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Abstract 

Aminopeptidase N (APN/CD13) plays an important role in neoangiogenic process in 

malignancies. Our previous studies have already shown that 
68

Ga-labelled NOTA conjugated 

asparagine-glycine-arginine peptide (c[KNGRE]-NH2) specifically bind to APN/CD13 

expressing tumors. The aim of this study was to evaluate and compare the APN/CD13 

specificity of newly synthesized 
68

Ga-labelled NGR derivatives in vivo by PET/MRI imaging 

using hepatocellular carcinoma (He/De) and mesoblastic nephroma (Ne/De) tumor models. 

PET/MRI and ex vivo biodistribution studies were performed 11±1 days after subcutaneous 

injection of tumor cells and 90 min after intravenous injection of 
68

Ga-NOTA-c(NGR), 
68

Ga-

NODAGA-c(NGR), 
68

Ga-NODAGA-c(NGR) (MG1) or 
68

Ga-NODAGA-c(NGR) (MG2). 

The APN/CD13 selectivity was confirmed by blocking experiments and the APN/CD13 

expression was verified by immunohistochemistry. 
68

Ga-labelled c(NGR) derivatives were 

produced with high specific activity and radiochemical purity. In control animals, low 

radiotracer accumulation was found in abdominal and thoracic organs. Using tumor-bearing 

animals we found that the 
68

Ga-NOTA-c(NGR), 
68

Ga-NODAGA-c(NGR), and 
68

Ga-

NODAGA-c(NGR) (MG1) derivatives showed higher uptake in He/De and Ne/De tumors, 

than that of the accumulation of 
68

Ga-NODAGA-c(NGR) (MG2). APN/CD13 is a very 

promising target in PET imaging, however, the selection of the appropriate 
68

Ga-labelled 

NGR-based radiopharmaceutical is critical for the precise detection of tumor neo-

angiogenesis and for monitoring the efficacy of anticancer therapy. 

 

 

Keywords: aminopeptidase N, angiogenesis, CD13, 
68

Ga, NGR, PET/MRI imaging  
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Abbreviations 

 

APN/CD13: aminopeptidase N (CD13) 

c(KNGRE)-NH2: cyclic(lysyl-asparaginyl-glycyl-argininyl-glutamic acid amide) 

He/De: rat hepatocellular carcinoma 

MRI: magnetic resonance imaging 

Ne/De: rat mesoblastic nephroma 

NGR: asparaginyl-glycyl-arginine 

NODAGA: 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid  

NODAGA-c(NGR): c[Lys(NODAGA)-Asn-Gly-Arg-Glu]-NH2 

NODAGA-c(NGR) (MG1): c[CH2-CO-Lys(NODAGA)-Asn-Gly-Arg-Cys]-NH2 

NODAGA-c(NGR) (MG2): c[CH2-CO-Lys(NODAGA)-Asn-N(Me)Gly-Arg-Cys]-NH2 

NOTA: 1,4,7-triazacyclononane-triacetic acid  

NOTA-c(NGR): c[Lys(NOTA)-Asn-Gly-Arg-Glu]-NH2 

PET: positron emission tomography 

SUVmean: standardized uptake value (mean) 

SUVmax: standardized uptake value (max) 

T/M: tumor-to-muscle ratio  
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Chemical compounds studied in this article: 

 

L-Arginine         CID: 6322 

L-Asparagine         CID: 6267 

N,N-dimethylformamide (DMF)      CID 6228 

L-Glutamic acid        CID: 33032 

Glyicine         CID: 750 

1-hydroxybenzotriazole (HOBt)      CID 2796029 

L-Lysine         CID: 5962 

1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA)   CID 3036142 

triflouroacetic acid (TFA)       CID 6422 
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1. Introduction 

 

Neo-angiogenesis, as the new blood vessel formation from a pre-excist capillary 

system, plays an important role in several human diseases such as tumorigenesis (Folkman, 

2002), heart failure (Higuchi et al., 2008), atherosclerosis and peripheral artery diseases 

(Carmeliet and Jain, 2000; Wu et al., 2013). The presence of neovascularization in malignant 

tumors is essential for tumor growth and progression, for the development of distant 

metastases and for the efficacy of antitumor therapies (Otsuki et al., 2018; Zheng et al., 2017; 

Zou et al., 2012). Increased expression of several molecules such as VEGF, integrins, 

endoglin, aminopeptidase N (APN)/CD13 (Deshpande et al., 2011; Máté et al., 2015) has 

been demonstrated in the membrane of cancer cells and tumor vascular endothelial cells 

during tumor growth, which play a pivotal role in tumor neo-angiogenesis. Furthermore, the 

specific targeting of these cell surface receptors greatly promote the diagnosis and therapy of 

malignancies (Jászai and Schmidt, 2019; Teleanu et al., 2019). 

Among molecular targets of tumor neo-angiogenesis, APN/CD13 is one of the most 

promising molecules that serve as a potential target for tumor diagnosis and therapy. 

APN/CD13 is a Zn
2+

-dependent transmembrane exopeptidase that - due to this enzyme 

catalyse the degradation of extracellular matrix - plays an important role in metastatic tumor 

cell invasion (Schreiber et al., 2018; Rundhaug, 2005). In addition APN/CD13 is being 

expressed in healthy organs and tissues (e.g.: epithelial cells of small intestine, kidney, in the 

synaptic membranes of central nervous system, smooth muscle cells), it is also expressed in 

tumor neovasculature and on the surface of several solid tumors, such as malignant 

melanoma, prostate, lung, pancreas and ovarian cancer (Chen et al., 2013; van Hensbergen et 

al., 2004; Otsuki et al., 2018). 

Several studies reported that asparaginyl-glycyl-arginine (NGR) motif is a specific 

ligand of APN/CD13 (Corti et al., 2008; Enyedi et al., 2017), and it was found to be three 

times as efficient at the detection of neoangiogenic vessels than the widely used RGD 

(arginyl-glycyl-aspartic acid) peptides (Buehler et al., 2006). Several linear and cyclic NGR 

peptides have been developed and optimized, and it was found, that only a few NGR peptides 

(e.g.: [CNGRC] and [KNGRE]-NH2) have shown the ability to target both tumors and new 

blood vessels with high specificity (Colombo et al., 2002; Negussie et al., 2010; Pasqualini et 

al., 2000). Furthermore, the small cyclic NGR peptides are superior in APN/CD13 specificity 

than that of the linear forms due to the conformational constraining cyclization (Enyedi et al., 

2017).  
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Due to [KNGRE]-NH2 peptide showed more favorable chemical stability properties, this 

NGR probe has been studied for several tumor targeting applications, such as positron 

emission tomography (PET) imaging (Máté et al., 2015). The in vivo imaging of tumor neo-

angiogenesis using APN/CD13 specific NGR motif-based radiopharmaceuticals is an 

intensively researched area in the field of nuclear medicine and radiopharmacon development. 

The radiolabelling of NGR probes by diagnostic and therapeutic radionuclides (e.g.: 
64

Cu (Li 

et al., 2014), 
68

Ga (Máté et al., 2015; Satpati et al., 2017), 
99m

Tc (Vats et al., 2017), 
177

Lu 

(Vats et al., 2018), 
188

Re (Ma et al., 2016)) provides an opportunity to monitor the in vivo 

biodistribution and tumor-targeting properties of the novel NGR derivatives, furthermore, 

give the possibility to follow the efficacy of anti-cancer therapies using in vivo molecular 

imaging. In addition, the detection of the APN/CD13 molecule is particularly important 

because it has been observed that it is not only a diagnostic but also a prognostic marker, that 

may predict the mortality and overall survival (Kessler et al., 2018; Schreiber et al., 2018). 

In our previous studies we developed the 
68

Ga-labelled NOTA-c(NGR) 

radipharmaceutical, which showed specific binding to APN/CD13 in chemically induced 

mesoblastic nephroma tumor model (Máté et al., 2015). Furthermore, in the last few years our 

research group synthesized novel cyclic NGR peptides containing thioether bond, and these 

new NGR-based probes were characterized under in vitro conditions (Enyedi et al., 2015, 

2017). Based on our previous results, the aim of this present study was to labell our own 

developed cyclic NGR derivatives with 
68

Ga radiometal, and evaluate and compare their 

APN/CD13 specificity in vivo by PET/MRI imaging using chemically induced hepatocellular 

carcinoma (He/De) and mesoblastic nephroma (Ne/De) tumor models. 

 

  



7 
 

2. Materials and Methods 

2.1 Chemicals 

The 
68

Ge/
68

Ga-generator was obtained from Obninsk (Cyclotron Co., Obninsk, Russia). The 

reagents and solvents for peptide synthesis and purification were ordered from Reanal 

(Budapest, Hungary), IRIS Biotech GmbH (Marktredwitz, Germany) and Molar Chemicals 

Ltd (Budapest, Hungary). The chelators p-SCN-Bn-NOTA, NODAGA-NHS-ester and p-

SCN-Bn-NODAGA were the products of Macrocyclics (Texas, USA) and CheMatech (Dijon, 

France). For radiolabelling experiment the chemicals were of Ultrapure
®

 grade, so the HCl 

was produced from Merck KGaA (Darmstadt, Germany), moreover the water and acetate 

buffer from Sigma-Aldrich (St. Louis, Missouri, USA). All other chemicals were purchased 

from Sigma-Aldrich (St. Louis, Missouri, USA). The chemicals were of analytical grade and 

used without further purification. 

2.2 Synthesis of linear precursor peptides 

The linear precursor peptide derivatives were synthesised using standard solid-phase peptide 

synthesis with Fmoc/tBu strategy on Rink-Amide MBHA resin (0.5 g 0.64 mmol/g capacity) 

every case, then were purified with reverse-phase high performance liquid chromatography 

(RP-HPLC). The protocols were published earlier Máté et al. (2015) and Enyedi et al. (2015). 

Briefly, the synthesis were  (i) DMF washing (4 × 0.5 min), (ii) Fmoc deprotection with 2% 

DBU, 2% piperidine in DMF (4 times; 2 + 2 + 5 + 10 min), (iii) DMF washing (10 x 0.5 min), 

(iv) coupling of Fmoc-protected amino acid derivative : DIC : HOBt in DMF (3 equiv each) 

(1 x 60 min), (v) DMF washing (3 x 0.5 min), (vi) DCM washing (2 x 0.5 min), (vii) 

ninhydrine assay. The crude linear peptides similarly to the cyclic peptides were purified on a 

KNAUER 2501 HPLC system (KNAUER, Bad Homburg, Germany) using a semi-

preparative Phenomenex Luna C18 column (250 mm x 10 mm) with 10 μm silica (100 Å pore 

size) (Torrance, CA) with linear gradient elution (0 min 5 % B; 5 min 5 % B; 50 min 50 % B) 

and was engaged with an UV detector (set at 220 nm). The eluents were applied A (0.1% TFA 

in water) and B (0.1% TFA in MeCN-H2O (80:20, v/v)) at a flow rate of 4 mL/min.  

For the synthesis of cyclic NGR peptides with thioether linkage Glu was replaced by Cys in 

the sequence of KNGRE and the N-terminus was chloroacetylated with chloroacetic acid 

pentachlorophenyl ester (ClAc-OPcp) on the resin (Enyedi et al. (2015). In case of the 
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synthesis of the sarcosine-containing derivative N(Me)Gly was incorporated instead of Gly 

that can prevent the succinimide formation and rearrangement of NGR to isoDGR derivative.  

2.3 Synthesis of cyclic NGR peptides  

The synthesis of cyclic NGR peptides were described previously (Enyedi et al., 2015). The 

c[KNGRE]-NH2 was prepared from semi-protected derivative using BOP coupling agent 

under the appropriate condition followed by the removal of ClZ protecting group from the 

side chain of Lys with anhydrous HF.  The thioether bond was established in 0.1 M Tris 

buffer (pH=8.1). The linear precursor peptide was added to the solution in portions for 1 h. 

The final peptide concentration was 10 mg/mL in both cases. The reaction mixtures were 

stirred for further 2 h. The final products were purified (see above) and their purity and 

identity were analysed. Analytical RP-HPLC was accomplished on the same equipment using 

Phenomenex Luna C18 column (250 mm x 4.6 mm) with 5 μm silica (100 Å pore size) as a 

stationary phase with linear gradient elution (0 min 0% B; 5 min 0% B; 50 min 90% B) using 

the same eluents (above mentioned earlier). The flow rate was 1 mL/min. Peaks were detected 

at 214 nm. The purity of all compounds was over 95%. The pure products were characterized 

with ESI-MS by means an equipment of Esquire 3000+ ion trap mass spectrometer (Bruker 

Daltonics, Bremen, Germany). 

2.4 Conjugation reaction of c[KNGRE]-NH2 peptide with p-SCN-Bn-NOTA 

The c[KNGRE]-NH2 cyclic peptide was conjugated with macrocyclic bifunctional chelator p-

SCN-Bn-NOTA. The thiourea bound was formed according to the procedure described by 

Máté et al. 2014. Briefly, 6.2 mg (12 µmol) from c[KNGRE]-NH2 peptide was dissolved in 

0.9 mL 0.1 M Na2CO3 buffer. 5.4 mg (9.6 µmol) of p-SCN-Bn-NOTA was solubilized in 100 

µL DMSO and was introduced immediately to the c[KNGRE]-NH2 peptide-solution. The 

reaction was stirred for 24 h at room temperature.  

2.5 Conjugation reaction of c[KNGRE]-NH2 peptide with NODAGA-NHS-ester 

The c[KNGRE]-NH2 cyclic peptide was conjugated with NODAGA-NHS-ester. 5 mg (8.6 

µmol) from c[KNGRE]-NH2 peptide was dissolved in 0.9 mL 0.1 M Na2CO3 buffer. 7.5 mg 

(10.2 µmol) of NODAGA-NHS-ester in 100 µL DMSO was introduced immediately to the 

peptide-solution. The reaction was stirred for 24 h at room temperature.  
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2.6 Conjugation reaction of c[CH2-CO-Lys-Asn-Gly-Arg-Cys]-NH2 peptide with p-SCN-

Bn-NODAGA 

5 mg (8 µmol) from c[CH2-CO-Lys-Asn-Gly-Arg-Cys]-NH2 peptide was dissolved in 0.9 mL 

0.1 M Na2CO3 buffer. A freshly prepared solution of 4.6 mg (8.8 µmol) p-SCN-Bn-NODAGA 

in 100 µL DMSO was introduced, and the pH was adjusted to 8.4-8.5. The reaction mixture 

was shaken gently at room temperature, for 24 hours. 

2.7 Conjugation reaction of c[CH2-CO-Lys-Asn-N(Me)Gly-Arg-Cys]-NH2) peptide with 

p-SCN-Bn-NODAGA 

The c[CH2-CO-Lys-Asn-N(Me)Gly-Arg-Cys]-NH2) peptide analogue was functionalized a 

similar way, as earlier. 6 mg (9.3 µmol) from the c[CH2-CO-Lys-Asn-N(Me)Gly-Arg-Cys]-

NH2) was introduced to the 0.9 mL 0.1 M Na2CO3 buffer, and it was mixed with the organic 

solution (100 µL DMSO) of the chelator (5.3 mg (10.2 µmol) p-SCN-Bn-NODAGA). After 

adjusting the pH 8.4-8.5 and mixing it at room temperature for overnight, the reaction was 

terminated. 

2.8 Radiolabelling of peptides with 
Ga

68 

For the radiolabelling experiments Obninsk-type (Cyclotron Co., Obninsk, Russia) 
68

Ge/
68

Ga 

generator was utilized. For yielding the radioactivity, a fractionated elution was applied, with 

0.1 M, 5 mL aqueous HCl solution. The first 1.8 mL eluate was discarded, and the next 1-1.2 

mL solution – this was the highest radioactive concentration of the nuclide – was collected. 

Exactly 1 mL from this stock was transferred to a 5 mL eppendorf tube, 160 µL of 1M 

NaOAc buffer was introduced, and finally the peptide-solution (3 mM, 5 µL) was mixed. This 

procedure resulted in a pH 4.0-4.1. Subsequently, the reaction was heated to 95°C for 5 

minutes. The solution was let to cool down to room temperature, and the activity was 

immobilized on an OASIS
®
 HLB 30 mg Cartridge, (Waters, Milford, Massachusetts, USA) 

preconditioned with ethanol and water (5:10 mL) according to the standard protocol. The 

column was rinsed with 2 mL of water and the activity was recovered with 0.5 mL of isotonic 

NaCl solution/EtOH 2:1 mixture. The product was passed through a sterile filter into a clean 

vial. 

 

 

https://www.google.com/search?client=firefox-b-d&sxsrf=ACYBGNQR5EdyXdz9oXETqmd_K9EbEQr9Lw:1581590223893&q=Milford+Worcester+County,+MA,+Egyes%C3%BClt+%C3%81llamok&stick=H4sIAAAAAAAAAOPgE-LSz9U3MDKrzMjOVuIEsQ1zLbILtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1gNfDNz0vKLUhTC84uSU4uBggrO-aV5JZU6Cr6OOgqu6ZWpxYf35JQoHG7MyUnMzc_ewcoIAAtIg7d7AAAA&sa=X&ved=2ahUKEwjyp-bbqs7nAhUH_CoKHXUeBdAQmxMoATARegQIDBAH
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2.9 RP-HPLC methods 

The chelator-conjugated, non-radioactive peptide analogues were purified by semi-preparative 

HPLC (KNAUER Wissenschaftliche Geräte GmbH, Berlin, Germany) equipped with an UV 

detector (column: Supelco Discovery® Bio Wide Pore C18, (150 mm x 10 mm), 10 µm 

particle size silica (Merck KGaA, Darmstadt, Germany). After a short isocratic period a linear 

gradient was applied (0 min 0% B; 4 min 0% B; 16 min 45% B). The eluent system was: A: 

0.1% TFA in water and B: 0.1% TFA in MeCN-H2O (95:5, v/v). 4.0 mL/min flow rate was 

applied and the UV detection was at 254 nm. The pure products were collected in a round-

bottom flask and were lyophilized. The radiochemical purity of the radiolabelled peptides was 

assessed by RP-HPLC. (KNAUER HPLC). For the analytic HPLC experiments, a Supelco 

Discovery® Bio Wide Pore C18 column (250 mm x 4.6 mm) with 10 µm particle size silica 

(Merck KGaA, Darmstadt, Germany) was applied. The ulent program was the following: 0 

min 0% B; 4 min 0% B; 14 min 40% B, (the eluents were detailed earlier). The flow rate was 

set to 1.2 mL/min. The peaks were detected with radio detector and UV detector (254 nm) 

paralel. 

2.10 Determination of partition coefficient of 
68

Ga-labelled ligands 

Partition coefficient was calculated from the distribution rate of the radioactivity in 1-octanol 

and PBS solution. For the measurement, a small aliquot (10 µL) from the aqueous radioligand 

solution was introduced into a vial containing 0.49 mL of PBS and 0.5 mL of 1-octanol. To 

reach the equilibrium state, the solution was mixed firmly for 20 minutes and subsequently 

the phases were separated by means of a centrifugation for 5 minutes at 20.000 rpm. 3 times, 

10 µL samples from each layer were introduced into the test tubes; and the radioactivity was 

determined with a gamma counter (Perkin-Elmer Packard Cobra, Waltham, MA, USA). The 

LogP value was calculated from the incomes of six parallel experiments. 

2.11 Determination of in vitro stability of 
68

Ga-labelled ligands 

The chemical stability of 
68

Ga-NODAGA-c(NGR) analogues were tested in PBS at 95ºC. 50 

µL from the radioactive peptide solutions were diluted with 0.5 mL PBS. The solution was 

heated to 95ºC, and aliquots from the solution (25 µL) were directly injected to the reversed-

phase HPLC at different time points (0, 30, 60, 90 and 120 min). For the determination of the 

radiochemical purity we used a gradient elution identical with the analytical program. For the 

determination of the enzymatic stability of the 
68

Ga-NODAGA-c(NGR) analogues in serum, a 
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stock solution was prepared from 100 µL of the radioactive peptide solutions and 1 mL PBS. 

20 µL from this solution was introduced to 480 µL of rat serum (purchased from Sigma-

Aldrich, St. Louis, Missouri, USA) and the mixture was tempered at 37ºC. 50 µL of aliquots 

were taken from it at various time points (0, 30, 60, 90 and 120 min) and were mixed with 

equal volume of cold abs. EtOH. The precipitations were removed by centrifugation at 20.000 

rpm for 5 min. The supernatants were saved and were diluted further with the starting eluent 

of the analytical HPLC. The conditions of the analysis were identical with the standard 

protocol. From the radiochemical purity the metabolic stability was calculated. 

2.12 Experimental animals 

16 weeks old, 250±20 g weighted male Fischer-344 rats (n=76; Animalab Ltd, Budapest, 

Hungary) were used for the experiments. Animals were housed under conventional conditions 

at 23±2°C with 50±10% humidity and artificial lighting with a circadian cycle of 12 h. The 

semi-synthetic diet (VRF1; Akronom Ltd., Budapest, Hungary) and drinking water were 

available ad libitum to all animals. The animal experiments were authorized by the Ethical 

Committee for Animal Research, University of Debrecen, Hungary (permission number: 

8/2016/DEMÁB). Laboratory animals were kept and treated in compliance with all applicable 

sections of the Hungarian Laws and animal welfare directions and regulations of the European 

Union. 

2.13 Subcutan tumor transplantation  

Fischer-344 rats (n=64) were anaesthetized with 3% Isoflurane (Forane) using a small animal 

anaesthesia device (Eickemeyer, Tec3 Isoflurane Vaporizer), the left scapular region was 

depilated, disinfected and 5x10
6
 He/De (rat hepatocellular carcinoma; Trencsenyi et al., 2014) 

or Ne/De (rat mesoblastic nephroma, Máté et al., 2015) cells in 150 μL saline were injected 

subcutaneously.  

2.14 In vivo PET imaging 

Healthy control (n=3/radiopharmaceutical), He/De (n=5/radiopharmaceutical) and Ne/De 

(n=5/radiopharmaceutical) tumor-bearing F-344 rats were anaesthetized with 3% Forane 

using a dedicated small animal anaesthesia device and were injected with 12.3±1.2 MBq of
 

68
Ga-NOTA-c(NGR) or 

68
Ga-NODAGA-c(NGR) or 

68
Ga-NODAGA-c(NGR) (MG1) or 

68
Ga-

NODAGA-c(NGR) (MG2) in 150 μL saline via the lateral tail vein 11±1 after tumor cell 

inoculation. 90 min after radiotracer injection whole-body PET/MRI scans were peformed 
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using the preclinical nanoScan PET/MRI 1T device (Mediso LTD., Hungary). Special rat 

imaging chamber (MultiCell Imaging Chamber, Mediso LTD., Hungary) was used to 

eliminate the movement of rats and to maintain a permanent body temperature. For the 

anatomical localization of tissues and organs T1 weighted MRI scans (Material map) were 

performed. For the image reconstruction (3D-OSEM) and analysis of the PET images Nucline 

and InterView™ FUSION software (Mediso LTD., Hungary) were used, respectively. 

Standardized uptake value (SUV) was calculated using the following formula: SUV= [ROI 

activity (MBq/mL)]/[injected activity (MBq)/animal weight (g)]. 

2.15 Ex vivo biodistribution studies 

After in vivo PET/MRI imaging, control and tumor-bearing rats were euthanized with 5% 

isoflurane. Three tissue samples were taken from selected tissues and organs and their weight 

and the radioactivities were measured with a calibrated gamma counter (Perkin-Elmer 

Packard Cobra, Waltham, MA, USA). The radiotracer
 
uptake was expressed as %ID/g tissue. 

2.16 Blocking experiments 

For blocking experiments, He/De (n=3/radiopharmaceutical) and Ne/De 

(n=3/radiopharmaceutical) tumor-bearing rats were injected with 200 μg unlabelled c(NGR) 

in 100 μL saline via the lateral tail vein five minutes before the injection of 
68

Ga-labelled 

NGR. After 90 minutes incubation time in vivo PET imaging and ex vivo studies were 

performed using the 
68

Ga-labelled tracers, as described above. 

2.17 Immunhistochemistry 

For the demonstration of APN/CD13 expression, 4-5 μm thick sections of the formaldehyde 

fixed and paraffin embedded He/De and Ne/De tumors were exposed to the mouse anti-rat 

CD13 (Santa Cruz Biotechnology) at a dilution of 1:50 following deparaffination, rehydration 

and antigen retrieval (at pH 6.0). A HRP-labelled rabbit anti-mouse polymer antibody 

(Abcam, UK) and the Envision DAB detection kit (DAKO-Agilent Technologies, USA) were 

used for visualization of the specific antibody binding, followed by hematoxylin 

counterstaining. Photos were taken with Nikon Eclipse E800 (Nikon Corporation, Tokyo) 

microscope.  
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2.18 Statistical analysis 

Experimental data was presented as mean±SD of at least three independent experiments. The 

significance was calculated by Student’s t-test (two-tailed), two-way ANOVA and Mann-

Whitney U-test. The significance level was set at p≤0.05 unless otherwise indicated. 
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3. Results 

3.1 Chemistry and radiochemistry 

The linear peptides were synthesized by a solid phase method on a Rink-Amide MBHA resin 

(0.5 g 0.64 mmol/g capacity) every case. The peptides were cyclized successfully. The purity 

of cyclized peptides was found to be 95%≤ with analytical HPLC. The pure chelator-

conjugated peptide analogues were characterized by mass spectrometry (ESI-MS: Shimadzu 

LCMS IT-TOF Mass Spectrometer, Shimadzu Corp., Tokyo, Japan): measured: m/z 941.48 

for [M+H]+; calculated 941.74 of NODAGA-c(NGR), m/z 1137.63 for [M+H]+; calculated 

1137.31 of c[CH2-CO-Lys(NODAGA)-Asn-Gly-Arg-Cys]-NH2 = (NODAGA-c(NGR) 

(MG1)) and measured: m/z 1151.63 for [M+H]+; calculated 1151.31 of c[CH2-CO-

Lys(NODAGA)-Asn-N(Me)Gly-Arg-Cys]-NH2 = (NODAGA-c(NGR) (MG2)). 
68

Ga labelling 

procedures were accomplished within 15-20 min. The radiochemical purity was >99% after 

formulation all cases. The molar activity of radiopharmaceuticals was found to be 5.49-7.36 

GBq/µmol. The chemical structures and synthesis of chelator peptide-conjugates and 

radiolabelling of analogues
 
are shown in Fig. 1. and in Supplementary material Figures 1-4. 
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Fig. 1. Chemical structures of NOTA-c(NGR) (A), NODAGA-c(NGR) (B), c[CH2-CO-

Lys(NODAGA)-Asn-Gly-Arg-Cys]-NH2 (NODAGA-c(NGR) (MG1)) (C), c[CH2-CO-

Lys(NODAGA)-Asn-N(Me)Gly-Arg-Cys]-NH2 (NODAGA-c(NGR) (MG2)) (D). 

https://www.mdpi.com/1420-3049/19/8/11600/htm#molecules-19-11600-f006
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3.2 Partition coefficient and in vitro stability of 
68

Ga-labelled c(NGR) derivatives 

The partition coefficient (LogP) of 
68

Ga-NODAGA-c(NGR) was measured to be –4.07±0.13 

and 
68

Ga-NODAGA-c(NGR) (MG1) determined to be –2.33±0.14, while the N-methyl-

glycine containing analogue, 
68

Ga-NODAGA-c(NGR) (MG2) proved to be –2.29±0.13, 

suggesting that all of the radiotracers are hydrophilic. Incubation of 
68

Ga-NODAGA-c(NGR) 

in rat serum (in vitro stability) for 120 min did not result in any additional peak or change in 

radioHPLC retention times/pattern: 98.90%, 98.11%, 97.90, 97.76%, 97.64%. The methyl 

substitution resulted in bigger effect on their chemical stability. During the measurement on 

elevated temperature (PBS; pH=7.4; T=95ºC) both analogues proved to be stable, only after 

120 minutes we were able to detect significant difference in stability, but the ratios of the 

intact molecules were above 95%. The decomposition of the original structure was definitely 

more articular in the presence of a rat serum. The radiochemical purity of the different time 

points was 100%, 86.75%, 73.4%, 61.11%, 55.42% in the case of 
68

Ga-NODAGA-c(NGR) 

(MG1), while 100%, 92.45%, 84.47%, 78.32%, and 75.42% for 
68

Ga-NODAGA-c(NGR) 

(MG2), respectively. These results suggest a moderate stability of these compounds in the 

blood, but clearly indicate the positive effect of the N-methylation avoiding the Asn 

deamidation. 

 

3.3 In vivo PET/MRI and ex vivo biodistribution studies in control rats 

 

For the determination of the normal biodistribution of 
68

Ga-NOTA-c(NGR), 
68

Ga-NODAGA-

c(NGR), 
68

Ga-NODAGA-c(NGR) (MG1), and 
68

Ga-NODAGA-c(NGR) (MG2) whole-body 

PET/MRI imaging and ex vivo tissue distribution studies were performed 90 min after 

intravenous injection of the radiotracers using healthy control F-344 rats. Representative 

decay-corrected coronal PET/MRI images of healthy rats are shown in Fig. 2. After the 

qualitative analysis of the PET images we found low radiotracer accumulation in the 

abdominal and thoracic organs using the four radiotracers after 90 min incubation time. In 

contrast, the urinary system (bladder with urine) was clearly visualized (Fig. 2 white arrows). 

By the quantitative SUV analysis of the PET images (Fig. 2E) no significant differences (at 

p≤0.05) were found between the SUVmean values of the investigated organs and tissues when 

the accumulation of 
68

Ga-NOTA-c(NGR), 
68

Ga-NODAGA-c(NGR), 
68

Ga-NODAGA-c(NGR) 

(MG1) and 
68

Ga-NODAGA-c(NGR) (MG2)  were compared. 
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Fig. 2. In vivo PET/MRI assessment of 
68

Ga-NOTA-c(NGR) (A), 
68

Ga-NODAGA-c(NGR) 

(B), 
68

Ga-NODAGA-c(NGR) (MG1) (C), and 
68

Ga-NODAGA-c(NGR) (MG2) (D) 

accumulation in healthy control F-344 rats. Representative decay-corrected coronal PET/MRI 

images were obtained 90 min after intravenous injection of the radiotracers. White arrows: 

bladder (urine). E: quantitative SUV analysis of tracer uptake in control animals 
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(n=3/radiopharmaceutical) 90 min post-injection. SUV: standardized uptake value. SUV 

values are presented as mean±SD. 

 

These in vivo PET/MRI results correlated well with the ex vivo data shown in Fig. 3. For ex 

vivo distribution studies rats were sacrificed after PET/MRI imaging and after autopsy the 

accumulated radioactivity of the tissues were assessed by gamma counter. Remarkable 

radiotracer accumulation was observed in kidneys (approx. %ID/g: 0.5) and urine (approx. 

%ID/g: 50-85), and slight radiotracer uptake was observed with low %ID/g values in other 

organs and tissues. By comparing the amount (%ID/g) of radiopharmaceuticals in the selected 

organs, we found that the 
68

Ga-NODAGA-c(NGR) (MG2) showed a relatively higher 

accumulation in the blood, liver and spleen, however, this difference was not significant. 

 

 

Fig. 3. Ex vivo biodistribution of 
68

Ga-labelled NGR derivatives in healthy control F-344 rats 

90 min after intravenous injection of the radiotracers. %ID/g values are presented as 

mean±SD. 
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3.4 In vivo PET/MRI imaging and ex vivo studies of He/De and Ne/De tumor-bearing 

rats 

For the in vivo assessment of the APN/CD13 specificity of the 
68

Ga-labelled cNGR-based 

tracers He/De (hepatocellular carcinoma) and Ne/De (mesoblastic nephroma) tumor-bearing 

rats were injected intravenously with 
68

Ga-NOTA-c(NGR), 
68

Ga-NODAGA-c(NGR), 
68

Ga-

NODAGA-c(NGR) (MG1) or 
68

Ga-NODAGA-c(NGR) (MG2) and after 90 min incubation 

time whole-body PET/MRI scans were acquired. Representative whole-body decay-corrected 

coronal and axial PET/MRI images of He/De and Ne/De tumors are shown in Fig. 4 and 5., 

respectively. The subcutaneously growing tumors were clearly visualized using 
68

Ga-NOTA-

c(NGR), 
68

Ga-NODAGA-c(NGR) and 
68

Ga-NODAGA-c(NGR) (MG1) 90 min after the 

tracer injection, however, 
68

Ga-NODAGA-c(NGR) (MG2) radiopharmaceutical showed the 

lowest accumulation in both tumors (Fig. 4 and 5, white arrows). This observation was 

confirmed by the quantitative SUV analysis (Fig. 4E and 5E), where we found significantly 

(p≤0.05 and p≤0.01) lower uptake in He/De (SUVmean: 0.11±0.03; SUVmax: 0.63±0.26) and 

Ne/De (SUVmean: 0.29±0.03; SUVmax: 1.13±0.07) tumors using 
68

Ga-NODAGA-c(NGR) 

(MG2) than that of the SUV values of the three other radiotracers, where the SUVmean and 

SUVmax data were approximately 2-5-fold higher in He/De tumors and approximately 1.5-3-

fold higher in Ne/De tumors. A similar trend was observed in the quantitative SUV analysis 

of tumor-to-background (muscle) ratios in both investigated tumors, where the 
68

Ga-

NODAGA-c(NGR) (MG2) radiotracer showed the lowest accumulation. Overall, it was found 

that NOTA- and NODAGA-conjugated c(NGR) molecules showed higher accumulation in 

He/De and Ne/De tumors than the NODAGA conjugated MG1 and MG2 probes 

(Supplementary material Table 1 and 2). 

For the investigation of APN/CD13 specificity of 
68

Ga-NOTA-c(NGR), 
68

Ga-NODAGA-

c(NGR), 
68

Ga-NODAGA-c(NGR) (MG1) or 
68

Ga-NODAGA-c(NGR) (MG2) in vivo 

blocking studies were performed at 90 min post injection in the presence of approx. 200 µg 

unlabelled c(NGR). Fig. 4 and 5 (lower rows of A-D panels) shows that the pre-injection of 

the unlabelled c(NGR) reduced the accumulation of the four investigated radiotracers in 

He/De and Ne/De tumors. The quantitative SUV analysis (Fig. 4F, 5F and Supplementary 

material Table 1 and Table 2) confirmed this observation, and the uptake of the radiotracers of 

He/De and Ne/De significantly decreased in the presence of unlabelled c(NGR), confirming 

the CD13 binding specificity in vivo. 
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Fig. 4. In vivo assessment of 
68

Ga-labelled NGR derivatives uptake of He/De tumors. 

Representative coronal (upper row) and transaxial (middle row: base; lower row: blocked (see 

2.16. Materials and methods)) PET/MRI images of tumor-bearing rats 90 min after 

intravenous injection of 
68

Ga-NOTA-c(NGR) (A), 
68

Ga-NODAGA-c(NGR) (B), 
68

Ga-

NODAGA-c(NGR) (MG1) (C), and 
68

Ga-NODAGA-c(NGR) (MG2) (D). Quantitative SUV 

analysis of base (E) and blocked (F) radiotracer uptake data in Ne/De tumors 90 min post inj. 

and 11±1 days after subcutaneous injection of He/De tumor cells. Significance level: p≤0.05 

(*) and p≤0.01 (**). SUV: standardized uptake value; T/M: tumor-to-muscle ratio. SUV 

values are presented as mean±SD. 
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Fig. 5. In vivo assessment of 
68

Ga-labelled NGR derivatives uptake of Ne/De tumors. 

Representative coronal (upper row) and transaxial (middle row: base; lower row: blocked (see 

2.16. Materials and methods)) PET/MRI images of tumor-bearing rats 90 min after 

intravenous injection of 
68

Ga-NOTA-c(NGR) (A), 
68

Ga-NODAGA-c(NGR) (B), 
68

Ga-

NODAGA-c(NGR) (MG1) (C), and 
68

Ga-NODAGA-c(NGR) (MG2) (D). Quantitative SUV 

analysis of base (E) and blocked (F) radiotracer uptake data in Ne/De tumors 90 min post inj. 

and 11±1 days after subcutaneous injection of Ne/De tumor cells. Significance level: p≤0.05 

(*) and p≤0.01 (**). SUV: standardized uptake value; T/M: tumor-to-muscle ratio. SUV 

values are presented as mean±SD. 

 

 

Similarly to the in vivo SUV data, the ex vivo %ID/g (Table 1) data represent that the 
68

Ga-

NOTA-c(NGR) showed the highest accumulation in the investigated tumors, followed by the 

68
Ga-NODAGA-c(NGR), 

68
Ga-NODAGA-c(NGR) (MG1), and finally the 

68
Ga-NODAGA-

c(NGR) (MG2). The success of blocking was also confirmed by ex vivo data, where 

significantly (p≤0.01) lower radiotracer accumulation was found in the blocked tumors than 

that of the non-blocked 90 min post injection. By using the four investigated c(NGR)-based 

radiotracers, no significant differences were found between He/De and Ne/De tumors by 

either in vivo imaging or ex vivo biodistribution measurements. 
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Table 1 

Ex vivo assessment of
 
the accumulation of the four

 68
Ga-labelled c(NGR) derivatives in 

experimental subcutaneous He/De and Ne/De tumors 90 min after tracer injection and 11±1 

days after tumor cell inoculation. %ID/g tissue values are presented as mean±SD. 

Significance level between blocked and non-blocked tumors at 90 min: p≤0.01 (**). 200 µg 

unlabelled c(NGR) was used for blocking. T/M: tumor-to-muscle ratio. 

 

Tumor 
68

Ga- 

NOTA-

c(NGR) 

68
Ga-

NODAGA-

c(NGR) 

68
Ga-

NODAGA-

c(NGR)(MG1) 

68
Ga-

NODAGA-

c(NGR)(MG2) 

He/De (n=5) 0.69 ± 0.11 0.65 ± 0.06 0.45 ± 0.11 0.34 ± 0.08 

He/De T/M ratio 9.99 ± 1.60 7.95 ± 1.39 6.13 ± 0.96 5.56 ± 0.94 

He/De (blocked) (n=3) 0.12 ± 0.04** 0.09 ± 0.02** 0.14 ± 0.01** 0.11 ± 0.02** 

Ne/De (n=5) 0.83 ± 0.23 0.79 ± 0.18 0.66 ± 0.12 0.40 ± 0.08 

Ne/De T/M ratio  7.10 ± 1.27 6.58 ± 1.24 6.15 ± 0.77 5.73 ± 0.41 

Ne/De blocked (n=3) 0.10 ± 0.02** 0.11 ± 0.04** 0.17 ± 0.05** 0.09 ± 0.03** 

 

 

3.5 Immunohistochemistry 

The expression of APN/CD13 was verified by immunostaining of subcutaneously growing 

He/De and Ne/De tumors. Figure 6 shows the strong but scattered APN/CD13 positivity 

(brown staining) throughout the masses of the tumor, which correlated well with the 

heterogenous radiotracer uptake seen in the in vivo PET images, further confirming the strong 

binding affinity of 
68

Ga-labelled c(NGR) probes to the APN/CD13 molecule. 
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Fig. 6. Immunohistological analysis of APN/CD13 expression in subcutaneously growing 

He/De (B) and Ne/De (D) tumors 11 days after tumor cell inoculation. Rat kidney (F) was 

used as positive control for APN/CD13. Anti-CD13 primary antibody was visualized with 

3,3-diaminobenzidine (DAB) (brown staining). For negative control (A, C, E) DAB was used 

in the absence of the primary antibody. Magnification: 20X. Bar: 200 µm. 
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4. Discussion 

In vivo imaging of tumor neo-angiogenesis is an intensively researched area in clinical 

and preclinical positron emission tomography and in the development of 

radiopharmaceuticals. Confirming the presence of neo-angiogenic markers in tumors by in 

vivo PET imaging using specific radiopharmaceuticals can greatly assist the detection of 

tumors at an early stage, just after the angiogenic switch, and the selection and follow-up of 

the appropriate anticancer therapy. In the human clinical routine PET imaging 
18

FDG is the 

most commonly used radiopharmaceutical for the detection of tumors, metastases and for 

monitoring the efficacy of anticancer therapies (De Ruysscher et al., 2016). However, 
18

FDG 

is not specific for angiogenic molecules; furthermore, it is known that 
18

F-FDG has low 

accumulation and poor diagnostic efficiency in e.g. well-differentiated hepatocellular 

carcinoma tumors (Gao et al., 2017). Due to the above facts, there is a growing demand for 

the development of specific radiopharmaceuticals in the molecular imaging of tumor 

associated neo-angiogenesis. 

In this present study subcutaneously transplanted chemically induced syngeneic 

hepatocellular carcinoma (He/De) and mesoblastic nephroma (Ne/De) rat models were used 

for the in vivo assessment of APN/CD13 specificity of our newly synthesized and 
68

Ga-

labelled NGR derivatives by in vivo PET/MRI imaging. It is known from the literature, that 

the asparaginyl–glycinyl–arginine (NGR) peptide is a specific ligand of APN/CD13, 

furthermore, several studies have reported that the radiolabelled NGR peptide with positron 

emitting (e.g.: 
64

Cu, 
68

Ga) isotopes served useful radiotracers for the in vivo imaging of 

APN/CD13 receptor expression of tumors and neovasculature (Máté et al., 2015; Shao et al., 

2014a, 2014b; Zhang et al., 2014). For the evaluation of the chemical or metabolic stability on 

the image quality we have tested different parameters. In the case of the c[KNGRE]-NH2 – 

where the targeting moiety owes an extraordinarly good chemical inertness – the replacement 

of the chelator subunite was performed. The new analogue – NODAGA-c(NGR) – has 

practically every subunit identical with the “reference compound” (NOTA-c(NGR)), except 

the lack of aromatic ring, and the difference in the bond of the conjugation. Therefore, we 

hypothetised a very similar behavior, but fine tuned with the hydrophile/lipophile balance. On 

the other hand, Corti and coworkers (Corti et al., 2017) has published that glycine N-

methylation in the NGR-sequence can completely prevents asparagine deamidation without 

impairing CD13 recognition. This finding promotes us to validate the use of N-Me-Gly in the 

five amino acid composed ring. To visualizate the effect of the exchange we have to select a 
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more unstable NGR-analogue, namely a thioether cyclized NGR analogue c[CH2-CO-Lys-

Asn-Gly-Arg-Cys]-NH2, due to 40% of this substance has decomposed in PBS (pH = 7.4) 

after 24 hours (Enyedi et al., 2015). The MG1 and MG2 analogues were conjugated with the 

identical methodology, like the lead-compound, but with a NODAGA – type chelator, 

resulting in thiourea linkage and an extra aromatic ring, to maintain the comparable 

hydrophilic behavior of this part of the molecule to NOTA-c(NGR). 

The in vitro lipophilicity experiments demonstrated that newly synthesized 
68

Ga-

NODAGA-c(NGR) derivatives are highly hydrophilic (logP values were between 

approximately - 2.2 and - 4.1), and this observation was confirmed by in vivo PET imaging 

and ex vivo biodistribution studies performed on healthy control F-344 rats. These 

biodistribution studies revealed that 
68

Ga-labelled c(NGR) derivatives were mainly excreted 

through the urinary system, due to their hydrophilic properties, furthermore, the abdominal 

(except for the kidneys) and thoracic organs showed very low radiotracer uptake after 90 min 

incubation time (Fig. 2). The relatively higher liver spleen and lung uptake of 
68

Ga-

NODAGA-c(NGR) (MG2) may be attributed to its lower hydrophilicity. This low 

accumulation of the c(NGR)-based radiotracers in the abdominal organs correlated well with 

other studies, where the biodistribution of 
68

Ga-DOTA-NGR (Zhang et al., 2014), 
68

Ga-

NODAGA-NGR (Satpati et al., 2018) and 
68

Ga-NOTA-NGR (Shao et al., 2014a, 2014b) 

molecules were investigated. Furthermore, the low radiotracer accumulation in healthy tissues 

also allowed for high quality images with low background activity (high T/M ratios) to be 

obtained. This property greatly facilitates image evaluation and tumor identification when 

preparing the diagnostic report. However, it is important to note that, in addition to NGR 

molecules with different structures, the physicochemical properties of the chelator (e.g.: 

HBED-CC, NOTA, NODAGA) used greatly influence the accumulation of 

radiopharmaceuticals in the examined organs (Satpati et al., 2018, Trencsenyi et al., 2017). 

In this paper, for the in vivo and ex vivo assessment of the APN/CD13 targeting 

properties of our 
68

Ga-labelled c(NGR)-based tracers He/De (hepatocellular carcinoma) and 

Ne/De (mesoblastic nephroma) tumor-bearing rats were injected intravenously with 
68

Ga-

NOTA-c(NGR), 
68

Ga-NODAGA-c(NGR), 
68

Ga-NODAGA-c(NGR) (MG1) or 
68

Ga-

NODAGA-c(NGR) (MG2) and 90 min post injection whole-body PET/MRI scans, then organ 

distribution studies were performed (Fig. 4, 5 and Table 1). Although He/De and Ne/De 

tumors were well identifiable using all the four radiopharmaceuticals, different accumulation 

was observed in the investigated tumors. Overall, it was found that NOTA- and NODAGA-

conjugated c(NGR) molecules showed higher accumulation in He/De and Ne/De tumors than 
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the NODAGA conjugated MG1 and MG2 probes (Supplementary material Table 1 and 2). 

This difference between the four APN/CD13 probes can be due to the chemical properties 

described above (lower stability of MG1 and probably the lower binding efficiency of N-

methylated version), furthermore, - as a limitation - it is important to note that although 

studies have been performed at the same tumor size, it is known that the expression of 

angiogenic markers changes with tumor growth, can be influenced by tumor type, and is 

highly dependent on the presence and degree of hypoxia (Deshpande et al., 2011). 

In our in vivo and ex vivo blocking experiments using the unlabelled c(NGR), the 

accumulation of the investigated radiotracers in both tumors reduced significantly (p≤0.01) 

(Fig. 4, 5 and Table 1), similarly, to previous studies with other 
68

Ga-labelled NGR-

conjugates, where human xenograft tumors (Satpati et al., 2018; Shao et al., 2014a, 2014b; 

Zhang et al., 2014) were investigated. These blocking results suggest that our 
68

Ga-labelled 

c(NGR) derivatives specifically bind to the APN/CD13 receptors. Earlier (Máté et al., 2015), 

the presence of APN/CD13 expression of Ne/De tumors was verified by western blot analysis, 

and in this work the expression was confirmed on He/De and Ne/De tumors by 

immunohistochemistry (Fig. 6). 

 

 

5. Conclusion 

Among markers of tumor neo-angiogenesis, APN/CD13 is a very promising target in positron 

emission tomography imaging, however, the selection of the appropriate 
68

Ga-labelled NGR-

based radiopharmaceutical (e.g.: 
68

Ga-NOTA- and NODAGA-c(NGR) with the highest 

binding affinity in this study) is critical for the precise detection of tumors neo-angiogenesis 

and for monitoring the efficacy of anticancer therapy. 
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