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Abstract

Background Both in clinical routine and in preclinical research, the established
standard procedure for the final purification of radiometal-labeled peptide
radiopharmaceuticals is cartridge-based reversed-phase (RP) solid phase extraction
(SPE). It allows the rapid and quantitative separation of the radiolabeled peptide from
hydrophilic impurities and easy integration into automated synthesis procedures.
However, product elution from RP cartridges necessitates the use of organic solvents
and product recovery is sometimes limited. Thus, an alternative purification method
based on commercially available size exclusion cartridges was investigated.

Results Since most peptide radiopharmaceuticals have a molecular weight> 1 kDa,
Sephadex G10 cartridges with a molecular size cut-off of 700 Da were used for the final
purification of a broad palette of ®*Ga-, ®*Cu- and *™Tc-labeled experimental peptide
radiotracers as well as the clinically relevant ligand PSMA-617. Results (radiochemical
purity (RCP, determined by ITLC), recovery from the solid support) were compared to
the respective standard RP-SPE method. Generally, retention of unreacted 8Ga, %*Cu
and °™c salts on the G10 cartridges was quantitative up to the specified elution
volume (1.2 mL) for ®8Ga and *™Tc and 99.6% for %Cu. Even at increased elution
volumes of 1.5-2 mL, RCPs of the eluted ®®Ga- and **™Tc -radiopeptides were >99%. For
all peptides with a molecular weight > 2 kDa, product recovery from the G10 cartridges
was consistently >85% upon respective adjustment of the elution volume. Product
recovery was lowest for [%®GalGa-PSMA-617 (67%, 1.2 mL to 84%, 2 mL). The pH of the
final product solution was found to be volume-dependent (1.2 mL: pH 6.3; 1.5 mL:

pH 5.9; 2 mL: pH 5.5). Notably, the G10 cartridges were reused up to 20 times without
compromising performance, and implementation of the method in an automated
radiosynthesis procedure was successful.

Conclusions Overall, size exclusion purification yielded all peptide
radiopharmaceuticals in excellent radiochemical purities (> 99%) in saline within
10-12 min. Although product recovery is marginally inferior to classical SPE
purifications, this method has the advantage of completely avoiding organic solvents
and representing a cost-effective, easy-to-implement purification approach for
automated radiotracer synthesis.
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Background

The widely established standard labeling protocols for ®*Ga-, ®*Cu- or *™Tc-labeling
of chelator functionalized peptides usually provide excellent radiolabeling yields, with
frequently>97% of incorporated radionuclide. Nevertheless, both in clinical routine
production and in preclinical research, the preparation of radiometal-labeled peptide
radiopharmaceuticals almost always involves a last purification step using (reversed
phase (RP)) solid phase extraction (SPE) cartridges (Neels et al., 2018; Decristoforo et al.,
2007; Hennrich & Benesovd, 2020; Hennrich & Eder, 2022; Hennrich & Eder, 2021). This
step ensures quantitative removal of free radionuclide or radionuclide colloids and of
non-physiological, potentially toxic labeling buffer components, such as HEPES (Nelson
et al., 2022). However, product elution requires organic solvents like ethanol (Decristo-
foro et al., 2007; Hennrich & Eder, 2021; Nelson et al., 2022). Additionally, acidic condi-
tions may prove indispensable to obtain sufficient product recovery from the solid phase
(Robu et al., 2017). This, in turn, entails additional processing steps, such as solvent
evaporation, neutralization or dilution to meet the specifications for injectable solutions
(pH 4-8, ethanol<10% v/v) (Hennrich & Eder, 2021; Serdons et al., 2008). Although
small amounts of ethanol are accepted in the final formulation of peptide radiophar-
maceuticals, the presence of ethanol can lead to pain and haemolysis at the injection
site (Serdons et al., 2008). On the other hand, evaporation of the organic solvent by heat
under nitrogen flow is time consuming (10-20 min) and leads to a loss of activity, espe-
cially when working with short-lived radioisotopes such as ®*Ga. In some cases, another
drawback of SPE purification consists in the poor recovery of the final product from
the solid support. This has been shown for [**Ga]Ga-DOTA-TBIA101 (Mokaleng et al.,
2015), for which low recovery limited the overall yield of the final product.

To circumvent the complications associated with the use of RP-SPE cartridges, we
investigated the use of size exclusion chromatography (SEC) cartridges as an alterna-
tive, organic-solvent-free purification method for radiometal-labeled peptide radiophar-
maceuticals. Since most peptide radiotracers have a molecular weight>1 kDa, Sephadex
G10 cartridges with a molecular weight cut-off of 700 Da (for a sample volume of 1 mL)
were chosen for this study. After assessing the retention capacities of the material for
free ®*GaCl,, ®*CuCl, and *™TcO,", the size exclusion purification method was investi-
gated for the post-labeling workup of a variety of ®*Ga-, **Cu- and **™Tc-labeled peptide
radiopharmaceuticals in a molecular weight range of 1-3 kDa. [*®Ga]Ga-PSMA-617 was
included as a clinically relevant reference. Key parameters such as radiochemical purity
(RCP) after purification and recovery from the cartridge material were quantified and
compared to the respective results obtained by SPE purification. In a last step, the SEC-
based purification was implemented in a semi-automated synthesis protocol.

Results

The results obtained for the retention capacity of the G10 cartridges for the free **Ga-,
64Cu- and **™Tc-radionuclide salts are summarized in Fig. 1A. All reaction mixtures were
applied to the cartridge in a fixed volume of 0.5 mL and in the respective radiolabeling
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Fig.1 (A) Retention capacity of the G10 size exclusion cartridge for the free %Ga, ®*Cu and **™Tc-radionuclide salts
as present in the radiolabeling mixture. Saline (0.9% NaCl) was used for elution. (B) Exemplary correlation between
elution volume and pH of the final product [®¥GalGa-PSMA-617 in labeling buffer (1 M NaOAc, pH 4.5)
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Fig.2 Assessment of the recovery using a G10 cartridge. Gray: radiotracers with neutral binding motif; Red: radio-
tracers with anionic binding motif; Blue: radiotracers with cationic binding motif. (A) Recovery of selected peptide
radiopharmaceuticals as a function of elution volume. (B) Recovery of the investigated peptide radiopharmaceuti-
cals at a fixed elution volume of 1.2 mL as a function of molecular weight

buffer (no colloid formation). In the case of ®Ga, quantitative retention of the free radio-
nuclide was observed for a 1.2 mL elution volume, and only 0.4%0.2% of free *Ga was
eluted, when the elution volume was increased to 2 mL. In contrast, for ®*Cu, 0.4% of
the activity were already eluted with 1.2 mL 0.9% NaCl, increasing to >1% and >25% of
the initial activity, respectively, when elution volumes of 1.5 and 2 mL were used. Inter-
estingly, *™Tc-pertechnetate showed quantitative retention on the size exclusion car-
tridge, both when applied in radiolabeling buffer and as pure generator eluate (in saline),
even when the elution volume was increased to 4 mL. Retention of freshly generated
9MTc-tin colloid was slightly less efficient (see materials and methods). While 98% of
the®™Tc-tin colloid remained trapped on the G10 column, 1.0+0.7% were eluted using a
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2 mL elution volume. For ®*GaOHj colloid, app. 50% of the activity were eluted using an
elution volume of 1.2 mL.

Next, the buffer exchange capacity of the used G10 cartridges was investigated by
pH measurements of the eluate at different elution volumes. The pH values were deter-
mined both by pH paper strips and a pH electrode. After the radiolabeling of PSMA-
617 in sodium acetate buffer (1 M, pH=4.5) as an exemplary tracer, the pH of the
eluate remained stable at pH 6.2+0.1, when 1.2 mL of 0.9% NaCl (pH 6.3) were used
for product elution. A slight decrease in pH was observed at an elution volume of 1.5
mL (pH 5.9£0.1), while increasing the elution volume to 2 mL decreased the pH to 5.5
(see Fig. 1B). This decrease is due to the co-elution of the acidic labeling buffer. Thus, to
achieve a physiological pH of the final product formulation, 300 pL of phosphate buffer
(0.5 M, pH 8) had to be added to the eluate. In contrast, since *™Tc-labeling of PSMA-
HSG was carried out in phosphate buffer (pH 7.5), the pH of the column eluate remained
neutral throughout the elution (1.2-2 mL 0.9% NacCl) of the radiolabeled peptide.

After this initial validation of the G10 cartridge-based SEC method for the size exclu-
sion purification of radiometal-labeled peptides, its suitability for the post-labeling work-
up of several *®Ga-, **Cu- and *™Tc-labeled peptides in a molecular weight range from
1 to 3 kDa was investigated. The used peptide radiopharmaceuticals include the refer-
ence compound [*®Ga]Ga-PSMA-617 (app. 1 kDa), the CCR5-targeted ligands includ-
ing unpublished compounds [*®Ga]Ga-DOTA-Rap-103 (app. 1 kDa) and its trimeric
counterparts [*3Ga]Ga-TRAP-103 (app. 3 kDa), [**Cu]Cu-TRAP-103 (app. 3 kDa) and
[®*Cu]Cu-NO-Y-103 (app. 2.5 kDa), the PD-1 targeted peptides [**Ga]Ga-mPep-DOTA
(app. 2 kDa) and [*®Ga]Ga-hPep-DOTA (app. 2 kDa) (Hu et al., 2020) as well as the novel
hybrid PSMA-tracer [*™Tc]Tc-PSMA-HSG (app. 2 kDa) (manuscript in preparation ).
The structures of all ligands are provided in the supplementary information (Supp. Fig-
ure S1-S7).

The most important parameters in this part of the evaluation were the recovery of the
radiolabeled peptide from the size exclusion material as well as the radiochemical purity
(RCP) of the final product. For an elution volume of 1.2 mL, RCPs>99% (as determined
by ITLC or HPLC) were observed for all peptides, independently of the radionuclide or
the molecular weight of the peptide precursor. An increase of the elution volume to 2
mL still provided the respective peptide radiopharmaceuticals in >99% RCP (see Supp.
Fig. S8-S11), allowing the adjustment of the elution volume to the retention behaviour of
the specific peptide.

That this is highly relevant in terms of recovery from the SEC cartridge, is shown in
Fig. 2A. For all peptides investigated, increasing the elution volume led to improved
tracer recoveries from the SEC cartridge. This effect was much more pronounced
for the low-molecular-weight compounds [®*Ga]Ga-DOTA-RAP-103 (1 kDa) and
[®8Ga]Ga-PSMA-617 (1 kDa) compared to their higher-molecular-weight counterparts
[®8Ga]Ga-TRAP-103 (3 kDa) and [*™Tc]Tc-PSMA-HSG (2 kDa), respectively. Recov-
eries of the trimeric RAP-103-analogs [*®Ga]Ga-TRAP-103, [**Cu]Cu-TRAP-103 and
[®*Cu]Cu-NO-Y-103 were all comparable and high at 1.2 mL elution volume (91.1, 93.5
and 92.1%, respectively; see Fig. 2B), while an elution volume of 2 mL was required
for a similar recovery of the structurally related monomer [*®Ga]Ga-DOTA-RAP-103
(Fig. 2A).
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To further improve recoveries, alternative elution buffers (saline containing different
additives, see Supp. Table S1) were used for the SEC purification of the exemplary com-
pounds [*®Ga]Ga-PSMA-617 and [*®Ga]Ga-TRAP-103. However, neither the addition of
5% ethanol nor the addition of the chaotropic agent guanidine (50 mM) nor of 0.5% of
the non-ionic surfactant polysorbate 80 had any noteworthy influence of tracer recovery.

Finally, the recoveries obtained using the G10 cartridge based purification method
were compared to the most-commonly used RP-SPE purification method for selected
compounds  ([*®Ga]Ga-PSMA-617, [®®Ga]Ga-TRAP-103, [*®*Ga]Ga-mPep-DOTA
and [®™Ic]TC-PSMA-HSG). For the elution of [®Ga]Ga-PSMA-617 and
[®®Ga]Ga-TRAP-103, 1.5 mL of a 4:1 ethanol/water mixture was used, and for the elution
of [*®Ga]Ga-mPep-DOTA and [*™Tc]Tc-PSMA-HSG, 0.5 mL 0.1% TFA in acetonitrile
were used. For all compounds except [**Ga]Ga-PSMA-617, product recovery from the
C18 cartridge material under the chosen conditions was 3—10% higher than from the
G10 size exclusion cartridge. For [*®*Ga]Ga-PSMA-617, SPE work-up afforded a signifi-
cantly higher recovery of >95%, while SEC elution using 1.5 mL 0.9% NaCl had provided
a recovery of only 75.5+1.4%.

To demonstrate the ease of implementation of the G10-cartridge based SEC purifi-
cation method into automated radiosynthesis protocols, [®*Ga]Ga-TRAP-103 was also
synthesized and purified using a automated radiosynthesis module (Scintomics GRP
series, see Supp. Figure S12) and NaCl elution of SCX-bound *®Ga (Mueller et al., 2012).
The final automated SEC purification of the reaction mixture (1 mL) provided a prod-
uct recovery of 80.0+£2.5% (n=3) in 1.2 mL elution volume, which was comparable to
the observed recovery obtained during manual synthesis using 1.0 mL reaction volume
(81.9%).

Discussion

Using commercially available SEC cartridges with a molecular cut-off of 700 kDa, we
systematically investigated the purification of peptide radiotracers of different charge
and size labeled with ®*Cu, ®®Ga, and 99mTc—pertechnetate. With respect to the retention
capacity of the SEC cartridge for unreacted radionuclide, only ®*Cu showed comparably
low retention by the cartridge. This could be attributed to the increased molecular size of
the copper acetate complex formed in the acetate labeling buffer as a stabilized interme-
diate during **Cu-labeling (Kyuzou et al., 2010). In contrast, the *™Tc-pertechnetate in
radiolabeling buffer was retained quantitatively by the size-exclusion material. This hints
towards non-size effects in the retention of the **™Tc-pertechnetate anion that have
already been described for Sephadex material, where increasing ionic strength of elu-
ent was found to substantially increase the retention of *™Tc-pertechnetate on the size
exclusion material (Harms et al., 1996). Surprisingly, the free ®Ga" was also retained
with >99% even when using 2 mL of elution volume, while colloidal ®*GaOH, was poorly
retained on the cartridge. This is in accordance with a study using PD-10 size exclusion
cartridges to separate ®®GaOHj; colloids from the radiotracer **Ga-DOTA-exendin-3,
where (co)elution of 68GaOH3 colloids was equally observed (Brom et al., 2016). In con-
trast, and probably due to charge effects, colloidal *™Tc-tin showed very high (>98%),
but not quantitative retention on the G10 cartridge. It is important to note, however,
that usually, when widely established, optimized radiolabeling conditions are used, the
formation of colloidal species is efficiently suppressed and should thus not interfere



Martin et al. EINMMI Radiopharmacy and Chemistry (2024) 9:23 Page 6 of 10

with size-exclusion-based purification methods. Overall, these combined observations
allowed the adaptation of the elution volume for ®*Ga- and *™Tc-labeled peptides to
higher elution volumes (2mL), which in turn resulted in improved recovery rates of the
final product to >90%, with RCPs always>99%.

For all peptides investigated, an increased elution volume consistently led to improved
tracer recoveries from the SEC cartridge. According to the principle of size exclu-
sion chromatography, larger-molecular-weight compounds elute in lower volume and
sharper peaks than smaller compounds. This explains why recoveries of the trimeric
RAP-103-analogs [*®Ga]Ga-TRAP-103, [**Cu]Cu-TRAP-103, and [**Cu]Cu-NO-Y-103
were all comparable and high, while an elution volume of 2 mL was required for a simi-
lar recovery of the structurally related monomer [**Ga]Ga-DOTA-RAP-103. However,
non-size-related structural effects also play a role in the recovery of radiometal-labeled
peptide radiopharmaceuticals from the G10 cartridges used in this study. Both anionic
PSMA-ligands show substantially lower recovery from the Sephadex material than their
respective comparable molecular weight counterparts with neutral as well as cationic
net charge. Most probably this is a result of the high number of anionic charges in the
targeting moiety of the PSMA-ligands, leading to increased adsorption to the gel mate-
rial due to increased hydrogen bonding as opposed to end-capped silica material used in
SPE.

In summary, the SEC based purification method has distinct advantages and disadvan-
tages over conventional SPE methods. The reusability of size exclusion cartridges for up
to 20 cycles without compromising RCP and recovery of the eluted products, provides
a cost-effective and sustainable alternative to single-use SPE cartridges. With respect to
overall synthesis time, the presented gravity-based purification method (10-12 min) is
more time-consuming than SPE purification (4—5 min). However, SEC purification rep-
resents an advantage over RP-SPE purification, especially in the preclinical tracer syn-
thesis setting, where lengthy organic solvent evaporation and reconstitution steps can
be omitted (Hormann et al., 2022). Despite these strengths, it is crucial to acknowl-
edge the associated minor limitations in product recovery, which have been found to
be slightly superior for RP-SPE methods, as well as the dependence of product recov-
ery on the molecular weight, charge and charge distribution of the respective peptide
radiopharmaceutical. However, the major advantage of the SEC purification method
presented in this study is the direct elution of the radiolabeled product in a physiological
buffer or saline. Of note, direct product elution without organic solvents is also feasible
using an SPE purification method based on cation exchange cartridges. For example,
[®3Ga]Ga-FAPI-046 was obtained in excellent yields and purities using cation exchange
cartridge purification, with efficient retention of free ®*Ga (Spreckelmeyer et al., 2020).
However, the efficiency and performance of cation exchange-based separation methods
are largely dependent on the net charge and structure of the specific tracer molecule,
and the G10-based size exclusion method presented in this study benefits from a much
greater versatility and broader applicability.

With respect to clinical application, the G10 cartridges require more extensive valida-
tion. Similar Sephadex-based cartridges (PD-10) have been successfully utilized to purify
the radiolabeled monoclonal antibody *''At-BC8-B10, meeting the cGMP requirements
(pyrogen-free and >95% purity) for subsequent human trials (Spreckelmeyer et al.,
2020). In principle, the present G10-based method may thus also be suited for clinical
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application, and since the content of organic solvent contaminants in the final radio-
pharmaceutical formulation is a decisive release criterion (Chi et al., 2014; Agency EM.,
2019), the possibility to perform an organic-solvent-free purification represents a major
simplification.

Conclusions

The use of size exclusion cartridges for the purification of radiometal-labeled peptide
radiopharmaceuticals represents a valuable alternative to conventional RP-SPE purifica-
tion methods. Especially for the investigated radiotracers at a molecular weight=2 kDa,
SEC purification was found to reliably provide structurally diverse peptide tracers in
consistently high yields (=80% recovery from the SEC cartridge) and excellent RCPs
(=299%) in a ready-to-inject physiological formulation. Its easy implementation into an
automated synthesis protocol, its sustainability, and particularly the fact that the SEC-
cartridge based tracer purification is inherently an organic-solvent-free procedure make
it highly attractive for routine implementation in preclinical research and clinical tracer
production.

Methods

Quality control

Thin layer chromatography

The RCP was determined by instant thin layer chromatography (ITLC) using a Scan-
RAM radio-TLC scanner (LabLogic) and Laura software (LabLogic, Version 6.0.3). ITLC
analyses were performed on dried ITLC-SG Glass microfiber chromatography paper
coated with silica gel (Agilent Technologies, Folsom, CA 95,630). The radiotracers were
analyzed by a retention factor (R;), reflecting the migration distance of the compound
relative to the spotting line.

Reversed phase high performance liquid chromatography (RP-HPLC)

Upon SEC purification, selected peptide tracers were also analyzed via RP-HPLC using
a Shimadzu LC-20AT Gradient HPLC system equipped with an SPD-M20A UV/VIS
detector and a Gabi Na(I) well-type scintillation detector (Elysia-Raytest). Either a chro-
molith RP-18¢, 100x4.6 mm (Merck KGaA, Darmstadt) column (flow rate: 2 mL/min)
or a MultiKrom 100-5 C18, 150x4.6 mm (CS-Chromatographie Service GmbH, Langer-
wehe) column (flow rate: 1 mL/min) was used. Peptides were eluted using different gra-
dients of solvent B (acetonitrile, 0.1% TFA) in solvent A (0.1% TFA in water). Specific
gradients are cited in the text.

Radiolabeling and radiotracer purification

%8Ga-radiolabeling

For ®Ga-labeling, a slightly modified protocol based on the method developed by Muel-
ler et al. (2012) was used. Briefly, 10 nmol (TRAP-103) or 25 nmol (NO-Y-103, hPep-
DOTA, mPep-DOTA, DOTA-RAP-103, PSMA-617) of peptide precursor (1-5 mM
stock concentration) were added to 350-450 uL of NaOAc buffer (1 M, pH 4.5). The
8GaCl, eluate from a ®*Ge/*®*Ga generator (Eckert & Ziegler AG, activity 500 MBq) was
either collected by fractionated elution, or the entire eluate (6 mL) was passed through
a SCX cartridge (Waters), which had been preconditioned with 1 M HCI (1 mL) and
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deionized water (10 mL) and dried with air (10 mL). For the manual synthesis, the SCX
cartridge was eluted with 500 uL 5 M NaCl/134 mM HCI. A fraction of the purified
8GaCl, solution (50-100 MBq, 50—~150 pL) was then used for radiolabeling, with a final
volume of 0.5 mL of the total labeling mixture. The mixture was then heated to 85-90 °C
for 12 min. ITLC before and after the purification was performed with a solution of
NH,OAc buffer (1 M, pH 4.5) in methanol (1:1 v/v). (Colloidal ®*GaOH, and **GaCl,, R,
=0, ®*Ga-labeled peptide R;=1).

Automated ®3Ga-radiolabeling and purification

For the automated radiosynthesis Scintomics GRP V3 module (see Supp. Fig. S9) was
used. The *®Ga was eluted from a SCX cartridge using 700 uL NaCl/HCI (5 M NaCl/134
mM HCI). The automated SEC purification was carried out as described, using a fixed
volume of 1.2 mL of 0.9% NaCl for product elution. ITLC analysis before and after the
purification was performed using the buffer system cited above.

Colloidal ®*GaOH,

%8GaOH; was prepared similarly to Brom et al. with minor changes (2016). Briefly, 1 mL
of a 1:2 (v/v) mixture of ®®Ga generator-eluate (50-80 MBq in 0.1 N HCI) and phosphate
buffer (0.2 M, pH 7.4) was heated to 90 °C for 10 min. The resulting colloidal 68GaOH3
(500 uL) was added to a G10 column and the elution was performed as described. Col-
loidal ®®GaOH, was verified by ITLC using 0.1 M EDTA in NH,OAc (0.25 M, pH 5.5) as
mobile phase (R*GaOHj, colloid=0, R*Ga-EDTA=1). **Cu-radiolabeling®*CuCl, was
provided by the Arronax (Nantes, France) cyclotron facility. ®*Cu-labeling was carried
out in 450 pL of labeling buffer (0.1 M NaOAc, pH 5.5) containing 10 nmol of peptide
precursor. The total reaction volume was 0.5 mL, and the radiolabeling was performed at
85 °C for 12 min. Pure **CuCl, solutions (for analysis of the elution profile of the radio-
nuclide from G-10 cartridges) were prepared by adding 50 pl of eluate to the labeling
buffer to achieve a final volume of 500 pL. ITLC before and after the purification was
performed using 0.1 M citrate buffer (pH 5) as mobile phase. A volume of 5 uL. EDTA (1
mM) was added to the sample before the analysis. (**CuCl,, R; = 1, **Cu-labled peptide
R;=0).

99mTc-radiolabeling

Lyophilized kits containing 10 nmol of PSMA-HSG peptide precursor (manuscript
in preparation) were prepared according to Robu et al. (2017). A volume of 0.5 mL of
9mTe_pertechnetate was added to the vial and heated to 90 °C for 15 min.

Pure *™Tc-pertechnetate solutions (for analysis of the elution profile of the radionu-
clide from G-10 cartridges) were prepared by addition of the gerenator eluate to precur-
sor-free labelling kits. The finial pH of all preparations was 7-7.5. ITLC before and after
G10 purification was performed using 2-Butanone (colloidal **™TcO, and **™Tc-labeled
peptide R; = 0, *™Tc-pertechnetate R; = 1) and NH,OAc/DMF (1:1) (colloidal *™TcO,,
Rf=0, *™Tc-pertechnetate and **™Tc-labeled peptide R; = 1) as mobile phases to dis-
criminate between colloidal, free *™Tc-pertechnetate, and the labeled peptide.
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Colloidal ™ Tc-tin

Colloidal **™Tc-tin was prepared similarly to a reported Kit-preparation with minor
changes (Gil Valenzuela et al., 2008). Briefly, 100 ul SnCl, (0.3 mg in 0.02 N HCI) and
100 pl of a solution containing NaCl (3.6 mg) and NaF (1.0 mg) were added to an Eppen-
dorf tube. Subsequently, *™Tc-pertechnetate (2 mL, approximately 100 MBq) was added
and incubated for 20 min at room temperature. The pH or the mixture was verified with
pH paper strips (pH 5-6). A volume of 500 pl of this mixture was added to the G10 car-
tridge and the elution was performed as described. Colloidal *™Tc-tin was identified by
ITLC using saline as mobile phase (R?*™Tin-colloid=0, R*™Tc-pertechnetate=1).

G10 elution protocol

After equilibration of the Sephadex PD MidiTRAP G10 (Cytiva MiniTrap G-10, #Cat:
28,918,011) with 20 mL of saline, 0.5-1 mL of the respective crude radiolabeling mixture
was added to the cartridge. The liquid was allowed to sink completely into the bed. The
required volume of eluent (0.9% NaCl) for the subsequent column wash was determined
by subtracting the already added sample volume from 1.7 mL of total volume required.
After collection of the wash eluate, up to 2 mL of saline were used to elute the respec-
tive radiolabeled peptide. For elution volumes>1.5 mL, the final pH of the eluate was
adjusted to pH 6—7 by using phosphate buffer (0.5 M, 300 uL, pH 8).

Measurement of activity and recovery rates

Recovery rates were determined by measuring the residual activity on the column, the
activity in the initial 1.7 mL column wash and the product eluate. An «a-B-y Raditec acti-
vimeter with an IBC-LITE software was used for activity quantification. All values were
decay-corrected.
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HPLC High performance liquid chromatography
Rt Retention time

ACN Acetonitrile

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/541181-024-00254-2.

[ Supplementary Material 1 J

Acknowledgements
Not applicable.

Authors’ contributions

SM, LW, AL and MS were involved in the conceptualization and experimental design of this study. SM and LW carried out
the labeling procedures, prepared the draft, collected, and analyzed the data. SM, LW, AL, RF and MS contributed to the
writing and revision of the manuscript. All authors have read and agreed to the current version of the manuscript.

Funding
Not applicable.
Open access funding provided by University of Lausanne


https://doi.org/10.1186/s41181-024-00254-2

Martin et al. EINMMI Radiopharmacy and Chemistry (2024) 9:23 Page 10 of 10

Data availability
All data generated and analysed during this study are included in this published article and its supplementary
information.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 January 2024 / Accepted: 15 March 2024
Published online: 21 March 2024

References

Agency EM. ICH guideline Q3C (R6) on impurities: guideline for residual solvents ema.europa.eu2019 [Available from: https://
www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-require-
ments-registration-pharmaceuticals-human-use_en-33.pdf.

Brom M, Franssen GM, Joosten L, Gotthardt M, Boerman OC. The effect of purification of Ga-68-labeled exendin on in vivo distri-
bution. EJNMMI Res. 2016;6(1):65.

Chi YT, Chu PC, Chao HY, Shieh WC, Chen CC. Design of CGMP production of 18F- and 68Ga-radiopharmaceuticals. Biomed Res
Int. 2014;2014:680195.

Decristoforo C, Knopp R, von Guggenberg E, Rupprich M, Dreger T, Hess A et al. A fully automated synthesis for the preparation
of 68Ga-labelled peptides. Nucl Med Commun. 2007,28(11).

Gil Valenzuela MC, Mikolajczak JKM. In: Ozker K, editor. Meera Venkatesh. Technetium-99m radiopharmaceuticals: manufacture
of kits. International Atomic Energy Agency; 2008.

Neels O, Martin R, Cardinale J, Smits R, Schaefer M, Hoepping A, et al. GMP-compliant fully automated single-step radiosynthe-
sis of [18FJPSMA-1007 using SPE cartridge purification. J Nucl Med. 2018;59(supplement 1):402.

Harms AV, van Elteren JT, Claessens HA. Technetium speciation: non-size effects in size-exclusion chromatography. J Chro-
matogr A. 1996;755(2):219-25.

Hennrich U, Benesovéa M. [68GalGa-DOTA-TOC: the first FDA-Approved 68Ga-Radiopharmaceutical for PET imaging. Pharma-
ceuticals. 2020;13(3):38.

Hennrich U, Eder M. [(68)GalGa-PSMA-11: the first FDA-Approved (68)Ga-Radiopharmaceutical for PET imaging of prostate
Cancer. Pharmaceuticals (Basel). 2021;14(8).

Hennrich U, Eder M. [177LulLu-PSMA-617 (PluvictoTM): the first FDA-Approved Radiotherapeutical for treatment of prostate
Cancer. Pharmaceuticals. 2022;15(10):1292.

Hu K, Xie L, Hanyu M, Zhang Y, Li L, Ma X, et al. Harnessing the PD-L1 interface peptide for positron emission tomography imag-
ing of the PD-1 immune checkpoint. RSC Chem Biology. 2020;1(4):214-24.

Hormann AA, Plhak E, Klingler M, Rangger C, Pfister J, Schwach G, et al. Automated synthesis of 68Ga-Labeled DOTA-MGS8 and
preclinical characterization of Cholecystokinin-2 receptor targeting. Molecules. 2022;27(6):2034.

Kyuzou M, Mori W, Tanaka J. Electronic structure and spectra of cupric acetate mono-hydrate revisited. Inorg Chim Acta.
2010;363(5):930-4.

Mokaleng BB, Ebenhan T, Ramesh S, Govender T, Kruger HG, Parboosing R, et al. Synthesis, 68Ga-radiolabeling, and preliminary
in vivo assessment of a depsipeptide-derived compound as a potential PET/CT infection imaging agent. Biomed Res Int.
2015;2015:284354.

Mueller D, Klette I, Baum RP, Gottschaldt M, Schultz MK, Breeman WAP. Simplified NaCl based 68Ga concentration and
labeling Procedure for Rapid Synthesis of 68Ga Radiopharmaceuticals in High Radiochemical Purity. Bioconjug Chem.
2012,23(8):1712-7.

Nelson BJB, Andersson JD, Wuest F, Spreckelmeyer S. Good practices for 68Ga radiopharmaceutical production. EJNMMI Radio-
pharmacy Chem. 2022;7(1):27.

Robu S, Schottelius M, Eiber M, Maurer T, Gschwend J, Schwaiger M, et al. Preclinical evaluation and first patient application of
99mTc-PSMA-I&S for SPECT Imaging and Radioguided surgery in prostate Cancer. J Nucl Med. 2017;58(2):235-42.

Serdons K, Verbruggen A, Bormans G. The Presence of ethanol in Radiopharmaceutical injections. J Nucl Med. 2008;49(12):2071.

Spreckelmeyer S, Balzer M, Poetzsch S, Brenner W. Fully-automated production of [(68)GalGa-FAPI-46 for clinical application.
EJNMMI Radiopharm Chem. 2020;5(1):31.

Publisher’s Note

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


https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-33.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-33.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-33.pdf

	﻿Validation of a size exclusion method for concomitant purification and formulation of peptide radiopharmaceuticals
	﻿Abstract
	﻿Background
	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿Methods
	﻿Quality control
	﻿Thin layer chromatography
	﻿Reversed phase high performance liquid chromatography (RP-HPLC)


	﻿Radiolabeling and radiotracer purification
	﻿﻿68﻿Ga-radiolabeling
	﻿Automated ﻿68﻿Ga-radiolabeling and purification
	﻿Colloidal ﻿68﻿GaOH﻿3﻿
	﻿﻿99m﻿Tc-radiolabeling
	﻿Colloidal ﻿99m﻿Tc-tin
	﻿G10 elution protocol
	﻿Measurement of activity and recovery rates

	﻿References


