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New platforms are enabling radiochemistry to be carried out in tiny, microliter-scale volumes, and this capability has enormous
benefits for the production of radiopharmaceuticals. These droplet-based technologies can achieve comparable or better yields
compared to conventional methods, but with vastly reduced reagent consumption, shorter synthesis time, higher molar activity
(even for low activity batches), faster purification, and ultra-compact system size. We review here the state of the art of this
emerging direction, summarize the radiotracers and prosthetic groups that have been synthesized in droplet format, describe
recent achievements in scaling up activity levels, and discuss advantages and limitations and the future outlook of these innovative

devices.
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Introduction

As a molecular imaging technique, positron-emission tomogra-
phy (PET) provides in vivo information about the rates of spe-
cific biomolecular processes or distribution of biological
targets. PET has wide applications in the study of disease, drug
development, disease diagnosis, monitoring response to treat-
ment, and recently, individualized dosimetry for theranostics.'
PET requires injection of tiny, non-pharmacologic amounts of
radiotracers (e.g., small molecules, peptides or proteins labeled
with positron-emitting radioisotopes) that accumulate in target
regions throughout the body. Then, the distribution of the radio-
tracer is reconstructed from observation of many decay events
with a PET scanner.

Production of these tracers is carried out primarily using
specialized automated radiosynthesizers that operate within
radiation-shielded “hot cells” to perform multi-step synthesis
protocols in milliliter-scale volumes. Due to the short half-life
of commonly-used radioisotopes (e.g. 110 min for fluorine-18),
the shelf-life of positron-emitting tracers is limited (e.g. a few
hours for '®F-labeled tracers), and therefore their production
must be carried out near the location where they will be
used, and the production must occur just before use. For
commonly used tracers (e.g., ['*F]JFDG), a manufacturing site

(radiopharmacy) can produce large batches and divide them up
into many individual patient doses that are transported to
nearby imaging facilities, resulting in a relatively low cost per
dose. However, for most other tracers, the demand is currently
relatively low, and it may be impossible to schedule multiple
end users at the same time, resulting in a single dose costing as
much as the full batch; for many applications such as preclini-
cal research, and development/validation of novel tracers, the
cost of producing or obtaining the tracer can be prohibitive.
In recent years, numerous microfluidic-based radiosynthe-
sizers have emerged,”® which have the potential to lower the
production cost and increase accessibility of tracers via orders
of magnitude reduction in consumption of expensive reagents
(via volume reduction from milliliter-scale to microliter-scale),
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Molecular Imaging

faster and simplified synthesis processes, and dramatically
smaller footprint of the apparatus. Often these devices can be
implemented with a disposable fluid path that reduces the need
for cleaning and reduces concerns about chemical or radiation
damage to system components.

One category of microfluidic radiosynthesizers is based on
“flow chemistry,” in which reagent streams flow through a
mixer and a thermally-controlled capillary or channel (and
possibly additional stages for multi-step reactions). Flow sys-
tems have highly uniform conditions within the reactor due to
rapid mixing and high surface-to-volume ratio, and reactions
have been observed to be very fast.”'! Using custom built and
commercial flow systems, a wide range of different PET and
SPECT tracers have been synthesized, including molecules
labeled with fluorine-18, carbon-11, nitrogen-13, technetium-
99, copper-64, zirconium-89, gallium-68, and lutetium-177.12"1
In these systems, some steps of the tracer production process are
performed using conventional macroscale setups (i.e., drying
and activation of ['®F]fluoride upstream of the flow reaction,
and purification of the crude tracer downstream of flow reac-
tion), though some efforts have been made to implement them
in a flow-like format.'”’° Some flow systems can perform
reactions using just 10 s of microliters for optimization pur-
poses, resulting in low reagent and precursor consumption.
While scaling up the activity of the product often involves
scaling up the volumes of both the radioisotope solution
and precursor solution, using amounts on par with conven-
tional systems for larger-scale tracer production, scaling can
alternatively be achieved by increasing the concentration of the
radioisotope solution prior to introduction into the flow
reactor to avoid the increase in precursor consumption. For
example, electrode-based ['®F]fluoride trap and release cells
implemented in microfluidic format show the potential to
increase activity concentration and to be integrated with flow
microreactors.?!*?

The other major category of microfluidic systems are
“batch” reactors, which perform reactions at the 10 s of micro-
liter scale or smaller (as low as 40 nL has been reported®?).
Often there is a higher degree of process integration in these
devices, such as the capability to perform the upstream
['®F]fluoride drying and activation process in the same place
as the subsequent reaction step(s). These very compact systems
that can potentially be operated with local shielding and with-
out the need for hot cells, within or nearby imaging centers, for
on-demand production of tracers. Some efforts aimed at inte-
grating the purification step have also been reported.*® The
reaction volume and quantity of reagents is typically conserved
in batch reactors even when the activity is scaled up. The
small reaction volume can lead to significant reductions in
precursor consumption (often ~ 10-100x less than conven-
tional radiosynthesis). It also leads to improved molar activity
in '®F-radiosyntheses due to reduction of reagents (which are
the major source of '’F-contamination),”’ and enables high
molar activity of "8F/!°F isotopic-exchange reactions (due to
minimal amount of precursor in the reaction).*®

Though a variety of different batch microfluidic approaches
for labeling with fluorine-18, gallium-68, and nitrogen-13 have
been reported in the last few years®®**~* that highlight these
advantages, including droplet reactors, small microfluidic reac-
tion chambers,?® and specialized small conical vials,>® we
focus in this review on droplet-based methods in particular.
In 2015, we reviewed the initial emergence of droplet reactors
based on electrowetting-on-dielectric (EWOD) in the field of
radiochemistry.** Significant progress has been made in the
last several years including development of new types of
droplet-based radiosynthesis platforms with improved synth-
esis performance and reliability, decreased chip costs, faster
operation, and expanded range of applications through
increased variety of tracers and increased synthesis scale. We
describe each droplet radiochemistry platform, review the radi-
olabeled compounds that have been made in droplet format,
summarize the advantages of droplet-based methods, and
describe recent efforts to scale up the activity. Finally, we
discuss the outlook for these technologies and the potential for
integration into mainstream radiochemistry practice.

Emerging Droplet-Based Radiosynthesizers

We first describe the different platforms that have been
reported in recent years for performing radiochemistry in
small-volume droplets (summarized in Figure 1).

Electrowetting-on-Dielectric (EWOD)

EWOD chips are composed of 2 substrates between which dro-
plets are sandwiched (Figure 1A). The bottom layer has a set of
electrodes, covered by a dielectric layer and a chemically inert
hydrophobic layer (Teflon AF), while the cover chip typically
has a single, large ground electrode and a hydrophobic coat-
ing.*> Droplet movement from reagent pipetting sites at the
periphery to the central reaction zone is realized by activating
in sequence a series of buried electrodes, which act as a virtual
channel. Localized heating of the reaction region is provided by
passing current through heating electrodes on the chip surface,
and mixing can be carried out by using the heaters as actuation
electrodes. When performing solvent evaporation, a nitrogen
flow is applied in conjunction with heating to drive the vapor
out of the chip. After the reaction step(s), the product is col-
lected via pipette. Initially-reported chips measured 38 mm x
51 mm with a capacity of the reaction site of up to 17 pL.>®
Electrical contacts along the edges of the chip connect to the
control system, which was located outside of the radiation
shielding. We previously reviewed this technology and its
application to the synthesis of several '®F-labeled compounds.**

After our group established initial proof-of-concept, exten-
sive efforts were made in collaboration with Sofie, Inc. (Culver
City, CA) to shrink the electronic apparatus, and to lower the
chip cost and boost reliability (via smaller chip size and new
fabrication and testing methods®®). The optimized chip mea-
sured 25 mm x 25 mm and reactions were performed in up to
10 pL. volumes. On-chip heater electrodes were removed from
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the chip design and replaced with an off-chip heater to improve
temperature uniformity. The degree of automation was also
improved in this second-generation EWOD platform by mount-
ing the EWOD chip onto a disposable reagent cassette
(Figure 1B). The cassette contained pumps to deliver reagents
to the chip via holes in the cover plate, a vacuum port to collect
vapor condensate during evaporation steps, and a second
vacuum port to collect crude product following the synthesis.

Despite the versatility of EWOD, and its high degree of
integration and compact size, the high chip complexity and
cost hindered more widespread use. In addition, it was difficult
to deposit defect-free dielectric films during microfluidic chip
fabrication, which could lead to electrolysis and/or droplet pin-
ning during operation, and ultimately reduced reaction yield
and product recovery from the chip.

Magnetic Droplet Microfluidics (MDM)

Another platform reported for conducting droplet-based radio-
synthesis is based on magnetic actuation.*® At the beginning of
the synthesis, a volume of ['*F]fluoride solution (up to 1 mL)
and droplets of reagents (~ 50 pL) are manually placed atop a
hydrophobic Teflon sheet mounted on plastic stage. By addi-
tion of magnetic particles into a droplet, that droplet can be
manipulated by robotically moving a magnet mounted under
the stage (Figure 1C). Functionalized magnetic particles also
serve the function of typical QMA cartridges for ["®F]fluoride
trapping and solvent exchange with the help of a small capillary
located in one corner of the sheet, where suction is applied to
remove the solution while leaving behind the beads. The beads
were mixed with eluent and precursor to perform the reaction,
after which the crude product was collected manually via syr-
inge. No method of applying heat was reported in this platform.

While this platform is suitable for moving aqueous droplets
and performing room temperature reactions under aqueous
conditions (mixture of water and t-BuOH), the ability to extend
to additional radiosyntheses involving other organic solvents,
elevated temperatures, or moisture-sensitive precursors has yet
to be demonstrated.

Passive Droplet Manipulation

In an attempt to circumvent some of the challenges and com-
plexities encountered with active droplet manipulations, our
lab developed a droplet-based radiosynthesizer based on pas-
sive transport (PT) of droplets.®’ The chip (25.0 mm x 27.5
mm) was made from silicon (hydrophilic) and a Teflon AF
coating (hydrophobic). The Teflon coating was etched away
to expose 6 radially-oriented hydrophilic reagent delivery
channels converging on one central circular hydrophilic reac-
tion site (Figure 1D). The tapered shape of the delivery chan-
nels results in a spontaneous driving force on droplets toward
the wider end of the taper, thus moving droplets deposited atop
the chip at the periphery toward the central reaction site.

The chip was mounted on a temperature control platform
comprising a ceramic heater for heating and a thermoelectric

device mounted on a heatsink and fan for cooling. Additional
subsystems provided automatic reagent loading, and product
collection. During the synthesis, reagents were deposited to the
chip on demand using piezoelectric non-contact dispensers,
each connected to a pressurized reagent vial. These droplets
spontaneously moved to the reaction site and the chip was then
heated to perform the desired radiochemistry step. Product
collection was achieved by lowering a small stainless steel
diptube into the droplet (using a pneumatic actuator) after load-
ing droplets of collection solution. The droplet was transferred
through the tube to a product vial by application of vacuum.

Compared to EWOD, the PT chips were significantly sim-
pler resulting in a much lower fabrication cost. Furthermore,
without electrodes (or dielectric layer), the chips operated reli-
ably without the risk of electrical breakdown. The use of an
external heater not only simplified the chip but resulted in more
uniform temperature distribution across the chip, and the high-
powered heater enabled temperature increase of the chip from
room temperature to the reaction temperature in <10 s. Eva-
poration steps (e.g. to dry ['*F]fluoride) were also much faster
in the open droplet compared to the covered configuration of
EWOD. When performing heated reactions, solvent could be
replenished periodically to compensate for any undesired eva-
poration. However, due to the use of non-contact dispensers
and a vertically-actuated collection tube, the size of the system
was slightly larger than the EWOD platform.

Although synthesis performance was high (see next sec-
tion), it proved time-consuming to optimize synthesis protocols
because different solvents exhibited different behavior on the
chip. For example, a 0.5 pL droplet of DI water just barely
filled the central reaction site, while the same volume droplet of
DMSO filled the reaction zone but also “overflowed” along all
of the delivery channels. To avoid adverse effects on the per-
formance and reliability of the radiosynthesis process, the vol-
ume of each reagent and frequency of dispensing had to be
carefully considered.’’

Direct Dispensing to Droplet Reaction Site

In early work with the EWOD platform, many reports
described some experiments performed by manually depositing
reagents (with micro-pipette) directly onto a designated region
of a glass chip (25 mm X 25 mm) with uniform Teflon-AF
coating. Elimination of electrodes and dielectric layer provided
a chip surface similar to EWOD but significantly reduced the
fabrication cost and thus was a valuable approach for synthesis
optimization.**** These simple Teflon-glass chips could in
fact also be used for manually carrying out the entire produc-
tion of tracers for imaging.?®** Heating was provided by pla-
cing the chip atop a temperature control platform (Figure 1E).
Typically, radioisotope drying was performed with the chip in
an open configuration (no cover), while reaction steps were
performed by adding the needed reagents, then adding a cover
to sandwich the droplet (using physical spacers to control the
height of droplet). Some limitations of this approach are the
high degree of manual intervention required, the need to
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carefully level the platform and the chip to avoid unwanted
migration of droplets, and the care needed to avoid damaging
the chip surface with the pipette.

More recently, a new approach was developed by our group,
in which the chip consists of Teflon-coated silicon substrate
with a circular region (4 mm in diameter) etched out of the
Teflon to expose the hydrophilic silicon surface.>® The hydro-
philic site serves as a surface tension trap (STT) that “confines”
the reaction droplet, preventing unwanted spreading out or
movement (Figure 1F). While similar to the central part of the
PT-based chips, the elimination of the tapered hydrophilic
channels eliminates problems related to solvent-specific beha-
vior of droplets, simplifying optimization and resulting in
excellent synthesis performance with high repeatability. To
perform syntheses on this chip in an automated fashion, a
compact module about the size of a small coffee cup was
developed.*? The chip was mounted on a temperature control
platform which in turn was mounted off-center on a compact
rotation stage, which was used to align the reaction site under
different reagent dispensers or product collection tubing.
Piezoelectric dispensers were used to load reagent droplets
directly onto the reaction site. After the chip was heated to
perform an evaporation or reaction step, the chip was then
rotated to align the reaction site under the dispenser containing
the next reagent to be added. Once the synthesis was finished,
the resulting crude product was collected by aligning the reac-
tion site under a stainless-steel tube and transferring the droplet
off of the chip via application of vacuum.

This platform has many similarities to the PT platform, in
terms of size, cost, and complexity of the chip and the overall
synthesis platform, with the main advantage being the more
consistent containment of droplets at the surface tension trap,
leading to faster optimization and improved performance.

Emerging Active Droplet Manipulation Technologies

Separate from applications in droplet radiochemistry, a variety
of exciting new approaches are emerging in the field of “digital
microfluidics” for active droplet manipulation. These tech-
niques could potentially address the practical reliability issues
experienced with EWOD chips or avoid the bulky motion
actuator needed in the MDM platform. For example, a new
electro-dewetting approach uses chips containing electrodes
similar to EWOD chips, but does not have dielectric or hydro-
phobic layers, instead relying on a small amount of surfactant
added to the droplets to enable manipulation via electric cur-
rent.*> These chips are expected to have the same functionality
as EWOD, but with lower cost and higher reliability, and fur-
ther investigation in the context of radiochemistry is warranted.
Other than this approach, a wide variety of other forces have
been leveraged to provide active droplet manipulation includ-
ing optoelectrowetting (via deposition of a photoconductive
layer),* thermocapillary forces (via embedded thin film micro-
heaters),*” surface acoustic waves (via integration of a piezo-
electric substrate),*® and magnetic forces (via a variety of
mechanisms),***° to name just a few. To employ these new

approaches in the radiochemistry field would require investi-
gations of (i) compatibility with elevated temperatures, (ii)
ability to transport organic solvents, (iii) compatibility with salt
solutions, acids, and bases, (iv) compatibility of radiochemical
reactions with the needed additives (e.g. surfactant, magnetic
particles, etc.). However, such approaches may enable a greater
degree of integrated functionality (with less need for external
motion actuators) and potentially even smaller and more reli-
able overall apparatus.

The characteristics and advantages of each droplet-based
radiosynthesizer described above are presented in Table 1.
As a summary, all platforms had a capability for remote droplet
manipulation on the chip (or did not require droplet manipula-
tion), but differed in the degree of automation of other aspects
such as reagent loading and product collection. Except for the
MDM approach, all platforms incorporated a heating mechan-
ism and were shown to be compatible with reactions in organic
solvents, providing versatility for a broad range of reactions.
Due to the open (MDM, PT, STT) or semi-open (EWOD,
Teflon-glass) architecture of all droplet approaches, there can
be significant evaporation, but the effects can be mitigated by
replenishing the solvent periodically (provided the reagents or
product are not volatile species).

Production of Radiopharmaceuticals on
Droplet-Based Radiosynthesizers

A wide range of tracers labeled with ['*F]fluoride have been
synthesized using droplet-based radiosynthesizers. A compre-
hensive summary is included in Table 2.

Most of these tracers were prepared via nucleophilic
fluorination routes and require an anhydrous reaction environ-
ment, including ['®F]Fallypride, 2-['®F]fluoro-2-deoxy-D-
glucose (['*F]FDG), 3’-deoxy-3/-['*F]fluorodthymidine
(["®FJFLT), N-succinimidyl-4-['*F]fluorobenzoate (['*F]SFB),
O-(2-["*F]fluoroethyl)-L-tyrosine (['*F]FET), 3,4-dihydroxy-
6-["®*F]fluoro-L-phenylalanine (['*F]JFDOPA) and ['*F]Florbe-
taben (['*F]JFBB). The synthesis procedure for all of these
compounds was similar across the various droplet platforms:
EWOD chips (Figure 2), PT-based chips (Figure 3), Teflon-
coated glass chips, and STT-based chips (Figure 4). First, a
['*F]fluoride/['"*O]H,O droplet premixed with phase transfer
catalyst was loaded on the chip and heated to evaporate the
water. In EWOD chips, condensation was observed to form
nearby the reaction site due to the cooler temperature of the
chip away from the heaters at the reaction site. Nitrogen flow
between the chip substrates reduced the amount of condensa-
tion and accelerated drying. Azeotropic distillation steps (con-
sisting of adding then evaporating acetonitrile) were then
performed to ensure thorough removal of water from the vici-
nity of the reaction site. In platforms with an open droplet
configuration (PT-based chips, Teflon-coated glass chips, and
STT-based chips), the nitrogen flow could be eliminated, and it
was also found that there was no need for azeotropic distillation
steps, resulting in shorter synthesis time.?®3!*>°%3% In addi-
tion, the evaporation was much faster in open-droplet platforms
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Wang and van Dam

Table 2. Summary of Radiolabeled Molecules Synthesized Using Droplet-Based Radiosynthesis Platforms.?

Tracer Assays Droplet platform Crude RCY (%) Isolated RCY (%) Reference
['®F]fallypride D2/D3 receptor availability EWOD (Generation I) 82 + 6 (n = 9) 65+ 6mn=7 ©
EWOD (Generation 1) 84 + 7 (n = 6) 65+ Il(n=¢ >
PT 64+ 6(n=4 46+4(n=4
EWOD (Generation2) 40 + 9 (n = 7) Not reported 39
STT 9 + 3 (n=9) 78+ 1(h=1) *
['®FIFDG Glucose metabolism EWOD (Generation 1) 32+ I5(n=11) 22+ 8(n=11) *
EWOD (Generation I) 72 + I3 (n=5) Not reported 3!
EWOD (Generation I) 45 + 10(n=2) 37+ I13(n=2) *
EWOD (Generation2) 50 + | (n = 2) Not reported 39
Teflon-glass Not reported 71 (n=5)° 42
PT 50 + 8 (n = 4) 36+6mn=4 3
['®FIFLT Cell proliferation EWOD (Generation 1) 74 + 7 (n = 6) 56 +8(n=6) >
EWOD (Generation I) 69 + 8(n=10) 63 +5(n=26) *
Teflon-glass Not reported 71 (n=5)" s
['®FISFB (Prosthetic group) EWOD (Generation I) 34 + 10(n=3) 19+8((n=5 *
EWOD (Generation I)  Not reported 39+ 7(n=4) 52
['®FIFET Amino acid transport STT 59 + 7 (n=4) 5 +7(n=4) 3
PT 54 + 6 (n=15) Not reported 53
['®FFDOPA Dopaminergic function STT I5+2(Mn=4) 10+ 1 (n=4) 4
['®FIFBB B-amyloid deposits STT 70+ 7(h=2) Not reported 55
['®F]AMBF;-TATE STTR2 expression Teflon-glass 17+3(n=15 16+ 1(nh=5 >
3-formyl-2,4,6- Prosthetic group MDM Not reported 72 + 1 (n=13) 36

trimethylbenzene-sulfonyl
['®F]fluoride

?Crude RCY is the radiochemical conversion (measured by radio-TLC or radio-HPLC) multiplied by the fraction of initial activity that is collected from the chip,
corrected for decay. Isolated RCY is the activity of isolated product divided by the initial activity, corrected for decay. Studies that reported only radiochemical

conversion have been omitted.
Pindicates that standard deviation is not reported in the related reference.

versus covered droplet platforms. Next, a precursor droplet was
loaded to dissolve the dried residue of the dried ['®F]fluoride
complex and the chip was heated to perform the fluorination
step. In EWOD chips, mixing was achieved by actuation of the
reaction droplet in different directions prior to heating. For
Teflon-coated glass chips, mixing was sometimes performed
manually using a pipette to “stir” the reaction droplet. Mixing
in other platforms (PT-based chip, STT-based chip) simply
relied on convection and diffusion when a new droplet reached
the reaction zone. Additional reaction steps (if needed) were
performed in a similar fashion. Lastly, the crude product was
collected from the chip by first adding droplets of a collection
solution to solubilize the crude product and slightly increase
the volume (to reduce fluid transfer losses), and then removing
the larger resulting droplet (typically 10-20 pL). Often the
collection process was repeated multiple (2-4) times to ensure
high product recovery. For Teflon-glass chips and EWOD
chips, collection was performed manually via pipette after
separating the chips. For the second-generation EWOD plat-
form in which the cover plate contained inlet and outlet ports,
the diluted crude product droplet was collected by applying
vacuum to the product output port. For the PT- and STT-
based chips, the crude product was automatically transferred
to the collection vial via vacuum by lowering the metal tubing
or aligning the tubing with the reaction site, respectively.

Looking at ['®F]fallypride as an example, there were some
differences in synthesis performance among the various plat-
forms. Crude radiochemical yield (crude RCY) using the first-
generation EWOD platform was reported in 2 separate studies
to be 82 + 6% (n = 9)** and 84 + 7% (n = 6).>* Using the
second-generation EWOD platform, the crude RCY was 40 +
9% (n = 7).>° While automation often results in slight reduc-
tions in performance due to residual liquid left in tubing and
other fluid paths, such a large difference in yield in this instance
is likely due to the fact that no optimization of conditions was
performed for the second-generation platform. Using the PT
platform, crude RCY was 64 + 6% (n = 4),>" while on the STT
platform, it was improved to 96 + 3% (n = 9)** by avoiding
the problem of the reaction droplet spreading along the reagent
delivery channels, which adversely affects mixing, fluorination
conversion, and collection efficiency. An advantage of the STT
and PT platforms was the open droplet configuration, which
resulted in a shorter time for ['*F]fluoride drying and an overall
shorter synthesis, compared to the covered configuration of the
EWQOD chips.

Labeling of molecules with fluorine-18 via isotopic
exchange (IEX) was also demonstrated on Teflon-coated
glass chips, to produce ['*FJAMBF;-TATE?® and several
o-trifluoroborato-phenylphosphonium compounds.’® These
1-step syntheses were performed in a similar fashion to
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Figure 3. Operation of the passive-transport-based chip for a generic '®F-radiosynthesis. A, A ['®F]fluoride and phase transfer catalyst droplet
(2 pL; dyed yellow) was loaded, spontaneously transported to the reaction site, and then the chip was heated to remove the solvent. B, Next, 2
droplets of the solvent mixture (| pL, dyed red) were loaded from a separate inlet and transported to the reaction site in sequence, after which
the droplet was heated to perform the fluorination reaction. Note that loading in 2 separate portions instead of a single larger droplet helped to
prevent over-flowing of the reaction site. C, Next, 2 droplets of collection solution (5 pL each, dyed blue) were loaded from a third inlet and
transported to the center to dilute the reaction mixture. Finally, the collection tubing was lowered and the droplet was collected into a vial with
the aid of vacuum. Very little residue was apparent on the chip after collection. Red arrows indicate which dispenser is active during liquid

loading steps. Images at the right of each row are Cerenkov images showing the distribution of activity on the chip after performing the steps

depicted in each row. The boundary of the hydrophilic region is outlined in white. Adapted from Wang et al.?

Society of Chemistry.

the process described above. A droplet of ['*F]fluoride and
NaCl was first introduced and heated to remove the solvent,
then a droplet of the buffered precursor solution was added and,
finally, the chip was heated to perform the labeling reaction.

The procedure for synthesizing a sulfonyl ['*F]fluoride
compound on the MDM platform (Figure 5) was significantly
different from the above examples. Droplets of the initial
['®F]fluoride/['®*O]H,O solution were magnetically shuttled
to a capillary tube to remove the ['*0]H,0, while leaving the
['®F]fluoride trapped on the QMA-derivatized magnetic parti-
cles. Prior to aspirating the liquid with the capillary, the mag-
netic particles were moved in a stirring motion within the
droplet to ensure high trapping efficiency. After removing the
aqueous solution, the particles (with trapped ['®F]fluoride)
were mixed into a droplet containing K,CO3 and precursor to
release ['®F]fluoride in the solution and simultaneously per-
form the fluorination step at room temperature. The final prod-
uct was then manually collected from the chip via syringe. The
mechanism of ['*F]fluoride trapping and release using QMA-
functionalized magnetic beads is quite interesting for this
synthesis, though the degree of water removal and possible
effects of beads present during the fluorination reaction need
to be assessed to determine applicability of this platform to
other '®F-radiosyntheses.

After the crude products of the abovementioned tracers were
collected from the platforms, purification was performed using
analytical-scale radio-HPLC, commercial solid phase

" with permission from The Royal

extraction (SPE) cartridges or customized miniature SPE car-
tridges. HPLC is in general a very versatile approach and can
be used to achieve good separation of product for both labeled
and non-labeled impurities, and was used after the droplet-
based radiosyntheses of ['®F]Fallypride, ['*F]FET, ['*F]SFB,
["*F]FDOPA 3!32:40-3:3452 The small mass present in droplet-
scale reactions allows the use of an analytical column instead of
the semi-preparative column typically used in macroscale
syntheses, and the narrow peak width allow very short retention
times and thus short purification times. The volume of the
collected fraction is generally very small (in the range ~1-2
mL), enabling rapid formulation of the purified product into an
injectable solution either by dilution, or by evaporation of
mobile phase followed by reconstitution in saline. Despite the
success using HPLC, the large size and high cost of HPLC
systems undermines many of the advantages that droplet radio-
chemistry provides.

In contrast, SPE is a straightforward purification method
that can be implemented in a very compact space. SPE can
be used for some radiopharmaceuticals, when the product
structure is sufficiently distinct from reactants and impurities
(or when the product is chemically-identical to the reactant, i.e.
IEX reactions, and cannot be separated). Crude sulfonyl
['®F]fluoride from the MDM platform was purified using a
commercial cartridge (Waters tC18 Light, 145 mg),*¢ as was
['*F]JAMBF;-TATE produced on the Teflon-coated glass chip
(Waters C18 Plus, 360 mg).”® A miniature cartridge was
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Figure 4. Operation of the surface-tension trap chip to perform the |-step synthesis of ['®F]Fallypride. 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 for each step of the synthesis process. First the chip was rotated
under the ['®F]fluoride mixture dispenser and 10 droplets (I pL each; dyed yellow) were loaded at the reaction site. Then, the chip was rotated
slightly and heated to remove the solvent. Next, the chip was aligned under the precursor dispenser, 10 droplets (I LL each; dyed red) were
loaded, and then the chip was heated to perform the fluorination reaction. Next, the chip was aligned under the collection solution dispenser
and 20 droplets (IpL, dyed blue) were loaded to dilute the reaction mixture. Finally, the chip was rotated under the collection tube, and the
droplet was collected into a product vial using vacuum. This whole collection process was repeated a total of 4 times to minimize the residual

product left at the reaction site. Reproduced from Wang et al.>

developed for purification of ['*F]JFLT produced on the EWOD
chip, consisting of multiple resins (~ 180 mg total) packed in a
1 ml syringe barrel.*' Custom miniature cartridges were also
used for purification of ['*F]FDG produced on the EWOD and
PT platforms, and consisted of 4 different resins (~ 60 mg for
EWOD, ~ 83 mg for PT) packed into a length of tubing.'~*®
Purified probes were recovered from SPE cartridges in
volumes ranging from 0.25 to 1.0 mL and then formulated.
In general, the miniature cartridges reduced the volume of

with permission from The Royal Society of Chemistry.

solvents (and time needed) for trapping and rinsing, and also
reduced the final eluted volume, compared to macroscale ver-
sions of the same SPE protocols.

Reagent Economy and Time Efficiency

Performance of droplet-based radiosynthesizers is compared to
that of conventional radiosynthesizers for multiple radiotracers
in Table 3. Overall, the yield of tracers synthesized on the
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Figure 5. Steps for synthesis of a sulfonyl ['®F]fluoride on the MDM platform. (Step 1) The magnetic particles (A) were moved toward the
solution of ['®0]H,O containing ['®F]F . The particles were looped in a circular stirring motion within the solution. (Step 2) The particles,

carrying a portion of the solution as a droplet (~ 50 L), were then moved toward the capillary tube. (Step 3) The ['8O]H,O was collected by
the capillary tube under suction using a syringe pump, leaving ['®F]F- bound to the QMA-functionalized magnetic beads. (Step 4) The particles
were moved back to the ['®F]F / ['®0]H,O solution to increase the activity trapped on the beads. Steps 2—4 were repeated continuously until
the ['®F]F / ['®O]H,O was completely consumed. (Step 5) The particles were then moved toward the mixed K,CO3 and precursor solution (C;
~ 100 piL) to release ['®F]F~ ions from the magnetic particles and perform the fluorination reaction. The particles were again looped in a circular
motion within the solution to induce stirring. (6) The crude product was collected via syringe for downstream purification and formulation.
Adapted from Fiel et al.>® with permission from American Chemical Society, Copyright © 2015.

droplet-based platforms was comparable or even higher that on
the conventional radiosynthesizers with much less reagents and
shorter synthesis time.

One of the most noticeable features of droplet-based radio-
synthesizers is reagent economy: in all cases (other than sulfo-
nyl ['®F]fluoride prepared via the MDM platform), the
reactions required 1-2 orders of magnitude less precursor
amount compared to the conventional radiosynthesizers. The
small reaction volume of droplet reactions (2-10 pL) compared
to conventional reaction (400-2000 pL) enabled the precursor
concentration to be preserved (or even increased) during the
microscale reaction, while reducing the total amount of precur-
sor used in the reaction.

Another measure of efficiency is the synthesis time. The
most recent droplet platforms have focused on streamlining
processes to minimize the overall synthesis time. In particular,
automated production of tracers on the PT- and STT-based
reactors was completed in about half the time needed for the
same synthesis on conventional platforms, leading to a

comparative advantage in activity yield. There are many con-
tributing factors to the short synthesis times observed. The low
reaction volume translates to low heat capacity, facilitating
rapid heating and cooling of the reaction droplet during the
synthesis. Evaporation steps are also greatly accelerated
due to the much smaller volume of solvent to be removed.
Furthermore, with < 100 pL crude product collected from
droplet-based radiosynthesizers and small mass amounts, the
purification could be performed using analytical-scale radio-
HPLC in <10 mins.>"**3*>* For conventional radiosynthesi-
zers, a longer purification time was required due to the need
to use semi-preparative scale radio-HPLC (typical retention
times 10-30 min). Another advantage of analytical-scale HPLC
is that the pure fraction is typically collected in a significantly
smaller volume (e.g. ~1-2 mL compared to 10 s of mL),
enabling faster downstream formulation. For tracers that were
purified via SPE, synthesis time reductions were also observed
because (i) there is less crude product volume that needs to be
diluted and trapped on the SPE cartridge, (ii) miniature, low-
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resin-mass cartridges could be washed with lower volumes of
solvents, and (iii) miniature cartridges could be eluted with
small volumes (which simplifies downstream formulation).

Other than shorter times needed for reaction, purification,
and formulation, the volume reduction may also contribute to
decreased overall synthesis time and complexity by eliminating
process steps. For example, for reactions that require azeotro-
pic drying steps after the initial ['*F]fluoride drying step in
conventional synthesis modules, it was found that these extra
drying steps could be eliminated in open droplet platforms (PT
and STT) for all tracers synthesized in those plat-
forms.>'2%3-% In the case of ['*F]FDOPA, the intermediate
cartridge purification step needed after the fluorination step in
the macroscale synthesis could be eliminated in the droplet-
based synthesis,”*%*°* shortening and simplifying the process,
while achieving comparable RCY and radiochemical purity.

In addition to reduced precursor consumption as described
above, the droplet-based synthesis format contributes to a
greener process with reduced consumption of organic solvents
and reduced production of waste. For example, solvents needed
for crude ['®F]FDOPA synthesis were reduced from 13 mL to
0.17 mL when moving from macroscale to the STT-based plat-
form, and solvents consumed for purification were reduced
from 65 mL to 9.3 mL due to the transition from semi-
preparative to analytical-scale HPLC.>* If the volumes of
mobile phase consumed for column equilibration and cleaning
were also factored in, 305 mL of HPLC mobile phase was
consumed for the semi-preparative HPLC (macroscale synth-
esis) while only 57.3 mL were consumed for the analytical-
scale system (microscale synthesis).

High Molar Activity

During the production process of fluoride-18 labeled-tracers,
the final product is always a mixture of '*F- and '°F-containing
compounds due to unavoidable fluoride-19 contamination.
Molar activity (or specific activity) is the ratio of quantity of
18F_labeled compounds to the total quantity of both 8F_ and
!“F-labeled compounds. Since only compounds labeled with
the radioactive fluoride-18 can contribute the signal for PET
scan, it is generally desirable that the injected radiotracer has
high molar activity. It is important when the target of the tracer
consists of saturable binding sites,®” and is especially critical in
preclinical imaging, where high concentrations of the tracer per
mass of the animal is needed to achieve adequate signal-to-
noise ratio.®® For example, using droplet-based production of
['®F]Fallypride, we showed that molar activity (with constant
amount of radioactivity injected) can have a drastic influence
on the signal in the striata, with the contrast becoming progres-
sively worse for lower molar activities** (Figure 6).
Interestingly, early work with EWOD chips showed that
high molar activity was routinely achieved in droplet reactions,
e.g. 730 GBq /umol for ['®]fallypride (290 MBq starting activ-
ity),** and 1800-2400 GBq/umol for ['*]FLT (330 MBq start-
ing activity).*! Our group performed a detailed study to
understand the origin of this effect and how to optimize

synthesis for high molar activity.** In macroscale reactions,
molar activity was found to increase linearly with starting
activity (0.3-13.3 GBq), and vary inversely with reaction vol-
ume (0.1-3 mL; constant precursor concentration). However, in
microscale reactions, molar activity was constant (and high) for
all starting activities (0.9-19.4 GBq) and all volumes (2-8 pL).
We concluded that reagents were the dominant source of
["F]fluoride contamination. Macroscale syntheses, with large
reagents amounts, therefore only achieve high molar activity
when using high starting activity (e.g. 10 s of GBq), consistent
with general observations of synthesis performance in litera-
ture.®’ In contrast, the small quantity of reagents in microscale
reactions introduces negligible ['°F]fluoride contamination
compared to the amount already present from the cyclotron
and thus the molar activity of the final radiotracer is close to
the molar activity of the fluoride source.

A consequence of this finding is that droplet-scale reactions
are particularly well suited for making small batches (small
activity level) of radiotracers such as needed for preclinical
or in vitro studies.>'*>* For example, using the PT-based
chips, high molar activity (185 GBg/pmol) could be achieved
starting with activity as low as 37 MBq.>' With conventional
methods, a large batch would need to be produced to ensure
sufficient molar activity, but only a small amount of the batch
would be used. Microscale reactions thus provide inherent
safety and could be operated with much less shielding since
the starting activities can be matched to the quantity of radio-
tracer actually needed.

The microliter-scale reaction volume can also be used to
ensure high molar activity in isotopic exchange (IEX) reac-
tions. There has been significant interest in several IEX reac-
tions recently®® due to the simple labeling process, mild
conditions, and simple cartridge purification. In such reactions,
the precursor and product are chemically identical and cannot
be separated, so precursor amount needs to be minimized to
maximize the molar activity. With conventional radiosynthesi-
zers having 100 s of pL to mL reaction volumes, reported molar
activities for IEX reactions are typically very low. Good molar
activities can be achieved using techniques that allow smaller
than usual reaction volumes in combination with high starting
activities. For example, Liu et al. manually performed the
synthesis of ['*FJAMBF;-TATE in a volume of 120-150 pL
(containing 50 nmol of precursor) and achieved a molar activ-
ity of 110 GBg/umol starting with 30-37 GBq of ['*F]fluor-
ide.%” Lau et al. developed an automated synthesis with 400 pL
reaction (containing 200 nmol of precursor) and achieved
molar activity of 435 + 162 GBg/umol (n = 3) with starting
activity of ~150 GBq.®® Droplet radiochemistry techniques
provide a way to dramatically reduce this reaction volume and
precursor amount (and provide an automated way to do so).
Using a Teflon-glass chip reactor, the reaction was performed
in a 5 pL reaction volume (5 nmol of precursor), and molar
activity up to 144 GBg/umol was observed with starting activ-
ities as low as 0.93-1.1 GBq.”® Notably, the radiochemical
yield was similar among all of these approaches. Microdroplet
IEX approaches could likely be extended to other tracers based
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Figure 6. Effect of molar activity on ['®F]fallypride PET/CT imaging in mice. Transverse projections of mouse brain from 10 min static scans after
60 min conscious uptake of ['®F]fallypride. Molar activity values are reported at the time of injection, along with the total amount of fallypride
injected per mass of the mouse. Adapted from Sergeev et al.* with permission from Springer Nature, Copyright © 2018.

on trifluoroborates,’®’" aryl fluorosulfate’* and silicon-fluor-

ide’>"* with the same benefits.

Potential for Lower Cost Syntheses

Reduced consumption of starting materials by 1-2 orders of
magnitude can reduce the synthesis cost substantially in the
case of expensive or scarce precursors. The commercially-
available precursors for many compounds can cost hundreds
of $USD for a single macroscale synthesis. The same amount
of precursor can be used to perform a large number of droplet-
scale reactions. For example, a total of 140 ['*F]JFDOPA
syntheses (iodonium salt method) can be performed on the
STT-based droplet reactor with the equivalent amount of pre-
cursor used in one single ['*FJFDOPA synthesis on a conven-
tional module.’* Other than the benefit of lowering the cost,
reduced need for precursors could also be a game-changer in
the early stages of new tracer development when the precursor
is very scarce. Instead of having only enough material to per-
form a few trial syntheses and then move quickly to in vitro or
preclinical imaging studies, each macroscale-sized aliquot is
sufficient to support a multitude of optimization experiments.

Simpler purification processes enabled by droplet-based
radiosynthesizers can also have a significant impact. Shifting
from semi-preparative scale to analytical scale HPLC, con-
sumption of mobile phase is reduced more than 5x. In addition
to the cost reduction, lower quantities of mobile phase reduce
the environmental impact of radiopharmaceutical chemistry,
consistent with widespread “green chemistry” efforts that are
being made to reduce consumption and waste of toxic solvents
in many areas of chemistry. Another impact of reducing col-
umn size is that analytical columns cost significantly less than
semi-preparative columns, especially when their lifetime is
factored in.

The shorter synthesis time provided by droplet-based radio-
synthesizers reduces the cost of labor, and also frees up equip-
ment earlier (radiosynthesizer and purification system),
potentially allowing for the production of other tracers imme-
diately afterward, maximizing the value of this equipment. To
take advantage of this would require the development of a
simple and safe chip-switching mechanism similar to the

cassette-based concept of some conventional-scale radio-
synthesizers. Reduction in synthesis time also leads to
improvement in activity yield. This can reduce the amount and
cost of radioisotope needed for the synthesis, and the reduced
amount of activity during the synthesis eases requirements for
shielding (as further discussed below).

The ability to synthesize product with high molar activity,
even with very little starting activity is a key advantage when
only a small batch of the tracer is needed (e.g. for initial in vitro
or in vivo evaluation studies). Whereas conventional methods
would require the production of a large batch to achieve high
molar activity, the microscale synthesis uniquely gives the pos-
sibility to make the tracers efficiently without wasting a large
portion of the batch. In these cases, the small batch production
can diminish the radionuclide cost for the tracer production.
Working with lower radioactivity also has safety implications
and may reduce the thickness of shielding needed.

Though some reports of droplet-based radiosynthesizers
have operated the systems inside hot cells,*® some were used
behind an L-block in a standard fume hood.>**%*! In fact, due
to the small size of droplet-based systems, in principal only a
very small amount of shielding material would be needed to
protect the operator from the gamma radiation. The STT plat-
form was the first prototype with automated reagent delivery
and product collection that was designed to minimize the over-
all system size,*” and additional design iterations may result in
even further size reductions. Already, the overall size of this
microdroplet synthesis platform (including reagent loading,
product collecting and temperature control) is an order of mag-
nitude smaller than compact conventional radiosynthesizers on
the market with similar functionality (e.g. Synthera+, IBA
Radiopharma Solutions’®). The droplet-radiochemistry instru-
ment is also simpler than its conventional counterpart, poten-
tially reducing the equipment cost component of each batch.
Furthermore, the STT-based platform can potentially be self-
shielded without requiring any specialized hot cells or mini
cells.** These reduced needs can translate to significant cost
reductions in radiopharmaceutical production, and can poten-
tially open up new models for tracer production and distribu-
tion. For example, a new production facility could be set up
with minimal space and capital, or an existing facility could be
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upgraded with one more or more droplet synthesizers to
increase capacity to produce multiple different tracers per day.
Alternatively, compact, self-shielded, droplet radiosynthesizers
could be directly installed in preclinical imaging centers or
nuclear medicine clinics to increase flexibility of tracer
production.

Synthesis Scale-Up in the Droplet-Based
Radiosynthesizers

Reports have shown that radiotracers produced via droplet-
based methods have successfully been used for preclinical ima-
ging, demonstrating sufficient quantity and concentration of
each batch for multiple mouse or rat injections,?®-!-38-44.33.76
but, in general, activity scales are much lower than reports of
macroscale syntheses (Table 3). If the final product activity
could be scaled up in droplet-based radiosynthesizers, their
applications could be further expanded to produce clinically-
relevant amounts of radiopharmaceuticals.

Typically, droplet-based radiochemistry has been limited to
100 s of MBq of starting activity due to the pL-scale reaction
volume compared to the radionuclide solution generated from
cyclotron (about 1-5 mL), resulting in only a very small frac-
tion of the initial activity loaded to the chip. To bridge the
volume gap, several approaches were reported that could
increase the production scale. Notably, in all approaches, the
activity was scaled up while the amounts of other reagents were
kept constant, consistent with typical approaches for scaling
activity in conventional macroscale syntheses. Though we pre-
viously described some methods for concentrating ['F]fluor-
ide in our previous review,* we provide here a comprehensive
summary of the different approaches and results obtained by
integrating them with droplet-based synthesizers.

In one technique demonstrated on EWOD chips, ['*F]fluor-
ide was concentrated by first loading and drying a large (200
uL) droplet of ['®F]fluoride solution on the bottom substrate of
the EWOD chip (in an open area of the chip immediately
adjacent to the covered portion of the chip) until the volume
was reduced to ~5 pL, and then the small droplet was pulled
into the covered part of the chip by activating the electrodes
sequentially.®®> These steps can be repeated to load an even
greater amount of ['®F]fluoride solution, but the 12 min time
needed for concentration of each 200 pL portion imposes some
practical limits due to radioactive decay.

A different approach was demonstrated for activity concen-
tration on the PT-based platform.?! Instead of loading and dry-
ing a single large droplet of radioisotope solution, the volume
was split into a series of 2 pL droplets. Each small droplet of
['®F]fluoride/['®*O]H,O solution was dispensed at the reagent
loading site, spontaneously transported to the pre-heated reac-
tion site and dried upon arrival. After the final droplet of activ-
ity, a single droplet of phase transfer catalyst/base solution was
added and dried. Though each small droplet can be dried in 10 s
of seconds, significant scaling of this method requires a sub-
stantial amount of time.

The concentration method performed on the MDM platform
follows a different strategy (Figure 5). QMA-functionalized
magnetic beads were merged into a preloaded 1 mL drop of
['*F]fluoride/[ '*O]H,0 solution to trap ['*F]fluoride. When the
beads were magnetically actuated, they carried a portion of the
volume (~50 pL) toward a small capillary, where the liquid
(['®0]H,0) could be aspirated by applying vacuum. The steps
were repeated multiple times to trap most of ['*F]fluoride in the
1 mL solution. Trapping ['*F]fluoride from an initial 1 mL
volume of solution was reported to take only 5 min. The beads
were then magnetically actuated to merge them with a 50 pL
droplet of aqueous K,CO; to release the ['*F]fluoride from the
beads into solution. This approach appears to work rapidly and
efficiently to concentrate activity prior to aqueous reactions,
but it is not clear if it can be adapted to water-sensitive fluor-
ination reactions. Furthermore, the conditions optimized by the
authors were limited to a trapping capacity of only ~ 100 MBq,
and further effort would be needed to explore whether that limit
can be increased.

Recently, our group reported a standalone, automated con-
centrator system based on a miniaturized strong anion
exchange (SAX) cartridge. The cartridge was prepared by
packing 3 mg of Sep-Pak QMA resin inside tubing with min-
iature frits. The system could concentrate activity from 1 mL
into a 12.4 pL volume in 10 min, and had high efficiency for
starting activities up to at least 37 GBq.”’ Larger volumes of
radioisotope solution could be accommodated by extending the
volume (and time) used in the trapping step. More recently, the
concentrator was integrated with the PT-based radiosynthesizer
to scale up the starting activity for the synthesis of ['*F]Fall-
ypride as shown in Figure 7.>” An optimized method to transfer
this volume to the chip was developed, consisting of delivery of
the collected concentrated activity as a series of small (0.5 pL)
droplets, followed by rinsing the activity collection vial and
dispensing the rinse solution to the chip in the same fashion.
Using this approach, 96% of the starting activity was loaded
onto the chip and localized at the reaction site. Interestingly, as
the synthesis of ['*F]Fallypride was performed with increasing
starting activity (4.5-41 GBq), the overall crude RCY of the
synthesis in the 8 pL volume began to drop, in part due to
reduction of trapping efficiency of the miniaturize cartridges,
and perhaps in part due to stoichiometric and/or radiolysis
effects in the fluorination reaction at high activities. Even with
this decreasing yield, a total of 7.2 GBq ['*F]Fallypride product
was produced in a single droplet reaction. The batches passed
quality control tests suggesting the potential for clinically-
relevant use in preparation of clinical doses or multi-dose
batches (typical human dose is ~0.37 GBq). The overall time
needed for concentration of the ['®F]fluoride and transferring to
the chip took only 17 min.

Outlook

The last several years have brought significant new develop-
ments in droplet-based approaches for radiochemistry, using a
variety of droplet manipulation techniques, to synthesize a
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Figure 7. Schematic of the integrated system for high-activity droplet synthesis, including an automatic radionuclide concentrator subsystem
(inset photograph) and a passive transport-based synthesis platform. The original radionuclide source (e.g. ['®F]fluoride, >1 mL) is first

concentrated to a small volume (~28 pL), and then dispensed to the chip as a series of small droplets and dried such that all of the radioactive
residue is confined within the reaction zone of the chip (Cerenkov image inset at bottom right). The droplet-based synthesis is then carried out
and the crude product collected, followed by downstream purification and formulation. Adapted from Wang et al.3” with permission from The

Royal Society of Chemistry.

diverse set of radiotracers. By many measures, droplet-based
radiosynthesizers result in improved efficiency of tracer pro-
duction, including lower cost, reduction of starting materials,
greener synthesis process, shorter synthesis time, smaller sys-
tem size, reduced need for shielding, and higher molar activity.
These advantages could directly benefit production for a wide
range of tracers explored so far (Table 2). In addition to these
tracers reported in detail, the droplet-based reaction format has
been used in pilot studies, including: (i) peptide labeling with
["®F]FBEM,"® (ii) peptide labeling with ['*F]fluorobenzalde-
hyde, (iii) protein labeling with ['"*FJFBEM,”® (iv) additional
BF; compounds labeled via isotopic exchange,>® and (v) Ga-68
labeling of DOTA-containing peptides,”’ suggesting versatility
for additional applications. Though we imagine applicability to
a very wide variety of radiopharmaceuticals, the open structure
of droplet-based chips does create a few limitations: reactions
that involve gaseous reagents, and reaction conditions that gen-
erate high pressures (e.g. temperatures near or above solvent
boiling points) will be difficult or impossible to implement.
While operation of an EWOD chip inside a sealed pressurized
chamber has been reported for hydrogenation reactions,* the
setup may not be practical for radiochemistry applications.

As our lab and others continue to explore droplet radio-
chemistry, we expect there will be continued translation of
known tracers from macroscale methods to droplet-based reac-
tors, and eventually synthesis development could occur on the
droplet platform itself to take advantage of the reagent econ-
omy and simple operation. The reduced consumption of
reagents can enable ~ 2 orders of magnitude more experiments
to be performed (for synthesis optimization or production of
batches for in vitro and in vivo studies) at early stages when the
precursor is scarce. Toward the concept of optimization, our
group recently developed a high-throughput chip that has mul-
tiple hydrophilic traps (Figure 8A) to perform up to 16 reac-
tions simultaneously.®' The reagent loading and product
collection were performed manually on a temperature control
module (Figure 8B), but a robotic system is under development
to replace the manual intervention.®? To enable analysis of the
many samples produced using the high-throughput chip, we
have recently shown the use of multi-lane radio-TLC separa-
tion and Cerenkov imaging for readout (Figure 8C, D).%

A niche application area of droplet-based radiosynthesizers
is the efficient production of small batches (10 s of MBq) of
tracers with high molar activity for research use, including in
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Figure 8. A, Schematic process to perform multiple simultaneous radiosynthesis using multi-reaction chips. B, Top view photographs of multi-
reaction chips with 4 reaction sites (diameter 4 mm, pitch 9 mm) and |6 reaction sites (diameter 3 mm, pitch 5 mm). First, at each site, a droplet
(8 pL) of ['®FJfluoride mixed with phase transfer catalyst was added and then dried using heat. Then, a droplet of precursor solution (6 pL) was
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imaging setup for visualizing radioactivity distribution on multi-reaction chips or multi-lane radio-TLC plates. D, Cerenkov image of developed
radio-TLC plate spotted with 8 droplets (0.5 L) sampled from 8 different batches of crude ['®F]fallypride reacted under different sets of
conditions (n = 4 replicates each of 2 different sets of conditions, spotted in alternating pattern). The dashed circles highlight the ROls used for
quantitative analysis of the 8 “lanes.” The dashed arrow represents the direction of solvent flow during developing. Parts A and B were adapted

from Rios et al.®'
Elsevier Inc., copyright © 2019. All rights reserved.

vitro studies for cell uptake, in vivo studies performed with
preclinical imaging, and potentially single clinical doses. How-
ever, droplet radiosynthesis is not limited to only low-activity
production. The possibility for synthesis at significant scale has
also been demonstrated by using various radioisotope concen-
tration strategies. In the case of [18F]Fallypride, production of
>7 GBq of product was demonstrated. The observed reduction
in yields at higher activity levels merit further study to deter-
mine the origins and find workarounds. These kinds of studies
should be repeated to gather more data, and similar studies
should be performed for other tracers to determine the range
of production scale that is possible for each. The results of QC
testing emphasized another important aspect of droplet-based
radiochemistry: since the quantities of reagents and solvents
are so low compared to macroscale methods, the tests all
passed by very wide margins, providing enhanced safety. It is
also possible to contemplate that it may be possible to stream-
line purification and/or QC testing processes by leveraging the
intrinsically low amounts of impurities when the amount of
precursor and other reagents is minimized.®*

Both preclinical and clinical production in radiochemistry
labs and radiopharmacies can greatly benefit from the space
savings contributed by the compact size of droplet-
radiosynthesis platforms. Taking up not much more spacing
than a small coffee cup, multiple systems can be installed in
existing hot cells to instantly increase capacity to produce

with permission from The Royal Society of Chemistry. Parts C and D were adapted from Wang et a

183 with permission from

multiple tracers in a day, or potentially they can be operated
in imaging labs or nuclear medicine clinics without the need for
hot cells and just have compact, local shielding for operation.
By installing new microscale systems, production of new tra-
cers could be integrated into existing radiochemistry facilities
without the need for additional hot cells or large radiosynthe-
sizer modules. Lowering the cost per batch could enable com-
mercial supplies of tracers to be affordable for research
purposes (which research dollars are spread thinly), and could
remove bottlenecks inherent in centralized production and pro-
vide a much greater manufacturing capacity and thus produce
less common tracers on a more frequent basis. Increased acces-
sibility to various tracers could accelerate the development and
validation of quantitative biological assays using these tracers,
in addition to science that depends on the availability of such
assays.

While the performance of the technologies, and capability
for high-throughput studies, has significantly improved over
the last several years, additional engineering is needed if such
systems are to enter mainstream radiochemistry. (1) All of the
fluidic components need to be integrated into a seamless, auto-
mated system to ensure safety, reliability and ease of use. We
recently developed an automated radioactivity dispensing sys-
tem that can be used to aliquot one batch of ['*F]fluoride into
portions for multiple droplet-based syntheses without manual
intervention,®> and we also are developing an automated
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system to inject the crude product collected from the droplet-
based radiosynthesizers into the radio-HPLC for purification.
Development of more compact purification systems and inte-
gration with miniature formulation systems®® are active areas
of research. (2) It would be helpful to develop automated clean-
ing protocols to simplify operation and improve the lifetime of
reagent dispensers, or alternatively, one could develop dispen-
sing methods that do not require cleaning. (3) Especially for
intended operation on the benchtop, a gas-tight enclosure will
be needed to capture any release of radioactive vapor during the
synthesis, and compact shielding for the synthesizer and
purification system must be developed and validated. The
gas-tight enclosure would likely also be preferred in clinical
settings to help achieve aseptic conditions during the whole
synthesis process. (4) A user-friendly software interface is
needed to support performing established synthesis protocols,
to facilitate programming of new protocols and to modify/
optimize protocols. In the meantime, however, since manual
and semi-automated syntheses are fully compatible with cGMP
production, it would be interesting to explore the integration of
a droplet synthesizer into a clinical production workflow.

Maybe the most significant obstacle to realizing the full
potential of these systems is the lack of flexible and high-
resolution purification methods that fit within an overall com-
pact footprint. Due to the very small output volume and mass,
most studies have switched from semi-preparative to
analytical-scale HPLC for purification, reducing purification
time, solvent consumption, and volume of the collected pure
fraction (which can simplify formulation). But the column size
reduction does not significantly reduce the overall size of the
components that need to be shielded, nor cost of the purifica-
tion system. From published papers,®*>* the chromatograms
are extremely clean, indicating not only the potential to further
speed up the HPLC methods, but perhaps replace them with
simpler and faster purification methods. Some of these were
discussed in our previous review, including approaches for
scavenging of unreacted ['®F]fluoride by using alumina parti-
cles on the sandwiched chips,>*?° and miniature resin-based
solid-phase extraction cartridges implemented in microchan-
nels or tubing.?%'*%4! Replacing resins with polymer mono-
liths could provide improved manufacturing and integration
and provide a more stable physical geometry and flow proper-
ties.*” While there have not been significant developments
reported recently, these directions and other methods of separa-
tion continue to be actively pursued.

As a closing remark, we speculate that the droplet radio-
synthesis technologies may also be extended to additional PET
isotopes, SPECT isotopes, or therapeutic isotopes, providing a
means to safely manufacture batches of these compounds on
demand with very little need for space or upfront capital costs.
Because most of these isotopes are also typically used in
extremely low concentrations, the platform could provide com-
parable advantages for these other radiopharmaceuticals
including convenient and compact means for preparation,
reduction of precursor consumption, greener processes, and
faster syntheses.
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