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Background
Synaptic vesicle glycoprotein 2 (SV2A) is the most widely distributed subtype of synaptic 
vesicle transmembrane protein, which existing in almost all types of neurons, such as in 
the cerebral cortex, and closely related to the release of neurotransmitters, endocrine 
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Abstract
Background A novel positron emission tomography (PET) imaging tracer, [18F] 
SynVesT-1, targeting synaptic vesicle glycoprotein 2 (SV2A), has been developed to 
meet clinical demand. Utilizing the Trasis AllinOne-36 (AIO) module, we’ve automated 
synthesis to Good Manufacturing Practice (GMP) standards, ensuring sterile, pyrogen-
free production. The fully GMP-compliant robust synthesis of [18F] SynVesT-1 boosting 
reliability and introducing a significant degree of simplicity and its comprehensive 
validation for routine human use.

Results [18F] SynVesT-1 was synthesized by small modifications to the original [18F] 
SynVesT-1 synthesis protocol to better fit AIO module using an in-house designed 
cassette and sequence. With a relatively small precursor load of 5 mg, [18F] SynVesT-1 
was obtained with consistently high radiochemical yields (RCY) of 20.6 ± 1.2% (the 
decay-corrected RCY, n = 3) at end of synthesis. Each of the final formulated batches 
demonstrated radiochemical purity (RCP) and enantiomeric purity surpassing 99%. The 
entire synthesis process was completed within a timeframe of 80 min (75 ± 3.1 min, 
n = 3), saves 11 min compared to reported GMP automated synthesis procedures. The 
in-human PET imaging of total body PET/CT and time-of-flight (TOF) PET/MR showed 
that [18F] SynVesT-1 is an excellent tracer for SV2A. It is advantageous for decentralized 
promotion and application in multi-center studies.

Conclusion The use of AIO synthesizer maintains high production yields and increases 
reliability, reduces production time and allows rapid training of production staff. 
Besides, the as-prepared [18F] SynVesT-1 displays excellent in vivo binding properties 
in humans and holds great potential for the imaging and quantification of synaptic 
density in vivo.
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exocytosis, and the maintenance of synaptic vesicle homeostasis. The expression of 
SV2A is associated with various neuro-psychiatric disorders (Portela-Gomes et al. 2000; 
Wiedenmann et al. 1986). Moreover, SV2A is also expressed in neuroblastoma (Geor-
gantzi et al. 2019), the pancreas, anterior pituitary lobe, and adrenal medulla where the 
relative incidence of immunoreactive cells is higher compared to syn immunoreactive 
cells. It has been reported that SV2A can be used for the pathological assessment of neu-
roendocrine differentiation (NED) in neuroendocrine tumors (NETs) (Guan et al. 2021; 
Jakobsen et al. 2002).

Thus, in vivo visualization and quantitative analysis of synaptic density offer extensive 
clinical applications in the diagnosis, treatment monitoring, and mechanistic research 
of neurological and psychiatric disorders as well as tumors like NED in NETs (Cai et 
al. 2019). Up to now, Positron emission tomography (PET) imaging of SV2A has a tre-
mendous potential to be utilized as an early-stage biomarker for Alzheimer’s disease 
(AD) (Mecca et al. 2020) (Mecca et al. 2022), Parkinson’s disease (PD) (Delva et al. 2020) 
(Martin et al. 2023), epilepsy (Tang et al. 2022), autism (Bourgeron 2015), stroke (Mich-
iels et al. 2022, 2023), traumatic brain injury (Jamjoom et al. 2021) and Spinocerebellar 
Ataxia Type 3 (Chen et al. 2023), as well as psychiatric disorders such as schizophrenia 
and depression in human subjects (Holmes et al. 2019), including [11C]UCB-J(Mecca et 
al. 2022), [11C]UCB-A (Estrada et al. 2016), [18F] UCB-H (Bastin et al. 2020), [18F] Syn-
VesT-1(Li et al., 2021), and [18F] SynVesT-2 (Cai et al. 2019). Among them, the fluorine-
18-labeled radioligand [18F] SynVesT-1 (also known as [18F] SDM-8 or [18F] MNI-1126), 
developed by the Yale PET Center, has shown the most favorable in vivo characteristics 
including high brain uptake, fast and reversible binding kinetics, SV2A specificity, high 
specific binding signals, and excellent reproducibility in the measurement of quantitative 
kinetic parameters (Li et al. 2019).

In order to conduct a broader and more in-depth investigation into clinical diseases 
related to SV2A expression, developing a safe and stable multi-dose [18F] SynVesT-1 
radioactive imaging agent production process is of great significance. Kenneth Dahl and 
the co-workers had fully automated radiosynthesis of [18F] SynVesT-1, which performed 
according to good manufacturing procedure (GMP) using a commercially available 
module (TracerMaker, ScanSys Laboratorieteknik ApS, Copenhagen, Denmark) with 
minor changes, and result a high-yield, acceptance criteria and quality control (Dahl et 
al. 2022). In comparison to similar modules, Trasis AllinOne (AIO) is described as being 
versatile and capable of handling complex chemistry. This product not only can synthe-
size [18F] labeled drugs but also [68Ga] and [177Lu] labeled drugs. The instrument can be 
broken down to the chemistry module, purification module and reformulation module. 
Disposable cassettes, reagents and components are used to ease the burden on cleaning. 
Successful production with high yield and high specific activity to the following com-
pound, such as [18F] labeled [18F] FDG (Barnes et al. 2022), [18F] F-DPA-714 (Cybulska et 
al. 2021a), [18F] FAPI-74 (Cybulska et al. 2021b), [18F] FES (Otabashi et al. 2017a), [18F] 
FET (Otabashi et al. 2017b), and [18F] FMZ (Gendron et al. 2022), and [68Ga] labeled (Da 
Pieve et al. 2022) has been reported. These radiotracers were developed many years ago 
and have been used on either an intermediate to widespread basis in PET imaging stud-
ies. Currently, in our PET center, we developed the full-automated synthesis module can 
produce more than 10 different drugs ([18F] DOPA, [18F] TSPO, [68Ga] DOTATATE, et 
al.) for research use.
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Here, we developed a full-automated and commercially-available synthesis on AIO 
module, which was developed as a universal GMP-compliant synthesis module for 
radiolabeling of radiotracers with short half-life radionuclides. Besides, we evaluated the 
PET imaging of SV2A in healthy volunteer by analysis of the GMP level [18F] SynVesT-1 
imaging data.

Materials and methods
Materials

Regents and cartridges

All chemicals and reagents were obtained from commercial vendors and used as 
received without further purification, except for the precursor Me₃Sn-SDM-8 and stan-
dard sample [19F] SynVesT-1, which provided by prof. Fang Xie from Huashan Hospital 
and Prof. Huang from PET center of Yale University, the synthesis route and structure 
determination of the precursors were based on the methods in the article by Yiyun 
Huang (Li et al. 2019). Details of the reagents and consumables required for preparation 
are presented in Table 1.

Human subjects

The study was approved by the Research Ethics Committee of Henan Provincial people’s 
hospital and written informed consents were obtained from the subjects. Both subjects 
were screened with a physical exam, medical history, routine laboratory studies, and 
electrocardiography to assess for eligibility.

Methods and GMP radiosynthesis

Production of [18F] fluoride

[18F] Fluoride ([18F] F−) was produced via the standard 18O(p, n) 18F nuclear reaction, by 
irradiating cyclotron target containing [18O]water with a proton beam (9.4 MeV) of 40 
µA for 50 min (Mini trace PET cyclotron, GE, Uppsala, Sweden). The typical amount of 
[18F] F− produced was approximately 29.6 GBq (800 mCi).

Cassette placements

Following a series of machine tests, upon receiving the command from the software, 
the cassette, which includes the quaternary methyl ammonium (QMA) cartridge, tC18 
cartridge, and Alumina N cartridges, is appropriately positioned within the machine. 
Subsequently, a comprehensive self-check of both the equipment and the cassette is con-
ducted before initiating the high-performance liquid chromatography (HPLC) priming 
process.

HPLC priming

In parallel, the HPLC pump is initiated to achieve column equilibration in a mixture of 
25% acetonitrile (MeCN) in buffer (0.1 M ammonium formate solution with 0.5% etha-
noic acid AcOH, pH 4.2) at a flowrate of 5.0 ml/min maintained for 20 min. We utilize a 
single-channel mixed mobile phase that has been filtered, homogenized, and thoroughly 
degassed through ultrasonication to ensure stable pressure, avoiding the instability 
issues associated with dual-channel online mixing. After a 20-minute equilibration, the 
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flow rate will be set to 3 ml/min until loading the sample, at which point the injection 
triggers the flow rate to return to 5 ml/min.

Preliminary steps and reagent placements

Prepare the reagents according to Table  1 at ambient laboratory conditions. Both the 
precursor and the tetrakis(pyridine) copper (II) triflate are solubilized manually before 
starting the procedure to ensure solubilization of the copper reagent. The standard pro-
cedure to prepare these vials is given below:

(1) Using a 1  ml sterile hypodermic syringe equipped with a 23G needle (SHAN-
DONG WEIGAO GROUP ME), withdraw 0.5 ml of anhydrous N, N-dimethylacetamide 

Table 1 List of chemicals in the reagent and cartridges required to assemble the cassette for one 
[18F] SynVesT-1 production on the Trasis AIO-36 module
Position Item Composition Qty Container Manufacturer Storage
5 Sep-Pak Accel Plus QMA 

Carbonate Light Car-
tridge (46 mg sorbent/
cartridge)

QMA Carbonate 1 NA Waters RT

11 (Site E) Sep-Pak Plus Alumina N 
Cartridges-280 mg

Al2O3 1 NA Waters RT

13 Sep-Pak tC18 Plus Short 
Cartridge, 400 mg Sor-
bent per Cartridge

tC18 1 NA Waters RT

2 (Site A) Acetonitrile Anhydrous 
acetonitrile

2 mL 4 mL clear 
glass vial

Sigma-Aldrich RT

3 (Site B) QMA Eluent K2CO3 (1 mg/ml) of 
distilled water

50 µL 3 mL BD 
syringe

Sigma-Aldrich Fridge

KOtf (10 mg/ml) of 
distilled water

450 µL Aladdin

Acetonitrile 500 µL Macklin
8 (Site C) Precursor Me3Sn-SDM-8 5 mg 4 mL 

amber 
glass vial

Provided by 
Huashan hospital

Fridge

Tetrakis(pyridine)
copper (II) triflate

35 mg Bidepharm

Anhydrous N, 
N-dimethylacetamide

1 mL Aladdin

10 (Site D) Dilution Aqueous buffer: 25% 
CH3CN and 75% 
0.1 M ammonium 
formate solution 
with 0.5% acetic acid 
(AcOH) (pH 4.2)

10 mL 20 mL clear 
glass vial

HPLC Solvent A Fridge

14 (Site F) Ethanol Ethanol absolute ChP 10 mL 20 mL clear 
glass vial

Macklin RT

15 (Site G) Empty vial 50 mL 50 mL —— RT
17 (Site H) Bag of sterile injection 

water
Sterile injection 
water

500 
mL

RT

HPLC 
Solvent A

Aqueous buffer: 25% 
CH3CN and 75% 0.1 M 
ammonium formate so-
lution with 0.5% AcOH 
(pH 4.2)

Ammonium formate 3.15 g 500 mL Sigma-Aldrich RT
acetic acid 2.5 mL Sigma-Aldrich RT
CH3CN 125 

mL
Sigma-Aldrich RT

H2O 500 
mL

DI water RT

HPLC 
Solvent B

Ethanol Ethanol anhydrous, 
Ph.

500 
mL

300 mL Macklin RT

HPLC 
Solvent C

10% (v/v) ethanol in 
H2O

Ethanol anhydrous, 
Ph.

1000 
mL

Macklin RT



Page 5 of 17Chen et al. EJNMMI Radiopharmacy and Chemistry            (2024) 9:66 

(DMA, Aladdin, China), dispense 0.50 ml of the solvent into the precursor vial (amber 
glass, purple crimp), piercing through the center of the septum. (2) Using a new 1 ml 
syringe equipped with a 23G needle, withdraw 0.50  ml of anhydrous DMA, dispense 
0.50 ml of the solvent into the tube with tetrakis(pyridine)copper (II) triflate prepared 
in advance to obtain the blue, clear solution. (3) Shake the vial and tube vigorously to 
fully solubilize, and transfer the whole copper catalyst into the precursor vial and mix 
evenly. Check visually for remaining solid in the vial before placing on the cassette. (4) 
The QMA carbonate Light cartridge (V5) was pre-activated with ethanol (EtOH, 5 ml), 
a solution of potassium triflate (KOTf) in de-ionized (DI) water (90 mg/ml, 5 ml), and 
DI water (5 ml). (5) The Alumina N cartridge (V11) was pre-activated with 20 ml of DI 
water and 10 ml of air. (6) The tC18 cartridge (V13) is conditioned with 6 ml EtOH (V14) 
and 10 ml water for injection (V17), using the 20 ml BD Syringe (V9). (7) The reagents 
are placed on the cassette as shown on Fig. 1, when prompted by the command software.

Radiosynthesis of [18F] SynVesT-1

A schematic diagram of the AIO module used for the synthesis of [18F] SynVesT-1 is 
shown in Fig.  1. The inhouse developed sequence for [18F] SynVesT-1 includes all key 
production steps: (1) trap and release of cyclotron produced [18F] F using an ion-
exchange cartridge, (2) azeotropic drying of [18F] F−, followed by (3) copper mediated 
[18F] fluorination of the Me3Sn-SDM-8 precursor compound (Scheme 1), (4) HPLC puri-
fication, and (5) formulation of the final product. A more detailed description follows:

1) The [18F] fluoride in [18O] water is received from the cyclotron and transferred into 
the activity reservoir on V6.

Fig. 1 The cassette layout for radiosynthesis of [18F] SynVesT-1 on a Trasis AIO-36 module allows control through 
the user software interface
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2) The radioactive solution is subsequently transferred through the pre-activated QMA 
cartridge to separate [18O] H2O and effectively trapping the [18F] fluoride, and the 
eluate is directed toward the Recovered enriched water collection vial (V6-5-4-1).

3) After a brief flush of the QMA and lines, the QMA eluent is withdrawn from the 3 ml 
BD syringe (V3) and is subsequently passed through the QMA toward the reactor to 
release the activity (V4-5-7- reactor).

4) The [18F] fluoride is then azeotropically dried under vacuum/nitrogen flow using a 
gradient of temperature (105 °C) for 4 min.

5) In order to thoroughly dry [18F] fluoride, 1 ml anhydrous acetonitrile was added from 
V2 to the reactor, dried for 4 min, and repeated once, respectively.

6) The reactor is then actively cooled to 90 °C using a flow a compressed air.
7) The precursor Me3Sn-SDM-8 and the tetrakis(pyridine) copper (II) triflate in N, 

N-dimethylacetamide are successively added into the reactor by pressure-transfer.
8) The reactor temperature is set to 120 °C, reaction timer is set to 20 min. The reactor is 

closed in the entire reaction process.
9) At the end of the 20 min reaction, the reactor is actively cooled to 50 °C before the 

reaction mixture is diluted through the 20  ml BD syringe, the quench solution is 
pre-prepared by withdrawing 4 ml contain 25% MeCN in buffer (0.1 M ammonium 
formate solution with 0.5% AcOH (pH 4.2) (V10) in the 20  ml BD syringes (V9), 
suction and mix three times through the syringe.

10) The crude reaction mixture (1 ml) and the dilution (4 ml) is load to the HPLC loop 
circle through the Alumina N cartridge (V11) and a sterile nylon syringe filter at load 
site to separate of insoluble impurities.

11) Additionally, the reactor is subsequently rinsed with another 4 ml of dilution using 
the 20 ml BD Syringe, repeating the step 10) to thoroughly transfer the potentially 
remaining crude reaction mixture. Finally, total 9 ml of sample is loaded on the loop 
circle and ready for injection to HPLC.

12) In parallel to the reaction, after the 20 min’s HPLC column equilibrate, the HPLC 
pump is maintain a flow rate of 3  ml/min, and the HPLC mobile phase waste is 
collected in HPLC waste.

13) As the injection loop is turned into the inject position, the acquisition software 
starts monitoring the Ultraviolet (UV), the radioactivity, flowrate, and the pressure in 
the HPLC system. And the flowrate switch to 5.0 ml/min, HPLC conditions as follow: 
25% MeCN in buffer (0.1 M ammonium formate solution with 0.5% AcOH (pH 4.2) 
on a XBridge®BEH OBD™ C18 column (5 μm, 130 Å, 10 mm × 250 mm).

14) Whilst the semi-preparative purification proceeds, the line (V9-V18) has been 
rinsed twice with 20ml H2O, and the flushing waste liquids flows into the waste bottle.

Scheme 1 Radiosynthesis of [18F] SynVesT-1
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After that, 10 ml of water for injection (V17) is transferred and added to the vacuumed 
empty vial of intermediate transfer (V15) by 20 ml BD Syringe.

15) After approximately 20  min, the [18F] SynVesT-1 elutes from the column and is 
collected by switching the collection valve as well as V15-16 to direct the empty vial 
(V15).

16) The collection is manually begun and manually stopped or stopped automatically 
after 2.5 min, whichever happens first. And the product is collected in the intermediate 
transfer vial (V15).

17) Formulating, with the assistance of a 20 ml syringe (V9), another 20 ml of water for 
injection was added in the vial (V15). After thorough mixing several times with the 
20 ml syringe (V9), repeat the process twice by passing the liquid from the intermediate 
transfer vial (V15) through a tC18 cartridge (V13). This is done to adsorb the product 
onto the tC18 and concentrate it.

18) The tC18 cartridge (V13) is subsequently washed with 20 ml of water for injection 
(V17) to wash away ion-type impurities.

19) [18F] SynVesT-1 is released from the tC18 cartridge by injecting 1 ml ethanol (V14-
13-12-9) and 4  ml water for injection solution (V17-13-12-9) to final product vial 
(FPV).

20) The final product is diluted with another 7 ml water for injection (V17) using the 
20 ml BD Syringe and flow toward the FPVfiltered through a 0.22 μm sterile filter 
(Vented Millex®-GV, MERCK Millipore, Ltd) and reach a final volume of 11 ml.

21) After flushing the delivery line with nitrogen, the final product is ready for dispensing 
and quality control.

22) Empty all reagent vials, and the cassette is thoroughly washed to reduce the residual 
radiation to the lowest level achievable. In parallel, the HPLC column is washed 
successively with water (to remove ammonium formate buffer) and finally stored in 
ethanol.

Quality control (QC)

All the QC tests were conducted on the formulated product solutions, and the obtained 
results are in accordance with the standards for injection solutions specified in the Chi-
nese Pharmacopoeia (ChP, 2020), Impurities: ICH Q3C(R8) Guideline for Residual Sol-
vents and ICH Q3C(R2) Guideline for Elemental Impurities. (Table 2)

Final volume

The total solution volume in the ultimate product vial was determined by the weighing 
of the Final Product Vial (FPV), taking into account the initial tare of the vial. Accu-
rate determination of both volume and activity concentration is imperative to ensure the 
radio-HPLC detection range and ascertain radiochemical purity.

Appearance

The content of the final product vial was visually assessed behind appropriate shielding. 
The solution must be clear, colorless, and free of visible particulate matter.
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pH

pH was measured using a pH meter (OHAUS, Starter 2100) calibrated at pH 4.0, 7.0 and 
10.0 with correction for the temperature. The results were cross-checked with two pH 
paper strips of different ranges. According to the Chinese Pharmacopoeia (ChP), the pH 
range of injection solutions should be 4–9.

Semi-preparative HPLC

The Semi-preparative HPLC separation and analysis as part of tracer production, the 
crude product solution was purified by the AIO-36 equipped semi-preparative chroma-
tography XBridge®BEH OBD™ C18 column (5 μm, 130 Å, 10 mm × 250 mm). The chro-
matographic fraction containing the product was collected a mixture of 25% acetonitrile 
(MeCN) in buffer (0.1 M ammonium formate solution with 0.5% ethanoic acid AcOH, 
pH 4.2) at a flowrate of 5.0 ml/min.

Analytical HPLC methods

HPLC methods were developed for testing the key quality characteristics: product iden-
tity, radiochemical purity (RCP), enantiomerical purity and stability. The key quality 
characteristics were determined by analytical radio-HPLC using Agilent (1260) System 
equipped with a quaternary pump (G7111A), manual injector, DAD WR array ultravio-
let detector (G7115A), and radio detector (Eckert & Ziegler, B-FC-1000).

Table 2 Acceptance criteria and quality control results from three productions of [18F] SynVesT-1 
using the AIO-36 module
Test item Batch 

1
Batch 
2

Batch3 Acceptance 
criteria

Method Reference

Radioactivity per batch 2.96 
GBq

6.39 
GBq

3.93 
GBq

Not specified Dose calibrator *NA

Radiochemical yield (%) 13.1% 12.89% 11.82% Not specified FPV activity/
QMA activity

*NA

Radiochemical yield (%) 
decay-corrected

21.79% 20.68% 19.32% Not specified Activity meter *NA

Appearance Pass Pass Pass Clear, colorless, 
free from particles

Visual inspection ChP

pH 6.0 6.0 6.0 4.5–8.0 pH indicator 
strip

ChP

Molar activity 64.34 98.30 78.6 55.5 GBq/µmol radio-HPLC ChP
Product identity 0.427 0.375 0.555 [Rt radiopeak - Rt 

UV] = 0.2–0.6 min
radio-HPLC ChP

Radiochemical purity 100% 99.9% 100% ≥ 95% radio-HPLC ChP
Enantiomerical purity 100% 100% 100% ≥ 95% radio-HPLC ChP
Bacterial endotoxins(EU/ml) < 0.10 < 0.10 < 0.10 < 15 EU/ml Dynamic Turbid-

ity Method
ChP

Sterility Sterility Sterility Sterility Sterility Membrane Fil-
tration Method

ChP

Residual DMA n.d. n.d. n.d. ≤ 1090 ppm GC ICH (Q3C) 
R8

Residual acetonitrile n.d. n.d. n.d. ≤ 410 ppm GC ICH (Q3C) 
R8

Ethanol content 8.7% 9.2% 9.6% ≤ 10% GC Serdons 
et al. 2008

Residual copper content (µg/l) 429.80 387.52 358.29 300 µg/day for 
injection

ICP-MS ICH (Q3C) 
R2Residual copper content (µg/

Vmax)
4.73 4.26 3.94

*NA: Not applicable
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Radiochemical purity (RCP) and product identity

Refer to the chromatographic conditions in Sect.  2.3.5, the identity of the radio-
chemical product [18F] SynVesT-1 was confirmed by coinjection with the non-radio-
active analogue [19F] SynVesT-1 authentic standard sample. Product identity, RCP 
analysis was performed on an analytical Chromolith Performance RP-C18 column 
(150 × 4.6 mm,5 μm; Luna, USA) by gradient elution (Table 3) at the flow rate of 1 ml/
min. And the RCP calculate according to the proportion of the total radioactivity in a 
sample present as the desired radiolabeled [18F] SynVesT-1. (RCP=[18F] SynVesT-1 radio-
activity/total radioactivity*%).

Enantiomeric purity analysis

Enantiomeric purity analysis was performed on a chiral analytical column (LUX®, Cel-
lulose-1, 250*4.6 mm i.d., 5 μm) with the same HPLC analysis method under the condi-
tions of Sect. 2.3.5.

Residual solvents and ethanol content

Quantification of residual solvents and ethanol content was achieved with quantitative 
Gas Chromatography (GC). Solvent levels were analyzed using a gas chromatograph 
(GC, QSP-A-P013, Agilent) equipped with a flame ionization detector (FID), a Quartz 
elastic capillary column (30 m*0.32 mm*1.8 μm, Agilent DB-624), and an autoinjector.

Residual copper content

Three samples were analyzed with inductively coupled plasma mass spectrometry (ICP-
MS, Agilent 7800) to determine the residual copper content. Briefly, the solution must 
be clear without the presence of precipitates or insoluble materials, and dilute 1 ml of 
the sample to 10 ml, and directly perform on-machine testing for the concentration of 
copper. The resulting solution was analyzed by ICP-MS.

Sterility and bacterial endotoxins test

The [18F] SynVesT-1 productions were tested for microbiological contamination by inoc-
ulation in fluid thioglycolate (FT) medium and tryptic soy broth (TSB) medium by mem-
brane filtration method according to general Chap. 1101 of the Chinese Pharmacopoeia 
(2020 Edition, Part IV). The endotoxins test is based on the dynamic turbidity method 
under general Chap. 1143 (ChP, 2020 Edition, Part IV). The tests and analysis were per-
formed by GUANGDONG DETECTION CENTER OF MICROBIOLOGY (Guangzhou, 
China).

Table 3 Gradient elution method of UV &Radio dual detectors HPLC
Time
(min)

A: 0.1 M ammonium formate solution with 0.5% AcOH (pH 4.2) (%) B: MeCN
(%)

0.00 100 0
2.00 100 0
12.00 70.0 30.0
32.00 45.0 55.0
32.50 10.0 90.0
36.00 10.0 90.0
36.50 100.0 0
40.00 100.0 0
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Radiological examination with PET/CT and PET/MR

PET/Computed Tomography (CT) imaging was done on Total-body scanner (uEX-
PLORER, UNITED IMAGING, CHINA) and time-of-flight (TOF) PET/Magnetic Res-
onance (MR) (uPMR®790, UNITED IMAGING, CHINA) in Henan Provincial People’s 
Hospital, Zhengzhou, Henan Province, PRC. Volunteer was given [18F] SynVesT-1 at a 
dose of 388 MBq (5.55 MBq/kg,70 kg). The delineation of regions of interest was per-
formed by experienced radiologists. Furthermore, these diagnoses are prevalent enough 
that we can discuss specific scans without jeopardizing the privacy and confidentiality of 
the individuals involved.

Statistical analysis

All data were statistically analyzed with one-way analysis of variance (ANOVA), and list 
in the form of mean value ± standard deviation (SD) values.

Results
The automated radiochemical synthesis and QC results

Final volume, appearance and pH

With a single production batch, starting with 22–50 GBq of [18F] fluoride, between 2 
and 7 GBq of the tracer can be produced. The QC results from three productions of 
[18F] SynVesT-1 are outlined in Table 2. The final volume of the prepared product is a 
12-milliliter ethanol-water solution. All the final product solutions were clear, colorless, 
and free of visible particulate matter. All the pH of the final product solutions were 6.0 
(Table 2).

Product identity, RCP analysis

Radioactive products require online preparative separation with AIO-36 module plat-
form to exclude radioactive impurities as well as non-radioactive impurities such as 
unreacted excess precursors. Under the condition, the retention time of [18F] Syn-
VesT-1 was approximately 19 min (1140  s) (Fig.  2). Besides, product identity, RCP 
analysis was performed on an analytical Chromolith Performance RP-C18 column 
(150 × 4.6 mm,5 μm; Luna, USA) by gradient elution (Table 3) at the flow rate of 1 ml/
min. Radiochemical purity and identity of [18F] SynVesT-1 were confirmed by co-
injecting the test samples at defined time periods with standard [19F] SynVesT-1 on an 
HPLC chromatography system and analyzing the UV and radioactive peak areas which 
eluted along with standard [19F] SynVesT-1. The retention time for the [19F] SynVesT-1 
authentic standard sample was observed at 19.798 min, while the labeled product [18F] 
SynVesT-1 exhibited a retention time of 20.226 min (Fig. 3), and from the radio signal, 
the radiochemical purity (RCP) was about 100%. Enantiomeric purity analysis was per-
formed on a chiral analytical column (LUX®, Cellulose-1, 250*4.6 mm i.d., 5 μm) with the 
same HPLC analysis method. Retention time of the [19F] SynVesT-1 ((R)-SDM-8) refer-
ence was 24.702 min, and [18F] SynVesT-1 eluted at 25.274 min without any other radio-
active by-products and non-radioactive species(Fig. 4).

Residual solvents, ethanol content and copper content

In radiopharmaceutical chemical quality control, monitoring and controlling residual 
solvents, ethanol content, and copper content help ensure the quality, safety, and efficacy 
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of the drugs, thereby safeguarding patient interests. The limited concentration of etha-
nol is no more than 10% (V/V) (EtOH ≤ 10%) when added as an excipient or solvent in 
radiopharmaceutical injections (Serdons et al. 2008), and according to the ICH(Q3C) 
the limitation are 410 µg/l of acetonitrile (MeCN) and 1090 ppm of DMA (Table 2). The 
production of both acetonitrile and DMA content cannot be detected (n.d), and the eth-
anol content of all three batches of samples does not exceed 10%. The average content 
of residual copper is 391.87 ± 35.95 µg/l (4.31 ± 0.39 µg/Vmax), this result complies with 
the injection limit requirements at the ICH(Q3C) limit Permitted Daily Exposures (PDE) 

Fig. 3 Typical-Radio HPLC chromatogram (λ = 254 nm) coinfection of [18F] SynVesT-1 production with [19F] Syn-
VesT-1 reference standard (100 µg/ml). (A) The upper chromatogram corresponds to radiation detection. Whereas 
the chromatogram (B) corresponds to UV detection (λ = 254 nm)

 

Fig. 2 Typical semi-preparative HPLC purification chromatogram of a [18F] SynVesT-1 production under optimized 
conditions on the AIO-36 module by Trasis. (A) The red chromatogram corresponds to radiation detection. where-
as the blue chromatogram (B) corresponds to UV detection (λ = 254 nm)
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for copper elemental impurities 300 µg/day/person for injection, the injection volume 
per person is less than 2 ml based on the activity concentration during the PET imaging. 
(Table 2)

Sterility and bacterial endotoxins test

Based on traceability testing for sterility, the results indicated that the colony count of 
the positive control in thioglycollate fluid medium was 71 CFU/ml. The three different 
batches of products tested exhibited sterile growth after 14 days of culture in FT and 
TSB medium. Concurrently, a negative control was included in the test, confirming ster-
ile growth. These findings confirm the sterility of the [18F] SynVesT-1 products.

Total body PET/CT imaging analysis

The 90  min dynamic data were reconstructed at 10  min intervals and the resulting 
groups were named T0-10, T10-20, T20-30, T30-40, T40-50, T50-60, T60-70, T70-80 
and T80-90. [18F] SynVesT-1 PET maximum intensity projection (MIP) images acquired 
in different time windows show the biodistribution of the radiotracer over time (Fig. 5). 
[18F] SynVesT-1 is rapidly distributed throughout the body following intravenous admin-
istration, particularly in hyperperfused organs such as the brain, liver, kidney and 
bladder. Subsequently, the tracer shows rapid clearance with a relatively short plasma 
half-life.

PET/MR brain imaging analysis

Healthy volunteers [18F] SynVesT-1 showed high uptake and heterogeneous distribution 
in the human brain. High levels of radioactivity were observed in all grey matter regions 
and low uptake in white matter regions (Figs.  5 and 6). The highest uptake in volun-
teer brain tissue was found in the bilateral frontal cortex and putamen, and the lowest 
in the centrum semiovale. Uptake was significantly lower in the centrum semiovale of 
the hemisphere of the volunteer brain than in any of the grey matter regions tested. [18F] 
SynVesT-1 showed good kinetics in all grey matter regions, with peak uptake in all brain 

Fig. 4 Analytical chiral high-performance liquid chromatography (HPLC) chromatogram coinfection of [18F] Syn-
VesT-1 production with [19F] SynVesT-1 reference standard (100 µg/ml). (A) The upper chromatogram corresponds 
to radio signal detection. Whereas the chromatogram (B) corresponds to UV detection (λ = 254 nm)
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regions within approximately 30  min after injection, followed by a steady decrease in 
regional radioactivity over time.

Discussion
Only small modifications to the original [18F] SynVesT-1 synthesis protocol presented 
by Li et al. (Li et al. 2019) was made to better fit AIO-36 module by Trasis with the cor-
responding organotin precursor. Firstly, tetrakis(pyridine)copper (II) triflate as the cat-
alyst which serves to coordinate both the aryl and fluoride ligands and promote their 
coupling, and copper (II) triflate can provide activated fluorination reagent to promote 
the reaction. Compared to the use of pyridine and a solution of copper (II) triflate as 
catalysts in the literature (Li et al. 2019), tetrakis(pyridine)copper (II) triflate is a well-
defined complex, as one of the commonly used catalysts for fluorination reactions, 
making it easier to control reaction conditions and improve reproducibility, potentially 
yielding fewer side reactions and enhancing reaction reproducibility, thus suitable for 
clinical applications in different model. However, considering the dosage and solubility 

Fig. 6 [18F] SynVesT-1 PET/MR imaging of brain

 

Fig. 5 Total body PET images of representative [18F] SynVesT-1 scan with PET/CT from 0 to 90 min after injection 
and image reconstruction of whole body (A) and brain (B) occurs every 10 min
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of copper salts, the fluorination reaction produces a crude solution that is both turbid 
and deeply saturated in blue color, thorough purification is required before injection into 
HPLC. Alumina N plus light cartridge plays a crucial role in this step, after extensive 
water pre-activation, it can obstruct most insoluble precipitates. To further safeguard 
the operation of the HPLC system, a sterile needle filter with hydrophobic membrane 
filter is required to connect the HPLC loop injection line and the alumina N plus light 
cartridge before loading the liquid, preventing column pressure elevation or clogging 
caused by insufficiently filtered precipitates or Al2O3 column packing material.

Additional modification was the reaction temperature, it was known that not to cause 
racemization of the product when the reaction carried out at 110 °C. The experimental 
conditions were finally verified that there is no racemization under the reaction condi-
tions of 120 °C and 20 min according to the enantiomeric purity analysis results (Fig. 4). 
Because of the inherent half-life properties of radiopharmaceuticals, synthesis and puri-
fication time are critical for promotion and application. Our work took an average of 
75 min including purification and formulation, 1/3 less than the earliest reported time 
of 120 min (Li et al. 2019), and 11 min less than the latest automated synthesis proce-
dure (Dahl et al. 2022). With the reaction parameters optimized, our final goal was to 
conduct 3 process validation batches to qualify the radiosynthesis for clinical research 
production. In our survey, we are attempting to use ethanol instead of acetonitrile in the 
mobile phase, that is, we used 25% ethanol in buffer (0.1 M ammonium formate solu-
tion with 0.5% AcOH (pH 4.2) as the mobile phase in the process exploration (only one 
batch). Surprisingly, after analysis and purification on semi-preparative column the peak 
of the production did not change, but the retention time was delayed by 3 min. From the 
perspective of solvent safety, it is also possible to minimize the use of acetonitrile Class 
2 solvent.

All of the cartridges including the cassette, vial, syringe, cartridge are sterile, as well 
as the regents like ethanol, sterile injection water. The final product collected and flow 
toward the final product vial were filtered through a sterile Millex® PVDF vented syringe 
filter membrane, and a Millex®-GV sterile air filter membrane was also be used to bal-
ance the pressure inside and outside the product container. All the above operations 
ensure that the product is sterile and free of pyrogens. The radiosynthesis procedure 
reported here is novel with respect to the reagents, temperatures, and times needed to 
produce the radiopharmaceutical on a very different automated radiosynthesizer.

SV2A is widely distributed in the nervous system, in virtually all neurons. (Portela-
Gomes et al. 2000), including in the brain and the spinal cord (Samantha Rossano et al. 
2022). Given the limitations and the limited resolution of the traditional “wholebody” 
PET/CT imaging compared with the 194-cm-long PET/CT system (uEXPLORER, 
UNITED IMAGING) (Huang et al. 2022), the as-prepared [18F] SynVesT-1 meets the 
requirements for human injection and conduct whole-body in vivo imaging scans to 
assess the distribution of synaptic density in various locations throughout the body. 
Following intravenous administration, [18F] SynVesT-1 quickly disperses throughout 
the body, with notable accumulation in highly perfused organs such as the brain, liver, 
kidneys, and bladder. To our knowledge, this is the first human whole-body imaging of 
SV2A, laying the foundation for exploring its systemic applications in patients of syn-
aptic loss-related diseases. Moreover, it has been reported that SV2A can be used for 
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pathological assessment of NED in NETs (Guan et al. 2021), whole-body imaging of 
SV2A contributes to the diagnosis and localization of such tumors.

Conclusion
In summary, the protocol consistently delivers a sterile and pyrogen-free product adher-
ing to good manufacturing practice (GMP) standards-specifically, [18F] SynVesT-1 
designed for clinical PET imaging. The development of an efficient and fully automated 
production sequence for [18F] SynVesT-1, utilizing the Trasis AllinOne (AIO-36) mod-
ule platform, has proven to be a significant advancement. With a decay-corrected radio-
chemical yield of approximately 21% and a radiochemical purity surpassing 99%, besides, 
the entire synthesis process was completed within a timeframe of 80 min (75 ± 3.1 min, 
n = 3), saves 11 min compared to reported GMP automated synthesis procedures. The 
protocol ensures a high-quality pharmaceutical-grade solution of [18F] SynVesT-1, 
deemed suitable for rigorous clinical studies. Notably, the Trasis AllinOne (AIO-36) 
module stands out as one of the most widely embraced fully automated synthesis plat-
forms. Its adoption is anticipated to greatly contribute to the widespread synthesis and 
application of such probes, thereby advancing the field.
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SV2A  Synaptic vesicle glycoprotein 2 A
PET  Positron emission tomography
AIO  AllinOne
RCY  Radiochemical yields
RCP  Radiochemical purity
TOF  Time-of-flight
CT  Computed Tomography
MR  Magnetic Resonance
NED  Neuroendocrine
NETs  Neuroendocrine tumors
AD  Alzheimer’s disease
PD  Parkinson’s disease
UCB  Union Chimique Belge
GMP  Good manufacturing procedure
[18F] FDG  Fluoro-2-deoxy-D-glucose
[18F] F-DPA-714  [18F] N, N-diethyl-2-(2-[4-(2-fluoroethoxy)phenyl]-5,7-dimethylpyrazolo[1,5-α]pyrimidine-3-yl)

acetamide
[18F] FAPI-74  [18F] Fibroblast Activation Protein Inhibitor-74
[18F] FES  16α-18 F-17β-fluoroestradiol
[18F] FET  Fluoro-ethyl-tyrosine
[18F] FMZ  Flumazenil
[18F] DOPA  3,4-dihydroxyphenylalanine
[18F] TSPO  Translocator protein
[68Ga] DOTATATE  Tetraazacyclododecanetetraacetic acid-DPhe1-Tyr3-octreotate
QMA  Quaternary methyl ammonium
MeCN  Acetonitrile
HPLC  High-performance liquid chromatography
AcOH  Ethanoic acid
DMA  N, N-dimethylacetamide
EtOH  Ethanol
KOTf  Potassium triflate
DI  De-ionized
UV  Ultraviolet
FPV  Final product vial
QC  Quality control
ChP  Chinese Pharmacopoeia
GC  Gas Chromatography
CFU  Colony-Forming Unit
FT  Fluid thioglycolate
TSB  Tryptic soy broth
FID  Flame ionization detector
ICP-MS  Inductively coupled plasma mass spectrometry
ANOVA  Analysis of variance
SD  Standard deviation
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ICH(Q3C) R8  International Council for Harmonisation, Impurities: Guideline for residual solvents, Revision 8
PDE  Permitted Daily Exposures
MIP  Maximum intensity projection
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