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ction of the radiotracer [18F]
fallypride in a droplet microreactor†

Jia Wang, ‡abd Philip H. Chao, ‡abd Roger Slavikc and R. Michael van Dam *abd

Microfluidics offers numerous advantages for the synthesis of short-lived radiolabeled imaging tracers:

performing 18F-radiosyntheses in microliter-scale droplets has exhibited high efficiency, speed, and

molar activity as well as low reagent consumption. However, most reports have been at the preclinical

scale. In this study we integrate a [18F]fluoride concentrator and a microdroplet synthesizer to explore

the possibility of synthesizing patient doses and multi-patient batches of clinically-acceptable tracers. In

the integrated system, [18F]fluoride (up to 41 GBq [1.1 Ci]) in [18O]H2O (1 mL) was first concentrated �80-

fold and then efficiently transferred to the 8 mL reaction chip as a series of small (�0.5 mL) droplets. Each

droplet rapidly dried at the reaction site of the pre-heated chip, resulting in localized accumulation of

large amounts of radioactivity in the form of dried [18F]TBAF complex. The PET tracer [18F]fallypride was

synthesized from this concentrated activity in an overall synthesis time of �50 min (including

radioisotope concentration and transfer, droplet radiosynthesis, purification, and formulation), in

amounts up to 7.2 GBq [0.19 Ci], sufficient for multiple clinical PET scans. The resulting batches of [18F]

fallypride passed all QC tests needed to ensure safety for clinical injection. This integrated technology

enabled for the first time the impact of a wide range of activity levels on droplet radiosynthesis to be

studied. Furthermore, this substantial increase in scale expands the applications of droplet radiosynthesis

to the production of clinically-relevant amounts of radiopharmaceuticals, and potentially even

centralized production of clinical tracers in radiopharmacies. The overall system could be applied to

fundamental studies of droplet-based radiochemical reactions, or to the production of

radiopharmaceuticals labeled with a variety of isotopes used for imaging and/or targeted radiotherapeutics.
1 Introduction

For more than a decade, there has been interest in micro-
reactors for the preparation of radiolabeled probes for positron
emission tomography (PET). By performing radiochemical
reactions on the microliter scale, the substantial cost of tracer
production can be greatly reduced through lower consumption
of expensive reagents (e.g. precursor) and a small system foot-
print that can reduce the amount of shielding needed or can
enable many synthesizers to be installed in a single hot cell.
Furthermore, yields can be increased due to the higher
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concentration of radionuclide, rapid mixing of reagents, fast
heat transfer and short evaporation times.1

Several prototypes of microreactors leveraging those advan-
tages have been reported for preclinical tracer production2–6 but
only a few systems were shown to produce doses of both suffi-
cient quantity and quality for clinical use. For example, Lebedev
et al. reported a batch-type microuidic reactor (volume 50 mL)
and showed rapid reaction times and high yields for several 18F-
labeled tracers.7,8 A concentrator subsystem was incorporated to
increase the amount of activity that could be loaded into the 50
mL reactor, and production of [18F]fallypride for clinical imaging
was demonstrated. Volume reduction not only reduced the
amount of expensive reagents used but also reduced times
needed for heating, evaporations, etc. Another microuidic
system (NanoTek, Advion, Inc.) is based on reagents owing
through a pre-heated capillary. Zheng et al. and Liang et al.
demonstrated the successful syntheses of [18F]FMISO and [18F]
T807, respectively, for clinical use.9,10 This “ow-through”
reactor design allows scaling of reaction volumes to adjust the
batch size (e.g. changing the volume of radionuclide solution
scales the amount of activity), enabling production of small
batches for optimization or large batches for clinical doses.
However, the large scale reactions (required for producing
This journal is © The Royal Society of Chemistry 2020
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clinical doses) use similar volumes as conventional systems,
generally minimizing reagent savings.9

Recently, several droplet-based platforms have been developed
for the synthesis of PET tracers, based on electro-wetting on
dielectric (EWOD),2,11–13 passive droplet transport,14 magnetic bead
actuation,15 or surface-tension traps.16 These technologies enable
reaction volumes to be scaled down to the microliter range (and
reagent masses to the 10s of microgram level). The small reaction
volume is also advantageous for increasingmolar activity, enabling
high molar activity even from relatively small batches, something
that is not possible with conventional synthesizers,17 and enabling
high molar activity in isotopic exchange reactions.18 Furthermore,
by removing bulky reagent delivery systems, system size is drasti-
cally reduced, enabling safe operation with only small amounts of
lead shielding13 or potentially enabling multiple systems to be
operated within a single hot-cell.

Radiochemistry performed in these droplet platforms was
initially limited to 100 s of MBq [10 s of mCi] due to the small
reaction volume compared to the volume of the radioisotope
solution (typically �1 mL), but several approaches were later
described that could modestly increase the production scale. In
one approach, a 200 mL droplet of [18F]uoride solution was
loaded at the side of an EWOD chip and heated until its volume
shrunk to �5 mL, aer which it was transferred by EWOD
electrodes into the covered portion of the chip and dried at the
reaction site.2 Additional aliquots of the radioisotope could, in
principle, be loaded and dried to further increase the activity
scale, but processing 1 mL would require 1 h (5 � 12 min),
leading to signicant radioactive decay. In another method,
demonstrated on multiple droplet platforms,13,14 a series of
small (0.5–5 mL) droplets of [18F]uoride solution were trans-
ported to the reaction site and dried. Though the small droplets
can be dried very rapidly, it would take multiple hours to
process 1 mL of radioisotope solution. A different strategy was
used in the magnetic droplet platform.15 Functionalized
magnetic beads were incubated with an initial droplet of
radioisotope solution (unspecic volume) to trap the [18F]uo-
ride on the beads, and the droplet was magnetically transported
to a capillary where the liquid was removed via vacuum. The
authors suggest that the process can be repeated multiple times
and can process 1 mL of liquid in only 5 min; however, the
trapping capacity of the beads was limited and could only effi-
ciently sequester �100 MBq [�3 mCi] of activity. Furthermore,
the high water content needed to release the trapped [18F]uo-
ride (50 mL of K2CO3 solution) will not be compatible with many
18F-radiosyntheses. Recently, our lab developed a fully-
automated standalone [18F]uoride concentrator based on
a miniaturized strong anion exchange (SAX) cartridge that can
trap [18F]uoride from 1 mL starting volume and efficiently
release it into an output volume of 12.4 mL in 10 min.19

Leveraging the latter approach due to its speed and versa-
tility, we study here, for the rst time, the performance of
droplet-based radiosynthesis starting with 10 s of GBq [100 s of
mCi] activity and explore the potential of compact droplet-based
radiochemistry platforms to be used in clinically-relevant
applications. To accomplish this, we developed a method of
rapidly transferring the concentrated radionuclide to the
This journal is © The Royal Society of Chemistry 2020
passive-transport-based droplet synthesizer with near quanti-
tative efficiency, and furthermore optimized the synthesis
conditions based on the elution conditions needed to efficiently
concentrate the [18F]uoride. In this work, we describe the
design and development of the integrated system, characterize
the radionuclide concentration process, optimize the radionu-
clide transfer into the microreactor, and demonstrate the
successful droplet-based synthesis of [18F]fallypride using
concentrated [18F]uoride. The synthesis is demonstrated with
starting activities up to 41 GBq [1.1 Ci] and we explore the
synthesis performance as a function of activity level. Finally, we
demonstrate the successful production of clinical-grade [18F]
fallypride that passes all quality control (QC) tests in quantities
up to 7.2 GBq [0.19 Ci], sufficient for multiple patient scans. The
results demonstrate that droplet radiochemistry is not limited
only to production of small, preclinical quantities of radio-
tracers, but can potentially nd application in production of
clinical tracers on demand at imaging sites or within radio-
pharmacy distribution networks. Studies are ongoing to assess
the performance of droplet synthesis of other radiopharma-
ceuticals at increased activity levels.
2 Methods
2.1 Materials

Materials can be found in ESI Section 1.†
2.2 Apparatus

An integrated system (Fig. 1) was developed comprising an
automated radionuclide concentrator (Fig. 2C) coupled to an
automated micro-droplet synthesis platform (Fig. 2A).

A detailed report of the design and operation of the [18F]
uoride concentrator, operated here in the “direct loading”
conguration, was recently published.19 Briey, the system
relies on a miniature SAX cartridge. The [18F]uoride in [18O]
H2O from the cyclotron is passed through this cartridge to trap
the [18F]uoride, while the [18O]H2O is collected in a waste vial.
The trapped [18F]uoride is then released into a small volume of
eluent solution.

Upstream of the concentrator, we incorporated a simple
module for strong cation exchange (SCX) cartridge ltration of
the initial [18F]uoride solution to eliminate contaminants and
small particles that could potentially interfere with trapping on
the micro-cartridge (ESI Section 11†).

The design and operation of the microuidic chips and
microdroplet reaction system were previously published.14 Each
microuidic chip (25.0 � 27.5 mm2) comprises a hydrophobic
Teon-coated silicon surface with a circular hydrophilic
(silicon) reaction zone in the center (3 mm diameter), and six
tapered hydrophilic pathways for reagent transport from
reagent loading sites to reaction zone (Fig. 2B). The chip is
affixed atop a heater for temperature control. Reagents are
delivered by non-contact liquid dispensers to the reagent
loading sites. The crude product is collected from the reaction
zone into an evacuated V-vial via a metal collection tubing
inserted into the droplet.
RSC Adv., 2020, 10, 7828–7838 | 7829
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Fig. 1 Tracer production scheme using the integrated radionuclide concentrator and microfluidic radiosynthesizer. Radionuclide (e.g. [18F]
fluoride) is produced in a cyclotron (1–5mL) and is concentrated down to 25 mL and then transferred to the droplet-basedmicrofluidic system to
perform the radiosynthesis.
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The design and evaluation of the interface between the
concentrator and droplet synthesis platform is described in
detail below.

To prepare for each high activity run, [18F]uoride solution is
loaded in the source vial, reagents needed for elution and
reaction are loaded in the corresponding V-vials in the
concentrator and droplet synthesizer, and a clean V-vial is
installed in the droplet synthesizer for product collection.
2.3 Micro-cartridge fabrication

The micro-cartridges for the radionuclide concentrator were
fabricated by a different method than our previous report.19 Due
to the high cost and limited re-usability of commercially-packed
cartridges (with �4 mL bed volume and �2 mg of resin), we
opted to pack the resin ourselves into short segments of tubing
(ESI Section 2†). Cartridges were packed with one of several
Fig. 2 (A) Photograph of the microfluidic radiosynthesis platform. (B) Ph
concentrator.

7830 | RSC Adv., 2020, 10, 7828–7838
different resins: Bio-Rad AG-MP1 (200–400 mesh size; Bio Rad,
Hercules, CA, USA), resin from Sep-Pak Plus QMA Light
Cartridges (37–55 mm particle size; Waters Corporation, Mil-
ford, MA, USA), or resin from Oasis MAX Plus short cartridges
(30 mm particle size; Waters Corporation). Different resin
masses ranging from 2–7 mg were explored.

Flow rate of water through cartridges was evaluated (ESI Section
3†) to compare different cartridge geometries (i.e.was the ow rate
sufficiently fast to trap the radionuclide in a reasonable time), and
to monitor the cartridge-to-cartridge variation.
2.4 Optimization and evaluation of concentrator
performance

Prior to use, cartridges were preconditioned with 0.5 mL of
K2CO3 followed by 10 mL of deionized (DI) water. Insufficient
rinsing was found to adversely impact trapping efficiency (ESI
otograph of the microfluidic chip. (C) Photograph of the radionuclide

This journal is © The Royal Society of Chemistry 2020
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Section 4†). Resin remained hydrated aer the preconditioning
step and was not air dried before use.

The input source vial was loaded with [18F]uoride in [18O]
H2O from the cyclotron (0.011–41 GBq [0.3 mCi to 1.1 Ci]),
diluted with DI water if needed to ensure the volume was in the
range of 0.5–1.0 mL. For most experiments, [18F]uoride was
rst pushed through an SCX ltration module prior to trapping
on the SAX cartridge (described in detail in ESI Section 11†).
Trapping was performed by owing this solution at 20 psi
through the pre-conditioned micro-cartridge. Water was
collected in the [18O]H2O recovery vial. Aer initial trapping,
0.5 mL of DI water was passed through the system and cartridge
to the [18O]H2O recovery vial to recover any residual [18F]
uoride.

Elution efficiency was tested as a function of eluent
composition and eluent volume. The performance for different
eluent concentrations (TBAHCO3) was explored in order to nd
the best tradeoff between the amount of TBAHCO3 needed for
the elution versus the amount needed for the downstream
droplet synthesis. In these experiments, a total of 6 elutions
were performed (6.2 mL of eluent per elution), with elution
efficiency measured aer each pair of elutions (i.e., elutions 1
and 2 together, elutions 3 and 4 together, etc.).

To characterize trapping and elution efficiency, various
radioactivity measurements were made with a calibrated dose
calibrator (CRC-25 PET, Capintec, Inc., Ramsey, NJ). For the
purposes of calculations, all radioactivity measurements were
decay-corrected to a common timepoint. Measurements were
made of the activity in the [18F]uoride source vial before
trapping (A0 source), activity in the source vial aer trapping
(Asource), activity in the [18O]H2O recovery vial aer trapping
(Awaste), and the collected activity aer elution (Acollect). The
activity on the cartridge aer trapping (Acartridge) was deter-
mined indirectly (i.e. calculated as A0 source � (Awaste + Asource)) to
minimize radiation exposure. This method also proved to be
signicantly more accurate than directly measuring the
cartridge in the dose calibrator, presumably due the differing
geometry of the cartridge compared to the vials. Trapping effi-
ciency (%) was computed as Acartridge/(A0 source � Asource). Elution
efficiency (%) was calculated as Acollect/Acartridge. Recovery effi-
ciency (%), dened as the amount of activity recovered
following elution relative to starting activity, was calculated as
trapping efficiency x elution efficiency. Starting activity was
dened as A0 source � Asource which can be approximated as A0
source since we found Asource < �0.1% of A0 source.
2.5 Interface between concentrator and droplet synthesizer

In our previous work, we showed that multiple 2 mL droplets of
the initial [18F]uoride solution could be sequentially loaded
onto the chip, each one spontaneously moving to the reaction
site.14 Though synthesis scale of [18F]fallypride was modestly
increased in this manner (up to 4� more activity, i.e. 8 mL
loaded), we observed a reduction in reaction efficiency as
activity increased. We suspect that aer drying of the larger
radionuclide volumes, the residue was spread over a larger
surface area of the chip, making it difficult to efficiently
This journal is © The Royal Society of Chemistry 2020
redissolve into the precursor solution for the subsequent reac-
tion. Because the concentrator output volume in this paper
(�25 mL aer optimization) was signicantly greater than 8 mL,
we suspected even larger impact on reaction efficiency.

We thus compared several methods of loading and drying
larger volumes of [18F]uoride onto the reaction chip, and used
Cerenkov luminescence imaging (CLI)20 to visualize the distri-
bution of activity on the chip aer drying.

In the “direct” method (Fig. 3A), the concentrator output
tubing (ETFE, 0.0100 ID, 1/1600 OD; 1529L; IDEX) was mounted
such that the outlet terminated just above the radioisotope
loading site of the chip. As each �6 mL eluent plug reached the
chip it was spontaneously transported to the reaction zone. (All
eluent plugs were delivered to the same inlet of the chip.) The
chip was heated (to dry the activity) aer each pair of eluent
plugs.

In the “dispenser” method (Fig. 3B), the eluent plugs from
the concentrator were rst transferred via ETFE tubing (0.0200

ID, 1/1600 OD; 1516L; IDEX) to an intermediate vial, and then the
combined volume of concentrated [18F]uoride solution was
connected to the input of a piezoelectric reagent dispenser
(INKX0514300A, Lee Company, Westbrook, CT, USA) in the
microdroplet synthesizer via ETFE tubing (0.0100 ID, 1/1600 OD;
1529L; IDEX). The intermediate vial was then pressurized (7.5
psi) and concentrated [18F]uoride was delivered to the radio-
isotope loading site as a series of smaller droplets. We also
explored the development of a specialized droplet merging chip
as an alternative to the intermediate vial (see ESI Section 5†).
However, the intermediate vial method was ultimately used due
to simplicity of operation and higher reliability. Detailed uidic
connections for each droplet merging technique to the
dispenser can be seen in ESI Fig. S1.†
2.6 [18F]fallypride synthesis on chip

2.6.1 Optimization of synthesis conditions. The synthesis
conditions of [18F]fallypride (Fig. 4) were adapted from our
previous work synthesizing this compound with the micro-
droplet synthesizer setup.14

To facilitate the integration with the upstream [18F]uoride
concentrator, further optimization of the synthesis protocol was
performed due to the higher salt amount (TBAHCO3) required
for efficiently eluting [18F]uoride from the micro-cartridge.
Different [18F]TBAF(aq) stock solutions were prepared by mix-
ing [18F]uoride/[18O]H2O (11–22 MBq [0.3–0.6 mCi]) with
different amounts of 75 mM TBAHCO3 solution to produce nal
concentrations in the range 0.51–71 mM. For each, a 12.4 mL
droplet of [18F]TBAF(aq) solution was manually loaded on the
reaction site of the chip and dried at 105 �C for 1 min. Then,
a droplet of precursor solution (77 mM, tosyl fallypride dis-
solved in a 1 : 1 (v/v) mixture of MeCN and thexyl alcohol) was
loaded and moved to the reaction site automatically, and the
chip was heated at 110 �C for 7 min to perform the uorination
step. Different volumes (2–8 mL) of precursor solution were
tested. Aerwards, twenty 1 mL droplets of collection solution
(9 : 1 (v/v) mixture of MeOH and DI water) were sequentially
deposited at a different reagent loading site and spontaneously
RSC Adv., 2020, 10, 7828–7838 | 7831
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Fig. 3 Two different designs of the interface between the radionuclide concentrator and the radioisotope inlet of the droplet-based radio-
chemistry chip and the resulting distribution of radioactivity on the chip after evaporation following initial [18F]fluoride loading and drying,
visualized using Cerenkov imaging. (A) Successive 6.2 mL plugs of solution from the output of the concentrator are deposited directly onto the
inlet of the reaction chip. (B) Concentrated activity is first transferred to an intermediate vial (to merge the liquid from individual elution steps into
a single liquid plug), and then the vial contents are transferred to the inlet of the chip as a series of small droplets using a piezoelectric dispenser.
(C) Top view of the reaction chip showing both the reaction site and the reagent loading site (highlighted by dotted lines). (D) Cerenkov
luminescence image after loading and drying the concentrated [18F]TBAF according to the interface method of (A). (E) Cerenkov luminescence
image after loading and drying the concentrated [18F]TBAF according to the interface method of (B). The white line indicates the boundary of the
hydrophilic pattern on the chip.
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moved to the reaction site to dilute the resulting crude reaction
mixture. Aer automatically lowering the collection tubing into
the droplet, the diluted droplet was then transferred into the
collection vial via negative pressure. The collection process was
repeated 4� to maximize recovery of the crude product.

2.6.2 Synthesis using integrated platform. For synthesis
performed with the integrated systems, up to 41 GBq [1.1 Ci] of
activity was loaded in the source vial and concentrated into �25
mL (i.e. 4 elution steps) comprised of 25 mM TBAHCO3 (12.4 mL)
and DI water (12.4 mL). The concentrated activity was loaded on
the loading site of the chip as a series of �0.5 mL droplets.
Fig. 4 Microdroplet synthesis of [18F]fallypride.

7832 | RSC Adv., 2020, 10, 7828–7838
During the loading process, each droplet spontaneously moved
toward the reaction site. The chip was heated to 100 �C and the
interval between droplets was adjusted (to about 4 s) such that
each droplet dried soon aer reaching the reaction site. The full
amount of concentrated activity could be delivered in �3 min.
To ensure efficient delivery of activity to the chip, the concen-
trator uid paths (minus the SAX cartridge) were further rinsed
with a total of 25 mL of DI water (i.e. 4 elution steps) and
delivered to the chip and dried in the same fashion. Aer
�3 min additional time for loading and drying the rinse solu-
tion, the chip was heated an extra 30 s at 105 �C. Next, eight 1 mL
This journal is © The Royal Society of Chemistry 2020
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droplets of fallypride precursor solution were then loaded
sequentially on the chip, and the uorination was performed at
110 �C for 7 min. Aerwards, the crude product was collected
via �80 mL of collection solution into the collection vial as
described above.

For [18F]fallypride synthesis of GBq level, we waited several
hours for the activity to rst decay before taking detailed
measurements. To prevent radiolysis during this time, the
crude [18F]fallypride was collected into a vial pre-loaded with
2 mL of EtOH.

2.7 Evaluation of synthesis performance

Performance was assessed via measurements of radioactivity,
uorination efficiency (conversion of [18F]uoride to product), and
radioactivity distribution (CLI), using previously described
methods14,20 (ESI Section 6†).

2.8 Purication, formulation, and quality control testing

For some batches of [18F]fallypride produced at the 15 MBq
[0.41 mCi] and 1 GBq [27 mCi] scale, we also performed radio-
HPLC purication of the crude product, and analysis of the
pure product, both using a previously described analytical
HPLC method14 (ESI Section 7†).

For purication, the crude [18F]fallypride mixture collected
from the chip (80 mL) was diluted with 90 mL mobile phase and
manually injected into the HPLC system, and the pure [18F]
fallypride fraction (�2 mL) was collected through a selector
valve (Cheminert, Valco Instrument Co. Inc.) based on the
gamma detector signal. The product fraction was dried by
evaporation of solvent in an oil bath at 110 �C for 8 min with
nitrogen ow, and then dissolved in saline. The product dis-
solved in saline was sterile ltered through a syringe lter
(13 mm diameter, 0.22 mm pore size, PVDF; Fisherbrand™,
Waltham, MA, USA) into a sterile vial (2 mL; ALK, Denmark).

Finally, a full set of clinical quality control tests were per-
formed on three batches of synthesized and formulated [18F]
fallypride. For these experiments, starting activity ranged from
799 MBq [21.6 mCi] to 992 MBq [26.8 mCi]. Details on these
quality control tests can be found in Table S5 of the ESI.†

3 Results and discussion
3.1 [18F]uoride concentrator cartridge optimization

First, due to the change in cartridge fabrication compared to
our previous work, we performed optimization of the cartridge
design and [18F]uoride concentration process.

Initially, we compared ow rates (of DI water) through the
different cartridge designs (resin type, resin mass, tubing inner
diameter). The results are tabulated in Table 1. We consider
ow rates $ 0.5 mL min�1 to be acceptable, which ensures
trapping of [18F]uoride can be completed in a short time. We
also found that ow rates in this range gave reliable, repeatable
elution compared to cartridges with slow ow rates. For the Bio-
Rad AG-MP1 resin, both 2 mg and 3 mg cartridges had suitable
ow rates. For the Sep-Pak QMA resin, cartridges with sufficient
ow included 3 mg resin in 0.0300 ID tubing and 5 mg resin in
This journal is © The Royal Society of Chemistry 2020
0.0400 ID tubing. Lastly, ow rates were adequate for all tested
Oasis MAX cartridges (3 mg or 5 mg in 0.0300 ID tubing and 7 mg
in 0.0400 ID tubing).

It should be noted that these resin masses are all equal to or
higher than literature reports where efficient trapping of up to
110 GBq [3 Ci] [18F]uoride was achieved using 2 mg of various
SAX resins.4,8

3.2 Optimization of [18F]uoride concentration process

Trapping and elution performance was rst compared between
the 3 resin types, using cartridges containing 3 mg of resin
(Table 2). Eluent composition was arbitrarily chosen to be
25 mM TBAHCO3 as a starting point.

Trapping of uoride was high for all resins: 99.4 � 0.8% (n¼
2) for the Sep-Pak QMA resin, 96 � 4% (n ¼ 2) for the Bio-Rad
AG-MP1 resin, and 99% for the Oasis MAX resin. However,
differences were observed among elution efficiencies. Sep-Pak
QMA cartridges released 92 � 5% (n ¼ 2) of the activity in the
rst two elutions, while the Bio-Rad AG-MP1 and Oasis MAX
cartridges released only 21 � 3% (n ¼ 2) and 65% (n ¼ 1),
respectively. Aer four elution steps, all cartridges had high
cumulative elution efficiencies, i.e. 98� 1% (n¼ 2) and 100% (n
¼ 1) for the Sep-Pak QMA and Oasis MCX resins, respectively,
and 89 � 9% (n ¼ 2) for the Bio-Rad AG-MP1 resin. Due to the
high elution efficiency while using minimal eluent volume (only
2 elution steps) of the Sep-Pak QMA resin, further experiments
focused on this resin.

In order to explore if eluent concentration could be
decreased to reduce the amount of TBAHCO3 that enters the
downstream reaction, we explored the effect of eluent concen-
tration (Table 3) using the 3 mg Sep-Pak QMA cartridges.
Consistent with the previous experiment, trapping of [18F]uo-
ride was nearly quantitative for all trials ($93%). Increasing
concentration of TBAHCO3 was found to increase the amount of
activity eluted, especially in the rst two elution steps. For
3.8 mM TBAHCO3, the efficiency was only 5 � 1% (n ¼ 3) in the
rst 2 elutions and only reached 64 � 4 (n ¼ 3) aer 6 elution
steps. In the case of 10 mM TBAHCO3, elution efficiency aer 2
steps was also low (17� 9, n¼ 3), but increased to�89% (n¼ 3)
aer 4 elution steps. For additional repeats of 25mMTBAHCO3,
we again observed reliable and high recovery (95 � 2%, n ¼ 4)
within the rst two elution steps (12.4 mL). We hypothesized
that the missing �5% of activity had likely been released from
the cartridge but was lost as residual liquid le behind in the
system. We explored eluting with two plugs of 25 mM TBAHCO3

followed by two plugs of DI water (12.4 mL; to rinse this residual
activity to the concentrator outlet) and found that all of the
activity (100 � 1%, n ¼ 3) was recovered. Because this approach
resulted in a total recovery higher than 4 elutions of 10 mM
eluent while only increasing total salt content marginally, we
focused on this approach for further experiments.

3.3 Optimization of [18F]fallypride synthesis conditions

First, the effect of TBAHCO3 amount on uorination efficiency
of [18F]fallypride was investigated (Table 4). Across all condi-
tions, the radioactivity recovery was relatively constant (85–
RSC Adv., 2020, 10, 7828–7838 | 7833
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Table 1 Flow rates of DI water (driven at 20 psi) through different SAX cartridges (resin type and mass)

Resin type Bio-Rad AG-MP1 Sep-Pak QMA Oasis MAX

Resin mass (mg) 2 3 4 3 5 5 7 3 5 7
Tubing inner
diameter (inch)

0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.03 0.03 0.04

Flow rate
(mL min�1)

0.92 � 0.11
(n ¼ 3)

0.84 � 0.06
(n ¼ 4)

0.47 � 0.04
(n ¼ 3)

0.68 � 0.11
(n ¼ 4)

0.28 � 0.11
(n ¼ 2)

0.56 � 0.08
(n ¼ 2)

0.23 � 0.07
(n ¼ 2)

0.70 � 0.03
(n ¼ 2)

0.50 � 0.04
(n ¼ 2)

0.92 � 0.08
(n ¼ 2)
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93%), but the uorination efficiency varied signicantly, with
a maximum value (99% conversion; 90% crude RCY) for
a concentration of 10 mM. With higher concentration, we
observed the formation of a radioactive side-product, perhaps
due to the base-sensitivity of the precursor. With lower
concentration, we did not observe the side product, but the
conversion decreased.

However, as described above, the elution efficiency of the
micro-cartridge with two elutions (12.4 mL) of 10 mM TBAHCO3

was very low (17 � 9%, n ¼ 2). Thus, even with an optimal
synthesis, the overall performance (concentrator efficiency and
synthesis efficiency) would be expected to be very low (�17% �
90% ¼ 15%). Comparing instead the elution procedure with
12.4 mL of 25 mM TBAHCO3 followed by 12.4 mL of DI water, the
concentrator efficiency was much higher (100 � 1%, n ¼ 3).
Even with the reduced synthesis efficiency with 25 mM
TBAHCO3 (65% conversion; 56% crude RCY), the overall
performance would be expected to be good (�100% � 56% ¼
56%).

Using the condition of 25 mM TBAHCO3 mixed with the [18F]
uoride solution (12.4 mL), we then studied the effect of the
amount of precursor (Table 5). Increasing the volume of precursor
solution (77 mM) was found to increase the uorination efficiency
and crude RCY. Increasing from 2 mL to 4 mL resulted in a signi-
cant improvement (from 57 � 1%, n ¼ 2 to 91%, n ¼ 1) in crude
RCY. Little difference was observed upon further increasing the
precursor solution volume from 4 mL to 8 mL, but we elected to use
the higher amount to provide a safety factor.

One factor to consider is whether the DI water rinse during
the radionuclide concentration phase was important, as this
resulted in only a modest increase in activity recovered from the
Table 2 Effect of resin type on trapping and elution performance (for 3
calculated from the indicated number of repeats (n). Each of the 6 el
percentages are relative to activity that is initially trapped on the cartridg

Resin t

Sep-Pak

Number of repeats (n) 2
Trapping efficiency (%) 99.4 �
Partial elution efficiency (E1 + E2) (%) 92 � 5
Partial elution efficiency (E3 + E4) (%) 6 � 4
Partial elution efficiency (E5 + E6) (%) 0.9 � 0
Cumulative elution efficiency (E1 to E4) (%) 98 � 1
Cumulative elution efficiency (E1 to E6) (%) 98.9 �

7834 | RSC Adv., 2020, 10, 7828–7838
concentrator (94 � 3%, n ¼ 3 to 100 � 1%, n ¼ 3), but took
additional time for elution (�1 min) and drying (�1.5 min).
Radioactive decay during this added time is less than the gains
from the rinsing step and thus the rinsing step has an overall
benet to process efficiency.
3.4 Performance of transfer method between systems

First the “direct” loading method was tested. The output
volume of two elutions (12.4 mL) from the concentrator was
loaded on the microuidic chip as two sequential 6.2 mL drop-
lets and dried. The micro-cartridge was then rinsed with two 6.2
mL DI water plugs and this rinse volume was also loaded onto
the chip and dried. In this direct loading method, however, the
droplet did not remain conned to the reaction zone and spread
out along all of the reagent delivery paths. Indeed, CLI imaging
of the chip aer drying conrmed that radioactivity was
distributed across all hydrophilic areas of the chip aer the [18F]
uoride drying process (Fig. 3D). This is undesirable as much of
the dried [18F]TBAF complex would not be dissolved into the
precursor droplet loaded for the subsequent uorination step.
The problem was likely due to the mismatch between the
volume (12.4 mL) output from the concentrator and the capacity
of the chip (8 mL).

Next, the “dispenser” loading method was evaluated. The
concentrator output was connected to the dispenser through an
intermediate vial, which rst collected the full volume of
concentrated activity from the 2 eluent plugs and 2 DI water
plugs (�25 mL), and then delivered this volume to the reagent
loading site via the dispenser as a series of �0.5 mL droplets
while the chip was heated at 100 �C. We observed that only 48%
of the eluted activity was found to be loaded on the chip – an
mg cartridges). Values are presented as average � standard deviation,
uent plugs (E1, E2,.E6) contains 6.2 mL of 25 mM TBAHCO3. Eluted
e. All measurements are decay corrected

ype

QMA AG-MP1 Oasis MAX

2 1
0.8 96 � 4 99

21 � 3 65
68 � 6 34

.4 12 � 8 3
89 � 9 100

0.2 101 � 1 103

This journal is © The Royal Society of Chemistry 2020
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Table 3 Effect of eluent concentration on trapping and elution performance (for 3 mg Sep-Pak QMA cartridges). Values are presented as
average � standard deviation, from the indicated number of repeats (n). Each elution plug was 6.2 mL. Eluted percentages are relative to activity
that is trapped on the cartridge. All measurements are decay corrected

TBAHCO3 concentration (mM)

3.8 10 25 25a

Number of repeats (n) 3 3 4 3
Trapping efficiency (%) 99.8 � 0.4 99.8 � 0.2 93 � 5 99.6 � 0.3
Partial elution efficiency (E1 + E2) (%) 5 � 1 17 � 9 95 � 2 94 � 3
Partial elution efficiency (E3 + E4) (%) 18 � 1 72 � 3 2.9 � 0.4 5 � 1
Partial elution efficiency (E5 + E6) (%) 41 � 3 12 � 7 0.8 � 0.3 N/A
Cumulative elution efficiency (E1 to E6) (%) 64 � 4 101 � 1 99 � 2 100 � 1

a In the nal column, eluent plugs 1 and 2 were 25 mM TBAHCO3, eluent plugs 3 and 4 were DI water. No further elution steps were performed.

Table 4 Effect of different TBAHCO3 concentrations (mixed with [18F]
fluoride source) on the performance of the droplet synthesis of [18F]
fallypride (n ¼ 1). In each case, the volume of this initial solution was
12.4 mL. After drying, the fluorination was performed by adding 2 mL of
precursor solution (77 mM; in a mixture of MeCN and thexyl alcohol
(1 : 1, v/v)). All reported efficiencies and yields are decay-corrected

Concentration of TBAHCO3 (mM)

71 25 10 3.6 1.2 0.51

Radioactivity recovery (%) 88 86 91 93 85 86
Fluorination efficiency (%) 12 65 99 47 32 39
Crude radiochemical yield (%) 11 56 90 44 27 33
Residual on chip (%) 5 10 5 4 4 3

Table 6 Detailed performance of integrated process of radionuclide
concentration and droplet synthesis of [18F]fallypride. All reported
losses, efficiencies, and yields are decay-corrected. Values are pre-
sented as average� standard deviation, computed from n¼ 6 repeats.
Except where otherwise indicated, losses and recovery efficiencies are
computed with respect to the starting activity

Radionuclide concentration steps
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additional 26% and 20% of the eluted radioactivity were found
as residual activity in the dispenser and intermediate vial,
respectively. To recover the radioactivity le in the dispenser
and the intermediate vial, another 4 plugs of DI water (�25 mL)
were rinsed through the concentrator (without passing through
the cartridge), into the intermediate vial, and then dispensed as
a series of �0.5 mL droplets and dried in the same manner as
described above. With this modication, a total of 96% of the
eluted radioactivity was loaded onto the chip, with only 4% of
eluted radioactivity found as residual activity in other parts of
the system (ESI Table S4†). In stark contrast to the above
Table 5 Optimization of precursor volume for [18F]fallypride synthesis.
Concentration of TBAHCO3 solution for all reactions was 25 mM.
Precursor concentration was 77 mM in a mixture of MeCN and thexyl
alcohol (1 : 1, v/v) for all reactionsa

Precursor volume (mL)

2 (n ¼ 2) 4 8

Radioactivity recovery (%) 88 � 2 93 92
Fluorination efficiency (%) 65 � 0 98 99
Crude radiochemical yield (%) 57 � 1 91 92
Residual on chip (%) 10 � 1 3 6

a All reported efficiencies and yields are decay-corrected.

This journal is © The Royal Society of Chemistry 2020
method where the full volume was loaded, the CLI image taken
aer the droplet-by-droplet loading and drying step conrmed
that all of the radioactivity was conned within the reaction
zone (Fig. 3E), suggesting that it would be efficiently solvated
when the precursor solution is added.
3.5 Low activity [18F]fallypride synthesis

Using the optimal [18F]uoride concentration and transfer
method, [18F]fallypride synthesis was initially performed on the
integrated system with low overall starting activity to verify the
functionality of the system and assess its performance (Table 6).
Starting with 11–170 MBq [0.3–4.5 mCi] [18F]uoride solution, the
trapping efficiency of the micro-cartridge was consistent at 100 �
0% (n¼ 6), followed by high elution of trapped activity (91� 7%, n
¼ 6) from the cartridge. The concentration process followed by the
Starting activity (MBq [mCi]) 11–170 [0.3–4.5]
Trapping efficiency (%) 100 � 0
Elution efficiency (%)
(relative to trapped activity)

91 � 7

Waste vial (%) 0 � 0
Activity on cartridge aer elution (%) 6 � 6
Activity on chip aer elution (%) 89 � 7
Activity in the intermediate vial
aer dispensing (%)

2 � 1

Droplet radiosynthesis steps

Fluorination efficiency (%) 89 � 5
Radioactivity recovery (%) 81 � 9
Crude RCY (%) 72 � 8
Residual activity on chip
aer collection (%)

7 � 3

RSC Adv., 2020, 10, 7828–7838 | 7835
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“dispenser” transfer method as described above resulted in 89 �
7% (n ¼ 6) of overall starting activity loaded onto the chip. The
uorination efficiency was 89 � 5% (n ¼ 6) and the radioactivity
recovery was 81� 9% (n¼ 6), resulting in a crude RCY of 72� 8%
(n¼ 6). Aer collection of the crude product, only 7� 3% (n¼ 6) of
the initially-loaded radioactivity remained stuck to the chip. The
crude RCY was slightly higher than we previously reported for the
droplet-based synthesis using passive transport chips with low
starting activity,14 i.e. 64 � 6% (n ¼ 4). The previously reported
uorination efficiency and radioactivity recovery were 76 � 4% (n
¼ 4) and 84 � 4% (n ¼ 4),14 respectively, suggesting that the
current synthesis protocol with increased salt concentration and
optimized precursor volume resulted in substantial improvement
in uorination efficiency. The integrated system had slightly lower
radioactivity recovery due to the �6% activity loss from the
concentration step.
3.6 High activity [18F]fallypride synthesis

Next, syntheses were performed starting with higher activities
(ranging from 3.7 GBq to 41 GBq [0.10 Ci to 1.1 Ci]). While the
synthesis was successful at all scales, we observed the crude
RCY to decrease from 65% to 25% as the overall starting activity
increased (Fig. 5A). To better understand the effect, we looked at
the performance of different factors individually. In the radio-
nuclide concentration module, the elution efficiency of [18F]
uoride was high and consistent (96 � 4%, n ¼ 11) across all
experimental runs, but the overall performance was adversely
impacted by the trapping efficiency, which decreased from
�94% to �63% as the starting activity was increased (Fig. 5B).
The decreased trapping performance of the micro-cartridge
suggests the capacity of the cartridge was insufficient to trap
all of the [18F]uoride. This was surprising as several reports
have indicated trapping of high amounts of [18F]uoride (up to
110 GBq [3 Ci]) using cartridges packed with only �2 mg of
resin.4,8 Aer some investigation, we discovered there may be
impurities in our source of [18F]uoride that reduce the trap-
ping efficiency far below the capacity as measured by spiking KF
solutions with [18F]uoride (see ESI, Sections 9 and 10†).
Further studies, such as investigation of cartridges with higher
Fig. 5 Performance of synthesis on integrated system at higher activi
radionuclide concentration and crude synthesis) as a function of startin
starting activity. The elution efficiency remained consistent (96 � 4%, n ¼
efficiency as a function of concentrated activity loaded onto the chip.

7836 | RSC Adv., 2020, 10, 7828–7838
resin mass, could potentially improve the trapping performance
at high activity levels.

Looking at the performance of the droplet synthesis process,
we observed that the uorination efficiency decreased from
around 90% to 40% as the amount of starting activity on the
chip increased (Fig. 5C). One potential explanation is that the
reaction conditions may move out of the optimal range as the
precursor to uoride ratio decreased due to increased starting
activity. Based on the molar activity of [18F]uoride at EOB
previously reported as 740 GBq mmol�1 (20 Ci mmol�1),17 the
molar ratio of precursor to uoride at low starting activity (11 to
170 MBq) ranged from 41 000 to 2700 while the ratio of that at
high starting activity (3.7 to 41 GBq) ranged from only 100 to 11.
Potentially at the higher activity levels the reduced excess of
precursor adversely impacts the yield during the short uori-
nation reaction. Further studies at high activity scales, e.g. using
different amounts of precursor, could help to determine
whether this is a factor. The decrease in uorination efficiency
when using high activities might also be due to radiolysis
during the uorination step. At the beginning of the reaction,
the activity concentration in the reaction droplet is quite high,
ranging from 460 to 5100 GBq mL�1 [13 to 140 Ci mL�1]
(assuming 8 mL precursor solution is added) and increasing
somewhat during the uorination reaction as the reaction
solvent partially evaporates. Although EtOH was preloaded in
the collection vial to prevent radiolysis aer the collection step
(by dilution and because EtOH acts as a radical scavenger),
some radiouorinated impurities were observed in the HPLC
chromatograms of the crude products when starting activity was
higher than 8.0 GBq [0.22 Ci] (ESI Fig. S6†) and the number and
quantity of radioactive impurities increased with increased
starting activity. In contrast, the HPLC chromatogram from
a batch starting with 0.20 GBq [5.4 mCi] of activity showed only
two peaks, [18F]uoride and [18F]fallypride. Further studies
would be needed to conrm exactly when radiolysis is
happening, which would guide potential methods to reduce it
such as addition of radical scavengers at other stages of the
synthesis, or attempting to change the droplet geometry (i.e.
make it atter) to reduce radiolysis.21 Another potential
ty levels (3.7–41 GBq [0.10–1.1 Ci]). (A) Overall crude RCY (including
g activity. (B) Trapping efficiency within the cartridge as a function of
11) across all experimental runs and is not shown here. (C) Fluorination

This journal is © The Royal Society of Chemistry 2020
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approach could be to divide the activity into a few smaller
batches (e.g., <8 GBq [0.22 Ci], where no radiolysis was evident
in chromatograms), performing several smaller-scale syntheses
in parallel, and then combining the batches in the presence of
a radiolysis quenching agent. At <8 GBq [0.22 Ci] activity level,
the crude RCY was still �60%, not far from the value of 72% at
low activities, potentially enabling overall conversion of 60% for
much larger batch sizes.

Even though the crude RCY was only 25% with 41 GBq [1.1 Ci]
starting activity, a total of 7.2 GBq [0.19 Ci] [18F]fallypride product
(not decay corrected) was produced aer 35 min synthesis, 5 min
purication via analytical-scale HPLC, and 10 min formulation.
The resulting amount of [18F]fallypride could easily supply
multiple human doses (each needing �0.37 GBq [10 mCi] at the
time of injection), even if they were scheduled throughout the day
(i.e. product loss due to radioactive decay).

The overall crude synthesis took �35 min. This is 15 min
longer than our previously reported microdroplet synthesis
method,14 due to the extra time needed for concentration of
[18F]uoride (�10 min) and transfer, loading, and drying of the
[18F]uoride onto the chip (�6 min), compared to only �1 min
in our previous synthesis method.14 However, the previous
method was limited to using only�74 MBq [2 mCi] of activity (2
mL; assuming 37 GBq mL�1 [1 Ci mL�1]), and scaling up by the
methods reported therein would have required sequential
loading and drying of 1000 mL to load 37 GBq [1 Ci] of activity,
a process that would have taken �170 min.

The molar activity (81–270 GBq mmol�1 [2.2–7.3 Ci mmol�1], at
the end of formulation) of all experimental runs carried out on the
integrated system was up to 5 times higher than previously re-
ported molar activites for [18F]fallypride synthesis in the macro-
scale (15–78 GBq mmol�1 [0.4–2.1 Ci mmol�1]).22 Although 140–192
GBq mmol�1 [3.8–5.2 Ci mmol�1] was reported by Moon et al.,
relatively high starting activity (8.1–26 GBq [0.22–0.70 Ci]) was
needed, while similar molar activity could be produced on the
integrated platform using 3.7 GBq (0.1 Ci) starting activity.
3.7 Quality control tests

The resulting formulated [18F]fallypride from three separate
production trials passed all QC testing (see ESI Table S5†). Thus,
not only can the [18F]fallypride produced on the integrated system
be produced in sufficient quantities for multiple patient doses, but
these tests establish the suitability for use in patients.
4 Conclusions

In this paper we successfully integrated an automated [18F]
uoride concentrator with a microdroplet-based radio-
synthesizer. We presented a thorough characterization and
optimization of the concentration parameters, the transfer of
concentrated [18F]uoride between the two components, and
the synthesis of [18F]fallypride as a model compound. Integra-
tion of the two platforms followed by complete automation of
the overall process enabled fast, safe, reliable, and high-yielding
radiosynthesis of [18F]fallypride of clinical quality.
This journal is © The Royal Society of Chemistry 2020
With the optimized transfer method including vial rinsing
and small-droplet loading approach, we were able to load 96%
of activity on the chip and localize it at the reaction site.
Repeatable and reliable concentration of [18F]uoride followed
by radiosynthesis of [18F]fallypride was performed with starting
activities ranging from 11 MBq to 41 GBq [0.3 mCi to 1.1 Ci].
Complete concentration and synthesis could be performed in
35 min. For “low activity” syntheses starting with 11–170 MBq
[0.3–4.6 mCi], uorination efficiency and crude RCY were 89 �
5% (n ¼ 6) and 72 � 8% (n ¼ 6), respectively. As starting activity
was increased (4.5–41 GBq [0.12–1.1 Ci]), the overall crude RCY
dropped signicantly, primarily due to a decreasing in the
trapping efficiency of [18F]uoride during the concentration
process, which can likely be addressed through further
cartridge optimization. We also observed some reduction in
uorination efficiency as the starting activity was increased,
potentially due to mismatched stoichiometry or radiolysis
effects at higher activities. Future studies will further investigate
these factors and potential solutions.

This study shows that despite a small reaction volume (2–8
mL here), it is possible to load signicant quantities of the
radionuclide into microdroplet reactors. Starting activity was
scaled up to 41 GBq [1.1 Ci], limited only by the capacity of our
cyclotron facility. We also found the chips to be compatible with
the high activity levels and no disruption to the droplet-based
processes was observed.

This integrated platform enables production of clinical
grade PET tracers in large quantities to enable imaging of
several patients or imaging over several radionuclide half-lives.
Production is reliable and can be completed in a short time
enabling ease of use within research facilities and radio-
pharmacies. We are currently exploring scaling up the
synthesis of additional 18F-labeled tracers (e.g. [18F]FDOPA, [18F]
FET, etc.), and molecules labeled with different isotopes. In fact,
with small modications of the concentrator module, we
believe that other radioisotopes (e.g. radiometals) could be
concentrated and used for production of a wide variety of
radiopharmaceuticals (for imaging or targeted radionuclide
therapy) at clinically-relevant scales on the integrated platform.
It may also be possible to perform concentration of 18F-labeled
prosthetic groups, to enable reagent-efficient, small-volume
labeling of biomolecules such as peptides and proteins.23,24
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