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Abstract

Background/Objectives: Overactivation of the HGF/c-MET pathway is implicated in
various cancers, making its inhibition a promising therapeutic strategy. While several
MET-targeting agents are currently approved or in advanced clinical development, pa-
tient selection often relies on invasive tissue-based assays. The development of a specific
c-MET radioligand for PET imaging and radioligand therapy represents a non-invasive
alternative, enabling real-time monitoring of target expression and offering a pathway to
personalized treatment. Methods: Radiosynthesis of [®®Ga]Ga-DOTA-EMP100 was per-
formed using a GMP-certified ®8Ge/%®Ga generator connected to an automated synthesis
module. The radiopharmaceutical production was optimized by scaling down the amount
of DOTA-EMP-100 from 50 to 20 pg. Synthesis efficiency and release criteria were assessed
according to Ph. Eur. for all the final products by evaluating radiochemical yield (RY%),
radiochemical purity, presence of free gallium (by Radio-UV-HPLC) and gallium colloids
(by Radio-TLC), molar activity (Am), chemical purity, pH, and LAL test results. Results:
An optimized formulation of [®¥Ga]Ga-DOTA-EMP-100, using 40 ug of precursor, pro-
vided the best outcome in terms of radiochemical performance. Process validation across
three independent productions confirmed a consistent radiochemical yield of 64.5% =+ 0.5,
high radiochemical purity (>99.99%), and a molar activity of 53.41 GBq/umol + 0.8. Con-
clusions: [*Ga]Ga-DOTA-EMP-100 was successfully synthesized with high purity and
reproducibility, supporting its potential for multi-dose application in clinical PET imaging
and targeted radioligand therapy.

Keywords: [68Ga]Ga-radiopharmaceuticals; [®8Ga]Ga-DOTA-EMP-100; HGF/c-MET
pathway; PET imaging

1. Introduction

The cellular mesenchymal-epithelial transcription factor (c-MET) is a transmembrane
receptor tyrosine kinase encoded by the MET gene in humans. It is primarily involved
in various cellular processes, including growth, differentiation, motility, and survival,
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particularly in response to its ligand hepatocyte growth factor (HGF), also known as scatter
factor [1].

The binding of HGF to c-MET triggers several downstream signalling pathways, such
as the phosphoinositide 3-kinase/threonine-protein kinase (PI3K/AKT) pathway and the
wingless-related integration site (Wnt) pathway, as well as other tumour-related func-
tions [2-5]. The HGF/c-MET intracellular signalling pathway promotes cellular growth,
invasion, and migration, which are important in normal development as well as in cancer
progression [2—4], and it is significantly overactivated in several solid cancers [6].

An increasing number of studies have confirmed that inhibition of HGF/c-MET
signalling is an effective therapeutic strategy for the suppression of multiple human cancers,
such as non-small cell lung cancer (NSCLC), hepatocellular carcinoma (HCC), gastric
cancer, colorectal cancer, ovarian cancer, bladder cancer, head and neck cancer, and cervical
cancer [2,7-13].

High c-MET levels are associated with poorer overall and progression-free sur-
vival [14]. MET amplification, overexpression, and super-activation have been implicated
in chemotherapy resistance; consequently, c-MET inhibition to overcome resistance has
been explored as a single agent or in combination with chemotherapy [15]. However,
most clinical trials testing c-MET inhibitors in cancer have yielded inconsistent results,
and the lack of reliable biomarkers to identify responsive patients poses challenges [16,17].
Currently, patient eligibility for targeted MET therapy is determined by tissue-based as-
says, such as immunostaining, FISH, and NGS, which have many limitations, including
sampling bias due to intratumoral and intertumoral heterogeneity, temporal and spatial
heterogeneity, and sampling difficulties related to multisampling or inaccessible sites, such
as in the brain.

Molecular imaging using positron emission tomography (PET), by enabling in vivo
visualization and quantification of cellular and subcellular mechanisms using targeted
radioligands, may overcome the limits of tissue-based assays. PET detects radioligands
in tissues with high sensitivity at the picomolar level, providing a non-invasive, real-
time map of target expression throughout the body. Finally, PET signals can be assessed
quantitatively using standardized uptake value (SUV) metrics or derived quantification
methods. A number of PET probes for imaging c-MET have been reported, and these are
based on the HGF ligand, antibodies, peptides, and small molecules [18].

Several radiopharmaceuticals (RPs) targeting the c-MET pathway, including antibod-
ies, peptides, and small molecules, have been radiolabeled for cancer detection ([**Cu]Cu-
NOTA-rh-HGE, [¥Zr]Zr-onartuzumab, ['8F]F-AH113804, [!1C]C-SU11274) [19-23], but
these are not yet used in routine clinical practice. Current targeted therapies for the c-
MET pathway primarily include tyrosine kinase inhibitors such as crizotinib, capmatinib,
and tepotinib [23]; the MET-specific monoclonal antibody onartuzumab [24-26]; and the
antibody-drug conjugate ABBV-399 [27]. The development of a specific c-MET radioligand
for PET imaging could nonetheless pave the way for radioligand therapies, similar to how
PSMA ligands are used in prostate cancer [28] or somatostatin ligands in neuroendocrine
tumours [29]. Peptide probes based on the structure of EMI-137, a clinical-stage optical
imaging agent, appear most promising [30]. One of the radiopharmaceuticals in this group
is EMP-100, a water-soluble 26-amino acid cyclic oligopeptide. It binds with nanomolar
affinity (3.0 = 0.5 nM) to the human c-MET receptor, as determined by fluorescence po-
larization [31]. By conjugating EMP-100 to a DOTA chelator, [®®Ga]Ga-DOTA-EMP-100
is developed as a PET ligand, building upon the same c-MET binding peptide used in
EMI-137 [30]. The peptide-binding moiety was initially identified using phage display
technology, selecting for binding to the extracellular domain of c-Met in the presence of its
endogenous ligand, hepatocyte growth factor (HGF). This results in the peptide binding
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to a distinct site on the c-Met receptor, separate from HGEF, ensuring high specificity for
human c-Met across various conjugates. Crucially, the peptide does not compete with the
native ligand nor interfere with the HGF/c-MET signalling pathway. Similarly, radiola-
beling EMP-100 with gallium-68 (®Ga) does not impact receptor activation, proliferation,
or phosphorylation within the HGF/c-Met pathway and shows no significant off-target
binding across a panel of 70 therapeutically relevant receptors (yet unpublished data) [30].
[68Ga]Ga-DOTA-EMP-100 has already been administered in forty-two clinical cases without
any observed adverse effects, delivering promising imaging results in metastatic renal cell
carcinoma (mRCC), non-small cell lung cancer (NSCLC), and hepatocellular carcinoma [30].

The goal of the present research was to develop an automated radiosynthesis method
for the standardized production of clinical batches of the radioligand. Automation improves
consistency, quality, and operator safety in radiopharmaceutical manufacturing, thereby
facilitating clinical translation. The synthesis has been optimized using a scale-down
approach, testing different peptide amounts ranging from 20 to 50 ug of DOTA-EMP-
100 to identify the best conditions for radiolabelling. Finally, we have validated both the
radiosynthesis and quality control methods for the production of [®*Ga]Ga-DOTA-EMP-100
using the GMP-grade precursor, demonstrating that all procedures, materials, equipment,
and processes consistently yield the expected quality outcomes.

2. Materials and Methods

The precursor to [48Ga]Ga-DOTA-EMP-100, namely EMP-100, was purchased from
Edinburgh Molecular Imaging Ltd. An aqueous stock solution of 1 mg/mL was prepared
and kept at —20 °C.

All chemicals used for the radiolabelling reaction, i.e., saline (NaCl), ethanol, 2-[4-
(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES) buffer solution, PBS buffer
solution, and water were of the highest available purity grade and commercially obtained
as a single disposable kit (SC-01, ABX, Radeberg, Germany).

All chemicals used to perform quality controls, i.e., trifluoroacetic acid (TFA), water
and acetonitrile (used for Radio-UV-HPLC), ammonium acetate, and methanol, were
metal-free and purchased from Sigma Aldrich (Saint Louis, MO, USA).

All the medicinal products used in this study are commercially available and autho-
rized for clinical use.

An automated synthesis module (Scintomics GRP® module, Fiirstenfeldbruck, Ger-
many) equipped with a disposable single-use cassette (SC-01, ABX) and a pharmaceutical
grade, GMP-certified and compliant with European Pharmacopoeia ®Ge/%Ga generator
(1850 MBgq, GalliaPharm® Eckert and Ziegler, Berlin, Germany) were used, and both were
placed in a GMP-grade A hot cell (NMC %8Ga, Tema Sinergie) to assess aseptic production.

The amount of detected metal impurities/%Ge breakthrough, as provided by the man-
ufacturer, was less than the defined limit in the European Pharmacopeia monograph [32,33].

Activity counting was determined using a borehole counter (CRC® 25-PET, Capintec).
Radio-UV-HPLC was performed using a Dionex Ultimate 3000 HPLC system (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a BioBasic-18 column 5 um 300 A
(250 mm x 4.6 mm, Acclaim™ 120 C18 Columns, Thermo Fisher Scientific) and coupled
with UV and a y-detector (Berthold Technologies, Milan, Italy). The Radio-TLC scanner
used was Cyclone® Plus Storage Phosphor system (Perkin Elmer, Waltham, MA, USA).
The test for endotoxins was performed with Nexgen PTS (Charles River, Wilmington,
MA, USA).
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2.1. Radiosynthesis

The synthesis template was identical to the already established synthesis template for
[®8Ga]Ga-PSMA [34] and [®®Ga]Ga-DOTA-ECLI1i [35].

The elution of ®8Ge/%8Ga generator (GalliaPharma®) was carried out using the GRP
module 3 V automated synthesis system (Scintomics GRP® module). The generator was
eluted with 0.1 M HCI 24 h before labelling to remove the accumulated stable %Zn
from %8Ga decay, and the elute [®8Ga]GaCl;, obtained from the generator elution, was
pre-concentrated on a strong cation exchange (SCX) cartridge, which separated the ions
based on their net total surface area change. [®8Ga]GaCl; was recovered from the SCX
by the eluent 5 M NaCl. The eluate was transferred into the reaction vial, previously
loaded with DOTA-EMP-100 (20-30-40-50 pg in 1.5 M 2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid (HEPES buffer solution) at pH = 4-4.5. The mixture was incubated at
95 °C for 10 min. After the completion of the labelling reaction, the crude product was
cooled down and trapped with a Sep Pak C18 RP cartridge, washed with water for injection
with Ph. Eur., and eluted with 2 mL of ethanol/water 1/1. The final product was diluted
with phosphate-buffered saline (PBS) and sterilized through a 0.2 um filter (millex GV) into
a sterile 25 mL capped glass vial and diluted with PBS for the final formulation. The entire
radiopharmaceutical production took 35 min and is summarized in Figure 1.
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Figure 1. Configuration of the Scintomics GRP® module for the synthesis of [48Ga]Ga-EMP-100.
The valves are numbered from 1 to 15. The figure shows the valve positions during the entire
radiosynthesis process.

2.2. Quality Control and Process Validation

To ensure that the final injectable radiopharmaceutical product fulfils regulatory re-
quirements related to contaminants, suitable production and quality control are crucial [36].

After synthesis, the radiopharmaceutical product was evaluated and the following
parameters were determined: total product activity, ®Ga ion identity via half-life time and
gamma spectroscopy, chemical and radiochemical purity by Radio-UV-HPLC and Radio-
TLC, pH, radionuclide purity for ®*Ge-breakthrough, and sterility /endotoxin assay via the
sterility test and LAL test. The radiochemical purity and the stability of [*¥Ga]Ga-EMP-100
at room temperature were evaluated by Radio-TLC and Radio-UV-HPLC for 4 h.

For Radio-TLC, ITLC-SG (8 cm length, 1 cm thick) (Agilent Technologies, Santa Clara,
CA, USA) was used as the stationary phase and ammonium acetate/methanol (1/1) as
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the mobile phase. The software OptiQuantTM (version 5.0) was used to analyze the
chromatograms. The percentages of each fraction were determined relative to the total
activity of the chromatogram.

For Radio-UV-HPLC, a standardized method was performed. Flow rate of the mobile
phase was set at 0.6 mL/min, and the mobile phases used were A) 0.1% TFA in water and
B) 0.1% TFA in acetonitrile, following a phase gradient: 0-1.7 min 0% B, 1.7-9 min 70%
Band 9-12 min 3% B. The column (Acclaim™ 120 C18 Columns, Thermo Fisher Scientific)
temperature was kept at 25 °C, and the samples were also monitored with a UV detector at
220 nm to detect chemical impurities in the final product. The software system Chromeleon
7 was used to assemble the information.

Reference solutions of [®®Ga]GaCl;, DOTA-EMP-100 and the final radiopharmaceutical
[Ga]Ga-DOTA-EMP-100 were assessed using the same analytical conditions.

The chemical purity of [*¥Ga]Ga-DOTA-EMP-100 concerning the residual HEPES con-
tent was assessed according to Ph. Eur. Monograph (Gallium 2482), following our validated
HPLC method [37]. For HPLC, a Waters Xbridge® column C18 (150 mm x 4.6 mm, 3.5 um)
connected to an UV detector set to a wavelength of 195 nm and a y-detector (Berthold Tech-
nologies, Milan, Italy), was used as the stationary phase, and ammonium formate 20 mM
pH 9.5 at an isocratic flow of 0.7 mL/min was used as the mobile phase. Residual ethanol
was instead quantified using an Intuvo 9000 gas chromatograph (Agilent, Santa Clara, CA,
USA). A 1.0 pL sample was injected into a macrogol 20,000 column (30 mm x 0.53 mm,
1 pm film) with helium as the carrier gas (10 mL/min). The column, injector and detector
were maintained at 35 °C, 140 °C, and 220 °C, respectively. Ethanol was identified by a
retention time of 2—4 min, and its concentration was calculated from the chromatographic
peak area. The residual ethanol in the [*®®Ga]Ga-DOTA-EMP-100 preparation was required
tobe <10% v/vor25g.

The sterility tests were performed as described in the European Pharmacopoeia
(EMA/CHMP/ICH/645592/2008), and the LAL test was conducted using Nexgen PTS
(Charles River).

To validate the entire process of radiopharmaceutical production and quality control,
three batches of [*4Ga]Ga-DOTA-EMP-100 were produced on three different days under the
same conditions set for typical routine preparations. Every batch was fully characterized
from an analytical point of view, with the aim of verifying that the product met the
acceptance criteria for all the established quality parameters.

2.3. Statistical Analysis

All experiments were performed in triplicate (n = 3) for each tested peptide amount
(20, 30, 40, and 50 ng). Data are presented as mean =+ standard deviation (SD). Statistical
analysis was conducted using one-way analysis of variance (one-way ANOVA) to evaluate
differences in radiochemical yield and molar activity across different precursor amounts. A
p-value < 0.05 was considered statistically significant. Statistical analyses were performed
using GraphPad Prism version 10.0 (GraphPad Software, San Diego, CA, USA).

3. Results

Labelling and Quality Control Results for Different DOTA-EMP-100 Loads and the
Validated Synthesis

The fully automated production of [*4Ga]Ga-DOTA-EMP-100 was performed using a
scale-down approach to evaluate different precursor amounts of DOTA-EMP-100 peptide
(50, 40, 30, and 20 pg). Each peptide amount was tested in triplicate, with three independent
syntheses conducted per condition. Immediately after each synthesis, full quality control
(QC) of the final product was carried out in order to assess the optimal setup parameters
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and identify the most suitable peptide quantity for reliable and efficient radiolabelling.
The results were used to optimize the overall production process. Table 1 reports the
mean =+ standard deviation (SD) for all relevant parameters, including radiochemical purity,
radiochemical yield, and molar activity obtained from the three replicates per condition.

Table 1. Summary data of [©3Ga]Ga-DOTA-EMP-100 quality controls (20-50 ug, n = 3).

Peptide (DOTA-EMP-100) 50 ug 40 ug 30 ug 20 ug

MW = 3709.7 g/mol (500 pL, 0.0135 umol) (400 pL, 0.0108 umol) (300 nL, 0.008 umol) (200 nL, 0.005 pmol)
Radiochemical purity o o o o
(radio-UV-HPLC) 99.31% + 1.8 >99.99% 99.73% + 1.2 99.52% + 1.3
Radiochemical purity o o o o
(radio-TLC) >99.99% >99.99% >99.99% >99.99%
pH 7 7 7 7
Radiochemical yield (n.d.c) 68.17% + 2.1 64.93% + 0.5 64.56% + 1.1 54.75% + 1.4
Volume 10 mL 10 mL 10 mL 10 mL
Colour Colourless Colourless Colourless Colourless
Molar activity 37.42 GBq/pumol £ 2.1 53.08 GBq/umol £ 0.8 64.63 GBq/umol + 1.1 83.80 GBq/pmol £ 1.1

Furthermore, statistical analysis was conducted to assess the significance of the dif-
ferences observed among the tested peptide amounts. A one-way ANOVA was applied
to compare radiochemical yield and molar activity across the four conditions. The anal-
ysis revealed a statistically significant increase in molar activity with decreasing peptide
amounts (p < 0.01), as expected due to the inverse relationship between peptide mass and
molar activity. In contrast, radiochemical yield showed a moderate but not statistically
significant variation between 30 and 50 ug, while a significant drop was observed at 20 ug
(p < 0.05), suggesting a suboptimal peptide amount for efficient radiolabelling at this lowest
concentration.

These findings support the selection of 30-50 pg as the optimal range for routine
preparation of [*Ga]Ga-DOTA-EMP-100, offering both high radiochemical yield and
reproducibility while balancing molar activity for potential clinical translation.

As shown in Table 1, the precursor amount of 40 ug allows for the best radiochemical
purity (>99.99%), high radiochemical yield (64.93% =+ 0.5) (n.d.c.), and good molar activity
(53.075 GBq/umol + 0.8).

Consequently, once the automated synthesis process was optimized, the production
procedures were validated using 40 pug of peptide precursor, in compliance with regulatory
standards, to ensure the robustness of the ®3Ga labelling methods for DOTA-EMP-100. Some
of the quality control (QC) parameters tested were based on the European Pharmacopoeia
(11.0/0125) [32] (Table 2).

The radiochemical purity (RCP% = >99.99%-colloids-ions) was assessed by checking
for the presence of free ®®Ga (using Radio-UV-HPLC) and ®Ga colloids (using Radio-
TLC). Using Radio-UV-HPLC, free ®*Ga was identified at Rt = 1.450 min (Figure 2a), while
%Ga bound to DOTA-EMP-100 was detected at Rt = 7.620 min (Figure 2b) with a purity
of >99.99%.

Acceptance criteria were based on the specifications reported in the European Phar-
macopoeia, 11th ed., Monograph 0125 [32].
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Table 2. Summary data of three consecutive validation batches of [8Ga]Ga-DOTA-EMP-100 (40 ug).

Test Batch 1 Batch 2 Batch 3 Acceptance Criteria
Radiochemical purity (radio-UV-HPLC) 99.31% >99.99% 99.73% >95%
Radiochemical purity (radio-TLC) >99.99% >99.99% >99.99% >95%
pH 7 7 7 4-8.5
Radiochemical yield (n.d.c) 64.37% 64.58% 64.56% >40%
Radioactivity concentration 75.6-52.48 75.6-52.77 75.6-52.70 >50 MBq
Radioactivity 756-524.82 756-527.67 756-527.03 >150 MBq
Volume 10 mL 10 mL 10 mL 2-10 mL
Colour Colourless Colourless Colourless Colourless
Molar activity 53.26 GBq/pumol 53.52 GBq/pumol 53.46 GBq/pumol 1-60 GBq/ umol
Radionuclidic purity >99.99% >99.99% >99.99% 99.9%
%8Ge breakthrough 0.00000036% 0.00000033% 0.00000035% <0.001%
EtOH amount 3.73% 3.68% 3.45% <10% (v/v) (<2.5 g)
HEPES content 9.45 pg/mL 9.45 pg/mL 9.45 ug/mL ﬁ?ﬁé@iﬁ fggt ‘S‘fl{l \tllc?rﬁ
Endotoxins <17.51U/mL <17.51U/mL <17.51U/mL <17.51U/mL
Sterility test Sterile Sterile Sterile Sterile
Stability over 4 h (RCP%) >99.99% >99.99% >99.99% >99.99%

The reference solution of DOTA-EMP-100 exhibited a slightly different retention time
(Rt = 7.428 min) compared to [*¥Ga]Ga-DOTA-EMP-100, which had a retention time of
Rt = 7.620 min, as shown in Figure 2c. The difference in retention times is attributed to
the use of different detectors (Radio and UV-VIS), as well as to a variation in the charge
of the DOTA chelator following the incorporation of ®®Ga. This change in charge affects
the interaction with the column, leading to a slight alteration in the hydrophobicity of the
entire molecule. The absence of the ®®Ga-chelate in the standard solution leaves three free
carboxylic acid groups, increasing the hydrophilicity of the standard and consequently
modifying its retention time.
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(c)

Figure 2. The peaks have been integrated as shown in the figures: (a) Radio-UV-HPLC chromatogram
of the eluate [®3Ga]GaCls; (b) radio-UV-HPLC chromatogram of [#8Ga]Ga-DOTA-EMP-100; (c) radio-
UV-HPLC chromatogram of DOTA-EMP-100.

With Radio-TLC, no [*8Ga]Ga-colloids could be detected at retention factor (Rf) = 0.2,
and the radiopharmaceutical product was detected at Rf = 0.8 (Figure 3).

BE8Ga-DOTA-EMP-100

Rf=0 Rf=1

Figure 3. Radio-TLC chromatogram of [®8Ga]Ga-DOTA-EMP-100.

HPLC performed on the final radiopharmaceutical solution showed that the resid-
ual content of HEPES in the final preparation was lower in the HEPES test solution
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(12.5 pg/mL) (Figure 4). On the other hand, gas chromatographic analysis confirmed
that the residual ethanol content in the [®®Ga]Ga-DOTA-EMP-100 preparation was below
the specified limit of 10% v/v (2.5 g), meeting the required quality standards.

1-HEPES- 2632
1]
3 .
E 2 4
g
S
£
5
030 49
e
150 4
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 15.00
Time [min] J

Figure 4. HPLC chromatogram of HEPES content in [*¥Ga]Ga-DOTA-EMP-100. The peak has been
integrated as shown in the figure.

Additionally, the product was tested for endotoxins, and the concentration was found
to be below 17.5 EU/mL in all samples. Sterility testing confirmed that all samples were
free from microbial contamination.

The stability of [#8Ga]Ga-DOTA-EMP-100 in buffer solution at room temperature was
evaluated for up to 4 h using Radio-UV-HPLC, RadioTLC, and pH measurements. As
shown in Figure 5, [48Ga]Ga-DOTA-EMP-100 remained stable under the test conditions.
No additional radioactive by-products or free ®®Ga were detected during this period, and
the RCP% stayed >99.99% over time.

800 "7 5 - EMP-100 20240830 #1 if 68Ga-DOTA-EMP100 40 ug T0 Int_Chan_1
- 11_68Ga.DOTA T
500
250
T T
4 EMP-100 20240830 #2 66Ga-DOTA-EMPI00 40 ug T1h Int_Chan_1
v | 1-68Ga-DOTA-EMP-100 - 7.625

H &
2 8

T mirr

00 20240830 #3 [mani pulated] 58G: ug 72
v 11-68Ga-DOTA-EMP-100 - 7.630

it Ghan_1

Z - min
;i;_ 7 2 - EMP-100 20240830 #4 63Ga DOTA-EMP100 40 ug T3h Int_Chan_1
my 1 1-68Ga-DOTA-EMP-100 - 7.625

=

T min

v i |1 -68Ga-DOTA-EMP-100 -7.627

sm——— min

00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 2.0 95 10.0 105 11.0 116 12.0

Figure 5. Stability of [®®Ga]Ga-DOTA-EMP-100 assessed by radio-UV-HPLC: the figure shows an
overlay of chromatographic profiles obtained at different time points (blue dashed line: 0 h; pink: 1 h;
red: 2 h; green: 3 h; black: 4 h), demonstrating the radiochemical stability of the compound over a
4 h period.
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The RCP% was also assessed and confirmed by Radio-TLC (Figure 6) over time, while
the pH value remained stable at 7 throughout the 4 h period.

68Ga-DOTA-EMP-100

Rf=0 . : Rf=1

Figure 6. Stability of [®8Ga]Ga-DOTA-EMP-100 assessed by radio-TLC: the figure shows the chro-
matogram acquired at 4 h, demonstrating that the radiopharmaceutical remains stable over time.

4. Discussion

The c-MET protein, a mesenchymal-epithelial transcription factor, is a transmembrane
receptor tyrosine kinase encoded by the human MET gene. It is involved in various cellular
functions, including growth, differentiation, and motility, making it an active target for
drug discovery and development.

We hereby describe the development and validation of an automated synthesis method
and QC system to label c-MET ligand (DOTA-EMP-100) with ®Ga. The process of devel-
oping and designing a new radiopharmaceutical typically involves the establishment and
setup of radiosynthesis, along with the implementation of quality assessment methods
for the final product. These assessments include evaluating release specifications such as
RCP%, specific activity (As or Am), radionuclidic purity, chemical purity, radiochemical
yield (RCY%), pH, sterility, and stability. A critical parameter in this process is the specific
or molar activity (Am) of the final product, defined as the ratio between the radioactivity
(in Bq) and the amount of peptide (in moles or grams). Achieving high Am is important to
minimize the amount of non-radioactive (cold) peptide administered and thereby reduce
the risk of receptor saturation and improve target-to-background ratios. Although the
receptor-binding affinity is an intrinsic property of the compound and remains unaffected
by Am, its in vivo receptor occupancy can be significantly influenced by the injected pep-
tide mass. Conversely, excessively high Am may correspond to very low peptide amounts,
potentially compromising labelling efficiency due to suboptimal complexation and altering
the tracer’s pharmacokinetics and biodistribution. Therefore, a balance must be found
between sufficient peptide mass and optimal Am to ensure reproducible synthesis, high
radiochemical purity, and effective in vivo targeting.

In our study, the minimum peptide amount of 20 pg per batch was selected based on
values commonly used in clinical-grade formulations of [®®Ga]Ga-DOTA-TOC and DOTA-
TATE, for which peptide masses between 20 and 50 ug per dose are routinely employed in
both European Pharmacopoeia monographs and kit formulations [38,39]. This peptide mass
range is widely recognized to provide an optimal compromise between labelling efficiency,
product stability, and image quality, while minimizing the risk of receptor saturation.

For these reasons, five different amounts of DOTA-EMP-100 (50-40-30-20 pg) were
evaluated for the production of [*¥Ga]Ga-DOTA-EMP-100, considering the affinity and
specificity of the c-Met peptide EMP-100 Kd 3.0 £ 0.5 nM [31]. The results summarized
in Table 1 demonstrate that 40 pg of DOTA-EMP-100 allows for the best radiochemical
purity (>99.99%), high radiochemical yield (64.93% =+ 0.5) (n.d.c.), and good molar activity
(53.075 GBq/pumol + 0.8).
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We noticed that increasing radiochemical yield corresponded to increasing ligand
amount up to 50 ug, but a lower RCP% for all the amounts of peptide precursor except for
at 40 pg (Table 1), allowing us to determine the best amount of peptide for the production of
[8Ga]Ga-DOTA-EMP-100. A higher molar activity (83.80 GBq/pmol =+ 1.1) was observed
for 20 ug of peptide precursor, but the lower radiochemical yield (54.75% =+ 1.4) and
radiochemical purity (99.52% =+ 1.3) led us to validate the radiosynthesis of [®*Ga]Ga-
DOTA-EMP-100 starting from 40 pg of DOTA-EMP-100.

Standardization and harmonization of radiopharmaceutical production are essential
for ensuring that radiopharmaceutical research can be reliably tested and transferred across
laboratories. After optimization of the synthesis protocol, the process and final product
were validated according to quality standards required for clinical translation. As shown
in Table 2, three consecutive validation runs confirmed the robustness and reproducibility
of the radiosynthesis. Radiochemical purity was consistently >99.99%, as assessed by both
Radio-TLC and Radio-UV-HPLC, with an average radiochemical yield of 64.5% =+ 1.1 and
molar activity (Am) of 53.41 GBq/umol £ 0.8. Furthermore, the formulation remained
stable over 4 h post-synthesis, with no radiolysis or degradation observed. The final
product was sterile and endotoxin-free, fulfilling all acceptance criteria established by the
European Pharmacopoeia.

While Rusu et al. [31] reported the automated synthesis of [®8Ga]Ga-EMP-100 for
PET imaging of c-MET expression and evaluated key synthesis parameters such as the
influence of DOTA-peptide amount on radiochemical yield, purity, and molar activity,
our study extends this work by providing additional insights and optimizations within a
similar automated framework. In particular, we conducted a systematic investigation of the
optimal peptide amount for radiolabelling, evaluating five different precursor quantities
(20-50 pg) and identifying 40 ug as the optimal amount to ensure high radiochemical purity,
molar activity, and radiochemical yield. This optimization, absent in the previous study,
is essential to balance the trade-off between labelling efficiency and peptide mass, which
influences in vivo targeting and image quality.

Moreover, our work includes a full validation of the automated synthesis process,
supported by a comprehensive analytical quality control profile to ensure reproducibility
and product quality. These elements are critical to facilitate the standardization and scalabil-
ity of radiopharmaceutical production for clinical routine and inter-centre reproducibility.
Finally, our study highlights the potential theranostic application of [*¥Ga]Ga-DOTA-EMP-
100 in c-MET-expressing tumours, laying the groundwork for future therapeutic strategies
involving radiolabelled analogues such as ['7”Lu]Lu-DOTA-EMP-100.

Taken together, our findings extend the current knowledge by providing not only
technical improvements in the radiosynthesis and formulation of this tracer, but also
a framework for its broader application in nuclear medicine, particularly in the era of
precision oncology.

5. Conclusions

The synthesis of [®®Ga]Ga-DOTA-EMP-100 was successfully carried out through a
fully automated process using the GRP Scintomics module. All quality control param-
eters, including radiochemical purity, pH, endotoxins, and sterility, were in compliance
with the European Pharmacopoeia standards. Additionally, the product solution demon-
strated stability for at least 3 h after production, as confirmed by Radio-UV-HPLC. As a
result, [*®Ga]Ga-DOTA-EMP-100 can be consistently and efficiently produced for routine
clinical applications.
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