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RÉSUMÉ 

 

Développement de conjugués de platine 64Cu/NOTA-terpyridine comme agents 

chimioradiothéranostiques. 

Le cancer colorectal est l'un des cancers les plus répandus dans le monde et au Canada. Il 

présente une résistance intrinsèque et acquise aux agents chimiothérapeutiques à base de 

platine. Plusieurs mécanismes sont impliqués dans la résistance des tumeurs à ces agents, y 

compris une internalisation réduite et un efflux accru ainsi qu'une réparation efficace. Pour 

surmonter la résistance aux médicaments à base de platine, de nouvelles classes de dérivés 

de platine ont été proposées, y compris des composés de terpyridine (TP) qui ont une 

structure planaire carrée ciblant les structures secondaires G-quadruplex de l'ADN. Par 

intercalation des TP, la stabilité des G-quadruplex sera améliorée, provoquant l'élimination 

du complexe protecteur Shelterin des télomères. Cela conduira à une réponse aux dommages 

à l'ADN, à l'attrition des télomères suivi de l'induction de la sénescence cellulaire et de 

l'apoptose. La nouveauté de notre recherche est d'abord de cibler les effets néfastes des TP 

sur l'ADN vers les régions riches en guanine du génome, et deuxièmement de fixer un radio-

isotope en tant que générateur in situ d'espèces réactives qui pourrait augmenter davantage 

les dommages à l'ADN. Nos travaux antérieurs suggèrent que les radiations ionisantes 

améliorent les effets néfastes d’agents chimiothérapeutiques à base de platine sur l'ADN par 

la génération d'électrons à faible énergie (LEE). En conséquence, nous avons synthétisé de 

nouveaux agents chimioradiothéranostiques (thérapeutique et diagnostique) en conjuguant 

un fragment TP, qui s'intercale dans l'ADN G-quadruplex, à un chélateur d'acide 1,4,7-

triazacyclononane-1,4,7-triacétique (NOTA) pour la complexation cuivre-64 (64Cu, T1/2 = 

12,7 h; EC, [43.1%]; β+, 0,653 MeV [17,8%]; β−, 0,579 MeV [38,4%]). Via l'émission 

d'électrons Auger et de positrons, le 64Cu est une source prolifique et locale de LEE qui peut 

détruire sélectivement les domaines sensibles de l'ADN et ainsi induire la mort cellulaire par 

interférence avec l'activité de la télomérase, l'induction du raccourcissement des télomères et 

des dommages aux promoteurs oncogènes. En combinant le 64Cu avec un conjugué NOTA-

TP, nous nous attendons à ce que les lésions induites par les LEE et les modifications de 

l'ADN dues à l'intercalation du médicament platine dans le G-quadruplex soient corrélées 

dans le temps et dans l'espace. Les composés [64Cu]Cu-NOTA-TP devraient également 

permettre l'évaluation de la captation tumorale et de la distribution tissulaire après 

l'administration par imagerie par tomographie par émission de positrons (TEP) du corps 

entier. 

Mon objectif principal est d'étudier les effets de la chimoradiothérapie (CRT) et les propriétés 

d'imagerie de deux nouveaux agents theranostiques de type [64Cu]Cu-NOTA-TP. Les 

objectifs spécifiques sont les suivants: 1) Évaluer la cytotoxicité, l'absorption cellulaire et 

subcellulaire ainsi que la cinétique d'efflux des composés [64Cu]Cu-NOTA-TP 1 et 2. 2) 

Étudier le potentiel thérapeutique et l'innocuité du composé [64Cu]Cu-NOTA-TP le plus 

prometteur. 3) Réaliser l'imagerie TEP, la biodistribution et la dosimétrie dans des modèles 

animaux appropriés de 1 et 2. 
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SUMMARY 

 

Development of 64Cu/NOTA-terpyridine platinum conjugates as 

chemoradiotheranostic agents  

Colorectal cancer is one of the most prevalent cancers worldwide and in Canada that displays 

both intrinsic and acquired resistance to platinum based chemotherapeutic agents (Pt-CAs). 

Several mechanisms are involved in tumour resistance to Pt-CAs, including reduced 

internalization and increased efflux as well as efficient repair. To overcome platinum drug 

resistance new classes of Pt-CAs have been proposed, including terpyridine (TP) compounds 

that have a square planar structure that targets the G-quadruplex higher-ordered structure on 

DNA. In targeting these regions, an increased stabilization of the G-quadruplexes will occur, 

and, in turn, cause removal of the protective Shelterin complex from telomeres. This will 

trigger a DNA damage response, telomer attrition followed by the induction of cell 

senescence and apoptosis. The novelty of our research is first to target the DNA damaging 

effects of Pt-CAs toward G-rich regions of the genome, and second to attach a radioisotope 

as a in situ generator of reactive species that could further enhance DNA damage. Prior to 

my PhD thesis project, our studies suggested that low-energy electrons (LEE) were integral 

in the enhanced DNA damaging effects caused by ionizing radiation using radiolabeled Pt-

CA. Accordingly, we synthesized two novel agents by conjugating TP to 1,4,7-

triazacyclononane-1,4,7-triacetic acid (NOTA) chelator labeled with copper-64 (64Cu) 

(T1/2 = 12.7 h; EC, [43.1%]; β+, 0.653 MeV [17.8 %]; β−, 0.579 MeV [38.4 %]).  64Cu also 

contains a prolific and local source of LEEs known as Auger electrons that provide a potential 

avenue to destroy G-quadruplex domains and interfere with telomerase activity, induction of 

telomer shortening, and interfere with oncogene promoter activity. 

My main objective is to construct  [64Cu]Cu-NOTA-TP conjugates 1 and 2 and investigate 

effects of combined chemo-radiation therapy (CRT). Mechanistically, I will investigate the 

interference of telomerase activity to be caused by the formation of DNA lesions and 

modifications due to intercalation of the Pt-CA into G-quadruplexes and determine the 

impact on tumor cell death.  

Specific objectives are as follows: 1) To assess cytotoxicity, cellular and subcellular uptake 

as well as efflux kinetic of [64Cu]Cu-NOTA-TP conjugates 1 and 2. 2) To investigate the 

therapeutic potential and safety of the most promising [64Cu]Cu-NOTA-TP conjugate. 3) To 

carry out positron emission tomography (PET) imaging, biodistribution and dosimetry in 

appropriate animal models of 1 and 2 and, thereby, determine the potential of [64Cu]Cu-

NOTA-TP as a theranostic agent. 
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INTRODUCTORY REMARKS 

This thesis describes the development and testing of a new class of Pt-based 

chemotherapeutic agents (CA) that combines a new molecular design to target sensitive 

regions of nucleic DNA with a 64Cu radionuclide that generates large numbers of secondary 

low energy electrons (LEEs) capable of damaging DNA. This combination of chemo- and 

radiation therapy was chosen to overcome problems such as Pt-based drug resistance and to 

maximise cancer cell killing. This highly multidisciplinary project was dependent on recent 

developments across radiochemistry, radiation physics, radiobiology and 

radiopharmacology. Accordingly, the background material necessary to understand the 

conceptual and experimental approaches adopted in this work, is rather broad. In the 

introduction, all subject areas pertinent to the development of our research hypothesis and 

experimental program will be addressed. Since the cellular and preclinical characterization 

of the novel drugs is being tested on colorectal cancer model, the introduction begins with a 

description of the clinical importance of colorectal cancer and a rationale of our selection of 

this model. Accordingly, we consider the role and mechanisms of action of different 

generations of platinum-based compounds in colorectal cancer treatment. Subsequently, we 

discuss about the state-of-the-art carriers (chelators) of 64Cu that allow this radionuclide to 

attach to other molecules. We discuss then the interaction of ionizing radiation with matter, 

including DNA before discussing the clinical importance of chemo-radiation therapy (CRT) 

and the various mechanisms thought to underlie its high efficiency. 
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INTRODUCTION 

1.1 Colorectal cancer 

Colorectal cancer (CRC) has become one of the most predominant cancers and a major cause 

of death over the last decades (Rawla, Sunkara and Barsouk, 2019). It accounts for almost 

9-10% of cancer-related mortality worldwide and in western countries (Rawla, Sunkara and 

Barsouk, 2019). It is known as the second and third most common cancer in women and 

men, respectively (Rawla, Sunkara and Barsouk, 2019). Colorectal cancer is the second 

cause of cancer-related death in Canada, behind lung cancer in men and breast cancer in 

women (Brenner et al., 2020). According to the Canadian Cancer Society, 64 new cases with 

approximately 40% of mortality rate are reported in Canada each day (Smith et al., 2019).  

 

The typical staging system used for colorectal cancer is from the American Joint Committee 

on Cancer (AJCC) known as the TNM system (Figure 1). Hence, T is the extent or size of 

the tumor, N is the number of nearby lymph nodes caused by the spread of cancerous cells 

and M represent the number of distant organs like liver or lung that acquired cancer cells 

(metastasis) (Figure 1) (Ballinger and Anggiansah, 2007). 

 

Figure 1. The staging system commonly used for colorectal cancer diagnosis. 

 

Image: National Cancer 

Institute 
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The clinical application of TNM system is explained more in detail in the following table 

(Ballinger and Anggiansah, 2007). 

 

Table 1. TNM staging of colorectal cancer and treatment modalities: 

Stage Surgery Chemotherapy Radiation 

Stage (0) Yes No No 

Stage (I) Yes No No 

Stage (II) Yes 
Yes, for rectal and 

high-risk cancers 
Yes, for rectal cancers 

Stage (III) Yes 
Yes, for rectal and 

high-risk cancers 

Yes, for rectal and 

high-risk cancers 

Stage (IV) 

Yes, if the tumor cause 

obstruction in the colon 

or rectum. 

 

Yes 

Yes, for rectal and 

high-risk cancers 

 

As shown in the table 1, surgery is the most common modality of treatment for stage (0) to 

(II) (Kuipers et al., 2015). In this case, if the tumor occurs in a very small region of the 

bowel, the surgeons will decide to do local excision, in which, the cancer will be removed 

via a cutting tool that is inserted into colon via a tube. This type of curative treatment is 

usually applicable for polyps that have not grown through the inner colon lining. If the size 

of the tumor is larger, physicians typically decide to resect a small portion of the colon 

(colectomy) surrounding the tumor.  The severed ends of the colon are sewed together 

(anastomosis). In addition, nearby lymph nodes are removed for pathological examination 

to determine metastasis. In the cases of very large tumors, a stoma or opening on the surface 

of the body (stomach) is made for evacuation of the wastes into a colostomy bag (Figure 2).  

Figure 2. Different colorectal cancer surgery modalities (Kuipers et al., 2015). 
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As described in Table 1, adjuvant chemotherapy of high-risk stage II colon cancer with 

FOLFOX4 (folinic acid (leucovorin, FOL), fluorouracil (5-FU, F), and oxaliplatin (Eloxatin, 

OX)) shows a 2-4% survival advantage over surgery alone (Rebuzzi et al., 2020). The benefit 

of adjuvant therapy with chemotherapeutic agents are mainly exhibited in stage III of colon 

cancer (Grothey et al, 2018). Clinical studies have established FOLFOX4 regimen as the 

standard adjuvant chemotherapy treatment for stage III colon cancers. Accordingly, 

oxaliplatin is the only platinum-based compound that shows promising activity for colorectal 

cancer treatment. The FOLFOX treatment regimen reduces recurrence by 3-years relative to 

5-FU treatment alone, as an adjuvant therapy (Taieb and Gallois, 2020). Additionally, 

several studies exhibited a response rate of 12%-24% and 10%-11% in advanced colorectal 

cancer patients for oxaliplatin treatment without any other precedent treatments and in 

patients with recurrence advanced colorectal cancer, respectively (Rothenberg, 2000).   

 

Most colorectal cancer cells develop by chromosomal instabilities, whereas 12-15% carry a 

deficient DNA mismatch repair (dMMR) system, which eventually leads to microsatellite 

instability (MSI) in the tumor (Guyot D’Asnières De Salins et al., 2021). Deficient dMMR 

system is developed from either a mutation in the dMMR genes including MutL homolog 1 

(MLH1), MutS Homolog 2 (MSH2), MutS Homolog 6 (MSH6) and PMS1 Homolog 2 

(PMS2) or the epigenetic inactivation of MLH1 dMMR gene (Guyot D’Asnières De Salins 

et al., 2021). Lynch syndrome, which is mainly generated because of MSH2 gene mutation, 

accounts for 3-4% of all CRCs and 33% of all MSI positive cases in CRCs (Guyot 

D’Asnières De Salins et al., 2021; Boland and Goel, 2010). Patients in stage II of colon 

cancers and MSI positive, have demonstrated a lack of benefit of adjuvant 5-FU-based 

chemotherapy (Sargent et al., 2010). To this end, 5-FU agent is administered in combination 

with oxaliplatin (Sargent et al., 2010). The in vivo and in vitro data indicate that MSI positive 

CRC cell lines are sensitive to oxaliplatin and, therefore, this agent may provide benefit in 

patients with dMMR CRC (Sargent et al., 2010). 

1.2 Platinum drugs 

Platinum compounds represent one of the great success stories in the treatment of cancer 

(Johnstone, Wilson and Lippard, 2013). Generally, three platinum-based drugs are approved 

worldwide for treating cancer. These are known as cisplatin, carboplatin, and oxaliplatin 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Taieb%20J%5BAuthor%5D&cauthor=true&cauthor_uid=32961795
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gallois%20C%5BAuthor%5D&cauthor=true&cauthor_uid=32961795
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(Table 1.1) (Chen et al., 2013). Additionally, three other compounds, namely, Nedaplatin, 

Lobaplatin, and Heptaplatin are approved for clinical use in Japan, China and South Korea, 

respectively (Table 1.1) (Kenny and Marmion, 2019). Cisplatin, discovered by Barnett 

Rosenberg in 1969 (Johnstone, Park and Lippard 2014), was the first platinum-based 

anticancer agent. It was successful against different types of cancers, especially testicular, 

ovarian, head and neck, and non-small cell lung cancers (NSCLC) (Dasari and Bernard 

Tchounwou, 2014). Despite its strong antitumor activity, cisplatin is accompanied by a wide 

range of life-threatening toxicities, particularly nephrotoxicity, ototoxicity and neurotoxicity 

(Trendowski et al., 2019).  

Table 1.1. Presence (+) and absence (-) of toxicity induced by platinum analogs that 

currently exist in clinic (Christian MC, 1992). 

 
Cisplatin Oxaliplatin Carboplatin 

Myelosuppression - - + 

Nephrotoxicity + - - 

Neurotoxicity + + - 

Ototoxicity + - - 

Nausea/vomiting + + + 

 

To this end, new generations of platinum drugs such as oxaliplatin and carboplatin were 

synthesized to reduce toxicity of cisplatin, improve its antitumor activity and selectivity 

toward cancer cells. 

Table 1.2. Clinically approved platinum-based chemotherapeutic agents (Zhou et al., 2020) 

Formulation Status 
Year 

approved 
Structure Leaving groups Indications 
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Cisplatin 
Worldwide 

clinical use 
1979 

 
Chloride (Cl2) 

Testicular cancer, 

ovarian cancer, head 

and neck cancer, 

NSCLC, gastric 

cancer, anal cancer 

(Zhou et al., 2020) 

Carboplatin 
Worldwide 

clinical use 
1989 

 CycloButane 

DiCarboxylic Acid, 

(CBDCA) 

Ovarian cancer, 

head and neck cancer, 

NSCLC, 

melanoma cancer, 

breast cancer, thymic 

cancer (Zhou et al., 

2020) 

Oxaliplatin 
Worldwide 

clinical use 
2002 

 
1,2-

diaminocyclohexane 

(DACH) 

Colorectal cancer 

(Kalayda, Wagner 

and Jaehde, 2012) 

Nedaplatin 

Clinical 

use in 

Japan 

1996 
 

Hydroxyacetato 

Head and neck 

cancer, NSCLC, 

SCLC, esophageal, 

bladder (Itoh et al., 

1998) 

Lobaplatin 

Clinical 

use in 

China 

2004 
 

2-

hydroxypropionate 

Breast cancer, SCLC, 

chronic myeloid 

leukemia (Zhou et al., 

2020) 

Heptaplatin 

Clinical 

use in 

South 

Korea 

2005 
 

Propanedioato 
Gastric Cancer (Choi 

et al., 2004) 

 

Numerous studies have indicated that cytotoxicity of standard platinum drugs is due to 

interaction with nucleus DNA or chromatin as well as mitochondrial DNA (Dasari and 

Bernard Tchounwou, 2014). Additionally, this cytotoxicity has been related to formation of 

DNA intrastrand and interstrand adducts once platinum-based drugs are transported from 

blood stream into interstitial space and ultimately inside the cell (Dasari and Bernard 

Tchounwou, 2014). After intravenous (i.v.) injection of platinum-based agents to cancer 

patients, the majority of them (65-98%) interact with plasma proteins (Dasari and Bernard 

Tchounwou, 2014). Serum albumin is the most abundant plasma protein. This protein has a 

long half life (19 days) and is mainly produced by liver (14 gr/day). Accordingly, serum 

abumin is marked as the most important platinum drug carrier in human blood. The 
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significant half life of serum albumin makes it an excellent carrier for delivery of platinum 

agents to tumor due toenhanced permeability and retention (EPR) effect. Additionally, the 

large binding affinity of platinum drugs to plasma proteins, especially serum albumin, causes 

a dramatic shift in their molecular weight from the small to the high over a short time post 

administration (Dasari and Bernard Tchounwou, 2014). In this way, intracellular trafficking, 

pharmacokinetic, pharmacodynamic, antitumor efficiency, toxicity, and eventually the 

survival rate of patients will be modified. Interestingly, the kinetic of interaction of platinum 

drugs with plasma proteins differs drastically according to the formers’ chemical structure, 

which significantly influences toxic side-effects (Dasari and Bernard Tchounwou, 2014). 

Serum albumin’s interaction with cisplatin and oxaliplatin is reported to be irreversible 

whereas binding of carboplatin is reversible. Accordingly, the antitumor efficiency and 

normal tissue toxicity associated with cisplatin and oxaliplatin will, due to their interaction 

with serum albumin, be inhibited. However, since carboplatin has a more inert leaving group 

and is bound loosely to serum albumin, the protein can act as a carrier for delivery of the 

drug cargo to both tumor and healthy tissues. Hence, the binding of platinum compounds to 

plasma protein can be seen as a double-edged sword for cancer therapy. Some drugs will be 

totally neutralized and eliminated from the body via their interaction with serum albumin 

but in other cases it can behave as an excellent carrier of very long biological half-life. Upon 

the cellular internalization, platinum drugs bind mainly to small sulfur containing (S-donor) 

proteins such as glutathione and metallothionein. Gutathions are considered as the most 

important non-DNA target of platinum drugs and are present at high concentration ranging 

from 0.5 to 10mM. 

It is well documented that a few percentages of the injected platinum drug remain intact in 

blood flow mainly due to high affinity toward plasma proteins (Qin et al., 2019). This low 

quantity of injected drug will be exchanged between plasma and interstitial space of the 

tumor. Based on the small size of standard platinum agents, they can be easily diffused 

through plasma membrane via passive diffusion (Figure 3) (Dasari and Bernard Tchounwou, 

2014; Gonzalez et al., 2001). Facilitated diffusion and active transport are other pathways 

for cellular uptake, which are mediated by cell membrane proteins particularly organic cation 

transport (OCT) and copper transporter1 (CTR1), respectively (Figure 3) (Dasari and 

Bernard Tchounwou, 2014; Gonzalez et al., 2001). Given that chloride anion (Cl-) 
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concentration strikingly reduces from 100 mM in blood stream to about 4-10 mM inside the 

cells, the cytotoxic mechanism of platinum drugs is initiated via replacement of one of the 

two chlorine atoms on the Pt residue by a water molecule (Figure 3) (Dasari and Bernard 

Tchounwou, 2014; Rottenberg, Disler and Perego, 2020; Gonzalez et al., 2001). This 

mechanism leaves behind a positively charged reactive molecule, which could be attracted 

to negatively charged DNA located in the cell nucleus (Jia et al., 2019). It is worth noting 

that the half-life of aquation reaction for cisplatin is about 2-6 h after cellular uptake 

(Rottenberg, Disler and Perego, 2020; Gonzalez et al., 2001). Therefore, due to the slow 

kinetics of this hydrolysis reaction the drug can easily pass through the cytoplasm and enter 

the nucleus to react with the DNA (Rottenberg, Disler and Perego, 2020). Among platinum-

based compounds, carboplatin has a weaker leaving group (i.e., the cyclobutane di-

carboxylate ligand (CBDCA)) than the chloride and diaminocyclohexane (DACH) groups 

in cisplatin and oxaliplatin, respectively (Table 1.2). Weak or poor leaving groups give slow 

nucleophilic displacement reactions. Accordingly, it indicates a lower reaction rate to 

hydrolysis and interaction with other small and large biomolecules such as proteins and 

DNA, suggesting that a larger amount and subsequently a greater accumulation inside the 

cell is required to obtained similar cytotoxicity relative to both cisplatin and oxaliplatin (Go 

and Adjei, 1999). Consequently, the standard administered doses in the clinic for cisplatin, 

oxaliplatin and carboplatin are reported to be 100, 130 and 300-500 mg/m2, respectively (Go 

and Adjei, 1999; Gold and Raja, 2021; Yarbro, 1989). This order is selected based on the 

lability and reactivity of leaving groups for each compound. The preclinical dosage for 

carboplatin was reported to be 8- to 45-fold higher than that of cisplatin and oxaliplatin. In 

other words, 8-45 times higher doses of carboplatin are needed to achieve the same treatment 

efficiency (Yarbro, 1989; Micetich, Barnes and Erickson, 1985). The high stability of 

leaving group in carboplatin, causes 90% of the drug to be excreted via urine within a few 

hours after administration (Micetich, Barnes and Erickson, 1985). However, the inertness of 

leaving group elongates retention of carboplatin after cellular uptake in cancer cells 

(Micetich, Barnes and Erickson, 1985). Furthermore, the lower reactivity of carboplatin 

means that, at equitoxic dose, higher doses of carboplatin can be administered to obtain the 

same toxic effects and DNA adducts for surrounding normal tissues relative to cisplatin and 

oxaliplatin (Kelland, 2007). 
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After the positively charged platinum-based drugs accumulate in the nucleus, this reactive 

electrophilic species reacts with the most nucleophilic (electron donor) and accessible 

residues of DNA. It is experimentally established that N7 atom of imidazole ring on guanine 

is the most nucleophilic and accessible residues on DNA (Weber, 2015). Platinum drugs 

primarily form a monofunctional DNA adduct, then, the second leaving groups atom (Cl- 

atom in the case of cisplatin) undergoes aquation and react with adjacent guanine or adenine 

bases (Weber, 2015) (Figure 4).  

Figure 3. Cellular internalization pathways of platinum drugs, neutralization, and DNA 

interaction mechanisms. 

(Image: Johnstone, et al.) 
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In the case of cisplatin and oxaliplatin, 1,2-GG intrastrand adducts are the majority of DNA 

adducts while 1,3-d (GpNpG) intrastrand and 1,4 intrastrand CL) are the most common type 

of adduct formed by carboplatin (Malina et al., 2007; Rezaee, Hunting and Sanche, 2013). 

Cisplatin has a high affinity toward adjacent GG dinucleotides so that 60-65% of adducts 

are 1,2-GG intrastrand cross links. The rest of adducts include AG intrastrand crosslinks (20-

25%) and 1,3-d(GpTpG) intrastrand (10%) as well as very small quantity of interstrand cross 

links (Johnstone, Suntharalingam and Lippard, 2016). Contrary to cisplatin, another isomer 

of cisplatin known as transplatin does not form similar adducts. The majority of adducts 

formed by transplatin monofunctional adducts and interstrand crosslinks (Malina et al., 

2007). As a matter of fact, the difference in Pt-DNA adducts formed by transplatin is reported 

to be responsible for its lower activity (Boudvillain et al., 1995). Moreover, it has been 

reported that the 1,3-intrastrand adducts can be easily removed from DNA by the DNA 

damage repair (or NER) system relative to 1,2-intrastrand and interstrand crosslinks 

(Boudvillain et al., 1995).  

Figure 4. Scheme showing the formation of mono-functional and bi-functional platinum-

DNA adducts by cisplatin. 
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As previously reported, only 1% percent of the internalized fraction of platinum compounds 

eventually interact with the nucleus DNA (Gonzalez et al., 2001) whereas 75 to 85 

percentage of the Pt-based drugs binds to small sulfur containing (S-donor) proteins such as 

glutathione and metallothionein (Figure 3) (Gonzalez et al., 2001). The former one is 

considered as the most important non-DNA target of platinum drugs, which exist inside cells 

at quite high concentrations ranged from 0.5 mM up to 10 mM (Gonzalez et al., 2001). After 

inactivation of platinum drugs with these two proteins, they can be transported to the cell 

surface through an active process mediated by other proteins such as ATP7B (Figure 3) 

(Gonzalez et al., 2001). This mechanism of drug efflux is known as one of the most important 

mechanisms for drug resistance in cancer cells. Generally, there are two types of platinum 

drug resistance in cancer cells: first, intrinsic (primary) resistance and secondly acquired 

resistance (Johnstone, Suntharalingam and Lippard, 2016). For instance, ovarian and small 

cell lung cancers are intrinsically resistant to platinum drugs (Fuertes, Alonso and Pérez, 

2003). Although other cancers such as head and neck, testicle, and non-small cell lung, are 

initially sensitive to platinum drugs, over time they acquire resistance to treatment (Fuertes, 

Alonso and Pérez, 2003). CRC cells have shown both intrinsic and acquired resistance to 

treatment with platinum-based drugs (Hammond, Swaika and Mody, 2016).  

It is well documented that platinum resistance is a multifactorial phenomenon. The most 

important molecular mechanisms responsible for platinum resistance are reduced 

internalization/uptake and increased efflux (Fuertes, Alonso and Pérez, 2003; Johnstone, 

Suntharalingam and Lippard, 2016; Zhou et al., 2020). Several proteins are reported to be 

involved in these mechanisms especially ABC cassette proteins such as ATP7A, Ctr1 and 

OCT for internalization and MRP1,2, P-gp and ATP7B for efflux processes (Fuertes, Alonso 

and Pérez, 2003; Johnstone, Suntharalingam and Lippard, 2016). As noted earlier, 

neutralization of platinum drugs with S-donor small proteins particularly glutathione (GSH) 

is bearing the major role in resistance (Fuertes, Alonso and Pérez, 2003; Johnstone, 

Suntharalingam and Lippard, 2016). Another significant mechanism of resistance is 

overexpression of proteins responsible for nucleotide excision repair (NER) system such as 

ERCC1 and XPC (Fuertes, Alonso and Pérez, 2003; Johnstone, Suntharalingam and Lippard, 

2016). Enhanced expression of anti-apoptotic genes and their corresponding proteins like 

bcl2 family is another crucial factor in resistance. Moreover, hyper-activity of p53 protein 
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(known as guardian of genome) have been reported as another major candidate for resistance 

mechanism. This protein is believed to be a powerful transcriptional activator of the 

p21WAF1/CIP1gene, a protein that contributes to cell cycle arrest and that could also protect 

cells from apoptosis (Fuertes, Alonso and Pérez, 2003; Johnstone, Suntharalingam and 

Lippard, 2016). To overcome the resistance mechanism, new generations of Pt compounds 

were developed with different structures and functionality (Jin et al., 2021). These include 

designing novel agents targeting sensitive domains of DNA (Li et al., 2020). For instance, 

terpyridine platinum compounds with square planar scaffold that interact with DNA G-

quadruplexes located on promoter of oncogenes and telomers (Li et al., 2020).  

 

1.3 G-Quadruplex binders 

As described above, many platinum-based drugs targeting duplex DNA could cause serious 

side effects due to their non-specific action. To solve this issue, different generations of 

anticancer compounds have been developed with the aim of reducing toxicity and keeping 

the treatment efficacy at similar level (Muggia et al., 2015; Jin et al., 2021). Herein, 

terpyridine-Pt (TP) based drugs play a crucial role to overcome this dilemma and a promising 

impact in reducing chemotherapy side-effects (Jin et al., 2021). It has been established that, 

in addition to common B-form double helix, DNA is able to form particular secondary and 

tertiary structures in certain domains (Bochman, Paeschke and Zakian, 2012). Davis and 

coworkers (Gellert, Lipsett and Davies, 1962) in 1962 found that tandem repeat guanine-rich 

sequence can fold into a secondary structure called G-quartets. These G-quartets can stack 

on top of each other via π-π interactions and ultimately construct some tertiary blocks termed 

A B C 

Figure 2. Molecular mechanism of interaction between TP-based compounds and G-

quadruplex DNA structures. 
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G-quadruplex with a central channel for localization of mono valent alkaline ions like K+ 

and Na+  (Suntharalingam, White and Vilar, 2009; Georgiades et al., 2010; Balasubramanian, 

Hurley and Neidle, 2011; Bochman, Paeschke and Zakian, 2012; Yan et al., 2013; Cao et 

al., 2017; Morel, Beauvineau, Naud-Martin, Landras-Guetta, Verga, Ghosh, Achelle, 

Mahuteau-Betzer, Bombard and M. P. Teulade-Fichou, 2019; Spiegel, Adhikari and 

Balasubramanian, 2020; Petrov et al., 2021). These structures are not only present in 

telomeric regions, but also recent biological studies have indicated that G-rich DNA 

sequences (ca. 370 000 sequences) are present in the promoter regions of genes in the human 

genome. It is believed that quadruplex assembly regulates gene expression (Gellert, Lipsett 

and Davies, 1962). Interestingly, various topologies of G-quadruplex have been proposed 

during last decades, with a distinct structure compared to linear duplex helix. DNA 

Quadruplex, as a novel, specific, and effective target has attracted much attention for drug 

delivery systems.  

Hence, numerous G-quadruplex binders based on planar aromatic surface have been 

developed (Jin et al., 2021, Rocca et al., 2017, Yan et al., 2013; Suntharalingam, White and 

Vilar, 2009). Most of the binders are metal based like TP complexes that have been 

considerably investigated (Palma et al., 2021; Harper and Aldrich-Wright, 2015; Stafford et 

al., 2015; Morel, Beauvineau, Naud-Martin, Landras-Guetta, Verga, Ghosh, Achelle, 

Mahuteau-Betzer, Bombard and M.-P. Teulade-Fichou, 2019; Jin et al., 2021). The TP based 

molecules interact with quadruplexes via three major molecular mechanisms: firstly, by π-π 

interactions with terminal G-quartets located on two opposite faces of G-quadruplex, 

secondly, by direct intercalation into the lateral and diagonal loops of G-quadruplexes and 

finally through replacement of monovalent alkaline ions, which usually occupy central 

channels of three-dimensional G-quadruplexes (Figure 5) (Georgiades et al., 2010). 

It should be noted that some new generations of platinum-based compounds have been 

synthesized with more complex 3-dimensional (3-D) topology. The loops and grooves that 

exist in proximity of quadruplex boxes can explain this phenomenon (Georgiades et al., 

2010). 
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1.4 Clinical application of copper-64 and its high stability in bifunctional chelators  

Positron emission tomography (PET) is an imaging technique that has been used for 

diagnostics over the last decade (Georgiades et al., 2010). In this technique, two energetic 

gamma rays (E=511Kev), emitted in opposite direction, from positron-electron annihilation 

make an image (Vaquero and Kinahan, 2015). Fluorine-18 was the first radionuclide widely 

employed as a positron emitter for PET imaging. However, owing to the short half-life of 

18F (t1/2=110 min) the broader application of 18F-PET for imaging has been limited 

(Georgiades et al., 2010). For this reason, new radionuclides for PET imaging have been 

introduced for cancer imaging as well as internal radiotherapy. Among these, the metallic 

radionuclide copper-64 (Emax β
+ = 0.655 MeV; Emax β

− = 0.573 MeV; Emax γ = 0.511 MeV) 

is attractive due to its appropriate physical properties (Anderson and Ferdani, 2009; Cai and 

Anderson, 2014). Based on its relatively long physical half-life (t1/2) of 12.7 h, 64Cu, highly 

suitable for imaging purposes (Cai and Anderson, 2014). Moreover, its Auger electrons 

emission by electron capture (EC=43%) and β− particles (37%) emission can be used for 

internal radiotherapy purposes (Filosofov, Kurakina and Radchenko, 2021; Yoshii et al., 

2017; Ku et al., 2019). 

In addition, 64Cu can be produced in large quantities with a cyclotron via the 64Ni (p,n) 64Cu 

reaction at energies of less than 15 MeV (beam currents of ~20 to 40 µA) (Yoshii et al., 

2017). The target constitutes a 64Ni-plated on rhodium disc attached to a cooling assembly. 

The rotation of cooling system allows to remove disc after 30 min to 4 h irradiation of the 

target. Afterwards, the nickel is dissolved and the 64Cu separated via an anion exchange 

column (5×1 cm2 Bio-Rad AG1-X8 (conditioned with 6N HCl). By this separation method, 

95-98% of the 64Ni could be easily recovered and the yield of pure 64Cu can easily reach up 

to 330 mCi (Zeisler et al., 2003; Yoshii et al., 2017). 
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During last decades, the coordination of copper has been well understood and applied for the 

design of appropriate chelates for radiolabeling with 64Cu (Wu et al., 2016). In terms of 

chemistry, several types of chelates have been applied for 64Cu (Yang et al., 2021). Among 

them, octadentate DOTA and hexadentate NOTA have been explored extensively (Wu et 

al., 2016; Fournier et al., 2012; Li et al., 2013).  

 

Figure 6. Schematic designs of A) 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetracetic 

acid (DOTA) and B) 1,4,7-Triazacyclononane-1,4,7-triacetic acid (NOTA) bifunctional 

chelators (adapted from Wikipedia).  

It has been suggested that radiolabeling kinetics of bifunctional chelators (BFCs) with 64Cu 

occur with an excellent efficiency at room temperature (Fournier et al., 2012). The BFC 

contains a metal-chelating group and a chemically reactive functional group that assist 

linking the 64Cu-chelator complex to variable biomolecules (Brechbiel, 2008; Fournier et al., 

2012). Additionally, it is well documented that DOTA chelates are generally less efficient 

in binding to 64Cu compared to NOTA (Wu et al., 2016). Moreover, the in vitro and in vivo 

(animal and human) studies have indicated that all 64Cu-radiolabeled NOTA bifunctional 

chelates (Wu et al., 2016; Fournier et al., 2012; Li et al., 2013) remain extensively intact 

without any loss of 64Cu for first 2 days after injection, while 64Cu-radiolabelled octadentate 

chelates dissociate at high rate during a few hours after injection in mice (Wu et al., 2016). 

This advantage of bifunctional chelates including NOTA as a carrier of 64Cu relative to that 

for 64Cu-DOTA is also observed in the results of Ait-Mohand et al. (Ait-Mohand et al., 

2014). Accordingly, these in vitro and in vivo observations offer the priority of bifunctional 

chelates as excellent carrier to form a stable complex and prevent in vitro and in vivo 

demetallation. This properties of BFCs allow to easily follow the biodistribution profile, 

pharmacokinetic and detect the tumor by PET imaging.  

B A 
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1.5 Interaction of ionizing radiation with biomolecules and radiation damage 

Radiation is generally classified into two categories: 1- ionizing such as gamma, X-rays and 

sub- atomic particles (β-1, α+2, n0), which have sufficient energy (i.e., more than about 2.18 

× 10−18 joule or 13.6 electron volts (eV)) to ionize the target atoms or molecules and 

efficiently remove electrons from them. 2- non-ionizing radiations, which can be subdivided 

into radiofrequency (RF), microwave (MW), infrared (IR) and ultraviolet (UV). Radiation 

of the normal UV spectrum (Tonnessen and Pounds, 2011; Urone and Hinrichs, 2012) with 

energy above 10 eV or wavelength shorter than 125 nm (Equation 1) is also considered as 

ionizing, although as mentioned above, the efficiency is low below about 13.6 eV.   

λ [nm] = ℎ𝑐/𝐸 = 1.238/𝐸 [keV]                                      Equation 1 

where 1keV, is equivalent of 1.602×10-19 Joule. 

Generally, the rest of the UV spectrum from 3.1 eV (which is equivalent of 400 nm 

wavelength) to 10 eV is considered non-ionizing (Urone and Hinrichs, 2012). However, it 

can induce photochemical reactions that are potentially damaging to macromolecules.  

 

 

 

 

1.5.1 Interaction of X- and gamma rays with atoms 

Depending on the energy of incoming photons, two major types of interaction are possible: 

elastic and inelastic scattering. (Fregeau, 1956). In elastic scattering, just the trajectory of 

incoming photon or particle is modified (Wang, 1995) since the momentum transfer energy 

is negligeable, the initial kinetic energy of the photon is conserved. Rayleigh scattering is 

predominately elastic scattering that occur between photons and target particles smaller 

(1/10) than the wavelength of photons or with a bound outer-shell electron (E>Ebinding) 

Figure 7. Classification of ionizing and non-ionizing radiations based on wavelength. 

Ionizing radiations 

https://www.britannica.com/science/joule
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(Howard, 1964; Britannica, 2018). The rule of thumb, by increasing the wavelength of 

photon the intensity of Rayleigh scattering reduces and vice versa (Howard, 1964).  

When the energy of the incidence photon is higher than the binding energy of electron 

located in the inner shells, the incoming photon’s energy can be consumed by inner-shell 

ionization and the rest transferred to the ejected electron in the form of kinetic energy 

(Britannica, 2018). In this case, the vacancy generated on the target atom can be filled by 

falling down electrons of higher energy shells leading to emission of characteristic X-rays 

or Auger electrons (Britannica, 2018). Photoelectric (PE) process occurs mainly at energies 

lower than 200 keV and its cross section is inversely proportional to the energy of incoming 

photon (E2) and directly proportional to the atomic number of target atoms (Z3). At energy 

levels higher than 200 keV up to 1MeV, Compton scattering is the dominant process. In this 

case, the incoming photon strikes out an outer-most shell electron, which recoils at an angle 

ɸ angle (D), while the incoming photon changes its trajectory with a longer wavelength (θ 

angle) (Figure 8) (Britannica, 2018). 

λf-λi=Δλ=h/m0c(1-cosθ) (Britannica, 2018)       Equation 2. 

  

Figure 8. Different types of collisions between the incoming X-ray and target atoms 

(adapted from Seibert J.A and Boone J.M., 2005). 
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Compton effect is independent of the atomic number and depends on the number of weakly-

bound electrons in the target atom or molecule. If the energy of incident photon is higher 

than 1.022 MeV, its interaction with strong electric field around the nucleus can generate 

one electron and one positron in opposite trajectory (θ=180˚), which is known as pair 

production (Seibert, 2004) 

1.5.2 Interaction of LEEs with water (condense phase) 

Ionizing radiation generated by the photoelectric effect, Compton scattering, and pair 

production can generate copious numbers of secondary fast electrons (Britannica, (2018). 

These secondary electrons produce an electromagnetic (EM) field around themselves as they 

penetrate biological matter. The electromagnetic radiation interacts with surrounding 

molecules, including water. This interaction varies as a function of distance (1/r2) (Figure 

9A) from the fast electron. Therefore, the plot the intensity of electromagnetic field generated 

by fast-secondary electrons as a function of its distance from a surrounding molecule, 

generates a symmetric Gaussian curve (bell curve). The sum of all the electromagnetic field 

frequencies that build this bell shape curve remains constant as can be shown by taking the 

Fourier transform of the curve in Figure 9A, which changes the space to the frequency 

domain (Figure 9B).  

As an example, we can consider the water molecule (H2O) absorbing the emitted 

electromagnetic radiation of a fast electron. Based on the excitation energy manifold of the 

H2O, the probability of producing excited states has a maximum amplitude at about 22 eV 

(Mozumder and Hatano, 2019). Therefore, the maximum probability to excite H2O, and to a 

EM 

r 

0 

1/r2 1/r2 

Frequency 

A(t) 

Figure 9. Interaction between electromagnetic (EM) field generated by accelerated electrons 

and water molecules (A) and the sum of all frequencies, which obeys a Fourier transform 

(B).  

A B 
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similar extent DNA molecule, is on the average 22 eV (Figure 10A). Taking that 12 eV of 

this energy on average is consumed to overcome the binding energy of electrons in the 

molecules, the kinetic energy, which eventually transfers to the secondary electrons from 

ionization lies around 10 eV (22 eV-12 eV). It is no surprise that several theoretical studies 

reported that the majority of secondary electrons have the energy below 30 eV, with a most 

probable electron energy of 9-10 eV (Figure 10B) (Pimblott et al., 2007; Rezaee, Hunting 

and Sanche, 2013). In this regard, about 27% of the electrons have energies ranging from 0 

to 1 eV and the rest are distributed from 1 to 25 eV (Mozumder and Hatano, 2019). The 

average number of low energy electrons (LEEs) (9-10 eV) produced by any types of ionizing 

radiation after water radiolysis is about 30000 LEEs/MeV (Rezaee, Hunting and Sanche, 

2013). Accordingly, absorbed doses of 2 and 100 Gy can produce 1×1017 and 5×1018 LEEs, 

respectively (Rezaee, Hunting and Sanche, 2013). 

Figure 10. (A) The probability of energy loss after excitation of DNA, liquid water, gaseous 

water and gaseous hexane molecules [with permission from the Authors, (Lavene and 

Pimblott, 1995)]. (B) The energy distribution of secondary electrons liberated by different 

types of ionizing particles in water. Adapted from Radiat. Phys. Chem. 76(8–9):1244–7 

(2007). 
 

1.5.3 Interaction of LEEs with biological matter 

The interaction of electrons with energy less than about 30 eV can damage biomolecules 

either by direct or resonance scattering. But at the energy level less than 15 eV, the scattering 

process is often controlled by resonances (Alizadeh, Ptasińska and Sanche, 2016). Direct 

(non-resonance) scattering occurs at energy levels higher than the binding energy of 

A B 
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electrons; for this reason, the yields of DNA damage products, generated by direct scattering 

follow a smooth and rising function with increasing LEE energy, which does not have any 

particular characteristic (Rezaee, Hunting and Sanche, 2013; Alizadeh, Ptasińska and 

Sanche, 2016). In the case of resonance scattering, since it is associated with formation of a 

transient negative anion (TNI), the incoming electron fills an otherwise empty orbital of the 

target molecule, which eventually can cause the damage at the resonance energy. 

Accordingly, the shape of signal generated via resonance scattering is observed as a sudden 

peak superimposed on the smooth increase due to direct scattering signal (Rezaee, Hunting 

and Sanche, 2013).  

Generally, there are two major types of transient molecular anions (TMAs) in resonance 

scattering: shape and core-excited resonances (Luo, Zheng and Sanche, 2014). In a shape 

resonance or single particle TNI, the incident electron occupies an unfilled orbital of the 

target molecule at a certain energy. In shape resonances, the electron is trapped by the 

angular momentum barrier of electron-molecule potential (l = 0, 1, 2, …). The term “shape” 

depicts the shape of potential curve, which is responsible for electron trapping in this type 

scattering process (Luo, Zheng and Sanche, 2014). Core excited resonance (or two-particle 

one-hole states) occur when the incident electron is captured by the positive electron affinity 

of an electronic excited state of the molecule. In general terms, core-excited energies are 

dominant at incident electron energies above the threshold for electronic excitation (at ~5 

eV in DNA) while shape resonances are dominant below this threshold (Luo, Zheng and 

Sanche, 2014; Martin et al., 2004). The TMAs formed by either of these two mechanisms 

decay via either autodetachment or dissociative electron attachment (Rezaee, Hunting and 

Sanche, 2013; Luo, Zheng and Sanche, 2014; Alizadeh, Ptasińska and Sanche, 2016). In the 

autodetachment process, the electron is reemitted into the scattering media, which leaves the 

target molecule in electronical, vibrational or rotational excited states. For the DEA to occur, 

the duration of attachment of the incoming electron in the Frank Condon region of the TNI 

must be sufficiently long (e.g., more than the half of a vibrational period). Therefore, it can 

pass the crossing point of the anionic and the neutral curve (RC) (Figure 12, B) and decay 

via dissociative electron attachment (DEA). In this case, the TNI dissociates into neutral and 

anionic fragments. It is worthy to mention that the positive electron affinity for one of the 
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fragments is an important factor for DEA to be detected by stable anion radical formation 

(Rezaee, Hunting and Sanche, 2013; Alizadeh, Ptasińska and Sanche, 2016). 

The interaction between LEEs and DNA, below 15 eV, usually leads to electron capture by 

a base, via either shape resonances (<5eV) or core-excited resonances (>5eV) (Gao, Zheng 

and Sanche, 2021).  

Figure 11. The most probable electron (e-) transfer pathways, followed by the initial 

formation of a TNI on a DNA base. The following pathways cause a cluster lesion. 1) 

electron can be transferred to the base located on the opposite strand leads to two adjacent 

BDs. 2) electron transfer to the phosphate group, which induces a strand break via C-O bond 

rupture (single stranf break (SSB) associated with an opposite base damage (BD)). 3) 

electron can be hopped between bases, causes either BD or SSB at a distant domain of DNA 

on the opposite side of initial BD. 4) electron transfer to the phosphate unit of the same 

strand, which the TMA occurs, producing an SSB on the same strand. Adapted from J Phys 

Chem C 121(4):2466-2472 (2017). 

 

DEA mainly leads to a base release or a bond dissociation on the base, whereas for 

autoionization the electron can transfer in different pathways leading to multiple lesions in 

proximity of each other that is considered as a cluster lesion (Figure 11) (Gao, Zheng and 
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Sanche, 2021). This schematic view is a new challenging pattern in radiobiology of ionizing 

radiation meaning that the radiobiological effectiveness (RBE) of ionizing radiations is not 

necessarily dependent on the linear energy transfer (LET) value. However, based on the 

classical definition in radiobiology, an increase in the LET value up to 100 KeV/µm is in 

positive correlation with RBE (Alpen, 1998), but based on the new observations , low LET 

(X and gamma) radiations, regardless of the deposited dose in the cell, can generate cluster 

lesions, which cause potentially detrimental and challenging (cluster) DNA damages to 

repair by the cell (Figure 11) (Gao, Zheng and Sanche, 2021).  

According to the above-mentioned Figure 11, the minimum energy requires to induce a DNA 

cluster lesion in pure DNA, via autoionization pathway, is at least 5 eV (Sanche, 2009; Gao, 

Zheng and Sanche, 2021).  

Note that conjugation of DNA with platinum-based drugs reduce the energy level to 10-fold 

(less that 0.5 eV) relative to that for a pure DNA (Rezaee et al., 2014). This is caused by an 

increase in the total cross section of DEA raised from both probability of electron captures 

(σc) and anion survival against autodetachment (Ps) (Rezaee et al., 2014).  

σDEA=σc Ps=  
4π^2

K^2
×g×

Γa

Γd
 x 2     exp - ∫

Γa(R)dR

ℎ𝜈

𝑅𝑐

𝑅𝑎
                           Equation 3 

where the bracketed factor and the following exponential term are representative of σc and 

Ps, respectively.  

- K factor is made by the wave function of the incoming electron. The lower the 

energy, the longer the wavelength of incident electron and the smaller K2 value, 

which eventually leads to an increase in the cross section of DEA,   

- g is a statistical factor,  

- Γa is the autodetachment width of the TMA in the Frank-Condon region. The width 

of TMA is inversely proportional to the lifetime toward autodetachment (ta (R)=ћ/ 

Гa (R)), 

- Γb is the extent of the TMA (AB-) curve in the F-C region, 

- Rc corresponds to the internuclear separation distance beyond which no 

autodetachment occurs, 
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- Re is the equilibrium bond length of the TMA 

In the presence of Pt-DNA adducts, the incoming electron mainly interact with the 

platination site due to its high electron affinity as a metal. Moreover, this high electron 

affinity should decrease the energy level of TMAs formed at the platination site. Reducing 

the energy of a TMA is associated with a decrease in the number of decay channels, and 

accordingly the Гa value in Eq. 3, which leads to an increase in the DEA cross section (Figure 

12B). By lowering the energy level of the TMA, in fact, the survival probability (Ps) 

increases owing to a reduction in Rc shifting to R’c. For this reason, electrons of 0.5 eV, 

which are unable to separate nuclei of a TNI and induce a dissociation in chemical bonds, 

particularly the phosphodiester bonds in the DNA backbone in the presence of Pt-DNA 

adducts, could easily dissociate a chemical bond by enhancing σc and Ps parameters (Rezaee 

et al., 2014).  

Accordingly, Pt-DNA adduct formation reduce the energy level of the TMA by weakening 

the chemical stability of the DNA double helix at the site of platination, in this way, the 

b) 

F-C 

region 

Figure 12. The schematic illustration of intercalation between cisplatin and DNA molecules 

on guanine bases and the subsequent radiosensitization effect via its influence on the energy 

level of the TNI. Adapted from ChemMedChem. 9(6): 1145–1149 (2014). 
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range of nuclear separation over which dissociation occur will be reduced (R’c). This finding 

indicated that DEA via shape resonance is a major mechanism responsible for induction of 

cluster lesion (e.g., DSB) on modified DNA with platinum compounds in the presence of 

very low energy electrons below the energy require for electronic excitation (sub-excitation 

energy level) of the target organic molecule (Rezaee et al., 2014). 

1.6 Chemoradiation therapy (CRT) 

Concomitant administration of radiotherapy and chemotherapy has been widely used for 

treatment of many types of cancers, leading to a significant increase in survival rate and 

quality of life (McRee et al., 2011). This modality of treatment is mostly applied for 

treatment of solid and confined tumors such as bladder, cervical, and esophagus (Bartelink 

et al., 1997). In these types of tumors, chemoradiation therapy is quite efficient in control of 

tumor growth and increasing survival of patients. Generally, the main goals of CRT are 

twofold: first, to accelerate the rate of tumor shrinkage, and second, to prevail cell resistance 

against cytotoxic dugs. The synergy raised from combination of chemotherapy and radiation 

therapy is mainly due to different underling mechanisms, for instance the radiosensitization 

is reported to be due to (1) the capture of short-range low energy electrons, originating from 

water radiolysis by any types of ionizing radiations, by Pt-based molecules. This interaction 

can cause higher cytotoxicity via (1) induction of DNA cluster lesions, e.g. double strand 

breaks, which are beyond the capacity of the DNA repair systems; (2) an increase in free 

radicals in presence of platinum compounds; (3) platinum drugs causing G2 arrest in the cell 

cycle at the highest radiosensitivity; (4) enhanced uptake of Pt agent induced by irradiation; 

(5) Pt agent acting as a radiosensitizer independently of O2 molecules, suggesting that they 

can be used to treat radioresistance hypoxic regions of the tumors; and (6) the inhibitory 

effect of the Pt agent on the repair of single-strand breaks (SSBs) generated by ionizing 

radiation and converting them to double-strand breaks (DSBs) in DNA (Seiwert, Salama and 

Vokes, 2007; Boeckman, Trego and Turchi, 2005; Nagasawa et al., 2021; Bao et al., 2014). 

Nevertheles, there has been no absolute conclusion on the molecular mechanisms involved 

in the synergy between radiation and chemotherapeutic agents in the last decades. As stated 

earlier, the maximum synergistic effects occur once the quantity of platinum-bound DNA is 

available at highest level (Tippayamontri et al., 2013) during irradiation. Note that the 

majority of internalized platinum-based drugs remain in cytoplasm, indicating that very few 
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quantities of platinum drugs are required to achieve the synergism. These values are 

measured to be ranging from 1/500 to 1/1000 of internalized percentage in different types of 

cell lines at a few hours post administration (Nagasawa et al., 2021; Tippayamontri et al., 

2011). Accordingly, these results suggest that there is a very small possibility of interaction 

between platinum-based drugs and nucleus DNA once ionizing radiation is delivered. 

Previous investigations have measured the probability of interaction between ionizing 

radiation and Pt-DNA adducts. Assuming that there is 3.2×109 base pairs per cell, we can 

measure the total number of Pt-DNA adducts and single strand breaks induced by ionizing 

radiation via the following equation (Begg, 1990):  

NAB= n*A*B*3.2×10-9    Equation 4 

where A is the number of platinum-DNA adducts, B is the number of single strand breaks 

and n is a distance between base pairs. Based on the assumption that interaction of ionizing 

radiation and as well as platinum drugs follows a Poisson distribution, the probability of 

interaction between two adjacent DNA damages (A and B) per cell can be calculated via the 

following equation: 

Pint= 1- exp (-n*A*B*3.2×10-9) (Begg, 1990)   Equation 5 

Accordingly, the probability of interaction has a direct correlation with delivered dose either 

from ionizing radiation or platinum drugs.  

To answer the question “why even with very low amount of platinum drugs reaching nuclear 

DNA, the damages are quite detrimental for cell viability?”, a new explanation has been 

reported in the literature. It was exhibited that cisplatin mainly forms inter-strand cross links 

only at low concentration of platinum drugs, which is not the case at high doses of platinum 

agents (Begg, 1990). In this case, it was shown that very low energy electrons, as a final 

product of any types of ionizing radiations, can occupy the sigma bonds formed between 

platinum and the nucleophilic residues of guanine bases (N7) (Rezaee et al., 2014). Based 

on the de Broglie wave equation (Eq. 6), wave properties of matter are only applicable for 

very small particles such as electrons (Weinberger, 2006).  

(λ=h/P=h/mv)     Equation 6 
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Moreover, as shown in the Eq. 6, by reducing the energy of particles like electrons, in fact, 

the wavelength increases, which could expand to become as large as the distance between 

macromolecules in the biological environments (Weinberger, 2006). Accordingly, if we 

consider the incoming electron as a wave, it can simultaneously fill two sigma bonds 

between Pt and guanine leading to formation of a TNI. Because of the enormous electron 

affinity of the Pt site, the additional electron in the TNI state can fall into the positive 

potential well and leave two guanine bases in dissociative states, causing simultaneously two 

single strand breaks on the two opposite strands of DNA. This reaction can occur only if the 

initial electron energy plus that lost by the electron in falling into the Pt potential well is 

equal or greater than the sum of the energies of the two bonds between the guanines and the 

sugar moiety.  

This phenomenon (Figure 12C) can explain why we have the synergism between cisplatin 

and external beam radiation therapy at the maximum amount of Pt-DNA adducts (4 and 48 

h post injection) in the results of Tippayamontri et al. (Tippayamontri, 2014). However, 

several reports have been published about other possible mechanisms, which are different 

than the classical mechanism. For instance, the synergism between administration of 

platinum drugs and radiation delivery is reported to be 6 h before administration of platinum 

drugs, indicating that the synergism cannot be only explained via interaction of LEEs and 

the nucleus Pt-DNA inter-strand cross links. To this end, other mechanisms are reported in 

the literature, such as excessive oxidative stress loaded in cytoplasm when the cells are 

exposed to both a platinum-based drugs as well as ionizing radiations. The fact that most of 

platinum-based drugs stay in cytoplasm support the latter mechanism. This overload of 

oxidative stress in cytoplasm can induce damage to mitochondrial activities, which leads to 

cell death (Figure 13) (Nagasawa et al., 2021). 
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We believe that the new molecular mechanism of synergism between cisplatin and RT 

(Figure 13) is not contradicted with the above-mentioned mechanism explained by Sanche 

and coworkers to explain the results of Tippayamontri et al. (2012, 2013, and 2014). Ionizing 

radiation can enhance the ROS level of the cellular cytoplasm, which can cause a damage to 

the function of electron transport chains (ETCs), including complex I-IV, co-enzyme Q, and 

cytochrome C located on the internal membrane (IM) of mitochondrion. This effect leads to 

the leakage of electrons from IM into the lumen of mitochondria. It is well described that 

most platinum-based compounds remain in the cytoplasm and accumulate inside the 

mitochondria, thus, interacting with mtDNA. Accordingly, the low energy electrons leaked 

from the IM of mitochondria could interact with platinum-mtDNA adducts leading to cluster 

lesions formation on mtDNA via the earlier molecular mechanism for nucleus DNA (Figure 

11). This interaction could easily occur because of the close proximity of pediculi cristae (or 

IM) as well as ETCs system with mtDNA (<20 nm) (Frey and Mannells, 2000), which 

locates platinum-mtDNA adducts in the range of LEEs. High energy electrons are generated 

by citric acid (krebs) cycle in mitochondria and transfer to the ETCs system of the IM to 

pump proton (H+ ions) out of matrix. In this process, fast electrons lose their energy and 

Figure 13. The reaction between platinum-based drugs and radiation therapy, which results 

in a synergistic effect leading to cell death. A. The quantity of radical scavengers as well as 

NADH/NAD+ rate reduce, which leads to redox hemostasis perturbation. B. Mitochondrial 

damage via excessive oxidative stress generated in the cytoplasm. C. The overlapping of 

oxidative stress generated on cytoplasm could induce some damages on the cell membrane, 

which may also cause some damages to the surrounding cells.  
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convert to LEEs that can leaks from the ETCs. Given that the mitochondria do not have an 

efficient NER (nucleotide excision repair) system, this characteristic makes their mtDNA 

more susceptible to damage than nucleus DNA (Alberts B, et al. 2002). Additionally, lack 

of Histone proteins in mtDNA as a protective component makes them more vulnerable to 

damage via LEEs, released by ETCs system, compared with nucleus DNA (nDNA). The 

induced cluster lesions on mtDNA eventually activate apoptosis process by the release of 

cytochrome c which is an activator of caspase proteins and apoptotic body formation (Grubb, 

et al. 2001).  
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HYPOTHESIS AND OBJECTIVES 

As previously noted in the literature, platinum-based compounds such as cisplatin, 

oxaliplatin and carboplatin can act as radiosensitizers in the clinic. It has also been shown 

that the greatest level of tumor shrinkage and apoptotic response to a combined drug and 

radiation treatment are observed if radiation is administered when the number of platinum-

DNA adducts in the nucleus are at a maximum. This is mostly due to the highest number of 

DNA damages being generated at this time point. Nonetheless, arranging the time interval 

between administration of chemotherapeutic agents and radiation delivery to satisfy this 

condition, remains a practical obstacle to any clinical application. Accordingly, the principle 

Hypothesis of this project is that by conjugating an appropriate source of low energy 

electrons (LEEs) such as 64Cu, with a terpyridine platinum-based compound, which targets 

vulnerable G-quadruplex regions of human DNA, it we will be possible to maximize the 

temporal and spatial coincidence of chemotherapeutic and radiotherapeutic agents.  

The ideal, optimal chemoradiation therapy should be able to deliver its maximum destructive 

effect on the tumour cell, but spare normal cells. While sadly, no such drug exists, such as 

G-quadruplex-targeting complexes exhibit promising properties. G-quadruplex structures 

are located mainly on the telomere region of DNA, which in cancer cells elongates at a faster 

rate than in normal ones. Therefore:  

1)  The first specific Hypothesis of our project is that by targeting G-quadruplex domains 

in cancer cells that accommodate this type of complex and present at higher numbers 

relative to that of normal cells it may be possible to provide an appropriate selectivity 

toward colorectal cancer cells.  

2) As previously described, colorectal cancers show both intrinsic and acquired resistance 

to platinum compounds. If successful, the preferentially targeting against G-

quadruplexes will convert single strand DNA damage generated by each factor 

separately, into a cluster lesion, which is highly detrimental for cell viability. The second 

specific Hypothesis is that by targeting G-quadruplexes it may be possible to circumvent 

platinum drug resistance of colorectal cancer cells. 

3) The third specific Hypothesis is that positron emission from the conjugated 64Cu source 

may also permit cellular uptake and subcellular distribution of the drug to be monitored 
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over time in vitro. Similarly, the theragnostic properties of 64Cu may also allow the organ 

and tumor distributions of the compound to be followed in a mouse animal.  

4) The fourth Hypothesis is that the rigidity, planarity, and length of the linker between 

two 64Cu-NOTA and Terpyridine functional elements of complex may modulate the 

selectivity of 64Cu-TP agents towards cancer cell DNA and/or G-quadruplex.  

The main Objective of this project was to evaluate in vitro and in vivo the chemoradiation 

therapy effects and the imaging properties of two novel [64Cu]Cu-NOTA-TP 

radiotheranostic agents. The specific objectives were classified into five categories as 

follows: 

1) To investigate the role of linker on in vitro cellular and subcellular uptake as well as 

efflux kinetic in HCT116 colorectal cancer cells in comparison to GM05757 human 

fibroblasts. This was performed by selection of two different linkers in [64Cu]Cu–

NOTA-C3-TP and [64Cu]Cu–NOTA-TP. [64Cu]Cu–NOTA-TP is illustrated in chapter 1 

and carries a shorter, more flexible, and less planar linker than does the second generation 

([64Cu]Cu–NOTA-C3-TP), which is illustrated in Chapter 2 and 3. To achieve this aim, 

[64Cu]Cu–NOTA-TP (Chapter 1) & [64Cu]Cu–NOTA-C3-TP (Chapter 2) at similar 

apparent molecular activity (AMA) were designed and synthesized, then, they were 

comparatively treated with both cancer and normal human cell lines.  

2) To determine the degree of supra-additivity, infra-additivity or additive effects between 

radiotoxicity of 64Cu (mainly raised from low energy electron (LEEs) interactions) and 

chemotoxicity of TP conjugates. To investigate the interaction pattern (supra-additive, 

infra-additive or additive) between radiotoxicity of 64Cu, arising from LEE emission, and 

the chemotoxicity of TP complexes, we have applied the most reliable and standard 

modality known as isobologram. This experiment was only performed for [64Cu]Cu–

NOTA-TP (Chapter 1). 

3) To evaluate the absorbed dose within the cell nuclei of HCT116 colorectal cancer cells. 

To attain this third objective in article 1, we have employed the most reliable 

mathematical dosimetry method in nuclear medicine known as the Medical Internal 

Radiation Dose (MIRD) schema, which is recommended by the International 

Commission on Radiological protection (ICRP). The MIRD pamphlet is a systematic 



31 
 

approach to combining the biologic distribution information and clearance data of 

radioisotopes and the physical properties of radioisotopes for measuring the deposited 

dose.  

4) To determine the pharmacokinetics and imaging properties of such agent in healthy and 

tumorized balb/c mice (Chapter 3). For this work [64Cu]Cu–NOTA-C3-TP, the most 

promising of the two agents developed, was chosen. Pharmacokinetic and imaging 

properties of [64Cu]Cu–NOTA-C3-TP was traced under µPET machine and confirmed 

by organ extraction. The relative efficiency of 64Cu-NOTA-TP for colorectal cancer 

treatment relative to other standard Pt-drugs (i.e., cisplatin, carboplatin and oxaliplatin) 

alone and in combination with external beam radiation therapy was also investigated 

(Chapter 3). Additionally, we measured the absorbed dose, the equivalent and effective 

dose to organs in mice receiving this radioactive drug 64Cu-NOTA-TP for both cancer 

therapy and imaging or pharmacokinetic purposes and extrapolated them to human 

(Chapter 3).  

5) To investigate the affinity of 64Cu-NOTA-TP and [64Cu]Cu–NOTA-C3-TP toward 

guanine rich motifs of DNA including telomeres, which form G-quadruplexes, relative 

to other intermixed sequence of DNA. DNA affinity and selectivity toward G-

quadruplexes of all derivatives of both complexes have been evaluated by a standard 

quantitative method known as fluorescence intercalator displacement (FID) assay. 
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Chapter 1: High Cytotoxic Effect by Combining Copper-64 with a NOTA–Terpyridine 

Platinum Conjugate. (Article No 1) 

Autours: Meysam Khosravifarsani, Samia Ait-Mohand, Benoit Paquette, Léon Sanche, 

Brigitte Guérin 

Status: Published in Journal of Medicinal Chemistry (2021), Volume (64), PMID: 
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B.P., L.S.; supervision, B.G., L.S.; funding acquisition, B.G., L.S.  

Résumé: Les agents chimiothérapeutiques à base de terpyridine platine (TP) ciblent des 

structures tridimensionnelles sur l’ADN connues sous le nom de G-quadruplexes. Nous 

rapportons le désign et la synthèse d’un conjugué TP combiné avec du cuivre-64 (64Cu), dont 

les caractéristiques de désintégration comprennent l’émission d’électrons β- et Auger pour 

la radiothérapie et de particules β+ pour l’imagerie par tomographie par émission de positons 

(TEP). Les présentes études expérimentales montrent que le nouveau conjugué [64Cu]Cu–

1,4,7-triazacyclononane-1,4,7-triacétique (NOTA)–TP est stable, permettant de tuer 

sélectivement les cellules cancéreuses. L’activité antitumorale de [64Cu]Cu–NOTA–TP 

possédant une activité molaire apparente élevée est de l’ordre du bas nanomolaire et 27 800 

fois supérieure à celle du natCu–NOTA–TP à 24 h après le traitement. Ces résultats suggèrent 

que cette combinaison d’un agent TP cytotoxique avec le 64Cu a un potentiel élevé pour le 

traitement du cancer et l’imagerie TEP.  
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Abstract: Terpyridine platinum (TP)-based 

chemotherapeutic agents target three-

dimensional structures on DNA known as G-

quadruplexes. We report the rational design 

and synthesis of a TP conjugate combined 

with copper-64 (64Cu), the decay 

characteristics of which include emission of β– and Auger electrons for radiotherapy and 

β+ particles for positron emission tomography (PET) imaging. The present experimental 

studies show that the novel [64Cu]Cu–1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA)–

TP is stable, permitting selective killing of cancer cells. The antitumor activity of [64Cu]Cu–

NOTA–TP at high apparent molar activity is in the low nanomolar range and 27,800-fold 

greater than that of natCu–NOTA–TP at 24 h post treatment. These results suggest that this 

combination of a cytotoxic TP agent with 64Cu has considerable potential for cancer 

treatment and PET imaging. 
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INTRODUCTION 

In recent decades, different cancer treatment modalities have been combined to improve their 

efficiencies and reduce the toxicity to normal surrounding tissues. The combinatory effects 

of radiation therapy and platinum (Pt)-based chemotherapeutic agents have been found to 

vary from supra-additive to sub-additive (infra-additive) in numerous cell lines.(1−5) For 

example, the maximum concomitant effect was reported in vivo for irradiation 4 and 48 h 

post administration of cisplatin, that is, when a maximum amount of platinum drug was 

bound to the tumor cell nucleic DNA.(6) The results of clinical studies indicate that the daily 

administration of cisplatin for 5 days before radiation delivery can improve the treatment 

efficiency by 35% relative to radiotherapy alone, whereas the weekly administration of 

cisplatin improves the treatment efficiency by only 6%.(7) Different mechanisms of action 

have been proposed about the supra-additive interactions of Pt drugs with radiation including 

inhibition of repair of radiation-induced damage on DNA, an increase in DNA damage, as 

well as an increase in cell uptake of Pt drugs through damaging effects of radiation on the 

cell membrane.(4,8) Nevertheless, the radiosensitizing action of Pt drugs has been clearly 

demonstrated to be due, at least in part, to the interaction of low energy electrons 

(LEEs)(9) produced as major secondary products of ionizing radiation,(10) including Auger 

electrons that act with Pt–DNA adducts to increase the yield of locally multiple 

damages.(11,12) 

Over the last few decades, terpyridine platinum (TP)-based complexes have attracted 

attention for use alone or in combination with radiation as candidates to overcome platinum 

drug resistance and exhibit selective cytotoxicity toward cancer cells.(13,14) Previous 

investigations indicated that combination treatment of cancer cells with TP-based 

chemotherapeutic agents and high linear energy transfer (LET) external radiation can 

enhance the efficiency of treatment and that this enhancement is LET-dependent.(15) TP-

based chemotherapeutic agents are known to target the three-dimensional DNA structure G-

quadruplexes.(16) Generally, there are about 350,000 guanine-rich motifs on the human 

genome that can self-assemble and form such G-quadruplexes. These motifs are mainly 

located on telomers and oncogene promoters, in particular on the upstream part of the c-

MYC gene promoter, which plays an essential role in cell viability.(17,18) By targeting these 
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regions of DNA with TP-based chemotherapeutic agents, G-quadruplex stability may be 

improved, causing the removal of a protective six-protein complex (shelterin complex) from 

telomeres.(19) This phenomenon leads to DNA damage response, telomer attrition followed 

by an induction of cell senescence and apoptosis.(17) Moreover, based on recent observations 

of Rackwitz and Bald, tandem repeat hexamer sequences (TTAGGG)n located on the 

telomere part of DNA that eventually form G-quadruplexes are more sensitive to LEEs than 

are other intermixed sequences of DNA.(20) 

Accordingly, to optimize the concomitant effect of Pt drug and radiotherapy, we conjugated 

1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) into TP for the complexation of 64Cu 

(Figure 1). Via Auger electrons and positron emission, 64Cu acts as a prolific and local source 

of highly destructive LEEs(21,22) that can selectively destroy sensitive domains of DNA(20) and 

thus induce cell death via interference with telomerase activity, induction of telomer 

shortening, and damage to oncogene promoters.(23,24) Additionally, by combination of 64Cu 

with a NOTA–TP conjugate, we expect the lesions induced by LEEs and DNA modifications 

due to intercalation of the Pt drug NOTA–TP into G-quadruplex to be directly correlated to 

each other. This strategy should maximize the probability of interaction between these two 

perturbations by minimizing the average distance between them. Thus, it is expected that 

both LEE damage and initial chemotherapeutic response be highly co-located. In this case, 

the apparent molar activity (AMA) of the [64Cu]Cu–NOTA–TP conjugate (i.e., the 64Cu 

activity per mole of compound) is highly pertinent in improving treatment efficiency.(25) The 

present approach to spatially correlate the nanoscopic damage from Pt-intercalation and 

ionizing radiation using a radiotheranostic agent is distinct from much earlier work using 

external beams of radiation, from either low LET sources (e.g., X or γ-ray) or high LET 

sources (e.g., proton and alpha particles). In previous Pt-based chemoradiation 

investigations, the location of platinum DNA adducts and radiation-induced DNA damages 

were not correlated at the molecular level on specific DNA sites and were assumed to be 

stochastically scattered over the DNA. 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039?fig=fig9&ref=pdf#fig1
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Figure 1. Structure of the [64Cu]Cu–NOTA-TP conjugate 

Aside from being a promising agent for use in internal radiotherapy (T1/2 = 12.7 h; β–, 0.573 

MeV [41%], two Auger electrons with energies of 6.5 keV [22.5%] and 840 eV 

[57.7%]), 64Cu has potential as a diagnostic agent since it is a positron (β+, 0.655 MeV 

[17.8%]) emitter.(26) Accordingly, [64Cu]Cu–NOTA–TP could allow evaluation of tumor 

uptake and tissue distribution after its administration by whole-body positron emission 

tomography (PET) imaging. It could further provide additional information about tumor 

heterogenicity, reduced uptake, and increased efflux, all of which are directly related to 

platinum resistance. In this way, we might better design treatment planning for individual 

patients and so improve treatment efficiency and quality of life. 

Bearing in mind that the length and rigidity of the linker play a crucial role in the cytotoxic 

potency of TP-based chemotherapeutic agents,(14) we have in the present work synthesized a 

NOTA–TP-based conjugate with a linker comprising a central phenyl unit para-substituted 

by two methylene groups (Figure 1). The radiotheranostic agent provides further 

lipophilicity that can improve its cellular permeability. Moreover, the presence of a phenyl 

group between the NOTA and TP moieties increases the planarity of the compound, which 

can enhance their probability of binding to the DNA G-quadruplex via π–π interaction.(27) In 

this study, the synthesis and the characterization of the [64Cu]Cu–NOTA–TP conjugate are 

presented. The in vitro behavior of the new platinum-based radiotheranostic agent are 
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examined in the colorectal cancer cell line (HCT116) and normal fibroblast cell line 

(GM05757) with a view to improve its cytotoxicity. 

Results 

Synthesis and Characterization 

As illustrated in Scheme 1, the NOTA–TP conjugate was prepared in a multi-step process 

starting with commercially available 2,6-bis(2-pyridyl)-4(1H)-pyridone, 1,4-bis 

(bromomethyl) benzene, and NO2AtBu (di-tert-butyl 2,2′-(1,4,7-triazacyclononane-1,4-

diyl) diacetate) with an overall yield of 34%. NOTA is known as a stable chelator of 64Cu(28) 

and the terpyridine scaffold is a well-known metal ligand extensively used to stabilize the Pt 

complex,(16) so these highlight the special potential of the combination of these chelating 

ligands. 

 

Preparation of natCu– and 64Cu–NOTA–TP Complexes 

Scheme 1. Synthesis of the NOTA–TP Conjugate. 
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The natCu–NOTA–TP was formed by dissolving conjugate 4  in a minimum of DMSO and 

treating the orange solution with a slight excess (1.1 equiv) of trace metal copper acetate 

(Cu(OAc)2) in 0.1 M ammonium acetate buffer, pH 5.5, for 1 h at room temperature. During 

this time, the color of the solution turned from yellow-orange to pale green. An aqueous 

solution of NaPF6 was directly added to the reaction mixture, which yielded a green 

precipitate that was filtered, washed many times with water, and dried. The compound was 

isolated as a pale green PF6 salt (88%). It is worth to mention that this complex is not well 

soluble in water; 10% DMSO in saline is necessary to solubilize the natCu–NOTA–TP 

conjugate. On the other hand, at the physiological pH 7, the amount of Cu and Pt released 

was not seen by mass spectroscopy after 24, 48, and 72 h, indicating good stability of the 

conjugate in solution. 

The labeling of conjugate 4 with [64Cu]Cu(OAc)2 was straightforward. The quantitative 

radiolabeling yield (>99%) was confirmed by radio-iTLC (C18 plates, eluent: sodium citrate 

0.1 M, pH = 5.5). In this system, the free 64Cu migrates with the solvent front, while the 

conjugated compound remains at the origin [64Cu]Cu–NOTA–TP. 

Plasma Binding Affinity and Stability of [64Cu]Cu–NOTA–TP 

Preliminary ex vivo results showed that 94% of all 64Cu from [64Cu]Cu–NOTA–TP binds to 

plasma protein after 72 h of incubation at 37 °C in rat plasma. However 23% of free 64Cu 

was found in the clear supernatant fraction analyzed by radio-TLC (Figure S13C), which 

represented 1.4% of the total amount of incubated [64Cu]Cu–NOTA–TP, suggesting 

potential good stability of the 64Cu conjugate in plasma. One should note that [64Cu]Cu–

NOTA–TP is stable for 72 h in the extracellular media at 37 °C in the presence of HCT116 

cells (Figure S13D). 

Cytotoxicity Induced by [64Cu]Cu–NOTA–TP 

A PrestoBlue assay, a resazurin-based assay for measuring mitochondrial viability,(29) was 

employed to measure the viability of P53-wild type colorectal cancer cells HCT116 and 

GM05757 fibroblasts after treatment with appropriate concentrations of NOTA–TP 

conjugates and oxaliplatin used as a control Pt drug. The EC50 values reported in Table 1 
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were derived from dose response curves of each TP complex, oxaliplatin and 

[64Cu]Cu(OAc)2 (Figure S14). 

Table 1. EC50 Values (μM) of Platinum Compounds for Both Cancer (HCT116) and Normal 

Fibroblast (GM05757) Cells 

aAMA of [64Cu]Cu–NOTA–TP was ∼2 MBq/nmol. 
bAMA of [64Cu]Cu–NOTA–TP was ∼250 MBq/nmol; N/A: not available. 
cThe measured activity of [64Cu]Cu–NOTA–TP at 24 h post treatment is 0.2 MBq. 
dThe measured activities of [64Cu]Cu(OAc)2 in HCT116 and GM05757 cells correspond to 5.6 ± 0.5 and 1.0 

± 0.5 MBq, respectively. 

 

NOTA–TP 4 was inactive at the earliest time point (24 h) for both HCT116 cells and 

GM05757 fibroblasts, but at 48 and 72 h, it became more active with an approximately two- 

to threefold higher cytotoxicity toward HCT116 cancer cells than normal fibroblasts 

(Table 1, entry 1). Chemotherapeutic effects of NOTA–TP 4 were comparable to that of 

oxaliplatin without radiation, which is currently used as the standard platinum-based 

chemotherapeutic agent for treatment of colorectal cancer (Table 1, entries 1 and 7). It is 

worth mentioning that the selectivity of NOTA–TP for the HCT116 cells relative to 

GM05757 fibroblasts was even higher than that of oxaliplatin (Table 1, entries 1 and 7). 

Interestingly, a combination with natural copper (natCu–NOTA–TP, entry 2) clearly changed 

the EC50 values of the conjugate such that it was about threefold less toxic than NOTA–TP 

but was still significantly selective (a factor of 1.8–2.8) toward cancer cells (Table 1, entries 

1 and 2) compared to the GM05757 fibroblasts. 

The addition of the 64Cu radioisotope greatly increased the cytotoxicity. The antitumor 

activity of [64Cu]Cu–NOTA–TP at a low AMA of ∼2 MBq/nmol was almost threefold 

higher than that of natCu–NOTA–TP with significant selectivity of sevenfold at 72 h toward 

cancer cells (Table 1, entry 3). 

However, there was no difference between the antitumor activities of NOTA–TP and 64Cu 

conjugate at 72 h post administration (Table 1, entries 1 and 3). This could be due to a very 

Entry  Compound  
24 h  48 h  72 h  

HCT116  GM05757  HCT116  GM05757  HCT116  GM05757  

1  NOTA-TP  > 250  > 300  66 ± 4  295 ± 2  25 ± 1  135 ± 3  

2  natCu-NOTA-TP  > 584  > 900  177 ± 3  320 ± 2  77 ± 2  218 ± 4  

3  64Cu-NOTA-TPa  > 250  > 300  31 ± 2  N/A  25 ± 3  > 180  

4  64Cu-NOTA-TPb  0.021±0.002  0.034±0.004  0.016±0.001  N/A  0.016±0.001  N/A  

5  64Cu(OAc)2
c  5.6±0.5  -  -  -  -  -  

6  Oxaliplatin  > 200  > 200  64 ± 1  165 ± 9  16 ± 4  65 ± 3  
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low dose rate from 64Cu at this time point, which corresponds to about six half-lives of 64Cu. 

As expected, by increasing the AMA of [64Cu]Cu–NOTA–TP to ∼250 MBq/nmol, its 

antitumor activity was strikingly improved, resulting in EC50 values ranging from 21 ± 2 to 

16 ± 1 nM at 24–72 h post administration for the HCT116 cells (Table 1, entry 4). This result 

implies that AMA is of great importance in the antitumor response of [64Cu]Cu–NOTA–TP. 

Its antitumor activity is optimal at 24 and 48 h post administration with EC50 values 

exceeding 27,800-, and 11,000-fold that of natCu–NOTA–TP, suggesting a strong 

concomitant interaction between 64Cu and TP residue (Table 1, entries 2 and 4). More 

importantly, the [64Cu]Cu–NOTA–TP conjugate is 1.6- to 2.5-fold more selective toward 

cancer cells within 24–72 h after treatment for optimal cancer treatment efficacy. 

The measured activity of [64Cu]Cu–NOTA–TP at 24 h post treatment in HCT116 was only 

0.2 MBq. This value is 28 times lower than that for [64Cu]Cu(OAc)2 at EC50 concentration 

(Table 1, entries 4 and 5). Moreover, EC50 values of [64Cu]Cu(OAc)2 in HCT116 and 

GM05757 cells were respectively 3 ± 1 and 0.6 ± 0.3 nM at 24 h, implying that 64Cu alone 

is ∼5-fold more active toward GM05757 human fibroblast cells relative to HCT116 cancer 

cells (Table 1, entry 5). 

[64Cu]Cu(OAc)2 in co-incubation with NOTA–TP was 5.7- and 2.5-fold less active in 

HCT116 cells than [64Cu]Cu–NOTA–TP at high AMA at 24 and 48 h, respectively, 

supporting a large supra-additive effect when 64Cu is combined with TP in a single 

compound (Table 1, entries 4 and 6). Surprisingly, the measured EC50 values were 

respectively reduced to 0.005 ± 0.003 and 0.027 ± 0.005 μM for HCT116 and GM05757 

cells at 72 h. The improvement in cytotoxicity of [64Cu]Cu(OAc)2 with NOTA–TP over time 

may be explained by complexation of [64Cu]Cu(OAc)2 to NOTA–TP in the exteracellular 

media. Interestingly, no trace of free 64Cu was found in extracellular media at 24, 48, and 72 

h post incubation and a new peak was detected in iTLC at a similar retention time to 

[64Cu]Cu–NOTA–TP (Figures S13 and S15). To rationalize the lower cytotoxicity of 

[64Cu]Cu(OAc)2 + NOTA–TP (entry 6) at 24 and 48 h relative to the 64Cu conjugate, we 

have measured the internalization kinetic of 64Cu in HCT116 cells and found that 

[64Cu]Cu(OAc)2 internalized 5.6-fold faster than [64Cu]Cu–NOTA–TP 2 h post 

administration (Figures 2 and S16A). Based on the fact that NOTA–TP and [64Cu]Cu(OAc)2 
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alone are less active than the 64Cu conjugate at 24 h, we can consider the reduced cytotoxicity 

at 24 h relative to 48 h (entries 1, 4, and 6) as a competition between cytotoxicity of NOTA–

TP, [64Cu]Cu(OAc)2, and [64Cu]Cu–NOTA–TP in HCT116 cells. 

Kinetics of the 64Cu Conjugate Internalization 

The internalized fraction of [64Cu]Cu–NOTA–TP in HCT116 cancer cells at 37 °C increased 

steadily from 0 to 24 h post incubation, reaching a plateau at 48 h, corresponding to about 

30% of the initial added dose (%AD) (Figure 2, black line). The results on internalization 

obtained at low temperatures (4 °C) indicate that only a very small quantity of the complex 

was internalized (<3%) by passive diffusion (Figure 2, red line). This result implies that the 

majority of the complex is internalized through active processes. Moreover, the saturation 

of the internalized fraction of the 64Cu conjugate with time (>48 h) further indicates that an 

active process was mainly responsible for internalization of this conjugate. Surface-bound 

activities were measured to be less than 4% at all time-points after the initial time of 

incubation, meaning that the majority of cell uptake activity was internalized into HCT116 

cells (Figure 2, gray line). 

Efflux Kinetic of [64Cu]Cu–NOTA–TP 

To determine the detoxification rate, the HCT116 cells were first incubated with [64Cu]Cu–

NOTA–TP during 1 h or 24 h, and then the efflux kinetics were measured during 1–24 h. As 

illustrated in Figure 3, the majority of [64Cu]Cu–NOTA–TP was retained inside the cells 24 

h post administration. The efflux kinetic measured after 1 h of incubation was faster than 

Figure 2. Internalized percentages at 37 °C (black line) and 4 °C (red line) and surface-

bound activities (gray line) of [64Cu]Cu–NOTA–TP as a function of time for HCT116 cells. 



42 
 

that observed after the 24 h incubation period (i.e., the graph has a shallower slope, Figure 

3). Because the efflux kinetic is an ATP-dependent process, which is mainly regulated by 

Pg-p, MRP, and ATP7-B proteins,(30) the slowest efflux observed after a 24 h incubation 

with [64Cu]Cu–NOTA–TP could be due to a higher cell toxicity. Indeed, 26 ± 1% of 

[64Cu]Cu–NOTA–TP was internalized after 24 h of incubation compared to only 1.3 ± 0.1% 

after 1 h of incubation (Figure 2, black line). 

Competition with NOTA–TP 

To verify if [64Cu]Cu–NOTA–TP was internalized in the HCT116 cells via the same 

receptors as those used by NOTA–TP, the internalization study was repeated with increasing 

concentrations of NOTA–TP. As illustrated in Figure 4, intracellular accumulation of 

[64Cu]Cu–NOTA–TP steadily increased from 0.27 ± 0.05 to 18.0 ± 0.2 mBq/cell as a 

function of its extracellular concentration. Interestingly, the addition of NOTA–TP in 

increasing concentrations reduced the intracellular accumulation of [64Cu]Cu–NOTA–TP by 

4.3–5.6-fold (p < 0.001). The result strongly suggests that the main mechanism of the 64Cu–

TP conjugate internalization may be active transport. Additionally, the cytotoxicity of 

[64Cu]Cu–NOTA–TP on the HCT116 cells was reduced by adding a 200- to 600-fold molar 

excess of NOTA–TP (Figure 5). At a constant concentration of [64Cu]Cu–NOTA–TP, 

escalating concentration of NOTA–TP during 48 h increased the viability of HCT116 cells 

Figure 3. Cell efflux assay from HCT116 cells after 1 h (black line) and 24 h (red line) of 

incubation with [64Cu]Cu–NOTA–TP as a function of time. 
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from 10 ± 2 to 46 ± 6% (black line), while a further reduction of cytotoxicity was measured 

after 72 h of incubation (18.5 ± 1%, red line, p < 0.05). 

Nuclear Localization of [64Cu]Cu–NOTA–TP 

The kinetic of nuclear localization is illustrated in Figure 6. After 24 h of incubation, the 

percentage of nuclear localization of [64Cu]Cu–NOTA–TP at low AMA was 2.1 ± 1% 

followed by a significant increase observed at 72 h (11.3 ± 0.9%). The percentage of nuclear 

localization was also determined for [64Cu]Cu–NOTA–TP at high AMA. Interestingly, the 

nucleus localization was increased to 4.1 ± 1.0, 12.2 ± 2.4, and 17.3 ± 2.5% at 24, 48, and 

Figure 4. Reduction of [64Cu]Cu–NOTA–TP accumulation in HCT116 cells by adding 

NOTA–TP. Two series of assay were done. The first was without NOTA–TP and the second 

in excess of NOTA–TP that was 8.3–14.5 times more concentrated than [64Cu]Cu–NOTA–

TP. 

Figure 5. Cytotoxicity of [64Cu]Cu–NOTA– TP on the HCT116 cells measured with 

PrestoBlue assay. Cell viability was measured after 48 h (black line) and 72 h (red line) of 

incubation in HCT116 cells. 
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72 h, respectively. The higher accumulation in the nucleus at 72 h of incubation could be 

due by the increasing toxicity of [64Cu]Cu–NOTA–TP for the HCT116 cells resulting in a 

lower capacity to remove [64Cu]Cu–NOTA–TP intercalated into the G-quadruplex. At high 

AMA, the density of LEEs is much higher close to the DNA and so is the density of strand 

breaks, making repair more difficult, especially if involving a nucleotide excision repair 

(NER) such as excision repair cross-complementation group 1, xeroderma pigmentosum 

group A, and xeroderma pigmentosum group C, which are known for their role in removing 

platinum–DNA adducts.(30) 

Figure 6. Percentage of internalized [64Cu]Cu–NOTA–TP localized into the nucleus and 

cytoplasm in HCT116 cells as a function of time. 

The subcellular distribution of [64Cu]Cu(OAc)2 was measured as a control experiment. As 

illustrated in Figure S16B, the nucleus localization was 3.1 ± 1.5, 2.7 ± 1.0, and 3.3 ± 1.5% 

at 24, 48, and 72 h, respectively. These results indicate that the nuclear accumulation 

percentages of [64Cu]Cu(OAc)2 are 1.3-, 4.5-, and 5.2-fold lower than those for [64Cu]Cu–

NOTA–TP at 24, 48, and 72 h, respectively. This is a further result supporting a higher 

cytotoxicity for [64Cu]Cu–NOTA–TP relative to [64Cu]Cu(OAc)2. As reported for [64Cu]Cu–

NOTA–TP, the majority of [64Cu]Cu(OAc)2 is also located in the cytoplasm but the 

cytoplasm accumulation percentages of [64Cu]Cu(OAc)2 remained constant between 80 ± 

javascript:void(0);
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13.3 and 84 ± 15% compared to those of [64Cu]Cu–NOTA–TP, which decreased from 24 to 

72 h (i.e., 77 ± 3.5 to 56 ± 8.5). 

Radiation-Absorbed Dose to the HCT116 Nucleus 

The diameter of the HCT116 cells and its nucleus were determined after staining with FITC 

and Hoechst 33342 to calculate the absorbed dose of radiation from the Auger electrons (6.5 

keV, 1.5 μm; 840 eV, 0.05 μm) emitted by 64Cu (Figure 7).(31) The purity of the extracted 

nuclei was confirmed by the positive staining with Hoechst 33342 (blue color) and the 

absence of FITC staining (green and gray color, Figure 7A).(31) The nucleus (D(Nucleus)) and 

whole cell (D(Cell)) diameters of HCT116 cells were measured to be 11.2 ± 1.4 and 24.5 ± 

3.1 μm, respectively (Figure 7B,C), which are consistent with the values reported by 

Eiblmaier et al.(32) 

Figure 7. Purity of the extracted nuclei (A) and measured whole cell as well as nucleus 

diameters (B,C). Fluorescence microscopy after staining with FITC and Hoechst 33342 

(40×). The diameter of the HCT116 nucleus and whole cell was measured by ImageJ 1.5i 

software. 

 

The nucleus-absorbed dose from 64Cu comes from two different sources: (1) disintegration 

of 64Cu inside the cells, (2) disintegration of 64Cu in culture medium during incubation. The 

internalization pattern of [64Cu]Cu–NOTA–TP changed from a linear quadratic model at 24 

h (AI (mBq/cell) = −0.0013k2 + 0.5638k + 3.69) and 48 h (AI (mBq/cell) = 9.282 + 

0.616k −0.0022k2) to a cubic model at 72 h (AI (mBq/cell) = 0.178 + 0.069k −0.002k2 + 

0.000018k3), Figure S17. This change in internalization pattern could be due to either 

saturation of receptors responsible for internalization of this complex or an accumulation of 

the complex exceeding the maximum tolerable threshold level of the HCT116 cells. 

The total nucleus-absorbed dose of [64Cu]Cu–NOTA–TP at high AMA was measured by 

adding up the mean absorbed dose from intracellular (DN←c) activities, which was calculated 
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using formula 1 proposed by MIRD(25) and extracellular (DN←medium) activities using a 

Gafchromic film (RTQA2 QA+), Figure S18. Accordingly, the maximum nucleus-absorbed 

dose was calculated to be about 280 ± 2 cGy after 24 h of incubation time. To confirm that 

the emitted β particles by 64Cu pass through the first polyester layer of the film (97 μm), we 

calculated the range of β particles in polyester by the empirical formula provided by Katz 

and Penfold (Rmax [g/cm2] = 0.412E1.265–0.0954ln(E)) Figure S18.(33) Based on the density of the 

polyester (1.38 g/cm3), the range of β particles was calculated as 1.42 mm, which is 

considerably larger than the thickness of the polyester layer as well as pressure adhesive 

sensitive (20 μm). 

Viability of HCT116 Cells in the Presence of [64Cu]Cu–NOTA–TP and an 

External 60Co Beam 

The LD50 value measured from the survival curve was 85 ± 5 cGy (Figure 8A), which is 

significantly lower (2.7-fold) than the LD50 value calculated for HCT116 cells (2.3 ± 1.0 Gy) 

irradiated with low-LET gamma rays from a 60Co source (Figure 8B).(2) The 

isobologram(25) at 50% cell survival for HCT116 cells after 24 h of treatment with natCu–

NOTA–TP on the Y-axis and the absorbed dose to the nucleus on the X-axis were used to 

determine whether there is a supra-additive, additive, or an infra-additive interaction (Figure 

8C). The line of additivity is plotted between the measured EC50 value for HCT116 cells 

irradiated by radiotherapy alone and the natCu–NOTA–TP drug. As illustrated in the 

isobologram (Figure 8C), the EC50 value of [64Cu]Cu–NOTA–TP at high AMA gives a point 

to the left of the line, indicating a supra-additive response. Note that similar results were 

obtained for other time points and when the isobologram was plotted between the NOTA–

TP EC50 value and the absorbed dose to the nucleus. 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039#fig8
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039#fig8
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039#fig8
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Figure 8. Survival curves for HCT116 cells in the presence of [64Cu]Cu–NOTA–TP and 

external 60Co beam. (A) Viability (%) of HCT116 cells measured with the metabolic assay 

PrestoBlue as a function of intra-cellular activity of [64Cu]Cu–NOTA–TP (lower horizontal 

axis) and nucleus-absorbed dose (upper horizontal axis). Note that the scales for intracellular 

activity (lower horizontal axis) and absorbed dose (upper horizontal axis) are different. (B) 

Viability (%) of HCT116 cells after treatment with gamma rays from a 60Co source measured 

with a colony formation assay (adapted from tippayamontri2). (C) Isoblogram at EC50 values 

for HCT116 cells treated with natCu–NOTA–TP at 24 h and external beam radiation therapy. 

 

Discussion and Conclusions 

The results of the present study show that in the absence of 64Cu, NOTA–TP has a promising 

cytotoxic profile. Previous experimental and computational studies indicate that TP 

compounds fit into the minor groove in B-DNA, which is the most available form of the 

molecule under normal physiological conditions.(14) Presumably, the length of the linker and 

the presence of a phenyl group between NOTA and the TP groups contribute to reducing 
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steric hindrance at close proximity to the terpyridine residue. The latter can therefore 

intercalate in the minor groove of DNA more easily. The phenyl group on the linker increases 

the planarity of the molecule, a property that improves the probability of π–π interactions 

with G-quadruplexes, which are the main targets of TP-based agents of the square planar 

structure.(17) Previous studies have shown that increasing the rigidity of the linker in TP-

based complexes improves their selectivity and antitumor activity.(27) Interestingly, the 

cytotoxicity of NOTA–TP on HCT116 cells was at least threefold higher than that of natCu–

NOTA–TP at 48 and 72 h post administration (Table 1, entries 1 and 2). At this time, there 

is no clear explanation for the increased cytotoxicity of NOTA–TP on cancer cells. 

The antitumor activity of [64Cu]Cu–NOTA–TP was closely dependent on its AMA. At a low 

AMA of ∼2 MBq/nmol, the gain in cytotoxicity was modest, only threefold better than the 

non-radioactive natCu–NOTA–TP after 72 h of incubation with the HCT116 cells. However, 

the selective anti-cancer efficacy of [64Cu]Cu–NOTA–TP “exploded” almost 27,800-fold at 

24 h post administration when the AMA was increased by a factor 125, indicating a 

remarkable improvement in its cytotoxic efficiency and a strong supra-additive interaction 

(Figure 8C). These results are consistent with previous observations made by Areberg et 

al. on the importance of AMA in supra-additive interactions of the radioisotope 191Pt 

combined with cisplatin.(25)  They reported a supra-additive interaction only at high specific 

activities over 100 MBq/mg.(25) One should note that the maximum deposited activity in the 

cells occurs at 24 h (∼2 half-live). The enhancement factor for the cytotoxic effect of 

[64Cu]Cu–NOTA–TP at high AMA relative to natCu–NOTA–TP reduces over time from 

27,800 at 24 h to 11,000 and 4800 at 48 and 72 h, respectively, which can be explained by 

the decay of 64Cu. 

Although the EC50 value of [64Cu]Cu(OAc)2 in nM concentration is inferior to that of 

[64Cu]Cu–NOTA–TP, the total mean activity to treat 50% of HCT116 cells with 

[64Cu]Cu(OAc)2was larger by a factor of 28 than that for [64Cu]Cu–NOTA–TP at high AMA 

(Table 1), supporting the view that the latter’s cell-killing effectiveness was derived from the 

supra-additive interaction between the ionizing radiation of 64Cu and NOTA–TP when they 

are combined in a single compound. Furthermore, the great stability of [64Cu]Cu–NOTA–

https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039#tbl1
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039#tbl1
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039#fig8
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TP supports the results obtained and the excellent potential of [64Cu]Cu–NOTA–TP for 

further in vivo investigations. 

The internalization pattern of [64Cu]Cu–NOTA–TP as a cationic complex indicates a 

curvilinear behavior showing a saturation point after 24 h of incubation (Figure 2). Previous 

studies showed that cationic compounds are internalized by absorptive 

endocytosis via electrostatic interactions with negatively charged macromolecules, such as 

proteoglycans, on the cell membrane. Absorptive endocytosis typically has a linear-plateau 

shape due to saturation of binding sites on the cell membrane.(34) We therefore presume that 

the 64Cu-conjugate may be internalized via this pathway. To confirm our hypothesis, we will 

use a specific blocker for this pathway in a future study. 

Measurements of the nuclear localization of [64Cu]Cu–NOTA–TP at low AMA indicated 

that the majority of the complex accumulated in the cytoplasm even after 72 h of incubation 

(Figure 6). Such a result is consistent with the measured subcellular distributions of other TP 

compounds.(35) We hypothesize that the cytoplasmic accumulation of the complex could be 

due to interactions with thiol containing small peptides such as glutathione (GSH) and 

metallothionein (MTs), which are present at high concentrations in the cytoplasm. GSH, 

present at concentrations from 0.5 to 10 mM, is counted as the most important non-DNA 

target of platinum drugs.(30) At low AMA, the measured nucleus accumulations range from 

2 to 12%, which agrees with previous observations by Stafford et al.(35) for the nuclear 

localization of another TP-based agent of a similar structure. 

Interestingly, we found that the nucleus percentage of the 64Cu conjugate at high AMA 

increased by a factor of 1.9–5.7. This result strongly supports a considerable enhancement 

in the cytotoxicity of [64Cu]Cu–NOTA–TP at high AMA. A consistent decrease in cytoplasm 

localization can confirm the cytoplasm-nucleus translocation of [64Cu]Cu–NOTA–TP as a 

function of time. The fact that exposure of p53 wild-type (+/+) HCT116 to platinum-based 

agents induces expression of Atox1 protein responsible for translocation of copper to the 

nucleus could be a possible mechanism involved in this process.(36) This hypothesis will have 

to be validated by using a specific blocker of Atox1 in a future study. 

At high AMA, the density of LEEs is much higher close to the DNA and so is the density of 

strand breaks, making repair much more difficult. The antitumor activity of [64Cu]Cu–
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NOTA–TP at high AMA relative to oxaliplatin (EC50 values exceeding 4000-fold) is far 

superior to the value reported for combination treatment of cancer cells with Pt-based 

chemotherapeutic agents and external beam radiation therapy (7.8-fold) at 48 h post 

administration;(2) that is, when lesions are stochastically scattered over the entire DNA, the 

average distance between lesions is thus much larger than with a radiotheranostic agent such 

as [64Cu]Cu–NOTA–TP. Moreover, it is worth nothing that this drastic improvement of 

cytotoxicity for [64Cu]Cu–NOTA–TP at high AMA is associated with just a 2.7-fold 

decrease in the nucleus-absorbed dose relative to treatment of HCT116 cells with a low-LET 

external beam radiation therapy(2) (Figure 8A,B). 

Improvements in antitumor activity observed at elevated AMA can be explained by the 

following hypotheses. First, at high AMA, competition with the non-radioactive NOTA–TP 

complex is reduced and the intercalation of [64Cu]Cu–NOTA–TP into DNA is 

maximized,(6) which should optimize the generation of LEEs whose mean path length of 10 

nm is comparable to the diameter of the DNA helix. Consequently, DNA damage induced 

by the radiotherapeutic properties of 64Cu should be considerably increased. The removal 

of 64Cu–platinum DNA adducts by the NER system generates a single strand break (SSB). 

Since the LEEs produced by 64Cu–platinum DNA adducts also generate SSB, two closely 

spaced SSBs could be considered as a double strand break (DSB), which is much more 

difficult to repair,(37) which would thus amplify the cytotoxic efficiency. Additionally, since 

LEEs can cause a DSB at a higher probability than low LET ionizing radiation,(37) cluster 

lesions consisting of three bond scissions are also expected. The probability to produce 

between two or more lesions is thus maximized (Figure 9A). 
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Figure 9. Proposed mechanisms of [64Cu]Cu–NOTA–TP at high AMA. Localization of 

LEEs in close proximity on DNA double strands (A). Removal of the sheltering complex 

(B) and localization of LEEs on G-quadruplexes (C) formed at telomers and promoter of 

oncogenes, for example, the c-MYC gene.  

 

It is well known that TP-based platinum compounds mainly target guanine-rich DNA 

sequences known as G-quadruplex structures via π–π interaction and direct intercalation into 

the lateral and diagonal loops (Figure 9B,C).(19) G-quadruplex structures are often present in 

important regions of DNA, such as telomeres and promoters of oncogenes, particularly the 

c-MYC gene.(16) TP-based G-quadruplex binders improve the stability of these 3-D 

structures, leading to the displacement of a protective protein complex located on telomers 

known as the shelterin complex as well as telomerase enzymes inducing telomer shortening 

and ultimately cell death.(19) Recent studies indicated that the tandem repeat 
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(TTAGGG)n located on telomers is more sensitive to LEEs than other intermixed sequences 

of DNA.(20) Accordingly, one possible mechanism for the remarkably increased cytotoxicity 

of the complex [64Cu]Cu–NOTA–TP at high AMA is one where this molecule on the TP 

residue can stack non-covalently on one face of a DNA quadruplex (last G-quartet), thus 

reducing shelterin and telomerase enzyme displacement (Figure 9B). 

On the other side of the molecule, 64Cu continues bombardment of the G-quadruplex box 

with LEEs and induces cluster damages, which are challenging for the DNA damage repair 

system. This will trigger disruption of the G-quartet and destabilization of the quadruplex 

box (Figure 9C). A similar phenomenon could occur on the nuclease hypersensitive element 

III1 (NHE III1), which is located upstream of the P1 promoter of the c-MYC gene, and 

interferes with transcription and replication of this gene, leading to cell apoptosis.(38) By 

increasing the specific activity of our 64Cu–TP-complex, we may have enhanced the 

probability of supra-additive interactions between these two independent pathways in a 

biologically important region of DNA. 

Another potential explanation for the supra-additive cytotoxic effect observed at high AMA 

(and one which is not mutually exclusive) is that secondary LEEs produced by 64Cu can 

interact with monofunctional TP adducts. In this case, the reaction of dry and solvated 

electrons with this single bond adduct could generate a radical that would react with another 

nearby DNA subunit, especially purine bases, leading to intra- or inter-strand cross-links. 

Formation of these cross-links are also challenging for the DNA damage repair system.(39,40) 

One should note that even at high AMA, the majority of the complex stays in the cytoplasm 

(56–77%, Figure 6) and about 4% is localized on the cell membrane (Figure 2), which is 

equal to the value for the nucleus accumulation percentage at 24 h in HCT116 

(4.1%, Figure 6). These results open a new window for other molecular mechanisms, which 

might contribute to the cytotoxicicity of [64Cu]Cu–NOTA–TP. Paillas et al. indicated that 

by targeting the p53 wild-type HCT116 colorectal cell membrane with auger emitters, 

cytotoxicity can be induced mainly via nontargeted (bystander) effects, which is mediated 

by modifications to the structure of cholesterol-enriched domains or lipid rafts.(41) Possibly, 

this lipid raft-mediated bystander effect can compensate for the modest nuclear accumulation 

of [64Cu]Cu–NOTA–TP. Additionally, in this study we measured cell cytotoxicity by the 
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PrestoBlue assay, which is a standard method for detection of mitochondrial viability. As 

the majority of [64Cu]Cu–NOTA–TP at high AMA is located in the cytoplasm that contains 

the mitochondria, we suppose that mitochondrial injury via mtDNA damage could be 

another possible mechanism involved in cytotoxicity of this 64Cu–terpyridine conjugate. 

In conclusion, this work confirms the anticancer potential of [64Cu]Cu–NOTA–TP using the 

HCT116 human colon cancer cell line. As a novel chemo-radiotherapeutic agent, this 

compound with a high in vitro plasma stability provides a strong nanoscopic supra-additive 

and selective cytotoxic effect when 64Cu is combined with NOTA–TP. [64Cu]Cu–NOTA–

TP could also act as a useful imaging tool for measuring and monitoring total-body intra-

tumor distributions and treatment efficiency of the conjugate and so improve the treatment 

and quality of life of cancer patients. In vivo validation of the efficacy of [64Cu]Cu–NOTA–

TP is therefore crucial to realize any clinical potential of this promising radiotheranostic 

agent. 

Experimental Section 

Chemicals 

All chemicals, unless otherwise noted, were acquired from Sigma-Aldrich (St. Louis, MO) 

and used as received without further purification. All instruments were calibrated and 

maintained in accordance with standard quality-control procedures. 1H and 13C NMR spectra 

were recorded in deuterated solvents on a Brucker Ascend 400 NMR instrument. The 

residual solvent peaks have been used as internal references. All coupling constants (J) are 

in Hertz. The peak multiplicities are described as follows: s (singlet), d (doublet), t (triplet), 

q (quartet), dd (doublet of doublet), and td (triplet of doublet). 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 ESI-Q-Tof (MAXIS). High-resolution mass spectrometry was 

carried out through electrospray ionization using an a Triple TOF 5600, ABSciex mass 

spectrometer. The NMR spectra were expressed on the δ scale and were referenced to 

residual solvent peaks and/or internal tetramethylsilane. 
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64Cu was prepared on a TR-19 or a TR-24 cyclotron (ACSI) by the 64Ni(p,n)64Cu reaction 

using an enriched 64Ni target electroplated on a rhodium disc.(42) [64Cu]CuCl2 was recovered 

from the target following the procedure of McCarthy et al.(43) and converted to 

[64Cu]Cu(OAc)2 by dissolving the [64Cu]CuCl2 in ammonium acetate (0.1 M; pH 5.5). Purity 

of the conjugates was verified by high-performance liquid chromatography (HPLC). All 

final compounds had a HPLC purity of ≥95% unless otherwise stated. Analytical HPLC was 

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, 5 μ) and an Agilent 1200 series diode array UV–vis detector (Agilent Technologies) 

using the following method: flow = 1 mL/min, 0–20 min; 25–100% CH3CN-0.1% TFA in 

H2O-0.1% TFA, 20–30 min; 100 to 0% CH3CN in H2O. 

Synthesis of 4′-((4-(Bromomethyl)benzyl)oxy)-2,2′:6′,2″-terpyridine (1) 

A solution of 2,6-bis(2-pyridyl) 4(1H) pyridone (0.2 g, 0.80 mmol) was added to a stirred 

solution of potassium carbonate (0.22 g, 1.59 mmol) in acetone (50 mL). The mixture was 

heated under reflux for 15 min. After this time, 1,4-Bis (bromomethyl)benzene (0.23 g, 0.88 

mmol) was added and the reflux was allowed to proceed for 2 h. The solution was then 

cooled, and the off-white-yellow solid was filtered and washed with acetone. The organic 

extract was dried over sodium sulfate and the solvent was removed under vacuum. The crude 

product was purified by flash chromatography to yield an off-white solid 67%; HPLC: Rt = 

13.41 min; 1H NMR (400 MHz, CDCl3): δH 8.51 (dd, 2H, 1JHH = 1.22, 2JHH = 1.78), δH 8.46 

(dt, 2H, 1JHH = 1.11, 2JHH = 7.96), 7.92 (s, 2H), 7.65 (td, 2H, 1JHH = 1.98, 2JHH = 7.96), 7.25 

(dd, 4H, 1JHH = 8.10, 2JHH = 8.40), 7.15 (td, 2H, 1JHH = 1.2, 2JHH = 5.31), 5.13 (s, 2H), 4.32 

(s, 2H); 13C NMR (100 MHz,CDCl3): δC 166.96, 157.40, 156.15, 149.20, 137.82, 136.96, 

136.56, 129.48, 127.98, 124.03, 121.51, 107.70, 69.58, 33.24, 29.84. ESI-MS: calcd for 

C23H18BrN3O [M]+, 432.32; found [M + H]+, 433.20. HRMS (ESI-Q-Tof, m/z): calcd, 

432.0706; found 432.0708. 

Synthesis of Di-tert-butyl 2,2′-(7-(4-(([2,2′:6′,2″-terpyridin]-4′-yloxy)methyl)benzyl)-

1,4,7-triazonane-1,4diyl)diacetate (2) 

A solution of NO2AtBu (0.1 g, 0.28 mmol) was added to a stirred solution of potassium 

carbonate (0.08 g, 0.58 mmol) in dry acetonitrile (20 mL). The mixture was heated under 
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reflux for 10–15 min. After this time, compound 1 (0.14 g, 0.33 mmol) dissolved in 

minimum of dry DMF was added slowly and the reflux was allowed to proceed for 20 h. 

The solution was then cooled, and the white-yellow solid was filtered and washed with 

acetonitrile. The organic extract was dried over sodium sulfate and the solvent was removed 

under vacuum. The crude product was washed thoroughly with diethyl 

ether/dichloromethane 2/1 under strong sonication for 15 min. After this time, a white solid 

was formed and removed and the organic solution was evaporated to yield compound 2 as a 

beige solid 75%; HPLC: Rt = 14.99 min; 1H NMR (400 MHz, CDCl3): δH 8.87 (dd, 

2H, 1JHH = 1.22, 2JHH = 1.80), δH 8.71 (d, 2H, JHH = 8.70), 8.15 (s, 2H), 8.05 (td, 2H, 1JHH = 

1.78, 2JHH = 7.84), 7.58 (dd, 4H, 1JHH = 8.10, 2JHH = 8.70), 7.51 (dd, 2H, 1JHH = 1.2, 2JHH = 

5.13), 5.39 (s, 2H), 4.45 (s, 2H), 2.53–3.58 (m, 17H), 1.45 (s, 18H); 13C NMR (100 MHz, 

CDCl3): δC 173.50, 170.56, 167.39, 161.76, 161.03, 160.67, 155.15, 153.77, 147.68, 139.50, 

137.77, 131.05, 130.98, 128.29, 125.05, 122.80, 120.81, 117.91, 115.02, 112.13, 109.06, 

82.35, 69.83, 59.58, 57.35, 51.61, 51.39, 48.49, 28.20. ESI-MS: calcd for C41H52N6O5 [M]+, 

708.80; found [M + H]+, 709.50. HRMS (ESI-Q-Tof, m/z): calcd, 709.4072; found, 

709.4067. 

Synthesis of Di-tert-butyl-NOTA–TP (3) 

Compound 2 (0.1 g, 0,14 mmol) was dissolved in methanol (2 mL) and added to a solution 

of Pt (COD)Cl2 (0.053 mg, 0.14 mmol) in methanol (1 mL). The orange-red solution was 

heated at 55 °C and set to stir for 24 h. The solution was then allowed to cool; a saturated 

solution of NaPF6 in water was added to precipitate out a yellow-orange solid, which was 

centrifuged, washed with water many times, and dried. The product was obtained as a very 

hygroscopic yellow solid (76%); HPLC: Rt = 18.62 min; 1H NMR (400 MHz, DMSO-d6): 

δH 8.92 (d, 2H, JHH = 5.13), 8.62 (d, 2H, JHH = 8.0), 8.53 (t, 2H, JHH = 7.8), 8.43 (s, 2H), 7.96 

(t, 2H, JHH = 7.6), 7.60 (dd. 4H, 7.25 (dd, 4H, 1JHH = 8.10,(2)JHH = 8.70), 5.56 (s, 2H), 4.39 

(s, 2H), 3.58–2.66 (m, 17H), 1.44 (s, 18H); 13C NMR (100 MHz, DMSO-d6): δC 170.34, 

168.96, 158.28, 155.56, 151.24, 142.63, 135.69, 132.86, 130.80, 129.37, 129.06, 128.53, 

125.71, 111.18, 81.17, 57.30, 55.38, 50.19, 49.18, 46.62, 27.91, 27.61. ESI-MS: calcd for 

C41H52ClN6O5Pt [M]+, 938.4; found, 938.6. HRMS (ESI-Q-Tof, m/z): calcd 938.3333; 

found, 938.3328. 
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Synthesis of NOTA–TP (4) 

To a solution of 3 (0.2 g, 0.21 mmol) dissolved in a minimum of acetone was added 5 mL 

of HCl 4 M in dioxane and stirred at room temperature for 4–5 h. A saturated solution of 

NaPF6 in water was then added to precipitate out a light yellow-orange solid, which was 

centrifuged, washed with water many times, and dried. The product 4 was obtained with 

89% yield as a very hygroscopic solid. HPLC: Rt = 10.91 min;1H NMR (400 MHz, DMSO-

d6): δH 11.74 (s, 2H, COOH), 8.68 (d, 2H, JHH = 5.3), 8.57 (d, 2H, JHH = 8.5), 8.45 (t, 

2H, JHH = 7.8), 8.34 (s, 2H), 7.86 (t, 2H, JHH = 7.6), 7.67 (dd. 4H, 7.25 (m, 4H), 5.51 (s, 2H), 

4.37 (s, 2H), 3.52–2.66 (m, 17H); 13C NMR (100 MHz, DMSO-d6): δC 172.28, 168.83, 

158.07, 155.35, 151.07, 142.51, 131.56, 130.61, 129.29, 128.99, 125.71, 111.15, 71.73, 

66.35, 57.68, 54.68, 50.03, 49.12, 47.15. ESI-MS: calcd for C33H36ClN6O5Pt [M]+, 826.2; 

found, 826.4. HRMS (ESI-Q-Tof, m/z): calcd, 827.2081; found, 827.2064. 

Synthesis of natCu–NOTA–TP 

The natCu–NOTA–TP conjugate was formed by dissolving conjugate 4 in a minimum of 

DMSO and treating the orange solution with a slight excess (1.1 equiv) of trace metal copper 

acetate Cu(OAc))2 in 0.1 M ammonium acetate buffer, pH 5.5, for 1 h at room temperature. 

During this time, the color of the solution turned from yellow-orange to pale green. An 

aqueous solution of NaPF6 was directly added to the reaction mixture, which yielded a green 

precipitate that was filtered, washed many times with water, and dried. The compound was 

isolated as a pale green PF6 salt (88%) with an HPLC purity of 99%. ESI-MS: calcd for 

C33H34ClCuN6O5Pt [M]+, 888.7; found, 888.5. HRMS (ESI-Q-Tof, m/z): calcd 887.1220; 

found, 887.1201. 

Radiolabeling of 4 with 64Cu 

The preparation of [64Cu]Cu–NOTA–TP at high and low AMA was, respectively, performed 

by incubating 2 and 250 μM of conjugate 4 dissolved in 10% of DMSO in 0.9% saline with 

250–350 MBq of [64Cu]Cu(OAc)2 in a total volume of 500 μL of 0.1 M ammonium acetate 

buffer, pH 7.25, within 15–20 min at room temperature. The radiolabeling was followed by 

radio-iTLC on C18 plates using sodium citrate 0.1 M at pH = 5.5 as eluent. [64Cu]Cu–

NOTA–TP was used without further purification. 
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Plasma Protein Binding and Stability Studies 

Plasma stability studies were realized as previously described by our group.(28) Briefly, the 

study was carried out by incubating [64Cu]Cu–NOTA–TP (60 MBq in 200 μL PBS buffer) 

in 200 μL of rat serum and the solution was incubated at 37 °C for up to 72 h. The plasma 

was then mixed twice with (1:1) acetonitrile to precipitate all the proteins. The samples were 

subjected to vortex mixing for 1 min and then centrifugation for 15 min at 6600 rpm. Plasma 

proteins were separated from the soluble component by ultracentifugation and the 

radioactivity was counted. The supernatant fraction was assayed by radio-iTLC on C18 

plates; free [64Cu]Cu(OAc)2 and [64Cu]Cu–NOTA–TP were used as standards. The 

radioTLCs were eluted with 0.1 M sodium citrate buffer at pH 5.5 using an Instant Imager 

system (BioScan, DC, U.S.A.) for the radiodetection. 

Cell Culture 

A p53 wild-type colorectal cancer cell line HCT116 (obtained from ATCC) was cultured in 

Eagle’s minimum essential medium (EMEM) completed media supplemented with 10% 

FBS, 1% penicillin/streptomycin, and 2 mM L-glutamine in a humidified atmosphere of 5% 

CO2 at 37 °C. The normal fibroblast cell line GM05757 (purchased from Coriell Institute) 

was cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with the same 

ingredients mentioned earlier. All cisplatin (diluted in 0.9% saline) and 64Cu/NOTA–TP 

complex (diluted in DMSO) solutions were prepared immediately before use in EMEM and 

DMEM. 

Cytotoxicity Assessment 

The PrestoBlue assay was applied to investigate the cytotoxic effects of different derivatives 

of the complex on HCT116 cells. HCT116 cells (104) were cultured in each well of a 96-

well plate for 24 h. Then, they were treated with various concentrations (0–300 μM) of 64Cu 

(0–2 MBq)/NOTA–TP compound and its other derivatives including NOTA–TP 

and natCu/NOTA–TP for 24, 48, and 72 h. A parallel experiment was performed with DMSO 

as the control group. The measured IC50 value was derived from the dose response curve for 

each complex that was plotted between survival the fraction percentage of HCT116 cells 
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against concentrations of compounds (x-axis). Finally, cell viability was measured based on 

fluorescence activity (λex = 570 nm; λem = 610 nm) of the PrestoBlue reagent. 

Cellular Uptake, Internalization, and Efflux Kinetics of the 64Cu Conjugate in HCT116 

Cells 

Cell internalization, uptake, and efflux assays were performed to investigate the cellular 

permeability, localization, and clearance rates of the complex after internalization in 

HCT116 cells. For internalization and the uptake assay, HCT116 cells were cultured in T-

75 flasks until they reached 70% confluence. Then, HCT116 cells (2 × 105) were allowed to 

attach and grow in each well of 12-well plates for 48 h. Afterward, they were treated with 

0.11 MBq (50 μL) of a radiolabeled complex at a sub-lethal concentration (<10 μM) from 

15 min to 48 h. The radioactive medium was removed and cells were washed with pre-

warmed PBS three times. To collect the surface-bound activity, the cells were washed with 

the weak acid solution glycine–HCl (50 mM, pH = 2.2). Internalized activity was measured 

by a gamma counter and the results were expressed as the percentage of the added dose (% 

AD) per 106 cells. For the uptake assay, the same procedure as the internalization assay was 

used except for the acid washing with glycine–HCl. Parallel experiments were performed at 

a lower temperature (4 °C) to determine whether the internalization was an active or a 

passive process. For the efflux assay, the HCT116 cells (2 × 105) were plated in each well 

of 12-well plates for 48 h. Next, they were treated with 0.11 MBq (50 μL) of a radiolabeled 

complex for 1 and 24 h. At each time point, radioactive medium was removed, and the cells 

were washed with pre-heated PBS (37 °C) thrice, followed by addition of fresh media to 

each well. Finally, the retained activity by the cells was measured by a gamma counter over 

a time period of 24 h post-washing. The results were expressed as the percentage of activity 

remaining inside the cells relative to t = 0 when the radioactive medium was removed. 

Nuclear Localization of [64Cu]Cu–NOTA–TP in HCT116 Cells 

For isolation of the HCT116 cell nucleus, the procedure proposed by Eiblmaier et al. with 

some minor revisions was used.(32) Briefly, HCT116 cells (106) were treated with 0.11 MBq 

(50 μL) of the 64Cu conjugate for 24, 48, and 72 h. After each time point, radioactive media 

was removed; then, the cells were washed with pre-warmed PBS three times and harvested 

after trypsinization. Pelleted cells were lysed in cytoskeletal (CSK) buffer (0.5% Triton X-
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100, 300 mM sucrose, 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA], 2 mM 

MgCl2, and 10 mM HEPES, pH 6.8) and incubated on ice for 2 min followed by 

centrifugation at 560g at 4 °C for 5 min. The supernatant was removed and then the same 

procedure was repeated with the CSK buffer without Triton X-100. The nuclear pellets were 

counted for radioactivity in a gamma counter. The purity of the extracted nuclei was 

determined by fluorescence staining with FITC (25 mg/mL) and Hoechst 33342 (7 μg/mL). 

Macrographs were obtained with a magnification of 10 and 40. The internalized percentage 

in the HCT116 nucleus was determined by the number of gamma counts in the nuclear pellets 

divided by the total internalized activity. 

Radiation-Absorbed Dose Calculations 

To measure the nucleus-absorbed dose from the activity inside cells, we used the 

following formula 1 proposed by MIRD(25,44). 

(1) 

where ÃC is the number of disintegrations of 64Cu in the cell, S(N ← N) is the mean absorbed 

dose to the nucleus per disintegration in the nucleus, S(N ← Cy) is the mean absorbed dose 

to the nucleus per disintegration in the cytoplasm, while fN and fCy are the fractions of 

activity in the nucleus and cytoplasm, respectively. At high AMA, the localized fraction of 

[64Cu]Cu–NOTA–TP in the nucleus (fN) and cytoplasm (fCy) were 4.1 ± 1.0 and 77.0 ± 3.5%, 

respectively, at 24 h post administration in HCT116 cells (Figure 6). 

For computing S(N ← N) and S(N ← Cy) values, we have determined the nucleus (11.2 ± 

1.4 μm) and whole cell diameter (24.5 ± 3.1 μm) as well as radiosensitivity of HCT116 cells. 

The sensitivity of HCT116 cells to ionizing radiation was previously determined in a linear-

quadratic model fitted to the survival curve after irradiation with a 60Co source. The 

measured α and β values were 0.12 ± 0.04 Gy–1 and 0.07 ± 0.04 Gy–2 (α/β = 1.7 Gy), 

respectively. By plugging in these values in the MIRDcell V2.0 software tool for dosimetric 

analysis, S(N ← N) and S(N ← Cy) were determined to be 5.2 × 10–4 and 3.7 × 10–5 Gy/Bq 

s, respectively. Based on formula 1, calculation of the absorbed dose to the HCT116 nucleus 

from intracellular decays (DN←Cell) requires knowledge about the cumulated activity (ÃC). 

The value of ÃC was measured to be 8.64 × 104AI. The value 8.64 × 104 was not measured; 
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it is only the number of seconds in 24 h. For computing AI (the cellular uptake at the end of 

a 24 h incubation period), a polynomial model (AI (mBq/cell) = −0.0013k2 + 0.5638k + 3.69) 

was fitted to the experimental data in Figure S17A (black line), where k is the extracellular 

concentration in kBq/mL. 

To calculate the nucleus-absorbed dose from the activity in the culture medium (DN←medium), 

we used a Gafchromic film (RTQA2 QA+) (Ashland Inc, NJ, USA). The film comprises four 

layers: a transparent yellow polyester support layer (97 μm), a pressure adhesive sensitive 

layer (20 μm), an active layer (17 μm), and a white polyester layer (97 μm), Figure S18. Two 

pertinent facts about the Gafchromic film are that the thickness of the film’s active layer (17 

μm) is comparable to the HCT116 whole cell and nucleus diameters measured in this 

study.(45) Second, the minimum energy necessary to polymerize the diacetylene molecule in 

the active layer is small (<1 eV), which allows us to measure the absorbed dose from LEEs. 

The film was exposed to the extracellular activity of the 64Cu conjugate in the culture media 

for the same incubation period as that of the cells. Then, it was scanned by an Epson 

Expression 10000XL scanner with a spatial resolution of 127 dpi (dot per inch), which was 

driven by FilmQA Pro 2016 software (Ashland GafChromic) and the color density produced 

in the film was converted into an absorbed dose (Gy) using a three-channel calibration curve 

for red, green, and blue colors (Figure S18). A calibration curve was obtained by irradiating 

eight films strips with a 6MV photon beam from a medical linear accelerator with doses 

ranging between 0.0 and 5 Gy. The calibration films were placed at a 10 cm depth in a solid 

water phantom and irradiated with a 6 MV photon beam with a field size of 10 × 10 cm2. 

The source surface distance was 100 cm. Before measurement of the optical densities of the 

RTQA2 films, we stored them for over 48 h at room temperature in the dark.(46) The doses 

reported consist of the average doses from the red, blue, and green channels. The dose 

absorbed by the cell nucleus from the extracellular activity was measured to be in the range 

of 0.7–7 cGy for different extracellular concentrations of [64Cu]Cu–NOTA–TP ranging from 

0 to 200 KBq/well after a 24 h of incubation time. This experiment was repeated for 48 and 

72 h time points (Figures S18A (red line) and S18B). Finally, the cell survival percentage of 

HCT116 cells treated with [64Cu]Cu–NOTA–TP (AMA ∼250 MBq/nmol) was plotted as a 

function of intracellular activity (lower horizontal axis) and nucleus-absorbed dose (upper 

horizontal axis) (Figure 9A). 
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Supporting Information 

The Supporting Information is available free of charge 

at https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c00039. 

• Characterization data for synthetic TP conjugates 1–4; radio-iTLC profiles of free 

[64Cu]Cu(OAc)2, pure [64Cu]Cu–NOTA–TP, and [64Cu]Cu–NOTA–TP in the 

supernatant fraction after 72 h of incubation in rat plasma; cell viability at 24, 48 ,and 72 

h after treatment of HCT116 and GM05757 cells with NOTA–TP 4, natCu–NOTA–TP, 

[64Cu]Cu–NOTA–TP, oxaliplatin, and 64Cu; radio-iTLC profiles of the 64Cu species in 

the extracellular media at 24 (A), 48 (B), and 72 h (C) post-incubation in the presence of 

HCT116 cells; internalized percentages of [64Cu]Cu(OAc)2 at the cell surface in the 

cytoplasm and nucleus; cellular uptake of [64Cu]Cu–NOTA–TP by HCT116 as a 

function of the extracellular activity concentration (kBq/well); and color density 

produced on the Gafchromic film after exposure to the same extracellular activity of 

[64Cu]Cu–NOTA–TP as for the cells over a time period of 24 h (PDF). 

• Molecular formula strings for key compounds (CSV) 
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1H NMR 4'-((4-(bromomethyl)benzyl)oxy)-2,2':6',2''-terpyridine 1 in CDCl3 (400 MHz) 

Figure S1. 1H NMR spectrum of compound 1 

  



69 
 

13C NMR 4'-((4-(bromomethyl)benzyl)oxy)-2,2':6',2''-terpyridine (1) in CDCl3 (100) 

Figure S2. 13C NMR spectrum of compound 1 

 

 

Figure S3. HPLC chromatogram of compound 1 
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1H NMR Di-tert-butyl 2,2'-(7-(4-(([2,2':6',2''-terpyridin]-4'-yloxy)methyl)benzyl)-1,4,7-

triazonane-1,4-diyl)diacetate (2) in CDCl3 (400 MHz) 

Figure S4. 1H NMR spectrum of compound 2 
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13C NMR Di-tert-butyl 2,2'-(7-(4-(([2,2':6',2''-terpyridin]-4'-yloxy)methyl)benzyl)-1,4,7-

triazonane-1,4-diyl)diacetate (2) in CDCl3 (100 MHz) 

Figure S5. 13C NMR spectrum of compound 2 

Figure S6. HPLC chromatogram of compound 2 
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1H NMR Di-tert-butyl-NOTA-TP (3) in DMSO-d6 (400 MHz) 

Figure S7. 1H NMR spectrum of compound 3 

  



73 
 

13C NMR Di-tert-butyl-NOTA-TP (3) in DMSO-d6 (100 MHz) 

Figure S8. 13C NMR spectrum of compound 3 

 

 

 

Figure S9. HPLC chromatogram of compound 3  
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1H NMR NOTA-TP (4) in DMSO-d6 (400 MHz) 

Figure S10. 1H NMR spectrum of compound 4 
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13C NMR NOTA-TP (4) in DMSO-d6 (100 MHz) 

Figure S11. 13C NMR spectrum of compound 4. 

 

Figure S12. HPLC spectrum of compound 4 
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Figure S13. Representative Radio-iTLC profiles of (A) free [64Cu]Cu(OAc)2, (B) pure 

[64Cu]Cu-NOTA-TP, and (C) [64Cu]Cu-NOTA-TP in the supernatant fraction after 72 h 

incubation in rat plasma, and (D) after 72h incubation in the extracellular media in 

presence of HCT116 cells. 
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D.   [64Cu]Cu-NOTA-TP (AMA = 250 
MBq/nmol) 
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F.   [64Cu]Cu(OAc)2 

  

G. [64Cu]Cu(OAc)2+NOTA-TP 

  
Figure S14. Cell viability at 24, 48 and 72 h after treatment of HCT116 and GM05757 cells 

with (A) NOTA-TP; (B) natCu-NOTA-TP; (C) [64Cu]Cu-NOTA-TP (AMA = 2 MBq/nmol); 

(D) [64Cu]Cu-NOTA-TP (AMA = 250 MBq/nmol); (E) oxaliplatin and (F) 64Cu; (G) 

[64Cu]Cu(OAc)2+NOTA-TP  
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Figure S15. Representative Radio-iTLC profiles of the 64Cu species in the extracellular 

media at 24 h (A), 48 h (B) and 72 h (C) post-incubation in presence of HCT116 cells. The 

radioactive peak was detected exactly at similar retention time of [64Cu]Cu-NOTA-TP 

(Figure S13B). 

 

Figure S16. A) The total internalized and B) subcellular distribution percentages of 

[64Cu]Cu-(OAc)2 as a function of time for HCT116 cells at 37 °C. 
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Figure S17. Cellular uptake of [64Cu]Cu-NOTA-TP (AMA = 250 MBq/nmol) by HCT116 

as a function of the extracellular activity concentration (kBq/well) after 24 h (A, black line), 

48 h (A, red line) and 72 h (B) incubation periods. Each data point indicates the average of 

at least three experiments.  

 

Figure S18. Color density produced on Gafchromic film after exposure to the same extracellular 

activity of [64Cu]Cu-NOTA-TP as for the cells over a time period of 24 h and 4-layer composition of 

Gafchromic film which is provided by the company (Ashland Inc).  
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Chapter 2: Design, Synthesis, and Cytotoxicity Assessment of [64Cu] Cu-NOTA-

Terpyridine Platinum Conjugate: A Novel Chemoradiotherapeutic Agent with Flexible 

Linker. (Article No 2) 

 

Authors: Meysam Khosravifarsani, Samia Ait-Mohand, Benoit Paquette, Léon Sanche, 

Brigitte Guérin 

Status: Published in the journal of Nanomaterials (2021), Volume (11), 

https://doi.org/10.3390/nano11092154. 

Contributions: Conceptualization, B.G., M.K., L.S.; methodology, M.K., S.A.-M.; 

validation, B.G., S.A.-M., M.K.; investigation, M.K., S.A.-M.; formal analysis, M.K., B.G.; 

writing—original draft preparation, M.K., B.G.; writing—review and editing, M.K., B.G., 

B.P., L.S.; supervision, B.G., L.S.; funding acquisition, B.G., L.S. 

Résumé: Les avantages maximaux de la chimiothérapie avec des composés à base de platine 

et de la radiothérapie sont attendus si le rayonnement et le médicament sont localisés 

simultanément dans les cellules cancéreuses. Pour optimiser cet effet concomitant, nous 

avons développé un nouvel agent chimioradiothérapeutique [64Cu]Cu-NOTA-C3-TP en 

conjuguant, via un court espaceur à chaîne alkyle flexible (C3), une fraction de platine 

terpyridine (TP) à un chélateur NOTA complexé avec du cuivre-64 (64Cu). La désintégration 

du 64Cu produit de nombreux électrons de basse énergie, permettant au conjugué 64Cu de 

délivrer une énergie de rayonnement proche de la TP, qui s’intercale dans l’ADN G-

quadruplex. En conséquence, la cinétique d’internalisation in vitro et l’activité cytotoxique 

du [64Cu]Cu-NOTA-C3-TP et de ses dérivés ont été étudiées avec des cellules de cancer 

colorectal (HCT116) et des cellules normales de fibroblastes humains (GM05757). Le 

radiomarquage par le 64Cu entraîne une augmentation de >55000 fois du potentiel 

cytotoxique par rapport au [NatCu]Cu-NOTA-C3-TP à 72 h après l’administration, indiquant 

un effet additif important entre 64Cu et le médicament TP. L’internalisation et l’accumulation 

de noyau de [64Cu]Cu-NOTA-C3-TP dans les cellules HCT116 étaient, respectivement, 3,1 

et 6,0 fois plus élevées que celles des fibroblastes humains normaux GM05757, ce qui 

confirme l’efficacité plus élevée du [64Cu]Cu-NOTA-C3-TP pour les cellules cancéreuses 



83 
 

HCT116. Ce travail présente la première étude de preuve de concept montrant l’utilisation 

potentielle du conjugué [64Cu]Cu-NOTA-C3-TP comme agent chimioradiothérapeutique 

ciblé pour traiter le cancer colorectal.  
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Abstract: Maximum benefits of chemoradiation 

therapy with platinum-based compounds are 

expected if the radiation and the drug are 

localized simultaneously in cancer cells. To 

optimize this concomitant effect, we developed 

the novel chemoradiotherapeutic agent 

[64Cu]Cu-NOTA-C3-TP by conjugating, via a short flexible alkyl chain spacer (C3), a 

terpyridine platinum (TP) moiety to a NOTA chelator complexed with copper-64 (64Cu). 

The decay of 64Cu produces numerous low-energy electrons, enabling the 64Cu-conjugate to 

deliver radiation energy close to TP, which intercalates into G-quadruplex DNA. 

Accordingly, the in vitro internalization kinetic and the cytotoxic activity of [64Cu]Cu-

NOTA-C3-TP and its derivatives were investigated with colorectal cancer (HCT116) and 
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normal human fibroblast (GM05757) cells. Radiolabeling by 64Cu results in a >55,000-fold 

increase of cytotoxic potential relative to [NatCu]Cu-NOTA-C3-TP at 72 h post 

administration, indicating a large additive effect between 64Cu and the TP drug. The 

internalization and nucleus accumulation of [64Cu]Cu-NOTA-C3-TP in the HCT116 cells 

were, respectively, 3.1 and 6.0 times higher than that for GM05757 normal human 

fibroblasts, which is supportive of the higher efficiency of the [64Cu]Cu-NOTA-C3-TP for 

HCT116 cancer cells. This work presents the first proof-of-concept study showing the 

potential use of the [64Cu]Cu-NOTA-C3-TP conjugate as a targeted chemoradiotherapeutic 

agent to treat colorectal cancer.  
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3.1 Introduction  

Platinum-based drugs are used as first-line treatment for about half of all cancers, such as 

colorectal and those of the lungs, ovaries, testes, blood, head, and neck [1]. Many analogs of 

platinum (Pt) have been evaluated, but only cisplatin, oxaliplatin, and carboplatin are 

commonly used in clinic [1], although nedaplatin, heptaplatin, and lobaplatin have been 

limitedly authorized in a few countries [2]. The cytotoxicity of Pt-based drugs is due to their 

binding with DNA and the formation of DNA adducts, including intrastrand and interstrand 

crosslinks and monofunctional adducts [3]. These adducts disturb DNA conformation by 

destabilization of the double helix, which interferes with replication and the mitotic process, 

and ultimately induces cell death. Although their effectiveness is recognized, serious side 

reactions including nephrotoxicity, neurotoxicity, and ototoxicity can be induced, which 

prevent maximizing their antitumor effects by injecting higher doses [4]. In addition, 

resistance to Pt-based chemotherapy may be acquired or intrinsic [5]. For example, human 

colorectal cancer (CRC) cells may be intrinsically resistant to cisplatin and become so when 

treated with oxaliplatin [6–8]. With the aim to reduce side effects and overcome resistance, 

several families of platinum square planar complexes such as terpyridine platinum (TP) were 

synthesized. TP intercalates with a high affinity toward tertiary structures formed by 

guanine-rich motifs on DNA known as G-quadruplex [9–12]. These DNA structures play an 

important role in cell senescence and cell viability, making them potential therapeutic 

targets. Thus, a square planar complex of platinum such as (2,20 :60 ,200-terpyridine) 

platinum was used to induce cell senescence and cell death by increasing the stability of G-

quadruplex [9,13,14]. Existing Pt drugs, especially cisplatin, are frequently used in 

combination with radiotherapy [15,16]. The enhanced efficiency of this combined treatment 

relative to chemoand radiotherapy delivered separately has long been thought to be caused 

by the negative impact of Pt-drug adducts on the repair of radiation-induced damage [17]. 

On the other hand, recent investigations suggest that the presence of Pt-drug adducts in DNA 

acts at another level by increasing the initial yields of radiation-induced damage [18,19]. 

This enhancement appears to be relevant to the interactions of low-energy secondary 

electrons (LEEs) with energies <30 eV and their short penetration length (<10 nm) that are 

generated in large numbers during short times by the interaction of ionizing radiation with 

matter [20,21]. Considerable information has been compiled on the mechanisms of action of 
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LEEs with DNA [18,19,22]. These fundamental studies have been used to predict that 

chemoradiation treatments should be more efficient when a high concentration of Pt-drugs 

binds to cancer cell DNA, which suggests delivering the radiation when their maximum 

binding is observed. This assumption has been validated in cell and animal models of CRC 

[6,23,24] and glioblastoma [25,26] for various Pt-derived chemotherapeutic agents in 

combination with external beam radiotherapy. Moreover, these studies suggest that DNA 

damage (and hence biological effectiveness) could be further maximized if LEEs are 

generated preferentially in large numbers close to Pt adducts within cellular DNA. For 

instance, it was observed that in unmodified DNA, electrons with the minimum energy of 5 

eV are required to induce a double-strand break (DSB), whereas an individual near-zero eV 

electron could cause the same damage in platinum-modified DNA [27]. We hypothesized 

that those conditions could be optimized if a Pt drug is combined with a radioisotope, 

generating short-range LEEs. Recently, we have designed an NOTA-TP-based conjugate 

with a planar and rigid linker containing two methylene groups attached to a central phenyl 

ring [28]. We have shown that this novel chemoradiotherapeutic agent exhibits a strong 

nanoscale supraadditive and selective cytotoxic effect when combined with copper-64 

(64Cu). Considering that the length and flexibility of the linker may have an impact on the 

cytotoxic potency of this new class of TP-based conjugates, therefore, in the present study, 

we have synthesized a new conjugate with a TP moiety linked via a short flexible alkyl chain 

spacer (C3) to NOTA, which is a chelator that tightly binds 64Cu (Figure 1) [29,30]. This 

radioisotope (T1/2 = 12.7 h; EC, [43.1%], β+, 0.653MeV [17.8%]; β-, 0.579MeV [38.4%]) 

has decay schemes appropriate for positron emission tomography (PET) imaging via β+ 

emission and cancer therapy due to its decay by Auger electrons and β- particles emission 

[31]. 

As described in the literature, the therapeutic effect is expected to come mainly from two 

Auger electrons with energies ranging from 840 eV to 6.5 KeV and a penetration distance 

ranging from 0.05 to 1.5 µm in soft tissue [32]. These primary electrons generate large 

amounts of LEEs having high linear energy transfer (LET), ranging from 2 to 25 keV/µm, 

and a relative biological effectiveness (RBE) that is 20 times greater than X-rays under in 

vitro conditions [19]. 
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Figure 1. The chemical structure of [64Cu]Cu-NOTA-terpyridine platinum conjugate, 

[64Cu]Cu-NOTA-C3-TP. 

 

In the present study, the radiotherapeutic potential of [64Cu]Cu-NOTA-C3-TP was 

assessed for the first time in vitro in the human colorectal tumor cells HCT116 and in the 

normal fibroblast cell line GM05757. 

3.2. Materials and Methods 

3.2.1. Materials 

All solvents and reagents were acquired from commercial suppliers and were used 

without further purification. NO2AtBu was purchased from Chematech (Dijon France). 

The 64Ni target (99.52%) was purchased from Isoflex USA (San Francisco, CA, USA). 

Hydrochloric acid (99.999%), ammonium acetate (99.999%), sodium acetate (99.999%), 

trace metal basis, and sodium hydroxide pellets (≥98.0%) were obtained from Sigma-Aldrich 

(Saint-Louis, MO, USA). Acetonitrile (HPLC grade, 99.9%) and high-purity water (Optima 

LC/MS, ultra-high-performance liquid chromatography ultraviolet grade, 0.03 mm filtered) 

were purchased from Fisher Scientific (Ottawa, ON, Canada). 1H and 13C NMR spectra were 

recorded in deuterated solvents on a Brucker Ascend 400 NMR instrument. The NMR 

spectra are expressed on the δ scale and were referenced to residual solvent peaks and/or 

internal tetramethylsilane. All coupling constants (J) are in Hertz. The peak multiplicities 

are described as follows: s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), m 

(multiplet), and br (broad). Mass spectra were recorded on an API 3000 LC/MS/MS 
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(Applied Biosystems/MDS SCIEX, Concord, ON, Canada), on a Waters/Alliance HT 2795 

equipped with a Waters 2996 PDA and a Waters Micromass ZQ detector API 2000, and on 

ESI-Q-Tof (MAXIS). High-resolution mass was carried out through electrospray ionization 

using an on a Triple TOF 5600, ABSciex mass spectrometer. Instant thin-layer 

chromatography paper (ITLC-SA) was acquired from Agilent Technology (Santa Clara, CA, 

USA). All glassware was cleaned with chromic sulfuric acid (Fisher Scientific). The labeling 

efficiency of [64Cu]Cu-NOTA-C3-TP was assessed using ITLC-SG. The radio-TLC plates 

were scanned using an Instant Imager scanner Bioscan, DC, USA). Radioactivity 

measurements were done in an ionization chamber (CRC-25PET; Capintec) on the 64Cu 

setting to control process efficiency. [64Cu]CuCl2 was produced from enriched 64Ni targets 

using either a ACSI TR-19 or a TR24 cyclotron by the 64Ni(p,n)64Cu reaction using an 

enriched 64Ni target electroplated on a rhodium disc. [64Cu]CuCl2 was transformed in 

[64Cu]Cu(OAc)2 by dissolving the [64Cu]CuCl2 in ammonium acetate (0.1 M; pH 5.5), as 

described previously [33]. All solutions were made from distilled deionized water 

(Thermofisher Scientific, Barnstead Genepure). 

Compound 1: In an inert atmosphere, 1,3-dibromopropane (1 mL, 4.92 mmol) 

dissolved in 20 mL of dry acetonitrile and K2CO3 (0.16 g, 1.17 mmol) were stirred at room 

temperature for 15 min followed by 5 min at 70 °C. Then, NO2AtBu (0.20 g, 0.56 mmol) 

was added in small portion, and the mixture was stirred at 70 °C for another 72 h. The 

insoluble inorganic salt was filtered off, and the filtrate was concentrated in vacuo. Then, 50 

mL of hexane/diethyl ether (1/1) was added to the residue, and the mixture was sonicated 

for 15 min. A yellow amorphous solid was obtained in 78% yield. 1H NMR (400 MHz, 

CDCl3): δH 4.52 (m, 6H), 3.30 (s, 4H), 2.92 (m, 4H), 2.78 (m, 3H), 2.52 (s, 5H), 1.42 (S, 

18H). 13C NMR (CDCl3): δC 170.6, 82.0, 57.9, 53.7, 52.9, 52.9, 52.4, 49.7, 49.6, 49.6, 41.9, 

29.8, 28.2, 28.2, 27.7, 27.6. ESI-MS Calcd for C21H40BrN3O4 [M]+: 478.47, Found [M + 

H]+: 480.18, HRMS (ESI-Q-Tof, m/z): Calcd: 478.2275, Found: 478.2274. 

Compound 2: A mixture of 2,6-bis(2-pyridyl) 4(1H) pyridone (0.06 g, 0.22 mmol) and 

potassium carbonate (0.12 g, 0.83 mmol) in 15 mL of acetone was refluxed for 15 min. A 

solution of 1 (0.10 g, 0.21 mmol) dissolved in 5 mL of acetone was added dropwise to the 

flask, and the reaction mixture was heated under reflux for 48 h. Then, the reaction was 

https://www.mdpi.com/2079-4991/11/9/2154/htm#B33-nanomaterials-11-02154
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“worked up” by removing the inorganic salts and adding water to the filtrate. The product 

was extracted with diethyl ether (20 mL × 2), and the combined organic extracts were washed 

with water, 5% sodium hydroxide, and water, and then dried with Na2SO4. After filtration, 

the solvent was removed under reduced pressure to yield a pale pink solid (43%). 1H NMR 

(400 MHz, CDCl3): δH 8.82 (dd, 2H, 1JHH = 0.85, 2JHH = 1.80), δH 8.69 (d, 2H, JHH = 8.10), 

8.07 (s, 2H), 7.98 (td, 2H, 1JHH = 1.70, 2JHH = 7.77), 7.45 (ddd, H, 1JHH = 1.10, 2JHH = 

8.70, 3JHH = 8.1), 4.41 (t, 2H, JHH = 5.8), 3.51–3.62 (m, 6H), 3.42(s, 4H), 3.10–3.25 (m, 4H), 

2.83 (s, 4H), 2.42 (m, 2H), 1.45 (s, 18H). 13C NMR (CDCl3): δC 171.1, 167.6, 162.0, 161.6, 

156.1, 154.5, 148.7, 138.9, 125.1, 122.7, 118.4, 115.5, 108.7, 82.4, 66.2, 58.6, 58.6, 53.9, 

52.7, 52.7, 28.5, 24.7. ESI-MS Calcd for C36H50N6O5 [M]+: 646.83, Found [M + H]+: 648.19, 

HRMS (ESI-Q-Tof, m/z): Calcd: 648.2895, Found: 649.2689. 

Compounds 3 and 4: In a round-bottom flask, compound 2 (0.20 g, 0.31 mmol) was 

dissolved in 5 mL of methanol and then added to a solution of Pt(COD)Cl2 (0.12 mg, 0.32 

mmol) dissolved in the same solvent. The resulting red solution was heated at 55 °C for 24 

h. Then, the solution was cooled, and an aqueous solution of NaPF6 was added to precipitate 

out a light-yellow orange solid, which was centrifuged, washed with water many times, and 

dried. The product 3 was obtained as a very hygroscopic yellow solid (72%). ESI-MS Calcd 

for C36H50ClN6O5Pt [M]+: 876.37, Found [M + H]+: 877.65. This compound was directly 

dissolved in a minimum of acetone and 15 mL of hydrogen chloride solution 4.0 M in 

dioxane was added. The mixture was stirred at room temperature for 4–5 h. A very 

hygroscopic yellow orange solid was obtained as a NaPF6 salt (as described above) with 

80% yield. 1H NMR (400 MHz, DMSO-d6): δH 11.74 (s, 2H, COOH), 8.90 (m, 2H), 8.70 

(m, 2H), 8.52 m, 2H), 8.32 (s, 2H), 7.95 (m, 2H), 4.47 (s, 2H), 3.75 (m, 4H), 3.29 (m, 6H), 

2.58–3.16 (m, 7H), 2.31 (m, 2H); 13C NMR (DMSO-d6): δC 171.7, 168.9, 158.4, 158.1, 

158.1, 155.3, 151.0, 150.9, 142.5, 131.6, 129.2, 128.7, 126.1, 126.1, 110.9, 58.6, 55.7, 52.2, 

49.9, 39.3, 39.0, 28.9. ESI-MS Calcd for C28H34ClN6O5Pt [M]+: 764.19, Found [M + H]+: 

764.44, HRMS (ESI-Q-Tof, m/z): Calcd: 764.1924, Found: 764.1903. 

[NatCu]Cu-NOTA-C3-TP: Preparation of [NatCu]Cu-NOTA-C3-TP conjugate 

followed the same procedure described for the first generation of the complex [28]. 

Ultimately, [NatCu]Cu-NOTA-C3-TP compound was isolated as a pale green PF6 salt (80%). 

https://www.mdpi.com/2079-4991/11/9/2154/htm#B28-nanomaterials-11-02154
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ESI-MS Calcd for C28H32ClCuN6O5Pt [M]+: 826.68, Found [M + H]+: 827.72, HRMS (ESI-

Q-Tof, m/z): Calcd: 826.1063, Found: 826.1032. 

[64Cu]Cu-NOTA-C3-TP: The preparation of [64Cu]Cu-NOTA-C3-TP was performed 

by incubating 2 and 250 µM of compound 4 dissolved in 10% of DMSO in saline with 100–

400 MBq of [64Cu]Cu(OAc)2 within 20–30 min at room temperature in 0.1 M ammonium 

acetate buffer pH 7.2. The radio chemical yield (RCY > 99%) was assessed by radio-TLC -

and eluted on C18 plates using sodium citrate 0.1 M, pH = 5.5. 

3.2.2. Stability Studies 

Plasma stability of the compound was assessed by incubating [64Cu]Cu-NOTA-C3-TP 

in mouse plasma for 72 h at room temperature. Radio-TLC on C18 plates conducted on 0.1 

M sodium citrate buffer at pH 5.5, as a developing solvent, was used to detect free 64Cu. 

[64Cu]Cu-NOTA-C3-TP and free [64Cu]Cu(OAc)2 were employed as control standards. 

3.2.3. Cell Culture 

Human CRC cells HCT116 obtained from ATCC were cultured in Eagle’s minimal 

essential medium (EMEM), while Dulbecco’s modified Eagle medium (DMEM) was used 

for the normal fibroblast cell line GM05757 purchased from Coriell Institute. These culture 

media were supplemented with 10% FBS, 26.2 mM sodium bicarbonate, 2 mM L-glutamine, 

and a mix of penicillin (100 UI/mL) and streptomycin (100 μg/mL). Cells were incubated at 

37 °C in a humidified environment with 5% CO2. 

3.2.4. Cytotoxicity Assay 

Cytotoxic activity was measured with the PrestoBlue method, which consists of a 

Resazurin-based metabolic assay. Briefly, HCT116 cells (2 × 104 cells per well) and 

GM05757 cells (5 × 103 cells per well) were seeded in a 96-well plate and incubated for 24 

h. Then, the cells were treated with the Pt drugs at concentrations ranging from 0 to 500 µM 

for a subsequent 24, 48, and 72 h. Cisplatin and oxaliplatin (diluted in 0.9% saline), and 

NOTA-C3-TP conjugates (diluted in DMSO) solutions were prepared just before use in 

EMEM or DMEM. The final concentration of DMSO was less than 1%. Then, the media 

were removed, and the cells were washed with warm PBS and exposed with PrestoBlue 
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reagent for an incubation time of 20 min. Changes in cell viability were recorded by 

fluorescence (λex = 570 nm; λem = 610 nm). The median effective concentration (EC50) 

values were calculated with dose–response curves, which were plotted as the concentration 

of Pt drug (x-axis) against fluorescence values (y-axis). The fluorescence values measured 

for blank groups were subtracted from those obtained from the treated and untreated cells. 

3.2.5. Cellular Uptake, Internalization, and Efflux Assays in HCT116 Cells 

HCT116 cells (2 × 105 per well) were seeded in 12-well plates for 48 h in EMEM 

medium completed with 10% FBS at 37 °C until 80% confluence. Cells were washed twice 

with PBS, and then [64Cu]Cu-NOTA-C3-TP (0.1 MBq, 50 µL) in EMEM completed medium 

was added and incubated from 15 min to 72 h to measure cellular uptake and internalization. 

At each time point, the radioactive media was removed, and cells were washed thrice with 

cold PBS. To measure the net cellular uptake or internalized fraction, surface-bound Pt drugs 

were removed by treating with 50 mM glycine in PBS pH 2.2 for 10 min, which was followed 

by a second cold PBS wash. Then, cells were harvested through trypsinization and counted 

with a hemocytometer. The radioactivity was measured in a gamma counter (HIDEX 

Automatic Gamma Counter 2014). The results were expressed as a percentage of added dose 

(AD) retained per 106 cells (%AD/106 cells). Parallel experiments were carried out at 4 °C 

to assess internalization inhibition and surface-bound fraction. For efflux studies, HCT116 

cells were incubated for 1 h with 0.1 MBq of [64Cu]Cu-NOTA-C3-TP. Then, the cells were 

washed with PBS and fresh culture medium was added. After 0 to 72 h, the medium was 

removed, and the cells were washed thrice with PBS. Finally, the cells were harvested, and 

radioactivity was counted with the gamma counter. The results were expressed as percentage 

of total activity retained by 106 cells relative to baseline at 0 min. 

For efflux studies, we followed the standard protocol of Fournier et al. [33]. Briefly, 

HCT116 cancer cells were incubated for 1 h with 0.1 MBq of [64Cu]Cu-NOTA-C3-TP. The 

activity retained by the cells was measured from 0 to 72 h post administration. 

3.2.6. Subcellular Localization of [64Cu]Cu-NOTA-TP in HCT116 and GM05757 Cells 

For extraction of HCT116 and GM05757 cell nucleus and cytoplasm, we followed a 

previously reported procedure [28,31]. After treatment of HCT116 cells with 1MBq of 

https://www.mdpi.com/2079-4991/11/9/2154/htm#B33-nanomaterials-11-02154
https://www.mdpi.com/2079-4991/11/9/2154/htm#B28-nanomaterials-11-02154
https://www.mdpi.com/2079-4991/11/9/2154/htm#B31-nanomaterials-11-02154
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[64Cu]Cu-NOTA-C3-TP for 24, 48 and 72 h, CSK buffer (0.5% Triton X-100, 300 mM 

sucrose, 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 2 mM MgCl2, and 

10 mM HEPES, pH 6.8) were employed for nuclear extraction. After 5 min centrifugation, 

supernatant was separated, and the retained activity in nuclear plates was counted by a 

gamma counter (HIDEX Automatic Gamma Counter 2014). 

3.2.7. Data Analysis 

All experiments were performed in triplicate, and the results were expressed as mean 

values ± S.D. A p-value of less than 0.05 was considered to be significant (two-tailed 

independent Student’s t-test). Calculations were performed with GraphPad Prism 7.0 

(GraphPad Software, Inc., La Jolla, CA, USA). 

3.3. Results 

3.3.1. Synthesis and Characterization of [64Cu]Cu-NOTA-C3-TP 

The design of our NOTA-C3-TP conjugate with a flexible spacer was inspired by a 

library of ligands developed by Stafford et al. showing that cyclen-TP-based bi-metallic 

complexes (with Cu2+, Pt2+, and Zn2+) had higher affinity toward G-quadruplex DNA as 

compared to their TP-based mono-metallic counterparts [13]. Considering these promising 

results, we propose to optimize the design of the TP conjugate by using a NOTA chelator 

instead of a cyclen for a stronger Cu2+ complexation with a radionuclide such as 64Cu, which 

shows great potential for use in radiotherapy and imaging [31,32]. 

The synthetic strategy used for the preparation of NOTA-C3-TP 4 involved a 

dialkylation/platinum insertion/deprotection sequence (Scheme 1). As illustrated, the 

conjugate 4 was prepared in a multi-step process starting with commercially available 

NO2AtBu (di-tert-butyl 2,2′-(1,4,7-triazacyclononane-1,4-diyl) diacetate, 1,3-

dibromopropane, and 2,6-bis(2-pyridyl)-4(1H)-pyridone, with an overall yield of 20%. The 

first step is an alkylation of the bis-protected (NO2AtBu) with 1,3-dibromopropane and 

potassium carbonate as a base to give 78% of compound 1 after 72 h of reflux in acetonitrile. 

Then, this compound was coupled with 2,6-bis(2-pyridyl)-4(1H)-pyridone in basic 

conditions at reflux in acetone to yield 43% of compound 2 isolated as a white pink solid. 

This NOTA-terpyridine conjugate was clearly identified by 1H and 13C NMR spectroscopy 

https://www.mdpi.com/2079-4991/11/9/2154/htm#B13-nanomaterials-11-02154
https://www.mdpi.com/2079-4991/11/9/2154/htm#B31-nanomaterials-11-02154
https://www.mdpi.com/2079-4991/11/9/2154/htm#B32-nanomaterials-11-02154
https://www.mdpi.com/2079-4991/11/9/2154/htm#nanomaterials-11-02154-sch001
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as well as by mass spectrometry. The reaction of NOTA-C3-TP with Pt(COD)Cl2 gives an 

orange solid, which was washed with water and diethyl ether, centrifuged, and dried to 

isolate 3 as a pure PF6
− salt with a 72% yield. In the final step, the tert-butyl ester groups 

were removed by HCl solution 4 M in dioxane to isolate 4 as a pure PF6
− salt with 80% yield. 

This complex was fully characterized by 1H and 13C NMR as well as by high-resolution mass 

spectrometry. We should mention that we could not isolated pure platinum complexes as 

chloride salts, so an additional counter-anion exchange step was required, so the chloride ion 

was exchanged for PF6
−. 

 

The [NatCu]Cu-NOTA-C3-TP conjugate was prepared by treating the compound with 

Cu(OAc)2 in 0.1 M ammonium acetate buffer, pH 5.5 for 60 min at room temperature. The 

copper complex was obtained as a pale green PF6 salt (80%). It is worth mentioning that the 

conjugate is not well soluble in water; 10% DMSO in saline is necessary to solubilize the 

[NatCu]Cu-NOTA-C3-TP. The labeling of NOTA-C3-TP with [64Cu]Cu(OAc)2 was 

completed within 20–30 min at pH 7.2 at room temperature with a non-decay corrected yield 

Scheme 1. Synthesis of NOTA-C3-TP 4.  
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of 99%. After labeling, the molar activity of [64Cu]Cu-NOTA-C3-TP was ranged from 0.84 

to 4 MBq/nmol, with radiochemical purity greater than 95% as determined by radio-TLC. 

3.3.2. Stability of [64Cu]Cu-NOTA-C3-TP 

[64Cu]Cu-NOTA-TP was stable up to 72 h in mouse plasma. No traces of free 64Cu or 

NOTA-TP fragments were detected by radio-iTLC over this time. Moreover, at the 

physiological pH 7.2, the amount of Pt released was not seen by mass spectroscopy after 72 

h, suggesting a potential good stability before cellular internalization. 

3.3.3. Cytotoxic Effects of [64Cu]Cu-NOTA-C3-TP 

In order to fully underline the cumulative effect of [64Cu]Cu-NOTA-C3-TP, the 

cytotoxicity induced by NOTA-C3-TP and [NatCu]Cu-NOTA-C3-TP on the colorectal 

cancer cells HCT116 and normal fibroblasts GM05757 was first determined. The clinical 

standards cisplatin and oxaliplatin were included as references; see Table 1. 

 

 

https://www.mdpi.com/2079-4991/11/9/2154/htm#table_body_display_nanomaterials-11-02154-t001
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Table 1. EC50 values (µM) of Pt(II) derivatives for both colorectal cancer (HCT116) and normal fibroblast (GM05757) cells. 

 

 

 

 

 

 

 

a Significance level between 72 h and 24 h (P <0.01) time points; b The AMA of the [64Cu]Cu-NOTA-C3-TPt solution were ranged from 0.8 to 4.0 MBq/nmol. c 

The AMA of the [64Cu]Cu-NOTA-C3-TPt solution was 250 MBq/nmol. 

Entry Compound 
24 h 48 h 72 h 

GM05757 HCT116 GM05757 HCT116 GM05757 HCT116 

1 
NOTA-C3-TP 

4 
504 ± 4 > 700a 202 ± 5 63 ± 2 51 ± 3 24 ± 1a 

2 
[NatCu]Cu-

NOTA-C3-TPt 
> 1000 298 ± 2 839 ± 2 481 ± 25 747 ± 26 330 ± 51 

3 
64Cu-NOTA-

C3-TPb 
>200 59 ± 3 N/A 9±2 12±2 <5 

4 
64Cu-NOTA-

C3-TPc 
>0.066 0.017±0.004 0.025±0.005 0.012±0.006 0.019±0.004 0.006±0.002 

5 Cisplatin 88 ± 4 31 ± 2 84 ± 2 42 ± 8 77 ± 1 23 ± 3 

6 Oxaliplatin > 200 > 200 165 ± 9 64 ± 1 65 ± 3 16 ± 4 
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The cytotoxic activity of [NatCu]Cu-NOTA-C3-TP is maximal after 24 h incubation in 

HCT116 cells and significantly progressed with the incubation time for GM05757 cells 

(Table 1). The absence of NatCu had a major effect on the activity of the conjugate. Indeed, 

NOTA-C3-TP was 2 to 14 times more cytotoxic (lower EC50 values) than [NatCu]Cu-NOTA-

C3-TP. One should note that without Cu2+, the two carboxylic groups on NOTA are on the 

carboxylate form, and the conjugate has two negative charges at physiological pH. 

Nevertheless, the NOTA-C3-TP and [NatCu]Cu-NOTA-C3-TP conjugates were generally 

more toxic for the CRC cells HCT116 compared for the normal fibroblasts GM05757, 

suggesting a selective toxicity for this cancer cell line. They were also significantly much 

less cytotoxic than cisplatin (p < 0.02) after a short incubation time of 24 h. After a longer 

incubation of 72 h, the cytotoxicity of NOTA-C3-TP has increased to reach the EC50 values 

measured with the cisplatin and oxaliplatin, while [NatCu]Cu-NOTA-C3-TP remained much 

less toxic. The cytotoxic effect of cisplatin has reached a plateau after 24 h incubation, while 

the efficacy of oxaliplatin continued to improve with incubation time. 

At low apparent molar activity (AMA, 0.8 to 4.0 MBq/nmol, entry 3), [64Cu]Cu-NOTA-

C3-TP was slightly less cytotoxic than cisplatin, but it was 12, 5, and 3.4 times more active 

on HCT116 cells than NOTA-C3-TP, [NatCu]Cu-NOTA-C3-TP, and oxaliplatin respectively 

at 24 h post incubation (Table 1). The cytotoxic activity of [64Cu]Cu-NOTA-C3-TP increased 

over time, indicating 5–66-fold more activity on HCT116 cells relative to [NatCu]Cu-NOTA-

C3-TP and NOTA-C3-TP at 48 and 72 h post administration. These results indicate that even 

at low AMA for [64Cu]Cu-NOTA-C3-TP, a significant improvement of its antitumor activity 

as compared to NOTA-C3-TP and [NatCu]Cu-NOTA-C3-TP (p < 0.001) was obtained. 

Interestingly, the cytotoxic activity of [64Cu]Cu-NOTA-C3-TP on GM05757 human 

fibroblast cells (EC50 > 200µM) was at least 3.4-fold lower than that of HCT116 cells. 

Parallel experiments were carried out with [64Cu]Cu(OAc)2 as control, and the results were 

reported previously [28]. Accordingly, the measured EC50 value to induce a 50% reduction 

in cell viability was 5.6 ± 0.5 in the CRC cells HCT116 at 24 h. This value is about 28 times 

higher than that for [64Cu]Cu-NOTA-TP at an EC50 concentration (0.2 MBq), suggesting 

that 64Cu alone is much less active than [64Cu]Cu-NOTA-TP toward HCT116 cancer cells. 
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By increasing AMA of [64Cu]Cu-NOTA-C3-TP to 250 MBq/nmol (entry 4), the 

antitumor activity of the 64Cu-conjugate was strikingly improved, resulting in EC50 values 

ranging from 17 ± 4 to 6 ± 2 nM at 24 to 72h post administration for the HCT116 cells. This 

represented an improvement by almost 17,000-, >40,0000-, and 55,000-fold with respect to 

[NatCu]Cu-NOTA-C3-TP at 24 h, 48 h, and 72 h, respectively (Table 1, entries 2 and 4). The 

cytotoxic activity of [64Cu]Cu-NOTA-C3-TP at high AMA is far superior to that of cisplatin 

and oxaliplatin at all time points tested. More importantly, in spite of this striking 

improvement in cytotoxicity of the [64Cu]Cu-NOTA-C3-TP at high AMA, it represented 2–

4 times higher efficiency toward HCT116 cells relative to GM05757 normal fibroblasts. One 

should note that the highest selectivity index was measured at an earlier time point (24 h), 

when 64Cu deposits the highest dose rate of radioactivity in the cells. 

The viability of the HCT116 cells in the presence of [64Cu]Cu-NOTA-C3-TP at low 

AMA was decreased to 22% and 17% when 5 and 8 MBq were respectively used during the 

incubation (Figure 2). The cytotoxic activity of [64Cu]Cu-NOTA-C3-TP on the HCT116 cells 

was reduced by adding NOTA-C3-TP (red and green lines). At a concentration of 300 µM 

of NOTA-C3-TP, the contribution of low dose of 64Cu (5 MBq) on the cytotoxic activity of 

HCT116 was reduced, but it continued to contribute significantly at a higher dose of 64Cu (8 

MBq) compared to NOTA-C3-TP (p < 0.02) and [NatCu]Cu-NOTA-C3-TP (p < 0.02). By 

contrast, the cytotoxicity of [NatCu]Cu-NOTA-C3-TP on the HCT116 cells increased as its 

concentration increased. As illustrated in Figure 2, the cytotoxic effect of NOTA-C3-TP was 

considerably lower than those of both [NatCu]Cu-NOTA-C3-TP and [64Cu]Cu-NOTA-C3-

TP compounds at 24 h incubation time in HCT116 cells. We hypothesize that the addition 

of NOTA-C3-TP to [64Cu]Cu-NOTA-C3-TP (red and green lines) at concentrations higher 

than 300 µM will eventually reach a similar effect on cell viability than NOTA-C3-TP alone 

(black line). All these results suggest that at higher concentration, most of the NOTA-C3-TP 

derivatives compete with the [64Cu]Cu-NOTA-C3-TP for the same targets and contribute to 

reducing its cytotoxicity. 
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Figure 2. Cell viability of NOTA-C3-TP (black line), [NatCu]Cu-NOTA-C3-TP (blue line), 

and [64Cu]Cu-NOTA-C3-TP at 5 MBq (red line) and 8 MBq (green line) measured after 24 

h incubation in HCT116 cells. Note: The addition of NOTA-C3-TP to [64Cu]Cu-NOTA C3-

TP at 5 MBq (red line) and 8 MBq (green line) reduced the initial molar activity of the tracer 

from 0.84–4 to 0.28–1.33 MBq/nmol in growth medium. 

3.3.4. Cellular Uptake and Internalization of [64Cu]Cu-NOTA-C3-TP 

The cell viability assays have shown that the NatCu- and [64Cu]Cu-NOTA-C3-TP were 

more toxic against the CRC cells HCT116 than for the normal fibroblasts GM05757 (Table 

1). To investigate the mechanism involved, the cellular uptake kinetics of [64Cu]Cu-NOTA-

C3-TP were determined during 72 h at 37 °C in these two cell lines. The 64Cu-conjugate 

fraction weakly bound to the cell surface was removed with a mild acid buffer. 
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Figure 3. Uptake kinetic carried out with [64Cu]Cu-NOTA-C3-TP on the HCT116 cells 

(solid line) and GM05757 normal fibroblast cells (dotted line). Data are presented as the 

percentage of total activity (%)/106 cells 

The cellular uptake kinetic of [64Cu]Cu-NOTA-C3-TP in the CRC cells HCT116 was 

faster than that measured with the fibroblasts GM05757. A maximum accumulation was 

measured after 24 h incubation, which was followed by a slow decrease (Figure 3). The 

percentages of internalization for this 64Cu-conjugate in the HCT116 cancer cells were 3.1, 

1.8, and 2.1-fold higher at 24 h, 48 h, and 72 h post administration than those measured with 

the GM05757 fibroblasts (Figure 3). These results suggest that the highest efficiency of the 

[64Cu]Cu-NOTA-C3-TP for the HCT116 cancer cells was at least in part associated with a 

more efficient cellular accumulation. These results are consistent with a reduced uptake of 

TP complexes in GM05757 fibroblasts relative to cancer cells reported by Suntharalingam 

et al. [34]. 

Then, the kinetic of total cell-associated and internalized fraction of [64Cu]Cu-NOTA-C3-

TP in the HCT116 cells was determined (Figure 4A). The 64Cu-conjugate was added to the 

HCT116 cells at 37 °C, and the total cell-associated activity and the internalized fraction 

were measured from 15 min to 48 h later. The results of total cell-associated fraction 

correspond to the radioactivity measured before the wash with the mild acid buffer. As seen 

in Figure 4A, the total cell-associated and internalization fraction of [64Cu]Cu-NOTA-C3-

TP increased over time and reached a maximum value after 24 h of incubation. The 

internalized fraction increased strikingly from 0.04 ± 0.02% after 15 min incubation to its 
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Figure 4. Percentage of (A) cell-associated (solid line) and internalized (dotted line) 

measured at 37 °C, and (B) passive accumulation of [64Cu]Cu-NOTA C3-TP in HCT116 

cells performed at 4 °C as function of time. Data are presented as the percentage of total 

activity (%)/106 cells. 
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maximum value (18.7 ± 2.8%) at 24 h, which is consistent with our previous results for a 

chemoradiotherapeutic agent labeled with 64Cu [28]. This kinetic is also consistent with 

those observed with TP compounds as reported by Stafford et al. [13]. A similarly kinetic 

was found for the cell-associated fraction of the [64Cu]Cu-NOTA-C3-TP, but 2-fold higher 

values were measured. The maximum was measured at 24 h (40.0 ± 2.8%), after which it 

slowly decreased (Figure 4A). 

The passive accumulation of the 64Cu-conjugate in the HCT116 cells was assessed by 

repeating the assays at 4 °C (Figure 4B). The [64Cu]Cu-NOTA-C3-TP has accumulated at a 

much slower rate and reached an uptake ~30-fold lower than that measured at 37 °C, which 

represented less than 1% of the [64Cu]Cu-NOTA-C3-TP incubated with these cells. These 

results suggest that passive accumulation has a weak role in the internalization of this TP 

conjugate. 

 

3.3.5. Kinetic of [64Cu]Cu-NOTA-C3-TP Efflux 

The efflux assay was done to determine whether [64Cu]Cu-NOTA-C3-TP was quickly 

cleared from HCT116 cells (Figure 5A). After an incubation of 1 h with the HCT116 cells, 

the 64Cu-conjugate was removed, and its kinetic of efflux was measured during 72 h. About 

42% of TP conjugate was rapidly eliminated during the first 6 h, which was followed by a 

slow efflux rate, as more than 40% of [64Cu]Cu-NOTA-C3-TP was still retained by the 

Figure 5. Efflux of [64Cu]Cu-NOTA-C3-TP from the HCT116 cells. (A) Efflux is expressed 
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as the percentage of retained [64Cu]Cu-NOTA-C3-TP activity at t = 0, where the radioactive 

media was removed. Data are presented as total activity (%)/106 cells. (B) Displacement of 

[64Cu]Cu-NOTA-C3-TP by excess of 100 µM (solid line) or 500 µM (dotted line) of 

[NatCu]Cu-NOTA-C3-TPt in the HCT116 cells over a 24 h time course. The ratios are 

expressed as the percentage of retained activity per initial loaded activity. 

 

HCT116 cells 72 h post administration. This kinetic of drug efflux corresponds to the initial 

rapid elimination of 64Cu-fraction associated to the cell surface, which was followed by the 

slow removal of [64Cu]Cu-NOTA-C3-TP that was internalized. Then, the assay was repeated 

by adding [NatCu]Cu-NOTA-C3-TP at 100 or 500 µM (Figure 5B). The rapid elimination of 

[64Cu]Cu-NOTA-C3-TP in the presence of an excess of non-radioactive conjugate suggests 

that its internalization was occurring via specific carriers. 

 

3.3.6. Nuclear Localization of [64Cu]Cu-NOTA-C3-TP 

The significant enhancement in the uptake of [64Cu]Cu-NOTA-C3-TP by HCT116 

cancer cells relative to GM05757 fibroblasts could influence their subcellular distribution, 

particularly accumulation in the nucleus, as a potential target for the induction of DNA 

damage via low-range LEEs emitted by 64Cu. To verify this possibility, subcellular 

fractionation was carried out for both cell types. 

Figure 6. Subcellular accumulation of [64Cu]Cu-NOTA C3-TP with high AMA in (A) 

HCT116 cells and (B) GM05757 normal fibroblast as function of incubation time. Data are 

presented as the percentage of total activity (%)/106 cells. 
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Interestingly, the nucleus localization of [64Cu]Cu-NOTA-C3-TP at high AMA was 

measured to be 8.6 ± 3%, 13.4 ± 4%, and 12.3 ± 1% in HCT116 cells at 24 h, 48 h, and 72 

h, respectively (Figure 6A), whereas it was 1.5 ± 0.2%, 3 ± 0.4%, and 3 ± 0.1% in GM05757 

fibroblasts at similar time points (Figure 6B). These results indicate 5.7-, 4.4-, and 4.1-fold 

reduction in the GM05757 fibroblast cell nucleus accumulation of [64Cu]Cu-NOTA-C3-TP 

as compared to that for HCT116 cancer cells at 24 h, 48 h, and 72 h post administration, 

respectively. In the case of cytoplasmic distribution, a range of percentages between 76 ± 

7.3%, 61 ± 11%, and 61 ± 8.3% in HCT116 cancer cells (Figure 6A), and 46 ± 6%, 53 ± 

6.5%, and 58.5 ± 8.3% in fibroblasts were calculated at 24 h, 48 h, and 72 h, respectively 

(Figure 6B). The subcellular localization of [64Cu]Cu(OAc)2 in HCT116 cells was 

investigated as a control group, and the results were reported previously [28]. 

 

3.4. Discussion 

Previous experiments have shown that the addition of external beam radiation improves 

by 11.4-fold the cytotoxicity of cisplatin when it reached its maximum accumulation in DNA 

of the colorectal cancer cells HCT116 [6]. However, the optimal time to irradiate in a clinical 

setting is difficult to achieve. The external radiation beam also delivers a uniform dose of 

radiation through a cancer cell. Therefore, the benefit of concomitant chemoradiotherapy 

could be more easily obtained if the radiation is concentrated on the DNA where the drug Pt 

is linked. To reach this goal, the radioisotope 64Cu was used for the labeling of a NOTA-C3-

TP conjugate. TP complexes are known to intercalate into G-quadruplex [9,10,11,12], which 

is targeted to induce cell senescence and cell death [9,13,14]. The decay of 64Cu produces 

two Auger electrons with a penetration distance ranging from 0.05 to 1.5 µm in soft tissue 

[32], and they generate large amounts of short-range LEEs [19]. Therefore, this strategy has 

the potential to concentrate the energy deposited by the radiation close to the platinum atom, 

in a sensitive DNA target, thus providing chemoradiation therapy at the molecular level. 

It appears that the complexation of a Cu2+ atom to NOTA-C3-TP significantly reduces 

its cytotoxicity. While the EC50 of [NatCu]Cu-NOTA-C3-TP remained stable over time, that 

for the Cu-free NOTA-C3-TP decreases such that the EC50 value for HCT116 cells reaches 

24 ± 1 µM, which corresponds to a similar cytotoxicity to cisplatin after 72 h of incubation 
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(23 ± 3 µM). Based on our results, NOTA-C3-TP and its 64/NatCu-conjugates are internalized 

via the same receptor(s). At this time, there is no clear explanation for the increased 

cytotoxicity of NOTA−C3-TP over natCu- NOTA−C3-TP on cancer cells. 

The cytotoxicity of [NatCu]Cu-NOTA-C3-TP for the HCT116 cells was very low, as it 

shows an EC50 of 298 ± 2 µM, which is 10-fold less cytotoxic than cisplatin after 24 h of 

incubation. However, the addition of 64Cu had a major impact. At a concentration of 100 

µM, only 0.1% of the NOTA-C3-TP was labeled with 64Cu, which resulted in a 5-fold 

increase of cytotoxicity. The accumulation of [64Cu]Cu-NOTA-C3-TP in HCT116 cells has 

mainly occurred through an active transporter, which still has to be identified. Although the 

EC50 value of cisplatin in μM concentration is inferior to that of [64Cu]Cu-NOTA-C3-TP at 

low AMA, the cellular accumulation of the latter was rapid, with a maximum measured after 

24 h incubation, which corresponded to 72 ng of Pt/106 HCT116 cells; i.e., it was 14.4 times 

larger than cisplatin (5 ng Pt/106 HCT116 cells) [35]. The higher ability of [64Cu]Cu-NOTA-

C3-TP to accumulate in HCT116 cells can be seen as a major advantage compared to 

cisplatin, as a much more important amount of the 64Cu radioisotope could be uptaken by 

the cancer cells and then intercalated into the G-quadruplex DNA. 

Interestingly, we found that the AMA of [64Cu]Cu-NOTA-C3-TP has a large impact on 

its cytotoxicity. The EC50 values of [64Cu]Cu-NOTA-C3-TP at high AMA are in the low 

nanomolar range at all time points. Under these conditions, this radiotherapeutic agent is far 

more potent than all non-radioactive platinum compounds tested. These results suggest that 

increasing the AMA of 64Cu and the toxicity of Cu-NOTA-C3-TP could significantly 

amplify the concomitant chemoradiotherapeutic effect of this new generation of Pt drugs. 

These results also support the notion that a local delivery of Auger electrons with a 

radioisotope such as 64Cu close to platinum atom could be more efficient than combining Pt 

drug with an external radiation beam, which is deposited uniformly in cancer cells. The 

improvement of cytotoxicity observed at elevated AMA can be related to a lower 

competition with the non-radioactive NOTA-C3-TP, resulting in a higher cellular and 

nuclear internalization of the 64Cu-TP complex and maximizing intercalation into the G-

quadruplex DNA and DNA damage arising from the radiotherapeutic properties of 64Cu. 

This hypothesis will have to be validated by measuring the radiation-absorbed dose of 
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[64Cu]Cu-NOTA-C3-TP to the HCT116 nucleus in a future study. In this regard, the nucleus 

percentage of [64Cu]Cu(OAc)2 was compared to that of [64Cu]Cu-NOTA-C3-TP [28]. 

Interestingly, we measured 2.8-, 4.9-, and 3.7-fold increases in the HCT116 nucleus uptake 

of [64Cu]Cu-NOTA-C3-TP relative to [64Cu]Cu(OAc)2 at 24, 48, and 72 h, respectively. This 

result provides further evidence for striking improvement in the cytotoxicity of [64Cu]Cu-

NOTA-C3-TP. 

TP complexes interact non-covalently with G-quadruplex DNA and induce cell death 

via a different mechanism than cisplatin, which forms covalent adducts with DNA 

[9,10,11,12,34]. Cisplatin accumulation can occur through copper transporters such as the 

uptake transporter hCtr1 and the polyspecific organic cation transporter of hOCT1 [36]. 

Conversely, they can be pumped out through the efflux transporters ATP7A and ATP7B, 

suggesting a contribution of these transporters to the sensitivity of cells [37]. Therefore, it is 

expected that the resistance mechanisms of the two categories of Pt drugs would be different. 

Consequently, the Auger electrons emitter [64Cu]Cu-NOTA-C3-TP may provide an 

opportunity to circumvent the observed resistance to platinum drug in cancer cells [38]. 

The cytotoxicity of our NOTA-C3-TP conjugates and those of cisplatin and oxaliplatin 

were significantly higher against the HCT116 cells than against normal fibroblasts 

GM05757. Most significantly, the chemo-radiotherapeutic window of the [64Cu]Cu-NOTA-

C3-TP at high AMA was considerably greater than that of non-radioactive NOTA-C3-TP 

conjugates or oxaliplatin (i.e., the clinical standard for CRC treatment) within the first 24 h 

of incubation, which is when the highest radiation dose deposition occurs. Several cellular 

and molecular mechanisms may account for the higher sensitivity of cancer cells to platinum 

drugs relative to normal human cells. These include the rapid cell division of cancer cells, 

an impaired ability to recognize and repair DNA damage that eventually leads to cell death 

by mitotic catastrophe or apoptosis, an overexpression of high mobility group (HMG) 

protein complexes in cancer cells, as well as the level and longevity of reactive oxygen 

species (ROS) generated in cancer cells after exposure to platinum drugs that could trigger 

a specific signaling transduction pathway and subsequently the activation of P38MAPK and 

JNK factors that mediate apoptosis [39]. 
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Our results suggest that the highest efficiency of [64Cu]Cu-NOTA-C3-TP for the 

HCT116 cancer cell was at least in part associated with a more efficient cellular and nucleus 

accumulation than that obtained in the GM05757 fibroblasts. This finding is consistent with 

previous observations showing about a five-fold lower cellular uptake of another platinum 

(II)-terpyridine complex in the same GM05757 fibroblasts relative to human cancer cells 

[34]. Note that the epidermal growth factor receptor (EGFR), which is often overexpressed 

in cancer cells, has been recently reported as a potential target for platinum (II)-terpyridine 

compounds [40]. This molecular pathway could be a possible mechanism for higher 

internalization as well as the subcellular accumulation of [64Cu]Cu-NOTA-C3-TP in 

HCT116 cancer cells. This hypothesis needs to be validated in a future study. 

Finally, although a strong supra-additive and selective cytotoxic effect was obtained 

when combining 64Cu with the first generation of NOTA-TP conjugate [28], the design of 

this chemoradiotherapeutic agent may not have been optimal. In the current study, we 

showed that the use of a short alkyl chain to link the NOTA chelator to the TP moiety resulted 

in a structure having considerable flexibility and adaptability, which was critical for its 

activity. Indeed, the 64Cu-conjugate with the short alkyl linker presented higher selectivity 

toward cancer cells (3.9 vs. 1.6) and the percentage of nucleus internalization (8.6% vs. 

4.1%) at an early time point (24 h) compared with the [64Cu]Cu-NOTA-TP conjugate with 

a rigid linker [28]. These results suggest that [64Cu]Cu-NOTA-C3-TP could be a more 

effective chemoradiotherapeutic agent against CRC. 

3.5. Conclusions 

This proof-of-concept supports the possible use of the [64Cu]Cu-NOTA-C3-TP 

conjugate as a novel chemoradiotherapeutic agent for the treatment of primary tumors and 

potentially metastatic cancers. Our cellular results showed that [64Cu]Cu-NOTA-C3-TP 

accumulated rapidly and reached a higher level in the HCT116 cells than cisplatin, while its 

cellular efflux rate was slow. The new 64Cu-TP complex with a flexible linker has high 

specificity for the CRC HCT116 cells and is very cytotoxic at high AMA. Therefore, in vivo 

validation of [64Cu]Cu-NOTA-C3-TP at high AMA and investigation of potential 

intercalation-based mechanism represents the next steps to further evaluate the preclinical 
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potential of this promising chemoradiotherapeutic agent to treat primary tumors and 

metastatic cancers. 
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Résumé: Pour surmonter la résistance à la chimiothérapie pour le cancer colorectal, nous 

proposons de valider in vivo un nouveau composé terpyridine-platine (TP) radiomarqué avec 

l’isotope radiothérostique 64Cu. La stabilité in vivo, la biodistribution, l’imagerie TEP, le 

retard de croissance tumorale, la toxicité et la dosimétrie de [64Cu]NOTA-C3-TP ont été 

déterminés. Les études expérimentales actuelles montrent que [64Cu]NOTA-C3-TP est 

stable in vivo, rapidement éliminé par les reins et présente une absorption tumorale 

prometteuse allant de 1,8 ± 0,4 à 3,0 ± 0,2 %ID/g sur 48 h. [64Cu]NOTA-C3-TP a retardé la 

croissance tumorale jusqu’à 6 ± 2,0 jours et amélioré la survie par rapport au véhicule et non 
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radioactif [NatCu]NOTA-C3-TP sur 17 jours d’observation de la croissance tumorale. Cet 

effet a été obtenu avec seulement 0.4 nmol i.v. injection de [64Cu]NOTA-C3-TP qui délivre 

3,4 ± dose absorbée par 0,3 Gy tumoral. Aucune preuve de toxicité, par perte de poids ou 

mortalité n’a été révélée. Ces résultats confirment le potentiel élevé du [64Cu]NOTA-TP en 

tant que nouvel agent radiothérostique.   
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Abstract: To overcome 

resistance to chemotherapy for 

colorectal cancer, we propose to 

validate in vivo a novel 

terpyridine-platinum (TP) 

compound radiolabeled with the radiotheranostic isotope 64Cu. In vivo stability, 

biodistribution, PET imaging, tumor growth delay, toxicity and dosimetry of [64Cu]NOTA-

C3-TP were determined. The current experimental studies show that [64Cu]NOTA-C3-TP is 

stable in vivo, rapidly eliminated by the kidneys and has a promising tumor uptake ranging 

from 1.8 ± 0.4 to 3.0 ± 0.2 %ID/g over 48 h. [64Cu]NOTA-C3-TP retarded tumor growth by 

up to 6 ± 2.0 days and improved survival relative to vehicle and non-radioactive 

[NatCu]NOTA-C3-TP over 17 days of tumor growth observation. This effect was obtained 

Long-lasting in tumor
Delay in tumor growth

[64Cu]NOTA-C3-TP
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with only 0.4 nmol i.v. injection of [64Cu]NOTA-C3-TP, which delivers 3.4 ± 0.3 Gy tumoral 

absorbed dose. No evidence of toxicity, by weight loss or mortality was revealed. These 

findings confirm the high potential of [64Cu]NOTA-TP as a novel radiotheranostic agent.  
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INTRODUCTION 

Despite large-scale screening, colorectal cancer (CRC) is still the third cause of cancer 

related death and fourth most diagnosis cancer.1,2 CRC emerges from epithelial and 

glandular cells, which carry genetic or epigenetic mutations.3 Early stage (I-II) cancer 

patients are mostly cured with surgery as the principal modality of treatment. However, in 

high stage (IV) patients, when the cancer cells are spread throughout the body, systemic 

chemotherapy and radiation therapy are administered in combination with surgery.4 Despite 

great advances with chemotherapeutic agents for systemic treatment, the 5-year survival rate 

is still only 10% in high stage and grade patients.5 The main reason for poor response to 

chemotherapy treatment is associated to an intrinsic and acquired resistances to 

chemotherapeutic agents, which occur in approximately 90% of the CRC patients.6 Several 

processes can lead to the development of resistance to platinum-based drugs.6 These include 

a decrease in cellular uptake of drug, an increased in efflux activity, inactivation of the 

platinum agent by thiol containing small peptides including glutathione (GSH) and 

metallothionein (MT), enhanced nucleotide excision repair (NER), and increased expression 

of anti-apoptotic proteins such as P53 (p21/waf1) and bcl-2.7 To overcome these resistances 

and reduce toxicity associated with most platinum compounds (e.g., cisplatin and 

oxaliplatin), a myriad of platinum-based drugs has been developed with different structure 

and mechanism of action.8  

One of these drugs is the G-quadruplex DNA binders, such as square planar agents like 

terpyridine platinum compounds, which have gained considerable attention in the last 

decades.9 The terpyridine platinum (TP) compounds interact with DNA quadruplexes mainly 

via π–π stacking with the exterior G-tetrad and replacement of mono valent alkaline ions 

found in the central channel of G-quadruplexes.10 For instance, a recent bimetallic 

terpyridine platinum-based introduced by Stafford et al. exhibited up to 1000-fold higher 

affinity toward G-quadruplex relative to other intermixed sequence of DNA.11 

In a recent study, we have confirmed the first proof-of-concept for the novel chemo-

radiotheranostic (CRT) agent [64Cu]NOTA-TP on human CRC cells.12,13 Here, the aim of 

adding the 64Cu exploits its strong radiotheranostic potential (T1/2 = 12.7 h; EC, [43.1%], β+, 

0.653 MeV [17.8%]; β−, 0.579 MeV [38.4%]) and ability to produce low energy electrons 
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(LEEs), with the capacity of NOTA-TP compound to interact with highly vulnerable DNA 

G-quadruplexes and thus obtain a supra additive cancer effect.12,13 This supra additive 

interaction between 64Cu and NOTA-TP component could solve the problem of 

synchronizing irradiation of the tumor when the maximum accumulation of platinum 

compounds is reached.14 The interaction of LEEs originated from Auger electron-emitting 

64Cu with the monofunctional adducts formed between NOTA-TP and DNA could generate 

reactive radical species that mostly interact with the nearby DNA subunits, particularly 

guanine and adenines.15 This phenomenon will form intra- and inter-strand cross links on 

vulnerable domains of DNA (i.e., G-quadruplexes) that are challenging for the DNA damage 

repair system and can induce cell apoptosis.16 Rezaei et al. demonstrated that a single hit by 

a LEE (E~0.5eV) could generate double strand breaks (DSBs) in cisplatin-modified DNA, 

but not in pure DNA.17 In this regard, a remarkable supra-additive interaction with an 

enhancement factor (EF) of up to 55 000-fold in terms of in vitro cytotoxicity was obtained 

for [64Cu]NOTA-TP compound with a short flexible alkyl chain spacer (C3) between the TP 

and NOTA moieties ([64Cu]NOTA-C3-TP).13 It is noteworthy that the highest cytotoxicity 

EF was observed at highest apparent molar activity (AMA) of 64Cu, which resulted to the 

highest level of 64Cu chelated at NOTA-TP.13  

The current study investigates the first-in-animal CRT effect of this [64Cu]NOTA-C3-TP 

compound. Balb/c mice were used to assess the in vivo stability and the tissue biodistribution 

from 4h to 48h post injection. The tumor uptake and tissue distribution were also determined 

by whole-body positron emission tomography (PET) imaging in on a nude (nu/nu) mouse 

model implanted with the human CRC tumor HCT116. Additionally, tumor growth delay, 

toxicity and dosimetry of [64Cu]NOTA-C3-TP was determined in mice carrying the HCT116 

tumor. Finally, a comparison study between selectivity and antitumor efficiency of 

[64Cu]NOTA-C3-TP and combination treatment with oxaliplatin and external beam radiation 

therapy for CRC tumor HCT116 was established. 

RESULTS  

Chemistry and radiolabeling. Synthesis of NOTA-C3-TP, [NatCu]NOTA-C3-TP and 

[64Cu]NOTA-C3-TP were previously described by our group.13 All compounds are >95% 
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pure by UPLC analysis (Figures S1A and B). [64Cu]NOTA-TP was obtained in high 

radiochemical yield (Figure S1C) and AMA (~70-150 MBq/nmol).  

In vivo stability of [64Cu]NOTA-TP. As control, the [64Cu]Cu(OAc)2 and [64Cu]Cu-

NOTA-C3-TP were analyzed by radio-TLC to determine their respective retention times 

(Figure 1A and 1B). The radio-TLC profiles of the whole plasma indicate that 1% of 64Cu 

was released 48 h after injection (Figure 1C). A new peak with an intensity of 9% appearing 

could be related to the conjugation of the radiotheranostic agent with plasma proteins or 

formation of a metabolite of [64Cu]NOTA-C3-TP (Figure 1C). To confirm these results, 

[64Cu]NOTA-C3-TP was incubated ex vivo in plasma during 48 h and then analyzed by 

radio-TLC with and without protein precipitation (Figure S2). Two peaks were observed on 

the radio-TLC of the whole plasma (Figure S2A). [64Cu]NOTA-C3-TP and trace amount of 

free 64Cu corresponding to 4% of the total 64Cu activity were observed on radio-TLC of 

plasma after protein precipitation (Figure S2B). These results support the progressive uptake 

of [64Cu]NOTA-C3-TP to plasma in vivo.  

Figure 1. Representative radio-TLC profiles of pure (A) [64Cu](OAc)2 and (B) 

[64Cu]NOTA-C3-TP. (C) Radio-TLC profile of [64Cu]NOTA-C3-TP in the whole plasma 

48h after its injection in Balb/c mouse. 

It is noteworthy to mention that the amount of the amount of [64Cu]NOTA-C3-TP bound to 

plasma protein (ex vivo) reached 96% at 24 h (Table S1), which was similar than measured 

with standard platinum compounds such as cisplatin (98%) and oxaliplatin (98%) at the same 

time.18,19 

The ability of [64Cu]NOTA-C3-TP to bind to plasma proteins was also assessed by 

comparing the absorbance spectra of [64Cu]NOTA-C3-TP and those of collected whole 
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plasma alone or in presence of the radiotheranostic agent (Figure S3). The binding of 

[64Cu]NOTA-C3-TP to plasma proteins has resulted in a significant increase at wavelengths 

between 310 and 380 nm (Figure S3B, green line). For instance, the absorption intensity for 

pure plasma has increased from 0.09 (Figure S3A, green line) to 1.56 when assessed with 

plasma proteins of 50-70 KD (Figure S3B, green line) at 333 nm, which corresponded to an 

absorbance peak of [64Cu]NOTA-C3-TP (Figure S3A, red line). Since the absorption 

intensity was similar to those measured with pure [64Cu]NOTA-C3-TP at same concentration 

(4 mM), this suggested that the majority of [64Cu]NOTA-C3-TP complex was bound to the 

50-70 KD plasma proteins.  

Biodistribution and pharmacokinetic studies in Balb/c mice. Biodistribution studies were 

carried out in Balb/c mice at 4, 24, and 48 h post-injection (p.i.) to estimate the 

pharmacokinetic profile of the tracer and best time for PET imaging (Figure 2). 

[64Cu]NOTA-C3-TP was rapid eliminated via kidney into the urine, as shown by a drastic 

reduction from 64.22 ± 5.89 percentage of injected dose per gram (%ID/g) at 4 h p.i. to only 

2.06 ± 1.91 %ID/g at 24 h, followed by a further decrease to 1.4 ± 0.6 %ID/g at 48 h. The 

highest uptakes were 13 ± 3 and 11.7 ± 0.9 % ID/g in the liver and kidney at 4 h p.i., which 

decreased to 7.5 ± 2.1 and 7.4 ± 5.3% ID/g at 48 h, respectively. Interestingly, the 

corresponding values for the other organs remained below 3% at 48 h, which indicates a low 

retention of the [64Cu]NOTA-C3-TP. The [64Cu]NOTA-C3-TP measured in plasma was 

5.2± 2.0% ID/g at 4 h, and then significantly increased to 9.4 ± 2.1 at 24 h (p < 0.05) followed 

by a reduction to 3.0 ± 1.1% ID/g at 48 h (p < 0.01) (Figure 2).
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Figure 2. Biodistribution profile of [64Cu]NOTA-C3-TP in Balb/c mice (n=3/group) at 4, 24 

and 48 h p.i. 

Figure 3. The kinetics of PET image-derived uptakes (%ID/g) ± SD in kidney (A, green 

line), liver (A, orange line), blood (A, blue line), tumor (B, yellow line), and muscle (B, grey 

line) measured during 1 h dynamic scan. Each data point represents the average values for 7 

nude mice. 
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PET imaging in HCT116 tumor-bearing nude mice. Accumulation of [64Cu]NOTA-C3-

TP in HCT116 tumor implanted in nude mice was assessed with a PET imaging scanner. A 

dynamic scan was performed during the first hour after the injection to estimate the 

accumulation of [64Cu]NOTA-C3-TP in tissues (%ID/g) after conversion of the regions of 

interest (ROIs) traced around liver, kidney, muscle, and the tumor (Figure 3). During the first 

hour after injection, tumor uptake and retention ranging from 2.0 ± 0.4 to 3.0 ± 0.2 %ID/g 

(Figure 3B, yellow line) were associated with a very fast elimination from the kidney (Figure 

3A, green line).  

Indeed, the quantity of [64Cu]NOTA-C3-TP in kidney rapidly decreased from 22 ± 5 % ID/g 

at 5 min post-injection to 7.2 ± 1.1% ID/g at 1 h. The radiotheranostic agent was slowly 

eliminated from the liver compared to kidney, since the % ID/g diminished from 4.9 ± 1.6 at 

2 min to 3.1 ± 0.5 at 1 h p.i. (Figure 3A, orange line). The %ID/g in blood followed a fast 

elimination kinetic pattern with an initial peak of 11 ± 2% ID/g at 2 min to 3.4 ± 1.0% ID/g 

at 1 hour (Figure 3A, blue line). In the muscle, the %ID/g has remained below 1% ranging 

from 0.9 ± 0.3 to 0.4 ± 0.1% ID/g during the whole dynamic scan (Figure 3B, grey line).  

Figure 4. Representative coronal PET images of [64Cu]-NOTA-C3-TP injected at 30 MBq, 

at 4 (A), 24 (B) and 48 h (C) p.i. in HCT116 human colorectal cancer bearing mice. T: tumor; 

Li: liver. All images are decay-corrected and adjusted to the same maximum value. 

Static scans were done at 4, 24 and 48 h p.i. of [64Cu]NOTA-C3TP (Figures 4 and S4). 

Comparison of all coronal images clearly shows that small percentages of [64Cu]NOTA-C3-

TP remained in healthy organs at 4, 24 and 48 h p.i. Accordingly, the maximum accumulation 

of [64Cu]NOTA-C3-TP was observed in the liver and kidneys, which was less than 3%ID/g. 
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Accumulation in the tumor was comparable to that in critical organs of elimination at all 

times.  

The tumor uptake percentages (%ID/g) at 4, 24 and 48 h post-injection, which were 

respectively 1.92 ± 0.32, 2.07 ± 0.35, and 1.83 ± 0.40, did not show any significant reduction 

relative to that at 1-hour (p>0.05) (Figure 5). This retention of [64Cu]NOTA-C3-TP in the 

tumor during the first 48 h after injection suggests that 64Cu with a physical half-life of 12.7 

h would have deposited most of its energy during this period. On the contrary, a rapid 

elimination from muscle was measured (Figure 5). Elimination of the radiotheranostic agent 

in the most critical organs kidney and liver was also significant (p<0.001 for both organs) at 

48 h post injection relative to that for 1 h scan. The kidney was the major organ for drug 

elimination up to 1 h, but the pathway has shifted toward the liver at 4 h with a significantly 

higher uptake value (p<0.001). The liver uptake can be explained by gradual interaction of 

[64Cu]NOTA-C3-TP with plasmatic proteins, specially serum albumin, that increased the 

molecular weight and change charge of the complex.20 

In vivo PET-derived tumor to liver ratios were very stable over time (0.63±0.13 at 1h vs. 

0.91±0.33 at 48h), while the tumor to muscle and the tumor to kidney ratios have increased 

by three times and seven times during the same period, respectively (Table S2). 

Figure 5. The uptake value (%ID/g) in tumor, liver, muscle, and kidney derived from static 

PET images at 4, 24 and 48 h post-injection relative to that of 1-hour dynamic scan. Each 

data point represents the averages ± SD for 7 HCT116 tumor-bearing nude mice. 
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As a test of binding specificity, we imaged animals administered [64Cu]NOTA-C3TP with 

co-injecting them with ~40 nmol (100-fold excess) of [NatCu]NOTA-TP. Surprisingly, the 

tumor accumulation was significantly enhanced (~1.4-fold) at all time points post 

administration (Figure 6). 

Figure 6. Tumor uptake of [64Cu]NOTA-C3-TP (%ID/g) derived from static PET images at 

4, 24 and 48 h post-injection relative to that of 1-hour dynamic scan. Red and yellow bars 

represent tumor uptake without and with co-injection of [NatCu]NOTA-C3-TP (100-fold 

excess), respectively. 

To validate PET results, biodistribution of [64Cu]NOTA-C3TP was performed at 48 h p.i. in 

nude mice implanted with the HCT16 tumor (Figure S5). The tumor uptake measured from 

the biodistribution was 1.54±0.40 %ID/g, which is similar to what was measured by PET 

imaging (1.83±0.40 %ID/g) at 48 h p.i. This correlation between these two methods to 

quantify the uptake of [64Cu]NOTA-C3-TP was also observed for the liver and kidney 

(Figures 5 and S5). For the other organs, except plasma, stomach and lung, the uptake was 

below 1% ID/g. It is noteworthy that the plasma uptake of [64Cu]NOTA-C3-TP at 48 h p.i. 

was only 1.56±0.30 %ID/g in nude mice implanted with the HCT116 tumor, which was 6-

fold lower than measured in Balb/c mice (9.40 ± 2.00%ID/g, Figures 2 and S5). 

Radiation dosimetry measurements. The absorbed dose in liver, kidney and tumor were 

calculated with the OLINDA software (2.1).21 The estimated absorbed dose to liver and 

kidney in a 25 g mouse model were respectively 35.8 ± 1.0 and 43.4 ± 3.2 mGy/MBq, while 
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the total body absorbed dose was 5.1 ± 0.2 mGy/MBq (Table 1). The absorbed dose of tumor, 

for a selected sphere model with mass of ~ 0.4 g, was 24.3 ± 4.2 mGy/MBq (Table 1). 

Accordingly, for injected activities of 70 MBq (1.89 mCi) and 137 MBq (3.7 mCi), the final 

estimated absorbed doses delivered during this study to the tumor were 1.7 ± 0.3 and 3.4 ± 

0.3 Gy. These radiation doses to the tumor were similar to those calculated for kidney and 

liver, which were respectively 3.0 ± 0.2 and 2.6 ± 0.1 Gy and two times higher for 137 MBq. 

The calculated doses to the tumor were approximately similar to one fraction of radiation 

delivered during long term (2 Gy) and short term chemoradiotherapy (4 Gy) of colorectal 

cancer with an external radiation beam in clinic.22,23  

The extrapolated AUChuman value for a human weighting 73 Kg was then calculated to 

estimate the absorbed doses. The calculated effective doses in liver and kidney were 1.3×10-

4 ± 0.1×10-4 and 5.9×10-5 ± 4×10-6 mSv/MBq, respectively, and the total body effective dose 

reached 7.54×10-4 ± 0.3×10-4 mSv/MBq (Table 1). 

Table 1: Comparison of estimate absorbed dose of nude mice and human from [64Cu]NOTA-

TP based on nude mouse biodistribution and PET-derived uptake data. Standard deviations 

are less than 5% of the average values. 

Target 

organs 

Nude mouse 

absorbed dose 

(mGy/MBq) 

Absorbed dose 

for human 

(mGy/MBq)* 

Brain 3.23 6.84E-04 

Small 

intestine 
5.6 9.80E-03 

Stomach 

wall 
4.21 2.07E-04 

Heart 7.12 4.44E-04 

Kidney 43.4 6.55E-03 

Liver 35.8 3.26E-03 

Lung 18.40 9.18E-04 

Pancreas 2.12 4.61E-04 

Skeleton 0.72 1,31E-04 

Spleen 0.59 2.05E-04 

Testis 0.51 5.17E-05 

Thyroid 0.10 5.35E-05 

Tumor 24.3 - 

Total body 5.16 6.91E-04 
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*Estimated values by OLINDA software (ICRP 103). 

Figure 7. (A) Relative tumor growth (%Vt/V0) after treatment with 70 MBq (n=4, blue line) 

and 137 MBq (n=5, green line) of [64Cu]NOTA-C3-TP compared to [NatCu]NOTA-C3-TP 

(p<0.001, n=5, orange line) and the vehicle (p<0.001, n=5, yellow line). (B) Survival curves 

between these groups. 

Tumor response after chemo-radiation therapy (CRT). The CRT efficacy was 

determined by measuring the tumor growth after a single i.v. injection of 70 or 137 MBq 

(~0.4 nmol) of [64Cu]NOTA-C3-TP in HCT116 tumor bearing nude mice (n=5). These CRT 

groups were compared to control groups that received either the vehicle (ammonium acetate 

buffer) (n=5) or [NatCu]NOTA-C3-TP (n=5). As expected, there was no significant difference 

between these two control groups (Figure 7A). A significant reduction in relative tumor 

growth (%Vt/V0), where Vt and V0 represents tumor volume at time t and 0 correspondingly, 

in the CRT group treated with 70 MBq compared to control groups was measured on day 1 

after drug injection. The relative tumor volumes were respectively reduced from 186 ± 63 

and 176 ± 57 for the vehicle and [NatCu]NOTA-C3-TP groups to 107 ± 31 in the 70 MBq 

CRT group (p<0.05). For the other time points, a reduction in the relative tumor volume was 

0 3 6 9 12 15 18 21

0

20

40

60

80

100

Time (day)

 S
u

rv
iv

a
l 
(%

)

0

400

800

1200

1600

2000

0 5 10 15

R
e
la

ti
v
e
 t

u
m

o
r 

v
o

lu
m

e
 (

%
V

t/
V

0
)

Time (day)

A)

B)



126 
 

observed for this CRT group relative to the control groups but the difference was not 

statistically significant (p>0.05). 

A significant improvement in the antitumor activity for all time points (day 3 to day 14 

(p<0.05)) was obtained when the injected activity of [64Cu]NOTA-C3-TP was escalated to 

137 MBq. In addition, the tumor volume did not significantly increase during the first 3 days 

post-injection (p>0.05). Kaplan-Meier survival curve indicated a significant difference 

between the groups (p<0.0001, Figure 7B). 

The time required for the tumor volume to increase by 5-fold relative to the initial volume 

(5Td) was 4.7 ± 0.5 and 5.2 ± 0.5 days for the vehicle and [NatCu]NOTA-C3-TP groups, 

which significantly increased to 6.6 ± 1 and 9 ± 0.5 days for the CRT groups injected with 

70 MBq or 137 MBq of [64Cu]NOTA-C3-TP, respectively. From these 5Td values, the 

calculated growth delays (TGD) are respectively 3.8 ± 0.5 and 4.3 ± 1.0 days for the CRT 

group that received 137 MBq compared to the vehicle and [NatCu]NOTA-C3-TP groups. 

Noted that there was no evidence of toxicity as assessed by weight loss (Figure S6) and no 

mortality in the CRT groups was observed over the 16 days of tumor growth follow up.  

DISCUSSION AND CONCLUSION 

Various attempts have been made to reduce the toxicity associated with the first generation 

of platinum-based chemotherapeutic agent (i.e., cisplatin).7 In this regard, new generations 

of drugs including oxaliplatin and carboplatin have been developed to reduce toxicity, while 

maintaining similar therapeutic effect. Despite considerable progress, neurotoxicity and 

myelosuppression remain major issues for cancer patients treated with these platinum 

derivatives.7 Recently, G-quadruplex (G4) bimetallic binders, that exhibit promising 

cytotoxicity and selectivity toward cancer cells, have emerged.9 Copper and platinum 

conjugated with planar molecules are among the most common G4-binders.24 However, 

examples of a radioactive metal conjugated to G4-binders are quite rare. In fact, the first 

proof-of-concept for two novel G4-binders [64Cu]NOTA-TP with chemo-radio-theranostic 

properties was reported in our previous in vitro studies.12,13 A remarkable supra-additive 

effect between 64Cu and NOTA-TP complex was measured. [64Cu]NOTA-C3-TP with a 
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more flexible linker exhibited a greater cytotoxic activity (EF = 55 000)13 than did the 

complex with the rigid linker (EF = 27 000).12  

To more fully evaluate the antitumor activity and toxicity of this new class of 

radiotheranostic agent, in vivo studies were performed with [64Cu]NOTA-C3-TP. Preclinical 

imaging by PET of [64Cu]NOTA-C3-TP provides good quality tumor contrast static images 

at 4h, 24h, and 48h, allowing the tracer to be easily visualized and quantified in nude mice 

bearing P53 (+/+) HCT116 tumors (Figure 4). The image quality of [64Cu]NOTA-C3-TP 

originates from three sources, 1) its good tumoral uptake, 2) a long residency time in tumor, 

and 3) rapid elimination of the tracer from blood circulation and other normal surrounding 

tissues, which reduces potential background signal. The critical organ for early elimination 

of [64Cu]NOTA-C3-TP from the animal, was kidney with a maximum uptake of 22.6 %ID/g 

at ~5 min post injection (Figure 3A, green line). The biological half-life of [64Cu]NOTA-C3-

TP in kidney was measured to be only ~ 2.5 hour (Figure S7). The following explanation 

could rationalize the high speed elimination of the positively charged [64Cu]NOTA-C3-TP 

from the kidney. The molecular size of [64Cu]NOTA-C3-TP was measured using Chimera 

software 1.15 to be ~1.6 nm in length, which indicating it is small enough pass through the 

glomerular basement membrane (GBM) (cut-off diameter = ~10 nm).25 After the first hour 

post injection, the critical organ for elimination of [64Cu]NOTA-C3-TP gradually shifts from 

the kidney to the liver as shown in static PET images at 4h, 24h, and 48h (Figure 4). The 

biliary excretion (BE) of [64Cu]NOTA-C3-TP could be either linked to enlargement of the 

complex due to binding with plasma proteins that then exceed the renal cut-off limit. Our ex 

vivo results show that at 24 h, 96% of [64Cu]NOTA-C3-TP is bound to plasma protein (Table 

S1).  

Unlike that seen in normal tissues, the long residence time of [64Cu]NOTA-C3-TP in tumor 

(t1/2>48h) is a substantial gain not only for imaging, but also in radiation dosimetry/therapy. 

There was only a 39% reduction in tumor uptake between the maximum value measured at 

11.2 min post-administration (3.0 ± 0.2 %) and the minimum value seen at 48h (1.83± 

0.40%). From a radiation dosimetry viewpoint, 48h is the most critical time point, as almost 

4-radioactive half-life of 64Cu have passed.26  



128 
 

Interestingly, we noted a significant increase (~1.4-fold) of the tumur uptake at all time points 

post administration when a 100-fold excess of [NatCu]NOTA-C3-TP was co-injected with 

[64Cu]NOTA-C3-TP (Figure 6). Based on our observation that the majority of [64Cu]NOTA-

C3-TP was bound to plasma protein, we intuited that simultaneous i.v. administration of 

[NatCu]NOTA-C3-TP with [64Cu]NOTA-C3-TP could release the radioactive platinum 

conjugate from plasma protein in blood circulation resulting in an enhancement of 

[64Cu]NOTA-C3-TP tumor accumulation. This type of drug competition and deplacement at 

plasma level is in consistent with the literature.27 Additionally, this effect can be explained 

by reversible and/or non-restrictive interaction of [64Cu]NOTA-C3-TP, which is congruent 

with its monofunctionality and weak interaction with plasma proteins particularly 66KD 

serum albumin (Figure S3).20 Accordingly, this co-injection with excess of non-radioactive 

platinum conjugate can be employed in future studies to enhance of tumoral uptake, absorbed 

dose, and potentially, efficiency of treatment if no adversed effect is observed. 

Our CRT results indicate that [64Cu]NOTA-C3-TP (137 MBq) postpones tumor growth by 

3.8 ± 0.5 and 4.3 ± 1.0 days relative to vehicle and [NatCu]NOTA-C3-TP treated groups at 

5Td, respectively. The tumor growth retardation induced by [64Cu]NOTA-C3-TP (137 MBq) 

increased to 6 ± 2.0 days at 7Td (the time required for the tumor volume to increase by 7-

fold relative to the initial volume). This result is consistent with the previous findings of 

Merle et al, who reported a significant radiosensetizing effect by terpyridine platinum-derive 

G4-ligand with external beam radiation, in one cancer cell line and cancer-cell-xenografted-

mouse model.28 Interestingly, the dose enhancement from 70 MBq to 137 MBq retards the 

initial tumor growth from day 1 to day 3 (Figure 7A). This result indicates that the initial 

shoulder of tumor growth curve is expandable as a function of dose. This treatment pattern 

of [64Cu]NOTA-C3-TP could be employed for future dose fractionation. More importantly, 

the median survival of the mice treated with buffer (vehicle) and [NatCu]NOTA-C3-TP were 

respectively 9.5 and 13 days. The corresponding value for the mice treated [64Cu]NOTA-C3-

TP (70 MBq) and [64Cu]NOTA-C3-TP (137 MBq) significantly increased to 15 and 17 days, 

respectively (Figure 7B). 

Regarding treatment with the [64Cu]NOTA-C3-TP, EFs of 1.9 ± 0.5 and 1.7 ± 0.5 were 

measured when 137 MBq was administrated relative to vehicle and [NatCu]NOTA-C3-TP 
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groups, respectively. However, the accumulation of [64Cu] NOTA-C3-TP in tumor was very 

low, i.e. only 3.6 × 10-4 µg/g tumor 48h post-injection. The absorbed radiation doses were 

also small, i.e. 1.7 ± 0.3 Gy for 70 MBq injected and 3.4 ± 0.4 Gy when treating with 137 

MBq of the [64Cu]NOTA-C3-TP. 

Our results were then compared to treatments done with oxaliplatin alone and in combination 

with radiation therapy, as previously reported by our group.14 Oxaliplatin was chosen 

because it is the platinum derivative most widely used to treat patients with CRC.6 Using the 

same mouse model, an EF of 3.35 was obtained when the tumor growth retardation (TGD) 

after treatment with oxaliplatin and a radiation dose of 15 Gy delivered by an external beam, 

was compared to the TGD induced by simply irradiating the tumor. The EF increased to 5.18 

when this combination treatment was compared to the administration of oxaliplatin alone. 

When these tumors were irradiated, oxaliplatin accumulated in the tumor 48h post-injection 

had reached 0.12 µg/g of tumor.14 This represents 333 times more platinum drug in the tumor 

and 4.4 to 8.8 more absorbed radiation dose compared to our previous work with oxaliplatin 

and a 15 Gy dose delivered by an external beam.14  Because the EF of [64Cu]NOTA-C3TP 

was only about 1.8 times lower than this previous study, these results suggest that the 

combination of platinum (Pt) and 64Cu on the same molecule leads to a greater tumor 

response per amount of drug accumulated in the tumor than that obtained following a random 

distribution of oxaliplatin in DNA is combined with the homogeneous deposition of radiation 

from an external beam. 

Amplification of the tumor response obtained with [64Cu]NOTA-C3-TP complex could be 

explained by the proximity of the radiation source, the 64Cu, and the Pt drug, which promotes 

the production of LEEs by the Pt when exposed to the electrons generated by the 64Cu. These 

LEEs locally increase the density of DNA strand breaks, which would decrease the efficiency 

of their repair and thus amplify the cytotoxic efficiency per Pt atom accumulated in the DNA. 

In addition, [64Cu]NOTA-C3-TP is expected to bind to the G-quadruplex which are highly 

vulnerable domains of DNA.9-11 Consequently, to maximize the interact between 64Cu and 

Pt, [64Cu]NOTA-C3-TP with high AMA should be used. This hypothesis is supported by our 

earlier in vitro results, which confirmed that a 200 times enhancement in the AMA of 

[64Cu]NOTA-C3-TP increased the toxicity for the HCT116 cells by 12 000 times.12  
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The pharmacokinetics of [64Cu]NOTA-C3-TP also differs from that of oxaliplatin. In our 

previous study, 10 mg/kg of oxaliplatin were injected per mouse, which corresponded to 25 

nmole/g mouse. The quantity measured in the tumor at 48h post-injection was 0.3 nmole/g, 

or 1.2% of the injected dose. Regarding the [64Cu]NOTA-C3-TP, 0.02 nmole/g mouse were 

injected, and the quantity accumulated in the tumor reached 4.4 x 10-4 nmole/g, 

corresponding to 1.8% of the injected dose. This suggests that [64Cu]NOTA-C3-TP shows a 

better capacity to accumulate in the tumor than oxaliplatin. On the other hand, the injected 

dose of oxaliplatin was 1250 times higher than that of [64Cu]NOTA-C3-TP, but its plasma 

concentration at 48h post-injection was only about 6 times higher. These results suggest that 

[64Cu]NOTA-C3-TP was cleared more slowly from mice compared to oxaliplatin, which 

may have favored its accumulation in the tumor.  

The estimated absorbed radiation doses to the kidney and liver were respectively 6.0 ± 0.2 

and 5.12 ± 0.06 Gy, which did not exceed the maximum tolerated dose.29 However, the 

radiation dose absorbed in these organs were 1.5 to 3.5 times higher than that in tumor, whose 

reached 1.7 and 3.4 Gy. These radiation doses to the tumor have induced a partial tumor 

response, which was expected. In comparison, patients treated for CRC with an external 

radiation beam can be cured with a dose of 25 to 50 Gy to the tumor, which delivers a dose 

less than 0.05 Gy to the liver and kidney. Further studies are therefore necessary to improve 

tumor accumulation of this new class of radiotheranostic agent, which would induce a 

complete tumor response and acceptable absorbed doses to the liver and kidneys. In this case, 

the greatest advange of [64Cu]NOTA-C3-TP would be for diagnosis and treatment of 

unresectable tumor or metastatic CRC.  

On the other hand, [64Cu]NOTA-C3-TP could be directly injected in the CRC tumor by 

convection enhanced delivery (CED). The therapeutic effect would then be maximized, 

while the radiation absorbed dose by the liver and kidneys would be greatly reduced.  

By extrapolation of radiation dose per unit injected activity values (mGy/MBq) from mouse 

organs to a standard-sized adult human, we observed a considerable reduction in absorbed 

radiation in whole healthy organs (Table 1). This is consistent with the inverse 

proportionality between the mass of organ and measured S-value that ultimately translates 

to absorbed dose (mGy) in standardized dosimetry calculations of OLINDA.21  
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With respect to the high image contrast provided by [64Cu]NOTA-C3-TP, it can be 

concluded that this radio-theranostic agent has great potential as a novel, small imaging 

tracer for future preclinical studies. More importantly, [64Cu]NOTA-C3-TP can greatly 

increase the anti-tumor response per amount of drug accumulated in the tumor. To improve 

the therapeutic efficiency of this new class of radiotheranostic agent, its selectivity for tumor 

uptake must be enhanced. The conjugation of [64Cu]NOTA-C3-TP with a ligand that targets 

overexpressed receptors on colorectal cancer cells could be considered.  

Experimental section 

Synthesis of [64Cu]NOTA-TP. Synthesis of NOTA-C3-TP, [NatCu]NOTA-C3-TP and 

[64Cu]NOTA-C3-TP were previously described by our group.13 Purity of the conjugates was 

verified by High Performance Liquid Chromatography (HPLC). All final compounds had an 

HPLC purity of ≥95% (Figures S1A and B). 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, 5 μ) and an Agilent 

1200 series diode array UV-Vis detector (Agilent Technologies) using method: flow = 1 

mL/min; 0-23 min; 0 to 76.6% acetonitrile -0.025% TFA in H2O-0.05% TFA, 23-24 min; 

100% acetonitrile, 24-30 min; 100 to 0% acetonitrile in H2O. 

[64Cu]NOTA-C3-TP. The preparation of [64Cu]Cu-NOTA-C3-TP was by incubating 250 μM 

of NOTA-C3-TP dissolved in 10% DMSO and 0.9% saline with 350−450 MBq of 

64Cu(OAc)2 in a total volume of 1-1.5 mL of 0.1 M ammonium acetate buffer, at pH 7.25, 

for ~20 min at room temperature. The radio chemical yield (>99%) was assessed by radio-

TLC -and eluted on C18 plates using sodium citrate 0.1 M, pH=5.5 (Figure S1C). 

In vivo stability study. In vivo plasma stability and protein binding of [64Cu]NOTA-C3-TP 

were evaluated at 48 h after i.v. injection of 5-20 MBq in mouse by radio-TLC.30 Briefly, 

whole blood samples (1 mL) were collected from mice femoral artery via heparinized 

syringes tubes under deep anesthesia ~3% isoflurane in an air/oxygen mixture and then 

transferred to heparinized tubes. After 5 min centrifugation of the tubes containing whole 

blood (×2000 g), plasma was gently isolated from blood cells for assessing the radio-TLC 

without further protein precipitation. The whole plasma was spotted on radio-TLC strips 

equipped with C18 plates. Free 64Cu(OAc)2 and [64Cu]NOTA-C3-TP were selected as 
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controls in this experiment. According to the retention time (migration distance) related to 

each of these two controls, the percentage of 64Cu that released from [64Cu]NOTA-C3-TP 

was calculated. The radio-TLCs were eluted with 0.1M sodium citrate buffer at pH 5.5 using 

an Instant Imager system (Bioscan, DC, U.S.A.) for the radiodetection. 

Ex vivo plasma protein binding study. Ex vivo plasma protein binding was investigated 

following 500 MBq incubation of [64Cu]NOTA-C3-TP compound in 0.5 mL of mouse 

plasma and 0.5 ml of PBS at 1, 4, 24, and 48 h post incubation. Radioactive plasma was 

recovered from size exclusion tubes ranging from 10 to 50 KD. After 15 min centrifugation, 

radioactive plasma from each proteins fraction was gently transferred into a separate tube. 

Then, the porous membranes were washed with PBS three times to make sure that the 

proteins have been completely recovered. The absorbance spectrum (250-500 nm) of each 

protein fraction was carried out with a plate reader and compared to that of pure plasma. 

Radio-TLC analysis of the supernatant and the protein layers were carried out to confirm the 

results by spectrophotometry.  

The binding of [64Cu]NOTA-C3-TP to plasma protein was assessed at 2, 4, 6, 16, 24 and 48h 

by addition of pur acetonitrile (1/1) into the incubated 64Cu]NOTA-C3-TP to precipitate the 

total proteins. After 15 min centrifugation of the samples at 7000 rpm, the supernatant was 

collected. The procedure was repeated twise to ensure the total precipitation of the proteins. 

The remained radioactivity in the supernatant as well as the precipitated proteins were 

measured in a dose calibrator and the protein binding percentagee were calculated. 

Cell culture. The p53 wild-type HCT116 human colorectal cancer cells were bought from 

ATCC and cultured in Eagle's minimal essential medium (EMEM, Sigma-Aldrich, Oakville, 

Canada) supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate and 2 mM L-

glutamine in a humidified incubator of 5% CO2 at 37 °C. 

Animal studies. All animal studies were approved by the Institutional and Animal Care and 

Use Committee of l’Université de Sherbrooke (N/Ref.2020-2611).  

Biodistribution in mice. Biodistribution of [64Cu]NOTA-TP was carried out in male Balb/c 

mice (19-23 g). 10–20 MBq of [64Cu]NOTA-C3-TP in 100-200 µL were administered 

intravenously (i.v.) in the caudal vein of the mice under isoflurane anesthesia. At 4, 24, and 
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48h post injection, the mice were euthanized under deep with ~3% isoflurane anesthesia in 

an air/oxygen mixture, followed by exposure to 5% CO2. At each time point, organs were 

collected, rinsed in 0.9% saline and the accumulated activity was counted by a Hidex 

automated gamma counter. The results for each organ were expressed as the average 

percentage of injected dose per gram of tissue (%ID/g) ± SD. 

PET imaging. For PET image acquisitions, a previous standard procedure using an animal 

PET-CT Triumph scanner (Gamma Medica Inc, Northridge, CA, USA) on HCT116 tumor-

bearing nude (nu/nu) mice was followed.31 Before imaging, the mice were anesthetized with 

1.5-2.0% isoflurane in an air/oxygen mixture and during the scan procedure isoflurane was 

maintained stable. 30 seconds after starting the PET image acquisition, between 30–40 MBq 

(~ 17.5 nmol/kg) in 200 µL of the [64Cu]NOTA-C3-TP was injected i.v. in the caudal vein 

and a dynamic scan was performed for 1 h. The time duration of static scans were 20, 30, 

and 45 min at 4, 24, and 48h post administration of [64Cu]NOTA-C3-TP, respectively. The 

respiration rate and body temperature were monitored during each scan. Dynamic image 

reconstruction was carried out by using the maximum likelihood expectation maximization 

(MLEM) procedure with 20 iterations (field of view (FOV) = 60 mm), with one background 

frame of 30 seconds followed by 19×180-seconds frames. For quantitative and qualitative 

analysis of PET images, the AMIDE software was employed.32 Accordingly, regions of 

interest (ROI) were traced over tumor, liver, kidneys, and muscle, then implemented on every 

frame of the dynamic image to obtain time activity curve (TAC). The percentage of injected 

dose per gram (%ID/g) of tissues were derived from the average ROI values detected by 

either 3-D iso-contour and circle modes of ROIs (3 × FWHM). The static image 

reconstruction was also carried out by using the MLEM procedure with 20 iterations and a 

single 20, 30 and 45-min frames at 4, 24, and 48h, respectively. 

A cylindric phantom filled with 25 mL water (similar to the size of a mice) containing a 

known amount of 64Cu (~5 MBq) was used to calculate the calibration factor needed for the 

conversion of counts per seconds (CPS) into MBq per mL, from which the injected dose per 

gram of tissue (%ID/g) values were calculated. Accordingly, the decay corrected time-

activity curves were plotted between the %ID/g and time (h). 
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In vivo radiation dosimetry. The effective and absorbed dose in critical organs associated 

with the elimination of [64Cu]NOTA-C3-TP compound as well as in the tumor were 

calculated by determining the area under the curve (AUC) up to 48h after drug injection from 

graphs plotting the decay applied injected dose (MBq) as a function time (h) (formerly known 

as residence time). To extrapolate the AUC from 48h up to infinity the following formula 

which represents the relationship between cumulated activity, Ã (MBq-hr), and the initial 

activity of a collection of radioisotopes, A0, was employed: 

Ã (MBq-h) = 1.44 x A0 (MBq) x T1/2 (h) 33 (Eq.1) 

The calculated AUC values were added from 48 h up to infinity, and then the outputs (in 

MBq/MBq x h) were calculated with the OLINDA software (OLINDA/EXM 1.1 software 

(Organ Level Internal Dose Assessment Code, Vanderbilt University, Nashville, USA)21 to 

obtain the absorbed (mGy/MBq) and effective dose (mSv/MBq). This value was multiplied 

by the initial injected dose to calculate final absorbed (mGy) and effective dose (mSv). 

In order to scale up the measured absorbed dose in mice to human, a standard extrapolation 

methodology described by Sparks et al. was followed.34  

 

Chemo-radiation therapy. The CRT efficacy of [64Cu]NOTA-C3-TP compound was 

determined in male nude mice (19-23 g) inoculated subcutaneously (s.c.) with 1×106 

HCT116 cells. The animals were kept in animal facility under sterilized and pathogen-free 

conditions. When the tumor reached a diameter of 3–4 mm, mice were randomized and 

divided into four groups (3-5 animals per group). Animals in group 1 were considered as the 

control (injected with the vehicle), group 2 was injected with NatCu-NOTA-C3-TP, groups 3 

and 4 received [64Cu]NOTA-C3-TP  at 70 MBq (1.89 mCi) and 137 MBq (3.78 mCi), 

respectively (equivalent of 17.5 nmol/kg). The groups 2, 3, and 4 received similar quantity 

of the drug (17.5 nmol/kg). Tumor volumes were calculated since the beggining of drug 

injection with the standard formula35 as follows: tumor volume (mm3) = (L × W2)/2, where 

L is the longest and W the shortest diameter of the tumor in millimeters (mm), respectively. 

W human

AUChuman= AUCmouse × W human tissue × Wmouse (Eq.2)
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A diameter of 1.5 cm, an ulcerated necrotic center formed in the tumor, and any limitation 

on shoulder motion were considered as the limit for this study. The difference between 

antitumor activity of each complex was analyzed by independent (unpaired) sample t-test 

after plotting the relative tumor growth (%Vt/V0) as a function of time (days). A relative 

body weight reduction (%Wt/W0) higher than 20% was considered as a sign of toxicity.36 

Kaplan-Meier survival curve was plotted between the start of treatment and the time that the 

mice were euthanized. The log-rank (Mantel-cox) test was used to compare the groups. 

Statistical analyses 

Statistical analyses for the pharmacokinetics, tissue uptakes, tumor growth and CRT 

efficiency were performed using Excel software. Two-sided significance levels were 

calculated, and differences at p<0.05 were considered statistically significant. The AUC were 

calculated using Graph pad prism (9.1.(221)). All values are reported as mean ± SD. 
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Chapter 4: Unpublished data 

Avant propos: Dans les chapitres 1 à 3, nous avons proposé d’étudier in vitro et in vivo les 

propriétés de chimioradiothérapie et d’imagerie de deux nouveaux agents 

radiothéranostiques [64Cu]Cu-NOTA-TP. La présente étude fait suite à nos travaux 

antérieurs sur l’exploration des effets des espaceurs sur le comportement des nouveaux 

agents radiothéranostiques [64Cu]Cu-NOTA-TP pour compléter leur caractérisation in vitro. 

Dans ce chapitre, nous avons inclus des tests supplémentaires effectués avec des conjugués 

64Cu-NOTA-TP et 64Cu-NOTA-C3-TP pour valider leur interaction avec l’ADN G-

quadruplex. Le calcul des valeurs α (simple coup) et β (double coup) de 64Cu(OAc)2 a 

également été effectué sur la base du modèle le mieux adapté d’un modèle linéaire-

quadratique lié à la survie clonogénique (%) sur le cancer colorectal HCT116 et les lignées 

cellulaires épithéliales de l’intestin grêle. Enfin, nous avons étudié la résistance et l’auto-

renouvellement des cellules cancéreuses colorectales HCT116 après traitement par les 

conjugués [64Cu]Cu-NOTA-C3-TP et NOTA-C3-TP. Toutes les données présentées dans ce 

chapitre ne sont pas encore publiées. 

Foreword: In chapters 1-3, we proposed to investigate in vitro and in vivo the 

chemoradiation therapy and imaging properties of two novel [64Cu]Cu-NOTA-TP 

radiotheranostic agents. The current study follows our previous work on the exploration of 

the effects of spacers on behavior of the novel [64Cu]Cu-NOTA-TP radiotheranostic agents 

to complete their in vitro characterization. In this chapter, first, we included additional tests 

performed with 64Cu-NOTA-TP and 64Cu-NOTA-C3-TP conjugates as well as their 

derivatives to validate their interaction with G-quadruplex DNA. In the next section, we 

calculated two radiobiological parameters (α & β) to estimate cellular radiation sensitivity.  

Calculation of α (single-hit) and β (double-hit) values of 64Cu(OAc)2 was also done based on 

the best-fit model of a linear-quadratic model related to clonogenical survival (%) on 

HCT116 colorectal cancer and small intestinal epithelial cell lines. Finally, we investigated 

the resistance, self-renewal and/or repair of potentially lethal damages of HCT116 colorectal 

cancer cells after treatment with [64Cu]Cu-NOTA-C3-TP as compared with NOTA-C3-TP 

conjugates. All the data presented in this chapter are not puplished yet. 
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4.1 G-quadruplex affinity of 64Cu-NOTA-TP and 64Cu-NOTA-C3-TP conjugates 

As described earlier, TP complexes have a high tendency to target G-quadruplexes that 

mainly form on the telomers and promoters of oncogenes. To confirm this hypothesis, the 

affinity of 64Cu-NOTA-TP complex toward three sequences of DNA, including human 

telomeric DNA (length = 26-bps) and duplex DNA (either DS26 and ct-DNA (calf thymus)) 

was measured by fluorescent intercalator displacement (FID) assays. Two 26-base single 

strands were also used i) ((5'- TTAGGGTTAGGGTTAGGGTTAGGGTT-3')), which was 

chosen to model G-quadruplexes that form on human telomeres and ii) (5'-

GAGTGTGAGTGTGAGTGTGAGTGTTT-3') chosen as an intermixed guanine rich 

sequence. For the duplex DNA (DS) studies, a 26 base pair self-complimentary strand (5′-

CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG-3′) was employed.  

The DC50 values reported in Table 4.1 are derived from the graph (Figure 14), which is 

plotted between displacement percentage of EtBr from DNA as a function of complex 

concentration. As shown in Table 4.1, the measured DC50 value for telomere (5'- 

TTAGGGTTAGGGTTAGGGTTAGGGTT-3') and the other guanine rich intermixed DNA 

sequence (5'-GAGTGTGAGTGTGAGTGTGAGTGTTT-3') are 0.15 and 0.19 µM, 

respectively, while the corresponding value for the control, the self-complimentary strand 

(5′-CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG-3′) is 0.45 µM. The DC50 value 

represents the concentration at which 50% of the intercalated ethidium bromide (EtBr) is 

displaced by the complex (with flexible linker).  
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A) 

B)                                                                                            C)  

Figure 14. A) Scheme representing removal of EtBr from two guanine rich sequences (26 

bases) as compared to a 26-base self-supplementary DS-DNA after treatment with different 

concentrations of 64Cu-NOTA-TP and 64Cu-NOTA-C3-TP conjugates. Curves of 

displacement percentage of EtBr from DNA as a function of complex concentration for 64Cu-

NOTA-C3-TP (B) and 64Cu-NOTA-TP (C).   

 

These results indicate that flexible linker NatCu-NOTA-C3-TP has 2.3-2.9-fold higher 

affinity toward G-quadruplex structures than does the control sequence of DNA of similar 

length. The NatCu-NOTA-TP complex with rigid linker showed a poor selectivity toward 

telomer G-quadruplexes relative to the ds26 sequence of DNA (ds26 (DC50)/telomere (DC50) 

= 0.7). This weak selectivity of NatCu-NOTA-TP complex towards the telomer sequence is 

associated with poor cytotoxicity of the complex towards HCT116 cells relative to GM05757 

normal fibroblasts at the early time point (i.e., 24 h). Interestingly, removal of copper from 

both NatCu-NOTA-C3-TP and NatCu-NOTA-TP considerably reduces their DNA affinity. 
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Measured DC50 values against the telomere sequence were 0.17 µM and 4.20 µM for NatCu-

NOTA-C3-TP and NOTA-C3-TP, respectively. The corresponding values were measured to 

be 0.59 µM and 1.00 µM for NatCu-NOTA-TP and NOTA-TP. These results indicate that 

removal of copper from NatCu-NOTA-C3-TP and NatCu-NOTA-TP has respectively reduced 

telomer sequence affinity by factors of 24.7 and 1.7. In a similar manner, NOTA-C3-TP and 

NOTA-TP, respectively, exhibited 6.5- and 5-fold lower affinity toward the other guanine 

rich intermixed sequence relative to the NatCu-conjugates. In the case of the control sequence 

(ds26), the affinities of NOTA-C3-TP and NOTA-TP were reduced by factors of 4.5 and 9.5, 

respectively. As noted in article 2, without Cu2+, the two carboxylic groups on NOTA are in 

the carboxylate form, and the conjugates have two negative charges at physiological pH. 

Accordingly, the reduced affinity of NOTA-C3-TP and NOTA-TP toward all sequences of 

DNA can be explained by the induced repulsive force between the negatively charge 

phosphate backbone of DNA and the negative charges of the two carboxylic groups on 

NOTA. As shown in Table 4.1, flexible linker NatCu-NOTA-C3-TP has 2.0- and 3.5-times 

higher affinity toward G-quadruplexes compared to that of rigid linker NatCu-NOTA-TP. 

There was no significant difference between the measured DC50 values of NatCu-NOTA-C3-

TP and NatCu-NOTA-TP toward the control ds26 sequence (Table 4.1). 

Table 4.1. DC50 values obtained for NatCu-NOTA-C3-TP, NatCu-NOTA-TP and their empty 

chelate derivatives after treatment with EtBr-DNA (telomere, intermixed sequence, ds26 and 

CT-DNA) complex. The values are obtained for three repeated measurements with the 

maximum 6% standard deviation1. 

 

 

Compound 

EtBr displacement Selectivity 

Telomere 

(µM) 

Intermixed 

sequence 

(guanine rich) 

(µM) 

ds26 

(µM) 

CT-

DNA 

(µM) 

ds26 

(DC50)/telo

mere 

(DC50)  

ds26 (DC50)/ 

guanine rich 

intermixed 

sequence 

(DC50) 
NatCu-NOTA-C3-TP 0.15 0.19 0.43 0.20 2.86 2.26 

NatCu-NOTA-TP 0.59 0.39 0.44 0.62 0.74 1.12 

NOTA-C3-TP  4.20 1.30 2.00 >5.00 >1.25 >3.84 

NOTA-TP 1.00 2.00 4.20 1.00 >5.00 >2.50 

1The data of this table are not published yet. 
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4.2. A general comparison between 64Cu-NOTA-C3-TP (flexible linker) and 64Cu-

NOTA-TP (rigide linker)  

Based on the in vitro results, a general comparison was made between 64Cu-NOTA-TP and 

64Cu-NOTA-C3-TP as follows: 

Table 4.2. The comparison of 64Cu-NOTA-TP and 64Cu-NOTA-C3-TP in terms of 

selectivity toward cancer cell, G-quadruplex affinity, nucleus accumulation, and 

cytotoxicity. 

 

As shown in table 4.2, 64Cu-NOTA-C3-TP demonstrated a 2-fold higher selectivity index 

towards HCT116 cells than did 64Cu-NOTA-TP. Additionally, the G-quadruplex affinity and 

nucleus accumulation of 64Cu-NOTA-C3-TP are respectively 4- and 2-fold higher than those 

of 64Cu-NOTA-TP.This  higher nucleus accumulation and quadruplex affinity of 64Cu-

NOTA-C3-TP relative to 64Cu-NOTA-TP are strong supporting evidence for the ~2-fold 

higher cytotoxicity enhancement factor of 64Cu-NOTA-C3-TP with respect to 64Cu-NOTA-

TP. 

From the above comparison. it was decided to continue in vivo experiments using exclusively 

the 64Cu-NOTA-C3-TP complex. 

4.3. Calculation of α (single-hit) and β (double-hit) values for 64Cu(OAc)2 in HCT116 

colorectal cancer and small intestinal epithelial cell lines derived from colonogenic 

survival  

4.3.1 Colonogenic assay 
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In this experiment, HCT116 cells and IEC-6 cells were cultivated in a T-75 flask. At 70-80% 

confluency, cells were trypsinized and a single cell solution was prepared. HCT116 and IEC-

6 cells (1000 cell/petri dish) were seeded in each petri dish with 10ml of warm cell culture 

media. After 24h, the cell culture media was removed, and the cells gently washed with 5ml 

of warm PBS. Next, a growth medium containing different concentrations (MBq) of 

64Cu(OAc)2 was incubated with HCT116 cells and IEC-6 cells for 24h. After which time, the 

radioactive media was removed, and the cells washed with warm PBS three times. Fresh 

media were then added. Ultimately, fixed (ethanol 70%) and stained (crystal violet (0.5% 

w/v)) colonies, with more than 50 cells, were counted in 1-2 weeks. 

4.3.2. Calculation of radiobiological parameters derived from colonogenic survival 

The α (single-hit) and β (double-hit) factors are crucial to indicate the radiotherapeutic 

efficacy and window in clinical radiotherapy (van Leeuwen et. al., 2018). Two major factors 

influce on the measured α and β factors, firstly, type of ionizing radiation and, secondly 

cellular sensitivity to ionizing radiation. As a matter of fact, high LET radiations provide 

more linear (less bended) survival curve due to very small role of double-hit DNA damage 

(low α/β value) in survival curve. Additionally, highly proliferative cells exhibit less 

bendiness (or straighter) survival curve (high α/β value). The calculated α (single-hit) and β 

(double-hit) values for 64Cu(OAc)2 (McMahon, 2018) based on the best-fit model of a linear-

quadratic model related to clonogenical survival (%) of HCT116 cells were 4.57 MBq-1 and 

1.06 MBq-2, respectively (Figure 15). In this regard, the ratio of α/β was calculated to be 4.3 

MBq. In this matter, the corresponding α and β values related to small intestinal epithelial 

cell line will be 2.2 MBq-1 and 0.3 MBq-2, respectively, with the measured high α/β ratio of 

7.9 MBq. As reported in the literature, α and β are two important parameters showing 

intrinsic radiosensitivity of the cells.  
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Figure 15. Illustration of LQ model for HCT116 colorectal cancer and IEC6 normal 

epithelial cells treated with 64Cu(OAc)2. Low α/β value (more bendiness, 4.3 MBq) of 

HCT116 colorectal cancer survival curve as compared to high α/β value (less bendiness, 7.9 

MBq) of IEC6 normal epithelial cells (data is not published). 

As the bendiness of survival curve related to HCT116 cells is greater (lower α/β ratio) than 

that of small intestinal epithelial cell line, the sparing effect of 64Cu(OAc)2 fractionation for 

this type of cancer cells is higher than that of epithelial cells with a high α/β value (7.9 MBq) 

(McMahon, 2018). This result indicates that by dose fractionation of 64Cu(OAc)2  we can not 

spare the normal surrounding epithelial cells. This effect can be only explained by either 1) 

rapid proliferation and early response of small intestinal epithelial cell line to 

radiotherapeutic effect of 64Cu, 2) in vitro heterogenicity of colorectal cancer cells, and/or 3) 

resistance of HCT116 colorectal cancer cells to 64Cu(OAc)2 located in G2 and late S. In this 

regard, intrinsic and acquired resistance to 64Cu(OAc)2 could be another possible explanation 

(van Leeuwen et al., 2018). The low α/β value calculated for HCT116 treated cells with 

64Cu(OAc)2 (4.9 MBq) is consistent with the relatively low α/β value measured for the same 

cells treated with low LET external beam (60Co) radiation therapy (article 1).  

 

4.4. In-vitro resistance of HCT116 cancer cells to [64Cu]Cu-NOTA-C3-TP relative to 

NOTA-C3-TP therapy determined by Prestobue assay 
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In this experiment prestoblue assay was used to investigate resistance and self-renewal of 

HCT116 colorectal cancer cells after removal of media containing [64Cu]Cu-NOTA-C3-TP 

and NOTA-C3-TP. Briefly, cells were seeded in each well of 96-well plate. At 70% 

confluncy, the cells were treated with increasing concentrations of [64Cu]Cu-NOTA-C3-TP 

and NOTA-C3-TP for 48 h. Then the media containing both radioactive and non-radioactive 

complex was removed. After washing the cells three times, fresh media was added to each 

cell-containing well in a 96-well plate. Cell viability was measured by prestoblue assay on 

day 3 following complete removal of the media containing [64Cu]Cu-NOTA-C3-TP and 

NOTA-C3-TP. Interestingly, the measured EC50 value related to HCT116 cells treated with 

non-radioactive NOTA-C3-TP increased by a factor of 3.1 on day 3 (EC50~200 µM, Figure 

16B) relative to day 0 (EC50~63 µM, Figure16A). However, the EC50 value has only 

increased by a factor of 1.6 on day 3 (EC50~19 nM, Figure 16D) relative to day 0 (EC50~11 

nM, Figure 16C) when the cells were treated with fresh media. 

Figure 16. HCT116 cell viability (%) measurement immediately (day 0) and on day 3 after 

Day 0 Day 3

Day 0 Day 3
A) B)

C) D)
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removal of the media containing NOTA-C3-TP (A and B) and [64Cu]Cu-NOTA-C3-TP (C 

and). Specific Activity (SA) of 64Cu-radiolabeled complex was 120 MBq/nmol. 
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3. DISCUSSION  

In three articles presented in the result section, it is clearly shown that the combination of a 

source of low energy electrons and a TP complex can considerably enhance cytotoxic activity 

in a HCT116 cellular model, and antitumor activity in HCT116 tumorized mice model. The 

enhancement factors of the cytotoxic activity of 64Cu-NOTA-TP complexes are extremely 

high: 27000 for the flexible linker (article 1) and 55000 for the rigid linker (article 2). This 

result also indicates about a 2-fold enhancement in cytotoxicity of HCTT116 cells from 

flexible 64Cu-NOTA-C3-TP relative to the rigid linker. In terms of cytotoxicity towards 

HCT116 cancer cells, a higher selectivity index was measured for the flexible linker (EC50 

(fibroblast cells)/EC50 (HCT116 cells) =3.8) relative to that for rigid linker ((EC50 (fibroblast cells)/EC50 

(HCT116 cells)=1.6) at earliest  time point (i.e., 24 h). These results are observed for both 

radiolabelled complexes at maximum apparent molecular activity (AMA). Note that, early 

time points are of greatest importance in terms of radioactivity. Considering the 12.7 h half-

life of 64Cu, the most energy/dose deposition occurs in the first 24 h post administration. For 

this reason, we expect a higher probability of observing a supra-additive interaction between 

the radiotoxicity of 64Cu and chemotoxicity of TP complex at 24 h, than at 48 h and 72 h. In 

a similar manner, the cytotoxic activity of 64Cu-NOTA-C3-TP with the flexible linker toward 

HCT116 cells, at the lowest AMA, was 4.2-, 3.4-, and 5-fold higher than that with the rigid 

linker at 24 h, 48 h and 72 h, respectively. Both findings indicate that 64Cu-NOTA-C3-TP 

with a flexible linker has a more potent antitumor activity. As described in articles 1 and 2, 

by reducing the AMA values from 250 to 0.8-4 MBq/nmol for both complexes, the measured 

EC50 values have drastically changed from nanomolar to micromolar ranges. This effect can 

be explained by the increased probability of interaction of LEEs generated by 64Cu with 64Cu-

NOTA-TP/DNA adducts formed on vulnerable regions of DNA such as telomeres and 

promoters on oncogenes. The cytotoxic activity of NatCu-NOTA-C3-TP complex was very 

weak for HCT116 cells over 72 h. 

To measure the impact of the linker between 64Cu-NOTA and the TP moities on the 

cytotoxicity, a longer and more rigid linker accompanying a phenyl group was used for the 

the designing of 64Cu-NOTA-TP. The new complex with modified linker (NatCu-NOTA-TP) 

contains not only a larger planar area to make a stronger π-π interaction with G-quadruplexes, 
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but also reduced the chance of steric hinderance due to by the bulky size of NOTA. 

Interestingly, NatCu-NOTA-TP presents a radically increased cytotoxicity than that of NatCu-

NOTA-C3-TP. At short times, the cytotoxicity of NatCu-NOTA-TP was lower than that of 

NatCu-NOTA-C3-TP, but this ordering reverses at longer times. Specifically, the antitumor 

activity of NatCu-NOTA-TP was 2.7- and 4.2-fold higher than that of NatCu-NOTA-C3-TP at 

48 h and 72 h, respectively.  

Interestingly, removal of copper from both NOTA-TP complexes with either flexible or rigid 

linkers significantly improved cytotoxicity compared to NatCu-NOTA-TP. Additionally, the 

HCT116 cytotoxic activities of NOTA-TP with flexible and rigid linkers are comparable. In 

terms of selectivity, the NOTA-C3-TP derivative with flexible linker showed a poorer 

selectivity index than did that with a rigid linker, at 48 h and 72 h.  

Despite the lower affinity of empty chelate conjugates relative to NatCu-conjugates toward 

all sequences of DNA (Table 4.1), the measured cytotoxicity of both NOTA-C3-TP and 

NOTA-TP were considerably increased (articles 1 & 2). To rationalize this behaviour of 

NOTA-C3-TP and NOTA-TP, we hypothesize that this may be related to interaction of 

NOTA-C3-TP and NOTA-TP with specific overexpressed receptors on HCT116 cells that 

compensate their lower DNA affinity. A potential explanation for the gain in cytotoxicity of 

the NOTA-C3-TP is an overexpression of organic anionic transporters ((OATP1B3, 

SLCO1B3)) in HCT116 (p53+/+) in colorectal cancer cells by almost 100-fold relative to 

normal colon cells (Lee et al., 2008). Based on these transporters play a potential role in 

chemotherapy resistance, they probably bypass the drug-resistance pathway via the 

negatively charged conjugates, which is not the case for [NatCu]Cu-NOTA-TP and [NatCu]Cu-

NOTA-C3-TP (Lee et al., 2008). To confirm this hypothesis, we would need to block these 

transporters by a specific inhibitor.   

One should note that nuclear localization of high AMA [64Cu]Cu-NOTA-C3-TP were 8.6 ± 

3%, 13.4 ± 4% and 12.3 ± 1% in HCT116 cells at 24 h, 48 h and 72 h, respectively. The 

corresponding percentages for high AMA [64Cu]Cu-NOTA-TP were 4.1 ± 1.0, 12.2 ± 2.4 

and 17.3 ± 2.5% at 24 h, 48 h and 72 h, respectively. These results indicate that [64Cu]Cu-

NOTA-C3-TP has 2.1- and 1.1-fold greater nuclear accumulation relative to [64Cu]Cu-

NOTA-TP at 24 h and 48 h respectively. However, [64Cu]Cu-NOTA-TP showed 1.4-fold 
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greater nuclear accumulation than did [64Cu]Cu-NOTA-C3-TP, at 72 h. According to the 

12.7h physical half-life of 64Cu, the most crucial time periods in terms of radiotherapeutic 

efficiency are the earliest time points (24 h-48 h). This is another result supporting the 

pharmacokinetic advantage of [64Cu]Cu-NOTA-C3-TP relative to [64Cu]Cu-NOTA-TP.   

Based on the above-mentioned comparisons between [64Cu]Cu-NOTA-TP and [64Cu]Cu-

NOTA-C3-TP in terms of cytotoxicity, selectivity and kinetic profiles, it is clear that the 

radioactive [64Cu]Cu-NOTA-C3-TP, at high AMA, has a greater potential for chemo-

radiotherapeutic applications than does its peer complex with accompanying rigid linker, at 

least in the in vitro models. Hence, this project was continued into in vivo studies using 

[64Cu]Cu-NOTA-C3-TP at similar AMA.  

The majority of damages induced by [64Cu]Cu–NOTA–TP were non-repairable lesions. 

It is reported that the decay of Auger electron emitters that are noncovalently bound to 

nuclear DNA, produce either survival curves that mimic low-LET survival curves with an 

initial shoulder, or linear survival curves with no shoulder, which are characteristic of high-

LET rays (Lee et al., 2008). In this regard, we have compared the survival curves for HCT116 

cells in the presence of [64Cu]Cu–NOTA–TP and an external 60Co beam (article 1, Figure 8). 

The viability (%) of HCT116 cells treated with low LET gamma rays from a 60Co source, 

showed an almost linear-quadratic (LQ) behavior, while the survival curve obtained for 

[64Cu]Cu–NOTA–TP did not show any initial shoulder. Additionally, the survival curve 

obtained by Prestoblue assay for HCT116 treated cells with 64Cu(OAc)2 alone was mainly a 

LQ model (article 1, Figure S14D). A similar LQ model was obtained for HCT116 cancer (y 

= exp (-1*(-4.57*X + 1.063*X^2))) (Figure 16) and normal human epithelial cells (y = exp 

(-1*(-2.21*X + 0.27*X^2))) treated with 64Cu alone by colony assay (Figure 16). 

Accordingly, the measured LD50 value related to 64Cu(OAc)2 was measured to be 4.2±0.1 

MBq and 5.2±0.3 MBq for HCT116 colorectal cancer cells and small intestinal epithelial 

cell line at 24 h (Figure 16), respectively. This result indicates only 1.2-fold higher 

cytotoxicity of 64Cu(OAc)2 toward HCT116 cells relative to normal intestinal epithelial cell 

line (IEC6). This is in agreement with the results of Presto blue cytotoxicity assessment 

(article 1, Table 1) showing that 64Cu(OAc)2 has a very poor selectivity toward HCT116 cells 

(EC50=5.6 ± 0.5) relative to human fibroblasts (EC50=1 ± 0.5).  
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Our result indicates that the survival curve obtained for HCT116 cells treated with [64Cu]Cu–

NOTA–TP follows the dose response curve of high-LET rays (article 1, Figure 8A). As the 

width or the size of initial shoulder in survival curve is representative of sublethal damages 

repair by cells, it means that the majority of damages induced by [64Cu]Cu–NOTA–TP were 

non-repairable lesions. As shown in the literature, cluster lesions or locally multiply damage 

sites are the most common types of DNA damage that are challenging to repair system. 

Additionally, experimental investigations showed a significant increase in the RBE and LET 

(4-25keV/µm) of low energy Auger electrons occurs only when an Auger emitter 

radionuclide is located in close proximity (<1 µm) to nuclear DNA. Moreover, LEEs with 

ranges from 2 nm to 500 nm, respectively comprise 50% to 90% of the total Auger electrons 

emitted by any type of Auger emitter radionuclide (Kassis, 2011). In the case of 64Cu, its 

radiotherapeutic effect mainly comes from 840 eV and 6.5 KeV Auger electrons with ranges 

of 0.05 µm and 1.5 µm in soft tissue, respectively (Tse and Geoghegan, 2019). According to 

these data and the elevated nucleus accumulation of [64Cu]Cu–NOTA–TP at high AMA 

associated with considerable cytotoxicity improvement (article 1, Table 1), the linear-shape 

survival curves for HCT116 cells (article 1) could be ascribed to a direct and/or indirect 

supra-additive interaction between LEEs emitted from 64Cu or those generated as secondary 

electrons from higher energy Auger electrons. Most of all these LEEs are generated within a 

short distance and thermalize within 5-10 nm, which cover the range of 20 bps (6.8 nm, 0.34 

nm long each bp) that DNA strand break generated by LEE interact with platinum DNA 

adduct formed by Pt complexes. This effect could also explain 28-fold reduction in the lethal 

dose (LD50) of [64Cu]Cu–NOTA–TP (0.2 MBq, article 1, Table 1) relative to 

[64Cu]Cu(OAc)2 (5.6 ± 0.5 MBq, article 1, Table 1). Additionally, the nucleus absorbed dose 

from [64Cu]Cu–NOTA–TP required to induce a 50% reduction in cell viability was measured 

to be 0.85±0.05 Gy, whereas the corresponding value (LD50) for low-LET gamma rays from 

a 60Co source was 2.3 ± 1.0 Gy (article 1).  

Supra-additive interaction when 64Cu is combined to NOTA-C3-TP in a single conjugate 

may circumvent in-vitro resistance of HCT116 cancer cells.  

As stated in the literature, the heterogenicity of cancer cells is highly important as regards 

chemo- and -radiation sensitivity (Yaes, 1989). For instance, cells in late G2 and metaphase 
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have great sensitivity to ionizing radiations whereas those cells located in late S and the 

biggening of G2 are relatively resistance (Baltimore, 1969). Additionally, colorectal cancer 

stem-like cells are responsible for tumor resistance and self-renewal in clinical chemo-

radiotherapy (Phi et al., 2018).  

Interestingly, less resistance and self-renewal of HCT116 colorectal cancer cells were seen 

after treatment with [64Cu]Cu-NOTA-C3-TP than with NOTA-C3-TP (Figure 16). This 

result supports our initial hypotheis regarding the potential supra-additive interaction 

between the radiotoxicity of 64Cu and chemotoxicity of NOTA-C3-TP within a single 

molecule that could circumvent resistance to traditional chemotherapy treatment. The higher 

enhancement ratio (3.1) for HCT116 cells after a single chemotherapeutic agent, confirms 

our hypothesis. More importantly, the in vitro cytotoxicity results related to HCT116 cells 

treated with [64Cu]Cu-NOTA-C3-TP are consistant with the in vivo results for HCT116 

tumorized mice. Accordingly, until day 3, there was no significant increase in tumor size 

relative to that on day 0 (p>0.05) (article 3, Figure 8). Interestingly, a significant difference 

in relative tumor volume (%Vt/V0) on day 3 compared to day 0 was measured (p<0.001) 

(article 3, Figure 8). This behaviour of tumor growth could be explained by the removal of 

radiosensitive cells (Phillips, McBride and Pajonk, 2006; Pajonk, Vlashi and McBride, 2010) 

from a heterogenous cell population and a repopulation with highly resistant cells after day 

3. Numerous studies have shown that cancer stem cells (CSCs) are mainly responsible for 

resistance to conventional chemotherapy and radiation therapy (Phi et al., 2018). There are 

two further processes that could explain tumor regrowth after day 3 in mice; first, activation 

of angiogenesis process following radiotherapeutic effect of [64Cu]Cu-NOTA-C3-TP on 

tumor cells. As illustrated in figure 17, tumor vacularization is significantly enhanced in the 

group that received [64Cu]Cu-NOTA-C3-TP relative to control group. 

Angiogenesis 
A B 
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Figure 17. Activitaion of tumor agiogenesis on day 3 after injection of [64Cu]Cu-NOTA-C3-

TP (A) relative to control group (B).  

 

To overcome tumor regrowth due to angiogenesis, co-injection of an anti-angiogenisis drug 

could be of great importance.  

The second mechanism may relate to the significant reduction in dose rate from 64Cu on day 

3 on relative to day 0 post injection of [64Cu]Cu-NOTA-C3-TP. On day 5 after the injection, 

the tumor volume for the group treated with 137 MBq [64Cu]NOTA-C3-TP began to grow 

at a rate close to that seen in  mice treated with non-radioactive [NatCu]NOTA-C3-TP. 

Considering a half-life of 12.7 h for 64Cu, on day 5 only about 0.2 MBq remained of the 137 

MBq that was initially injected. By converting the initial activity into an equivalent dose rate 

delivered to cells at the perimeter of the primary tumor (assuming a diameter of 3-4 mm), 

the dose rate delivered on day 1 would be 6.3 mSv/min. Due to the relatively short half-life 

of 64Cu, the dose rate on day 5 would be reduced to 9.1 µSv/min, which represents a 1000-

fold decrease from the initial value. This dose rate is also six orders of magnitude lower than 

that used in clinical radiotherapy. Thus by day 5, the quantity of 64Cu remaining in the tumor 

and the associated dose rate, are insufficient to induce any anti-tumoral effect, suggesting 

that to limit further tumor growth, a 2nd dose of [64Cu]NOTA-C3-TP should be injected by 

day 5. Note that the same pattern of reduction will occur in the case of average dose rate 

across the whole tumor mass. 

The selected animal model of colorectal cancer in this project was heterotopic. That the 

tumor microenvironment in heterotopic models is not like that in ortothopic modelas, can be 

considered a weakness in our project. Moreover, heterotopic models are not an appropriate 

model to study the generation of metastasis. The positive point is that a greater tumor 

response could have been obtained if [64Cu]NOTA-C3-TP had been evaluated in 

immunocompetent mice instead of immunedeficient nude mice. Indeed, the esponse to 

radiation does not depend uniquely on intrinsic properties of the tumor, rather, the immune 

system plays a central role in promoting the elimination of tumor cells. Radiation can 

augment CD8+ T cell responses within the tumor microenvironment that lead to tumor cell 

apoptosis (Liang et al., 2013). This effect is not only observed for primary tumors but also 

for metstatic and distant (abscopal) tumors (Maimela et al., 2018; Liu et al., 2018). For 
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example, B16 melanoma tumors implanted into nude immunocompromised mice did not 

respond to radiation while its implantation in immuno-competent counterparts displayed a 

significant reduction in tumor growth (Lee et al., 2009). It is therefore reasonable to expect 

that [64Cu]NOTA-C3-TP would induce a greater anti-tumor effect in immuno-competent 

animal models. 

As outlined previously, CSCs have high capacity for self-renwal after chemo- and -radiation 

therapy. Their role in tumor recurrence, resistance, and metstasis is of great improtance. 

Regarding regrowth initiated by CSCs, while the CSC subpopulation represents only a very 

small fraction e of the cancer cell population (1%), after each doubling time the number of 

these cells will increase, leading to an accelerated repopulation of cancer cell (Phi et al., 

2018). The CSCs are capable to repair double strand breaks (DSBs) more efficiently and 

rapidly than other cells (Bao et al., 2006; Pajonk, Vlashi and McBride, 2010). Additionally, 

the CSCs are more capable of the removal of reactive oxygen species (ROS) generated after 

radiotherapy and chemotherapy relative to other non-CSCs counterparts (Diehn et al., 2009; 

Pajonk, Vlashi and McBride, 2010). In the case of colorectal cancer cells, different 

biomarkers have been identified for isolated CRC stem cells. Among them, Leucine-rich 

repeat-containing G-protein coupled receptor 5 (Lgr5+) has been indicated in several studies. 

Lgr5 expressing cells are located at the bottom of crypts in the large and small intestine 

(Figure 18). They comprise only 6% of the total number of crypt cells (Asfaha et al., 2017). 

More importantly, it has been shown that Lgr5+ expressing stem cells are more sensitive to 

radiation therapy relative to Lgr5- cancer stem cells and keratin-19 (Krt19+) colorectal 

cancer stem cells (Figure 18) (Asfaha et al., 2017). Accordingly, in the next step of this 

project, conjugation of this complex with a peptide or antibody to target LGR5+ colorectal 

cancer stem cells is of great importance. Flow cytometric analyses can be employed form 

separation of LGR5+ colorectal cancer stem cells. In this way, the synergistic interaction 

between the NOTA-TP and 64Cu occurs at the site of the colorectal cancer cells, thus 

hampering possible self-renewal of colorectal tumor cells after the initial treatment. 
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Figure 18. Radiation sensitivity of two principle colorectal cancer stem cells (Lgr+ and 

Krt19+) [reprinted from the Author, (Samuel Asfaha et al., 2015)].

 

[64Cu]Cu-NOTA-C3-TP offers high stability, long-lasting in tumor and delay in tumor 

growth. 

We showed that both 64Cu-conjugates (with either flexible or rigid linker) remain stable in 

extra-cellular media and blood plasma conditions for up to 48 h. Only about 1% of 64Cu was 

released to form NOTA-TP residue at 48 h post administration, which is consistent with 

previous studies mentioning high stability of 64Cu in NOTA chelator (Ait-mohand, 2014). 

In terms of imaging properties, [64Cu]Cu-NOTA-C3-TP showed a rapid elimination from 

the kidney and blood circulation, which indicates the high suitability of this novel complex 

for imaging purposes with PET. The theranostically promising image quality of 

[64Cu]NOTA-TP originates from three sources: 1) its high tumoral uptake, 2) a long 

residency time in tumor and 3) a rapid elimination from blood circulation and other normal 

surrounding tissues, particularly muscle, which reduces potential background signal.  

In the animal model, [64Cu]NOTA-C3-TP retarded tumor growth by up to 6 ± 2.0 days and 

improved survival relative to vehicle and non-radioactive [NatCu]NOTA-C3-TP over 17 days 

of tumor growth observation. This tumor response was obtained despite using an injected 
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quantity of platinum derivative 1250 times smaller than oxaliplatin in combination with 

external beam radiation therapy. Additionally, radiation absorbed in the tumor was also 4.4 

to 8.8 times lower than that of external beam radiation therapy when combined with 

oxaliplatin. In a similar manner, the biodistribution of 64Cu-NOTA-C3-TP showed a 

promising tumor uptake (1.8-3.0 %ID/g) which was 1.5-2.5-fold higher than the measured 

value (1.2 %ID/g) for oxaliplatin (article 3).  

 

CONCLUSIONS 

The design, synthesis, and in-vitro as well as in-vivo characterization of two generations of 

a 64Cu-NOTA-TP conjugates were successfully completed. We showed that both 64Cu-

radiolabelled conjugates are highly efficient in treatment of in-vitro and in-vivo models of 

colorectal cancer. The in-vitro antitumor activity of 64Cu-conjugates (with rigid and flexible 

linker) were about 27000-55000-fold higher than those of their non-radioactive derivatives. 

Additionally, a 4000-fold and 7.8-fold higher cytotoxic activity of 64Cu-NOTA-C3-TP 

relative to standard oxaliplatin alone and in combination with external beam radiation 

therapy were observed, respectively. This effect has confirmed our initial hypothesis about 

a possible supra-additive interaction between 64Cu and NOTA-TP residues in a novel single 

conjugate. Additionally, 64Cu-NOTA-C3-TP (with flexible linker) indicated a selective 

affinity toward DNA G-quadruplex sequences relative to duplex DNA sequences. It is worth 

mentioning that both conjugates (i.e., 64Cu-NOTA-C3-TP and [64Cu]NOTA-TP) can be 

considered as excellent G-quadruplex binders due to very low measured DC50 values. 

Finally, [64Cu]NOTA-C3-TP is a radio-theranostic agent that offers high image contrast for 

PET imaging and can greatly increase the anti-tumor response per amount of drug 

accumulated in the tumor. No evidence of toxicity, by weight loss or mortality was revealed. 

This project provides the first evidence on the design, synthesis, and characterization of 

64Cu-NOTA-TP-based G-quadruplex binders with both chemotherapy and radiotheranostic 

properties. 

PERSPECTIVES 

Statement for a global application for this new class of theranostic agents. The main vision 

for designing and developing novel chemoradiotheranstic agents was to ultimately apply it 
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for diagnosis and treatment of advance colorectal cancers (i.e., metastatic colorectal cancer). 

As reported in the literature the chance of survival for stage IV colorectal cancer (non-

resectable) is about 12% and this is mainly due to resistance to chemotherapeutic agents 

(Rothenberg, 2000). The fact that 64Cu-NOTA-TP act as a systemic agent with both 

diagnostic and therapy properties, it’s future application in animal and human metastatic 

model will be of great importance. Moreover, application of this complex for another types 

of cancers is another objective of this project that will be performed soon.   

 

In future experiments we should consider the following points: 

1) By multiple injections of low dose of [64Cu]Cu-NOTA-C3-TP at high AMA, we could 

overcome the tumor regrowth at day 3 post injection. Based on the in vivo CRT results, 

administration of [64Cu]Cu-NOTA-C3-TP every 2-3 days could be the appropriate 

protocol for treatment of HCT116 tumorized mice. The reason for selection of this 

schedule is relatively short half-life (low dose rate) of 64Cu and initiation of tumor 

regrowth on day 3, which corresponds to the quadratic part of tumor growth curve 

(article 3, Figure 8). In this way, we can not only spare the surrounding normal tissues, 

which are more capable to repair radiation damages than cancer cells, but also 

reoxygenation of the hypoxic region of tumor could improve the efficiency of the 

therapy. Hypoxic regions of tumor have shown 2-3-fold higher resistance to 

radiotherapy. Additionally, by multiple injections of low dose of [64Cu]Cu-NOTA-C3-

TP, we could allow the radioresistance cells (late S and G1) to move into highly 

radiosensitive stage of cell cycle (G2/M) (Syljuasen, 2019).  

2) Another possible explanation for the tumor regrowth observed on day 3 is related to the 

release of angiogenesis signals (e.g., Vascular Endothelial Growth Factor - VEGF) from 

irradiated cells that leads to activation of neoangiogenesis. This effect was observed for 

treated groups that received [64Cu]Cu-NOTA-C3-TP but not for other control groups. 

Accordingly, a combination treatment of [64Cu]Cu-NOTA-C3-TP with an anti-VEGF 

antibody may in the future be a useful strategy to overcome angiogenesis-related-tumor 

regrowth .  
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3) To modulate the biodistribution profile of [64Cu]Cu-NOTA-C3-TP, in the next phase of 

development, it may be possible to play with the formulation of the complex. Since 

[64Cu]Cu-NOTA-C3-TP and [natCu]Cu-NOTA-C3-TP compete with each other to 

interact with plasma albumin (article 3), a formulation of [64Cu]Cu-NOTA-C3-TP and 

[natCu]Cu-NOTA-C3-TP in serum albumin prior to injection into mice could plausibly 

improve biodistribution profile by reducing uptake of [64Cu]Cu-NOTA-C3-TP in the 

kidney thus lowering toxicity for this organ. 

4) To overcome tumor resistance and minimize dose absorbed by surrounding organs, the 

intertumoral (CED) administration of this complex could be considered and will be 

investigated in future experiments for non-resected tumors. 

5) Complexation of this complex with another theranostic radionuclide, which is a richer 

source of Auger electrons than 64Cu (e.g., 195mPt, 125I) could be a crucial step toward 

improvement of in-vivo antitumor efficiency of this complex.  

6) In this study, we have confirmed the antitumor efficiency of 64Cu conjugates in 

heterotopic nude (nu/nu) mouse model of HCT116 cells, which is the first proof of 

concept of this study. Accordingly, in the next step we need to test this complex in 

orthotopic HCT116 tumorized mouse model to keep the microenvironment architecture 

and stroma structure in the same conditions as original human tumor tissue. 
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