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Abstract 

Background:  Fibroblast activation protein (FAP) is overexpressed in the stroma of 
many types of cancer. [18F]AlF-FAPI-74 is a positron emission tomography tracer with 
high selectivity for FAP, which has already shown high accumulation within human 
tumors in clinical studies. However, [18F]AlF-FAPI-74 radiosynthesis has not been 
optimized using an automated synthesizer. Herein, we report a one-pot and one-step 
automated radiosynthesis method using a multi purpose synthesizer.

Results:  Radiosynthesis of [18F]AlF-FAPI-74 was performed using a cassette-type 
multi purpose synthesizer CFN-MPS200. After the recovery rate of trapped [18F]fluoride 
onto the anion-exchange cartridge using a small amount of eluent was investigated 
manually, a dedicated [18F]AlF-FAPI-74 synthesis cassette and synthesis program for 
one-pot and one-step fluorination was developed. The solutions for the formulation 
of [18F]AlF-FAPI-74 synthesized using this were evaluated to obtain stable radiochemi-
cal purity. The recovery rate of [18F]fluoride with only 300 µL of eluent ranged 90 ± 9% 
by introduction from the male side and elution from the female side of the cartridge. 
In automated synthesis, the eluted [18F]fluoride and precursor solution containing 
aluminum chloride were mixed; then, fluorination was performed in a one-pot and 
one-step process at room temperature for 5 min, followed by 15 min at 95 °C. As a 
result, the radioactivity of [18F]AlF-FAPI-74 was 11.3 ± 1.1 GBq at the end of synthesis 
from 32 to 40 GBq of [18F]fluoride, and its radiochemical yield was 37 ± 4% (n = 10). The 
radiochemical purity at the end of the synthesis was ≥ 97% for all formulation solutions. 
When the diluent was saline, the radiochemical purity markedly decreased after 4 h of 
synthesis. In contrast, with phosphate-buffered saline (pH 7.4) or 10 mM phosphate-
buffered saline (pH 6.7) containing 100 mg of sodium ascorbate, the radiochemical 
purity was stable at 97%. Non-radioactive AlF-FAPI-74 and total impurities, including 
non-radioactive AlF-FAPI-74, were 0.3 ± 0.1 µg/mL and 2.8 ± 0.6 µg/mL. Ethanol con-
centration and residual DMSO were 5.5 ± 0.2% and 21 ± 6 ppm, respectively.

Conclusions:  We established a one-pot one-step automated synthesis method using 
a CFN-MPS200 synthesizer that provided high radioactivity and stable radiochemical 
purity for possible clinical applications.
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Background
The fibroblast activation protein (FAP) has already been shown to be expressed at low levels 
in normal tissues but is highly expressed in the stroma of many cancer types (Brennen et al. 
2012; Hamson et al. 2014). It has already been reported that compounds with high selectiv-
ity for FAP, such as FAPI-02, FAPI-04, and FAPI-46, are useful for diagnosis using labeled 
positron emitters (64Cu or 68 Ga) and treatment with labeled alpha or beta emitters (64Cu, 
225Ac, 90Y, or 153Sm) for cancer, namely theranostics (Giesel et al. 2019; Kratochwil et al. 
2019; Watabe et al. 2020; Kratochwil et al. 2021). Among these, [68Ga]FAPI-46 has already 
established automation using a synthesizer for clinical application; however, 68Ga used for 
radio-labeling was supplied by a 68Ge/68Ga generator (Spreckelmeyer et al. 2020). There-
fore, the radioactivity obtained is low (700–1700 MBq at the end of synthesis [EOS]) and, as 
its half-life is 68 min, the number of positron emission tomography (PET) scans per day is 
thus limited, and delivery to remote areas is also difficult.

FAPI-74 has recently attracted attention as a target for theranostics. [18F]AlF-FAPI-74 
and [68Ga]FAPI-74 have already shown high accumulation within human tumors in clinical 
studies (Giesel et al. 2021). FAPI-74 is a compound with 1,4,7-triazacyclononane-N, N’,N’-
triacetic acid (NOTA) bound as a chelating agent, which enables the labeling of 68Ga and 
18F via a complex with aluminum ([18F]AlF), as previously reported (McBride et al. 2009; 
Malik et al. 2015; Boschi et al. 2016; Allott et al. 2017; Kersemans et al. 2018; Tshibangu 
et al. 2020). When obtaining a large amount of [18F]AlF-FAPI-74 using [18F]AlF, automated 
synthesis is essential for radiation protection; however, this has not been optimized with a 
small amount of reaction solution using an automated synthesizer. The important points for 
transferring the procedure optimized by Giesel et al. for manual synthesis to the automated 
synthesizer were: (1) the collection procedure of produced [18F]fluoride into the reactor 
with a high recovery rate using a small amount of eluent (300 µL), (2) the method of add-
ing a small amount of reagent (4–300 µL) for fluorination and the fluorination procedure 
simplify, and (3) the composition of the formulation solution to obtain stable radiochemi-
cal purity (RCP) at high radioactivity to ensure that sufficient time is available for in-house 
clinical research (4 h following the synthesis) (Giesel et al. 2021). In 1) of important point, 
since it has been reported that elution of [18F]fluoride from QMA column is insufficient at 
an amount of 300 µL (Kersemans et al. 2018), we need to select the type of QMA column, 
the sorbent amount, and the direction of introduction and elution into the column with ref-
erence to the back-flush protocol used by other study (Zlatopolskiy et al. 2015).

In this study, we report the establishment of a one-pot and one-step automated radiosyn-
thesis method using a multi purpose synthesizer CFN-MPS200 (Sumitomo Heavy Indus-
tries, Tokyo, Japan) that achieves the above-mentioned important points.

Methods
General

For the production of [18F]fluoride, CYPRIS HM-18 manufactured by Sumitomo 
Heavy Industries was used, and [18O]H2O as the target water was purchased from 
Rotem (> 98 atom%, Mishor Yamin, Israel). The Cupid System (Sumitomo Heavy 



Page 3 of 12Naka et al. EJNMMI radiopharm. chem.            (2021) 6:28 	

Industries, Tokyo, Japan) was also used to control the CFN-MPS200 in the automated 
synthesis of [18F]AlF-FAPI-74 and N2 gas (> 99.9999%) supplied to synthesizer was 
purchased from Taiyo Nippon Sanso (Tokyo, Japan).

The reagents used for the synthesis of [18F]AlF-FAPI-74 were purchased from the 
following suppliers; ultrapure water (ultrapure grade) and ethanol (trace analysis 
grade) from Kanto Chemical (Tokyo, Japan), dimethyl sulfoxide (DMSO, Molecu-
lar Biology grade) from FUJIFILM Wako Pure Chemical (Osaka, Japan), aluminum 
chloride hexahydrate (AlCl3 6H2O, ReagentPlus®) from Sigma-Aldrich (St. Louis, 
MI, USA), ascorbic acid (Biotechnology grade) from Nacalai Tesque (Kyoto, Japan), 
sodium ascorbate (USP grade) from Spectrum (New Brunswick, NJ, USA) and phos-
phate-buffered saline (pH 7.4) from ABX (Radeberg, Germany). These reagents were 
used without purification. Water for injection (WFI) and isotonic sodium chloride 
solution (saline) were all Japanese Pharmacopeia grade and were purchased from 
Otsuka Pharmaceutical (Tokyo, Japan). FAPI-74 precursors and a reference standard 
for [18F]AlF-FAPI-74 were provided by SOFIE (Dulles, VA, USA) (Fig.  1). Sep-Pak® 
Accell™ Plus QMA Plus Light cartridge (130  mg sorbent per cartridge), Sep-Pak® 
Accell™ QMA carbonate Plus Light Cartridge (46  mg sorbent per cartridge), and 
Oasis® Light HLB cartridges were purchased from Waters (Milford, MA, USA). For 
the quality control, high-performance liquid chromatography (HPLC) column and 
thin layer chromatography (TLC) plate were made by Merck (Kenilworth, NJ, USA).

Recovery of [18F]fluoride from QMA cartridges (manual operation)
Two types of QMA cartridges were preconditioned with 10  mL of 0.5  M sodium 
acetate buffer (pH 3.95 ± 0.05) and 20  mL of WFI. [18F]Fluoride was obtained by 
irradiating the proton beam to [18O]H2O using an 18  MeV energy cyclotron. After 
diluting part or all of the target water, containing [18F] fluoride, with 1–6 mL of WFI, 
1–2 mL (ca. 20–1600 MBq) was introduced from the male or female side of the QMA 
cartridge. Then, 0.3 mL of 0.5 M sodium acetate buffer (pH 3.95 ± 0.05) was passed 
through the male or female side of the cartridge to recover [18F]fluoride. The recovery 
rate was calculated from the introduced radioactivity from male or female side (sum 
of the radioactivity that was retained in the QMA cartridge and the radioactivity that 
passed through it) and the radioactivity recovered from the male side or female side 
of the QMA cartridge.

(a) (b)

Fig. 1  Structures of the FAPI-74 precursor and the reference standard of AlF-FAPI-74. a The precursor was 
bound 1,4,7-triazacyclononane-N, N′,N′-triacetic acid (NOTA) as a chelating agent. b The reference standard 
of AlF-FAPI-74
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Radio‑synthesis of [18F]AlF‑FAPI‑74 with the automated‑synthesizer
For the synthesis of [18F]AlF-FAPI-74 on CFN-MPS200, previously known conditions 
have been adapted (Giesel et al. 2021). An automated synthesizer for the radiosynthesis 
of [18F]AlF-FAPI-74 was used as a single-use cassette-type CFN-MPS200 controlled by 
the Cupid System. Silicon was used as the material for the cassette, and a new systematic 
diagram was created specifically for [18F]AlF-FAPI-74 synthesis (Fig. 2). The process is 
described as follows.

[18F]Fluoride was recovered from the cyclotron to an 18O-water recovery vial and 
then loaded onto a QMA cartridge preconditioned with 10 mL of 0.5 M sodium ace-
tate buffer (pH 3.95 ± 0.05) and 20 mL of ultrapure water from the cartridge male side 
via VP3 and VP4 under vacuum and 50 mL/min N2 gas and discarded to 18O-water 
waste liquid vial via VP5 and VP7. The [18F]fluoride on QMA cartridge was eluted 
with 300 µL of 0.5 M sodium acetate buffer (pH 3.95 ± 0.05) from the female cartridge 
side via VP6 and VP5 using a vacuum and collected into a glass reactor (Nichiden-
Rika Glass, Hyogo, Japan) via VP4 to VP37. Further, the precursor mixture for one-
step fluorination was added into the reactor via VP36 and VP37 using vacuum and 
then mixed with 50 mL/min N2 gas. The precursor mixture was composed of 300 µL 
of DMSO, 6 µL of 10 mM aluminum chloride aq. solution, 4 µL of 20% w/v ascorbic 
acid (aq.) solution, and 20 µL of 4  mM FAPI-74 precursor aq. solution. The radio-
fluorination was carried out continuously for 5 min at room temperature, followed by 
15 min at 95 °C with a closed system (Fig. 3). After cooling the reactor, the reaction 
mixture was transferred to a dilution vial where 9 mL of saline was added beforehand 
via VP37 to VP42 using 100 mL/min N2 gas flow. To collect the remaining radioactiv-
ity in the reactor and transfer line, 1 mL of saline was added to the reactor via VP9 to 
VP37 under vacuum and then transferred to the dilution vial via the same route. The 
dilution solution was passed through the HLB cartridge preconditioned with 5  mL 
ethanol and 20  mL of ultrapure water via VP42 and VP43 with 50  mL/min N2 gas 
flow, then discarded to waste liquid vial via VP44 and VP45. The HLB cartridge was 

Fig. 2  Systematic diagram of [18F]AlF-FAPI-74 with cupid system
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washed with 3 mL of saline via VP10 to VP43 with 50 mL/min N2 and discarded to 
waste liquid vial via VP44 and VP45. Trapped [18F]AlF-FAPI-74 onto the HLB car-
tridge was collected into a formulation vial containing 14 mL of formulation solution 
using 1  mL of ethanol with 50  mL/min N2 gas flow via VP13 to VP44 and VP43 to 
VP12. This time, seven different formulation solutions containing saline were tested 
to find a composition that would prevent radiolysis and would be stable until 4  h 
after the synthesis: saline, saline containing 10 mg ascorbic acid and 90 mg sodium 
ascorbate (pH 5.0), saline containing 100 mg sodium ascorbate, commercially avail-
able phosphate-buffered saline (pH 7.4), phosphate-buffered saline (pH 7.4) contain-
ing 100 mg sodium ascorbate, 10 mM phosphate-buffered saline (pH 6.7), and 10 mM 
phosphate-buffered saline (pH 6.7) containing 100 mg sodium ascorbate.

Quality control for [18F]AlF‑FAPI‑74
All radioactivity, including [18F]AlF-FAPI-74, was measured using a dose calibrator. 
Measurement of the radiochemical purity, non-radioactive AlF-FAPI-74 (AlF-FAPI-74), 
and chemical impurities were carried out using an SPD-20A ultraviolet (UV) detec-
tor (λ = 264  nm) using a Shimadzu HPLC system and a Gabi-Star radioactivity detec-
tor (Elysia-Raytest, Straubenhardt, Germany). A Chromolith performance RP-18e 
(100 mm × 4.6 mm) as an analysis column was selected, and the mobile phase was ace-
tonitrile (solvent A) and 0.1% trifluoroacetic acid (solvent B) in gradient mode; its condi-
tion was at 95% of solvent B from 0 to 3 min and then at 95% to 50% from 3 to 15 min. 
The method was calibrated using AlF-FAPI-74 as the reference standard (Linearity in 
the range from 0.05 to 20  µg/mL and the coefficient of determination of > 0.995 were 
confirmed). [18F]AlF-FAPI-74 was determined based on the retention time (RT) of the 
reference standard and the amount of carrier AlF-FAPI-74 calculated by calibration; the 
amount of all other chemical impurities was calculated based on the same calibration 
assuming similar extinction coefficients as AlF-FAPI-74. The set value of the column 
oven was 30 °C, and the flow rate was 2.0 mL/min.

Residual [18F]fluoride and [18F]AlF were analyzed using a radio-TLC analyzer, mini-
Gita (Elysia-Raytest, Straubenhardt, Germany). The TLC plate used was HPTLC Silica 
gel 60 RP-18 and 1 v/v% phosphoric acid in saline/acetonitrile (50/50) as a developing 
solvent was filled in the tank for more than an h before the plate was deployed.

The residual DMSO and ethanol contents were measured using a flame ionization 
detector of a Shimadzu GC system. A DB-624 30 m × 0.32 mm, 1.8 µm (Agilent, Santa 
Clara, CA, USA) as an analysis column was selected and split injection mode (split 
ratio = 30:1). The carrier gas (helium) was 2  mL/min, and the column, injector, and 
detector temperatures were 40 °C for 5 min to 200 °C (20 °C/min) for 3 min, 200 °C, and 
250 °C, respectively.

Fig. 3  Reaction schema of [18F]AlF-FAPI-74 with one-pot and one-step radio-synthesis
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pH adjustment of buffers, etc., was performed using a pH meter with electrodes set for 
low volume (HORIBA, Kyoto, Japan), calibrated with pH standard buffer solution before 
use.

Results
The recovery rate of [18F]fluoride from the QMA cartridge by manual operation is 
shown in Table 1. In both cartridges, the recovery rate of [18F]fluoride when input and 
output were introduced from the female side were 24% ± 6% and 23% ± 2%, respectively, 
and most of the radioactivity remained in the QMA cartridges (approximately 70%, data 
not shown). On the other hand, when input and output were introduced from the oppo-
site side, especially when the input was male and the output was female, a high recovery 
rate of 90% ± 9% was obtained with a QMA cartridge (130 mg).

As a result of automated-synthesis with CFN-MPS200, [18F]AlF-FAPI-74 was obtained 
with a radioactivity of 11.3 ± 1.1  GBq at the EOS, and a synthesis time of 31  min on 
average. The radiochemical yield of [18F]AlF-FAPI-74 was 37.0% ± 4.3%, and the resid-
ual radioactivity in the QMA cartridge (130 mg with automated synthesis) was 2.3% on 
average of the total radioactivity (Table  2). The radiochemical purity was ≥ 97% in all 
formulated solutions at the EOS, AlF-FAPI-74 and sum of chemical impurities includ-
ing AlF-FAPI-74 in the solutions were 0.3 ± 0.1 µg/mL and 2.8 ± 0.6 µg/mL, respectively 
(Fig.  4). In the residual [18F]fluoride and [18F]AlF, there was no peak of ≥ 1% near the 

Table 1  Recovery of [18F]Fluoride from QMA cartridge under various conditions in manual 
operation

QMA types Input of [18F]fluoride Output of [18F]fluoride Recovery rate (%)

QMA cartridge, 130 mg Female to male Female to male 24 ± 6 (n = 4)

Female to male Male to female 82 ± 24 (n = 5)

Male to female Female to male 90 ± 9 (n = 14)

QMA carbonate cartridge, 46 mg Female to male Female to male 23 ± 2 (n = 3)

Male to female Female to male 78 ± 7 (n = 3)

Table 2  Distribution of radioactivity after automated-synthesis of [18F]AlF-FAPI-74 using CFN-
MPS200

(n = 10)

Measured point Radioactivity 
distribution (%)

Product vial ([18F]AlF-FAPI-74) 37.0 ± 4.3
18O-Water recovery vial 3.1 ± 1.4

QMA cartridge, 130 mg 2.3 ± 1.3
18O-Water waste liquid vial 0.7 ± 1.0

Reactor 8.6 ± 1.5

Dilution vial 0.5 ± 0.2

HLB cartridge 0.3 ± 0.1

Waste liquid vial 45.9 ± 4.0

Formulation vial 0.7 ± 0.4

Synthesis cassette 1.0 ± 0.3
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origin of the TLC plate at the EOS (Fig.  5). On the other hand, solution of the waste 
liquid vial after the purification showed that more than 95% of the peaks were located 
near the origin. The results of radiochemical purity measurements with HPLC up to 4 h 
after synthesis are shown in Table 3. When saline was used as the formulation solution, 
a decrease in radiochemical purity was observed over time. Three hours after the first 
analysis, the radiochemical purity was less than 95%, and after 4 h, the radiochemical 
purity was clearly degraded (n = 2). In the case of saline containing 100 mg of sodium 
ascorbate (n = 1), the radiochemical purity was maintained above 95% even after 4  h. 
However, when saline containing 10  mg ascorbic acid and 90  mg sodium ascorbate 
(pH 5.0) (n = 1) or commercially available phosphate-buffered saline (pH 7.4) (n = 1) or 
10  mM phosphate-buffered saline (pH 6.7) (n = 1) were used as the formulation solu-
tion, a gradual decrease in radiochemical purity was observed over time. This was main-
tained above 95% after 3 h; however, after 4 h, it was nearly 95% or less. In contrast, by 
using a solution of commercially available phosphate-buffered saline (pH 7.4) containing 
100 mg sodium ascorbate (n = 1) or 10 mM phosphate-buffered saline (pH 6.7) contain-
ing 100 mg sodium ascorbate (n = 3), it was confirmed that the [18F]AlF-FAPI-74 solu-
tion was stable with a radiochemical purity of 97%, even following 4 h of synthesis. The 
residual DMSO and ethanol content calculated from standard solutions of known con-
centrations were 21 ± 6 ppm and 5.5 ± 0.2 v/v%.

Discussion
In general, the introduction and elution of [18F]fluoride into the QMA cartridge were 
performed from the same side (mainly female side), but in this case, we were able to 
obtain a high recovery rate of [18F]fluoride (90 ± 9% in the manual procedure or residual 
radioactivity onto the QMA cartridge was 2.3 ± 1.3% with an automated synthesizer) by 
using a small amount of eluent (0.5 M sodium acetate buffer, pH 3.95 ± 0.05, 300 µL), 
using the male side for introduction and the female side for elution. In the report by 
Kersemans et al., elution from a QMA cartridge using 300 µL of 0.5 M sodium acetate 
was approximately 60% (Kersemans et al. 2018), indicating that this procedure was use-
ful for the recovery of [18F]fluoride at low amounts of the eluent. By introducing the 
eluent from the opposite side of the QMA cartridge, the [18F]fluoride trapped in the 
sorbent near the inlet of the cartridge was prevented from diffusing (or diluting) into the 
sorbent up to the outlet. Hence, we believe that a high recovery rate could be obtained 
with a small amount of eluent. In addition, in the radiosynthesis of 18F-tracers by CFN-
MPS200, VP4 to VP7 were used as lines to connect reagent vials, and we were able to 
establish a new platform for radiosynthesis by [18F]AlF by connecting the QMA car-
tridge and 18O-Water waste liquid vials to these lines.

In the procedure by Giesel et  al., fluorination was carried out in two steps (Giesel 
et al. 2021). Namely, that [18F]fluoride collected to the reactor (300 µL) was mixed with 
10 mM AlCl3 (6 µL) in DMSO (300 µL) and was fluorinated at room temperature for 
5  min (production of [18F]AlF), then 4  mM FAPI-74 precursor (20 µL) was added to 
this reactor and was performed a second round of fluorination at 95 ℃ for 15 min (pro-
duction of [18F]AlF-FAPI-74). However, when this manual procedure is transferred to 
a CFN-MPS200, a two-step reaction must be performed with two reactors (two-pot). 
Because it is difficult to transfer 20 µL of FAPI-74 precursor solution from the reagent 
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Fig. 4  HPLC chromatograms of [18F]AlF-FAPI-74 with 10 mM phosphate buffered saline (pH 6.7) 
containing 100 mg sodium ascorbate as a formulation solution at the end of synthesis (EOS). a The typical 
radio-chromatogram of [18F]AlF-FAPI-74 solution. A similar chromatogram was shown in other formulation 
solutions and its radiochemical purity was ≥ 97%. b The typical ultraviolet (UV)-chromatogram (λ = 264 nm) 
of [18F]AlF-FAPI-74 solution. In the chromatogram, retention time (RT) 6.050 min was judged to be AlF-FAPI-74 
based on the RT obtained from the AlF-FAPI-74 reference standard (c) and there is a time difference of 
approximately 0.3 min with the radioactivity detector. RT 6.519 min was judged to be FAPI-74 precursor 
based on prior analysis, and the remaining two peaks (RT 5.408 min and 5.878 min) were unknown impurity 
peaks. c The typical UV-chromatogram (λ = 264 nm) of AlF-FAPI-74 reference standard of 10 µg/mL (RT 
6.039 min)
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vial to the reactor with high reproducibility, it is necessary to add it to the second reac-
tor in advance. Therefore, the synthesis time will be longer and the loss of radioactivity 
will be higher because of the multiple steps involved. In addition, The FAPI-74 precur-
sor solution will be added just prior of synthesis to the reactor, which makes it difficult 
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Fig. 5  TLC chromatograms of [18F]AlF-FAPI-74 with 10 mM phosphate buffered saline (pH 6.7) containing 
100 mg sodium ascorbate as a formulation solution. [18F]fluoride or [18F]AlF peak is appeared near the origin 
(Rf = 0) and Rf of [18F]AlF-FAPI-74 is approximately 0.6–0.7

Table 3  Stability of [18F]AlF-FAPI-74 for each formulation solution

EOS, end of synthesis

Formulation solution Elapsed time after 
synthesis (hr)

Batch 0 (EOS) 2 3 4

Radiochemical purity 
(%)

Saline

No. 1 98 96 79 54

No. 2 97 96 94 89

Saline containing 10 mg ascorbic acid and 90 mg sodium ascorbate (pH 5.0) 98 97 96 95

Saline containing 100 mg sodium ascorbate 98 97 97 96

Commercially available phosphate buffered saline (pH 7.4) 98 96 96 95

10 mM phosphate buffered saline (pH 6.7) 98 96 95 89

Commercially available phosphate buffered saline (pH 7.4) containing 100 mg 
sodium ascorbate

98 97 97 97

10 mM phosphate buffered saline (pH 6.7) containing 100 mg sodium ascorbate

No. 1 98 97 97 97

No. 2 98 97 97 97

No. 3 98 97 97 97
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to leak test and flow test in the route of synthesis cassette. We solved this challenge by 
using a mixed solution of all the reagents for the fluorination. In the fluorination with a 
mixture of precursor and AlCl3 solutions, low radiochemical yields as well as a decrease 
in radiochemical purity due to radioactive by-products have been reported by McBridge 
et  al. and Kersemans et  al. (McBride et  al. 2009; Kersemans et  al. 2018). In contrast, 
Allott et  al. reported that the addition of 9.5  M ascorbic acid to the reaction mixture 
during fluorination prevents side reactions and radiolysis (Allott et al. 2017). Therefore, 
in this study, we added 4 µL of 20% ascorbic acid solution (0.8 mg), and the composi-
tion of the other reagents was kept the same as those in manual synthesis because it 
may affect the labeling rate (D’Souza et al. 2011; Kersemans et al. 2018). In the one-pot 
and one-step radio-synthesis of [18F]AlF-FAPI-74, radiolabeling was performed at 95 °C 
for 15 min via a reaction at room temperature for 5 min after mixing the [18F]fluoride 
and precursor solution including ascorbic acid, a stable and acceptable radiochemical 
yield of 37.0 ± 4.3% was obtained, and its radiochemical purity was ≥ 97% at the EOS. 
The details of the two step synthesis, including its radiochemical yield, radiochemical 
purity, or synthesis time, have not been reported. However, in addition to the reduction 
of synthesis time skipping the reagent loading in the one step synthesis, in our results of 
each manual synthesis, the radiochemical yield (calculated from trapped radioactivity 
on a QMA cartridge) and radiochemical purity of one step and two step synthesis were 
comparable (46.0% vs. 49.7 ± 5.3% and ≥ 95). Therefore, a simple procedure and short 
synthesis time could be achieved without decreasing the radiochemical yield and radio-
chemical purity.

In the UV chromatogram of the [18F]AlF-FAPI-74 solution, two unknown peaks 
were observed. Although the formation of metal complexes such as [Al3+]FAPI-74 and 
[AlOH2+]FAPI-74 has been reported in radiolabeling using [18F]AlF (McBride et  al. 
2010; D’Souza et al. 2011), these were not identified in the present study. However, the 
total amount of impurities was 2.8 ± 0.6 µg/mL (apparent molar activity is 220 ± 45 GBq/
µmol). Even when the maximum injection volume (V) was set to 10 mL, results were 
sufficient to meet the standard value (50 µg/V) reported by Tshibangu et al. (2020).

In this study, we investigated the stability under various conditions as a proof-of-con-
cept experiment. Regarding the stability of [18F]AlF-FAPI-74 with saline as the final for-
mulation solution, the radiochemical purity decreased significantly over time from > 95% 
at the EOS, which is consistent with previous reports (Boschi et  al. 2016; Kersemans 
et al. 2018). However, as for the large difference in the degree of decomposition between 
the two batches, 54% and 89%; this difference could not be clarified in this study, 
although previous reports have also shown the effects of storage temperature and the 
amount of non-radioactive materials (Kersemans et al. 2018). Reports also showed > 97% 
after 3 h with 0.2 M acetate buffer (pH 6.8) or less than 5% loss of label with 5 mM phos-
phate buffer (pH 7.0), respectively. Furthermore, Tshibangu et al. reported that radiolysis 
could be prevented by adding sodium ascorbate to the formulation solution (Tshibangu 
et  al. 2020). Using these results as a reference, we confirmed the stability of [18F]AlF-
FAPI-74 with saline containing 10 mg ascorbic acid and 90 mg sodium ascorbate (pH 
5.0), saline containing 100 mg sodium ascorbate, and two types of phosphate-buffered 
saline; the subsequent decrease in radiochemical purity in each solution was slower than 
that with saline alone. Furthermore, the combination of phosphate-buffered saline and 
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sodium ascorbate showed almost no decrease in purity even after 4 h. In this study, we 
conducted an in-house clinical study, and checked stability up to 4  h after synthesis. 
However we plan to check the stability up to 8 h after synthesis, assuming delivery to 
a remote site, since higher radioactivity of [18F]AlF-FAPI-74 is expected to be obtained 
with large starting activity by extended irradiation time or increased irradiation current.

In this study, we established a one-pot and one-step automated synthesis method 
using a CFN-MPS200 synthesizer that provides high radioactivity and stable RCP for 
clinical use. We did not perform endotoxin or sterility tests because we aimed to reflect 
an optimized method of manual synthesis using the automated synthesizer. Neverthe-
less, we have previously reported the development of this synthesizer for clinical studies 
using [18F]PSMA-1007 (Naka et al. 2020), and we soon would be able to begin with the 
corresponding clinical studies.

Conclusion
We have established a one-pot and one-step automated synthesis method for [18F]AlF-
FAPI-74 using a CFN-MPS200 synthesizer and have succeeded in producing high radio-
activity of more than 10 GBq on average from 32 to 40 GBq of starting activity in a short 
synthesis time. Furthermore, a stabilized product formulation using phosphate-buffered 
saline and sodium ascorbate was developed with acceptable quality for human applica-
tion, and a large number of patients could be inspected in a day. Distribution by satellite 
concept would also be feasible in areas where delivery is allowed. This method is also 
expected to be widely used for the selection of therapeutic nuclides for treatment.

Abbreviations
DMSO: Dimethyl sulfoxide; EOS: End of synthesis; FAP: Fibroblast activation protein; GC: Gas chromatography; HPLC: 
High-performance liquid chromatography; NOTA: 1,4,7-Triazacyclononane-N,N′,N′-triacetic acid; PET: Positron emission 
tomography; RCP: Radiochemical purity; RT: Retention time; TLC: Thin layer chromatography; UV: Ultraviolet; WFI: Water 
for injection; Non-radioactive AlF-FAPI-74: AlF-FAPI-74.

Acknowledgements
We would like to thank all members of the PET Synthesis Group at Osaka University Hospital for preparing the [18F]AlF-
FAPI-74, SOFIE for providing the FAPI-74 precursor and standard of AlF-FAPI-74, for their excellent support with respect to 
the synthesis and quality control procedures, and the Department of Nuclear Medicine and Tracer Kinetics for providing 
support for the experiments.

Authors’ contributions
SN, TW, and KK conducted the experiments, performed the data analysis, and wrote the manuscript. TL, JC, MM, MT and 
YM assisted in the experiments. ES, FVJ, HK, and FG were the supervisors of this study. All authors contributed to the writ-
ing of the manuscript and approved the final version.

Funding
This study was funded by the QiSS program of OPERA from the Japan Science and Technology Agency Japan (Grant 
number: JPMJOP1721).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author upon reason-
able request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.



Page 12 of 12Naka et al. EJNMMI radiopharm. chem.            (2021) 6:28 

Competing interests
The authors declare no potential conflicts of interest relevant to this article. FLGs are inventors and have patent rights.

Author details
1 Department of Nuclear Medicine and Tracer Kinetics, Osaka University Graduate School of Medicine, 2‑2 Yamadaoka, 
Suita, Osaka 565‑0871, Japan. 2 Department of Radiology, Osaka University Hospital, 2‑15 Yamadaoka, Suita, Osaka 
565‑0871, Japan. 3 Department for Nuclear Medicine, University Hospital Heidelberg, INF 400, 69120 Heidelberg, Ger-
many. 4 Department of Nuclear Medicine, University Hospital Düsseldorf, Düsseldorf, Germany. 5 SOFIE, 21000 Atlantic 
Boulevard Suite 730, Dulles, VA 20166, USA. 6 Department of Molecular Imaging in Medicine, Osaka University Graduate 
School of Medicine, 2‑2 Yamadaoka, Suita, Osaka 565‑0871, Japan. 7 Institute for Radiation Sciences, Osaka University, 2‑2 
Yamadaoka, Suita, Osaka 565‑0871, Japan. 

Received: 4 June 2021   Accepted: 23 July 2021

References
Allott L, Da Pieve C, Turton DR, Smith G. A general [18F]AlF radiochemistry procedure on two automated synthesis 

platforms. React Chem Eng. 2017;2:68–74.
Boschi S, Lee JT, Beykan S, Slavik R, Wei L, Spick C, Eberlein U, Buck AK, Lodi F, Cicoria G, Czernin J, Lassmann M, Fanti S, 

Herrmann K. Synthesis and preclinical evaluation of an Al 18 F radiofluorinated GLU-UREA-LYS(AHX)-HBED-CC PSMA 
ligand. Eur J Nucl Med Mol Imaging. 2016;43:2122–30. https://​doi.​org/​10.​1007/​s00259-​016-​3437-y.

Brennen WN, Isaacs JT, Denmeade SR. Rationale behind targeting fibroblast activation protein-expressing carcinoma-
associated fibroblasts as a novel chemotherapeutic strategy. Mol Cancer Ther. 2012;11:257–66.

D’Souza CA, McBride WJ, Sharkey RM, Todaro LJ, Goldenberg DM. High-yielding aqueous 18F-labeling of peptides via 
Al18F chelation. Bioconjug Chem. 2011;22(9):1793–803. https://​doi.​org/​10.​1021/​bc200​175c.

Giesel FL, Kratochwil C, Lindner T, Marschalek MM, Loktev A, Lehnert W, Debus J, Jäger D, Flechsig P, Altmann A, Mier W, 
Haberkorn U. 68Ga-FAPI PET/CT: biodistribution and preliminary dosimetry estimate of 2 DOTA-containing FAP-
targeting agents in patients with various cancers. J Nucl Med. 2019;60:386–92. https://​doi.​org/​10.​2967/​jnumed.​118.​
215913.

Giesel FL, Adeberg S, Syed M, Lindner T, Jiménez-Franco LD, Mavriopoulou E, Staudinger F, Tonndorf-Martini E, Regnery S, 
Rieken S, El Shafie R, Röhrich M, Flechsig P, Kluge A, Altmann A, Debus J, Haberkorn U, Kratochwil C. FAPI-74 PET/CT 
using either 18 F-AlF or cold-kit 68 Ga labeling: biodistribution, radiation dosimetry, and tumor delineation in lung 
cancer patients. J Nucl Med. 2021;62:201–7. https://​doi.​org/​10.​2967/​jnumed.​120.​245084.

Hamson EJ, Keane FM, Tholen S, Schilling O, Gorrell MD. Understanding fibroblast activation protein (FAP): substrates, 
activities, expression and targeting for cancer therapy. Proteomics Clin Appl. 2014;8:454–63.

Kersemans K, De Man K, Courtyn J, Van Royen T, Piron S, Moerman L, Brans B, De Vos F. Automated radiosynthesis of Al[18 
F]PSMA-11 for large scale routine use. Appl Radiat Isot. 2018;135:19–27. https://​doi.​org/​10.​1016/j.​aprad​iso.​2018.​01.​
006.

Kratochwil C, Flechsig P, Lindner T, Abderrahim L, Altmann A, Mier W, Adeberg S, Rathke H, Röhrich M, Winter H, Plinkert 
PK. (68)Ga. 68Ga-FAPI PET/CT: tracer uptake in 28 different kinds of cancer. J Nucl Med. 2019;60:801–5. https://​doi.​
org/​10.​2967/​jnumed.​119.​227967.

Kratochwil C, Giesel FL, Rathke H, Fink R, Dendl K, Debus J, Mier W, Jäger D, Lindner T, Haberkorn U. [153Sm]Samarium-
labeled FAPI-46 radioligand therapy in a patient with lung metastases of a sarcoma. Eur J Nucl Med Mol Imaging. 
2021. https://​doi.​org/​10.​1007/​s00259-​021-​05273-8.

Malik N, Baur B, Winter G, Reske SN, Beer AJ, Solbach C. Radiofluorination of PSMA-HBED via Al(18)F(2+) chelation and 
biological evaluations in vitro. Mol Imaging Biol. 2015;17(6):777–85. https://​doi.​org/​10.​1007/​s11307-​015-​0844-6.

McBride WJ, Sharkey RM, Karacay H, D’Souza CA, Rossi EA, Laverman P, Chang CH, Boerman OC, Goldenberg DM. A novel 
method of 18F radiolabeling for PET. J Nucl Med. 2009;50:991–8. https://​doi.​org/​10.​2967/​jnumed.​108.​060418.

McBride WJ, D’Souza CA, Sharkey RM, Karacay H, Rossi EA, Chang CH, Goldenberg DM. Improved 18F labeling of peptides 
with a fluoride–aluminum-chelate complex. Bioconjug Chem. 2010;21:1331–40. https://​doi.​org/​10.​1021/​bc100​137x.

Naka S, Watabe T, Kurimoto K, Uemura M, Soeda F, Neels OC, Kopka K, Tatsumi M, Kato H, Nonomura N, Shimosegawa E, 
Cardinale J, Giesel FL, Hatazawa J. Automated [18 F]PSMA-1007 production by a single use cassette-type synthesizer 
for clinical examination. EJNMMI Radiopharm Chem. 2020;5:18. https://​doi.​org/​10.​1186/​s41181-​020-​00101-0.

Spreckelmeyer S, Balzer M, Poetzsch S, Brenner W. Fully-automated production of [68Ga]Ga-FAPI-46 for clinical applica-
tion. EJNMMI Radiopharm Chem. 2020;5(1):31. https://​doi.​org/​10.​1186/​s41181-​020-​00112-x.

Tshibangu T, Cawthorne C, Serdons K, Pauwels E, Gsell W, Bormans G, Deroose CM, Cleeren F. Automated GMP compli-
ant production of [18F]AlF-NOTA-octreotide. EJNMMI Radiopharm Chem. 2020;5:4. https://​doi.​org/​10.​1186/​
s41181-​019-​0084-1.

Watabe T, Liu Y, Kaneda-Nakashima K, Shirakami Y, Lindner T, Ooe K, Toyoshima A, Nagata K, Shimosegawa E, Haberkorn 
U, Kratochwil C, Shinohara A, Giesel F, Hatazawa J. Theranostics targeting fibroblast activation protein in the tumor 
stroma: 64 Cu- and 225 Ac-labeled FAPI-04 in pancreatic cancer xenograft mouse models. J Nucl Med. 2020;61:563–
9. https://​doi.​org/​10.​2967/​jnumed.​119.​233122.

Zlatopolskiy B, Zischler J, Krapf P, Zarrad F, Urusova E, Kordys E, Endepols H, Neumaier B. Copper-mediated aromatic radi-
ofluorination revisited: efficient production of PET tracers on a preparative scale. Chem. 2015;21:5972–9. https://​doi.​
org/​10.​1002/​chem.​20140​5586.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00259-016-3437-y
https://doi.org/10.1021/bc200175c
https://doi.org/10.2967/jnumed.118.215913
https://doi.org/10.2967/jnumed.118.215913
https://doi.org/10.2967/jnumed.120.245084
https://doi.org/10.1016/j.apradiso.2018.01.006
https://doi.org/10.1016/j.apradiso.2018.01.006
https://doi.org/10.2967/jnumed.119.227967
https://doi.org/10.2967/jnumed.119.227967
https://doi.org/10.1007/s00259-021-05273-8
https://doi.org/10.1007/s11307-015-0844-6
https://doi.org/10.2967/jnumed.108.060418
https://doi.org/10.1021/bc100137x
https://doi.org/10.1186/s41181-020-00101-0
https://doi.org/10.1186/s41181-020-00112-x
https://doi.org/10.1186/s41181-019-0084-1
https://doi.org/10.1186/s41181-019-0084-1
https://doi.org/10.2967/jnumed.119.233122
https://doi.org/10.1002/chem.201405586
https://doi.org/10.1002/chem.201405586

	One-pot and one-step automated radio-synthesis of [18F]AlF-FAPI-74 using a multi purpose synthesizer: a proof-of-concept experiment
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	General
	Recovery of [18F]fluoride from QMA cartridges (manual operation)
	Radio-synthesis of [18F]AlF-FAPI-74 with the automated-synthesizer
	Quality control for [18F]AlF-FAPI-74

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


