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ABSTRACT 
In this work it was comparatively evaluated the effect of tumoral fibrosis in the radiation 

absorbed dose of the radiopharmaceutical 177Lu-Tyr3-octreotate with and without gold 

nanoparticles. For this, it was used an experimental array of tumoral fibrosis and computer 

models based on Monte Carlo calculations to simulate tumoral microenvironments without 

fibrosis and with fibrosis. The computer simulation code PENELOPE (PENetration Energy LOss of 

Positron and electrons) and MCNP (Monte Carlo N-particle Transport Code System) which are 

based on the Monte Carlo methodology were used to create the computer models for the 

simulation of the transport of particles (emitted by 177Lu) in the microenvironments (without 

fibrosis and with fibrosis) with the purpose of calculating the radiation absorbed dose in the 

interstitial space and in the nucleus of cancer cells. The first computational model consisted of 

multiple concentric spheres (as onion shells) with the radioactive source homogenously 

distributed in the shell between 5 and 10 µm in diameter which represents the internalization of 

the radioactive source into the cell cytoplasm as it occurs in target specific radiotherapy. The 

concentric spheres were useful to calculate the radiation absorbed dose in depth in the models 

without fibrosis and with fibrosis. Furthermore, there were constructed other computer models 

using two different codes that simulate the transport of radiation (PENELOPE and MCNP). These 

models consist of seven spheres that represent cancer cells (HeLa cells) of 10 µm in diameter and 

each one of them contain another smaller sphere in the center that represents the cell nucleus. 

A comparison was done of the radiation absorbed dose in the nucleus of the cells, calculated with 

both codes, PENELOPE and MCNP. The radioactive source (177Lu) used for the simulations was 

given to the codes by means of a convoluted spectrum of the most important beta particles (high 

percentage emission). To this spectrum it was added some of the most relevant Auger and 

internal conversion electron emissions. On the other hand, an experimental array was used to 

simulate the presence or absence of fibrosis in a tumor of malignant cells (HeLa cells). With this 

model the retention of the radiopharmaceuticals 177Lu-Tyr3-octreotate-gold nanoparticles 

(multimeric system) and 177Lu-Tyr3-octreotate (monomeric system) in the microenvironments 

(without fibrosis and with fibrosis) was determined. The experimental tumoral fibrosis array 

consists of a multilayer repetitive patter of HeLa cells, collagen and gelatin until completing a 



ii 
 

culture (in a transwell insert) layer by layer (LBL) of five coatings of HeLa cells. The LBL cultures 

were exposed during 24 h, approximate duplicating time of HeLa cells, separately to: 177LuCl3, 

177Lu-Tyr3-octreotate, and 177Lu-Tyr3-octreotate-gold nanoparticles with an initial activity of 26 

MBq (700 µCi). The radiopharmaceutical retention was calculated by measuring the retained 

activity in the transwell inserts (radiopharmaceutical retained by HeLa cells and 

microenvironment) and in the lower chamber where the radiopharmaceutical permeated. The 

experimental models were essential to determine the radiopharmaceutical permeability which 

allowed the calculation of the retained activity fraction, and hence the cumulated activity in 

regions of interest for each of the different cases. This is needed at the same time for the 

radiation absorbed dose calculation. In this work it was concluded that the presence or absence 

of fibrosis and yet more, the multimeric and multivalent nature of the radiopharmaceutical had 

an effect on the radiation absorbed dose in the cell nucleus and in the tumor microenvironment. 
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RESUMEN 
En este trabajo se evaluó comparativamente, el efecto de la fibrosis tumoral en la dosis 

absorbida de radiación del radiofármaco 177Lu-Tyr3-octreotato con y sin nanopartículas de oro. 

Para ello se empleó un arreglo experimental de fibrosis tumoral controlada y modelos 

computacionales basados en cálculos tipo Monte Carlo, para simular microambientes tumorales 

sin fibrosis y con fibrosis. El código de simulación PENELOPE (PENetration Energy LOss of Positron 

and Electrons) y MCNP (Monte Carlo N-particle Transport Code System) basados en la 

Metodología Monte Carlo se usaron para crear modelos computacionales para la simulación del 

transporte de partículas (emitidas por 177Lu) en los microambientes (sin fibrosis y con fibrosis) 

con el propósito de calcular la dosis absorbida de radiación en el intersticio celular y en el núcleo 

de las células de cáncer. El primer modelo computacional consiste en múltiples esferas 

concéntricas (semejantes a las capas de una cebolla) con la fuente radioactiva distribuida 

homogéneamente en la capa entre 5 y 10 µm en diámetro; lo que representa la internalización 

de la fuente en el citoplasma como ocurre en radioterapia por reconocimiento de blancos 

moleculares específicos. Las esferas concéntricas fueron útiles para calcular la dosis absorbida de 

radiación a profundidad en los modelos sin fibrosis y con fibrosis. Por otra parte también se 

elaboraron otros modelos computacionales utilizando dos diferentes códigos que simulan el 

transporte de la radiación (PENELOPE y MCNP). Estos modelos consisten en siete esferas que 

represan células de cáncer (células HeLa) de 10 µm en diámetro y cada una de ellas contiene otra 

esfera más pequeña en el centro que representa el núcleo celular. Se hizo una comparación de 

la dosis absorbida de radiación en el núcleo de las células, calculada con ambos códigos, 

PENELOPE y MCNP. La fuente radiactiva (177Lu) empleada para las simulaciones fue 

proporcionada a los códigos por medio de un espectro convolucionado de las partículas beta más 

importantes (alto porcentaje de emisión), sumando al espectro, algunas de las emisiones de 

electrones Auger y de conversión interna más relevantes. Por otro lado, se utilizó un arreglo 

experimental para simular la presencia o ausencia de fibrosis en un tumor compuesto de células 

malignas (células HeLa). Por medio de este arreglo se determinó la retención de los 

radiofármacos 177Lu-Tyr3-octreotato-nanopartículas de oro (sistema multimérico) y 177Lu-Tyr3-

octreotato (sistema monomérico) en los microambientes (sin fibrosis y con fibrosis). El arreglo 
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de fibrosis tumoral consiste en un patrón repetitivo de multicapas de células HeLa, colágeno y 

gelatina, hasta completar un cultivo (en un inserto de cultivo) capa por capa (LBL, por sus siglas 

en inglés) de cinco capas de células HeLa. Los cultivos de LBL fueron expuestos durante 24 h, 

tiempo aproximado en que se duplican las células HeLa, separadamente a: 177LuCl3, 177Lu-Tyr3-

octreotato y 177Lu-Tyr3-octreotato-nanopartículas de oro con una actividad inicial de 26 MBq (700 

µCi). La retención del radiofármaco fue calculada por medio de la actividad retenida que se midió 

en los insertos de cultivo (radiofármaco retenido por las células HeLa y por el microambiente) y 

en el compartimento inferior del inserto de cultivo, donde permea el radiofármaco. Los modelos 

experimentales fueron esenciales para determinar la permeabilidad del radiofármaco, lo cual 

permite calcular la fracción de actividad retenida y con ello la actividad acumulada en regiones 

de interés para cada uno de los diferentes casos. Esto se necesita a su vez para el cálculo de la 

dosis absorbida de radiación. En este trabajo se concluyó que la presencia o ausencia de fibrosis 

y aún más la naturaleza multimérica y multivalente del radiofármaco tiene un efecto significativo 

en la dosis absorbida de radiación en el núcleo de las células y en el microambiente tumoral. 
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INTRODUCTION 

Target specific radiotherapy for cancer has the purpose to selectively and locally deliver a 

maximum amount of radiation absorbed dose to tumours, generating a therapeutic effect via the 

energy deposited by charged particle emissions [Jiménez-Mancilla et al., 2012]. Target specific 

radiotherapy based on radio labeled peptides has been of vast recent interest [Liu, 2008]. It is 

based on the principle that specific peptides bind to specific proteins or specific receptors often 

over expressed on the cell membrane of cancer cells. The successful development of the 

somatostatin peptide receptor to visualize and treat a great number of pathological diseases led 

to the increasing interest of target specific radiotherapy based on radio labeled peptides. 

Somatostatin receptors have been identified in many types of malignant tumors, such as tumors 

of the neuroendocrine system, breast, lung, lymphatic tissue, central nervous system, among 

others [Chinol, 1999]. Furthermore, there are tumors of the cervix [Chavaro-Vicuña et al., 2009] 

that over express somatostatin receptors. Somatostatin analogues exert an effect on the survival 

of HeLa (cervical cancer) cells [Mendoza-Nava et al., 2013, Evers et al., 1991] which confirms the 

expression of the somatostatin receptors on this cell line. 

Analogue peptides are generally used in the radiopharmaceuticals instead of somatostatin, it 

results necessary since somatostatin has a very short biological half-life of 2-3 minutes [Sanchez-

García, 2013]. The somatostatin analogue peptides most widely studied are octreotide, and 

octreotate (octreotide acid). Radiolabeled peptides serve as vehicles to guide radioactivity to a 

certain area where particular receptors are expressed [De Jong et al., 2014]. Recently, target 

specific therapy based on radiolabeling 177Lu has been developed successfully for clinical use. 

Such as the radiopharmaceutical 177Lu-Tyr3-octreotate which has been successfully implemented 

in the clinic which can have the advantage of being a theragnostic radiopharmaceutical. 177Lu 

emits a beta mean energy of 134 KeV (the most probable beta emission and it has a probability 

emission of 79 %) suitable for therapy and it emits photons with energies of 208 KeV and 113 KeV 

with 10 % and 6 % probability of emissions respectively, suitable for diagnostic, simultaneously 

[Luna-Gutierrez et al., 2013].  
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Radiolabeled gold nanoparticles (AuNP) can be used to prepare multimeric 

radiopharmaceuticals, such as 177Lu-Tyr3-octreotate-gold nanoparticles. More than a 100 

monomeric radiolabeled peptides can easily be attached to a single 20 nm in diameter gold 

nanoparticle [Mendoza-Nava et al., 2013]. The AuNP-peptide multimeric systems have multiple 

advantages in comparison with the monomeric system such as the multivalency which improves 

the delivery and permanence enhancement of permeation and retention of the 

radiopharmaceutical in the malignant tumoral tissue by the Enhanced Permeability and 

Retention effect better known as EPR mainly due to the vascularity nature of tumoral tissue. The 

multimeric radiopharmaceutical has many more peptides that can be recognized by the specific 

receptor often over expressed by cancer cells, therefore, the multimeric radiopharmaceutical has 

a higher probability to attach to the receptors (on the cell membrane) in comparison to the 

monomeric radiopharmaceutical (single radio-labeled peptide).  

Cancer aggressiveness is usually related to the fibrosis of tumors [Wu et al., 2013]. The extent 

of fibrosis in tumoral tissue may reduce the permeability of certain drugs [Hosoya et al., 2012]. 

Fibroblast and myofibroblast cells produce the extracellular matrix by the secretion of proteins 

which provides structural and biochemical support to cells. The reactive and reparative 

mechanisms triggered during the inflammatory process causes the production and deposition of 

extracellular matrix proteins, the abnormal excessive growth of the connective tissue may lead 

to fibrosis. However the multimeric and multivalent nature of the radiopharmaceutical is another 

important issue to consider on the permeability and in the transport of particles and hence in the 

radiation absorbed dose. 

After an extensive research in the literature, it does not state anywhere that the fibrotic tissue 

is considered in the well-known internal radiation dosimetry software OLINDA. The software is 

based on the Medical Internal Radiation Dosimetry (MIRD) methodology which is the standard 

methodology in nuclear medicine for the calculation of personal internal radiation dose [Bolch et 

al., 2009]. In the personalized calculations small tumors are considered spheres made of water 

for the spherical type models in that program [Loevinger et al., 1988]. Fibrosis could affect the 

radiation absorbed dose in a tumor since it has a higher density than water and especially 
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because 177Lu is a beta emitter. In fact, most if not all therapeutic radiopharmaceuticals are beta 

emitters [Bushberg et al., 2011]. 

Cell culture three dimensional models have been used to mimic environments with 

fibroblasts cells, however drug permeability have not been addressed and Hosoya et al., have 

developed a way to engineered novel three dimensional model to investigate nanoparticle 

delivery which relays on the layer by layer technique (LBL) [Hosoya et al., 2012]. The LBL 

technique consists of a repetitive thin layer pattern of cells, collagen and gelatin which 

successfully mimics a tumoral fibrotic microenvironment. On the other hand, the effect of fibrotic 

tissue on the transport of particles can be study by implementing codes based on Monte Carlo 

calculations. There are a number of computer codes that can be used to study the transport of 

particles such as MCNP, PENELOPE, and GEANT4 [Mayless, 2007]. In Monte Carlo the individual 

particle tracks are faithfully reproduced with predetermined physical laws (such as the scattering 

and absorption cross sections) that govern the transport of particles in a certain medium. 
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The Objective 

Evaluate, by the means of the Monte Carlo methodology and an experimental model of tumoral 

fibrosis with HeLa, cervical cancer cells, the radiation absorbed dose of the radiopharmaceuticals 

177Lu-Tyr3-octreotate-gold nanoparticles (multimeric system) and 177Lu-Tyr3-octreotate 

(monomeric system). 
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Justification  

Personal Internal medicine dosimetry is based primarily on spherical tumor like models 

composed of water. However, more precise models are needed for a better accuracy in the 

dosimetry that includes the complex arrangements and compositions (fibrosis, cell composition, 

etc.) of tumors. Such considerations should be paid closer attention for accurate dose 

calculations, especially when using target specific radiopharmaceutical such as the ones used in 

this work since they deliver the dose more precisely then conventional radiopharmaceuticals. 

Therefore, it seems appropriate that the radiation absorbed dose models should be adjusted to 

calculate the dose in the nucleus not just in the tumor mass. 
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Chapter 1 Target Specific Molecular Recognition for 

Radiotherapy or Diagnostic 
 

1.1 Introduction 

In this chapter the basics of cancer and its relation to fibrosis is briefly introduced, as well as 

the fundamentals of target specific radiotherapy which has the purpose to deliver a maximum 

amount of radiation to the tumor while sparing as much healthy tissue as possible [Jiménez-

Mancilla et al., 2012]. Somatostatin and somatostatin receptors, and their relation to target 

specific molecular recognition is also described in this chapter since the foundation to develop 

useful sensors for target specific molecular recognition is based on the condition that cancer cells 

often over express specific proteins or specific receptors such as somatostatin receptors. 

1.2 Cancer 

1.2.1 The Basics 

Apoptosis is a natural process in which normal cells are programmed to die. Normal cells 

initiate self-destruction as a result of an external aggressions such as exposure to radiation or 

heat, nutrient deprivation, or viral infection among other reasons. However, cell apoptosis may 

be disrupted by damaging the DNA structure. A damaged cell may continue to grow, passing on 

the damage DNA to the daughter cells which continue to grow as well, eventually leading to the 

possibility of these damaged cells to invade other tissues. The loss of normal cell growth control 

is illustrated in figure 1 in which damaged cells replicate uncontrollably in comparison to normal 

cell division (image from understanding Cancer Series). 
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Figure 1. Illustration of Loss of normal growth control of cancer cells  

Cancer may develop after damaged cells fail to follow programmed cell death (apoptosis). 

Disruption of apoptosis is highly linked to promote tumor initiation, progression and treatment 

resistance [Lowe and Lin, 2000]. Anticancer agents induce apoptosis in normal tissues and 

tumoral tissue to restore normal cell behavior [Lowe and Lin, 2000]. Cancer is a pathology given 

many different diseases having in common that they all start with abnormal cells growing out of 

control [Knowles and Selby, 2005]. The name of the type of cancer is given depending on where 

it started, for example, breast cancer starts in the breasts, and if spreads to other parts of the 

body such as the liver it would be called metastatic breast cancer. The risk of developing cancer 

increases with the use of tobacco, sun exposure, exposure to radioactivity, smoking tobacco 

among others [Stewart and Kleihues, 2003]. Differences of cancer cells versus normal cells 

include the inhibition of certain signals from other cells; they can lose molecules on their surface 

that keeps cells from sticking to each other for example. Cancer cells often over express specific 

receptors, or specific proteins [Vilchis-Juárez et al., 2014], as part of their abnormal cell behavior. 

1.2.2 Tumoral Fibrosis  

Tissues and organs in the human body rely on complex organization of the cells [Matsusaki 

et al., 2007]. Fibroblast and myofibroblast cells produce the extracellular matrix by the secretion 
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of proteins which provides structural and biochemical support to cells. The extracellular matrix 

plays an important role on cellular functions such as proliferation and differentiation [Ignotz and 

Massagué, 1985]. The reactive and reparative mechanisms triggered during the inflammatory 

process causes the production and deposition of extracellular matrix proteins, the abnormal 

excessive growth of the connective tissue leads to fibrosis. Cancer aggressiveness is usually 

related to the fibrosis of tumors [Wu et al., 2013]. For example, there is a relation between 

fibrosis and the progression of many types of cancer including cervical cancer. The extent of 

fibrosis in tumoral tissue may reduce permeability of certain drugs [Hosoya et al., 2012], 

therefore it could affect the cumulated activity of radiopharmaceuticals in tumors. However, the 

presence of fibrosis in tumors is currently not considered for radiation absorbed dose calculations 

during personal nuclear medicine treatment planning. 

Collagen is the main protein component of the extracellular matrix. Collagen, also represents 

a mayor organic component of certain parts of the body such as tendons, skin, eye lens, etc. 

[Kemp et al., 1995, Galloway and Forrester, 2001] Collagen has a triple helix in the form of 

elongated fibrils. Collagen can be extracted from pork skin, rat tail tendon, cow tail tendon among 

other sources [Kemp et al., 1995]. Another main component of the extracellular matrix is the 

fibronectin protein. Both, fibronectin and collagen are [Ignotz and Massagué, 1985] composed 

of similar amino acids such as glycine and alanine; they have a similar chemical composition. 

Fibronectin binds some of the components of the extracellular matrix such as collagen. The loss 

of normal tissue structure is evident in tumoral tissue and it is a consequence of fibrosis. Figure 

2 shows the difference between the distribution of cells and the quantity of deposited 

extracellular matrix in histopathological sample of normal (a) and tumoral (b) tissue. This 

excessive accumulation of the extracellular matrix is referred as fibrosis. 
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Figure 2. Differences between the distribution of cells and the quantity of deposited extracellular matrix (blue lines) in 
histopathological samples of normal (a) and tumoral (b) tissue. 

1.3 Target Specific Radiation Therapy 

1.3.1 Over-Expression of Specific Proteins or Specific Receptors 

Cancer cells often over express specific proteins or specific receptors which is the basis to 

develop useful sensors for target specific molecular recognition. Over expressed receptors on the 

surface of cancer cell are promising targets for diagnostic and therapy [Jiménez-Mancilla et al., 

2013]. Target specific radiotherapy has the purpose to deliver a maximum amount of radiation 

dose to the tumor through a selective and localized manner [Jiménez-Mancilla et al., 2012]. 

Furthermore, target specific radiotherapy based on radio labeled peptides has been of vast 

recent interest [Liu, 2008], which consist on specific peptides binding to over expressed receptors 

found on cancer cells. The ligands can be adapted to hold a radionuclide within their chemical 

structures for therapeutic or diagnostic purposes. Only the ligands with certain chemical 

structures are recognized by the receptors. To illustrate this concept, figure 3 shows a 

representation of the binding process in which the ligand is recognized by the over expressed 

receptor in a specific way. 

a) b) 
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Figure 3. Illustration of the binding process in which ligands are recognized by the over expressed receptors often found on 
cancer cells. 

1.3.2 Somatostatin Receptors 

Over-expression of specific receptors depends on the type of cancer cells. For example, the 

Gastrin-Releasing Peptide Receptor (GRP-r) is over expressed in breast and prostate cancer cells 

which can be recognized by the Lys3-bombesin peptide [Jiménez-Mancilla et al., 2012]. Another 

example is the over expression of somatostatin receptors in a great variety of tumors and cancer 

cell lines [Watt et al., 2008], such as in breast cancer, lung cancer, and many types of cancers 

originating from the neuroendocrine system. In addition, recently Mendoza-Nava et al., reported 

that somatostatin analogues exert a direct effect on the survival of HeLa cells which indicates 

that somatostatin receptors are over expressed in HeLa cells (cervical cancer cells) since it is 

known that the inhibitory effects of octreotide (somatostatin analogue peptide used) are 

mediated by specific interactions with high affinity somatostatin receptors [Mendoza-Nava et al., 

2013] 

Peptide hormones bind precisely to the specific receptor located on the cell membrane, 

such as in the case of somatostatin. Somatostatin receptors recognize somatostatin or peptides 

analogous to somatostatin. There are five somatostatin receptor subtypes (SSTR1-SSTR5) [Moller 

et al., 2003]. The chromosomes 14, 15, 16, and 22 were found to be linked to the human genes 

encoding SSTR1, SSTR2, SSTR5, and SSTR3 respectively [Moller et al., 2003]. Furthermore, the 

SSTR-2, SSTR-3 and SSTR-5 are over expressed in lung cancer, and SSTR-1, SSTR-2, SSTR-3, SSTR-

5 are often over expressed in ovary cancer. [Van-Vliet et al., 2013]. The five subtypes of receptors 

bind to natural somatostatin peptides. 
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1.3.3 Neuroendocrine System 

The basics of the neuroendocrine system are described in this section since many cells 

originating from neuroendocrine cancer tumors over express somatostatin receptors and hence 

it may be possible to treat those cancers with radiopharmaceutical based on somatostatin 

analogue peptides such as octreotate. 

The neuroendocrine system is composed of the nervous system and the endocrine system. 

The majority of hormones belong to the peptide hormone category and the rest to the steroid 

hormone category [Longenbaker, 2010]. The endocrine system and the nervous system are 

strongly linked; the nervous system is an important controller of the endocrine system by sending 

sensory information from the brain to make important adjustments to the secretion of 

hormones. The nervous system can be further divided into the central nervous system (CNS) 

consisting of the brain and the spinal cord, and the peripheral nervous system (PNS) which is 

composed of the cranial and spinal nerves. [Martini, 2004]. 

Secretory glands where most hormones are produced are part of the endocrine system. The 

endocrine system includes all the endocrine cells and tissues of the body which can produce or 

secrete hormones. These hormones can have effects beyond their tissue of origin. The glandular 

secretory glands release their secretions to the extracellular fluids and are called endocrine cells 

[Martini, 2004]. Hormones are signals in the form of chemicals that affect the behavior of tissues 

or other glands [Longenbaker, 2010]. Hormones can have an effect on the development of body 

parts, the metabolism of cells, and the regulation of certain conditions for the stability of a 

physiological system known as homeostasis [Longenbaker, 2010]. Endocrine glands do not 

deliver their secretion hormones through ducts as the exocrine glands, instead the hormones are 

released directly into the tissue and disperse throughout the body by the bloodstream. An 

example of an exocrine gland would be the salivary glands which secrete saliva via salivary ducts 

to the mouth. Among the most relevant components of the neuroendocrine system are the 

pituitary gland, thyroid gland, pancreas, and ovaries in females or testis in males (see figure 4). 
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Figure 4. Main parts of the neuroendocrine system are the pituitary gland, thyroid gland, pancreas, and ovary in females or 
testis in males. 

1.3.4 Cervical Cancer 

Cervical cancer is nearly always caused by the human papillomavirus (HPV) infection 

[Chavaro-Vicuña et al., 2009]. There are many types of HPV, but most of them are passed on by 

genitalia contact, certain sub-types are heavily associated with cervical cancer. For example, type 

HPV-16, 18 and 45 have a higher association with cervical cancer in younger women than other 

types of HPV [Powell, et al., 2013]. There are many types of HPV, and it has been shown 

profoundly that the HPV plays a central role in the development of invasive uterine cervical 

carcinoma. A carcinoma is a cancer that starts in the epithelial cells, that is, a cancer that starts 

in the tissue that lines the inner and outer surfaces of the body [Kirkham and Shepherd, 2007]. 

However, small lesions can form in the tissue microenvironment of the cervix due to the viral 

cofactors acting upon the immune system [Kirkham and Shepherd, 2007]. These lesions are 

seldom dangerous, and most HPV infections are common and last a relative short period of time 

from a year or two. However, in some occasions these lesions progress in cervical cancer. Cervical 
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cancer can be prevented and detected early by having pap tests. It is one of the most treatable 

cancers when detected early [Chavaro-Vicuña et al., 2009]. Nonetheless, cervical cancer can 

become aggressive often by not treating it on time or due to its aggressive nature. For instance, 

in Mexico, cervical cancer is the first neoplasm cause of death among 25 years old women or 

older. In fact about 4,000 deaths were registered in 2009. The states with higher mortality rates 

are Colima, Nayarit and Yucatán [Chavaro-Vicuña et al., 2009]. The uterus and the vagina are 

connected by the cervix. The cervix stays tightly closed during pregnancy to restrain the baby 

inside the uterus, but during labor it opens to allow the baby to pass through the vagina [Chavaro-

Vicuña et al., 2009]. The cervix is strongly regulated by the neuroendocrine system such the 

softening and ripening of the cervix during pregnancy which is crucial for a normal parturition; 

estrogen and progesterone are two of the most important hormones that are involved during 

the cervical softening [Stjernholm et al., 1996, Ekman-Ordeberg et al., 2003]. Another function 

of the cervix is to create mucus during sex to facilitate the journey of the sperm from the vagina 

into the uterus. The outer surface of the cervix is covered by a layer of skin like cells called 

ectocervix. The opening of the cervix that leads into the narrow passage to the uterus is the area 

most likely to become cancerous. The cervix, uterus and nearby organs of the female body are 

illustrated in figure 5. 

 

Figure 5. Illustration of the cervix, uterus, and nearby organs of the female reproductive system. 
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1.3.5 HeLa Cell Line 

The case of Henrietta Lacks, a 31 year old black female died of a notorious aggressive cervical 

cancer in 1951 led to the establishment of one of the first cell lines, the HeLa cell line [Humphreys, 

2013, Landecker, 1996]. HeLa cells belong to the epithelial cell type from the disease 

adenocarcinoma from cervical tissue. In addition, HeLa cells express the SSTR, more specifically 

the SSTR-2 [He et al., 2009]. A sample of malignant cells from Henrietta Lacks was taken to 

establish a cell line named after her, the HeLa cell line. A cell line can be defined as a single cell 

or culture specimen taken from an insect or animal to be grown in-vitro such as in a glass 

container in the laboratory [Landecker, 1996]. Due to the HeLa in-vitro proliferation rate, and its 

nutrients and warmth needs have led to extensive used of this cell line in scientific research. 

Important discoveries have been made using HeLa cells such as the polio vaccine [Humphreys, 

2013]. 

1.4 Somatostatin 

1.4.1 Somatostatin 

So far, the over expression of somatostatin receptors on cells, primarily but not strictly of 

cancer cells originating from the neuroendocrine system has been discussed, now is time to go 

over somatostatin. Somatostatin is a cyclic neuro-peptide hormone in charge of inhibiting or 

regulating the secretion of hormones, growth hormone, neurotransmission hormones, etc. [Watt 

et al., 2008, Moller et al., 2003]. Somatostatin (SST) is mainly produced in neuroendocrine and 

immune cells. SST is expressed in a higher density in the central and peripheral nervous system, 

the pancreas and gut. However, smaller amounts of SST producing cells are found in the thyroid, 

adrenals, submandibular glands, prostate and placenta. For instance, in rats 65% of STT is 

produced in the guts, 25% from the brain, 5% from the pancreas, and 5% from other organs 

[Patel, 1999]. 

SST acts as a regulator for a variety of physiological functions, neuro-transmitter, neuro-

modulator, also acts as a modulator of cell proliferation [Watt et al., 2008]. SST was discovered 

while trying to isolate the growth hormone from hypothalamic extracts. Since SST inhibits the 

secretion of hormones, analogous peptides to SST could be used for the treatment of pancreatic, 

intestinal and pituitary tumors [Lamberts, et al., 1991]. Many cells in the human body and in all 
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vertebrates group express SST. There are two biologically active SST peptides named SST-14 

having an amino acid chain sequence of (figure 6): 

 

Figure 6. Amino acid chain sequence of SST-14. 

and the SST-28 with the following amino acid chain sequence of (figure 7): 

 

Figure 7. Amino acid chain sequence of SST-28. 

The dash line represents the union of one amino acid with another. They both (SST-14 and SST-

28) have effects on the intestinal motility, vascular contractility, cell proliferation, and absorption 

of nutrients and ions in the intestines [Watt et al., 2008]. Natural somatostatin has a very short 

biological half-life of 2-3 minutes [Sanchez-García, 2013]. 

1.4.2 Analogue Peptides to Somatostatin  

SST analogues are often used instead of the actual SST primarily because of its short biological 

half-life. This short biological half-life results in an inadequate short time for radiotherapy or 

imaging. Hence, SST analogous peptides with longer biological half-lives were synthesized and by 

the end of the 1980s a number of SST analogues were developed such as octreotide (SMS201-

995), vapreotide (RC-160), lanreotide (BIM23014), and seglitide (MK678). They are cyclic 

octapeptides with much longer biological half-lives [Appetecchia and Baldelli, 2010], suitable for 

the development of radiopharmaceuticals. The amino acid chain sequence of a common peptide 

analogue to SST is Tyr3-octreotate (octreotide acid) which is illustrated in figure 8 (image taken 

from p̃i CHEM Company). Furthermore, Tyr3-octreotate is a synthetic peptide derived from and 

analogous to natural somatostatin [Mendoza-Nava et al., 2013]. Amino acid chain sequence of 

some important analogue peptides to SST such as octreotide, vapreotide are listed in table 1 

[Watt et al., 2008]. 
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Table 1. Amino acid chain sequence of some common analogue peptides to SST. 

Peptide Amino Acid Chain Sequence 

Octreotide DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(ol) 

Vapreotide DPhe-Cys-Tyr-DTrp-Lys-Val-Cys-Trp 

Lanreotide D𝛽Nal-Cys-Tyr-DTrp-Lys-Val-Cys-Thr 

Seglitide (N-Me)-Ala-Tyr-DTrp-Lys-Val-Phe 

Octreotate DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr 

Tyr3-octreotate DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr 

 

 

Figure 8. Illustration of the amino acid chain sequence of Tyr3-octreotate (DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr).  

Nonetheless, there are some differences between natural SST and the analogue peptides, for 

instance natural SST binds to all five receptor subtypes as opposed to analogue peptides which 

do not necessarily bind to all the SSTR subtypes. For example, octreotate and octreotide bind 

specifically to SSTR2 and SSTR5. Also, there might be different clinical and biological activities, for 

example, octreotide inhibits the growth hormone about 45 times more than does natural 

somatostatin, and inhibits eleven times more the secretion of glucagon. 
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Chapter 2 Radiopharmaceuticals Based on Somatostatin 

Analogue Peptides 
 

2.1 Introduction 

Over the past few decades great advances in the development of radiopharmaceuticals have 

been made primarily for the purpose of imaging the function and structure of tissues and organs, 

and for delivering radiation absorbed dose to specific targets with the aim of sparing as much 

healthy tissue as possible [Padhy and Vera-Ruiz, 1999]. Among the advances made is the 

developing of target specific radiopharmaceuticals. Somatostatin analogue peptides when 

successfully radiolabeled can have a great potential for therapy or diagnostic mainly because of 

potential selective targeting of the over expressed receptors described in chapter 1. For example, 

the analogue peptide octreotate can be successfully radiolabeled with 177Lu to potentially 

function as a theragnostic monomeric or multimeric radiopharmaceutical. Furthermore, the 

conjugation of peptides to gold nanoparticles (AuNP) has been of recent interest because it can 

form multimeric systems which due to their multivalent and multimeric properties [Ferro-Flores 

et al., 2014] may further enhance radiation dose delivery. 

In this chapter the fundamentals of radiopharmaceuticals such as the characteristics of an 

ideal radiopharmaceutical are described in order to better exemplify the potential of 

radiopharmaceuticals based on somatostatin analogue peptides such as octreotide and its 

derivatives. The properties of 177Lu that makes it into a feasible radionuclide used for theragnostic 

radiopharmaceuticals are listed in this chapter as well as some of the spectroscopic techniques 

that can be used for the characterization of 177Lu-Tyr3-octreotate/177Lu-Tyr3-octreotate gold-

nanoparticles radiopharmaceuticals. 

2.2 Fundamentals of Radiopharmaceuticals 

2.2.1 Definition of a Radiopharmaceutical 

A radiopharmaceutical is a chemical structure containing a radioactive nuclide adequate for 

diagnostic or therapeutic purposes [Farmacopea, 2011]. Target specific radiopharmaceuticals are 

different than ordinary pharmaceuticals because they make negligible physiological changes in 
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the body since they are administered in minuscule quantities hence chemical toxicity is practically 

null [Kowalsky and Falen, 2011]. 

2.2.2 An Ideal Radiopharmaceutical 

An ideal radiopharmaceutical has at least the following desirable characteristics listed below 

[Farmacopea, 2011]: 

 Be of easy access in a nuclear medicine laboratory. 

 Have a simple production method. 

 They should be injectable substances since the administration approach is by injection. 

 Generally need to be soluble in water, and other organic fluids. 

 Non-toxic sterile, stable substances. 

 Efficient. 

 They should have high specific activity in order to damage small tumoral masses. 

 Target of interest selectivity to spare healthy tissue from damage. 

 Definite size depending on the design purpose. 

 Must remain as a free compound to avoid unwanted mixture compounds in the body. 

2.2.3 Classification 

Radiopharmaceuticals can be classified by their level of complexity as first, second, and 

third generation radiopharmaceutical: 

 First generation: Radio-labeled chemical structures capable of reaching the desired 

destination mainly by normal physiological process occurring in the human body. For 

example the following radiopharmaceuticals, 99mTcO4 (reaches the thyroid), 99mTc-

colloids (reaches the liver), 99mTc-phosphonates (reaches the bones), and 99mTc-DTPA 

(reaches the kidneys) are considered first generation, widely used in typical nuclear 

medicine departments [Pillai, 2008]. 

 Second generation: Generally defined as well characterized coordination compounds 

with molecular structures exactly determined. To determine their molecular structures, 

modern spectroscopic techniques such as nuclear magnetic resonance, mass 

spectroscopy, and X ray diffraction are used. The in vivo behavior of these 
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radiopharmaceuticals is driven by their chemical and physical properties such as their 

size, charge and lipophilicity (ability for a substance to be soluble in a fatty substance). 

Some examples of second generation radiopharmaceuticals are 99mTc-MIBI and 99mTc-

tetrofosmin both which are cardiac imaging agents and 99mTc-HMPAO which is a brain 

imaging agent. 

 Third generation: This generation of radiopharmaceuticals goes beyond the principles of 

the second generation radiopharmaceuticals. They are suitable biomolecules for in vivo 

delivery of radiation to specific biological targets (receptors, enzymes, etc.) and they are 

based on imaging or therapeutic agents. The radiolabeling of the biomolecules is 

designed such that the chemical structure responsible for the biological activity remains 

unaltered. Third generation radiopharmaceuticals are often composed of three parts: 

the radionuclide, the biofunctional chelating agent (BFCA), and the active biomolecule. 

Examples of third generation radiopharmaceuticals are 99mTc-HYNIC-EDDA-TOC used for 

imaging of neuroendocrine tumors and 99mTc-TRODAT-1 for receptor studies in the brain 

[Pillai, 2008], lastly,  177Lu-Tyr3-octreotate and 177Lu-Tyr3-octreotate gold-nanoparticles 

are also considered third generation radiopharmaceuticals  

Radiopharmaceuticals can be further classified in subcategories based on their exhibited 

physical and chemical properties. The subcategories are: radiolabeled particles, radiolabeled 

gases, radiolabeled chelates, radiotracers as ions, radiolabeled cells, receptor binding 

radiotracers, radiolabeled monoclonal antibodies, and radiolabeled metabolic substrates 

[Elgazzar, 2006]. The biological nature of the active biomolecule in the radiopharmaceutical agent 

is primarily responsible for essential factors that influence the transport, uptake, and retention 

of radiopharmaceuticals. 

2.2.4 Therapeutic Radiopharmaceuticals 

Radionuclides used for radiotherapy are beta emitters. They should have low gamma or x-ray 

radiation emission capabilities [Chandra, 1998], since photon emissions increase scattering 

radiation inside the patient´s body which can cause unwanted damage to healthy tissues. 
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Alpha emitters are essentially never used for several reasons. One reason is that alpha 

particles deposit their energy in a very short distance, that would be good to destroy the tumor 

but it would cause irreversible damage to the blood cells when the radiopharmaceutical is 

injected. Another reason is that alpha emitters often have many radioactive daughters that 

would travel in the body causing undesirable damage to surrounding healthy areas. In fact, all 

currently approved radiopharmaceuticals for radiotherapy are beta emitters [Bushberg et al., 

2011]. Certain radiopharmaceuticals can be used as pain relievers, such as in patients of multiple 

scatter bone lesions when pain is unresponsive to most know analgesics; these lesions can be 

selectively targeted through a single systematic administration of the radiopharmaceutical 

[Padhy and Vera-Ruiz, 1999]. 

Some common radionuclides used in radiotherapy in nuclear medicine are listed in table 2 

with their corresponding half-lives and their most abundant beta emission with their maximum 

and average energy (radionuclide data was taken from the Japanese chart of the nuclides official 

website). 

Table 2. List of common radionuclides used in radiotherapy in nuclear medicine facilities. 

In table 3 some therapeutic radiopharmaceuticals with their specific applications and specific 

tumor targeting are listed [Elgazzar, 2006, Bushberg et al., 2011]. 

Radionuclides for 

Radiotherapy 

(Max-energy, Average-

energy, % -Abundance) [keV] 

Half-Life 

(Days) 

Iodine-131 (131I) (606.3, 191.6, 89.6) 8.02 

Samarium-153 (153Sm) (704.4, 225.3, 49.4) 1.93 

Yttrium-90 (90Y) (2280.0,933.7, 99.98) 2.66 

Strontium-89 (89Sr) (1495.1, 584.6, 99.99) 59.53 

Rhenium-186 (186Re) (1069.5, 359.2, 70.99) 3.72 

Phosphorus-32 (32P) (1710.4, 694.9, 100) 14.26 

Lutetium-177 (177Lu) (498.0, 133, 78.0) 6.73 
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Table 3. List of common radiopharmaceuticals with their most common practical application, specific tumor targeting, and their 
sub-classification. 

Radiopharmaceutical Sub-

Classification 

Application Specific Tumor 

Targeting 
131I-Sodium iodide Radiotracer as 

an ion 
Thyroid function Thyroid carcinoma 

89Sr chloride Radiotracer as 
an ion 

In the bone it is 
exchanged with Ca 

Reduce pain due to 
bony metastases 

153Sm-lexidronam Radiolabeled 
chelate 

Binds to 
hydroxyapatite 

Reduce pain due to 
bony metastases 

90Y-DOTA-Tyr3-

octreotide 
Radiolabeled 

chelate 
Somatostatin 

receptors 
Neuroendocrine 

tumors 
177Lu-Tyr3-octreotate Radiolabeled 

chelate 
Somatostatin 

receptors 
Neuroendocrine 

tumors 
In addition, currently, radiopharmaceuticals involving 177Lu are been further investigated due 

to the potential of 177Lu. For example, preliminary studies on 177Lu labeled sodium pyrophosphate 

(177Lu-PYP) show the potential of this radiopharmaceutical to target bone and achieve bone pain 

palliation, [Abbasi, 2012]. Other radiopharmaceuticals involving lutetium also have promising 

outcomes such as 177Lu-MDP, and 177Lu-EDTMP (both used as pain palliation of metastatic bone 

cancer). 

2.2.5 Diagnostic Radiopharmaceuticals 

On the other hand, radionuclides used for diagnostic are photon or positron emitters that 

ultimately leads to the production of a three dimensional image used to determine how tissues 

and organs are functioning. For example, 99mTc is the most used radionuclide for diagnostics, it is 

a photon emitter (half-life: 6 h, emission energy spectrum peak at 140 KeV) and it accounts for 

more than 70% of all image studies [Bushberg et al., 2011]. Some common radionuclides used in 

the clinic with their corresponding energy emission, abundance and their corresponding half-

lives are listed in the table 4. 
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Table 4. List of common radionuclides currently implemented in nuclear medicine facilities, their emission energy with their 
corresponding abundance and half-lives are listed. 

Additionally, in table 5 a few of the many radiopharmaceuticals that currently exist are listed. 

Their sub-classification, current most common application, and their imaging target is also listed. 

Table 5. List of common radiopharmaceuticals used for diagnostic in nuclear medicine facilities. Their sub classification, most 
common application, and imaging target are stated as well. 

Radionuclides for Diagnostic Emission energy (KeV), Abundance 

(%) 

Half-Life 

Technetium-99m (99mTc) 140 (88) 6 H 

Gallium-67 (67Ga) 93 (40),184 (20), 300 (17) 3.2 Days 

Indium-111 (111In) 171 (90), 245 (94) 2.8 Days 

Thallium-201 (201Tl) 167,135 3.08 Days 

Iodine-125 (125I) 35 (6) 60.0 Days 

Radiopharmaceutical Sub-Classification Application Imaging Target 
111In-leukocytes Radiolabeled cell Cell migration and 

phagocytosis 
Infection imaging 

99mTc-P829, Neotec Receptor binding, 
radiotracers 

Somatostatin 
receptors 

Lung cancer, 
neuroendocrine 

tumors 
111In-Prostascint Radiolabeled 

monoclonal antibody 
 

PSMA (intracellular 
epitope) 

Prostate cancer 

99mTc-Antimony 

sulfide colloid, 0.1 

µm 

Radiolabeled 
particles 

Lymphatic drainage Breast cancer and 
melanoma 

67Ga-citrate Radiolabeled chelate Tumor viability, 
capillary leakage 

Tumor and infection 
imaging 

111In-oxine Radiolabeled chelate Radiolabeling of 
white cells 

Labeled leukocyte 
thrombus imaging 

201Tl-thallous 

chloride 
Radiotracer as an ion Blood flow, 

 tumor viability 
Myocardial 

perfusion, Tumor 
imaging (brain, 

thyroid) 
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2.3 
177Lu-octreotate Radiopharmaceuticals 

2.3.1 Lutetium (Lu) 

Lutetium was discovered at the beginning of the 20th century by George Urbain and Carl Auer 

Welsbach. The word lutetium originates from the Latin word Lutetia meaning Paris. The element 

lutetium (Z=71, A=174.967) has silvery-white appearance and the mineral monazite is the most 

commonly commercially produced source of Lutetium (some of this information was taken from 

the material science company: American Elements) Lutetium can also be available in soluble 

forms including chlorides, nitrates and acetates. Lutetium is generally nontoxic. However, toxicity 

depends on the form that it comes. Lutetium can be purified by reduction of LuCl3 or LuF3 

[Sanchez-García, 2013]. The general properties of lutetium are listed in table 6. 

Table 6. General properties of the element Lutetium (Lu). 

General Properties of Lu 

Symbol Lu 

Atomic Number 71 

Atomic Weight 174.97 
Element Category Lanthanides 

Period, Block 6, d 
 

In addition, the physical and chemical properties of Lutetium can be summarized in table 7. 

Table 7. Physical and chemical properties of Lutetium (Lu). 

Physical and Chemical Properties of Lu 

Electrons 71 

Protons 71 

Electron configuration [Xe] 4f145d16s2 

Atomic radius 174 pm 
Covalent Radius About 184 pm 

Van der Waals radius 221 pm 

Oxidation States 3, 2, 1  
1st Ionization Energy 523.52 KJ/mol 

2nd Ionization Energy 1341.16 KJ/mol 

Phase Solid 
Crystal Structure Hexagonal close-packed 

Melting Point 1663 oC 

Boiling Point 3402 oC 
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Lutetium (Lu) reacts slowly with water, air, and acids. Nonetheless, chemical reactions due occur. 

Among the most common chemical reactions of Lutetium are, Lutetium with oxygen (O2), water 

(H2O), hydrogen chloride (HCl), and nitric acid (HNO3) which are listed in table 8. 

Table 8. Chemical reactions of Lutetium. 

Chemical reactions of 

Lutetium 

Lu + O2   Lu2O3 

Lu + H2O  Lu(OH)3 + H2 

Lu + HCL  LuCl3 +H2 

Lu + HNO3  Lu(NO3)3 

2.3.2 Properties of 177Lu for Imaging and Therapy 
177Lu is a β- (�̅�=134 keV, Emax=498 keV) and 𝛾 emitting radionuclide with a radioactive decay 

half-life (T1/2) of 6.647 days (159.53 h). The β- particle emission of 177Lu translate to a maximum 

soft-tissue penetration of 1.7 mm and an average penetration of 0.23 mm, which makes it an 

ideal candidate for treating small size tumors and micro-metastasis due to this short range. 

Delivering 177Lu in a seal source to the malignant lesion as in the case of brachytherapy, would 

take advantage of this short range energy delivered locally to the malignant tissue but it will limit 

the use in bulky tumors. However, the labeling of target specific active biomolecules such as 

octreotate to 177Lu allows for the radiopharmaceutical to be delivered into the blood stream. 

The β- emission percentages with their corresponding average and maximum energies of 

177Lu are listed in table 9 [Kondev, 2003]. 

Table 9. β- emissions of 177Lu with their corresponding average and maximum energies. 

Emission (%) Eaverage(keV) Emax(keV) 

79.4 149.4 498.3 

11.6 47.6 177.0 

9.0 111.7 385.3 

0.006 78.6 248.6 
In addition, the two main photon gamma emissions of 177Lu are 113 keV (6.4 emission 

percentage) and 208 keV (11 emission percentage), these characteristics allow for post-
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treatment imaging and dosimetry assessments [O´Neal et al., 2004]. Some of the most important 

Auger electrons, internal conversion electrons, and gamma emissions with their corresponding 

energy in keV are listed in table 10 [Kondev, 2003]. 

Table 10. List of some of the most important Auger and internal conversion electrons, and gamma emissions with their 
corresponding emission percentage and energy. 

Emission (%) E(keV) Type of Emission 

10.4 208.4 𝛾 

8.7 6.18 AE 

6.7 101.7 CE 

6.2 112.9 𝛾 

5.1 47.6 CE 

1.7 110.3 CE 

 

2.3.3 
177Lu-Tyr3-octreotate (Monomeric System)  

177Lu-Tyr3-octreotate is a monomeric radiopharmaceutical since it is composed of a single 

monomeric molecule. There are a number of ways of writing the name of the former monomeric 

radiopharmaceutical, for example, 177Lu-DOTATATE, 177Lu-DOTA-Tyr3-octreotate, [177Lu-

DOTA,Tyr3]octreotate and 177Lu-Tyr3-octreotate. A monomeric radiopharmaceutical is defined as 

a single monomeric molecule with a radioactive element in its structure suitable for diagnostic 

or therapeutic purposes [Farmacopea, 2011]. A peptide is a molecule composed of two or more 

amino acids, generally up to 50 amino acids [Nelson et al., 2008]. Peptides are much shorter in 

comparison to the long chain of amino acids or proteins.  

Monomeric radiopharmaceuticals can either be directly or indirectly labeled. Direct labeling 

occurs when a radionuclide is added directly to its monomeric structure, this being called directly 

labeling. On the other hand, a radiopharmaceutical is said to be indirectly labeled when a 

chemical structure is added to the original monomeric chemical structure to withhold the 

radioactive element. For example, the peptide Tyr3-octreotate can be indirectly radio labeled 

when a chemical structure, 1,4,7,10-tetrazacyclo-dodecane-N, N', N'', N''-tetraacetic acid (DOTA) 

is added to the original monomeric peptide to contain the 177Lu radionuclide. Another example 

is when the structure hydrazinonicotinyl (HYNIC) is added to octreotate to withhold 99mTc 

radionuclide [Jiménez-Mancilla et al., 2012]. The DOTA chemical structure forms a stable 

coordination complex with Lu. DOTA is a radio labelling chelate which allows for the stable 



Chapter 2     Radiopharmaceuticals Based on Somatostatin Analogue Peptides 

 

26 
 

labeling with Lutetium, Gallium (Ga) and Yttrium (Y). It has been reported that 177Lu is more 

effective for smaller tumors, whereas 90Y is superior for larger tumors. On the other hand, 68Ga 

is used in diagnostic for positron emission tomography since it is a positron emitter. 

177Lu-Tyr3-octreotate has been used as a target specific radiopharmaceutical in patients 

predominantly with tumors originating from the neuroendocrine system such as adrenal gland 

cancer, or ovary cancer. However, post-treatment imaging and dosimetry assessments may also 

be possible. The chemical structure of the monomeric radiopharmaceutical 177Lu-Tyr3-octreotate 

is illustrated in figure 9. The monomeric radiopharmaceutical 177Lu-Tyr3-octreotate is composed 

of the Tyr3-octreotate peptide and the ring looking DOTA structure near the upper right hand 

corner which contains the radionuclide 177Lu. The peptide (used in this work) Tyr3-octreotate 

(about 3-4 nm in size) is composed of the following chain of amino acids DPhe-Cys-Tyr-DTrp-Lys-

Thr-Cys-Thr. 

 

Figure 9. Chemical structure of the monomeric radiopharmaceutical 177Lu-Tyr3-octreotate. 
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In the work of Kwekkeboom et al in which 131 patients with neuroendocrine tumors were 

administered 177Lu-Tyr3-octreotate, some promising results were obtained. A complete remission 

was observed in 2% of patients, 26% partial remission, 19% with a least a minor response, 35% 

still had the disease stable, and in 18% the disease progressed. In patients in whom during pre-

therapy imaging showed higher SSTRs uptake had higher remission rates later on [Appettecchia 

and Baldelli, 2010, Kwekkeboom et al, 2005]. Furthermore, in the works of Marion De Jong et al. 

a better outcome was seen in rats in a combination of 177Lu and 90Y which was implemented 

instead of either one of the radionuclides alone. On the downside, despite the positive results, 

the maximum tolerated dose is limited due to the toxic effects on the kidney and the bone 

marrow [Appetecchia and Baldelli, 2010]. 

2.3.4 
177Lu-Tyr3-octreotate-gold nanoparticles (Multimeric System) 

Multimeric radiopharmaceuticals have a tendency to improve the radiopharmaceutical 

permeation and retention in the tumoral tissue by taking further advantage of the EPR 

(Enhancement of Permeation and Retention) effect [Ferro-Flores et al., 2010]. The EPR effect is 

a consequence associated with the neovasculature differences between normal and tumoral 

tissue [Maeda et al., 2000]. Among the differences include the irregular shape and dilated tumor 

blood vessels. 

Imagine a radiopharmaceutical running through the blood stream of a patient, the normal 

endothelium space between the cells is of about 2 nm which does not allow the multimeric 

radiopharmaceutical (~20 nm in size) to permeate into healthy tissue. However, when the 

radiopharmaceutical reaches the abnormal tumoral tissue it can easily permeate into it, since in 

endothelium tissue with cancer the space between the cells opens up to 600 nm. The 

radiopharmaceutical could just stay undisturbed in the tumoral tissue by what is known as the 

passive mechanism). On the other hand, an active biomolecule (e.g. somatostatin analogue 

peptides) persistently acts to seek its target (e.g. SSTR) and is retained in the tumoral mass (active 

mechanism). The improvement of permeation and retention in tumoral tissue due to the EPR 

effect is illustrated in figure 10. The multimeric system has a higher probability to bind to the 

specific receptor, hence further taking advantage of the active mechanism. In addition, because 

of the physical structure and size of the multimeric system it flows out of less from the tumor 
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mass than the monomeric system, hence also taking further advantage of the passive 

mechanism. 

 

Figure 10. Illustration of the improvement of permeation and retention in tumoral tissue due to the enhancement of 
permeation and retention (EPR) effect. 

The multimeric and multivalent properties of multimeric systems such as 177Lu-Tyr3-

octreotate-gold nanoparticles radiopharmaceutical provide the means for such advantages over 

monomeric pharmaceuticals such as 177Lu-Tyr3-octreotate. Multivalency can be defined as the 

design principle of enhancing the strength of a binding process by the means of organized arrays. 

In fact, many cellular process are regulated by multivalent interactions such as the cell surface 

recognition events involving inflammation and tumor metastasis. It is now possible to synthesize 

stable multimeric system, several studies have shown that the conjugation of peptides to AuNPs 

can form stable multimeric systems capable for target specific recognition [Jiménez-Mancilla et 

al., 2013, Mendoza-Nava et al., 2013]. For example, the conjugation of radio-labeled peptides 

such as 177Lu-Tyr3-octreotate to the surface gold atoms of the AuNP can form stable multimeric 
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systems. Around 200 peptides can be easily conjugated to the surface (1260 nm2) of a single 

AuNP (20 nm) [Mendoza-Nava et al., 2013]. An illustration of a single chemical structure of 177Lu-

Tyr3-octreotate-gold nanoparticle (multimeric system) is shown in figure 11. The illustration is 

not at scale, the radiolabeled peptides measure about 2-3 nm while the AuNPs have a diameter 

of 20 nm. 

 

Figure 11. Illustration of the chemical structure of 177Lu-Tyr3-octreotate-gold nanoparticle.(multimeric system); two peptide 
structures are observed to be conjugated to a single AuNP. 

2.4 Characterization of Peptides Conjugated to Gold Nanoparticles 

2.4.1 Radio-Labeling and Radiochemical Purity 

Peptides such as Tyr3-octreotate can be bought from companies such as PICHEM from Graz-

Austria or ITG isotopes technologies Gardiching GmbH, from Germany. The radiochemical purity 

can be verified by a number of ways including Reverse Phase High Performance Liquid 
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Chromatography (RP-HPLC), mass spectroscopy, or by Thin Layer Chromatography (TLC) silica 

plates [Welch and Redvanly, 2003, Mendoza-Nava et al., 2013, Sanchez-García, 2013]. The radio-

labeling takes place through chemical reactions between Lutetium and the DOTA chelator. For 

example, a known quantity of the Tyr3-octreotate peptide when mixed with 177LuCl3, and 

incubated at 90 oC in a block heater for 30 minute forms 177Lu-Tyr3-octreotate. This information 

may be given by the company that provided the peptide or it can be stated in pharmacopeia 

books such as in Farmacopea de los Estados Unidos Mexicanos. 

2.4.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a spectroscopy technique that measures elemental composition, the electronic and 

chemical state of elements within a material. XPS is a technique that can be used to confirm the 

chemical conjugation of 177Lu-Tyr3-octreotate-AuNP. This technique consists in irradiating a 

sample with a highly monochromatic beam of X-ray photons. Some of the photons are absorbed 

by bound atomic electrons followed by their emission; this is known as the photoelectric effect 

[Kittel, 2005]. In figure 12, the photoelectric effect is illustrated by the absorption of three X-ray 

photons followed by the emission of three photo-electrons. 

 

Figure 12. Illustration of the photoelectric effect, in which three x-ray photons are absorbed by three bound atomic electrons in 
a medium follow by the emission of three photoelectrons. 

The kinetic energy of the photoelectron 𝐸𝑒 is equal to the energy of the incident photon 𝐸𝛾 minus 

the binding energy of the electron 𝐸𝐵 in the solid, 

 Ee =  Eγ − EB (1) 

where Eγ = hv =  hcλ , h is the Plank constant, c is the speed of light in vacuum, and λ is the 

wavelength of the incident photon. Since the irradiated atoms might have multiple ionizing 
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states, the EB may be better regarded as the energy difference between the initial states and 

after the photon has interacted with the atom. The p, d, f levels may split during the ionization 

process leading to vacancies in p1/2, p3/2, d3/2, d5/2, f5/2, f7/2 [Moulder et al., 1995]. Hence XPS, can 

be used to detect the level of ionization of the element. For example, when analyzing a sample 

of 177Lu-Tyr3-octreotato-AuNP, the level of ionization of gold (Au) can be detected suggesting that 

a bond (Au-S) between a gold atom from the surface of the nanoparticle and an atom (S) of the 

radio labeled peptide took place, demonstrating the conjugation of 177Lu-Tyr3-octreotato-AuNP. 

2.4.3 Ultraviolet-Visible Spectroscopy  

UV-vis spectroscopy is a technique based on the absorption or reflectance of light (UV-vis 

range) in a medium which can be used to determine electronic transition of molecules. UV-vis 

spectroscopy can be used to corroborate the chemical conjugation of 177Lu-Tyr3-octreotate-

AuNP. 

The UV-vis spectroscopy is a major part of optical electronic spectroscopy [Karge and 

Weitkamp, 2003], and perhaps the oldest method in molecular spectroscopy [Perkampus et al., 

1992]. The ultraviolet region falls in the 200-400 nm wavelength interval and the visible region 

between 400-800 nm wavelength interval [Karge and Weitkamp, 2003]. In this region of the 

electromagnetic spectrum molecules may undergo electronic transitions such as σ → σ∗, n → σ∗, n → π∗, and π → π∗. Molecules resonate at specific frequencies which can be used to determine 

a change in the molecular structure. For example, 177Lu-Tyr3-octreotate resonates at a different 

frequency from 177Lu-Tyr3-octreotate-AuNP, then the difference in the resonance pattern allows 

for determining the conjugation of 177Lu-Tyr3-octreotate-AuNP. 

In addition to electronic transitions gathered from this technique, rotational and vibrational 

motions may also become simultaneously excited, which may also be determined by this 

technique [Karge and Weitkamp, 2003]. The electronic transitions are associated with the energy 

change of a quantized system which is generally given by, 

 ∆E = hv = h cλ = hcṽ (2) 

where v is the frequency, h is Planck constant, c is the speed of light in vacuum and ṽ is the 

wavenumber. Often, the incident light absorbed is graphed as a function of wavenumber (ṽ =  1λ) 



Chapter 2     Radiopharmaceuticals Based on Somatostatin Analogue Peptides 

 

32 
 

instead of wavelength for practical purposes since wavenumber has the advantage over 

wavelength of being directly proportional to the change in energy. 

2.4.4 Dynamic Light Scattering (DLS) and Zeta-Potential 

Dynamic light scattering (DLS) is a technique that can be used to determine the size, shape, 

and aggregation state of a system by the scattered light from a sample [Mendoza-Nava et al., 

2013]. In dynamic light scattering, a monochromatic light of a wavelength bigger than the size of 

the system being analyzed is shined on a sample and scattered by the particles in a suspension 

undergoing Brownian motion. Brownian motion may refer to the random motion of particles, 

quite often referring to the particles in a fluid, caused by the constant collision among themselves 

[Mörters and Peres, 2010]. The intensity of the scattered light fluctuates over time depending on 

the size of the particles, which can be used to determine the particle or system size [Goldburg, 

1999]. Dynamic light scattering may also serve for the study of the dynamic behavior of fluids 

when an emphasis is put on Brownian motion [Goldburg, 1999]. Furthermore, the stability of a 

system such as 177Lu-Tyr3-octreotate-AuNP can be determined by measuring the zeta-potential 

of the solution. The zeta-potential is directly related to the electrostatic repulsion of particles in 

a solution; a bigger electrostatic repulsion indicates a higher colloidal stability. If the electrostatic 

repulsion is small enough, the molecular electrostatic attractions forces would overtake and 

cause molecules to precipitate which may be considered an unstable system. Lastly, the DLS 

technique and the zeta-potential are important to determine the size and stability of 177Lu-Tyr3-

octreotate-AuNP. For example, the radiolabeled peptides (octreotates) have a size of 2-3 nm, 

whereas the AuNPs have a diameter of 20 nm, therefore, the conjugated system 177Lu-Tyr3-

octreotate-AuNP may be expected to measure around 22 nm or 23 nm in size. 
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Chapter 3 Nuclear Radiation and Internal Radiation 

Dosimetry 
 

3.1 Introduction 

An accurate internal radiation dosimetry results necessary to evaluate the effectiveness of 

radiopharmaceuticals [McParland, 2010]. In this chapter the goal is to present theoretical 

background of nuclear radiation and internal radiation dosimetry involved in nuclear medicine 

since the principles of radiotherapy rely on the physical laws that govern the interaction of 

radiation with matter to deliver the maximum radiation absorbed dose to tumor mass. The topics 

of radioactive decay, interactions of electrons with mater, radiation absorbed calculation and 

Monte Carlo applied for the transport of particles would be covered in this chapter. 

3.2 Radioactive Decay 

3.2.1 Definition 

Radioactivity or radioactive decay was discovered by Henri Becquerel in 1896 in the form of 

emissions from uranium. Shortly after, in 1898 Pierre and Marie Curie announced the discovery 

of two currently unidentified elements more radioactive than uranium. Those two elements they 

found are now known as polonium and radium [Mayles et al., 2007]. On the other hand, the 

emission or propagation of energy in space is called radiation. Ionizing radiation is characterized 

by the ability to ionize and excite atoms of the interacting matter [Attix, 1991]. Ionizing radiation 

must generally carry an excess energy of 4-25 eV which is the energy needed to cause a valence 

electron to escape an atom. This energy corresponds to radiations of wavelengths approximately 

smaller than 320 nm. 

Radioactivity is the process in which unstable nuclides spontaneously emit energy in the form 

of particles or photons [Mayles et al., 2007]. These spontaneous emissions are considered 

stochastic events. The exponential decay law describes the phenomenon of radioactivity. If we 

have N radioactive nuclides at time t (assuming no new radionuclides are created) the probability 

of disintegration per unit of time is constant, 
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 λ = − dN/dtN  
(3) 

where 𝜆 is the probability that a radionuclide disintegrate per unit of time, known as 

radioactive decay constant. Therefore, the rate of change of N at any given time t is, 

 − dNdt = λN. (4) 

Solving the differential equation yields the equation 5 that solves for the number of disintegrated 

nuclides at any given time given the initial number of nuclides, 

 N(t) = N0e−λt. (5) 

However, it is often more convenient to use the concept of activity A which is the number of 

decays per unit of time, 

 A = − dNdt = λN 
(6) 

therefore, 

 A(t) = A0e−λt (7) 

where the unit of activity is the becquerel (Bq), a disintegration in one second 

(1Bq = 1s-1). 

3.2.2 Instability of the Nucleus 

The spontaneous emissions are caused by the instability of the nucleus of atoms which can 

be explained by the four currently know forces of nature: 

I. The strong nuclear force acts effectively at distances (fm range) about the size of the 

diameter of the nucleus, hence it is partially responsible for the size of the nucleus. 

II. The electrostatic force interacts among (electrically charged particles) the positively 

charged protons varying inversely proportional to the square of the distance between the 

charges. The strength of this force is 10-2-10-6 to that of the strong force. 
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III. The weak force currently believed to be responsible for the beta decay, has strength of 

10-10 to that of the strong force. 

IV. The gravitational force is responsible for the attraction (of particles with mass) of 

nucleons. The strength of the gravitational force is about 10-40 times weaker than the 

strong nuclear force. 

The battle of attraction and repulsion of the nucleons by these forces essentially determines 

the diameter of the nucleus. The unstable nuclides radiate or emit energy to reach a more stable 

nuclear energy state. The type of radioactive decay can be categorized according to whether the 

decay is associated with strong, weak, or electrostatic interactions. The alpha decay and the 

spontaneous fission are associated with the strong interactions, the nuclear isomerism and the 

internal conversion are associated with the electrostatic interactions, the beta- and beta+ are 

associated with the weak interactions [Mayles et al., 2007]. 

In figure 13 the nuclear binding energy per nucleon as a function of mass number A is plotted 

from a mass number greater than cero to about 220. A higher binding energy translates to a 

higher stability of the nucleus [Mayles et al., 2007]. The highest stability seems to be about 9 

MeV per nucleon corresponding to an A value in between 60 and 70. This corresponds to very 

stable nuclei such as Fe, Ni, Co, Ca, etc. After reaching maximum binding energy peak the stability 

per nucleon starts to decrease again as the mass number increases. 
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Figure 13. Plot of the binding energy per nucleon as a function of mass number. (From McParland, Nuclear Medicine Radiation 

Dosimetry, 2010.) 

To further illustrate the stability of nuclides, the Segre plot needs to be introduced. The Segre 

plot is illustrated in figure 14, which is the plot of the number of protons (Z) versus the number 

of neutrons (N) for nuclides with atomic number A. The experimentally determined stability line 

of nuclides follows a linear patter (N=Z) until it reaches a value of about 20 neutrons at the 

nucleus, then it starts to tilt up towards the left to a greater number of neutrons in comparison 

with the number of protons (N>Z). The darker dotted line in the plot corresponds to stable 

nuclides, the lighter dotted lines correspond to hypothetical isobar lines which represent 

different elements with the same A [McParland, 2010]. 
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Figure 14. The Segre plot: number of protons versus number of neutrons for stable nuclides with atomic number A, the N=Z 
line, and some isobar lines are shown. (From McParland, Nuclear Medicine Radiation Dosimetry, 2010.) 

3.2.3 Alpha Decay 

During the alpha decay an alpha particle (α) is emitted from an unstable nucleus, 

 XZA  →  YZ−2A−4 + α24   (8) 

where, the initial nuclide changes into another nucleus with a smaller atomic number (Z-2). Often 

the nucleus of the daughter nuclide is in an excited form, therefore followed by the emission of 

a gamma photon [Mayles et al., 2007]. An alpha particle is the nucleus of a Helium-4 atom, a very 

strongly bound structure, composed of two protons and two neutrons. In addition, nuclides that 

emit alpha particles usually have an atomic number greater than 83 [Turner, 2007]. 

3.2.4 Spontaneous Fission 

Spontaneous fission is the phenomenon in which a heavy nucleus spontaneously splits into 

various pieces and in general simultaneously emits one or two neutrons. As an illustration, the 

spontaneous fission of Cf98252  (Cesium-252) is,  
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 Cf98252  →  Xe54140 + Ru44108 + 4 n01 . (9) 

which generates, a Xe54140  atom, a Ru44108  atom and fast neutrons. 

3.2.5 Nuclear Isomerism or Gamma Decay 

Nuclear isomerism is a type of decay in which a nucleus in an elevated energy state (an 

excited nucleus) releases energy by emitting gamma photons. As a consequence, the daughter 

nuclide is at a lower energy state than the parent nuclide. Neither, the atomic number nor the 

mass number changes during an isomeric transition. One common example of an isomeric 

transition is, 

 Tc4399m  →  Tc4399 + γ. (10) 

3.2.6 Internal Conversion 

The energy of an excited nuclear state is often released by emitting a gamma photon, but, 

sometimes this energy (E) can be transfer to an inner most shell electron, most likely a K or L 

shell electron. This process is called internal conversion. The energy of the ejected electron is, 

 Ee = E − EB. (11) 

The vacancy left by the electron is quickly filled by another electron from a higher energy state 

causing the emission of a characteristic x-ray [Turner, 2007]. 

3.2.7 Electron Capture 

There is another radioactive transformation that some nuclei undergo by capturing an orbital 

electron usually from the K shell. As the nucleus captures the electron, a neutron is transformed 

into a proton causing the atomic number to increase. During this transformation a neutrino is 

simultaneously emitted. 

3.2.8 Beta- Decay 

During beta- decay an unstable nucleus simultaneously ejects a negative beta particle (β−) 

and an antineutrino (ν̅) which are instantaneously created inside the nucleus. It is more often 

observed when neutrons are in excess in the nucleus. Inside the parent nucleus a neutron is 

converted into a proton, a negative beta particle and an antineutrino, 
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 n → p ++1101 β +−10  ν̅. (12) 

This results in the increase of the atomic number of the daughter nuclide by one unit to that of 

the parent nuclide, 

 XZA  →  YZ+1A + β +−10 ν̅.  (13) 

The energy released in the process (Q) is equal to the difference between the mass of the parent 

nucleus (Mp) and the mass of the daughter nucleus (MD) plus the mass of an electron (Me),  

 Q =  Mp − (MD + Me). (14) 

The total energy released is generally shared by the electron and the antineutrino. Nonetheless, 

in rare occasions the electron or the antineutrino takes all the energy. That is, the maximum 

energy that the electron can take is Q. A hypothetical energy distribution function of beta 

particles generally look as a continuous function with a shoulder at the most frequent energy, 

gradually falls down until it reaches the maximum energy as illustrated in figure 15. The vertical 

axis represents the number of beta particles emitted and the horizontal axis denotes their kinetic 

energy. 

 

Figure 15. Hypothetical energy distribution function of beta particles. Number of emitted beta particles as a function of their 
kinetic energy. The most common emission energy can be seen as a shoulder and the maximum energy is pointed out with a 

down-arrow. 

3.2.9 Beta+ Decay 

During beta+ (β+) decay an unstable nucleus simultaneously ejects a beta+ particle plus a 

neutrino. The nuclear transformation goes as follows, 
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 XZA  →  YZ−1A + β ++10 ν (15) 

where the atomic number of the daughter nucleus decrease by one unit. It is more often 

observed when protons are in excess in the nucleus. During the process, a proton is transformed 

into a neutron plus a β+ particle plus a neutrino (ν), 

 p →+11 n 01 + β ++10  ν. (16) 

3.3 Interaction of Electrons with Matter 

3.3.1 Coulomb Interactions of Electrons with Matter 

Ionizing radiation can be emitted in the form of particles or photons and can be divided in 

directly or indirectly ionizing radiation. Interactions of radiation with matter depend primarily on 

the type of radiation: 

 Directly ionizing radiations are fast traveling charged particles (electrons, alpha particles, 

etc.) which are known to deliver their energy directly through many small coulomb-force 

interactions along their tracks causing ionization and excitation of the interacting 

medium. 

 Indirectly ionizing radiation refers to uncharged particles (neutrons, X or gamma rays) 

which transfer their energy to charged particles of the interacting medium, then in turn 

the charged particles deliver their energy to matter.  

Electrons are considered directly ionizing radiation. The Coulomb force interactions of 

electrons can be characterized in terms of the size of the classical impact parameter (b) versus 

the atomic radius (a) [Attix, 1991]. The impact parameter is the perpendicular distance between 

the path of the electron and the center of the electromagnetic field of the atom. The impact 

parameter is related to the scattering angle. In the case where the impact parameter is much 

greater than the atomic radius (b >> a) is often referred as a soft collision. In this interaction the 

electron passing by, affects the whole atom causing excitation or sometimes even ionization due 

to the Coulomb force field. On the other hand, a hard collision occurs when the impact parameter 

is about the same size of the atomic radius. (b ~ a). In this type of collisions, the fast incoming 

electron knocks on a single atomic electron, causing ionization. In other words, directly ionizing 
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radiation in the form of electrons cause ionization and excitation and dependents on the impact 

parameter and other physical parameters such as the mass and charge of the electrons. 

3.3.2 Stopping Power for Electrons 

Ionizing radiation loses energy as it ionizes and excites the interacting medium (e.g. a tumor). 

The stopping power for electrons and positrons is defined as the average linear energy lost to a 

medium per unit of path length x. The mass stopping power ( dTρdx) is often used for convenience 

which is defined as the sum of the mass, hard (hc) and soft (sc) collision stopping powers, plus 

the mass radiative (r) stopping power [Turner, 2007],  

The stopping power is also helpful to determine the distance travel by the particle before coming 

to a complete rest which is called the range, 

 

where Tmax is the maximum kinetic energy of the charged particle electron. 

3.4 Radiation Absorbed Dose Calculation 

3.4.1 Radiation Absorbed Dose 

Part of the energy that particles, such as the electrons, lose along their tracks is imparted or 

deposited in the interacting medium. To quantify the amount of this energy that is absorbed by 

the medium the concept of radiation absorbed dose must be introduced. The radiation absorbed 

dose (D) is defined as the mean imparted energy (ε̅) per unit of mass (m), 

Radiation absorbed dose has units of J/kg, and has the special name of Gray (Gy). The energy 

imparted is [Attix, 1991], 

 dTρdx = ( dTρdx)hc + ( dTρdx)sc +  ( dTρdx)r. (17) 

 R(Tmax) =  ∫ (dTdx)−1 dTTmax
0  

(18) 

 D[Gy] = dε̅dm. (19) 
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where, 

Rin is the sum of all the energies of charged and uncharged particles that enter a 
hypothetical volume. 
Rout is the sum of all the energies of charged and uncharged particles that leave the same 
volume. ∑ 𝑄 is the sum of all the changes of rest mass energies (e.g. pair production). 

3.4.2 Internal Radiation Dose Calculation 

The standard methodology for calculating the radiation absorbed dose in nuclear medicine is 

given by the Medical Internal Radiation Dosimetry (MIRD) methodology. Consider a source organ 

in which the activity time varying distribution (A(t)) is present. The cumulated activity (Ã) in the 

source organ at a time interval of interest (t) given an initial activity (A0) is, 

The cumulated activity is the total number of disintegrations in a region of interest such as an 

organ. In addition, the residence time is, 

A time independent radiation absorbed dose equation can be applied where the source and 

target masses remain constant over an irradiation period (TD). The average dose delivered (DrT) 

to a target mass region (𝑚𝑟𝑇) according to the MIRD methodology can be calculated by the 

following time independent equation [McParland, 2010], 

 DrT = ∑ Ãrs NormNs
rs=1 ∑ EiYiϕ(rT ← rs)mrTi  

(23) 

where, 

 E𝑖 is the energy of the ith nuclear transition, Y𝑖 is the number of ith nuclear transitions 

per nuclear transformation and Δ𝑖 is their product Δ𝑖 = E𝑖Y𝑖 which is the mean energy 

emitted by each ith nuclear transition. 

 ε = Rin − Rout + ∑ Q (20) 

 Ã[Bq ∙ s] = ∫ A0e−λt dtt
0 . (21) 

 τ =  ÃA0. (22) 
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 Ãrs Norm is the normalized cumulated activity in the source region (rs). 

 𝑚𝑟𝑇  is the mass of the region target. 

 ϕ(rT ← rs). is the radiation energy absorbed fraction of a target region due by the 

emissions of a region source (rs). 

 Ns is the total number of region sources.  

Simplifying by introducing the “S-value” S(rT ← rs), 

yields a simpler formula for the average dose delivered to a target region, 

where, 

It is often written this way because in practical nuclear medicine calculations habitually the S 

values can be found on tables in the literature or they can come preloaded in software such as in 

the OLINDA software. The Monte Carlo method is a standard form of calculating these S values 

and it will be introduced in the next section. 

3.5 Monte Carlo  

3.5.1 Introduction to the Monte Carlo Method 

One of the earliest Monte Carlo methods dates back to 1777 with the work of Buffon. He 

proposed a Monte Carlo like method, while trying to predict the probability of finding at certain 

locations (in a ruled sheet of paper) randomly thrown needles [Mayless, 2007]. Imagine a ruled 

(regular horizontally ruled sheet of paper) with a separation distance between the lines to be ‘d’, 

and the needles having a length of ‘L’. He calculated that the probability that a needle would 

cross one (ruled line) would be (as long as d > L),  

It was more than a century later that Laplace revived the procedure used by Buffon. Laplace 

suggested that such method could be used to calculate the value of π. The procedure consists in 

generating two data set of random values, for example in the range from -1 to 1. This two data 

 DrT = ∑ Ãrs NormNs
rs S(rT ← rs). (24) 

 S(rT ← rs) = ∑ Δiϕ(rT ← rs)mrTi  
(25) 

 P = 2Lπd. (26) 
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set of points (x, y) can be draw in a scatter plot (the total number of data points is kept track), 

the points would be randomly scatter in a square (-1<x<1, -1<y<1) of sides lengths L = 2r. Then 

the total number of points inside a circle or radius (r=1) are quantified by applying the restriction 

of the equation of a circle (r2 = x2 + y2). The data points falling within the circle (Nc) divided by 

the total number of data points in the square (Nt) approaches the value of the quotient of the 

area of the circle divided by the area of the square,  

Hence, the value of pi is approximately, π = 4NcNt  (the greater the Nt the greater the accuracy). 

The calculation of pi by this method is a simple way to illustrate a basic problem solved using the 

Monte Carlo methodology. However, it was until the Manhattan project (digital computers were 

implemented) in the 1940s when von Neumann and Ulam coined the term ”Monte Carlo” 

[Mayless, 2007]. 

3.5.2 Monte Carlo Simulation 

The Monte Carlo method was used to calculate the value of pi in the previous example to 

illustrate a potential use of this method but it has many applications. Such applications include 

solving physics and mathematics problems such as solving integrals and differential equations. It 

is also used to predict the financial stability of a business or of a decision in the stock market by 

relying on previous outcomes. It can even be used for air pollution modeling. It is also possible to 

solve an integral using Monte Carlo simulation. In the case of integrating a function, it would be 

useful when integrating over a difficult domain and it can be done by picking random points over 

an easier domain and evaluating if that point value is within the original domain and hence 

estimating the area under the more complex domain. 

However, in radiation transport for dose calculations, it is often used to calculate the 

radiation absorbed dose fraction which is necessary for the calculation of the previously 

discussed “S-factor” and ultimately for the calculation of the radiation absorbed dose. 

 NcNt = Area of circleArea of square = πr2L2 = πr24r2 = π4 
(27) 
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The Monte Carlo method is a set of algorithms that relied in the repetition of random sample 

of numbers and functions to provide a numerical solution to a certain problem (such as the 

previous example of calculating the value of pi). The Monte Carlo method is often employed in 

the radiation transport in radiotherapy and dosimetry since it provides a numerical solution to 

the Boltzmann transport equation (Kase et al., 1979). In Monte Carlo simulation of radiation 

transport individual particle tracks are faithfully reproduced with predetermined physical laws 

that govern the transport of particles in a medium such as the scattering and absorption cross 

sections [Mayless, 2007]. 

In the Monte Carlo simulation for the radiation transport of particles, the history or track of 

“the particle is view as a random sequence of free flights that end with an interaction event 

where the particle changes its direction of movement, loses energy and, occasionally, produces 

secondary particles” [Salvat et al., 2008]. Probability distribution functions determined the 

random events of these tracks such as the mean free path, type of interaction (e.g. electron-

positron annihilation), energy loses, angular deflection, etc. Probability density functions must 

be positive and normalized, that is, they must satisfy, 

The probability of obtaining x, a continuous random variable that can take values in the range of 

Xmin to Xmax, in a differential interval of length dx about x1 can be expressed as, 

The basic steps in the generation of particle tracks via the Monte Carlo method for electrons 

include the sampling of random distances (path length) from a probability distribution function 

that the electron travels before the next interaction. The next step is to choose a type of 

interaction (such as absorption or elastic scattering) using the interaction cross sections. For 

instance, if the interaction outcome says the interaction is an elastic scattering interaction, the 

direction of the particle is instructed to change at a certain scattering angles by using another 

probability density function based on predetermined scattering physics knowledge. 

 p(x) ≥ 0     and    ∫ p(x)dx = 1.X max
X min  

(28) 

 P{x|x1 < x < x1 + dx} = p(x1)dx. (29) 
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The interaction of photons with matter can be simulated event by event, however electrons 

interact much more often with matter in comparison with photons. Simulating event by event 

would take a tremendous computational power even for simple models. Instead, there is a 

technique known as Condensed History Electron Transport (CHET) pioneered by Berger in 1963 

that aids with such problematic. This techniques relies on the awareness that electrons under 

goes many interactions in a short distance but relatively few of these interactions cause a great 

deal of energy loss or direction change [Kawrakow and Bielajew, 1998]. The effect of these 

interactions can be combined into single large effect interactions which can be theoretically 

predicted through cumulative-event theories such as the Continuous Slowing Down 

Approximation method (CSDA) for energy losses [Mayless, 2007]. 

3.6 Radiation Transport Codes 

3.6.1 PENELOPE 

There are several codes that can be used to simulate the radiation transport of particles 

(particles emitted by 177Lu), such as PENELOPE and MCNP. PENELOPE stands for PENetration 

Energy LOss of Positrons and Electrons and MCNP stands for Monte Carlo N-Particle transport 

code. 

PENELOPE is a computer code system for Monte Carlo simulation of electron, positron and 

photon transport (widely used in medical physics). Some of the most important fortran source 

files of the PENELOPE code are the followings [Salvat et al., 2008]: 

 “penelope.f” which is the simulation routine of the transport physical laws. 

 “pengeom.f” is a package to create quadric geometry structures. 

 “material.f”, this package allows the user to create materials that can be used in the 

geometric structures which includes cross-section data files. 

There are several ways to provide the material composition information to PENELOPE. For 

example, the information ca be provided manually by entering the material chemical 

(stoichiometric) formula or by entering the weight fraction of each element. In the chemical 

formula option, the user must provide the number of elements in the chemical formula, the 

atomic number and their number of atoms of that element in the chemical formula as well as the 
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mass density of the material. Once that is provided, a material data file is created that contains 

physical information about the material which includes tables of physical properties, interactions 

cross sections, relaxation data, etc. Lastly, among the most important parameters that can be 

calculated in the quadric geometries of diverse materials with PENELOPE are the position, 

momentum, scattering angles, and deposited energies of the simulated particles. 

The flexibility of the pre-written instructions of PENELOPE allows the user to specify certain 

characteristics about the radioactive source. The source can be specified to be mono-energetic, 

or multi-energetic (energy spectrum), whether it is located in a point, an area, or a volume. In 

addition, the conical angel of emission can be stated. For example if the conical angel is 180 

degrees, the source is considered an isotropic source. This capability allows for simulation of 

precise emission angles. 

PENELOPE allows the user to make important decision about a simulation by adjusting the 

simulation parameters C1, C2, WCC, and WCR. The C1 parameter is related to the average angular 

deflection between hard elastic events and it should be small enough to ensure good simulation 

results. The C2 parameter gives the maximum average fractional energy lost in single interaction 

and it should also be small to have a reliable simulation. C1 and C2 range from 0 to a maximum 

value of 0.2, the smallest the value the more accurate the simulation is. The WCC is the cutoff 

energy (in eV) for hard inelastic collisions, and WCR is the cut off energy (in eV) for 

bremsstrahlung emissions. The cut off energies are related to the speed and precision of the 

simulation [Salvat, 2008]. This code also allows the user to choose the energy that the simulated 

radiation of particles or photons would (electron, positron, or gamma) be completely absorbed. 

That is, below a specified energy the radiation would be completely absorbed in the material and 

it would not be keep interacting. 

3.6.2 MCNP 

MCNP is a general purpose Monte Carlo simulation code that can be used for the transport 

of photon, neutrons, electrons, as well as other particles. It can also be used for the coupled of 

photon/neutron/electron transport. MCNP can be applied to a great variety of problems in areas 
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such as fission nuclear processes, dosimetry, radiation shielding, radiography, medical physics 

and radiation protection among other areas [Waters, 2002]. 

As opposed to PENELOPE, in MCNP the material and the geometry is specified in the input 

file. The geometries are created by crafting bound surfaces [Reed, 2007]. The input or control file 

contains all parameters of the simulation such as the radioactive source (energy, emission 

probabilities, source distribution, source location, etc.), and initial particles to be simulated. The 

surfaces can be created by providing the type of surface code name (e.g. the letter ‘s’ represents 

a sphere) and providing the location (x, y, z, coordinates) and certain information about the 

surface such as the radius if the surface is a sphere. 

The physics imbedded in the codes are similar but it is not identical. MCNP can simulate the 

same amount of initial showers faster than PENELOPE because it is less precise since it does not 

simulate the track of each particle. PENELOPE allows for a more detailed simulation of positrons 

and electrons mainly since it was specifically design for that, while MCNP was designed to be a 

multifunctional code capable of simulating many type of particles. MCNP includes the physical 

theories to simulate practically at any energy (it can simulate at very high radiating energies) 

alpha particles, positrons, electrons, photons, neutrons, etc. 

Certain information about the radioactive source can be specified to MCNP. It can be 

specified if the source is a point source or if it is distributed in a certain volume. The distribution 

of the source can also be specified; the source can be distributed linearly, quadratic, cubic, or 

exponentially from an origin, just to name a few possible distributions. Very importantly, the 

source can be specified to be mono-energetic or if it is an energy spectrum. 
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Chapter 4 Experimental Methods 
 

4.1 Preparation of Radiopharmaceuticals 

4.1.1 Preparation of Monomeric Radiopharmaceutical 

 The peptide Tyr3-octreotate was bought from the company Pichem research and development 

from Graz-Austria, it has a molecular weight of 1435.63 g/mol. The radioactive177Lu was acquired 

from ITG Isotope Technologies Garching, GmbH, Germany as a 177LuCl3 solution. The 

radiopharmaceutical 177Lu-Tyr3-octreotate was synthetized via the following procedure: A 5µL 

aliquot of Tyr3-octreotate (1 mg/ml) was diluted with 40 µL of 1 M acetate buffer at pH 5, follow 

by the addition of 10 µL of 177LuCl3 with a radioactivity of about 740 MBq and less than 3 TBq/mg. 

The acetate buffers assisted in maintaining the 5 pH level constant also the mixture was 

incubated (settle down in specific conditions) for 30 minutes at 90 oC, these conditions were 

important in order for the radiolabeling to take place. The 177LuCl3 dissociated in the aqueous 

solution, leaving freely the Lu atoms to interact and create bonds with the OH- and N-3 atoms of 

the chelator agent (DOTA) of the Tyr3-octreotate peptide. 

 The radiochemical purity greater than 98% was verified by Thin Layer Chromatography (TLC) 

silica gel plates from (aluminum backing from Merck). 10 strips were used as the stationary 

phase, and ammonium hydroxide: methanol: water (1:5:10) was used as the mobile phase, to 

determine the amount of free 177Lu and 177Lu-Tyr3-octreotate (figure 9). This separation of 

mixture is possible due to the polarity differences between the mixtures. The presence or 

absence of free mixtures can be demonstrated by the retardation factor Rf in planar 

chromatography. 177Lu had an Rf number of 0 meaning no free 177Lu was found, and 177Lu-Tyr3-

octreotate (monomeric radiopharmaceutical) had an Rf number between 0.4-0.5 signifying that 

the monomeric radiopharmaceutical is clearly present. 

4.1.2 Preparation of Multimeric Radiopharmaceutical 

 Radiolabeled peptides, 177Lu-Tyr3-octreotate, were conjugated to the gold nanoparticles to 

form the multimeric radiopharmaceutical (177Lu-Tyr3-octreotate-gold nanoparticles). The gold 

nanoparticles (20 nm, 196.97 g/mol) were bought from SIGMA-ALDRICH from the United States 
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of America. In the figure below, the glass container shows the suspension of nanoparticles having 

a reddish-pink color next to a small plastic container with the radio-labeled peptide located inside 

(177Lu-Tyr3-octreotate). 

 

Figure 16. Picture of the container having the suspension of gold nanoparticles, and right next to it the container having the 
radiolabeled peptide 177Lu-Tyr3-octreotate. 

 In the order of 100 peptides were conjugated to each single AuNP. In each mL (1 mg/mL) of 

suspension of AuNP there are between 5.89 x 1011-7.19 x 1011 nanoparticles. Therefore if we 

want to conjugate 100 peptides to each AuNP for a 1 mL suspension of AuNP, it would be needed 

about 5.89 x 1013-7.19 x 1013 peptides (MW = 1435.63 g/mol). 

 To 1 mL of AuNP suspension was added 3 𝜇L of peptide, equivalent to 1.89 x 1014 peptides, 

and stirred for 5 minutes. Therefore in the order of 100 peptides (somewhere between 100 and 

300) were conjugated to each AuNP. The solution was left to settle for about 10 minutes. After 

10 minutes the multimeric radiopharmaceutical was ready, the peptide was conjugated to the 

nanoparticles. 

 It has been evaluated that the maximum number of peptides that can conjugate to each single 

AuNP is somewhere between 520-1701 depending on the peptide structure [Ocampo-García et 

al., 2011], hence no further purification was required. In figure 17, the conjugation of two 

radiolabeled peptides (177Lu-Tyr3-octreotate) to a single gold nanoparticle (AuNP, 20 nm) is 

illustrated (not in scale). The size of each 177Lu-Tyr3-octreotate is about 2-3 nm while the AuNP 

have a 20 nm diameter on average. 
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Figure 17. Illustration of the conjugation of two radiolabeled peptides 177Lu-Tyr3-octreotate (2-3 nm) to a single AuNP (20 nm). 

4.2 Physical and Chemical Characterization Techniques 

4.2.1 Overview 

The chemical conjugation of the radiolabeled peptides to the AuNPs was confirmed via three 

different characterization techniques, X-ray Photoelectron Spectroscopy (XPS), UV-vis 

spectroscopy, and Dynamic Light Scattering (DLS). Absorption spectra in the range 400-800 nm 

were obtain using the UV-vis spectroscopy technique to monitor surface plasmon bands during 

a 24 h period. The XPS technique was used to obtain spectra of intensity as a function of the 

binding energies. DLS was used to measure the size of the multimeric radiopharmaceutical (177Lu-

Tyr3-octreotate-AuNP). Finally, the zeta potential of the system was also measured with the same 

DLS equipment used in this work to confirm the stability of the system. 

4.2.2 X-ray Photoelectron Spectroscopy (XPS) 

 An XPS equipment of the brand K-Alpha Thermo Scientific spectrometer was used to 

determine the AuNP-octreotide and AuNP binding energy versus intensity spectra. The X-ray 

source was of MgKa and had an energy of 1253.6 eV, operated at a 10 kV potential with an 
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electrical current of 20 mA. The following two energies where used to calibrate the source, 84.0 

eV and 368.2 eV from foil samples of Au (f7/2) and Ag (d5/2) respectively. The experiment was 

carried on in an ultra-high vacuum chamber with a constant pressure of 5 x 10-9 torr measured 

at room temperature. The beam spot size was of 100 µm. The software SpecSurf was used to 

model the data in which a Shirley background was subtracted from the spectra for peak fitting 

with a symmetric Gaussian-Lorentzian sum function. 

4.2.3 Ultraviolet-Visible Spectroscopy  

 A UV-vis spectrometer was used to monitor the surface plasmon resonance of the multimeric 

system (24 h period). Absorption spectra in the range 200-800 nm were obtain using the UV-vis 

spectrometer (PERKIN ELMER, Lambda Bio). A picture of the UV-vis spectrometer used in this 

work is shown in the figure 18. This equipment works with the UV winlab software. 

 

Figure 18. Picture of the UV-vis spectrometer (PERKIN ELMER, Lambda Bio) used in this work. 

 First a background medium sample (distilled water) was run which was used to subtract the 

background noise. Then, a sample containing the suspension of the 20 nm AuNP was run to 

obtain the surface plasmon resonance spectrum. Then 6 runs were made in a 24 h period to 

monitor the surface plasmon resonance of the previously synthesized multimeric 

radiopharmaceutical. Three runs were made in one labor day with 1 h time intervals in between 

runs, and the other 3 runs were made the next day (also 1 h time intervals in between runs) to 

complete the 24 h time period monitoring time. 
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4.2.4 Dynamic Light Scattering (DLS) and Zeta Potential 

 The DLS detector experimentally determined the system size by associating the light scattered 

(incident from a laser diode of 780 nm wavelength and a power of 3mW) from the sample 

containing the multimeric radiopharmaceutical to their Brownian motion. An imaged of the DLS 

equipment (Microtrac brand, nanotrac wave model, serial number W3113) used is shown in 

figure 19. First, a sample containing a distilled water solution was run to set it as the background 

since the analyzed samples are in aqueous solutions (equipment can measure in aqueous, polar 

and non-polar organic solvents). Two runs with the sample containing the multimeric 

radiopharmaceutical were made, to confirm the sample size. In addition, this DLS equipment uses 

the microtrac Flex 11.0.01 software. Lastly, the zeta potential was also measured with the same 

equipment. The particle size and zeta potential of the suspension samples were measured under 

ambient temperature (operating temperature is from 10 to 50oC). As additional information, the 

Nanotrac wave DLS equipment can measure a particle size of 0.8 to 6500 nm, and a zeta potential 

between -200 mV and +200 mV. 

 

Figure 19. DLS equipment (Microtrac brand, nanotrac wave model). 

4.3 Experimental Model of Tumoral Fibrosis  

4.3.1 Overview 

A three-dimensional experimental model was created to mimic the presence or absence of 

fibrotic tissue in a tumor of cervical origin HeLa cells. Multilayer of HeLa cells, collagen and gelatin 

were cultured on transwell inserts to complete a five layer by layer (LBL) culture to mimic the 

tumor fibrotic microenvironment, the layer pattern was repeated five times. The LBL HeLa cell 

cultures were exposed during 24 h (doubling time of HeLa cells ) to a) 177LuCl3 or b) 177Lu-Tyr3-
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octreotate or c) 177Lu-Tyr3-octreotate-AuNP with an initial activity of 26 MBq (700 µCi). Then the 

radiopharmaceutical retention was calculated by measuring the retained activity in the transwell 

inserts (radiopharmaceutical retained by HeLa cells and microenvironment) and in the lower 

chamber the radiopharmaceutical permeated was also measured. On the other hand, the density 

of the in-house extracted collagen (main protein component of the fibrotic tissue) was calculated 

which is an important parameter for the computer simulations. 

4.3.2 HeLa Cells  

The HeLa human cervical cancer cell line was originally obtained from American Type Culture 

Collection from the USA (ATCC). The cells were routinely grown (in a clean room lab) at 37 oC with 

5% CO2 and 85% humidity in minimum essential medium eagle (MEM) from the company SIGMA 

Aldrich Co. They were supplemented with 10% final concentration of fetal bovine serum, and 

antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin). The cell culture was grown in small 

flasks (75 cm2), and the medium was renew 2 to 3 times per week. 

Furthermore, the following procedure was used when needed to expand the cell culture: 

 The medium of the culture was removed and discarded. 

 The cell layer was rinse with 0.25% Trypsin-0.53 mM EDTA solution to remove all 

tracers of serum containing Trypsin inhibitors. 

 About 2-3 mL of Trypsin-EDTA solution was added to flask. After 5 to 10 minutes the 

cells were observed under an inverted microscope to verify that they were dispersed 

on the flask. 

 About 6-8 mL of complete growth medium was added, and finally the cells were 

aspirated by gentle pipetting the liquid.  

 Then, the cell culture was incubated (settle down under favorable conditions for the 

cells). 

4.3.3 Experimental Microenvironments 

 Multilayer of HeLa cells, collagen (8 mg/mL) extracted in house from pig skin (using acetic 

acid), and pig skin gelatin (2%) were cultured on transwell inserts from the brand Corning, Co 

and then grown layer by layer (LBL) five times. This 3-D microenvironment was prepared in 
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order to simulate the fibrotic tissue in a tumor of malignant HeLa cells in the experimental 

procedures. The collagen and gelatin patterns in between HeLa cells merges like fibrosis, 

representation of the experimental tumor (figure 20). Lastly, an experimental tumor with 

absence of fibrotic tissue was prepared only with layers of HeLa cells. 

 

Figure 20. 3-D representation of the experimental tumor (LBL) where the HeLa cells are represented by boxes with a circular 
center (nucleus), and the fibrotic microenvironment (*) surrounds them. 

 The LBL cultures were fixed and stained with toluidine blue and observed using a bright field 

optical microscope (MT6000, MEIJI Techno) with a 40x objective lenses to corroborate the 

absence or presence of collagen fibers in the not fibrotic and fibrotic microenvironments, 

respectively. 

4.3.4 Collagen Density 

The relative density of in-house extracted collagen (main protein component of the fibrotic 

tissue) was measured using two different picnometers. One of the picnometers filled with in-

house extracted collagen from pig skin and a thermometer used in this work is shown in figure 

21. The procedure to measure the relative density of a substance was done as recommended in 

the Farmacopea de los Estados Unidos Mexicanos. The picnometer calibration was done at 20 oC 

using boiled purified water. Two independent picnometers, were used, and the substances were 
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carefully poured to avoid air bubbles inside the picnometers which can affect the readings. An 

analytical weighting scale was employed to measure the masses of the empty picnometers, water 

filled picnometers, and collagen filled picnometers. After each reading the picnometer was 

washed, fully dried, and temperature verified (20 oC). 

 

Figure 21. One picnometer and a thermometer used to measure the in-house extracted collagen relative density. 

The relative density (DR) is given by, 

where D is the mass of the sample in grams, and C is the mass of the water. 

4.3.5 Radiopharmaceutical Delivery and Residence Time 

 LBL HeLa cell cultures were exposed during 24 h (doubling time of HeLa cells ) to a) 177LuCl3 or 

b) 177Lu-Tyr3-octreotate or c) 177Lu-Tyr3-octreotate-AuNP with an initial activity of 26 MBq (700 

µCi). The radiopharmaceutical retention was calculated by measuring the retained activity in the 

transwell inserts (radiopharmaceutical retained by HeLa cells and microenvironment) and in the 

lower chamber the permeated radiopharmaceutical was also measured. The 

radiopharmaceutical retained fractions of 177LuCl3, 177Lu-Tyr3-octreotate, 177Lu-Tyr3-octreotate-

AuNP, in the not fibrotic and fibrotic array were determined as well as the permeated (lower 

chamber under the transwell insert) fractions. For example, if the number of counts recorded in 

the upper chamber (HeLa cells and fibrotic microenvironment in the case for the tumoral fibrotic 

model) is nup, and the number of counts due to the permeated radiopharmaceutical in the lower 

chamber of the transwell insert is nL, then the retained activity fraction (f) of that 

radiopharmaceutical in the tumoral fibrotic array would be, 

 DR = DC 
(30) 
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Scintillator detector equipment from the brand nuclear medical laboratories, model In-V-tron 

4010, was used to determine the radiopharmaceutical retention fractions (figure 22). 

 

Figure 22. Scintillator detector equipment used to determine the radiopharmaceutical retention fraction (nuclear medical 
laboratories, inc., Auto in-V-tron 4010). 

The total number of disintegrations or cumulated activities is defined as, 

and was calculated using the retained activity fraction (f) in the transwell inserts for the 

irradiation treatment during a time period of 24 h and normalized to an initial activity of 1 Bq, 

Lastly, the residence time (τ) was calculated as, 

4.4 Computer Simulation Models 

4.4.1 Monte Carlo Simulation 

The computer simulation PENELOPE and MCNP codes were used for the transport simulation 

of the most important electrons and beta particles emitted by 177Lu (convoluted spectrum of the 

emissions higher than 1.5 % and with energies higher than 1 keV) in two different 

microenvironments (not fibrotic, considering water as the chemical composition, and fibrotic in 

 f =  nup(nup + nL). (31) 

 Ã[Bq ∙ s] = ∫ A0e−λtdt∞
0  

(32) 

 Ã[Bq ∙ s] = f ∫ A0e−λtdt.24 h
0  

(33) 

 τ =  ÃA0. (34) 
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which collagen chemical composition was included). All the models in this work are 

microenvironment models, however the first kind of models would be referred as the 

microenvironment models while the more complex models will be referred as cell culture 

models. First the microenvironment models were created and ran in PENELOPE to test and 

analyze the transport of the most important electron and beta particles emitted by 177Lu with the 

final purpose to determine the effect in the radiation absorbed dose (in depth) due to the fibrotic 

microenvironment for both radiopharmaceuticals. Then, more complex cell culture models were 

created to ultimately determine and evaluate the radiation absorbed dose in the nucleus of the 

cells. These second kind of models (cell culture models) were ran in both PENELOPE and MCNP 

transport codes for a comparison of the radiation absorbed dose (in the nucleus) values for both 

radiopharmaceuticals in the not fibrotic and fibrotic microenvironments. 

The PENELOPE code allows the user to explicitly state the simulation parameters as discussed 

in section 3.6. The simulation parameters used in this work, corresponding to the nucleus, 

cytoplasm and microenvironment area, are listed in table 11. The radiation (electron, gamma, or 

positron) is absorbed below the listed E-abs values. Small values were chosen to ensure a reliable 

simulation based on recommendations from the computer code manual [Salvat, 2008] and also 

from trial and error, and from acquired previous experiences on simulations. 

Table 11. List of simulation parameters. 

 
E-abs e-

[eV] 

E-abs γ 

[eV] 

E-abs e+ 

[eV] 
C1 C2 

WCC 

[eV] 

WCR 

[eV] 

Nucleus 5E2 1E3 1e4 0.02 0.02 0.0 0.0 

Cytoplasm 5E2 1E3 1e4 0.02 0.02 0.0 0.0 

Environment 5E2 1E3 1e4 0.0 0.0 0.0 0.0 

 

4.4.2 Microenvironment Models 

Microenvironment models with absence or presence of fibrotic like material were created 

with the aim to determine and evaluate the radiation absorbed dose in depth in the 

microenvironments. The geometrical structure of the first kind of models consisted of multiple 
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spherical concentric shells for the purpose of calculating the average deposited energy (eV/Bq.s) 

in their volumes and eventually determine the average deposited energy in depth. The first shell 

has an inner radius of 0 and an outer radius of 5 µm, and the radius kept increasing by 5 µm in 

each subsequent shell as shown in table 12. The outer most spherical shell had an outer radius 

of 50 µm and an inner radius of 45 µm. 

Table 12. Inner and outer radii of concentric shells of the microenvironment model. 

Shell Inner Radius [µm] Outer Radius [µm] 

1 0 5 

2 5 10 

3 10 15 

4 15 20 

5 20 25 

6 25 30 

7 30 35 

8 35 40 

9 40 45 

10 45 50 

In figure 23 a drawing representing the geometrical structure of the model is shown. The 

concentric shells are depicted by different brighter or darker shades of colors. A section of the 

sphere was extruded from the image to better visualize the concentric shells. Additionally, a top 

view of figure 23 is shown in figure 24 where the concentric shell structures can be seen centered 

at the origin. 
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Figure 23.Illustration of the geometrical structure of the first computer model. The concentric spheres are depicted by different 
dark and bright shades. A section of the sphere was extruded from the image to better visualize the shells. 

 

Figure 24. Three dimensional image top view of the geometrical structure of the first model. The concentric shells (centered at 
the origin) can be observed with different bright and dark shades. 
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The tumor microenvironment (either not fibrotic or fibrotic) was limited to the shells between 

10-50 µm (shells 3-10). The radioactive source was homogeneously distributed in the volume of 

the second shell which represents the scenario where the radioactive source is internalized in 

the cell cytoplasm (shell 2) by the peptide-receptor internalization process. In figure 25 shells 1, 

2 (center) and the 45-50 µm (outer most sphere) shells are shown. This scenario allows to study 

the transport of the particles emitted by 177Lu in the not fibrotic or fibrotic environments. The 

average deposited energy in those thin shells was calculated with PENELOPE for both 

environments. The energy deposited in the shells divided by their mass allows for the calculation 

of the radiation absorbed dose in depth. 

 

Figure 25. Illustration of the first, second, and outer most shell (45-50 µm) of the microenvironment computer model. 

The geometrical structures such as spheres (in PENELOPE) were constructed based on 

predetermined instructions within the program that recognize coefficients of the reduced 

quadric equation. The surfaces (e.g., spheres) constructed (in both codes, PENELOPE and MCNP) 

are assumed to be quadrics given by the reduced equation, 

of the full implicit equation, 

 F(x, y, z) = I1x2 + I2y2 + I3z2 + I4z + I5 = 0 (35) 

 F(x, y, z) = Axxx2 + Axyxy + Axzxz + Ayyy2 + Ayzyz + Azzz2 Axx + Ayy + Azz + A0 = 0. (36) 
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For example, the reduced equation for a sphere (radius of 1 unit) is, 0 = 𝑥2 + 𝑦2 + 𝑧2 − 1, 

therefore, (I1, I2, I3, I4, I5) = (1, 1, 1, 0, -1), which is recognized by the program to be a sphere of 

radius of 1 unit; that is how the spheres were constructed for the geometry files in PENELOPE. 

On the other hand, even though MCNP is also based on quadric surfaces, letter codes are used 

to create the surfaces (e.g., a sphere is represented by an “s”). 

4.4.3 Cell Culture Models 

 The cell culture models are composed of 7 spheres representing 7 cells of 10 µm in diameter 

each with an inner sphere of 5 µm in diameter representing the cell nucleus. The 10 µm spheres 

(cells) were distributed in a 50 µm environment (either not fibrotic or fibrotic). The Cartesian 

coordinates of the spheres (cells) are listed in table 13 in micrometers. 

Table 13. Cartesian coordinates of the 10 µm in diameter spheres which represent the tumor cells. 

Spheres X [µm] Y [µm] Z [µm] 

1 0 5 0 

2 0 10 -11 

3 0 -11 10 

4 0 -12 -7 
5 14 -7 0 

6 16 0 10 

7 10 11 9 

 

A 3 dimensional (3D) drawing was done using the linux (O.S) Blender software to visualize the 

geometrical structure of the computer model. An image of the 3D drawing taken from the 

location x = 80 µm, y =94 µm, and z =61 µm at a virtual camera angle rotation X: 63.5o, Y: 0.6o, Z: 

46.7o (based on XYZ Euler rotation) is shown in figure 26. 
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Figure 26. Illustration of the computer cell culture model composed of 7 spheres (cells) of 10 µm in diameter immersed in a 50 
µm sphere representing the environment (either not fibrotic or fibrotic). 

An image of the solid spheres from an inside of the environment point of view is shown in figure 

27. The solid silver-white spheres represent the cells. The right red error points towards the 

positive x-axis, the dark blue up arrow points towards the positive z-axis and the green dot to the 

right and up near the origin is directed towards the positive y-axis. The origin (0, 0, 0) is 

represented by a small dot surrounded by an outer circle. 
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Figure 27. An image of the solid silver-white spheres representing cells from an inside of the environment point of view. 

In each of the solid spheres (cells), 5 µm in diameter inner spheres were constructed to represent 

the cell nuclei. The shell between the 5 µm and 10 µm represent the cell cytoplasm. An imaged 

representing the cells and nuclei in wired mode perspective from the same viewpoint location as 

the previous image is shown in figure 28. Bound surfaces designed in the transport codes were 

used to created bodies which may represent cell nucleus, cell cytoplasms etc. For example in the 

case of Penelope an outer surface sphere (10 µm diameter) directed inwards and an inner surface 

with a smaller diameter (5 µm) directed outwards represents a body of the cytoplasm. 

The radioactive source was homogenously distributed in the cytoplasm of the cells, and in 

the microenvironment (50 µm sphere). In the case of PENELOPE, the center location of the body 

that contains the source is provided to the simulation control program (input program) as well 

as a box (space) of dimensions that can encapsulate such body is created so that the program 

knows exactly where the source is. On the other hand, the radioactive source was not put into 
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the nucleus since the radiopharmaceuticals (177Lu-Tyr3-octreotate and 177Lu-Tyr3-octreotate-gold 

nanoparticles) do not internalized into the nucleus. Independent simulations were run for each 

region source (for the environment and for each cytoplasm) in both codes PENELOPE and MCNP 

in order to have the same conditions. In addition to corroborate the results, all the cytoplasms 

as sources were simulated simultaneously and independently from the fibrotic environment as a 

source in MCNP (this code allows multiple sources in a single simulation). 

 

Figure 28. Wire mode perspective of figure 27. Seven cells can be seen in the image each with an inner sphere representing the 
nucleus. 

4.4.4 Composition of Materials 

Material files (water, fibrotic material) in PENELOPE were created via the executable file 

“material.exe” created during the execution of the PENELOPE package using a FORTRAN 

compiler. When executing the program, the user is given the option to read the material 

composition from the “pdcompos.p” file in order to create the material data file. This file has a 

number of predetermined list of materials which can be extracted using a number key assigned 
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to each material given in the PENELOPE manual. The material data file water (H2O) was created 

(in the case of PENELOPE) and assign to all the bodies representing the nuclei, and cytoplasms (in 

both codes, PENELOPE and MCNP). On the other hand, in MCNP the material composition was 

not created manually in a separate subroutine, instead it was specified in what is called the 

material card section of the input file. 

The not fibrotic environment was also assumed to be made of water. On the other hand, 

collagen chemical composition was included in the fibrotic material which was used to simulate 

the fibrotic microenvironment. A chemical composition, of a rich collagen material (eye lens 

which is included in the “pdcompos.p08” file in PENELOPE based on ICRP data) was assigned to 

be the fibrotic material for the fibrotic environments (table 14). This material is rich in oxygen, 

carbon, hydrogen and nitrogen. 

Table 14. Chemical composition of the rich collagen material (eye lens) assigned to the fibrotic environment. 

Element Atomic Number Atoms/molecule % by weight 

Hydrogen 1 26 11 

Carbon 6 4.5 21.5 

Nitrogen 7 1 5.5 

Oxygen 8 10 62 

 

4.4.5 Radioactive Source 

A convoluted emission probability spectrum of 177Lu (figure 29) was created to fully account 

for the particle emissions of 177Lu and it was provided to the Monte Carlo simulation codes. The 

most important beta emission distribution functions were considered and convoluted in a single 

emission spectrum. Also, since 177Lu emits more than just beta particles, the Auger and internal 

conversion electron emissions with emission probabilities higher than 1.5% with an energy 

greater than 1 keV were also considered (added to the spectrum). The Auger electron emitted 

from the L shell with emission energy of 6.18 keV and emission probability of 8.7% was added to 

the convoluted spectrum. Also the internal conversion electrons corresponding to the emission 

energies of 47.6 keV, 101.7 keV, 110.3 keV with their corresponding emission probabilities of 
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5.1%, 6.7%, 1.7% were also added to the convoluted spectrum. The emission data was taken from 

consulting the nuclear data sheets [Kondev, 2003]. 

The Auger electron and internal conversion electrons are seen as peaks in the convoluted 

spectrum since they have a characteristic energy. The Auger electron emitted from the L shell 

with emission energy of 6.18 keV and emission probability of 8.7% can be seen as the first peak 

in the spectrum. The second, third, and fourth (smallest peak) peaks correspond to the internal 

conversion electron emissions with emission energies of 47.6 keV, 101.7 keV, 110.3 keV and 

emission probabilities of 5.1%, 6.7%, 1.7% correspondingly. 

 

Figure 29. Convoluted emission probability versus energy spectrum of 177Lu. 

The radioactive source was homogenously distributed in the cytoplasm of the cells and in the 

microenvironment for the case when fibrosis is present, as explained in section 4.4.3. The source 

was distributed, in volume source regions such as the cytoplasm, homogenously for PENELOPE 

and in MCNP several different distribution trials were conducted such as the linearly increasing 

source and a quadratic function increase. However there was not a very relevant difference, 

perhaps because of the small scale, among the source distributions and it was decided to set the 

source to slightly increase linearly as it seems more realistic. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0 50 100 150 200 250 300 350 400 450 500

Em
is

si
o

n
p

ro
b

ab
ili

ty

Energy (KeV)



Chapter 4     Experimental Methods 

 

68 
 

4.5 Radiation Absorbed Dose Calculation 

In the microenvironment models (not fibrotic and fibrotic) the average deposited energy was 

estimated by Monte Carlo simulation in each concentric shell volume, and the mass of the 

concentric shells was calculated considering the shell volume and density (m = ρV). The average 

deposited energy in each shell was divided by their mass to determine to the average deposited 

energy per unit of mass (radiation absorbed dose). The average radiation absorbed (D̅) dose in 

each shell volume was calculated as, 

Determining the radiation absorbed dose in each concentric thin shell allows to determine the 

radiation absorbed dose in depth. 

On the other hand, for the cell culture models the radiation absorbed dose in each nucleus 

was calculated as in equation 23, where the contribution of each of the sources (cytoplasm of 

the 7 cells, and the microenvironment in the fibrotic model) was taken in consideration. That is, 

self-dose, cross-dose, and environment contributions were considered. The cumulated activities 

(Ãrs ) were determined using the retained fractions determined with the experimental tumor 

models, and the S values were calculated via computer simulations (using the codes PENELOPE 

and MCNP). The radiation absorbed dose was calculated for an administered activity of 1 Bq.s 

and for 82,112 Bq.s which is the administered activity for a 24 h irradiation time period 

(normalized to an initial activity of 1 Bq). A 24 hour period was chosen since after such period it 

would be uncertain where the radioactive source would be due to the radiation damage to the 

cell. 

To illustrate the calculation of the radiation absorbed dose let the average radiation absorbed 

dose in the nucleus of cell 2 (r2) for the monomeric system in the fibrotic environment be 

Expanding the function yields, 

 D̅[J/eV] = Ã(Bq s) x E̅(eV/Bq s)ρ(kg) x V(cm3) 1.6022 x 10−19. (37) 

 Dr2 = ∑ Ãrs 8
s=1 S(r2 ← rs). (38) 



Chapter 4     Experimental Methods 

 

69 
 

Where the 2nd term accounts for the self-dose, the 1st, 3rd, 4th, 5th, 6th, and 7th terms correspond 

to the cross-dose, and the last term is the contribution from the environment. The number of 

cells (seven) placed in the computer tumor models come from experimental observations, 

inverted visible microscope images, we gathered. 

Individual single source simulations (each cytoplasm of the 7 cells and the environment) were 

used to calculate S(rT ← rs) using both codes (PENELOPE and MCNP). The multiple simulation 

single radioactive source approach was taken due to the multiple source limitation capabilities 

of the code PENELOPE and in order to compare the results of both codes it was decided to provide 

the same conditions to both codes (e.g,. single source per simulation, same number of initial 

particles to be simulated, same source location, etc.). 

The absorbed dose was calculated as in equation 39. This can be done by reasonably assuming 

that all cancer cells (HeLa) retain the same amount of radiopharmaceutical. Hence, each cancer 

cell will have the same cumulated activity. That is, if fc is the total cumulated activity in the cancer 

cells derived via the experimental tumor model and since the computer model is composed of 7 

cell and each of the cell cytoplasms have the same cumulated activity (Ãrc = Ãr1 = Ãr2 = Ãr3 =Ãr4 = Ãr5 = Ãr6 = Ãr7) than the cumulated activity (Ãrs ) in each cytoplasm would be Ãrc = fc7 . 

A further simplification can be done by separating the S values that correspond to the self-dose 

and cross dose ∑ S(r2 ← rs)7s=1  and the S values corresponding to the environment S(r2 ← r8). 

Hence from equation 39 yields, 

 

 Dr2 = Ãr1S(r2 ← r1) + Ãr2S(r2 ← r2) + Ãr3S(r2 ← r3) + Ãr4S(r2 ← r4)                 +Ãr5S(r2 ← r5) + Ãr6S(r2 ← r6) + Ãr7S(r2 ← r7) + Ãr8S(r2 ← r8). (39) 

 Dr2 = (Ãrc)[S(r2 ← r1) + S(r2 ← r2) + S(r2 ← r3) + S(r2 ← r4) + S(r2 ← r5) +             S(r2 ← r6) + S(r2 ← r7)] + Ãr8S(r2 ← r8). 
(40) 
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which is the equation for the radiation absorbed dose in nucleus two. 

 

 = Ãrc ∑ S(r2 ← rs)7
s=1 + Ãr8S(r2 ← r8), (41) 
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Chapter 5 Results and Discussion 
 

5.1 Physical and Chemical Characterization of the AuNP-Peptide Conjugates 

5.1.1 AuNP-Peptide Binding Detection by XPS 

The X-ray photoelectron spectra of AuNP-octreotide and AuNP-Citrate (AuNPs in their 

medium) are shown in figure 30 where the dotted lines depict the experimental bands, and the 

solid lines the deconvoluted bands. The vertical axis corresponds to the intensity and the 

horizontal axis to the binding energy, ranging from 83 eV to 91 eV. In the AuNP-Citrate spectrum 

two main peaks can be seen, one at 87.4 eV and the other at 83.7 eV, these binding energies 

correspond to the 4f5/2 and 4f7/2 bands, respectively, of the metallic gold (Au0) at the surface of 

the nanoparticle correspondingly [Steiner et al., 1993]. 

 

Figure 30. X-ray photoelectron spectra of AuNP-Octreotide and AuNP-citrate. Intensity versus binding energy (eV) is displayed, 
using the dotted lines for the experimental data and the solid lines for the corresponding deconvoluted bands. 



Chapter 5     Results and Discussion 

 

72 
 

The XPS spectrum of AuNP-octreotide can be seen in the upper part of figure 30 (dotted line). 

The deconvoluted spectrum (represented by the solid lines) displayed four bands. Two of them 

corresponding to the Au0 (87.4 and 83.7 eV) accompanied by two additional shifted (0.4-0.5) 

bands namely at 87.8 and 84.2 eV. These shifts in the binding energies are related to the oxidative 

states of gold, changing from Au0 in the AuNP (Au-Au) to Au+1 in the AuNP-octreotide (Au-S). That 

is, the shift of electron binding energies to higher values is an intrinsic property of the interaction 

between electrons of the gold atoms and the octreotide peptide [Joseph et al., 2003]. Two 

independent Au-S bonds are formed, the sulfur atom coming from the cysteine amino acids of 

the peptides and the gold atoms come from the surface of the gold nanoparticle, creating a 

double bond (staple like effect) between the peptide and the AuNP. The conjugation of the 

peptides to the nanoparticles is proven with this information, hence the importance of the XPS 

spectrum. 

It is worth mentioning that the XPS spectra were done on the octreotide peptide, not 

octreotate. However, these two peptides are quite alike with a small difference (see table 1); the 

third amino acid in the amino acid sequence is phenylalanine instead of tyrosine, this difference 

does not affect the outcome of the XPS spectra results since tyrosine (Tyr) does not play a role in 

the conjugation of either peptide (octreotide nor octreotide) or its derivatives (the conjugation 

happens via the Au-S bond). 

5.1.2 AuNP and AuNP-Peptide Surface Plasmon Detection by UV-vis 

Six spectra of the multimeric radiopharmaceutical (177Lu-Tyr3-octreotate-AuNP) were made 

in a 24 h period to monitor the surface plasmon resonance (SPR), collective oscillation of the 

surface electrons. Three runs were made in the first two hours after preparation, and the other 

three runs were made in the last two hours, all of them with 1 h time intervals in between. The 

SPR bands of the multimeric radiopharmaceutical were also compare to the SPR band of the 20 

nm in diameter AuNP to confirm the conjugation of the radiolabeled peptides to the surface of 

the nanoparticles.  

The absorbance versus wavelength graph in figure 31, represents the spectrum of the AuNP 

in citrate solution. It shows a band at 519.7 nm with an absorbance of 0.87. The graph has a non-
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monotonic decreasing from 200 nm to about 450 nm, then the absorbance starts to increase as 

wavelength increases reaching a maximum peak value (at a wavelength of 519.7), then 

symmetrically starts to decrease again. After the band, the absorbance decreases monotonically 

until it reaches a value of zero approximately at a wavelength of 750 nm. The absorbance band 

at 519.7 nm corresponds to a (SPR) belonging to a 20 nm in diameter AuNP. 

 

Figure 31. UV-vis spectrum from 200 to 800 nm of the AuNP in citrate solution showing an absorbance band at 519.7 nm. 

All the UV-vis spectra of the multimeric radiopharmaceutical show a similar graph pattern 

behavior as illustrated in the figures 32-34 for the first three runs. However, in comparison to the 

spectrum of the AuNPs in citrate solution (figure 31) the absorption band shifted slightly towards 

a higher wavelength. For example, the UV-vis spectrum of the first run of the multimeric 

radiopharmaceutical solution (time zero) shown in figure 32, the SPR band was at 520.7 nm, i.e., 

a positive wavelength displacement of 1 nm (520.7-519.7 nm) respect to the SPR band 

corresponding to the solution with the AuNPs alone (figure 31). 
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Figure 32. UV-vis spectrum from 200 to 800 nm of 177Lu-Tyr3-octreotate-AuNP at t =0 h, i.e., just after preparation. 

At the UV-vis spectrum of the second run (one hour after the conjugation of the multimeric 

radiopharmaceutical, t = 1h), shown in figure 33, the SPR band was at 520.8 nm, i.e., with a 

positive wavelength displacement of 1.1 nm (520.8 nm-519.7 nm) respect to the SPR band 

corresponding to the solution with the AuNPs alone (figure 31). 

 

Figure 33. UV-vis spectrum from 200 to 800 nm of 177Lu-Tyr3-octreotate-AuNP at t =1 h, i.e., one hour after preparation. 
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At the UV-vis spectrum of the third run (two hours after the conjugation of the multimeric 

radiopharmaceutical, t = 2h) shown in figure 34, the SPR band was at 521.4 nm, i.e., with a 

positive wavelength displacement of 1.7 nm (521.4 nm-519.7 nm) with respect to the SPR band 

corresponding to the solution with the AuNPs alone (figure 31). 

 

Figure 34. UV-vis spectrum from 200 nm to 800 nm range) of 177Lu-Tyr3-octreotate-AuNP at t =2 h, i.e., two hours after 
preparation. 

The UV-vis spectra of the multimeric radiopharmaceutical in the first two hours are show 

above to illustrate how their bands evolve in time and slight shift respect to the corresponding 

AuNP SPR band. The results of the UV-vis spectra are summarized in table 15 where the 

remaining values of the wavelengths corresponding to the fourth, fifth and sixth runs are also 

listed as well as their absorbance values. The 1st, 2nd, 3rd, 4th, 5th, and 6th runs correspond to the 

UV-vis spectra done on the multimeric radiopharmaceutical solution, and the AuNPs refers to the 

UV-vis spectrum done on the solution containing only the AuNPs. The wavelength (nm) value of 

each band for the experimental runs with their corresponding absorbance (a.u.) and monitoring 

time (for the multimeric radiopharmaceutical) are listed in table 15. 
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Table 15. Wavelength (nm) value of each band for the experimental runs with their corresponding absorbance (a.u.) and 
monitoring time (multimeric radiopharmaceutical) 

Run Time (h) Wavelength (nm) Absorbance (a.u) 

AuNPs  n/a 519.7 0.87 

1st  0  520.7 0.94 

2nd  1 520.8 0.89 

3rd  2 521.4 0.91 

4th  22 520.9 0.91 

5th  23 520.8 0.91 

6th  24 520.7 0.91 

 

The interaction of the UV-vis electromagnetic waves with the nanoparticles solution and the 

multimeric radiopharmaceutical causes valence electrons of both systems (AuNPs, multimeric 

radiopharmaceutical) to collectively oscillate (by the SPR phenomenon) at certain frequencies 

that can be observed as bands in UV-vis spectra. The position of the SPR band is affected by the 

environment dielectric properties, physical or chemical interactions on the surface of the AuNPs 

(AuNP-peptide conjugation interaction) [Amendola and Meneghetti, 2009]. The small shifts seen 

in the position of the SPR bands in the UV-vis spectra, occur as results of changes in the dielectric 

properties of the medium by the presence of peptides conjugated on the surface of the AuNPs. 

The stability of the system (24 h) and the conjugation are two conclusions that can be drawn 

from the constancy of the surface plasmon resonance during the 24 h monitoring time. 

Furthermore, it is worth mentioning that the SPR band is absent for AuNPs with core diameter 

less than 2 nm (since quantum size effects become increasingly important), as well as for bulk 

gold [Daniel and Astruc, 2004]. 

5.1.3 AuNP-Peptide Size Measured by DLS and the Zeta Potential (ZP) 

The DLS equipment was used to determine the size of the multimeric radiopharmaceutical 

and the AuNPs. The equipment associates the light scattered from the sample to the Brownian 

motion of the particles. The average particle hydrodynamic diameter (multimeric 

radiopharmaceutical) measured with the DLS equipment was of 24.0 ±7.2 nm. The hydrodynamic 
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diameter of the multimeric (radiopharmaceutical) system is higher than the 20 nm core diameter 

of the AuNPs and the 21 nm hydrodynamic radius indicating the conjugation of the radiolabeled 

peptides (177Lu-Tyr3-octreotate) to the gold nanoparticles. 

The zeta potential was also measured with the same DLS equipment, measuring a value of 

131.1 ± 4.6 mV for the multimeric radiopharmaceutical. High absolute values of the zeta potential 

signify strong repulsion (via coulombic forces) between the particles leading to the diminishing 

of the impact of the van der Waals force attractions [Olmedo et al., 2008], hence preventing the 

particles to precipitate, therefore suggesting that the peptide functionalization confers a high 

(gold) colloidal stability to the multimeric system. 

5.2 Experimental Tumoral Microenvironments 

5.2.1 Layer by Layer (LBL) Cell Culture 

The LBL cell cultures were fixed, stained with toluidine blue and observed using a bright field 

optical microscope (MT6000, MEIJI Techno) with a 40x objective lenses to corroborate the 

absence or presence of collagen fibers in the not fibrotic and fibrotic cellular multilayers 

respectively. Experimental tumoral microenvironments images showed the expected differences 

between a fibrotic and a not fibrotic tissue (figure 35). Collagen is absent in the not fibrotic 

cellular multilayer (figure 35a) while in the fibrotic one (figure 35b) thicker collagen fibers 

between HeLa cells were observed. The experimental tumoral fibrosis showed similarities in the 

microenvironment distribution by the deposited collagen fibers with respect to that observed in 

histological human cervical cancer samples [Burd, 2003]. Therefore, it can be said that the 

implemented fibrosis effectively mimics the structure and the biochemical context of an 

aggressive human cervical cancer [Horn et al., 2006]. 
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Figure 35. Representative 40x microscopic fields of HeLa cells seeded in transwell inserts to form not fibrotic cellular multilayers 
(a) and fibrotic cellular multilayers (b). In b the presence of collagen fibers is evident (arrows). 

The chemical composition and physical properties of extracellular matrix components 

present in fibrotic tissue determines among other factors its density. The relative density of in-

house extracted collagen (main protein component of the fibrotic tissue) was measured using 

two different picnometers and the average density resulted in a value of 1.1 g/cm3. The density 

of abundant collagen materials reported in the literature is also 1.1 g/cm3 [Salvat-2008, Galloway-
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2001]. The density of the interacting medium was used as a parameter in the computer 

simulation and is important because it influences the transport of electrons and beta particles 

emitted by 177Lu. 

5.3 Retention of Radiopharmaceuticals 

The radiopharmaceutical (177Lu-Tyr3-octreotate or 177Lu-Tyr3-octreotate-AuNP) retained 

percentage by HeLa cells (retained activity) in a not fibrotic and fibrotic microenvironment is 

shown in figure 36 and listed in table 16. In addition, the percent retention of the control 

substance (177LuCl3) is also shown (< 2 % is retained for either model). The retain fractions were 

obtained as described in section 4.3.1 and 4.3.5. 

Table 16. Radiopharmaceutical retained percentage by HeLa cells in both (not fibrotic and fibrotic microenvironments) and the 
retained percentages (in the environment) of the control substance (177LuCl3).  

Type Substance 
Not Fibrotic 

(retention %) 

Fibrotic 

(retention %) 

Control 177LuCl3 1 2 

Monomeric 177Lu-Tyr3-octreotate 22.5 33 
Multimeric 177Lu-Tyr3-octreotate-AuNP 75 97 

 

The radiopharmaceutical retention for the monomeric system was 22.5% in the not fibrotic 

model while 33% was retained in the fibrotic model. With this information it can be derived that 

10.5% (33% minus 22.5%) of the monomeric radiopharmaceutical was trapped in the fibrotic 

environment and 22.5% retained by the cancer cells. On the other hand, the radiopharmaceutical 

retention for the multimeric system was 75% for the not fibrotic model and 97% for the fibrotic 

model. Therefore, 22% (97% minus 75%) was retained in the fibrotic environment and 75% was 

retained by the cancer cells. These claims can be made since the radiopharmaceutical does not 

become trapped in the not fibrotic environment (water) and fibrosis does not influence in the 

amount of radiopharmaceutical that a cell (HeLa) can internalized into the cytoplasm. 

The retention of the multimeric system is significantly higher than that observed for the 

monomeric radiopharmaceutical in both microenvironments. This behavior has also been 

reported by Luna-Guitierrez et al., 2013 in AuNP-Arg-Gly-Asn (RGD) peptide system in cancer cells 
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attributed to the multivalent effect produced among several octreotide (or octreotate) molecules 

conjugated to the AuNP surface and the somatostatin receptors over expressed on HeLa cells. 

 

Figure 36. Percentage of the radiopharmaceutical retained by HeLa cells in the not fibrotic (NF) and fibrotic (F) models. The 
presence of fibrosis as well as the multimeric character enhanced the radiopharmaceutical retention. 

The residence time for each treatment case, listed in table 17, were calculated by using 

equation 34, 33, and 31. The residence time refers to the mean time that the 

radiopharmaceutical or substance spends on a certain region. 

Table 17. Residence time for each treatment case. 

Type Substance 
Not Fibrotic 

(residence time) 

Fibrotic 

(residence time) 

Control 177LuCl3 0.25 h 0.46 h 

Monomeric 177Lu-Tyr3-octreotate 5.13 h 7.59 h 
Multimeric 177Lu-Tyr3-octreotate-AuNP 17.10 h 22.12 h 

 

The residence time increases in the presence of fibrosis and even more when applying the 

multimeric radiopharmaceutical. The multimeric radiopharmaceutical spends more time, 22.12 
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h, in the fibrotic tumor microenvironment than in the not fibrotic one, 17.10 h. That is a clear 

indication of the superiority of the multimeric one.  

Since the presence of dense collagen fibers in the fibrotic array produced an increase in 

radiopharmaceutical retention, it acts as a physical barrier that alters the spatial molecule 

distribution. It is known that the resistance to the penetration of macromolecules is related to 

the mechanical stiffness of tissue and that this property depends on the fibrillar collagen network 

[Netti et al., 2000]. Therefore, likely for this reason the fibrotic microenvironment favors the 

retention of the radiopharmaceutical. 

The multimeric and multivalent nature of the multimeric radiopharmaceutical favors even 

more the retention of the radiopharmaceutical. For example, in the fibrotic environment, the 

multimeric system would spend more time on the tumor than the monomeric system (22.12 h vs 

7.59 h). The multimeric system seems to be taking more advantage of the Enhancement of 

Permeation and Retention, EPR, effect than the monomeric system by the passive and active 

mechanisms. The multimeric radiopharmaceutical stays undisturbed in the tumor mass perhaps 

due to its size and/or shape (passive mechanism). On the other hand, one reason why the 

multimeric system also takes more advantage of the active mechanism may be because the 

conjugation of the peptides to the nanoparticle creates a very high affinity where the active 

biomolecules (somatostatin analogue peptides) collectively and persistently act to seek its target 

(SSTR). This design principle of enhancing the strength of a binding process by the means of 

organized arrays is referred as multivalency. 

5.4 S values for the cell culture models 

5.4.1 Results Derived from PENELOPE and MCNP 

The S values for the cell culture models calculated from PENELOPE are listed in table 18 and 

in the ones calculated with MCNP are listed in table 19. They were used for the calculation of the 

radiation absorbed dose. Recalling that the S values refers to the average energy deposited per 

unit of mass per disintegration. 

The sum of the S values due to the cell irradiating its own nucleus plus the cross fire is 

represented by the summation sign expression (∑ S(rT ← rs)7s=1 ) while the S value due to the 
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environment is represented by S(rT ← r8) where T is the target area (e.g., T=1 represents the 

targeted nucleus of cell 1). The S values show very little difference between both models, 

however since no radiopharmaceutical was retained in the not fibrotic medium (water) the S 

values that considers fibrosis would be highly relevant for the radiation absorbed dose 

calculation. The S values are independent of the experimental model and can potentially be used 

to calculate the average radiation absorbed dose for other biokinetic models but they must also 

implement target specific radiopharmaceuticals based on 177Lu that internalized to the 

cytoplasm, must involve cancer cells of similar size, and similar environment and cell 

composition. The following equation can be used for such calculation: 

Where Ãrc is the cumulated activity in a cytoplasm of a cancer cell, Ãr8 is the cumulated activity 

in the medium and Ãcells is the cumulated activity in all the cells combined. Taking a step further 

by inserting to equation 42 the S values calculated with PENELOPE for fibrotic model yields, the 

equation of the radiation absorbed dose in a nucleus of a cancer cell, 

 

 

 

 

 

 

 

 

 DrT = Ãrc ∑ S(rT ← rs)7
s=1 + Ãr8S(rT ← r8). (42) 

 Dnucleus[Gy] = Ãcells7 (6.74x10−4 GyBq∙s) + Ãr8 . (2.00x10−5 GyBq∙s). (43) 

                    = Ãcells (9.63x10−5 GyBq∙s) + Ãr8 . (2.00x10−5 GyBq∙s). (44) 
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Table 18. S values [Gy/Bq.s] for the not fibrotic and fibrotic models derived from PENELOPE. 

 

The S values calculated with MCNP (table 19) increased in comparison with PENELOPE but not 

abruptly so we can say that there is a good agreement between the codes. 

Table 19. S values [Gy/Bq.s] for the not fibrotic and fibrotic models derived from MCNP 
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An equation of the average radiation absorbed dose in a nucleus was also formulated so that this 

results could potentially be used for other biokinetic models. The average radiation absorbed 

dose in a nucleus using the S values calculated with MCNP (table 19) is given by,  

5.5 Average Deposited Energy  

5.5.1 Microenvironment Models 

Calculation of the average deposited energy in depth (0-50 µm) in the not fibrotic and fibrotic 

models is shown in figure 37 (normalized to 1 Bq.s). The maximum averaged deposited energy 

peak was near a depth of 10 µm for both models, being higher for the fibrotic model. Considering 

that the calculation uncertainty was under two percent at 3δ, the difference between the two 

microenvironments is considered significant [Rojas et al., 2003]. Therefore, it can be said that the 

transport of particles is affected by the level of fibrosis in a tumor tissue (fibrosis density). 

Recalling, for the simulation, the source was considered to be homogeneously distributed in the 

volume of the spherical concentric shell of inner radius of 5 µm and an outer radius of 10 µm, 

which mimics the condition in which the radiopharmaceutical is internalized in a HeLa cell 

cytoplasm as it occurs for 177Lu - AuNP- somatostatin analogue peptides [Luna-Gutiérrez et al., 

2013]. 

 Dnucleus[Gy] = Ãcells7 (7.16x10−4 GyBq∙s) + Ãr8 . (2.21x10−5 GyBq∙s). (45) 

                           = Ãcells (1.02x10−4 GyBq∙s) + Ãr8 . (2.21x10−5 GyBq∙s). (46) 
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Figure 37. Averaged deposited energy in depth (0-50 µm) in the not fibrotic and fibrotic models. In both models a maximum 
deposited energy peak was reached near a depth of 10 µm. 

5.5.2 Cell Culture Models in PENELOPE and MCNP 

The average deposited energy in the nucleus for the cell culture models was calculated for 

both microenvironments (not fibrotic and fibrotic) for the 177Lu-Tyr3-octreotate (monomeric) or 

the 177Lu-Tyr3-octreotate-AuNP (multimeric) radiopharmaceuticals. The normalized to 1 Bq.s of 

administered activity, the average, and the total deposited energy in a 24h period (initial activity 

of 1 Bq, that is, an administered activity of 82112 Bq.s) in the nucleus derived from the results of 

the simulations are listed for the not fibrotic cancer cell culture model, in table 20 for PENELOPE 

and in table 22 for MCNP, and for the fibrotic model, in table 21 for PENELOPE and in table 23 for 

MCNP. The seven horizontal values correspond to the seven nuclei present in the model. In 

PENELOPE the uncertainty was less than 6% while in MCNP the error was smaller than 4% for 

both microenvironments. 

When using PENELOPE the average deposited energy to one nucleus increases in the fibrotic 

model and is around 3 times greater for 177Lu-Tyr3-octreotate-AuNP (not fibrotic = 2.42 MeV, 
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fibrotic = 2.57 MeV) respect to 177Lu-Tyr3-octreotate (not fibrotic = 0.726 MeV, fibrotic = 0.799 

MeV). The effect of fibrosis in the energy deposited is more relevant for the multimeric system 

(2.57 MeV-2.42 MeV = 0.15 MeV) than for the monomeric system (0.799 MeV – 0.726 MeV = 

0.073 MeV). With this information it can be said that if 177Lu-Tyr3-octreotate-AuNP is used in the 

clinic the average deposited energy in the nucleus is underestimated by about (0.15 MeV2.42 MeV x100 =6.2%) 6% if fibrosis is not included in the averaged deposited energy calculation, and (0.073 MeV0.726 MeV x100 = 10%) about 10% for the monomeric system.  

Table 20. Average deposited energy (eV) in the nucleus for the not fibrotic cell culture model derived from PENELOPE 
simulations  

 

 

 

 

 



Chapter 5     Results and Discussion 

 

87 
 

Table 21 Average deposited energy (eV) in the nucleus for the fibrotic cell culture model derived from PENELOPE simulations. 

 

Similar results were calculated in both radiation transport codes (PENELOPE and MCNP). 

However, slightly higher results were obtained with MCNP. When using MCNP the average 

deposited energy to one nucleus also increases in the fibrotic model and is greater for 177Lu-Tyr3-

octreotate-AuNP (not fibrotic = 2.58 MeV, fibrotic =2.73 MeV) than due to 177Lu-Tyr3-octreotate 

(not fibrotic = 0.773 MeV, fibrotic = 0.852 MeV). The effect of fibrosis in the energy deposited is 

more relevant for the multimeric system (2.73 MeV-2.58 MeV = 0.15 MeV) than for the 

monomeric system (0.852 MeV – 0.773 MeV = 0.079 MeV). 
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Table 22. Average deposited energy (eV) in the nucleus for the not fibrotic cell culture model derived from MCNP simulations. 

 

 

Table 23. Average deposited energy (eV) for the fibrotic cell culture model derived from MCNP simulations. 

 

With this information it can be said that if 177Lu-Tyr3-octreotate-AuNP is used in the clinic the 

average deposited energy in the nucleus is underestimated by about (0.15 MeV2.58 MeV x100 = 6 %) 6% 

if fibrosis is not included in the averaged deposited energy calculation, and about (0.079 MeV0.773 MeV x100 = 10%) 10% if using the results of MCNP for the monomeric system. The results 



Chapter 5     Results and Discussion 

 

89 
 

of the average deposited energy derived from PENELOPE and MCNP are in agreement. However, 

the results are slightly higher when using the MCNP code. It can be concluded that the amount 

of the average energy deposited in the nucleus is affected by the presence or absence of fibrosis. 

However, since biological relevance is nearly always discussed in terms of radiation absorbed 

dose the biological relevance will be discussed in section 5.6.2. 

5.6 Radiation Absorbed Dose 

5.6.1 Microenvironment Models 

The radiation absorbed dose in depth for a fibrotic and not fibrotic environment was 

calculated using the microenvironment models. Fibrosis increases up to 33% the radiation 

absorbed dose in the microenvironment until total decay (~828,000 disintegrations) of 177Lu 

(figure 38). However, the mayor effect on the dose was produced by the type of 

radiopharmaceutical (112 Gy-multimeric vs. 43 Gy-monomeric). The observed differences in 

radiation absorbed dose values among the four treatments seem to be quite relevant at short 

ranges (>50 µm) as can be seen from figure 38 where the average deposited energy drastically 

drop after the 50 µm. Such difference in the dose is of biological relevance since in general a 2 

Gy dose will kill 50% of an in vitro cell sample [Hall, 2000]. 
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Figure 38. Radiation absorbed dose in depth of the multimeric and monomeric radiopharmaceutical in the not fibrotic and 
fibrotic microenvironment models. 

5.6.2 Cell Culture Models in PENELOPE and MCNP 

The average radiation absorbed dose in the nucleus for the cell culture models was calculated 

by implementing the PENELOPE and MCNP results, and the corresponding retain activity fractions 

(figure 36) for each case of microenvironment (not fibrotic and fibrotic) and type of 

radiopharmaceutical (either 177Lu-Tyr3-octreotate or 177Lu-Tyr3-octreotate-AuNP). The 

calculation procedure is explained in the radiation absorbed dose calculation section 4.5. The 

normalized (1 Bq.s of administered activity), to average, and the total (administered activity of 

82,112 Bq.s for a 24 h irradiation time period with initial activity of 1Bq) radiation absorbed dose 

are listed for the not fibrotic cell culture model, in table 24 for PENELOPE and in table 26 for 

MCNP, and for the fibrotic model, in table 25 for PENELOPE and in table 27 for MCNP. 

When using PENELOPE, the average radiation absorbed dose in the nucleus increases in the 

fibrotic model and is greater for 177Lu-Tyr3-octreotate-AuNP (not fibrotic = 5.92 Gy, fibrotic =6.29 

Gy) than due to the 177Lu-Tyr3-octreotate (not fibrotic = 1.78 Gy, fibrotic = 1.96 Gy). The radiation 

absorbed dose to the nucleus increased by approximately 0.37 Gy (6.29 Gy - 5.92 Gy) that is, it 
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increased 6% (% increase =  |6.29−5.92|5.92 x100)  due to fibrosis and about 0.18 Gy (1.96 Gy - 1.78 

Gy) or about 10% (% increase =  |1.96−1.78|1.78 x100)  for the monomeric system. 

Table 24. Average radiation absorbed dose (Gy) in the nucleus for the not fibrotic cell culture model derived from PENELOPE 
simulations. 

 

 

Table 25. Average radiation absorbed dose (Gy) in the nucleus for the fibrotic cell culture model derived from PENELOPE 
simulations. 
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Such increase in the dose (0.37 Gy for the multimeric system and 0.18 Gy for the monomeric 

system) is of biological relevance since chromosome aberrations has been detected in doses as 

low as 0.1 Gy [Tubiana et al., 1990]. However, numerous other parameters would need to be 

considered in order to deeply understand the biological relevance of such increase in the dose 

due to fibrosis such as the radio-sensitivity of the HeLa cell nucleus, the indirect effects 

(formation of free radicals) of radiation in the cytoplasm not just the damage to the nucleus, dose 

rate etc. It would also need to be considered that this would be a micro-dosimetry case not a 

macro-dosimetry one and ideas such as the uniform distribution of the deposited energy might 

not be entirely true at this subcellular level. Nonetheless, with these calculations it can be said 

that when the monomeric radiopharmaceutical is implemented in the clinic for a tumor of 

cervical origin and fibrosis was not considered in the radiation absorbed dose calculation than 

the absorbed dose in the nucleus is being underestimated by about 10% and 6% if using the 

multimeric radiopharmaceutical. 

However, the multivalency and multimericity of the radiopharmaceutical has a greater 

impact on the increase of the radiation absorbed dose in the nucleus. For the not fibrotic system 

the absorbed dose in the nucleus was 1.78 for the monomeric system and 5.92 for the multimeric 

one, that is, the dose increase about 2.3 times ( |5.92−1.78|1.78 = 2.3). On the other hand, for the 

fibrotic system the absorbed dose in the nucleus was 1.96 for the monomeric system and 6.29 

for the multimeric one, that is, the dose increase about 2.2 times ( |6.29−1.96|1.96 = 2.2). 

Even though the beta particles and the electrons loose more energy in the fibrotic medium 

primary because of the higher density of the fibrotic material (ρ = 1.1 gcm3) with respect to the 

not fibrotic medium (ρ = 1 gcm3), some radiopharmaceutical is retained (10.5% for the 

monomeric system and 22% for the multimeric system) in the fibrosis and contributes 

significantly to the radiation absorbed dose which explains why there is an increase of the 

absorbed dose in the nucleus for the fibrotic model. 
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On the other hand when using MCNP, the average radiation absorbed dose in the nucleus 

also increases in the fibrotic model and is greater for 177Lu-Tyr3-octreotate-AuNP (not fibrotic = 

6.30 Gy, fibrotic = 6.69 Gy) than due to the 177Lu-Tyr3-octreotate (not fibrotic = 1.89Gy, fibrotic = 

2.08 Gy). Similar results were calculated in both radiation transport codes (PENELOPE and 

MCNP). However, slightly higher results were obtained with MCNP. The radiation absorbed dose 

in the nucleus increased by approximately 6% (% increase(multimeric) =  |6.69−6.30|6.30 x100)  
and about 10% (% increase(monomeric) =  |2.08−1.89|1.89 x100),  when fibrosis was present. On 

the other hand, the multivalency and multimericity of the radiopharmaceutical also had a greater 

impact on the increase of the radiation absorbed dose in the nucleus. For the not fibrotic system 

the absorbed dose in the nucleus was 1.89 Gy for the monomeric system and 6.30 Gy for the 

multimeric one, that is the dose increase about 2.3 times ( |6.30−1.89)|1.89 = 2.3). Following, for the 

fibrotic model the absorbed dose in the nucleus was 2.08 Gy for the monomeric system and 6.69 

Gy for the multimeric one, that is the dose increase about 2.2 times ( |6.69−2.08|2.08 = 2.2). 

Table 26 Average radiation absorbed dose (Gy) in the nucleus for the not fibrotic cell culture model derived from MCNP 
simulations. 
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Table 27. Average radiation absorbed dose (Gy) in the nucleus for the fibrotic cell culture model derived from MCNP 
simulations. 

 

Similar results were calculated in both radiation transport codes (PENELOPE and MCNP). 

However, around 6% higher results were obtained with MCNP. This difference in the values can 

be explained by the percent error in the results, in PENELOPE there was an uncertainty less than 

6% while in MCNP the error was smaller than 4% for both microenvironments. Hence, the true 

value may be somewhere in between the results of PENELOPE and MCNP. A summary of the 

average radiation absorbed dose in the nucleus for both transport codes are listed in table 28.  

Table 28. Summary of radiation absorbed dose values (Gy) that compare the results derived from PENELOPE and MCNP. 

 

The data suggests that if the multimeric or monomeric radiopharmaceuticals are 

implemented in the clinic for a tumor of cervical origin and fibrosis was not considered in the 

radiation absorbed dose than the dose in the nucleus is being underestimated by about 6% and 

10% respectively. Lastly, the multimeric radiopharmaceutical indicates a clear advantage over 

the monomeric system at least in terms of localized drug delivery which is of especial interest in 
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the clinic. That is, the multimeric nature of the radiopharmaceutical increase the radiation 

absorbed dose in the nucleus by approximately 2.3 times. 
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Chapter 6 Conclusions 
 

A successful conjugation of the Tyr3-octreotate peptides to the AuNP surface was achieved 

as demonstrated by spectroscopy techniques. 

The three dimensional LBL array mimics realistic tumoral fibrosis of cervical origin malignant 

HeLa cells. With it, the following experimental assessments were stablished: a) Permeability 

results show a much higher retention of the multimeric radiopharmaceutical in comparison to 

the monomeric one. b) Fibrosis causes higher radiopharmaceutical retention. c) The residence 

time of 177Lu-Tyr3-octreotate-AuNP (multimeric) was significantly higher than that of 177Lu-Tyr3-

octreotate (monomeric) radiopharmaceutical in both fibrotic and not fibrotic 

microenvironments. 

Results show an increase in the averaged deposited energy in the fibrotic model with respect 

to the not fibrotic one. On the other hand, the increase in the radiation absorbed dose due to 

fibrosis was up to 33% at a depth of 10 µm. The multimeric radiopharmaceutical enhances the 

dose up to 2.6 times with respect to that achieved with the monomeric one. 

A new computer model was created that includes tumoral fibrosis in the calculation of the 

radiation absorbed dose in the nucleus of cancer cells. From this model, an equation of the 

radiation absorbed dose in the nucleus was derived for potential use for other 

radiopharmaceuticals (based on 177Lu) as long as they source internalized to the cytoplasm, the 

cancer cells have similar size and shape, and the tumor composition must be similar. The user 

must know the cumulated activity, experimentally obtained, in the cytoplasm of the cancer cells 

in order to make the calculation. 

If was found that the beta particles and the electrons emitted by 177Lu loose more energy in a 

shorter distance in the fibrotic medium because of the higher density (ρ = 1.1 gcm3) of the fibrotic 

microenvironment with respect to the not fibrotic one (ρ = 1 gcm3). 
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The increase of the radiation absorbed dose in the nucleus when fibrosis is present (0.37 Gy 

for the multimeric and 0.18 Gy for the monomeric one) results of biological relevance since 

chromosome aberrations has been detected in doses as low as 0.1 Gy [Tubiana et al., 1990]. 

On the other hand, it was found that the multimeric and multivalent nature of the 

radiopharmaceutical enhance the radiation absorbed dose in the nucleus by approximately 2.3 

times. The multimeric radiopharmaceutical seems to be taking more advantage of the EPR 

(Enhancement of Permeation and Retention) effect than the monomeric system by both the 

passive and active mechanisms. The multimeric radiopharmaceutical stays undisturbed in the 

tumor mass perhaps due to its size and/or shape (passive mechanism). In addition, the 

multimeric system takes further advantage of the active mechanism which may be caused due 

to the conjugation of the peptides to the nanoparticle that creates a very high affinity where the 

active biomolecules (somatostatin analogue peptides) collectively and persistently act to seek its 

target (SSTR) enhancing the strength of the binding process by means of organized arrays, 

referred as the multivalency principle. 

With the results in this work it can be stated that if the multimeric or monomeric 

radiopharmaceuticals are implemented in the clinic for a tumor of cervical origin and fibrosis was 

not considered in the radiation absorbed dose than the dose in the nucleus is being 

underestimated by about 6% and 10% respectively. 

As a final word, the results of the different models in both codes seem to be consistent with 

each other and support the conclusion that the multivalent and multimeric nature of the 

radiopharmaceutical has a significant impact on increasing the dose in the nucleus. 
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FUTURE WORK 
In this research, simple models using spherical geometric shapes to define individual cells 

were used. Stylized and mathematically based models have been used in radiation dose 

calculations for several decades. Replacement of these stylized models is now possible with 

realistic models based on actual CT image data. Recent work in the development of models has 

focused on the use of more high-level representations (as opposed to simple geometric 

primitives) to define cells and organs using nonuniform rational B-spline (NURBS) technology 

[Keenan et al., 2010] to construct realistic and flexible surfaces. From 3-D images of cells obtained 

by confocal or scanning microscopy and using the NURBS technology, one or more selected cells 

may be translated or rotated in any direction; scaled linearly in any direction, uniformly in 3 

dimensions, or from the center by a fixed. As a future work, we propose the use of these 3D-

models to represent realistic renderings of the cells and therefore improving radiation dose 

calculations. 

Gold nanoparticles induce hyperthermic cytotoxicity when exposed to near-infrared 

radiation or radiofrequency fields. There is currently a strong lack of understanding the laser 

energy distribution and the transient temperature field in tissues and cells. In the case of the 

multimeric and multifunctional radiopharmaceutical 177Lu-octreotate-gold nanoparticles, a 

theoretical modeling on the optical and temperature fields during gold nanoparticles 

hyperthermia through combining the Monte-Carlo simulation strategy and heat transfer 

equations, is also proposed as an important future work. 
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Appendix 

This work has been presented in several national and international meetings and in part has been 

published in a peer review journal: 

“Tumoral fibrosis effect on the radiation absorbed dose of 177Lu-Tyr3-octreotate and 177Lu-Tyr3-

octreotate conjugated to gold nanoparticles”. Applied Radiation and Isotopes. 100: 96-100. 2014. 

"Effect of fibrosis on the distribution of radiopharmaceuticals based on radiolabeled peptides” 

XIV international Symposium on Solid State Dosimetry. Cusco, Peru. April, 2014. 

“Efecto de la fibrosis tumoral en la dosis absorbida de radiación de los radiofármacos 177Lu-Tyr3-

octreotato nanopartícula de oro y 177Lu-Tyr3-octreotato”. XIX Reunión Nacional Académica de 

Física y Matemáticas. Mexico City, Mexico. November, 2014. 

“Absorbed dose in fibrotic microenvironment models employing Monte Carlo Simulation”.  
X Congreso Regional Latinoamericano IRPA de Protección y Seguridad Radiológica. Buenos Aires, 

Argentina. April, 2015. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 



 

 
 

 



 

 
 

 



 

 
 

 



 

 
 

 


