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Synopsis 

Cancer is one of the most dreaded challenges in modern medical science. 

Diagnosis and treatment of this disease at early stages is of utmost importance for a 

positive outcome of the treatment regime [1]. A variety of techniques both independent as 

well as in combination with other modalities are essential for early detection as well as 

for the treatment of cancer. Of the various modalities employed, chemotherapy, surgery, 

radionuclidic therapy, radiation therapy, photodynamic therapy etc. are the predominantly 

used ones for the treatment of cancer [2,4]. On the other hand, MRI (magnetic resonance 

imaging), CT (computed tomography), radionuclidic imaging etc. are the major ones used 

for the diagnosis [3,5]. In recent years, imaging and therapy of cancers involving systemic 

administration of radiolabeled agents viz. radiopharmaceuticals have not only gained 

eminence worldwide, but has become the only modality in some specific cases of cancer 

management [6-8]. As a result, research in the area of molecular imaging and therapy 

involving radiolabeled agents is on the increase, leading to introduction of newer agents 

for a variety of applications in nuclear medicine. Radiopharmaceuticals are radiolabeled 

drugs or molecules with a constant composition and can be administered either orally or 

intravenously with adequate safety, for the purpose of carrying out diagnosis or treatment 

of a diseased condition, particularly of cancerous origin.  

Radiopharmaceuticals can be broadly categorized as diagnostic and therapeutic 

radiopharmaceuticals depending upon the selection of radionuclide used. The nuclear 

decay characteristics of the radionuclides determine whether they can be categorized as 

diagnostic or therapeutic ones. Diagnostic radionuclides are those which exhibit gamma 
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() photons or positron (β+) emission whereas therapeutic radionuclides are generally 

particulate emitters and emit particulate radiation viz. alpha (α), beta (β-), Auger electron 

and conversion electron. In both diagnosis and therapy employing radiopharmaceuticals, 

one of the most important criteria which govern the success of the modality is the ability 

to accurately target the tumor lesions/cancer site with the radiolabeled agent, while 

sparing the major vital organs.  

 The targeting of radiopharmaceuticals to a tumor lesion can be achieved via 

various pathways. While targeting the cancer site, the carrier molecules which serve as 

molecular vectors in the radiolabeled agents, need to be carefully chosen. The tumors to 

be targeted are of varied origin and have different characteristic features such as specific 

receptor over expression, hypoxic condition etc. which are guiding factors towards the 

choice of the carrier molecules in the radiolabeled agent. Accordingly the targeting 

approaches or methodologies also differ. An example to illustrate this is the well known 

modality of peptide receptor radionuclide therapy (PRRT) wherein, tumors which have 

over expression of somatostatin receptors on their surface can be targeted using peptide 

based ligands, radiolabeled with an appropriate radionuclide. The other strategies that can 

be envisaged are by using antigen receptor specific antibodies and also molecules with 

inherent avidity for localization in tumor. In the present thesis, an attempt has been made 

to design radiolabeled molecular vectors with unique properties and potential for specific 

targeting of different types of tumors. The thesis is divided into four chapters. The 

contents of each chapter are briefly outlined below. 
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CHAPTER 1: INTRODUCTION 

This chapter gives a brief overview of radiopharmaceuticals and their usage in 

nuclear medicine. General methods of production of radioisotopes with their advantages 

and disadvantages are described with an emphasis on the generator-produced 

radioisotopes viz. 99mTc, 68Ga, 90Y and reactor produced isotope viz. 177Lu which are used 

in the present work described in the subsequent chapters. The coinage of the term 

“radiopharmaceutical” along with its usage is given. Radiopharmaceuticals have been 

classified according to their medical applications as ‘diagnostic’ and ‘therapeutic’ and 

‘target-specific’ on the basis of their biodistribution. The physical properties and nuclear 

decay characteristics of the radionuclide, which govern its use in preparation of either 

diagnostic or therapeutic radiopharmaceuticals, have been dealt with. The purpose and 

criterion for choosing a radionuclide for designing of these radiopharmaceuticals are 

listed. Amongst the therapeutic radionuclides, the physical and nuclear properties of 

Lutetium-177 and Yttrium-90, which have been used in the preparation of therapeutic 

agents, have been provided. The administration of radiopharmaceuticals in the human 

body requires high purity and therefore, various physiochemical and biological 

parameters to be tested for proper quality control are described. Brief descriptions of the 

various mechanisms by which radiopharmaceuticals are metabolized in the body have 

been presented. The pathways of targeting the radiolabeled agent to the tumor site are 

varied. These considerations which provide the necessary guidelines in designing a 

radiopharmaceutical are discussed in this chapter. An introduction to bi-functional 

chelating agents (BFCA), their importance in preparation of stable radiometal complexes 
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as well as their role in improving the pharmacokinetic behaviour of resultant 

radiopharmaceutical has also been discussed. Radiolabeling methodologies for 

preparation of 99mTc-labeled radiotracers and the advantages of using preformed 99mTc 

cores/radiosynthons viz. [99mTcN]2+, [99mTc(CO)3]
+ etc. are discussed briefly whereas 

necessity for using substituted macrocyclic ligands as BFCA for achieving radiolabeling 

with radiolanthanides viz. 177Lu and 90Y has also been described in this chapter.  

CHAPTER 2: PREPARATION OF RADIOLABELED (68Ga, 177Lu AND 90Y) 

PORPHYRIN DERIVATIVES FOR   TARGETING TUMOR  

Porphyrin and its derivatives exhibit inherent affinity for localization in tumors [9-12]. 

This property provides the insight in envisaging radiolabeled porphyrins as molecular 

vectors to target the radioisotope to the tumor site. Depending on the nuclear decay 

characteristics of the radioisotope, the radiolabeled tracer can either act as a potential 

imaging agent for diagnostic application or can deliver the particulate radiation to the 

tumor site as a therapeutic agent. The macrocyclic tetrapyrrolic ring of the porphyrin is 

lipophilic which leads to their accumulation in non-target organs viz. liver, GIT etc. 

Various mechanisms which govern the uptake of porphyrins in tumor lesions have been 

discussed briefly in this chapter. It has been reported that substituents on the meso- and 

the peripheral positions of the porphyrin ring drastically change its physical, chemical, 

and biological properties. Therefore, careful selection of the peripheral substituents of the 

porphyrin is of importance for selective tumor targeting, while sparing the non-target 

tissues.  
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Taking this fact into account, an attempt was made to synthesize three different porphyrin 

derivatives with variable lipophilicities (c/o LogPo/w). The first one is a novel, 

unsymmetrically substituted water soluble porphyrin viz. 5-(p-

aminopropyleneoxyphenyl)-10,15,20-tris(p-carboxymethyleneoxyphenyl)porphyrin (I). 

Radiolabeling of this porphyrin derivative with radiolanthanides viz. 177Lu and 90Y was 

attempted via macrocyclic bifunctional chelating agent (BFCA) namely, p-NCS-benzyl-

DOTA (p-isothiocyanatobenzyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) 

in the peripheral position of the porphyrin derivative (Fig. 1). It is pertinent to note that 

direct radiolabeling in the porphyrin core is not feasible while envisaging the 

radiolanthanides 177Lu+3 and 90Y+3 due to the mismatch of the porphyrin core size and that 

of the ionic radii of these radiometals. The nuclear decay characteristics of 177Lu and 90Y 

as well as their potential as therapeutic isotopes in tumor therapy have been discussed in 

this chapter. The porphyrin-p-NCS-benzyl-DOTA conjugate (II) was radiolabeled with 

90Y as well as 177Lu in good radiolabeling yield. Biodistribution studies performed in 

Swiss mice bearing fibrosarcoma tumors revealed high tumor uptake. The complexes 

exhibited favorable tumor to blood and tumor to muscle ratios at various post-

administration time points. Scintigraphic imaging studies performed in Swiss mice 

bearing fibrosarcoma tumors after intravenous administration of 177Lu-labeled-compound 

II also corroborated the results obtained in biodistribution studies indicating the selective 

accumulation of activity in the tumor. 

The modulation of lipophilicity of the porphyrin derivative has been addressed 

either by the use of hydrophilic substituents e.g. –COOH group as used in compound I or 
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by introduction of charge. The porphyrin derivatives belonging to latter type are readily 

water soluble and hydrophilic.  

In this context a cationic porphyrin viz., 5,10,15,20-tetra(4-

methylpyridyl)porphyrin (III) was synthesized in-house following a two-step procedure 

and subsequently radiolabeled with 68Ga. Radiolabeling of compound III with 68Ga was 

carried out directly in the porphyrin core owing to the suitable ionic radius (62 pm) of 

68Ga (III). Sourcing of 68Ga from the 68Ge-68Ga generator and its amenability as a 

diagnostic isotope has been discussed in this chapter. Tumor targeting potential of the 

68Ga labeled compound III was evaluated by biodistribution studies in Swiss mice 

bearing fibrosarcoma tumor. The studies revealed high uptake of the radiotracer in the 

tumor within 30 min post-injection (6.47±0.87 % of the injected activity) and retention 

therein till 2 h post-administration (4.48±1.11 % of the injected activity) up to which the 

study was continued.  

An attempt was also made to synthesize another cationic porphyrin derivative 

namely, 5-carboethoxymethyleneoxyphenyl-10, 15, 20-tri(p-N-methylpyridyl)porphyrin 

(IV) which, in turn, was coupled with p-NH2-benzyl-DOTA (p-aminobenzyl-1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid) (Fig. 1). The resultant conjugate was 

radiolabeled with 177Lu. Bioevaluation of 177Lu-labeled-compound (V) was carried out in 

Swiss mice bearing fibrosarcoma. Bio-distribution studies revealed early accumulation of 

the radiolabeled agent in the tumor (2.14±0.48 % IA/g at 30 min p.i.). Non-accumulated 

activity exhibited major clearance through renal pathway (80.46±3.40). The initially 

accumulated activity in the non-target organs was observed to completely clear away at 
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24 h p.i. However, the tumor uptake was also observed to be substantially reduced at this 

time point (0.05±0.00 %IA/g at 24 h p. i.).  
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Fig. 1. Porphyrin derivatives synthesized for radiolabeling with isotopes viz. 177Lu, 90Y 

and 68Ga. 

CHAPTER 3: PREPARATION OF RADIOLABELED MONOCLONAL 

ANTIBODIES AND PEPTIDE AS RECEPTOR SPECIFIC TUMOR TARGETING 

AGENTS. 

In this chapter, targeting receptor overexpression on specific tumor, using two different 

types of molecular vectors such as monoclonal antibodies and RGD peptide is discussed 

under two sub-headings. 
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3(a) PREPARATION OF 177Lu-LABELED MONOCLONAL ANTIBODIES 

RITUXIMAB AND TRASTUZUMAB AND THEIR PRECLINICAL 

EVALUATION 

Antibodies (Ab), also known as an immunoglobulin (Ig), are proteins produced by 

B-cells and are used by the immune system to identify foreign objects called antigens. 

Monoclonal antibodies (mAbs) are the antibodies prepared from same B-cell clone and 

are specific towards binding with same epitope (i.e. binding site on an antigen). Based on 

the high degree of affinity of mAb with the specific antigen expression of specific tumors, 

radiolabeled mAb can be envisaged as a guided vehicle for delivering adequate radiation 

dosages to the tumor site. This kind of therapy involving the use of radiolabeled mAbs is 

known as radioimmunotherapy (RIT). Various clinically approved mAbs used in RIT 

have been listed in chapter one of the thesis.  

The present chapter gives the brief discussion about preparation of 177Lu-labeled-

monoclonal antibodies. Two antibodies chosen for present study are namely, Rituximab 

and Trastuzumab. Rituximab is chimeric mAb having specificity towards CD20 antigen 

receptors and is a FDA (Food Drug and Administration) approved drug for the treatment 

of Non-Hodgkins’ Lymphoma [13]. On the other hand, Trastuzumab is a humanized IgG1 

monoclonal antibody and is also FDA approved drug for the treatment of breast cancer 

where the targets on the cancer are HER2 receptors [14].  

General procedure used for preparation of radiolabeled mAb involved three steps. 

As 177Lu cannot be introduced directly in the antibody structure, mAb is first conjugated 

with a BFCA namely, p-NCS-benzyl-DOTA for complexation with 177Lu. The second 
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step involves the purification of the antibody-BFCA conjugate, by separation of the free 

BFCA and the third step is the radiolabeling of the purified antibody-BFCA conjugate 

with 177Lu. The radiochemical purity (RCP) of the radiolabeled mAbs was evaluated by 

HPLC indicating the formation of 177Lu-labeled Rituximab and Trastuzumab with 

radiochemical purities of > 99%. Initial studies for optimising the conjugation method 

and also the radiolabeling parameters were carried out with a readily available mAb 

namely, immunoglobulin G (IgG) owing to its ready availability and low cost. In 

subsequent efforts, the radiolabeled mAbs i.e. Rituximab as well as Trastuzumab were 

prepared and evaluated in vitro using cell lines viz. Raji and BT 474 respectively known 

to over express antigen receptors, CD20 and HER2 respectively. This study indicated the 

specificity and binding of the radiolabeled mAb conjugates with these antigen receptors. 

Efforts to arrive at a freeze-dried kit formulation of Rituximab for radiolabeling with 

177Lu is also being pursued.  

3 (b) PREPARATION OF 99mTcN-LABELED RGD DERIVATIVE FOR TUMOR 

IMAGING  

Targeting tumor by utilizing the ability of a ligand to bind with particular type of 

receptors over expressed by the tumor is one of the widely used tumor targeting 

techniques in the field of nuclear medicine. Arginine-Glycine-Aspartic acid (RGD) is one 

such peptide-based ligand which shows high specificity towards integrin αvβ3 receptors. 

Integrin αvβ3 plays a significant role in tumor angiogenesis and considered to be an 

important target for molecular imaging as well as in vivo targeted therapy using 

radiolabeled agents [15]. Therefore, there is a growing interest in developing suitable 
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radiolabeled RGD peptides that can be used for non-invasive imaging of αvβ3 expression. 

Efficacy of cyclic RGD dimer in targeting more number of receptors as compared to the 

corresponding monomer has been reported [16]. Taking this into account, an attempt was 

made to radiolabel a cyclic RGD monomer with 99mTc using [99mTcN]2+ core whereby the  

resultant complex can be envisaged to possess two monomeric units and could possibly 

mimic as dimeric species of RGD. The work outlined in this chapter is preparation of a 

dimeric 99mTcN-[G3-c(RGDfk)]2 complex and its bioevaluation as a potential agent for 

early detection of malignant tumor by SPECT imaging. The dithiocarbamate derivative of 

cyclic RGD monomer G3-c(RGDfk) was prepared as two such dithiocarbamate units are 

required for complexation with [99mTcN]2+ core of 99mTc to form the 99mTcN-[G3-

c(RGDfk)]2 dimeric complex in high yield (Fig. 2). The radiochemical purity of the 

complex was more than 98% as determined by high performance liquid chromatography 

(HPLC). Results of biodistribution studies carried out in C57BL/6 mice bearing 

melanoma tumors showed good tumor uptake accompanied by favorable tumor/blood and 

tumor/muscle ratios. In order to support the biodistribution results, imaging studies in 

tumor bearing mice were also carried out and visible accumulation of activity in the 

tumor was observed with appreciable target to background ratio. 
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Fig. 2. 99mTcN-labeled dimeric complex of G3-c(RGD)fK 

 

CHAPTER 4: PREPARATION OF NEUTRAL 99mTc(CO)3-COMPLEXES OF 

“CLICKED”NITROIMIDAZOLE LIGANDS FOR IMAGING OF TUMOR 

HYPOXIA 

Hypoxia is a common feature of most of the solid tumors and has prognostic as 

well as therapeutic implication due its resistance towards chemotherapy and radiation 

therapy. Nitroimidazoles, which show selective accumulation in hypoxic cells, are the 

most widely explored molecules for delineating hypoxic tumor cells from normoxic cells 

[17]. This ability could be attributed to an interesting mechanism whose initial step 

involves an enzyme (nitro-reductase) mediated single electron reduction of nitroimidazole 

to corresponding radical anion. This reduction step is reversible in normal cells due to 

presence of sufficient oxygen which oxidizes the radical anion and promotes its clearance 

out of the cell. On the other hand, in hypoxic cells, nitroimidazole radical anion gets 

reduced further and corresponding metabolites get trapped in such cells. In the present 

work, three neutral 99mTc(CO)3 complexes of nitroimidazole were synthesized and their 
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potential to detect hypoxia in tumor are evaluated in vivo. Triazole derivatives of 2-, 4-, 

and 5-nitroimidazole were synthesized via ‘click chemistry’ route (Fig. 3). 

N
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N
N

NH2
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R1 = NO2; R2 = H; R3 = H-------1
R1 = H; R2 = NO2; R3 = H ------2
R1 = H; R2 = H; R3 = NO2 -------3  

Fig. 3. Three different derivatives of 2-, 4- and 5-nitroimidazole prepared by click 

chemistry route. 

The ligands synthesized were characterized and subsequently radiolabeled using 

[99mTc(CO)3(H2O)3]
+ precursor complex to obtain corresponding neutral 99mTc(CO)3 

complexes. The labile water molecules in the [99mTc(CO)3(H2O)3]
+ core can be replaced 

easily by a tridentate ligand. Radiolabeling using this core can be achieved at low ligand 

concentration, however heating is required for obtaining sufficient radiolabeling yields. 

The complexes obtained exhibit high thermodynamic stability and are kinetically inert 

which provides long term stability in serum or in vivo. All the complexes could be 

prepared in >90% radio chemical purity (RCP). The complexes were subsequently 

evaluated in Swiss mice bearing fibrosarcoma tumor. Biodistribution studies showed 

uptake and retention of all the complexes in tumor. However, contrary to usual 

expectations, the 5-nitroimidazole complex showed relatively better tumor uptake than 

the 2-nitroimidazole counterpart. A notable observation in the present study was the 

atypical tumor uptake of a 5-nitroimidazole complex. Though a conclusive evidence for 
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this observation could not be obtained, it underlines the importance of evaluating 

nitroimidazole radiotracers other than 2-nitroimidazole for detecting tissue hypoxia. 
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1.1. Nuclear Medicine 

‘Nuclear medicine’ employs the nuclear decay properties of radioactive nuclides or 

radioisotopes in diagnosis, therapy and evaluation of metabolic, physiologic and 

pathologic conditions in human patients. Nuclear medicine is presently used in the 

diagnosis, management, treatment and prevention of many serious diseases and is 

immensely helpful in medical management ranging from oncology to cardiology to 

neurology. Nuclear medicine imaging procedures often identify abnormalities at the very 

early stage of the progression of the disease, long before it can be detected by other 

alternative diagnostic modalities and therefore allows the disease to be treated early in its 

course of progression [1,2]. However, the real strength of nuclear medicine lies in its 

ability to monitor both biochemical and physiological functions in-vivo, which is not 

possible by the other imaging modalities, such as, magnetic resonance imaging (MRI) and 

ultrasound imaging [3-8]. Although these imaging modalities are able to delineate 

anatomical features with better resolution, they provide only limited information on real-

time biological function. Nuclear medicine offers the options of both diagnosis, by far the 

more widely used and therapy which include treatment of a wide range of cancers in 

cases where the other modalities do not have much promise. 

 Cancer is one of the most dreaded challenges in modern medical science. 

Diagnosis and treatment of this disease at early stages is of utmost importance for a 

positive outcome of the treatment regime [5]. A variety of techniques both independent as 

well as in combination with other modalities are essential for early detection as well as 

for the treatment of cancer. Of the various modalities employed, chemotherapy, surgery, 
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radionuclidic therapy, radiation therapy, photodynamic therapy etc. are the predominantly 

used ones for the treatment of cancer [4,8]. On the other hand, MRI (magnetic resonance 

imaging), CT (computed tomography), radionuclidic imaging etc. are the major ones used 

for the diagnosis [1,3]. In recent years, imaging and therapy of cancers involving systemic 

administration of radiolabeled agents viz. radiopharmaceuticals have not only gained 

eminence worldwide, but has become the only modality in some specific cases of cancer 

management [4-6]. As a result, research in the area of molecular imaging and therapy 

involving radiolabeled agents is on the increase, leading to introduction of newer agents 

for a variety of applications in nuclear medicine.  

The recent advances of nuclear medicine is attributable to the major developments 

viz. (i) development of appropriate radiolabeled molecular vectors which are designed to 

accumulate in a particular organ/tissue with high specificity and thereby exhibiting high 

target to non-target ratio after being radiolabeled to become a radiopharmaceutical, (ii) 

identification of the ideal radioisotope for a particular target, and (iii) development of 

sophisticated instrumentation for acquiring excellent quality dynamic images of the 

morphology and function of virtually every major organ of the body. Nuclear medicine 

technique can be used to monitor both biochemical and physiological functions in vivo, 

which is not possible by the other advanced imaging techniques viz. computed 

tomography (CT), nuclear magnetic resonance imaging (MRI) and ultrasound imaging 

[9,10]. By the end of the 20th century, nuclear medicine has become a very useful tool for 

both diagnosis and treatment of many serious diseases. 
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1.2. Molecular Imaging 

Molecular imaging is a type of medical imaging that provides detailed pictures of 

the real-time physiological processes in vivo at the molecular and cellular level [10]. It 

enables the visualization of the cellular function and the follow-up of the molecular 

process in living organisms in a non-invasive manner. Molecular imaging differs from 

traditional imaging in that probes known as biomarkers or molecular vectors are used to 

help image particular targets or pathways. Biomarkers interact chemically with their 

surroundings and, in turn, alter the image according to molecular changes occurring 

within the area of interest. This process is markedly different from other imaging 

modalities which primarily image the differences in qualities such as density or water 

content. This ability to image fine molecular changes opens up an incredible number of 

exciting possibilities for medical application, including early detection and treatment of 

disease and provides the necessary insights towards basic pharmaceutical development. 

While other diagnostic imaging procedures such as X-rays, computed tomography (CT), 

MRI and ultrasound offer information of anatomical structure, molecular imaging allows 

physicians an window to view the in vivo functioning of the chemical and biological 

processes [9,10] occurring at the cellular level. 

Molecular imaging in nuclear medicine, uses very small amounts of radioactive 

species (radiolabeled molecules, inorganic ions or gases collectively called as 

radiopharmaceuticals) to diagnose and treat disease. In nuclear medicine imaging, the 

radiopharmaceuticals are detected by special types of cameras that work with computers 

to provide very precise pictures of the area of the body being imaged. In Nuclear 

medicine, radiolabeled molecular vectors/radiolabeled agents known as 
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radiopharmaceuticals are used for obtaining images and depending upon the type of 

emission by the radionuclide, imaging technique can be categorized as SPECT (single 

photon emission tomography) and PET (positron emission tomography). SPECT and PET 

have been discussed briefly in later sections of this chapter [11]. 

 

1.3. Radiopharmaceuticals 

Radiopharmaceuticals are radiochemical formulations or radiolabeled drugs with a 

constant composition and can be administered either orally or intravenously with 

adequate safety, for the purpose of carrying out diagnosis or treatment of a diseased 

condition, particularly of cancerous origin.  

Some radiopharmaceuticals are used for the determination of the localisation of 

the tumor whereas others are used for its treatment. Apart from the diagnosis and 

treatment of the tumor, some radiopharmaceutical preparations are even used for 

evaluating the functioning of various organs including brain, kidney, heart etc. [1-4]. The 

ability of radiopharmaceuticals to take part in metabolic functions of the body unlike 

other modalities which give information about physical morphology and anatomy of 

human body imparts a special status to them [1,8]. Radiopharmaceuticals can be either 

metal essential or non metal essential. In metal essential radiopharmaceuticals the metal 

complex decides the biological distribution whereas in the latter case the carrier molecule 

is held responsible for the resultant biological distribution [1]. Radiopharmaceuticals can 

be broadly categorized as diagnostic and therapeutic radiopharmaceuticals. Segregation of 

a particular radiopharmaceutical in either category depends upon the type of radionuclide 
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used for the preparation of the radiopharmaceutical. A brief description about diagnostic 

and therapeutic radiopharmaceuticals is presented below. 

1.3.1. Diagnostic radiopharmaceuticals: 

Diagnostic radiopharmaceuticals are the ones in which radioisotope used is either 

a gamma emitter or a positron emitter. In the former case, the radiopharmaceutical is used 

for SPECT (Single Photon Emission Computed Tomography) imaging, while in the latter 

the diagnostic radiopharmaceutical is used for PET (Positron Emission Tomography) 

imaging [1,8]. 

1.3.1.1. SPECT (Single Photon Emission Computed Tomography): 

SPECT is an imaging modality where diagnosis of the disease/tumor lesion is 

carried out using radiopharmaceuticals containing gamma emitting radionuclides. The 

general SPECT system uses more than one NaI(Tl) detector heads mounted in a gantry, 

an on-line computer for acquisition and processing of data and display system. The 

scintillation camera depicts images of three dimensional distribution of activity in site of 

lesion in two-dimensional display. This 2D data is then reconstructed into three 

dimensional images by means of a technique called as computed tomography. Computed 

tomography or CT is a technique based on rigorous mathematical algorithms which is 

capable of reconstructing three dimensional images from the scans of recorded two-

dimensional slices. A few SPECT radioisotopes are listed in Table 1.1.  
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Table 1.1. List of few radionuclides useful for SPECT imaging [5,6]  

Radionuclide Half-life Mode of decay Principal gamma 
component E in 

keV (% abundance) 
67Ga 3.26 d  EC  93.31 (38.30) 

123I 13.27 h EC 158.97 (82.80) 

131I 8.02 d β- & γ 364.48 (81.20) 

111In  2.81 d  EC  245.39 (94.17) 

99mTc 6.02 h  IT 140.47 (88.97) 

201Tl 72.91h EC 167.43 (10.00) 

 

1.3.1.2. PET (positron emission tomography): 

PET is an imaging modality where diagnosis of the disease/tumor lesion is carried out 

using radiopharmaceuticals containing positron (β+) emitting radionuclides (Table 1.2) 

[1]. The principle of imaging here is based on the measurement of two coincident gamma 

rays emitted as a post-event of positron and electron annihilation. The detector used in 

this modality is BGO (bismuth germanate or Bi4Ge3O12) for efficient detection of high 

energy gamma rays [11]. PET scans have some advantages over corresponding SPECT 

scans. PET scans are more sensitive as there is no need of physical collimators as in 

SPECT cameras as is taken care of by coincidence measurement [12]. The important 

implications of the high sensitivity are better quality images due to enhanced signal to 

noise ratio, possibility of performing shorter scans, high temporal resolution etc. 

However, advances being made in SPECT hardware and image reconstruction algorithms 

has significantly improved the spatial resolution of the images obtained with SPECT [12]. 
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 Table 1.2. List of few radionuclides useful for PET imaging [5, 6]  

Radionuclide Half-life Mode of decay Principal gamma 
component E in 

keV (% abundance) 
11C 20.39 min  β+ 511.00 (199.5) 

18F  109.77 min  β+ 511.00 (200) 

68Ga  68 min  β+ 511.00 (94.17) 

13N 9.97 min  β+  511.00 (199.64) 

15O 2.03 min  β+ 511.00 (199.77) 

 

 

1.3.2. Therapeutic radiopharmaceuticals 

Therapeutic radiopharmaceuticals constitute those radiopharmaceuticals where the 

isotope of choice is a particulate emitter viz. Alpha (α), beta (β) and conversion electron 

(e-). Therapeutic radiopharmaceuticals are intended to deliver the therapeutic doses at the 

target site and since they are particulate emitters damage to the healthy tissues is also 

expected to be more. So, in order to avoid this, the biomolecule of choice should have 

high specificity towards the disease site apart from that the pharmacokinetics should also 

be such so as to spare healthy organs and rapid clearance if any from non-target organs. A 

few therapeutic isotopes are listed in table 1.3. 
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    Table 1.3. List of few radionuclides useful for therapy [5,6].  

Radionuclide Half-life Mode of 

decay 

Energy in keV Principal 
gamma 

component E in 
keV (% 

abundance) 

225Ac 10.00 d α & � 5935.1 99.70 (3.50) 

111Ag 7.45 d β- & γ 1036.8 342.13 (6.70) 

77As 38.83 h β- & γ 682.9 239.00 (1.60) 

212Bi 60.55 min α & � 6207.1 727.17 (11.80) 

213Bi 45.59 min α & � 5982.0 439.70 (27.30) 

67Cu 61.83 h β- & � 577.0 184.58 (48.70) 

159Gd 18.48 h β- & � 970.6 58.00 (26.25) 

131I 8.02 d β- & � 970.8 81.00 (37.10) 

32P 14.26 d β- 1710.6 NIL 

109Pd 13.70 h β- & � 1115.9 88.04 (3.60) 

177Lu 6.73 d β- & � 498.2 208.36 (11.00) 

223Ra 11.44 d α & � 5979.3 269.41 (13.60) 

186Re 90.64 h β- & � 1069.5 137.16 (8.60) 

188Re 16.98 h β- & � 2120.4 155.04 (14.90) 

105Rh 35.36 h β- & � 567.0 318.90 (19.20) 

153Sm 46.27 h β- & � 808.4 103.18 (28.30) 

89Sr 50.53 d β- 1496.6 NIL 

90Y 64.10 h β- 2282.0 NIL 
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1.4. Radiopharmaceutical design 

The basic constituents of a typical radiopharmaceutical are a biomolecule (BM), a 

linker, bi-functional chelating agent (BFCA) and radionuclide (RN). A biomolecule is the 

main constituent of a radiopharmaceutical as it acts as a guiding vehicle for the whole 

radiopharmaceutical and binds with the target tissue or cells by following a mechanism 

which again depends upon the nature of the biomolecule. There are various mechanisms 

by which BM can get attached to the target cells, some of these will be discussed in latter 

parts of this chapter. A linker can be a polyamino acid sequence, an aliphatic chain or a 

polyether chain [13]. Its use in preparation of radiopharmaceutical is optional. The use of 

linker serves two purposes, the first being the introduction of a spacer between the 

radionuclide metal complex and BM so as to protect the bio-affinity of BM. Secondly, a 

linker is used in certain cases to improve the pharmacokinetics of radiopharmaceutical as 

it helps to provide better target to background ratio [13]. A bi-functional chelating agent 

(BFCA) as the name suggests can bind to the BM at one end and at other end it can form 

a complex with the radionuclide. Selection of BFCA depends upon the radionuclide to be 

used and the prime requirement being that the BFCA-RN complex should be highly 

stable in vivo, since  instability can lead to the dissociation the complex wherein the RN 

can give undue dose burden to the non-target organs. The schematic representation of 

radiopharmaceutical structure is shown in Fig. 1.1.  
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Fig. 1.1. Structural representation of a typical radiopharmaceutical 

 

1.5. Tumor targeting mechanism 

The mechanism by which a radiopharmaceutical targets a particular organ or cell 

gives rise to two type of agents viz. ‘radionuclide essential’ and ‘radionuclide non 

essential’. In cases where the target affinity and localization is acquired post 

complexation with the radionuclide, the radiopharmaceutical comes under the first 

category [4]. On the other hand, in the second type, the target affinity is dictated by the 

biomolecule acting as a specific vector. The work outlined in the thesis deals with 

radiolabeled agents which of the second type. Hence, in the present chapter, the 

mechanisms which are generally borne in mind while designing agents for targeting 

cancer or other diseased sites include metabolic perfusion, receptor binding, antigen-

antibody complex formation, passive diffusion, active transport etc. In the present thesis, 

receptor binding, antigen-antibody complex formation, passive diffusion are the 

mechanisms which have been utilized in envisaging the radiopharmaceuticals to be 

discussed in the present thesis. A brief description of these mechanisms is given below. 

Passive diffusion: In passive diffusion, entry of drugs or biomolecules into the cells is 

driven by the concentration gradient. In the process, these molecules move from the blood 

 RN  LINKER  BFCA BM 
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pool where their concentration is higher, into the cells wherein there is a lower 

concentration [14]. Lipophilicity as well as charge of the biomolecules play important 

role while deciding this mode of entry into tumor cells. Lipophilic molecules viz. non 

charged porphyrins, nitroimidazoles which have been used as molecular vectors in 

present thesis, undergo preferential accumulation in tumor cells via passive diffusion.   

 

Receptor binding: Receptors are proteins present on cell surface and exhibit high 

specificity towards binding with certain ligands. This mechanism involves the binding of 

the receptor protein and a ligand specific towards binding with this receptor. Normal cells 

express various kinds of receptors and in tumor cells one or other of these receptors are 

over expressed. Targeting overexpressed receptors on the tumors with specific vectors, 

form the basis of the preferential accumulation of the ligands/biomolecules in the tumor 

cells. The receptor binding ligands are mostly peptides and due to their selective targeting 

of tumor cells are they are given the name of bio-markers [13]. This principle has been 

used in development of both peptide based imaging and therapeutic agents. In nuclear 

medicine field the peptide-based radiopharmaceuticals are by far the most effective and 

widely used ones used in diagnosis and therapy of cancer. Various peptide based 

radiopharmaceuticals which have been developed for imaging of different kinds of tumor 

include 99mTc-Hynic-TOC, 111In-DOTA-TATE, 68Ga-DOTA-NOC, 68Ga-DOTA-TOC, 

18F-galacto-RGD, 68Ga/111In-DOTA-RGD etc [15]. In the present thesis, this strategy was 

utilized for targeting αvβ3 receptor overexpression by various metastatic tumors using a 

99mTcN-labeled peptide derivative i.e. [99mTcN-{G3-c(RGDfK)}2]. 
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Antigen-antibody complex formation: Antibodies are immunoglobulin proteins 

produced in the body in response to a foreign substance called as antigen. An antibody-

antigen binding is unique and this phenomenon is used to selectively target tumor lesions 

over expressing particular antigen receptors [16]. The treatment involving antibodies is 

termed as immunotherapy. Apart from immunotherapy an another area of treatment has 

emerged known as radioimmunotherapy (RIT) which uses radiolabeled antibodies for 

specifically targeting tumor cells and deliver requisite radiation dose at the site of disease. 

Various radiolabeled antibodies have been approved for treatment of different kinds of 

cancers. In the present thesis two different antibodies viz. Rituximab and Trastuzumab 

were radiolabeled with 177Lu for targeting CD20 antigens (non Hodgkins’ lymphomas) 

and HER2 antigens (metastatic breast cancer) respectively. 

1.6. Brief overview of radioisotopes used in the present work  

1.6.1. Technetium-99m  

Technetium belongs to group VIIB of the periodic table (Z = 43, [Kr] 4d5 5s2). 

Technetium-99m is a SPECT isotope the use of which amounts to approximately 80% of 

diagnostic radiopharmaceuticals in nuclear medicine. The source of 99mTc is 99Mo-99mTc 

generator system where 99mTc is in a transient equilibrium with parent 99Mo isotope [13].  
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Fig. 1.2. Simplified 99Mo decay scheme 

 

The choice of 99mTc in designing radiopharmaceuticals stems from the various 

advantageous attributes of this radionuclide. It is a generator produced isotope which 

ensures its availability in areas which are far away from production site. Besides, this 

isotope exhibits excellent nuclear decay characteristics (Eγ=141 keV, ~89% abundance, 

T1/2=6 h), ideally suited for diagnostic nuclear medicine (Fig. 1.2). Its half life of 6 hours, 

though sufficiently optimum for preparing the radiopharmaceutical, performing its quality 

control and injecting into the patient for imaging studies, is at the same time short enough 

to minimize the absorbed radiation dose. Rapid growth in this field in the last few decades 

is attributable, apart from its ideal radionuclidic characteristics, to the conception and 

development of 99Mo/99mTc generators and lyophilized kits for ease of formulation of 

99mTc compounds at hospital radiopharmacy. 99mTc has a rich and diverse redox chemistry 

and can be obtained from a 99Mo-99mTc generator in 99mTcO4
- form where 99mTc is in +7 

oxidation state. Typically for radiolabeling of biomolecules with 99mTc, 99mTcO4
- has to 

be reduced to lower oxidation states. In presence of reducing agent, 99mTc can exhibit 

99
Ru (stable) 

99Mo (T1/2= 66 h) 

99Tc (T1/2= 2x105 y) 

99mTc (T1/2= 6 h) 

β- (12.5%) 

β-  

β- (87.5%) 

IT (141 keV, 89%) 
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multiple oxidation states, and the oxidation state in which a 99mTc-ligand complex will be 

formed depends upon the nature of the ligand, type of reducing agent and reaction 

conditions [13]. This approach of radiolabeling makes use of a large excess of ligand. 

Typical concentration of 99mTc in 99mTcO4
- eluate obtained from 99Mo-99mTc generator is 

~10-7–10-6 M, therefore excess ligand is required for stabilizing a particular oxidation 

state of 99mTc in presence of reducing agent [13]. However, this is not a desirable feature 

for a labeling a receptor imaging agent as excess uncomplexed ligand (referred to as cold 

ligand) will saturate the limited number of receptor sites available on the tumor cells and 

pose limitation on the binding of the radiolabeled molecules. This problem can be 

circumvented by using preformed radiosynthons referred to as 99mTc-cores. They 

constitute chemical motifs which control the molecular structure of the resulting 

radiopharmaceutical and ultimately, its biological properties [13]. Various such cores 

which have been used are 99mTc-monoxo core [99mTc(V)O]3+, 99mTc-dioxo core 

[99mTc(V)O2]
+, 99mTc-HYNIC (hydrazino nicotinic acid), 99mTc-nitrido [99mTc(V)N]2+ and 

99mTc-tricarbonyl [99mTc(I)(CO)3]
+. Two of these cores viz. [99mTc(V)N]2+ and 

[99mTc(CO)3(H2O)3]
+  have been used in the present work for preparation of 99mTc-labeled 

radiolabeled agents. 

1.6.1.1. [99mTcN]2+ core 

This core is isoelectronic with [99mTcO]3+ core. The N3- nitride species is a strong 

π-electron donor and has strong ability to stabilize the +5 oxidation state of Tc. 

[99mTcN]2+ core forms five coordinated complexes and can attain either a square 

pyramidal geometry or trigonal bipyramidal geometry. Square pyramidal complexes are 
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formed with ligands having two π-donor atoms(S-, S, O-, NH2) and two such ligands are 

utilized while forming such complexes. In square pyramidal geometry, four π-donor 

atoms occupy the basal plane and Tc≡N moiety lies above the plane (Fig. 1.3). The 

trigonal bipyramidal geometry is acquired when two ligands, having a set of two π-donors 

and two π-acceptor atoms come together for complex formation [13,17].   

1.6.1.2. [99mTc(CO)3(H2O)3]
+ core 

This is an organometallic core where 99mTc is in +1 oxidation state. In this core 

CO is a strong sigma donor and pi acceptor moiety and has the ability to stabilize the 

lower oxidation state of Tc. This core is now widely used for preparation of 99mTc-labeled 

radiolabeled agents as three labile water molecules can be easily replaced by donor atoms 

present in ligands (Fig. 1.3). This core can be prepared either by using commercially 

available potassium boranocarbonate kit [18] or by purging of CO gas at 1 atmosphere 

pressure in presence of sodium borohydride (NaBH4) as reducing agent [13]. While both 

the methods yield > 98% of the [99mTc(CO)3(H2O)3]
+ complex, the former method is 

preferred as in this case the use of toxic CO gas is avoided. In the work carried out in this 

thesis, the 99mTc (CO)3-core has been prepared by using CO gas prior to the radiolabeling 

step. The labile water molecules in the [99mTc(CO)3(H2O)3]
+ core can be easily replaced 

either by using three monodentate ligands, a set of one monodentate and one bi-dentate 

ligand or a tridentate ligand, thus opening up different possibilities leading to the 

formation of a variety of complexes [19]. Radiolabeling using this core can be achieved at 

low ligand concentration, however, heating is required for obtaining sufficient 
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radiolabeling yields. The complexes obtained exhibit high thermodynamic stability and 

are kinetically inert which provides long term stability in serum or in vivo [13]. 
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Fig. 1.3. Typical structures of (a) [99mTcN]2+ and (b) [99mTc(CO)3(H2O)3]
1+ precursor 

complexes 

1.6.2. Gallium-68  

Gallium belongs to group IIIA of periodic table (Z = 31, [Ar]3d104s25p1). 

Gallium-68 is a potential PET isotope (T1/2= 68 min) and offers distinctive advantages 

over that of the more widely used 18F for diagnostic purposes. The major advantage of 

68Ga is the possibility of sourcing it from a 68Ge-68Ga generator unlike that of other PET 

isotopes which require an on-site cyclotron for production [20-23]. Additionally, the long 

shelf-life of 68Ge-68Ga generator (~1-2 years), along with the possibility of more than one 

elutions per day (~50% of the accumulated 68Ga activity can be eluted after every 

consecutive hour), are the desirable features in envisaging 68Ga-based 

radiopharmaceuticals for use in nuclear medicine [20-23]. A simplified decay scheme of 

68Ga is shown in Fig.1.4. Since 68Ga availablility is not dependent on the cyclotron, usage 

(a) (b) 
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and distribution of 68Ga-labeled radiopharmaceuticals is logistically favourable. Another 

advantage of Gallium-68 is that it is a n.c.a. (no carrier added) isotope as it is obtained 

from a chemically different parent i.e. 68Ge, thereby is considered to be suitable for 

preparation of radiopharmaceuticals with high specific activity (specific activity of n.c.a. 

68Ga~107 Ci/g). Gallium exhibits a coordination number of 4, 5 and 6. In aqueous 

solutions, free hydrated Ga(III) is stable only under acidic conditions and as pH is 

increased, insoluble Ga(OH)3 species starts forming rapidly and at pH> 9.5 soluble gallate 

ion [Ga(OH)4]
- is the primary species [22,24,25]. Gallium-68 cannot be introduced 

directly in the structure of the biomolecule to form a, ‘true label’ contrary to the case of 

18F. Therefore, 68Ga complexation requires the introduction of a suitable BFCA into the 

biomolecule (BM) [22]. The coordination number 6 is common for 68Ga-labeled 

radiopharmaceuticals. 68Ga forms thermodynamically stable and kinetically inert 

complexes with macrocyclic ligands with high values of stability constants (Log K). Log 

K or stability constant is equilibrium constant for the formation of a complex in solution. 

It is a measure of the strength of the interaction between the reagents that come together 

to form the complex. The typically used BFCAs are 1,4,7-triazacyclononane-1,4,7-

triacetic acid (NOTA) (Log K~31) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA) (Log K~21.3) [22]. Various 68Ga-labeled radiopharmaceuticals 

have been developed recently by conjugating the biomolecules with a BFCA and then 

radiolabeling the BM-BFCA conjugate with 68Ga resulting into high radiolabeling yields 

[20-25] viz. 68Ga-DOTA-Tyr3-octreotide (DOTA-TOC), 68Ga-DOTA-1-Nal-octreotide 

(DOTA-NOC), 68Ga-DOTA-bombesin, 68Ga-NOTA-RGD etc. Acyclic BFCAs’ such as 
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ethylene diaminetetraacetic acid (EDTA), DTPA (diethylene triamine pentaacetic acid) 

and their derivatives have also been used for radiolabeling biomolecules with 68Ga, 

however most of these complexes have exhibited low in vivo and in vitro stabilities [20-

25]. 

 

                                                                                  

 

 

Fig. 1.4. Simplified decay scheme of 68Ge  

1.6.3. Yttrium-90 

Yttrium-90 (Z = 39, [Kr] 4d1 5s2) is obtained from 90Sr-90Y generator where 90Sr 

(T1/2=28.8 y) is in secular equilibrium with its short-lived daughter radionuclide i.e. 90Y 

(T1/2=64.1 h) (Fig. 1.5). Yttrium-90 thus obtained from 90Sr-90Y generator is n.c.a. grade 

and has high specific activity (> 105 Ci/g). The suitable nuclear decay characteristics of 

90Y (T1/2=64.1 h, Eβ
- = 2.28 MeV (β- max) and no γ emission) make it a good candidate 

for delivering therapeutic radiation doses to the tumor lesions. High energy β- emission 

renders it suitable for treating tumors having large volumes. However absence of γ 

emission makes it difficult to follow the treatment while using 90Y based 

radiopharmaceuticals. This is taken care of by carrying out imaging by preparing the 111In 

complex of the same molecular carrier as surrogate [26]. Like Yttrium, Indium also 

exhibits +3 oxidation state, however there are some minor differences in solution and 

68Ge (T1/2 = 271 d) 

β+ (1.89 MeV, 89%) 

68Ga (T1/2 = 68 min) 
EC (100%) 

68Zn (stable) 
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coordination chemistries between these elements. The parent radioisotope, 90Sr is a long-

lived isotope with a hard beta emission (0.546 MeV, 100% abundance) and has been 

found to accumulate in skeleton being a bone-seeker. Therefore the 90Y used in 

radiolabeling should have permissible extent of 90Sr resulting from breakthrough from the 

90Sr-90Y generator system. The maximum permissible level of 90Sr in 90Y, for use in 

radiopharmaceutical preparation is (~nCi for per Ci of 90Y). In the present work, 90Y is 

sourced from a generator system where 90Y is separated from 90Sr by electrochemical 

means [27]. Yttrium is a ‘pseudo lanthanide’ and forms stable complexes in +3 oxidation 

state like most of the other lanthanides. The coordination number of Y(III) ion is typically 

between 7 and 10 while coordination numbers of 8 and 9 are more common. Similar to 

that of strontium (Sr) and other lanthanides, Yttrium is also a bone seeker which makes it 

crucial to ensure adequate in vivo stability of the 90Y-BM complex, so as to prevent 

undue radiation dose to non target organs resulting out of dissociation. Yttrium-90 forms 

thermodynamically stable complexes with macrocyclic ligands such as DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid) and DOTMP (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetramethylene-phosphonic acid). Although multidentate 

acyclic ligands like DTPA, EDTA also form stable complexes with 90Y, they are less inert 

kinetically as compared to those formed by macrocyclic ones [28]. 
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Fig. 1.5. Simplified decay scheme of 90Sr  

1.6.4. Lutetium-177  

Lutetium-177 (Z = 71, [Xe] 6s2 4f14 5d1) is an attractive radionuclide for the 

development of targeted radiotherapeutic agents owing to its suitable nuclear decay 

characteristics and cost-effective production feasibility using moderate flux reactors [29]. 

177Lu decays by the emission of β- particles with Emax of 497 keV (12.2%) to stable 177Hf. 

It also emits gamma photons in low abundances (208 keV, 11% and 113 keV, 6.4%), 

which are ideally suited for carrying out simultaneous scintigraphy and pharmacokinetic 

studies [29]. Moreover, the comparatively longer half-life (6.73 d) provides logistic 

advantages for distribution. A simplified decay scheme of 177Lu is given below (Fig. 1.5). 

 

 

 

 

Fig. 1.6. Simplified decay scheme of 177Lu  

The feasibility of its large-scale production in adequately high specific activity and 

excellent radionuclidic purity using moderate flux reactors make 177Lu an attractive 

choice for developing agents for targeted radiotherapy. Lutetium-177 obtained from 
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reactors by (n, γ) reaction is in carrier added form as only a very small fraction of 176Lu 

present in target gets converted into 177Lu and after irradiation it contains large amounts 

of 176Lu or carrier. The carrier-free 177Lu can be obtained by another route which involves 

the neutron irradiation of 89Yb yielding 90Yb which undergoes beta emission to give 

177Lu. However the limitations of this method include difficulty in separation of 

chemically similar 177Lu from 177Yb in quantitative yields. Like yttrium, 177Lu favors +3 

oxidation state and exhibits coordination number 8 and 9 in its complexes. It forms very 

stable metal chelates with macrocyclic ligands such as DOTA (Log K=25.4) [30,31].  

 

1.7. Biomolecules used in the present work 

As discussed earlier (Section 1.3), a biomolecule used in a radiopharmaceutical 

preparation decides the target directing property and imparts the target-specificity to it. It 

is therefore often termed as the ‘biological vector’. A host of vectors are used in 

designing radiopharmaceuticals of which the most typical ones are peptides, antibodies, 

peptidomimetics, small receptor-specific organic molecules etc. While preparing 

radiopharmaceutical, it is important to bear in mind that the modification in the structure 

of biomolecule should cause minimal damage to its biospecificity or uptake. 

Radiopharmaceutical design envisages different targeting mechanisms for selective and 

specific localization of the radiolabeled agent in the site of interest. For aiming at specific 

targeting mechanism, the biological vector also need to be of a specific type and more 

often with better features than the naturally occurring candidate. An example of this is the 

choice of the peptide (Tyrosine-3-octreotate) which is an analog of somatostatin 
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(naturally occurring 14 amino acid peptide with a short biological half–life) to target the 

overexpression of somatostatin receptors on neuroendocrine cancer. The work carried out 

and outlined in the thesis describes the use of four different types of carrier molecules viz. 

porphyrins, peptides, monoclonal antibodies (mAb) and nitroimidazoles for targeting 

three different types of cancer. In all the four cases, different BFCAs are used. The 

rationale w.r.t. the choice of BFCAs emerges from the complexation characteristics of the 

radiometal ions in the respective oxidation states. While using the four different carrier 

molecules, the uptake of the resultant radiolabeled species in tumor is decided by 

independent and unique mechanisms which are detailed individually in the respective 

chapters. 

 1.8. BFCA (bi-functional chelating agent)  

Bi-functional chelating agent is an important constituent of a radiopharmaceutical 

design. Generally, direct incorporation of metallic radionuclides into the structure of the 

biomolecule as is found in case of true labels like 18Fluorodeoxyglucose though desirable 

is difficult and more often yields unstable metal complexes. Formation of a stable metal 

complex is essential to ensure the long term in vivo stability of the prepared 

radiopharmaceuticals. Thereby, metal-ligand complexes should be kinetically inert as 

well as thermodynamically stable. Thermodynamic stability is a measure of free energy 

of the complexation reaction and accounts for the stability of final product. Kinetic 

stability is a measure of the free energy of activation of a reaction. Out of thermodynamic 

and kinetic stability, latter is important w.r.t. use of radiolabeled biomolecules as there are 

multiple challenging ligands present in vivo whereby there is a possibility of occurrence 
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of ligand exchange leading to dissociation of the metal complex and liberation of the free 

radiometal. The free metal thus released, in turn, accumulates in undesirable sites. When 

radiolabeling is not possible by direct route (e.g. isotope exchange observed mostly with 

radiohalogens) the radiopharmaceutical design envisages the use of a bi-fuctional 

chelating agent, (BFCA) [30-31]. As the name indicates, BFCAs are the chelating 

molecules which bind covalently with the biomolecule by effecting a chemical bond 

formation at one end via a pendant substituent (usually a -NH2 or -COOH). The BFCAs at 

the other end possess a chelating moiety with suitable donor atoms such as N, O, S P etc. 

which form stable complexes with the radionuclide [13,30]. The common BFCAs used in 

the present work include macrocyclic ligands namely, p-NH2-benzyl-DOTA, p-NCS-

benzyl-DOTA (Fig. 1.7). 

                  

Fig. 1.7. Sructures of p-NH2-benzyl-DOTA and p-NCS-benzyl-DOTA 

 

1.9. Quality control of radiotracers 

Since the radiopharmaceuticals are intended for administration in human patients, 

it is of prime importance to carry out strict quality control measures after preparation. 

Quality control procedures involve several specific tests and measurements that ensure 

the purity, potency, product identity, biologic safety and efficacy of the 
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radiopharmaceuticals [32]. In addition to all quality control procedures common for non-

radiolabled pharmaceuticals, radiopharmaceuticals need to undergo some additional 

quality control measures for radionuclidic purity and radiochemical purity. The quality 

control tests can be categorized in two categories viz. physiochemical tests and biological 

tests.  

 

1.9.1. Physicochemical tests 

A number of in vitro physicochemical tests are performed to determine the purity 

and integrity of the radiopharmaceuticals. The most important among them are the 

determination of chemical-, radionuclidic- and radiochemical purities of the 

radiopharmaceutical preparations [32]. Along with these, several other parameters, such 

as, pH, ionic strength, osmolality, particle size (in case of radiocolloids or radiolabeled 

particulates), specific activity and radioactive concentration are also regularly checked 

[33]. Many of these tests are unique for radiopharmaceuticals because they contain 

radionuclides and are not applicable to conventional drugs. 

 

1.9.1.1. Chemical purity  

Chemical purity of a radiopharmaceutical is the fraction of the material in the 

desired chemical form, whether or not all of it is in the labeled form. Chemical impurities 

may come in a radiopharmaceutical preparation as some undesired species present in the 

ligand or radioactivity used for labeling or due to decomposition of materials before and 

after labeling. However, acid, alkali, buffer and stabilizing agents used in 



Chapter 1 
 

27 
 

radiopharmaceutical preparations are not considered as impurities. The presence of 

chemical impurities may result in undesired labeled molecules and may also cause toxic 

effect. Purification of ligands are carried out using various techniques among which the 

present work involves use of column chromatography, semi-preparative and preparative 

TLC for purpose of purification.  

1.9.1.1.1. Spectral techniques used for characterization of unlabeled precursors 

Ultraviolet-visible (UV-Vis) spectra were recorded using JASCO V-530 UV/Vis 

spectrophotometer (Japan). Fourier transform-infra red (FT-IR) spectra were recorded in 

a JASCO FT/IR-420 spectrophotometer (Japan). Proton nuclear magnetic resonance (1H-

NMR) spectra were recorded in a 300 MHz Varian VXR 300s spectrometer (USA). Mass 

spectra were recorded using 410 Prostar binary LC mass spectrometer (Varian, USA) 

using electron spray ionization (ESI) technique. 

1.9.1.2. Radionuclidic purity  

Radionuclidic purity is defined as the fraction of the total radioactivity in the form 

of the desired radionuclide present in the radiopharmaceutical. Radionuclidic impurities 

mainly arise from extraneous nuclear reactions due to isotopic impurities in the target 

materials. The presence of these extraneous radionuclides as impurities increases undue 

radiation exposure to the patient and may also obscure scintigraphic images. Accurate 

determination of the level of radionuclidic impurity is very important and it is mostly 

done by  ray spectrometry using a HPGe detector.  

 

1.9.1.3. Radiochemical purity 
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Radiochemical purity is defined as the fraction of total radioactivity in desired 

chemical form present in the radiopharmaceutical. Radiochemical impurities may arise 

during the preparation of the radiopharmaceutical or as result of its decomposition on 

storage due to the action of solvent, change of temperature and pH, presence of oxidizing 

or reducing agents and radiolysis. The presence of radiochemical impurities affects the 

biological efficacy of a radiopharmaceutical since the impurities may accumulate in 

different organs/tissue other than the target organ. This, in turn, results in unnecessary 

radiation dose burden to the patients and also poor quality images. A number of analytical 

techniques are used to detect and determine the radiochemical impurities in a given 

radiopharmaceutical. These include chromatography techniques such as, paper 

chromatography, thin layer chromatography, high performance liquid chromatography 

(HPLC), ion exchange chromatography, gel permeation chromatography, and also solvent 

extraction, paper and gel electrophoresis, precipitation etc. In present thesis, some of 

these techniques viz. paper and thin layer chromatography, HPLC coupled with a well-

type NaI(Tl) detector (Jasco, Japan) were used to determine the extent of radiochemical 

impurities present in various radiochemical preparations. 

 1.9.1.3.1. Determination of radiochemical purity of [99mTc(CO)3]
+, [99mTcN]2+ and 

various 177Lu, 90Y, 68Ga and [99mTc(CO)3]
+, [99mTcN]2+ , 177Lu, 90Y and 68Ga 

complexes 

The radiochemical purity of [99mTc(CO)3]
+ core and [99mTc(CO)3]

+, [99mTcN]2+, 

177Lu, 90Y and 68Ga complexes was determined by high performance liquid 

chromatography (HPLC) using JASCO PU 2080 Plus dual pump HPLC system, Japan, 
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with a JASCO 2075 Plus tunable absorption detector and a Gina Star radiometric detector 

system, using a C18 reversed phase HiQ Sil column (5 μm, 4 x 250 mm). The gradient 

elution system consisted of H2O + 0.1% trifluoroacetic acid (A) and acetonitrile + 0.1% 

trifluoroacetic acid (B) as mobile phase for characterization of [99mTcN]2+, 177Lu, 90Y and 

68Ga complexes whereas aqueous 0.05M triethylammonium phosphate (TEAP) buffer (A) 

and methanol (B) were used as mobile phase for [99mTc(CO)3]
+ core and [99mTc(CO)3]

+ 

labeled complexes. Radiochemical purity of [99mTcN]2+, 177Lu, 90Y and 68Ga was 

determined using paper chromatography (PC). The radiochemical purity of free 177Lu, 90Y 

and 68Ga was determined using saline as mobile phase. While radiochemical purity of 

99mTcN]2+ was determined by carrying out the PC using two different solvent systems as 

mobile phase viz. ethanol:CHCl3:toluene:0.5M NH4OAc (6:3:3:0.5 v/v) and saline. 

 

1.9.2. Biological Quality Control Tests 

Biological quality control tests of radiopharmaceuticals are essentially identical 

with non-radioactive pharmaceuticals and these include determination of sterility, toxicity 

and apyrogenicity of the radiolabeled preparations [32-35]. 

The present work involved the in vitro evaluation of the radiolabeled agents in serum and 

in cancer cell lines. In vivo evaluation of the agents was carried out in normal animals or 

animals bearing specific tumors. 

9.2.1. Serum stability and binding studies 

The in-vitro serum binding studies were carried out by incubating radiolabeled 

agents (50 µL) with human serum (450 µL) at 37°C up to 3 h. For determining the serum 
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binding, serum proteins were precipitated by adding equal volume of acetonitrile to it. 

The mixture was subsequently centrifuged at 8000 rpm for 4 min and the supernatants as 

well as pellet were counted separately in a NaI(Tl) counter. Percentage serum binding 

was calculated from the counts observed in the both fractions. Whereas, stability of the 

radiolabeled preparations was studied by incubating the preparation (100 µL) with human 

serum (400 µL) at 37 °C up to 6 h. For determining the serum stability, aliquots (100 µL) 

were withdrawn at regular intervals and the serum proteins were precipitated by adding 

equal volume of acetonitrile to it. The mixtures were subsequently centrifuged and the 

supernatants were analyzed by HPLC. 

1.9.2.2. Biological evaluation in animal models 

In the present work, animal experimentation has been carried out in Swiss mice 

and C57BL/6 mice. The animals were bred and reared in the laboratory animal facility of 

Radiation Biology and Health Sciences Division, BARC under standard management 

practice. Solid tumors were developed in Swiss mice by implantation of ~1×106 

HSDM1C1 murine fibrosarcoma cells whereas melanoma tumors were developed by 

injecting same number of viable cells in C57BL/6 mice subcutaneously on the dorsum of 

each animal. For carrying out imaging studies tumor cells were injected in the right thigh 

of each animal. The tumors were allowed to grow till they were approximately 10 mm in 

diameter after which the animals were used for the experiment. For the biodistribution 

studies, the radioactive preparation (~3.7 MBq per animal in 100 µL volume) was 

administered intravenously through the lateral tail vein. Individual sets of animals were 

utilized for studying the bio-distribution at different time points. At the end of the 
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respective time periods, the animals were sacrificed and the relevant organs were excised 

for measurement of retained activity. The organs were weighed and the activity 

associated with them was measured in a flat-bed type NaI(Tl) counter with suitable 

energy windows for 99mTc, 68Ga, 177Lu and 90Y. The activity retained in each organ/tissue 

was expressed as percentage injected dose per gram (%ID/g). All procedures performed 

were in strict compliance with the national laws governing the conduct of animal 

experiments.  

1.10. Determination of partition coefficient (LogPo/w) of radiolabeled complexes 

 The partition coefficients of the radiolabeled complexes were determined in 

octanol-water system following a reported procedure [36]. An aliquot of the radiolabeled 

porphyrin derivative (100 µL) was thoroughly mixed with saline (900 µL) and octanol (1 

mL) using a vortex mixer and subsequently centrifuged at 3000 rpm for 4 min so as to get 

a clear separation of the two layers. The octanol layer (800 µL) was withdrawn and equal 

volume of fresh saline was added to it. The resulting solution was centrifuged again in the 

same manner mentioned above. Equal aliquots from the two layers (500 µL) were 

withdrawn and radioactivity associated with each layer was determined using NaI (Tl) 

scintillation detector. Partition coefficient (LogPo/w) of the radiolabeled porphyrin 

derivative was calculated from these data. 

1.11. Radioactive counting  

All radioactive countings were performed using a well-type NaI(Tl) scintillation 

counter, obtained from Electronic Corporation of India Limited (India), unless mentioned 

otherwise. The high performance liquid chromatography (HPLC) analyses were 
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performed on a JASCO PU 2080 Plus dual pump HPLC system, Japan, with a JASCO 

2075 Plus tunable absorption detector and a Gina Star radiometric detector system, using 

a C18 reversed phase HiQ Sil column (5 μm, 4 x 250 mm). All the solvents used for 

HPLC were degassed and filtered prior to use and were of HPLC grade. Radioactive 

counting associated with the animal studies were carried out using a flat-type NaI(Tl) 

scintillation counter, procured from Electronics Corporation of India Limited (India). 

1.12. Work carried out in the present thesis 

Chapter 1 of the thesis is the Introduction which intends to provide an overview of 

the area of research and the work carried out. The various tumor-targeting approaches and 

their utilization in designing and preparation of diagnostic and therapeutic radiotracers are 

discussed in this chapter. The general protocols and procedures adopted for carrying out 

quality control studies of the radiolabeled preparations and the biological evaluations in 

animal models have also been described. Four different strategies for targeting the 

radiotracer to the tumor site, which are determined by the choice of the different types of 

carrier molecules, have been demonstrated in the three subsequent chapters (Chapters 2-

4).  
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CHAPTER 2 

PREPARATION OF RADIOLABELED (68Ga, 177Lu AND 90Y) 

PORPHYRIN DERIVATIVES FOR   TARGETING TUMOR 
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2.1. Introduction 

This Chapter is based on the use of porphyrins as the molecular carrier in designing 

agents for use in targeting tumors. The rationale for their selection, possible mechanism 

of tumor localization has been discussed. Preparation of three different porphyrin-based 

radiolabeled agents and their biological evaluations in order to assess their tumor 

targeting potential has been discussed in Section 2.2, 2.3 and 2.4 of this Chapter. 

Porphyrins are tetrapyrrolic macrocyclic aromatic compounds having 18 π-electrons and a 

planar, cyclic structure. Porphine is the example of simplest porphyrin molecule (Fig. 

2.1). Porphyrins are not foreign to the human body and are found in hemoglobin, 

myoglobin, vitamin B12 etc. Porphyrins having a delocalized electron cloud of 18 π-

electrons give rise to strong absorption in visible region (one Soret band at 400-450 nm 

followed by four low intensity Q bands in the range of 500-750 nm) [37,38]. The molar 

extinction coefficient exhibited by porphyrins is very high (~105 mol-1 dm3 cm-1) which 

makes them suitable candidates as photo sensitizers [38]. The tumor localizing potential 

of porphyrin molecules (hematoporphyrin) was first revealed by Policard in 1924 [39]. A 

combination of excellent photosensitizing properties and tumor localizing ability makes 

them good candidates for photodynamic therapy (PDT). In PDT, a photo sensitizer (PS) 

localized at disease site upon irradiation with a light of suitable wavelength goes from 

ground state to the higher singlet energy state (1PS) and subsequently undergoes 

intersystem crossing to yield an excited triplet state (3PS). Now the energy of PS in triplet 

excited state (3PS) can be relieved via two pathways viz. type I and type II. In type I 

energy transfer takes place directly from 3PS to cellular species via electron transfer or 
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hydrogen atom abstraction whereas type II pathway involves direct transfer of energy 

between 3PS and molecular oxygen which subsequently gets excited from ground triplet 

state to excited singlet state. Singlet state oxygen is highly reactive and causes oxidation 

of various cellular molecules and induces cell death via multiple pathways of apoptosis, 

necrosis and/or autophagy. Singlet oxygen has a very short lifespan (<40 ns in biological 

systems) and a limited radius of action (<20 nm). Therefore, the primary site of 

photodynamic damage is highly proximal to the area of its production and is dependent 

upon the subcellular localization of the PS [40]. PDT is more commonly used for treating 

cancers of head and neck [40], bladder [41], prostate [38,41]. Photofrin® is a porphyrin 

derivative which has been approved by FDA (food drug and administration) in 2003 for 

treatment of various kinds of cancers. Porphine is the simplest form of porphyrin 

(Fig.2.1) and can be substituted for preparation of different derivatives. Apart from these, 

there can be extended porphyrins, such as pthalocyanins, dihydroporphyrin (chlorin), 

tetrahydroporphyrin(bacteriochlorins) etc. [37-38,41,42]  
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Fig. 2.1. Structures for simplest porphyrin molecule (I), lipophilic porphyrin (II) 

negatively charged porphyrin (III) and positively charged porphyrin (IV) 

 

A large number of porphyrin derivatives have been prepared and tested for their ability to 

target tumor cells [23,43-46]. The tumor targeting ability of porphyrin derivatives have 

made them attractive candidates for preparation of radiolabeled porphyrins and evaluating 

them in different tumor models [23,43-46] has become a relevant study. However, the 

lipophilicity of porphyrin cores has always been a concern as it leads to uptake in non-

target organs and limits their use as radiolabeled tracers for targeted tumor imaging and 
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therapy. This problem can be circumvented by introducing hydrophilic substituents at the 

peripheral positions in the porphyrin molecule. The lipophilicity issue can also be 

addressed by preparation of charged porphyrins, both cationic as well as anionic. In case 

of charged porphyrins, charge is introduced either by using quarternized amines or 

sulphonic acid containing substituents [47]. The hydrophilicity of synthesized porphyrin 

derivatives is an important feature for their use as radiopharmaceuticals in order to make 

their administration feasible in human body as well as to reduce uptake in non-target 

organs. As far as targeting tumor lesions is concerned, different mechanisms have been 

proposed in the literature for lipophilic porphyrins and charged ones [48,49]. For 

lipophilic porphyrin derivatives, one among the various targeting pathways is the passive 

diffusion which takes the advantage of physiological and morphological differences in 

normal and tumor cells viz. defective cellular lining of neovasculature and poorly 

developed lymphatic drainage [40]. Additionally the relatively acidic intracellular 

microenvironment in solid tumor cells increases the hydrophobicity of macromolecules 

(porphyrins) with –COOH group thereby enhancing their retention in the tumor cells [40]. 

In case of charged porphyrins (cationic) the mechanisms of tumor cell penetration involve 

either receptor-mediated cell internalization and/or electrostatic interactions between 

positive charges present on peripheral substituents in porphyrin derivatives and negative 

charges present on cell membrane. The most important feature of cationic porphyrins is 

their ability to bind with cell DNA (deoxyribonucleic acid) which makes them suitable 

candidates for targeting tumor cells [40,47,49]. 
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In this chapter three types of porphyrins are chosen for carrying out radiolabeleing with 

three radioisotopes viz., 68Ga, 177Lu and 90Y. The studies are detailed under Sections 2.2, 

2.3 and 2.4.  

2.2. Preparation and preliminary bio-evaluation of 177Lu/90Y-labeled-p-NCS-benzyl-

DOTA coupled 5-(p-aminopropyleneoxyphenyl)-10,15,20-tris-(p-

carboxymethyleneoxyphenyl)porphyrin 

Radiotherapy of tumors employing open sources of radiotherapeutic agents which 

are systemically administered in the body is a fast emerging area in the field of nuclear 

medicine [50-54]. The success of therapy via systemic administration largely depends on 

the choice of appropriate carrier moiety having good target to non-target ratio and 

suitable pharmacokinetic properties that could result in good in-vivo tumor localization 

and fast clearance from non-target tissue/organs [55-56]. In this direction, a variety of 

structurally different substrates both synthetically obtained as well as naturally occurring 

ones which exhibit tumor-specificity have been used as molecular vectors for tagging 

with a wide variety of radioisotopes. In this respect, porphyrin and its derivatives have 

received considerable attention as carrier moieties as they are known to exhibit inherent 

affinity for localization in tumors [57-60]. Therefore, considerable effort has been 

devoted for developing suitable porphyrin derivatives and standardizing labeling protocol 

with therapeutic radionuclides in order to obtain potential agents for targeted tumor 

therapy [29,43,44,61-64]. 

The macrocyclic tetrapyrrolic ring of the porphyrin moiety is lipophilic which leads to 

their non-selective accumulation. Therefore, careful selection of the peripheral 
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substituents could improve the selective tumor targeting ability of the porphyrins. It is 

noteworthy to mention that an optimum balance of lipophilicity, which governs the 

uptake and retention in the tumor with hydrophilicity that controls the clearance of the 

activity from the non-target organs are essential in order to have an ideal porphyrin based 

tumor targeting agent [29,43,44]. The substituents at the peripheral position of the 

porphyrin ring dramatically change its physical, chemical and biological properties [65-

71]. In this respect, the use of unsymmetrical porphyrins where one peripheral substituent 

can be utilized to couple with the desired BFCA while the remaining three are left free to 

manoeuvre the balance between lipophilicity and hydrophilicity is expected to provide the 

better target-specificity. Working in this direction, an unsymmetrical poprphyrin 

derivative, namely 5-(p-aminopropyleneoxyphenyl)-10,15,20-tri(p-

carboxymethyleneoxyphenyl)porphyrin was synthesized as a carrier moiety for 

developing an agent for targeted tumor therapy. The presence of three 4-

(carboxymethyleneoxy)phenyl substituents at peripheral positions are expected to 

enhance the hydrophilicity while the availability of a suitable substituent (amino group) at 

fourth position will facilitate its coupling with the BFCA to render the moiety suitable for 

radiolabeling. The amino group can be coupled with a variety of BFCAs. In the present 

case p-NCS-benzyl-DOTA (p-isothiocyanatobenzyl-1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid) was the BFCA of choice owing to its ability to form complexes 

with radio lanthanides having high thermodynamic stability and superior kinetic inertness 

[30,51]. Lutetium-177 and 90Y were the radiolanthanides of choice as nuclear decay 

characteristics of both provide distinct advantages in terms of radiotherapy of tumor 
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lesions (nuclear decay characteristics of 90Y and 177Lu are discussed in Sections 1.6.3 and 

1.6.4 of Chapter 1 respectively). The soft beta emission by 177Lu (Eβmax = 0.497 keV) is 

suitable for treating metastatic and small sized lesions. In case of 90Y the hard beta 

emission (Eβmax = 2.28 MeV) helps in the treatment of large volume of tumors where beta 

cross-fire effect (beta cross fire effect is due to long path length of beta particle that 

crosses multiple individual cells) helps to target even those tumor cells in tumor lesion 

where radiolabeled agent has not been able to localize [52,72-74].  

2.2.1. Experimental 

2.2.1.1. Materials and methods 

4-hydroxybenzaldehyde, ethylbromoacetate, di-t-butyldicarbonate, trifluoroacetic acid, 

bromopropylamine and pyrrole used for the synthesis of the porphyrin derivative were 

purchased from Aldrich Chemical Company, USA. Propionic acid, triethylamine and 

nitrobenzene were obtained from S.D. Fine Chemicals, India. p-NCS-benzyl-DOTA was 

procured from Macrocyclics, USA. Pyrrole and triethylamine were freshly distilled before 

use. All other chemicals and solvents used for the present study were of AR grade and 

were purchased from reputed local manufacturers. Column chromatography and 

analytical thin-layer chromatography (TLC) were performed using silica gel (60-120 

mesh size) and silica gel plates (silica gel 60 F254), respectively, both of which were 

purchased from Merck (India). Other techniques and methods used in present chapter 

have been discussed in Section 1.9.1 of Chapter 1. 

2.2.1.2. Production of 177Lu 
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177Lu was produced by irradiating enriched Lu2O3 (82% in 176Lu) target at a 

thermal neutron flux of 1×1014 n.cm-2.s-1 for a period of 21 d at the ‘DHRUVA’ reactor of 

BARC (Bhabha Atomic Research Centre). In a typical batch, 200 µg of Lu2O3 was 

irradiated in the form of a thin film coated in a quartz boat. Following irradiation, the 

target was cooled for 24 h to eliminate the possibility of the presence of 176mLu (T1/2 = 3.7 

h) in processed 177LuCl3 as radionuclidic impurity. The target was subsequently dissolved 

in 1 M HCl by gentle warming inside a lead-shielded plant. The resultant solution was 

evaporated to near-dryness and reconstituted in double distilled water. The last step 

involving the evaporation and reconstitution is repeated twice. Radioactivity assay as well 

as the radionuclidic purity of the processed 177Lu was determined following the reported 

procedure [73]. 

2.2.1.3. Source of 90Y 

Yttrium-90 used for the present study was obtained from an electrochemical 90Sr-

90Y generator, developed in-house [27]. In brief, a 2M HNO3 solution containing 90Sr in 

equilibrium with 90Y is used as an electrolyte and 90Y with high radiochemical purity was 

obtained by a two-step electrolysis process. The first electrolysis was performed for 90 

min in 90Sr(NO3)2 feed solution at pH 2-3 at a potential of -2.5 V with 100-200 mA 

current using platinum electrodes. The platinum cathode on which 90Y was deposited 

during the first cycle of electrolysis was removed and used as an anode in the second step 

along with a fresh circular platinum electrode as cathode. The second electrolysis step 

was performed for 45 min in 3 mM HNO3 at a potential of -2.5 V with 100 mA current. 

The 90Y deposited on the circular cathode after the second electrolysis was dissolved in 
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hydrochloric acid to obtain 90YCl3, which was subsequently used for the all the studies. 

Yttrium-90 obtained by this method had high radionuclidic purity ((817±411 nCi) of 90Sr 

per Ci of 90Y) which was ascertained by extraction paper chromatography (EC). EC is a 

kind of paper chromatography where an extractant or chelate (2-ethyl hexyl-2-ethyl hexyl 

phosphonic acid in this case is impregnated at the point of spot. 90Sr remains at the point 

of spot while 90Y forma complex with chelate and moves with the solvent front. Yttrium-

90 obtaned with this level of radionuclidic purity is suitable for therapeutic applications in 

nuclear medicine. 

2.2.1.4. Synthesis  

Synthesis of 5-(p-aminopropyleneoxyphenyl)-10,15,20-tris-(p-

carboxymethyleneoxyphenyl)porphyrin (2e) 

 Synthesis of the porphyrin derivative, namely 5-(p-aminopropyleneoxyphenyl)-

10,15,20-tris-(p-carboxymethyleneoxyphenyl)porphyrin was achieved by a multi-step 

procedure described below: 

4-carboethoxymethyleneoxybenzaldehyde (2a) 

4-carboethoxymethyleneoxybenzaldehyde (2a) was synthesized by the addition of 

ethylbromoacetate (8 g, 48 mmol) in a drop-wise manner to a refluxing solution of 4-

hydroxybenzadehyde (4.8 g, 40 mmol) and anhydrous K2CO3 (6.9 g, 50 mmol) in dry 

acetone (20 mL). The reaction was continued for 8 h and the progress of the reaction was 

monitored by TLC using chloroform as the developing solvent. After completion of the 

reaction, solvent was evaporated and the residue was taken in chloroform, which was 

subsequently washed with brine, dried with anhydrous Na2SO4 and evaporated to give the 
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crude product. The crude product was purified by silica gel column chromatography 

using chloroform as eluting solvent whereby pure 4-

carboethoxymethyleneoxybenzaldehyde was obtained as a colorless viscous liquid (5.7 g, 

yield 70%). 

FT-IR (ν.cm-1): 1740 (>C=O) 

1H-NMR (CHCl3, δ ppm): 1.24 (t, 3H, J = 7.8 Hz, -COOCH2CH3), 4.20 (q, 2H, -

COOCH2CH3), 4.75 (s, 2H, -OCH2), 6.97 (d, 2H, J = 7.2 Hz, ArH), 7.85 (d, 2H, J = 7.1 

Hz, ArH), 9.90 (s, 1H, >CHO). 

ESI-MS (m/z): (calc.) C11H12O4 208.21; (obs.) (M+1) 209.15   

5,10,15-tri(p-carboethoxymethyleneoxyphenyl)-20-(p-hydroxyphenyl)porphyrin (2b) 

To the refluxing mixture of 4-carboethoxymethyleneoxybenzaldehyde (I) (3 g, 

14.4 mmol), 4-hydroxybenzadehyde (0.59 g, 4.8 mmol), propionic acid (25 mL) and 

nitrobenzene (8 mL), pyrrole (1.30 g, 19.2 mmol) was added in a drop-wise manner [75]. 

The refluxing was continued for an additional hour and the resultant reaction mixture was 

allowed to cool overnight at 4°C. Subsequently nitrobenzene and propionic acid were 

removed from the reaction mixture by distillation under reduced pressure which gave the 

crude product. The crude product was purified by silica gel column chromatography 

using 0.2% ethyl acetate in benzene as -eluting solvent whereby 182 mg of pure 5,10,15-

tri(p-carboethoxymethyleneoxyphenyl)-20-(p-hydroxyphenyl)porphyrin was obtained 

(yield 4%). 

FT-IR (KBr, ν cm−1): 3210-3080 (-OH), 1740 (>C=O) 
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1H-NMR (CDCl3, δ ppm): -2.89 (s, 2H, >NH), 1.28 (t, 9H, J = 7.4 Hz, -COOCH2CH3), 

4.26 (q, 6H, -COOCH2CH3), 4.78 (s, 6H, -OCH2-), 7.12-7.25 (m, 8H, ArH), 8.12-8.19 

(m, 8H, ArH), 8.95 (8H, s, pyrrole) 

ESI-MS (m/z): (calc.) C56H48O10N4 936.34; (obs.) (M+1) 937.25 

5-(p-aminopropyleneoxyphenyl)-10,15,20-tris-(p-carboethoxymethyleneoxy 

phenyl)porphyrin (2d) 

The synthesis of compound (2d) from compound (2b) was carried out via the 

intermediate compound (2c). To a solution of 5,10,15-tri(p-

carboethoxymethyleneoxyphenyl)-20-(p-hydroxyphenyl)porphyrin (2b) (131 mg, 0.14 

mmol), was added N-Boc-3-bromopropylamine (33 mg, 0.14 mmol) [76] under refluxing 

condition for 8 h in presence of anhydrous K2CO3 (39 mg, 0.28 mmol) using dry acetone 

as solvent. The progress of the reaction was monitored by TLC using 0.1% of methanol in 

chloroform as eluting solvent. After completion of the reaction, solvent was evaporated 

and the residue was dissolved in chloroform. The chloroform layer was washed with 

brine, dried over anhydrous Na2SO4, filtered and subsequently evaporated in a rotary 

evaporator. The crude product (2c) thus obtained was purified by silica gel column 

chromatography using 0.05% methanol in chloroform as eluting solvent. The Boc-

deprotection of the intermediate (2c), thus obtained, was carried out by stirring a mixture 

of (2c) with trifluoroacetic acid (1 mL) in dry dichloromethane (5 mL) for a period of 3 h 

at room temperature. The reaction was subsequently quenched by the addition of 

saturated aqueous NaHCO3 (10 mL) solution. The organic layer was separated, dried and 
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concentrated under vacuum whereby 90 mg of the intermediate porphyrin (2d) (overall 

yield 65 %) was obtained 

FT-IR (KBr, ν.cm-1): 3310 (-NH2), 1740 (>C=O), 1650(-NH bending) 

1H-NMR (CDCl3, δ ppm): -2.89 (s, 2H, >NH), 1.28 (t, 9H, J = 7.4 Hz, -COOCH2CH3), 

2.10 (m, 2H, -OCH2CH2CH2-), 2.85 (t, 2H, J = 7.8 Hz, -OCH2CH2CH2-), 3.95 (t, 2H, J = 

7.4 Hz, -OCH2CH2CH2-), 4.28 (q, 6H, -COOCH2CH3), 4.80 (s, 6H, -OCH2-), 7.18-7.30 

(m, 8H, ArH), 8.02-8.10(m, 8H, ArH), 8.90 (m, 8H, pyrrole) 

ESI-MS (m/z): (calc.) C59H55O10N5 994.10; (obs.) (M+Na) 1017.25 

5-(p-aminopropyleneoxyphenyl)-10,15,20-tri(p-carboxymethyleneoxyphenyl) porphyrin 

(2e) 

To the solution of porphyrin (2e) (90 mg, 0.09 mmol) in tetrahydrofuran (20 mL), 

10 mL of 2N KOH solution was added and the solution was stirred at room temperature 

for 96 h. After completion of the reaction, solvent was evaporated whereby the crude 

product obtained was subsequently purified by column chromatography using 5% 

methanol in dichloromethane as the eluting solvent. This resulted in ~53 mg of pure 5-(p-

aminopropyleneoxyphenyl)-10,15,20-tri(p-carboxymethyleneoxyphenyl)porphyrin (2e) 

(yield 65%). 

FT-IR (KBr, ν cm−1): 3250-3085 (-OH, NH2), 1730 (>C=O), 1650 (-NH bending) 

1H-NMR (CDCl3, δ ppm): -2.89 (s, 2H, >NH), 2.15 (m, 2H, -OCH2CH2CH2-), 2.98 (t 

,2H, J = 7.7 Hz, -OCH2CH2CH2-), 4.10 (t, 2H, J = 7.4 Hz, -OCH2CH2CH2-), 4.79 (s, 6H, 

-OCH2COOH), 7.09-7.20 (m, 8H, ArH), 8.08-8.15 (m, 8H, ArH), 8.95 (s, 8H, pyrrole) 

ESI-MS (m/z): (calc.) C56H48O10N4 909.30, (obs.) (M+K) 948.65 
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Synthesis of porphyrin-p-NCS-benzyl-DOTA conjugate (2f) 

To the solution of porphyrin (2e) (11 mg, 12 µmol) in acetonitrile (5 mL) an 

aqueous solution of p-NCS-benzyl-DOTA (8 mg, 12 µmol) was added and the reaction 

mixture was stirred at room temperature for 48 h after adjusting the pH to 9 using 2 N 

KOH solution. The pH was maintained at 9 throughout the reaction. The progress of the 

reaction was monitored by TLC using 5% ammonium hydroxide in methanol as mobile 

phase. The crude product thus obtained was purified by preparative TLC using 3% 

ammonium hydroxide in methanol as mobile phase whereby 14 mg of pure porphyrin-p-

NCS-benzyl-DOTA (2f) conjugate was obtained (yield ~80%). 

The conjugate was characterized by FT-IR and 1H-NMR spectroscopy and these 

data are presented below: 

FT-IR (KBr, ν cm−1): 3210-3080 (-OH, NH2), 1725 (>C=O), 1650 (-NH bending) 

1H-NMR (D2O, δ ppm): -2.80 (s, 2H, >NH), 2.20 (m, 2H, -OCH2CH2CH2), 2.72-2.74 

(brs, 15H,NCH2CH2N), 2.96 (d, 2H, J = 6.7 Hz, NCHCH2-C6H4-), 3.50 (s, 8H, -

NCH2COOH), 3.69 (t, 2H, J = 7.5 Hz, -OCH2CH2CH2-), 4.25 (t, 2H, J = 7.6 Hz, -

OCH2CH2CH2-), 4.80 (s, 6H, -OCH2COOH), 7.10-7.35 (m, 12H, ArH), 8.10-8.15 (m, 

8H, ArH), 8.90 (s, 8H, pyrrole) 

ESI-MS (m/z): (calc.) C77H76O18N10S 1460.51; (obs.) (M+K) 1499.45 

2.2.1.5. Radiolabeling of compound 2f with 177Lu and 90Y 

A stock solution of porphyrin-p-NCS-benzyl-DOTA conjugate (2f) was prepared 

by dissolving the conjugate in 0.1 M ammonium acetate buffer (pH=5) with a 

concentration of 5 mg/mL. Lutetium-177 labeling of the conjugate was achieved by 
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incubating a mixture of 20 µL of the stock solution (containing 100 µg conjugate) with 20 

µL of 177LuCl3/
90Y activity in presence of 210 µL of 0.1 M ammonium acetate buffer 

(pH=5). Reaction was carried out for a period of 1 h at 60-70°C. Various reaction 

parameters, such as, amount of conjugate, incubation period and temperature was varied 

in order to achieve maximum complexation yields. 

2.2.1.6. Quality control studies 

177Lu/90Y-labeled porphyrin-p-NCS-benzyl-DOTA conjugate was characterized 

by employing PC (paper chromatography) as well as HPLC. PC was performed using 

acetonitrile:water (1:1, v/v) as the eluting solvent. For HPLC studies, 20 μL of the 

radiolabeled conjugate was injected into the reversed phase HPLC column and the elution 

profile was monitored by tracking the radioactive peak in the chromatogram. The gradient 

system consisting of eluting solvents water (solvent A) and acetonitrile (solvent B) with 

0.1% trifluoroacetic acid was used (0-4 min 5% B, 4-6 min 5% B to 20% B, 6-9 min 20% 

B to 60% B, 9-12 min 60% B, 12-18 min 60% B to 95% B, 18-20 min 95% B to 5% B) 

and the flow rate was maintained at 1 mL/min. 

2.2.1.7. Stability studies 

 The stability of the 177Lu/90Y-labeled porphyrin-p-NCS-benzyl-DOTA was 

ascertained by storing the radiolabeled conjugate at room temperature and estimating the 

radiochemical purity over a period of time following the standard quality control 

procedures mentioned above. 

2.2.1.8. Biodistribution studies 
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Tumor targeting affinity of 177Lu and 90Y-labeled porphyrin-p-NCS-benzyl-

DOTA conjugates was evaluated in fibrosarcoma tumor bearing Swiss mice. 

Biodistribution experiments were executed by following the procedural details mentioned 

in Section 1.9.2.2 of Chapter 1. Different study points were chosen for carrying out 

biodistribution studies for 177Lu and 90Y-labeled complexes. For 177Lu-labeled complex 

(2g) the post injection (p.i.) time points chosen were 30 min, 1 d and 2d while for 90Y-

labeled complex (2i) 30 min, 3 h, 1 d, 2 d and 4 d were the time points at which bio-

distribution studies were carried out. 5 animals were utilized at each time point. 

2.2.1.9. Scintigraphy studies 

Lutetium-177 has low energy and low abundance gamma emission (208 keV(13%) and 

113 keV(11%) suitable for detection by gamma camera. This imparts theranostic potential 

to 177Lu whereby diagnosis and therapy using the same radionuclide can be carried out. 

The concept of theranostics unifies diagnosis and therapy providing a basis for 

individualized patient treatment [77]. Since 90Y is pure beta emitter, imaging was not 

possible with 90Y-labeled porphyrin-p-NCS-benzyl-DOTA conjugate. The accumulation 

and retention pattern of 177Lu-labeled porphyrin-p-NCS-benzyl-DOTA conjugate in 

tumor were studied by recording serial scintigraphic images in Swiss mice (age 6-8 

weeks, body weight 20-25 g) bearing fibrosarcoma tumors. The animals were injected 

with ~200 µL of the radiolabeled preparation (200 µCi, 7.4 MBq) through the tail vein 

and serial scintigraphic images were recorded at 16 h, 48 h and 72 h p.i. using a LEHR 

collimator. Prior to the acquisition of images, the animals were anesthetized by 
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administering a combination of xylazine hydrochloride and ketamine hydrochloride. All 

the images were recorded by acquiring 500 K counts using 256×256 matrix size. 

2.2.2. Results and discussion 

2.2.2.1. Production of 177Lu 

148-185 GBq (4-5 Ci) of 177Lu was produced corresponding to specific activity of 

840-1051 MBq/µg (22.7-28.4 mCi/µg) in each batch by irradiation of 200 µg of enriched 

Lu2O3 (82% enriched in 176Lu) target at a thermal neutron flux of 1×1014 n.cm-2.s-1 for 21 

d. Radionuclidic purity of 177Lu produced was found to be 7.4 kBq (0.20 µCi) of 177mLu 

per 37 MBq (1 mCi) of 177Lu at the end-of-bombardment. This corresponds to 0.02% of 

the total activity produced, thereby indicating the radionuclidic purity of 177Lu to be 

99.98%. No other radio-metallic impurities were observed.  

2.2.2.2. Production of 90Y 

Yttrium-90 was obtained from an electrochemical 90Sr-90Y generator, developed 

in-house. Y-90 was separated from 90Sr once in a week and in every batch ~100 mCi (3.7 

GBq) of 90Y was produced [27]. The ‘no carrier added’ grade 90Y was obtained in high 

radiochemical yield (>90%) and with good radionuclidic purity as presence of only 

30.23±15.21 kBq (817±411 nCi) of 90Sr per 1 Ci (37 GBq) of 90Y is detected in the eluted 

90Y [45]. 

2.2.2.3. Synthesis of 5-(p-aminopropyleneoxyphenyl)-10,15,20-tri(p-

carboxymethyleneoxyphenyl)porphyrin and porphyrin-p-NCS-benzyl-DOTA 

conjugate 
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 5-(p-aminopropyloxyphenyl)-10,15,20-tri(p-carboxymethyleneoxyphenyl) 

porphyrin (2e) was synthesized by a multi-step process (Fig. 2.2). In the first step, 4-

hydroxybenzaldehyde was reacted with ethylbromoacetate in dry acetone using 

anhydrous potassium carbonate as base to yield 4-

carboethoxymethyleneoxybenzaldehyde (2a). Synthesis of 5-(4-hydroxyphenyl)-

10,15,20-tri(carboethoxymethyleneoxyphenyl)porphyrin (2b) was carried out by reacting 

4-carboethoxymethyleneoxybenzaldehyde (2a), 4-hydroxybenzaldehyde and pyrrole in 

presence of nitrobenzene and propionic acid (Fig. 2.2). The synthetic procedure in the 

above step involved rigorous optimization of the stoichiometric ratio of the reactants to 

arrive at the maximum yield of the desired product. Completion of the reaction was 

monitored using TLC (2% ethyl acetate in benzene) and the reaction mixture was purified 

using column chromatography in a repetitive manner. The formation of porphyrin ring 

was confirmed by UV-Vis spectrum which shows the presence of four weak bands in the 

region of 500-650 nm (Q bands) and a high intensity band at 410 nm (Soret band), both 

being characteristics of the formation of the porphyrin moiety. Moreover, 1H-NMR 

spectrum shows a two proton singlet at high field (δ = -2.89 ppm), which provides 

confirmatory evidence in favor of the formation of porphyrin ring. The porphyrin 

derivative (2a) thus obtained was further modified by reaction with N-Boc-3-

bromopropylamine, which, in turn, was prepared by the reaction of 3-

bromopropylaminehydrobromide with di-t-butyldicarbonate (Fig. 2.2). Subsequently, the 

de-protection of Boc-protected porphyrin derivative (2c) was carried out using 

trifluoroacetic acid in dry dichloromethane to yield the porphyrin having –NH2 functional 
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group for coupling with p-NCS-benzyl-DOTA. The alkaline hydrolysis of three ester 

groups present in porphyrin derivative (2d) was achieved in a near-quantitative yield 

using 2N potassium hydroxide in tetrahydrofuran as solvent (Fig. 2.2). The hydrolysis of 

the ester group was confirmed by the IR band at 1670 cm-1 (C=O stretching) in place of 

1735 cm-1, present in the ester precursor, along with a broad peak at 3000 cm-1 (O-H 

stretching) in FT-IR spectrum. The coupling between the porphyrin derivative (2e) and p-

NCS-benzyl-DOTA was achieved through a reaction in presence of 2N potassium 

hydroxide in acetonitrile (Fig. 2.2). All the intermediates formed during the synthesis of 

the porphyrin derivative and the final product were characterized by employing standard 

spectroscopic techniques such as, FT-IR and 1H-NMR spectroscopy. 
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Fig. 2.2. Scheme for synthesis of porphyrin-p-NCS-benzyl-DOTA conjugate  

2.2.2.4. Radiolabeling of porphyrin-p-NCS-benzyl-DOTA conjugate with 177Lu 

Different reaction parameters such as, amount of conjugate, incubation time and 

temperature were varied in order to obtain maximum yield of 177Lu-labeled porphyrin-p-

NCS-benzyl-DOTA conjugate. It was observed that 95% complexation yield could be 

achieved when 100 µg of the conjugate (2f) was incubated with 177Lu at pH ~5 for a 

period of 1 h at 60-70°C whereas ~85% complexation yield was obtained corresponding 

to 90Y-labeled porphyrin-p-NCS-benzyl-DOTA conjugate when radiolabeled under 

identical conditions. The 90Y-labeled porphyrin-BFCA conjugate was further purified by 

using C-18 Sep-pak® cartridge. Radiochemical purity of the purified complex was 

determined by HPLC studies and found to be ~ 99% (Fig. 2.3). 

Characterization of the 177Lu/90Y-labeled porphyrin-p-NCS-benzyl-DOTA 

conjugate and determination of their radiochemical purity was carried out by PC and 

HPLC studies. In PC carried out using acetonitrile:water (1:1, v/v) as the eluting solvent, 
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it was observed that radiolabeled conjugates move towards the solvent front (Rf  = 0.8-

0.9) while uncomplexed 177Lu/90Y remained at the point of spotting (Rf = 0.0) under 

identical conditions. In HPLC, the radiolabeled conjugates eluted as single species with a 

retention time of 160.1 min while the uncomplexed 177Lu/90Y eluted out within 30.1 

min. Typical HPLC patterns of 177Lu/90Y-labeled porphyrin-p-NCS-benzyl-DOTA 

conjugates as well as those of free 177Lu and 90Y are shown in Fig. 2.3. 
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Fig.2.3. Typical HPLC profiles of (a) 177LuCl3 (b) 177Lu-labeled porphyrin-p-NCS-

benzyl-DOTA complex (c) 90YCl3 (d) 90Y-labeled porphyrin-p-NCS-benzyl-DOTA 

complex without purification (e) 90Y-labeled porphyrin-p-NCS-benzyl-DOTA complex 

after purification 

2.2.2.5. In-vitro stability studies 

In-vitro stability of the 177Lu/90Y-labeled porphyrin-p-NCS-benzyl-DOTA 

complexes was studied by incubating them at room temperature and analyzing their 

radiochemical purities using the quality control method described above for different time 

intervals. The complex was found to retain its radiochemical purity to 90% till 3 d post-

preparation, upto which the study was continued. 

2.2.2.6. Biodistribution studies 

Bio-evaluation of 177Lu-labeled p-NCS-benzyl-DOTA-porphyrin conjugate was 

carried out in Swiss mice bearing fibrosarcoma tumors. The results of the biodistribution 

studies (Table 2.1) revealed significant tumor uptake within 30 min p.i. (5.33±1.11 

%IA/g). It was observed that the radiolabeled agent showed gradual clearance from all the 

non-target organs except kidneys and skeleton with the progress of time. Tumor uptake 

was also observed to decrease gradually with time. An increase in the skeletal uptake of 

the tracer was observed with time. It is noteworthy to mention that tumor to blood ratio 

was observed to increase from (0.60±0.21) at 30 min p.i. to (13.56±0.22) at 48 h p.i. 

while muscle uptake remained almost constant, however, the tumor to muscle ratio 

decreased from (5.67±0.44) to (2.22±0.12) respectively, between the same time points. 
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The radiolabeled conjugate exhibited predominant urinary excretion, as ~70% of the 

injected activity was observed to be cleared via renal pathway within 24 h p.i. 

The uptake of 90Y-labeled porphyrin-BFCA conjugate in the tumor and different 

organs/tissue of Swiss mice bearing fibrosarcoma tumors at different post-injection times 

is shown in Table 2.2. The results of the biodistribution studies revealed significant 

tumor uptake within 30 minutes p.i. (3.46±0.41 %IA/g). Accumulation of activity is also 

observed in various organs/tissue, such as blood (3.70±0.37 %IA/g), liver (3.89±1.01 

%IA/g), GIT (2.71±0.86 %IA/g), kidneys (6.87±1.95 %IA/g), and lungs (3.68±1.17 

%IA/g) at this time point. However, the uptake in the non-target organs was observed to 

reduce considerably with the progress of time. Tumor uptake was also observed to reduce 

with time and found to be 0.14±0.12 %IA/g at 4 days p.i. However, due to the clearance 

of activity from muscle and blood, tumor/blood and tumor/muscle ratios increased 

considerably with time. The non-accumulated activity exhibited major clearance through 

renal pathway owing to the hydrophilicity of the radiolabeled complex. 
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Table 2.1. Biodistribution pattern of 177Lu-labeled porphyrin-p-NCS-benzyl-DOTA 

conjugate in Swiss mice (n=5) bearing fibrosarcoma tumors 

Organ/Tissue % Injected activity in per g of organ (% IA/g) 

       30 min     24 h 48 h 

Blood 8.90±0.27 0.31±0.02 0.18±0.02 

Liver 6.61±0.15 3.44±0.03 4.18±0.03 

Intestine 2.77±0.28 1.11±0.43 0.58±0.09 

Kidneys 6.24±0.65 7.41±0.27 7.58±0.58 

Stomach 2.65±0.03 0.32±0.08 0.61±0.03 

Heart 4.05±0.05 0.34±0.01 0.27±0.58 

Lungs 7.82±0.39 0.35±0.03 1.05±0.03 

Bone 3.78±0.47 9.53±0.11 8.59±0.03 

Muscle 0.94±0.10 0.40±0.03 1.10±0.61 

Spleen 3.26±0.12 1.95±0.09 1.63±0.08 

Tumor 5.33±1.11 4.48±0.02 2.44±0.02 

Excretiona 47.59±0.61 69.41±0.44 71.72±0.82 

% Excretion has been indirectly calculated by subtracting the activity accounted 
for in all the organs from total injected activity 
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Table 2.2. Biodistribution pattern of 90Y-labeled porphyrin-p-NCS-benzyl-DOTA 

complex in Swiss mice (n=5) bearing fibrosarcoma tumor 

Organ / Tissue 
% Injected activity per gram (% IA/g) of organ / tissue 

30 min 3 h 1 d 2 d 4 d 

Blood 3.70 ±0.37 0.21±0.10 0.17±0.12 0.12±0.05 0.00±0.00 

Liver 3.89 ±1.01 2.46±0.24 0.97±0.39 0.51±0.31 0.34±0.15 

GIT 2.71±0.86 1.10±0.16 0.60±0.11 0.36 ±0.20 0.05±0.02 

Kidney 6.87±1.95 5.02±0.75 2.80±1.01 1.75±0.89 0.94±0.61 

Stomach 1.60±0.25 0.52±0.16 0.34±0.05 0.22±0.10 0.15±0.02 

Heart 1.58±0.25 0.46±0.26 0.25±0.01 0.10±0.01 0.00±0.00 

Lungs 3.68±1.17 1.95±0.76 1.02±0.32 0.95±0.11 0.00±0.00 

Skeleton 0.89±0.03 0.75 ±0.03 0.67±0.04 0.45±0.07 0.00±0.00 

Muscle 0.29±0.11 0.09±0.10 0.01±0.08 0.01±0.05 0.00±0.00 

Spleen 1.82 ±0.33 1.80±0.43 0.80±0.40 0.55±0.19 0.27±0.11 

Tumor 3.46 ±0.41 1.63±0.21 1.50±0.04 1.02±0.10 0.14±0.12 

Excretion# 69.51±1.66 83.98±0.75 90.73±1.02 93.87±1.25 97.78±0.83 

Tumor/Muscle 10.85±0.87 17.10±1.02 150±0.75 102±0.95 Very high 

Tumor/Blood 0.90±0.54 7.46±0.43 8.80±0.76 8.48±0.10 Very high 

 

#%Excretion has been indirectly calculated by subtracting the activity accounted for all 
the organs from total injected activity. 
 
2.2.2.7. Scintigraphy studies 

The whole-body scintigraphic images of the Swiss mice bearing fibrosarcoma 

tumors recorded at 16 h, 48 h and 72 h post-administration of 177Lu labeled p-NCS-

benzyl-DOTA-porphyrin conjugate are shown in Fig. 2.4. The images provide 
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documentary evidence of accumulation of the radiolabeled conjugate in tumors of the 

animals. 

 

Fig. 2.4. Whole-body scintigraphic images of the Swiss mice bearing fibrosarcoma 

tumors (in right thigh) injected with 7.4 MBq (200 µCi) of 177Lu-labeled porphyrin-p-

NCS-benzyl-DOTA conjugate, recorded at (a) 16 h (b) 48 h and (c) 72 h post-

administration. 

2.2.3. Conclusions 

The present work describes the synthesis of a water soluble unsymmetrical 

porphyrin conjugate with a macrocyclic bi-functional chelating agent namely p-NCS-

benzyl-DOTA and its radiolabeling with 177Lu and 90Y. The porphyrin-DOTA conjugate 

was radiolabeled with 177Lu/90Y with high radiochemical purity. Biodistribution studies of 

16 h p.i. 48 h p.i. 72 h p.i. 

(a) (b) (c) 

Tumor Tumor Tumor 
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the radiolabeled conjugates were carried out in Swiss mice bearing fibrosarcoma tumor 

where radiolabeled conjugate exhibited good uptake in tumor and retention therein with 

significant tumor to muscle ratio. The non-accumulated activity showed clearance 

through renal pathway. Scintigraphic studies carried out with 177Lu labeled p-NCS-

benzyl-DOTA-porphyrin complex also provided evidence in favor of significant 

accumulation and retention in the tumor. The observed uptake in skeleton could be 

attributed to presence of ~5% free 177Lu in the radiolabeled preparation which was used 

for carrying out the biodistribution studies while no or minimal skeletal accumulation was 

observed in case of 90Y-labeled p-NCS-benzyl-DOTA-porphyrin complex as 

radiochemical purity of radiolabeled preparation used for carrying out biodistribution 

studies was ~99%. 

 

2.3. Radiosynthesis and bioevaluation of 68Ga-labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin for possible application as a PET radiotracer for tumor 

imaging 

Cationic porphyrins have the favorable features of being less lipophilic and 

readily soluble in water [79-82]. Additionally certain cationic porphyrins are known to be 

DNA intercalators [49 and 83-86]. Radiolabeling of such cationic porphyrins with 

suitable diagnostic or therapeutic radioisotopes could therefore result in agents with 

possible potential in tumor diagnosis as well as in targeted radiotherapy. Earlier efforts in 

this direction have demonstrated high uptake of the radiolabeled porphyrins in the tumor, 

albeit, with uptake in non-target organs [29,43,44,45]. In order to circumvent this 
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problem, as well as to ensure delivery of the radiation specifically to o the tumor DNA, a 

cationic porphyrin viz. 5,10,15,20-tetra(4-methylpyridyl)porphyrin was synthesized. It 

has been shown that 5,10,15,20-tetra(4-methylpyridyl)porphyrin binds to DNA with high 

affinity (106-107 M-1) [86]. This porphyrin is water soluble as well as less lipophilic in 

nature and its intercalative property within double-stranded DNA has been well 

established [49]. The ability of metalled cationic porphyrins to bind with DNA base-pairs 

was envisaged as a strategy for designing the radiotracer for targeting the DNA of tumor 

lesions.  

The tumor localization takes place via an initial receptor-mediated cell 

internalization followed by binding to DNA [85]. Moreover, Aveizer et al [49] have 

reported the specificity of 5,10,15,20-tetra(4-methylpyridyl)porphyrin towards binding 

with fibroblast growth factor and vascular endothelial growth factor receptors. All these 

factors provided the necessary impetus for the present study wherein this water soluble 

cationic porphyrin has been radiolabeled with a positron emitting radioisotope viz, 68Ga. 

Gallium-68  is a PET isotope (T1/2= 68 min) and offers distinctive advantages over that of 

the more widely used 18F, for diagnostic purposes. The major advantage of 68Ga is the 

possibility of sourcing it in carrier-free form from a 68Ge-68Ga generator which can be 

procured in hospital radiopharmacy units unlike that of other PET isotopes which require 

an on-site cyclotron for production [53-56]. Additionally, the long shelf-life of 68Ge-68Ga 

generator, along with the possibility of more than one elutions per day, are the desirable 

features in envisaging 68Ga-based radiopharmaceuticals for use in nuclear medicine [20-

23]. 
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The work presented here involves the synthesis of the symmetrical meso-

substituted tetracationic porphyrin namely, 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

by following a standard two-step procedure. The porphyrin thus synthesized was 

radiolabeled with 68Ga and its efficacy as a PET radiotracer was evaluated in 

biodistribution studies in Swiss mice bearing fibrosarcoma tumors. 

2.3.1. Experimental 

2.3.1.1. Materials and methods 

 4-pyridinecarboxyaldehyde and pyrrole used for the synthesis of the porphyrin 

derivative were purchased from Aldrich Chemical Company, USA. Propionic acid, 

iodomethane and nitrobenzene were obtained from S.D. Fine Chemicals, India. Pyrrole 

was freshly distilled before use. All other chemicals and solvents used for the present 

study were of AR grade and were purchased from reputed local manufacturers. Column 

chromatography and analytical thin-layer chromatography (TLC) were performed using 

silica gel (60-120 mesh size) and silica gel plates (silica gel 60 F254), respectively, both of 

which were purchased from Merck (India). Other techniques and methods used in present 

chapter have been discussed in Section 1.9.1.4 of Chapter 1. 

Gallium-68 used in the present study was eluted from a 1.11 GBq (30 mCi) 68Ge-

68Ga radionuclide generator obtained from Eckert & Ziegler (Germany). Purification of 

the 68GaCl3 was performed using Strata™ X-C cation exchange column procured from 

Phenomenex (India). All radioactive counting associated with the radiochemical studies 

was carried out by using well-type NaI(Tl) scintillation counter, obtained from Electronic 
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Corporation of India Limited (India), after adjusting the baseline at 450 keV and keeping 

a window of 100 keV, thereby utilizing the 511 keV annihilation photo-peak of 68Ga. 

2.3.1.2. Synthesis 

Synthesis and characterization of 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2j) 

 Synthesis of 5,10,15,20-tetra(4-methylpyridyl)porphyrin was accomplished 

following a two-step procedure mentioned below: 

Synthesis of 5,10,15,20-tetra(pyridyl)porphyrin (2i) 

  5,10,15,20-tetra(pyridyl)porphyrin was synthesized by refluxing pyridine-4-

carboxyaldehyde (4.28 g, 40 mmol) and pyrrole (2.67 g, 40 mmol) in presence of 

nitrobenzene (10 mL) using propionic acid (50 mL) as solvent for a period of 2 h. The 

reaction mixture was allowed to attain room temperature and residual solvents were 

removed by vacuum distillation. The solid residue, thus obtained, was washed with hot 

water and subsequently purified by silica gel chromatography using 0.5% methanol in 

chloroform as the eluting solvent. This yielded 0.6 g of 5,10,15,20-

tetra(pyridyl)porphyrin (yield 2.4%), which was characterized by standard spectroscopic 

techniques viz. UV-Vis, 1H-NMR spectroscopy as well as by mass spectrometry. 

UV-Vis, CHCl3; (λmax, nm):  415, 512, 544, 587, 642 

1H-NMR (CDCl3, δ ppm): -2.92 (s, 2H, -NH), 8.87 (s, 8H, pyrrole), 8.18 (d, 8H, J = 5.7 

Hz, m-ArH), 9.06 (d, 8H, J = 4.5 Hz, o-ArH) [Fig. 2.5] 

ESI-MS (m/z): (calc.) C40H26N8 618.7; (obs.) (M+H)+ 619.8  
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Fig. 2.5. 1H-NMR spectrum of 5,10,15,20-tetra(pyridyl)porphyrin (2i) 

Synthesis of 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2j) 

5,10,15,20-tetra(4-methylpyridyl)porphyrin was synthesized by stirring of 

5,10,15,20-tetra(pyridyl)porphyrin (0.05 g, 0.08 mmol) with excess CH3I (6.81 g, 48 

mmol) in dry DMF (30 mL) at room temperature for 24 h. The reaction mixture was 

filtered and the precipitate, thus obtained, was thoroughly washed with dichloromethane 

whereby 0.05 g of 5,10,15,20-tetra(4-methylpyridyl)porphyrin (yield 60%) was obtained. 

The final product was characterized by standard spectroscopic techniques viz. UV-Vis, 

1H-NMR spectroscopy as well as by mass spectrometry. 

UV-Vis, H2O; (λmax, nm): 419, 515, 551, 590, 642 
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1H-NMR, DMSO, δ ppm: -3.10 (s, 2H, -NH), 4.72 (s, 12H, +N-CH3), 9.20 (s, 8H, 

pyrrole), 9.00 (d, 8H, J = 6.6 Hz, m-ArH), 9.47 (8H, d, J = 6.6 Hz, o-ArH) [Fig. 2.6] 

ESI-MS (m/z): (calc.) C44H38N8I4   1186.4; (obs.) (M-I)+  1059.4   

 

Fig. 2.6. 1H-NMR spectrum of 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2j) 

2.3.1.3. Elution and purification of 68Ga 

 Gallium-68, used for the present study, was eluted from a 1.11 GBq (30 mCi) 

68Ge-68Ga radionuclide generator system. The generator was eluted with 5 mL of 0.1 N 

HCl. 68GaCl3, thus obtained, was further purified by using a Strata™ X-C cation exchange 

column prior to radiolabeling, following the procedure mentioned below. The column 

was pre-conditioned by passing 0.5 mL methanol followed by 0.5 mL of 0.1 N HCl prior 

to the loading of eluted 68GaCl3 on the column. The column was subsequently washed 
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with 20% 0.1 N HCl in acetone and 68Ga was eluted using 0.2% 0.05 N HCl in acetone. 

Finally, acetone was removed by gentle warming and 68Ga was reconstituted in supra-

pure water, which was used for subsequent radiochemical studies. 

2.3.1.4. Preparation of 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

 Gallium-68-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin was prepared by 

incubating 0.5 mg of 5,10,15,20-tetra(4-methylpyridyl)porphyrin with 68GaCl3 (200 mL, 

2 mCi, 74 MBq) in presence of sodium acetate buffer (300 μL, pH=4) in a boiling water 

bath for a period of 45 min. The radiolabeled porphyrin, thus obtained, was characterized 

by reversed phase HPLC employing gradient elution technique mentioned below. 

For further purification, 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin was 

loaded on a C-18 reversed phase Sep-Pak cartridge. The cartridge was pre-conditioned 

by passing 4 mL of ethanol followed by 2 mL of double distilled water prior to the 

loading of radiolabeled preparation. Free GaCl3 was eluted using 600 µL of double 

distilled water and subsequently radiolabeled porphyrin was eluted out from the column 

using 1 mL of ethanol. Ethanol present in this purified preparation was removed by gentle 

warming and the preparation was reconstituted with normal saline before using for 

biological studies. 

2.3.1.5. Characterization of 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

 Radiochemical purity of 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

was determined by HPLC using acetonitrile (A) and water (B) mixed with 0.1% 

trifluoroacetic acid as the mobile phase employing gradient elution technique (0-28 min 
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90% A, 28-30 min 10% A, 30-32 min 90% A). A flow rate of 1 mL/min was maintained. 

Elution profile was monitored by NaI(Tl) detector as well as UV-visible 

spectrophotometer. 

2.3.1.6. Preparation of Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2k) 

In order to ensure the radiometallation of the porphyrin core with 68Ga, 

corresponding inactive gallium (69/71Ga) labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin was prepared and characterized. Gallium complex of 

5,10,15,20-tetra(4-methylpyridyl)porphyrin was prepared by heating a mixture of the 

porphyrin derivative (10 mg, 0.0084 mmol) and GaCl3 (14.7 mg, 0.08 mmol) in 0.2 M 

sodium acetate buffer (pH=4) at 50 °C for 12 h. The product, thus obtained, was purified 

by using C-18 Sep-Pak cartridges for removal of unreacted gallium following the 

protocol similar to the one mentioned above used for the purification of the corresponding 

radiolabeled analogue. The purified gallium complex of the porphyrin derivative was 

characterized by employing UV-Vis and 1H-NMR spectroscopy. 

UV-Vis, H2O; (λmax, nm): 424, 518, 557 

1H-NMR, D2O, δ ppm: 4.97 (s, 12H, +N-CH3), 9.07 (s, 8H, pyrrole), 8.93-8.99 (m, 8H, m-

ArH), 9.23-9.32 (m, 8H, o-ArH) 

ESI-MS (m/z): (calc.) C44H36N8I4 Ga.H2O.Cl  1307.2; (obs.) (M+Na)+  1330.4  

2.3.1.7. Determination of partition coefficient (LogPo/w) of 68Ga-labeled 5,10,15,20-

tetra(4-methylpyridyl)porphyrin 
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 The partition coefficient of the 68Ga-labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin complex was determined following the protocol mentioned in 

Section 1.10 of Chapter 1.  

2.3.1.8. Stability of 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

The stability of 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin was 

studied by incubating the preparation at room temperature and determining the 

radiochemical purity by the quality control method mentioned above at various time 

intervals. The serum stability of the radiolabeled preparation was also studied by 

following the protocol mentioned in Section 1.9.2.1 of Chapter 1. 

2.3.1.9. Biodistribution studies 

The pharmacokinetics and biological distribution of 68Ga-labeled porphyrin 

derivative were studied by carrying out biodistribution studies in Swiss mice bearing 

fibrosarcoma tumors following the procedure mentioned in Section 1.9.2.2 of Chapter 1. 

Each animal, weighing 20-25 g, was intravenously injected with ~100 µL of the 

radiolabeled preparation (~50 µCi, 1.85 MBq) through the tail vein. Biological 

distribution of the radiotracer was studied for three different post-injection time points 

viz. 30 min, 1 h and 2 h and for each time point, three animals were used.  

2.3.2. Results and discussion 

2.3.2.1. Synthesis and characterization of 5,10,15,20-tetra(4-

methylpyridyl)porphyrin (2j) 
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The porphyrin derivative, 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2j) was 

synthesized following a two-step procedure (Fig. 2.7). The first step involved the 

formation of 5,10,15,20-tetra(pyridyl)porphyrin (2i) by refluxing an equimolar mixture of 

pyrrole and 4-pyridine carboxyaldehyde in propionic acid in presence of nitrobenzene. 

This resulted in the formation of the crude porphyrin derivative which was subsequently 

purified by column chromatography. The purified product was characterized by standard 

spectroscopic techniques 

In the second step purified 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2i) was 

allowed to reacted with excess of methyl iodide in dimethylformamide to yield 

5,10,15,20-tetra(4-methylpyridyl)porphyrin (2j). The product, after purification, was 

characterized by standard spectroscopic techniques. 

The presence of one intense Soret band at ~ 400 nm and four Q-bands in the 

higher wavelength region observed in the UV-Vis spectra of both compound (2i) and (2j) 

indicated the formation of the porphyrin moiety. This was further confirmed by the 

presence of proton signals corresponding to two protons in the highly up-field region (δ = 

-2.92 and -3.10 ppm respectively) in the 1H-NMR spectra of both compound (2i) and (2j). 

The observance of the 1H-NMR signals at the expected positions as well as peak integrals 

provided confirmatory evidence in favour of the formation of desired porphyrin 

derivatives. It was further confirmed by the observance of the molecular ion peaks in the 

expected m/z values in the mass spectrometric analysis of the product. 
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Fig. 2.7. Scheme for synthesis of 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

2.3.2.2. Preparation and characterization of 68Ga-labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin 

Several reaction parameters such as amount of ligand, incubation temperature and 

incubation period were varied in order to arrive at the optimized radiolabeling protocol. It 

was observed that a maximum complexation yield of ~90% could be obtained when 0.5 

mg of the porphyrin derivative was incubated with 68GaCl3 at 100 °C for a period of 45 
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min. The extent of complexation was determined by HPLC studies where 68Ga-labeled 

porphyrin derivative exhibited a retention time of 6 min whereas the free 68Ga was eluted 

out from the column at 3.5 min under identical conditions. Typical HPLC chromatogram 

of free 68GaCl3 and 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin are shown in 

Fig. 2.8. (a) and 2.7. (b), respectively. 

 The radiolabeled complex was further purified by using Sep-Pak cartridges, 

which enabled the removal of uncomplexed 68GaCl3 from the complex. After purification, 

68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin complex could be obtained with 

99% radiochemical purity. The HPLC profile of the radiolabeled complex recorded after 

purification is shown in Fig. 2.8. (c). 
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Fig.2.8. HPLC elution profiles of (a) 68GaCl3 (b) 68Ga-labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin, before purification and (c) after purification 

2.3.2.3. Preparation and characterization of Ga-labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin (2k) 

An attempt was made to synthesize the corresponding inactive porphyrin complex 

with Ga in order to ensure the incorporation of Ga-68 in the core of the porphyrin moiety 

in the radiolabeled complex. The inactive gallium-porphyrin complex was characterized 

by normal spectroscopic techniques viz. UV-Visible, 1H-NMR. 

(b) 

(c) 

(a) 
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The absence of two Q-bands in higher wavelength region in the UV-Vis spectrum 

indicated the metallation of the porphyrin core. Typical UV-Vis spectra of 5,10,15,20-

tetra(pyridyl)porphyrin (2i), 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2j) and Ga-

labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin (2k) are shown in Fig. 2.9. 

Confirmatory evidence in favor of the presence of gallium in the core of the porphyrin 

moiety was also obtained from the 1H-NMR spectroscopy where the signal corresponding 

to the two highly up-field protons was observed to disappear. 

                

                     

 

           Fig. 2.9. Overlaid UV-Visible profiles of 5,10,15,20-tetra(pyridyl)porphyrin, 5,10,15,20-

tetra(4-methylpyridyl)porphyrin and Ga-labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin 

Red: 5,10,15,20-tetra(pyridyl)porphyrin 

Blue: 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

Green: Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin 
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2.3.2.4. Stability of 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin 

 The purified 68Ga-labeled 5,10,15,20-tetra(4-methylpyridyl)porphyrin complex 

was observed to retain its radiochemical purity to 98% at room temperature till 3 h post-

preparation, up to which the stability study was continued. On the other hand, the 

complex retained its radiochemical purity to 98% up to 2 h post-preparation, when stored 

in human serum. 

2.3.2.5. Determination of partition coefficient (Log Po/w) of 68Ga-labeled 5,10,15,20-

tetra(4-methylpyridyl)porphyrin 

 The partition coefficient (Log Po/w) of 68Ga-labeled 5,10,15,20-tetra(4-

methylpyridyl)porphyrin complex was found to be -4.3, which indicates the highly 

hydrophilic nature of the complex. 

2.3.2.6. Biological studies 

 The results of the biodistribution studies carried out in Swiss mice bearing 

fibrosarcoma tumors are tabulated in Table 2.3. The complex exhibited significantly high 

tumor uptake of (6.47±0.87) %IA/g within 30 min post-administration. Significant 

accumulation of activity (%IA/g) was also observed in several organs/tissue such as, 

blood (6.42±0.44) lungs (4.86±0.00) intestine (2.25±0.42), liver (4.80±0.18), spleen 

(2.06±0.18) and muscles (1.46±0.09) at this time point. However, initially accumulated 

activity, from all the organs/tissue was observed to diminish with the progress of time. 

Although the activity retained in the tumor also decreased with time (6.07±0.03 %IA/g 

and 4.48±1.11 %IA/g at 1 h and 2 h post-injection, respectively), tumor to blood ratio was 
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found to gradually increase with the passage of post-administration time (0.89±0.04, 

1.80±0.14 and 2.87±0.47 at 30 min, 1 h and 2 h, respectively). Similarly, tumor to muscle 

ratio was also found to slowly improve with the progress of time (4.41±0.62, 6.34±1.10 

and 6.99±1.63 at 30 min, 1 h and 2 h, respectively). The high uptake in the kidneys 

observed throughout the period of study is probably due to the excretion of the non-

accumulated activity via the renal pathway. This may be due to the highly hydrophilic 

nature of the radiolabeled porphyrin derivative, which is evident from its significantly 

high Log Po/w value of -4.3. 
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Table 2.3. Biodistribution pattern of 68Ga-labeled 5,10,15,20-tetra(4- 

methylpyridyl)porphyrin complex in Swiss mice (n=5) bearing fibrosarcoma tumors 

 

#% Excretion has been indirectly calculated by subtracting the activity accounted 
for all the organs from total injected activity 
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2.3.3. Conclusions 

A cationic water-soluble porphyrin derivative, which is a known DNA intercalator, has 

been synthesized in-house and radiolabeled with 68Ga, obtained from a commercial 68Ge-

68Ga generator, with high radiochemical purity. The radiolabeled porphyrin derivative, 

thus obtained, was found to be quite hydrophilic and exhibited adequate stability in-vitro 

as well as in human serum. Preliminary biological evaluation carried out in Swiss mice 

bearing fibrosarcoma tumor revealed significant uptake and retention of the radiotracer in 

the tumor. The non-target uptake observed in the initial time points gradually decreased 

with time which was reflected in the improved tumor to blood and tumor to muscle ratios 

achieved at the later time points. This studies indicate the potential of 68Ga-labeled 

5,10,15,20-tetra(4-methylpyridyl)porphyrin as a PET radiotracer for tumor imaging. 

However, further detailed studies are warranted to unravel the actual potential of the 

developed radiotracer. 

2.4. Synthesis and bio-evaluation of a 177Lu-labeled unsymmetrical cationic 

porphyrin derivative as a tumor targeting agent 

Cationic porphyrins have remarkable ability to target the DNA of the tumor cells 

[46,49,79-86]. After preparation of a 68Ga-labeled cationic porphyrin derivative namely, 

5,10,15,20-tetra(p-N-methylpyridyl)porphyrin (2j) as a PET (Positron Emission 

Tomography) radiotracer for targeting tumor-lesions, 177Lu-labeling of this cationic 

porphyrin derivative was envisaged with a view to preparing a radiolabeled porphyrin 

using a therapeutic radioisotope [23,87]. While the ionic size of Ga+3 (62 pm) allows 
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direct complexation of the porphyrin moiety in the core, 177Lu+3 (86 pm) labeling could 

only be envisaged in the peripheral residues by using a chelating molecule [20,30]. 

Towards this, a suitable bi-functional chelating agent (BFCA) namely, p-NH2-benzyl-

DOTA was chosen as the BFCA, since it is documented that this BFCA forms 

thermodynamically stable (Log K= 25.4) and kinetically inert complexes with 177Lu 

[30,31]. Coupling of p-NH2-benzyl-DOTA with cationic porphyrin derivative (TMP) 

required structural modification which was accomplished by synthesizing an 

unsymmetrical cationic porphyrin derivative with a side chain containing terminal 

carboxylic acid group. Unsymmetrical porphyrin derivative was coupled with p-NH2-

benzyl-DOTA via an amide bond. The potential of 177Lu as a therapeutic radionuclide has 

already been well documented in the literature [73]. The nuclear decay characteristics of 

177Lu [Eβ(max)(keV) = 497, T1/2 = 6.73 d, E(keV) = 113(11%), 208(13%)] are suitable for 

targeted therapy of small or medium sized tumors. The radionuclide can be produced with 

high radionuclidic purity and adequate specific activity for targeted therapy in medium 

flux research reactors. Moreover, the longer half-life of the radionuclide provides logistic 

advantages towards its distribution.  

The present work involves the synthesis of an unsymmetrical cationic porphyrin 

derivative viz., 5-carboxymethyleneoxyphenyl-10,15,20-tri(p-N-methylpyridyl)porphyrin 

(UPTMPyA), its conjugation with p-NH2-benzyl-DOTA and subsequent radiolabeling of 

the conjugate with 177Lu. The preliminary biological evaluation of the radiolabeled 

conjugate was also performed in Swiss mice bearing fibrosarcoma tumors. 

2.4.1. Experimental 
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2.4.1.1. Materials and methods 

 4-pyridinecarboxyaldehyde, bromoethyl acetate, 4-hydroxybenzalde and 

pyrrole used for the synthesis of the porphyrin derivative were purchased from Aldrich 

Chemical Company, USA. Propionic acid, iodomethane and nitrobenzene were obtained 

from S.D. Fine Chemicals, India. p-NH2-benzyl-DOTA was procured from Macrocyclics, 

USA. Pyrrole was freshly distilled before use. All other chemicals and solvents used for 

the present study were of AR grade and were purchased from reputed local 

manufacturers. Column chromatography and analytical thin-layer chromatography (TLC) 

were performed using silica gel (60-120 mesh size) and silica gel plates (silica gel 60 

F254), respectively, both of which were purchased from Merck (India). Other techniques 

and methods used in present chapter have been discussed in Section 9.1.3.1 of Chapter 1. 

Production and processing of 177Lu used in radiolabeling experiments was carried out 

following procedures mentioned in Section 2.2.1.2 of this chapter. 

2.4.1.2. Synthesis 

Synthesis of 5-carboxymethyleneoxyphenyl-10,15,20-tri(p-N-methylpyridyl) 

porphyrin was carried out by following a three-step synthetic procedure described below 

(Fig. 2.10).  

All the intermediates and final product were characterized by employing standard 

spectroscopic techniques such as, FT-IR and 1H-NMR spectroscopy as well as by ESI-

MS 

Synthesis of 4-carboethoxymethyleneoxybenzaldehyde (2l): 
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4-carboethoxymethyleneoxybenzaldehyde (2l) was synthesized by adding 

ethylbromoacetate (8 g, 48 mmol) in a drop-wise manner to a refluxing solution of 4-

hydroxybenzadehyde (4.8 g, 40 mmol) and anhydrous potassium carbonate (6.9 g, 50 

mmol) in dry acetone (20 mL). The reaction was continued for 8 h and the progress of the 

reaction was monitored by TLC using chloroform as the eluent. On completion of 

reaction, solvent was evaporated and the residue was taken in chloroform, washed with 

brine, dried under anhydrous sodium sulphate and evaporated to obtain the crude product. 

The crude product was purified by silica gel column chromatography using chloroform as 

eluting solvent whereby pure 4-carboethoxymethyleneoxybenzaldehyde was obtained as a 

colorless viscous liquid (5.7 g, yield 70%). 

FT-IR (ν cm-1): 1740 (>C=O) 

1H-NMR (CDCl3, δ ppm): 1.24 (t, 3H, J = 7.8 Hz, -COOCH2CH3), 4.20 (q, 2H, -

COOCH2CH3), 4.75 (s, 2H, -OCH2), 6.97 (d, 2H, J = 7.2 Hz, ArH), 7.85 (d, 2H, J = 7.1 

Hz, ArH), 9.90 (s, 1H, >CHO) 

ESI-MS (m/z): (calc.) C11H12O4 208.21; (obs.) (M+H) 209.15  

Synthesis of 5-carboethoxymethyleneoxyphenyl-10,15,20-tripyridylporphyrin (2m): 

5-carboethoxymethyleneoxyphenyl-10,15,20-tripyridylporphyrin (2m) was 

synthesized by refluxing a mixture of pyrrole (7.3 g, 0.09 mmol), 4-

pyridenecarboxaldehyde (4.53 g, 0.07 mmol), 4-carboethoxymethyleneoxybenzaldehyde 

(2l) (5 g, 0.02 mmol), nitrobenzene (5 mL) and propionic acid (100 mL) for 2 h. The 

crude reaction mixture was allowed to attain room temperature after which the residual 

solvents were removed by distillation. The crude product thus obtained was extracted 
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with chloroform and was further purified by silica gel chromatography using 1% 

methanol in chloroform as the eluting solvent, which resulted in pure 5-

carboethoxymethyleneoxyphenyl-10,15,20-tripyridylporphyrin (2m) (0.3 mg, yield 

~1.7%). 

FT-IR (ν cm-1): 1740 (>C=O) 

1H-NMR (CDCl3, δ ppm): -2.85 (s, 2H, -NH), 1.41 (t, 3H, -COOCH2CH3), 4.43 (q, 2H, J 

= 7.2 Hz, -COOCH2CH3), 7.44 (m, 2H, -ArH), 8.20 (d, 2H, J = 5.4 Hz, pyrrole), 9.06 (d, 

2H, J = 6 Hz, pyridine) 

ESI-MS (m/z): (calc.) C45H33N7O3 719.7; (obs.) (M) 720.3  

Synthesis of 5-carboethoxymethyleneoxyphenyl-10,15,20-tri(p-N-

methylpyridyl)porphyrin (2n): 

5-carboethoxymethyleneoxyphenyl-10,15,20-tris(p-N-methylpyridyl)porphyrin 

(2n) was synthesized by allowing compound 2m (0.2 g, 0.27 mmol) to react with excess 

of CH3I at room temperature for 48 h. The yield of the reaction was found to be 90% 

(0.19 g). 

FT-IR (ν.cm-1): 1740 (>C=O) 

1H-NMR (CDCl3, δ ppm): -2.10 (s, 2H, -NH), 1.40 (t, 3H, J = 7.2 Hz, -COOCH2CH3), 

3.67 (s, 2H, -OCH2), 4.45 (m, 2H, -COOCH2CH3), 4.53 (s, 9H, N-CH3), 7.42 (d, 2H, J = 

9 Hz, -ArH), 8.17 (m, 2H, -ArH), 8.43 (d, 2H, J = 6.3 Hz, pyrrole), 8.98 (d, 2H, J = 6.3 

Hz, pyrrole), 9.12 (d, 6H, J = 6.6 Hz, pyridine), 9.39 (d, 6H, J = 6.6 Hz, pyridine). 

ESI-MS (m/z): (calc.) C48H42N7O3 764.9; (obs.) (M) 765.8, (M-CH3) 749.5, (M-2CH3) 

734.6  
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Synthesis of p-NH2-benzyl-DOTA conjugated 5-carboxymethyleneoxyphenyl-10,15,20-

tri(p-N-methylpyridyl)porphyrin (2o) 

The porphyrin derivative (2n) was conjugated with the BFCA using a two-step 

procedure, carried out in-situ, involving the hydrolysis of compound (2n) followed by 

coupling with p-NH2-benzyl-DOTA. 5-carboethoxymethyleneoxyphenyl-10,15,20-tris(p-

N-methylpyridyl)porphyrin (2n) (0.2 g, 0.27 mmol) was hydrolyzed by stirring with 2 N 

NaOH (5 mL) at room temperature for 48 h. A fraction of the hydrolysed compound (2n) 

was used as such for the coupling reaction with p-NH2-benzyl-DOTA and was carried out 

by stirring an aqueous solution of p-NH2-benzyl-DOTA (0.01 g, 0.02 mmol) with an 

aqueous solution of the hydrolysed porphyrin derivative  (0.03 g, 0.04 mmol) at room 

temperature for a period of 48 h. The crude product thus obtained was purified by 

preparative TLC using 30% saturated potassium chloride solution in methanol as mobile 

phase whereby 0.02 g (yield ~45%) of pure porphyrin-p-NH2-benzyl-DOTA (2o) 

conjugate was obtained. The conjugated product was characterized by FT-IR 

spectroscopy and ESI-MS. 

FT-IR (ν cm-1): 1639 (>C=O) 

ESI-MS (m/z): (calc.) C69H70I3N12O10 1608.3; (obs.) (M+Na) 1631.6  

2.4.1.3. Radiolabeling of UPTMPyA-p-NH2-benzyl-DOTA with 177LuCl3 

A stock solution of UPTMPyA-p-NH2-benzyl-DOTA conjugate (2o) was prepared 

by dissolving the conjugate in 0.1 M ammonium acetate buffer (pH=5) with a 

concentration of 5 mg/mL. Lutetium-177 labeling of the conjugate was achieved by 

incubating a mixture of 20 µL of the stock solution (100 µg conjugate) with 20 µL of 
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177LuCl3 (0.4 μg, 296 MBq) in presence of 210 µL of 0.1 M ammonium acetate buffer 

(pH=5) at 80 °C for a period of 1 h.  

2.4.1.4. Characterization of 177Lu-labeled UPTMPyA-p-NH2-benzyl-DOTA complex 

177Lu-labeled UPTMPyA-p-NH2-benzyl-DOTA conjugate was characterized by 

HPLC. The radiolabeled conjugate (15 μL) was injected into the reverse phase HPLC 

column and the elution profile was monitored by tracking the radioactive peak in the 

chromatogram. The gradient system consisting of eluting solvents water (solvent A) and 

acetonitrile (solvent B) with 0.1% trifluoroacetic acid was used (0-4 min 5% B, 4-6 min 

5% B to 20% B, 6-9 min 20% B to 60% B, 9-12 min 60% B, 12-18 min 60% B to 95% B, 

18-20 min 95% B to 5% B) and the flow rate was maintained at 1 mL/min. 

2.4.1.5. Preparation of Lu complex of UPTMPyA-p-NH2-benzyl-DOTA 

Preparation of inactive Lutetium complex of UPTMPyA-p-NH2-benzyl-DOTA 

conjugate (2o) was attempted in order to characterize the corresponding radioactive 

complex. The inactive complex was prepared by refluxing UPTMPyA-p-NH2-benzyl-

DOTA conjugate (2o) (0.01 g, 0.01 mmol) with LuCl3 (0.008 g, 0.05 mmol) in 200 µL of 

0.1 M ammonium acetate buffer (pH=5) for a period of 2 h. The complex was 

characterized by HPLC by monitoring the retention time of absorption signal of Lu 

complex of porphyrin-p-NH2-benzyl-DOTA as well as by comparing the UV-Visible 

profiles of UPTMPyA-p-NH2-benzyl-DOTA conjugate and Lu complex of UPTMPyA-p-

NH2-benzyl-DOTA obtained from a UV-Visible spectrophotometer. 

2.4.1.6. Determination of partition coefficient (LogPo/w) 
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The partition coefficient of 177Lu-labeled porphyrin derivative was determined by 

following the protocol mentioned in Section 1.10 of Chapter 1.  

2.4.1.7. In-vitro serum binding and stability studies 

The in-vitro serum binding studies were carried out by following the standard 

procedure described in Section 1.9.2.1 of Chapter 1. 

2.4.1.8. Biodistribution studies 

The pharmacokinetics and biological distribution of 177Lu-labeled porphyrin 

derivative were studied by carrying out biodistribution studies in Swiss mice bearing 

fibrosarcoma tumors. By following the procedure mentioned in Section 1.9.2.2 of 

Chapter 1 biological distribution of the radiotracer was studied for four different post-

administration time points viz. 30 min, 3 h, 24 h and 48 h. Five animals were used for the 

study for each time point.  

2.4.2. Results and discussion 

2.4.2.1. Production of 177Lu 

Production, processing and quality control studies of 177Lu were carried out as per 

procedure mentioned in Section 2.1.2.2 of this chapter. 

2.4.2.2. Synthesis and characterization of 5-carboxymethyleneoxyphenyl-10,15,20-

tri(p-N-methylpyridyl)porphyrin 
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The envisaged porphyrin derivative, 5-carboxymethyleneoxyphenyl-10,15,20-

tri(p-N-methylpyridyl)porphyrin, was synthesized following a three-step procedure using 

4-hydroxybenzadehyde as the starting material. In the first step, 4-hydroxybenzadehyde 

was converted to 4-carboethoxymethyleneoxybenzaldehyde using bromoethylester under 

refluxing conditions. The second step of this synthetic sequence involved the formation of 

5-carboethoxymethyleneoxyphenyl-10,15,20-tripyridylporphyrin (2m). This constitutes a 

crucial step as it required the careful estimation of the stochiometric ratio of the three 

reactants viz. pyrrole, 4-pyridinecarboxaldehyde and 4-

carboethoxymethyleneoxybenzaldehyde. The optimized stochiometric ratio was found to 

be 4:3:1, respectively. However, the yield of this reaction was poor owing to the 

formation of various side-products [88]. The desired porphyrin derivative was purified by 

silica gel column chromatography and its formation was confirmed by spectroscopic 

techniques viz. 1H-NMR, FT-IR and ESI-MS. The signal obtained in the highly shielded 

region ( -2.85) of the 1H-NMR corresponding to the two NH protons in the porphyrin 

core, indicated the formation of the porphyrin moiety, which was further confirmed by 

ESI-MS. In the third step, the porphyrin derivative (2m) was reacted with excess of CH3I 

to yield the quarternized porphyrin derivative (2n). The downfield shift in the signal of 

pyridyl protons after methylation reaction in the 1H-NMR spectrum indicated the 

quarternization of the pyridyl nitrogens. This was further confirmed by ESI-MS. The 

fourth and final step involved the in-situ reactions involving the hydrolysis of compound 

2n and its subsequent conjugation with p-NH2-benzyl-DOTA (Fig. 2.10). The 

UPTMPyA-p-NH2-benzyl-DOTA conjugate was characterized by ESI-MS. 



Chapter 2 
 

88 
 

N

NH N

HN

N

N

N

R

CHO

OH

CHO

R

R=OCH2COOC2H5

N

H
N

CHO

R=OCH2COOC2H

5

N

NH N

HN

N

N

N

R

R=OCH2COOC2H5

CH3

H3C

CH3

2l

2m

2n

a b

c

d, e

N

NH N

HN

N

N OH3C

CH3

O

NN

N N

O
HO

O

O
OH

OH

O

OH

NH

2o

N

CH3

 

Fig.2.10. Synthesis of p-NH2-benzyl-DOTA conjugated 5-carboxymethyleneoxyphenyl-

10,15,20-tris(p-N-methylpyridyl)porphyrin (a) ethylbromoacetate, dry acetone, K2CO3, 

reflux 8 h (b) nitrobenzene, propionic acid, reflux, 2 h (c) CH3I, R.T. stirring, 48 h (d) 2 N 

NaOH, R.T. stirring, 48 h (e) p-NH2-benzyl-DOTA, 2 N NaOH, R.T. stirring 24 h 



Chapter 2 
 

89 
 

2.4.2.3. Radiolabeling of porphyrin-p-NH2-benzyl-DOTA with 177LuCl3 

Radiochemical purity of the 177Lu-labeled UPTMPyA-p-NH2-benzyl-DOTA 

conjugate was determined by HPLC. In HPLC, the radiolabeled complex exhibited a 

retention time of 14 min while free 177LuCl3 showed a retention time of 3.5 min under 

identical conditions. A typical HPLC chromatogram of the radiolabeled conjugate is 

shown in Fig. 2.11. It was observed that 177Lu-labeled UPTMPyA-p-NH2-benzyl-DOTA 

conjugate could be prepared with a radiochemical purity >95% under optimized reaction 

conditions. 
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Fig. 2.11.  HPLC profiles of (a) 177LuCl3 (b) 177Lu-labeled-UPTMPyA-p-NH2-benzyl-

DOTA complex (c) Lu-labeled-UPTMPyA-p-NH2-benzyl-DOTA 

2.4.2.4. Preparation of Lu complex of UPTMPyA-p-NH2-benzyl-DOTA 

Preparation of corresponding inactive Lu complex was attempted to draw a 

comparison of the HPLC chromatograms of the radiolabeled complex with that of the 

inactive Lu-complex. The retention time observed in the HPLC chromatogram of cold 

(a) 

(b) 

(c) 
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Lu-labeled porphyrin-p-NH2-benzyl-DOTA was in close agreement with that of 177Lu-

labeled porphyrin-p-NH2-benzyl-DOTA (Fig. 2.11) which indicated the structural 

similarity between the radiolabeled and corresponding inactive complex. 

Also, UV-Vis spectra of the porphyrin-p-NH2-benzyl-DOTA conjugate and Lu 

complex of the conjugate were recorded under identical conditions and compared with 

each other. It is evident from Fig. 2.12 that all the four Q bands observed in the higher 

wavelength region of the conjugate remained intact in the inactive Lu labeled conjugate. 

This provides indirect evidence towards the fact that porphyrin core remained 

uncomplexed in the radiolabeling while 177Lu labeling took place in the peripheral DOTA 

core.  

 

Fig. 2.12. Overlaid UV-Visible profile of (I) UPTMPyA-p-NH2-benzyl-DOTA and (II) 

Lu-labeled-UPTMPyA-p-NH2-benzyl-DOTA complex 
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2.4.2.5. Determination of partition coefficient (LogPo/w) 

The partition coefficient (Log Po/w) of 177Lu-labeled porphyrin-p-NH2-benzyl-

DOTA in the octanol-water system was found to be -3.87. This indicates that the complex 

is highly hydrophilic in nature. 

2.4.2.6. Determination of in-vitro serum binding and stability studies 

A percentage protein binding of ~44% was shown by 177Lu-labeled porphyrin-p-

NH2-benzyl-DOTA when incubated in serum at 37 °C for 3 h. Also, the radiolabeled 

porphyrin derivative was found to be stable in the serum for 6 h up to which study was 

carried out. 

2.4.2.7. Biodistribution studies  

Preliminary biological evaluation of the 177Lu-labeled porphyrin-p-NH2-benzyl-

DOTA was carried out by biodistribution studies in Swiss mice bearing fibrosarcoma 

tumors. The results of the biodistribution studies in Swiss mice are tabulated in Table 2.4. 

Bio-distribution studies revealed early accumulation of the radiolabeled agent in the 

tumor (2.14±0.48 %IA/g at 30 min p.i.) with uptake in blood (2.70±0.05 %IA/g), liver 

(1.22±0.30 %IA/g), GIT (1.24±0.04 %IA/g) and kidneys (3.40±1.50 %IA/g). Non-

accumulated activity exhibited major clearance through renal pathway (80.46±3.40). At 3 

h post-injection, activity was observed to be almost cleared from blood as well as most of 

the organs except GIT (2.04±0.90 % IA). The tumor uptake was also found to be reduced 

considerably at this time point (0.13±0.01 %IA/g). However, tumor to blood (1.15±0.01 

at 30 min p.i. to 4.08±0.43 at 3 h p.i.) and tumor to muscle (4.44±0.23 at 30 min p.i. to 
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very high at 3 h p.i.) ratios were found to be improved at this time point. The initially 

accumulated activity in the non-target organs was observed to completely clear away at 

24 h post-administration. However, the tumor uptake was also observed to be 

substantially reduced at this time point (0.05±0.00 %IA/g at 24 h p.i.). This behaviour 

could be attributed to the highly hydrophilic nature of the complex as is evident from 

LogPo/w value of the radiolabeld complex. 

Table 2.4. Bio distribution table for 177Lu-labeled-UPTMPyA-p-NH2-benzyl-DOTA 

complex in Swiss mice (n=5) at different time points. 

Organ/Tissue %Injected activity per g of organ/tissue  

30 min 3 h 24 h 48 h 

Blood 2.70±0.05 0.03±0.00 0.00±0.00 0.00±0.00 

Lungs 0.83±0.13 0.03±0.01 0.18±0.00 0.00±0.00 

Heart 0.52±0.17 0.03±0.00 0.18±0.01 0.00±0.00 

Stomach 0.66±0.05 0.11±0.03 0.01±0.03 0.00±0.00 

GIT 1.24±0.04 2.04±0.90 0.04±0.00 0.02±0.00 

Liver 1.22±0.30 0.20±0.06 0.04±0.00 0.03±0.00 

Spleen 0.67±0.11 0.04±0.00 0.13±0.01 0.02±0.00 

Kidney 3.40±1.50 0.63±0.20 0.37±0.03 0.20±0.00 

Muscle 0.67±0.17 0.00±0.00 0.00±0.00 0.00±0.00 

Bone 1.64±0.11 0.00±0.00 0.00±0.00 0.00±0.00 

Tumor 2.14±0.48 0.13±0.01 0.05±0.00 0.03±0.00 

Excretion# 80.46±3.40 93.08±2.4 95.6±2.50 99.45±0.30 
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2.4.3. Conclusions 

An unsymmetrical cationic porphyrin derivative namely, 5-

carboxymethyleneoxyphenyl-10,15,20-tri(p-N-methylpyridyl)porphyrin was synthesized 

and coupled with p-NH2-benzyl-DOTA. The porhyrin-p-NH2-benzyl-DOTA conjugate 

was radiolabeled with 177LuCl3 with a radiochemical purity > 95%. The preliminary 

bioevaluation studies carried out in fibrosarcoma bearing Swiss mice revealed the 

accumulation of the complex in tumor at time point as early as 30 min p.i. with fast 

clearance at later time points. The uptake at 30 min p.i. could be enhanced possibly by 

increasing the lipophilicity of the radiotracer. 
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In this chapter, targeting receptor overexpression on specific tumor, using two different 

kinds of molecular vectors viz. monoclonal antibodies and RGD peptide is discussed 

under two sub-headings 3(a) and 3(b). 

3(a) PREPARATION OF 177Lu-LABELED MONOCLONAL ANTIBODIES 

RITUXIMAB AND TRASTUZUMAB AND THEIR PRECLINICAL 

EVALUATION 

3a.1. Antibodies 

Antibodies (Ab), also known as an immunoglobulin (Ig), are proteins produced by B-

cells and are used by the immune system to identify foreign objects called antigens [89-

91]. Antigens are Y-shaped molecules and consist of two heavy chains (~50 kDa each) 

and two light chains (~25 kDa each). Both heavy and lighter chains are held together by 

disulfide linkages. 

 

Fig. 3a.1. Schematic representation of antibody-antigen interaction 
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Antibodies can be categorized  into different classes and in placental mammals there are 

five types, designated as IgA, IgD, IgG, IgE and IgM, (Ig = immunoglobulin) of which 

IgG is the antibody most abundantly present in the blood plasma [1-3]. The antibodies 

have more or less similar general structure except for a portion of their tip which holds 

variability called as variable region whereas rest of the portion of antibody remains more 

or less same in different antibodies and thereby called as constant region. Another 

classification of antibodies is based on the extent of contributions of murine and human 

origin in variable region of their structure depending upon which they can be categorized 

as murine, chimeric, humanized and human. Antibodies are very specific with respect to 

their binding with antigens and interaction between antibody and antigen could be 

considered as a lock and key type of arrangement [89-91]. Antibodies can be monovalent 

(monoclonal) or polyvalent (polyclonal). Monoclonal antibodies (mAbs) are the 

antibodies prepared from same B-cell clone and are specific towards binding with same 

epitope (an epitope is the binding site on an antigen) whereas polyclonal antibodies are 

those which are synthesized from different B-cell clones and can target different epitopes 

[89-91].  

3a.2. Immunotherapy and radioimmunotherapy 

Paul Ehrlich’s first conceived that tumors over expressing certain antigens can be 

targeted using specific antibodies [92]. However, the technique could not be adapted until 

Koehler and Milstein prepared monoclonal antibodies (mAbs) through the hybridoma 

technique [93]. Antibodies have been used for the treatment of various cancerous lesions 

and their therapeutic action is based upon two major mechanisms namely, ADCC 
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(antibody dependent cell mediated cellular cytotoxicity) and CDC (complement 

dependent cytotoxicity). The treatment involving antibodies is termed as immunotherapy. 

Along with cold antibodies, radiolabeled antibodies have also been used for treatment of 

cancers. The therapy which involves the use of radiolabeled antibodies for specifically 

targeting tumor cells and delivering requisite radiation dose at the site of disease is known 

as radioimmunotherapy (RIT). Besides therapy antibodies labeled with suitable isotopes 

can also be used for imaging of cancerous lesions. The essence of radioimmunotherapy 

(RIT) involves use of monoclonal antibodies labeled with specific radionuclides, to serve 

as targeted molecular vehicles for the delivery of the radionuclides to the tumor sites 

[94,95]. The targeting potential is dependent on the interdependent factors such as the 

specificity and affinity of the antibody, the antigen concentration in the tumor and the 

radiotoxicity of the radionuclide. Initially used radiolabeled antibodies for therapy were 

of murine origin and have some problems such as short in vivo residence time, generation 

of human anti mouse antibody (HAMA) response [96]. Therefore, use of chimeric and 

humanized antibodies in place of murine antibodies for preparation of radiolabeled 

antibodies for treatment of cancers was proposed [96-98]. Radioimmunotherapy (RIT) 

offers some advantages over the use of unlabeled antibodies for the treatment of certain 

cancers for example lymphomas as lymphomas are very sensitive to radiation as well as 

cross-fire effect of the radionuclide helps to target the tumor cells within such tumor 

lesions which do not show the overexpression of the antigen receptors or where 

radiolabeled antibody has not formed the complex with antigen [98]. Additionally, owing 

to long half-life of antibody-antigen complex, antibody do not get internalized and remain 
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at the cell surface for longer periods of time thereby efficiently delivering the requisite 

radiation dose at the tumor site. [97-99].  

The selection of radionuclides for RIT also depends on factors such as half life of the 

radionuclide and energy of the particulate emissions with radionuclides having half lives 

of a few days being preferred for RIT to match with the biological uptake of antibodies. 

Yttrium-90 and 131I are the more commonly used radionuclides for radioimmunotherapy 

since both have good therapeutic efficacy due to significant radiation dose which is 

delivered while undergoing beta decay. The longer l77Lu half life (6.7 days) compared to 

the 2.7 day half-life for 90Y offers an advantage in terms of logistics of distribution and 

subsequent planning of the treatment. Additional advantage in the use of 177Lu is that the, 

low energy of the β- particles of 177Lu, lowers the bone marrow toxicity. The other 

advantage of the longer half life leads to reduction in the dose rate, while providing the 

same dose over a period of time with lower amount of activity, as well as help in 

eliminating the non-targeted antibody from circulation before it delivers bulk of the 

radiation dose to the non-targeted tissues. Also, by using 177Lu, scintigraphy can be 

performed to quantify the localization of the radioimmunoconjugate due to presence of 

less abundant low energy gamma emission along with β- emission in 177Lu. The β- 

particles of 177Lu has maximum energy of 497 keV and an average energy of 133 keV 

which translates into the ability to deposit radiation dose to cells at approximately 12 cell 

diameters from a cell on which the immunoconjugate is targeted. The maximum cell-

interaction potential is therefore expected to be approximately 50 cell diameters. The 

shorter range of 177Lu compared to that of 90Y may not as effective as in terms of dose 
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delivery to larger tumors, but may be suitable for many small solid tumors. The shorter 

range β- particles is expected to spare much of the non-diseased tissues and the lower 

renal toxicity of 177Lu over that of 90Y is an advantageous feature which has provided 

impetus to the development of 177Lu-based mAbs [100].  

These mAbs approved by the US Food and Drug Administration (FDA) for 

immunotherapy of a variety of cancer types include Rituximab® (for B-cell lymphomas), 

Trastuzumomab® (for breast cancer), Alemtuzumab® (for chronic lymphocytic leukemia), 

Cetuximab® (colorectal, head & neck cancers), and Bevacizumab® (for colorectal 

cancers). The two radiolabeled mAbs approved by FDA for radioimmunotherapy (RIT) 

are based on anti-CD20 antibodies, Zevalin® (labeled with 90Y) and Bexxar® (labeled 

with 131I) [100]. 

The monoclonal antibodies which have been labeled with 177Lu and evaluated in 

biological systems are listed in Table 3a.1. In most of these studies DOTA has been used 

as the chelating moiety where the coupling group to the antibody was attached to either 

the N atom of the DOTA framework (e.g. DOTA-NHS ester) or to the C atom on the 

main carbocyclic backbone of the DOTA moiety (e.g. p-SCN-benzyl-DOTA). The 

studies in this field show that ligand structure and physical characteristics, such as 

thermodynamic stability, dissociation rates, and serum stability are factors which 

influence the in vivo dissociation of radiolabeled coordination complexes. Such studies 

were carried out with a series of different BFCAs with different backbone-substitution in 

DTPA ligands. The correlation of the in vivo stability of conjugated coordination 



Chapter 3 
 

102 
 

complexes with that of the aforementioned physical parameters provide important clues 

towards screening of radiolabeled agents intended for use as radiopharmaceuticals. 

These studies involve rigorous standardization of the protocols for conjugation, which 

include variation of the mAb concentration, antibody to BFCA ratio, pH, temperature 

(room temperature or 37°C) and reaction time. The chelate to antibody ratio is critical to 

retain the immunoreactivity of the monoclonal antibody post labeling. The methods 

reported for the determination of the average number of chelates per antibody molecule 

and the availability of these methods relevant to the development of 177Lu-labeled mAbs 

to estimate the number of protein-bound chelating groups are few in number [101-103].   

   

Table 3a.1. Examples of 177Lu-labeled mAbs studied for radioimmunotherapy [100]  

Antibody Targeting antigen Type of cancer targeted 

Rituximab CD 20 Non-Hodgkin’s lymphoma 

Anti-L-CAM 
L1 cell adhesion 

protein 
Neuroblastoma, renal and ovarian 

Anti tenascin (Ch81C6) Tenascin Brain tumor 

Anti-VEGF (VG76e) 
Vascular endothelial 

growth factor 
 

CC-49 
Tumor associated 

antigen (TAG-72) 

Colon, Ovarian, adenocarcinoma 

etc. 

CC-49 single chain Fv Tumor associated Several cancers such as colon, 
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construct antigen (TAG-72) ovarian and adenocarcinoma. 

CC-49 single chain Fv 

construct (pre-targeting) 

Tumor associated 

antigen (TAG-72) 

Colon, Ovarian, adenocarcinoma 

etc. 

Cetuximab EGFR Several targets 

cG250 RCC Renal cell carcinoma 

7E11 PSMA Prostate Cancer 

Epratuzumab (hLL2) CD 22 Non-Hodgkin’s lymphoma 

huA33 Antigen 33 (A 33) Colorectal cancer 

hu3S193 PSMA Prostate cancer 

J-591 
Prostate specific 

membrane antigen 
Prostate cancer 

MOv18 
α-isoform of folate 

receptor 
Prostate cancer 

Pertuzumab 
HER-2, tyrosine 

kinase receptor 
Breast cancer and others 

RS-7 
Epithelial 

glycoprotein 
Small cell lung carcinoma 

Trastuzumab (Herceptin ) HER 2 Breast cancer 

U36 CD44v6 
Head and neck squamous cell 

carcinoma 
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In present study, two monoclonal antibodies namely, Rituximab and Trastuzumab were 

used for radiolabeling with 177Lu. Over past few years, attempts have been made to 

radiolabel Rituximab and Trastuzumab with various therapeutic isotopes so as to evaluate 

their potential as radioimmunotherapeutic agents [103,104]. Present work involves the 

labelling of these two antibodies with 177Lu. Potential of 177Lu as a therapeutic isotope in 

the treatment of tumors is well known and had already been discussed in details in 

chapter one. Direct incorporation of 177Lu in the antibody structure is not feasible owing 

to absence of suitable arrangement of functional groups which could complex directly 

with the radionuclide, however radiolabeling can be done by using a bi-functional 

chelating agent (BFCA). The macrocyclic ligand, p-NCS-benzyl-DOTA (p-

isothiocyanatobenzyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) known to 

form thermodynamically stable and kinetically inert complexes with 177Lu [30,31] was 

chosen as BFCA. Initial conjugation and radiolabeling procedures were optimized using 

the readily available antibody namely, IgG (Immunoglobulin G). The optimized 

parameters for conjugation and radiolabeling thus arrived at were then used to prepare the 

corresponding 177Lu-labeled Rituximab and 177Lu-labeled-Trastuzumab. Also, an attempt 

was made to evaluate the in vivo pharmacokinetic behaviour of 177Lu-labeled Rituximab 

in normal Swiss mice. 

3a.3. Experimental 

3a.3.1. Material and methods 

 Anti-CD20 antibody Rituximab (BioSim; Reditux™) was obtained in solution (100 

mg/mL) from Dr Reddy’s Laboratories, Hyderabad, India. Anti-HER2 antibody 
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Trastuzumab (CANMAb™) was obtained from Biocon, India. P-NCS-benzyl-DOTA was 

procured from Macrocyclics, USA. Ammonium acetate, sodium carbonate, sodium 

bicarbonate, acetic acid used were of AR grade and were procured from reputed chemical 

manufacturers. PD-10 (Sephadex G-25 M) columns used for antibody purification were 

obtained from GE-healthcare. HPLC analyses were performed using a TSK-Gel 

G3000SWXL size-exclusion column (7.8×300 mm), pre-equilibrated with 0.05 M 

phosphate buffer (pH 7.4), at a flow rate of 0.5 mL/min. The elution was monitored by 

detecting the radioactivity signal using a NaI(Tl) detector coupled with the HPLC system. 

All the solvents used for HPLC were of HPLC grade and were filtered prior to use. 

3a.3.2. Preparation of 177Lu-labeled-Rituximab and Trastuzumab 

3a.3.2.1. Preparation and purification of p-NCS-benzyl-DOTA coupled IgG 

The antibody-BFCA conjugate was prepared by incubation of IgG (5 mg, 33 nmol) with 

p-NCS-benzyl-DOTA (230 μg, 330 nmol) at 37°C for 17 h. The p-NCS-benzyl-DOTA-

IgG conjugate obtained was subsequently purified to remove free p-NCS-benzyl-DOTA 

by pre-packed PD10 columns using NH4OAc buffer (pH=5.5) as eluent. The PD-10 

columns were conditioned with 25 mL of NH4OAc buffer (pH=5.5) prior to loading of 

antibody-BFCA reaction mixture. After conditioning, p-NCS-benzyl-DOTA-IgG 

conjugate was loaded onto the preconditioned PD-10 column and purification was carried 

out by using NH4OAc buffer (pH=5.5). The eluate was collected in 1 mL fractions and 

fractions containing majority of the antibody-BFCA conjugate were identified by 

injecting 10 μL of each fraction in HPLC and observing the corresponding UV-Vis (λ280 

nm) profiles. After identification of the eluted fraction containing majority of p-NCS-
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benzyl-DOTA-IgG conjugate, concentration of the conjugate was estimated in the same 

by using Bio Rad protein assay following the reported standard procedure [105]. 

3a.3.2.2. Preparation of p-NCS-benzyl-DOTA-Rituximab  

Conjugation of Rituximab with p-NCS-benzyl-DOTA was carried out by following the 

same procedure as was standardized with IgG. However, an additional pre-concentration 

step was involved as commercially procured Rituximab was obtained in a concentration 

of 100 mg/10 mL and 500 μL aliquot of Rituximab (5 mg) was used each time for 

conjugation reaction preceded by a pre concentration step leading to a volume reduction 

from 500 μL to ~100 μL using Amicon ultracentrifugal filtration units under a relative 

centrifugal force (RCF) of ~2100 g. After conjugation, purification of Rituximab-p-NCS-

benzyl-DOTA was carried out by following the same procedure as was standardized with 

IgG. 

3a.3.2.3. Preparation of p-NCS-benzyl-Trastuzumab 

Preparation as well as purification of p-NCS-benzyl-DOTA-Trastuzumab was carried out 

by following the same procedure as mentioned in 3a.3.2.1. 

3a.3.2.4. Radiolabeling of p-NCS-benzyl-DOTA-IgG conjugate 

A stock solution of p-NCS-benzyl-DOTA-IgG (4 mg / mL of NH4OAc buffer (pH=5.5) 

was prepared and radiolabeling with 177Lu was carried out by incubating p-NCS-benzyl-

DOTA-IgG (500 μg, 125 μL) with 177Lu (50 μL, 10 mCi) at 37°C for 1 h. 

3a.3.2.5. Radiolabeling of p-NCS-benzyl-DOTA-Rituximab 
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 Radiolabeling of p-NCS-benzyl-DOTA-Rituximab was carried out following the 

procedure as mentioned in 3a.3.2.4. 

3a.3.2.6. Radiolabeling of p-NCS-benzyl-DOTA-Trastuzumab 

 Radiolabeling of p-NCS-benzyl-DOTA coupled Trastuzumab was carried out following 

the procedure as mentioned in 3a.3.2.4. 

3a.3.2.7. Determination of average number of BFCAs attached per antibody molecule 

Average number of BFCAs attached per antibody molecule was calculated following a 

protocol mentioned in the literature [97]. General procedure involved the incubation of 

antibody-BFCA conjugate (500 µg, 3.38 nmol) with excess amount of natural Lu (0.59 

µg, 33.8 nmol) containing tracer amount of 177Lu (2 mCi) at 37 ºC for 1 h. The reaction 

mixture thus obtained was incubated with DTPA (diethylene triamine pentaacetic acid) 

(13.3 µg, 33.8 nmol) at room temperature for 10 min. An aliquot of reaction mixture (10 

µL) was injected in HPLC and peak area corresponding to 177Lu/natLu-labeled antibody-

BFCA conjugate relative to 177Lu/natLu-DTPA was used for determining the average 

number of BFCA attached per antibody molecule.  

3a.3.3. Quality control 

Determination of percentage radiochemical purity of the prepared radiolabeled antibody 

conjugates viz. 177Lu-labeled-p-NCS-benzyl-DOTA-Rituximab and 177Lu-labeled-p-NCS-

benzyl-DOTA-Trastuzumab was carried out using high performance liquid 

chromatography (HPLC). HPLC elution profile was obtained by using 0.05M phosphate 
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buffer with 0.05% NaN3 as eluting solvent (isocratic mode). Flow rate was maintained at 

0.5 mL/min. 

3a.3.4. In vitro stability studies 

In vitro stability of 177Lu-labeled-p-NCS-benzyl-DOTA-Rituximab and 177Lu-labeled-p-

NCS-benzyl-DOTA-Trastuzumab complexes was studied by incubating the radiolabeled 

conjugates at room temperature for 48 h in NH4OAc buffer medium (pH = 7.0). Aliquots 

of antibody complexes (10 μL) were then injected into HPLC to determine the 

radiochemical purities and estimate the extent of dissociation of the complexes if any. 

3a.3.5. In vitro cell binding studies 

In vitro cell binding studies were carried out with 177Lu-labeled-p-NCS-benzyl-DOTA-

Rituximab in order to determine the specificity of the antibody complex towards binding 

with cell lines overexpressing CD20 antigen receptors. These studies were carried out in 

Raji cell lines (human lymphoma cell lines) as they are known to overexpress the CD20 

antigen receptors. Inhibition studies were carried out to determine the specificity of 

binding by using excess (100 μg) of cold (unlabeled) antibody. 

3a.3.6. Biodistribution studies  

Pharmacokinetic behaviour of 177Lu-labeled-p-NCS-benzyl-DOTA-Rituximab complex 

was studied by carrying out biodistribution studies in normal Swiss mice. Each animal 

was injected via the tail vein with 100 L (~3.7 MBq) of the radiolabeled preparation. 

The animals were sacrificed by cardiac puncture post-anesthesia at 3 h, 24 h, 48 h and 6 d 
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post injection (p.i.). Various organs were excised following sacrifice and the radioactivity 

associated with each organ/tissue was determined using a flat type NaI(Tl) counter. The 

percentage of injected activity (% IA) accumulated in various organs/tissue was 

calculated from the above data. The activity excreted was indirectly determined from the 

difference between total injected activity and the % IA accounted for in all the organs. 

The uptake in blood, bone and muscles were calculated based on the assumption that 7%, 

10% and 40% of the body weight of the animals are constituted by these organs, 

respectively. 

3a.4. Results and discussion 

3a.4.1. Preparation of 177Lu-labeled-p-NCS-benzyl-DOTA-Rituximab and 177Lu-

labeled-p-NCS-benzyl-DOTA-Trastuzumab 

The first step of preparation of 177Lu-labeled-p-NCS-benzyl-DOTA-Rituximab and 177Lu-

labeled-p-NCS-benzyl-DOTA-Trastuzumab involved the coupling of these monoclonal 

antibodies with a BFCA namely, p-NCS-benzyl-DOTA. A molar ratio of 10:1 of BFCA 

and antibody was selected for conjugation instead of 1:20 so as to decrease the probability 

of binding of BFCA moieties with the variable region (portion of antibody active towards 

binding with antigen receptor) of the antibody as it may interfere with the binding of 

antibody conjugate with the antigen receptors. On the other hand, a BFCA:antibody ratio 

lower than 1:10 may affect the radiochemical yield of the resultant radiolabeled antibody. 

After coupling reaction, the excess or unreacted BFCA was removed using pre-packed 

PD-10 columns based on the principle of size exclusion chromatography. After 

purification, the fraction containing majority of antibody-BFCA conjugate was identified 
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from UV-Vis absorption signal observed at λ=280 nm using HPLC whereas estimation of 

protein/p-NCS-benzyl-DOTA-Rituximab and Trastuzumab concentration in the desired 

eluted fraction was carried out by Bio Rad protein assay and was found to be ~4 mg/mL.  

Purified p-NCS-benzyl-DOTA-Rituximab as well as p-NCS-benzyl-DOTA-Trastuzumab 

were radiolabeled individually with 177LuCl3. The percentage radiochemical purity of the 

radiolabeled conjugates was determined using HPLC where radiolabeled antibodies 

eluted first at retention time (Rt) of 15-16 min (Rt = 15.5 and 16 min for 177Lu-Rituximab 

and 177Lu-Trastuzumab respectively) whereas free 177Lu eluted at retention time of 21 

min. A  RCP of > 95% was obtained corresponding to 177Lu-labeled-Rituximab and 

177Lu-labeled-Trastuzumab (Fig. 3a.2 (a) and (b) respectively).  

 

 

Fig. 3a.2. HPLC profiles of (a) 177Lu-labeled-Rituximab and (b) 177Lu-labeled 

Trastuzumab 

(a) 

(b) 
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3a.4.2. Determination of average number of BFCAs per antibody molecule 

The average number of BFCAs (p-NCS-benzyl-DOTAs) attached per antibody molecule 

(Rituximab and Trastuzumab) was determined by a reported method and was calculated 

by determining the areas corresponding to 177Lu/natLu-labeled-antibody-BFCA conjugate 

and 177Lu/natLu-labeled-DTPA peaks obtained in the HPLC chromatogram and were 

found to be in a ratio of 60:40. With a prior knowledge that Lu and p-NCS-benzyl-DOTA 

forms 1:1 complex and since known amount of natLu was used for complexation, number 

of moles of natLu consumed were related to corresponding moles of p-NCS-benzyl-DOTA  

present in the reaction mixture. A ratio of no. moles of BFCA and antibody was 

calculated and was found to be ~6.5±0.5 for both the antibodies. 

3a.4.3. In vitro stability studies 

177Lu-labeled-Rituximab and Trastuzumab complexes were found to be stable at room 

temperature in NH4OAc buffer medium (pH= 5.5) upto 24 h as determined by HPLC 

(RCP > 95%). After 48 hour, the percentage radiochemical purity was observed to 

decrease to ~85%. 

3a.4.4. In vitro cell binding studies 

In vitro cell binding studies carried out with 177Lu-Rituximab in Raji cell lines revealed 

the affinity of the radiolabeled antibody towards these cell lines. A maximum cell binding 

of ~29 % was observed corresponding to 1.25 ng of 177Lu-Rituximab complex. An 

inhibition of ~80% was obtained in presence of excess of cold Rituximab corresponding 

to 7.45 ng of 177Lu-Rituximab complex as shown in Fig.3a.3. 
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Fig.3a.3. Percent cell binding versus varying amounts of 177Lu-Rituximab complex and 

effect of excess of cold (100 μg) on % cell binding corresponding to 7.45 ng of 177Lu-

Rituximab complex. 

3a.4.5. Biodistribution studies 

Biodistribution studies carried out in normal Swiss mice revealed high blood uptake 

(11.64±0.16 % IA/g) at 3 h p.i. which cleared with time (Table 3a.2). The observed slow 

rate of clearance of activity from blood could be attributed to large molecular weight of 

the 177Lu-antibody complex which leads to longer blood circulation time and slower 

excretion from the body. Uptake was also observed in other organs such as lungs 

(3.95±0.54 % IA/g), heart (2.66±0.15 % IA/g), liver (2.81±0.26 % IA/g), GIT (1.18±0.20 
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% IA/g) and spleen (1.22±0.02 % IA/g) at 3 h p.i., however it was found to clear away 

with time. Biodistribution pattern revealed that major activity cleared via renal pathway 

which probably could be attributed to the presence of multiple hydrophilic BFCAs in 

antibody backbone which imparted the overall hydrophilic character to the 177Lu-labeled-

Rituximab complex 

Table 3a.2. Biodistribution pattern of 177Lu-Rituximab in normal Swiss mice at different 

time points (n=3) 

Organ 
Injected activity per gram (%IA/g ) of organ/tissue 

3 h 24 h 48 h 6 d 

Blood 11.64±0.16 5.44±0.89 4.48±0.77 2.85±0.16 

Lung 3.95±0.54 2.32±0.41 2.57±0.10 1.45±0.13 

Heart 2.66±0.15 1.48±0.33 1.58±0.23 0.98±0.07 

Stomach 0.47±0.21 0.45±0.04 0.45±0.07 0.39±0.26 

GIT 1.18±0.20 0.68±0.10 0.64±0.14 0.39±0.05 

Liver 2.81±0.26 2.92±0.40 3.01±0.27 2.03±0.39 

Spleen 1.22±0.02 1.51±0.41 1.71±0.14 1.84±0.35 

Kidney 2.20±0.17 2.25±0.16 1.70±0.23 1.71±0.33 

Muscle 0.25±0.04 0.61±0.09 0.47±0.16 0.33±0.13 

Bone 4.53±0.20 8.28±0.09 10.01±3.90 7.14±0.87 

Excretion 64.12±1.95 70.25±2.11 78.34±1.56 81.23±2.25 
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3a.5. Conclusions 

Conjugation as well as radiolabeling protocols for preparation of two different 177Lu-

labeled monoclonal antibodies i.e. Rituximab and Trastuzumab were optimized. Both the 

radiolabeled complexes could be prepared with a RCP > 95%. In vitro cell binding 

studies revealed the affinity of 177Lu-labeled-Rituximab towards CD20 antigens in human 

lymphoma cell lines. Also, an inhibition of ~80% observed in in vitro cell studies is 

indicative of specificity of 177Lu-labeled-Rituximab towards CD20 antigens. In vivo 

pharmacokinetic behaviour of 177Lu-labeled-Rituximab in normal Swiss mice showed that 

complex exhibited low uptake in vital organs except blood and bone. High residence time 

in blood, though decreasing with time, is expected and can be attributed to high molecular 

weight of the antibody (Rituximab) whereas uptake in bone is probably due to decreasing 

in vivo stability of 177Lu-labeled-Rituximab complex at longer p.i. time points. 
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3(b) PREPARATION OF 99mTcN-LABELED RGD DERIVATIVE FOR TUMOR 

IMAGING 

3b.1. Peptides and radionuclidic imaging of tumors 

Peptides are made up of amino acid monomers linked via peptide bonds (-CONH-

). A peptide bond is the one formed by the condensation reaction between a carboxylic 

acid and an amine. Peptides have the ability to be used as biomarkers owing to their 

ability to bind or mark specific type of cellular receptors [106-110]. Receptors are protein 

molecules which are present either on cell surface or on surface of nucleus or in the 

cytoplasm. Various types of receptors are expressed in the normal cells whereas in tumor 

cells they are overexpressed. Peptide-based ligands which are specific towards binding 

with these receptors, can be used as vectors for radiolabeling with suitable isotopes. The 

radiolabeled peptides thus obtained serve as target-specific radiotracers towards 

application in imaging as well as therapy of tumors [106-110]. These modalities known as 

Peptide Receptor Scintigraphy (PRS) or Peptide Receptor Radionuclide Therapy (PRRT) 

have been used in development of peptide-based imaging and therapy in nuclear medicine 

and are considered to be one of the most efficient means to target tumor cells. 

Additionally, they can tolerate harsher reaction conditions for carrying out structural 

modifications as well as radiolabeling due to lack of complex structure unlike of proteins. 

Also, being of lower molecular weight as compared to polypeptides and proteins, the 

smaller peptides or peptide-fragments exhibit fast clearance from blood pool thereby 

resulting into better target to background ratios. The additional dose exposure to non 
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target organs is also prevented [111]. Few peptide based radiolabeled agents for receptor-

targeted tumor imaging have been listed in the Table 3b.1 [106]. 

Table 3b.1. List of few radiolabeled peptides and the corresponding target receptors 

Radiolabeled peptides Targets/Application 

99mTc-Hynic-TOC #SSTR overexpressing cancer 

111In-DOTA-TATE SSTR overexpressing cancer 

68Ga-DOTA-NOC, 68Ga-DOTA-TOC SSTR overexpressing cancer 

68Ga-AMBA #GRP receptor-based imaging of prostate 
cancer 

18F-galacto-RGD αvβ3 targeted imaging of cancer 

111In-[DTPA-Pro1,Tyr4]BN 
Androgen-dependent BN/GRP receptor 

imaging in human prostate tumor 
xenografts 

68Ga/111In-DOTA-RGD αvβ3 targeted imaging of cancer 

#GRP (Gastrin releasing peptide), #SSTR (Somatostatin receptors) 

Arginine-Glycine-Aspartic acid (RGD) is one such peptide-based ligand which shows 

high specificity towards integrin αvβ3 receptors. 

3b.2. v3 integrin receptors as angiogenesis marker 

‘Angiogenesis’, the sprouting of new blood vessels from the existing vasculature, 

is well recognized as one of the key occurrences during tumor growth and metastasis 
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[112-118]. The angiogenic process depends on vascular endothelial cell migration and 

invasion, and is regulated by cell-adhesion receptors. The integrin family is a group of 

transmembrane glycoproteins comprised of 19 α and 8 β subunits and are expressed in 

over 25 different α/β heterodimeric combinations on the cell surface. At least 24 distinct 

integrins are formed by a combination of 19 α and 8 β subunits, such as ανβ3, ανβ5, α5β1 

etc. [118-123]. Among these, ανβ3 has a crucial role in the regulation of tumor growth and 

metastasis as it is highly expressed on activated and proliferating endothelial cells during 

tumor angiogenesis and metastasis. The ανβ3 integrin binds to the tripeptide, Arg-Gly-Asp 

(RGD), containing components of the extracellular matrix like vitronectin and 

fibronectin. Thus, a variety of linear and mostly cyclic RGD-based probes have been 

developed for monitoring expression of ανβ3 in vivo. Integrins play a critical role in 

several physiologic processes including cell proliferation, wound healing and remodelling 

of bone. Integrins also contribute to pathological events such as thrombosis, 

atherosclerosis, tumour invasion, angiogenesis and metastasis. Among the integrin 

family, ανβ3 (vitronectin receptor or VnR) is studied most extensively for its role in 

tumour growth, progression and angiogenesis [124]. The vitronectin receptor has a 

common RGD (Arg-Gly-Asp) tripeptide sequence and hence RGD derivatives when 

radiolabeled are suitable for targeting ανβ3 integrin receptors. The cyclic RGD peptide 

[Leu1-Glu2-Glu3-Glu4-Glu5-Glu6-Ala7-Tyr8-Gly9-Trp10-Met11-Asp12-Phe13-NH2] and its 

multimers have been investigated for developing targeting agents to image 

neoangiogenesis and in this respect 18F-cRGD has been evaluated in patients with solid 

tumours [125].  The function of integrins during tumor angiogenesis has been studied 
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most extensively for integrin αvβ3, which is overexpressed on activated endothelial cells 

and of the neovasculature as well as on different variety of growing tumors including 

osteosarcomas, neuroblastomas, glioblastomas, melanomas, lung and breast carcinomas 

as compared to normal cells, epithelial cells and mature endothelial cells of established 

blood vessels [126-132]. Therefore integrin v3 has been identified as an interesting 

molecular target for the early diagnosis as well as therapy of rapidly growing and 

metastatic tumors [133-138]. 

3b.3. Radiolabeled RGDs for imaging v3 overexpression 

Over the last decade, a series of radiotracers based on Arg-Gly-Asp (RGD) 

peptide derivatives have been synthesized and studied for imaging integrin v3 

expression in tumor by PET or SPECT [139-150]. Among these, [18F]-AH111585 and 

[18F]Galacto-RGD are under clinical investigation for noninvasive visualization of 

integrin expression in cancer patients [151-156]. These 18F-labeled RGD monomer 

derivatives can specifically bind to integrin αvβ3 receptors overexpressed in certain 

cancer. However, high cost of 18F and lack of preparation modules for the 18F-labeled 

RGD peptides pose significant challenges for their widespread clinical application [157-

159]. Thus, there is a continuing need for designing more efficient integrin αvβ3-targeting 

radiotracers based on 99mTc that can be readily prepared at hospital radiopharmacy and 

used without further post-labeling purification.  

In the present study, the cyclic RGD peptide derivative G3-c(RGDfK) (G3 = Gly-

Gly-Gly, f = Phe, K = Lys) has been chosen as the starting material to synthesize a 99mTc-

labeled dimeric RGD peptide derivative. Since the natural mode of interactions between 
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integrin v3 and RGD-containing proteins involve multivalent binding sites, the idea to 

improve the integrin v3 binding affinity with multivalent cyclic RGD peptides could 

provide more effective antagonists with better targeting capability [160-161]. It is already 

well documented that with increase in peptide moieties there is an increase in tumor 

uptake of radiotracer and retention of the resultant radiolabeled RGD multimers. A 

comparison of biological behavior of radiolabeled RGD monomer, dimer and tetramer 

revealed that dimers exhibit considerable tumor uptake with best target/non-target ratio 

and is the most suitable candidate for tumor imaging and therapy [162]. Liu and co-

workers have reported [99mTc(HYNIC-3G3-dimer)(tricine)(TPPTS)] (3G3-dimer = G3-

E[G3-c(RGDfK)]2, G3 = Gly-Gly-Gly, and TPPTS = trisodium triphenylphosphine-

3,3′,3″-trisulfonate) as a potential radiotracer for imaging integrin αvβ3 expression in 

athymic nude mice bearing U87MG glioma and MDA-MB-435 breast cancer xenografts 

[160-162]. Results from the in vitro integrin αvβ3 binding assay and ex vivo 

biodistribution clearly demonstrate that the G3 linkers between cyclic RGD motifs are 

useful for further enhancing the integrin αvβ3 binding affinity of dimeric RGD peptides 

and thereby increasing the 99mTc radiotracer tumor uptake. It also helped in improving the 

clearance kinetics of the radiotracer from non-cancerous organs, such as intestine, liver, 

and kidneys. Similar results were also obtained for 64Cu(DOTA-3G3-dimer) 

(DOTA=1,4,7,10-tetraazacyclo-dodecane-1,4,7,10-tetraacetic acid) [160-162].  

In recent years, there is a significant interest in the utilization of [99mTcN]2+ core 

for labeling a variety of biomolecules. This is attributable to the increased stability of the 

nitrido core towards oxidation-reduction reactions and pH variations, in comparison to the 
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conventional 99mTc-oxo core [163-169]. The [99mTcN]2+ core has been found to complex 

well with ligands containing sulfur atoms, as in dithiocarbamates and xanthates [163-

169]. The complexes formed are symmetrical 99mTcNL2 type with two ligand molecules 

involved in the complexation.  

The present study involves a novel method of dimerization of the dithiocarbamate 

derivative of cyclic RGD monomer viz. G3-c(RGDfK) using [99mTcN]+2 core, which can 

form a tetracoordinated complex involving two RGD monomers. Preliminary biological 

studies of this new radiotracer have also been carried out in tumor bearing mice. 

3b.4. Experimental 

3b.4.1. Materials and Method 

The cyclic RGD peptide derivative G3-c(RGDfK) was custom synthesized by Ms. 

Peptide International, Louisvil, KY, USA. All other chemicals were of AR grade and 

procured from reputed chemical manufacturers. Sodium pertechnetate (Na99mTcO4) was 

eluted with saline from a 99Mo-99mTc alumina column generator just before use. Whatman 

chromatography paper (Whatman 3 MM Chr, 20 mm width, Maidstone, England) was 

used for paper chromatography studies. Flexible silica gel plates used for carrying out 

preparative thin layer chromatography (TLC) studies were obtained from Bakerflex 

Chemical Company, Germany. The high performance liquid chromatography (HPLC) 

system (PU 1580) used was obtained from JASCO, Japan. The elution was monitored by 

detecting the radioactivity signal using a NaI(Tl) detector system coupled with the HPLC 

system. All the solvents used for HPLC were degassed and filtered prior to use and were 

of HPLC grade. Ultra Violet-Visible (UV-Vis) spectra were recorded using JASCO V-
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530 UV/Vis spectrophotometer (Japan). The gradient system consisting of eluting 

solvents H2O (solvent A) and acetonitrile (solvent B) with 0.1% trifluoroacetic acid was 

used (0-28 min, 90% A-10% A; 28-30 min, 10% A; 30-32 min, 10% A-90% A). All other 

radioactivity measurements were carried out using a well-type NaI(Tl) scintillation 

counter. Mass spectra were recorded on QTOF micromass instrument using electron 

spray ionization (ESI) in positive mode. 

Scintigraphic images were recorded using a single head digital gamma camera 

(GE Wipro, USA) with a Low-Energy-High-Resolution (LEHR) collimator. The gamma 

camera was calibrated for 140 keV gamma photon of 99mTc with 20% window for 

acquisition of the images. Xylazine hydrochloride and ketamine hydrochloride, used for 

anesthetizing the animals prior to recording the scintigraphic images, were purchased 

from Indian Immunologicals Limited and Themis Medicare Limited (India), respectively. 

All the animal experiments were carried out in compliance with the relevant national laws 

as approved by the local committee on the conduct and ethics of animal experimentation.  

3b.4.2. Synthesis of dithiocarbamate derivative of RGD monomer 

To the solution of G3-c(RGDfK) (10 mg, 11.7 mmol) in pre-cooled aqueous 

ammonia (2 mL), 0.5 mL solution of CS2 in ethanol (1:4, v/v) was added slowly at 0oC 

under constant stirring (Fig.3b.1). The resulting solution was stirred at room temperature 

overnight. After the completion of the reaction, the solution was centrifuged under 

vacuum at 45°C (3000 rpm, 30 min). The residue thus obtained was separated and 

characterized by ESI-MS.  
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ESI-MS (m/z): (calc.) C35H

Fig.3b.1. Schematic representation of conversion of 

dithiocarbamate derivative

Fig. 3b.2. Mass spectrum of dithiocarbamate derivative of 
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H54N12O9S2 850.2; (obs.) (M+H) 851.3 [Fig. 3b.2

Schematic representation of conversion of G3-c(RGDfK) to corresponding 

dithiocarbamate derivative 

Mass spectrum of dithiocarbamate derivative of G3-c(RGDfK) 

3b.4.3.Radiolabeling studies 

Fig. 3b.2] 

 

c(RGDfK) to corresponding 
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3b.4.3.1. Preparation of the [99mTcN]2+ core 

To a solution of containing 0.05 mg of stannous chloride dihydrate, 5.0 mg of 

succinic dihydrazide (SDH) and 5.0 mg of propylenediaminetetraacetic acid (PDTA) in 1 

mL of phosphate buffered saline (PBS), was added 1 mL of Na99mTcO4 (37 MBq of 

99mTc) in normal saline. The mixture was vortexed and kept at room temperature for 20 

minutes. The [99mTcN]2+ intermediate formed was characterized by radio TLC using 

ethanol:chloroform:toluene:0.5 M ammonium acetate (6:3:3:0.5 v/v) as the eluting 

solvent. The [99mTcN]2+ intermediate was found to remain near the point of application 

(Rf = 0-0.2), while 99mTcO4
- exibits Rf = 0.4-0.6 in the same solvent system.  

3b.4.3.2. Preparation of 99mTcN-[G3-c(RGDfK)]2 

For the preparation of 99mTc complex of the RGD peptide derivative, 0.5 mL 

solution of freshly prepared [99mTcN]2+ intermediate (15 MBq) was added to 0.5 mL of 

saline containing 25 µg of the ligand (Fig.3b.3). The pH of the reaction mixture was 

adjusted to around 4-5, vortexed for 1 min and subsequently incubated at room 

temperature for 1 h. 
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Fig.3b.3. Proposed structure of 99mTcN-[G3-c(RGDfK)]2 

3b.4.4. Quality Control techniques 

 The 99mTcN-[G3-c(RGDfK)]2 complex was characterized by HPLC. A dual pump 

HPLC unit with a C-18 reversed phase column was used. About 25 μL of the test solution 

was injected into the column and elution was monitored by observing the radioactivity 

profile using a NaI(Tl) scintillation detector attached to the HPLC system. Water (A) and 

acetonitrile (B) mixtures with 0.1% trifluoroacetic acid were used as the mobile phase 

following the gradient elution system mentioned in section 3b.2.1 of this chapter. 
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Fig.3b.4. HPLC elution profile of 99mTcN-[G3-c(RGDfK)]2 

3b.4.5. Determination of partition coefficient (Log Po/w)  

The Log Po/w of 99mTcN-[G3-c(RGDfK)]2 complex was determined using the 

following protocol. Three different aliquots (25 L) of the complex prepared under 

optimized conditions were diluted to 1 mL volume using normal saline. To each of these 

solutions 1 mL of n-octanol was added and the mixtures stirred vigorously for ~10 min. 

Subsequently, the mixtures were centrifuged at a speed of 3000 rpm for 5 min. Aliquots 

of 0.1 mL were withdrawn from both water and n-octanol layers and counted for 99mTc 

activity using NaI(Tl) counter. The Log Po/w values were determined from these data and 

reported as an average of three independent measurements. 

3b.4.6. Stability Studies 

 The in vitro stability of the 99mTcN-[G3-c(RGDfK)]2 complex was studied by 

incubating the radiolabeled preparation in phosphate buffer saline (pH ~7.5) at 37°C and 

monitoring the radiochemical purity using HPLC. The studies were continued for 6 h.  
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3b.4.7. Biological studies 

 Biological efficacy of the radiotracer was ascertained by carrying out 

biodistribution as well as scintigraphic imaging studies in C57BL/6 mice bearing 

melanoma tumors. Melanoma tumors were developed by injecting ~ 1×106 viable cells 

suspended in PBS subcutaneously into the right thigh of C57BL/6 mice each weighing 

20-25 g. The animals were observed for visibility of tumors and subsequently allowed to 

grow for about 2 weeks to attain a tumor mass of 0.2-0.4 g. Each animal was injected 100 

L (~3.7 MBq) of the radiolabeled preparation via the tail vein. The animals were 

sacrificed by cardiac puncture post-anesthesia at 30 min, 1 h and 3 h post injection (p.i.). 

Various organs and tumors were excised following sacrifice and the radioactivity 

associated with each organ/tissue was determined using a flat type NaI(Tl) counter. The 

percentage of injected activity (% IA) accumulated in various organs/tissue and tumor 

was calculated from the above data. The activity excreted was indirectly determined from 

the difference between total injected activity and the % IA accounted for in all the organs. 

The uptake in blood, bone and muscles were calculated based on the assumption that 7%, 

10% and 40% of the body weight of the animals are constituted by these organs, 

respectively [165].  

 For imaging studies tumors were developed in the animals by following the same 

protocol mentioned above. The radiolabeled conjugate [~200 µL, 7.4 MBq] was injected 

through the tail vein of the animals and serial scintigraphic images were recorded at 30 

min and 1 h p.i. using a LEHR collimator. Prior to the acquisition of images, the animals 

were anesthetized using a combination of xylazine hydrochloride (2 mg/kg of body 
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weight) and ketamine hydrochloride (2 mg/kg of body weight). All the images were 

recorded by acquiring 500 K counts using 256256 matrix size. All the animal 

experiments were carried out in strict compliance with the relevant national laws relating 

to the conduct of animal experimentation. 

3b.5. Results and discussion 

3b.5.1. Synthesis and characterization 

The [G3-c(RGDfK)]-DTC derivative was prepared by reacting G3-c(RGDfK) with 

an equivalent amount of carbon disulfide in ammonium hydroxide solution (Fig.3b.1). 

The compound was characterized by ESI-MS and the data obtained was consistent with 

the proposed formula (Fig.3b.2).  

3b.5.2. Radiochemistry 

The radiolabeling of [G3-c(RGDfK)]-DTC derivative with 99mTcN core was 

carried out at room temperature (Fig.3b.3). The radiochemical purity of the complex was 

checked by HPLC. The HPLC pattern of the radiolabeled conjugate is shown in Fig.3b.4. 

The retention time of the radiolabeled conjugate was found to be 17.1  0.1 min while 

that of 99mTcN intermediate was 3.2  0.1 min. Parameters such as ligand concentration 

and reaction time were optimized to obtain maximum complexation yields. It was 

observed that ~98% complexation could be obtained using 25 μg of ligand in reaction 

with [99mTcN]2+ core at room temperature for 1 h. The water- octanol partition coefficient 

(Log Po/w) value of 99mTcN-[G3-c(RGDfK)]2 was found to be -1.08 ± 0.11 (n=3) 

suggesting it to be a hydrophilic complex. 
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Dithiocarbamates are known to complex with [99mTcN]2+ intermediate leading to 

neutral complexes of [99mTcNL2] type [163] having square pyramidal geometry with an 

apical 99mTcN bond and two mono anionic dithiocarbamate ligands spanning the four 

positions in the basal plane and coordinating through the four sulfur atoms. Therefore, it 

seems reasonable to presume that the 99mTcN-[G3-c(RGDfK)]2 complex prepared would 

exhibit the similar structure (Fig.3b.3). 

3b.5.3. In vitro stability studies 

In vitro stability of the 99mTcN-[G3-c(RGDfK)]2 complex was studied by 

incubating the complex in phosphate buffer saline (PBS) at 37oC and analyzing its 

radiochemical purity using HPLC at different time intervals. It was observed that the 

radiolabeled conjugate retains radiochemical purity to the extent of ~96% after 6 h 

incubation upto which studies were carried out. 

3b.5.4. Biological studies  

The uptake of 99mTcN-[G3-c(RGDfK)]2 complex in the different organs/tissue of 

C57BL/6 mice bearing melanoma tumors expressed as percentage injected activity per 

gram of organ/tissue (%IA/g) at different post-injection times is shown in Table 3b.2. 

The results of the biodistribution studies revealed significant tumor uptake within 30 min 

p.i. (4.61 ± 0.04 %IA/g). Initial accumulation of activity was observed in various non-

target organs viz. liver, GIT, kidney, lungs etc. However, with the progress of time, the 

uptake in non-target organs was observed to reduce gradually. The tumor to blood ratio 

was observed to increase from 1.81 ± 0.21 at 30 min p.i. to 2.82 ± 0.22 at 180 min p.i., 

while tumor to muscle ratio increased from 4.12 ± 0.44 to 11.62 ± 0.12 respectively, 
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between the same time points. The radiolabeled conjugate exhibited predominant urinary 

excretion, as more than 80% of the injected activity was observed to clear via renal 

pathway within 60 min p.i.  

Table 3b.2. Biodistribution pattern of 99mTcN-[G3-c(RGDfK)]2 conjugate in C57BL/6 

mice (n=5) bearing melanoma tumor 

Organ %Injected activity per gram (%IA/g) of organ/tissue 

 30 min 60 min 180 min 

Blood 2.50±0.43 1.15±0.26 1.11±0.20 

Liver 4.49±0.87 3.12±0.55 3.08±0.43 

GIT 4.90±0.23 3.14±0.49 2.14±0.19 

Kidney 7.82±1.54 5.66±1.29 4.61±0.78 

Stomach 1.80±0.33 1.03±0.08 0.94±0.36 

Heart 1.42±0.18 0.95±0.17 1.23±0.14 

Lungs 3.23±0.68 2.53±0.73 2.57±0.58 

Skeleton 0.35±0.16 0.00±0.00 0.00±0.00 

Muscle 1.12±0.47 0.28±0.05 0.27±0.05 

Spleen 3.31±1.08 1.42±0.44 1.59±0.24 

Tumor 4.61±0.04 2.79±0.27 3.14±0.18 

Excretion# 68.33±4.66 83.16±2.58 87.80±4.36 

 #Excretion has been calculated by subtracting the activity accounted in all the organs 
from the total activity injected  
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Fig.3b.5 compares the uptake of 99mTcN-[G3-c(RGDfK)]2 in various organ/tissue 

of C57BL/6 mice bearing melanoma tumors at 30 min p.i. in the absence/presence of 

excess G3-c(RGDfK). Clearly, co-injection of excess G3-c(RGDfK) almost completely 

blocked the tumor uptake of 99mTcN-[G3-c(RGDfK)]2 (0.88 ± 0.22% ID/g with G3-

c(RGDfK) vs. 4.61 ± 0.04 %ID/g without G3-c(RGDfK) at 30 min p.i.). Its uptake in 

normal organs such as liver, intestine, lungs, kidney and spleen was also significantly 

blocked by co-injection of excess G3-c(RGDfK)  as shown in Fig.3b.5. The blockage of 

radiotracer uptake observed, is suggestive of the localization of the radiotracer in 

melanoma tumor via a receptor-mediated mode. The partial blockage of uptake in the 

normal organs as specified above indicates that the accumulation of 99mTcN-[G3-

c(RGDfK)]2 in these organs is also via the integrin αvβ3-receptors.  
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Fig.3b.5. Comparison of uptake of 99mTcN-[G3-c(RGDfK)]2 in various organ/tissue of 

C57BL/6 mice bearing melanoma tumors at 30 min p.i. in the absence/presence 

of excess G3-c(RGDfK) 

The whole-body scintigraphic images of the C57BL/6 mice bearing melanoma 

tumors recorded at 30min and 60 min post-administration of 99mTcN-[G3-c(RGDfK)]2 are 

shown in Fig.3b.6. It is evident that the melanoma tumor could be clearly visualized 

within 30 min post-administration of the conjugate.  

           without cold G3-c(RGDfK) 

            with cold G3-c(RGDfK) 
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(a)                                                           (b) 

 

Fig.3b.6. Whole-body scintigraphic images of C57BL/6 mice bearing melanoma tumors 

recorded at (a) 30 min and (b) 60 min post-administration of 99mTcN-[G3-

c(RGDfK)]2 

3b.6. Conclusions 

The work described in this section constitutes the synthesis of a novel 99mTc 

labeled dimeric RGD peptide derivative using [99mTcN]+2 intermediate. Towards this, the 

dithiocarbamate derivative of cyclic RGD monomer, G3-c(RGDfK) was prepared and 

radiolabeled using [99mTcN]+2 intermediate to form the 99mTcN-[G3-c(RGDfK)]2 complex 

in high yield. The radiochemical purity of the complex was more than 98% as determined 

Tumor Tumor 
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by high performance liquid chromatography (HPLC). The octanol-water partition 

coefficient value determined for the complex indicated that the radiolabeled conjugate is 

hydrophilic. Biological properties of the synthesized radiotracer were studied in C57BL/6 

mice bearing melanoma tumors. Results of biodistribution studies showed specific uptake 

of radiotracer in melanoma tumor [4.61 ± 0.04 % IA/g at 30 min post-injection (p.i.)]. 

The complex exhibited favorable tumor/blood and tumor/muscle ratios (1.84 ± 0.21 and 

4.12 ± at 30 min p.i., respectively). Fast clearance of the activity was observed form non-

target organs/tissue through renal route. Imaging studies also showed visible 

accumulation of activity in the tumor with appreciable target to background ratio. These 

preliminary studies indicate the potential of the developed radiotracer in tumor imaging. 
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TUMOR HYPOXIA 
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4.1. Introduction 

Chapter 4 describes the use of differently substituted nitroimidazole derivatives as 

tumor targeting molecules for development of 99mTc-based radiotracers for hypoxia. The 

role of nitroimidazoles in targeting tumor hypoxia, mechanism of localization, 

preparation and evaluation of 99mTc-labeled neutral complexes of different nitroimidazole 

derivatives viz. 2-, 4- and 5-nitroimidazole have been discussed. The study described in 

this chapter makes use of the property of nitroimidazole derivatives, (in the present study, 

the nitroimidazole-based radiotracer) to enter tumor tissue by passive diffusion, followed 

by selective cell entrapment in hypoxic regions of the tumor.  

4.1.1. Hypoxia  

Hypoxia is a pathological condition that arises in organs or tissue in the body due 

to inadequate oxygen level. Medical conditions such as cancers, cardiovascular disease, 

cerebrovascular disease, diabetes, infection and wound healing are few of the several 

causes for tissue hypoxia. [170,171] 

In tumors hypoxic condition arises when fast multiplication of the tumor cells 

outgrows the rate of blood supply to the tumor. This results in leaving portions of the 

tumor where the oxygen concentration is significantly lower than that in healthy tissues. 

Hypoxic microenvironements in solid tumors arise due to available oxygen being 

consumed within 70 to 150 μm of tumour vasculature by rapidly proliferating tumor cells 

thus limiting the amount of oxygen available to diffuse further into the tumor tissue. 

[172,173].The negative influence of hypoxia in the clinical management of cancer is well 

documented [174-181]. Presence of hypoxic regions makes tumors resistant towards 
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treatment modalities such as chemotherapy and radiotherapy and have direct implications 

on the prognosis and therapeutic outcome of the disease [171,172,175-178, 182,183]. 

The resistance of hypoxic cells to radiation therapy and chemotherapy was 

discovered in 1953, when well oxygenated tumor cells were found to exhibit three-fold 

greater response to radiotherapy compared to anoxic cells [179]. The problems posed by 

hypoxia in treatment of cancerous lesions have been extensively reviewed [179,180] and 

have prompted the clinical oncologists to assess the hypoxic status of the cancerous 

lesions so that appropriate modifications can be made in planning the therapeutic strategy. 

Assessment of the hypoxic status of cancer in patients enables the physicians to delineate 

patients who would be benefited from hypoxia-directed treatment from the other group of 

patients. These factors adequately substantiate the significance of detection of hypoxia in 

cancer and the relevance of development of efficient techniques to achieve this objective.  

There are several methods to detect and quantify hypoxia in tumor which can be 

broadly classified into invasive and non-invasive categories. Since invasive techniques 

have several drawbacks and most of them are applicable only to superficial tumors, 

[181,184] non-invasive techniques are a preferred choice. 

Currently, two non-invasive modalities available for the detection and 

quantification of hypoxia. These are imaging using radiopharmaceuticals and Magnetic 

Resonance Imaging (MRI). While MRI combines morphological imaging with limited 

functional imaging, the spatial resolution of the images obtained using MRI technique is 

high. The sensitivity is low and, it often requires appreciable quantity of contrast agents, 

which may be toxic to the body, to obtain images of acceptable quality. On the other 
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hand, radiopharmaceuticals with their high sensitivity and ability to provide functional 

information of organs/tissue are considered superior to that of MRI [184]. 

4.1.2. Nitroimidazoles as the targeting vectors for tumor hypoxia 

Nitroimidazoles which show selective accumulation in hypoxic cells are the most 

widely explored molecules for delineating hypoxic tumor cells from normoxic cells [185]. 

Nitroimidazoles are substituted imidazoles which are planar and pi-electron rich 

heteroaromatic compounds. 2-nitroimidazole (azomycin) was the first nitroimidazole 

isolated from a natural source. 4- and 5-nitroimidazoles are positional isomers of 2-

nitroimidazole and differ only with respect to the position of the nitro group. 

Nitroimidazoles have been found to be able to delineate normal cells from hypoxic ones. 

This ability could be attributed to an interesting mechanism whose initial step involves an 

enzyme-mediated (nitro-reductase) single electron reduction of nitroimidazole to the 

corresponding radical anion. This reduction step is reversible in normal cells due to 

presence of sufficient oxygen which oxidizes the radical anion and promotes its clearance 

out of the cell. Whereas in hypoxic cells, the nitroimidazole radical anion gets reduced 

further and corresponding metabolites get trapped within the cells (Fig. 4.1) 

[172,173,186].  

           

RNO2 RNO2
.-

O2
.-

O2
RNO2 RNHOH RNH2

1e 1e 2e 2e
 

Fig. 4.1. Schematic representation of reduction of nitroimidazole 
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4.1.3. Radiopharmaceuticals for hypoxia 

Detection of hypoxia by a radiopharmaceutical is based on a principle governed 

by the oxygen-dependent chemical change of the radiotracer internalized in the tumor 

tissue. It will therefore be different in normoxic and hypoxic tissue thereby enabling the 

detection and delineation of these two tissue types from each other. Majority of 

radiopharmaceuticals developed and evaluated for the detection of hypoxia are based on 

nitroimidazoles. The two prominent non-nitroimidazole radiopharmaceuticals are 62/64Cu-

ATSM [187-189]. 

Several nitroimidazole based radiopharmaceuticals labeled with PET as well as 

SPECT isotopes have been reported [190-205]. Presently, [18F]fluoromisonidazole 

([18F]FMISO), a 2-nitroimidazole-radiotracer, is the radiopharmaceutical of choice for 

clinical imaging of tumor hypoxia [206]. However, owing to optimal decay 

characteristics, easy availability and low cost of 99mTc, a nitroimidazole 

radiopharmaceutical based on this isotope is expected to find wider applicability. Though, 

several 99mTc-labeled nitroimidazole radiopharmaceuticals are evaluated for their 

potential in detecting tumor hypoxia, 99mTc-BRU59-21 is, probably, the only complexone 

that have reached the stage of phase-I clinical trials [207]. Other complexes evaluated so 

far have not shown suitable pharmacokinetics for hypoxia-detecting applications in a 

clinical setup. This aspect has provided the impetus for the development of new 

nitroimidazole radiopharmaceuticals labeled with 99mTc for targeting tumor hypoxia. It 

has been observed from experience with various nitroimidazole based 

radiopharmaceuticals that, apart from suitable SERP (single electron reduction potential), 
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overall lipophilicity and charge of the radiolabeled complex are equally important 

parameters in governing the uptake in hypoxic regions of the solid tumors. A suitable 

SERP is an essential feature for any hypoxia-targeting agent as it decides how readily it 

will get reduced in the hypoxic environment and be subsequently retained therein. 

Lipophilicity plays an important role in promoting the intracellular accumulation of the 

radiolabeled agents via passive diffusion pathway as more lipophilic complexes will have 

greater affinity for lipid bilayer of the cell membrane. The overall charge of the complex 

(positive, negative and neutral) on the other hand will be the determining factor for the 

overall pharmacokinetic behavior of the radiopharmaceutical [201,203,208]. 

4.1.4. Choice of 99mTc as the radioisotope 

Detection of tumor hypoxia by imaging techniques with radiolabeled 2-

nitroimidazoles was proposed by Chapman in 1979 [209]. Since then, a number of 

nitroimidazole derivatives have been radiolabeled and proposed for their use as SPECT 

and PET imaging of hypoxic tumors. 18[F]FMISO (18Ffluoromisonidazole) is the most 

widely used nitroimidazole-based PET radiopharmaceutical used for hypoxia imaging 

[206]. Apart from 18[F]FMISO, various other 18F-labeled agents which have been 

evaluated clinically are [18F]FAZA [18F]fluoroazomycin arabinofuranoside), 

[18F]FETNIM ([18F]fluoroerythronitroimidazole), [18F]FETA (18Ffluoroetanidazole) etc. 

[192,210,211]. Among the 99mTc-based radiotracers 99mTc-labeled 2-metronidazole 

(BMS181321) is the first agent to be used in diagnosis of hypoxia. BRU59-21 is another 

similar kind of second-generation hypoxia imaging agent. However, both of these agents 
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were highly lipophilic and exhibited poor target to non target ratio when tested in vivo 

(Fig. 4.2) [212].  

         

N
N

NO2

NN

N

O

N

Tc

O

O
H

BMS181321

NN

N

O

N

Tc

O

O
H

O

N
N

NO2

BRU59-21  

Fig. 4.2. Structures of two clinically evaluated 99mTc-labeled nitroimidazole based 

hypoxia imaging agents. 

Until recently, no 99mTc based radiopharmaceutical has been able to replace the 

widely used 18[F]FMISO considered to be the gold standard in diagnosis of hypoxia 

[206]. The main limiting factor on the use of 18[F]FMISO is the availability of 18F. 

Fluorine-18 is a cyclotron produced isotope with a half-life of 110 minutes which poses 

logistic restriction towards its availability in distant centres away from the location of the 

cyclotron. Another factor is the availability of number of PET cameras which are fewer in 

comparison to SPECT cameras. All these factors add to the manufacturing cost of this 

imaging agent. A SPECT based hypoxia imaging agent can circumvent all these issues, 

particularly, in the current scenario with the advent of improved SPECT cameras which 

provide better resolution, Technetium-99m therefore becomes the ideal choice for 

developing a SPECT based hypoxia imaging agent owing to its excellent nuclear decay 

characteristics, low cost of production, availability from a 99Mo-99mTc generator which 
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overcomes the problem of distribution to places far away from production site. 

Additionally, introduction of unconventional 99mTc-cores, such as [99mTcN]+2 core and 

[99mTc(CO)3]
+  core, for radiolabeling biomolecules have alleviated the problems 

associated with the usage of the conventional 99mTc-oxo or 99mTc-dioxo cores to a great 

extent. The [99mTcN]+2 core and [99mTc(CO)3]
+  core are easy to prepare and stable over a 

wide range of pH conditions. The [99mTc(CO)3(H2O)3]
+ precursor complex, introduced by 

Alberto et al [213], is especially attractive for radiolabeling small bio-molecules and 

peptides. Three labile water molecules in [99mTc(CO)3(H2O)3]
+ precursor complex permits 

radiolabeling with a suitable tridentate ligand resulting in the formation of a stable 

pseudo-octahedral complex [214].  

In the present work, the concept of ‘click chemistry’ was employed to prepare 

triazole derivatives of three differently substituted nitroimidazoles viz. 2-, 4- and 5-

nitroimidazole, for radiolabeling with [99mTc(CO)3]
+ core [204-206]. 2-, 4- and 5-

nitroimidazole are three position isomers of nitroimidazole molecule and exhibit different 

SERP (single electron reduction potential) values viz. -418 mV, -527 mV and -450 mV, 

respectively (Fig. 4.3). Triazole ligands form neutral pseudo-octahedral complex with 

[99mTc(CO)3(H2O)3]
+ precursor complex [202]. The three, differently substituted, neutral, 

nitroimidazole-triazole complexes prepared were subsequently evaluated in Swiss mice 

bearing fibrosarcoma tumor. The biodistribution results obtained are thoroughly analyzed 

and compared with clinically used hypoxia imaging agent [18F]FMISO.  
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Fig. 4.3. Structural representation of 2-, 4- and 5-nitroimidazoles with respective 

SERP values 

4.2. Experimental 

4.2.1. Materials and methods  

2-Nitroimidazole, 4-nitroimidazole, 1,3-dibromopropane, anhydrous potassium 

carbonate and L-propargyl glycine were procured from M/s. Fluka, Germany. Copper 

sulphate, sodium azide, ascorbic acid and sodium carbonate were purchased from S.D. 

Fine Chemicals, Mumbai, India. Flexible silica gel plates used for thin layer 

chromatography (TLC) were obtained from Bakerflex Chemical Company, Germany. 

The HPLC analyses were performed on a JASCO PU 2080 Plus dual pump HPLC 

system, Japan, with a JASCO 2075 Plus tunable absorption detector and a Gina Star 

radiometric detector system, using a C-18 reversed phase HiQ Sil column (5 μm, 4 x 250 

mm). All the solvents used for HPLC were degassed and filtered prior to use and were of 

HPLC grade. IR spectra of the synthesized compounds were recorded on JASCO-FT/IR-

420 spectrometer, Japan. 1H-NMR spectra were recorded using 300MHz Bruker Avance 

N NH
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N NH

NO2
N NH

NO2

      2-nitroimidazole 

      SERP = -418 mV 

        4-nitroimidazole 
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II, spectrometer, Germany. Mass spectra were recorded on QTOF Micromass Instrument 

using electron spray ionization (ESI) in positive mode. 

4.2.2. Synthesis 

4.2.2.1. Synthesis of 1-(3-bromopropyl)-2-nitro-1H-imidazole (4a) 

Compound 4a was prepared from 2-nitroimidazole (0.11 g, 1 mmol) and 1, 3-

dibromopropane (0.59 g, 10 mmol) in presence of crushed anhydrous K2CO3 in 

acetonitrile (10 mL) [196]. The reaction mixture was stirred overnight at room 

temperature. Upon completion of the reaction (cf. TLC), solvent was removed under 

vacuum and the residue was dissolved in water (30 mL). The aqueous layer was extracted 

with chloroform (15 mL x 3). Combined organic layer was washed with brine and dried 

over anhydrous sodium sulphate. The dried organic layer was concentrated and purified 

by silica gel column chromatography to obtain compound 4a (0.19 g, 80%). Rf 

(diethylether) = 0.22. IR (neat, cm-1) 3121(m); 2918(w); 2853(w); 1545(s); 1406(s); 

1044(s); 656(s). 1H-NMR (δ ppm, CDCl3) 2.41 (m, 2H, -CH2CH2CH2Br), 3.38 (t, 2H, J = 

7.35 Hz, -CH2CH2CH2Br), 4.63 (t, 2H, J = 7.35 Hz, -CH2CH2CH2Br), 7.22 (s, 1H, 2-

nitroimidazole-C5-H), 7.27 (s, 1H, 2-nitroimidazole-C4-H).  

4.2.2.2. Synthesis of 1-(3-bromopropyl)-4-nitro-1H-imidazole and 1-(3-bromopropyl)-5-

nitro-1H-imidazole (4b & 4c) 

Compounds 4b and 4c were prepared in a one-pot reaction between 4-

nitroimidazole (0.5 g, 4.4 mmol) and 1, 3-dibromopropane (2.6 g, 44 mmol) in presence 

of crushed anhydrous K2CO3 as base in acetonitrile (10 mL) [200]. The reaction mixture 
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was kept stirring overnight at room temperature. Upon completion of the reaction (cf. 

TLC), the mixture was worked-up following a procedure similar to the one described for 

compound 4a. Compound 4b and 4c were separated by silica gel column chromatography 

using diethyl ether. Yield of compound 4b was 75% (0.77 g) and that of compound 4c 

was 11% (0.11 g).   

Compound 4b: Rf (diethylether) = 0.3. IR (neat, cm-1) 3121(m); 2918(w); 2853(w); 

1545(s); 1406(s); 1044(s); 656(s). 1H-NMR (δ ppm, CDCl3) 2.36 (m, 2H, -

CH2CH2CH2Br), 3.36 (t, 2H, J = 5.73 Hz, -CH2CH2CH2Br), 4.27 (t, 2H, J = 6.51 Hz, -

CH2CH2CH2Br), 7.52 (s, 1H, 4- nitroimidazole-C2-H), 7.84 (s, 1H, 4-nitroimidazole-C5-

H) [Fig. 4.4] 

Compound 4c: Rf (diethylether) = 0.4. IR (neat, cm-1) 3114(w); 2969(w); 1529(s); 

1371(s); 1121(s); 741(s); 650(w). 1H-NMR (δ ppm, CDCl3) 2.39 (m, 2H, -

CH2CH2CH2Br), 3.36 (t, 2H, J = 6.24 Hz, -CH2CH2CH2Br), 4.59 (t, 2H, J = 7.02 Hz, -

CH2CH2CH2Br), 7.74 (s, 1H, 5-nitroimidazole-C2-H), 8.03 (s, 1H, 5-nitroimidazole-C4-

H) 

4.2.2.3. General procedure for synthesis of nitroimidazole azides 

Bromide derivatives of different nitroimidazoles were converted into 

corresponding azides by reacting with NaN3 in dimethylformamide [204]. Upon 

completion of the reaction the solvent was removed using rotary evaporator. The residue 

was dissolved in water (30 mL) and extracted with chloroform (15 mL x 3). Combined 
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organic layer was washed with brine, concentrated and purified by silica gel column 

chromatography to obtain corresponding nitroimidazole azide. 

4.2.2.4. Synthesis of 1-(3-azidopropyl)-2-nitro-1H-imidazole (4d)  

Compound 4d was prepared from compound 4a (0.15 g, 0.64 mmol) and NaN3 

(0.04 g, 0.64 mmol) following the general procedure described above. Yield 75% (0.09 

g). Rf (chloroform) = 0.28. IR (neat, cm-1 ) 3114(m); 2936(w); 2873(w); 2099(s); 1537(s); 

835(s). 1H-NMR (δ ppm, CDCl3) 2.12 (m, 2H, -CH2CH2CH2N3), 3.38 (t, 2H, J = 6.18 Hz, 

-CH2CH2CH2N3), 4.51 (t, 2H, J = 6.69 Hz, -CH2CH2CH2N3), 7.14 (s, 1H, 2-

nitroimidazole-C5-H), 7.15 (s, 1H, 2-nitroimidazole-C4-H).  

4.2.2.5. Synthesis of 1-(3-azidopropyl)-4-nitro-1H-imidazole (4e)  

Compound 4e was prepared by reaction of compound 4b (0.5 g, 2.13 mmol) with 

NaN3 (0.14 g, 2.13 mmol) following the general procedure described above. The yield of 

the reaction was 75% (0.32 g). Rf (chloroform) = 0.21. IR (neat, cm-1 ) 3126(m); 2921(w); 

2099(s); 1541(s); 1126(s); 831(s). 1H-NMR (δ ppm, CDCl3) 2.09 (m, 2H, -

CH2CH2CH2N3), 3.38 (t, 2H, J = 6.69 Hz, -CH2CH2CH2N3), 4.16 (t, 2H, J = 8.04 Hz, -

CH2CH2CH2N3), 7.49 (s, 1H, 4-nitroimidazole-C2-H), 7.83 (s, 1H, 4-nitroimidazole-C5-

H) [Fig. 4.5].  

4.2.2.6. Synthesis of 1-(3-azidopropyl)-5-nitro-1H-imidazole (4f)  

Compound 4f was prepared by reaction of compound 4c (0.05 g, 0.21 mmol) with 

NaN3 (0.02 g, 0.21 mmol) following the general procedure stated above. The yield of the 
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reaction was 60% (0.025 g). Rf (chloroform) =0.25. IR (neat, cm-1 ) 3119(m); 2926(w); 

2881(w); 2100(s); 1523(s); 1125(s); 824(s); 648(vs). 1H-NMR (δ ppm, CDCl3) 2.08 (m, 

2H, -CH2CH2CH2N3), 3.38 (t, 2H, J = 10.11 Hz, -CH2CH2CH2N3), 4.51 (t, 2H, J = 13.47 

Hz, -CH2CH2CH2N3), 7.68 (s, 1H, 5-nitroimidazole-C2-H), 8.03 (s, 1H, 5-nitroimidazole-

C4-H).  

4.2.2.7. General procedure for synthesis of triazole from azide 

Different terminal nitroimidazole azides were converted into corresponding 

triazoles via “click reaction” with L-propargyl glycine in presence of sodium ascorbate 

and copper sulphate in water [204]. The reaction mixture was kept stirring at room 

temperature for 36 h. It was subsequently washed with dichloromethane to remove excess 

nitroimidazole azide.  

4.2.2.8. Synthesis of 2-amino-3-(1-(3-(2-nitro-1H-imidazol-1-yl)propyl)-1H-1,2,3-triazol-

4-yl)propanoic acid (4g) 

Compound 4d (50 mg, 0.26 mmol), L-propargyl glycine (30 mg, 0.26 mmol), 

ascorbic acid (20 mg, 40 mol%) and CuSO4.2H2O (10 mg, 20 mol%) were dissolved in 3 

mL of double distilled water. The reaction was carried out following general procedure 

stated above. Overall yield of 4g was 40 % (30 mg). IR (KBr, cm-1) 3407(m); 2949(w); 

1773(s); 1626(s); 1486(s); 1359(m); 1285(m); 1111(s); 832(s); 616(s). ESI-MS (m/z): 

C11H5N7O4 MS (ESI+): 309.2(M)+.  

4.2.2.9. Synthesis of 2-amino-3-(1-(3-(4-nitro-1H-imidazol-1-yl)propyl)-1H-1,2,3-triazol-

4-yl)propanoic acid (4h) 
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Compound 4e (0.02 g, 0.10 mmol), L-propargyl glycine (0.08 g, 0.74 mmol), 

ascorbic acid (0.06 g, 40 mol%) and CuSO4.2H2O (0.04 g, 20 mol%) were dissolved in 3 

mL of double distilled water. The reaction was carried out following general procedure 

stated above. Overall yield of 4h was 47 % (0.11 g). IR (KBr, cm-1) 3426(m); 2956(w); 

1640(s); 1486(m); 1404(m); 1290(s); 1219(m); 1124(s); 1060(s); 825(s). ESI-MS (m/z): 

C11H5N7O4 MS (ESI+): 309.1 (M)+ [Fig. 4.6].  

4.2.2.10. Synthesis of 2-amino-3-(1-(3-(5-nitro-1H-imidazol-1-yl)propyl)-1H-1,2,3-

triazol-4-yl)propanoic acid (4i) 

Compound 6 (0.12 g, 0.61 mmol) with L-propargyl glycine (0.07 g, 0.61 mmol), 

ascorbic acid (0.05 g, 40 mol%) and CuSO4.2H2O (0.03 g, 20 mol%) were dissolved in 3 

mL of double distilled water. The reaction was carried out following general procedure 

stated above. Overall yield of 9 was 44 % (0.08 g). IR (KBr, cm-1) 3439(m); 2924(m); 

1735(s); 1633(s); 1398(v); 1305(m); 1226(m); 1131(s); 533(m); 616(s). ESI-MS (m/z): 

C11H5N7O4 MS (ESI+): 309.1(M)+.  

4.2.2.11. Preparation of 4-nitroimidazole-triazole-Re(CO)3 complex (4m) 

The rhenium analogue of 4-nitroimidazole-triazole-[99mTc(CO)3] was prepared by 

refluxing a mixture of 4-nitroimidazole-triazole (0.170 g, 0.55 mmol) and 

bis(tetraethylammonium)-fac-tribromotricarbonylrhenate (0.422 g, 0.55 mmol) in 5 mL 

water for 15 h [204]. The compound bis(tetraethylammonium)-fac-

tribromotricarbonylrhenate was prepared following a procedure reported by Alberto et al 

[215]. After refluxing, reaction mixture was allowed to cool down followed by the 
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filtration. The filtrate was evaporated under vacuum to yield the 4-nitroimidazole-

triazole-Re(CO)3 complex as tetraethylammonium salt (0.152 g, 48%). ESI-MS (m/z): 

C14H14N7O7Re MS (ESI+): 601.8 (M+Na)+ [Fig. 4.7]. 

 

Fig. 4.4. 1H-NMR of 1-(3-bromopropyl)-4-nitro-1H-imidazole (4b) 
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Fig. 4.5. 1H-NMR of 1-(3-azidopropyl)-4-nitro-1H-imidazole (4e) 
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Fig. 4.6. ESI-MS of 2-amino-3-(1-(3-(4-nitro-1H-imidazol-1-yl)propyl)-1H-1,2,3-triazol-

4-yl)propanoic acid (4h) 
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Fig. 4.7. ESI-MS of Re(CO)3 complex of  compound 4h (4m) 

4.2.3. Radiolabeling 

4.2.3.1. Preparation of [99mTc(CO)3(H2O)3] + precursor complex 

The [99mTc(CO)3(H2O)3]
+ precursor complex was prepared following the 

procedure reported by Alberto et al [213]. An aqueous solution of NaBH4 (5.5 mg), 

Na2CO3 (4 mg) and Na/K tartrate (15 mg) in 0.5 mL double distilled water in a sealed 10 

mL vial was purged with carbon monoxide gas for 5 minutes. To this solution freshly 
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eluted Na99mTcO4
 (1 mL, ~37 MBq) was added and the mixture was heated at 80°C for 15 

min. The reaction mixture was then cooled on an ice bath for 5 min.  The pH of the 

reaction mixture was adjusted to 7 using 0.5 M phosphate buffer (pH 7.5): 1 M HCl (1:3 

v/v) and subsequently characterized by HPLC. 

4.2.3.2. General procedure for the radiolabeling of nitroimidazole triazole derivatives 

(4g, 4h & 4i) with [99mTc(CO)3(H2O)3]
+ precursor to prepare 99mTc(CO)3 complexes of 2-

,4- and 5-nitroimidazoles (4j, 4k, 4l) 

To 900 µL of 10-3 M solution of respective nitroimidazole triazole ligand in saline, 100 

µL of freshly prepared [99mTc(CO)3(H2O)3]
+ precursor complex was added and the 

radioactive solution incubated at 80°C for 45 min. The solution was then cooled to room 

temperature and the complex obtained was characterized using HPLC. 

4.2.4. Quality control 

4.2.4.1. HPLC 

The radiochemical purity (RCP) of [99mTc(CO)3(H2O)3]
+ precursor complex as 

well as different nitroimidazole-99mTc(CO)3 complexes (4j, 4k, 4l) was assessed by 

HPLC with a C18 reversed phase column. About 15 µL of the test solution (~0.37 MBq) 

was injected into the column and elution was monitored by observing the radioactivity 

profile. Aqueous 0.05M triethylammonium phosphate (TEAP) buffer, pH = 2.5 (Solvent 

A) and methanol (Solvent B) were used as the mobile phase. Both the solvents were 

filtered through 0.22 µ filter. The elution started with 100% A from 0 to 6 min. At 6 min 

the eluent switched to 75% A and 25% B and at 9 min to 66% A and 34% B followed by 
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a linear gradient 66% A/34% B to 100% B from 9 to 20 min. Up to 30 min the eluent 

remained at 100% B before switching back to the initial condition. Flow rate was 

maintained at 1 mL/min. 

4.2.4.2. Determination of octanol-water partition coefficient (Log Po/w)  

The radiolabeled compound (0.1 mL) was mixed with double distilled water (0.9 

mL) and n-octanol (1 mL) on a vortex mixer for about 3 min and then centrifuged at 3500 

g for 5 min to effect clear separation of the two layers. The n-octanol layer (0.8 mL) was 

withdrawn and equal volume of fresh double distilled water was added. The mixture was 

vortexed and then centrifuged as described above. Equal aliquots of the two layers were 

withdrawn and measured for the radioactivity. The readings thus obtained were used to 

calculate the LogPo/w value of the complex. 

4.2.4.3. In vitro serum stability and protein binding studies 

About 50 μL of the labeled complex (4j, 4k or 4l) was added to 0.45 mL of human 

serum and this solution was incubated at 37°C. After 3 h, ethanol (0.5 mL) was added to 

this solution to precipitate serum proteins. The mixture was centrifuged (at how many g) 

and the supernatant was analyzed by HPLC to assess the stability of the complex in 

serum. The activity associated with protein pellet was determined in a well-type NaI(Tl) 

detector. The ratio of activity associated with the protein pellet to the activity initially 

added to serum gives a measure of activity bound to serum protein. 

4.2.5. Biological studies 
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All procedures performed herein were in strict compliance with the national laws 

governing the conduct of animal experiments. Solid tumor was developed in Swiss mice 

by implantation of HSDM1C1 murine fibrosarcoma. About 106 cells in 100 µL volume 

were injected subcutaneously on the dorsum of each animal. The tumors were allowed to 

grow till they were approximately 10 mm in diameter after which the animals were used 

for the experiment. For the biodistribution studies, the radioactive preparation (~0.37 

MBq per animal in 100 µL volume) was administered intravenously through the lateral 

tail vein. Individual sets of animals (n=3) were utilized for studying the biodistribution at 

different time points (30 min, 60 min, and 180 min). At the end of the respective time 

periods, the animals were sacrificed and the relevant organs excised for measurement of 

retained activity. The organs were weighed and the activity associated with them was 

measured in a flat-bed type NaI(Tl) counter with suitable energy window for 99mTc. The 

activity retained in each organ/tissue was expressed as percentage injected dose per gram 

(%ID/g). 

4.2.6. Statistical analysis 

 Statistical analysis of relevant data was performed by one-way analysis of 

variance (ANOVA). Confidence level of 95% (p<0.05) was taken for statistical 

significance. 
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4.3. Results and discussion 

Appropriate terminal azides when ‘clicked’ with L-propargyl glycine form 

tridentate triazole ligands suitable for preparing neutral 99mTc(CO)3 complexes in high 

RCP and in vivo stability. This strategy was adopted to convert 2-, 4- and 5-

nitroimidazole azide derivatives into corresponding tridentate triazole ligands (4g-4i) as 

shown in Fig. 4.8. All intermediates were characterized by appropriate spectroscopic 

techniques. Mass spectrometric analysis confirmed the identity of target compounds 4g-

4i. 
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Fig. 4.8. Synthesis of triazole derivatives of 2-, 4- and 5-nitroimidazoles 
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Following the optimized protocol, the nitroimidazole triazole derivatives (4g-4i) 

were radiolabeled using freshly prepared [99mTc(CO)3(H2O)3]
+ precursor complex (Fig. 

4.9).  
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Fig. 4.9. Radiolabeling of 2-, 4- and 5-nitroimidazole triazole derivatives with 

[99mTc(CO)3(H2O)3]
+ precursor complex 

 

The [99mTc(CO)3(H2O)3]
+  precursor complex as well as the 99mTc(CO)3 complexes of 2-, 

4-, and 5-nitroimidazole triazole (4j, 4k, 4l) were analyzed by reversed phase HPLC 

following the gradient elution program described in the experimental section. The HPLC 

retention time observed for the three nitroimidazole-triazole-99mTc(CO)3 complexes is 

summarized in Table 4.1. Typical HPLC profiles of [99mTc(CO)3(H2O)3]
+  precursor 

complex and three nitroimidazole triazole complexes (4j-4l) are shown in Fig. 4.10. The 

HPLC peak area measurements showed that RCP of all the complexes were >90%.  
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Fig. 4.10. HPLC elution profile of (a) [99mTc (CO)3(H2O)3]
+ precursor complex and (b) 2-

nitroimidazole triazole-99mTc (CO)3 complex (c) 4-nitroimidazole triazole-99mTc (CO)3 

complex (d) 5-nitroimidazole triazole-99mTc (CO)3 complex 

Lipophilicity (LogPo/w) of the complexes was determined following a reported procedure 

(Table 4.1) [36]. Serum stability studies showed that all the complexes (4j-4l) were stable 

in human serum when incubated at 37°C for 3 h. Serum protein binding studies of the 

(a) 

(b) 

(c) 

(d) 
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complexes (4j-4l) showed that about 30–35 % activity was associated with the serum 

proteins upon incubation in the human serum at 37°C for 3 h (Table 4.1). To obtain 

evidence for the structure of 99mTc(CO)3-complexes prepared at the tracer level, a 4-

nitroimidazole triazole-Re(CO)3 complex was prepared in macroscopic level. Matching 

HPLC elution profile of 4-nitroimidazole triazole-Re(CO)3 complex and corresponding 

99mTc(CO)3 complex prepared at the tracer  

level indicated the formation of structurally similar complexes (Table 4.1). A (M+Na)+ 

ion peak at m/z 601.8  in the mass spectrum provided another confirmatory evidence for 

the formation of the expected 4-nitroimidazole triazole-Re(CO)3 complex. 

Table 4.1. LogPo/w values and other quality control parameters of different nitroimidazole 

triazole-99mTc(CO)3 complexes 

 LogPo/w Retention 
time in 
HPLC 

(in min) 

%RCP Specific 
activity (in 
μCi/μmol of 
ligand) 

%Activity 
associated 
with serum 
proteins 

[99mTc(CO)3(H2O)3]
+  

precursor complex 
- 3.7±0.2 - - - 

2-nitroimidazole 
triazole-99mTc(CO)3 

complex 

-
0.32±0.02 

20.5±0.1 95.0±1.00 105.55±1.11 32.8±1.35 

4-nitroimidazole 
triazole-99mTc(CO)3 

complex 

-
0.52±0.01 

20.0±0.2 96.3±0.57 107.03±0.64 30.1±1.06 

5-nitroimidazole 
triazole-99mTc(CO)3 

complex 

-
0.03±0.01 

21.0±0.1 97.0±1.00 

 

107.77±1.11 35.4±0.96 

  4-nitroimidazole 
triazole Re(CO)3

 
- 19.5±0.2 - -  
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Biological evaluations of all the three nitroimidazole-triazole-99mTc(CO)3 

complexes (4j-4l) were carried out in Swiss mice bearing fibrosarcoma tumor. Though 

the hypoxic status of the fibrosarcoma tumor used for the present study was not 

determined, a systematic study by Markus et al. on a number of murine tumors, including 

a fibrosarcoma tumor, had shown that these tumors are hypoxic [216]. Additionally, 

biodistribution of [18F]FMISO carried out earlier in the fibrosarcoma tumor model being 

used in the present study had shown significant tumor uptake which provided an indirect 

evidence for the hypoxic nature of the tumor [203].  

Biodistribution of the complexes (4j-4l) was studied at three time points viz. 30 

min, 1 h and 3 h. Tumor uptake observed with the three nitroimidazole complexes is 

shown in Table 4.2. For comparison, tumor uptake observed with [18F]FMISO is also 

shown in Table 4.2. Similar to our earlier observations, all the complexes showed 

relatively fast clearance from tumor between 30 min and 1 h post injection (p.i.), which 

could be attributed to the clearance of unbound nitroimidazole complex from the tumor. 

Slow clearance of tumor activity observed after 1 h p.i. is attributed to the hypoxia 

specific reduction and trapping of the radiotracer in tumor [Mallia MB Nuc Med Biol 

41:600-610]. 
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Table 4.2. Activity of different nitroimidazole-triazole-99mTc(CO)3 complexes and 

[18F]FMISO observed in tumor and blood at different time points (n=5) 

 

# %ID/g – Percentage injected dose per gram; s.d. – standard deviation; * Ref. [203] 

The effectiveness of a nitroimidazole complex to detect hypoxic tumor cells 

depend on factors such as its single electron reduction potential (SERP), ease with which 

the nitroimidazole complex enters the hypoxic cells and the time nitroimidazole complex 

spends in hypoxic cells. Ease of reduction of nitroimidazole complex in hypoxic tumor 

cells is determined by its SERP. SERP depends on the position of nitro-group in the 

imidazole ring. Reported SERP value of unsubstituted 2-, 4- and 5-nitroimidaozle in 

aqueous solution is -418 mV, -527 mV and -450 mV, respectively, with respect to 

standard hydrogen electrode (SHE) [217]. Though modification at N1-nitrogen of 

nitroimidazole ring, as done in the present work, can potentially alter the SERP values of 

 4j 4k 4l [18F]FMISO* 

Tumor 

%ID/g 
(s.d)# 

30 min 1.41±0.08 0.63±0.09 2.03±0.32 4.65±0.86 

60 min 0.97±0.06 0.56±0.05 1.45±0.08 3.70±0.09 

180 
min 

0.75±0.14 0.26±0.02 0.81±0.06 2.04±0.14 

Blood 

%ID/g 
(s.d)# 

30 min 0.95±0.05 0.73±0.08 1.91±0.14 3.95±0.31 

60 min 0.62±0.12 0.37±0.02 1.31±0.11 2.38±0.42 

180 
min 

0.43±0.06 0.35±0.04 0.77±0.04 0.53±0.07 
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the nitroimidazole derivative, previous studies have shown that such variations are not 

significant [218]. Among the different nitroimidazole triazole derivatives, we expected 

that 2-nitroimidazole derivative with highest SERP value will show the highest tumor 

uptake. However, contrary to our expectations, the 5-nitroimidazole complex showed 

higher tumor uptake than the 2-nitroimidazole counterpart at all the time points (Table 

4.2). Statistical analysis showed that tumor uptake observed with 5-nitroimidazole-

triazole complex is significantly higher (p<0.05) than the 2-nitroimidazole counterpart at 

30 min and 60 min p.i. However, at 3 h p.i., the difference in tumor uptake was found to 

be insignificant (p>0.05). Tumor uptake of 4-nitroimidazole-triazole complex was lowest 

among the three triazole complexes at all the time points. This is not surprising, since 

SERP of 4-nitroimidazole is lowest among 2-, 4- and 5-nitroimidazole. In comparison, 

[18F]FMISO with a SERP of -389 mV (with respect to SHE) showed significantly higher 

uptake than any of the nitroimidazole-triazole complexes at all the time points (Table 

4.2).  It is clear from the above discussion that SERP value alone cannot explain the 

difference in tumor uptake between 2- and 5-nitroimidazole traizole complexes. 

A possible explanation for this observation can be proposed considering the 

lipophilicity (LogPo/w) (Table 4.1) and blood clearance of the three nitroimidazole 

triazole complexes (Table 4.2). Lipophilicity is important for smooth entry of the 

complex in tumor cells by passive diffusion. It could also be noted that blood clearance 

pattern of nitroimidazole complexes (Table 4.2) correlated well with their LogPo/w values 

(Table 4.1) and 5-nitroimidazole complex having the highest LogPo/w value showed the 

slowest blood clearance. Slow blood clearance provides more time for the radiotracer to 
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distribute in tumor by passive diffusion. It also allows the radiotracer to spend more time 

in tumor cells by maintaining a positive concentration gradient between the blood pool 

and the tumor tissue, thus facilitating hypoxia specific reduction. We speculate that due to 

relatively fast blood clearance, the effective distribution and time spent by 2-

nitroimidazole complex in tumor may be lower compared to the 5-nitroimidazole 

counterpart. This could have resulted in lower tumor uptake of the former despite having 

a better SERP. Blood clearance of 4-nitroimidazole complex was fastest among the three 

triazole complexes (Table 4.2) and combined with the low SERP value, this complex 

showed the lowest tumor uptake among the three nitroimidazole triazole complexes 

evaluated.  

On the other hand, at 30 min p.i., activity of [18F]FMISO in blood was higher than 

any other nitroimidazole-triazole complex (Table 4.2). This must have facilitated better 

diffusion (LogPo/w of [18F]FMISO - 0.41 [185] and distribution of [18F]FMISO in tumor 

compared to other nitroimidazole complexes. A careful look at the blood clearance 

pattern (Table 4.2) will reveal that blood clearance of [18F]FMISO was the slowest 

among the four nitroimidazole radiotracers till 1 h p.i. Consequently, [18F]FMISO could 

be anticipated to spend more time in tumor cells than any other nitroimidazole-triazole 

complex. All these favorable factors resulted in higher tumor uptake by [18F]FMISO. 

It is worth mentioning here that a metronidazole triazole-99mTc(CO)3 complex, 

similar to the 5-nitroimidazole-triazole-99mTc(CO)3 complex evaluated herein, has been 

reported [204]. The difference between the two complexes is in the linker used to couple 

the nitroimidazole and the triazole moiety. The metronidazole triazole-99mTc(CO)3 
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complex, reported earlier, was less lipophilic than the 5-nitroimidazole triazole-99mTc 

(CO)3 complex evaluated in the present study. Its clearance from blood was faster and 

tumor uptake lower when compared to 5-nitroimidazole triazole-99mTc(CO)3 complex 

(4l). This is similar to the observations made in the present study, where complexes with 

faster blood clearance show lower tumor uptake. 

Table 4.3 shows the distribution of nitroimidazole-triazole complexes in other 

organs at different time points. It could be noted that major clearance of activity of all the 

complexes is through hepatobiliary route, indicated by presence of significant level of 

activity in liver and gastrointestinal tract. Activity observed in other vital organs like 

lung, heart, spleen and kidney gradually cleared with time.  
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Table 4.3.  Biodistribution of various nitroimidazole triazole-99mTc(CO)3 complexes (4j, 

4k & 4l) (%ID/gram) in Swiss mice bearing fibrosarcoma tumor (n=5) at three different 

time points 

*T/B – Tumor to Blood ratio; T/M – Tumor to Muscle ratio 

The tumor to blood and tumor to muscle ratio obtained with the three 

nitroimidazole complexes are also shown in Table 4.3. All the three nitroimidazole 

complexes showed tumor to blood ratio ranging from 1 to 1.8 and tumor to muscle ratio 

between 2 to 5. Major clearance of all complexes was observed through hepatobiliary 

route, as is evident from the presence of significant level of activity in liver and intestine. 

4.4. Conclusions 

  The present study reports an unexpected result wherein a 5-nitroimidazole-

99mTc(CO)3 complex showed better tumor uptake than the 2-nitroimidazole counterpart. 

Organ 
2-nitroimidazole complex 4-nitroimidazole complex 5-nitroimidazole complex 

30 min 1 h 3 h 30 min 1 h 3 h 30 min 1 h 3 h 

Lung 1.55±0.38 0.99±0.04 0.77±0.04 1.18±0.20 0.68±0.10 0.47±0.07 2.09±0.27 1.48±0.19 0.84±0.20 

Heart 1.42±0.19 0.84±0.01 0.57±0.01 0.56±0.03 0.41±0.02 0.21±0.03 0.74±0.06 0.65±0.03 0.51±0.02 

Intestine 9.32±0.97 10.29±0.89 10.54±2.33 19.64±2.97 21.19±0.80 21.78±1.21 6.42±1.24 9.06±0.26 8.72±0.64 

Liver 8.79±0.38 6.81±0.99 5.29±1.15 8.51±0.73 5.68±1.12 3.65±0.40 11.62±1.00 7.96±0.34 6.29±0.41 

Spleen 0.70±0.04 0.58±0.13 0.49±0.07 0.66±0.07 0.64±0.12 0.19±0.05 0.58±0.11 1.33±0.13 0.35±0.05 

Kidney 4.69±0.52 2.77±0.40 2.35±0.38 2.41±0.23 1.09±0.10 0.87±0.06 8.47±1.12 6.64±0.72 4.67±0.26 

Muscle 0.48±0.08 0.37±0.03 0.33±0.03 0.36±0.04 0.18±0.01 0.10±0.01 0.25±0.02 0.37±0.03 0.15±0.01 

T/B* 1.48±0.13 1.59±0.35 1.80±0.50 0.87±0.19 1.53±0.15 0.78±0.14 1.06±0.16 1.11±0.13 1.05±0.03 

T/M* 2.99±0.50 2.59±0.27 2.33±0.60 1.78±0.43 3.20±0.22 2.56±0.38 8.15±1.42 3.92±0.23 5.39±0.53 
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A possible reason for this observation was attributed to the slower blood clearance of the 

radiotracer. The study also highlights the necessity of evaluating nitroimidazole 

complexes other than 2-nitroimidazole in order to exclude the possibility of overlooking 

potential nitroimidazole radiotracers other than 2-nitroimidazole for hypoxia detecting 

applications. 
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The work carried out in present thesis describes the preparation of different radiolabeled 

agents for use as targeted radiotracers in different applications and their preliminary 

bioevaluation in suitable animal models. Biomolecules which were utilized in the present 

study include porphyrin derivatives, monoclonal antibodies, peptide and nitroimidazoles. 

Each of these biomolecules is used for targeting tumor lesions by use of independent and 

unique mechanism. The aim of this work was to design specific radiotracers for different 

tumors making use of different carrier molecules as targeted vectors and also to 

demonstrate their tumor targeting abilities in diagnostic or therapeutic applications. This 

thesis has been divided into four chapters and the respective contents of each chapter are 

summarized below.  

Chapter one gives a brief overview of radiopharmaceuticals and their usage in nuclear 

medicine. General methods of production of radioisotopes with their merits and 

inadequacies for a particular application are described with an emphasis on the generator-

produced radioisotopes (99mTc, 68Ga and 90Y) and reactor produced isotope (177Lu). The 

various mechanisms which govern the uptake of radiopharmaceuticals in a specific target 

have been discussed. Radiolabeling methodologies for preparation of 99mTc-labeled 

radiotracers and the advantages of using preformed 99mTc cores/radiosynthons viz. 

[99mTcN]2+, [99mTc(CO)3]
+ etc. over the conventionally used method involving the Tc (V) 

route have been described. For radiolabeling with 177Lu and 90Y the suitability of 

macrocyclic ligands as BFCA to give stable complexes in high yield has been discussed. 

Chapter two describes the use of porphyrins in designing radiolabeled agents for 

targeting tumor, the mechanisms involved, details of synthesis of different derivatives of 
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porphyrin, their radiolabeling with suitable radionuclides (68Ga, 177Lu and 90Y) and 

preliminary evaluations in suitable animal tumor models. Since the macrocyclic 

tetrapyrrolic ring of the porphyrin imparts the lipophilicity to the molecule, appropriate 

modification of the meso and peripheral substituents are made in order to tailor the 

properties of the molecule with the aim of achieving the desired pharmacokinetic 

behavior in the in vivo distribution studies. Taking three different porphyrin derivatives 

with variable lipophilicities viz. 5-(p-aminopropyleneoxyphenyl)-10,15,20-tris(p-

carboxymethyleneoxyphenyl) porphyrin (I), 5,10,15,20-tetra(p-N-methylpyridyl) 

porphyrin (II) and 5-carboxymethyleneoxyphenyl-10, 15, 20-tri(p-N-methylpyridyl) 

porphyrin (III) were synthesized. Radiolabeling of compound I and III was carried out 

using radiolanthanides viz. 177Lu and 90Y via a macrocyclic bifunctional chelating agent 

(BFCA) namely, p-NCS-benzyl-DOTA (p-isothiocyanatobenzyl-1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid) as direct radiolabeling in the porphyrin 

core is not feasible while envisaging the radiolanthanides 177Lu+3 and 90Y+3 due to the 

mismatch of the porphyrin core size and that of the ionic radii of these radiometals. The 

p-NCS-benzyl-DOTA conjugate of compound I was radiolabeled with 90Y and 177Lu 

whereas compound III was radiolabeled with 177Lu in good radiolabeling yields. 

Biodistribution studies performed in Swiss mice bearing fibrosarcoma tumors revealed 

high tumor uptake corresponding to 90Y and 177Lu-labeled compound I. The complexes 

exhibited favorable tumor to blood and tumor to muscle ratios at various post-

administration time points. Scintigraphic imaging performed in Swiss mice bearing 

fibrosarcoma tumors after intravenous administration of 177Lu-labeled-compound I also 
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corroborated the results obtained in biodistribution studies indicating the selective 

accumulation of activity in the tumor. Bioevaluation of 177Lu-labeled-compound III 

carried out in the same tumor model revealed only the early accumulation of the 

radiolabeled agent in the tumor with fast clearance with time. The non target uptake was 

very low and that too cleared away rapidly with time. This behavior could probably be 

attributed to a combination of charged substituents and hydrophilic BFCA that led to an 

increase in the hydrophilicity beyond the optimum level. Radiolabeling of compound II 

was carried out using 68Ga directly in the porphyrin core owing to the suitable ionic 

radius (62 pm) of 68Ga (III). Tumor targeting potential of the 68Ga labeled compound II 

was evaluated by biodistribution studies in Swiss mice bearing fibrosarcoma tumor. The 

studies revealed high uptake of the radiotracer in the tumor within 30 min post-injection 

(6.47±0.87 % of the injected activity) and retention therein till 2 h post-administration 

(4.48±1.11 % of the injected activity) up to which the study was continued.  

In Chapter three, targeting receptor over expression in specific tumors, using two 

different types of molecular vectors such as monoclonal antibodies (mAbs) and RGD 

peptide is discussed under two sub-headings viz. 3A and 3B. 

Section 3A describes the preparation of 177Lu-labeled monoclonal antibodies Rituximab 

and Trastuzumab and their preclinical evaluation. Rituximab is chimeric mAb having 

specificity towards CD20 antigen receptors overexpressed in Non-Hodgkins’ Lymphoma 

whereas Trastuzumab is a humanized IgG1 monoclonal antibody and is used in the 

treatment of breast cancer where the targets on the cancer are HER2 receptors. The 

procedure used for preparation of radiolabeled mAbs involved three steps. As 177Lu 
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cannot be introduced directly in the antibody structure, mAb is first conjugated with a 

BFCA namely, p-NCS-benzyl-DOTA for complexation with 177Lu, second step involves 

the purification of the antibody-BFCA conjugate and third step is the radiolabeling of the 

purified antibody-BFCA conjugate with 177Lu. The radiochemical purity (RCP) of the 

radiolabeled mAbs was evaluated by HPLC indicating the formation of 177Lu-labeled 

Rituximab and Trastuzumab with radiochemical purities of > 95%. Initial studies for 

optimizing the method of conjugation and also the radiolabeling parameters were carried 

out with a readily available mAb namely, immunoglobulin G (IgG) owing to its ready 

availability and low cost. In subsequent efforts, the radiolabeled mAbs i.e. Rituximab as 

well as Trastuzumab were prepared and evaluated in vitro using cell lines viz. Raji and 

BT 474 known to over express antigen receptors, CD20 and HER2 respectively. This 

study indicated the specificity and binding of the radiolabeled mAb conjugates with these 

antigen receptors.  

Section 3B describes the preparation of 99mTcN-labeled RGD derivative for tumor 

imaging. Arginine-Glycine-Aspartic acid (RGD) is a tripeptide which shows high 

specificity towards integrin αvβ3 receptors. Integrin αvβ3 plays a significant role in tumor 

angiogenesis and considered to be an important target for molecular imaging as well as in 

vivo targeted therapy using radiolabeled agents. Efficacy of cyclic RGD dimer in 

targeting more number of integrin αvβ3 receptors overexpressed in specific tumors as 

compared to the corresponding monomer has been reported. Taking this into account, an 

attempt was made to radiolabel a cyclic RGD monomer with 99mTc using [99mTcN]2+ core 

whereby the  resultant complex can be envisaged to possess two monomeric units and 
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could possibly mimic as dimeric species of RGD. The work outlined in this chapter is 

preparation of a dimeric 99mTcN-[G3-c(RGDfk)]2 complex and its bioevaluation as a 

potential agent for early detection of malignant tumor by SPECT imaging. The 

dithiocarbamate derivative of cyclic RGD monomer G3-c(RGDfK) was prepared as two 

such dithiocarbamate units are required for complexation with [99mTcN]2+ core of 99mTc to 

form the 99mTcN-[G3-c(RGDfk)]2 dimeric complex in high yield. A radiochemical purity 

>95% was obtained. Results of biodistribution studies carried out in C57BL/6 mice 

bearing melanoma tumors showed good tumor uptake accompanied by favorable 

tumor/blood and tumor/muscle ratios. Scintigraphic studies in tumor bearing mice were 

also carried out and visible accumulation of activity in the tumor was observed with 

appreciable target to background ratio. 

Chapter four describes the preparation of neutral 99mTc(CO)3-complexes of three 

nitroimidazole isomers for imaging of tumor hypoxia. Hypoxia is a common feature of 

most of the solid tumors and has prognostic as well as therapeutic implication due its 

resistance towards chemotherapy and radiation therapy. Nitroimidazoles, which show 

selective accumulation in hypoxic cells, are the most widely explored molecules for 

delineating hypoxic tumor cells from normoxic cells. This ability could be attributed to an 

interesting mechanism whose initial step involves an enzyme-mediated (nitro-reductase) 

single electron reduction of nitroimidazole to corresponding radical anion. This reduction 

step is reversible in normal cells due to presence of sufficient oxygen which oxidizes the 

radical anion and promotes its clearance out of the cell. On the other hand, in hypoxic 

cells, nitroimidazole radical anion gets reduced further and corresponding metabolites get 
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trapped in such cells. In the present work, three neutral 99mTc(CO)3 complexes of 

nitroimidazole were synthesized and their potential to detect hypoxia in tumor was 

evaluated in vivo. The ligands synthesized were characterized and subsequently 

radiolabeled using [99mTc(CO)3(H2O)3]
+ precursor complex to obtain corresponding 

neutral 99mTc(CO)3 complexes. All the complexes could be prepared in >90% 

radiochemical purity (RCP). The complexes were subsequently evaluated in Swiss mice 

bearing fibrosarcoma tumor. Biodistribution studies showed uptake and retention of all 

the complexes in tumor with 5-nitroimidazole complex showing relatively better tumor 

uptake than the 2-nitroimidazole and 4-nitroimidazole counterparts. A notable 

observation in the present study was the atypical tumor uptake of a 5-nitroimidazole 

complex. Though a conclusive inference could not be provided in support of this 

observation, the importance of evaluating nitroimidazole radiotracers other than the 2-

nitroimidazole for detecting tissue hypoxia was evidenced. 

From the work carried out in this thesis, the following insights are obtained which 

provide guidelines for carrying out future studies: 

Of the different molecules used in the present study to design radiotracers for specific 

accumulation in tumors, porphyrins are found to exhibit significant tumor localization. In 

this respect, 177Lu-labeled porphyrins showing high uptake as well as long retention in 

tumor can be further studied in evaluation of tumor regression.  

The potential of radiolabeled cationic porphyrins show considerable promise as 

radiotracers for intercalation in double stranded DNA. This concept can be extrapolated 
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in studying their efficacy in tumor DNA both with respect to imaging as well as 

therapeutic application.  The study using nitroimidazole-based radiotracers indicate that 

an optimum hypoxia detecting agent should distribute quickly throughout the tumor mass, 

exhibit optimum residence therein for undergoing hypoxia specific reduction, and 

subsequently clear from blood and other non-target organs such that an image with 

acceptable level of contrast between the target and non-target tissue could be achieved. 

These parameters can be achieved by trials. However, a logical starting point towards this 

is to aim at mimicking the blood clearance pattern of [18F]FMISO, by appropriate 

modification of the lipophilicity and charge of the radiotracer. The results obtained in the 

present study employing clicked-nitroimidazoles in preparation of 99mTc(CO)3-labeled 

radiotracers could provide insights for further modifications to envisage an optimum 

radiotracer for diagnostic applications for tumor hypoxia.  

The preclinical optimization studies in the development of 177Lu-labeled Rituximab and 

Trastuzumab as potential radiopharmaceuticals in Radio-immuno-targeting of specific 

cancers, will be utilized in arriving at a freeze-dried kit formulation for radiolabeling with 

177Lu in the hospital radiopharmacy prior to injection in cancer patients. 
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