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The influence of several parameters involved in the ®®Ga radiolabeling of FAPI-46 was studied at the scale of the
automated reaction. Among the buffers tested, HEPES 0.3 M pH 4 allowed both high radiochemical purity (RCP)
and radiochemical yield (RCY), without prepurification of %8Ga but after final purification of [68Ga] Ga-FAPI-46
on a C;g cartridge. A longer reaction time did not show significant benefit on the RCP, while higher loads of FAPI-
46 and gentisic acid as anti-radiolysis compound allowed better RCY.

1. Introduction

Over the past 20 years, gallium-68 PET imaging has raised increasing
interest (Baum and Rosch, 2013), in direct relation to the special
consideration given to the chemistry of this radioelement (Davey and
Paterson, 2022). Obtained from a®®Ge/%®Ga radioelement generator,
some of which being available in GMP-grade quality (Lepareur, 2022),
58Ga (1 s = 67.7 min, BT = 89 %, electron capture = 11 %) allows
in-house preparation activities (Hendrikse et al., 2022) particularly
suitable for research and development purposes, facilitating the rapid
translation of experimental PET imaging molecules to clinical use
(Zhang et al., 2019). To ensure quality assurance (GMP) specifications
and meet national regulatory requirements (Decristoforo et al., 2017),
automated %Ga radiolabeling of experimental vector molecules has
become a standard in clinic (Decristoforo, 2012). Such production
method allows increased radiolabeling yields, reliable and robust
preparation processes and also addresses radiation protection consid-
erations (Kleynhans et al., 2020). To date, several models of synthesis
modules are commercially available, based on the use of sterile tubing
sets and GMP grade reagent kits. These reagent kits are made up to
contain the pharmaceutical grade components and supplies most likely
to allow efficient °®Ga radiolabeling, nevertheless, these reagent kits do
not offer flexibility to adapt the radiolabeling conditions to a given
vector. As a consequence, the reaction conditions for °®Ga radiolabeling

of innovative PET radiopharmaceuticals are rarely studied in detail
apart from parameters independent of the kit reagents (e.g. amount of
vector, temperature and heating time).

In recent years, in conjunction with the widespread use of %Ga, the
preclinical and clinical use of quinoline-based small molecules targeting
tumor microenvironment has gained tremendous momentum for both
molecular imaging (Huang et al.,, 2022) and targeted radionuclide
therapy (Privé et al., 2023). These molecules are directed against the
fibroblast activation protein (FAP), a membrane-bound prolyl-oligo-
peptidase of the dipeptidyl peptidase (DPP) family, specifically over-
expressed by cancer-associated fibroblasts (CAFs) in over 90 % of human
epithelial malignancies (Scanlan et al., 1994). Representing the major
subpopulation of cells in the tumor stroma, CAFs could play an impor-
tant role in resistance to treatment, immunosuppression, angiogenesis
and tumor invasion by remodeling the extracellular matrix (Lindner
et al., 2019). A metabolic cooperation between CAFs and cancer cells is
also possible, sustaining tumor dynamics (Liang et al., 2022).
Throughout the development of FAP inhibitors (FAPI), sequential
modulations of their chemical structure have led to optimized com-
pounds bearing a DOTA chelator for complexation of various radio-
metals (Fig. 1) (Jansen et al., 2013, 2014; Loktev et al., 2019). In
particular, FAPI-46 seems to be the most attractive derivative to date,
with regard to its excellent in vivo characteristics. This is supported by
several reports describing, for [®3GalGa-FAPI-46, clinical properties at
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least comparable to ['8F]FDG in the detection of a variety of cancers
(Promteangtrong et al., 2022; Siripongsatian et al., 2022; Wegen et al.,
2022, 2023). Automated radiolabeling of FAPI-46 with either 68Ga for
PET imaging (Alfteimi et al., 2022; Da Pieve et al., 2022; Spreckelmeyer
et al., 2020a; Plhak et al., 2023) or 7’Lu for therapy (Eryilmaz and
Kilbas, 2021; Cankaya et al., 2023) has been previously reported,
however, the protocols described only apply to specific models of syn-
thesis modules. Furthermore, modulation of the different parameters
involved during radiolabeling has not been studied at the scale of the
automated reaction, as it has been done for other °®Ga imaging agents
(Reverchon et al., 2020).

In this context, the influence of the reaction buffer, reaction time,
anti-radiolysis compound, amount of vector and method of purification
of the final product was studied in depth during the automated %3Ga
radiolabeling of FAPI-46 on a GAIA® synthesis module. Thereby, the
reaction conditions allowing to reach the best radiochemical yields
(RCY) and highest radiochemical purity (RCP) without pre-purification
of the generator eluate have been identified.

2. Methods
2.1. Solvents, reagents and equipment

2.1.1. General considerations

All the chemicals used for the radiolabeling reactions were of the
highest available purity grade and were purchased from Merck (Darm-
stadt, Germany). Water for injection (Eau pour prép. injectables 10 mL
PROAMP®, Aguettan, France, and 100 mL Ecoflac, B. Braun, France)
and sodium chloride 0.9 % (Chlorure de sodium PROAMP® 0,9 % 10
mL, Aguettan, France) were of pharmaceutical grade and ethanol
(Ethanol AP-HP 96 % (v/v), AGEPS, France) was of Ph. Eur. grade.
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Belgium) and was not further purified. A minimal period of 4 h and not
exceeding 24 h was allowed between 2 consecutive elutions. The [*3Ga]
Ga-FAPI-46 production was conducted in a grade A shielded cell with a
laminar air flow (MEDI 9000 Research 4R, LemerPax, La Chapelle-sur-
Erdre, France), with both the automated synthesis module and the
58Ge/%8Ga generator placed in the hot cell. The radioactivity in the
product vial as well as the residual activity of the reaction vial, waste
vial, purification cartridge and terminal filter were measured in a cali-
brated ionization chamber (CRC®-25R, Capintec, USA) and corrected to
the end time of radiolabeling in order to calculate the RCY.

2.1.2. Buffer solutions preparation

The buffers tested were chosen with respect to their pKa value(s).
The concentration used for each buffer was based on °®Ga radiolabeling
conditions described in the literature. Each buffer solution studied was
prepared extemporaneously before radiolabeling assays. The correct
amount of buffer was weighed on a calibrated precision balance (320XB,
Precisa Gravimetrics, Switzerland) with a single-use plastic spatula into
a sterile single-use type 1 glass bottle and solubilized in WFI. For each
buffer solution, the pH was adjusted with 37 % HCl so that a defined 1.5
mL volume of this solution added to 1.1 mL of 0.1 N HCI (representing
the volume of eluate provided by the GALLI AD® generator) could reach
a pH close to 3.4, which is ideal for 68Ga radiolabeling (Bauwens et al.,
2010). Table 1 summarizes the main information on the buffer solutions
tested for the preparation of [®8Ga]Ga-FAPI-46.

Table 1
Properties of the buffer solutions used in the [°®Ga]Ga-FAPI-46 radiolabeling
assays.

Radiolabeling optimization assays were conducted on a GAIA® V2 Buffer pKa Molarity ~ pH  Buffer Ref.
synthesis module (Elysia-Raytest, Germany) driven by the appropriate value (M) ;’°lume set
software (GAIA control, Elysia-Raytest, Germany) and using disposable © reriction
cassettes for synthesis (Fluidic kit RT-01-H ABX, Advanced Biochemical - —
Compounds, Germany). Between each automated radiolabeling assay, so:é::te 48 04 4 15 '(Azlg;;“ etal
the cassette installed on the synthesis module was rinsed with water for HEPES 3.0 0.3 4 Baur et al. (2014)
injection (WFI) according to a dedicated automated sequence. The 7.6
manifolds were then conserved for the next assay and the tubing was Sodium 4.1 0.4 4.5 Spreckelmeyer et al.
changed. Radiolabeling assays were performed with non-GMP grade Aasc”rl?ate ‘1118'8 o1 s 50‘20)}1 ) o

. mmonium . . . eisennheimer et al.
FAPI-46 (MedChem Express, NJ, USA). A stock solution of 1 mg/mL acetate 03 (2020), Daniel et al.
FAPI-46 in WFI was initially prepared and aliquoted into Eppendorf (2023)
tubes (Protein LoBind Tubes 1.5 mL) to get 30 pg/30 pL fractions, kept at Sodium 3.8 1.5 3.5 de Blois et al. (2018)
—20 °C for a maximum storage time of 3 months. Gallium-68 was ob- formate
tained in 0.1 N HCl solution under its [*®Ga]GaCls form from a 1.85 GBq Soisc?nate g'i 0.5 4 ?2"‘51“(';‘“ etal.
68Ge/%8Ga generator of pharmaceutical grade (GALLI AD®, Ire Elit, -

Glycyl-2-cyanopyrrolidine scaffold
Chemical pattern for FAP binding, also found
(o] in DPP 1V inhibitors (vildagliptin, saxagliptin)
HO FAPI-46 -
o N
o N
OH N (o) NH
N/ N/\ GHs '
F
OH K/ N ~ N N AN F
0 &
N 4,4-difluorosubstitution of

DOTA chelator

Possibility for complexation with
different radiometals for imaging
(%8Ga, ""In, %4Cu, ...) and therapy
(177Lu, 90y, 225A¢, el

PET imaging

Piperazinepropanamine linker
Improved tumor-to-organ ratios in

the cyanopyrrolidine ring

Higher FAP affinity and selectivity,

Quinoline ring |
slower intracellular washout

Strong FAP inhibition and
selectivity over other DPP

Fig. 1. Chemical structure and main structure activity relationships of FAPI-46.
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2.2. Preparation for radiolabeling of FAPI-46 with gallium-68

First, the synthesis module was equipped with a disposable cassette
according to the configuration described in Fig. 2. The GAIA® module is
equipped with 15 manifolds, a heating block that receives the reaction
vial, and a peristaltic pump to transfer liquids during the synthesis. If
needed during the assay, purification cartridges were properly pre-
conditioned, the corresponding eluents were prepared in syringes, and
both were connected to the cassette. Finally, the correct amount of FAPI-
46 (10-30 pL of 1 mg/mL aliquots in WFI) was added to 1.5 mL of the
desired buffer solution and connected to the cassette. Each reaction
conditions modification was studied by performing the related auto-
mated assay in triplicate, for a total of 45 runs. Values of RCP and RCY
obtained for each triplicate were expressed as mean =+ standard
deviation.

e To study the influence of the reaction buffer, FAPI-46 was dissolved
in a fixed 1.5 mL volume of different buffer solutions with strictly
controlled pH (see Table 1) before starting the automated synthesis.
To study the effects of a longer radiolabeling reaction time, the
duration of the heating step was doubled (16 min instead of 8 min).
To study the influence of an anti-radiolysis compound on the RCP
over time, the buffer solution was added with 0.1 mL of freshly
prepared ascorbic acid 10 mg/mL, gentisic acid 16 mg/mL or
methionine 10 mg/mL solution. To ensure that the final preparation
contained the same concentration of anti-radiolysis compound, the
8.6 mL of 0.9 % NaCl for terminal SPE cartridge elution were also
supplemented with 570 pL of the corresponding anti-radiolysis
compound solution. The stability of the final product [%®Ga]Ga-
FAPI-46 at room temperature was then monitored, measuring RCP
by radio-high-performance liquid chromatography (radio-HPLC) at
0.5, 1, 2, 3 and 4 h after the radiosynthesis.

To study the influence of the amount of vector, radiolabeling assays
were performed by adding 30, 20 or 10 pg of FAPI-46 in the buffer
solution before starting the automated synthesis.

To study the influence of the post-[*3Ga]Ga-FAPI-46 radiolabeling
purification step, the cassette installed on the synthesis module was
equipped with a solid phase extraction (SPE) cartridge (Sep-Pak®
Cig or Oasis® HLB, Waters, USA), sequential SPE and quaternary
methyl ammonium (QMA) cartridges (Waters Accell™ Plus QMA,
Waters, USA) or no purification cartridge. SPE cartridges were pre-
conditioned manually by washing successively with 5 mL of 96 % (v/

A _

Pressure €

sensor e
Radiation
“ detector 2 E &

B1 [|[B2 B3 B4 B5
Peristaltic pump

5 @ |
(&
Radiation detector 1 [M
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v) ethanol and 5 mL of WFL; QMA cartridges were preconditioned
manually by washing successively with 5 mL of potassium hydro-
gencarbonate 0.4 M and 5 mL of WFI.

2.3. Automated radiolabeling process of FAPI-46 with [68Ga]GaCl3

After initialization of the synthesis sequence, the module performs a
kit integrity test to prevent any leakage during preparation. Then, the
SPE cartridge is conditioned with WFI before the tubing lines are purged
with filtered air. FAPI-46 contained in 1.5 mL of buffer solution is
transferred to the reaction vial and the 3Ge/%®Ga generator is eluted
with 1.1 mL of 0.1 N HC], the unprocessed eluate being transferred to the
reaction vial pre-heated at 60 °C. The radiolabeling reaction proceeds
for 8 min at a temperature of 97 °C. The reaction medium is then
transferred to the SPE cartridge, with subsequent rinsing of the reaction
vial and tubing with 10 mL WFL Free 3Ga3*, not retained by the SPE
cartridge, is removed to the waste vial while [°8Ga]Ga-FAPI-46 is
trapped on the cartridge. The active substance is then eluted from the
cartridge to the product vial by alternating fractions of 60 % ethanol
(1.5 mL total) and 0.9 % NaCl (8.6 mL total). The majority of 68Ga
colloids potentially formed during radiolabeling is retained on the car-
tridge. Sterilizing filtration is ensured by a 0.22 p end filter (Millex®-GV
0.22 p 1.3 cm, Merk, NJ, USA); integrity of the filter is checked by the
module at the end of the preparation by a bubble point integrity test. The
overall process of [*®GalGa-FAPI-46 radiosynthesis with SPE purifica-
tion step is summarized in Fig. 3 and the detailed automated sequence is
provided in Supplementary materials.

2.4. Quality controls

2.4.1. TLC radiochemical purity assessment

Radio-thin layer chromatography (TLC) analyses were performed
using 2 iTLC-SG strips (2 cm x 10 cm). A small drop of [°8Ga]Ga-FAPI-
46 was placed on each strip 2 cm above the base line. The first strip was
placed in a development chamber containing aqueous 1 M ammonium
acetate in methanol (1:1) as mobile phase (conditions A); the second
strip was placed in a chamber containing aqueous 0.1 M sodium citrate
pH 5 as mobile phase (conditions B). The mobile phase was allowed to
migrate approximately 1 cm below the top end of the strip. It was then
removed from the chamber and placed into a TLC scanner (miniGITA®
Star, Elysia-Raytest, Germany) to determine the % areas of radioactivity
at the origin and at the solvent front, using the appropriate acquisition

Fig. 2. A. Synthesis scheme for the automated production of [*®Ga]Ga-FAPI-46 using a GAIA® module; the main elements of the cassette are pointed out, namely @
the reaction vial, @ the purification cartridge, ® the waste vial, @ the terminal filter and ® the product vial. B. Cassette mounted in the module, within the

shielded cell.
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Fig. 3. Flow-chart of the [®3Ga]Ga-FAPI-46 radiosynthesis process.

software (TLC Control v.2.30, Raytest, Germany) and analysis software
(GINA Star TLC™ v.6.0, Elysia-Raytest, Germany). In conditions A, R¢
(°8Ga colloids) = 0.0-0.2 and R; ([®®GalGa-FAPI-46 + %8Ga®") =
0.8-1.0. In conditions B, R¢ (*3Ga®") = 0.8-1.0 and R ([*®Ga]Ga-FAPI-
46 + %8Ga colloids) = 0.0-0.3.

2.4.2. HPLC radiochemical purity assessment

Radio-HPLC analyses were carried out on a Nexera X3 apparatus
(Shimadzu, Japan) using HPLC-grade solvents. The radio-HPLC station
consisted of a solvent degasser (DGU-405), a solvent pump (LC40D), an
autosampler (SIL-40) set at 20 pL injection volume, a column oven
(CTO-408S) set at 30 °C, a UV detector (SPD-40 190-700 nm) set at 254
and 280 nm and a radioactivity detector (GABI Nova with mid-energy
probe and 2 x 5 pL flow cell) connected in series. The stationary
phase was a C;3 ACE® Equivalence™ column, 3.0 x 150 mm, 110 A
pore size and 3 pm particles size. The flow rate was 0.6 mL/min and the
mobile phase gradient was programmed from 0.1 % TFA in water (A) to
0.1 % TFA in acetonitrile (B) as follow: 0-1 min 95/5 A/B; 1-8 min
linear gradient from 95/5 A/B to 60/40 A/B; 8-9 min 60/40 A/B; 9-10
min linear gradient from 60/40 A/B to 95/5 A/B; 10-12 min 95/5 A/B.
Radio-HPLC analyses were performed using the appropriate acquisition
and analysis software (Gina Star 10, Elysia-Raytest, Germany).

2.4.3. pH evaluation

During buffer solutions preparation, pH was controlled using both 2-
zones Rota pH 1-11 indicator paper (VWR, PA, USA) and MQuant® pH
2.5-4.5 indicator strips (Merk, NJ, USA). The pH of the final product
[®®GalGa-FAPI-46 was checked using only 2-zones Rota paper.

2.4.4. Determination of HEPES

The European Pharmacopoeia recently revised its specifications and
requires a limit of 500 pg per injected dose for HEPES content in ra-
diopharmaceuticals for parenteral administration (European Directorate

for the Quality of Medicines & Healthcare (Edqm), 2021, 2022). Thus,
the HEPES content was determined according to the standard TLC
method listed in European Pharmacopoeia monographs. The following
original TLC procedure, that was found more convenient and repro-
ducible, was also used after optimization and validation (see Supple-
mentary materials). Assuming that the maximum injectable volume
can’t exceed the final volume expected for the preparation (10.1 mL), a
49.5 pg/mL HEPES reference solution was prepared in a solvent mixture
identical to the final preparation composition, i.e. NaCl 0.9 %/etha-
nol/WFI (8.6:0.9:0.6). Two separate spots (40 pL) of the reference so-
lution and test solution (final [°®Ga]Ga-FAPI-46) were deposited with
capillary tubes on a TLC silica gel F254 plate coated on aluminum foil (4
cm x 6 cm) and dried during 10 min in a 37 °C oven. The TLC was then
developed in a chamber containing an acetone/water solution (4:1) as
the mobile phase. The development was stopped when the front of the
mobile phase was at 0.5 cm below the top end of the plate. Finally,
HEPES was visualized after treatment of the developed TLC plate by
exposure to iodine vapor. A 200 cm® hermetically sealed iodine chamber
containing 2 g of solid iodine and 8 g of silica was used; complete
burying of the TLC plate under the iodine/silica mixture for 5 min at
37 °C allowed optimal revelation. Any spot had to be less intense than
the reference solution spot, consequently containing an HEPES amount
lower than 49.5 pg/mL.

To confirm the HEPES content results obtained by TLC during
method validation, an HPLC method for HEPES concentration deter-
mination was also implemented (see Supplementary materials) accord-
ing to previously described procedures (Antunes et al., 2020; Migliari
et al., 2022). Briefly, this method was set up on the same HPLC station
used for radiochemical purity assessment. The mobile phase was 20 mM
ammonium formate pH 9.5 at a 0.3 mL/min isocratic flow rate, for a
total analysis time of 5 min. The injection volume was 20 pL and the UV
detection was set at 220 nm.
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2.5. Statistical analysis

Two-sided Wilcoxon rank sum test was used to compare triplicate
RCP or RCY values obtained under two different reaction conditions.
The p-value was used to estimate statistical significance.

3. Results and discussion

The fully-automated production of [°8GalGa-FAPI-46 was completed
in 24 min from the start of the synthesis to the delivery of the radio-
labeled compound in the product vial. Since the transposition of a
manual radiolabeling protocol on an automated module can require re-
design and re-development of the process (Pisaneschi and Viola, 2022;
Nelson et al., 2022), the study of several radiolabeling reaction pa-
rameters was directly conducted on automated syntheses. Therefore, the
corresponding RCP and RCY values measured by both TLC and HPLC
were compared. Of note, mean residual activity on the terminal filter
over the 45 assays was 2.6 + 1.4 MBq. Thus, it was considered negligible
and was not taken into account in RCY calculations.

Firstly, 6 buffer solutions were evaluated through a protocol using
30 pg of FAPI-46 and final purification by C;g SPE cartridge. Fig. 4
summarizes the results obtained under these conditions; details on the
distribution of the activity measured post-synthesis in the different
components of the cassette are provided in Supplementary data. Sodium
acetate 0.4 M pH 4 allowed only moderately good RCP, around 80 %,
associated with modest RCY between 25 and 37 %. As observed in the
literature, higher concentrations of this buffer is often associated with
better results (Velikyan et al., 2017, 2020; Garcia-Arguello et al., 2019;
Wagner et al., 2020). Ammonium acetate 0.1 M pH 4.5 slightly increased
RCP (around 90 %) but caused a significant drop in RCY (around 16 %)
due to a loss of activity in the reaction vial, in the waste vial and on the
Cyg cartridge. Sodium formate 1.5 M pH 3.5 slightly increased RCY
(29-42 %) but still resulted in an important loss of 68Gas+t (approxi-
mately 50 %) in the waste vial, despite proper control of pH in the re-
action medium. Similar results were observed with sodium ascorbate
0.4 M pH 4.5 (mean RCP around 96 % but mean RCY around 40 %). The
use of sodium succinate 0.5 M pH 4 led to a considerable improvement
of RCY (around 72 %) but was associated with poorly reproducible re-
sults, particularly for RCP controls by TLC. The best radiolabeling con-
ditions were identified with HEPES 0.3 M pH 4 that allowed high RCP

100.0
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and RCY (around 95 % and 74 %, respectively) with little variation
between the triplicate experiments. These excellent results are most
probably related to the weak ability of HEPES to complex with metal
ions (Ferreira et al., 2015), thus implying a wide use of this buffer in
58Ga radiolabeling, but generally at a 5-fold higher concentration
(Sammartano et al., 2020; Greiser et al., 2022; Hormann et al., 2022;
Migliari et al., 2023). Consequently, in our case, HEPES buffer was used
for all subsequent assays. Through final SPE purification, a significant
part of HEPES can be removed, with only traces remaining in the final
product. Hence, although the initial amount of HEPES in the reaction
medium was about 107 mg in 2.6 mL, a TLC control of the HEPES
content in the previous triplicate experiments consistently showed a
concentration in the final product around 10 pg/mL (quantified by HPLC
dosing method), below the Ph. Eur. threshold of 49.5 pg/mL (500 pg in
10.1 mL).

Increasing the reaction time from 8 to 16 min showed a slight
improvement in RCY (75.3 %-82.6 % in TLC and 73.3 %-79.8 % in
HPLC, respectively), although not statistically significant (p-values
>0.1). Mean RCP values remained excellent regardless of heating time
(96.9 % vs 97.6 % in TLC and 94.3 vs 95.1 in HPLC, respectively).
Therefore, in view of the short half-life of ®3Ga, a radiolabeling time of 8
min was maintained for the following assays.

As shown in Fig. 5, mean RCP of the [68Ga] Ga-FAPI-46 final product

100.0
98.0
96.0
94.0 l
92.0
90.0
88.0 i
86.0

RCP determined by HPLC (%)

Time (h)
--Gentisic acid =-Ascorbic acid -e-L-methionine HEPES only

Fig. 5. Time course of [®®Ga]Ga-FAPI-46 RCP measured by HPLC, with or
without anti-radiolysis compounds.
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Sodium formate Sodium succinate
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B RCP determined by HPLC (%)
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Fig. 4. Mean RCP and RCY values obtained by TLC and HPLC during the study of the influence of the reaction buffer on the radiolabeling of [°®Ga]Ga-FAPI-46.
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slightly decreased over time (from approximately 95 %-89 % over 4 h).
Addition of 0.1 mL ascorbic acid or methionine 10 mg/mL slightly
increased the stability of the final product over time, but only for early
time points (from 1 h to 3 h), as the mean RCP at 4 h was also around 90
% in these conditions. Of note, the alpha-amino acid motif of methionine
did not seem to form undesired complexes with °®Ga, as it can be
observed with glycine (Bianco et al., 1975). This is possibly due to the
electron-withdrawing effect of the thioether group, making the amine
and carboxylic acid protons more acidic, which would decrease the
stability of methionine metal complexes (Yamauchi and Odani, 1996).
Interestingly, a final concentration of 0.6 mg/mL gentisic acid in the
reaction medium and in the final product allowed slightly better RCP
over time (mean 97.2 % at 0.5 h with 4 % decrease over 4 h, vs around 6
% decrease over 4 h with ascorbic acid and methionine). Moreover,
mean RCY determined by HPLC was excellent in the presence of gentisic
acid, reaching the same 79.8 % value than with 16 min heating time. As
a strong antioxidant and free-radical scavenger (Joshi et al., 2012),
gentisic acid was first used as a radiostabilizer in *™Tc radiopharma-
ceuticals (Tofe et al., 1980; Ballinger et al., 1981) and showed particular
relevance in the labeling of radiosensitive compounds, such as peptides
or proteins (Liu and Edwards, 2001; Trindade and Balter, 2020). Also
reported in automated %Ga radiolabeling protocols (Velikyan et al.,
2017, 2020; Haskali, 2019; Wagner et al., 2020), gentisic acid was
retained for the preparation of [¥Ga]Ga-FAPI-46 as it slightly improves
the overall synthesis outcome (e.g. the RCP values obtained by TLC, see
Fig. 6).

Lower amounts of FAPI-46 involved in the reaction were then
investigated in order to increase specific activity (SA, i.e. the amount of
radioactivity per unit mass of FAPI-46) of the final product. As a
receptor-binding radiopharmaceutical, [*8Ga]Ga-FAPI-46 would benefit
from a high SA, which would be associated with optimal biodistribution
and homogeneous target binding intensity (Kiessling et al., 2017). For
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SA calculations, the total mass of peptide involved in the radiolabeling
was considered as recovered, and the part of activity effectively vec-
torized was considered as the total activity in the product vial adjusted
by the RCP. Radiolabeling assays with 30 pg FAPI-46 logically yielded
modest SA values, around 12 MBq/pg. The use of 20 ug FAPI-46
increased the SA values by 40 % (~17 MBq/pg) while the use of only
10 pg FAPI-46 increased the SA of the final product by approximately
2.5 fold (around 30 MBq/pg). Nevertheless, this decrease in the amount
of vector resulted in lower RCP (especially in HPLC) and therefore
reduced RCY, as displayed in Fig. 7. One of the possible reasons for
decreased RCP associated with smaller amounts of vector has been
identified in HPLC, with the formation of a radioactive impurity
(Radio-impurity 2 in Fig. 8) in all the more important proportions that
the amount of FAPI-46 engaged in the reaction was low. Therefore, more
efficient reaction conditions were preferred over increased SA and 30 pug
FAPI-46 were used for the subsequent assays. This amount is comparable
(Spreckelmeyer et al., 2020a) or lower (Alfteimi et al., 2022; Nader
et al., 2022) to those reported in the literature; in addition, reduced
amounts of FAPI-46 may be specifically considered in particular cases, e.
g. if the radiolabeling protocol needs to be adjusted for preclinical ap-
plications (International Atomic Energy Agency, 2023). Moreover, as
the experiments were conducted with a 7 months-old ®3Ge/®%Ga
generator (7 months past its 1.85 GBq activity reference time), higher SA
values can reasonably be expected with a generator of higher
calibration.

Finally, the purification applied to the reaction medium following
radiolabeling was studied. Without purification, about 15 % of free
58Ga’" and radio-impurities was found in the final product (Table 2,
Fig. 9A), encouraging the set-up of a post-synthesis "bind-and-elute"
approach involving a SPE cartridge. The use of either a Sep-Pak® C;g
(containing a silica-based, trifunctionally bonded C;g solid phase) or an
Oasis® HLB (containing a hydrophilic-lipophilic balanced copolymeric
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Fig. 7. Activity distribution in the cassette and mean RCP and RCY values
obtained by radio-TLC and radio-HPLC depending on the amount of FAPI-46
used for the radiolabeling reaction.

solid phase) cartridge allowed comparable high RCP and RCY, with
slightly better results obtained after C;g purification (Fig. 9B). Note-
worthy, only negligible amounts of radioactivity (around 6 MBq)
remained on both cartridges type after elution with 1.5 mL of 60 %
ethanol and 8.6 mL of 0.9 % NaCl alternating. A technique associating
sequential SPE and QMA cartridge already reported in the literature (Da
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Pieve et al., 2022) was also investigated, in order to retain the unlabeled
FAPI-46 via the free carboxylate arms of the DOTA chelator and thus
increase SA. RCP values obtained with this method and with a single
Sep-Pak® C;g cartridge were comparable (~97 %) but with a slightly
cleaner HPLC profile using the Sep-Pak® C;g alone (Fig. 9B and C). This
dual-cartridges methods that could increase SA would be, as mentioned
above, particularly appropriate for preclinical applications. Thus, in
view of the excellent results obtained with Sep-Pak® C;g alone, this
terminal purification method was chosen as the most convenient and
effective. This is the most widely reported SPE technique in the litera-
ture, especially for automated radiolabeling protocols of small mole-
cules such as [®®Ga]Ga-RGD derivatives (Pohle, 2012; Martin, 2014),
[°8Ga]Ga-PSMA-11 (Reverchon et al., 2020; Kleynhans et al., 2020;
Calderoni et al., 2020) or [68Ga] Ga-pentixafor (Sammartano et al., 2020;
Spreckelmeyer et al., 2020b; Daniel et al., 2023). Nevertheless, some
methods indicate the use of Oasis HLB cartridges, particularly for ®®Ga
radiolabeling of FAPI-46 (Alfteimi et al., 2022; Da Pieve et al., 2022;

Table 2
Influence of the terminal SPE purification method on the RCP and RCY of [°8Ga]
Ga-FAPI-46 preparations.

Cartridge(s) Mean residual TLC measurements HPLC measurements
activity on the
cartridge
MBq % Mean Mean Mean Mean
+ SD + RCP + RCY + RCP + RCY +
SD SD (%) SD (%) SD (%) SD (%)
None - - 85.5 + 82.0 + 85.1 + 81.6 +
3.9 4.0 2.8 3.0
Sep-Pak® C18 57 + 1.3 98.1 + 80.6 + 97.3 + 79.9 +
0.5 + 0.7 3.3 0.6 3.4
0.1
Oasis® HLB 7.0 + 1.8 98.2 + 733+ 98.4 + 73.4 +
0.6 + 0.4 1.0 0.3 1.0
0.2
Sep-Pak® C18 6.0 + 1.5 96.4 + 80.1 + 98.3 + 81.7 +
+ QMA 0.5 + 2.8 1.5 0.6 1.3
(sequential) 135 0.1
+ 1.0 3.3
+
0.2

Radio-impurity 1

%8Ga-FAPI-46

30 pg FAPI-46

20 pg FAPI-46

Radio-impurity 2

10 ug FAPI-46

Fig. 8. Radio-HPLC chromatograms showing the RCP of [®®GalGa-FAPI-46 after purification, depending on the amount of vector involved in the radio-

labeling reaction.
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Nader et al., 2022).

Overall, the best ®®Ga radiolabeling conditions for FAPI-46 were
identified as 30 pg of vector, HEPES buffer 0.3 M pH 4, 8 min heating
and purification on a Sep-Pak® Cjg cartridge. Mains quality controls
results for three [°®Ga]Ga-FAPI-46 test batches using these conditions
are presented, in Table 3. One of the limitations of this automated
sequence is its suitability only for the GALLI AD® generator and its 1.1
mL eluate. Nevertheless, if another generator should be used (e.g. Gal-
liapharm®), it would be conceivable to add during the first part of the
automated synthesis an additional post-elution processing step
involving a strong cation exchange (SCX) cartridge that would be eluted
with 1.1 mL of NaCl 5 M in HCI 0.1 N (Martin, 2014). This extra step
would overcome the initial volume of the ®Ga solution and eliminate
metallic impurities in the eluate resulting from the column, the eluent or
the nuclear decay of 68Ga that could, if present, interfere with the la-
beling reaction (Meyer et al., 2004; Velikyan, 2015; Zhernosekov et al.,
2007).
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Table 3

Mains quality control results for three [*®Ga]Ga-FAPI-46 test batches using the
optimal reaction conditions (30 pg of vector, HEPES buffer 0.3 M pH 4, 8 min
heating and SPE purification on a Sep-Pak® C18 cartridge).

Test Batch 1 Batch 2 Batch 3
Appearance Clear, colorless Clear, colorless Clear, colorless
solution solution solution

pH 6 6 6

Radiochemical purity

[*®Ga]Ga-FAPI-46 97.9 % 97.2 % 96.7 %
(HPLC)

Free gallium-68 (HPLC) 0.1 % 0.3% 0.3%

[®8Ga]gallium 2.0 % 2.5 % 3.0 %
impurities (HPLC)

[°®Ga]Ga-FAPI-46 (TLC)  98.4 % 98.6 % 97.3 %

[®8Ga]gallium 1.6 % 1.4 % 2.7 %
impurities (TLC)

Filter integrity test Passed Passed Passed

Radioactivity 397 MBq 363 MBq 350 MBq

Specific activity 13.2 MBq/pg 12.1 MBq/pg 11.7 MBq/pg

Molar activity

11.7 GBq/pmol

10.7 GBq/pmol

10.4 GBq/pmol

Radiochemical yield 83.9 % 80.5 % 77.2 %
(TLC)

(HPLC) 83.4 % 79.3 % 76.7 %

Stability over 4h >91.6 % >93.6 % >94.4 %
(HPLC)

4. Conclusion

Molecular imaging of the tumor microenvironment by targeting FAP
has shown an undeniable interest in both oncology and non-cancer
diseases. This is illustrated by the recent development of innovative
vector molecules in this application (Greifenstein et al., 2022), some
with potential theranostic purposes (Bartoli et al., 2022). In the present
work, an optimized protocol for automated production of [*®Ga]
Ga-FAPI-46 on a GAIA® synthesis module was developed through an
in-depth study of several reaction parameters. The automated process
being GMP-compliant, the use of GMP-grade FAPI-46 associated with
the development and validation of additional quality controls (sterility,
bacterial endotoxins and generator radionuclidic purity) would allow
translation to the clinic.
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