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Abstract

Background/Objectives: Fibroblast activation protein (FAP) represents an attractive target
for both cancer imaging and radionuclide therapy. Nevertheless, the prolonged retention
of many FAP-targeting inhibitors within tumor tissue remains challenging. Therefore, we
investigated FAPi-mFS, an FAP inhibitor derived from FAPi-04 that carries a fluorosulfate
warhead in meta position. This structural feature was designed to enable a predominantly
irreversible covalent binding to FAP, thereby improving tumor retention time. Methods:
[68Ga]Ga-FAPi-mFS and [7”Lu]Lu-FAPi-mFS were successfully synthesized for large-scale
clinical use by radiolabeling FAPi-mFS under validated conditions. The radiochemical con-
version, yield, purity and stability were evaluated using radio-thin-layer chromatography
(TLC), radio-high-performance liquid chromatography (HPLC), and in vitro human serum
stability tests. Results: In the radiolabeling experiments, reproducibly high radiochemical
purities of over 96% were achieved for both nuclides, along with decay-corrected yields
of over 90% for gallium-68 (Ga-68) and over 80% for lutetium-177 (Lu-177) for batch sizes
for Lu-177 up to 50 GBq. Both radiopharmaceuticals exhibited high in vitro stability with
minimal release of Ga-68 (<1%) over 90 min and Lu-177 (<11%) over two physical half-lives.
Conclusions: FAPi-mFS can be efficiently labeled with both Ga-68 and Lu-177 with high
purity and stability using clinically applicable procedures. As a covalent FAP inhibitor,
FAPi-mFS represents a promising strategy for prolonging retention time in tumors and
potentially enhancing the therapeutic efficacy of FAP-specific radiopharmaceuticals.

Keywords: fibroblast activation protein (FAP); covalent targeted radioligand (CTR); sul-
fur(VI) fluoride exchange (SuFEx) chemistry; gallium-68 (Ga-68); Lutetium-177 (Lu-177);
process validation; radiopharmaceutical; radionuclide therapy; theranostics

1. Introduction

Over recent years, fibroblast activation protein (FAP) has gained significant traction as
an important target for diagnostic positron emission tomography (PET). As a type II trans-
membrane serine protease, this enzyme features distinct dipeptidyl and endopeptidase
activities that underpin its clinical utility [1,2]. FAP exhibits both dipeptidyl peptidase and
endopeptidase activities, enabling the cleavage of specific dipeptides from the N-terminus
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of peptide substrates and the degradation of extracellular matrix components, respectively.
These enzymatic functions support processes associated with tissue remodeling and tumor
progression [2]. Importantly, FAP is highly expressed on the surface of cancer-associated
fibroblasts (CAFs), which are abundant in the tumor microenvironment of many solid ma-
lignancies, whereas its expression in most healthy adult tissues is comparatively low [3-5].
This differential expression, together with the accessibility of FAP on the cell surface, makes
it an attractive molecular target for radiopharmaceuticals. FAP-targeting radioligands can
selectively bind to FAP-expressing stromal cells and thereby enable the accumulation of ra-
dioactive tracers within the tumor microenvironment, providing a basis for both molecular
imaging and targeted radionuclide therapy [6].

Using the small molecule (S)—N-(2-(2-cyano-4,4-difluoropyrrolidin-1-yl)-2-
oxoethyl)quinoline-4-carboxamide (UAMC1110), a highly potent, selective FAP inhibitor
first presented by Jansen et al., established the chemical basis for the development of the
most widely used FAP inhibitors so far [1,7]. Based on this structure and through the
addition of a bifunctional chelating agent, numerous radioactively labelable derivatives
have been developed [8,9]. One of the first derivatives is FAPi-04, which exhibits high
affinity, rapid and high tumor uptake, and rapid renal excretion. It was the first com-
pound to demonstrate excellent in vivo tumor-to-background ratios across a wide range of
solid tumors [10,11]. Subsequent linker optimizations led to the development of FAPi-46,
which shows slightly better tumor retention and slower blood clearance [12-16]. With
prolonged tumor residence times for therapies in MinD dimerization of FAPi derivatives,
such as in DOTA-(SA.FAPi), and DOTAGA-(SA.FAPi), synthesized by Moon et al. or
BiOncoFAP-DOTAGA by Galbiati et al., also led to enhanced tumor uptake and retention
time in the tumor [17-22]. Compared to the corresponding monomeric and dimeric deriva-
tives, trimerization such as in OncoFAP-23 led to a further increase in FAP affinity [23].
In addition, albumin-binding conjugated FAP structures such as TEFAPI-06, TEFAPI-07,
FAPi-Ibu (integrating ibuprofen) and FAPi-EB (integrating Evans blue) were developed to
improve the pharmacokinetics of FAPi radiopharmaceuticals, which again demonstrated
increased tumor uptake and longer retention compared to therapeutic FAPi-04 [24-26].
Another approach involved the peptide-based FAP-2286 and 3BP-3940, which exhibited
longer tumor retention, stability, and accelerated blood clearance [27-32]. Despite these
advances, all of the aforementioned FAP tracers bind reversibly to the enzyme, which may
still limit their residence time in tumor tissue.

However, to increase the therapeutic tumor dose, it would be highly beneficial if
the radiopharmaceutical remained in the tumor environment for an even longer period.
The concept of covalently binding FAP inhibitors (CTRs) was first applied by Cui et al.
In this approach, aryl fluorosulfate-based “latent warheads” serve as reactive groups
that can covalently react specifically with nucleophilic amino acids in the active site of
FAP. Sulfur(VI) fluoride exchange (SuFEx) chemistry was employed for this purpose [33].
Starting from FAPi-04 (Figure 1A), a derivative was developed that carries an FS warhead.
This so-called FAPi-mFS (Figure 1B) includes this FS warhead in a meta position and binds
mostly irreversibly in the binding pocket of FAP, forming a covalent bond, and thus exhibits
significantly prolonged tumor retention compared to its predecessors (Figure 1C).
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Figure 1. (A) Structure of FAPi-04. (B) Structure of FAPi-mFS. (C) Different mechanisms of binding to
FAP. FAPi-04 binds reversibly to FAP (on the left side), and the SuFEx function of FAPi-mFS enables
an irreversible covalent bond, resulting in prolonged retention within the tumor (on the right side).

FAPi-mFS was initially investigated in preclinical studies using both cell models and
mouse models. In a first step, a binding assay demonstrated the irreversible binding of
FAPi-mFS, and subsequently cell uptake was assessed in HT-1080-FAP cells. The uptake of
[¢8Ga]Ga-FAPi-mFS was significantly higher than that of [®83Ga]Ga-FAPi-04. Furthermore,
an efflux-retention assay demonstrated that FAPi-mFS, with a significantly prolonged
half-life of cellular retention, remains in the cells for much longer than FAPi-04. In mouse
models, [*®Ga]Ga-FAPi-mFS demonstrated significantly higher tumor uptake and better
image contrast in HT-1080 FAP-bearing mice compared to [*®®Ga]Ga-FAPi-04. Additionally,
in vivo therapy experiments with 1”7Lu- and 22> Ac-labeled FAPi-mFS resulted in substantial
tumor inhibition, extending to complete tumor control in some treatment arms. Clinically,
[8Ga]Ga-FAPi-mFS was used in an initial, investigator-initiated pilot study in two patients
with medullary thyroid carcinoma, where the tracer identified more suspicious lesions and
demonstrated higher tumor-to-background ratios than [®8Ga]Ga-FAPi-04 [33,34].

Although FAPi-mFS has already been investigated in preclinical and early clinical trials,
there has been no systematic description to date of its translation into a reproducible clinical
production process. Robust automated labeling parameters, batch-to-batch consistency,
validated analytical methods, and comprehensive quality control procedures are essential
conditions for safe clinical use. To make these molecules accessible to a broader patient
population, the aim of this paper therefore is to describe the automated radiolabeling of
FAPi-mFS, its radiochemical stability, and the development and validation of the analytical
radio-HPLC method for quality control in a clinical setup with the nuclides Ga-68 and
Lu-177. For this purpose, the labeling conditions were optimized, process reproducibility
was evaluated, and safe and compliant manufacturing of these radiopharmaceuticals was
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demonstrated. This work thus provides a practical basis for the standardized clinical
production of FAPi-mFS-based radiopharmaceuticals.

2. Results
2.1. Labeling Process Optimization, Validation and Quality Control of [°® Ga]Ga-FAPi-mFS

The radiolabeling of FAPi-mFS with gallium-68 was performed using an automated
synthesis procedure on a mini all-in-one cassette-based module (Trasis, Figure 2A). The
module was installed in an H700 hot cell and radiolabeling took place in a class C envi-
ronment integrated into a non-controlled area, while the formulation of the final product
was carried out in a closed class A isolator. During automated synthesis, the ®*Ge /%3Ga-
generator (50 or 100 mCi) was eluted with 5 mL 0.1 M hydrochloric acid (HCI) through
a syringe connected to position E of the cassette at an optimized flow rate of 1 mL/min.
The resulting eluate is collected in syringe 3 and subsequently transferred into the orange
reaction vial located in the center of Figure 2A. The precursor, previously dissolved in
buffer, is then delivered from connection D into the reactor using syringe 3 by applying
overpressure to vial D. After the heating phase, the reaction mixture is again taken up
with syringe 3 and transferred via the HPLB+ cartridge in position 10, which retains the
radiolabeled molecules, into the waste vial. The reactor is then rinsed by syringe 3 drawing
0.9% sodium chloride (NaCl) from connection 6, pressing it into the reactor, and after a
short exposure transferring the solution again into the waste bottle via the cartridge. To
elute the cartridge, syringe 3 draws 0.5 mL of ethanol from port B and passes it through the
cartridge into the final product vial connected to the system. Finally, the cartridge is rinsed
with 10 mL of 0.9% NaCl and the final product is formulated passing the sterile filter.

During process optimization, an ideal radiolabeling temperature of 85 °C was de-
termined for [*®Ga]Ga-FAPi-mFS. Below a temperature of 85 °C a significant decrease in
labeling yields was observed, while an increase in temperature to 95 °C led to increased
formation of side products. These were presumably hydrolysis or decomposition products
of the arylfluorosulfate group on the activated phenyl ring, whereby fluoride or fluorosul-
fonic acid derivatives split off to form a phenol or phenoxy sulfate side product, which is
produced during heating (Figure 2F). However, due to the small amount of the radioactive
side product formed and the limited availability of sufficient material for isolation and
subsequent LC-MS or HRMS analysis, it was not possible to definitively identify their struc-
ture in this study. It is highly important here to pay close attention to a robust HPLC setup
and a shallow gradient, as the side products otherwise may not be separated sufficiently.
For the kinetics, the labeling reaction was investigated at 95 °C with different amounts of
precursor (1, 2, 5 and 10 nmol) using starting activities between 47 and 50 MBq for each
reaction. The kinetics (Figure 2E) showed that reducing the amount of precursor led to
a reduction in yield. The fastest reaction was observed at 10 nmol within 10 to 15 min,
although the 5 nmol solution also achieved complete conversion after 25 min.

For routine labeling, 50 pg of FAPi-mFS in sodium acetate buffer (1.0 M, pH 5.5,
2 mL) was heated to 85 °C for 12 min, resulting in a decay-corrected radiochemical yield
(RCY) of approximately 90%. For robust routine production, these optimized process
parameters are applied as part of process validation (1 = 3) at initial activities between
419 and 465 MBgq. The validation focuses on two main acceptance criteria: radiochemical
purity (RCP) of >95% (determined by radio-HPLC) and an RCY of >80%. A representative
analytical radio-HPLC chromatogram is shown in Figure 2B, indicating an RCP of 98.6%. In
addition to the desired product peak, the HPLC chromatogram shows an additional major
radioactive side product with a retention time of tg = 3.25 min (main peak tg = 3.98 min)
(Figure 2B). Validation of the analytical HPLC method confirmed effective separation of the
radiotracer from this impurity, enabling its quantification. The side product was typically
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observed at a proportion of approximately 1-2%. The mean RCP of the validation runs was
98.8 £ 0.12%, with a mean RCY of 92.4 £ 3.0%, which demonstrates that the process can be
operated efficiently and robustly within these specifications. Furthermore, molar activity
lay in the range of 10.1 to 11.2 MBq/nmol. Routine syntheses on the generator afforded
final activities of 510-640 MBq, corresponding to decay-corrected radiochemical yields of
approximately 90% based on the initial generator eluate activities of 710-880 MBq.
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Figure 2. (A) Overview of the synthesis setup for the production of [#8Ga]Ga-FAPi-mFS. (B) Radio-
HPLC chromatogram of [63Ga]Ga-FAPi-mFS, where the desired product peak has a tg of 3.98 min and
the peak of the major side product a tg of 3.25 min (method: gradient from 10% to 20% acetonitrile
(MeCN) + 0.1% trifluoroacetic acid (TFA) in 10 min). Radio-TLC of [®8Ga]Ga-FAPi-mFS in citrate
acid buffer (C) and in 1 M ammonium acetate-methanol buffer (D) with no relevant amounts of
free Ga-68. (E) Reaction kinetics at 95 °C with different amounts of precursor (1, 2, 5 and 10 nmol).
(F) Radio-HPLC chromatogram of [63Ga]Ga-FAPi-mFS after 15 min at 95 °C with an RCP of 95.2%.
For better presentation, a different method was used (gradient from 5% to 45% MeCN + 0.1% TFA in
10 min).

In addition to determining radiochemical purity by HPLC, the result was verified
using a dual-TLC system (Figure 2C,D), which gave further insight into the presence of
colloidal gallium. Furthermore, quality control includes the determination of the dose
activity, a visual inspection, measurement of the pH value, gamma spectrometry for nuclide
identification and determination of the physical half-life, sterile filter integrity testing and
endotoxin analysis. Table 1 summarizes the specifications and the corresponding quality
control results. All values during process validation fall within the specified acceptance
limits and ensure the provision of a pharmaceutical product of appropriate quality.
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Table 1. An overview of the quality control tests performed and the specifications for the validations
of [®8Ga]Ga-FAPi-mFS and [17”Lu]Lu-FAPi-mFS. TLC I is in citrate acid buffer and TLC Il is in 1 M
ammonium acetate/methanol buffer.

[(8Ga]Ga-FAPi- [Y77Lu]Lu-FAPi-

mES mES Specifications
Color Colorless Colorless Colorless
pH 45 3.5-4.0 35-7.5
TLCI 98.6 = 0.7% 99.3 £0.1% >95%
TLCII 99.9 £+ 0.2% 99.9 +£0.1% >95%
HPLC 98.8 +0.1% 97.9 £+ 0.6% >95%
Endotoxin <5.0EU/mL <5.0EU/mL <175 EU/mL
Bubble point >2500 mbar >2500 mbar >2500 mbar
Radionuclide <0.01% <0.001% <0.01%
impurity

2.2. Labeling Process Optimization, Validation and Quality Control of [/ Lu]Lu-FAPi-mFS

The radiolabeling of FAPi-mFS with Lu-177 was carried out in a fully automated
process using a mini All-in-One cassette module (Trasis), as described in the previous
section. In the automated Lu-177 radiolabeling procedure, the V-shaped vial containing
Lu-177 is connected with two cannulas, a short cannula at position 1 and a longer one
connected to the orange reactor in Figure 3A. The synthesis is initiated by syringe 3, which
generates overpressure in vial A and thereby transfers its contents into the reactor. The
pecursor, which has been dissolved in buffer, is then aspirated from port B into vial A using
syringe 3 and transferred into the orange reactor. After the heating phase, syringe 3 draws
5 mL of 0.9% NaCl solution from port C and collects the entire reactor contents into syringe
3 for dilution. The resulting mixture is passed through the integrated sterile filter into
the final product vial. Finally, syringe 3 rinses the reactor twice with 4 mL of 0.9% NaCl
solution each time, with both rinses also being transferred to the final product vial.

B cps *1000 2Zahlrate von Kanal A, Energiefenster=10..2000 ke

RAD.0.0-R3
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Figure 3. (A) Overview of the synthesis setup for the production of [Y7Lu]Lu-FAPi-mFS. (B) Radio-
HPLC chromatogram of ['77Lu]Lu-FAPi-mFS, where the main peak has a tg of 5.35 min and the
peak of the main side product a tg of 2.38 min (method: gradient from 20% to 45% MeCN + 0.1%
TFA in 10 min). Radio-TLC of ['77Lu]Lu-FAPi-mFS in citrate acid buffer (C) and in 1 M ammonium
acetate/methanol buffer (D) with no relevant amounts of free Lu-177.

Radiolabeling was carried out in 0.6 M ascorbic acid solution with the addition of
gentisic acid and L-methionine (1.2 mL, pH 4.5, 30 mg gentisic acid, 20 mg L-methionine)
to minimize radiolysis. Process optimization identified a temperature gradient as the
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optimal condition: 10 min at 70 °C followed by 40 min at 50 °C. Isothermal conditions at
higher temperatures (e.g., 85 °C for 40 min) led to excessive formation of side products
comparable to the ®®Ga-process (Figure S1). It is noteworthy that these reactions seem to be
very stable at lower activity concentrations. However, using activity concentrations higher
than 2 GBq/mL led to substantial side-product formation that again was only detectable
using a robust HPLC setup with shallow gradient.

Using these parameters, a process validation (n = 3) was carried out again, in which
40-50 ug of precursor per GBq and initial activities of between 7 GBq and 24 GBq were used.
Further purification steps were unnecessary, as the final product fulfilled the predefined
acceptance criteria, including radiochemical purity exceeding 95% (by radio-HPLC) and
a radiochemical yield above 80%. An example of analytical radio-HPLC is shown in
Figure 3B. The validation process yielded a mean RCP of 97.3 £ 0.9% and mean RCY
of 89.2 + 2.3%. For the subsequent routine productions (1 = 9), quantities between 18
GBq and 53 GBq were used, resulting in a mean RCP of 97.9 & 0.6% and a mean yield of
91.4 + 3.9%. Just as in the HPLC chromatogram of [*¥Ga]Ga-FAPi-mFS, a comparable
side product is detectable in the chromatogram of ['””Lu]Lu-FAPi-mFS (Figure 3B). An
overview of the quality control tests performed and the specifications are presented in
Table 1. In addition to determining radiochemical purity by HPLC, this was also verified
using a dual-TLC system (Figure 3C,D). Furthermore, the quality control included a visual
inspection, pH determination, determination of the physical half-life for radionuclide
identification, testing of sterile filter integrity and an endotoxin test. All results fell within
the predefined specification limits and ensured the manufacture of a medicinal product of
appropriate quality.

2.3. In Vitro Stability

Stability measurements were performed both in the formulation solution (pure) and in
human serum (HS) to simulate relevant conditions. All samples were prepared in triplicate,
incubated at 37 °C and analyzed by TLC. For %®Ga-labeled compounds, measurements
were taken over a period of 90 min, while 17/Lu-labeled analogs were studied over 14
days (Figure 4). In this context, ®®Ga exhibited very high stability of over 99%, while the
177Lu-labeled compounds also showed stability of over 89% purity and in HS throughout
the entire period.

i 177 o &
A [%8Ga]GaFAPi-mFS B [77Lu]Lu-FAPi-mFS
PP = o

100 @ o o————@ — — 100 @@ =g
§ 90 90
= ~
£ >
= £
< —
o 80 S 80 @ pure
@ —e PUTE 8

@« . HS
- HS
70 70
0 15 30 45 60 75 90 0 2 4 6 3 10 12 14
t/min t/d

Figure 4. (A) Stability of [8Ga]Ga-FAPi-mFS and (B) ['77Lu]Lu-FAPi-mFS in formulation (pure) and
in human serum (HS) incubated at 37 °C, controlled by TLC.

2.4. HPLC Method Validation

The early development and validation of an efficient and robust HPLC method for
quality control is essential when working with an initially unknown molecule. The experi-
mental design and method optimization were conducted in accordance with the Conference
for Harmonisation (ICH) and the EANM guideline [35]. For comprehensive validation, pa-
rameters such as linearity, accuracy, precision and specificity, in addition to the lower limit
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of detection (LLOD) and the lower limit of quantification (LLOQ), were examined. For this
purpose, [®8Ga]Ga-FAPi-mFS and [Y”7Lu]Lu-FAPi-mFS were used, as well as their inactive
standards, analyzed via radioactivity and UV detection. Additionally, the carryover effect
of the radioactivity detector was determined.

2.4.1. Linearity (Radioactivity Detection)

For [®®Ga]Ga-FAPi-mFS, a total of 15 measurements were performed using different
activity levels ranging from 0.075 MBq to 1.25 MBq to plot the linearity curve for the
radioactivity detector (Figure 5). Additionally, for ['77Lu]Lu-FAPi-mFS a total of five
different activity concentrations ranging from 2.5 MBq to 12.5 MBq were measured in
triplicate to determine the linearity for the radioactivity detector (Figure 5). In accordance
with the requirements of the EANM guideline, the R? value for both molecules was higher
than 0.99.

A 100,000 B 150,000

40 000 y =73.513x - 16.365 ' oo y = 11964x - 5706.3
) RZ =0.9999 . , o Tl ....
60,000 K 90,000 ’

40,000 o 60,000

Peak area / counts
.-
Peak area / counts

20,000 o® 30,000

0 500 1,000 1,500 0 5 10 15
activity / kBq activity / MBq

Figure 5. (A) Linearity of [8Ga]Ga-FAPi-mFS for radiodetector with the linear equation y = 73.513x —
16.365 and R2 = 0.9999 on the left. (B) [Y””Lu]Lu-FAPi-mFS for radiodetector with the linear equation
y = 11,964x — 5706.3 and R? = 0.9981 on the right.

2.4.2. Accuracy (Radioactivity Detection)

For accuracy testing consistent with the routine preparations, samples were diluted
prior to measurement to ensure an appropriate activity concentration for HPLC analysis.
Here, the samples were diluted 1:3 prior to HPLC analysis, resulting in an activity of 0.4
MBq in the 0.04 mL HPLC sample from the expected average radioactivity concentration of
40 MBq/mL. A total of twelve different measurements were performed at different Ga-68
radioactivity concentrations ranging from 25% to 225% of the expected reference activity
(decay correction was performed in each case relative to the injection time). The recovery
was between 97.04% and 99.40%, which complies with the requirements of the EANM
guideline. In the absence of a calibrated reference source or an alternative HPLC system,
the true value was determined based on linearity, taking decay correction into account.

As with Ga-68, routine samples of Lu-177 were also diluted to ensure an appropriate
activity concentration for HPLC analysis. Similarly, the samples for the accuracy test were
diluted, resulting in activities ranging from 2.5 MBq to 12.5 MBq in the HPLC samples.
A total of ten different measurements were performed at five different 1”’Lu radioactiv-
ity concentrations ranging from 30% to 160% of the expected reference activity (in each
case, a decay correction relative to the injection time was applied). The accuracy for all
concentrations ranged between 96.25% and 108.75%, which meets the requirements. Simi-
larly to Ga-68, the true value was determined based on linearity, taking decay correction
into account.
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2.4.3. Precision (Radioactivity Detection)

Due to the difficulties involved in accurately reproducing radioactivity concentrations
with Ga-68, eight samples with different concentrations were analyzed. The mean recovery
rate for all measurements was less than 1% relative standard deviation (RSD) and thus
complies with the requirements of the ICH guideline.

To assess the precision of ['”/Lu]Lu-FAPi-mFS, six determinations were performed at
100% of the target concentration. The average recovery rate for all measurements was less
than 1% RSD, thereby meeting the requirements.

2.4.4. Lower Limit of Detection (LLOD) and Lower Limit of Quantification (LLOQ)
(Radioactivity Detection)

According to the guidelines, the LLOD and LLOQ can be determined using different
methods, including visual inspection, signal-to-noise ratio measurement, or calculation
based on the calibration curve. In this case, the calibration curve method was selected. For
this purpose, o = 7.83 % was used for the standard deviation of the calibration curve and m
=7351 L. B for the slope of the curve for the ®®Ga compound.

s kBq
LLOD — 3.30 _ 3.3.7.83 counti 035 I@ 1)
m 73.51 counts- 5= pL
q
LLOQ — 107(7 _ 10-7.83 countsL _ 106 kﬂ @)
m 73.51 counts-;,ﬁq pL

For the 77Lu compound, o = 2291.23 1 was used for the standard deviation of the

calibration curve and m = 11,963.98 %% for the slope of the curve, which resulted in an

LLOD of 0.63 ’% and an LLOQ of 1.91 ’;‘%

2.4.5. Carryover

After 15 consecutive measurements of [®3Ga]Ga-FAPi-mFS and also after six consec-
utive measurements of ['7“Lu]Lu-FAPi-mFS, no significant carryover was observed in
either the UV or the radioactivity detector channel (Figures 54 and S5). As no quantifiable
carryover of radioactive species to the next run was detected, it was not necessary to carry
out additional column flushes.

2.4.6. Linearity of Cold Standards (UV Detection)

For the HPLC identity test, a concentration of ["2*Ga]Ga-FAPi-mFS higher than the
actual concentration expected in the final radiopharmaceutical product was used. This was
necessary because the analytical concentration of the cold standard under routine synthesis
conditions is close to or in some cases below the reliable detection or quantification limit
of the UV/DAD detector. The chosen standard concentration ensures a clearly detectable,
reproducible and unambiguously assignable reference peak. This allows the retention time
and, where applicable, the UV spectrum of the reference standard to be reliably compared
with the product peak. The higher concentration therefore serves solely to ensure the
specificity, peak identification and reproducibility of the analytical method.

To determine the linearity curve for the UV detector for the two cold standards, five
different molar quantities were measured in triplicate for each compound. For ["'Ga]Ga-
FAPi-mFS, five different amounts of substance in the range of 500 pg to 2400 pg and for
["*Lu]Lu-FAPi-mFS in the range of 50 pg to 240 pg were used (Figure 6). In accordance
with the requirements of the EANM guideline, the R? value for both molecules was higher
than 0.99.
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Figure 6. (A) Linearity of ["®Ga]Ga-FAPi-mFS for UV detector with the linear equation y = 0.8674x
— 30.965 and R? = 0.9992 on the left side. (B) Linearity of ["*Lu]Lu-FAPi-mFS for with the linear
equation y = 6.547x — 43.369 and R? = 0.9991 on the right.

2.4.7. Accuracy of Cold Standards (UV Detection)

Ten different measurements were performed at five different concentration levels for
the two cold standards. All of them fell within the range of 30% to 160% of the expected
concentration. The accuracy for all concentrations ranged between 90% and 110%, which
meets the requirements.

2.4.8. Precision of Cold Standards (UV Detection)

For each of the two cold standards, six measurements were carried out at 100%
of the expected concentration. The retention times and peak areas were measured and
compared. The RSDs calculated for all measurements were below 1%, thereby meeting the
requirements specified in the guidelines.

2.4.9. Lower Limit of Detection and Lower Limit of Quantification of Cold Standards
(UV Detection)

Similar to the determination of the LLOD and LLOQ for radioactive compounds,
the calculation for each cold standard was performed using the calibration curve. For
["*Ga]Ga-FAPi-mFS, o = 24.13 % was used for the standard deviation of the calibration

curve and m = 1.15 %% for the slope of the curve.
LLOD = 337 _ 6912 M8 3)
m uL
100 g
LLOQ = — =209.46 —2 4
0Q - 09.46 oL (4)

For ["Lu]Lu-FAPi-mFS, ¢ = 17.10 % was used for the standard deviation of the

calibration curve and m = 6.55 %%

of 8.62 5% and an LLOQ of 26.12 %.

for the slope of the curve, which resulted in an LLOD

2.4.10. Specification

The retention time of the unlabeled peptide FAPi-mFS was compared with that of
["*Ga]Ga-FAPi-mFS. Simultaneous injection of both molecules resulted in baseline separa-
tion with a tg of 4.95 min for FAPi-mFS and 4.00 min for ["**Ga]Ga-FAPi-mFS (Figure S2).
These retention times were confirmed by the separate injection of the two compounds.

Since a different HPLC method was used for [’ Lu]LuFAPi-mFS, the retention time
of the unlabeled peptide FAPi-mFS was tg = 4.50 min and for ["*Lu]LuFAPi-mFS tg =
5.29 min, resulting in baseline separation (Figure S3).
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3. Discussion

When introducing new radioactively labeled compounds for clinical trials, a detailed
quality analysis is required to ensure the safe administration of the final product to patients.
It is important that the drug is manufactured reproducibly and that only qualified equip-
ment and validated procedures be used to ensure compliance with applicable regulations
for the protection of patient safety. In addition, safe working conditions for operating
personnel when handling radioactivity are of great importance. By implementing an auto-
mated manufacturing process instead of a manual one, radiation exposure for operating
personnel was minimized and a reproducible production process was ensured [36,37]. The
synthesis of the two radiopharmaceuticals, [®8Ga]Ga-FAPi-mFS and ['””Lu]Lu-FAPi-mFS,
was successfully carried out on Trasis’s automated mini-All-in-One synthesis module. This
module was equipped with cGMP-compliant software (Trasis Suite Software—Version 2.35)
and sterile, single-use materials of GMP quality, all housed in a shielded hot cell during
radiolabeling. Both drug products were filled through a sterile filter into a closed sterile vial
in a Class A isolator. Prior to use, quality control was performed, which included a filter
integrity test, a test for bacterial endotoxins, and other methods for assessing the suitability
of the drug products for human use. The tests presented in Table 1 were carried out as part
of the quality control of the drugs. As no suitable monograph was available, the HPLC
methods used were specifically validated in accordance with ICH Guideline Q2 and the
EANM guideline. The validation results for linearity, accuracy, precision, specificity, LLOQ,
LLOD, and carryover, obtained using both the radioactivity and UV detectors, are sum-
marized in Table 2. The results demonstrate that the method is valid and yields accurate
results. As only one HPLC instrument was used for quality control, no inter-instrument
precision study was conducted. Instead, precision was assessed only between different
analysts and days.

Table 2. Analytical HPLC validation parameters for [®8Ga]Ga-FAPi-mFS and [17Lu]Lu-FAPi-mFS
using UV and radioactivity detector.

[®*GalGaFAPi-mFS ["*GalGaFAPi-mFS [*”7LulLuFAPi-mFS [***Lu]LuFAPi-mFS
Linearity Range from 75 kBq to 1250 Range from Range from 2.5 MBq to Range from
(min. 12 kBq 30% to 160% 12.5 MBq 30% to 160%
measurements, n=3 n=3 n=3
R? > 0.99) R? =0.9999 R? = 0.9992 R? = 0.9981 R? = 0.9991
Accuracy
(recovery between 90 and 97.04 and 99.40% 96.69 and 101.34% 96.25 and 108.75% 97.76 and 101.05%
110%)
Precision RSD = 0.80 RSD = 0.08 RSD =0.51 RSD = 0.04

(RSD < 1%)

Specificity
(resolution > 1

tr ([**Ga]GaFAPi-mFS) =

tr (unlabeled) = 4.95 min
tr (cold standard) =

tr (unlabeled) = 4.50 min

tr (["7”Lu]LuFAPi-mFS) = tr (cold standard) =

between peaks) 4.03 min 4.00 min 5.37 min 5.29 min
Lower limit of detection 035 KB 69.12 B8 0.63 551 8.62 1
Lower limit of kBq g kBg L
quantification 1.06 r 20946 191 30 26.12

Stability studies using radio-TLC showed that the radiochemical purity of the ®*Ga-
labeled tracer remained stable for 90 min and that of the 1”/Lu-labeled tracer remained
stable for 14 days, with no more than 11% of the metal being released (Figure 4). To
further assess the stability of the drugs, HPLC measurements were performed 1 h after the
synthesis was completed. Neither compound showed any significant changes in RCP, with
values remaining above 95%. Studies on the long-term stability of the 17 Lu drug may be
required for the centralized manufacture and distribution of ['”7Lu]Lu-FAPi-mFS.
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4. Materials and Methods

The precursor FAPi-mFS is commercially available from MedChemExpress. The
reference standard ["*Ga]Ga-FAPi-mFS and ["*Lu]Lu-FAPi-mFS were produced in-house.
The analytical data for both compounds are listed in supplemental information. Key
resources are presented in Table 3.

Table 3. Key resources.

Reagent or Resource Source Identifier

FAPi-mFS

MedChemExpress N/A

Institute for Radiopharmaceutical

[*tGa]Ga- FAPi-mFS Cancer Research at the Helmholtz N/A

Center Dresden-Rossendorf

Institute for Radiopharmaceutical

["a*Lu]Lu- FAPi-mFS Cancer Research at the Helmholtz N/A
Center Dresden-Rossendorf
Ga-68 generator GalliaPharm EZAG N/A
['77Lu]LuCl; n. c. a. EndolucinBeta ™ N/A
https:/ /www.microsoft.com/de-de/
Excel Version 2610 Microsoft microsoft-365/excel
(10 August 2026)
I https:/ /revvitysignals.com/
ChemDraw 12.0 Revvity Signals Software (Waltham, products/research/chemdraw

MA, USA) (10 September 2026)

Agilent 1200 series HPLC

https:/ /www.agilent.com/en/
product/liquid-chromatography
(18 August 2026)

Agilent Technologies (Santa Clara,
CA, USA)

For radiolabeling, a stock solution with a concentration of 1 mg/mL, prepared us-
ing TraceSelect water (Sigma-Aldrich, St. Louis, MO, USA), was generally employed.
All chemicals were of the highest available purity. HPLC solvents were purchased from
Merck (Darmstadt, Germany) and were of HPLC grade. Reagents, materials, and low-
contamination plastic cassettes were supplied by Trasis (Ans, Belgium). Bacterial endotoxin
testing was conducted with a Nextgen PTS instrument (Charles River, Wilmington, MA,
USA), using the corresponding disposable consumables. The radioactivity of the drug
products was measured with an ISOMED2010 dose calibrator (NUVIA Instruments, Diil-
men, Germany). Artificial intelligence in the form of Gemini and Perplexity was used
for editing, linguistic revision, proofreading, and optimization. Figurelabs was used to
create Figure 1.

Ga-68 was obtained by elution from a ®®Ge/%Ga generator (GalliaPharm, Eckert
& Ziegler Radiopharma GmbH, Berlin, Germany) and used directly without additional
purification. For radiolabeling, 50 pg of precursor was combined with 2.0 mL of 1.0 M
sodium acetate buffer (pH 5.5), and the reaction was carried out at 85 °C using an All-In-
One Mini Synthesis Module (Trasis) equipped with a disposable cartridge. Subsequently,
the reaction mixture was passed through an Oasis HLB-Plus cartridge, which had been
preconditioned with 2 mL of ethanol and 5 mL of water, to remove free Ga-68. The
product was eluted with 0.5 mL of ethanol. Finally, 10 mL of saline solution was added
to dilute the product, which was then filtered through a sterile filter (Sterifix, B. Braun SE,
Melsungen, Germany).
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['”7Lu]LuCl; n.c.a. (EndolucinBeta) was supplied from ITM Isotope Technologies in
Munich, Germany, at different activity concentrations in 0.04 M HCl (40 GBq/mL) and
was used without additional purification. For radiolabeling, 1.2 mL of 0.6 M ascorbic acid
solution including 30 mg gentisic acid and 20 mg L-methionine was used. The reaction
was conducted at pH 4.5 and 40-60 pug of precursor per GBq of Lu-177 at 70 °C for 10 min
followed by 50 °C for 40 min. An All-In-One Mini Synthesis Module (Trasis, Belgium)
equipped with a disposable cassette was used. No further purification of the product was
required. The final formulation was prepared by diluting with 15 mL of saline, followed by
sterile filtration using a Sterifix filter (B. Braun SE, Germany). The pH was checked before
and after radiolabeling using disposable pH strips (Merck, Germany). Reaction progress
was monitored by radio-TLC (TLC Silicagel 60 F254, Merck, Germany) and two different
mobile phases: (1) citrate buffer at pH 4 and (2) a 1:1 (v/v) mixture of 1.0 M ammonium
acetate buffer and MeOH.

Analytical radio-HPLC was performed using an HPLC system (Agilent 1260 Infin-
ity II, 100-uL injection loop, 20-puL injection for quality control) equipped with a GABI
Nova radioactivity detector (Elysia-Raytest, Liege, Belgium) and an external mid-energy
Nal(Tl)/ photomultiplier tube (PMT) scintillation probe (Elysia-Raytest, Belgium). The
following column was used: VDSpher PUR 150 C18-E 5 um, 100 3 4.0 mm VDS Optilab,
Germany. The mobile phases were acetonitrile (A) and water (B), each containing 0.1%
TFA. The gradient, run at a flow rate of 1.0 mL/min, started at 10% A and increased to
20% A within 10 min for the Ga-68 labeled peptide and 20% A to 45% A within 10 min for
the Lu-177 labeled peptide. The thin-layer chromatograms (TLCs) were analyzed using a
miniGita TLC scanner (Elysia-Raytest, Belgium), and the data were evaluated using Gina
analysis software Version 6.3 (Elysia-Raytest, Belgium).

HPLC analysis and preparative purification of ["*Ga]Ga-FAPi-mFS and ["Lu]Lu-
FAPi-mFS were performed out using a Knauer Azura system (Knauer, Berlin, Germany)
equipped with a Synergi Hydro-RP column (4 um, 80 A, 250 x 10 mm). Analytical and
preparative HPLC separations were performed at a flow rate of 5 mL min~! using solvent A
(HoO containing 0.1% TFA) and solvent B (acetonitrile containing 0.1% TFA). The gradient
was programmed from 5% to 55% B over 45 min.

High-resolution mass spectrometry (HRMS) analyses of ["Ga]Ga-FAPi-mFS and
["'Lu]Lu-FAPi-mFS were performed on an Agilent Revident Q-TOF LC/MS G6575A
instrument (Agilent Technologies, Waldbronn, Germany) equipped with an electrospray
ionization (ESI) source and operated using Agilent MassHunter Workstation software
(version 3.6). Measurements were conducted in bypass mode with a mobile phase consisting
of solvent A (acetonitrile) and solvent B (0.1% formic acid in H,O) at a flow rate of 0.2
mL min~1.

The stability studies were conducted in triplicate at 37 °C in human serum (HS) and
in the final product formulation. The HS (male AB plasma from the United States) was
obtained from Sigma Aldrich (St. Louis, MO, USA). The saline solution was obtained
from B. Braun (Germany). In the final step, 500 pL [©3Ga]Ga-FAPi-mFS of the formulated
product solution (ca. 11 MBq) and for ['7/Lu]Lu-FAPi-mFS 15 uL of the formulated product
solution (48 MBq) was added to 1 mL of HS. Radio-TLC was performed under the analytical
conditions mentioned above.

4.1. Quantification and Statistical Analysis

Gina Star software (Elysia-Raytest) was used to quantify the HPLC signals, and
the signals were integrated manually. Excel (Microsoft) was used to analyze data. All
numbers of replicates are specified in the paper and amount to at least n = 3 (number of
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measurements). For the statistical analyses, the sample mean, standard deviation and linear
regressions were used and calculated using Excel.

4.2. Experimental Details
4.2.1. Preparation of ["*Ga]Ga-FAPi-mFS

A stock solution of FAPi-mFS (100 uL, 1 mM in H,O) was mixed with 800 uL of 1.0 M
sodium acetate buffer (pH 4.5), followed by the addition of 110 uL of a Ga(NO3)3 solution
(1 mM in sodium acetate buffer). The reaction mixture was incubated at 80 °C for 20 min
with continuous shaking at 700 rpm. Upon completion, the reaction was analyzed by
HPLC, which confirmed quantitative conversion of FAPi-mFS to the desired product. The
product fraction was subsequently collected and characterized by high-resolution mass
spectrometry (HRMS). ["'Ga]Ga-FAPi-mFS: HPLC, t, = 25.86 min. HRMS (ESI-QTOF)
m/z calculated for [M + Ga-H]** 635.1923; found 635.1921 (where M = C53HgoF3N1,015S,
FAPi-mFS).

4.2.2. Preparation of ["*Lu]Lu-FAPi-mFS

A stock solution of FAPi-mFS (100 uL, 1 mM in H,O) was mixed with 800 uL of 1.0 M
sodium acetate buffer (pH 4.5), followed by the addition of 110 uL of a LuCl3 solution (1
mM in sodium acetate buffer). The reaction mixture was incubated at 80 °C for 30 min
with continuous shaking at 700 rpm. After completion of the reaction, HPLC confirmed
quantitative conversion of FAPi-mFS to the corresponding Lu complex. The product was
isolated by HPLC purification and subsequently characterized by high-resolution mass
spectrometry (HRMS). ["'Lu]Lu-FAPi-mFS: HPLC, t, = 25.98 min. HRMS (ESI-QTOF)
m/z calculated for [M + Lu-2H]* 1375.3924; found 1375.3925, calculated for [M + Lu-H]**
6881999, found 688.2000 (where M= C53H69F3N12015S, FAPI—I’I‘[FS)

5. Conclusions

Automated labeling procedures for [#8Ga]Ga-FAPi-mFS and [7”Lu]Lu-FAPi-mFS were
successfully developed, optimized, and validated. Both procedures enabled reproducible
production with high radiochemical purity and sufficient in vitro stability. In addition,
robust radio-HPLC methods were established and validated for routine quality control,
demonstrating adequate linearity, accuracy, precision, specificity, and sensitivity. As cova-
lent, FAP-specific radiopharmaceuticals, both compounds represent promising candidates
for further clinical evaluation, with the potential to prolong tumor retention and improve
the efficacy of FAP-specific imaging as well as radionuclide therapy.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ph19111707/s1. Figure S1: Radio-HPLC chromatogram of
[Y7Lu]Lu-FAPi-mFS after labeling at 85 °C for 40 min, where the desired product peak has a tg of
5.57 min and the peak of the major side product a tg of 4.47 min (17.5%). For better presentation,
a different method was used (method: gradient from 5% to 95% MeCN + 0.1% TFA in 10 min);
Figure S2: Specificity measurements for UV unlabeled peptide FAPi-mFS (UV trace), in green, and
non-radioactive ["®Ga]Ga-FAPi-mFS (UV trace), in red (Materials and Methods section); Figure S3:
Specificity measurements for UV and radiodetector, showing unlabeled FAPi-mFS (UV trace) in
red, non-radioactive ["**Lu]Lu-FAPi-mFS (UV trace) in blue and drug product [Y77Lu]Lu-FAPi-mFS
(radioactivity trace) in green (Materials and Methods section); Figure S4: Carryover measurement
of [®Ga]Ga-FAPi-mFS on analytical HPLC performed after 15 consecutive injections of [®8Ga]Ga-
FAPi-mFS at high activities (Materials and Methods section); Figure S5: Carryover measurement
of [Y7Lu]Lu-FAPi-mFS on analytical HPLC performed after six consecutive injections of [Y7Lu]Lu-
FAPi-mFS at high activities (Materials and Methods section); Figure S6: HPLC data from FAPi-mFS
(Materials and Methods section); Figure S7: HPLC data from ["3Ga]GaFAPi-mFS (Materials and
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Methods section); Figure S8: HPLC data from ["'Lu]LuFAPi-mFS (Materials and Methods section);
Figure S9: HRMS data from FAPi-mFS, provided by the Institute for Radiopharmaceutical Cancer
Research at the Helmholtz Center Dresden-Rossendorf (Materials and Methods section); Figure S10:
HRMS data from ["'Ga]GaFAPi-mFS, provided by the Institute for Radiopharmaceutical Cancer
Research at the Helmholtz Center Dresden-Rossendorf (Materials and Methods section); Figure S11:
HRMS data from ["*Lu]LuFAPi-mFS, provided by the Institute for Radiopharmaceutical Cancer
Research at the Helmholtz Center Dresden-Rossendorf (Materials and Methods section).
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Abbreviations

The following abbreviations are used in this manuscript:

FAP fibroblast activation protein

CTR covalent targeted radioligand
SuFEx  sulfur(VI) fluoride exchange

PET positron emission tomography

CAF cancer-associated fibroblast

Ga-68  gallium-68

Lu-177  lutetium-177

HCI hydrochloric acid

NaCl sodium chloride

HPLC  high-performance liquid chromatography
TLC thin-layer chromatography

RCY decay-corrected radiochemical yield
RCP radiochemical purity

MeCN  acetonitrile

TFA trifluoroacetic acid
MeOH methanol
HS human serum
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ICH International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use

EANM  European Association of Nuclear Medicine

LLOD  lower limit of detection

LLOQ  lower limit of quantification

RSD relative standard deviation

uv ultraviolet

HRMS  high-resolution mass spectrometry
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