 

reactions and resulted in high yields without the need for azeotropic drying. Iwata et al. 
(2017, 2018) demonstrated efficient elution of [18F]fluoride from a conventional QMA 

cartridge with anhydrous MeOH containing a minimal amount of phase transfer catalyst and 

base. The amounts could be even further reduced by the flowing through a downstream 

cation exchange cartridge. This reduction of phase transfer catalyst and base combined with 

removing the need for azeotropic drying allowed for improved fluorination yields across 

various model PET tracers. Finally, Richarz et al. (2014) presented a method wherein water, 

base, and phase transfer catalyst could be eliminated altogether by eluting the[18F]fluoride 

directly from a conventional QMA cartridge using a charged precursor in anhydrous MeOH. 

The MeOH could then be evaporated and replaced with a more suitable solvent (e.g. DMSO, 

DMF) for efficient fluorination.

Due to the importance of concentrating [18F]fluoride (Figure 1), several groups, including 

ours, have reported methods to perform the concentration step. In one approach, water was 

removed by evaporation: a 200 µL open droplet of [18F]fluoride in [18O]H2O on an 

electrowetting-on-dieletric (EWOD) microfluidic chip was concentrated down to 5 µL in 10 

min by heating the substrate (Chen et al., 2014). Once the droplet volume had been reduced, 

electrodes were activated to draw the droplet under the cover plate onto the EWOD transport 

pathways. Radioactivity loss during the concentration process, qualitatively visualized 

through Cerenkov imaging, proved to be negligible. This straightforward approach is 

suitable for modest starting volumes, but may require impractically large chip real estate, or 

take too much time for sequential 200 µL evaporations to handle volumes in the 1–5 mL 

range that are expected from most cyclotrons. Another approach is to use miniature anion 

exchange cartridges to trap [18F]fluoride from the large volume of [18O]H2O and to then 

recover this [18F]fluoride in smaller volumes ranging from 5 – 500 µL (De Leonardis et al., 

2011; Elizarov et al., 2010; Lebedev et al., 2012; Salvador et al., 2017). Elizarov et al. 
demonstrated concentration of 32.4 GBq [876 mCi] of [18F]fluoride with a starting volume 

of 2 mL to a final volume of 5 μL within a custom-built micro cartridge with 2 µL bed 

volume filled with AG-1-X8 QMA resin (Bio-Rad Laboratories, Inc., USA) (Elizarov et al., 

2010). During the concentration process, 99.5% of the starting [18F]fluoride was trapped, 

and 92.7% of the trapped activity was recovered during elution of the [18F]fluoride off of the 

cartridge (n=1). Flow rates used during concentration were 2 mL/min allowing for complete 

concentration in ~3 min. Lebedev et al. demonstrated concentration of [18F]fluoride (up to 

110GBq [3 Ci]) in 2 mL of [18O]H2O to a final volume of 45 μL within a commercial 

micro-cartridge (OptiLynx, Optimize Technologies, Inc., USA; 5 µL bed volume) packed 

with the same resin (Lebedev et al., 2012). Trapping and release of various [18F]fluoride 

amounts resulted in ~95% recovery of the starting amount. Concentration was performed in 

Chao et al. Page 3

Appl Radiat Isot. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



~3 min. De Leonardis et al. loaded anion exchange resin (Chromabond PS-HCO3, ABX, 

Germany) into a microfluidic channel and demonstrated concentration of 5–7 GBq [140–190 

mCi] samples of [18F]fluoride in 4 mL [18O]H2O (De Leonardis et al., 2011). Trapping 

efficiency was >90% and ≥95% of the trapped activity could be eluted in 250 µL with a total 

processing time of 6 min. Ismail et al. demonstrated the use of a functionalized porous 

polymer monolith (polystyrene imidazolium chloride) instead of packed resin beads (Ismail 

et al., 2014). Trapping of [18F]fluoride solutions (1.5–7.4 MBq [40–200 μCi]) at a flow rate 

up to 250 µL/min had an efficiency of 97 ± 4% (n=39) and it was shown theoretically that 

higher activities could be trapped by extending the length of the monolith. Of various eluents 

tested, CaCO3 performed the best, recovering 94 ± 6% (n=2) of the activity in a volume of 

100 μL. Recently, Salvador et al. demonstrated concentration of [18F]fluoride within a 

manually-operated custom built PDMS microfluidic system with 10–15 mg embedded QMA 

resin (from Sep-Pak Accell Plus cartridge, Waters, Inc., USA) (Salvador et al., 2017). For 

activities of 19 GBq [0.5 Ci], trapping of 2 mL of [18F]fluoride in [18O]H2O was achieved 

with 98% efficiency; trapped activity could then be eluted into a volume of 20 μL with 

>87% recovery. Trapping was performed with a flow rate of 180 μL/min.

Concentration has also been performed using an electrochemical cell instead of anion 

exchange resin. Saiki et al. reported a microfluidic cell with 16 µL internal volume that 

could trap [18F]fluoride from 1–2 mL of [18O]H2O at up to 700 µL/min flow rate by 

applying a 10V potential, and then release the activity into a smaller volume of an eluent 

solution with an overall efficiency (deposition and release) of ~60% (Saiki et al., 2010). The 

release process used a total volume of 275 µL of eluent solution, but a radiation detector 

showed that the majority of activity was released into the first ~60 µL and concentration 

could thus be achieved using a switching valve (Wong et al., 2012).

In this paper, we focus on the micro-cartridge approach due to its fast operation, high 

efficiency, commercial availability of components, and ability to realize very small output 

volumes by minimizing the bed volume of the cartridge. We have developed a standalone, 

fully-automated system for rapid concentration of [18F]fluoride into microliter-scale 

volumes for a variety of applications. Though a previous version of this system has been 

used to avoid azeotropic drying in the preparation of clinical doses of [18F]5-FU (Hoover et 

al., 2016), this is the first report of the detailed design, operation, and performance of this 

system. As an additional demonstration we also report new data on the use of the 

concentrator to reduce water content (while potentially increasing starting activity) to 

perform Ni-mediated radiosynthesis of a model compound (N-boc-5-[18F]fluoroindole) 

without azeotropic drying.

4 Methods

4.1 Reagents

Anhydrous acetonitrile (MeCN), potassium bicarbonate (KHCO3), tetrabutylammonium 

bromide (TBAB), 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6), ethyl acetate 

(C4H8O2), hexane (C6H14), and monobasic potassium phosphate (KH2PO4) were purchased 

from Sigma-Aldrich (Milwaukee, WI USA). Deionized water was obtained from a Milli-Q 

water purification system (EMD Millipore Corporation, Berlin, Germany). Saline (0.9% 
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w/v) was purchased from Hospira (Lake Forest, IL, USA). 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane (Kryptofix 222; K222) was purchased from ABX (Radeberg, 

Germany). Sodium chloride (NaCl) was purchased from Fisher Scientific (Pittsburgh, PA, 

USA). [18F]fluoride in [18O]H2O was produced in a cyclotron (RDS-112, Siemens, 

Knoxville, TN, USA) through (p,n) reaction of [18O]H2O (98% isotopic purity, 18–98-050, 

Rotem Medical, Israel) at 11 MeV using a 1 mL internal volume tantalum target with Havar 

foil. Unless otherwise noted, all materials were used as received. A variety of different 

preconditioning solutions (based on KHCO3, NaCl, or KH2PO4 in water) and eluent 

solutions (based on K2CO3/K222, TBAB, NaCl, or K3PO4/18-crown-6 in water/MeCN) 

were prepared for different experiments (see Tables 1, 2, 4, and 5). The nickel aryl precursor 

complex and the hypervalent iodine oxidant used for the synthesis of N-boc-5-

[18F]fluoroindole were synthesized following the methods of Lee et al. (Lee et al., 2012).

4.2 Miniature anion exchange cartridge

Strong anion exchange (SAX) resin (AG-MP1; 200–400 mesh size) was sourced from Bio-

Rad (Hercules, CA, USA). Quaternary ammonium (QMA)-based resin was chosen for its 

lower affinity to the fluoride ion compared to other anions (e.g. Cl−, HCO3
− ) allowing for 

easier elution of fluoride with these other anions. Resin was packed by Optimize 

Technologies (Oregon, OR, USA) into OPTI-LYNX micro trap cartridges (11–04755-ES, 

Optimize Technologies). The cartridges have a bed volume of ~4 µL and hold ~2 mg of 

resin. The cartridge was placed in an OPTI-LYNX micro holder (Optimize Technologies) to 

facilitate connection to fluidic paths via standard fittings and tubing. This resin/cartridge 

combination was selected to due to the small bed volume, commercial availability, 

compatibility with standard fittings, and previous reports that high amounts of activity (110 

GBq [3 Ci]) could be efficiently trapped (Lebedev et al., 2012).

For optimal performance, the manufacturer recommends sonicating the cartridge in 50:50 

v/v MeCN/DI water for 5 min to hydrate and redistribute the internal resin after the 

cartridges are stored dry. This procedure was performed whenever cartridges could not be 

immediately removed from the system and stored in 50:50 MeCN/DI water.

4.3 System design

4.3.1 Overview—The overall concentration system has several components. One portion 

controls the flows for trapping the [18F]fluoride onto the micro-cartridge and later releasing 

it. Another part generates the low volumes of eluent solution for the release step. Finally, the 

third part is responsible for controlling which reagents are passing through the cartridge. 

Each of these components is described in detail below.

Reagents were driven either by inert gas pressure or vacuum. The inert gas was provided 

from an electronic pressure regulator (ITV0010–2BL, SMC Corporation, Japan) connected 

to a nitrogen source. Vacuum was supplied from an electronic vacuum regulator (ITV2090, 

SMC) connected to a central “house” vacuum (1.9 L/min, −90 kPa). A small vacuum pump 

could be used instead. Unless otherwise specified, liquid pathways were implemented with 

0.02’’ ID, 1/16” OD ETFE tubing (1516L, IDEX).
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4.3.2 Trapping and elution—At the core of the system, the micro-cartridge is 

connected to a low dead volume HPLC injection valve (“cartridge valve”, Titan HT 715–

000, IDEX Health & Science) via 0.01” ID 1/16” OD PEEK tubing (Figure 2). In one state, 

the valve allows large volumes (up to several mL) of solution (i.e., preconditioning solution, 

[18F]fluoride/[18O]H2O, or wash solutions) from the reagent selection system (described in 

Section 4.3.4) to flow through the cartridge, and then to one of two waste outputs (“cartridge 

waste” or “[18O]H2O recovery”), selected by a downstream 3-way valve (D; “cartridge 

waste valve”; LVM105R, SMC Corporation, Japan). A liquid sensor (#1, OCB350L062Z, 

OPTEK Technologies, Carrollton, TX, USA) was positioned at this output to enable 

automatic determination of when a reagent had entirely passed through the cartridge.

After trapping [18F]fluoride and drying the micro-cartridge, the cartridge valve is switched 

to its other state, allowing a small volume of eluent solution to efficiently flow through the 

cartridge to an output where the concentrated radionuclide is collected for downstream use 

(e.g. in a microfluidic radiosynthesis chip or macroscale reaction vessel).

4.3.3 Metering eluent solution—To measure the desired small volumes of the eluent 

solution, another identical rotary injection valve (“eluent metering valve”) was used in 

conjunction with a 6.2 µL “loop”, consisting of a 12.25 cm length of 0.01” ID 1/16” OD 

PEEK tubing (1531, IDEX). Note that this loop size was the minimum length of tubing that 

could reliably be connected into the eluent metering valve. The fluidic connections are 

shown in Figure 3.

In one state of the valve, fluids (i.e. either eluent solution to fill the loop, or wash solution to 

clean the loop) flow through the loop and out to an “eluent waste vial” (60942A40, Kimble 

Chase, Vineland, NJ, USA) via a 3-way “eluent waste valve” (H; LVM105R, SMC 

Corporation, Japan). Reagents were driven with vacuum by connecting the headspace of the 

eluent waste vial to a regulated vacuum source. Additional 3-way valves (I, E, F, G; 

LVM105R, SMC Corporation, Japan) are used to select which input reagent flows through 

the loop (i.e. eluent solution or eluent washing solutions: MeCN or DI water). Details of 

these reagents connections are in the Supplemental Information, Section 1.1. A liquid sensor 

(#3; OCB350L062Z, OPTEK Technologies, Carrollton, TX, USA) was positioned at the 

eluent waste output of the eluent metering valve to determine when the loop had been 

completely filled.

In the other position of the rotary valve, the metered plug of eluent solution in the loop is 

driven by inert gas toward the cartridge valve via a ~3 cm segment of 0.02” ID 1/16” OD 

PFA HP plus tubing (1902L, IDEX). A liquid sensor (#2; OCB350L062Z, OPTEK 

Technologies, Carrollton, TX, USA) was positioned half way along this tubing segment to 

monitor the passage of the metered eluent plug toward the cartridge valve.

4.3.4 Reagent delivery—During operation, several different reagents (e.g. cartridge 

preconditioning solution, preconditioning wash solution (DI water), [18F]fluoride/[18O]H2O, 

and rinse solution (MeCN)) must be flowed through the micro-cartridge connected to the 

cartridge valve. Selection of the reagent is controlled via a 7-port, 6-position rotary stream 

Chao et al. Page 6

Appl Radiat Isot. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



selection valve (“reagent selection valve”; Titan HT 715–105, IDEX). This type of valve 

connects any one of its 6 inlets to a common outlet.

Two generations of prototype systems were built during this study with slightly different 

methods of measuring and delivering the solutions. In the “intermediate” vial system, each 

reagent was delivered by first filling the desired amount of the reagent from a larger 

reservoir into an intermediate vial using vacuum and then pushing this volume out of the vial 

to the inlet of the cartridge valve (and through the micro-cartridge). A calibration was 

performed for each reagent to determine the vacuum pressure and time needed to transfer a 

certain volume into the intermediate vial. Details of fluid connections and operation are 

discussion in the Supplemental Information, Section 1.2.1. In the direct loading system the 

output of the reagent selection valve is connected directly to the inlet of the cartridge valve 

via 1/16’’OD PEEK tubing. We chose to operate the system such that each reagent vial 

contained a pre-measured amount of the reagent, but it would be possible to meter reagent 

volumes by performing time- or pressured-based calibrations as was done for the 

intermediate vial system. For reagents that are needed twice during the concentration 

process (i.e. DI water and MeCN), we filled two vials with the same reagent. Details of fluid 

connections and operation are discussed in the Supplemental Information, Section 1.2.2.

4.3.5 Control system—Detailed documentation of electronic components used to 

control and automate the system can be found in Supplemental Information, Section 2.

4.4 Concentration process

4.4.1 Overview—To carry out the concentration process, first, all reagent vials are filled 

except for the radionuclide. The cartridge is then preconditioned and rinsed, and the eluent 

metering loop is filled with eluent solution. Next, the radionuclide is introduced into the 

system, and is trapped on the micro-cartridge. Finally, the radionuclide is recovered by 

flowing the contents of the eluent loop through the cartridge. Additional elution steps can be 

performed if desired. A flowchart representation of these steps is shown in Supplemental 

Information, Figure S5.

4.4.2 Setup—Before operation, all waste vials (cartridge waste, [18O]H2O recovery, and 

eluent loop waste) were emptied.

In the intermediate vial system, reagent vials were loaded with the following volumes of 

reagents: DI water for precondition rinsing (40 mL), MeCN (40 mL), preconditioning 

solution (10 mL), eluent solution (2 mL), MeCN for eluent metering valve (40 mL), DI 

water for eluent metering valve (40 mL).

In the direct loading system, the following volumes were used: preconditioning solution (1 

mL), DI water for precondition rinsing (0.5 mL x 2 vials), eluent solution (2 mL), MeCN 

(0.5 mL x2 vials), MeCN for eluent metering valve (40 mL), and DI water for eluent 

metering valve (40 mL)

4.4.3 Preconditioning—Before trapping [18F]fluoride, the micro-cartridge must be pre-

conditioned (Figure 2A). First, the cartridge valve is set into the “trap” position and the 
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cartridge waste valve is set to cartridge waste (Figure 2A). Pre-conditioning solution (0.6 

mL for intermediate vial system, 1.0 mL for direct loading system) was passed through the 

micro-cartridge to the waste vial. In the intermediate vial system, 3.0 mL of DI water was 

then loaded to rinse the intermediate vial and discarded to waste by temporarily switching 

the cartridge valve to the “elute” position to bypass the cartridge. Next, the cartridge was 

rinsed twice with DI water (0.8 mL each time for the intermediate vial system, 0.5 mL each 

time for the direct loading system). Finally, DI water was eliminated from the cartridge by 

flowing MeCN (1.0 mL for the intermediate vial system and 0.5 mL for the direct loading 

system) through the cartridge, followed by a flush with inert gas (40 s). Note that the 

volumes were slightly higher for the intermediate vial system to improve reliability by 

accounting for losses that could occur within the intermediate vial.

4.4.4 [18F]fluoride trapping—In typical experiments, the [18F]fluoride vial was loaded 

with ~0.5 mL (~ 9–1220 MBq [0.25–33 mCi]) [18F]fluoride/[18O]H2O prior to trapping. In 

practice, this vial could be filled via tubing directly from the cyclotron or other [18F]fluoride 

sources. In the case of the intermediate vial system, a vacuum pull time of 11 s was used to 

ensure complete transfer of the [18F]fluoride into the intermediate vial, even though 

calibration indicated that only 5 s was needed to transfer 0.5 mL.

With the cartridge valve in “trap” position, the [18F]fluoride solution was then driven by 

inert gas (20 psig) through the micro-cartridge and to the [18O]H2O recovery vial (Figure 

2B). The micro-cartridge traps the fluoride ions while the [18O]H2O passes through. After 

trapping, a portion of MeCN (1.0 mL for the intermediate vial system and 0.5 mL for the 

direct loading system) is passed through the cartridge (to remove residual water) to the 

cartridge waste vial. Finally, the cartridge is dried by flowing inert gas at 20 psig for 40 s 

through the same fluid pathway.

4.4.5 [18F]Fluoride elution—For each elution step, a 6.2 µL plug of eluent solution is 

prepared. With the eluent metering valve in the “load” position (Figure 3A), the eluent path 

is primed by applying vacuum (-10 psig) to the eluent waste reservoir. Once the loop is filled 

(detected by an air-to-liquid transition at the eluent waste liquid sensor (#3)), valve H is 

closed, and the eluent metering valve is switched to the “elute” position (Figure 3B). At the 

same time, the cartridge valve is switched to the “elute” position (Figure 2C). Inert gas 

pressure is then applied to push the eluent plug toward the cartridge valve, through the 

micro-cartridge, and to the concentrated radionuclide outlet for downstream radiosynthesis. 

To ensure the small plug of eluent solution remains intact, the inert gas pressure is gradually 

ramped up (0.5 psi every 5 s). Once liquid sensor #2 detects that the whole eluent plug has 

passed (via air-to-liquid then liquid-to-air transitions), pressure is increased by 5 psig for an 

additional 10 s. The majority of the eluent volume is ejected from the cartridge within 4 s 

following the pressure ramp, but an additional 10 s was chosen to provide a safety margin as 

well as to recover any residual droplets formed on the concentrated radionuclide outlet 

tubing during ejection.

The eluent loop can be refilled to perform additional elution steps. Note that upon switching 

the eluent metering valve back to the load position, the eluent loading system is still full of 

eluent except for a gap of air in the loop. Thus the system can be re-primed by applying 
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vacuum to the eluent waste vial until the liquid sensor (#3) detects a liquid-to-gas followed 

by a gas-to-liquid transition. The elution process can then be repeated exactly as above. The 

eluent loop can also be filled with water or MeCN to perform rinsing steps or to perform 

cleaning of the system (Supplementary Information, Section 4).

4.5 Characterization of trapping and elution efficiency

Characterization of trapping and elution efficiency was performed by taking radioactivity 

measurements with a calibrated dose calibrator (CRC-25 PET, Capintec, Inc., Ramsey, NJ) 

during the trapping and elution processes. For the purposes of calculations, all radioactivity 

measurements were decay-corrected to a common timepoint. Measurements were made of 

the starting activity in the [18F]fluoride (“source”) vial before trapping (A0source), activity in 

the source vial after trapping (Asource), activity on the cartridge after trapping (Acartridge), 

activity in the [18O]H2O recovery vial after trapping (Awaste), and the collected activity after 

elution (Acollect). Trapping efficiency (%) was computed as Acartridge / (A0source – Asource) x 

100%. Elution efficiency (%) was calculated as Acollect / (Acartridge – Asource) x 100%. In 

early experiments, Acartridge was measured directly, however in later experiments Acartridge 

was measured indirectly (i.e. calculated as A0source – (Awaste + Asource)) to prevent 

unnecessary radiation exposure to the operator. Measurements via the two approaches were 

found to agree within ~0.5% of the starting activity.

4.6 Synthesis of N-boc-5-[18F]fluoroindole

Using concentrated [18F]fluoride to limit water content, we performed the synthesis of N-

boc-5-[18F]fluoroindole via nickel-mediated oxidative fluorination (Figure 5A) as reported 

by Lee et al. (Lee et al., 2012).

The setup of the experiment is shown in Figure 5B. Concentration of [18F]fluoride was 

performed using 1 M KH2PO4 for preconditioning the micro-cartridge, and 24 mM K3PO4 

+ 136 mM 18-crown-6 in a 20:80 v/v mixture of DI water and MeCN for elution. The eluted 

solution had a volume of 12.4 µL (two elution plugs). The concentrator output was 

connected into a 3 mL v-vial (Wheaton) containing 500 µL of a “drying” solution (salt in 

MeCN). The concentrated [18F]fluoride was thus “dried” by dilution, resulting in a 

[18F]fluoride solution with a low and well-controlled amount of water. A #23 needle in this 

vial provided a vent during the transfer of the concentrated [18F]fluoride. Two drying 

solutions were tested – one containing 38 mM 18-crown-6 in MeCN (drying solution #1), 

and the other containing 38 mM 18-crown-6 + 10 mM K3PO4 in 1:400 v/v H2O:MeCN 

(drying solution #2).

The drying/dilution vial was connected via a dip-tube to a second “reaction” vial. This vial 

was pre-filled with a 2:3 mixture of the Ni-indole complex (1.0 – 1.3 mg) and hypervalent 

iodine oxidant (1.3 – 1.6 mg) prepared under argon prior to each experiment. The dried 

[18F]fluoride was transferred by applying vacuum to the headspace of the second vial, and 

the resulting mixture was then allowed to react for 1 min. Determination of water content in 

the reaction mixture for synthesis of N-boc-5-[18F]fluoroindole was performed using Karl 

Fischer titration. Detailed description of the equipment and methods used can be found in 

Supplemental Information, Section 6.
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The crude product was then analyzed by radio thin layer chromatography (radio-TLC) for 

determination of radiochemical conversion (RCC). A 1 μL droplet of the crude product was 

spotted on a silica TLC plate (JT4449–2, J.T. Baker, Center Valley, PA, USA) with a 

micropipette. The TLC plate was developed in 10% v/v ethyl acetate in hexane and then 

analyzed with a radio-TLC reader (MiniGITA Star, Raytest, Germany). The chromatograms 

contained two peaks (Supplemental Figure S8): [18F] fluoride (Rf = 0.0) and N-boc-5-

[18F]fluoroindole (Rf = 0.58). The RCC of N-boc-5-[18F]fluoroindole was calculated as the 

area under the N-boc-5-[18F]fluoroindole peak divided by the area under both peaks.

5 Results and Discussion

5.1 Duration of concentration process

The times required to complete each of the main operations (i.e. preconditioning, trapping, 

and elution) were measured for the intermediate vial and direct loading systems were 

measured using the procedure described in the Supplemental Information, Section 7. Results 

for each configuration are summarized in Supplemental Tables 2 and 3, respectively. These 

experiments were performed with 0.5 mL of water as a mock [18F]fluoride solution.

For the intermediate vial system, the preconditioning process took 355 ± 3 s (n= 3), trapping 

took 134 ± 6 s (n=3), and elution took 137 ± 1 s (n=3) for two elution plugs. In total, the 

entire concentration process for the intermediate vial system took 625 ± 9 s (n=3). Of the 

preconditioning time, 119 ± 4 s (n=3) was spent rinsing the intermediate vial to eliminate 

residue of the preconditioning solution.

The direct loading system reduces the overall concentration time as certain steps, including 

rinsing of the intermediate vial and transferring from reagent reservoirs to intermediate vial, 

are not needed. The total time in this case was ~3 min shorter, i.e. 452 ± 4 s (n=3).

Likely, one would eventually use micro-cartridges that are pre-conditioned at the 

manufacturer, or one would perform the preconditioning ahead of time (i.e. before addition 

of [18F]fluoride solution). In such a case, the total time for concentration after adding the 

[18F]fluoride solution would be 271 ± 7 s (n=3) and 250 ± 7 s (n=3) for the intermediate vial 

and direct loading systems, respectively.

5.2 Trapping efficiency

The efficiency of trapping [18F]fluoride was assessed for several pre-conditioning solutions 

(KHCO3, KH2PO4, and NaCl) using the intermediate vial system. KHCO3 is commonly 

used in conjunction with K2CO3 / Kryptofix 2.2.2 or KHCO3 / Kryptofix 2.2.2 as an eluent. 

KH2PO4, in conjunction with K3PO4 / 18-crown-6 has been shown to be useful for metal-

mediated fluorination reactions where certain precursors unfavorably react with the amine 

functionality found in Kryptofix 2.2.2 (Kamlet et al., 2013). Use of NaCl as both 

preconditioning solution and eluent has been demonstrated in isotopic exchange reactions 

(Liu et al., 2015), where it helps to simplify the purification and quality control processes 

since NaCl is injectable, though introduction of chloride ion can interfere with nucleophilic 

fluorination reactions.
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Since flow rates of reagents through the cartridge determine how long the solutes have to 

interact with the resin within the cartridge, flow rates were set to 1 mL/min, which is slower 

than the report of Lebedev et al. (Lebedev et al., 2012) (in which the same cartridges were 

used) by a safety factor of 2.

Under all conditions tested, at least 94% trapping efficiency was observed (Table 1). Of the 

three preconditioning solutions tested, KHCO3 and KH2PO4 resulted in the highest trapping 

efficiencies of 99 ± 1% (n=13) and 96 ± 4% (n=16), respectively. Of the anions used for 

preconditioning, Cl− has the highest affinity for the resin, while HCO3
− and H2PO4

− are 

lower (“AG® MP-1M Anion Exchange Resins | Process Separations | Bio-Rad,” n.d.), 

explaining the higher displacement by [18F]fluoride (and thus higher trapping efficiency) for 

these latter anions.

5.3 Effect of initial volume of radionuclide solution

We anticipated that the starting volumes of radioactivity for a downstream radiosynthesis 

may vary (e.g. preparing multiple tracers from a single master batch of [18F]fluoride), 

therefore we explored the effect of the volume of [18F]fluoride solution in the source vial on 

trapping efficiency. We hypothesized that there are some dead volumes associated with the 

tubing interface into the source vial, and that losses would become more significant as 

starting volume was reduced, resulting in lower apparent trapping efficiencies. For example, 

the liquid could become distributed on the vial surface, on tubing, and inside valves before 

reaching the cartridge valve.

Trapping efficiencies for various starting volumes, using the direct loading system, are 

summarized in Figure 6. Pre-conditioning was performed with 1 M NaCl. The volume can 

be scaled down quite far without adverse effect on the trapping efficiency. For volumes 

ranging from 1.0 down to 0.125 mL, activity lost within the system (i.e. activity not in 

[18F]fluoride vial, trapped on cartridge, or in cartridge waste vial) is low (< 2%). For starting 

volumes of 0.06, 0.03, and 0.01 mL, losses increase dramatically to 5.0 ± 2.9% (n = 3), 15.0 

± 4.6% (n=3) and 44.0 ± 5.3% (n=3), respectively.

These results suggest at least 0.06 mL should be used in the source vial to ensure efficient 

overall operation of the concentrator. To accommodate smaller volumes, one could always 

dilute the [18F]fluoride source with DI water to increase the volume into this range (at the 

expense of requiring more time for trapping), or potentially could rinse the full fluid path 

with DI water (through the cartridge) after trapping with little effect on overall duration or 

system complexity.

5.4 Effect of number of eluent plugs

Recovery of trapped [18F]fluoride from strong anion exchange cartridges has been shown to 

be more efficient when eluted with multiple smaller elution plugs rather than one larger 

single plug (Lebedev et al., 2012). With the intermediate vial system, we explored the 

influence of the number of eluent plugs on elution efficiency in a set of experiments using 1 

M NaCl for preconditioning and 0.15 M NaCl for elution. In Table 3, we observe that only a 

small fraction of the activity (21.9 ± 2.6%, n=3) is recovered with one elution rinse. The 

cumulative amount recovered by two rinses was 88.4 ± 1.3 % (n=3). An additional 2 rinses 
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recovered an additional 10.1 ± 2.9% (n=3) of the initial amount, and further rinses recovered 

negligible amounts of additional activity. To ensure the highest concentration and lowest 

water content, we used 2 elution steps for most experiments.

We were curious as to why the recovery was so low for a single elution plug. Since other 

reports had shown highly efficient recovery in 5 µL (Elizarov et al., 2010) (lower than the 

volume of one elution plug in our setup), we hypothesized that the majority of activity may 

successfully be released from the cartridge with a single elution plug but is lost between the 

cartridge and the system output. In order to explore this hypothesis, we trapped 

[18F]fluoride, then performed one rinse with eluent solution, followed by multiple rinses 

with MeCN and measured the activity recovered at each step. To minimize carryover of 

eluent solution, paths in the eluent metering subsystem, with the exception of the tubing 

connecting the eluent valve to the cartridge valve were rinsed with MeCN three times prior 

to filling the eluent loop with MeCN. It was not possible to rinse the tubing between the 

eluent metering valve and cartridge valve, but residual eluent solution was expected to be 

negligible in this region. Results are summarized in Table 3. Indeed, by following the elution 

rinse with just one MeCN rinse improved the recovery from 21.9 ± 2.6% (n=3), to 73.6 

± 5.6% (n=3). Though this is still less than the amount recovered with 2 eluent rinses (i.e. 

88.4 ± 1.3% (n=3)), this result strongly supports the hypothesis.

Next, we compared the amount recovered using 1 eluent plug followed by 5 MeCN rinses, 2 

eluent plugs followed by 4 MeCN rinses, and 6 eluent plugs and found recoveries of 79.9 

± 3.7% (n=3), 94.0 ± 1.9% (n=3), and 99.5 ± 2.1% (n=3), respectively. It can be seen in the 

second and third cases that additional eluent plugs help to further release residual fluoride 

from the cartridge, and thus that the overall efficiency is related to both release of fluoride 

from the resin as well as flushing this fluoride through the fluid pathway to the output 

tubing.

5.5 Elution efficiency—Elution efficiency was explored for several different eluent 

solutions using the intermediate vial system and two elution plugs (12.4 µL total volume). 

Results are summarized in Table 2. Recovery was found to be >88% under all conditions 

tested.

With other conditions constant, we expected that elution efficiency would depend on the 

anion strength and concentration of the eluent solution as well as the amount of the anion 

present. Indeed, affinity of Br– and Cl– anions to the cartridge are high, and elution 

efficiencies with the corresponding eluents (TBAB and NaCl, respectively) were very high, 

i.e. 92 ± 8% (n=2) and 96 ± 5% (n=10), respectively. Relative strengths of CO3
2− and PO4

3− 

to the cartridge were not provided by the manufacturer. In addition, we observed that 

increasing amount of K3PO4 in the eluent leads to increasing recovery of [18F]fluoride. For 

eluent containing 0.01 M, 0.18 M and 1.19 M K3PO4, the elution efficiencies were 88, 90, 

and 100%, respectively.

5.6 Elution with organic solvent containing eluent

We showed above that one could elute with a single eluent plug (6.2 µL water) followed by 

organic solvent (6.2 µL MeCN) rinse instead of two eluent plugs, as long as one is willing to 
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tolerate the ~20% loss in recovered activity (i.e. 73.6 ± 5.6% (n=3) versus 88.4 ± 1.3 % 

(n=3)). To further reduce water content, e.g. to avoid the need for azeotropic drying, we 

explored the possibility of introducing portions of organic solvents into the eluent solution 

itself to further reduce water content. (Another approach would be to reduce the volume of 

each eluent plug, but for practical reasons, it was difficult to reduce the volume of the eluent 

loop.) Since it is known that decreasing water content decreases elution efficieny (Lemaire et 

al., 2010), we explored the impact in our system to determine the lower limit of water 

content. Experiments were performed with two eluent plugs (12.4 µL total) containing 0.02 

M K3PO4 and 0.14–0.15 M 18-crown-6 in various mixtures of DI water and MeCN. (The 

same eluent is used later in a fluorination reaction.) Preconditioning solution used was 1 M 

KH2PO4.

Results of these experiments are shown in Table 4. Even with 50% (v/v) MeCN content, 

elution efficiency was high, i.e. 96% (n=1), but as MeCN content further increased, recovery 

diminished further. At 80% MeCN, recovery using 2 eluent plugs was 84 ± 6% (n=6), 

suggesting that a further ~60% reduction in water content is possible if one is willing to 

tolerate a ~12% loss in elution efficiency.

5.7 Synthesis of N-boc-5-[18F]fluoroindole

As a proof of concept of using the concentrator to reduce water content for radiofluorination, 

we explored the synthesis of a model compound, N-boc-5-[18F]fluoroindole. This reaction 

has previously been performed without azeotropic drying, but because the amount of water 

was limited to ≤1% v/v, this greatly limited the amount of starting activity of [18F]fluoride/

[18O]H2O that could be used in the reaction (Lee et al., 2012).

Results are summarized in Table 5. Starting activities ranged from 41 – 122 MBq [1.1 – 3.3 

mCi]. Two pairs of reactions were carried out, each pair using a different solution for 

“drying” the concentrated [18F]fluoride by dilution. The final water content of the reaction 

mixtures for drying solution 1 and drying solution 2 are estimated to be 0.48% v/v and 

0.73% v/v, respectively. Interestingly, the water contents as measured via Karl Fischer 

titration were found to be slightly lower, i.e. 0.32 ± 0.02% v/v (n = 2) and 0.57 ± 0.01% v/v 

(n = 2), respectively, suggesting that transfer of the eluent solution through the cartridge may 

pick up some residual MeCN remaining after the cartridge is rinsed following the 

[18F]fluoride trapping step. Radiochemical conversions for the two pairs of experiments 

were found to be 51% ± 2% (n=2) and 50% ± 4% (n=2), respectively. The results were 

nearly identical despite the higher amount of K3PO4 and water in the second pair of 

experiments. Notably, the yields were comparable to those reported by Lee et al. (53 ± 7%, n 

= 6) using 18-crown-6 in 100% MeCN (no salts) as the drying solution (Lee et al., 2012).

This proof of concept experiment suggests that [18F]fluoride concentrated within our 

platform can be used to increase the activity scale of nickel-mediated oxidative fluorination 

reactions. The activity levels used in experiments by Lee et al. were low, i.e. 3.7 – 18.5 MBq 

[100–500 µCi] per reaction, due to the ≤1% v/v limit in the amount of water (2–5 µL) that 

could be added to the reaction volume (0.2 – 0.5 mL) (Lee et al., 2012). Even by using more 

concentrated [18F]fluoride (e.g. 37 GBq/mL [1.0 Ci/mL] is routinely available from 

cyclotrons), the maximum starting activity would have been 185 MBq [5.0 mCi], making it 
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impractical to produce a clinically-relevant dose (~370 MBq [~10 mCi]), especially after 

accounting for losses during reaction (~50% conversion) and purification/formulation. 

Notably, by using these small volumes of [18F]fluoride out of 99.5% of the initial 

radioactivity would have been wasted. By using the [18F]fluoride concentrator, we were able 

to boost activity levels by 10x compared to the report of Lee et al., and further increase in 

output could be achieved by concentrating a larger amount of initial activity. In fact, we have 

previously demonstrated the ability to concentrate ~63 GBq [1.7 Ci] of activity down to 

~12.4 µL with 94.3% (n=1) efficiency (Hoover et al., 2016). 5 µL of this solution (identical 

to the volume used by Lee et al.) would contain ~24 GBq [650 mCi], sufficient for a larger 

number of human doses, even after accounting for losses during the fluorination reaction and 

subsequent processing.

5.8 Comparison of operational differences between concentration system architectures

Overall, the intermediate vial and direct loading systems functioned similarly, but the direct 

loading system was slightly simpler and faster (since it was not necessary to perform the 

rinsing of the intermediate vial. It should be appreciated, however, that the reagent loading 

method is independent of the system setup: pre-metering could be used in conjunction with 

the intermediate vial system, or a time or pressure-based calibration could be used in the 

direct loading system, if desired.

5.9 Concentration of other radionuclides

In addition to concentrating [18F]fluoride, this system would likely be useful for 

concentrating other radionuclides. For example, researchers often use radiometals, such as 

Cu-64, Ga-68, and Zr-89, for labeling of peptides and antibodies. Ga-68 is recovered from a 

generator in volumes of several mL and the output of the generator decreases over time 

requiring larger volumes of eluent (HCl) to collect the desired amount of activity. These 

concentrations are not only too dilute for microscale synthesis but may also present a 

challenge for macroscale synthesis of clinical doses. Several groups have developed 

techniques to minimize the volume (e.g. using only the initial fraction), or to concentrate the 

Ga-68 after recovery. Gebhardt et al. described a QMA-cartridge-based method that reduces 

volumes from 3.5 mL to 0.2 mL in 15 min with ~67% overall recovery (Gebhardt et al., 

2010). Potentially, using our setup with a micro-QMA cartridge, this final volume could be 

reduced to ~12.4 µL and the time reduced to ~3 min. Zr-89 is produced in a cyclotron and is 

typically recovered in oxalic acid after a process to separate Zr-89 from the Y-89 target 

material (Holland et al., 2009; Lin et al., 2016). Due to the toxicity of oxalic acid, several 

groups have presented a method to convert [89Zr]Zr-oxalate to [89Zr]ZrCl2 prior to chelation 

through the use of a QMA cartridge followed by elution with 300–500 µL of saline or HCl 

(Holland et al., 2009; Lin et al., 2016). Using the micro-QMA cartridge in our system offers 

the potential to further shrink this volume and time required. Similar to microfluidic 

advancements for [18F]fluoride chemistry, several groups have also turned to leveraging 

microfluidic technologies for labeling radiometals (Causey et al., 2009; Wright et al., 2016; 

Zeng et al., 2013). Zeng et al. has demonstrated that increasing starting radiometal amounts 

(e.g. 64Cu2+, 68Ga3+) in microfluidic radiosynthesizers results in increased radiolabeling 

yields (Zeng et al., 2013). The ability to concentrate radiometals, therefore, not only enables 

the loading of more radioactivity into an experiment but could also enable higher synthesis 
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yields. In the near future we hope to explore concentration of these other radionuclides 

within our platform.

6 Conclusions

In this paper, we have developed, optimized and automated a compact microfluidic platform 

to concentrate radionuclides such as [18F]fluoride into microliter-scale volumes. The 

standalone system can easily fit into a hot cell or mini-cell along with other equipment. It 

can be easily integrated with various types of radiosynthesis platforms (e.g. microfluidic 

droplet based systems, microfluidic flow-through systems, and macroscale systems). The 

system has applications in microfluidic radiochemistry, enabling the delivery of high 

amounts of activity into small-volume microreaction devices, e.g. based on droplet 

radiochemistry (Keng and van Dam, 2015; Wang et al., 2017), an area of active investigation 

in our laboratory.

It also has valuable applications in macroscale radiochemistry, such as enabling quick 

“drying” of [18F]fluoride simply by the reduction of water volume followed by dilution in an 

anhydrous reaction solvent. An application of the latter was demonstrated: using ≤1% v/v 

water content in the reaction mixture. Radiochemical conversion of N-boc-5-

[18F]fluoroindole was similar to that reported in literature, but with the advantage of being 

able to introduce orders of magnitude higher quantities of [18F]fluoride into a single 

reaction. For chemistries relying on such an approach to reduce water content, the 

concentrator will facilitate the production of clinically relevant amounts of tracers. 

Furthermore, low eluent volumes used in the system can enable significant reduction in 

eluent salts/base that are carried into the downstream reaction, potentially providing a way to 

improve the performance of base-sensitive reactions.

Reliable concentration of [18F]fluoride was performed starting with 60 – 1000 µL volumes, 

but even larger volumes (e.g. a full cyclotron target volume, i.e. 1–5 mL) could readily be 

used if a longer trapping time could be tolerated. Indeed, concentration of ~ 63 GBq [1.7 Ci] 

with a prototype version of the system described here has been reported (Hoover et al., 

2016). The entire concentration process can be completed in 452 ± 4 s (n=3) using the direct 

loading system. If certain steps (e.g. preconditioning) are performed in advance, then the 

trap and release process only requires 250 ± 7 s (n=3).

Different preconditioning solutions were tested resulting in 94–99% trapping efficiencies, 

and different aqueous eluent solutions resulted in 85–99% elution efficiencies. We also 

explored the relationship of recovered activity and number of eluent plugs and identified that 

two elution plugs (12.4 µL total volume) provides an excellent tradeoff between overall 

efficiency and final output volume. Water content could be reduced by replacing the second 

eluent plug with MeCN or by diluting the eluent solution in a solvent / DI water mixture 

(e.g. up to 80% v/v MeCN in DI water).

This standalone automated concentrator enables fast, reliable concentration of [18F]fluoride 

enabling high starting activities, low water and salt content, leading to efficient fluorination 
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of PET tracers. With the possibility of concentrating radiometals, the benefits of this system 

can be further extended for peptide- and antibody- based PET imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Concept image illustrating the role of radionuclide concentration. A batch of radionuclide 

produced either by a generator or a cyclotron is rapidly concentrated from 1–5mL to ~12 µL 

and can be used in either microscale or macroscale synthesis.
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Figure 2. 
Fluidic and pneumatic diagram for micro-cartridge and associated valve. Configuration for 

(A) preconditioning the micro-cartridge, (B) trapping of [18F]fluoride on the cartridge, and 

(C) elution of [18F]fluoride from the cartridge.
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Figure 3. 
Fluidic and pneumatic diagram for the eluent metering subsystem. Configuration for (A) 

metering of eluent solution, and (B) elution of [18F]fluoride to the micro-cartridge.
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Figure 4. 
Fluidic and pneumatic diagram for the complete direct loading system (left), and a 

photograph of the direct loading system (right)
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Figure 5. 
(A) Reaction scheme for synthesis of N-boc-5-[18F]fluoroindole from Ni-indole complex. 

(B) System configuration for production of N-boc-5-[18F]fluoroindole.
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Figure 6. 
Trapping efficiency on the cartridge as a function of the starting volume of [18F]fluoride. 

Also shown is the “breakthrough”, i.e. the fraction of initial [18F]fluoride found in the 

cartridge waste as well as fraction of activity lost within the system (i.e. not in radionuclide 

vial, trapped in cartridge, or in cartridge waste). Data points represent an average of 3 

repeats and error bars represent the standard deviation. Dashed lines are guides for the eye.
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Table 1:

Efficiencies of [18F]fluoride trapping after preconditioning with various solutions measured in the intermediate 

vial system. The cartridge was preconditioned with 0.6 mL of preconditioning solution, rinsed twice with 0.8 

mL DI water, rinsed with 1.0 mL MeCN, and air dried for 40 s.

Preconditioning Solution Trapping efficiency (%)

1 M KHCO3 99 ± 1 (n=13)

1 M NaCl 94 ± 8 (n=10)

1 M KH2PO4 96 ± 4 (n=16)
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Table 2:

Efficiencies of [18F]fluoride elution using different eluent solutions measured in the intermediate vial system. 

Elutions were performed with two plugs of eluent solution (12.4 µL total volume).

Eluent (in DI water) Elution efficiency based on trapped activity (%)

0.01 M K2CO3 and 0.05 M K222 89 ± 7 (n=8)

0.08 M TBAB 92 ± 8 (n=2)

0.15 M NaCl (Saline) 96 ± 5(n=10)

0.01 M K3PO4 and 0.07 M 18-Crown-6 88 (n=1)

0.18 M K3PO4 90 (n=1)

1.19 M K3PO4 100 (n=1)
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Table 3:

Performance as a function of number of eluent and rinse plugs. Each plug is 6.2µL in volume. The eluent 

solution and rinse solution were 0.15 M NaCl and MeCN, respectively. Trapping data represents decay-

corrected fraction of starting activity trapped on cartridge ± standard deviation (n=3). Elution data represents 

decay-corrected fraction of trapped activity ± standard deviation (n=3).

Step in concentration process

Radioactivity measurement (% of trapped activity, decay-corrected)

Protocol 1: 6x eluent plugs Protocol 2: 2x eluent plugs, 4x 
MeCN plugs

Protocol 3: 1x eluent plug, 5x 
MeCN plugs

After trapping 95.6 ± 3.5 91.8 ± 1.0 92.6 ± 1.3

Elution #1 Not measured Not measured 21.9 ± 2.6

Elution #2 Not measured Not measured 51.6 ± 8.1

Elutions #1, #2 (combined) 88.4 ± 1.3 87.6 ± 3.3 73.6 ± 5.6

Elutions #3, #4 (combined) 10.1 ± 2.9 6.1 ± 1.4 5.5 ± 1.9

Elutions #5, #6 (combined) 1.0 ± 0.4 0.3 ± 0.1 0.8 ± 0.2

Total eluate collected 99.5 ± 2.1 94.0 ± 1.9 79.9 ± 3.7
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Table 4:

Recovery of [18F]fluoride (with respect to trapped activity) with the intermediate vial system as a function of 

eluent with varying compositions of MeCN. Recovery values are average of n repeats ± standard deviation.

Solvent composition (% MeCN in DI water 
v/v)

K3PO4 (mM) 18-crown-6 (mM) Recovery (% of trapped activity, decay-
corrected)

50 24 152 96 (n=1)

80 24 136 84 ± 6 (n= 6)

90 24 136 66 (n=1)

93 24 152 43 (n=1)
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Table 5:

Reaction conditions and radiochemical yield (RCY; decay-corrected) for synthesis of N-boc-5-

[18F]fluoroindole using concentrated [18F]fluoride. In each experiment, the concentrated [18F]fluoride was 

recovered with two plugs (total 12.4 µL) of eluent solution (24 mM K3PO4 + 136 mM 18-crown-6 in 1:4 v/v 

H2O:MeCN). Drying solution 1 is 38 mM 18-crown-6 in MeCN (500 µL). Drying solution 2 is 38 mM 18-

crown-6 + 10 mM K3PO4 in 1:400 H2O:MeCN (500 µL).

Starting activity (mCi)

Ni-indole 
complex 
amount 

(mg)

Oxidant amount (mg) Drying solution

H2O content in 
reaction 

(calculated) 
(%v/v)

H2O content (Karl-
Fischer) (%v/v)

RCY (%)

3.28 1.12 1.31 1 0.48
0.32±0.02 (n=2)

49

1.06 1.02 1.30 1 0.48 52

Average ± SD 51 ± 2

1.49 1.31 1.55 2 0.73
0.57±0.01 (n=2)

53

1.17 1.2 1.4 2 0.73 47

Average ± SD 50 ± 4
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