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RÉSUMÉ 

 Analogues radiomarqués de la bombésine pour améliorer le diagnostic du 

cancer de la prostate par imagerie TEP 
 

Par 

Nematallah Mansour 

Programme de sciences des radiations et imagerie biomédicale 

 

Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de l’obtention du 

diplôme de philosophiae doctor (Ph.D.) en science des radiations et imagerie biomédicale, 

Faculté de médecine et des sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, 

Canada, J1H 5N4 

 

Le récepteur du peptide de  libération de la gastrine (GRPR) est un récepteur couplé aux 

protéines G. Ce récepteur est fortement exprimé dans le cancer de la prostate, il est ainsi un 

biomarqueur potentiel pour ce cancer. La bombésine est un peptide de 14 acides aminés qui se 

lie avec une forte affinité au GRPR. Les analogues radio-marqués de la bombésine ont été 

utilisés intensivement pour cibler ce récepteur. Le radio-marquage de la bombésine avec des 

isotopes métalliques, tel que le 
64

Cu, nécessite l'utilisation d’un chélateur bi-fonctionnel et d’un 

intermédiaire entre le chélateur et le peptide. Ces deux composants sont nécessaires pour 

maintenir l’activité de la bombésine. 

Cette thèse a pour objectif le développement des sondes peptidiques radio-marquées, analogues 

de la bombésine. Ces sondes seront utilisées pour la TEP des cancers exprimant les GRPRs, 

notamment le cancer de la prostate. Dans cette thèse, nous avons utilisé un analogue de 

(l'antagoniste) la bombésine qui s’appelle RM26. Pour améliorer les propriétés physicochimiques 

et pharmacocinétiques de ce peptide, nous avons testé plusieurs chélateurs et intermédiaires. 

Cette thèse hybride est divisée en plusieurs parties. Nous avons consacré l’introduction à la 

présentation du contexte scientifique, des principaux biomarqueurs et traceurs TEP impliqués 

dans le cancer de la prostate et finalement nous avons récapitulé les développements que les 

radio-traceurs de la bombésine, les espaceurs et les nouveaux chélateurs ont reconnu au cours 

des dernières années. Le premier chapitre (article 1) se concentre sur l'étude des espaceurs (LK) 

portant des charges di-cationiques et di-anioniques ainsi que leur impact sur les 

paramètres  pharmacocinétiques des analogues de type [
64

Cu]-NOTA-LK-RM26. Récemment, 

notre groupe a développé un chélateur bi-fonctionnel (DOTHA2) portant des bras acides 

hydroxamates permettant une complexation plus rapide, plus efficace et plus forte au 
64

Cu. Dans 

le second chapitre (article 2), nous décrivons l'évaluation d'un nouvel antagoniste au GRPR, le 
64

Cu-DOTHA2-PEG-RM26, pour visualiser les tumeurs prostatiques par imagerie TEP. Dans les 

deux études précédentes, le [
64

Cu]-NOTA-PEG-RM26 a été utilisé comme composé de référence 

car le complexe 
64

Cu-NOTA possède une forte stabilité in vivo et une captation non spécifique 

globale très faible. Les résultats des études in vitro et in vivo, du complexe DOTHA2-APCA-

RM26 radio-marqué au 
64

Cu, sont présentés dans le troisième chapitre (en format traditionnel). 

Enfin, une discussion générale et les conclusions finales de la thèse sont présentées. 
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SUMMARY 

 Radiolabeled Bombesin Analogs to Improve Prostate Cancer Diagnosis by 

PET Imaging 

 

By 

Nematallah Mansour 

Radiation Science and Biomedical Imaging Program 

 

Thesis presented at the Faculty of Medicine and Health Sciences to obtain a Doctor degree 

(Ph.D.) in Radiation Science and Biomedical Imaging, Faculty of Medicine and Health Sciences, 

Université de Sherbrooke,  

Sherbrooke, Québec, Canada, J1H 5N4 

 

The gastrin-releasing peptide receptor (GRPR) is a G-protein coupled receptor is highly 

expressed on prostate cancer and different other kind of cancer, hence its interest as a potential 

biomarker. Bombesin is a 14-amino acid peptide that binds with high affinity to the GRPR. 

Radiolabeled bombesin analogs have been used intensively to target GRPR. Bombesin 

radiolabeling with radiometal such as 
64

Cu requires the use of a bifunctional chelator and a 

linker. The aim of this thesis was to develop radiotracers, based on bombesin peptides, for PET 

imaging of GRPR expressing cancers, especially prostate cancer. In this thesis, we have used the 

bombesin antagonist RM26 for specific binding to the GRPR and we have modified the chelators 

and the linkers to improve the physicochemical and pharmacokinetic properties of radiolabeled 

peptides. The hybrid thesis is divided into several parts. In the introduction, we present the 

scientific context, the current state of biomarkers and PET tracers for prostate cancer and the 

trends in the development of bombesin radiotracers, linkers and new chelators over the last years. 

The first chapter of the thesis (Article 1) focuses on studying the impact of linker (LK) with 

dicationic and dianionic charges on the pharmacokinetics of the radiolabeled bombesin peptide 

analogues of the type [
64

Cu]-NOTA-LK-RM26. The three peptides showed similar affinity 

toward the GRPR expressed on PC3. The charged linkers (the dicationic and the dianionic 

linkers) are promising candidates for visualization of GRPR-expressing tumor using PET. 

Recently, our group designed a bifunctional chelator DOTHA2 bearing hydroxamic acid arms for 

a fast, efficient and strong 
64

Cu complexation. In the second chapter of the thesis (Article 2), we 

describe the evaluation of a novel 
64

Cu-DOTHA2-PEG-RM26, a GRPR antagonist to visualize 

prostate tumors by PET imaging. In this study, the [
64

Cu]-NOTA-PEG-RM26 was considered as 

the reference compound because the 
64

Cu-NOTA complex was reported to have high in vivo 

stability and a very low overall nonspecific uptake. ). The [
64

Cu]-DOTHA2-PEG-RM26 

conjugate was prepared with a labeling yield >95% and molar activity of 56 ± 3 GBq/µmol after 

a 5-minute room temperature labeling. The [
64

Cu]-DOTHA2-PEG-RM26 and [
64

Cu]-NOTA-

PEG-RM26 displayed similar tumor and normal tissue uptakes at early time point post injection. 

In conclusion, the DOTHA2 enables fast 
64

Cu
 
chelation under mild condition, and as such could 

be used advantageously for the development of other 
64

Cu-labeled peptide-derived PET tracers. 

The results of in vitro and in vivo studies are presented in the third chapter (traditional section) of 

the thesis for DOTHA2-APCA-RM26 radiolabeled with 
64

Cu. The [
nat

Cu]-DOTHA2-APCA-

RM26 showed affinity in the nanomolar range. The [
64

Cu]-DOTHA2-APCA-RM26 conjugate 
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showed a promising biodistribution profile and high but totally unspecific accumulation on PC3 

tumor. Finally, a general discussion and the final conclusions of the thesis are given. 

 

 

Keywords: DOTHA2, prostate cancer, bombesin, chelator, linker, RM26, positron emission 

tomography (PET), 
64

Cu 
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INTRODUCTION 

1.1 PROSTATE GLAND AND PROSTATE CANCER 

The prostate is an exocrine gland in men. It is part of the reproductive system located below the 

bladder and in front of the rectum. It produces a fluid that helps to transport and nourish sperm as 

it passes from the testes, through the ejaculatory ducts and prostate, and out from the urethra 

(Denmeade et Isaacs, 2002). Prostate cancer can be defined as an abnormal and uncontrolled 

division of cells of the prostate gland. It is the second most common leading cause of cancer-

related death in men in Canada. In USA, about 1.6 million new cancer cases are expected to be 

diagnosed in 2016 and 0.6 million cancer deaths will occur (Siegel et al., 2017). Prostate cancer 

is the most diagnosed cancer in men. The first prostate cancer case was discovered by J. Adams a 

surgeon at the London Hospital in 1853 (Denmeade et al., 2002). Prostate cancer is often a very 

slow growing cancer and it can be detected at late stage when it spreads (metastasis) to bones, 

lymph nodes, rectum and bladder (Mustafa et al., 2016). 

 

1.2 PROSTATE CANCER BIOMARKERS 

There are different biomarkers expressed in prostate cancer such as Prostate Specific Antigen 

(PSA), Prostate Specific-Membrane Antigen (PSMA), Gastrin Protein Coupled Receptor 

(GPCR) and Prostate Specific G Protein (PSGP). Those biomarkers have been used for 

assessment and diagnosis of prostate cancer. The upregulation and downregulation of prostate 

cancer biomarkers are crucial for the clinical course for the disease and could be targeted for 

early detection and/or therapeutic applications in prostate cancer (Cao et al., 2015). 

 

1.2.1 PROSTATE SPECIFIC ANTIGEN (PSA) 

Prostate specific antigen (PSA) is a sensitive prostate cancer biomarker. It is a 34 kD 

glycoprotein excreted by epithelial cells of the prostate gland. Elevation in PSA levels is specific 

to cancer presence. Also, the elevated PSA level could be due to the infection and inflammation 

of the prostate gland. PSA measurement is the most commonly used technique for prostate 

cancer screening, followed by digital rectal exam (DRE) (Crawford ED, Ventii K, 2014). The US 

Food and Drug Administration (FDA) approved PSA test in 1986 as a screening tool for early 

detection of prostate cancer (Jakobsen et al., 2017). PSA screening was conducted in Canada in 

the early 1990’s. A study performed in Quebec/Canada in early 1990’s has shown that increased 
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screening efforts with the PSA test were not correlated with the subsequent declining in mortality 

rate (Perron et al., 2002). PSA is useful for screening prostate cancer but the lack of specificity 

of PSA measurement as a tumor biomarker results in a high rate of unnecessary biopsies 

(Dickinson et al., 2016). 

 

1.2.2 PROSTATE SPECIFIC MEMBRANE ANTIGEN (PSMA) 

Prostate specific membrane antigen (PSMA) is also known as folate hydrolase 1 or a 

carboxypeptidase II. It is a 100 kDa cell surface protein overexpressed in prostate cancer.  PSMA 

consists of 750 amino acid residues (Silver et al., 1997). It plays a role in nutrient uptake in the 

prostate gland. The selective detection of PSMA overexpressed in prostate cancer offers the 

possibility to accurately diagnose and treat prostate cancer. It is very useful clinically as a 

diagnostic biomarker for prostate cancer due to the development of several selective PSMA-

targeting moieties such as DUPA, PSMA-11 and Glu-Glu-urea (Banerjee et al., 2016), which 

can be radiolabeled and used for imaging. 

 

1.2.3 G PROTEIN COUPLED RECEPTOR (GPCR) AND GASTRIN RELEASING PEPTIDE RECEPTOR 

(GRPR) 

GPCR is one of the integral membrane protein that contains an extracellular terminal (NH2-) 

region, and a seven-domain transmembrane alpha-helical structure (3 intracellular domains and 3 

extracellular domains and a carboxylic terminal (COOH-). It responds to various molecules such 

as peptides, neurotransmitters and growth factors. Upon activation by ligands such as peptides, 

the GPCR undergoes a conformational change and then activates the G proteins by promoting 

the exchange of GDP/GTP associated with the Gα subunit  (Xia et al., 2001;Weng et al., 2005). 

The Gα-GTP complex diffuses into the cytoplasm to regulate various intracellular activities. The 

activation of GPCR and its signaling pathways can contribute to normal cell functions of growth, 

survival and differentiation; however, they can enhance tumor growth and promote angiogenesis 

in cancer cells (Yeagle et Albert, 2007). 

Gastrin releasing peptide receptor (GRPR) is a member of the GPCR family. This receptor is 

responsible for the signaling process of the neuropeptides in the nervous system. The GRPR 

family consists of four receptor subtypes: the neuromedin B receptor (NMB-R [BBr1, BRS-1]), 

the gastrin-releasing peptide receptors (GRP-R [BBr2, BRS-2]), the orphan receptor ([BBr3, 
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BRS-3]) and the amphibian receptor ([BBr4]). GRPRs are expressed in organs such as pancreas, 

breast and neuroendocrine cells of the lung, brain and prostate. They are overexpressed in 

different cancers including prostate, breast, lung and several other types of cancer cells. Presence 

of GRPR has been confirmed in breast cancer (71%), primary prostate cancer in proportions 

ranging from 63% to 100 %, and in its metastases (> 50%) (Markwalder et Reubi, 1999; Ohki-

Hamazaki et al., 2005). The overexpression of GRPR receptors in various tumors has generated 

interest in the development of radiolabeled peptides for targeting these receptors. 

Gleason Score is the grading system used to determine the aggressiveness of prostate cancer. The 

grading score of Gleason score was initiated in the 1960’s by a pathologist names Donald 

Gleason. The grading system is based on how prostate cancer looks under a microscope and how 

it is likely to spread. The score ranges from 2 to 10, the higher the score the more likely that the 

caner will grow and spread quickly. Gleason score (2 – 4) tend to be less aggressive, while 

cancers with higher Gleason scores (7 – 10) trend to be more aggressive. It is very useful for 

predicting the behavior of the prostate cancer (Gordetsky et al., 2016). 

 

1.3 POSITRON EMISSION TOMOGRAPHY (PET) IMAGING 

PET technique shows a promising future in the imaging of prostate cancer (Hong et al., 2010). 

PET imaging requires radionuclides that emit positron (β+
). Positron-emitting nuclides are 

generally produced using a cyclotron by bombarding target materials with protons or deuterons. 

The resulting nuclides are unstable and therefore, stabilize through decay by positron-emission. 

The positron is ejected from the nucleus and is then annihilated with a surrounding electron 

producing two 511 keV photons traveling in opposite directions. In the PET scanner, a ring of 

detectors detects those annihilation photons in coincidence. The sensitivity of PET is at least 2 

orders of magnitude better than that of single photon imaging systems. Therefore, PET has the 

potential to play an important role in the detection of localized and metastatic prostate cancer. 

Short-lived organic radioisotopes such as 
11

C, 
13

N, 
15

O and 
18

F have limitations because they 

require fast manipulation, rapid chemical synthesis, which makes the clinical applications quite 

challenging and requires an on-site cyclotron for their production. 

Recently, more efforts were directed toward producing positron-emitting radiometals such as 

Gallium-68 (
68

Ga), Copper-64 (
64

Cu) and Zirconium-89 (
89

Zr). Table 1 shows a list of several 

positron emitters ( Sarko et al., 2012; Price et Orvig, 2014). The increased use of copper 
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radiometal led to a noteworthy work for the synthesis of a multidentate ligand for its chelation 

(Jin et al., 2017). 
64

Cu has a few specific advantages compared to other radionuclides. Its 

relatively long physical half-life (T1/2 = 12.7 h) allows for quality control after production and 

radiotracer preparation, and this long physical half-life can be useful when imaging at a 

relatively late time point is necessary. 
64

Cu is produced using a medical cyclotron by the reaction 

of 
64

Ni(p,n)
64

Cu. It can be produced in a cyclotron center and delivered to different local and 

remote hospitals. 

64
Cu decays by positron emission (18%, Eβmax = 656 keV, average = 288 keV), which can be 

used for PET imaging to evaluate the kinetics of radiolabeled compounds. Its therapeutic 

potential comes from the beta emission (39%, Eβmax = 573 keV) and electron capture (EC) with 

corresponding gamma emission at 1346 keV, which represent 43.1% of the decay profile 

(Holland, Williamson, et al., 2016; Smith, 2004; Sun et Anderson, 2004). Via its complexation 

to a chelator,
 64

Cu can be conjugated to different delivery systems such as liposomes, 

microparticles, nanoparticles and dendrimers for diagnostic and therapeutic applications 

(Holland, Ferdani, et al., 2016). 

 

Table 1 : Various radionuclides used in PET imaging 

 
 

Radionuclide Half-life (min) Reaction Production method 
11

C 20.4 
14

N(p,α)
11

C Cyclotron
 

13
N 9.96 

16
O(p,α)

13
N 

13
C(p,n)

13
N 

Cyclotron
 

15
O 2.07 

14
N(d,n)

15
O 

15
N(p,n)

15
O 

Cyclotron 

18
F 109.7 

18
O(p,n)

18
F Cyclotron

 

64
Cu 768 

64
Ni(p,n)

64
Cu Cyclotron 

68
Ga

 
68 

68
Ge/

68
Ga Generator 

82
Rb 1.25 Decay of 

82
Sr Cyclotron 

 
89

Zr 78.5 h 
89

Y(p,n)
89

Zr Cyclotron 

 

1.3.1 METABOLIC PET TRACERS 

The most widely used radiotracer in PET imaging is [
18

F]-fluoro-2-deoxy-2-D-glucose (
18

F-

FDG), a glucose analogue. This tracer is used as an indicator of glycolytic activity in cells. Well-

differentiated prostate cancer is well known for its low glucose metabolic rate due to the low 
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expression of glucose transport protein (GLUT1). [
18

F]-FDG fails in the early detection of the 

prostate cancer mainly because of the low metabolism of prostate cancer cells, but also because 

of the proximity to the bladder and urinary tract. The presence of high activity in the bladder 

during PET imaging could easily mask any prostate lesion (Jadvar, 2009). 

Prostate cell membrane contains phospholipid and choline. Choline (trimethyl-2-

hydroxyethylammonium) is a substrate for the synthesis of phospholipidcholine. It’s uptake is 

mediated by the upregulation of the choline kinase activity. The choline kinase is highly 

expressed in prostate cancer. Choline was radiolabeled with the short half-life positron emitter 

11
C (half-life = 20 min) (Figure 1). Its uptake is non-specific and observed in liver, bone marrow 

and muscles. One of the major drawback of using 
11

C tracers is the requirement of an on-site 

cyclotron for its production and the short time window for imaging due to the short half-life of 

11
C (Awwad et al., 2012). 

 

 

Figure 1 : Structure of [
11

C]-Choline 

 

The advantage of using longer half-life 
18

F (half-life = 110 min) led to the synthesis of 
18

F-

Fluoromethylcholine (FCH) (Figure 2). FCH is a choline analogue. Imaging studies using FCH 

showed usefulness in detecting different tumors, including prostate cancer, but it showed non-

specific binding which could lead to false-positive and misdiagnosis of cancer. 
18

F-FCH PET/CT 

could enhance prostate cancer detection in patients with elevated PSA level and improve patient 

management (DeGrado et al., 2001). However, the tracer failed to image the early recurrence of 

prostate cancer due to low sensitivity (<42%) to detect lesions in post-prostatectomy patients 

with low level of PSA.
 
 

 

 

 

Figure 2 : Structure of [
18

F]-Fluorocholine 
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1.3.2 PEPTIDES AND RADIOLABELED PEPTIDE IMAGING 

Peptides are defined as molecules that contain less than 50 amino acids chain and, as such, they 

have a low molecular weight. Amino acids in a chain are coupled by peptide bonds. They can be 

produced easily and inexpensively. Peptides bind with high affinity and specificity toward the 

overexpressed receptors on common cancers such as prostate, breast and colon cancers. Peptides 

showed favorable properties to be used as radiolabeled tracers. They can tolerate harsh chemical 

conditions during radiolabeling with different radionuclides (Okarvi, 2004; Craik et al., 2013). 

Radiolabeled peptide imaging to target prostate cancer is becoming a very interesting area of 

research (Fani et al., 2012). Researchers are focusing their efforts toward the development of 

radiolabeled peptides for molecular imaging and targeted therapy for prostate cancer (Boerman 

et al., 2000; Weiner et Thakur, 2002). Several peptide receptors represents an important 

breakthrough in the management of patients with neuroendocrine tumors (NETs) such as 

somatostatin receptor (SST) and cholecystokinin receptor (CCK) and gastrin releasing peptide 

receptor (GRPR) (Lee et al., 2010).  

 

1.3.2.1 BOMBESIN PEPTIDE 

Bombesin (BBN) is a linear amphibian tetradecapeptide [pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-

Ala-Val-Gly-His-Leu-Met-NH2], in which the natural carboxyl-terminal sequence (C-terminus) 

BBN(8-14) is responsible for the binding. It is found naturally in the skin of the European fire-

bellied toad bombina bombina (Anastasi et al., 1971). Bombesin was shown to resemble the 

Gastrin Releasing Peptide (GRP), a 27 amino acid peptide that both share the same seven COOH 

terminal amino acid (Table 2). Bombesin and GRP peptides play important roles in regulating 

smooth muscle contraction, stimulating action of gastric contraction and the regulating the 

growth of normal and malignant cells as it functions as an autocrine or paracrine growth 

stimulator. Both peptides bind with high affinity to the GRPR (Bologna et al., 1989; Sebesta et 

al., 2001;Scott et al., 2004).  
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Table 2: Amino Acid sequence of synthetic peptides 

 

Peptide Amin Acid Sequence 

GRP Val-Pro-Leu-Pro-Ala-Gly-Gly-Gly-Thr-Val-Leu-Thr-Lys-Met-Tyr-Pro-

Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met- NH2 

Bombesin pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met- NH2 

RM26 (Bombesin 

Antagonist) 

D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 

 

 

The seven amino acids sequence (C-terminus) are responsible to determine the agonistic or 

antagonistic character of the bombesin peptide. Bombesin agonists bind on the surface of the 

tumor cells and further internalize into the cytoplasm and stimulate tumor growth and 

angiogenesis. Bombesin antagonists bind to the GRPR and remain on the cell surface and no 

further internalization occurs. Bombesin antagonists have shown reduced physiological activity 

and may prevent tumor proliferation. 

Truncated bombesin (BBN(7–14)) and full-length bombesin derivatives were designed for 

efficient GRPR targeting. The truncated derivatives facilitate easy synthesis and modifications 

and provide longer biological half-life compared to full-length derivatives (Breeman et al., 1999; 

Tokita et al., 2001). Different groups reported the synthesis, development and characterization of 

several radiolabeled bombesin derivatives to target overexpressed receptors and identify tumor 

cells. 

 

Yang et al. conjugated the DOTA chelator to the truncated BBN(7-14) via the Ɛ-aminocaproic 

acid (Aca) linker to produce the [
64

Cu]-DOTA-Aca-BBN(7-14) tracer and compared to the 

DOTA directly conjugated through the Lys
3 

side chain to full-length BBN to give the [
64

Cu]-

DOTA-[Lys
3
]BBN. Both conjugates were radiolabeled with 

64
Cu. The full-length derivative 

showed higher binding and higher tumor uptake on PC3 prostate cancer cells compared to the 

truncated derivative. (Yang et al., 2006). Lantry et al. used the truncated agonist DOTA-glycyl-

4-aminobenzoic-Gln
7
Trp

9
Ala

9
Val

10
Gly

11
His

12
Leu

13
Met

14
-NH2 known as AMBA and 

radiolabeled the complex with 
177

Lu. The Lu-AMBA agonist showed high affinity, high 
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internalization rate and high PC3 tumor uptake (Lantry et al., 2006). Abd-Elgaliel et al. 

conjugated the DOTA chelator to the truncated antagonist [D-Phe
6
, Leu-

NHCH2CH2CH3
13

,desMet
14

]BBN(6-14) through the aminohexanoyl linker for 
111

In labeling. Due 

to its antagonistic nature, the compound showed low internalization and high uptake (6.9 ± 1.1 

%ID/g) on PC3 cells (Abd-Elgaliel et al., 2008). 

Cescato et al. compared a potent full-length agonist 

(Gln
2
Arg

3
Leu

4
Gly

5
Asn

6
Gln

7
Trp

9
Ala

9
Val

10
Gly

11
His

12
Leu

13
Met

14
-NH2) (Demobesin4) to the 

truncated antagonist (Demobesin1) ([
99m

Tc]-N4-Bzdig
0
,(D)Phe

6
,Leu-NHEt

13
,des-Met

14
]BBN(6-

14)). The two compounds were radiolabeled with 
99m

Tc. However, the antagonist Demobesin1 

had 4-fold higher tumor uptake than the agonist Demobesin4 on PC3 prostate cancer cell line 

(Cescato et al., 2008). Gourni et al. compared the truncated agonist derivative BBN(7-14) vs the 

full-length agonist bombesin. The two derivatives were radiolabeled with 
99m

Tc and both showed 

fast clearance from the blood and elimination through the kidney and liver with slight advantage 

toward kidney elimination for the full-length derivative, which could be due to the high 

hydrophilicity of the truncated derivative (Gourni et al., 2009). Mansi et al. reported that the 

bombesin antagonist [
111

In]-RM1 showed superior uptake on PC-3 tumor compared to the 

agonist [
111

In]-AMBA at 4 h p.i. (Mansi et al., 2009). Varasteh et al. conjugated the NOTA 

chelator to the bombesin antagonist RM26 via the polyethylene glycol (PEG) linker for 
68

Ga and 

111
In radiolabeling. The tumor-to-background ratios were greater than 10 for both compounds 

after 1 h (Varasteh et al., 2013). In summary, bombesin antagonist derivatives showed higher 

affinity and longer retention on tumor cells and low background in several tissues (Schumacher 

et al., 2005; Lantry et al., 2006; Abd-Elgaliel et al., 2008). 

 

1.3.2.2 LINKERS 

Linkers are chemical structures consisting of short amino acid sequences inserted between the 

bifunctional chelator and the peptide-based targeting molecules. They could be used to avoid 

steric hindrance that may be caused by the bifunctional chelator on the targeting molecules  

(Veronese et Pasut, 2005). Several attempts have been proposed to study the impact of 

modifying linkers on the pharmacokinetics of the radiolabeled peptide which could lead to 

reduction in the liver uptake and enhance kidney excretion pathway (Garcia et al., 2008). 

Various linkers were proposed for the preparation of the radiolabeled bombesin, among them, 
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aliphatic linear amino acids, amino acids, aromatic amino acids or charged linkers such as 

polyethylene glycol (PEG), cationic or anionic charged linkers. Aliphatic aminooctanoic acid 

(Aoc = 8 carbon) linker were introduced between the DOTA chelator and the truncated BBN[7-

14] analog. The compound was radiolabeled with 
64

Cu. The resulting 
64

Cu-DOTA-Aoc-BBN[7-

14] conjugate showed specific localization on PC3 tumor-bearing mice. It was suggested to use 

more hydrophilic linkers with total neutral or negative charges to modulate the pharmacokinetics 

of BBN derivatives (Rogers et al., 2003). Parry et al. introduced a series of carbon spacer (Aba = 

4-carbon, Ava = 5-carbon, Ahx = 6-carbon, Aoc = 8-carbon and Ado = 12-carbon) between the 

DOTA chelator and the BBN(7-14) to study the impact of linker length on tumor uptake. The 

bombesin analog with 8-carbon (Aoc linker) had the highest tumor uptake as determined by 

µPET imaging (Parry, et al., 2007) (Figure 3). 

 

 

 

Figure 3 : Structures of 4-Aba, 5-Ava, 6-Ahx, 8-Aoc and 12-Ado linkers 

 

In further studies to improve tumor uptake and renal clearance, Parry et al. have prepared a series 

of 
64

Cu-DOTA-linker-BBN(7-14) tracers using three amino acids (glycine (G), serine (S) and 

glutamic acid (E)) linkers between the DOTA chelator and the truncated agonist bombesin(7-14).  
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Figure 4 : Structures of tripeptide linkers 

 

Negatively charged glutamic acid residues significantly reduced the affinity of bombesin 

analogues for GRPR as well as internalization into GRPR-expressing cells. The other analogues 

have shown specific tumor uptake and good imaging characteristics (Parry, et al., 2007) (Figure 

4). De Visser et al. designed a series of truncated version of DTPA-bombesin (Cmp1 [DTPA-

Pro
1
,Tyr

4
]BN). Non-natural amino acids were introduced between the DTPA chelator and the 

bombesin in order to increase the receptor affinity (Figure 5). 
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Figure 5 : Structures of unnatural amino acid linkers 

 

The tracer containing the ACMPip non-natural amino acid showed the highest affinity and 

internalization rate, as well as the fastest clearance, which led to high tumor-to-blood ratio (De 

Visser et al., 2007). Lantry et al. proposed the glycyl-4-aminobenzoic aromatic linker between 

the DOTA bifunctional chelator and the truncated BBN(7-14)NH2 for 
177

Lu-labeling. The 

conjugate had high affinity toward GRPR and high internalization, and the excretion was mainly 

through the kidneys (Lantry et al., 2006) (Figure 6). 

 

 
 

Figure 6 : Structure of glycyl-aminobenzoic acid linker 

 

Lane et al. introduced the NO2A chelator [
64

Cu-NO2A-(X)-BBN(7–14)NH2] and compared a 

series of linkers, where (X) is AMBA, β-Ala, 5-Ava, 6 Ahx, 8-Aoc and 9-Anc. The conjugate 

containing the AMBA aromatic linker had high tumor uptake and retention and showed the 

lowest liver uptake as compared to the other linkers (Lane et al., 2010) (Figure 7).  
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Figure 7 : Structure of AMBA linkers 

 

Mansi et al. introduced a positively charged linker, the 4-amino-1-carboxymethyl-piperidine to a 

bombesin antagonist to improve its pharmacological performance. The results showed that a 

positive charge at the N-terminal of bombesin-based peptides lead to improved bombesin 

receptor affinity (Mansi et al., 2011) (Figure 8). 

 

 
 

Figure 8 : Structure of 4-amino-1-carboxymethyl-piperidine linker 

 

The length of linker was found also to have an impact on tumor uptake and clearance (Nedrow et 

al., 2014).  In further study, Varastech et al. studied the effect of the mini-PEG on the 

radiolabeled bombesin. The NOTA chelator was conjugated to the RM26 using a series of PEG 

linkers (n = 2, 3, 4 and 6). There was no significant difference in the in vitro binding affinity 

between the linkers and similar tumor uptake was observed on the two prostate cancer cell lines 

PC3 and BT-474 at 2 h p.i. (Varasteh et al., 2014). In summary, structural modifications on the 

length and the structure of the linkers aimed to reduce the high abdominal tissue uptake, optimize 

lower uptake in non-target organs such as liver and obtain high uptake in cancer cells. 

 

1.3.2.3 BIFUNCTIONAL CHELATORS FOR 
64

CU 

The incorporation of a 
64

Cu to a biomolecule requires the use of a bifunctional chelator (BFC). 

BFC contains a metal-chelating group and a chemically reactive functional group to facilitate 

linking the 
64

Cu-chelator complex to variable biomolecules (Brechbiel, 2008). The design and 

synthesis of kinetically inert BFC for 
64

Cu radionuclide is an active area of research (Anderson et 

Ferdani, 2009). The reasons to develop new BFCs are to obtain easy 
64

Cu radiolabeling 

procedure, to form a stable complex and to prevent in vivo demetallation for early detection of 

tumor. As a number of 
64

Cu-labeled bombesin conjugates have been proposed as PET imaging 
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probes for prostate cancer, but there is still a need to develop a high in vivo stability bifunctional 

chelator (Hoffman et Smith, 2009; Cai et Anderson, 2014). 

There are two main classes of bifunctional chelators: acyclic and macrocyclic. Acyclic 

ethylenediamine tetracetic acid (EDTA) and diethylenetriamine pentaacetic acid (DTPA) have 

poor kinetic inertness and their ability to chelate stably 
64

Cu is poor (Cai et Anderson, 2014). 

Macrocyclic chelators showed higher thermodynamic and kinetic stability compared to the linear 

DTPA chelator. The designs of many different macrocyclic chelators are based on the three 

following  backbones: the 1,4,7-triazacyclononane (TACN), a nine-membered macrocycle; 

1,4,7,10-tretraazacyclododecane (Cyclen), a twelve-membered macrocycle; and 1,4,8,11-

tetraazacyclotetradecane (Cyclam), a fourteen-membered macrocycle (Sarko et al., 2012). 

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) is the most commonly used 

cyclen chelator for radiolabeling compounds using different trivalent and divalent radionuclides 

(Figure 9(a)). DOTA showed higher thermodynamic and kinetic stability compared with acyclic 

chelators. The DOTA chelator has been conjugated to bombesin and radiolabeled with different 

radionuclides: 
64

Cu and 
68

Ga for PET imaging, and 
90

Y and 
177

Lu for therapy (Schumacher et al., 

2005; Lantry et al., 2006; De Visser et al., 2007). DOTA chelator have shown poor stability 

when chelated with 
64

Cu (Ait-Mohand, S, et al. 2011). A series of cyclam based chelators called 

1,4,8,11-tetraazacyclotetradecane-N,N’,N’’,N’’’-tetraacetic acid (TETA and derivatives) were 

developed to enhance the in vivo stability for 
64

Cu radiolabeling for imaging and therapy (Bass et 

al., 2000; Sprague et al., 2007) (Figure 9(b)). The cross bridged tetraazamacrocycle 1,4,8,11-

tetraazabicyclo[6.6.2]hexadecane-4,11-diacetic acid (CB-TE2A) cyclam derivative was designed 

for 
64

Cu complexation (Figure 9(c)). Its corresponding chelates present high resistance to 

transmetalation reactions in vivo compared to TETA and DOTA (Garrison et al., 2007). 

However, the CB-TE2A and its derivatives require harsh radiolabeling conditions, which can 

disable their bioconjugation to more fragile biomolecules. The 1-N-(4-aminobenzyl)-

3,6,10,13,16,19-hexaazabicyclo[6.6.6]-eicosane-1,8-diamine (SarAr) BFC was developed 

(Figure 9(d)). It has the advantage of efficient radiolabeling with 
64

Cu at room temperature 

compared to CB-TE2A (at 70
o
C for CB-TE2A). It enhanced the labeling kinetics and in vivo 

stability (Lears et al., 2011).  Overall, cross bridged TETA derivatives, the CB-TE2A and SarAr 

bifunctional chelators showed superior kinetic stability in vivo and higher tumor uptake 

compared to the TETA and DOTA chelators (Liu, 2008). 
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Figure 9 : Structures of DOTA, TETA, CB-TE2A and SarAr bifunctional chelators 

 

Several studies showed that the 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) and its 

derivatives NO2A, NODAGA, NE3TA and TRAP have been proposed for 
64

Cu radiolabeling. 

An easy preparation of NOTA chelator on solid support has been presented by our group (Guérin 

et al., 2010). The 1,4,7-triazacyclononane-1,4-diacetic acid (NO2A), a NOTA derivative was 

developed, but it lacks a p-NCS-Bz arm and forms an amide linkage via the third carboxylic 

acid unit (Prasanphanich et al., 2009) (Figure 10(b)). 

De Silva et al. have developed two NOTA chelators derived from the 2,2’-(7-

((carboxymethyl)amino)ethyl)-1,4,7-triazonanane-1,4-diyl)diacetic acid (NE3TA) and called 4-

carboxymethyl-7-[2-(carboxymethyl-amino)-3-(4-nitro-phenyl)-propyl]-[1,4,7]triazonan-1-yl-

acetic acid) (C-NE3TA) and (4-carboxymethyl-7-[2-[carboxymethyl-(4-nitro-benzyl)- amino]-

ethyl]-[1,4,7]triazonan-1-yl-acetic acid) (N-NE3TA) (Figure 10(d)). The two compounds showed 

their ability for 
64

Cu radiolabeling at room temperature (De Silva et al., 2012). The bifunctional 

chelator is expected to offer fast complexation rate and slow dissociation rate. The dissociation 

of the radiometal from the chelator could lead to poor image quality in diagnostic application. In 

a previous study, four chelators NOTA, NODAGA, DOTA and DOTAGA conjugated to the 

(a) DOTA (b) TETA (c) CB-TE2A 

(d) SarAr 
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antagonist RM26 via the PEG linker were radiolabeled with 
68

Ga and 
111

In (Figure 10(e)). The 

[
68

Ga]-NOTsA-PEG-RM26 and the [
111

In]-NODAGA-PEG-RM26 provided the highest tumor-

to-organ ratios. The affinity of the RM26 antagonist was slightly improved when conjugated to 

the NOTA-PEG complex compared to the DOTA-PEG (Varasteh et al., 2013, 2015). The 

triazacyclononane-phosphinate (TRAP) chelator has been initially proposed for 
68

Ga 

radiolabeling, and later was shown to have improved radiolabeling properties with
 64

Cu. The 

three-phosphonate groups act as proton acceptors to chelate the radiometal. Radiolabeling using 

TRAP could be performed at pH < 1 and at room temperature (25
o
C) in very short time (5 

minutes).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 : Structures of NOTA, NOTA-Bn-SCN, N-NE3TA and C-NE3TA, TRAP and 

NODAGA-NHA bifunctional chelators 

 

(a) NOTA (b) NOTA-Bn-SCN 

 

(c) TRAP 

(e) NODAGA-NHS 

 

 

(d) N-NE3TA and C-NE3TA 
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The chelator can link three different biomolecules for different applications (Notni et al., 2011). 

Šimeček et al., conjugated the RGD peptide to the TRAP chelator and radiolabeled the 

compound with 
64

Cu (
64

Cu-TRAP(RGD)3) (Figure 10(c)). Conjugation of three RGD peptides 

increased the kinetic stability of the structure (Šimeček et al., 2012). Jackson et al. developed a 

heterodimeric RGD-bombesin agonist conjugated to NO2A or NOTA for 
64

Cu labeling. This 

group clearly showed that the complexing agent/metal complex influences the biodistribution of 

the radiopharmaceutical (Jackson et al., 2012). On the other hand, the 1,4,7-triazacyclononane 

chelator,1-glutaric acid-4,7 acetic acid (NODAGA) showed high stability in vivo and the highest 

reported tumor/blood compared to several chelators such as DOTA and NOTA (Kim et al., 

2015). 

Two macrocyclic BFC bearing hydroxamic acid arms, called DOTHA2 and NOTHA2, were 

designed by our group for 
64

Cu radiolabeling. Their structures are based on the 

tetraazamacrocycle for DOTHA2 and the triazamacrocycle for NOTHA2. The synthesis of these 

chelators is straightforward and can be obtained in large quantities (Ait-Mohand et al., 2014). 

The novel hydroxamate BFCs offered very fast labeling kinetics at room temperature in a wide 

range of concentration and pH as compared to their acetic acid analogs DOTA and NOTA. Both 

64
Cu-DOTHA2 and 

64
Cu-NOTHA2 showed high stability, low residual activity in various tissues 

and fast clearance in healthy mice.
 
These earlier findings highlight the potential of these BFC for 

PET imaging facilitating further exploration of 
64

Cu-peptide based tracers (Samia Ait-Mohand et 

al., 2014). Figure 11 shows the chemical structure of two bifunctional chelators, DOTHA2 and 

NOTHA2. 

 

 

Figure 11 : Macrocyclic BFC bearing hydroxamic arms DOTHA2 and NOTHA2
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HYPOTHESIS AND OBJECTIVES 

Others and we have developed a series of promising
 64

Cu-peptide agonists and antagonists that 

specifically bind with high affinity to GRPR. While several potential peptide-tracer candidates 

were identified from our previous work, their stability and/or pharmacokinetic properties need to 

be improved and alternative tracer structural modifications are put forth in this thesis to supports 

the central HYPOTHESIS that radioligands for prostate cancer with a better biodistribution 

profile can be used as tools for cancer diagnosis by PET.  To this end, we propose modifications 

of the linker and the chelator and we selected the BBN antagonist RM26 (D-Phe-Gln-Trp-Ala-

Val-Gly-His-Sta-Leu-NH2) for specific binding to the GRPR. We hypothesized that the 

introduction of charged linker could enhance the pharmacokinetics of the radiolabeled antagonist 

(Chapter 1) and the BFC DOTHA2  bearing hydroxamic arms could provide superior in vivo 

stability compared to the current BFCs (Chapters 2 and 3).  

The overall objective was to develop novel radiolabeled peptides as highly specific diagnostic 

tools for PET imaging of prostate cancer.  

The first objective of this thesis was to study the influence of dicationic and dianionic linkers on 

the elimination kinetics of the radiolabeled RM26 by performing in vitro evaluation and 

conducting preclinical PET imaging studies in prostate cancer models. For this comparative 

study, three GRPR antagonists containing the RM26 sequence were synthesized and conjugated 

with NOTA via different linkers (LK): polyethylene glycol (PEG–neutral), APCA (dicationic) or 

AHDA (dianionic). The NOTA-LK-RM26 peptides were radiolabeled with 
64

Cu to assess their 

pharmacokinetic and PET imaging properties using PC3 tumor‐ bearing athymic nude mice.   

The second objective of this thesis was to investigate the influence of DOTHA2 on tumor uptake 

and pharmacokinetics of 
64

Cu-radiolabeled GRPR peptide antagonists to assess their PET 

imaging properties for diagnosis of prostate cancer. DOTHA2-PEG-RM26 was conveniently and 

efficiently assembled on solid support. The compound radiolabeled with 
64

Cu and its affinity, 

stability and cellular uptake on PC3 prostate cancer cells were evaluated. The in vitro and in vivo 

behavior of [
64

Cu]-DOTHA2-PEG-RM26 was examined by PET imaging using human PC3 

prostate cancer xenografts and its behavior was compared to that of the analogous [
64

Cu]-NOTA-

PEG-RM26. 
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Our third objective was to evaluate 
64

Cu-DOTHA2-APCA-RM26, a novel BBN antagonist
 
for 

visualization of GRPR expressing tumor by PET. This study with 
64

Cu-DOTHA2-APCA-RM26 

follows our previous work on the exploration of the impact of spacers and chelators used for the 

labeling of peptide tracers targeting GRPR for the diagnosis of prostate cancer. 
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CHAPTER 1  

Impact of dianionic and dicationic linkers on tumor uptake and 

biodistribution of [
64

Cu]Cu/NOTA peptide-based gastrin releasing 

peptide receptors antagonists (Article 1) 

 

Nematallah Mansour, Véronique Dumulon-Perreault, Samia Ait-Mohand, Michel Paquette, 

Roger Lecomte, Brigitte Guérin 

 

Article status: published in J Label Compd Radiopharm, 2017, 60(4):200-212 

 

Contribution of the student: Nematallah Mansour has performed the in vitro, in vivo and ex 

vivo experiments and data analysis. He has contributed in the preparation of the first draft and 

revised the article under the supervision of Roger Lecomte and Brigitte Guérin.  

 

Résumé : Dans cette étude, nous avons étudié pour la première fois l'influence de l'acide 2-

aminoéthylpipérazine-1-carboxylique (APCA) et de l'acide aminé-hexanedioïque-1 (AHDA) sur 

la captation tumorale et la cinétique d'élimination d’antagonistes peptidiques radiomarqués au 

64
Cu ciblant le récepteur à la relâche de gastrine (GRPR). Trois antagonistes du GRPR contenant 

la séquence RM26 ont été synthétisés et conjugués au NOTA via différents espaceurs (LK): 

polyéthylène glycol (PEG-neutre), APCA (dicationique) et AHDA (dianionique). Les peptides 

NOTA-LK-RM26 ont été radiomarqués au 
64

Cu pour évaluer leurs propriétés 

pharmacocinétiques et de tomographie d’émission par positrons (TEP) en utilisant des souris 

immunodéficientes porteuses de tumeur PC3. Les constantes d'inhibition (Ki) des trois peptides 

nat
Cu/NOTA-LK-RM26 portant des espaceurs PEG, dicationique et dianionique étaient 

respectivement de 0,98 ± 0,48 nM, 0,95 ± 0,21 nM et 17,97 ± 2,79 nM. Les conjugués [
64

Cu]-

NOTA-LK-RM26 ont été préparés avec des rendements de marquage supérieurs à 95% et des 

activités spécifiques de 67 à 77 TBq/mmol. Les 3 radiopeptides étaient stables in vivo et 

présentaient une captation spécifique du GRPR dans le pancréas avec un efflux très rapide de ce 

tissu observé pour le peptide [
64

Cu]-NOTA-AHDA-RM26. Les résultats des études d'imagerie 
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ont montré une absorption spécifique à la tumeur PC3, ainsi que des éliminations rénales et 

hépatiques similaires et rapides pour les deux peptides [
64

Cu]-NOTA-APCA-RM26 et [
64

Cu]-

NOTA-AHDA-RM26. Compte tenu de leurs caractéristiques d'imagerie adéquates, les analogues 

[
64

Cu]-NOTA-LK-RM26 portant les espaceurs APCA et AHDA sont des candidats prometteurs 

ciblant le GRPR pour l’imagerie du cancer de la prostate par TEP. 
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Abstract 

In this study, we investigated for the first time the influence of 2-aminoethyl-piperazine-1-

carboxylic acid (APCA) and amino-hexanedioic-1-acid (AHDA) on tumor uptake and 

elimination kinetics of [
64

Cu]-radiolabeled gastrin releasing peptide receptors (GRPR) 

antagonists. Three GRPR antagonists containing the RM26 sequence were synthesized and 

conjugated with NOTA via different linkers (LK): polyethylene glycol (PEG–neutral), APCA 

(dicationic) or AHDA (dianionic). The NOTA-LK-RM26 peptides were radiolabeled with 
64

Cu 

to assess their pharmacokinetic and positron emission tomography (PET) imaging properties 

using PC3 tumor-bearing athymic nude mice. The inhibition constants (Ki) of the 3 
nat

Cu/NOTA-LK-RM26 peptides bearing PEG, dicationic and dianionic linkers were 0.98 ± 

0.48 nM, 0.95 ± 0.21 nM, and 17.97 ± 2.79 nM, respectively. The [
64

Cu]-NOTA-LK-RM26 

conjugates were prepared with labeling yields superior to 95% and specific activities of 67 to 

77 TBq/mmol. The 3 radiopeptides were stable in vivo and showed GRPR‐ specific uptake in 

pancreas with a very fast wash-out of this tissue observed for [
64

Cu]-NOTA-AHDA-RM26 

peptide. Results from imaging studies displayed specific PC3 tumor uptake for both [
64

Cu]-

NOTA-APCA- and AHDA-RM26, similar kidney elimination and fast liver washout. 

Considering their adequate imaging characteristics, [
64

Cu]-NOTA-LK-RM26 bearing APCA- 

and AHDA-linkers are promising candidates for GRPR-targeted PET imaging prostate cancer. 
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INTRODUCTION 

Prostate cancer is the second most frequently diagnosed cancer worldwide in men, with an 

estimated 1.1 million new cases in 2012.
1
 Current pharmacological treatments are limited to 

antiandrogen strategies and the development of new diagnostic and therapeutic approaches 

remains a challenge. There has been a significant growth in the development of radiolabeled 

peptides for theranostic applications in oncology. Peptides have a number of distinct advantages 

for receptor imaging and tumor targeting including: small size, easy preparation, easy 

radiolabeling, ability to attach a chelator, rapid clearance from blood and nontarget tissues, high 

tumor-to-background ratio, low toxicity, and low immunogenicity.
2,3

 In recent years, gastrin-

releasing peptide receptors (GRPRs) have been shown to be significantly overexpressed on a 

large proportion in prostate,
4,5

 breast,
6–8

 and other cancers.
9–11

 Reubi et al showed that metastases 

of receptor‐  positive primary carcinomas were all positive with usually a comparable range in 

GRPR density levels in primary tumors and in metastases.
8
 These receptors are prime candidates 

for receptor targeting with radiopharmaceutical for highly specific tumor imaging by positron 

emission tomography (PET). 

Bombesin (BBN), a potent GRPR peptide agonist naturally found in the skin of the toad 

Bombina bombina,
12

 is often used for the design of GRPR radiotracers. Bombesin peptide 

radiolabeling has been reported using various radionuclides, including 
177

Lu, 
99m

Tc, and 
188

Re 

derivatives.
13–24 

For PET imaging, Schuhmacher et al labeled DOTA-PEG2-[D-Tyr
6
,β-

Ala
11

,Thi
13

,Nle
14

]BBN(6-14) with 
68

Ga,
25

 while Chen et al used DOTA-Lys
3
-BBN with 

64
Cu.

26
 

Smith et al successfully labeled modified BBN(7-14) analogs with 
64

Cu for potential use in 

diagnostic imaging using NOTA or NO2A as chelating agents and obtained stable 

compounds.
27,28

 More recently, Wieser et al showed that the preliminary patient data with 
64

Cu-

CB-PEG4-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-LeuNH2], a GRPR antagonist, are consistent 

with previous preclinical studies and suggest a favorable tumor uptake and image contrast for 

prostate cancer imaging.
29

 We also synthesized and labeled DOTA- and NOTA-BBN peptides 

with 
68

Ga and 
64

Cu.
30–32

 Although our group already designed BBN tracers functionalized with 

NOTA chelator displaying excellent affinities and very good receptor-mediated tumor uptake in 

our mouse xenograft model, their pharmacokinetics need to be improved by favoring urinary 

excretion over hepatobiliary clearance and optimizing the target-to-background ratio for imaging 

to render them eligible for clinical trials.
30–32 



 

 

24 

 

Recently, it has been reported that radiolabeled GRPR antagonists give higher uptake and better 

imaging.
11

 Introduction of PEG, sugar moiety, amino acids, and oligoglycine linkers have been 

applied to improve the in vivo kinetics of radiopeptides
33–35

 and BBN radiotracers.
36–40

 Mansi et 

al introduced a positively charged linker to a BBN antagonist to improve its pharmacological 

performance.
41

 They have shown that a positive charge at the N-terminal of bombesin-based 

peptides lead to improved bombesin receptor affinities. Minor modifications in the design of 

these peptides may have an impact on their in vivo behavior.
 

The goal of this study was to investigate for the first time the influence of APCA and AHDA on 

tumor uptake and pharmacokinetics of [
64

Cu]-radiolabeled GRPR peptide antagonists to assess 

their PET imaging properties for diagnosis of prostate cancer. We have prepared 3 NOTA-LK-

RM26 conjugates where RM26 is a synthetic truncated GRPR antagonist ((D-Phe-Gln-Trp-Ala-

Val-Gly-His-Sta-Leu-NH2),
41

) and LK is either PEG, APCA or AHDA (Figure 1).
 

 

 

 

Figure 1 : Structures of [
64

Cu]-NOTA-LK-RM26 selected as leads to pursue the present 

study. AHDA, amino-hexanedioic-1-acid. APCA, 2-aminoethyl-piperazine-1-carboxylic 

acid. PEG, polyethylene glycol 

 

The APCA and AHDA linkers were chosen because of their different charges under 

physiological conditions; being respectively dicationic and dianionic species. Peptide bearing 

neutral PEG linker, previously labeled with 
68

Ga and 
111

In,
42

 was used for comparative studies. 

In vitro GRPR‐ binding affinities were determined with competitive radioligand binding assays 

on PC3 human prostate cancer cells. In vivo stability and biodistribution of the radiolabeled 
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compounds were assessed in balb/c mice. In vivo receptor targeting potential and 

pharmacokinetic of 
64

Cu‐ radiopeptides were also evaluated in PC3 tumor‐ bearing athymic 

nude mice using PET imaging-derived time-dependent uptake. 

 

RESULTS 

Peptide synthesis 

The NOTA-LK-RM26 conjugates were synthetized by automated solid-phase synthesis with 

Fmoc amino acids followed by manual synthesis of the NOTA chelating moiety as described 

previously. After purification, the peptides were assayed for purity (>97%) by analytical high 

performance liquid chromatography (HPLC) with UV detection at 223 nm and their identity 

confirmed by mass spectrometry (MS) (Table 1). 

 

Table 1 : Analytical data for NOTA‐LK‐RM26 peptides 

 

Peptide Mass Yield 

(%) 

Purity 

(%)
b
 

Ki (nM)
c
 

Calcd Found
a
 

NOTA-PEG-RM26 (neutral) 

nat
Cu/NOTA-PEG-RM26 

1543 1544 48 99 0.39 ± 0.21 

0.98 ± 0.48 

NOTA-APCA-RM26 (dicationic) 

nat
Cu/NOTA-APCA-RM26 

1566 1567 42 98 0.33 ± 0.18 

0.95 ± 0.21 

NOTA-AHDA-RM26 (dianionic) 

nat
Cu/NOTA-AHDA-RM26 

1642 1643 43 97 15.29 ± 4.08 

17.97 ± 2.79 

a
Masses were measured on API 3000 LC/MS/MS. 

b
Purity was determined by HPLC analysis. 

c
Affinities for GRPR were determined using [

125
I]-Tyr

4
-BBN in PC3 cells. 

 

Competition binding study 

The results of the binding affinity of the 3 complexes for GRPR were fitted in sigmoid curves 

for the displacement of [
125

I]-Tyr
4
-BBN as a function of increasing concentration of bombesin 

analogs. As illustrated in Table 1, Ki values of the trois NOTA-LK-RM26 peptides bearing PEG 

dicationic and dianionic linkers were 0.38 ± 0.21 nM, 0.33 ± 0.18 nM, and 15.29 ± 4.08 nM, 

respectively. The peptide was labeled with natural Cu(II) (
nat

Cu(II)) to evaluate the change in 
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affinity by addition of the metal in the chelator. The complexation of 
nat

Cu(II) to NOTA did not 

alter the affinity of the 3 peptides for GRPR (Table 1). The peptides bearing dicationic and PEG 

linkers showed higher binding affinity to the GRPR receptors compared to the peptide with a 

dianionic linker. 

 

Labeling with 
64

Cu and stability studies 

NOTA-LK-RM26 conjugates were successfully radiolabeled with 
64

Cu at 100°C for 10 min with 

labeling yields, not decay corrected, superior to 95% and specific activities of 67 to 77 

TBq/mmol. No demetallation occurred up to 1 hour in mouse circulation and 20 hours in plasma 

because no trace of free 
64

Cu was detected by radioTLC. 

 

Biodistribution studies in Balb/c mice 

Biodistribution studies of [
64

Cu]-NOTA-PEG-RM26, [
64

Cu]-NOTA-APCA-RM26, and [
64

Cu]-

NOTA-AHDA-RM26 were carried out in female balb/c mice; the results are summarized in 

Figure 2 and in Tables 2 to 3. The studies were performed at 3 time points: 15, 30, and 60 

minutes post-injection (p.i.) (Table 2) for [
64

Cu]-NOTA-PEG-RM26. This radiopeptide had a 

rapid blood clearance from 13.67 ± 5.89 %ID/g at 15 minutes time point to 4.47 ± 1.91 %ID/g in 

circulation at 30 minutes followed by a further decrease 1.72 ± 0.60 %ID/g at 60 minutes. It also 

showed significant high uptake on pancreas, a GRPR rich tissue,
43

 with the highest value of 

30.98 ± 9.73 %ID/g at 30 minutes p.i. and maintained good retention of 14.35 ± 1.94 %ID/g at 

60 minutes. Hepatic and kidney uptakes decreased by 50% during the first hour p.i. moving from 

11.10 ± 2.62 %ID/g at 15 minutes to 5.83 ± 0.08 %ID/g at 60 minutes and from 20.05 ± 9.07 

%ID/g at 15 minutes to 11.39 ± 3.25 %ID/g at 60 minutes, respectively. 

[
64

Cu]-NOTA-APCA-RM26 also showed significant high uptake in pancreas of 20.34 ± 4.15 

%ID/g that can be significantly reduced to 5.37 ± 2.59 %ID/g at 30 minutes p. i. (P < .0005) in 

presence of blocking agent (Figure 2B, Table 3). There were high hepatic and kidney uptakes 30 

minutes with values of 22.70 ± 15.55 and 22.19 ± 6.57 %ID/g, respectively. In addition, [
64

Cu]-

NOTA-APCA-RM26 showed high uptake in plasma (8.01 ± 1.68 %ID/g) adrenals (10.17 ± 4.82 

%ID/g) and lungs (7.96 ± 4.07 %ID/g) at this time point. [
64

Cu]-NOTA-AHDA-RM26 also 

showed a rapid blood clearance from 6.95 ± 1.89 %ID/g at 15 minutes time point to 4.60 ± 1.22 
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%ID/g at 30 minutes. It showed a very low uptake on pancreas of 3.97 ± 1.18 %ID/g at 30 

minutes. 

 

 

Figure 2 : Biodistribution data (A) on female Balb/c mice at 30 minutes postinjection (p.i.) 

of [
64

Cu]-NOTA-PEG-RM26 (black, n=8), [
64

Cu]-NOTA-APCA-RM26 (dark grey, n=6), 

and [
64

Cu]-NOTA-AHDA-RM26 (light grey, n=8); (B) Pancreatic uptake on female Balb/c 

mice at 30 minutes p.i. of [
64

Cu]-NOTA-PEG-RM26 (PEG), [
64

Cu]-NOTA-APCA-RM26 

(APCA), [
64

Cu]-NOTA-AHDA-RM26 (AHDA), and as insert, pancreatic uptake on female 

Balb/c mice at 15 minutes p.i. of [
64

Cu]-NOTA-AHDA-RM26 without (dark grey) and with 

(light grey) co-injection of 0.5 μmol/kg of unlabeled peptide. Data presented as percentage 

of the injected dose per gram (%ID/g SD). ***: P < .005;****: P < .0005. AHDA, amino-

hexanedioic-1-acid. APCA, 2-aminoethyl-piperazine-1-carboxylic acid. PEG, polyethylene 

glycol. 
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Nevertheless, the pancreas uptake decreased by ~47% moving from 4.74 ± 0.62 %ID/g to 2.50 ± 

0.29 %ID/g in the presence of an excess of unlabeled peptide (Figure 2B insert, Table 3). 

Hepatic and kidney uptake increased during the first 30 minutes p.i. moving from 7.26 ± 1.04 

%ID/g at 15 minutes to 18.86 ± 6.31 %ID/g at 30 minutes and from 23.54 ± 9.32 %ID/g at 15 

minutes to 32.39 ± 15.95 %ID/g at 30 minutes, respectively. 

 

Table 2 : Biodistribution data on female Balb/c mice of [
64

Cu]-NOTA‐PEG‐RM26 at 15 

minutes post-injection (n = 3), 30 minutes (n = 8), 60 minutes (n = 3), and co-injection of 

unlabeled peptide at 30 minutes (n = 4). Data presented as percentage of the injected dose 

per gram (%ID/g SD) 

 

 Unblocked Unblocked Blocked Unblocked 

Organs 15 min 30 min 30 min 60 min 

Blood 13.67 ±5.89 4.47 ±1.91 13.20 ±3.53 1.72 ±0.60 

Plasma 28.60± 19.61 7.81 ±3.26 19.31 ±8.28 3.11 ±1.32 

Adrenals 6.01 ±1.12 3.69 ±2.26 3.40 ±3.45 0.66 ±0.30 

Fat 2.56 ±1.42 1.73 ±1.73 2.20 ±1.94 1.30 ±0.94 

Kidneys 20.05 ±9.07 13.73 ±7.28 14.07 ±12.87 11.39 ±3.25 

Spleen 7.46 ±3.17 3.70 ±1.83 3.05 ±1.25 1.56 ±0.78 

Pancreas 24.44 ±4.35 30.98 ±9.73 3.42 ±0.89 14.35 ±1.94 

Liver 11.10 ±2.62 7.08 ±1.86 9.27 ±2.03 5.83 ±0.08 

Heart 4.68 ±2.21 1.75 ±0.67 4.69 ±1.47 0.99 ±0.36 

Lungs 10.70 ±5.01 4.01 ±2.68 7.11 ±2.88 1.94 ±0.41 

Muscle 2.62 ±1.03 1.18 ±0.49 2.39 ±1.15 0.50 ±0.12 

Bone 3.19 ±1.94 0.82 ±0.28 2.85 ±1.32 0.56 ±0.33 

Brain 0.39 ±0.24 0.17 ±0.06 0.46 ±0.17 0.19 ±0.08 

Tail 5.70 ±0.97 3.43 ±1.07 8.33 ±0.66 4.52 ±1.04 

 

[
64

Cu]-NOTA-PEG-RM26 displayed the lowest kidney, liver, and lung uptakes (Figure 2A). To 

assess the GRPR-mediated accumulation of the tracers, biodistribution studies were also realized 

with co-injection of 0.5 μmol/kg of an unlabeled peptide. Blocking with unlabeled peptide 
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significantly decreased the tracer levels in pancreas uptake at 30 minutes for both [
64

Cu]-NOTA-

PEG-RM26 and [
64

Cu]-NOTA-APCA-RM26 (P<.0005) indicating GRPR-mediated uptake in 

this organ (Figure 2B). [
64

Cu]-NOTA-AHDA-RM26 showed similar pancreas uptake values 

without and with co-injection of unlabeled peptide at 30 minutes p.i. that is 5 to 6 times lower 

than those of [
64

Cu]-NOTA-APCA-RM26 and [
64

Cu]-NOTA-PEG-RM26 respectively (Figure 

2B). However, significant receptor-dependent response was observed for [
64

Cu]-NOTA-AHDA-

RM26 at 15 minutes p.i. (Figure 2B insert, Table 3). All other measured organs presented low 

uptake and no significant difference between the 3 tracers (Tables 2 and 3). 

 

Table 3 : Biodistribution data on female Balb/c mice of [
64

Cu]‐NOTA‐APCA‐RM26 and 

[
64

Cu]‐NOTA‐AHDA‐RM26 at 15 and 30 minutes post-injection with and without co‐
injection of unlabeled peptide. Data presented as percentage of the injected dose per gram 

(%ID/g SD) 

 
  Unblocked Blocked Unblocked Blocked Unblocked Blocked 

  (n=6) (n=5) (n=8) (n=5) (n=4) (n=4) 

Organs   APCA-30 min   AHDA-30 min   AHDA-15 min  

Blood 4.53 ±1.07 17.22 ±6.75 4.60 ±1.22 8.72 ±5.59 6.95 ±1.89     9.69±7.59 

Plasma 8.01 ±1.68 29.85 ±11.55 8.01 ±2.20 15.41 ±10.03 12.53 ±3.59 12.00 ±2.26 

Adrenals 10.17 ±4.82 12.07 ±3.99 6.50 ±6.60 4.79 ±3.21 4.46 ±1.28 3.92 ±1.41 

Fat 1.82 ±0.58 5.31 ±3.59 1.28 ±0.32 2.62 ±2.11 1.52 ±0.21 1.48 ±0.15 

Kidneys 22.19 ±6.57 95.00 ±19.95 32.39 ±15.95 51.63 ±39.35 23.54 ±9.32 16.64 ±2.66 

Spleen 3.70 ±1.87 4.28 ±1.42 6.26 ±4.26 4.88 ±2.26 2.03 ±0.37 1.76 ±0.21 

Pancreas 20.34 ±4.15 5.37 ±2.59 3.97 ±1.18 3.68 ±2.64 4.74 ±0.62 2.50 ±0.29 

Liver 22.70 ±15.55 10.82 ±4.49 18.86 ±6.31 10.43 ±4.43 7.26 ±1.04 6.11 ±0.73 

Heart 3.33 ±1.71 5.41 ±2.21 3.25 ±0.83 3.90 ±1.72 3.53 ±0.91 3.65 ±0.73 

Lungs 7.96 ±4.07 12.09 ±4.42 9.68 ±5.03 7.12 ±2.23 5.19 ±0.99 4.81 ±0.45 

Muscle 2.43 ±1.65 2.77 ±1.43 1.61 ±0.89 2.16 ±1.33 2.03 ±0.89 1.62 ±0.34 

Bone 1.50 ±0.47 2.19 ±0.92 1.18 ±0.52 1.88 ±0.95 1.19 ±0.36 0.95 ±0.13 

Brain 0.51 ±0.30 0.69 ±0.31 0.33 ±0.19 0.25 ±0.10 0.21 ±0.04 0.17 ±0.04 

Tail 4.84 ±1.15 7.14 ±0.91 3.75 ±1.25 5.74 ±3.25 5.03 ±1.64 5.35 ±1.32 
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μPET imaging in PC3 tumor-bearing athymic nude mice 

Positron emission tomography images of the 3 radiopeptides acquired for 1 hour after injection 

in tumor-xenografted mice clearly showed adequate tumor uptake and fast washout from other 

organs (Figure 3). For each PET image, region of interests were traced for tumors, liver, kidneys, 

and muscle, and quantitative PET image-derived uptakes were determined for the radiopeptides. 

 

 

Figure 3 : Representative PET images of (A) [
64

Cu]-NOTA-PEG-RM26 5 MBq, (B) [
64

Cu]-

NOTA-APCA-RM26 3 MBq, and (C) [
64

Cu]-NOTA-AHDA-RM26, 5 MBq, in PC3 human 

prostate-bearing bearing mice at 60 minutes p.i. Arrows indicate the location of the tumors. 

Coronal slices taken through the tumor plane (0 mm) and 2 mm (−2 mm) dorsal or ventral 

(+2 mm) of the tumor plane. Bl (Bladder), Ki (Kidneys), Li (Liver), Si (Small intestine). In 

pictures A and B, the kidneys are masked by intestinal radioactivity 
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Figure 4 : Positron emission tomography–derived uptake for PC3 tumor (A) at 30 minutes 

and (B) 60 minutes postinjection, and tumor-to-muscle ratio at (C) 30 minutes and (D) 60 

minutes of PC3 tumor‐bearing mice without (dark grey) and with co-injections (light grey) 

of 5 μmol/kg of unlabeled peptide for [
64

Cu]-NOTA-PEG-RM26 (3.7-7.4 MBq), [
64

Cu]-

NOTA-APCA-RM26 (3.7-7.4 MBq) and [
64

Cu]-NOTA-AHDA-RM26 (3.7-7.4 MBq); (E) 

liver and (F) kidney positron emission tomography–derived uptake of [
64

Cu]-NOTA-PEG-

RM26 (black), [
64

Cu]-NOTA-APCA-RM26 (dark grey), and [
64

Cu]-NOTA-AHDA-RM26 

(light grey). *: P < .05; **: P < .01 

 

PET-derived uptake of PC3 tumor with the 3 tracers for 30 and 60 minutes after injection are 

presented in Figures 4A and 4B. Results were also presented with co-injection of 5 μmol/kg of 

unlabeled peptide. From these results, no significant difference was observed among the 3 tracers 
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in terms of tumor uptake at 30 and 60 minutes. Tumor uptake of [
64

Cu]-NOTA-AHDA-RM26 

was reduced by 58% and 65% at 30 and 60 minutes, respectively, by co-injection of a 1000 to 

2000-fold excess of unlabeled peptide. While PC3 tumor uptake was not significantly different 

for [
64

Cu]-NOTA-APCA-RM26 following the co-injection of blocking agent, the tumor uptake is 

higher after co-injection of the unlabeled peptide with [
64

Cu]-NOTA-PEG-RM26. Trend toward 

lower tumor-to-muscle ratios in the blocked group were observed for [
64

Cu]-NOTA-PEG-RM26 

and significant blocking were obtained for both [
64

Cu]-NOTA-APCA- and AHDA-RM26 

(Figure 4C and 4D). 

From PET-derived time-activity curves, the radiopeptide bearing the dicationic linker, [
64

Cu]-

NOTA-APCA-RM26, showed faster liver washout (Figure 4E). The [
64

Cu]-NOTA-PEG-RM26 

exhibits the lowest kidney uptake during the first 15 minutes that decreases to be similar for the 

next 45 minutes when compared to [
64

Cu]-NOTA-APCA-RM26 and [
64

Cu]-NOTA-AHDA-

RM26 conjugates (Figure 4F); the kidney uptake of the last 2 conjugates dropping from 50% to 

5% in the 1-hour time interval. 

 

Biodistribution studies in PC3 tumor-bearing athymic nude mice 

Biodistribution was also performed on PC3 tumor-bearing athymic nude male mice with [
64

Cu]-

NOTA-PEG-RM26 to validate PET imaging results. The PC3 tumor uptake for the [
64

Cu]-

NOTA-PEG-RM26 was around 4.28 ± 2.63 %ID/g and slightly higher to the PET-derived uptake 

value 2.31 ± 1.22 %ID/g at 30 minutes p.i (Table 4). Again, pancreas uptake was reduced by 

~85% by co-injection of an excess of unlabeled peptide but PC3 tumor uptake of this 

radiopeptide was not blocked. There was a very high kidney uptake of 52.36 ± 6.90 %ID/g at 30 

minutes but the liver and adrenal uptakes were very low (3.08 ± 0.14 and 3.89 ± 1.13 %ID/g) at 

this time point. [
64

Cu]-NOTA-PEG-RM26 is bound to plasma proteins with an uptake of 11.31 ± 

1.59 %ID/g at 30 minutes. A fast washout of this radiopeptide was observed from almost all 

organs including the tumor at 24 hours p.i. (Table 4). 

 

Ex vivo autoradiography 

Figure 5 shows a representative sample slice from the autoradiography studies comparing 

distribution of the radiopeptides without and with blocking agent. It is evident through 

semiquantitative analysis that the regional distribution of [
64

Cu]-NOTA-PEG-RM26, [
64

Cu]-
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NOTA-APCA-RM26, and [
64

Cu]-NOTA-AHDA-RM26 are reduced by 55.8 ± 0.6%, 44.6 ± 

1.1%, and 47.1 ± 1.2% when coincubated with 1 μM unlabeled peptide, indicating the presence 

of GRPR on the tumor. 

 

Table 4 : Biodistribution data on PC3 tumor‐bearing athymic nude mice of [
64

Cu]‐NOTA‐

PEG‐RM26 at 30 minutes post-injection with (n = 3) and without (n = 4) co‐injection of 

unlabeled peptide and at 24 hours (n = 4). Data presented as percentage of the injected dose 

per gram (%ID/g SD) 

 

 

 Unblocked Blocked Unblocked 

Organs 30 min 30 min 24 h 

Blood 6.64 ± 0.97 6.64 ± 1.47 0.07 ± 0.01 

Plasma 11.31 ± 1.59 11.78 ± 2.25 0.12 ± 0.04 

Adrenals 3.89 ± 1.13 1.64 ± 1.01 0.12 ± 0.04 

Fat 1.23 ± 0.16 1.64 ± 1.09 0.02 ± 0.02 

Kidneys 52.36 ± 6.90 41.39 ± 5.78 0.29 ± 0.20 

Spleen 2.81 ± 0.78 1.95 ± 0.20 0.14 ± 0.02 

Pancreas 11.85 ± 1.97 1.55 ± 0.20 0.47 ± 0.19 

Liver 3.08 ± 0.14 2.93 ± 0.12 0.92 ± 0.33 

Heart 1.98 ± 0.26 1.92 ± 0.31 0.16 ± 0.01 

Lungs 4.16 ± 0.60 3.80 ± 0.38 0.33 ± 0.15 

Muscle 1.46 ± 0.22 1.18 ± 0.17 0.04 ± 0.01 

Bone 1.41 ± 0.82 1.03 ± 0.13 0.16 ± 0.04 

Brain 0.24 ± 0.05 0.22 ± 0.05 0.03 ± 0.01 

Tail 3.20 ± 0.43 2.93 ± 0.23 0.07 ± 0.02 

PC3 4.28 ± 2.63 5.86 ± 0.89 0.08 ± 0.02 
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Figure 5 : Representative ex vivo autoradiograms of horizontal sections (20 μm) of human 

PC3 tumor illustrating the distribution of (A) [
64

Cu]-NOTA-PEG-RM26, (B) [
64

Cu]-

NOTA-APCA-RM26, and (C) [
64

Cu]-NOTA-AHDA-RM26 accumulation without and with 

coaddition of 1 μM unlabeled peptide. Addition of unlabeled peptide decreased the tumor 

signal by 55.8 ± 0.6%, 44.6 ± 1.1%, and 47.1 ± 1.2%, respectively 

 

Table 5 : Tumor‐to‐tissue ratios of [
64

Cu]-NOTA‐LK‐RM26 in PC3 tumor‐bearing athymic 

nude male mice (n = 5‐8) determined from PET image‐derived uptakes 

 

 Time p.i.  LK  

Tissue (h) PEG APCA AHDA 

Liver 0.5 0.87   0.40 1.12   0.38 0.82   0.55 

 1 0.89   0.62 1.31   0.85 0.52   0.27 

Kidneys 0.5 0.26   0.13 0.23   0.12 0.53   0.33 

 1 0.39   0.24 0.31   0.15 0.63   0.46 

Muscle 0.5 4.99   1.84 4.45   1.82 6.44   2.47 

 1 5.81   2.78 6.69   5.56 6.07   2.5 

Abbreviations: AHDA, amino‐hexanedioic‐1‐acid; APCA, 2‐aminoethyl‐pipera-

zine‐1‐carboxylic acid; PEG, polyethylene glycol; p.i., post‐injection 
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DISCUSSION 

Various attempts have been explored to modulate the elimination pathways of radiolabeled 

peptides to reduce their renal retention without reducing the affinity in target tissues. Structural 

change of a peptide may affect glomerular filtration and/or tubular reabsorption by changing the 

size of the peptide or by modulating the affinity of the peptide for renal transporters.
44

 Several 

studies have shown that the introduction of positively or negatively charged groups can affect 

kidney elimination of peptides. Indeed, Mather et al. showed that removal of the anionic N‐

terminal pentaglutamic acid sequence of minigastrin analogs, or replacement by a histidine-

histidine-glutamic acid sequence resulted in a marked decrease in kidney uptake and an 

improved tumor-to-kidney ratio even if a decrease in tumor uptake was observed.
45 

Many of the 

BBN conjugates presented high hepatobiliary excretion because of their high lipophilicity
46,47

 It 

has been
 
demonstrated that introduction of hydrophilic spacers like PEG can compensate highly 

lipophilic character of BBN analogs.
30,40,42,48

 Our strategy to modulate pharmacokinetics of 

[
64

Cu]-NOTA-LK-RM26 conjugates consisted of inserting linkers with dicationic and dianionic 

charges between the chelator and the peptide, radiopeptide bearing neutral PEG linker being used 

for comparative studies. 

The synthesis of all NOTA-LK-RM26 tested was straightforward, and the conjugates were easily 

purified and obtained in a comparable yield. The 
nat

Cu/NOTA-PEG-RM26 and 
nat

Cu/NOTA-

APCA-RM26 showed the highest affinity for GRPR and bounded with low nanomolar Ki values 

to the receptors. The 
nat

Cu/NOTA-AHDA-RM26 demonstrated the highest Ki value, which could 

result from the negative charge it carries at the N-terminal position. These findings are in good 

agreement with previously published data indicating that positive charge at N-terminus improves 

affinity of bombesin analogs while negative charges decrease their affinity.
49

 The introduction of 

AHDA, a more sterically encumbered linker, could also impair the binding affinity of 

Cu/NOTA-LK-RM26 conjugate to GRPR. 

High yields and excellent specific activities were obtained following the labeling of NOTA-LK-

RM26 conjugates with 
64

Cu. [
64

Cu]-NOTA complexes were stable in plasma up to 20 hours, as 

determined by radioTLC. The in vivo stability of the peptide moiety was also measured by 

radioTLC for [
64

Cu]-NOTA-PEG-RM26 and showed that the radiopeptide is stable up to 1 hour, 

since no trace of free 
64

Cu, [
64

Cu]-NOTA or other metabolites was detected. 
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Blood clearance rate in balb/c mice was fast for [
64

Cu]-NOTA-PEG-RM26 conjugate (Table 2), 

and other conjugates as the 3 radiopeptides showed the same level of uptake at 30 minutes in 

nontarget organs (Figure 2A). In a good agreement with our previous data,
30,50

 high and specific 

uptake was found in pancreas (the most abundant GRPR expressing organ) for [
64

Cu]-NOTA-

PEG-RM26 and [
64

Cu]-NOTA-APCA-RM26. However, the radiopeptide bearing the dianionic 

linker [
64

Cu]-NOTA-AHDA-RM26 had a very low pancreas uptake at early time points 

postinjection that can be blocked in presence of an excess of unlabeled peptide only at 15 

minutes (Figure 2B). This could be explained by a rapid washout associated to a low retention in 

mouse GRPR, a low mouse GRPR affinity or both. 

The 3 [
64

Cu]-NOTA-LK-RM26 conjugates provided μPET images with well detectable PC3 

tumors and residual renal radioactivity. The imaging data show similarities but also notable 

differences between the 3 radiopeptides. They have maximum tumor uptakes at 30 minutes after 

injection and their time-activity curves over 1 hour after injection showed good clearance of the 

radioactivity from the kidneys, liver, and muscles, resulting in an acceptable image contrast 

(Figure 3). According to PET imaging, [
64

Cu]-NOTA-APCA-RM26 showed faster liver washout 

than the 2 other conjugates from 20 to 60 minutes. Surprisingly, kidney elimination was similar 

for the three radiopeptides. This result is different from earlier findings for minigastrin analogs in 

which replacement of an anionic sequence by a positively charged sequence resulted in a marked 

decrease in kidney uptake.
45

 A frequent limitation of GRPR‐ targeting ligands has been their 

high uptake in the gastrointestinal tract, which may limit the detection of metastatic prostate 

cancer. In these studies, the antagonists demonstrated low gastrointestinal uptake by PET 

imaging. 

The 3 [
64

Cu]-NOTA-LK-RM26 showed similar tumor uptake in PC3 xenografted mice than did 

[
68

Ga]-BFC-PEG2-RM26 (BFC = NOTA, NODAGA, DOTA and DOTAGA),
51

 but the values 

are lower than the one reported for 
64

Cu-CB-TE2A-PEG-RM26.
49

 Compared with these 

previously reported data,
49

 substitution of PEG for positive and negative linkers does not lead to 

significantly improved tumor-to-normal tissue ratios over time (Table 5) mainly because of the 

similar clearance of our tracers from normal organs and the tumor. 

It appears that conjugation of different linkers at the N-terminal position of RM26 leads to a 

slight modulation of human and mouse GRPR uptake and retention. Indeed, [
64

Cu]-NOTA-

AHDA-RM26 showed efficient blockings in PC3 tumor and pancreas along with a very fast 
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washout rate in this organ. Different results were obtained for the radiopeptides bearing positive 

and neutral linkers. They have a high and specific uptake in pancreas and, although their tumor 

uptake was not efficiently blocked, the tumor-to-muscle ratio was lower for [
64

Cu]-NOTA-PEG-

RM26 and significantly reduced for the APCA conjugate. Specific localization of [
64

Cu]-NOTA-

PEG-RM26 to PC-3 tumor slices was confirmed by autoradiographic ex vivo imaging studies 

(Figure 5A). Previous work showed that blockage is dose dependant
26

 and differences in affinity 

can affect the tumor uptake for different tracers and/or the blocking.
52

 From our results, it 

appears that [
64

Cu]-NOTA-LK-RM26 having the lowest GRPR affinity, i.e. the AHDA 

conjugate, is more easily displaced at the tumor (blockage) and quickly washed out from mouse 

GRPR rich-tissue. 

Usually, GRPR antagonists such as 
64

Cu-CB-TE2A-AR06
54

 are rapidly cleared normal mouse 

or rat tissues expressing GRPR and are retained significantly longer in human prostate cancers. 

Recent pilot clinical studies with 
68

Ga- and 
64

Cu-labeled GRPR antagonists
29,53

 confirmed the 

favorable biodistribution and high tumor uptake of GRPR antagonists that have been observed in 

several pre-clinical studies. The current study demonstrates that our [
64

Cu]-NOTA-LK-RM26, 

compared with 
64

Cu-CB-TE2A-AR06,
49

 showed a lower tumor uptake and retention. The 

difference in receptor densities or in number of binding sites in our PC3 tumor might be a factor 

reducing the efficacy of our radiopeptides.
54

 Indeed, the difference in GRPR density between 

mouse pancreas and PC3 xenografted tumor as well as the accessibility of these receptors were 

already proposed to explain the discrepancy in the pancreas and tumor uptake results.
55

 

Moreover, it has been reported that distribution and accumulation of radiopeptides may be 

affected by tissue vascularization and nonuniform peptide distribution patterns might be related 

to vasculature function within the tumor.
55,56

 

Our ex vivo autoradiography (Figure 5) and PET imaging data showed heterogeneous 

distribution or nonuniform uptake patterns of radioactivity within tumor tissue. Inadequate tumor 

perfusion in PC3 tumor might be a factor that explains the discrepancies in tumor uptake and 

retention observed between different research groups and the difference between our tumor 

uptakes in vivo and ex vivo. In future studies, investigation of the functional tumor characteristics 

by means of perfusion and permeability measurements using dynamic contrast-enhanced (DCE)–

MRI,
55

 in concomitance to our PET imaging, will be of high interest to better understand our 

radiopeptide uptake and PET imaging results. 
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CONCLUSION 

The results from small animal PET imaging studies showed similar kidney elimination and 

demonstrated low gastrointestinal uptake between the 3 [
64

Cu]-NOTA-LK-RM26. This study 

clearly demonstrated that conjugation of different linkers at the N-terminal position of RM26 

leads to a slight modulation of human and mouse GRPR uptake and retention. [
64

Cu]-NOTA-

LK-RM26 bearing dicationic and dianionic linkers are promising candidates for visualization of 

GRPR-expressing tumor using PET. 

 

MATERIALS AND METHODS 

Materials 

All chemicals and solvents (reagent grade) were used as supplied by the vendors without 

further purification, unless otherwise stated. TentaGel® S RAM resin was obtained from Chem-

Impex International Inc. (Wood Dale, IL, USA). Fluorenylmethyloxycarbonyl (Fmoc)–protected 

amino acids were obtained from either EMD NovaBiochem® (Gibbstown, NJ, USA), or Chem-

Impex International Inc. 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-

phosphate (HATU) was purchased from Chem-Impex International Inc. HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), amphothericin B, penicillin, streptomycin, 

glutamin, fetal bovine serum, Ham's F-12, and RPMI 1640 were obtained from Wisent (St-

Bruno, QC, CA). Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (Saint-

Louis, MO, USA). The [
125

I]-Tyr4-BBN was purchased from Perkin Elmer Life Science. N,N-

Diisopropylethylamine (DIEA) and thioanisole were obtained from Aldrich Chemical Co. 

Acetonitrile (CH3CN), dichloromethane, N,N-dimetylformamide (DMF), and isopropyl alcohol 

(i-Pr-OH) were obtained from Fisher Scientific (Ottawa, ON, CA). Matrigel was purchased from 

BD Biosciences (Bedford, MA, USA). The balb/c mice were obtained from Charles River 

Laboratories (St-Constant, QC, CA) and athymic nude mice from Charles River (Wilmington, 

MA, USA). 

General methods 

Mass spectra were recorded on an API 3000 LC-MS/MS (Applied Biosystems/MDS SCIEX, 

Concord, Ontario Canada), on a Waters/Alliance HT 2795 equipped with a Waters 2996 PDA 

and a Waters Micromass ZQ detector API 2000 and on a ESI-Q-Tof (MAXIS). Purification of 
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the peptides was done on a Biotage HPFC SP4 Flash Purification System and a C18 column. 

Analytical HPLC were performed on an Agilent 1200 system (Agilent Technologies, 

Mississauga, Ontario, L5N 5M4, Canada) equipped with a Zorbax Eclipse XDB C18 reversed-

phase column (4.6 × 250 mm, 5μ) and an Agilent 1200 series diode array UV‐ Vis detector 

(Agilent Technologies) using the following method: flow = 1 mL/min, 0 to 23 minutes; 0 to 

76.6% CH3CN-0.05% trifluoroacetic acid (TFA) in H2O 0.05% TFA, 23 to 24 minutes; 100% 

CH3CN, 24 to 30 minutes; 100 to 0% CH3CN in H2O. N,N-dimetylformamide was dried over 4 

Å molecular sieves at least 1 week to remove trace amount of amine present in the solvent and 

filtered before its use. 

 

Peptide synthesis 

Synthesis, characterization, and biological activity of RM26 were previously reported.
57

 Herein, 

the peptides were synthesized by continuous flow method on a Pioneer Peptide Synthesis System 

(PerSeptive Biosystems) using the standard Fmoc conditions and 1 g of TentaGel® S RAM resin 

with a substitution rate of 0.24 mmol/g. Fmoc‐ amino acids (4 equiv.) were coupled for 2 hours, 

using HATU (4 equiv.) in the presence of DIEA (8 equiv.). Fluorenylmethyloxycarbonyl group 

was removed by treatment with 20% piperidine in DMF. After peptide assembly, the resin was 

washed trice with DMF, MeOH, DMF, and MeOH and dried in vacuo. 

The partially protected peptide-resin (~0.5g, 0.24 mmol/g) was swelled in 2 mL of DMF and 

then treated manually under a mechanical agitation with the Fmoc‐ linker (Fmoc-PEG-OH, 

Fmoc-APCA-OH, Fmoc-AHDA-OH; 2.5 equiv in 5 mL DMF) activated with HATU (2.5 equiv) 

and DIEA (5 equiv.). After Fmoc deprotection (3 × 1 mL of 20% piperidine in DMF during 10 

minutes), NOTA moiety was synthesized manually on the solid phase as described previously by 

our group.
30

 After coupling and deprotection steps, the resin washed extensively with DMF (3 

times), dichloromethane (3 times), and MeOH (3 times). The Fmoc deprotection and the 

coupling step were followed by a Kaiser's test on resin; the resulting colorimetric reaction 

between resin and ninhydrin indicated the presence of free primary amines after Fmoc 

deprotection (blue beads) and their absence after coupling (yellow beads). 

Reaction conditions presented herein have been optimized by monitoring each step on analytical 

reversed‐ phase HPLC after cleavage of a small amount (10 mg) of the resin-bound peptide with 

95% aqueous TFA. The peptide was deprotected and cleaved from the support by treatment with 
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a cocktail of TFA/H2O/thioanisole (92:2:6, v/v/v, 5 mL) for 4 hours at room temperature under 

mechanical agitation to yield the desired peptide. The resin was removed by filtration and 

washed with TFA. Combined filtrates were added dropwise to ethyl ether (10 mL of ether/mL of 

TFA) maintained at 0°C. The precipitated crude peptides were centrifuged, and the ether solution 

was decanted. Crude peptides were purified by flash chromatography on a Biotage SP4 system 

using C18 Cartridge. Purity of the crude peptide was verified by HPLC and its identity was 

confirmed by API 3000 LC/MS/MS. 

 

Cell culture and human tumor xenograft model 

The PC3 human prostate cancer cell line (ATCC®) was used in their 8th to 12th passage. The 

cells were incubated in an atmosphere of 5% CO2 at 37°C in HAM's F12 medium supplemented 

with 2.5 mM glutamin, 100 U/mL penicillin, 100 μg/mL streptomycin, 100 ng/mL 

amphothericin B and 10% Fetal Bovine Serum. The medium was changed 3 times a week, and 

the cells were passaged at 90% to 95% confluence with trypsin/EDTA 0.25%. 

Under isoflurane anesthesia, 9 to 12 weeks old female and male athymic nude mice nu/nu 

weighing 16 to 20 grams were inoculated subcutaneously on shoulders with a suspension of 1 × 

10
7
 PC3 cells in 200 μL of ice cold phosphate-buffered saline (PBS):Matrigel (1:1), 2 tumors per 

mouse. Tumors were given a minimum of 2 weeks to grow to a minimal diameter of 4 to 5 mm 

before being used for PET imaging studies. All animal experiments and protocols were approved 

by the Université de Sherbrooke animal ethics committee, in compliance with the guidelines 

provided by the Canadian Council on Animal Care. 

 

Competition binding study 

In vitro GRPR-binding affinities of the compounds were determined with competitive binding 

assays on PC3 human prostate cancer cells using [
125

I]-Tyr
4
-BBN as the GRPR specific 

radioligand. The 1 × 10
5
 PC3 cells were seeded in 24–wells plate in 5% CO2 at 37°C in Ham's F-

12 medium. At 90 to 95% confluence, the medium was removed and replaced by 400 μL of 

reaction medium (RPMI 1640) complemented with 20 mM HEPES, 100 U/mL penicillin, 100 

μg/mL streptomycin, 100 ng/mL amphothericin B and 2 mg/mL BSA. The 2 pM of [
125

I]-Tyr
4
-

BBN competed with increasing concentrations (1 × 10
-14

 M to 1 × 10
-6

 M) of the cold peptide, 

both compound added at the same time in each well. The plate was incubated at 37°C for 40 
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minutes with agitation. The reaction medium was removed, and the plate was washed 3 times 

with PBS at room temperature. The cells were harvested and collected in tubes for counting 

(Cobra II auto-gamma counter, Packard). The 50% inhibitory concentration (IC50) was calculated 

using the GraphPad PRISM software, and the Ki was determined using Cheng and Prusoff's 

formula.
58

 Experiments were performed in triplicate, and the Ki values are reported as average of 

these samples with the standard deviation (SD). The dissociation constant (Kd) value for [
125

I]-

Tyr
4
-BBN has been determined previously from experiments performed under similar conditions 

and was found to be 1.5 × 10
−10

 M.
59

 

 

Peptide radiolabeling with 
64

Cu 

The 
64

Cu was prepared following the 
64

Ni(p,n)
64

Cu reaction using an enriched 
64

Ni target 

electroplated on a rhodium disk.
60

 [
64

Cu]CuCl2 was recovered from the target following the 

procedure described by McCarthy et al
61

 and converted to [
64

Cu]Cu[II] acetate ([
64

Cu]Cu(OAc)2) 

by dissolving the [
64

Cu]CuCl2 in ammonium acetate (0.1 M; pH 5.5). Peptide was labeled with 

64
Cu following conditions optimized in our laboratory.

31
 Briefly, the peptide (3-4 nmoles) was 

dissolved in ammonium acetate buffer (0.1 M, pH 5.5) with [
64

Cu]Cu(OAc)2 (300-370 MBq; 8-

10 mCi) in a total volume of 300 to 400 μL. The resulting solution was incubated at 100°C for 10 

minutes. The crude peptide was further diluted with water (5 mL) and applied on a C18 Sep-

Pack column (Waters, Milford, MA) to eliminate free 
64

Cu. The column was washed with 10 mL 

of water and the radiopeptide preparation was eluted with 3 mL of acetonitrile containing 

0.025% TFA. The peptide fraction was collected, evaporated, and counted in a radioisotope 

calibrator (Capintec, Inc., NJ, USA) to calculate the specific activity of the product. The 

resulting 
64

Cu-radiolabeled peptide was reconstituted in PBS at pH 7.4 and a sample was 

analyzed by UPLC with a radioactivity detector for the quality control of the formulated product. 

 

Stability study 

The 
64

Cu-radiolabeled peptide reconstituted in PBS (20-30 MBq, 100 μL) was injected to 

isoflurane-anesthetized balb/c mice (Charles River Laboratories, QC, Canada) through the caudal 

vein. Thirty and 60 minutes following injection, blood was collected, centrifuged, and followed 

by plasma protein precipitation with acetonitrile (50% final concentration). Samples were 

analyzed by radio thin layer chromatography (TLC). Blood collected 20 hours postinjection was 
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spotted directly on C18 TLC plates and sodium citrate buffer (0.1 M, pH 5.5) as a developing 

solvent. Image capture was performed on an Instant Imager scanner (Bioscan, DC, U.S.A.). 

 

Biodistribution study 

Under isoflurane anesthesia the 18 to 20 g female balb/c mice and the 22 to 28 g PC3 tumor-

bearing athymic nude mice were prepared with catheters in the caudal vein. Doses (0.37-0.78 

MBq, 5-11 pmol) were prepared and measured with a CRC-35R dose calibrator (Capintec, 

Ramsey, NJ), then injected in the animals. The mice were euthanized by CO2 inhalation at 

different time points (15, 30, and 60 minutes postinjection). Organs of interest were collected, 

washed, blotted dry, weighted, and counted in a γ-counter (Cobra II auto-gamma counter, 

Packard). The percentage of injected dose per gram (%ID/g) was determined for each organ and 

the values are displayed as mean SD. Target competition studies were performed with co-

injections of 0.5 μmol/kg of unlabeled peptide to evaluate target-specific accumulation of the 

peptide. 

 

μPET imaging 

PC3 tumor-bearing athymic nude mice (22-28 g) were injected with 3.7 to 7.4 MBq (100-200 

pmol) of [
64

Cu]-NOTA-LK-RM26 conjugates (with or without co-injections of 5 μmol/kg of 

unlabeled peptide) via the caudal vein under isoflurane anesthesia. A dynamic scan of 60 

minutes was per-formed using a LabPET8 high-resolution animal PET scanner (Gamma Medica-

IDEAS Inc., Sherbrooke, Quebec, Canada). The temperature and the respiration rate were 

monitored during the acquisition. Image reconstruction was performed using the maximum 

likelihood expectation maximization method with 10 iterations, with 1 frame of 30 seconds 

followed by 12 frames of 300 seconds. 

For quantitative analysis, the PET images were analyzed with the homemade Sherbrooke 

LabPET software (Université de Sherbrooke, Sherbrooke, QC, Canada). Regions of interest were 

drawn over the liver, kidneys, tumors and muscle and applied on every frame of the dynamic 

image series. Signals were estimated by searching the average value of the voxels within each 

drawn regions of interest. After each scan sequence, a cylindrical phantom with approximate size 

of a mice (24.8 mL) containing a known quantity of 
64

Cu was used to obtain a calibration factor 

to convert the counts per seconds into kilobecquerel (kBq) per milliliter, from which the injected 
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dose per gram of tissue (%ID/g) values were derived. A density of 1 g/cc was used to convert the 

fractional uptake per volume into %ID/g. Time-activity curves were generated using the mean 

PET counts and corrected for radionuclide decay. Radioactivity decay corrected is expressed as 

%ID/g. 

 

Ex vivo autoradiography 

The PC3 tumor-bearing athymic nude mice were euthanized after imaging studies. Tumors (n = 

3) were then dissected and preserved in formalin 4% in PBS at pH 7.4, then paraffin embedded 

and cut at a thickness of 20 μm. The slices were mounted on microscope slides. Paraffin-

embedded tissue sections were later dewaxed with xylene and rehydrated through graded 

concentration of ethanol to distilled water. Slices were incubated at the same time for 60 minutes 

in a buffer containing 0.3 mM BSA, 0.1% Tween-20 and 0.2 M PBS at pH 7.4 with either 

[
64

Cu]-NOTA-LK-RM26 (18-24 kBq, 50 μL of a 5-6.5 nM solution) alone or in combination 

with unlabeled peptide (50 μL of a 1 μM solution). The slices were then washed 3 times with 

ice‐ cold PBS buffer, rinsed with ice-cold distilled water, air dried, and placed at the same time 

on a phosphor screen overnight and scanned with a GE Storm 825 Phosphorimager. Images were 

semiquantitatively analyzed using ImageJ software (National Institute of Health, USA). 

 

Statistical analysis 

All results were expressed as mean SD. Statistical significance was analyzed using bilateral 

unpaired student's t tests to calculate P values. The threshold to assess statistically significant 

differences was set to 0.05. 
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Résumé :  

Introduction: Les récepteurs peptidiques libérant de la gastrine (GRPR) sont significativement 

surexprimés en très grande proportion dans le cancer de la prostate, ce qui en fait des candidats 

de choix pour l'imagerie moléculaire par TEP. Récemment, nous avons synthétisé un nouveau 

chélateur bifonctionnel (BFC) portant des bras composés d’acide hydroxamiques (DOTHA2). Ici, 

nous avons étudié le potentiel d'un nouveau conjugué au DOTHA2, un antagoniste peptidique du 

GRPR marqué au 
64

Cu, soit le [D-Phe
6
-Sta

13
-Leu

14
-NH2] BBN(6-14) (DOTHA2-PEG-RM26) 

pour visualiser les tumeurs prostatiques par imagerie PET. 

Méthodes: Le DOTHA2-PEG-RM26 a été efficacement assemblé sur un support solide. Le 

composé a été radiomarqué avec le 
64

Cu et son affinité, sa stabilité, sa captation cellulaire ont été 

évaluées sur des cellules PC3 humaines de cancer prostatique. Le comportement in vitro et in 

vivo du [
64

Cu]-DOTHA2-PEG-RM26 a été examiné par imagerie TEP en utilisant des 

xénogreffes de cancer prostatique humain PC3 et son comportement a été comparé à celui de 

l’analogue [
64

Cu]-NOTA-PEG-RM26. 

Résultats: La constante d'inhibition du 
nat

Cu-DOTHA2-PEG-RM26 était de l’ordre du 

nanomolaire (0,68 ± 0,19 nM). Le conjugué [
64

Cu]-DOTHA2-PEG-RM26 a été préparé avec un 

rendement de marquage > 95% et une activité molaire de 56 ± 3 GBq/μmol après une incubation 

de 5 minutes à température ambiante. Le [
64

Cu]-DOTHA2-PEG-RM26 a démontré une clairance 
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sanguine et rénale rapide ainsi qu'une forte captation à la tumeur. Les images TEP sur de petits 

animaux ont confirmé une captation élevée et spécifique à la tumeur PC3. Les deux traceurs, 

[
64

Cu]-DOTHA2-PEG-RM26 et [
64

Cu]-NOTA-PEG-RM26 ont présentés des captations 

tumorales et tissulaires semblables suite à leur injection. 

Conclusions: Le [
64

Cu]-DOTHA2-PEG-RM26 permet la visualisation des tumeurs prostatiques 

par imagerie TEP. Le DOTHA2 permet une chélation rapide du 
64

Cu sous des conditions très 

douces et, en tant que telle, pourrait être utilisé avantageusement pour le développement d'autres 

traceurs peptidiques TEP marqués au 
64

Cu. 
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ABSTRACT 

Introduction: Gastrin releasing peptide receptors (GRPRs) are significantly over-expressed on a 

large proportion of prostate cancers making them prime candidates for receptor-mediated nuclear 

imaging by PET. Recently, we synthesized a novel bifunctional chelator (BFC) bearing 

hydroxamic acid arms (DOTHA2). Here we investigated the potential of a novel DOTHA2-

conjugated, 
64

Cu-radiolabeled GRPR peptide antagonist, [D-Phe
6
-Sta

13
-Leu

14
-NH2]bombesin(6-

14) (DOTHA2-PEG-RM26) to visualize prostate tumors by PET imaging.  

Methods: DOTHA2-PEG-RM26 was conveniently and efficiently assembled on solid support. 

The compound was radiolabeled with 
64

Cu and its affinity, stability, cellular uptake on PC3 

prostate cancer cells were evaluated. The in vitro and in vivo behavior of [
64

Cu]DOTHA2-PEG-

RM26 was examined by PET imaging using human PC3 prostate cancer xenografts and its 

behavior was compared to that of the analogous [
64

Cu]NOTA-PEG-RM26.  

Results: The inhibition constant of 
nat

Cu-DOTHA2-PEG-RM26 was in the low nanomolar range 

(0.68 ± 0.19 nM). The [
64

Cu]-DOTHA2-PEG-RM26 conjugate was prepared with a labeling 

yield >95% and molar activity of 56 ± 3 GBq/µmol after a 5-minute room temperature labeling. 

[
64

Cu]-DOTHA2-PEG-RM26 demonstrated rapid blood and renal clearance as well as a high 

tumor uptake. Small animal PET images confirmed high and specific uptake in PC3 tumor. Both 

[
64

Cu]-DOTHA2-PEG-RM26 and [
64

Cu]-NOTA-PEG-RM26 displayed similar tumor and normal 

tissue uptakes at early time point post injection.  

Conclusions: [
64

Cu]-DOTHA2-PEG-RM26 allows visualization of prostate tumors by PET 

imaging. DOTHA2 enables fast 
64

Cu
 
chelation under mild condition, and as such could be used 

advantageously for the development of other 
64

Cu-labeled peptide-derived PET tracers. 

 

 

 

 

 

 

Keywords:
 64

Cu, RM26, DOTHA2 bifunctional chelator, prostate cancer, PET imaging. 
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INTRODUCTION 

Radiolabeled peptides are rapidly finding clinical applications in nuclear medicine for 

diagnosis and treatment of cancer. Bifunctional chelators (BFCs) play an important role in 

peptide radiolabeling using different radiometals such as 
64

Cu, 
68

Ga, 
86

Y, 
89

Zr, and 
44

Sc [1]. 

There are essential parameters that need to be considered when designing a BFC such as kinetic 

stability, thermodynamic stability and demetallation [2]. BFCs can affect the binding affinity of 

the radiolabeled peptide conjugates [3]. Physical and chemical characteristics of 
64

Cu (T1/2 = 12.7 

hour; 17.4% β
+
, 43% EC, 39% β

−
) make it suitable for radiolabeling of peptides for PET 

(Positron Emission Tomography) imaging for different diseases [4-5]. Several macrocyclic BFC 

have been developed for 
64

Cu radiolabeling [5-6]. The chelators  NOTA and sar-CO2H, an 

encapsulating hexaamine  sarcophagine ligand, showed significant advantages over other BFCs 

in that they can be radiolabeled with 
64

Cu rapidly at room temperature, under dilute conditions, 

resulting in high molar activity [7]. Recently, De Silva et al. designed two triazacyclononane 

analogs, C-NE3TA and N-NE3TA for efficient labelling with 
64

Cu at room temperature [8]. 

Zeng et al. reported a new cross-bridged cyclam derivative, CB-TE1K1P, which can be labeled 

under mild conditions in high molar activity. The resulting 
64

Cu complex offered improved 

kinetic stability, which prevents in vivo transchelation reactions compared to 
64

Cu labeled 

NOTA, Diamsar and CB-TE2A [9]. However, there are still many BFCs presenting high 

hepatobiliary excretion due to demetallation of the 
64

Cu [7,10]. Recently, we synthesized a novel 

BFC bearing hydroxamic acid arms called DOTHA2 [11].
 
This novel BFC coordinates 

64
Cu with 

fast kinetics at room temperature in a wide range of concentrations and pH. Corresponding 

radiochemical complexes showed high stability, low residual activity in various tissues and fast 

clearance in healthy mice [11].
 
These earlier findings highlight the potential of DOTHA2 for PET 

imaging facilitating further exploration of 
64

Cu-peptide based tracers.  

We and others designed a series of 
64

Cu-peptide agonists that specifically bind with high 

affinity to gastrin releasing peptide receptor (GRPR) [12-16]. It is generally believed that 

receptor agonist radioligands are more suited for tumor targeting since they readily bind to cell-

surface receptors resulting in good receptor-mediated internalization into tumor cells and optimal 

tumor visualization [17-18]. However, recent studies with receptor-selective radiolabeled 

antagonists have shown that such analogs may actually provide higher tumor uptake and thus be 

preferred over agonists for PET tumor imaging [19-22]. This has been observed with some 
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GPCRs including serotonin 5-HT2A receptor [23], corticotrophin-releasing factor receptor [24], 

substance P NK1 receptor [25], and somatostatin sst3 receptor [26]. Similar results were obtained 

by Cescato et al. when comparing the uptakes of [
99m

Tc]Demobesin 1 (an antagonist) with those 

of [
99m

Tc]Demobesin 4 (an agonist) in GRPR-positive PC3 prostate cancer xenografts in mice 

[27].
  

In this work we conjugated DOTHA2 to a GRPR antagonist, [D-Phe
6
-Sta

13
-Leu

14
-

NH2]bombesin(6-14) also called RM26 [28], via a PEG linker. The goal of the study was to 

investigate the in vitro and in vivo behavior of [
64

Cu]-labeled DOTHA2-PEG-RM26 (Fig. 1) and 

to assess its potential for PET imaging of GRPR expression in human prostate xenografts. 

 

 
 

Figure 1 : Structures of [
64

Cu]-NOTA-PEG-RM26 and [
64

Cu]-DOTHA2-PEG-RM26 

 

MATERIALS AND METHODS 

Materials 

All chemicals and solvents (reagent grade) were used as supplied by the vendors without 

further purification, unless otherwise stated. Tentagel S RAM resin was obtained from Chem-

Impex International Inc. (Wood Dale, IL, USA). Fluorenylmethyloxycarbonyl (Fmoc)-protected 

amino acids were obtained from either EMD NovaBiochem® (Gibbstown, NJ, USA), or Chem-

Impex International Inc. 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-

phosphate (HATU) was purchased from Chem-Impex International Inc. HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), amphothericin B, penicillin, streptomycin, 

glutamin, fetal bovine serum (FBS), Ham’s/F-12 and RPMI 1640 were obtained from Wisent 
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(St-Bruno, QC, CA). Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (Saint-

Louis, MO, USA). The [
125

I]-Tyr4-BBN was purchased from Perkin Elmer Life Science. N,N-

Diisopropylethylamine (DIEA) and thioanisole were obtained from Aldrich Chemical Co. 

Acetonitrile, dichloromethane (DCM), N,N-dimethylformamide (DMF) and isopropyl alcohol (i-

Pr-OH) were obtained from Fisher Scientific (Ottawa, ON, CA). Matrigel was purchased from 

BD Biosciences (Bedford, MA, USA). The balb/c mice were obtained from Charles River 

Laboratories (St-Constant, Qc, CA) and athymic nude mice from Charles River (Wilmington, 

MA, USA). 

 

Peptide Synthesis 

Synthesis, characterization, and biological activity of RM26 (D-Phe-Gln-Trp-Ala-Val-Gly-

His-Sta-Leu-NH2) was previously reported [28]. DOTHA2- and NOTA- PEG-RM26 conjugates 

were prepared using Tentagel S RAM resin with a substitution rate of 0.24 mmol/g, a 2.5-fold 

excess of Fmoc-protected amino acids over resin substitution rate. Fmoc-protected amino acids 

were activated with an equimolar amount of HATU, then coupled to the resin for 2h in the 

presence of 2-fold excess of DIEA followed by successive washings with DMF 3×, DCM 3×, 

isopropanol 3× and DCM 3×. Fmoc deprotection was performed in 20% piperidine in DMF for 

30 minutes, followed by successive washing as described above. The Fmoc deprotection and the 

coupling step were followed by a Kaiser’s test on resin; the resulting colorimetric reaction 

between resin and ninhydrin indicated the presence of free primary amines after Fmoc 

deprotection (blue beads) and their absence after coupling (yellow beads). After PEG-RM26 

assembly and Fmoc deprotection, DOTHA2 was conjugated to the peptide on solid phase. The 

OPMB-protected trihydroxamate DOTHA2 [11] was first activated by N-hydroxysuccinimide 

(NHS, 1.3 equiv) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 

1.3 equiv) in DMF at 0 C, for 30 minutes and then at room temperature overnight. A 3-fold 

excess of activated protected DOTHA2 was added to the partially protected peptide-resin pre-

swollen with DCM and mixed with DIEA (6 equiv), then a mechanical shaking was maintained 

overnight at room temperature. The coupling was repeated a second time. For this coupling, a 

mechanical shaking was maintained for another 3 h. Synthesis and characterization of NOTA-

PEG-RM26 have been previously reported by our group [29]. After peptide assembly, DOTHA2- 

and NOTA-conjugates were deprotected and cleaved from the solid support as described 
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previously [11]. The crude peptides were purified by flash chromatography on a Biotage SP4 

system equipped with a C18 column. Purity of the peptides was verified by High Performance 

Liquid Chromatography (HPLC) and their identity was confirmed by API 3000 LC/MS/MS. 

Analytical HPLC was performed on an Agilent 1200 system equipped with a Zorbax Eclipse 

XDB C18 reversed-phase column (4.6 × 250 mm, 5µ) and Agilent 1200 series diode array UV-

Vis detector, using a linear gradient of 0% to 100% acetonitrile in water with 0.1% TFA over 30 

minutes at a flow rate of 1 mL/min. 

 

Cell culture and human tumor xenograft model 

PC3 human prostate cancer cells, which are known to overexpress GRPR, were used in their 

12
th

 to 16
th

 passage. The cells were cultured in Ham’s/F12 medium supplemented with 2.5 mM 

glutamin, 100 U/mL penicillin, 100 µg/mL streptomycin, 100 ng/mL amphothericin B and 10% 

Fetal Bovine Serum. The cells were incubated under 5% CO2 in air at 37 °C. Cells were grown at 

90% – 95% confluence at frequency of 3 times per week and detached with trypsin/EDTA 0.25% 

at room temperature for 5 minutes. For the competition binding study, PC3 cells were cultured in 

24 well plates and for cellular uptake studies, the cells were cultured in 12 well plates. On the 

day of the experiment, the medium was removed and replaced by RPMI-1640 medium 

supplemented with 20 mM HEPES, 100 U/mL penicillin, 100 µg/mL streptomycin, 100 ng/mL 

amphothericin B and 2 mg/mL BSA. 

All animal experiments were conducted in accordance with the guidelines of the Canadian 

Council on Animal Care (CCAC) and were approved by the Ethics Committee of the Université 

de Sherbrooke. Male balb/c mice and athymic nude mice (age 9 – 12 weeks, weight 16 – 20 

grams) were used. For tumor inoculation, PC3 cells were prepared in 200 µL of matrigel and 

PBS (1:1) and injected subcutaneously in the shoulders and hips of the athymic nude mice. 

During inoculation, the animals were anesthetized with isoflurane ~1.5 – 2.0 % in an air/oxygen 

mixture. After 2 – 3 weeks of in vivo tumor growth, the mice were used for biodistribution and 

PET imaging studies. 

 

Competition binding study 

In vitro competition binding was assessed against [
125

I]-Tyr
4
-BBN in PC3 cells. A co-injection 

of equal volume (50 µL) of [
125

I]-Tyr
4
-BBN and the test compound were added in the well. A 
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concentration of 10
-12

 M of [
125

]-Tyr
4
-BBN was co-injected with increasing concentrations 

ranging from 10
-14

 to 10
-6

 M of either DOTHA2-PEG-RM26 or [
nat

Cu]-DOTHA2-PEG-RM26. 

The plates were incubated at 37°C for 40 minutes with agitation. The reaction medium was 

removed and the plate was washed 3 times with PBS at room temperature. The cells were 

harvested and collected in tubes for counting on a Packard Cobra II auto-gamma counter (GMI, 

Ramsey, MN). Experiments were performed in triplicate. The 50% inhibitory concentration IC50 

was calculated using the GraphPad PRISM software and the inhibition constant (Ki) values are 

calculated as average of the samples plus/minus the standard deviation (± SD) [12].  

 

Labeling with 
64

Cu and stability study 

Peptides were labeled with 
64

Cu (Sherbrooke Molecular Imaging Center) following conditions 

optimized in our laboratory [11]. Briefly, DOTHA2-PEG-RM26 (3-5 nmol) was dissolved in a 

1M ammonium acetate buffer at pH 7.0 with 
64

Cu(OAc)2 (200 − 300 MBq) in a total volume of 

300 – 350 µL; the resulting solution was incubated at room temperature for 5 minutes. NOTA-

PEG-RM26 conjugate was labeled in a 0.1M ammonium acetate buffer at pH 5.5 for 10 minutes 

at 100 °C. The labeled products were purified on a Sep-Pak C-18 cartridge. The peptide fraction 

was eluted with acetonitrile (0.25% TFA), collected, evaporated and counted in a radioisotope 

calibrator (Capintec, Florham Park, NJ, USA) to calculate the molar activity of the product. 

Stability studies were realized as previously described [13].
  

 

Cellular uptake studies 

Cellular uptake of the [
64

Cu]-DOTHA2-PEG-RM26 and [
64

Cu]-NOTA-PEG-RM26 were 

performed in PC3 cells at ~90% confluence in 12-well plates, each well containing 3.0×10
5
 ± 

0.5×10
5 

cells. For the cellular uptake study, the compounds (0.7 pmol; 37 kBq) were incubated in 

a final volume of 1 mL for 15, 30, 45 and 60 minutes with cells incubated at either 4°C or 37°C. 

At each time point, the reaction medium was removed, the plate was washed 3 times with PBS at 

room temperature and trypsin was added. The cells were harvested and collected in tubes for 

counting on a Packard Cobra II auto-gamma counter. The counts per minute (cpm) were 

converted into Bq, then compared to the initial dose and number of cells in each well to report 

cellular uptake as percent of added dose per million cells (%AD/10
6
 cells).  Experiments were 

performed in three separate sets of triplicates for each condition. 
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Biodistribution study 

Physiological biodistribution studies were performed in male balb/c mice. To assess tumor 

uptake, the studies were also performed on PC3 tumor-bearing athymic male nude mice. Around 

10 pmol (between 0.37 – 0.74 MBq in 100 µL) of either [
64

Cu]-DOTHA2-PEG-RM26 or [
64

Cu]-

NOTA-PEG-RM26 compound were administered intravenously in the caudal vein of the mice 

under isoflurane anesthesia. The mice were euthanized at 30, 60, 45 and 120 minutes post-

injection while under deep isoflurane anesthesia ~3 % in an air/oxygen mixture, followed by 

exposure to 5% CO2. Organs were collected, rinsed, blotted dry and counted in a γ-counter. The 

percentage of injected dose per gram (%ID/g) was determined for each organ and the values are 

displayed as average ± SD. For receptor-blocking studies, two different blocking conditions were 

studied, a 15 minutes pre-injection and co-injection of 0.5 μmol/kg of unlabeled peptide. 

 

PET imaging 

The PET image acquisitions using a small animal PET-CT Triumph™ scanner (Gamma 

Medica Inc, Northridge, CA, USA) were performed on PC3 tumor-bearing athymic male nude 

mice. Mice were anesthetized with 1.5-2.0 % isoflurane in an air/oxygen mixture throughout the 

scan procedure. A dynamic scan of 60 minutes was initiated with tumor near the center of the 

field-of-view and 30 seconds following start of the acquisition, around 100 pmol (between 3.75 – 

7.40 MBq in 100 µL) of the [
64

Cu]-DOTHA2-PEG-RM26 was administered intravenously in the 

caudal vein. A group of tumor-bearing mice was co-injected with 5 μmol/kg of unlabeled peptide 

to assess specific binding to the tumors. The temperature and the respiration rate were monitored 

during the acquisition. All raw data were sorted into 3-dimensional sinograms. Image 

reconstruction was performed using the maximum likelihood expectation maximization (MLEM) 

method with 10 iterations, with one pre-injection frame of 30 seconds followed by 12 300-

seconds frames. To better assess anatomical details and tumor size, low-dose CT scans were 

performed following PET scan sequences by direct translation of the bed and with the exact 

same position for the animal. PET-CT fusion was performed using the AMIDE software [30]. 

For quantitative analysis, the PET images were analyzed with the home-made Sherbrooke 

LabTEP software (Université de Sherbrooke, Sherbrooke, QC, Canada). Regions of interest 

(ROI) were traced over the liver, kidneys, tumors and muscle and applied on every frame of the 
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dynamic image series. Signals were estimated by searching the average value of the voxels 

within each drawn ROIs. After each scan sequence, a cylindrical phantom approximately the size  

of a mice (~25 mL) containing a known quantity of 
64

Cu was used to obtain a calibration factor 

to convert the counts per seconds into kilobequerel per milliliter, from which the injected dose 

per gram of tissue (%ID/g) values were derived. A density of 1g/cc was used to convert the 

fractional uptake per volume into %ID/g. Time-activity curves were generated using the average 

PET counts and corrected for radionuclide decay. Decay-corrected radioactivity, expressed as 

percentage of injected dose per gram (%ID/g) was calculated as the ratio of the total ROI activity 

concentration normalized by the injected dose. 

 

Statistical analysis 

All cell assay results were expressed as average ± SEM, derived from triplicates of triplicates. 

Tumor and organ uptake were reported as average ± SD. Statistical significance was analyzed 

using multiple bilateral unpaired Student’s t tests weighted with the Holm-Sidak method to 

calculate P-values using GraphPad Prism software (GraphPad Software Inc., La Jolla, CA). The 

threshold to assess statistically significant differences was set a priori to 0.05. 

 

RESULTS 

Peptide synthesis 

The GRPR antagonist PEG-RM26 was synthesized on solid-phase with Fmoc amino acids. 

After peptide assembly, DOTHA2 was conjugated to the peptide on solid phase via a novel 

coupling procedure. In this approach, the OPMB-protected trihydroxamate DOTHA2 [11] was 

first activated by NHS and EDC in DMF, and then coupled at the N-terminal position of the 

partially protected PEG-RM26. The peptide (MS calc: 1732.0; Found: 1734.8 (MH+1, 100%)) 

was deprotected and cleaved from the solid support as described previously [11,29] with a yield 

of 47% and a HPLC purity of 97%. NOTA-PEG-RM26 was synthesized as described previously 

[29]. The labeling of DOTHA2-peptide was completed within 5 minutes at pH 7 and room 

temperature with a non-decay corrected yield of >95%. After labeling, the molar activity of 
64

Cu-

labeled DOTHA2-PEG-RM26 was 56 ± 3 GBq/µmol, with radiochemical purity greater than 

95% as determined by radio-UPLC. 
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Competition binding study 

The inhibitory constants are summarized in Table 1. DOTHA2-PEG-RM26 and [
nat

Cu]-

DOTHA2-PEG-RM26 (entries 2-3) presented an excellent affinity in the low nanomolar range on 

PC3 cells (1.02 ± 0.33 and 0.68 ± 0.19 nM, respectively) comparable to bombesin (entry 1), a 

natural ligand for GRPR, and [
nat

Cu]-NOTA-PEG-RM26 (entry 4), the control peptide. 

 

Table 1 : Affinities of DOTHA2-PEG-RM26 for GRPR on PC3 human prostate cell line 

 

 

Entry Peptide Ki GRPR on 

PC3 (nM) 

1 Bombesin 0.59 ± 0.32 

2 DOTHA2-PEG-RM26 1.02 ± 0.33 

3 [
nat

Cu]-DOTHA2-PEG-RM26 0.68 ± 0.19 

4 [
nat

Cu]-NOTA-PEG-RM26  0.98 ± 0.48 

 

Stability study 

[
64

Cu]-DOTHA2-PEG-RM26 was stable up to 1 hour and 20 hours in mouse circulation and in 

plasma, respectively, as no trace of free 
64

Cu and metabolites was detected by radioTLC and 

radio UPLC (Fig. A1) Analysis of urine samples indicated that intact [
64

Cu]-DOTHA2-PEG-

RM26 was excreted through the bladder. 

 

Cellular uptake studies 

Results of cellular uptake of 
64

Cu-DOTHA2-PEG-RM26 are presented in Fig. 2. The uptake at 

37°C was stable and similar for both compounds after 30 minutes (Fig. 2A). However, while 

relatively similar uptakes (p > 0.05) were observed for [
64

Cu]-NOTA-PEG-RM26 at 4°C and 

37°C, the uptake at 4°C was ~2-fold lower (p < 0.001) than the uptake at 37°C for [
64

Cu]-

DOTHA2-PEG-RM26 (Fig. 2). 
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Figure 2 : Representation of cellular uptake studies of [
64

Cu]-DOTHA2-PEG-RM26 (white 

circles) and [
64

Cu]-NOTA-PEG-RM26 (black circles) at 37ºC (A) and 4ºC (B) on PC3 

human prostate cell line 

 

Biodistribution study 

Biodistribution studies were performed at 30, 60 and 120 minutes post injection of [
64

Cu]-

DOTHA2-PEG-RM26, and at 30 and 60 minutes after injection of [
64

Cu]-NOTA-PEG-RM26 in 

male balb/c mice (Fig. 3A, Table A1). Data for our control radiopeptide [
64

Cu]-NOTA-PEG-

RM26 were already presented in previous work [29]. [
64

Cu]-DOTHA2-PEG-RM26 showed rapid 

blood clearance from 4.42 ± 2.85 %ID/g at 30 minutes to 0.15 ± 0.08 %ID/g at 120 minutes. 

[
64

Cu]-DOTHA2-PEG-RM26 also presented fast kidney elimination with a %ID/g of 18.5 ± 13.6 

at 30 minutes that declined to 1.03 ± 0.24 at 120 minutes. The uptake in pancreas, a GRPR rich 

tissue, showed a drop of nearly 50% from 5.8 ± 2.13 %ID/g at 30 minutes to 2.79 ± 0.35 %ID/g 

at 60 minutes. Other measured organs presented low uptake at late time points. [
64

Cu]-NOTA-

PEG-RM26 achieved comparable blood clearance and non-specific organ distribution as 

compared to [
64

Cu]-DOTHA2-PEG-RM26, but accumulated significantly more at 60 minutes 
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post-injection in elimination organs such as kidneys, spleen and liver. Furthermore, [
64

Cu]-

NOTA-PEG-RM26 showed a 5-fold increase in pancreas uptake as compared to [
64

Cu]-

DOTHA2-PEG-RM26 at 30 and 60 minutes after injection of radiotracer. 

In order to assess the GRPR-mediated accumulation of the tracers, biodistribution studies were 

repeated with a 15 minutes pre-injection and co-injection of 0.5 μmol/kg of unlabeled peptide. 

Significant decreases in pancreas uptake (p <0.05) were observed for [
64

Cu]-DOTHA2-PEG-

RM26 in blocking studies using either pre- (p <0.05) and co-injection (p <0.005) indicating 

GRPR-mediated uptake in this organ (Fig. 3B). Similarly, pancreas uptake for [
64

Cu]-NOTA-

PEG-RM26 was significantly reduced at 30 minutes post-injection following co-injection of 0.5 

μmol/kg of unlabeled peptide [29]. Co-injection of unlabeled peptide did not increase the tracer 

levels in most non-specific organs (Table A1). 

GRPR-mediated accumulation in human prostate tumors was assessed by performing 

biodistribution studies of 
64

Cu-radiopeptide on PC3 tumor-bearing athymic nude male mice at 

four time points, 0.5, 1, 2 and 24 h (Fig. 4, Table A2). [
64

Cu]-DOTHA2-PEG-RM26 presented 

similar results in normal and athymic nude mice with rapid blood and renal clearance, relatively 

high pancreatic uptake and low residual activity in various tissues.  

The GRPR specificity of the [
64

Cu]-DOTHA2-PEG-RM26 was assessed by blocking 

experiment (Table A2). High uptake was found in the pancreas (10.5 ± 3.4 %ID/g), known to 

highly express GRPR. A 15 minutes prior tracer injection pre-dosing (2.28±1.27), or co-injection 

(0.93±0.36) of 0.5µmol/kg unlabeled peptide both significantly reduced pancreas uptake (p < 

0.01), showing specific binding by this organ. Tumor uptake of [
64

Cu]-DOTHA2-PEG-RM26 

only slightly dropped between 30 minutes (5.29 ± 0.83 %ID/g) and 60 minutes (4.14 ± 0.96 

%ID/g) in PC3 tumors (Fig. 4), showing retention in tumoral tissue. However, non-significant (p 

= 0.16) decrease in PC3 tumor uptake was noticed in excess of pre- (3.84±1.80 %ID/g) and co-

injected (4.45±0.88 %ID/g) unlabeled peptide at 30 minutes post-injection.  
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Figure 3 : (A) Biodistribution study of [
64

Cu]-DOTHA2-PEG-RM26 in male Balb/c mice at 

30 minutes (n = 7), 60 minutes (n = 3) and 120 minutes (n = 4), and of [
64

Cu]-NOTA-PEG-

RM26 at 30 minutes (n = 8) and 60 minutes (n = 3). Both tracers displayed similar whole 

body distribution, except at 60 minutes, where [
64

Cu]-DOTHA2-PEG-RM26 achieved lower 

uptake than NOTA-PEG-RM26 for spleen (p < 0.05), liver (p < 0.005), kidneys (p < 0.001) 

and pancreas (p < 0.001). (B) Pancreas uptake at 30 minutes of [
64

Cu]-DOTHA2-PEG-

RM26 in male balb/c mice, with co-injection (n = 4) or a 15 minutes preinjection (n = 3) of 

unlabeled peptide. *: p < 0.05; ***: p < 0.005 

 

Experiments using [
64

Cu]-NOTA-PEG-RM26 at 30 minutes post injection displayed similar 

tumor and tissue uptakes than [
64

Cu]-DOTHA2-PEG-RM26 (Fig. 4), but failed to reduce tumoral 

uptake upon co-injection of unlabeled peptide under our conditions [29]. Tumor-to-tissue ratios 

increased through time for [
64

Cu]-DOTHA2-PEG-RM26, except for the liver (Table 2). 
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Figure 4 : Biodistribution study of [
64

Cu]-NOTA-PEG-RM26 at 30 minutes (n = 4), and of 

[
64

Cu]-DOTHA2-PEG-RM26 at 30 minutes (n = 5), 1 h (n = 3), 2 h (n = 3) and 24 h (n = 2) 

in PC3 tumor-bearing athymic nude male mice 

 

Table 2 : Ex vivo and PET-derived tumor-to-tissue ratios of [
64

Cu]-DOTHA2-PEG-RM26 

and [
64

Cu]-NOTA-PEG-RM26 in PC3 tumor bearing athymic nude male mice (n = 3 – 4) 

 

Tissue Time [
64

Cu]-DOTHA2-peptide [
64

Cu]-NOTA-peptide 

 (h) Ex-vivo PET Ex-vivo PET 

Blood 0.5 

1 

2 

1.70±0.61 

4.87±2.28 

8.95±7.77 

n.d. 

n.d. 

n.d. 

0.66±0.47 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

Kidneys 

 

0.5 

1 

2 

0.46±0.37 

1.09±0.35 

1.34±1.09 

0.41±0.28 

0.55±0.08 

n.d. 

0.08±0.05 

n.d. 

n.d. 

0.26±0.13 

0.39±0.24 

n.d. 

Liver 

 

0.5 

1 

2 

1.97±0.56 

1.59±0.48 

0.45±0.36 

1.04±0.20 

1.21±0.35 

n.d. 

1.42±0.93 

n.d. 

n.d. 

0.87±0.40 

0.89±0.62 

n.d. 

Muscle 

 

0.5 

1 

2 

4.24±2.33 

10.95±8.18 

13.67±13.60 

3.92±0.45 

4.84±0.71 

n.d. 

3.12±2.37 

n.d. 

n.d. 

4.99±1.84 

5.81±2.78 

n.d. 

n.d. not determined 
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PET imaging 

Representative PET/CT 3D MIP images of [
64

Cu]-DOTHA2-PEG-RM26 in PC3 tumor-

bearing athymic male nude mice at 20-30 minutes and 50-60 minutes post-injection are 

presented in Fig. 5A and B, respectively. For each PET image, ROIs were traced for tumors, 

liver, kidney, and muscle. Quantitative PET image-derived uptake values were determined for 

the radiopeptide at each time frame. In line with the biodistribution data, the tracer showed low 

hepatic uptake, fast renal elimination along with accumulation in tumors (Fig. 6A). Moreover, 

[
64

Cu]-DOTHA2-PEG-RM26 presented retention in PC3 tumors over the 60 minutes scan. At 1 h 

p.i., PC3 tumor uptake was significantly reduced (p < 0.001) by 70% and 82% upon pre and co-

injection, respectively, of an excess of unlabeled peptide (Fig. 6B). Significant tumor uptake 

reduction was observed when unlabeled peptide was added from 20 minutes up to 1h post tracer 

injection. In contrast, while [
64

Cu]-NOTA-PEG-RM26 achieved comparable non-specific 

accumulation in liver and kidneys, and uptake in PC3 tumors as compared to [
64

Cu]-DOTHA2-

PEG-RM26, no uptake reduction occurred upon co-injection of unlabeled peptide (Fig. 6B). 

 

 

 

Figure 5 : Example of a 3D-MIP PET/CT of [
64

Cu]-DOTHA2-PEG-RM26 in PC3 tumor-

bearing athymic nude male mice. PET acquisition was obtained following injection of 5.5 

MBq [
64

Cu]-DOTHA2-PEG-RM26 while the mouse was under 1.5-2.0 % isoflurane 

anesthesia in an air/oxygen mixture. The images displayed represent a sum of all time 

frames between 20 minutes and 30 minutes (A), and between 50 and 60 minutes (B) post-

injection. Red arrows indicate the location of PC3 tumors. Also visible in this slice are the 

kidneys (white arrows), the bladder (blue arrow) and the liver (grey arrow) 
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Figure 6 : PET-derived time-activity curves from tumor-bearing mice injected with either 

[
64

Cu]-DOTHA2-PEG-RM26 (n = 4) or NOTA-PEG-RM26 (n = 8) for A) liver and kidneys 

and B) PC3 tumor and muscle. Tumor uptake of [
64

Cu]-DOTHA2-PEG-RM26 were 

decreased with a 15 min pre-injection (n = 3), or co-injection (n = 3) of the unlabeled 

peptide, whereas co-injection of unlabeled peptide with NOTA-PEG-RM26 failed to reduce 

tumor signal. Significant reduction of uptake compared to the nonblocked condition for 

pre-injection or co-injection are displayed with red or blue asterisks, respectively *: p < 

0.05;**: p < 0.01; ***: p < 0.005; ****: p < 0.001 

 

 

DISCUSSION 

Bifunctional chelators play an important role in radiolabeling of peptides for diagnosis and 

therapeutic purposes [1-2]. Previous studies have described the potential of NOTA, PCTA, 

NE3TA, CB-TE2A, CB-TE2P, CB-TE1K1P, SarAr, NODAGA and more recently Pycup 

derivatives as BFCs for 
64

Cu [6,9,10,13,15,31-38]. Their corresponding chelates present high 

resistance to transmetalation reactions in vivo when conjugated to peptide-based biomolecules. 

Some of these BFCs such as CB-TE2A and its derivatives require harsh radiolabeling conditions, 
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which can disable their bioconjugation to more fragile targeting moieties [37]. Others BFCs such 

as CB-TE1K1P [9], CB-TE2P [37], SarAr [35] and NODAGA [38] can be labeled readily with 

Cu-64 at room temperature to overcome this limitation.
 
Lately, we have shown that our BFC 

DOTHA2 coordinates 
64

Cu with fast kinetics at room temperature and shows a significant in vivo 

stability supporting further investigations of 
64

Cu−DOTHA2 in the development of new tracers 

for PET imaging [11].  

In the present work, the aim was to evaluate the new macrocyclic DOTHA2 chelator bearing 

hydroxamic acid arms coupled to RM26 in order to assess its in vivo stability, GRPR affinity, 

tumor uptake and pharmacokinetic properties in a tumor-bearing mouse model. [
64

Cu]-NOTA-

PEG-RM26 was considered as the reference compound in this study because the 
64

Cu-NOTA 

complex was reported to have high in vivo stability and a very low overall nonspecific uptake 

[11]. 

The novel coupling procedure from OPMB-protected trihydroxamate DOTHA2 on solid phase 

involving NHS and EDC in DMF instead of HATU [11] provided a clean crude product and 

upon purification a high yield DOTHA2-conjugate. Both DOTHA2-PEG-RM26 and NOTA-

PEG-RM26 have very high affinity for GRPR when complexed to Cu(II) (Table 1). High yields 

and excellent molar activities were obtained following the labeling of both DOTHA2-PEG-

RM26 and NOTA-PEG-RM26 conjugates with 
64

Cu. The in vitro assay showed that [
64

Cu]-

DOTHA2-PEG-RM26 has a cellular uptake identical to that of [
64

Cu]-NOTA-peptide at 37°C, 

but significantly lower at 4°C (Fig. 2). At this time, there is no clear explanation for the reduced 

cellular uptake of [
64

Cu]-DOTHA2-PEG-RM26 at low temperature. 

In the absence of an X-ray structure for the Cu(II) complex of the DOTHA2, we proposed a 

structure similar to that of Cu-DOTA based on published crystallographic data [39] with the 

expected pseudo-octahedral geometry having all cyclen N’s and two methyl hydroxamate arms 

from non-adjacent N’s coordinating cis to each other (Fig. 1). In the proposed structure, the two 

long hydroxamate donor arms are shown to envelop the Cu(II) metal inside the chelator cavity. 

Unlike DOTA, this BFC forms a charge-neutral Cu(II) complex at physiological pH.  

Among different chelating systems used for 
64

Cu labeling, the novel DOTHA2 chelator showed 

fast labeling and high in vitro and in vivo stability of 
64

Cu
2+

 complexes [11]. Indeed, labeling of 

the [
64

Cu]-DOTHA2 conjugate was achieved in 5 minutes at room temperature, and the tracer 

was stable in plasma up to 20 h, as determined by radioUPLC. The in vivo stability, also 
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measured by radioUPLC, showed that the radiopeptide is stable up to 1 h, since no trace of free 

64
Cu, [

64
Cu]-DOTHA2 or other metabolites was detected in mice blood or urine (Figure A1). 

Moreover, the low liver uptake that was observed in mice could be considered an indication of 

high in vivo stability of 
64

Cu-radiopeptides [13,15]. 

Blood clearance rate in balb/c mice was fast for [
64

Cu]-DOTHA2-PEG-RM26 conjugate (Fig. 3 

and 4) but remained stable and low between 2h and 24h (~0.13 %ID/g, Table A2) with an uptake 

value slightly higher than the one reported for 
64

Cu-NOTA-RM26 at 24h post injection (0.07 

%ID/g, [29]). However, liver uptake of the two radiopeptides are similar at this time point 

(1.12±0.35 %ID/g versus 0.92±0.33 %ID/g, [29]). In good agreement with our previous data 

[12], specific uptake was found in pancreas (the most abundant GRPR expressing organ) for 

[
64

Cu]-DOTHA2-PEG-RM26 and [
64

Cu]-NOTA-PEG-RM26 although the latter achieved an 

appreciably higher pancreatic uptake potentially explained by a higher mouse GRPR affinity.  

While the two radiopeptides showed similar uptake in the PC3 tumor, only the 
64

Cu-DOTHA2-

conjugate exhibited a significant PET uptake reduction upon injection of excess unlabeled 

peptide (Figure 6B). Biodistribution data with [
64

Cu]-DOTHA2-PEG-RM26 has shown a similar 

trend toward tumor uptake but the decrease was not statistically significant when coadministered 

with the blocking agent (Table A2). The discrepancy in statistical outcome between PET-derived 

and dissection-derived data might be explained by the small sample size used for the 

experiments. The tumor vasculature can also be different between mice, generating the variation 

of tumor uptake in our groups. In future work, measurement of the vascular state by dynamic 

contrast-enhanced MRI shortly before PET imaging may be of interest for an optimization and a 

better understanding of the imaging results [40].  

The current study demonstrates that our [
64

Cu]-DOTHA2-PEG-RM26 displayed similar tumor 

uptake in PC3 xenografted mice as shown for 
68

Ga-BFC-PEG2-RM26 (BFC = NOTA, 

NODAGA, DOTA and DOTAGA) [3], but the values are lower than the one reported for 
64

Cu-

CB-TE2A-PEG-RM26 [22].
 

According to the literature, we expected a blocking efficacy 

between 80–95% [3,22]. Our blockade results were less effective especially for the 

biodistribution studies. Of interest in our studies, the highest injected dose of [
64

Cu]-DOTHA2-

PEG-RM26 gave the highest tumor-specific binding. Indeed, the tracer-injected dose was 10-fold 

higher for PET imaging than for the biodistribution studies. A suggestion for improving the 

specific binding may be to perform in vivo saturation assay by increasing amounts of 
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radiolabelled peptides for assessing the optimal dose of tracer for imaging and biodistribution 

studies. 

The PET/CT scans of [
64

Cu]-DOTHA2-PEG-RM26 shows a clear image of the PC3 tumor. 

Image acquisition at 1 h post-injection showed fast clearance of the radioactivity from the 

kidneys, liver and muscles and still an effective and specific accumulation in PC3 tumor 

resulting in a good image contrast (Figure 5). While both radiotracers achieved roughly similar 

non-specific organs pharmacokinetics (Figure 6A, Table 2A and reference [29]), only [
64

Cu]-

DOTHA2-PEG-RM26 succeeded in sustained and specific tumor uptake in this study (Figure 6B) 

suggesting that the 
64

Cu-DOTHA2-conjugate has slightly better in vivo tumor-imaging properties 

than our reference radiopeptide. As seen in our previous studies, the radiopeptide having the 

lower uptake in mouse GRPR rich-tissue is more easily displaced at the tumor (blockage) [29]. 

[
64

Cu]-DOTHA2-PEG-RM26 also showed improved tumor–to–normal tissue ratios over time 

(Table 2). Considering the fast elimination kinetics of [
64

Cu]-DOTHA2-PEG-RM26, substitution 

of 
64

Cu for a shorter half-life copper isotope such as
 61

Cu (t½ = 3.4 h, 62% 
+
) could be very 

attractive rendering this Cu-radiopharmaceutical more suitable for human PET scans. 

 

CONCLUSION 

For the first time, we showed that the combination of DOTHA2 BFC with GRPR antagonist for 

the development of 
64

Cu-based PET probes combines properties such as fast labeling at room 

temperature, high molar activity and stability. The use of [
64

Cu]-DOTHA2-PEG-RM26 allows 

visualization of prostate tumors using PET imaging. Our data suggest that DOTHA2 could be 

used advantageously to develop other PET radioligands. 
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Abbreviations: BBN, bombesin; BFCs, bifunctional chelates; BSA, bovine serum albumin;  CB-

TE2A, 4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane; CH3CN, 

acetonitrile;  C-NE3TA, 4-carboxymethyl-7-[2-(carboxymethyl-amino)-3-(4-nitro-phenyl)-

propyl]-[1,4,7]triazo-nan-1-yl-acetic acid; DCM, dichloromethane; DIEA, N,N-

Diisopropylethylamine; DMF, N,N-dimetylformamide; DOTA, 2,2',2'',2'''-(1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid; DOTHA2, 1, 4, 7, 10-

tetraazacyclododecane-1,4,7-tris-(N-methyl-O-hydroxamic-acid)-10-acetic acid; EDC, 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide hydrochloride; GRPR, gastrin releasing peptide receptor; 

HATU, 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; 

HEPES, N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid); HPLC, high performance 

liquid chromatography; %ID/g, percentage of injected dose per gram; i-Pr-OH, isopropyl 

alcohol; KBq, kilobecquerel; LC-MS, liquid chromatography-mass spectrometry; N-NE3TA, 4-

carboxymethyl-7-[2-[carboxymethyl-(4-nitro-benzyl)-amino]-ethyl]-[1,4,7]triazonan-1-yl-acetic 

acid; diamsar, 3,6,10,13,16,19-hexaazabicyclo[6.6.6]eicosane-1,8-diamine; NHS, N-hydroxy-

succinimide; NOTA, 2,2',2''-(1,4,7-triazonane-1,4,7-triyl)triacetic acid; PBS, phosphate-buffered 

saline; PCTA, 3,6,9,15-tetraazabicyclo[9.3.1]-pentadeca-1(15),11,13-triene-3,6,9-triacetic acid; 

PET, positron emission tomography; TBq, terabecquerel; TFA, trifluoroacetic acid, TIPS, 

triisopropylsilane; TLC, thin layer chromatography. 
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Figure A - 1 : Representative radio-UPLCs profiles of stability studies using radioactive 

detection (mV): purified 
64

Cu-DOTHA2-PEG-RM26 (yellow line), after incubation in 

mouse plasma (20 h, blue line), after 1 h in vivo from blood (green line), after 30 min in vivo 

from urine (red line) 
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Table A - 1 : Biodistribution study of [
64

Cu]-DOTHA2-PEG-RM26 compound at different 

time points post-injection on male balb/c mice (n = 3-7) 

 

Organ [
64

Cu]-DOTHA2 

 0.5 h 1 h 2 h 0.5 h  

Pre-blocked 

0.5 h  

Co-blocked  

Blood 4.42±2.85 1.45±0.76 0.15±0.08 3.58±1.02 2.72±0.78 

Plasma 8.08±5.30 2.82±1.67 0.29±0.11 6.77±1.79 4.79±1.44 

Adrenals 1.95±1.05 0.83±0.20 0.17±0.08 1.12±0.43 0.89±0.36 

Fat 1.12±0.52 0.76±0.63 0.11±0.07 0.94±0.33 0.46±0.20 

Kidneys 18.53±13.60 4.54±0.95 1.03±0.24 9.91±3.18 10.20±4.79 

Spleen 1.36±0.67 0.52±0.03 0.22±0.04 1.07±0.26 0.79±0.17 

Pancreas 5.80±2.13 2.79±0.35 0.59±0.19 2.19±0.26 0.98±0.45 

Liver 3.86±1.01 1.87±0.12 1.75±0.46 3.37±0.69 3.78±1.17 

Heart 1.48±0.76 0.50±0.05 0.19±0.03 1.33±0.21 1.02±0.30 

Lungs 3.91±1.73 1.22±0.29 0.38±0.04 3.19±0.77 2.64±0.99 

Muscle 0.82±0.41 0.39±0.06 0.07±0.03 0.93±0.16 0.79±0.31 

Bone 0.87±0.78 0.37±0.09 0.25±0.19 0.83±0.12 0.25±0.22 

Brain 0.15±0.07 0.06±0.01 0.03±0.00 0.12±0.03 0.11±0.04 

Tail 3.89±1.85 2.37±0.11 0.88±0.88 3.98±0.84 3.94±1.90 
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Table A - 2 : Biodistribution study of [
64

Cu]-DOTHA2-PEG-RM26 in PC3 tumor-bearing 

athymic nude male mice, with or without pre- or co-injection of excess unlabeled peptide (n 

= 3 – 5) 

 

Organ Time post [
64

Cu]-DOTHA2 

 injection (h) Non-blocked Pre-blocked Co-blocked 

Blood 0.5 3.50±1.42  4.18±1.43 3.00±0.79 

 1 

2 

0.96±0.42 

0.15±0.02 

  

 24 0.13±0.07   

Kidneys 0.5 23.64±21.18 18.22±10.23 15.57±14.75 

 1 

2 

3.99±1.08 

0.99±0.24 

  

 24 0.39±0.09   

Pancreas 0.5 10.45±3.39 2.28±1.27
†
 0.93±0.36

‡
 

 1 8.05±2.35   

 2 0.77±0.04   

 24 0.15±0.10   

Liver 0.5 2.84±0.68 2.88±1.00 1.97±0.46 

 1 

2 

2.70±0.57 

2.86±1.28 

  

 24 1.12±0.35   

Heart 0.5 1.26±0.30 1.38±0.41 1.01±0.16 

 1 

2 

0.47±0.14 

0.17±0.03 

  

 24 0.17±0.07   

Muscle 0.5 1.43±0.47 1.16±0.54 1.30±0.54 

 1 

2 

0.58±0.41 

0.13±0.03 

  

 24 0.09±0.04   

Bone 0.5 0.70±0.34 0.87±0.44 1.04±0.12 

 1 

2 

0.72±0.97 

0.05±0.02 

  

 24 0.24±0.13   

PC3 0.5 5.29±0.83 3.84±1.80 4.45±0.88 

 1 4.14±0.96   

 2 1.45±1.28   

 24 0.32±0.18   

 

†: p<0.005; ‡: p<0.001 
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CHAPTER 3 

Evaluation of a novel GRPR antagonist for prostate cancer PET 

imaging: [
64

Cu]-DOTHA2-APCA-RM26 (Traditional thesis) 

 

Avant propos: Dans les chapitres 1 et 2, nous avons proposé de modifier les espaceurs et / ou le 

chélateur pour améliorer la pharmacocinétique et/ou la stabilité des traceurs résultants. L'étude 

actuelle fait suite à nos travaux antérieurs sur l'exploration des effets des espaceurs et des 

chélateurs sur le comportement in vivo d'antagoniste GRPR pour maximiser la capacité de 

ciblage des radiopeptides tout en améliorant leur cinétique d'excrétion des organes et tissus non 

cancéreux. Un nouveau composé marqué au 
64

Cu et dérivé de RM26, le DOTHA2-APCA-RM26 

a été préparé et comparé à son analogue NOTA en termes d'affinité pour GRPR, de captation 

tumorale et de biodistribution. 

 

 

Foreword: In chapters 1 and 2, we proposed modifying the linkers and/or the chelator to 

improve the pharmacokinetics and/or the stability of the resulting tracers. The current study 

follows our previous work on the exploration of the effects of spacers and chelators on in vivo 

behavior of GRPR antagonist to maximize the targeting capability of peptides and to improve the 

radiotracer pharmacokinetics from non-cancerous organs. A novel 
64

Cu-radiolabeled RM26 

conjugate, the DOTHA2-APCA-RM26 was prepared and compared to its NOTA analogue in 

terms of its affinity for GRPR, its tumor uptake and biodistribution. 

 

Contribution of the student: Nematallah Mansour has carried out all the experiments and 

analyzed results presented in this chapter.  
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3.1 INTRODUCTION 

The conjugation of DOTHA2 chelator to the bombesin antagonist RM26 showed promising 

results in visualizing prostate tumor using PET imaging (Mansour et al., 2018). In an attempt to 

further improve the biodistribution profile of the radiolabeled bombesin RM26, we have shown 

previously that charged linkers could modulate the pharmacokinetics of the radiopeptide 

(Mansour et al., 2017). In this part, we conjugated the DOTHA2 chelator to the GRPR 

antagonist, [D-Phe
6
-Sta

13
-Leu

14
-NH2]bombesin(6-14), via the positively charged APCA in order 

to investigate the in vitro and in vivo behavior of [
64

Cu]-DOTHA2-APCA-RM26 (Fig. 1). 

 

 

 

Figure 1 : Structures of [
64

Cu]-NOTA-APCA-RM26 and [
64

Cu]-DOTHA2-APCA-RM26 

 

 

3.2 MATERIALS AND METHODS (TRADITIONAL SECTION) 

All chemicals and solvents (reagent grade) were used as supplied by the vendors without further 

purification, unless otherwise stated. RPMI-1640 was obtained from Wisent (St- Bruno, QC, 

Canada). Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (Saint-Louis, MO, 

USA). The [
125

I]-Tyr
4
-BBN was purchased from PerkinElmer Life Science. Matrigel was 

purchased from BD Biosciences (Bedford, MA, USA). The Balb/c mice were obtained from 

Charles River Laboratories (St-Constant, QC, Canada) and athymic nude mice from Charles 

River (Wilmington, MA, USA). 
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Cell culture 

PC3 human prostate cancer cell lines, which are known to overexpress GRPR, were used in their 

12
th

 to 16
th

 passage, as previously described in Chapter 1. 

 

Human tumor xenograft model 

Male athymic nude mice used in this experiment were in their 9
th

 – 12
th

 weeks and weighted 16 – 

20 grams, as previously described in Chapter 1. 

 

Competition binding study 

The competition binding was assessed against [
125

I]-Tyr
4
-BBN on PC3 cells. PC3 cells were 

cultured in 24 wells plates, as previously described in Chapter 1. 

 

Biodistribution study 

Biodistribution studies were performed in female Balb/c mice for the DOTHA2-APCA 

conjugate, as previously described in Chapter 1. 

 

μPET imaging 

The µPET image acquisitions were performed on PC3 tumor-bearing athymic male nude mice, 

as previously described in Chapter 1. 

 

3.3 RESULTS 

COMPETITION BINDING STUDY 

Competition binding was assessed against [
125

I]-Tyr
4
-BBN on PC3 human prostate cancer cell 

lines. Table 1 summarizes the inhibitory constants for the two BFC-APCA-RM26-conjugates 

complexed with natural copper (
nat

Cu). The [
nat

Cu]-DOTHA2-APCA-RM26 (entry 1) showed 

affinity in the low nanomolar range and that was four fold lower relative to its analog [
nat

Cu]-

NOTA-APCA-RM26 (entry 2). 
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Table 1 : Affinity for GRPR determined by competition with [
125

I]-Tyr
4
-BBN on PC3 cells. 

 

  

 

 

 

BIODISTRIBUTION STUDY IN FEMALE BALB/C MICE 

Biodistribution studies were performed at 30 minutes and 60 minutes p.i. in female Balb/c mice 

(Figure 2, Table 2). The organ uptake values were expressed as a percentage of injected dose per 

gram of tissue (%ID/g). Data for our control radiopeptide [
64

Cu]-NOTA-APCA-RM26 were 

already presented in previous work (Chapter 1, Mansour et al. 2017) and are also in Table 2 in 

order to facilitate comparison.  
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Figure 2 : Biodistribution of [
64

Cu]-DOTHA2-APCA-RM26 in female Balb/c mice at 30 

minutes (black, n=9), with 0.5 μmol/kg co-injection of unlabeled peptide at 30 minutes 

(dark grey, n=5) and at 60 minutes (light grey, n=11) 

 

 

 

 

 

Peptide Ki GRPR (nM) 

[
nat

Cu]-DOTHA2-APCA-RM26 4.09 ± 1.05 

[
nat

Cu]-NOTA-APCA-RM26 

(Chapter 1, Table 1) 
0.95 ± 0.21 
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Table 2 : Biodistribution data of [
64

Cu]-DOTHA2-APCA-RM26 conjugate in Balb/c mice at 

30 minutes p.i. (n=9) and at 60 minutes (n=11), compared with co-injection of 0.5 μmol/kg 

of the unlabeled peptide at 30 minutes (n=5), and biodistribution data of [
64

Cu]-NOTA-

APCA-RM26 conjugate p.i. (n=6), unblocked and with co-injection of 0.5 μmol/kg of 

unlabeled peptide at 30 minutes (n=5). Data are presented as percentage of the injected 

dose per gram (%ID/g ± SD) 

 

 [
64

Cu]-DOTHA2-APCA-RM26 [
64

Cu]-NOTA-APCA-RM26 

Organs Unblocked 

30 minutes 

Blocked 

30 minutes 

Unblocked 

60 minutes 

Unblocked 

30 minutes 

Blocked 

30 minutes 

Blood 5.60±4.54 8.98±8.75 4.35±2.45 4.53±1.07 17.22±6.75 

Plasma 9.09±5.49 6.47±2.90 7.63±4.06 8.01±1.68 29.85±11.55 

Adrenals 4.35±1.12 2.76±1.15 3.72±1.45 10.17±4.82 12.07±3.99 

Ovaries 1.96±0.85 1.27±0.56 1.60±0.76 2.57±0.36 5.48±3.65 

Uterus 9.65±6.44 4.97±2.06 9.95±8.06 7.97±4.06 12.34±5.04 

Fat 1.29±0.71 1.12±0.56 1.36±0.77 1.82±0.58 5.31±3.59 

Kidneys 18.84±15.24 37.35±39.04 31.51±15.55 22.19±6.57 95.00±19.95 

Spleen 8.83±5.14 8.31±4.65 3.49±1.28 3.70±1.87 4.28±1.42 

Pancreas 16.18±5.80 2.21±0.84 11.60±7.79 20.34±4.15 5.37±2.58 

Liver 18.75±4.70 19.03±3.58 16.29±3.50 22.70±15.55 10.82±449 

Heart 3.70±1.88 4.20±2.90 2.72±1.31 3.33±1.71 5.41±2.21 

Lung 13.07±8.34 12.37±5.30 4.57±1.86 7.96±4.07 12.09±4.42 

Muscle 1.23±0.60 1.31±0.75 1.43±0.40 2.34±1.65 2.77±1.43 

Bone 0.91±0.52 0.98±0.36 0.80±0.25 1.50±0.47 2.19±0.92 

Brain 0.21±0.10 0.20±0.11 0.22±0.06 0.50±0.30 0.69±0.31 

Tail 4.15±2.39 3.94±1.53 4.02±1.85 4.84±1.15 7.14±0.91 

 

BIODISTRIBUTION STUDIES IN PC3 TUMOR-BEARING ATHYMIC NUDE MICE 

In order to assess the GRPR-mediated accumulation on PC3 human prostate tumor, the 

biodistribution was also carried out on PC3 tumor-bearing athymic male nude mice at 30 min 

(Figure 3, Table 3). 
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Figure 3 : Biodistribution data of [
64

Cu]-DOTHA2-APCA-RM26 in athymic male nude 

mice (black, n=3) and 0.5 μmol/kg co-injection of unlabeled peptide at 30 minutes (grey, 

n=2) 

 

 

Table 3 : Biodistribution data of [
64

Cu]-DOTHA2-APCA-RM26 conjugate athymic nude 

mice (n=3), with co-injection of 0.5 μmol/kg of the unlabeled peptide at 30 minutes (n=2) 

p.i. Data presented as percentage of the injected dose per gram (%ID/g ± SD) 

 

 [
64

Cu]-DOTHA2-APCA-RM26 

Organs Unblocked Blocked 

Blood 2.18±1.18 5.56±0.67 

Plasma 5.08±1.82 10.53±1.59 

Adrenals 1.44±0.82 2.89±1.65 

Fat 0.43±0.31 1.28±0.10 

Kidneys 9.87±7.10 60.00±15.31 

Spleen 0.78±0.25 1.46±0.31 

Pancreas 4.31±1.13 1.85±0.36 

Liver 1.22±0.40 2.33±0.42 

Heart 0.88±0.23 1.61±0.23 

Lung 1.89±0.49 3.51±0.36 

Muscle 0.74±0.06 1.23±0.10 

Bone 0.41±0.16 1.02±0.17 

Brain 0.09±0.05 0.18±0.05 

Tail 1.92±0.05 3.70±0.27 

PC3 5.08±1.09 3.86±1.36 
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µPET IMAGING IN PC3 TUMOR-BEARING ATHYMIC NUDE MICE 

Quantitative PET image-derived uptakes were determined for the [
64

Cu]-DOTHA2-APCA-RM26 

conjugate. ROIs were traced for tumors, liver, kidney and muscle of a series of 5-min for each 

PET image (Figure 4 A – D). Figure 5 shows representative PET image 
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Figure 4 : PET-derived time-activity curves from tumor-bearing mice injected with [
64

Cu]-

DOTHA2-APCA-RM26 (n = 5) and co-injection of 5 μmol/kg of the unlabeled peptide for 

A) Liver B) Kidneys C) PC3 tumor and E) Muscle 

 

 

Liver Kidney 

PC3 Tumor Muscle 
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Figure 5 : Representative PET images of [
64

Cu]-DOTHA2-APCA-RM26 in PC3 human 

prostate bearing mice at 60 minutes p.i. Arrows indicate the location of the tumors. 

Coronal slices taken through the tumor plane (0 mm) and dorsal (−1 mm) or ventral (+1 

mm) of the tumor plane. Bl (Bladder), Ki (Kidneys) and Li (Liver) 

 

3.4 DISCUSSION 

The DOTHA2 chelator bearing hydroxamate acids offers easy conjugation to bombesin peptide 

and radiolabeling with 
64

Cu at room temperature. It also showed high stability compared to the 

NOTA chelator (the labeling efficiency of the DOTHA2-RM26 compound was > 95% at pH 7 in 

less than 5 min) (Ait-Mohand et al. 2014). In this part, we evaluated the in vitro and in vivo 

behavior of [
64

Cu]-DOTHA2-APCA-RM26. The half-maximal inhibitory concentration (IC50) 

values of DOTHA2-APCA and NOTA-APCA-RM26 were 4.09 ± 1.05 and 0.95 ± 0.21 nM, 

respectively. The DOTHA2-APCA-RM26 shows high affinity (in the low nanomolar range) for 

GRPR on PC3 cells, that 4 fold lower compared to that of counterpart NOTA-APCA-RM26 

(Chapter 3, Table 1).  Previous published data indicated that positive charge at N-terminus 

improves the affinity of bombesin analogs for GRPR (Mansour et al. 2017). 

From the biodistribution data, the DOTHA2-APCA-RM26 showed slow blood and plasma 

clearance from 30 min p.i. to 60 min p.i. The pancreatic uptake for the DOTHA2-analogue was 

high at 16.2 ± 5.8 %ID/g at 30 min p.i., and remained at 11.6 ± 7.8 %ID/g at 60 min p.i. It was 

similar to the uptake of NOTA-analogue at 30 min p.i. (20.3 ± 4.2 %ID/g). The DOTHA2-



 

 

88 

 

APCA-RM26 presented a similar biodistribution profile to the NOTA-analogue, except for lung 

uptake. The lung uptake value for the DOTHA2-APCA-RM26 was 13 ± 8 %ID/g, i.e. two-fold 

higher than that of the NOTA-APCA at 30 min p.i. However, the DOTHA2-APCA-RM26 

washing out quickly from the lung over time reaching 4.6 ±1.9 %ID/g at 60 min. Other GRPR 

rich tissues such as the uterus showed retention of the [
64

Cu]-DOTHA2-APCA-RM26 at 60 min 

p.i. Kidney uptake of the DOTHA2-APCA-RM26 increased from 19 ± 15 % ID/g at 30 min to 32 

± 16 % ID/g at 60 min in this short period. The liver uptake of the DOTHA2-analogue was 

relatively high at 18.8 ± 4.7 % ID/g at 30 min and remained at 16.3 ± 3.5 % ID/g at 60 min. This 

was also similar to the NOTA-analogue at 30 min p.i. 

To assess the GRPR-mediated accumulation, the biodistribution study was repeated with a co-

injection of 0.5 µmol/kg of unlabeled peptide. The pancreatic uptake dropped by more than 80 

%, indicating a GRPR-mediated uptake. High kidney uptake and hepatic accumulation were 

observed with the co-injection of the cold peptide (Table 2). Other measured organs presented 

low uptake at 60 min p.i. (Figure 2, Table 2). 

Tumor-targeting specificity was studied on PC3 tumor-bearing mice. The DOTHA2-APCA-

RM26 compound presented similar results in normal and athymic nude mice (Table 2 vs Table 

3). The compound showed low residual activity in various tissues. The GRPR specificity on PC3 

cells was assessed by blocking experiment (Figure 3, Table 3). The results show that the PC3 

tumor uptake was blocked by nearly 25% only at 30 min p.i.. The DOTHA2-APCA-RM26 

compound showed higher kidney accumulation with co-injection of the unlabeled peptide. 

From µPET image results the DOTHA2-APCA-RM26 compound showed fast kidney 

elimination. More than 50% of the maximum renal uptake washed out within 15 min p.i. In line 

with the biodistribution data, the [
64

Cu]-DOTHA2-APCA-RM26 conjugate showed high 

accumulation and retention in the liver. The NOTA-APCA-RM26 analogue showed fast 

elimination through the liver and the kidneys (Mansour et al. 2017). The imaging was also 

obtained with co-injection of 5 µmol/kg of the unlabeled peptide. Co-injection of the unlabeled 

peptide increased the accumulation and the retention of the conjugate in the liver and the kidneys 

over the 60 min scan (Figure 4 (A-B) and 5). However, no significant change on PC3 uptake was 

observed with co-injection of the unlabeled peptide (Figure 4C). The µPET images of the PC3 

tumor-bearing mice injected with [
64

Cu]-DOTHA2-APCA-RM26 (Figure 5) show high tumor 

uptake but with high residual activity in liver and kidneys (Figure 4C). The PC3 tumor uptake 
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from the biodistribution study was around 5.08 ± 1.09 %ID/g, which is more than twice higher 

than the PET-derived uptake value 2.3 %ID/g at 30 min p.i and similar to the NOTA analogue. 

3.5 CONCLUSION 

The [
64

Cu]-DOTHA2-APCA-RM26 conjugate showed a promising biodistribution profile and 

high but totally unspecific accumulation on PC tumor. Although the [
64

Cu]-DOTHA2-APCA-

RM26 compound showed high specific binding on mice GRPR and PC3 tumor, the co-injection 

of inhibitor of liver enzymes such as cytochrome P450 isoform and diuretic to help the fast 

kidney elimination. 
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DISCUSSION 

Prostate cancer is the most diagnosed cancer in men. One of the important areas of prostate 

cancer diagnosis is the development of radiolabeled peptide that is capable of early detection of 

cancer. Identification of the tumors at an early stage is very challenging and biggest problem for 

cancer patients. Early diagnosis of cancer patients and the detection of primary tumors may help 

patients survival. Overexpression of GRPR on several tumors, and especially prostate cancer, 

encouraged the use of radiolabeled peptides. The ideal tracer is expected to have a high specific 

uptake, high in vivo and metabolic stability, a pharmacokinetic profile with low liver uptake and 

high kidney excretion with minimal background retention on other tissues. The bombesin peptide 

and its derivatives have shown specific binding and high retention on GRPR. Bombesin 

antagonist derivatives showed longer retention in PC3 tumors and low background in several 

tissues (Lantry et al., 2006; Schuhmacher et al., 2005). The combination of both chelators and 

linkers to the radiolabeled bombesin can have an impact on the binding affinity. Combining the 

appropriate targeting vector, site of the conjugation, linker group and the bifunctional chelator to 

produce a viable molecular imaging probe is a big challenge and lengthy process. 

 

Insertion of PEGs linker and charged linkers to peptide are to improve uptake and 

pharmacokinetics. Mansour et al. reported the influence of charged linkers on the 

pharmacokinetic properties of the 
64

Cu-labeled bombesin antagonist RM26 (Mansour et al. 

2017). The NOTA-AHDA-RM26 (18.0 ± 4.1 nM) showed the lowest affinity in comparison to 

its analogues NOTA-PEG-RM26 (0.98 ± 0.48 nM) and NOTA-APCA (0.95 ± 0.21 nM) 

(Mansour et al. 2017). The coupling of DOTHA2 chelator to the bombesin RM26 through 

different linkers did not alter the binding affinity of the complexes (Chapter 2 and Chapter 3). 

Similar Ki values were observed when PEG linker was used in combination with DOTHA2- (0.7 

± 0.2 nM) and NOTA-RM26 (0.4 ± 0.2 nM) (Mansour et al. 2017). The presence of a more 

sterically encumbered BFC such as DOTHA2 seems to impair the binding affinity of the APCA-

RM26 (4.1 ± 1.1 nM) conjugate to GRPR and potentially explain the higher Ki value obtained 

with the Cu/DOTHA2-APCA-RM26 derivative (Chapter 3). This loss in affinity could be related 

to the presence of a larger chelator (DOTHA2 vs NOTA) compared to pegylated peptides. 

 



 

 

91 

 

The chelator modifications and the selection of radiometal chelating systems can lead to altered 

pharmacokinetics (Mai et al. 2013) . The [
64

Cu]-DOTHA2-APCA-RM26 conjugate presented a 

higher pancreatic uptake relative than its analogue [
64

Cu]-DOTHA2-PEG-RM26, and similar 

results were observed with the NOTA-APCA. High binding in vitro gives an indication on the 

affinity of the compound toward the receptors but does not necessary reflect the binding on 

pancreatic tissue, on the other hand, high pancreatic uptake does not mean that the compound 

will bind efficiently on tumor (Mitran et al. 2016). 

 

The kidney uptake of the DOTHA2-APCA-RM26 analogue (19.0 ± 15.0 % ID/g at 30 min to 

32.0 ± 16.0 % ID/g at 60 min) was slower compared to the DOTHA2-PEG-RM26 (18.0 ± 14.0 % 

ID/g at 30 min to 5.0 ± 1.6 % ID/g at 60 min) (Mansour et al. 2018). The DOTHA2-APCA-

Rm26 analogue shows around four-fold higher retention in the liver (16.2 ± 5.8 % ID/g at 30 min 

to 11.6 ± 7.8 % ID/g at 60 min) than the DOTHA2-PEG-RM26 (5.3 ± 1.2 % ID/g at 30 min to 

2.7 ± 0.8 % ID/g at 60 min). In our previous study, we also observed high liver accumulation of 

the NOTA-APCA-RM26 compound in the liver (Mansour et al. 2017). It is shown that the 

radionuclide-chelator complex had a great impact on the biodistribution and targeting properties 

of the radiolabeled bombesin antagonist RM26 (Mitran et al. 2016). The biodistribution data of 

the [
64

Cu]-DOTHA2-APCA-RM26 conjugate also showed high hepatic uptake and high kidney 

retention and this data is supported by the µPET imaging results, which also showed high 

accumulation and retention in the liver over the 60 min scan (Chapter 3, Figure 2 and 3). The 

accumulation of activity in lungs, kidneys and liver could be explained by the action of enzymes 

residing in these major organs (Nock et al. 2014). Kidneys are the dose-limiting organ due to the 

reabsorption and retention of the compound. Coinfusion of cationic amino acid such as lysine 

and arginine reduced renal uptake by 40% (Marleen et al. 2012). 

 

As we observed high liver uptake with the [
64

Cu]-DOTHA2-APCA-RM26 conjugate, the 

stability of this radiopeptide should be challenged. To enhance tumor targeting and reduce non-

specific uptake, an enzyme inhibitor could be intravenously co-administered in vivo with [
64

Cu]-

BFC-APCA-RM26. McAfee et al. proposed a technique by pre- or co-administration of protease 

inhibitor such as phosphoramidon (PA) (McAfee et Neumann, 1996). Chatalic et al. have shown 

that co-administration of 
177

Lu-JMV4168 and PA increased the survival rate of mice treated with 
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this radiopeptide. Overall outcome shows that the co-injection of PA enhances diagnostic 

sensitivity and therapeutic efficacy (Chatalic et al. 2016).  

In clinical trial, the 
64

Cu-CB-TE2A-AR06 antagonist retained significantly longer in human 

prostate cancer which leads to increasing tumor-to-background ratios over time. The conjugate 

also showed rapid renal clearance and the calculated radiation exposure for patients was 

comparable to a scan with the PET imaging probe 
18

F-fluorocholine (Wieser, et al., 2014). The 

68
Ga-BAY86-7548 bombesin antagonist has shown an accuracy of 83% detection of organ-

confined prostate cancer patients but the tracer requires further optimization (Kahkonen et al. 

2013). On the other hand, the BAY86-7548 compound was radiolabeled with 
18

F. The 
18

F-

BAY86-7548 showed favorable dosimetric values and good tumor delineation in patient with 

PCa. The 
68

Ga-labeled compound showed higher sensitivity and specificity compared to the 
18

F-

labeled counterpart. This could be due to the presence of the two negatively –SO4H linker groups 

which probably affects the compound’s permeability. Also the 
68

Ga-BAY86-7548 patients had 

lower Gleason score 3.7 vs. 8.3 compared to the 
18

F-BAY86-7548 patients (Sah, et al.2015). 

The prostate-specific membrane antigen (PSMA) targeting using low-molecular-weight imaging 

agents are used intensively to detect prostate cancer and other cancers using PET imaging. The 

commonly used agent based on the Glu-urea-Lys showing high affinity and specific binding to 

PSMA. Both PSMA and bombesin target different receptors in human and both have 

heterogeneous expression in prostate cancer patient (Minamimoto, et al., 2014). A bi-specific 

molecule targeting both GRPR and PSMA could potentially enhance the diagnosis efficiency of 

prostate cancer in the patients. Due to the fact that, both the GRPR and PSMA are co-expressed 

on prostate cancer at early stage (Lioilos, et al., 2016). 

 

The trend in prostate cancer incidences is increasing in the Arabic countries. Establishing a 

prostate cancer-screening program would enrich the knowledge of the physicians and increase 

the awareness of men towards their health (Arafa, et al., 2017). 

 

 

  



 

 

93 

 

CONCLUSION 

Targeting the GRPR overexpressed in tumor cells provides one promising platform for diagnosis 

and treatment of cancer. The bombesin peptide has shown high uptake and retention on tumor 

receptors, as well as fast clearance from the body. The variable designs of radiolabeled bombesin 

and the promising results in targeting this receptors would overcome some limitations of current 

imaging modalities and metabolic tracers. 

The objective of Chapter 1 was to investigate the influence of charged linkers on the 

pharmacokinetics of the radiolabeled bombesin. Therefore, three GRPR antagonist conjugates 

were synthesized bearing PEG, APCA and AHDA linkers. In summary, we showed that positive 

(APCA) or negative (AHDA) charged linkers could be promising means for modulating the 

pharmacokinetics of the radiolabeled RM26.  

Chapter 2 and 3 cover the biological evaluation of the bifunctional chelator DOTHA2 conjugated 

to the bombesin peptide (RM26) through polyethylene glycol linker (PEG) and the positively-

charged linker (APCA), and radiolabeled with 
64

Cu. We showed that DOTHA2 is a promising 

chelator for 
64

Cu. It provided better imaging properties compared to the NOTA for 
64

Cu-labeled 

bombesin antagonist RM26. The promising results for DOTHA2 radiolabeling with 
64

Cu 

provides support for the use of this chelator for radiolabeling compounds with different 

radionuclides such as 
68

Ga and 
89

Zr for diagnostic applications, or with 
90

Y or 
177

Lu for 

therapeutic applications.  
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