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Abstract

Background: The use of radiopharmaceuticals labelled with fluorine-18 in non-inva-
sive imaging, particularly in Positron Emission Tomography (PET), increased signifi-
cantly during the last decade. However, traditional nucleophilic fluorination synthesis
methods in most cases require azeotropic drying steps, leading to loss of activity

and increased synthesis time. Microfluidic devices offer improvements with shorter
reaction times, higher elution efficiency, and reduced reagent quantities.

Results: We developed a novel micro-cartridge for ['®FIfluoride trapping and elu-
tion, etched in borosilicate optical glass (BK7) using ultrashort laser pulse machin-
ing. The micro-cartridge has a bead volume of 17 puL and a maximum capacity

of 8.5 mg for anion exchange resin. The micro-cartridge, without the need for QMA
preconditioning, exhibited an overall trapping efficiency and recovery efficiency
(RE) of (94.09+0.12)% using an activity exceeding 123 GBq of ['®FIfluoride. This

RE was obtained using 100 pL of a standard solution of anhydrous acetonitrile

with Kryptofix 2.2.2, containing only 5 ul of water and 5.4 umol of K,CO; for ['®F]
fluoride elution. This solution was employed directly in the radiosynthesis of ['®F]
fluoromisonidazole (['8F]IFMISO), resulting in a 100% radiochemical conversion (RCC)
to THP-protected ['8FIFMISO within 10 min at 110 °C.

Conclusions: The developed micro-cartridge provides a novel tool for integrating
microfluidic chips into conventional cassettes, facilitating more efficient radiopharma-
ceutical preparation.

Keywords: Microfluidics, Micro-cartridge, ["®F1fluoride, Positron emission tomography
(PET), Ultra-short laser pulse

Background

Positron Emission Tomography (PET) is a powerful, non-invasive imaging tool used
to assess metabolic activity in vivo with high sensitivity, providing good image quality,
short scan times, and the ability to analyze dynamic biological processes (Vallabhajosula
2007; Rahmim and Zaidi 2008; Berg and Cherry 2018; Zhang et al. 2020). The ['*F]flu-
oride is the preferred radionuclide for PET due to its favorable chemical and physical
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properties, including low positron energy (0.635 MeV) and a half-life of 109.7 min. This
extended half-life allows ample time for labeling molecules and enables the study of bio-
logical processes lasting over 100 min, outperforming shorter-lived PET radionuclides
like Carbon-11 (*'C, 20.4 min) and Oxygen-15 (**0, 2.04 min) (Jacobson et al. 2015;
Haveman et al. 2023).

Standard aqueous [**F]fluoride production typically uses automated synthesis modules
with cassette-based processes (Vallabhajosula 2009; Krasikova 2007). The production
begins with pre-concentration, where aqueous ['®F]fluoride from a cyclotron is trapped
on an anion exchange resin (commonly a Waters Sep-Pak QMA) and then eluted with
an acetonitrile solution containing a base and a cryptand, usually K,CO4/Kryptofix 2.2.2,
at up to 50% water content (Vallabhajosula 2009; Krasikova 2007; Yu 2006; Scott 2015).
However, this high-water content in the eluate requires azeotropic drying to create
anhydrous ['®F]fluoride for nucleophilic fluorination synthesis (Hamacher et al. 1986;
Brichard and Aigbirhio 2014; Pees et al. 2018; Zhang et al. 2018b, 2019). This drying
step presents significant limitations: (1) It is time-intensive (10—15 min) and can result
in notable radioactivity loss (<30%); (2) It complicates automated modules; and (3) If
drying fails or the [*®F]fluoride is insufficiently anhydrous, radiolabeling yield is reduced,
potentially causing synthesis failure (Haveman et al. 2023; Pees et al. 2018; Zhou et al.
2023).

To overcome these issues, microfluidic technologies have gained considerable inter-
est (Pascali et al. 2013; Lisova et al. 2021; Zhang et al. 2018a; Elizarov et al. 2010; Lee
et al. 2005). Microfluidics offer reduced reaction volumes, faster reaction times due to
higher surface-to-volume ratios, and decreased reagent consumption and costs in radi-
opharmaceutical production (Sushanta and Mitra 2012; Panigrahi 2016; Knapp et al.
2020; Ovdiichuk et al. 2021). Accordingly, research efforts have increasingly focused on
microreactors for azeotropic drying and radiolabeling in [**F]fluoride synthesis (Elizarov
et al. 2010; Lebedev et al. 2013; Chao et al. 2018), with commercial micro-cartridges like
Opti-Lynx"" (5 pL particle bed volume) being widely used (Lebedev et al. 2013; Chao
et al. 2018). Given its significant importance and demand, other groups have focused on
developing custom micro-cartridges for ['®F]fluoride pre-concentration in the microflu-
idic synthesis of radiopharmaceuticals (Zhang et al. 2018a; Leonardis et al. 2011; Pascali
et al. 2011; Salvador et al. 2017).

Despite these advancements, most conventional methods still use azeotropic drying
except for (Chao et al. 2018), prompting development of alternative nucleophilic fluori-
nation approaches without azeotropic drying. Studies have shown that eluting [**F]fluo-
ride with low water content (<10%) in microfluidic synthesis is feasible (Vallabhajosula
2009; Arima et al. 2013; Pascali et al. 2014; Hoover et al. 2016), and recent methods
report success with nucleophilic [**F]fluoride synthesis under hydrated conditions (< 5%
water), eliminating the drying step entirely (Ovdiichuk et al. 2024). The micro-cartridge
design is crucial for implementing these hydrated methodologies.

The choice of material for microfluidic devices is influenced by its physicochemical
properties, the precision required in chip design, and the expected conditions (e.g.,
pressure, temperature, solvent compatibility) (Niculescu et al. 2021). Traditionally, soft
lithography, particularly with Polydimethylsiloxane (PDMS), has been extensively used
in microfluidics for radiopharmaceutical applications (Zhang et al. 2018a; Elizarov
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et al. 2010; Lebedev et al. 2013; Chao et al. 2018; Leonardis et al. 2011; Salvador et al.
2017). However, PDMS exhibits drawbacks with alcohols or organic solvents used for
recovery or drying of ['®F]fluoride (Elizarov et al. 2010; Chao et al. 2018), leading to the
search of alternative materials and manufacturing techniques. Laser ablation has thus
emerged as a suitable choice, enabling precise, adaptable creation of microfluidic sys-
tems from diverse materials. Ultrashort laser pulses provide excellent precision, minimal
heat-affected zones, and negligible physical or chemical alterations in surrounding areas
(Waldbaur et al. 2011; Baker et al. 2011; Nolte et al. 2016; Juodenas et al. 2018). Among
available materials, borosilicate glass (BK7) is advantageous for microfluidic develop-
ment due to its cost-effectiveness, reproducibility, and physicochemical properties, mak-
ing it suitable for applications in integrated optics and medical fields (Pawar et al. 2017;
Shakeri et al. 2019).

This study presents the first micro-cartridge made from glass BK7 using ultrashort
laser pulse micromachining, offering an efficient alternative for device production. Filled
with QMA anion exchange resin, the micro-cartridge enables high-yield pre-concen-
tration of ['®F]fluoride, demonstrating strong trapping and recovery efficiency across
various activities. Experimental findings show effective ['8F]fluoride recovery with activ-
ities over 110 GBq. A hybrid synthesis approach, combining the micro-cartridge with
a conventional method and eliminating the azeotropic drying step, achieved optimal
radiochemical conversion (RCC) of fluorine-18 for THP-protected [**F]Fluoromisoni-
dazole ([*®F]JFMISO) synthesis. This is the first report of micro-cartridge with RE activity
exceeding 110 GBq and the largest RCC for the synthesis of ['**FJFMISO without azeo-
tropic drying.

Methods

General

All reagents and solvents were commercially sourced from Sigma-Aldrich (Merck-Bra-
zil) and used throughout the experiments without further purification. The resin used
for packing the micro-cartridge in all experiments was extracted from Sep-Pak Plus
Light QMA cartridges obtained from Waters (Brazil). Measurement of fluorine-18 radi-
oactivity was conducted using a Capintec radioisotope dose calibrator (CRC-15R, New
Jersey, USA), and analysis of the radiolabeled product by high-performance liquid chro-
matography (HPLC) was performed using an Agilent C18 column, (4.6 mm X250 mm,
5 um, 100 A). The characterization of the micro-cartridge was carried out using a Zygo
3D optical profiler (ZeGage model).

Development and assembly of the anion exchange microfluidic cartridge

The micro-cartridge features a flat, vertically symmetrical design that includes an array
of micropillars within the reservoir region. Each micropillar is machined to a depth
of 312 pm and separated by 40 pum gaps, forming a sieve-like structure that retains
the QMA resin in the reservoir while permitting fluids and gases to flow to the out-
let channel. Both the resin reservoir and the inlet/outlet channels are 304 pm deep,
so the micropillars extend slightly below the reservoir floor to facilitate liquid drain-
age. Micromachining was carried out using a titanium-sapphire (Ti) laser (800 nm,
30 fs pulse width, 10 kHz repetition rate) focused on a BK7 substrate attached to a 3D
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translation stage with+10 nm positioning accuracy, applying a pulse energy of 17.5 pJ
(Supplementary Fig. S1).

The cartridge assembly comprises three main components: (i) A laser-machined BK7
glass substrate, (ii) A 300 um PDMS sheet, and (iii) An acrylic top plate, all sandwiched
between an aluminum base plate and the acrylic top plate to form a watertight seal.
Before final assembly is completed and for each new experiment, we manually pack the
QMA resin into the micro-cartridge reservoir. Specifically, we use an acrylic mask—fab-
ricated with the same geometry as the reservoir—to be placed over the laser-machined
BK7 glass substrate. This mask is to aid in loading the resin into the reservoir and to
prevent resin from leaking into the outlet channel during loading. After resin loading,
the acrylic mask is removed and the cartridge is weighed in triplicate (before and after
loading) to confirm the precise amount of QMA (Supplementary Fig. S2). The micro-
cartridge is always used with fresh resin for each experiment, and no preconditioning
is required. After each experiment, once the ['®F]fluoride activity has decayed (48 h
for <10 GBq, 72 h for>74 GBq), the micro-cartridge is fully disassembled and the used
resin discarded. The BK7 glass substrate and PDMS sheet are then cleaned (in line with
cGRPP guidelines (Elsinga et al. 2010)), by rinsing three times with ultrapure water and
isopropyl alcohol, plus a final acetone rinse for the BK7 substrate only. Both the PDMS
sheet and the BK7 substrate are dried in an oven at 45 °C for 50 min. Repeated integrity
checks, including microscopic inspection, profilometry, and flow rate tests, confirmed
that neither the physical geometry nor the performance of the micro-cartridge was com-
promised after multiple cleaning cycles.

Production of no-carrier-added (n.c.a.) fluorine-18

No-carrier-added (n.c.a.) fluorine-18 was produced via the [**OJoxygen (p,n) fluorine-18
e nuclear reaction from [**0OJH,0 (2.5 mL) (Rotem Industries Ltd, Hyox oxygen-18
enriched water, min. 98%), with protons beam of 18 MeV and integrated dose of 10 pAh
(cyclotron, Cyclone-18, IBA).

Procedure for trapping and releasing of ['®Ffluoride

To assess trapping efficiency (TE) and recovery efficiency (RE), experiments were con-
ducted with varying activities of fluorine-18, measured at the beginning of each experi-
ment, in the micro-cartridge. For elution, a standard 5% water solution was prepared
with 11.25 mg of K,CO; in 75 puL Milli-Q water and 60.75 mg of Kryptofix 2.2.2 in 1425
pL anhydrous acetonitrile, stored at 4 °C for all experiments, including those with inter-
mediate (<10 GBq) and higher-activity (>74 GBq).

For activities up to 10 GBq (using 1.5 mL of cyclotron material), experiments were con-
ducted in a lead-shielded hood. Nitrogen gas was applied at (5.2+0.6) psi to displace liquids
during the trapping step and at (1.1 +0.3) psi during recovery. Following each step (trapping
and recovery), a continuous nitrogen flow of (5.2+0.6) psi was used to dry the reservoir for
activity levels up to 10 GBq. For activities exceeding 74 GBg, nitrogen pressure ranged from
(7.5 to 10.2+0.3) psi. In higher-activity tests conducted in a hot cell, elution was performed
at (1.1+0.3) psi, while trapping and liquid removal required (7.5 to 10.2+0.3) psi, adjusted
for the 2.5 mL irradiated volume and the use of an extended ~ 150 c¢m flexible tube (Sup-
plementary Figs. S5 and S6). All elution steps used 100 pL of the standard solution (5 pL
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H,0, 5.4 umol K,CO,), except for one test each at intermediate and production-level activ-

ity, where a 50 pL total volume was employed (2.5 pL H,0, 2.6 pmol K,COs).

Radiosynthesis of ['8F]Fluoromisonidazole (['8F]FMISO)

The ['F]JFMISO was synthesized via nucleophilic radiofluorination of the [**F]fluoride ion

with  1-(2"-nitro-1"-imidazolyl)-2-O-tetrahydropyranyl-3-O-tosyl-propanediol

(NITTP)

precursor following modified non-automated protocols similar to those reported in the lit-
erature (Patt et al. 1999; Sorger et al. 2003; Kdmairdinen et al. 2004; Zheng et al. 2015), with
adjustments in precursor mass, temperature, and reaction time, and without azeotropic

drying. The ['®F]fluoride was eluted from the micro-cartridge with 100 pL directly into a

2 mL conical vial containing 4 mg of NITTP precursor in 400 pL of anhydrous acetonitrile
(final volume 500 uL; 1% H,0), and the mixture was heated for 10 min at 110 °C. After
cooling, a high-performance liquid chromatography (HPLC) analysis was performed to

assess radiochemical conversion (RCC). The mixture was then hydrolyzed with HCI (200
uL; 0.5 M) for 5 min at 100 °C, neutralized with NaOH (200 pL; 0.5 M), and analyzed again
by HPLC to determine isolation efficiency (IE). The final product was purified through

sequential Sep-Pak C18 and alumina (Al,O,) cartridges, washed with water, and then eluted
with 5 mL of 10% ethanol into the collection vial, yielding purified [**F]FMISO (Fig. 1).

Quality control

Aliquots of the THP-protected [**F]JFMISO and the final [**F]FMISO (after deprotection by
hydrolysis) were analyzed by HPLC to assess the process radiochemical conversion (RCC)

and isolation efficiency (IE). The HPLC analysis was conducted under the following condi-

tions: Stationary phase: Agilent C18 column, 4.6 mmx250 mm, 5 pum particle size, 100 A
pore size. Mobile phase: Solvent (A) Milli-Q water with 0.1% trifluoroacetic acid (TFA),
Solvent (B) 100% acetonitrile (CH;CN). Gradient elution: 0—-100% B over 20 min. Flow rate:

1 mL/min and detection wavelength: 300 nm.

The radiochemical efficiency for each step (TE end RE) is calculated with the corrected

activity decay, as follows:

micro — cartridge trappin
TE = - - g. & - x 100 1)
micro — cartridge trapping + waste vial
N\ N K.2.2.2; F; N\x
)‘N OTs CH,CNIH,0 (95%/5%) )‘N 18F HCL (0.5M)
O,N o ————— ON \_( o —_—
o) 110°C, 10 min OO 100°C, 5 min
Precursor NITTP THP-protected [**F]FMISO
18
() oN
| OH
[*FIFMISO

Fig. 1 Scheme Flowchart of ["8FIFMISO radiopharmaceutical synthesis
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recovered vial
micro — cartridge

To determine the radiochemical yield (RCY) of the entire synthesis process, the con-
sensus guidelines for radiopharmaceutical chemistry are followed (Herth et al. 2021).
However, the resolubilization efficiency (RES) is excluded from the calculation, as the

azeotropic drying step is not employed:

RCY = TE x RE x RCC x IE

Results

Micromachining BK7 glass and assembly of the micro-cartridge

The micromachining of the BK7 glass micro-cartridge was executed in two stages to
achieve precise geometrical features for optimal performance. In the first stage, the
particle reservoir and inlet/outlet channels were machined to a depth of 304 um using
a 17.5 yJ laser pulses. In the second stage, 15 pJ pulses were used to machine micro-
pillars with a depth of 312 pum, in order to ensure that the depth of the micropillars is
slightly greater than that of the reservoir, allowing that when a gas flow passes through,
all the liquid present in the reservoir is expelled to the outlet channel (Supplementary
Table S1). The spacing between the micropillars is 40 pm, which is consistent with the
average size distribution of QMA resin particles of (46 +£9) pm. The etching parameters
were determined in the same way as what was done for microfluidic mixers (Gomes
et al. 2022). Also, the smooth ablation technique (Machado et al. 2011; Machado et al.
2012) was used to preserve the physical and chemical characteristics of the substrate. In
the Fig. 2 shows photograph of the micro-cartridge and includes an optical profilometry
analysis of one side of the outlet channel.

Fig. 2 a Photograph of the laser machined micro-cartridge; b Micrography of the micropillars; ¢ Detailed
profilometry of the micropillar structures showing wall inclination angles (Ang) and depth (Rdz)
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Profilometry measurements (at least seven points) across the same micro-cartridge
revealed an average pillar depth of (317 +10) um—slightly exceeding the 304 pum reser-
voir depth—ensuring that residual fluid is expelled when a gas flow is applied. The mean
spacing between pillars was (38.7+0.8) um, and the wall inclination angle was> 84°,
indicating an almost vertical. We used Rdz to assess pillar depth accuracy and Ang to
quantify the wall inclination, as these parameters provide critical insights into the
structural fidelity of the micropillars and their impact on device performance. All these
results highlight the high level of quality and geometric precision of the micro-cartridge
achieved after the ablation process with the ultrashort laser pulse workstation. Further-
more, it is noteworthy that the excellent wall inclination results were obtained with a
height/width ratio (h/w) greater than seven (Gomes et al. 2022).

The micro-cartridge assembly involved manually packing a new QMA resin for each
experiment, always using an acrylic mask with a geometry matching the particle bed to
prevent overflow into the outlet channel (Fig. 3b). After filling and compacting the resin
into the reservoir, the acrylic mask was removed and replaced with a 3 mm thick PDMS
layer to seal the micro-cartridge (Fig. 3a). Figure 3 Illustrates the assembly steps of the
micro-cartridge. After weighing the QMA resin (Fig. 3c), the micro-cartridge pre-assem-
bly pattern is used to determine the QMA mass. In the final configuration (Fig. 3d), all
twelve screws are in place, forming a leak-tight seal.

The micro-cartridge reservoir, with a theoretical capacity of 8.5 mg for an approximate
17 pL particle bed, was loaded with an average of (7.6 +0.8) mg of QMA resin (n=11),
as summarized in Supplementary Table S2. Each loading event involved weighing the
cartridge in triplicate (before and after) to confirm the resin mass. Under test conditions,
the fully assembled micro-cartridge (Fig. 3d) showed no leakage at pressures exceeding
16 psi, confirming the reliability of the PDMS compression seal. A recent study using
syringe-driven microfluidic pumps (Gomes et al. 2024), further demonstrated the micro-
pillars’ effectiveness in retaining the resin at flow rates up to 1000 pL/min (liquid) and
10,000 mm?®/min (compressed air), with no resin particles detected in the outlet channel.

PDMS sealant
layer

Connector cavity C)

‘steel microtubes”

Fig. 3 a Representation of the sequence of the complete assembly of the micro cartridge; b Acrylic mask
used to assist in packing the QMA resin; ¢ Pre-assembly of the micro-cartridge for determination of the
mass of QMA in the reservoir, always with the same screws in the same position; d Final assembly of the
micro-cartridge with all the screws to form a watertight seal and the support used in the experiments
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Our experiments showed no detectable leakage at pressures up to 16 psi, but for safety
and prolonged device integrity, we recommend operating at < 14 psi for gas flow and up
to 1.2 mL/min for liquids at the inlet connector (Supplementary Figs. S3 and S4). For
high-activity tests (>74 GBq) in a hot cell, we used <10.5 psi of N, to prevent unneces-
sary radiation exposure and to ensure consistent leak-free operation. Under these con-
ditions, the measured activity before and after each run matched well with theoretical
values, indicating negligible loss due to leaks.

Efficiency of trapping and elution of '8F in micro-cartridge

The main focus of all tests on different activities in this work is to evaluate the efficiency
of the micro-cartridge using a total volume of aqueous eluent of up to 100 uL contain-
ing a maximum of 5% water. Table 1 presents the performance of the micro-cartridge
throughout all tests in the [*®F]fluoride pre-concentration process, with the efficiency
results in the capture and recovery steps in intermediate activity (<10 GBq).

Based on the results presented in Table 1, the micro-cartridge demonstrated a
high efficiency during the capture and recovery stages, with an average efficiency of
TE (98.2 +4.7)% and RE (98.7 +2.7)%. This was observed in all ['*F]fluoride pre-concen-
tration processes, where a pressure flow of (5.2 +0.6) psi was used to displace 1.5 mL of
liquid during the capture step, followed by (1.1 £0.6) psi in the recovery step. Addition-
ally, between each step, a continuous N, flow was maintained at (5.2 +0.6) psi for 2 min
and 1 min, respectively. The process, conducted in a fume hood with N, flow for liquid
displacement and removal between the capture and recovery stages, was completed in
an average time of (5.5+0.5) minutes for the intermediate activity experimental setup
(n=7).

Aiming to evaluate the performance of the micro-cartridge in the ['8F]fluoride pre-
concentration process at production activities, conducted in a hot cell, Table 2 presents
the efficiency results at activities greater than 110 GBq in a 2.5 mL volume of material
produced in the cyclotron.

As shown in Table 2, the micro-cartridge exhibited remarkable efficiency in both
the trapping (TE) and recovery (RE) stages, with average values of (91.5+2.9)% and
(93.9+1.8)%, respectively. A detailed examination of the data revealed a slight varia-
tion in the TE, particularly in the initial test. This variation was attributed to the initial

Table 1 Results of trapping and recovery efficiency (TE and RE) of ['®Flfluoride for the tests in
intermediate activity using only 1.5 mL of material produced in the cyclotron

Test Activity Micro-cartridge
(GBq) TE (%) RE (%) QMA
mass
(mg)
1 0.1 100.0 100.0 6.5
2 12 99.0 989 70
3 22 98.4 99.9 6.3
4 2.7 98.8 98.8 79
5 3.0 98.4 98.9 8.0
6 89 99.3 98.9 6.1
7 9.5 99.0 99.7 7.5
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Table 2 TE and RE efficiency results of ['®F]fluoride for conductive production activity in hot cell

Test Activity Micro-cartridge
(GBq) TE (%) RE (%) QMA
mass
(mg)
1 110.2 88.9 97.1 76
2 120.7 90.9 93.0 8.2
3 1228 92.1 93.8 79
4 1239 94.2 94.0 8.1

pressure flow of (10.2+0.3) psi, which may have limited the interaction of [*®*F]fluoride
with the anion exchange resin of the micro-cartridge due to the specific experimen-
tal arrangement of the hot cell. This configuration included the use of a long flexible
tube ~ 150 cm in length (tests <10 GBq the length was ~ 25 cm) as the liquid inlet of the
micro-cartridge, thereby facilitating its manipulation to the hot cell detector for activity
measurements at each step.

To optimize the process, the pressure was set to (7.5+0.3) psi in subsequent tests,
resulting in an improvement in TE. The pressure for liquid displacement in the elution
stage was maintained at (1.1 +0.3) psi. The average time for the entire pre-concentra-
tion process, including the displacement and removal of liquid between each stage, was
(10.5+1.0) minutes.

A comparison of the recovery efficiency of the micro-cartridge between the results of
Table 1. Table 2 reveals a small discrepancy in the average RE for tests with activities
above 110 GBq. Because activity level and gas flow rate/pressure were both increased in
these high-activity trials, it is not possible to conclusively attribute the slight decrease
in RE to one factor alone. Nevertheless, visual observation suggests that droplet forma-
tion and retention are more pronounced at higher activity levels, hinting that the activity
amount is the key driver. Future fluid dynamics studies could isolate these variables to
confirm their respective roles.

In addition, two conceptual tests were performed with activities of 1.6 GBq and
103.6 GBq. These tests were performed with a 50% decrease in elution (50 pL total),
retaining a 5% water fraction (2.5 uL H,O). For the lowest activity test, the micro-car-
tridge gave an RE of 98.0%, a result very similar to the previous ones (Table 1). However,
for the test with an activity of 103.6 GBq, the recovery step achieved an RE of 54.9%,
showing a significant reduction. In line with previous findings (Ovdiichuk et al. 2024),
the reduced volume may yield a more concentrated ['*F]fluoride solution and thus could
affect RE at higher activities. This aspect has been discussed in previous studies that
have investigated the influence of the percentage of water in the eluate (Lebedev et al.
2013; Chao et al. 2018; Lemaire et al. 2010), even at activities up to 37 GBq.

Radiosynthesis yield of ['FIFMISO without azeotropic drying

The manual radiosynthesis began with an initial activity of 1.2 GBq (Test 2—Table 1).
Following the recovery step using the micro-cartridge, a volume of 100 puL containing
the [*®F]fluoride was collected directly into a 2 mL conical vial containing 10.4 pmol of
the NITTP precursor dissolved in 400 uL of CH;CN (ratio: Precursor/K,CO; Base=1.9).
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The radiolabeling synthesis was conducted at 110 °C for 10 min in a 500 pL reaction
mixture containing 99% CH;CN and 1% H,O. After synthesis, the radiolabeled sample
was analyzed via HPLC to determine the RCC of ['®F]fluoride incorporation into the
intermediate product (THP-protected ['*F]JFMISO). The results (Fig. 4) demonstrated
complete incorporation of the ['®F]fluoride recovered during the micro-cartridge elution
step, resulting in a 100% RCC (Supplementary Fig. S8 and Table S4).

A subsequent synthesis performed under identical conditions with an initial activity
of 2.7 GBq (Test 4—Table 1) also revealed an identical result in its HPLC analysis, as
reported in Fig. 4a for the formation of the THP-protected [**F]JFMISO product with
100% RCC (Supplementary Fig. S7 and Table S3). In light of the aforementioned RCC
result, hydrolysis was performed by adding 200 uL of 0.5 M HCl and heating the mixture
at 100 °C for 5 min. After cooling, the solution was neutralized with 200 pL of 0.5 M
NaOH. At the conclusion of this sequence, a sample was subjected to HPLC analysis to
confirm deprotection and determine the isolation efficiency (IE) of [**F]JFMISO (Fig. 5).
The analysis after deprotection indicated an EI above 80% in the synthesis of the radi-
opharmaceutical ["®FJFMISO (Fig. 5a). It is worth mentioning that this high yield was
obtained without the hydrolysis step by azeotropic drying in acidic medium.

The radiopharmaceutical was purified by transferring the total volume of the liquid
mixture to a sequence of conventional cartridges (Sep-Pak C18 and alumina), which were
then washed with 5 mL of ultrapure water. All eluates from this stage were discarded as
waste. Subsequently, the final product was eluted from the sequence of cartridges with
5 mL of a 10% ethanol solution in Milli-Q water and collected in a new vial. Once the
deprotection and purification process was complete, the final product was subjected to
analysis by HPLC to confirm the results. To confirm the results, a standard sample of
[F]EMISO was also analyzed (Fig. 5c), confirming the retention time of the final radi-
olabeled product. HPLC analysis showed a single radioactive peak (Fig. 5b), indicating
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Fig. 4 HPLC analysis of THP-protected ['®FIFMISO with UV detection channel installed in front of the
radioactivity detector: a Radioactivity detector TPH-protected "8 FIFMISO (Rt=11.9 min); b UV channel
analysis of THP-protected ["®FIFMISO ¢ UV analysis for the NITTP standard precursor (Rt=15.1 min
Supplementary Fig. S9 and Table S5)
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Fig. 5 HPLC analysis ['8FIFMISO: a Before purification, ['8FIFMISO (Rt= 7.0 min) showed an area of ~819%,
while ['®FIfluorine (Rt= 3.3 min) showed an area of ~ 19% (Supplementary Fig. S10 and Table S6); b After
purification of ["8FIFMISO (Rt=7.1 min); ¢ UV detector for the ["’FIFMISO standard (Rt=6.9 min)

that no radioactive impurities were present (Supplementary Fig. S11 and Table S7). For
the higher-activity run (2.7 GBq initial), purified ['**F]FMISO was obtained in a clear,
colorless solution of ~5 mL after passage through C18 and alumina cartridges, free of
any suspended particles. In contrast, attempts to reduce the elution volume to ~2 mL for
a lower-activity run (1.2 GBq initial) led to incomplete recovery of ['*F][EMISO.

The entire manual synthesis process using the micro-cartridge was completed in
30 min. Based on the recovery efficiency (Tests 2 and 4 in Table 1), radiochemical con-
version (RCC; n=2), and incorporation efficiency (IE; n=1), the overall corrected radio-
chemical yield (RCY) was estimated to be 78%. Although three radiolabeling assays were
carried out, only two are discussed in detail here, reflecting the technical challenges
encountered at lower activity with a smaller elution volume. These findings under-
score the micro-cartridge’s potential to obviate the need for azeotropic drying, a known
source of activity losses in nucleophilic ['*F]fluoride reactions. Further studies will focus

on optimizing purification conditions for varying initial activities and elution volumes.

Discussion

Some studies (Zhang et al. 2018a; Leonardis et al. 2011; Salvador et al. 2017) proposing
the development of micro-cartridges have reported evaluations of TE and RE perfor-
mance for the ['®F]fluoride pre-concentration process. In the work by De Leonardis et al.
(Leonardis et al. 2011), a TE and RE of 95% were achieved with 0.9 GBq activity using
eluent volumes ranging from 250 to 500 pL. Zhang et al. (2018a) reported TE of 95.9%
and RE of 95.0% obtained in a test with 4.7 GBq activity and the recovery of [**F]fluoride
in a total eluent volume of 75 pL. Salvador et al. (2017) proposed a micro-cartridge with
53% RE for activities of 72.5 GBq and recovery of 67% of the activity in an eluate volume
of up to 30 pL. In contrast to all these studies, our results for activities above 100 GBq
demonstrated higher RE in all [**F]fluoride recovery tests with 100 L elution. Despite
the total eluent volume used in our work being 1.3 (Zhang et al. 2018a) and 3.3 (Salvador
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et al. 2017) times larger than reported by the other authors, our eluate contained only 5
pL of water and presented an RE of up to 97% in activities above 110 GBgq.

Other studies in the literature (Elizarov et al. 2010; Lebedev et al. 2013; Chao et al.
2018), although not focusing on the development of micro-cartridges, but rather on
microreactors for synthesis labeling using azeotropic drying, were also compare our
TE and RE results in ['®F]fluoride pre-concentration. Elizarov et al. (2010), using a
micro-cartridge with a 2 pL particle bed volume with a different resin than used in our
research, achieved a TE of 99.5% with an initial activity of 32.4 GBq of ['®F]fluoride and
a RE of 92.7% with an elution volume of 5 pL (only K,COs in water). Although our study
employed a significantly larger total elution volume, the volume of water in the eluent
is the same. Moreover, the ['*F]fluoride recovery results presented by the new micro-
cartridge achieved a RE higher than 93.0% at activities ranging from two to nearly four
times those used by Elizarov et al. (2010).

Labedev et al. (2013) and Chao et al. (2018) used micro-cartridges with particle bed
volumes of 5 pL and 4 uL, respectively (both commercially produced by Optimize Tech-
nologies, Inc.), using the same anion exchange resin as (Elizarov et al. 2010). One of these
studies reported that the micro-cartridge was able to trap 95% of the activities up to
111 GBq in the retention step. However, their experiments were conducted at 13.7 GBq
activities, demonstrating a combined efficiency of TE and RE of (95 +3)%, using a total
elution volume of 45 uL (33.3% water) (Lebedev et al. 2013). On the other hand (Chao
et al. 2018), used 1.2 GBq (equivalent to 0.5 mL of cyclotron irradiated material), achiev-
ing a TE of 99% and RE of 96% of ['®F]fluoride in a total elution volume of 45 pL. Of
these, 12.4 uL was an aqueous solution of K;PO, and the remainder was CH;CN used
to rinse the micro-cartridge and improve the elution RE (Chao et al. 2018). Our results
for activities up to 124 GBq showed an average trapping rate of (91.5+2.2)%, with an
RE of (93.9 +1.8)%. These are the first experimental results reported to date for the [*3F]
fluoride recovery stage in micro-cartridges with activities above 110 GBq containing up
to 5 pL of aqueous K,COj, solution.

By adopting elution volumes equivalent to those used in previous studies (Lebedev
et al. 2013; Chao et al. 2018), we obtained comparable results in terms of recovery effi-
ciency for intermediate activities (1.6 GBq with RE of 98.0%), despite our micro-car-
tridge having a particle bed volume of only 17 L. However, at higher activity levels
(103.6 GBq with RE of 54.9%), a significant loss was observed in RE when using 50pL
of eluent compared to the results obtained with 100uL, especially for activities above
107 GBq. This availability of water and the amount of K,CO; (compared to 100 uL) in
the elution solution, together with the high concentration of [®*F]fluoride at such high
activity levels, negatively affects the RE, a factor highlighted in previous studies (Chao
et al. 2018; Lemaire et al. 2010). Nevertheless, the water percentage in the eluate is cru-
cial for eliminating the azeotropic drying step, as demonstrated by the labeling of vari-
ous ['®F]fluoride radiopharmaceuticals on microfluidic platforms with this drying step
suppressed (Ovdiichuk et al. 2024).

To date, there are no records of nucleophilic fluorination synthesis of [**F]JFMISO
without the azeotropic drying step. Yokell et al. (2012), using the same microfluidic
system as (Lebedev et al. 2013), reported results for the labeling of ['**F]JFMISO using
5 mg of the precursor NITTP, with radiochemical yield (RCY)>56%, in a synthesis
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time of 60 min. Also employing the microfluidic system, Zheng et al. (2015) demon-
strated the formation of THP-protected [**F]JFMISO, with RCC ranging from 20 to 90%
under different synthesis conditions (110 °C and 170 °C, respectively). According to
the same authors, the RCY of the final synthesis was (28.4+3.0)%, with a duration of
(106 +11) minutes, using 0.4 mg of precursor mass.

When comparing the microfluidic-scale synthesis of THP-protected [**F]FMISO with-
out azeotropic drying to other studies (Zheng et al. 2015; Yokell et al. 2012), that also
relied solely on radio-HPLC for RCC assessment, our analysis detected no measurable
radioactive by-products, suggesting an RCC approaching 100% (n=2). Furthermore, the
radiolabeling time of THP-protected [**FJFMISO was only 10 min at 110 °C, represent-
ing a significant reduction in time and lower temperature compared to that reported by
the same authors.

In a recent study, Kniess et al. (2023), using the automated module for conventional
synthesis (GE Healthcare’s FASTIlab®), presented synthesis results of ['*F]JFMISO with
the highest molar activity reported to date, 588 GBq/umol, using 10 mg of precursor.
The synthesis time was 48 min, and the final RCY was up to 49%. In contrast, in our
study, when comparing the synthesis time only for the formation of THP-protected ['°F]
FMISO with that of (Kniess et al. 2023), we achieved twice the efficiency by not employ-
ing azeotropic drying. This happens because the authors described that the time dedi-
cated to the azeotropic drying step and the synthesis of THP-protected [*F]JEMISO
labeling was 22 min.

Although our research did not focus on the final synthesis of ['**FJFMISO, it prior-
itized evaluating the recovery efficiency of the micro-cartridge at various activity lev-
els, yielding encouraging results. An RCY of 78% was achieved in activity up to 2.7 GBq
using manual synthesis. Given that azeotropic drying can lead to activity losses of up
to~30% (Haveman et al. 2023; Brichard and Aigbirhio 2014; Zhou et al. 2023), elimi-
nating this step may help improve retention, as reported in the literature. Further stud-
ies are needed to explore its impact on large-scale clinical and commercial applications.
However, the results of this study demonstrate that radiosynthesis of ['*F]JFMISO using
the micro-cartridge without azeotropic drying opens up the opportunity for hybrid pro-
cesses using microfluidic technology with conventional synthesis kits for production, a
trend pointed out in a recent study (Scott et al. 2024).

Conclusion

This study highlights the transformative potential of using advanced micro-cartridge
technology for the pre-concentration and labeling of [*®F]fluoride in radiopharmaceuti-
cal production. The laser-fabricated micro-cartridge leveraged the ultrashort pulse etch-
ing process, enabling the manufacturing of a microfluidic device without altering the
physicochemical properties of the substrate. Additionally, this process achieved excellent
verticality of the walls between the micropillars. While the primary focus of this study
is not the synthesis of ["*F][FMISO, the developed micro-cartridge was employed in
the pre-concentration process of [!®F]fluoride. Its use in this process demonstrated the
potential for the elimination of complex and time-consuming steps, such as azeotropic
drying, which is used in most nucleophilic fluorination syntheses. The result is a simpli-
fied process and an overall increased radiolabeling efficiency. The successful application
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of micro-cartridge synthesis paves the way for the integration of microfluidic technol-
ogy with conventional synthesis modules, offering a path to more streamlined hybrid
production processes. This advancement has the potential to enhance specific activity
and synthesis yields while contributing to the development of more efficient radiophar-
maceutical production processes, ultimately benefiting the field of nuclear medicine and
patient care worldwide. Although our current micro-cartridge design is based on boro-
silicate glass (BK7) and laser micromachining, as reported for a single micro-cartridge,
future developments could explore alternative and more affordable materials, using
laser micromachined molds as a possible strategy for manufacturing scalability. Future
studies will focus on quantifying production costs, optimizing the choice of alternative
materials, and evaluating the best strategies for high-throughput manufacturing of the
micro-cartridge.

Abbreviations
['8FIFMISO  ['®F]Fluoromisonidazole

50 Oxygen-15

BK7 Borosilicate optical glass

HPLC High performance liquid chromatography
IE Isolation efficiency

NITTP 1-(2"-Nitro-1"~imidazolyl)-2-O-tetrahydropyranyl-3-O-tosyl-propanediol
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