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Ultra-compact, automated microdroplet radiosynthesizer

Jia Wang1:2, Philip H. Chaol2, R. Michael van Dam1.2*

1Crump Institute for Molecular Imaging and Department of Molecular & Medical Pharmacology,
David Geffen School of Medicine, University of California at Los Angeles (UCLA), Los Angeles,
CA, USA

2Department of Bioengineering, UCLA, Los Angeles, CA, USA

Abstract

Application of microfluidics offers numerous advantages in the field of radiochemistry and could
enable dramatic reductions in the cost of producing radiotracers for positron emission tomography
(PET). Droplet-based microfluidics, in particular, requires only microgram quantities of expensive
precursors and reagents (compared to mg used in conventional radiochemistry systems), and
occupies a more compact footprint (potentially eliminating the need for specialized shielding
facilities, i.e. hot cells). However, the reported platforms for droplet radiosynthesis have several
drawbacks, including high cost/complexity of microfluidic reactors, requirement for manual
intervention (e.g. for adding reagents), or difficulty in precise control of droplet processes. We
describe here a platform based on a particularly simple chip, where reactions take place atop a
hydrophobic substrate patterned with a circular hydrophilic liquid trap. The overall supporting
hardware (heater, rotating carousel of reagent dispensers, etc.) is very simple and the whole system
could be packaged into a very compact format (about the size of a coffee cup). We demonstrate the
consistent synthesis of [18F]fallypride with high yield, and show that protocols optimized using a
high-throughput optimization platform we have developed can be readily translated to this device
with no changes or re-optimization. We are currently exploring the use of this platform for routine
production of a variety of 18F-labeled tracers for preclinical imaging and for production of tracers
in clinically-relevant amounts by integrating the system with an upstream radionuclide
concentrator.

Keywords
Droplet synthesis; Organic synthesis; Microfluidics; Radiochemistry; Molecular imaging

1 Introduction

Positron emission tomography (PET) is a non-invasive medical imaging method that can be
used as a research tool for studying the biological processes involved in the course of
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diseases and making critical measurements during the development of new drugs 1-3. It is
also widely used in the clinic to diagnose and stage disease, predict treatment response, and
evaluate efficacy of treatment 4-5; furthermore, PET can also be used to help guide treatment
and serves a critical role in the emerging field of personalized medicine 7. Shortly before
undergoing a PET imaging procedure, the patient (or subject) must be injected with a short-
lived radiolabeled compound, which is designed to highlight a particular biological target or
pathway.

The current processes and technologies for producing these PET “tracers” are complex and
expensive, which greatly hinders research efforts into the development and validation of
novel tracers, or the translation of new tracers into the clinic. For more than a decade,
investigators have been exploring the use of microfluidics to improve the production of PET
tracers 810 and have advanced this technology to the point of demonstrating production of
tracers suitable for clinical use 11-13,

These studies, especially the use of micro-volume reactors 13-17 or droplet-based reactors
18-20 have revealed several important advantages of microfluidics in radiochemistry that can
reduce the cost and complexity of PET tracer production 21. Though all uses of PET tracers
can benefit, the improvements will be especially impactful for the small batches needed in
research applications or in the initial studies to develop novel tracers and translate them to
the clinic. Particularly important advantages of small-volume radiosynthesizers compared to
conventional synthesizers are the significant reduction in footprint of the radiochemistry
setup, enabling self-shielding rather than requiring operation within specialized “hot cells”,
and the 2-3 orders of magnitude reduction in consumption of expensive reagents (e.g.
precursors, peptides, etc.). Small-volume synthesis has also been shown to boost the molar
activity of tracers produced via isotope exchange 22 and can achieve high molar activities
even when producing small batches of tracers 23, both of which are not possible in
conventional systems unless very high amounts of radioactivity are used.

As a testament to the versatility of droplet-based approaches, a wide range of PET tracers
have been synthesized using these methods?4, including [*8F]fallypride 15:20.25.26 [18F]FDG
14,20,24,27,.28 118F|FLT 29, [18F]SFB 2430, [18F]FDOPA 31, sulfonyl [18F]fluoride 19,
[18F]FMISO 16, [18F]FES 16, [18FJAMBF3-TATE 22, etc. In addition, these microscale
reactors are scalable, with the possibility to produce clinically-relevant doses by increasing
the concentration of radioisotope supplied into the system 13:32:33,

Our group has focused particularly on droplet-radiochemistry platforms, including
electrowetting-on-dielectric (EWOD) devices 18 and a more recent system using patterned
wettability for passive droplet transport 29, due to the extremely small reaction volumes and
straightforward fluidic system. In the passive transport approach, the chip consists of a
Teflon coated silicon wafer with patterned circular hydrophilic reaction zone in the center
and several radial tapered channels to transport droplets from reagent loading sites at the
periphery into the reaction zone. Though this approach significantly decreased the chip cost
and complexity, and we could successfully synthesize [18F]fallypride and [18F]FDG, we
have found the behavior of the droplets to be sensitive to the solvent type, temperature, and
volume, sometimes leading to unwanted spreading out of the solution along the tapered
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reagent pathways of the chip. Such spreading can adversely affect synthesis performance
and lead to inconsistent results, requiring expenditure of time and effort to optimize reagents
and solvents, loading protocols (timing) and other aspects to achieve high synthesis
performance.

To avoid those issues, and further streamline the adoption of new protocols to the
microdroplet format, we present here an even simpler microfluidic chip with just a circular
hydrophilic reaction zone. Instead of reagents moving from multiple fixed loading sites
(located under reagent dispensers) to the reaction zone spontaneously, a simple system is
designed to rotate the chip under a carousel of reagent dispensers for on-demand loading of
desired reagents when needed. This change was found to significantly improve the
performance of the on-chip reaction, and the amount of the reaction product that could be
collected from the chip. We also spent considerable effort in designing the system to be as
compact as possible (similar to the size of a coffee cup), demonstrating that sophisticated
multi-step radiochemistry can be accomplished with a very small apparatus. The compact
size (10 x 6 x 12 cm; W x D x H), which includes the reagent handling system,
microreactor, and temperature control system, is a tremendous advantage in radiochemistry
facilities where shielded space is at a premium. For example, multiple droplet synthesizers
could be operated inside a single hot cell, or the droplet synthesizer could be operated
outside the hot cell by adding localized shielding. Though the system currently requires
external systems for purification and formulation, the overall setup is significantly smaller
than other radiosynthesizers. To give a clearer overall context for our current work, the
features of various radiosynthesizer technologies (including conventional systems and
microscale systems) are compared in Table 1.

In this paper, we present the design and operation of this next-generation microdroplet
radiosynthesizer and show that it can quickly and efficiently synthesize the PET tracer
[18F]fallypride. As shown in Table 1, it can be seen that this system enables the highest
radiochemical yield (RCY), shortest synthesis time, and lowest amount of precursor
compared to various other systems used for the synthesis of this tracer. Furthermore, the
platform is able to leverage our other efforts to develop high-throughput radiochemistry
methods (i.e. using arrays of hydrophilic reaction zones on a single chip) 34, enabling the
rapid translation of the optimum protocol to the new automated platform with zero changes.
As a result of the simplified approach, we expect to help enable the low-cost production of
diverse tracers for research as well as clinical applications.

2 Materials and Methods

2.1 Materials

Anhydrous acetonitrile (MeCN, 99.8%), methanol (MeOH), 2,3-dimethyl-2-butanol (thexyl
alcohol, 98%), trimethylamine (TEA), ammonium formate (NH4HCO5; 97%) were
purchased from Sigma-Aldrich. 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). Food dye was purchased from Kroger (Cincinnati, OH, USA) and
diluted with solvents in the ratio of 1:100 (v/v) to perform a mock synthesis. DI water was

Lab Chip. Author manuscript; available in PMC 2020 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 4

obtained from a Milli-Q water purification system (EMD Millipore Corporation, Berlin,
Germany). No-carrier-added [*8F]fluoride in [180]H,0 was obtained from the UCLA
Ahmanson Biomedical Cyclotron Facility.

2.2 Apparatus

Reactions were performed on microfluidic chips (Figure 1), each comprising a hydrophilic
circular reaction site (4 mm diameter) patterned in the hydrophobic Teflon AF surface of a
silicon chip (25 mm x 27.5 mm). The patterned chips were prepared by coating silicon
wafers with Teflon AF, and then etching away the coating to leave the desired hydrophilic
pattern as described previously 20. For this work, we omitted the final Piranha cleaning step.
Chips were used once each and then discarded after use.

Operations on the microfluidic chip were automated by a custom-built compact framework
(Figure 2), consisting of a rotating, temperature-controlled platform, a set of reagent
dispensers, and a collection system to remove the reaction droplet at the end of the synthesis.
The control system is shown in Figure 3.

Heating was provided by placing the chip in direct contact with a 25 mm x 25 mm ceramic
heater (Ultramic CER-1-01-00093, Watlow, St. Louis, MO, USA). A thin layer of thermal
conducting paste (OT-201-2, OMEGA, Norwalk, CT, USA) was applied between the chip
and heater to improve heat transfer. The chips could easily be aligned during installation by
lining up three edges of the chip with the edges of the heater. The heater was glued atop a 40
mm x 40 mm thermoelectric device (Peltier, VT-199-1.4-0.8, TE Technology, Traverse City,
MI, USA) mounted to a 52 mm x 52 mm integrated heatsink and fan (4—202004UA76153,
Cool Innovations, Concord, Canada). The integrated cooling part was mounted via a custom
aluminum plate to a motorized rotation stage (OSMS-40YAW, OptoSigma, Santa Ana, CA,
USA). The signal from a K-type thermocouple embedded in the heater was amplified
through a K-type thermocouple amplifier (AD595CQ, Analog Devices, Norwood, MA,
USA) and connected to an analog input of the data acquisition device (DAQ; NI USB-6003,
National Instruments, Austin, TX, USA). The power supply (120 V AC) for the heater was
controlled by a solid-state relay (SSR, Model 120D25, Opto 22, Temecula, CA, USA) driven
by a digital output of the DAQ. An on-off temperature controller was programmed in
LabView (National Instruments) to maintain a desired setpoint. A power step down module
(2596 SDC, Model 180057, DROK, Guangzhou, China) was connected to a 24V power
supply to provide 12V for the cooling fan, which was switched on during cooling via an
electromechanical relay (EMR, SRD-05VDC-SL-C, Songle Relay, Yuyao city, Zhejiang,
China) controlled by the LabView program. The motorized stage was driven by a stage
controller (GSC-01, OptoSigma) controlled by the LabView through serial communication.

Droplets were loaded at the reaction site of the microfluidic chip through miniature,
solenoid-based, non-contact dispensers. Chemically-inert dispensers with FFKM seal
(INKX0514100A, Lee Company, Westbrook, CT, USA) were used for reagents containing
organic solvents, while a dispenser with EPDM seal (INKX0514300A, Lee Company) was
utilized to dispense [*8F]fluoride solution. Each dispenser was connected to a pressurized
vial of a reagent and the internal solenoid valve was opened momentarily to dispense liquid.
More details of the fluidic connections were reported previously 20. Each dispenser was
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connected to a dedicated controller (IECX0501350A, Lee Company), driven by a digital
output from the DAQ and controlled via the LabView program. Since the volume of
dispensed liquid is related to the driving pressure, the opening duration of the valve, and
physical properties (e.g. viscosity) of the solvent, calibration curves were generated for each
reagent as described previously 20,

A fixture was built to hold up to 7 dispensers with nozzles located ~3 mm above the chip.
Each dispenser was secured within a hole by an O-ring (ORBNO005, Buna-N size 005, Sur-
Seal Corporation, Cincinnati, OH, USA). The fixture was mounted to a vertically-oriented
movable slide, and a single-acting air cylinder (6604K 13, McMaster-Carr) was configured to
allow the fixture to be raised 16 mm above the surface to facilitate installation and removal
of microfluidic chips and cleaning of the dispensers. The air cylinder was connected to a 3-
way valve (LVM105R-2, SMC Corporation) to apply either pressure (~210 kPa [~30 psi]) or
vent to atmosphere, and the valve was controlled by the LabView program.

The heater and chip were mounted off-center of the rotation axis. During multi-step
reactions, the chip was rotated to position the reaction site underneath a dispenser to add the
desired reagent, and was then rotated to a position in between dispensers while performing
evaporations or reactions at elevated temperatures.

To transfer the final crude product from the reaction site on the chip to the collection vial, a
metal tubing (0.25 mm inner diameter) was mounted in the dispenser fixture such that the
end was ~0.5 mm above the chip surface. At the end of synthesis, the platform was rotated
such that the reaction droplet was aligned under the collection tube and vacuum was applied
to the headspace of the collection vial using a compact vacuum pump (0-16" Hg vacuum
range, D2028, Airpon, Ningbo, China) connected via a vacuum regulator (ITV0090-3UBL,
SMC Corporation) controlled via LabView program. Vacuum pressure was ramped from 0
to 14 kPa (~2 psi, 0.01 psi increment every 50 ms) over 10 s to transfer the droplet into the
vial.

After the synthesis, dispensers were each cleaned by flushing with DI water (1 mL) and
MeOH (1 mL) in sequence, driven at 69 kPa [~10 psi], and then drying with nitrogen for 2
min. The used chip was removed with tweezers and discarded.

2.3 Automated droplet synthesis of [18F]fallypride

As a model reaction to demonstrate the ability to perform multi-step reactions automatically
with the microdroplet radiosynthesizer, we performed syntheses of the PET tracer
[18F]fallypride. The synthesis protocol was adapted from a manual synthesis protocol
developed via manual optimization efforts using microfluidic chips having a similar circular
hydrophilic reaction zone34.

A [18F]fluoride stock solution was prepared by mixing [18F]fluoride/[180]H,0 (60 pL, ~110
MBq [~3 mCi]) with 75 mM TBAHCOj3 solution (40 pL). The final TBAHCO3
concentration was 30 mM. Precursor stock solution was prepared by dissolving tosyl-
fallypride precursor (2 mg) in a mixture of MeCN and thexyl alcohol (1:1 v/v, 100 L) to
result in a final concentration of 39 mM. A stock solution for dilution of the crude product
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prior to collection was prepared from a mixture of MeOH and DI water (9:1, v/v, 500 uL).
These solutions were loaded into individual reagent vials connected to dispensers.

To carry out the synthesis on the chip, the chip was first rotated to position the reaction site
below the [18F]fluoride/ TBAHCO3 dispenser and eight 1 uL droplets of [18F]fluoride/
TBAHCOg3 solution (~8.9 MBq; ~0.24 mCi) were sequentially loaded onto the chip (total
time < 10s). The chip was rotated 45° counterclockwise (CCW) and heated to 105°C for 1
min to evaporate the solvent and leave a dried residue of the [18F]TBAF complex at the
reaction site. Then, the chip was rotated 45° CCW to position the reaction site under the
precursor dispenser and twelve 0.5 pL droplets of precursor solution were loaded to dissolve
the dried residue. Next, the chip was rotated 45° CCW and heated to 110°C for 7 min to
perform the radiofluorination reaction. Afterwards, the chip was rotated 45° CCW to
position the reaction site under the collection solution dispenser, and twenty 1 uL droplets of
collection solution were deposited to dilute the crude product. After rotating the chip 90°
CCW to position the reaction site under the collection tube, the diluted solution was
transferred into the collection vial by applying vacuum. The collection process was repeated
a total of four times to minimize the residue on the chip (i.e. by rotating the chip 90° CW
back to the collection solution dispenser, loading more collection solution, etc.). A
schematic of the whole synthesis process is shown in Figure 4.

To compare the performance of the new setup to our previous work, the same [18F]fallypride
synthesis conditions were implemented on our previous “passive transport” chip. The chip
was composed of one hydrophilic 4 mm reaction site and six radial, tapered, hydrophilic
fluid delivery "channels” (Figure 5B), and reagent delivery and production collection were
performed as previously described 20,

2.4 Analytical methods

Performance of the [18F]fallypride synthesis on the chip was assessed through measurements
of radioactivity and fluorination efficiency.

Radioactivity was measured with a calibrated dose calibrator (CRC-25R) at various times
throughout the synthesis process, including starting radioactivity on the chip after loading of
[18F]fluoride/ TBAHCOj3 stock solution, radioactivity of crude product transferred into the
collection vial and radioactivity of residue on the chip after collection step. Radioactivity
recovery was calculated as the ratio of radioactivity of collected crude product to starting
radioactivity on the chip. Residual activity on the chip was the ratio of radioactivity on the
chip after collection to the starting radioactivity on the chip. All measurements were
corrected for decay.

Fluorination efficiency of the crude product collected from the chip was determined via
radio thin layer chromatography (radio-TLC). A 1 pL droplet was spotted on a silica gel 60
Fos4 sheets (aluminum backing) with a micropipette. The TLC plate was dried in air and
developed in the mobile phase of 60% MeCN in 25 mM NH4HCO, with 1% TEA (v/v), and
then analyzed with a scanner (MiniGITA star, Raytest, Straubenhardt, Germany). The
resulting chromatograms showed peaks corresponding to unreacted [18F]fluoride (R¢=0.0)
and [*8F]fallypride (Rf=0.9). Fluorination efficiency was calculated as the peak area of the
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[18F]fallypride peak divided by the area of both peaks. Crude radiochemical yield (crude
RCY, decay-corrected) was defined as the radioactivity recovery times the fluorination
efficiency.

In some cases, radio-HPLC purification of the collected crude product was carried out using
a Smartline HPLC system (Knauer, Berlin, Germany) equipped with a degasser (Model
5050), pump (Model 1000), a UV (254nm) detector (Eckert & Ziegler, Berlin, Germany)
and a gamma-radiation detector and counter (B-FC-4100 and BFC-1000; Bioscan, Inc.,
Poway, CA, USA). Separation was performed using an analytical C18 column (Kinetex, 250
x 4.6 mm, 5 um, Phenomenex) with mobile phase (60% MeCN in 25 mM NH4HCO, with
1% TEA (v/v)) at 1.5 mL/min flow rate. The crude product collected from the chip was
injected into the HPLC system, and the [18F]fallypride fraction (~2 mL) was collected
(retention time ~4.5 min). Chromatograms were recorded using a GinaStar analog-to-digital
converter (raytest USA, Inc., Wilmington, NC, USA) and GinaStar software (raytest USA,
Inc.) running on a PC. The collected product fraction was then dried by evaporation of
solvent in an oil bath at 110°C for 8 min with nitrogen flow, and then redissolved in PBS.
The purity and identity of the purified [18F]fallypride was verified using the same HPLC
system and conditions.

For the experiments that included the purification step, the radioactivity of purified product
recovered from HPLC was also measured. The purification efficiency was calculated by
dividing the radioactivity of the purified product by the radioactivity of the collected crude
product. RCY was defined as the ratio of radioactivity of the purified product to the starting
radioactivity on the chip.

To visualize the distribution of radioactivity on the chips, a custom Cerenkov Luminescence
Imaging (CLI) setup 28 was used. In particular, we focused on imaging after the collection
step. To acquire an image, the chip was placed in a light-tight box, covered with a plastic
scintillator (1 mm thick) to increase the luminescence signal, and imaged for 300s. After
acquisition, the raw image was processed via image correction and background correction
steps as described previously2°. To analyze the ratio of residual activity within the area of
the reaction site to the total residual activity on the chip (i.e., reaction site and surrounding
region), regions of interests (ROIs) were drawn to encircle both the reaction site and the
whole chip. The desired ratio was calculated as the sum of pixel values within the reaction
site ROI divided by sum of pixel values within the whole chip ROI.

3 Results and discussion

3.1 Mock radiosyntheses

To test the feasibility of multi-step reactions on the microdroplet radiosynthesizer, we first
performed a mock synthesis of [18F]fallypride, in which [18F]fluoride/ TBAHCO4 solution
was replaced with DI water, and precursor solution was replaced with the solvent mixture
only. Diluted food dyes of different colors were added in each solution: yellow dye was
mixed with DI water, red dye was mixed with a mixture of MeCN and thexy! alcohol (1:1,
v/v), and blue dye was mixed with a mixture of MeOH and DI water (9:1, v/v). To dispense
these solutions, reagent reservoirs were pressurized to ~35 kPa [~5 psi] and an opening
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duration of 1.0 ms was used. The synthesis scheme and a series of photographs of the overall
process is shown in Figure 4 (see also the Supplemental Video). During the mock synthesis,
we observed the rotation stage move the chip quickly and accurately to each desired
position, the reagents were accurately delivered to the reaction sites without any visible
splashing, and the solutions on the chip remained confined to the reaction site during all
steps of the synthesis process.

[18F]fallypride synthesis

To evaluate the performance and consistency of the [18F]fallypride syntheses, we performed
multiple radiosyntheses per day on two separate days (Table 2). Overall, the crude RCY was
very high and was consistent across the two days (95 + 3% (n=5) for day 1 and 97 + 2%
(n=4) for day 2). The fluorination efficiency was very consistent (94.8 + 0.1% (n=5) for day
1 and 94.3 £ 0.5% (n=4) for day 2), as was the radioactivity recovery (101 + 3% (n=5) for
day 1 and 102 + 2% (n=4) for day 2). Values greater than 100% are likely a result of slight
geometry-related biases that occur in the dose calibrator, e.g. when measuring the activity of
a vial versus a chip. Only ~1 % of radioactivity remained stuck to the chip (as unrecoverable
activity) on both days.

Notably, the synthesis conditions were taken directly from previous manual efforts to
optimize the synthesis of [18F]fallypride 34, with no need for re-optimization. The synthesis
performance on the new automated system was very similar to manually-performed
syntheses during the optimization studies (Table 3). The similarity is not surprising
considering that the high-throughput studies used similar microfluidic chips, but containing
a 2x2 array of circular hydrophilic reaction sites (each 4 mm diameter). The fluorination
efficiency of the two methods was the same (94.6 + 0.4% (n=9) for the automated chip,
compared to 95 + 1% (n=6) for the manually-performed high-throughput experiments).
However, the radioactivity recovery was higher for the automated setup (101 + 3% (n=9)
versus 91 + 1% (n=6)). This was due to the improved automated collection process, which
eliminated losses due to manual pipetting. Consequently, the crude RCY obtained with the
microdroplet reactor was 96 + 3% (n=9), about ~10% higher than that obtained previously
with the high throughput reactor (87 + 1% (n=6)) 34.

In contrast, the performance of the synthesis on our previous “passive transport” system was
substantially lower, with crude RCY of 64 + 6% (n=4)20. However, this previous work was
performed using different reaction conditions, making a meaningful comparison of the two
technologies impossible. We therefore performed the synthesis on the passive transport chip
using the same reaction conditions used in the current paper, and observed a crude RCY of
75 + 10% (n=5). This result (Table 3) suggests that the design improvements in the new
droplet synthesis platform resulted in nearly 30% relative improvement in the RCY, i.e. from
75 £ 10% (n=5) to 96 + 3% (n=9). By eliminating the hydrophilic reagent delivery
“channels”, significant improvements were seen both in the fluorination efficiency as well as
recovery efficiency. The increase in fluorination efficiency (i.e. from 81 + 9% (n=5) to 94.6
+0.4% (n=9)) is due to better confinement of both the [18F]fluoride (during the drying step)
and precursor (during the radiofluorination step) to the circular reaction site, leading to more
uniform concentrations. On our previous passive transport chip, we often saw reagents
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slightly spread out along the passive “channels” (i.e. away from the reaction site), leading to
unmixed regions and reduced amount of reagents at the actual reaction site. Example radio-
TLC chromatograms (in Supplemental Information, Figure S1) confirm that the reaction on
the passive transport chip has lower conversion and also has an extra radiolabeled side
product. We have observed the amount of this side product to increase when the radio of
base to precursor increases, perhaps indicating that there are pockets of abnormally low or
high concentrations of reagents during syntheses on the passive transport chip. The circular
reaction site also helps to increase the radioactivity recovery (i.e., from 92 + 5% (n=5) to
101 + 3% (n=9)), presumably because all of the liquid remains confined to the central
reaction region and can more efficiently be collected from the chip. For some experiments,
we performed Cerenkov imaging to view the distribution of activity on the chip after
collection of the crude product (Figure 5). The residual activity on the circular reaction chip
after collection was 0.7 £ 0.3% (n=9) of the starting activity, and 90.6 = 5.6 % (n=4) of the
residual activity was retained within the reaction site (Figure 5A). In contrast, the residual
activity on the passive transport chip was significantly higher (7 £ 1% (n=5) of the starting
activity), and more than 93% of the residual activity was located on the reagent delivery
channels (Figure 5B) where it could not be recovered by the product collection mechanism.
Interestingly, the amount of unrecoverable residual activity within the reaction site was
similar for both chips (~0.5% for the circular reaction chip vs ~0.4% for the passive
transport chip).

By using this new chip design and corresponding apparatus, the crude RCY of
[18F]fallypride synthesis was therefore meaningfully augmented.

In addition, the synthesis time was also slightly improved (~17 min here compared to ~20
min in previous work 20). The fast speed of the rotary actuator limited the amount of time
needed to properly position the chip between steps, and the optimized collection procedure
(with faster vacuum ramping speed) shaved a few minutes from the overall process time.
Further synthesis time reduction may be possible by optimizing the position of dispensers
and collection tube within a smaller angular range.

Though the main focus of this work was on developing a new chip and radiosynthesis
system for improved and streamlined synthesis steps, we also performed purification of the
crude product via analytical radio-HPLC. The purification efficiency was 81% (n=1) and
overall RCY was 78% (n=1). Chromatograms of the crude product, purified product and
purified product co-injected with fallypride reference standard are shown in Figure 6. Due to
the small amount of reagents (i.e. TBAHCO3, precursor) used in microdroplet reactions, the
crude product can be purified via analytical-scale HPLC compared to the semi-preparative
HPLC used in conventional radiosynthesis. This results in short retention times (and short
purification times) and lower mobile phase volume of the collected pure fraction
(simplifying and shortening the formulation process). Furthermore, both the UV and
radiation detector chromatograms of the crude [18F]fallypride product were in general much
cleaner compared to the synthesis carried out in the macroscale 3° (where overlap of product
with impurities has been observed). In the radiation detector chromatogram, the product
peak was sharp (~0.5 min wide) and well separated from the [*8F]fluoride peak and a couple
of very small radioactive side-product peaks. In the UV chromatogram, the impurity peaks
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were well-defined and were well-separated from the product peak, making separation very
straightforward. The needed purification time was only ~5 min (retention time ~4.5 min),
and the purified product was 100% radiochemically pure.

4 Conclusions

A very compact (coffee cup-sized) microdroplet radiosynthesizer was developed for
performing automated radiochemical reactions. The apparatus (10 x 6 x 12 cm, W x D x H)
is over an order of magnitude smaller than commercial synthesizers that are currently
considered to be very compact, for example the IBA RadioPharma Solutions Synthera® (17
x 29 x 28.5 cm, W x D x H). Note that in both cases these dimensions include only the
apparatus for the core reaction steps; additional equipment is needed to perform purification
and formulation processes. Compared to other small-volume reactors listed in Table 1, our
platform provides a fully-automated system within a compact space, while other systems
require additional, bulky reagent delivery systems or require manual intervention by the
radiochemist. The compact size could potentially allow much smaller shielding than a
typical hot cell, or could allow a large number of synthesizers to be operated within a single
hot cell.

Multi-step chemical reactions (including evaporative drying and radiofluorination) were
performed to synthesize the PET tracer [18F]fallypride. The synthesis yield was very high
and was consistent within a given day and from day to day. A significant advantage of this
next-generation (rotary) platform compared to our previous passive transport approach 20 is
that the reaction site (hydrophilic circle) is identical to the shape of the reaction site on chips
we use for high-throughput reaction optimization (arrays of circular sites), eliminating the
need for any re-optimization.

The small amount of reagents used in the microdroplet reactor resulted in a very clean
chromatogram and short retention time (~5 min) despite the purification being performed
with only an analytical-scale HPLC column. The small volume of the mobile phase in the
collected fraction (~1.5 mL) could be rapidly removed via evaporation for reformulation in
saline within ~8 min. This time could potentially be further decreased using a microfluidic-
based based PET tracer reformulation device 36.

Recently, we have reported the capability of producing [18F]fallypride at the GBq level by
integrating the passive transport based reactor 29 and a micro-cartridge based radionuclide
concentrator 33. In that work, extensive studies were carried out to figure out how to
optimally load ~25 pL concentrated [*8F]fluoride solution to the small reaction site without
having the liquid spread out along the passive transport “channels” which can lead to poor
mixing, low reaction efficiencies, and poor recovery of crude product. By integrating the
concentrator with the presented next-generation microdroplet radiosynthesizer in the future,
it will be much easier and faster to scale up the synthesis to clinically-relevant levels.

In addition to [18F]fallypride, this compact microdroplet reactor can also be used for the
synthesis of other PET tracers, such as [\8F]FDOPA 31, [18F]FET, and [18F]Florbetaben
([*8F]FBBY), which we have recently shown can be synthesized in high efficiency in droplet

Lab Chip. Author manuscript; available in PMC 2020 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 11

format, and could also be applied to labeling with other isotopes such as radiometals for
both imaging and radiotherapeutic applications. Tools like Cerenkov imaging of chips will
likely be helpful during the investigation of other tracers, for example to optimize reagent
delivery parameters for new liquids (to prevent splashing of radioactivity outside the reaction
site) as described in the Supplemental Information, Section 2.

Other than production of radiopharmaceuticals for imaging or therapy, our automated
platform also has the potential to be applied for small scale chemical reactions or assays, in
applications where compact apparatus and/or small reagent volumes are critical.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Photo of the microfluidic chip. Diameter of the hydrophilic reaction site is 4 mm. (B)
Photolithography process for fabrication of the microfluidic chip.
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The microdroplet radiosynthesizer. (A) A CAD rendering of the system alongside a 12 oz.
coffee cup. (B) A photograph of the synthesizer, including the reagent dispensing, product

collection, temperature control, and rotation subsystems.
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Figure 4.
(A) Top view schematic of the (moveable) microfluidic chip and (fixed) locations of reagent

dispensers and the collection tube. The angle marker shows the center of rotation. (B)
Synthesis scheme. (C) Schematic (showing chip orientation) and photograph of the chip
(using mock reagents) for each step of the [18F]fallypride synthesis process. First the chip
was rotated under the [18F]fluoride/TBAHCOj3 dispenser and 10 droplets (1L each; DI
water, dyed yellow) were loaded at the reaction site. Then, the chip was rotated 45° and
heated to 105°C to remove the solvent. Next, the chip was rotated 45° under the precursor
dispenser, 10 droplets (1uL each; 1:1 v/iv MeCN/ thexyl alcohol, dyed red) were loaded, and
then the chip was rotated 45° and heated to 110°C to simulate the fluorination reaction.
Next, the chip was rotated 45° under the collection solution dispenser and 20 droplets (1uL
each; 9:1 v/iv MeOH/water, dyed blue) were loaded to dilute the reaction mixture. Finally the
chip was rotated 90° under the collection tube, and the droplet was collected into the product
vial using vacuum. The collection solution loading and collecting were repeated a total of 4
times to minimize the residue left behind at the reaction site.
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Figure 5.
Activity distribution on (A) the circular pattern chip and (B) the passive transport chip after

collection of the crude product, visualized with Cerenkov luminescence imaging. Four
example images are shown for each case. The red dashed circle marks the reaction site and
the numerical value indicates the fraction of total residual activity on the chip that is present
inside the reaction site.
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Figure 6.
HPLC chromatograms of (A) crude [18F]fallypride, (B) purified [*8F]fallypride, and (C)

purified [18F]fallypride co-injected with fallypride reference standard for identity
verification. Radiochemical purity was 100%.
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Table 1.

Comparison of various radiosynthesizers (both microscale and macroscale) that have been used for the
synthesis of [18F]fallypride. Total synthesis time includes purification and formulation. Total system size
include all hardware requiring shielding that is needed to perform synthesis (not including purification and
formulation). All RCY values are decay corrected. Where applicable, values are expressed as average +
standard deviation, computed from the indicated number of measurements.

Reaction Precursor Total synthesis RCY Reaction

. )
Reference V(zLqur)\e z;w;tégt time(min) (%) mode Commercialized?  Automation
This work 6 231 30 8 Batch No Full
(n=1)
UCLﬁ‘h'iEF}N OD  Javed et al 2 4 308 60 fn5§76) Batch No semi?
Tohoku 47+10
Microvolume Iwata et al.16 20 80 N.A. (n:7) Batch No Manual
in Glass vial -
Siemens
Microreactor Lebedle;v et 50 1936 45 37:—;5 Batch No Full
assembly al. (n=?)
Vanderbilt Zhang et al. 10+3
POMS chip 9 100 5807 60 0-9) Batch No semi?
Advion Matesic et 387 (in 100 _ 25+13
NanoTek al 37 100 UL)C 55+3 (n=9) (n=9) Flow Yes Full
GE TracerLab Moon et al. _ 68+1.6
EXEN 35 1000 3872 51+1.2 (n =42) (n=42) Batch Yes Full
Sofie ELIXYs ~ -ezaretal 409 7744 56+formulation fn‘ais) Batch Yes Full
IBASynthera  Krameretal. o N.R. 5565 36(=?)  Batch Yes Full

N.R. indicates not reported.

a . . . . . .
In the EWOD chip, droplet manipulation and temperature control are performed automatically, but loading of reagent droplets and collection of
crude product are performed manually via pipette.

In the Vanderbilt PDMS reactor, fluid is automatically loaded into the chip via syringe pump, but manual activation of numerous components
(switching valve states, opening evaporation vent in reactor, switching reagent connections, and hot plate heating) is needed.

In flow-through reactions such as the Advion NanoTek, scaling up to higher activity levels will increase the amount of precursor consumed.

To synthesize [18F]fallypr|de, three different modules would be needed, i.e. a drying module, a syringe pump module and a capillary reactor
module. But we couldn’t locate the information about the size of those modules in any literature or brochures.
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Table 2.

Comparison of [18F]fallypride syntheses performed on different days. Synthesis time for all experiments was
~17 min. All measurements are decay corrected. All values are average + standard deviation, computed from
the indicated number of measurements on each day.

Day 1 (N=5) Day 2 (N=4)

Radioactivity recovery (%) 101+3 102+2
Fluorination efficiency (%) 948+0.1 943+0.5
Crude RCY (%) 95+3 97 +2
Residual activity on chip (%) 0.7+0.4 0.8+0.2
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Table 3.

Comparison of [18F]fallypride syntheses performed on the new automated droplet synthesis platform (circular
reaction site), high-throughput chips (containing 2x2 array of circular reaction sites) and the previous
automated passive transport reactor (single reaction site with six tapered droplet transport channels). The same
reaction conditions were used in all cases. All measurements are decay corrected. All values are average +
standard deviation, computed from the indicated number of measurements in each case.

Automated operation on single- Manual operation on high- :
reaction chip throughput chip Passive transport reactor

Number of experiments 9 6 5
Radioactivity recovery (%) 101+3 91+1 92+5
Fluorination efficiency (%) 946+0.4 9%+l 81+9

Crude RCY (%) 96 +3 87+1 75+10

Residual activity on chip (%) 0.7+0.3 0.12 £ 0.05 71

Residual activity on the reaction site 0.5+ 0.3 (n=4) NA 04+02

(%)
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