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Abstract 

Background We recently introduced radiohybrid (rh)‑based minigastrin analogs e.g., DOTA‑rhCCK‑18 (DOTA‑D‑
Dap(p‑SiFA)‑(D‑γ‑Glu)8‑Ala‑Tyr‑Gly‑Trp‑Nle‑Asp‑Phe‑NH2), that revealed substantially increased activity retention 
in the tumor. However, one major drawback of these first generation rh‑based cholecystokinin‑2 receptor (CCK‑2R) 
ligands is their elevated activity levels in the kidneys, especially at later time points (24 h p.i.). Therefore, this study 
aimed to reduce kidney retention with regard to a therapeutic use via substitution of negatively charged D‑glutamic 
acid moieties by hydrophilic uncharged polyethylene glycol (PEG) linkers of various length ((PEG)4 to (PEG)11). Fur‑
thermore, the influence of differently charged silicon‑based fluoride acceptor (SiFA)‑moieties (p‑SiFA: neutral, SiFA‑ipa: 
negatively charged, and SiFAlin: positively charged) on in vitro properties of minigastrin analogs was evaluated. Out 
of all compounds evaluated in vitro, the two most promising minigastrin analogs were further investigated in vivo.

Results CCK‑2R affinity of most compounds evaluated was found to be in a range of 8–20 nM (by means of appar‑
ent IC50), while ligands containing a SiFA‑ipa moiety displayed elevated IC50 values. Lipophilicity was noticeably lower 
for compounds containing a D‑γ‑glutamate (D‑γ‑Glu) moiety next to the D‑Dap(SiFA) unit as compared to their 
counterparts lacking the additional negative charge. Within this study, combining the most favorable CCK‑2R affin‑
ity and lipophilicity,  [177/natLu]Lu‑DOTA‑rhCCK‑70 (DOTA‑D‑Dap(p‑SiFA)‑D‑γ‑Glu‑(PEG)7‑D‑γ‑Glu‑(PEG)3‑Trp‑(N-Me)
Nle‑Asp‑1‑Nal‑NH2; IC50: 12.6 ± 2.0 nM; logD7.4: − 1.67 ± 0.08) and  [177/natLu]Lu‑DOTA‑rhCCK‑91 (DOTA‑D‑Dap(SiFAlin)‑
D‑γ‑Glu‑(PEG)4‑D‑γ‑Glu‑(PEG)3‑Trp‑(N‑Me)Nle‑Asp‑1‑Nal‑NH2; IC50: 8.6 ± 0.7 nM; logD7.4 =  − 1.66 ± 0.07) were further 
evaluated in vivo. Biodistribution data of both compounds revealed significantly reduced (p < 0.0001) activity accu‑
mulation in the kidneys compared to  [177Lu]Lu‑DOTA‑rhCCK‑18 at 24 h p.i., leading to enhanced tumor‑to‑kidney 
ratios despite lower tumor uptake. However, overall tumor‑to‑background ratios of the novel compounds were lower 
than those of  [177Lu]Lu‑DOTA‑rhCCK‑18.

Conclusion We could show that the reduction of negative charges within the linker section of radiohybrid‑based 
minigastrin analogs led to decreased activity levels in the kidneys at 24 h p.i., while maintaining a good tumor uptake. 
Thus, favorable tumor‑to‑kidney ratios were accomplished in vivo. However, further optimization has to be done 
in order to improve tumor retention and general biodistribution profile.
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Introduction
Even though medullary thyroid carcinoma (MTC) is a 
rather rare form of thyroid disease [1], limited 10-year 
survival rates of less than 40% for patients suffering from 
locally advanced or progressive disease lead to a growing 
clinical interest in novel therapeutic approaches [2, 3]. 
Thus, over the past three decades research on peptide-
based radiopharmaceuticals targeting the cholecysto-
kinin-2 receptor (CCK-2R), which is overexpressed in 
over 90% of all MTC patients [4], has been progressing.

Only in 2019, the minigastrin analog DOTA-PP-F11N 
(DOTA-(D-Glu)6-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2) 
was evaluated 177Lu-labeled in clinical trials as one of 
the first lead structures for radioligand therapy of MTC 
[5, 6]. In addition, final results of a GRAN-T-MTC phase 
I clinical trial of the structurally similar compound 
 [111In]In-CP04 (DOTA-(D-Glu)6-Ala-Tyr-Gly-Trp-Met-
Asp-Phe-NH2) were recently published. Compared 
to conventional imaging strategies of MTC, such as 
2-deoxy-2-[18F]fluoro-D-glucose (=  [18F]FDG) as well as 
6-[18F]-L-fluoro-L-3, 4-dihydroxyphenylalanine (=  [18F]
F-DOPA) positron emission tomography (PET)/com-
puted tomography (CT), equivalent, complementary 
as well as superior performance of  [111In]In-CP04 sin-
gle-photon emission computed tomography (SPECT)/
CT was reported in 16 patients, underlining the high 
potential of theranostic minigastrin analogs for patient 
management [7]. However, moderate metabolic stability 

and accelerated clearance kinetics of both DOTA-PP-
F11N and CP04 limit their therapeutic efficacy [7–10]. 
One approach to circumvent stability issues in  situ is 
the co-administration of  [177Lu]Lu-DOTA-PP-F11N 
in combination with neutral endopeptidase (NEP)-1 
inhibitors such as sacubitril, which has been evaluated 
in clinical trials with pending results (NCT03647657), 
while another theranostic clinical study using  [177Lu]
Lu-DOTA-PP-F11N (NCT02088645) is currently recruit-
ing [11, 12].

Another approach is stabilization by chemical design, 
which was done for DOTA-PP-F11N and led to DOTA-
MGS5 (DOTA-D-Glu-Ala-Tyr-Gly-Trp-(N-Me)Nle-Asp-
1-Nal-NH2), a minigastrin analog comprising 1-Nal instead 
of Phe and (N-Me)Nle instead of Nle, as well as only one 
D-Glu moiety in the linker  section  [13]. Due to its high 
CCK-2R affinity accompanied by a favorable biodistri-
bution profile in mice [13], first clinical results of  [68  Ga]
Ga-DOTA-MGS5 looked promising in MTC patients 
[14, 15]. Very recently, we further modified the DOTA-
MGS5 sequence in order to address the Gly-Trp cleavage 
site, which resulted in DOTA-CCK-66 (DOTA-D-γ-Glu-
(PEG)3-Trp-(N-Me)Nle-Asp-1-Nal-NH2), a simplified 
minigastrin analog displaying higher metabolic stability 
and thus, improved activity clearance and tumor-to-back-
ground ratios in animals, and which has already been suc-
cessfully translated into the clinic [16, 17].
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However, all compounds mentioned above are limited 
to radiometallation and do not allow for 18F-labeling, 
lacking the benefits of 18F-based PET [18]. In order to 
design an 18F-labeled minigastrin analog, we transferred 
the radiohybrid (rh) concept, which was successfully 
applied for prostate-specific membrane antigen-targeted 
compounds [19], to CCK-2R ligands in a previous study. 
This resulted in DOTA-rhCCK-18 (DOTA-D-Dap(p-
SiFA)-(D-γ-Glu)8-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2), a 
rh-based minigastrin analog that enables both 177Lu- and 
18F-labeling [20]. Both µSPECT/CT and µPET/CT imag-
ing studies of the chemical identical compounds  [19F]
F-[177Lu]Lu-DOTA-rhCCK-18 as well as  [18F]F-[natLu]
Lu-DOTA-rhCCK-18, respectively, confirmed a similar 
biodistribution pattern in AR42J tumor-bearing mice 
at 1  h p.i. Compared to earlier generations of minigas-
trin analogs e.g.,  [177Lu]Lu-DOTA-MGS5 and  [177Lu]
Lu-DOTA-PP-F11N,  [177Lu]Lu-DOTA-rhCCK-18 dis-
played 2- to 13-fold increased activity levels in the CCK-
2R positive AR42J tumor at 24  h p.i. However, this was 
accompanied by unfavorably increased activity uptake in 
the kidneys, most likely due to the charge distribution in 
proximity to the silicon-based fluoride acceptor (SiFA) 
moiety [20]. Worth mentioning, we suspect a synergistic 
effect of the SiFA unit and the several negative charges in 
its proximity to be responsible for the substantial kidney 
retention observed for our previously developed rh-based 
CCK-2R-targeted (rhCCK) compounds such as  [177Lu]
Lu-DOTA-rhCCK-18 [8, 20]. We believe so, as  [177Lu]
Lu-DOTA-PP-F11N, which comprises a similar peptide 
sequence and a similar number of negative charges, did 
not reveal elevated activity levels in the kidneys at 24 h 
p.i. [8].

Hence, in this study we aimed to reduce kidney reten-
tion of rhCCK derivatives, while maintaining high activ-
ity levels in the tumor, with a strong focus on a potential 
therapeutic application. The presence of a poly-L-glu-
tamate chain of minigastrin analogs has already been 
described as one of the main reasons for high kidney 
accumulation, which has successfully been addressed 
by various groups via the substitution of said chain by 
uncharged amino acids or PEG linkers [21, 22]. There-
fore, we focused on the substitution of the poly-D-γ-
glutamate linker section of our previously developed 
rhCCK derivatives by hydrophilic, uncharged PEG link-
ers of various length (4 to 11). Comparative evaluation 
of PEG linkers in combination with or without a D-γ-
Glu moiety in proximity to the D-Dap(p-SiFA) building 
block (Fig. 1) was performed to assess the influence of an 
additional D-γ-Glu on the  lipophilicity of the peptides, 
as compounds from previous works benefited from the 
introduction of the D-γ-Glu moiety with regard to meta-
bolic stability and lipophilicity [16]. Worth mentioning, 

due to the high lipophilic character and the bulkiness 
of the SiFA building blocks, it is a challenge to maintain 
both high CCK-2R affinity and low lipophilicity for the 
whole compound. On the one hand, we observed that the 
distance between the SiFA moiety and the binding unit 
should be large to achieve high CCK-2R affinity [8]. On 
the other hand, previous works demonstrated that a lot 
of hydrophilic units are required to compensate the high 
lipophilicity of the p-SiFA group.

In order to reduce lipophilicity of the SiFA building 
block itself, thus demanding less hydrophilic moieties 
to compensate, we additionally evaluated the influence 
of negatively and positively charged SiFA moieties. We 
introduced either the SiFAlin moiety (positively charged), 
which was already used in somatostatin-based com-
pounds [23], or 5-(di-tert-butylfluorosilyl)isophthalic 
acid (SiFA-ipa, negatively charged), which was recently 
developed in our group (Fischer et al., unpublished data). 
In order to ensure high general CCK-2R affinity and met-
abolic stability, we used the stabilized peptide sequence 
of DOTA-CCK-66 (H–D-γ-Glu-(PEG)3-Trp-(N-Me)
Nle-Asp-1-Nal-NH2) previously developed in our group 
for all compounds evaluated [16]. In this study we evalu-
ated the effect of the different modifications on in vitro 
properties of our compounds first, and later on in  vivo 
properties at 24 h p.i for the two most promising ligands, 
especially with regard to kidney retention.

Materials and methods
Evaluation of peptide identity and integrity is provided in 
the Additional file 1 (Fig. S1–S12). An  expressionL CMS 
mass spectrometer (Advion Ltd., Harlow, UK) was used 
for characterization of the substances.

Chemical synthesis and labeling procedures
Synthesis of the compounds was conducted as previously 
published [8, 20]. In brief, peptides were synthesized via 
standard fluorenylmethoxycarbonyl (Fmoc)-based solid 
phase peptide synthesis (SPPS) protocols using a H-Rink 
Amide ChemMatrix® resin (35–100 mesh particle size, 
0.4–0.6  mmol/g loading, Merck KGaA, Darmstadt, 
Germany).

(4-(Bromomethyl)phenyl)di-tert-butylfluorosilane 
(SiFA-Br), which was used for generating the SiFAlin 
building block, was synthesized according to a published 
protocol [23]. Synthesis of 4-(di-tert-butylfluorosilyl)ben-
zoic acid (p-SiFA) was completed according to an estab-
lished protocol [24]. Chemical synthesis of the SiFA-ipa 
moiety is described in the Additional file 1 (Scheme S1). 
Coupling of p-SiFA was conducted in analogy to amino 
acid couplings to the side chain of a D-2,3-diaminopro-
pionic acid (D-Dap). Conjugation of the SiFA-ipa moiety 
to the D-Dap side chain was accomplished similarly, yet 
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using a threefold excess of SiFA-ipa to prevent dimeriza-
tion. A threefold excess of SiFA-Br dissolved in  CH2Cl2 
was used to conjugate it to the N-terminus of N,N-
dimethylglycine under basic conditions, resulting in a 
SiFAlin moiety.

nat/177Lu-Labeling of the peptide precursors was car-
ried out according to protocols described in detail in 
the Additional file  1. In brief, natLu-labeling was per-
formed by adding an excess of  [natLu]LuCl3 to the pep-
tide precursor dissolved in  H2O at 90  °C for 15  min. A 
final concentration of 0.1 nM of the natLu-labeled peptide 
was achieved by the addition of  H2O. 177Lu-labeling was 
conducted at 80 °C within 10 min (1.0 M NaOAc buffer, 
pH = 5.5).

In vitro experiments
CCK-2R affinity (by means of apparent half-maximal 
inhibitory concentrations; IC50; using AR42J cells, 3  h 

incubation at 37  °C,  10–11 to  10–5  M natLu-labeled pep-
tide (in triplicate), 0.3  pmol  [177Lu]Lu-DOTA-PP-F11N 
as radiolabeled reference, n = 3) as well as lipophilicity 
(expressed as n-octanol/phosphate buffered saline (PBS) 
(1/1) distribution coefficient; logD7.4, 1.0  MBq 177Lu-
labeled peptide, n ≥ 5) were determined as previously 
published [8, 20].

For affinity determination, AR42J cells (2.0 ×  105 cells/
well) were seeded into 24-well plates 24 ± 2  h prior 
to the experiment adding 1  mL of nutrient medium 
(RPMI 1640, 5  mM L-Gln, 5  mL non-essential amino 
acids (100 ×), 10% FCS) and incubating the well plates 
at 37  °C in a humidified atmosphere (5%  CO2). On the 
next day, medium was removed, cells were washed with 
PBS (300  µL) and fresh nutrient medium supplemented 
with 5% BSA (200 µL) was added. The peptide of inter-
est (25  µL in nutrient medium) in increasing concen-
trations  (10−10 to  10−4 M) in triplicate as well as  [177Lu]

Fig. 1 General composition of minigastrin analogs evaluated in this study. Yellow: linker sequences; Green: SiFA moieties
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Lu-DOTA-PP-F11N (25 μL, 0.3 pmol) were added to the 
cells and the assay was incubated for 3 h at 37 °C. Subse-
quently, the supernatant was collected, cells were washed 
with PBS (300 µL) and both fractions were unified. Cell 
lysis was conducted by addition of NaOH (300 µL, 1 N) 
and incubation for at least 20 min at room temperature. 
The supernatant was collected, the respective wells were 
washed with NaOH (300  µL, 1 N) and both fractions 
were unified. Radioactivity of all fractions collected was 
quantified using a γ-counter (PerkinElmer Inc., Waltham, 
United States). Apparent half-maximal inhibitory con-
centration (IC50) was calculated via the GraphPad PRISM 
software (GraphPad Software Inc., La Jolla, United 
States).

For determination of lipophilicity, the respective 177Lu-
Labeled peptide precursor (~ 1  MBq, 10  µL in 0.04  M 
HCl) was added to a solution of n-octanol/PBS (1/1, v/v, 
1 mL) and vigourously mixed for 3 min at room tempera-
ture (n ≥ 5). Afterwards both phases were seperated using 
a Biofuge 15 centrifuge (Heraus Sepatech GmbH, Oster-
ode, Germany) at 9,000  rpm for 5  min. 200  µL aliquots 
of both layers were collected separately, measured in a 
γ-counter (Perkin Elmer, Waltham, MA, USA) and the 
logD7.4 value was obtained.

Human serum albumin (HSA) binding was determined 
via high performance affinity chromatography (HPAC), 
according to previously published protocols [16, 25, 
26]. Human serum albumin interaction was calculated 
according to the retention time (n = 1) of our compounds 
on a Chiralpak HSA column in dependence of nine refer-
ence compounds with known HSA interaction.

A detailed description of all in vitro experiments can be 
found in the Additional file 1.

In vivo experiments
Animal experiments were carried out according to the 
general animal welfare regulations in Germany (German 
animal protection act, in the edition of the announce-
ment, dated 18 May 2006, as amended by Article 280 of 
19 June 2020, approval no. ROB-55.2–1-2532.Vet_02-
18–109 by the General Administration of Upper Bavaria) 
and the institutional guidelines for the care and use of 
animals. Therefore, CB17-SCID mice of both genders 
and aged 2–4 months (Charles River Laboratories Inter-
national Inc., Sulzfeld, Germany) were used. After arrival 
at the in-house facilities, mice were allowed to acclimate 
for a minimum of one week before inoculation of AR42J 
cells. AR42J cells (6.0 ×  106 cells per 200 μL) were sus-
pended in a mixture (v/v = 1/1) of nutrient medium and 
Cultrex® Basement Membrane Matrix Type 3 (Trevigen 
Inc., Gaithersburg, MD, USA) and inoculated subcutane-
ously onto the right shoulder of CB17-SCID mice accord-
ing to a previously reported protocol [8]. Animals were 

excluded from the study when reaching one of the follow-
ing endpoints: a weight loss higher than 20%, a tumor size 
above 1500  mm3, an ulceration of the tumor, respiratory 
distress or change of behavior [8]. None of these criteria 
applied to any animal from the experiment. Neither ran-
domization nor blinding was applied in the allocation of 
the experiments. Health status of the animals is specific 
pathogen free according to Federation of European Labo-
ratory Animal Science Associations recommendation.

Biodistribution studies (n = 4) and µSPECT/CT imag-
ing (n = 1) at 24 h p.i. were carried out as previously pub-
lished [8]. For all in  vivo experiments, approximately 
2–3 MBq (100 pmol) of the respective 177Lu-labeled pep-
tide were administered.

Acquired data were statistically analyzed by performing 
a Student’s t-test via Excel (Microsoft Corporation, Red-
mond, WA, USA) and OriginPro software (version 9.7) 
from OriginLab Corporation (Northampton, MA, USA). 
Acquired p values of less than 0.05 were considered sta-
tistically significant.

Results
Synthesis and radiolabeling
Fmoc-based SPPS with concomitant purification via 
reversed phase high performance liquid chromatography 
(RP-HPLC) yielded 5–20% peptide precursor (chemical 
purity > 95%, determined by RP-HPLC at λ = 220  nm). 
Quantitative natLu-labeling was performed at 90  °C for 
15 min using a 2.5-fold excess of  [natLu]LuCl3. No further 
purification step prior usage was required, as the remain-
ing free  Lu3+ was shown to have no impact on IC50 deter-
minations [27]. 177Lu-Labeling of all compounds resulted 
in quantitative radiochemical yields (RCY), radiochemi-
cal purities (RCP) higher than 95% as well as molar activ-
ities  (Am) of 30 ± 10 GBq/µmol. Confirmation of peptide 
integrity and quality controls are provided in the Addi-
tional file 1  (Fig. S1–12). The names as well as the pep-
tide structures of all compounds evaluated is shown in 
Table 1.

All compounds comprise the binding unit B = D-γ-
Glu-(PEG)3-Trp-(N-Me)Nle-Asp-1-Nal-NH2 as well as 
a DOTA chelating moiety. p-SiFA is depicted in green, 
SiFAlin in pink and SiFA-ipa in purple, whereas (PEG)4 is 
colored in red, (PEG)7 in blue and (PEG)11 in orange.

In vitro characterization
Affinity and lipophilicity data of all compounds evaluated 
are summarized in Fig. 2 and Additional file 1: Table S1.

Apparent IC50 values of most rh-based minigastrin 
analogs evaluated  ([natLu]Lu-DOTA-rhCCK-67, −  68, 
− 70, − 71, − 73 to − 76 and − 90) were found to be in a 
range between 10 to 20 nM. For compounds containing 
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a SiFA-ipa moiety  ([natLu]Lu-DOTA-rhCCK-69 and -72), 
noticeably increased apparent IC50 values were observed. 
 [natLu]Lu-DOTA-rhCCK-91, comprising a  PEG4 linker 
in combination with a SiFAlin building block, displayed 
the highest CCK-2R affinity within this study (apparent 
IC50 = 8.56 ± 0.66  nM). However, compared to the refer-
ence compound,  [natLu]Lu-DOTA-rhCCK-18 (apparent 
IC50 = 4.71 ± 0.62  nM, [20]), CCK-2R affinity of 91 was 
significantly decreased (p < 0.0014).

In general, all compounds lacking a D-γ-Glu moiety in 
proximity to the SiFA building block revealed a signifi-
cantly higher lipophilicity than their counterparts com-
prising a D-γ-Glu moiety in said position (logD7.4 = –1.2 
to −  0.8 vs.  −  1.9 to –1.6; p < 0.0001), with  [177Lu]
Lu-DOTA-D-Dap(SiFAlin)-D-γ-Glu-(PEG)11-D-γ-Glu-
(PEG)3-Trp-(N-Me)Nle-Asp-1-Nal-NH2 being the only 
exception. In addition, compounds containing a SiFA-
ipa building block displayed the lowest lipophilicity 
among all compounds (logD7.4: − 2.4 to − 2.1), which was 
found to be slightly higher than that of  [177Lu]Lu-DOTA-
rhCCK-18 (logD7.4 = –2.71 ± 0.04, [20]).

HSA binding was found to be in a range between 85 
and 95% for all compounds evaluated (Table S1). Except 
for  [natLu]Lu-DOTA-rhCCK-75, an extended PEG linker 
length led to slightly reduced HSA binding. No trends 

regarding the influence of different silicon-based fluo-
ride acceptors on HSA interaction were noticed. In 
comparison, the reference compound,  [natLu]Lu-DOTA-
rhCCK-18 (87.1%), displayed similar HSA binding to the 
novel rhCCK derivatives.

In vivo characterization
In order to investigate the effect of a SiFA building 
block paired with a lower number of negative charges 
in its direct neighborhood on kidney retention, we 
selected the most favorable compound with regard to 
in  vitro data (displaying both high CCK-2R affinity and 
low lipophilicity) comprising either a p-SiFA or SiFAlin 
moiety. Hence,  [177Lu]Lu-DOTA-rhCCK-70 (apparent 
IC50 = 12.6 ± 2.0  nM, logD7.4 =  − 1.67 ± 0.08), bearing a 
p-SiFA moiety, and  [177Lu]Lu-DOTA-rhCCK-91 (appar-
ent IC50 = 8.6 ± 0.7  nM, logD7.4 =  − 1.66 ± 0.08), com-
prising a SiFAlin moiety, were further evaluated in  vivo 
(Fig. 3, Additional file 1: Table S2 and S3) and compared 
to  [177Lu]Lu-DOTA-rhCCK-18 [20].

Table 1 Names and peptide structures of all novel radiohybrid‑
based minigastrin analogs evaluated within this study (colour 
figure online)

Name Chemical Structure

DOTA-rhCCK-67DOTA-D-Dap(p-SiFA)-(PEG)4-B

DOTA-rhCCK-68DOTA-D-Dap(p-SiFA)-D-γ-Glu-(PEG)4-B

DOTA-rhCCK-69DOTA-D-Dap(SiFA-ipa)-D-γ-Glu-(PEG)11-B

DOTA-rhCCK-70DOTA-D-Dap(p-SiFA)-D-γ-Glu-(PEG)7-B

DOTA-rhCCK-71DOTA-D-Dap(SiFAlin)-D-γ-Glu-(PEG)7-B

DOTA-rhCCK-72DOTA-D-Dap(SiFA-ipa)-D-γ-Glu-(PEG)7-B

DOTA-rhCCK-73DOTA-D-Dap(p-SiFA)-(PEG)7-B

DOTA-rhCCK-74DOTA-D-Dap(p-SiFA)-(PEG)11-B

DOTA-rhCCK-75DOTA-D-Dap(SiFAlin)-D-γ-Glu-(PEG)11-B

DOTA-rhCCK-76DOTA-D-Dap(p-SiFA)-D-γ-Glu-(PEG)11-B

DOTA-rhCCK-90DOTA-D-Dap(SiFAlin)-(PEG)4-B

DOTA-rhCCK-91DOTA-D-Dap(SiFAlin)-D-γ-Glu-(PEG)4-B
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Fig. 2 Affinity (apparent IC50) data (depicted in bars) and lipophilicity 
(logD7.4) data (depicted in purple dots) of the  PEG4 containing 
compounds,  [nat/177Lu]Lu‑DOTA‑rhCCK‑67 ‑68, ‑90 and ‑91 (red), 
the  PEG7 containing compounds,  [nat/177Lu]Lu‑DOTA‑rhCCK‑70 
to ‑73 (blue), as well as the  PEG11 containing compounds, 
 [nat/177Lu]Lu‑DOTA‑rhCCK‑74 to ‑76 and ‑69 (orange), compared 
to the reference  [nat/177Lu]Lu‑DOTA‑rhCCK‑18 (grey, [20]). All 
novel compounds comprise a  [177/natLu]Lu‑DOTA complex as well 
as a D‑γ‑Glu‑(PEG)3‑Trp‑(N‑Me)Nle‑Asp‑1‑Nal‑NH2 binding unit linked 
together by a spacer sequence X (defined on the X‑axis). * data taken 
from Günther et al. [20]. These data have been determined in our lab 
under identical conditions
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Activity levels in the AR42J tumor xenograft of 
12.0 ± 0.8%ID/g and 7.5 ± 1.0%ID/g were found at 24  h 
p.i. for  [177Lu]Lu-DOTA-rhCCK-70 and -91, respectively. 

Furthermore, activity uptake in the kidneys was 
observed to be low for both compounds (8.4 ± 0.8  and 
6.6 ± 0.5%ID/g) evaluated. In addition, activity levels in 
liver (3.5 ± 1.7  and 2.0 ± 0.1%ID/g) and spleen (1.9 ± 0.6 
and 1.0 ± 0.3%ID/g) were observed to be elevated. Activ-
ity accumulation in the CCK-2R-expressing stomach was 
increased (6.2 ± 0.9 and 4.0 ± 1.2%ID/g). Compared to the 
reference  [177Lu]Lu-DOTA-rhCCK-18 (25.4 ± 4.7%ID/g, 
[20]), activity levels in the tumor were decreased 2- 
to threefold for  [177Lu]Lu-DOTA-rhCCK-70 and -91, 
respectively. However, kidney accumulation and reten-
tion of the novel compounds was reduced 16- to 20-fold, 
respectively (p < 0.0001), thus resulting in enhanced 
tumor-to-kidney ratios (0.19 ± 0.01 vs. 1.44 ± 0.14 and 
1.14 ± 0.12, respectively).

µSPECT/CT imaging studies of  [177Lu]Lu-DOTA-
rhCCK-70 and  [177Lu]Lu-DOTA-rhCCK-91 at 24  h p.i. 
corroborated the biodistribution data well, revealing 
high activity levels in the tumor accompanied by reduced 
activity accumulation in the kidneys (Fig. 4).

Discussion
In the past few years, the rh concept was successfully 
implemented for prostate-specific membrane antigen 
targeted compounds, enabling the generation of chemi-
cally identical ligands that are either 18F- or 177Lu-labeled 
[19, 28]. These so called “true theranostics” allow for the 
design of chemical identical pairs, such as 18F/natLu (PET/
CT) and 19F/177Lu (therapy), by combining a chelator as 
well as a SiFA moiety within the peptide structure. In 
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May 2023, rhPSMA-7.3 (Posluma®) has been approved 
by the FDA for diagnosis of suspected metastatic as well 
as recurrent prostate cancer. In addition, clinical trials 
using rhPSMA-10.1 for therapeutic approaches are ongo-
ing [29–32].

As currently applied CCK-2R-targeted compounds 
bear no option for 18F-labeling, we recently trans-
ferred the rh concept to minigastrin analogs via intro-
duction of a D-Dap(p-SiFA) moiety into the peptide 
structure of DOTA-PP-F11N [8, 20]. The most prom-
ising rh-based minigastrin analog,  [18/19F]F-[177/natLu]
Lu-DOTA-rhCCK-18, displayed decelerated clearance 
kinetics accompanied by high activity levels in the tumor 
at 1  and 24  h p.i., rendering this compound a valuable 
asset for PET/CT imaging of MTC. However, unfavorably 
elevated renal activity retention of DOTA-rhCCK-18 [20] 
might be a limiting factor for radioligand therapy when 
177Lu-labeled, particularly with regard to the kidney as a 
dose-limiting organ.

In this study, we wanted to reduce activity retention 
in the kidneys for our rhCCK ligands while maintain-
ing high activity levels in the tumor. Therefore, we first 
examined the influence of PEG linkers of various length 
(4 to 11) on in  vitro properties of rh-based minigastrin 
analogs. Moreover, the influence of differently charged 
SiFA moieties e.g., p-SiFA (neutral), SiFAlin (positively 
charged) and SiFA-ipa (negatively charged) on overall 
lipophilicity was evaluated. In addition, lipophilicity of 
compounds with and without a D-γ-Glu unit in direct 
proximity to the D-Dap(p-SiFA) unit were evaluated.

Displaying apparent IC50 values of 12 to 16  nM, no 
trend on CCK-2R affinity was observed for peptides 
comprising different PEG linker lengths (4 to 11;  [natLu]
Lu-DOTA-rhCCK-67, -68, -70, -73, -74 and -76). Com-
pounds that contain an additional D-γ-Glu moiety in 
proximity to the SiFA building block  ([natLu]Lu-68, -70 
and -76) revealed similar apparent IC50 values (12 to 
16 nM) to their counterparts lacking said entity  ([natLu]
Lu-67, -73 and -74). In contrast, substitution of p-SiFA by 
SiFA-ipa led to significantly elevated apparent IC50 values 
(p < 0.0001,  [natLu]Lu-DOTA-rhCCK-69: 42.1 ± 1.7  nM 
and -72: 52.3 ± 6.3  nM), suggesting a low tolerability 
towards negative charges at the SiFA moiety. Replacing 
p-SiFA by a positively charged SiFAlin unit had a posi-
tive impact on CCK-2R affinity of compounds compris-
ing a (PEG)4 chain  ([natLu]Lu-DOTA-rhCCK -90 and 
-91: apparent IC50 = 8 to 10  nM), whereas no influence 
as well as a negative influence on apparent IC50 values of 
peptides containing a (PEG)7 and (PEG)11 chain  ([natLu]
Lu-DOTA-rhCCK-71 and -75: apparent IC50 = 13 to 
19 nM), respectively, was observed.

Compared to the reference  [natLu]Lu-DOTA-rhCCK-18 
(apparent IC50 = 4.71 ± 0.62  nM, [20]), all compounds 

evaluated in this study revealed increased apparent IC50 
values (8 to 53 nM), indicating a negative impact of the 
reduction of negative charges within the linker sequence 
on CCK-2R affinity. However, the previously published 
compound  [177Lu]Lu-(R)-DOTAGA-rhCCK-16 ((R)-
DOTAGA-D-Dap(p-SiFA)-(D-γ-Glu)6-Ala-Tyr-Gly-
Trp-Nle-Asp-Phe-NH2), displaying an apparent IC50 
value of 20.4 ± 2.7  nM, revealed high activity levels in 
the tumor (18.0 ± 0.7%ID/g) at 24 h p.i. in AR42J tumor-
bearing CB17-SCID mice, which could be attributed to 
its increased HSA binding and circulation in the blood, 
thus increasing the window for the delivery of the radi-
olabeled compound [8]. As all compounds evaluated 
in this study also comprised a SiFA building block and 
revealed high HSA binding, we considered apparent IC50 
values < 20 nM sufficient for further in vivo evaluation.

In line with previous findings, the additional negative 
charge of a D-γ-Glu moiety in proximity to the SiFA build-
ing block resulted in a lower lipophilicity for the respective 
peptides. Moreover, it could be observed that the impact 
of PEG linker length on overall lipophilicity of CCK2R-
targeted compounds was low, which corroborates the data 
from Novak et  al. [33]. Furthermore, peptides comprising 
a SiFA-ipa moiety displayed the most favorable lipophi-
licity (logD7.4: −  2.3 to −  2.1). Surprisingly, the additional 
positive charge of the SiFAlin moiety had no impact on lipo-
philicity for  [177Lu]Lu-DOTA-rhCCK-71,  [177Lu]Lu-DOTA-
rhCCK-90 and  [177Lu]Lu-DOTA-rhCCK-91, or even led 
to increased logD7.4 values  ([177Lu]Lu-DOTA-rhCCK-75). 
We assume that this is attributed to the change of the over-
all charge of the peptides. Namely, introduction of a posi-
tive charge via a SiFAlin moiety into the mainly negatively 
charged minigastrin analog would lead to a decreased over-
all charge and thus, a less beneficial impact on lipophilicity. 
Except  [177Lu]Lu-DOTA-rhCCK-69 and -72, each compris-
ing a SiFA-ipa moiety, no other peptides evaluated within 
this study displayed logD7.4 values within a range of –3 to 
–2, which we usually consider ideal due to the favorable 
pharmacokinetic properties observed for several com-
pounds in the field of nuclear medicine, among those  [177Lu]
Lu-DOTA-rhCCK-18 (logD7.4 = −  2.69 ± 0.06 [20]) and 
 [177Lu]Lu-DOTA-MGS5 (logD7.4 = − 2.21 ± 0.08 [34]) in case 
of CCK-2R ligands. However, currently clinically applied 
radiotracers e.g.,  [177Lu]Lu-Pentixather (logD7.4 = − 1.8 ± 0.2 
[35]) for C-X-C chemokine receptor type 4 targeting and 
 [177Lu]Lu-NeoBOMB1 (logD7.4 = − 0.57 ± 0.03 [27]) address-
ing the gastrin releasing peptide receptor, also display 
elevated lipophilicity (logD7.4 values were evaluated in our 
group using a comparable experimental setup). Therefore, 
we decided to extend the range of suitable logD7.4 values 
from − 2 to − 1.5, bearing in mind that enhanced hepatic 
accumulation and thus, effects on the biodistribution profile 
could occur.
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HSA binding was observed to be high (85–95%) for all 
rhCCK derivatives tested. In comparison, the reference 
compound  [natLu]Lu-DOTA-rhCCK-18 (87%) displayed 
a similar HSA interaction. All compounds evaluated 
comprise a SiFA building block within their peptide 
structure, which was reported to increase HSA binding 
[29]. Elevated HSA binding is usually associated with a 
decelerated activity clearance and prolonged circulation 
of the compound in the blood stream, which can result 
in increased activity accumulation in the tumor [36–38]. 
This corroborates the observed tumor accumulation and 
retention for previous rhCCK derivatives, such as  [177Lu]
Lu-(R)-DOTAGA-rhCCK-16 and  [177Lu]Lu-DOTA-
rhCCK-18. Therefore, we anticipated a similarly benefi-
cial effect on our novel rhCCK ligands.

In order to evaluate the influence of the different SiFA 
moieties paired with a reduced number of negative 
charges within the linker sequence of rhCCK derivatives 
on in vivo performance, particularly with regard to kidney 
retention, we decided to further investigate both  [177Lu]
Lu-DOTA-rhCCK-70 (apparent IC50 = 12.6 ± 2.0  nM, 
logD7.4 = −  1.67 ± 0.08) and  [177Lu]Lu-DOTA-rhCCK-91 
(apparent IC50 = 8.7 ± 0.7  nM, logD7.4 = −  1.66 ± 0.08) at 
24  h p.i. in AR42J tumor-bearing mice, since both dis-
played acceptable CCK-2R affinity and lipophilicity. 
Compounds comprising a SiFA-ipa building block were 
excluded from further in vivo studies due to their insuf-
ficient CCK-2R affinity.

Biodistribution profiles of  [177Lu]Lu-DOTA-rhCCK-70 
and -91 confirmed our assumption that synergistic effects 
between the multiple negative charges of the poly-D-γ-
glutamate linker section and the D-Dap(p-SiFA) building 
block led to elevated activity levels in the kidneys observed 
for earlier generations of rh-based minigastrin analogs, 
such as  [177Lu]Lu-(R)-DOTAGA-rhCCK-16 and  [177Lu]
Lu-DOTA-rhCCK-18. In line with previously published 
data on minigastrin analogs [21, 22], the reduction of neg-
ative charges within the linker section from eight to two 
via substitution of D-γ-Glu moieties by  PEGX chains led to 
significantly decreased activity uptake in the kidneys for 
both  [177Lu]Lu-DOTA-rhCCK-70 and  [177Lu]Lu-DOTA-
rhCCK-91 compared to  [177Lu]Lu-DOTA-rhCCK-18 
(8.4 ± 0.8%ID/g and 6.6 ± 0.5%ID/g vs. 134 ± 18%ID/g, [20], 
p < 0.0001). Hence, distinctly improved tumor-to-kidney 
ratios were observed for  [177Lu]Lu-DOTA-rhCCK-70 
(1.45 ± 0.12) and  [177Lu]Lu-DOTA-rhCCK-91 (1.14 ± 0.12) 
opposed to  [177Lu]Lu-DOTA-rhCCK-18 (0.19 ± 0.01, [20]).

However, the increased lipophilicity of  [177Lu]Lu-DOTA-
rhCCK-70 and  [177Lu]Lu-DOTA-rhCCK-91 led to lower 
overall tumor-to-background ratios, particularly in the liver 
(3.48 ± 1.66%ID/g and 1.96 ± 0.08%ID/g vs. 0.22 ± 0.01%ID/g) 
and spleen (1.92 ± 0.60%ID/g and 1.04 ± 0.26%ID/g vs. 
0.34 ± 0.09%ID/g). In addition, increased activity levels in 

the bone were observed, especially for  [177Lu]Lu-DOTA-
rhCCK-70 (2.4 ± 1.5%ID/g) in comparison to our reference 
compound  [177Lu]Lu-DOTA-rhCCK-18 (0.20 ± 0.03%ID/g). 
This can be partly attributed to the 177Lu-batch used for 
in vivo experiments performed within this study. While usu-
ally, radiolabeling with our rhCCK derivatives results in < 1% 
free lutetium-177 (e.g.,  [177Lu]Lu-DOTA-rhCCK-18), in the 
study presented herein up to 3% of free lutetium-177 was 
detected, depending on the 177Lu-batch used. Thereby, the 
amount of free lutetium-177 observed was found to corre-
late with activity levels in the bone, which was observed to 
be between 0.5 and 4.3%ID/g, resulting in a high standard 
deviation (± 1.5%).

Worth mentioning, tumor retention was also reduced 
noticeably for our novel compounds (12.0 ± 0.8%ID/g 
and 7.5 ± 1.0%ID/g vs. 25.4 ± 4.7%ID/g, 24 h p.i. [20]). We 
suggest that this is partly due to their reduced CCK-2R 
affinity. However, although both compounds revealed 
a higher CCK-2R affinity compared to  [177Lu]Lu-(R)-
DOTAGA-rhCCK-16 (IC50 = 20.4 ± 2.7  nM; activity lev-
els in the tumor: 18.0 ± 0.7%ID/g [8]), significantly lower 
activity levels were found in the tumor. Therefore, a 
more detailed investigation on albumin binding has to be 
completed, as we expect a higher albumin binding and 
thus, slower activity clearance from the blood for  [177Lu]
Lu-(R)-DOTAGA-rhCCK-16 (containing more nega-
tive charges in proximity to the SiFA moiety than both 
 [177Lu]Lu-DOTA-rhCCK-70 and -91), which results in 
a prolonged bioavailability and thus, tumor accumula-
tion of said compound. Similar effects on albumin bind-
ing were observed in our group for SiFA-comprising 
PSMA-targeted compounds [29, 39]. Furthermore, over-
all charge of the peptide is also an important factor, as 
 [177Lu]Lu-DOTA-rhCCK-91 displayed a higher CCK-2R 
affinity, yet decreased activity levels in the tumor com-
pared to  [177Lu]Lu-DOTA-rhCCK-70. We thus suggest 
that the positively charged SiFAlin moiety has a nega-
tive effect on tumor accumulation, which has to be fur-
ther elucidated in future studies. While the lower activity 
levels in the tumor can be attributed to the lower CCK-
2R affinity, it was surprising that activity levels in the 
stomach, physiologically expressing the CCK-2R, were 
found to be increased and similar for our novel com-
pounds compared to  [177Lu]Lu-DOTA-rhCCK-18 (70: 
6.2 ± 0.9%ID/g  and 91: 4.0 ± 1.2%ID/g vs. 4.3 ± 1.1%ID/g, 
[20]), respectively. Further experiments have to be car-
ried out in future studies to elucidate the nature of this 
observation.

In summary, we could achieve our goal to design a rh-
based minigastrin analog with substantially reduced kid-
ney retention by modifying the linker section with regard 
to negatively charged residues. However, these pleasing 
results were accompanied by a negative impact on overall 
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tumor accumulation compared to our internal bench-
marks. Worth mentioning,  [177Lu]Lu-DOTA-rhCCK-70 
still revealed comparable, as well as higher activity levels 
in the tumor at 24  h p.i. than  [177Lu]Lu-DOTA-MGS5 
(11.0 ± 1.2%ID/g, [16]) and  [177Lu]Lu-DOTA-PP-F11N 
(1.9 ± 0.8%ID/g, [8]), respectively; two compounds that 
are currently evaluated in clinical trials [5, 14]. However, 
kidney retention was observed to be slightly elevated 
(8.4 ± 0.8 vs. 1.3 ± 0.4 [16] and 3.1 ± 0.6%ID/g [8]), which 
resulted in decreased tumor-to-kidney ratios compared 
to  [177Lu]Lu-DOTA-MGS5 (1.4 ± 0.1 vs. 9.4 ± 3.3 [16]) but 
still higher tumor-to-kidney ratios compared to  [177Lu]
Lu-DOTA-PP-F11N (1.4 ± 0.1 vs. 0.6 ± 0.3%ID/g). How-
ever, decreased tumor-to-stomach (2.0 ± 0.2 vs. 4.4 ± 0.7 
[16] and 5.2 ± 2.2%ID/g) ratios, as well as increased 
lipophilicity (–1.67 ± 0.08 vs. −  4.75 ± 0.07 [16] and 
−  2.21 ± 0.08 [8]) was observed for  [177Lu]Lu-DOTA-
rhCCK-70 when compared to the reference ligands. Par-
ticularly tumor-to-stomach ratios are important, as the 
stomach (apart from the kidneys) is also considered a 
dose-limiting organ due to the physiological expression 
of CCK-2R.

A limitation of this study is the lack of internaliza-
tion studies in vitro to get more insight into uptake pat-
tern of the receptor. Furthermore, competition studies 
in vivo should be performed in order to examine recep-
tor specificity of tumor as well as stomach uptake of our 
novel rhCCK derivatives. Moreover, biodistribution stud-
ies at several time points should be carried out to assess 
pharmacokinetics over time. Lastly, metabolic stability 
should be investigated in order to draw conclusions on 
the in vivo behavior of the new compounds. These limi-
tations will be addressed for future compounds but were 
not our main interest in this study, as we primarily aimed 
to reduce high kidney retention observed for previously 
developed rhCCK derivatives (DOTA-rhCCK-18) by cir-
cumventing the synergistic effect present for compounds 
that contain several negative charges in proximity of a 
SiFA building block. Our study could demonstrate that 
this strategy can significantly improve kidney retention, 
and that DOTA-rhCCK-70 is indeed a promising lead 
compound, yet further optimization is necessary to pave 
the way for a clinical translation of rh-based minigastrin 
analogs for theranostic applications.

Conclusion
In this study we could demonstrate that a reduction of 
negative charges within the linker section of rh-based 
minigastrin analogs via substitution of (D-γ-Glu)8 by 
PEG moieties of various length led to a noticeably lower 
activity uptake in the kidneys compared with previ-
ous rh-based CCK-2R-targeted compounds. However, 

lower tumor accumulation and thus, overall tumor-to-
background ratios in all organs apart from the kidneys 
were also observed, demanding further optimization 
of the most promising compound from this study with 
regard to target affinity, lipophilicity and biodistribu-
tion profile.

Abbreviations
Am  Molar activities
CCK‑2R  Cholecystokinin‑2 receptor
Dap  2,3‑Diaminopropionic acid
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MTC  Medullary thyroid carcinoma
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RCY   Radiochemical yield
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