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Abstract 

Minigastrin (MG) analogs show high affinity to the cholecystokinin-2 receptor (CCK2R) and have therefore 
been intensively studied to find a suitable analog for imaging and treatment of CCK2R-expressing tumors. The 
clinical translation of the radioligands developed thus far has been hampered by high kidney uptake or low 
enzymatic stability. In this study, we aimed to develop new MG analogs with improved targeting properties 
stabilized against degradation through site-specific amino acid modifications. 
Method: Based on the lead structure of a truncated MG analog, four new MG derivatives with substitutions in 
the C-terminal part of the peptide (Trp-Met-Asp-Phe-NH2) were synthesized and derivatized with DOTA at 
the N-terminus for radiolabeling with trivalent radiometals. The in vitro properties of the new analogs were 
characterized by analyzing the lipophilicity, the protein binding, and the stability of the Indium-111 
(111In)-labeled analogs in different media. Two different cell lines, AR42J cells physiologically expressing the rat 
CCK2R and A431 cells transfected with human CCK2R (A431-CCK2R), were used to study the receptor 
affinity and cell uptake. For the two most promising MG analogs, metabolic studies in normal BALB/c mice were 
carried out as well as biodistribution and imaging studies in tumor xenografted athymic BALB/c nude mice. 
Results: Two out of four synthesized peptide analogs (DOTA-MGS1 and DOTA-MGS4) showed retained 
receptor affinity and cell uptake when radiolabeled with 111In. These two peptide analogs, however, showed a 
different stability against enzymatic degradation in vitro and in vivo. When injected to normal BALB/c mice, for 
111In-DOTA-MGS1 at 10 min post injection (p.i.) no intact radiopeptide was found in the blood, whereas for 
111In-DOTA-MGS4 more than 75% was still intact. 111In-DOTA-MGS4 showed a clear increase in injected 
activity per gram tissue (IA/g) for A431-CCK2R xenografts (10.40±2.21% IA/g 4 h p.i.) when compared to 
111In-DOTA-MGS1 (1.23±0.15% IA/g 4 h p.i.). The tumor uptake of 111In-DOTA-MGS4 was also combined with 
a low uptake in stomach and kidney leading to high-contrast NanoSPECT/CT images. 
Conclusion: Of the four new MG analogs developed, the best results in terms of enzymatic stability and 
increased tumor targeting were obtained with 111In-DOTA-MGS4 showing two substitutions with 
N-methylated amino acids. 111In-DOTA-MGS4 was also superior to other MG analogs reported thus far and 
seems therefore an extremely promising targeting molecule for theranostic use with alternative radiometals. 
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Introduction 
G-protein-coupled receptors, which are found on 

the cell membrane of different tumor cells, are an 
ideal target for the detection and treatment of cancer 
[1]. Radiolabeled peptide receptor agonists and 
antagonists have been successfully used to target 

somatostatin receptors in neuroendocrine tumors and 
the gastrin-releasing peptide receptor in prostate and 
breast cancer lesions [2-5]. Another attractive target is 
the cholecystokinin-2 receptor (CCK2R) overex-
pressed in different neoplasms, including medullary 
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thyroid carcinoma (MTC) and small cell lung cancer 
[6]. However, CCK2R targeting with radiolabeled 
peptide analogs, based on the natural ligands 
minigastrin (MG) and cholecystokinin (CCK), has not 
yet resulted in a widely accepted diagnostic and 
therapeutic application in nuclear medicine [7-9]. 

Many attempts have been made to find CCK2R 
specific ligands suitable for single photon emission 
tomography (SPECT), positron emission tomography 
(PET), and therapeutic applications [9-17]. Using 
[DGlu1]minigastrin (MG0) conjugated to the linear 
chelator diethylenetriaminepentaacetic acid (DTPA) a 
high tumor uptake was seen in scintigraphic imaging 
with indium-111 (111In), but the uptake in the kidneys 
was also very high leading to nephrotoxic side effects 
in therapeutic applications with yttrium-90 [14,18]. 

The N-terminal penta-Glu sequence in the 
peptide chain of MG0 was related to the high kidney 
uptake [19]. Using [DGlu1,desGlu2–6]MG (MG11) 
conjugated to the macrocyclic chelator 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid (DOTA) a 
large reduction in kidney uptake could be achieved; 
however, low enzymatic stability seemed to impair 
the tumor uptake [8,20-22].  

To address the problems related to high kidney 
uptake and low bioavailability, a number of working 
groups combined under a concerted European COST 
Action (BM0607 Targeted Radionuclide Therapy) 
evaluated 12 new CCK2R targeting peptide analogs. 
Besides high CCK2R receptor affinity and high cell 
uptake, metabolic studies in vivo revealed a rapid 
enzymatic degradation of the different radiolabeled 
peptide derivatives [23,24]. In comparative bio-
distribution studies, 111In-labeled CP04 (formerly 
PP-F11 or PP11-D), a MG analog with the penta-Glu 
sequence substituted by a penta-DGlu sequence, 
showed the most advantageous properties in terms of 
tumor uptake and tumor-to-kidney ratio [25,26]. First 
clinical studies with 111In-CP04 and 177Lu-DOTA- 
PP-F11N, a MG analog derived from CP04 by 
substitution of Met with Nle, have demonstrated the 
feasibility of CCK2R targeting and identified stomach 
and kidneys as possible dose-limiting organs [27,28].  

It has been shown that radiolabeled MG analogs 
can be stabilized in vivo by co-injection of enzyme 
inhibitors such as the neutral endopeptidase inhibitor 
phosphoramidon [29]. Especially for 111In-DOTA- 
MG11, the stabilization against degradation was 
correlated with a significant increase in tumor uptake 
[30]. Clinical evidence that this highly promising new 
approach also leads to increased bioavailability and 
tumor uptake in patients is still missing. So far, the 
different chemical modifications introduced in 
CCK2R-targeting peptide analogs mainly focused on 
the N-terminal part of the peptide and were not 

successful in stabilizing the peptide against 
degradation [23]. No modifications other than 
substitution of oxidation-prone Met were applied in 
the C-terminal sequence Trp-Met-Asp-Phe-NH2, 
which is essential for receptor binding [14]. The aim of 
this study was to investigate substitutions in this 
particular region of the peptide. For this purpose, 
N-methylated amino acids or amino acids with bulky 
aromatic side chains were introduced in positions 6 
and 8 of the peptide sequence of truncated 
DOTA-MG11. Based on data available in the 
literature, the applied substitutions retained CCK2R 
affinity and metabolically stabilized CCK analogs 
[31,32], and we have translated these modifications to 
MG analogs. We report here on the development of 
four new radiolabeled MG analogs for possible 
theranostic use with different radiometals. The initial 
characterization in vitro and in vivo has been carried 
out with the 111In-labeled peptide derivatives and 
includes receptor affinity, cell uptake, and stability 
studies, as well as biodistribution and imaging studies 
in a mouse tumor xenograft model.  

Materials and Methods 
Materials 

All commercially obtained chemicals were of 
analytical grade and used without further purification 
unless otherwise stated. 111InCl3 was purchased from 
Mallinckrodt Medical (Petten, The Netherlands). 
DOTA-MG11 used for comparative studies was 
purchased from piCHEM (Raaba-Grambach, Austria). 

Peptide synthesis  
Using MG11 (DGlu-Ala-Tyr-Gly-Trp-Met-Asp- 

Phe-NH2) as lead structure, four different DOTA-MG 
analogs with specific amino acid substitutions were 
synthesised by standard solid phase peptide synthesis 
using 9-fluorenylmethoxycarbonyl (Fmoc)-protected 
amino acids, as previously described [33]. The 
peptides were assembled on a rink amide MBHA 
resin with capacity of 0.5 mmol/g resin 
(Novabiochem, Hohenbrunn, Germany). Coupling of 
the Fmoc amino acids following (N-Me)Nle or 
(N-Me)Phe was repeated twice. 

Purification was performed by reversed phase 
high performance liquid chromatography (RP-HPLC) 
on a Dionex P680 chromatography system (Dionex, 
Gemering, Germany) with a Dionex UVD170U 
multi-wavelength UV detector, equipped with a 
Nucleosil 300-5-C18 column (8 × 250 mm), using a 
gradient system starting from water containing 0.1% 
trifluoroacetic acid (TFA) (solvent A) and increasing 
the concentration of acetonitrile (ACN) containing 
0.1% TFA (solvent B), with flow rate of 3 mL/min: 0-3 
min 0% B, 3-5 min 0-25% B, 5-27 min 25-47% B, 27-32 
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min 47-60% B, 32-35 min 60-0% B, 35-40 min 0% B 
(HPLC method 1). The peptide conjugates were 
analyzed on a Dionex UltiMate 3000 chromatography 
system, consisting of a HPLC pump, a variable 
UV-detector (UV-VIS at λ = 280 nm), an autosampler, 
a radiodetector (GabiStar, Raytest, Straubenhardt, 
Germany), a Nucleosil 120-5-C18 column (Macherey- 
Nagel, Düren, Germany), and a gradient system with 
a flow rate of 1 mL/min: 0-3 min 0% B, 3-5 min 0-25% 
B, 5-20 min 25-40% B, 20-25 min 40-60% B, 25-28 min 
60-0% B, 28-33 min 0% B (HPLC method 2). The 
synthesized peptide conjugates with confirmed purity 
were characterized by MALDI-TOF MS and 
lyophilized.  

Radiolabeling and radiochemical analysis 
For labeling with 111In, the DOTA-peptides were 

incubated with 111InCl3 solution at a specific activity of 
2-10 GBq/µmol. The reaction solution was adjusted to 
pH 5 using a 1.2-fold volume of 0.4 M sodium 
acetate/0.24 M gentisic acid (final peptide concen-
tration >40 µM). For lower peptide concentration of 10 
µM and higher specific activity >30 GBq/µmol, 0.4 M 
2-(N-morpholino)ethanesulfonic acid (MES) was used 
for pH adjustment. The reaction solution was 
incubated at elevated temperature in a low protein 
binding microcentrifuge tube (Eppendorf, Hamburg, 
D). Radiochemical analysis of the radiolabeled 
peptide conjugates was performed using HPLC 
method 2. For in vitro and in vivo assays, the 
radiolabeled peptides were purified by solid phase 
extraction (SPE), as previously described [35]. For 
NanoSPECT/CT imaging studies, the reaction 
solution was quenched with 0.1 M EDTA (1/20th of 
the reaction volume) and the radioligands were used 
without SPE purification. 

Characterization of the radiolabeled peptides 
in vitro 

For determination of the distribution coefficient 
(log D), the radiolabeled DOTA-peptides diluted in 
PBS were mixed with an equal volume of octanol in a 
low protein binding microcentrifuge tube (~20 
pmol/ml). The mixture was vigorously vortexed at 
room temperature (RT) over a period of 15 min using 
a small shaker (MS3 Basic, IKA, Staufen, Germany) 
with a speed of 1,500 rpm. After a waiting time of 10 
min, sufficient for the separation of the two phases, 
200 µL aliquots of both layers were measured in a 
2480 Wizard2 automatic gamma-counter (PerkinElmer 
Life Sciences and Analytical Sciences, Turku, Finland) 
and the log D value (n=6) was calculated. 

To get first insights into the metabolic stability, 
the radiolabeled DOTA-peptides were incubated in 
human serum (~2,000 pmol/mL) as well as rat liver 
and kidney homogenates (~ 500 pmol/mL), according 

to previously established protocols [10]. At different 
time points after incubation at 37 °C, the degradation 
of the radioligands was assessed by radio-HPLC 
(HPLC method 2). The percentage of intact 
radiopeptide during incubation was calculated in 
relation to the radiochemical purity (RCP) after SPE 
purification. Additionally, the radiolabeled DOTA- 
peptides were incubated in PBS (~2,000 pmol 
peptide/mL) at RT and the stability assessed by 
radio-HPLC.  

Protein binding was determined from serum 
samples using Sephadex G-50 size-exclusion chroma-
tography (GE Healthcare Illustra, Little Chalfont, UK) 
[10]. 

Receptor binding und cell uptake studies 
AR42J rat pancreatic tumor cells (ECACC, 

Salisbury, UK), physiologically expressing the rat 
CCK2R, and A431 human epidermoid carcinoma 
cells, stably transfected with the plasmid pCR3.1 
containing the full coding sequence for the human 
CCK2R (A431-CCK2R) and with the empty vector 
alone (A431-mock) [34], were used for receptor 
binding and cell uptake studies. AR42J cells were 
cultured in RPMI 1640 medium and A431 cells in 
DMEM, each supplemented with 10% (v/v) fetal 
bovine serum and 5 mL of a 100× penicillin- 
streptomycin-glutamine mixture, at 37 °C in a 
humidified 95% air/5% CO2 atmosphere. Media and 
supplements were purchased from Invitrogen 
Corporation (Lofer, AUT). 

Internalization experiments with the 
radiolabeled DOTA-peptides were carried out as 
previously described [35], using 1.5×106 AR42J cells 
and 1.0×106 A431-CCK2R and A431-mock cells per 
well incubated with ~50,000 cpm of radioligand (final 
peptide concentration of ~0.4 nM). Non-specific 
binding was determined by blocking with 1 µM 
pentagastrin in AR42J cells or by using A431-mock 
cells without receptor expression. The binding 
specificity of A431-CCK2R cells was confirmed by 
additional blocking studies. For different time points 
up to 2 h incubation, the specific cell uptake was 
calculated by subtracting the non-specifically 
internalized radioligand fraction found in blocked 
AR42J cells or A431-mock cells from the internalized 
radioligand fraction in AR42J or A431-CCK2R cells 
and expressed in relation to the total activity added 
(% of specific cell uptake). For externalization 
experiments, after 2 h incubation the supernatant was 
replaced with 3.0 mL medium (unblocked) or 
medium containing 1 µM pentagastrin (blocked). A 
300 µL sample of supernatant was taken at different 
time points. After 4 h the remaining medium and the 
cells were collected and all fractions measured in the 
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gamma counter. The percentage of externalized 
radioactivity over time was calculated in relation to 
the internalized radioligand fraction determined 
before medium replacement.  

The binding affinity of the DOTA-peptides for 
the CCK2R was tested in a competition assay against 
[125I]Tyr12-gastrin I (Perkin Elmer Life Science, Boston, 
MA). The cells were prepared as described for 
internalization experiments and incubated in 
triplicates with the radioligand (~30,000 cpm in 100 
µL PBS/0.5%BSA) and increasing concentrations 
(0.001-1,000 nM in 150 µL PBS/0.5%BSA) of the 
DOTA-peptides or DOTA-MG11 for comparison. 
Incubation was performed at RT under which 
conditions a limited extent of internalization may 
affect the binding equilibrium. We therefore describe 
the binding affinity measurements obtained from this 
assay as apparent half maximal inhibitory 
concentration (IC50) [35,36]. The apparent IC50 value 
was calculated following non-linear regression with 
Origin software (Origin 6.1, OriginLab, Northampton, 
MA). 
Metabolic studies and tumor targeting in vivo  

All animal experiments were conducted in 
compliance with the Austrian animal protection laws 
and with the approval of the Austrian Ministry of 
Science (BMWF-66.011/0083-II/3b/2012). As differ-
ent reports on the metabolic stability and 
biodistribution of 111In-DOTA-MG11 are already 
available in the literature, these studies were carried 
out only with 111In-DOTA-MGS1 and 111In-DOTA- 
MGS4. 

Metabolic studies evaluating the stability of the 
radioligands in vivo were carried out in 5-6-week-old 
female BALB/c mice (Charles River, Sulzfeld, 
Germany; n = 2). To allow monitoring of the 
metabolites by radio-HPLC, mice were injected 
intravenously with a higher amount of radioactivity 
(10-15 MBq, corresponding to 3-4 nmol total peptide) 
through a lateral tail vein. Mice were euthanized by 
cervical dislocation 10 min post injection (p.i.). A 
sample of urine and blood was collected, and liver 
and kidneys were dissected. All samples were 
processed according to previously established 
protocols [35] and analyzed by radio-HPLC (HPLC 
method 2).  

Biodistribution studies were performed in 
6-week-old female athymic BALB/c nude mice 
(Charles River, Sulzfeld, Germany). For the induction 
of tumor xenografts, A431-CCK2R and A431-mock 
cells (2×106 in 200 μL DMEM) were injected 
subcutaneously in the left and right flank, 
respectively. After 10-12 days, when tumors had 
reached a size of ~0.3 mL (with medium tumor 
weights of 0.27±0.17 g for A431-CCK2R tumors and 

0.35±0.25 g for A431-mock tumors), mice were 
randomly divided into groups of three and injected 
intravenously via a lateral tail vein with the 
111In-labeled DOTA-peptides. For comparison with 
previous studies, an injected activity of 0.3 MBq 
corresponding to 0.03 nmol peptide was used [25]. 
The groups of animals were sacrificed by cervical 
dislocation 1 or 4 h p.i. and the tumors and other 
tissues (blood, lung, heart, muscle, spleen, intestine, 
liver, kidney, stomach, and pancreas) were removed. 
The samples were weighed and measured in the 
gamma counter to calculate the percentage of injected 
activity per gram tissue (%IA/g) as well as 
tumor-to-organ activity ratios. Statistical analysis was 
performed using independent two population t-test 
(significance level 0.05) and Origin software. 

Whole body imaging studies were carried out 
using a NanoSPECT/CT four-headed camera 
(Bioscan, Washington, DC). The xenografted male 
athymic BALB/c nude mice (Charles River, Harlow, 
UK) with medium tumor weights of 0.38±0.15 g for 
A431-CCK2R tumors and 0.27±0.10 g for A431-mock 
tumors were injected intravenously with 10 MBq (0.3 
nmol) of either 111In-DOTA-MGS1 (n = 2) or 
111In-DOTA-MGS4 (n = 3). Whole body SPECT/CT 
images were obtained at 1 and 4 h p.i. under inhaled 
anesthesia (1 L/min 1.5% isoflurane in O2) in prone 
position on a heated bed to maintain a body 
temperature (scanning time 45 min). SPECT images 
were obtained in 24 projections with 1.4 mm pinhole 
collimators in helical scanning mode and a voxel size 
of 100×100 µm per voxel. CTs were imaged with a 45 
kVp X-ray source in 180 projections over 6 min. 
Images were reconstructed (CT recon: InVivoScope 
inviCRO LLC, Boston, USA. SPECT recon: HiSPECT, 
Scivis GmbH, Göttingen, Germany), then merged, 
and region of interest analysis in tumors and kidneys 
was performed using VivoQuant software (inviCRO 
LLC, Boston, USA). After scanning (approximately 5 h 
p.i.) the mice were sacrificed by cervical dislocation. 
Tumors and other tissues were removed, weighed, 
and their radioactivity measured in a gamma counter 
(1282 Compugamma CS, LKB Wallac). 

Results 
Peptide synthesis 

The peptide derivatives were synthesized with 
20-35% yield, starting from 50 µmol resin, using 250 
µmol of each Fmoc-protected amino acid and 150 
µmol of Boc-protected DOTA. The peptide conjugates 
were obtained at a chemical purity ≥95% as confirmed 
by RP-HPLC and characterized by MALDI-TOF MS. 
The peptide structure, amino acid sequence, and 
analytical data for the four DOTA-peptides are 
presented in Figure 1 and Table 1. 
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Figure 1. Structure of (A) DOTA-MG11, (B) DOTA-MGS1, (C) DOTA-MGS2, (D) DOTA-MGS3, (E) DOTA-MGS4; R = DOTA-DGlu-Ala-Tyr-Gly 

 

Table 1. Analytical data for the different DOTA-MG derivatives. 

Peptide conjugate Peptide sequence Yield 
(%) 

Purity 
(%) 

tR 
(min)  

MW calculated, 
m/z [M+H]+ 

MW found, 
m/z [M+H]+ 

DOTA-MGS1 DOTA-DGlu-Ala-Tyr-Gly-Trp-Met-Asp-1-NaI-NH2 35 ≥ 97 19.0 1453.6 1453.5 
DOTA-MGS2 DOTA-DGlu-Ala-Tyr-Gly-Trp-Met-Asp-(N-Me)Phe-NH2 35 ≥ 98 15.8 1417.6 1417.6 
DOTA-MGS3 DOTA-DGlu-Ala-Tyr-Gly-Trp-Phg-Asp-1-Nal-NH2  30 ≥ 98 20.0 1455.6 1455.5 
DOTA-MGS4 DOTA-DGlu-Ala-Tyr-Gly-Trp-(N-Me)Nle-Asp-(N-Me)Phe-NH2 20 ≥ 98 19.8 1413.7 1413.6 

 

Radiolabeling 
Radiolabeling with 111In resulted in a RCP of 

90-99%. For the Met-containing peptide conjugates 
DOTA-MGS1, DOTA-MGS2 and DOTA-MG11 using 
milder reaction conditions of 80 °C and a shorter 
incubation time of 15 min, the oxidative side products 
in the reaction could be reduced to 5-10%, reaching a 
RCP ≥90%. In the radio-HPLC profiles, retention 
times (tR) in the order of 111In-DOTA-MG11 (15.5 min) 

< 111In-DOTA-MGS2 (15.8 min) < 111In-DOTA-MGS1 
(19.0 min) < 111In-DOTA-MGS4 (19.8 min) < 
111In-DOTA-MGS3 (20.0 min) were found. 

Characterization in vitro and stability studies 
A summary of the in vitro characteristics of the 

different 111In-labeled MG derivatives in comparison 
with 111In-DOTA-MG11 is shown in Table 2.  

According to log D values, the radioligands 
showed a hydrophilicity profile in the order of 
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111In-DOTA-MG11 > 111In-DOTA-MGS2 > 111In- 
DOTA-MGS1 > 111In-DOTA-MGS3 and 111In-DOTA- 
MGS4. A similar order was observed in the HPLC 
analysis. Protein binding analyzed at 2, 4 and 24 h did 
not vary considerably over time. After 4 h incubation, 
values of 11.3±7.3% and 8.9±4.5% were found for 
111In-DOTA-MGS2 and 111In-DOTA-MGS4, respect-
ively, which compare well to 111In-DOTA-MG11 
(10.1±2.7%). 111In-DOTA-MGS1 (20.0±1.8%) and 
111In-DOTA-MGS3 (26.2±9.5%) showed a slightly 
increased protein binding. 

A high chemical stability of all radiolabeled 
complexes was found in PBS solution, including 
111In-DOTA-MG11. For all Met-containing com-
pounds the levels of oxidative side products remained 
<10% up to 24 h after incubation. The enzymatic 
stability in human serum as well as in rat liver and 
kidney homogenates is summarized in Figure 2. In 
human serum, a low stability was found for 
111In-DOTA-MG11 and 111In-DOTA-MGS1. After 24 h 
incubation only ~16% of intact 111In-DOTA-MG11 and 
~60% of intact 111In-DOTA-MGS1 was detected. 
111In-DOTA-MGS2 showed a much lower degradation 
of 13%; for 111In-DOTA-MGS3 and 111In-DOTA-MGS4 
only a limited amount (6% and 3%, respectively) was 
degraded after 24 h incubation. In rat liver and kidney 
homogenates, a higher degree of degradation was 
observed for all radioligands. When comparing the 
incubation in rat liver homogenate of the new 
designed MG analogs to 111In-DOTA-MG11, all four 
compounds showed a higher stability. However, only 
for 111In-DOTA-MGS3 and 111In-DOTA-MGS4, still 
some intact radiopeptide could be detected at 2 h after 
incubation. The values of intact radioligand after 2 h 
incubation in liver homogenate were in the order of 
111In-DOTA-MGS3 (54.5±3.7%) > 111In-DOTA-MGS4 
(19.4±2.2%) > 111In-DOTA-MGS2 (1.3±0.3%) > 111In- 
DOTA-MGS1 and 111In-DOTA-MG11 (both <1%). In 
rat kidney homogenate a stability increase was 
observed only for 111In-DOTA-MGS3 and 
111In-DOTA-MGS4, whereas 111In-DOTA-MGS1 and 
111In-DOTA-MGS2 showed a very rapid and complete 
degradation comparable to 111In-DOTA-MG11. The 
values of intact radioligand after 2 h incubation in 
kidney homogenate were in the order of 
111In-DOTA-MGS3 (34.3±0.8%) > 111In-DOTA-MGS4 
(11.0±1.1%) > 111In-DOTA-MGS2, 111In-DOTA-MGS1 
and 111In-DOTA-MG11 (all three <1%).  

CCK2R affinity and specific cell internalization 
The apparent IC50 values determined from 

competitive binding studies are summarized in Table 
3. In AR42J cells, DOTA-MGS1 showed a similar 
binding affinity to DOTA-MG11, while the binding 
affinity of DOTA-MGS4 was lower. In A431-CCK2R 

cells the three peptide derivatives showed 
comparable affinities. DOTA-MGS2 and DOTA- 
MGS3 showed an impaired binding affinity in both 
cell lines. 

 

Table 2. In vitro characteristics of the 111In-labeled 
DOTA-peptides. 

Radiolabeled 
peptide 

log D Protein 
binding 
4 h after 
incubation 
(%) 

Stability in PBS 
24 h after 
incubation 
(% intact 
radiopeptide) 

Stability in 
serum 
24 h after 
incubation 
(% intact 
radiopeptide) 

111In-DOTA-MG11 -3.55±0.23 10.1±2.7  94.3 16.1±0.5 
111In-DOTA-MGS1 -3.00±0.17 20.0±1.8 90.8 58.7±2.0 
111In-DOTA-MGS2 -3.46±0.19 11.3±7.3 93.2 87.4±0.3 
111In-DOTA-MGS3 -2.58±0.13 26.2±9.5 95.4 94.0±1.2 
111In-DOTA-MGS4 -2.49±0.06 8.9±4.5 96.2 96.7±0.2 

 

Table 3. Apparent IC50 values of the new MG analogs and 
DOTA-MG11 in AR42J and A431-CCK2R cells. 

Peptide conjugate AR42J 
IC50 (nM) 

A431-CCK2R 
IC50 (nM) 

DOTA-MG11 2.24 4.96 
DOTA-MGS1 1.92 3.51 
DOTA-MGS2 22.6 40.4 
DOTA-MGS3 56.8 184 
DOTA-MGS4 4.53 4.98 

 
A similar trend was found in the internalization 

assays. In AR42J cells, 111In-DOTA-MG11 (18.2±0.9%) 
and 111In-DOTA-MGS1 (29.1±0.3%) showed high 
specific cell uptake after 2 h, while the uptake of 
111In-DOTA-MGS4 (9.4±0.8%) was lower. In 
A431-CCK2R cells all radioligands showed similar 
results, with specific uptake values of 26.2±3.4% for 

111In-DOTA-MGS1, 24.9±3.7% for 111In-DOTA-MGS4, 
and 29.4±1.5% for 111In-DOTA-MG11 at 2 h after 
incubation. A much lower specific cell uptake was 
observed for 111In-DOTA-MGS2 (AR42J: 4.6±0.5%; 
A431-CCK2R: 3.9±0.5%) and 111In-DOTA-MGS3 
(AR42J: 0.8±0.1%; A431-CCK2R: 1.5±0.7%). In the 
blocking studies performed for all radioligands with 
both cell lines, at 2 h after incubation a very low 
unspecific cell uptake was observed (AR42J: <0.4%; 
A431-CCK2R: <0.6%) and also the uptake in 
A431-mock cells was negligible (<0.2%), confirming a 
highly receptor-specific cell uptake. The specific cell 
uptake determined over time is displayed in Figure 3. 

Externalization studies, performed under 
blocked and unblocked assay conditions, with 111In- 
DOTA-MGS1, 111In-DOTA-MGS4, and 111In-DOTA- 
MG11, showed varying results in the two cell lines 
(Figure 4). In AR42J cells a low and comparable 
externalization of radioactivity over time was 
observed under blocked assay conditions, with values 
of 11.7±1.7% for 111In-DOTA-MGS1, 16.3±2.3% for 
111In-DOTA-MGS4 and 15.8±0.4% for 111In-DOTA- 
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MG11 after 4 h. Also under unblocked assay 
conditions, very similar values were found 
(111In-DOTA-MGS1: 9.6±0.4%; 111In-DOTA-MGS4: 
11.1±4.4%; 111In-DOTA-MG11: 14.3±1.5%). In 
A431-CCK2R a similar externalization was observed 
under unblocked assay conditions (111In-DOTA- 
MGS1: 21.4±0.7%; 111In-DOTA-MGS4: 14.1±2.6%; 
111In-DOTA-MG11: 22.3 ±0.2%), while a much higher 
degree of externalization was observed under blocked 
assay conditions with values of 33.0±0.6% for 
111In-DOTA-MGS1, 53.8±5.6% for 111In-DOTA-MGS4 
and 33.7±0.9% for 111In-DOTA-MG11. 

 

 
Figure 2. Intact radiopeptide after incubation at 37 °C in (A) human serum as well as 
rat tissue homogenates of (B) liver and (C) kidney for 111In-DOTA-MG11 (open 
squares), 111In-DOTA-MGS1 (red), 111In-DOTA-MGS2 (dark cyan), 
111In-DOTA-MGS3 (purple) and 111In-DOTA-MGS4 (green). 

 

 
Figure 3. Cell uptake in (A) AR42J cells and (B) A431-CCK2R cells (internalization 
expressed as % of specific cell uptake) for 111In-DOTA-MG11 (open squares), 
111In-DOTA-MGS1 (red), 111In-DOTA-MGS2 (dark cyan), 111In-DOTA-MGS3 
(purple) and 111In-DOTA-MGS4 (green). 

 
 

Metabolic studies and tumor targeting in vivo 
In Figure 5 representative radiochromatograms 

are displayed showing the metabolites found in 
blood, liver, kidney and urine of BALB/c mice 
injected with 111In-DOTA-MGS1 and 111In-DOTA- 
MGS4. 111In-DOTA-MGS1 showed a very fast 
enzymatic degradation in vivo. Already at 10 min p.i., 
no intact radiopeptide (tR = 19.0 min) was detectable 
in all the examined samples. The metabolites with tR 
~4 min and ~9 min indicate that the radiopeptide was 
rapidly degraded to short peptide fragments. For 
111In-DOTA-MGS4 a much higher stability was 
observed. In blood and liver of mice sacrificed 10 min 
p.i., still >75% of intact radiopeptide (tR = 19.8 min) 
and similar metabolites to 111In-DOTA-MGS1 could be 
detected. A higher degree of degradation was 
observed in kidney and urine, where only 25-40% of 
intact 111In-DOTA-MGS4 was found. 
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Figure 4. Externalized radioactivity from AR42J cells under unblocked (A) and blocked (B) assay conditions, as well as A431-CCK2R cells under unblocked (C) and blocked 
(D) assay conditions for 111In-DOTA-MG11 (open squares), 111In-DOTA-MGS1 (red) and 111In-DOTA-MGS4 (green). 

 
Figure 5. Metabolites as analyzed by radio-HPLC from blood, liver, kidney and urine of BALB/c mice injected with (A) 111In-DOTA-MGS1 and (B) 111In-DOTA-MGS4 (10 min 
p.i.); dashed line showing the radiochromatogram after labeling. 
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Table 4. Biodistribution of 111In-DOTA-MGS1 and 111In-DOTA-MGS4 in A431-CCK2R and A431-mock tumor-xenografted nude mice 
at 1 h and 4 h p.i. (0.3 MBq, 0.03 nmol) including also animals from imaging studies dissected after 5 h p.i. (10 MBq, 0.3 nmol). Values are 
expressed as % IA/g (mean±SD, n = 3; for 111In-DOTA-MGS1 after imaging n = 2). 

 111In-DOTA-MGS1 111In-DOTA-MGS1 111In-DOTA-MGS1 111In-DOTA-MGS4 111In-DOTA-MGS4 111In-DOTA-MGS4 
Time p.i. 1 h 4 h after imaging (5 h) 1 h 4 h after imaging (5 h) 
blood 0.08±0.04 0.01±0.003 0.03±0.01 0.20±0.07 0.08±0.09 0.01±0.001* 
lung 0.12±0.03 0.02±0.002 0.04±0.01 0.20±0.04* 0.05±0.003* 0.03±0.002 
heart  0.05±0.01 0.02±0.001 0.02±0.004 0.10±0.03* 0.04±0.004* 0.02±0.001 
muscle 0.04±0.04 0.02±0.01 0.15±0.19 0.05±0.01 0.04±0.02 0.33±0.16 
spleen 0.07±0.02 0.06±0.01 0.09±0.04 0.12±0.01* 0.10±0.01* 0.06±0.02 
intestine 0.15±0.02 0.29±0.16 0.20±0.08 0.31±0.07* 0.60±0.14 0.34±0.21 
liver 0.09±0.01 0.10±0.02 0.12±0.001 0.23±0.02* 0.24±0.02* 0.14±0.003* 
kidney 1.23±0.41 1.11±0.07 1.05±0.09 2.45±0.20* 3.98±0.59* 2.46±0.48* 
pancreas 0.43±0.08 0.46±0.04 0.08±0.01 0.43±0.06 0.41±0.06 0.04±0.004* 
stomach 1.23±0.22 1.16±0.25 0.64±0.12 1.26±0.30 1.16±0.11 0.41±0.02* 
tumor xenograft       
A431-CCK2R 2.27±0.88 1.23±0.15 1.96±0.40 9.85±1.11* 10.40±2.21* 7.11±1.01* 
A431-mock 0.18±0.06 0.05±0.002 0.07±0.02 0.11±0.01 0.09±0.02* 0.08±0.01 
* statistically significant when comparing 111In-DOTA-MGS4 to111In-DOTA-MGS1 (p<0.05) 

 
 

The results of the biodistribution studies are 
summarized in Table 4 and Figure 6. 111In- 
DOTA-MGS1 and 111In-DOTA-MGS4 were both 
rapidly cleared from the body mainly through the 
kidneys and showed a low unspecific uptake in most 
tissues and organs. At 4 h p.i., significantly increased 
uptake values of 111In-DOTA-MGS4 compared to 
111In-DOTA-MGS1 could be observed in kidney, liver, 
spleen, lung, and heart. 111In-DOTA-MGS4 showed a 
clearly increased uptake in A431-CCK2R xenografts 
(9.85±1.11 and 10.40±2.21% IA/g at 1 and 4 h p.i.). 
This uptake was increased by a factor of 4 to 8 when 
compared with the rather low tumor uptake of 
111In-DOTA-MGS1 (2.27±0.88 and 1.23±0.15% IA/g at 
1 and 4 h p.i.). For both radioligands, the uptake in 
A431-mock xenografts with values below 0.30 % IA/g 
was negligible, confirming that the uptake in 
A431-CCK2R xenografts was CCK2R-specific. 
Interestingly, the difference in CCK2R-specific tumor 
uptake between 111In-DOTA-MGS1 and 111In-DOTA- 
MGS4 did not translate into a similar effect in stomach 
and pancreas, two organs with physiological CCK2R 
expression. Both radioligands showed a rather low 
kidney uptake. The kidney uptake of 111In-DOTA- 
MGS4 (2.45±0.20 and 3.98±0.59% IA/g at 1 and 4 h 
p.i.) was increased by a factor of 2 to 4 in comparison 
with 111In-DOTA-MGS1 (1.23±0.41 and 1.11±0.07% 
IA/g at 1 and 4 h p.i.). The uptake values determined 
from mice sacrificed after SPECT/CT imaging, 
injected with a higher peptide dose, show a similar 

picture. For 111In-DOTA-MGS1 a comparable uptake 
in A431-CCK2R xenografts (1.97±0.40% IA/g) and 
kidney (1.05±0.09% IA/g) was found, whereas for 
111In-DOTA-MGS4 the tumor uptake (7.11±1.01% 
IA/g) and kidney uptake (2.46±0.48% IA/g) was 
reduced by >30%. For both radioligands, the uptake 
in stomach and pancreas was also decreased. 
Tumor-to-organ activity ratios for blood, kidney, and 
stomach, as displayed in Table 5, were favorable for 
both radioligands, but due to the higher tumor uptake 
clearly superior for 111In-DOTA-MGS4. 

 

 
Figure 6. Biodistribution in A431-CCK2R and A431-mock tumor-xenografted nude 
mice of 111In-DOTA-MGS1 and 111In-DOTA-MGS4 at 1 h and 4 h p.i. Values are 
expressed as % IA/g (mean±SD, n = 3) and are given in Table 4 (*statistically 
significant when comparing 111In-DOTA-MGS4 to 111In-DOTA-MGS1; p<0.05). 

 

Table 5. Selected tumor-to-organ ratios for A431-CCK2R tumor-xenografts at different time points p.i. of 111In-DOTA-MGS1 and 
111In-DOTA-MGS4, including also animals dissected after imaging studies  

Time p.i. 111In-DOTA-MGS1 
1 h 

111In-DOTA-MGS1 
4 h 

111In-DOTA-MGS1 
5 h (after imaging) 

111In-DOTA-MGS4 
1 h 

111In-DOTA-MGS4 
4 h 

111In-DOTA-MGS4 
5 h (after imaging) 

Tumor/blood 30.8±13.2 139±31 65.3±0.7 50.8±11.0 241±177 480±24 
Tumor/kidney 1.85±0.29 1.12±0.17 1.86±0.21 4.04±0.71 2.68±0.86 2.92±0.32 
Tumor/stomach 1.81±0.43 1.12±0.39 3.07±0.03 8.04±1.46 8.97±1.53 17.2±2.3 
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Figure 7. Representative SPECT/CT images at 1 h p.i. and 4 h p.i. of BALB/c nude 
mice xenografted with A431-CCK2R (left) and A431-mock cells (right) injected with 
(A) 111In-DOTA-MGS1 and (B) 111In-DOTA-MGS4; SPECT in color scale from 0.1 
Bq to 0.9 Bq; CT in grey scale (high to low signals: top to bottom). 

 
In the whole-body SPECT/CT images, a high 

signal-to-noise ratio was confirmed for both 
radioligands (Figure 7). The A431-CCK2R tumors and 
the bladder were the primarily visible structures, 
whereas the A431-mock tumors could be detected 
only on the CT images. From the region-of-interest 
analysis performed in two mice for each radiopeptide, 
a tumor-to-kidney ratio of 1.23±0.27 and 1.33±0.23 

was calculated for 111In-DOTA-MGS1, whereas 
111In-DOTA-MGS4 showed higher ratios of 2.56±0.30 
and 2.78±0.50, at 1 h and 4 h p.i., respectively. When 
interpreting the maximum intensity projection (MIP) 
at a defined SPECT image intensity scale from 0.1 Bq 
to 0.9 Bq, tumor visualization of 111In-DOTA-MGS4 
was clearly superior to that of 111In-DOTA-MGS1. 

Discussion 
The concept of CCK2R targeting for diagnostic 

and therapeutic application in MTC and other tumor 
entities has been proven many years ago using 
radiolabeled peptide analogs derived from natural 
ligands [14,18]. However, drawbacks related to high 
kidney uptake or low enzymatic stability of the 
radioligands developed so far have limited a wider 
clinical application [8,18]. In the aim to improve the 
stability against degradation in vivo and the targeting 
properties, different modifications of the peptide 
sequence have been investigated. These include 
modifications in the N-terminal peptide sequence, 
such as introduction of D-Glu, D-Gln, and His chains 
of different length, as well as cyclisation and 
dimerization [24,25,37]. No stabilization of the 
C-terminal receptor-specific sequence has been 
investigated so far, which was shown to be a major 
site of metabolization in vivo [24]. Therefore, in this 
study we have investigated site-specific chemical 
modifications at the C-terminal receptor-binding part 
of the peptide.  

It has already been shown that substitution of 
Met against non-canonical amino acids such as Nle 
[11,14], homopropargyl glycine [23], and methoxinine 
[38] to avoid oxidation is feasible without losing 
receptor affinity. Based on a literature screening 
beside Met we also identified C-terminal Phe as a 
possible site for modification. Using DOTA-MG11 as 
lead structure we introduced unnatural N-methylated 
or aromatic amino acids in these two positions of the 
peptide sequence. Some of the applied substitutions 
have already been described for CCK-4 analogs 
leading to potent CCK2R ligands with improved 
stability in crude rat brain membranes [31]. The four 
new MG analogs developed either show a single 
substitution with 1-Nal or (N-Me)Phe at position 8 or 
an additional substitution with Phg or (N-Me)Nle at 
position 6. Substitution with aromatic amino acids 
had a higher effect on the lipophilicity and protein 
binding of the 111In-labeled DOTA-peptides than 
substitution with N-methylated amino acids. All 
radiopeptides showed a high stability of the metal 
complex and resistance to Met-oxidation when 
incubated in PBS. 

The binding assays and cell uptake studies 
performed in two different cell lines confirmed a high 
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CCK2R affinity only for DOTA-MGS1 and 
DOTA-MGS4, whereas the binding of DOTA-MGS2 
and DOTA-MGS3 was strongly impaired. The 
observed differences in binding affinity also led to 
varying cell internalization of the 111In-labeled 
DOTA-peptides. A similar difference has been found 
also for a cyclic MG analog [39,40] and could be 
related to interspecies or post-translational differences 
between AR42J cells, physiologically expressing rat 
CCK2R, and A431-CCK2R cells, transfected with 
human CCK2R [23]. Also, a higher efflux of 
radioactivity over time was found for A431-CCK2R 
cells, especially under blocked assay conditions. 
Although DOTA-MGS1, DOTA-MGS4 and DOTA- 
MG11 showed nearly the same affinity and cell 
uptake when radiolabeled with 111In, a much higher 
degree of externalized radioactivity was found for 
111In-DOTA-MGS4 in this cell line. A possible 
explanation of this observation could be a higher 
stability against degradation leading to the efflux of 
intact radiopeptide, which can rebind to the receptor 
under unblocked conditions. 

We performed extensive stability studies 
evaluating the stability of the radioligands in human 
serum and rat tissue homogenates as well as in 
metabolic studies in vivo. As reported previously, 
incubation in tissue homogenates allowed for a more 
conclusive assessment of the enzymatic degradation 
than studies in serum [41]. In human serum, a 
stabilizing effect was found for all four radioligands. 
In rat tissue homogenates, 111In-DOTA-MGS1 and 
111In-DOTA-MGS2, showing only one substitution in 
position 8, in analogy to 111In-DOTA-MG11, were 
rapidly digested. 111In-DOTA-MGS3, containing two 
bulky aromatic amino acids, showed the highest 
stability and also the stability of 111In-DOTA-MGS4, 
with two N-methylated peptide bonds, was 
remarkably increased. Therefore, a combination of 
two substitutions in the C-terminal sequence seems 
mandatory to reach stabilization against enzymatic 
degradation. In metabolic studies in vivo carried out 
with 111In-DOTA-MGS1 and 111In-DOTA-MGS4, no 
intact radiopeptide was detectable for 111In-DOTA- 
MGS1 in all analyzed samples (blood, urine, liver 
homogenate, kidney homogenate). For 111In-DOTA- 
MGS4, in contrast, we were able to detect high levels 
of intact radioligand in blood and liver (>75%), and 
also in kidney and urine up to 30% intact radiopeptide 
was found, confirming a partial excretion of the intact 
radioligand. When comparing our results to other 
data available from the literature, we found varying 
results on the enzymatic stability of MG analogs. Ocak 
et al. reported a very fast degradation with no intact 
radiopeptide already 10 min p.i. for different 
177Lu-labeled peptide analogs, including also 

177Lu-CP04 [24]. Maina et al. evaluated the same 
peptide analog labeled with 111In and reported a high 
stability with up to 70% intact radiopeptide in blood 5 
min p.i. [42]. Thus, the results of these studies need to 
be interpreted with caution as they depend on 
different factors such as the peptide amount injected 
to the animals, the time point of taking the samples as 
well as processing of samples for analysis. In this 
study we found a good agreement between the results 
obtained with rat tissue homogenates and metabolic 
studies performed in mice. 

Biodistribution studies evaluating the 
pharmacokinetics and tumor targeting properties 
were carried out in BALB/c nude mice xenografted 
with A431-CCK2R and A431-mock cells. This tumor 
model has been used for the evaluation of a wide 
variety of CCK2R-targeting peptide analogs and 
allows the comparison of our results with data 
generated by other groups. We have confirmed the 
specificity of CCK2R targeting for A431-CCK2R cells 
in vitro and no additional blocking studies were 
performed in vivo. Based on the similar cell uptake of 
111In-DOTA-MGS1 and 111In-DOTA-MGS4 in this cell 
line, we could directly compare the influence of 
stabilization on the targeting properties for these two 
radioligands. For both investigated radiopeptides, a 
very low unspecific uptake below 1% IA/g was 
observed in most tissues except kidney, the main 
excretory organ, and stomach, an organ with 
physiological CCK2R expression [43]. Only a very 
limited excretion may additionally occur through 
feces [20,43]. As expected, 111In-DOTA-MGS1, based 
on its low enzymatic resistance, showed a low tumor 
uptake of ~3% IA/g at 1 h p.i. A similar tumor uptake 
has been reported for 111In-DOTA-MG11 [25,30]. The 
improved bioavailability of 111In-DOTA-MGS4 led to 
a considerable increase in tumor uptake (~10% IA/g), 
whereas kidney retention was only two times higher. 
Thus, a favorable tumor-to-kidney ratio of ~4 was 
reached with this radioligand. Also, when injecting a 
10-fold higher peptide amount for imaging studies, a 
favorable biodistribution with reduced kidney uptake 
as well as low uptake in receptor-expressing organs, 
stomach and pancreas, was found, leading to 
high-contrast imaging. Some saturation effects were 
observed, reducing the uptake of 111In-DOTA-MGS4 
in A431-CCK2R xenografts by ~30%, and also the 
uptake in stomach was considerably reduced. Similar 
findings have been reported also for 111In-CP04 [44]. 
The tumor uptake of 111In-DOTA-MGS4 is comparable 
with other 111In-labeled MG analogs previously 
studied. Under the same conditions (tumor model, 
peptide amount), 111In-DOTA-MG0 and 
111In-sargastrin, a DOTA-conjugated analog of human 
gastrin-I, also showed a tumor uptake of ~10% IA/g, 
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combined with a very high kidney retention (>50% 
IA/g) [25]. 111In-DOTA-MGS4, in contrast, showed a 
strongly reduced kidney uptake leading to a high 
tumor-to-kidney ratio. 111In-DOTA-MGS4 further 
showed a stable tumor uptake at 4 h p.i. and, 
therefore, a higher tumor retention when compared to 
111In-CP04 (~6 %IA/g) [25] and 177Lu-DOTA-PP-F11N 
(~7 %IA/g) [45]. Our approach also withstands the 
comparison with co-injection of enzyme inhibitors. 
Co-injection of the enzyme inhibitor phosphoramidon 
(300 µg) led to a highly improved tumor uptake of 
~15% IA/g at 4 h p.i. for 111In-DOTA-MG11 and 
111In-CP04, though combined with a higher uptake in 
stomach (~5% IA/g for 111In-DOTA-MG11) or kidney 
(~8% IA/g for 111In-DOTA-CP04) [30]. When using 
enzyme inhibitors suitable for clinical use, such as 
racecadotril and its metabolite tiorphan, a much lower 
increase in tumor uptake was found [46].  

Altogether, the stabilizing amino acid 
modifications introduced in the C-terminal region of 
111In-DOTA-MGS4 led to an overall improved 
biodistribution profile. In addition to a highly 
increased tumor-uptake, 111In-DOTA-MGS4 also 
shows very favorable tumor-to-organ ratios for both 
kidney and stomach and therefore seems superior to 
other MG analogs previously studied [37,47]. 

Conclusion 
In this study we have shown that MG analogs 

can be stabilized against enzymatic degradation in 
vivo through site-specific modifications of amino acids 
in the C-terminal binding sequence without losing 
CCK2R affinity. This new strategy not only leads to 
MG analogs with improved bioavailability, but more 
importantly leads to significantly increased tumor 
uptake. Of the radioligands studied, 111In-DOTA- 
MGS4, with two N-methylated amino acids in 
position 6 and 8, showed the most promising 
properties in terms of enzymatic stability, tumor 
targeting, and tumor-to-organ ratios, and therefore 
seems most suitable for CCK2R targeting and possible 
theranostic use with alternative radiometals.  
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