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Abstract 

Nanotechnology is an area of research that studies and uses materials between 

approximately 1 and 100 nm in size. At this scale, new properties appear allowing novel 

applications. In this sense, one of the most studied applications of nanotechnology in 

recent years is focused on the use of nanoparticles in medicine to diagnose and treat 

diseases such as cancer.  

In this thesis, different nanostructures have been used to transport various therapeutic 

agents for the treatment of cancer.  

In particular, albumin-based nanostructures were selected for the transport of 

antitumor drugs and CRISPR/Cas gene-editing proteins. Specifically, albumin stabilized 

gold nanoclusters (BSA-AuNCs) were used for the transportation of the drug AZD8055 

for the treatment of uveal melanoma, and doxorubicin and SN38 in the same 

nanostructure to treat breast cancer. These drugs were covalently conjugated with 

stimuli-responsive linkers that allow for better control of the release of the drugs into 

the cancer sites, minimizing the exposure of healthy tissues to cytotoxic agents. The 

systems developed in this work presented remarkable antitumoral activity in in vitro and 

in vivo models. 

Besides the delivery of chemotherapeutics, BSA was employed as a carrier of the gene-

editing protein Cpf1. In this case, it was covalently conjugated to protect the protein 

from premature degradation in biological systems and to improve their transport to the 

tumoral cells. The preliminary results of this study showed the efficient formation of a 

BSA-Cpf1 nanocomplex that can cut the EGFP gene in vitro.  

Also, cationic modified carbon nanotubes (SWNT-PEI) were used as a gene delivery 

system of CRISPR/Cas9 plasmid. In this case, the negative charges of the plasmid allow 

for strong electrostatic interaction with the modified nanotubes. The resulting 

nanocomplex was able to internalize in HEK293 cells efficiently. However, the plasmid-

mediated gene editing in cells must be improved. 

In summary, the results achieved in this thesis highlight the potential of the different 

nanostructures for their used in cancer treatment.  
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Resumen 

La nanotecnología es una rama de la ciencia que estudia y usa materiales de entre 

aproximadamente 1 y 100 nm de tamaño. A esta escala, aparecen nuevas propiedades 

que permiten aplicaciones novedosas. En este sentido, una de las aplicaciones más 

estudiadas de la nanotecnología en los últimos años se centra en el uso de 

nanopartículas en medicina para diagnosticar y tratar enfermedades como el cáncer.  

En esta tesis, se han utilizado diferentes tipos de nanoestructuras para el transporte de 

agentes terapéuticos para el tratamiento del cáncer.  

Específicamente, se emplearon nanoestructuras basadas en albúmina para el transporte 

de fármacos antitumorales y proteínas del sistema de edición génica CRISPR/Cas. En 

concreto, se utilizaron nanoclusters de oro estabilizados con albúmina (BSA-AuNCs) para 

el transporte del fármaco AZD8055 para el tratamiento del melanoma de úvea, y 

doxorrubicina y SN38 en la misma nanoestructura para el tratamiento del cáncer de 

mama. Estos fármacos se conjugaron covalentemente con conectores sensibles a 

estímulos que liberan los fármacos específicamente en el tumor, minimizando el daño 

en los tejidos sanos. Los resultados obtenidos en este trabajo revelaron una disminución 

de la viabilidad celular en modelos in vitro e in vivo de los tumores seleccionados. 

Además del trasporte de agentes quimioterapéuticos, la BSA también fue utilizada como 

vehículo de la proteína de edición de génica Cpf1. En este caso, la BSA fue conjugada 

covalentemente con la Cpf1 para protegerla de la degradación prematura en los 

sistemas biológicos y favorecer su transporte a las células tumorales. Los resultados 

preliminares de este estudio mostraron la formación eficiente de un nanocomplejo de 

BSA-Cpf1 capaz de realizar el corte in vitro del gen EGFP.  

Por último, se utilizaron nanotubos de carbono catiónicos (SWNT-PEI) como sistema de 

transporte de un plásmido CRISPR/Cas. La carga negativa del plásmido permitió la 

interacción electrostática con los nanotubos modificados. Los complejos resultantes 

pudieron internalizar en células HEK293 de manera eficiente. Sin embargo, la edición de 

genes mediada por dicho plásmido en las células aún debe mejorarse. 

En resumen, los resultados logrados en esta tesis resaltan el potencial de las diferentes 

nanoestructuras para su uso en el tratamiento del cáncer.
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 Introduction 

1. INTRODUCTION 

1.1. Nanoscience and nanotechnology 

Nanoscience is the study of phenomena and manipulation of structures and molecules 

on the nanometer scale, whereas the practical application of nanoscience to design and 

develop new materials that could have a great influence in different scientific areas is 

called nanotechnology. Thus, nanoscience is the study of matter at the nanoscale and 

nanotechnology use these materials to create something new[1,2].  

The fundamental components of this area are the nanomaterials. The definition of 

nanomaterial is not straightforward, and a variety of definitions are employed. Among 

all, the most widely accepted defines it as a material produced on a nanometric scale, 

where one or more external dimensions are between 1 nm - 100 nm[3,4]. 

The prefix “nano” was taken from the Greek, and means it extremely small. It is a unit 

of measure, particularly, one thousand millionth of a meter (0.000000001 or 10−9 m)[5]. 

It could be challenging to imagine how small these nanomaterials are; thus, to visualize 

it better, illustrative examples are described below (Figure 1): 

• A tennis ball has a diameter of approximately 100000000 nm. 

• A human hair is approximately 100000 nm thickness. 

• A bacterium is about 1000 nm long. 

• A double-stranded DNA molecule has a width of 1 nm. 

 

Figure 1. Nanometer-scale showing different examples. The scale ranges from 108 to 1 nm, where 

nanomaterials are defined between 1 a 100 nm (red circle). 
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The idea of nanoscience and nanotechnology was attributed to the Nobel Prize laureate 

Richard Feynman in 1959 during his talk entitled “There’s Plenty of Room at the 

Bottom”. In that talk, Feynman describes a process on how scientists could manipulate 

individual atoms and molecules, hypothesizing that in the future, we would be able to 

write “the entire 24 volumes of the Encyclopedia Britannica on the head of a pin”[6]. 

However, the term nanotechnology was used and define the first time by Norio 

Taniguchi in 1974 as “nanotechnology mainly consists of the processing of separation, 

consolidation, and deformation of materials by one atom or one molecule”[7]. But it was 

not until 1981 and 1986, with the development of the scanning tunneling microscopy 

(STM) and atomic force microscopy (AFM), respectively, that scientists were able to see 

individual atoms, and the nanoscale world was better understood[8]. 

1.1.1. History of nanotechnology 

Although nanoscience and nanotechnology are relatively new fields of research, 

nanometric materials have been used by humans for centuries.  

It is known that nanoparticles (NPs) have existed in nature forever. In ancient times, clay 

minerals were used on a nanometric scale for the controlled reinforcement of a ceramic 

matrix with natural asbestos nanofibers more than 4500 years ago. However, the most 

remarkable effects occur with the use of metallic nanoparticles as color pigments to 

create glass using metals between the 14th to 13th centuries BC in Egypt and 

Mesopotamia. Recent studies revealed that the colors of some of that glasses are due 

to the presence of silver and copper nanoparticles dispersed within its outermost 

layer[9,10]. 

The Lycurgus Cup is a 4th century AD Roman glass cup and is one of the most famous 

discoveries of the ancient glass industry. The most remarkable property is based on its 

dichroism, which means that the Cup changes its color in certain conditions of light: the 

glass is green when the light illuminates from outside, while it turns red when it passes 

inside. In the 90s, many scientists have analyzed the Cup by TEM and X-Ray to explain 

the dichroism phenomena of the glass and its composition. These studies revealed that 

the Cup was made using 50-100 nm size nanoparticles of silver-gold alloy with a ratio of 

about 7:3, containing in addition about 10% of copper disperse in the glass. The red color 

was attributed to the biggest gold nanoparticles, which absorbed the light at a 
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wavelength of 520 nm, while the green color was attributed to the light scattering of the 

colloidal dispersion of silver nanoparticles with a size less than 40 nm[11]. Similar 

examples were found in the windows of medieval churches, doped by mixtures of 

different size silver and gold nanoparticles, which reflected light yellow and red, 

respectively[12].  

Later, during the 9th-17th centuries, glazed ceramics for metallic luster decorations were 

used in the Islamic world and Europe containing different types of nanoparticles, such 

as silver or copper nanoparticles, among others. For example, Italians create 

Renaissance pottery in the 16th century, in which nanoparticles were distributed in only 

one layer[10]. In addition, a recent study of Damascus steel from the 17th-18th showed 

that this material contains carbon nanotubes and cementite nanowires, providing them 

with high strength and endurance and an exceptionally sharp edge[13]. 

Although the colors and new properties would be done intentionally by the artists of 

that time, they surely did not know that they were working with nanoparticles. 

In 1857, Michael Faraday reported the first synthesis of gold nanoparticles in solution. 

He demonstrated that the optical properties of these nanoparticles differ from their 

corresponding bulk material, producing different colors when they are exposed under 

different light conditions[14]. Later, the specific colors of metal nanoparticles were 

explained by Mie in 1908[15]. These events were probably the first studies in which the 

effect of the nanoscale on materials was observed. 

1.2. Nanoparticles 

A nanoparticle can be defined as a nano-object where all its dimensions are within the 

nanoscale range (1-100 nm)[16]. Remarkably, at that scale, the materials might present 

new physical and chemical properties different from those of the same materials at 

larger scales[17]. This phenomenon is because, at this scale, the surface of the 

nanoparticles is large with respect to their total volume (surface/volume ratio > 1), 

increasing the chemical reactivity and stability[18]. The new properties offer the 

possibility to design and build systems based on nanoparticles with a great interest in 

different scientific fields. For example, gold is a yellow material formed by millions of 

atoms that can be found in nature. However, when a few gold atoms are stabilized in a 
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minimal space, gold nanoparticles are obtained. These nanoparticles acquire new 

properties that are reflected in a color change (Figure 2).  

 

Figure 2. Schematic representation of gold nanoparticles formation. The process starts from a yellow gold 

salt that, under certain conditions of synthesis and using a stabilizing agent that helps confine the gold 

atoms in a small space, leads red-wine gold nanoparticles. 

In the last years, the development of new synthesis techniques has allowed the 

obtention of nanoparticles with different characteristics, changing their optical, 

mechanical, physical and chemical properties[19]. Besides, nanoparticles can be of 

different sizes and shapes such as spherical, cubes, rod, cubic, among others[20].  

1.2.1. Properties of nanoparticles 

As describe before, nanoparticles have unique physicochemical properties compare to 

the corresponding bulk materials, such as extensive surface area, chemical reactivity, 

and optical activity, among others. Some of the most important properties are the 

following. 

1.2.1.1. Optical and electrical properties 

These properties are related to the small size of the nanoparticles that caused electron 

confinement. Semiconductors and metal nanoparticles exhibit massive changes in these 

properties, depending on the particle size. For example, in metal nanoparticles, the size-

dependent properties are due to the difference in the energy band gap, which influences 

their plasmon resonance. It is important to mention that surface plasmon resonance 

band is produced due to the excitation of outer electrons of nanoparticles, and it is only 

observed if the size of the materials is less than the excitation wavelength. It is well 
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known that the relationship between the color of the colloidal suspension of metal 

nanoparticles change with their size[21,22]. 

1.2.1.2. Magnetic properties 

Due to the great variety of applications that magnetic nanoparticles have, different 

synthesis strategies are being developed. Their magnetic properties are the result of the 

interaction between the charges of electrons and the magnetic spins of the materials 

that compose them. Due to their large surface/volume ratio, nanoparticle atoms 

undergo different magnetic coupling with nearby atoms, leading to magnetic properties. 

These properties also depend on the nanomaterial synthesis method, since they 

influence the shape, size distribution, particle size, surface chemistry and, consequently, 

its magnetic properties[23]. 

1.2.1.3. Mechanical properties 

The basic mechanical properties of nanoparticles are related to different mechanical 

parameters such as elasticity, hardness, stress, adhesion and friction. Various factors can 

influence the maintaining or variation of these properties, including the homogeneous 

dispersion of the nanoparticles or the contacting substrate, which determines if the 

particles are deformed when the contact pressure is high[24].  

1.2.1.4. Catalytic properties 

Nanoparticles can catalyze reactions by their reaction with substrates and reagents. 

Again, this property derives from the large surface to volume ratio, which implies a more 

significant number of reactive atoms in the surface of the particle with respect to the 

total number[25]. Compared to their corresponding bulk material, nanoparticles enhance 

the reactivity and selectivity of the catalytic process. Some of the factors involved in this 

process are related to the particle size, oxidation state, composition, and 

physicochemical environment[22].  

1.2.2. Synthesis of nanoparticles 

The development of fast and reproducible synthesis methods is one of the biggest 

challenges in nanotechnology. In those processes, controlling the size, morphology and 

degree of aggregation of the particles is crucial. The methods developed to obtain 
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nanoparticles can be divided into two different approaches: bottom-up and top-down 

approaches (Figure 3)[26,27].  

 

Figure 3. Top-down and bottom-up approaches using for the synthesis of nanoparticles. 

1.2.2.1. Top-down approach 

This approach is based on destructive methods, where the bulk material is fragmented 

into the nanoparticles. The process occurs by applying energy, which can be mechanical, 

chemical, or another form such as laser irradiation[27].  

The main advantage of this approach is that nanoparticles can be synthesized in bulk 

quantities quickly. However, these nanoparticles result in non-homogenous size 

distribution.  

1.2.2.2. Bottom-up approach 

Conversely to the previous method, in the bottom-up approach, nanoparticles are 

formed from the interaction of atom or molecules by physicochemical methods[26]. 

The main advantage of this method is that the resulting nanoparticles have a 

homogenous distribution size and chemical composition. In addition, they are quite 

stable, which is crucial for further applications. However, this process is usually time-

consuming, and large-scale production is challenging. 

1.2.3. Classification of nanoparticles 

As mentioned before, nanoparticles can differ in size, shape, morphology and chemical 

composite. Most nanoparticles can be classified into three major groups depending on 

their composition: organic, inorganic and carbon-based[18]. 

1.2.3.1. Organic-based nanoparticles 

Are made from organic materials such as dendrimers, micelles, liposomes and polymers 

(Figure 4). The main advantages of these nanoparticles are their biodegradability and 
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biocompatibility. The final structures are usually obtained by the self-assembly of the 

single molecules of which nanoparticles are composed[28].  

 

Figure 4. Representation a) dendrimers nanoparticles, b) liposomes and c) micelles included in organic-

based nanoparticles. 

1.2.3.2. Inorganic-based nanoparticles  

Nowadays, inorganic nanoparticles are attracting the attention of many scientists 

because they can be synthesized with an active chemical group that allows their 

conjugation with different active molecules such as drugs, targeted agents, ligands, and 

contrast imaging agents, among other. This means that these nanoparticles can have a 

wide range of possible applications, making them especially attractive [18,29–31]. 

Typically, inorganic-based nanoparticles are composed of different layers (Figure 5)[32]:  

• Core: is the inner material and the central part of the particle. It is normally used to 

name and classify the particle itself. 

• Shell: is formed of a different material than the core. The selection of this material is 

usually related to the end application of the nanoparticle.  

In addition, the surface of the nanoparticles can be functionalized with different small 

molecules. Ionic surface molecules generate a uniform charge, which plays an essential 

role in the size and morphology of the nanoparticle.  
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Figure 5. Schematic representation of the three layers of nanoparticles: core, shell and surface 

functionalized with different small molecules 

Inorganic-based nanoparticles include metal and metal oxide nanoparticles (Figure 6). 

 

Figure 6. Representation of different types of inorganic nanoparticles such as a) magnetic nanoparticles 

composed by iron oxide, b) gold nanoparticles and c) quantum dots made of cadmium selenide. 

• Metal-based nanoparticles: these nanoparticles are synthesized from metals to 

nanometric scales, where almost any metals can be employed in their preparation. 

The most commonly used are aluminum, cadmium, cobalt, copper, gold, iron, lead, 

silver and zinc. Metal-based nanoparticles present unique physicochemical 

properties such as small size ranging between 1-100 nm, large surface area to volume 

ratio, charge surface, stability in aqueous media, high reactivity and sensitivity to 

environmental factors. In addition, they can be synthesized with different sizes and 

shapes. 

Currently, they are widely used in biomedical science and engineering. 
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• Metal oxide nanoparticles: These types of nanoparticles are synthesized to modify 

the properties of their respective metal nanoparticles, increasing their reactivity and 

efficiency. They are commonly synthesized of aluminum oxide, cerium oxide, iron 

oxide, magnetite, silicon dioxide, titanium oxide, zinc oxide.  

Due to their excellent new properties, metal oxide nanoparticles are playing a 

fundamental role in areas such as electronics, aerospace, medicine, and 

photocatalysis. 

1.2.3.3. Carbon-based nanoparticles  

Are entirely made of carbon atoms, which are arranged in different allotropic forms. This 

type of material is of great interest due to its high electrical conductivity, resistance, 

electron affinity and versatility. Graphene, carbon nanotubes and fullerenes are 

included in this category (Figure 7)[33]. 

Figure 7. Allotropic forms of carbon a) graphene, b) carbon nanotubes and c) fullerenes forming 

nanomaterials. 

1.3. Applications of nanotechnology 

Although it seems surprising, currently, nanomaterials are present in people's daily lives. 

Due to their unique properties, during the last decades, they are widely investigated in 

different areas of science and engineering. Thanks to the research in nanoscience and 

nanotechnology, scientists are achieving to develop new and innovative tools for 

applying nanomaterials to different types of sectors and industries such as the 

environment, electronic devices, cosmetics, medicine, among others (Figure 8). Some of 

the most relevant applications are described below. 
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Figure 8. Schematic representation of various applications of nanotechnology. 

1.3.1. Medicine 

The use of nanoparticles in medicine (nanomedicine) has been used to improve the early 

detection and treatment of different types of diseases, taking advantage of their unique 

properties. In this regard, nanotechnology is being used to improve some of the physical 

and chemical properties of medicines, such as solubility or biodistribution, and even 

improve the delivery’s selectivity, which can lead to reduced side effects[34]. 

Many tablets, suppositories and creams contain synthetic amorphous silica (SAS), which 

consists of nano-sized particles, to control the viscosity and uniformity of the active 

molecules[35]. Furthermore, silver nanoparticles have been used for several years as 

antibacterial agents for wound healing[36]. 

The safety of nanomedicine products is regulated by drug regulatory agencies such as 

the European Medicines Agency (EMA) or the Food and Drug Administration (FDA), 

exactly like conventional drugs and medical devices. There is a wide variety of 

nanomaterials currently approved by the EMA for the treatment of different diseases. 

These nanomedicines must follow a thorough characterization, a toxicity assessment, 

and, finally, be evaluated in clinical trials. Some examples are summarized in Table 1. 
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Table 1. Various approved nanomedicines by the European Medicines Agency (EMA). 

This topic will be discussed in more detail in the following sections. 

1.3.2. Energy 

Due to the need to replace the large amount of fossil fuels consumed today and reduce 

the impact of energy production from nuclear and electrical plants that in some way 

cause environmental pollution, scientists are investigating new clean and renewable 

energy sources using nanotechnology. There are different strategies that are being 

explored to produce more efficient and cost-effective energy due to the unique 

properties of materials at the nanoscale. In particular, the large surface area ratio that 

contributes to the development of the new optical, magnetic, electrical and catalytic 

characteristics of these materials[37]. The most promising applications of nanoparticles 

in this field are related to the production of electricity by using solar energy[38,39], and in 

the development of new high-capacity batteries that facilitate the storage of 

electricity[40].  

1.3.3. Electronics 

Nanotechnology in the electronic industry (nanoelectronics), is responsible for the 

characterization, manipulation, and manufacture of electronic devices, chips, and 

circuits at the nanoscale. Nanoelectronics seeks to increase the portability and 

capabilities of electronic devices while reducing their weight and energy 
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consumption[41,42]. Nanoparticles are currently being used to improve screens in 

electronic devices, reducing their energy consumption, weight and thickness, increasing 

the storage capacity of the chips, and reducing the size of transistors used in integrated 

circuits[43,44]. 

1.3.4. Environment 

Nanotechnology for environmental purposes has excellent potential since it provides 

solutions to a wide range of current problems. This includes direct applications of 

nanomaterials to detect, prevent, and eliminate contaminants, as well as indirect 

applications to develop cleaner industrial processes and create environmentally 

responsible products[45]. Among the different applications, the most used are those 

related to water treatment, bioremediation, environmental sensors to control the 

amount of pollutants in water and air, and a profitable alternative clean and renewable 

energy sources[46]. 

1.3.5. Food science 

Like other sectors previously described, nanotechnology offers new possibilities for 

innovation in the field of food and other related areas. Applications in this sector can be 

divided into two groups. On the one hand, nanotechnology is being employed both 

throughout the processing of food and in their packaging. In this regard, nanomaterials 

can be used to reduce the amount of food additives and avoid lumps, as antimicrobial 

agents, to improve the absorption capacity of some nutrients, and to develop the most 

resistant and durable packaging. On the other hand, nanomaterials are also used as 

sensors to achieve better food quality and a safety assessment[47–50]. 

1.3.6. Other applications  

Some examples of these products are related to: 

• Cosmetics: the use of nanomaterials in this sector is used to enhance colors with 

better quality, improve the stability of cosmetics, prolong their effect, and leave no 

residue. In addition, some nanomaterials are capable of scattering light and acting as 

UV protectors[51]. 

• Textile industry: different nano-treatments in textiles can confer special properties 

like breathability, water repellence, soil resistance, wrinkle-free property, flame 
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retardancy, anti-static property or UV protection, among others[52]. One of the aims 

of the research in this field is to create clothes with new properties, known as “smart 

clothes”[53]. 

• Sports: sports equipment, such as rackets, baseball bats or hockey sticks, contains 

different nanoparticles that can improve their performance, flexibility and durability, 

and reduce their weight. Furthermore, they can be used on stadium floors and walls 

to make them resistant to water and humidity, maintaining their long-term 

cleanliness and extending their useful life[54]. 

1.4. Cancer 

Cancer is a very broad term used to refer to a range of diseases characterized by the 

uncontrolled growth of abnormal cells in the body. This process takes place when the 

control mechanisms of cells stop working. Normally, the cells of the body grow and 

divide to form new cells. When these cells become old or damaged, programmed cell 

death mechanisms are triggered, and the cells are replaced by healthy ones. However, 

if this process does not occur, the abnormal cells begin to grow uncontrollably and can 

form masses in the tissues called tumors (Figure 9). It is worth mentioning that there are 

other types of cancer related to blood cells, such as leukemias, that do not form solid 

tumors[55,56].  
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Figure 9. Comparison between normal and carcinogenic tissue. In the tumor, the cells divide 

uncontrollably and can invade other tissues. 

Malignant tumors are characterized by their ability to invade nearby tissues, and even 

spread to more distant places of the body through the blood or lymphatic system. These 

circulating cancer cells, may remain in distant tissues and form secondary tumors called 

metastases. Besides, malignant tumors may cause severe irreversible damage to tissues 

and normal body functions, produced by themselves or by metastasis, and can 

sometimes lead to the death of patients[57]. 

Cancer is one of the world's biggest health problems. According to the World Health 

Organization (WHO), 17 million people were diagnosed with cancer in 2018 

worldwide[58]. It is the second leading cause of death after cardiovascular diseases 

causing around 9.5 million people per year[59,60]. In particular, in Spain, two hundred 

thousand new cases were diagnosed in 2018, causing one hundred and thirteen 

thousand deaths[61]. 

The reasons why a normal cell becomes carcinogenic is not well known, but it is clear 

that cancer is a genetic disease that involves one or more changes in the genomic 

material called mutations. These changes can be inherited from the family or acquired 

during life as a result of lifestyles and exposure to external environmental factors such 
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as tobacco, alcohol consumption or UV radiation. Among the different genes involved in 

cancer development, oncogenes and tumor suppressor genes play a crucial role.  

Oncogenes derive from normal cellular genes called proto-oncogenes, which are 

involved in different cellular growth-controlling pathways. Activation of a proto-

oncogene into an oncogene usually involves a gain of function mutation that entails an 

excessive or uncontrolled growth-promoting signal inducing abnormal cell proliferation 

and tumor development[62]. This process results from genomic alterations such as point 

mutations, DNA segment duplications and chromosome translocations[63]. Ras and Raf 

oncogenes proteins are well-known examples of what its alteration leads to the 

development of cancer[64].  

Conversely, tumor suppressor genes are responsible for inhibiting cell proliferation and 

tumor growth. The loss or inactivation of these genes leads to eliminating negative 

regulators and contributes to the abnormal proliferation of cells avoiding the apoptosis 

mechanism.  Rb and p53 genes are some tumor suppressor genes associated with tumor 

formation[65]. 

In this regard, genetic mutations are the driving forces that give some cells an 

advantageous phenotypic characteristic that leads to tumor development. However, 

cancer is a complex disease, and it requires the accumulation of different abnormalities 

in the cells, rather than a simple mutation. Therefore, different types of cells can coexist 

in the same tumor. This heterogenicity, along with the acquisition of new mutations, 

allows them to survive, proliferate, disseminate and be resistant to drugs, thereby 

promoting the tumor[66,67].  

In 2000, Hanahan and Weinberg published a review article entitled "The Hallmarks of 

Cancer". They summarized six alterations that occur in the transformation of a normal 

cell to a tumor. These include self-sufficiency in growth signals, insensitivity to growth-

inhibitory signals, evasion of programmed cell death (apoptosis), limitless replicative 

potential, sustained angiogenesis, and tissue invasion and metastasis[68]. Ten years later, 

the authors added two new features: reprogramming of energy metabolism and evasion 

of the immune response[69]. They proposed that these characteristics are common in 

most, if not all, types of human tumors (Figure 10). 



 

18 
 

 Introduction 

 

Figure 10. Schematic representation of the “Hallmarks of cancer”. Adapted from Hanahan and Weinberg 

review[69]. 

The main different characteristics between normal and tumoral cells are summarized in 

table 2.  

Hallmarks of 
cancer 

Normal cells Tumoral cells 

Self-sufficiency 
in growth signals 

No type of normal cells can 
proliferate in the absence of 

stimulatory signals 

Tumoral cells can generate their 
own growth signals.  

Insensitivity of 
anti-growth 

signals 

In normal tissue, a wide range of 
anti-growth signals are produced 
to maintain cellular quiescence 

and tissue homeostasis 

Tumor cells can evade the 
controls that occur in cell division 
and proliferate, having their own 

growth cycle. 

Evading 
apoptosis 

In a normal situation, the balance 
between proliferation rate and 

apoptosis maintain the 
homeostasis of healthy tissues 

Cancer cells can evade apoptosis 
by becoming insensitive to 

apoptotic stimuli inactivating p53 
of inhibiting caspase activity. 
Conversely, apoptosis occurs 
continuously to eliminate the 

least fit lineages 

Limitless 
replicative 
potential 

Normal cells have a doubling limit 
capacity at which they stop 

growing. 

Tumor cells can multiply without 
limit due to the acquisition of 
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mutations in genes such as p53 
or Rb. 

Inducing 
angiogenesis 

In normal tissues, the generation 
of new blood vessels is transitory 

and carefully regulated. 

Tumors require a large supply of 
oxygen and nutrients, and 

therefore activate the induction 
of angiogenesis to guarantee 

their needs. 

Tumor invasion 
and metastasis 

Normal cells are held in their 
proper place by adhesion 

molecules 

Cancer cells develop alterations 
in their morphology, in their 

adherence to other cells and to 
the extracellular matrix, allowing 

them to invade nearby tissues 
and travel to distant places. 

Dysregulating 
cellular 

energetics 

Normal cells get most of their 
energy in a process called the 
Krebs Cycle, while it is rarely 

obtained through another 
process called glycolysis. 

The metabolism in many types of 
cancer is reprogrammed, favoring 

the activation of the glycolysis 
pathway to increase the entry of 
glucose into the cytoplasm of the 

cells. 

Evasion of 
immune system 

The immune system is continually 
monitoring cells and tissues to 
remove abnormal or damaged 

cells. 

Cancer cells can evade the 
immune system through three 

mechanisms: lack of tumor 
antigen recognition, resistance to 

cell death, and secretion of 
immunosuppressive factors. 

Table 2. Major differences between normal and cancer cells[68–70]. 

Although all these characteristics give us a better idea of what cancer is, it is important 

to know that cancer is not a single disease, and these principles may vary depending on 

the type of cancer[70]. All these differences, together with genome instability 

heterogenicity, make cancer a difficult disease to understand and a challenge for current 

researchers. 

1.4.1. Cancer treatment 

Currently, there are several therapies and drugs for the treatment of cancer. The types 

of treatment depend on the location of cancer, its size, whether or not it has 

metastasized and the general health of the patient. The main goal of treatments is to kill 

tumor cells producing the fewest possible side effects for best results. For this reason, 

treatments are usually administered as a combination of different approaches. 

However, there are various factors (e.g., lack of selectivity of treatments against cancer 
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stem cells, drug resistance, tumor heterogenicity, among others) that make most of the 

current therapies unsatisfactory[71].  

1.4.1.1. Surgery 

Surgery is one of the main treatments for many types of cancer. It is a procedure that 

consists of the removal of the tumor from the body of patients, and it can be used to 

prevent, diagnose, stage, and treat cancer[72,73]. 

This strategy is the most effective treatment when the cancer is localized in only one 

part of the body due to the complete removal of the tumors. In this case, this type of 

surgery is called “curative” and is usually the primary treatment along with 

chemotherapy or radiotherapy. However, it is possible that some tumors develop 

unnoticed micrometastasis in places distant from the primary tumor even after surgery. 

Therefore, the probability of relapse always exists. 

Palliative or prophylactic surgery may be performed to improve the life quality of people 

to treat problems caused by advanced cancer or removing tissues that can become in 

cancer, respectively. For example, in peoples with mutated BRCA1 and BRCA2 genes, 

prophylactic mastectomy can be considered.  

1.4.1.2. Radiation therapy 

Radiotherapy is a cancer treatment that used high-energy radiation to destroy or 

damage cancer cells. Ionizing radiation is able to through tissues damaging the genetic 

material of the cells, which leads to their death. The main disadvantage of this approach 

is that radiation can affect both cancer cells and surrounding normal cells, resulting in 

unwanted side effects[74].    

Radiation therapy can be administered through an external source of high-energy 

directly to the location of the tumor. Approximately 50% of patients have to receive 

radiotherapy during the development of the disease as the only treatment or in 

combination with others[75]. 

1.4.1.3. Chemotherapy 

Chemotherapy is a type of cancer treatment that uses drugs to destroy tumor cells. Its 

main objective is to target cells that grow and divide very quickly, just as it occurs in 
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tumors. Ideally, anticancer drugs should be effective only in tumor cells. However, unlike 

surgery or radiotherapy, chemotherapy works throughout the body, and therefore can 

also affect healthy cells that divide rapidly, such as those of the skin, intestine, bones or 

hair. This is the leading cause of side effects derived from the treatment[76]. 

Since chemotherapy is used to stop or slow the growth of tumor cells, it can be 

administered for different purposes. As a treatment, it is used with the intention of 

“curing” cancer by completely removing the tumor, to prevent it from regrowing or to 

slow it down. In addition, it can be used to relieve cancer symptoms by trying to reduce 

its size[76]. 

Nowadays, chemotherapy is the most promising cancer treatment. However, on many 

occasions therapy can fail and most patients can develop metastases. This is related to 

the development of resistance to drugs by tumor cells. There are two different types of 

drug resistance: cells may be inherently resistant, possibly due to some genetic 

characteristics, or they may acquire resistance after exposure to the drug[77].  

On the one hand, intrinsic factors involved in drug resistance include: 

• Tumor heterogenicity within the tumor or between tumors that are in different 

places in the same patient. The existence of several subpopulations of tumor cells 

that contain various genetic aberrations explains the lack of response of these cells 

to drugs and leads to a poor prognosis[77]. 

• Tumor microenvironment, which favors cell proliferation and survival. Have an 

essential role in drug resistance through different mechanisms such as hypoxia, 

extracellular acidity, vascular abnormalities, changes in immune populations, 

extracellular matrix, and other soluble factors, including cytokines and growth 

factors[78].  

• Cancer stem cell populations have been identified in many tumors. These cells have 

unique properties that make them resistant to chemotherapy and allow tumor re-

growth. These properties include: relative quiescence, drug resistance through the 

high expression of ABC (ATP-binding cassette) transporters, an active DNA repair 

capacity, and resistance to apoptosis[79]. 
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On the other hand, cancer cells can become resistant to drugs during the administration 

of treatments by reducing the drugs’ activity. The different defense mechanism by which 

tumor cells acquire drugs resistance is known as multi-drug resistance (MDR). Various 

mechanisms have been attributed to MDR (Figure 11), including[80,81]:  

• The overexpression of ABC family transporters that enhance the drug efflux outside 

the cells. Overexpression of these transporters is thought to be caused by their 

exposure to therapeutic agents, and different endogenous tumor stimuli such as 

hypoxia, acidosis, free radical formation or glucose deprivation.  

• Reduction of the absorption of drugs due to the decreased number of transporters. 

• Inhibiting apoptosis mechanisms by deregulating genes that are involved in this 

pathway. 

• Changes in metabolism of drugs due to alterations in enzymes involved in the 

processing of pro-drugs or their inactivation. 

• Improvement of DNA repair mechanisms, since many chemotherapeutic agents 

cause DNA damage in cancer cells.  

• Drug compartmentalization into lysosome, golgi, and secretory compartments for 

their subsequent expulsion from the cells. 

 

Figure 11. Schematic representation of MDR mechanisms in cancer cells after the exposure of the drugs 

by increasing drug efflux outside the cells, reducing the drug uptake, changing the drug metabolism, 

increasing the DNA damage repair systems and sequestering the drugs in different compartments. 
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MDR is one of the most significant challenges in cancer treatment research. Currently, 

the standard approach employed to overcome resistance is the use of high doses of 

drugs. However, it is generally ineffective, producing substantial toxic effects and even, 

the resistance is further stimulated[82]. Therefore, cancer therapies have been modified 

to overcome this phenomenon by studying novel drug combinations with various 

mechanisms of action (combination therapy) to treat the same tumor. The main 

objective of combined therapy is to achieve therapeutic synergy between drugs, 

increasing the options of eliminating tumor cells by different pathways[83]. 

There are many chemotherapeutic drugs that are currently being used for cancer 

treatment. They can be classified into different groups depending on their mechanism 

of action: 

• Antimetabolites: are employed to replace natural substances involved in critical 

processes. For instance, they block nucleic acid synthesis by interfering metabolic 

routes or substituting the natural metabolite, leading to cell death. Examples of 

antimetabolites are folic acid antagonists (methotrexate), purine antimetabolites (6-

mercaptopurine or pentostatin), and the pyrimidine antimetabolites (5-fluorouracil 

and gemcitabine)[84]. 

• Genotoxic agents: they can damage DNA or interfere with enzymes involved in its 

synthesis, leading to cell death by apoptosis. This group may be subdivided into three 

more groups. These include (i) alkaline agents like cyclophosphamide that modifies 

the bases of DNA interfering with replication and transcription process, (ii) 

intercalating DNA agents like doxorubicin, and (iii) enzyme inhibitors like irinotecan, 

which block replication[77]. 

•  Mitotic spindle inhibitors (e.g., paclitaxel), which prevent the microtubule formation 

and, therefore, the cell division process[85].  

1.4.1.4. Targeted therapy 

It is a type of cancer treatment that “target” particular genes or proteins that control 

how cancer cells grow, divide, and spread. As previously describe, most cancer 

treatments are not selective and affect both normal and tumor cells. The main objective 

of this type of therapy is to act more precisely on tumor cells, avoiding normal ones to 

minimize side effects[86].  
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However, not all cancers are the same. Some types of cancers have proteins or enzymes 

that can be exploited to develop new drugs that specifically target changes or 

substances in cancer cells. These drugs usually block signals to stop cancer cells from 

dividing and eventually send them signals to activate death mechanisms. For this reason, 

targeted therapy can be called “personalized medicine”. Even among people with the 

same type of cancer, tumor cells can have different genetic characteristics, so they are 

usually analyzed to find the best type of drug target to make the therapy more 

effective[87]. 

Targeted therapy is classified into two groups, including small molecules inhibitors or 

monoclonal antibodies. 

• Small molecules inhibitors can translocate the cell membrane and reach the 

cytoplasm of cells. These molecules are generally designed to inhibit or block enzyme 

activity by targeting a specific substance within the cell that is mutated or 

overexpressed in tumors[88].  

• Monoclonal antibodies are proteins produced in the lab. Their use is related to the 

fact that many tumors overexpress certain receptors compared to normal cells. These 

antibodies can recognize a specific target in a cancer cell, bind to it, block its 

activation and eventually generate cytotoxicity. One of the most studied examples is 

the HER family of receptor proteins, associated with tumorigenesis and poor 

prognosis. The successful development of a humanized monoclonal antibody in the 

treatment of breast cancer that overexpresses the HER2 receptor suggested that the 

identification of different targets may be a key point for optimal achievement of 

effective drugs[89].  

Monoclonal antibodies can also be conjugated with drugs (ADCs) to deliver toxic 

molecules to target tumor cells in a highly selective manner, and with high 

cytotoxicity[90]. 

Despite advances in targeted therapy, the complexity of cancer biology can cause cells 

to become resistant, making these therapies not entirely successful. 
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1.4.1.5. Gene therapy 

It is a type of treatment whose main objective is to deliver genes in damaged cells to 

produce a therapeutic effect, such as the correction of abnormalities or the activation 

of the immune response against cancer cells. This includes the replacement of missing 

or defective genes such as tumor suppressor genes, inactivation of oncogenes or 

reprogramming of cancer cells[91]. Among the different strategies most studied in recent 

years include RNAs interference (RNAi) and the gene-editing CRISPR/Cas system. On the 

one hand, RNAi is capable of gene silencing in a specific sequence by cleavage the 

messenger RNA from cells, allowing a precise modulation of the gene expression[92]. On 

the other hand, the experimental genetic editing technique CRISPR/Cas system allows 

the modification of the genomic sequence of cells and organisms and the introduction 

of epigenetic and transcriptional modifications[93]. 

One of the big challenges in gene therapy is to deliver an adequate amount of genetic 

material into target cells and to maintain their expression for a desired period of time. 

There are different genetic carriers (vectors), that can be used, and finding the correct 

one is crucial for successful gene transfer. Among the various possibilities are physical 

methods such as electroporation or ultrasound, viral vectors such as lentivirus or 

adenovirus, non-viral methods such as nanoparticles, and bacterial methods such as 

bactofection. These vectors must reach as many target cells as possible and express the 

introduced genes efficiently for the appropriate time. For this reason, they must be 

stable and have a successful targeting. In addition, the vector's safety is a primary issue 

to be considered for the success of the treatment [91,94].  

Viral vectors are the most studied carriers in gene therapy because of their natural 

ability to deliver genes. These viruses can be modified in the laboratory to make them 

not infectious in people[95]. However, there have serious safety concerns related to 

immunogenicity and mutagenesis. In addition, the low packaging capacity and high 

production cost have also limited its clinical applications. For these reasons, non-viral 

vectors using different types of nanomaterials are increasingly attracting attention as a 

safe alternative to viruses[96]. 
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1.4.1.6. Immunotherapy 

Immunotherapy is a type of treatment that uses a person's immune system (e.g., by 

stimulating it), to increase its defenses and fight cancer[90]. There are different types of 

immunotherapy to treat cancer. 

• Checkpoint inhibitors: they are drugs that work by blocking immune checkpoints, 

which ensure that the immune system is not continuously activated, leading to 

autoimmune damage to healthy tissues. By blocking them, these drugs allow immune 

cells to respond more strongly to cancer[97,98].  

• T-cell therapy: is a treatment that improves your own cells of the immune system to 

attack the tumor. T cells are collected from the patient, and modified in the 

laboratory to better recognize tumor cells. Once cultivated, they are injected back 

into the patient's body to fight cancer[99,100].  

• Monoclonal antibodies: They are immune system proteins made in the laboratory to 

bind to specific targets on cancer cells. They work by marking tumor cells so that the 

immune system can recognize and destroy them[101,102]. 

Since the immune system can remember and attack tumor variants, immunotherapy is 

an advantage over other therapies. However, this type of treatment does not work in all 

types of tumors and patients. In addition, the search for new combinations of drugs to 

overcome resistance to immunotherapy is necessary[97,103]. 

1.5. Cancer and nanomedicine 

The application of nanotechnology in medicine is called nanomedicine (see above, 

section 1.3.1). It used the unique properties of the materials at nanometric scale to 

develop new tools with huge potential for the detection, diagnosis, and treatment of 

diseases such as cancer. 

As we have seen in the previous section, current chemotherapy treatments often 

produce side effects because of their lack of selectivity. However, nanoparticles can be 

employed to differentiate between tumoral and normal cells, thus reducing the toxicity 

of drugs. This can be accomplished by encapsulating drugs within nanoparticles, or 

conjugating them on their surface. Since most nanoparticles are synthesized in the 
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laboratory, they can be modified to have the desired properties depending on the 

desired application.  

Besides the selective delivery of drugs, nanoparticles, can also be used to diagnose 

tumors as imaging agents. Current diagnostic methods are poorly able to detect tumors 

at an early stage, so nanoparticles as contrast agents can help to significantly improve 

existing cancer diagnosis and treatment methods. Among the different imaging 

mechanisms, magnetic resonance imaging (MRI) is the most commonly studied 

technique, and magnetic nanoparticles, as contrast agents, are the most widely used. 

The use of these nanoparticles can increase biocompatibility, selective accumulation in 

tumor cells, and reduce toxicity[104]. 

Multifunctional nanoparticles are one of the innovations with the most significant 

potential in this field of research. Because nanoparticles are larger than most 

conventional drugs, they can incorporate several active molecules into the 

nanostructure at the same time. An example of this, is its use for simultaneous diagnosis 

and therapy. This dual-purpose targeted research is called theranostics, which means 

that an anticancer drug and an imaging agent are combined simultaneously into the 

same nanoparticle to treat the tumor[105]. 

Nanoparticles may also be used to deliver of biological materials to cancer cells, like 

nucleic acids, which are highly unstable in the systemic circulation and sensitive to 

degradation. These include plasmid DNA and RNA-based gene therapies, such as small 

interfering RNAs (siRNAs) and microRNAs (miRNAs). They are often used to provide a 

copy of a defective gene to patients, or to block proteins involved in tumor 

development, respectively. These therapies can be administered encapsulated or 

conjugated to the surfaces of the nanoparticles, and significantly prolong their half-

life[106,107].  

1.5.1. Advantages of drug delivery systems for cancer treatment 

Several properties of the nanoparticles make them suitable for administering 

chemotherapeutic drugs to the target tumor tissue. Like most chemotherapies, small 

molecule drugs are broken down or eliminated from the body in a short time, so higher 

doses of these drugs are necessary. Interestingly, nanoparticles modified with the drugs 
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can circulate longer, thus improving the drugs’ bioavailability and the efficacy of 

treatments[108]. Furthermore, they make it possible to control the release of the payload 

once its target tissue has been reached. These properties can improve the effectiveness 

of treatments while reducing side effects[109]. 

1.5.1.1. Improved internalization in tumors 

The size, shape and surface are key parameters of the nanoparticles that have to be 

considered to develop therapeutic systems for the different types of tumors. For these 

reasons, different techniques can be used to evaluate these parameters:  

• Scanning electron microscopy (SEM): this technique is based on collecting electrons 

and photons of the surface of the materials to create an image. SEM provides an 

image of the morphology of the samples analyzing their surface. Particles of around 

20 nm can be observed using this technique[110]. 

• Transmission electron microscopy (TEM): unlike the previous case, transmission 

electron microscopy is based on the collection of transmitted electrons through the 

sample, although some of this microscope can also detect the signal that SEM 

generates (scanning transmission electron microscope (STEM)). TEM provides 

information about nanoparticles size and size distribution of the samples. Particles of 

around 1-2 nm can be observed using this microscope[111,112]. 

• Atomic force microscopy (AFM): in this technique, a tiny tip is moved up and down 

over a surface following an x-y pattern. Individual particles and groups can be 

observed in three dimensions providing an image of the size, distribution and 

geometrics of the materials. The main advantage compared with SEM and TEM is that 

no additional pretreatment is required to visualize the samples. Besides, electron 

microscopy techniques need a vacuum environment, while AFM can be used in 

ambient conditions[113,114]. 

• Dynamic light scattering (DLS): it is a widely used method to characterize the behavior 

of nanoparticles in solution which are moving randomly in all directions (Brownian 

motion). Smaller nanoparticles are moving at a higher speed than larger 

nanoparticles. A light laser from the instrument is sent directly to the sample 

containing the nanoparticles. This light is scattered in all directions, depending on 

their size and shape. The fluctuations intensity of the scattered light is measured by 
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a detector to determine the diffusion coefficient (Dτ), which is related to the 

hydrodynamic size of the nanoparticles by the Stokes–Einstein equation[115]. 

In addition, another widely used technique to determine the surface charge of the 

nanoparticles is the zeta-potential. These values provide an indirect measurement of 

the net charge of the nanoparticles dispersed in a liquid and can be used to determine 

the tendency of the particle to aggregate in the aqueous medium.  

Knowing these parameters is crucial to understand better the cellular uptake and 

toxicity of nanoparticles in biological systems. 

The size of the nanoparticles has a significant impact on the biodistribution and, 

particularly, in the accumulation in the tumor tissue. The optimum size should be 

approximately 100 nm, and their optimization can help improve specific absorption in 

tumor tissue. Nanoparticles smaller than 200 nm can extravasate and accumulate easier 

than larger nanoparticles in solid tumors[116,117]. This is because the vasculature in solid 

tumors is hyperpermeable, immature, irregular, and leaky. Also, in normal tissues the 

intracellular openings between endothelial cells in the blood vessel wall are less than 10 

nm. However, in tumor tissues, they can be hundreds of nanometers in size. In addition, 

venous return is reduced and functional lymphatic vessels decrease, allowing 

nanoparticles to stay longer in the tumors. Together, these particularities allow 

nanoparticles with sizes greater than 10 nm to be extravasated and accumulate in the 

tumor, but not to healthy tissues, making treatments more selective and effective while 

reducing side effects (Figure 12). This phenomenon is known as the enhanced 

permeability and retention (EPR) effect[118,119]. 
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Figure 12. Schematic representation of the enhanced permeability and retention (EPR) effect of 

nanoparticles in solid tumors. The new tumor vessels have an abnormal space between endothelial cells 

and lack adequate lymphatic drainage compared to normal tissues, allowing nanoparticles of a size 

greater than 10 nm to be accumulated in the tumor. 

The shape plays an essential role in the toxicity of nanoparticles. Spherical ones generate 

less toxicity in the endocytosis process than non-spherical ones due to the 

internalization mechanisms of the cell membrane. Furthermore, the shape of 

nanomaterials can affect their circulation time, biodistribution, and cellular 

uptake[120,121]. 

Finally, the surface charge and hydrophobicity affect the colloidal stability, cellular 

uptake mechanism and toxicity of the nanoparticles. On the one hand, positively 

charged nanoparticles internalize better into cells than negatively charged and neutral 

nanoparticles, but they are more toxic[120]. On the other hand, while positively charged 

nanoparticles are internalized mainly by a mechanism of micropinocytosis, negatively 

charged ones are usually internalized by caveolae/clathrin-dependent mechanisms. 

Remarkably, the surface of nanoparticles can be modified in laboratories with molecules 

that can make them more stable in blood circulation and targeted at tumor tissues[20,122]. 
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1.5.1.2. Improved solubility and protection from degradation 

Drugs with poor water solubility and permeability can be eliminated from the 

bloodstream before reaching tumor tissue. In this regard, the use of nanoparticles to 

encapsulate or conjugate drugs can increase the solubility of these drugs and improve 

their bioavailability[123]. In the case of solubility, small drug-loaded nanostructures have 

better interaction with the solvent, increasing its solubility[124].  

The reticuloendothelial system (RES) recognizes hydrophobic nanoparticles as foreign 

and removes them from the bloodstream through the liver or spleen. Furthermore, 

these nanoparticles can be coated with serum proteins (opsonization) and recognized 

by cells of the immune system, which can trigger an inflammatory response and reduce 

the number of nanoparticles that can reach the tumor[125]. The most common strategies 

to avoid this immune recognition and nanoparticle removal include surface 

modifications, self-peptides, and cell coatings. These modifications increase the half-life 

of the nanoparticle and improve its bioavailability by allowing the drug to circulate in 

the blood for a longer time, avoiding degradation before reaching the tissue of 

interest[126]. For example, modifications into the surface of the nanoparticles with 

different polymers such polyethyleneglycol (PEG) and polyzwitterions increase their 

circulation time, or with the CD47 peptide preventing their recognition by the immune 

system[127].  

1.5.1.3. Enhanced selectivity 

Nanoparticles should be designed to specifically target, recognize, bind, and deliver 

drugs to the tumor to minimize damage from treatments to healthy tissue. In this 

regard, nanoparticles can be modified to use passive and active targeting mechanisms 

to increase the concentration of drug in the tumors. The enhanced permeability and 

retention effect (EPR), described above, is considered a passive mechanism, where 

nanoparticles accumulate in the tumor based on their size and without any surface 

modification[128]. However, active targeting requires the modification of nanoparticles 

with specific surface ligands that target the tumor microenvironment, such as folic 

acid[129], engineered antibodies[130], aptamers[131], proteins[132] or carbohydrates[133]. 

These ligands have high specificity for molecules (e.g., receptors) that are overexpressed 

on the surface of tumor cells (Figure 13). This interaction induces the accumulation of 
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nanoparticles mainly at the tumor site, increasing the internalization of the 

nanoparticles by ligand-mediated endocytosis. In addition, this process can also bypass 

drug flow pumps (e.g., MDR1), thereby overcoming drug resistance mechanisms 

(MDR)[104,134].  

 

Figure 13. Schematic representation of targeting nanoparticles (NPs) delivery to tumoral cells. The surface 

of the nanoparticles is modified with a ligand that can recognize receptors overexpressed in cancer cells. 

1.5.1.4. Controlled drug release systems 

Another approach to increase the efficiency of the therapies is by controlling the release 

of the drugs from the nanoparticles at the tumor site[135]. These approaches can reduce 

the exposure of healthy tissues to chemotherapeutics, since the drugs are mainly 

released in the presence of specific stimuli at the tumor.  

There are internal and external stimuli that can be used as triggers. In the case of internal 

stimuli, they depend on the different characteristics between normal and tumoral cells 

to trigger the release of drugs, such as different pH, glutathione concentration and 

enzyme levels. On the other hand, external stimuli are usually physical triggers, such as 

magnetic fields, light and ultrasound. Interestingly, the duration and strength of external 

stimuli can be controlled compared to the internal ones, which is advantageous in 

several cases. 

1.5.2. Types of nanoparticles for drug delivery  

A wide variety of nanoparticles have been developed in medicine for cancer treatment. 

Some examples are briefly described below. 
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1.5.2.1. Lipid-based nanoparticles 

Lipid-based nanoparticles are those whose matrix is formed by lipids, which can be of 

natural or synthetic origin. Based on the organization of lipids in the nanoparticles, a 

wide variety of structural models have been described (e.g., liposomes, nanostructure 

lipid carriers and solid lipid nanoparticles)[136].  

These nanostructures are being widely used to treat cancer, since they have great 

advantages such as high stability, high loading capacity and ease of preparation. 

Moreover, they are capable of releasing drugs that can be hydrophilic or hydrophobic in 

a controlled way. In this sense, they are used to improve the solubility and bioavailability 

of molecules that are not very soluble in water[137]. 

1.5.2.2. Dendrimers nanoparticles 

Dendrimers are branched synthesized macromolecules with a tree-like structure and 

specific shape and size. They usually consist of a centric core, repeated building units 

attached to the core, and functional groups on the surface. They are monodispersed and 

have well-defined chemical structures. Dendrimers nanoparticles have great potential 

as a drug delivery system, mainly due to their unique molecular architectures that confer 

them flexibility, multifunctional capabilities, and ease of surface modification with 

multiple active agents, either covalently or by electrostatic adsorption[138]. 

1.5.2.3. Metallic nanoparticles 

Metallic nanoparticles (e.g., gold or iron) offer numerous opportunities in the treatment 

of cancer, including drug delivery, tumor diagnostic, improved radiation therapy, and 

thermal ablation. This is due to their unique properties such as a strong electromagnetic 

field on its surface, wide optical properties depending on its size, shape and 

composition. Furthermore, these nanoparticles can be obtained easily and modified 

conveniently with a variety of molecules like small drugs, antibodies or nucleic acids[139]. 

Despite of that, this type of nanoparticles can be used unmodified for therapeutic or 

imaging purposes due to their inherent properties.  

1.5.2.4. Carbon nanotubes 

Carbon nanotubes are cylindrical tubes made of carbon atoms. They are widely studied 

as biomolecule transporters, such as genes, proteins and small drugs for the treatment 
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of cancer[140]. Their most significant advantage is that they can directly enter the 

cytoplasm of cells by different internalization mechanisms and are not only dependent 

on the endocytosis pathway[141]. They are also being investigated as mediators for 

photothermal therapy (PTT) and photodynamic therapy (PDT) to destroy cancer 

cells[142]. However, they have low solubility in water and for this reason, they need to be 

electrostatically or covalently modified with polymers, proteins or nucleic acids to 

improve their solubility in water[143].  

1.5.2.5. Protein nanoparticles 

Protein nanoparticles are non-toxic, biodegradable, easily metabolizable, and have good 

biocompatibility. These nanostructures can interact with hydrophilic and hydrophobic 

drugs and even solvents[144], due to their amphiphilic nature. Interestingly, the presence 

of available reactive groups on its surface makes proteins susceptible to chemical 

modification. Therefore, protein nanoparticles can be covalently or non-covalently 

linked with one or different molecules[145]. 

They can be synthesized from different types of proteins, but one of the most common 

is albumin. It is an essential soluble protein in the circulating system and is involved in 

maintaining osmotic pressure and the binding and transport of nutrients to cells. It is 

stable in the pH range of 4 to 9, and many endogenous molecules and drugs are known 

to bind to albumin and can be transported. These albumin nanocarriers are 

biodegradable, easy to prepare, have homogeneous sizes and reactive functional groups 

on their surface (e.g., -SH, NH2 and CO2H) that can be used for the covalently binding of 

different active molecules[144,146]. 

1.5.3. Smart nanoparticles as drug delivery systems 

As described before, the systematic administration of antitumor agents might affect 

both normal and tumor cells, which leads to unwanted side effects. The development of 

efficient treatments that allow the reduction of these adverse effects is a critical point 

in current research to improve the quality of life of patients.  

In this regard, the design of multifunctional nanoparticles for cancer treatment, also 

known as smart nanoparticles, has potential advantages over conventional treatments. 

Smart drug delivery systems are composed of nanoparticles containing antitumor 
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agents, ligands that target the drugs mainly to the tumor site and stimuli-responsive 

techniques that release the drug in the cancer cells. These properties can allow a 

decrease in the amount of the drug that must be administered, and therefore potentially 

reduce the side effects of the treatments[147].  

An illustration of an ideal smart drug delivery system is represented in Figure 14. These 

nanoparticles are versatile systems that can be modified with different molecules and 

carry out distinct functions simultaneously. For example, nanoparticles can bear various 

drugs, for combination therapies, imaging agents, to localize the tumor, targeting 

moieties, to increase the selectivity, and stealth agents like PEG to prevent their 

clearance. 

 

Figure 14. Schematic representation of an ideal smart drug delivery system containing different active 

molecules. 

1.5.4. Current challenges of nanoparticles for drug delivery 

Despite all the advantages of using nanoparticles as drug delivery systems, designing 

effective nanomedicines remains a major challenge. Many thousands of 

nanoformulations have been evaluated over the years, and only about 50 have reached 

the market[148]. 

One of the biggest challenges in using nanoparticles is their toxicity. In this sense, a new 

branch of nanomedicine, "nanotoxicology", has emerge to evaluate all the parameters 

related to nanoparticles’ toxicity[149]. The biocompatibility and toxicity of nanoparticles 

in biological systems are strongly related to their physicochemical properties. Therefore, 

the synthesis and characterization of nanomaterials are vital factors to avoid the 
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possible unwanted toxicity of nanoparticles to healthy tissues. In this regard, particle 

size distribution and shape, state of aggregation, purity, solubility, surface reactivity, 

among other parameters, should be considered in the toxicological profile of 

nanoparticles[150]. 

Besides, evaluation in cell cultures is crucial to identifying biocompatible candidates 

before testing on animals. However, cultured cells growing in monolayers are simplified 

models that lack the complexity of biological systems, making the in vitro/in vivo 

correlation of drug release profiles a significant challenge. In this regard, it is worth 

mentioning that in the blood circulation, there are a large number of biomolecules and 

proteins that can interact with nanomedicines, making them ineffective for treating the 

tumor[151].  

Another critical limitation in the use of nanoparticles in biomedicine is their production 

on a large scale. In addition to the scalability of the process, the batch-to-batch 

variability is another essential factor to consider. Furthermore, production processes 

can be long and complicated and require high-cost materials, so the clinical benefit of 

using these nanoparticles has to justify the costly manufacturing process[152]. The 

storage and stability of nanoparticles over time are also crucial factors that can influence 

their pharmacological performance[153].



 

 
 

 

 

 

 

 

 

 

 

 

Hypothesis and Objectives 

 

 

 

 

 

 



 

 
 

 



 

39 
 

 Hypothesis and Objectives 

2. HYPOTHESIS AND OBJECTIVES 

Conventional chemotherapy treatments have been found to have several limitations, 

such as the development of multidrug resistance, high cytotoxicity, and a non-selective 

biodistribution of drugs. On the other hand, the current methods used for CRISPR/Cas 

system-based gene editing do not allow effective systemic administration, which may 

limit their therapeutic application. 

In this sense, the use of nanoparticles in medicine (nanomedicine) is increasingly used 

to treat different diseases such as cancer, since it offers significant advantages over 

conventional therapies, such as improving the solubility and biodistribution of drugs, 

among others. Therefore, the effectiveness of the treatments increases while reducing 

their undesirable side effects. 

Hence, we hypothesize that the development and use of new biodegradable and non-

toxic vehicles based on albumin nanostructures and modified carbon nanotubes with a 

controlled release mechanism can be used to deliver drugs, nucleic acids and proteins.  

In particular, these nanostructures can be functionalized with drugs to treat breast 

cancer, such as doxorubicin (DOX) and 7-ethyl-10-hydroxycampothecin (SN38), 

inhibitors of topoisomerase II and I, respectively. Also, with AZD8055, an inhibitor of 

mTOR complex used in the treatment of uveal melanoma. Furthermore, these 

nanostructures can be used to efficiently transport the CRISPR/Cas system to cells for 

gene-editing. 

Specifically, during my doctoral thesis, two lines of research were initiated with the 

following objectives: 

I. Objective 1: Development of albumin-based nanostructures for the transport of 

anticancer drugs for breast cancer and uveal melanoma. The cytotoxic potential of 

these nanoparticles will be evaluated in established cell lines in vitro and in in vivo 

models.  

II. Objective 2: Development of modified carbon nanotubes and new albumin 

nanocomplexes for the transport to cells of a functional CRISPR/Cas9 plasmid and the 

CRISPR-Cpf1 protein, and its subsequent evaluation as a gene-editing system. 
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3. MATERIALS AND METHODS 

3.1. General methods 

3.1.1. Particle size and zeta potential measurements 

The size and zeta potential of nanostructures were determined using a Zetasizer Nano 

(Malvern). The measurements were performed at 25 °C at a 173° scattering angle using 

disposable microcuvettes. The Z-Average hydrodynamic diameter, polydispersity index 

(PDI), and zeta potential were obtained by three cumulative analyses. 

3.1.2. Cell Culture 

3.1.2.1. Cell lines 

The cell lines used in this work and its culture methods are described below.  

All the cells were tested periodically for mycoplasma contamination, after growing them 

in antibiotic-free media for at least two weeks[154].  

3.1.2.2. Maintenance and amplification 

The cell lines MCF-7, MDA-MB-231, Panc-1, Sp6.5, HaCaT keratinocytes and HEK293 were 

grown as monolayer cultures in Dulbecco’s modified Eagle’s medium (DMEM, Biowest) 

supplemented with 10% (v/v) fetal bovine serum (FBS, Biowest), 1% L-Glutamine (Biowest), 

1% Penicillin/Streptomycin (Biowest). However, Mel202 and OMM1.3 cells were cultured 

in RPMI1640 medium (Biowest) supplemented with 10% (v/v) fetal bovine serum (FBS), 

2mM L-Glutamine and 1% Penicillin/Streptomycin. All the cells were incubated at 

standard conditions 37 °C in an atmosphere of 5% CO2. 

Cells were observed every two-three days using an inverted optical microscope. Cells were 

sub-cultures once 80-90 % confluency was reached. To sub-culture the cells, the cell media 

was removed and cells were washed with 5 mL of PBS 1X (Biowest). Then, Trypsin-EDTA 1X 

solution (2 mL) was added and incubated at 37 °C for 2-5 minutes to detach the cells from 

the culture plates. After that, the cells were resuspended in the appropriate amount of 

complete growth and a proportion of the suspension of cells were added to a new culture 

pate to achieve a 1:5 – 1:15 dilution depending on the growth rate of the cell line. More 

medium was added to the culture plate to reach a volume of 10 mL. The culture plate, was 

then incubated at standard conditions (37 °C in an atmosphere of 5% CO2). 
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3.1.2.3. Freeze/Thaw cells 

To preserve the cells, they were stored in liquid nitrogen, once they were prepared as 

follows. Trypsinized cells were counted in a hemocytometer and resuspended in the 

appropriated amount of fetal bovine serum (FBS) containing 10 % dimethyl sulfoxide 

(DMSO, Sigma-Aldrich), which is a cryoprotective agent to get 2 x 106 cells per milliliter. Then 

cells were aliquoted and frozen in cryovials (Thermo Fisher). These vials were placed into an 

isopropanol chamber to freeze them down in a -80 °C slowly (1 °C/min).  

On the contrary, thawing frozen cells had to be a quick process (less than 1 minute) using a 

37 °C water bath swirling the cryovial. Then, cells were added dropwise into a 15 mL falcon 

tube containing 5 mL of pre-warm complete medium (10% FBS) and centrifuge 5 minutes 

at 1000 rpm. The supernatant was carefully discarded, and the pellet was resuspended in 

10 mL of complete medium, providing the cells without the DMSO used in the freezing 

process.  Finally, the thawed cells were plated at high density to ensure recovery into T75 

culture flask. This flask was incubated at standard conditions 37 °C in an atmosphere of 5% 

CO2.  

3.1.2.4. Preparing cells for the experiments 

Cells were trypsinized (see method 3.1.2.3) and counted using a hemocytometer as 

indicated by the manufacturer. The appropriate volume of medium containing the 

desired number of cells was seeded into new culture well-plates. Seeding density 

depended on the surface area of the wells and cell lines.  

3.1.2.5. Cytotoxicity Assays 

Cells were seeded 24 hours before treatment in 24 well-plates under standard 

conditions (37 °C, 5% CO2). Each nanostructure-treated sample was seeded and assayed 

at least in triplicates).  

3.1.2.5.1. MTT tetrazolium reduction assay[155]  

Cells were incubated with the corresponding nanostructures in complete growth media 

for 24 hours at standard conditions (37 °C, 5% CO2).  

After incubation, the culture medium was removed, and cells were washed twice with 

PBS 1X and cells were incubated 48 hours more after treatment. Then, toxicity was 
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evaluated using the MTT (dimethylthiazolyl-diphenyl-tetrazolium bromide, Sigma-

Aldrich) colorimetric assay as follows. The culture growth medium was replaced with 

fresh medium containing MTT (5 mg/mL). Five hundred microliters of this MTT solution 

(50 μg/mL MTT in culture medium) was added to each well, and cells were incubated 

for 4 hours at 37 °C, 5% CO2. Then, MTT was removed by aspiration and the reduced 

formazan crystals obtained during the incubation were dissolved in 500 μL of DMSO and 

the absorbance measured at 540 nm using a microplate reader (Synergy H4, Biotek). The 

surviving fraction was expressed as the percentage of absorption of treated cells in 

comparison with control cells. Data corresponded to mean values ± standard deviation 

from at least five different experiments. 

3.1.2.5.2. Resazurin reduction assay[155]   

As described above, cells were incubated with the corresponding nanostructures in 

complete growth media for 24 hours at standard conditions (37 °C, 5% CO2).  

After incubation, the culture medium was removed, and cells were washed twice with 

PBS (pH = 7.4). The cell culture medium was replaced with fresh medium containing 1% 

of resazurin (Sigma-Aldrich) solution (1 mg/mL in PBS 1X), and cells were incubated for 

3 hours more at 37 °C, 5% CO2. Then, 100 µL of the culture media with the reduced 

resazurin was placed into fluorescence 96 well-plates, and the fluorescence was 

measured using a microplate reader (λexc = 550 nm, λem = 590 nm). The fluorescence was 

measured 24, 48, and 72 hours after treatment. Cell viability was expressed as a 

percentage of fluorescence of treated cells and compared with the control. The data 

obtained correspond to mean values ± standard deviation from at least three different 

experiments. 

3.1.2.6. Statistical analysis 

Results were presented as the mean ± standard deviation (SD).  

For statistical calculation, data were analyzed by one-way analysis of variance (ANOVA) 

in R Commander Software. When statistical differences are observed (p-values < 0.05 

(*), <0.01 (**) and < 0.001 (***)), Tukey’s Test was performed to compare the mean 

values by pairs. 
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3.2. Albumin-stabilized gold nanoclusters functionalized with AZD8055 

(BSA-AuNCs-AZD) for uveal melanoma treatment  

3.2.1. Synthesis of intermediates and pro-drugs 

The products described in this section were prepared by postdoctoral researchers from 

the group. 

1H and 13C NMR spectra of intermediates were recorded on a Bruker instrument (MHz 

indicated in brackets) in CDCl3 at 300 and 75 MHz, respectively. All reactions were 

monitored by thin-layer chromatography (TLC) using precoated sheets of silica gel 60 

F254. The isolating process was done by flash column chromatography using silica gel 60 

Å (230-400 mesh, Merck). Eluting solvents are indicated in the text.  

3.2.1.1. AZD8055 modified with a redox-sensitive linker (AZD-PySS) 

 

3.2.1.1.1. Synthesis of 2-(pyridin-2-yldisulfanyl)ethanol (1)[156] 

To a solution of aldrithiol (500 mg, 2.3 mmol, Sigma-Aldrich) in MeOH (2.5 mL, Scharlab) 

under Ar, 2-mercaptoethanol (89 µL, 1.27 mmol, Sigma-Aldrich) was added slowly and 

stirred for 16 hours. Then, the solvent was evaporated in vacuum and the residue 

purified by flash chromatography (Hexane/AcOEt 1:1) to obtain compound 1 as a 

colorless oil in 98% yield. 1H NMR (300 MHz, CDCl3): δ = 8.51 (d, J = 4.3 Hz, 1H), 7.58 (td, 

J = 8.0, 1.7 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.17-7.13 (m, 1H), 5.72 (bs, 1H), 3.80 (dd, J = 

10.4, 6.5 Hz, 2H), 2.97-2.94 (m, 2H). 
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3.2.1.1.2. Synthesis of 4-nitrophenyl 2-(pyridin-2-yldisulfanyl)ethyl carbonate 

(2)[156] 

To a solution of compound 1 (234 mg, 1.25 mmol), and bis(4-nitrophenyl) carbonate 

(571 mg, 1.89 mmol, Sigma-Aldrich) in CH2Cl2 (4.8 mL, Sigma-Aldrich) under Ar, N,N-

Diisopropylethylamine (DIPEA) (329 µL, 1.89 mmol, Sigma-Aldrich) was added and 

stirred for 7 hours at room temperature. The mixture was washed with water, and the 

organic phase dried with MgSO4. After solvent evaporation, the residue was purified by 

flash chromatography (Hexane/AcOEt 3:1) to obtain compound 2 as a colorless oil 78% 

yield. 1H NMR (300 MHz, CDCl3): δ = 8.50 (d, J = 4.8 Hz, 1H), 8.28 (d, = 9.1 Hz, 2H), 7.72-

7.59 (m, 2H), 7.38 (d, J = 9.1 Hz, 2H), 7.15-7.10 (m, 1H), 4.57 (t, J = 6.4 Hz, 2H), 3.16 (t, J 

= 6.4 Hz, 2H). 

3.2.1.1.3. Synthesis of modified AZD8055 (AZD-PySS)  

To a solution of compound 2 (81.1 mg, 0.23 mmol) and AZD8055 (70 mg, 0.15 mmol, 

MCF MedChem) in CH2Cl2 (2.5 mL) under Ar, DIPEA (40 µL, 0.23 mmol) and 4-

Dimethylaminopyridine (DMAP) (5mg, 0.04 mmol, Sigma-Aldrich) were added at room 

temperature and stirred for 16 hours. Then, the solvent was evaporated and the residue 

was purified by flash chromatography (Hexane/AcOEt 1:8) to obtain compound AZD-

PySS as yellow oil in 99% yield. 1H NMR (400 MHz, CDCl3): δ = 8.46 – 8.41 (m, 1H), 8.19 

(dd, J = 8.6, 2.3 Hz, 1H), 8.13 (d, J = 2.3 Hz, 1H), 8.10 – 8.04 (m, 1H), 7.98 (d, J = 8.5 Hz, 

1H), 7.67 (d, J = 8.1 Hz, 1H), 7.62 – 7.56 (m, 1H), 7.41 (d, J = 8.5 Hz, 1H), 7.06 (ddd, J = 

7.3, 4.8, 1.0 Hz, 1H), 7.01 – 6.98 (m, 1H), 6.96 (d, J = 8.7 Hz, 1H), 4.40 (t, J = 6.5 Hz, 2H), 

4.37 – 4.29 (m, 1H), 4.01 – 3.93 (m, 2H), 3.90 (s, 3H), 3.85 (dd, J = 11.4, 2.9 Hz, 2H), 3.80 

– 3.62 (m, 5H), 3.54 (td, J = 11.9, 2.8 Hz, 1H), 3.40 – 3.29 (m, 1H), 3.08 (t, J = 6.5 Hz, 2H), 

1.46 (d, J = 6.8 Hz, 3H), 1.33 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 165.27, 

162.72, 161.52, 159.83, 159.53, 159.35, 154.87, 149.67, 137.12, 134.69, 130.83, 130.02, 

129.82, 125.94, 123.43, 120.91, 119.89, 116.10, 112.90, 110.56, 104.47, 71.25, 70.88, 

67.21, 66.90, 65.36, 55.70, 52.79, 46.91, 44.33, 39.29, 37.18, 29.68, 14.70, 14.29. MS 

(ESI) m/z (%): 679.2364 (100) [M+H]+. EMAR calculated for C33H39N6O6S2 679.2367, 

found 679.2328 [M+H]+. 
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3.2.2. BSA-stabilized gold nanoclusters (BSA-AuNCs) 

3.2.2.1. Synthesis of BSA-AuNCs  

To a solution of BSA (1 mL, 50 mg/mL) (Sigma-Aldrich) at 37 °C with constant stirring, 

hydrogen tetrachloroaurate (III) hydrate (HAuCl4, Alfa Aesar) (1 mL, 10 mM) was added 

and stirred for 2 minutes maintaining the temperature at 37 °C. Then, 100 μL of NaOH 

(Scharlab) solution (1M) was added, and the mixture was stirred for 16 hours more at 

37 °C. BSA-AuNCs were purified in PBS (Sigma-Aldrich, pH = 7.4) using an exclusion 

column NAP-10 of Sephadex-G25 according to the specifications of the distributor (VWR, 

http://www.gelifesciences.com) and stored at 4 °C. 

3.2.2.2. Sulfhydryl activation of BSA-AuNCs 

25 equivalents of 2-iminothiolane hydrochloride (Sigma-Aldrich) were added to a 

solution of 20 µM BSA-AuNCs (1 mL) in PBS (pH = 7.4) and incubated at room 

temperature for 16 hours. The product was purified using an exclusion column NAP-10 

of Sephadex-G25 according to the distributor’s specifications 

(http://www.gelifesciences.com).  

3.2.2.3. BSA-AuNCs functionalized with AZD8055 (BSA-AuNCs-AZD) 

A solution of modified AZD8055 (AZD-PySS) (1 mM, 5 equivalents) in DMSO was added 

to 1 mL of a solution of purified BSA-AuNCs (20 μM) in PBS (pH = 7.4), and stirred at 

room temperature for 16 hours. Finally, after purifying the BSA-AuNCs-AZD using a NAP-

10 column of Sephadex-G25, the concentration of BSA-AuNCs was adjusted to 20 µM. 

BSA-AuNCs-AZD were stored at 4°C until use. 

3.2.3. Characterization of BSA-AuNCs-AZD 

3.2.3.1. Quantification of drug functionalization into BSA-AuNCs by UV-Vis 

spectra 

The loading of the AZD8055 was determined using UV-Vis spectroscopy. The absorbance 

of 100 µL BSA-AuNCs-AZD (20 µM) in PBS was measured at 380 nm in a microplate 

reader (Synergy H4). Then, the concentration was quantified by interpolation from a 

calibration curve using free AZD8055 in DMSO (10, 30, 50 and 70 µM). 

http://www.gelifesciences.com/
http://www.gelifesciences.com/
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3.2.3.2. Quantification of functionalized AZD8055 from BSA-AuNCs by HPLC 

Complementarily, the amount of AZD8055 was quantified by HPLC. For the 

measurement of the BSA-AuNCs-AZD, the release of the drug and the precipitation of 

the BSA-AuNC were required to not block the HPLC column.  

100 µL of BSA-AuNCs-AZD (20 µM) in PBS at pH 7.4 was incubated with 5 mM of GSH at 

room temperature for 72 hours. Then, this solution was treated with 100 µL 2% Zn(NO₃)₂ 

(Scharlab) solution in H2O/DMSO (1:1) and centrifuge at 16.1 rcf for 15 minutes. The 

supernatant was carefully removed and stored at 4 °C until use. 

A calibration curve was obtained incubating 100 µL BSA-AuNCs (20 µM) in PBS at pH 7.4 

with free AZD8055 at different concentrations (0, 25, 50, 75 and 100 µM) and 5 mM of 

glutathione (GSH, Sigma-Aldrich). Then, this solution was precipitated with 100 µL 2% 

Zn(NO₃)₂ (Scharlab) solution in H2O/DMSO (1:1). The supernatant was carefully removed 

and measured by HPLC. 

An Aligent Technologies HPLC, 1260 Infinity, and Column ZORBAX 300SB-C18, 5 μm, 9.4 

× 250 mm was employed for the chromatographic separation. 20 µL of the samples were 

injected into the system in initial conditions of water/acetonitrile 5/95 containing 0.1 % 

formic acid, followed by a gradual change (flow rate of 1 mL/min) for 15 minutes to 

water/acetonitrile 95/5 containing 0.1% formic acid. The absorbance at 380 nm was 

recorded. 

3.2.3.3. Transmission electron microscopy (TEM) of BSA-AuNCs 

Samples were prepared by placing one drop of a dilute suspension onto a carbon-coated 

copper grid and leaving it to air-dry at room temperature. Then, particle size was 

examined by transmission electron microscopy (TEM; 100 kV) using a JEOL JEM 1010 

microscope at Instituto de Investigaciones Biomédicas “Alberto Sols”. The size 

distributions were determined through manual analysis using ImageJ processing. 

3.2.3.4. Particle size measurements of BSA-AuNCs-AZD 

It was carried out following the general procedure 3.1.1 using 100 µL of the BSA-AuNCs-

AZD at 20 µM of concentration. 
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3.2.3.5. Scanning electron microscopy (SEM) of BSA-AuNCs-AZD 

One drop of a solution of functionalized BSA-AuNCs-AZD was deposited over a silicon 

wafer and air-dried for 16 hours. Then, the samples were observed using a Carl Zeiss 

AURIGA scanning electron microscope (Zeiss, Jana) at IMDEA Nanociencia. 

3.2.3.6. Atomic force microscopy (AFM) of BSA-AuNCs-AZD 

A drop of the BSA-AuNCs-AZD solution (20 µl) was spread on freshly cleaved muscovite 

mica. The sample was left incubating on the substrate for 10 minutes, rinse with 

ultrapure water 5 times and dry with compressed air. Then, the samples were observed 

using an AFM JPK (Nanowizard II) at IMDEA Nanociencia and measured in different areas 

using HQXSC11 D/No Al (Mikromash) tips, with nominal spring constant around 42 N/m 

and resonance frequency around 350 kHz. The images have been flattened using JPK 

Data Processing software and the histograms with the height are obtained using WSxM 

software and represented using Origin software. The histograms show the number of 

particles which height corresponds to the maximum value of the difference between the 

cutoff height and the point's height. 

3.2.3.7. In vitro AZD8055 release from BSA-AuNCs 

The release profile of AZD8055 was evaluated using fluorescence spectrophotometry. 

Thus, 1 mL of a solution of BSA-AuNCs-AZD was incubated in PBS containing GSH (1 µM 

or 1 mM). At different time intervals, 100 µL of this solution were taken and treated with 

100 µL of a 2% Zn(NO₃)₂ solution in H2O/DMSO (1:1). After vigorous stirring, the mixture 

was centrifuged at 16.1 rcf for 10 min and the fluorescence of the released AZD8055 

(supernatant) was analyzed using a microplate reader (λexc = 380 nm, λem = 550 nm). 

3.2.4. Cell culture experiments 

3.2.4.1. Cell lines 

Human Uveal Melanoma (Mel202 and OMM 1.3) cells were a donation from Dr. Susana 

Ortiz-Urda (University of California, San Francisco) and HaCaT keratinocytes and Uveal 

Melanoma Sp6.5 cells were provided by Dr. Pilar Martín-Duque (Universidad Francisco 

de Vitoria, Madrid). 
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3.2.4.2. Subcellular localization of BSA-AuNCs 3–4 hours after treatment 

Uveal Melanoma (Mel202) cells grown in 24 well plates with glass coverslips were 

treated with 50 µM BSA-AuNCs for 3–4 hours and fixed afterward with 4% 

paraformaldehyde for 15 minutes at room temperature. Fixed cells were subsequently 

permeabilized and labeled for 20 minutes at room temperature in darkness with a mix 

containing Saponin 0.25%, DAPI (diluted 1:300 from a 1 mg/mL stock solution), 

Phalloidin (diluted 1:250 from a 1 mg/mL stock solution), and FBS 5% in PBS buffer (pH 

= 7.4). All these reagents were obtained from confocal service at Centro Nacional de 

Biotecnología (CNB). After washing 3 times with PBS, coverslips were mounted onto 

slides using Fluoroshield™ (Sigma-Aldrich) mounting medium and visualized by confocal 

microscopy (Confocal multispectral Leica TCS SP8 system).  

Data acquisition was performed with Leica software LAS X and images were prepared 

with ImageJ (https://imagej.nih.gov/ij/). To avoid possible artifacts due to the crosstalk 

between the red and the blue channels, the blue signal was subtracted from the red 2D 

images using ImageJ processing. 

3.2.4.3. Cellular uptake of BSA-AuNCs-AZD in uveal melanoma (Mel202) cells 

Uveal Melanoma (Mel202) cells were seeded in 6 well plates in complete culture 

medium overnight. Cells were washed with PBS, and the medium was replaced with 

fresh medium containing free AZD8055 and BSA-AuNCs-AZD at a concentration of 1 µM 

of drug and incubated for 24 hours. Then, the cells were washed twice with PBS and 

trypsinized using Trypsin/EDTA 1X. The cell suspensions were centrifuged at 177 rcf for 

5 minutes. The supernatant was removed carefully, and the cells were suspended in 500 

µL of PBS 1X.  

The fluorescence of AZD8055 was measured by flow cytometry at Centro Nacional de 

Biotecnología (CNB) using a Beckman Coulter GALLIOS equipment (laser 405 nm). 

3.2.4.4. Cytotoxicity assay 

It was carried out by resazurin assay following the general procedure 3.1.2.5.2 

incubating the cells with free AZD8055 and BSA-AuNCs-AZD at a concentration of 1 µM 

of the drug. 

https://imagej.nih.gov/ij/
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3.2.4.5. Cell viability of uveal melanoma (Mel202) cells in the presence of 

endocytosis inhibitors 

Uveal Melanoma (Mel202) cells were seeded in 24-well plates and incubated at standard 

conditions (37 °C, 5% CO2) for 24 hours. Then, the Mel202 cells were pre-incubated for 

1 hour with medium containing the following endocytosis inhibitors: 10 µg/ mL 

Chlorpromazine (MeOH, Sigma-Aldrich), 5 µg/mL Filipin III (DMSO, Sigma-Aldrich). After 

this pre-incubation time, cells were washed with PBS 1X and incubated with 6 µM of 

BSA-AuNCs-AZD and free AZD8055 for 4 hours. For negative controls, cells without 

inhibitor and cells without drugs were used. After this incubation time, the culture 

medium was removed and the cells were washed twice with PBS 1X. The cell viability 

was measured 24 hours later by resazurin assay according to the general procedure 

described before. Data corresponded to the normalized mean values respect its control 

± standard deviation from at least three different experiments. 

3.2.4.6. Reactive oxygen species (ROS) generation in uveal melanoma (Mel202) 

cells 

Mel202 cells were grown in 24 well plates with and without coverslips and co-incubated 

with BSA-AuNCs, BSA-AuNCs-AZD, free AZD8055 or H2O2 as a positive control and 5 µM 

of 2′,7′-Dichlorofluorescin diacetate (H2DCFDA, Sigma-Aldrich) for 4 hours at standard 

conditions (37 °C, 5% CO2).  

On the one hand, cells grown without glass coverslip were washed twice with PBS (pH = 

7.4), and trypsinized using Tryosin/EDTA 1X. Then, the cell suspensions were placed into 

a fluorescence 96 well-plate, and the fluorescence was measured using a microplate 

reader (λExc= 485nm, λEm= 528 nm).  

On the other hand, cells grown onto glass coverslips were washed with PBS, air-dried, 

mounted with Fluoroshield™ mounting medium and examined by fluorescence 

microscopy using a fluorescence microscope Leica DMI3000 B (λExc = 460-500nm, λEm = 

515-545). 
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3.2.4.7. In vivo study in uveal melanoma (Mel202) tumor models treated with 

BSA-AuNCs-AZD 

Athymic nude mice were purchased from ENVIGO (Research Models and Service) for the 

evaluation of toxicity of functionalized BSA-AuNCs-AZD.  

Fifteen immuno-depressed female mice (nu/nu) weighing around 23 grams were used 

and divided randomly into four groups. The uveal melanoma tumor model was 

established by subcutaneously injecting 7 x 106 Mel202 cells with Matrigel (Corning, 

VWR) until the tumors have 0.8 cm2 size.  

Mice were divided into four groups (n = 4) including control, treated with 200 µL of free 

AZD8055 intratumoral, BSA-AuNCs-AZD (200mg/kg BSA; 6 mg/Kg AZD) intratumoral and 

intravenously through the lacrimal vein. Mice in the control group were injected with 

200 µL of PBS 1X buffer (pH = 7.4) without calcium and magnesium. The treatments were 

administrated once a week for two weeks and the sizes of the tumors were monitored 

measuring the tumor size (width and length) twice a week using a caliber.  

Finally, the mice were sacrificed 10 days after the second injection, and the tumors, liver, 

and spleen were extracted for histopathology by hematoxylin/eosin staining (H&E). 

3.2.5. Statistical analysis 

Statistical analysis of the data was performed following the general procedure 3.1.2.6. 

In addition, for the in vivo experiments, the data were analyzed by Levene’s and Saphiro-

Wilk tests to assess the equality of variance and the normality of the data, respectively. 

Then, one-way ANOVA Student-Newman-Keuls multiple comparisons test in the 

GraphPad Prism software was performed (p-values < 0.05 (*), <0.01 (**) and < 0.001 

(***)). 

3.3. Albumin-stabilized gold nanoclusters functionalized with DOX and 

SN38 (BSA-AuNCs-DS) for breast cancer treatment  

3.3.1. Synthesis of intermediates and pro-drugs 

It was carried out following the procedure described in section 3.2.1. 
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3.3.1.1. Doxorubicin modified with a pH-sensitive linker (DOX-iMal) 

 

3.3.1.1.1. Succinimido 5-maleimidopentanoate (3)[157]   

To a solution of maleic anhydride (167 mg, 1.7 mmol, Sigma-Aldrich) in N,N-

Dimethylformamide (DMF) (2 mL, Sigma-Aldrich) under argon, aminovaleric acid (167 

mg, 1.7 mmol, Sigma-Aldrich) was added, and the mixture stirred at room temperature 

for 3 hours. Then, NHS (234 mg, 2 mmol) and DCC (700 mg, 3.4 mmol) were added at 0 

°C. After 20 minutes, the mixture was warmed up to room temperature and stirred for 

16 hours. The resulting precipitate was filtered off, and the solvent concentrated in 

vacuo. The residue was purified by flash chromatography (eluent CH2Cl2/Isopropanol 

97:3) to give the compound 1 in 50% yield as white solid; 1H NMR (300 MHz, CDCl3) δ 

6.69 (bs, 2H), 3.55 (bs, 2H), 2.82 (bs, 4H), 2.64 (bs, 2H), 1.72 (bs, 4H). 

3.3.1.1.2. 5-Maleimidovalerohydrazide trifluoroacetic acid salt (4)[158]  

To a solution of 1 (30 mg, 0.1 mmol) in CH2Cl2 (1 mL), tert-butyl carbazate (15 mg, 0.1 

mmol, Sigma-Aldrich) was added at 0 °C. Then, the solution was let to reach room 

temperature slowly and stirred for 16 hours. The solution was concentrated in vacuo, 

and the residue purified by flash chromatography (eluent CH2Cl2/MeOH 100:1 first and 

gradually changed to 30:1) to obtain the Boc-protected compound 2 as colorless oil; 1H 

NMR (300 MHz, CDCl3) δ 6.68 (bs, 2H), 3.52 (bs, 2H), 2.25 (bs, 2H), 1.63 (bs, 4H), 1.44 (s, 

9H). 

This intermediate was dissolved in 0.5 mL trifluoroacetic acid previously cooled at 0 °C, 

and stirred for 10 minutes. The solution was concentrated in vacuo and the resultant 
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solid purified by washing with Et2O to obtain compound 2 as dark white solid in 76% 

yield.  

3.3.1.1.3. (5-Maleimidovaleroyl) hydrazine of Doxorubicin (DOX-iMal)[158] 

To a solution of compound 2 (15 mg, 0.071 mmol) and Doxorubicin (13 mg, 0.023 mmol, 

Fluorochem)  in MeOH (4.5 mL), two drops of trifluoroacetic acid were added and stirred 

at room temperature for 16 hours. Then, the solution was concentrated in vacuo, and 

the residue dissolved in the minimal amount of MeOH. To this solution, CH3CN 

(Scharlab) was added, and the mixture cooled to 4 °C during 16 hours. The solvent was 

decanted and the solid washed with CH2Cl2 to obtain compound DOX-iMal as red solid 

in 76 % yield; 1H NMR (300 MHz, MeOD) δ 7.87-7.80 (m, 2H), 7.54 (d, 1H), 6.76 (s, 2H), 

5.48 (s, 1H), 5.07 (s, 1H), 4.74-4.64 (m, 2H), 4.26-4.21 (m, 1H), 4.02 (s, 3H), 3.70-3.54(m, 

3H), 3.41 (s, 2) 2.59-2.29 (m, 3H), 2.11-1.88 (m, 2H), 1.67-1.53 (m, 5H), 1.32 (t, 3H). MS 

(ESI) m/z (%): 737 (M++H, 100), 759 (M++Na, 2); HRMS (ESI) calculated for C36H41N4O13 

(M++H) 737.2638, found 737.2664. 

3.3.1.2. SN38 modified with a redox-sensitive linker (SN38-PySS) 

Starting from compound 2 described in section 3.2.1.1.2. 

 

3.3.1.2.1. 4-Nitrophenyl 2-(pyridin-2-yldisulfanyl)ethyl carbonate of SN38 (SN38-

PySS) 

To a solution of 2 and SN38 (Fluorochem) in DMF under argon, DIPEA and catalytic 

amount of DMAP were added and stirred during 16 hours. Then, the mixture was 

concentrated in vacuo and the residue purified by flash chromatography (eluent 

CH2Cl2/MeOH 30:1) to obtain compound SN38-PySS as colorless oil in 63 % yield; 1H 

NMR (500 MHz, CDCl3) δ 8.42 (d, J= 4.8, 1.3 Hz, 1 H), 8.07 (d, J= 9.1 Hz, 1H), 7.66 (dd, J= 

4.6, 1.3 Hz, 1H), 7.45 (dd, J= 9.1, 2.6 Hz, 1H), 7.36 (d, J= 2.6 HZ, 1H), 7.26 (s, 1H), 7.06 (h, 

J= 4.6 Hz, 1H), 5.71 and 5.40 (AB system, J= 17 Hz, 2H), 5.09 (bs, 2H), 4.39-4.29 (m, 2H), 

3.05 (t, J= 6.6 Hz, 3H), 3.01-2.98 (m, 2H), 2.26 (dq, J= 14.8, 7.4 Hz, 1H), 2.14 (dq, J= 14.8, 
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7.4 Hz, 1H), 1.30 (t, J= 7.7 Hz, 3H), 0.99 (t, J= 7.5 Hz, 3H); 13C NMR (500 MHz, CDCl3) δ  

167.4, 159.3, 157.2, 156.1, 153.5, 149.6, 149.0, 147.4, 145.9, 144.7, 143.6, 137.5, 132.0, 

128.5, 126.9, 122.7, 121.1, 120.0, 119.3, 105.5, 95.5, 78.2, 67.1, 66.4, 49.4, 36.9, 31.2, 

23.1, 13.6, 7.6; MS (ESI) m/z (%): 303 (20), 606 (M++H, 100), 628 (M++Na, 1); HRMS (ESI) 

calculated for C30H28N3O7S2 (M++H) 606.1377, found 606.1363. 

3.3.2. BSA-stabilized gold nanoclusters (BSA-AuNCs) 

The synthesis of BSA-AuNCs and their subsequent sulfhydryl activation were carried out 

as described in section 3.2.2. 

3.3.2.1. BSA-AuNCs functionalized with doxorubicin and SN38 (BSA-AuNCs-DS) 

On the one hand, to synthesize functionalized BSA-AuNCs with doxorubicin (BSA-AuNCs-

D), 100 μL of a solution of modified DOX (DOX-iMal) (1 mM) in DMF was added to 1 mL 

of a solution of sulfhydryl-activated BSA-AuNCs (20 μM) in PBS (pH = 7.4) and stirred at 

room temperature for 16 h. Then, BSA-AuNCs-D were purified using a NAP-10 Sephadex 

G-25 column. On the other hand, BSA-AuNCs modified with SN38 (BSA-AuNCs-S) were 

prepared as above by using 150 μL of a solution of modified SN38 (SN38-PySS) (1 mM) 

in DMSO.  

Finally, the synthesis of BSA-AuNCs-DS was carried out using the same procedure by 

adding 100 μL of a solution of modified DOX (DOX-iMal) (1 mM) in DMF, immediately 

followed by the addition of 100 μL of a solution of modified SN38 (SN38-PySS) (1 mM) 

in DMSO. 

3.3.3. Characterization of BSA-AuNCs-DS 

3.3.3.1. Quantification of drug functionalization into BSA-AuNCs by UV-Vis 

spectra 

The loading of the DOX and SN38 was determined using UV-Vis spectroscopy. The 

absorption of doxorubicin (490 nm) and SN38 (370 nm) were measured, and the 

concentration quantified by interpolation from a calibration curve. 

3.3.3.2. Particle size and zeta potential measurements 

It was carried out following the general procedure 3.1.1 using 100 µL of the 

corresponding BSA-AuNCs functionalized with DOX, SN38, or both at 20 µM of 
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concentration. 

3.3.3.3. Scanning electron microscopy (SEM) of BSA-AuNCs-DS 

It was carried out as described in section 3.2.3.5 using BSA-AuNCs-D, BSA-AuNCs-S and 

BSA-AuNCs-DS. 

3.3.3.4. In Vitro DOX/SN38 release from BSA-AuNCs 

The doxorubicin release profile was evaluated using fluorescence spectrophotometry. 

Briefly, 1 mL of a solution of BSA-AuNCs-D in saline citrate buffer at pH = 7.4 or 5 was 

incubated at 37 °C. At different time intervals, 100 μL of this solution were withdrawn 

and treated with 100 μL of a 2% ZnSO4 solution in H20/MeOH (1:1). After vigorous 

stirring, this mixture was centrifuged at 16.1 rcf for 10 min, and the fluorescence of the 

DOX released was analysed by fluorescence from the supernatant (ʎexc = 495 nm, ʎem = 

590 nm).  

The SN38 release profile was evaluated using a similar protocol. In this case, 1 mL of a 

solution of BSA-AuNCs-S in PBS at pH = 7.4 containing dithiothreitol (DTT, Sigma-Aldrich) 

at 1 µM or 1 mM was incubated, and the SN38 released analyzed by fluorescence from 

the supernatant using a microplate reader (ʎexc = 370 nm, ʎem = 550 nm). 

3.3.4. Cell culture experiments 

3.3.4.1. Cell lines 

Human breast adenocarcinoma (MCF-7 and MDA-MB-231) and human pancreatic 

adenocarcinoma (Panc-1) were obtained from American Type Culture Collection (ATCC®: 

HTB-22™, HTB-26™ and CRL-1469™, respectively). 

3.3.4.2. Cytotoxicity assay 

This study was performed in breast cancer MCF-7 and MDA-MB-231 and pancreatic 

cancer Panc-1 cell lines using a constant concentration of BSA-AuNCs (2.6 µM) of the 

corresponding formulation, BSA-AuNCs-D, BSA-AuNCs-S and BSA-AuNCs-DS.  

Toxicity was measured at 24, 48 and 72 hours after treatment following the general 

procedure 3.1.2.5. 
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3.3.4.3. Neutral red staining in breast cancer (MCF-7) cells 

MCF-7 cells grown on coverslips in 24-well plates and incubated for 24 hours with the 

functionalized BSA-AuNCs, using a constant concentration of 2.6 µM, were fixed in cold 

methanol for 5 minutes and then stained with 0.5% neutral red (Sigma-Aldrich) for 2 

minutes. Coverslips were washed with distilled water, air-dried, mounted in DePeX 

(Sigma-Aldrich) and examined by light microscopy. 

3.3.4.4. Live cell imaging in breast cancer (MCF-7) cells 

Cells were incubated with the corresponding BSA-AuNCs-D, BSA-AuNCs-S and BSA-

AuNCs-DS for 24 hours. Then, the cells were washed twice with PBS 1X and maintained 

in culture medium for 9 days changing the culture medium every 2–3 days. Untreated 

cells as well as cells incubated with unmodified BSA-AuNCs, were also visualized. Cells 

were imaged daily under a differential interference contrast (DIC) inverted microscope 

(Leica DMI 6000B) equipped with a Leica DFC420 C digital camera (Leica Microsystems, 

Heerbrugg, Switzerland). 

3.3.4.5. Inductively coupled plasma mass spectrometry (ICP-MS) in breast 

cancer (MCF7) cells 

MCF-7 cells treated with 2.6 µM of BSA-AuNCs for 24 hours were harvested and 

quantified, prior digestion overnight in aqua regia (HCl:HNO3 3:1) and subsequent 

dilution in pure water. After that, the quantity of Au+ in the sample was determined by 

ICP-MS and relativized per cell unit. 

3.3.4.6. Subcellular localization of BSA-AuNCs 3–4 hours after treatment 

Subcellular localization of BSA-AuNCs (50 µM) in breast cancer (MCF-7) cells was carried 

out following the same procedure described in section 3.2.4.2. 

3.3.4.7. BSA-AuNCs-DS internalization at 24 hours after treatment 

The internalization of bifunctionalized BSA-AuNCs-DS into MCF-7 cells were visualized 

by confocal microscopy. Cells grown on coverslips were incubated for 24 hours with 2.6 

µM of BSA-AuNCs-DS, washed three times with culture medium without FBS, and 

visualized under differential interference contrast (DIC) microscopy and confocal 
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fluorescence microscopy using a multispectral Leica TCS SP5 confocal microscope, 

operating with 405 Diode (UV) and DPSS (561, visible) laser lines. 

3.3.4.8. Microscopic detection of DNA damage in breast cancer (MCF-7) cells 

after BSA-AuNCs-DS treatment 

MCF-7 cells were grown on glass coverslips and incubated with the different BSA-AuNCs 

for 24 hours. Then, they were immunostained for histone phosphorylated H2AX (γ-

H2AX) 48 hours after treatments. Cells were fixed with formaldehyde in PBS (1:10 v/v) 

for 20 minutes, washed three times with PBS 1X, and then permeabilized with 0.5% 

Triton X-100 in PBS for 5 minutes. Then, cells were incubated with a blocking solution 

containing 5% bovine serum albumin, 5% FBS, 0.02% Triton X-100 in PBS at room 

temperature for 30 minutes. After incubation, cells were washed three times with PBS 

1X and incubated with primary monoclonal mouse anti-γ-H2AX antibody (Merk 

Millipore) diluted 1:100 at 37 °C in a wet chamber for 1 hour. After three washes with 

PBS, incubation with secondary antibody (Alexa Fluor® 488 goat anti-mouse, Life 

Technologies (Waltham) was identical to that of the first one and so were final washings. 

Finally, DNA was counterstained by the addition of Hoechst-33258 (0.05 mg/mL in 

distilled water, Thermo Fisher) for 5 minutes, and the sample was mounted with 

ProLong Gold antifade reagent (Invitrogen).  

Immunofluorescence images were captured using a laser scanning confocal microscope 

using a multispectral Leica TCS SP5 confocal microscope (Leica, Wetzlar, Germany), 

operating with 405 nm (argon–UV) and 488 nm (argon) laser lines.  

3.3.4.9. Breast cancer (MCF-7) mammosphere culture 

Single-cell suspensions of MCF-7 cell line were plated in 96-well plates at 10 cells per 

well in DMEM/F-12 medium supplemented with GlutaMAX, B27 (Gibco, Thermo Fisher), 

10 ng/mL epidermal growth factor (EGF, Invitrogen) and 10 ng/mL basic fibroblast 

growth factor (bFGF, Millipore) and they were maintained at 37 °C in 5% CO2.  

On day 10, the number of wells with mammospheres was counted, and then 

nanostructures were added. The final proportion of living spheres were quantified on 

day 17. 
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3.3.5. Statistical analysis 

Statistical analysis of the data was performed following the general procedure 3.1.2.6. 

3.4. New vehicles based on nanostructures CRISPR/Cas gene-editing 

system transport  

3.4.1. Functionalized carbon nanotubes as gene delivery system 

3.4.1.1. Design of a functional CRISPR/Cas9 plasmid 

The design of the sequences required to edit the EGFP gene was prepared following 

standard protocols (http://www.addgene.org/crispr/zhang/). As a control, a non-

targeting sequence was also designed.   

Briefly, the selected sequences (Table 3) were inserted in the plasmid pSpCas9 (Addgene 

pX330, #42230) using DNA duplexes with four nucleotides overhangs compatible for 

cloning into the vector: 5’- CACCG in the sense strand and 5’- AAAC in the antisense 

strand. The resulting DNA was 25 base-pairs length and was obtained from “Integrated 

DNA Technologies (IDT)”.  

 

Table 3. sgRNA sequences targeting genes used to the pSpCas9 plasmid cloning. 

Upon arrival, the lyophilized oligonucleotides were resuspended in ultrapure water to a 

final concentration of 1 mM and stored at -20 °C until used. 

3.4.1.1.1. Dúplex annealing 

The duplex formation was carried out just by mixing 1 µL of each complementary strand 

at a concentration of 100 µM, 0.5 µL of T4 Polynucleotide kinase (PNK, NEB), used for 

the phosphorylation of 5’ ends of the oligonucleotides, 1 µL of T4 ligation buffer 10X 

(NEB) and 6.5 µL of ultrapure water.  

Reactions were performed in a thermocycler (Eppendorf) where the samples were at 37 

°C for 30 minutes, heated at 95 °C for 5 minutes and then cooled to 25 °C (5°C/minute). 

http://www.addgene.org/crispr/zhang/
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3.4.1.1.2. Digestion – Ligation 

The digestion of the plasmid and the ligation with the duplex took place in a one-step 

reaction using the restriction enzyme Fast-Digest BbsI (Thermo Fisher), and the DNA 

ligation enzyme T7 ligase (NEB).  

For that, 100 ng of pSpCas9 and 400 ng of the synthesized duplex above to a final volume 

of 20 µL. The reaction was performed in a thermocycler using the protocol indicated by 

the manufacturer: 5 minutes at 37 °C and 5 minutes at 23 °C for 6 cycles. Then, the mixed 

solution was stored at 4 °C until used. 

3.4.1.1.3. Freeze/thaw of bacteria 

For long-term storage of bacteria, 900 µL of a culture grown in LB supplemented with 

the corresponding antibiotic was mixed with 100 µL of glycerol in 1.5 mL microcentrifuge 

tubes. Bacteria stocks were then frozen and stored -80 °C until used. 

To thaw bacteria from glycerol stocks, a small amount of the frozen stock was collected 

with a sterile pipet tip and added to the desired amount of LB medium supplemented 

with antibiotic. Then, bacteria were grown at 37 °C for 16 hours under constant stirring. 

3.4.1.1.4. Transformation of competent cells 

2 µL of plasmid pSpCas9 with the insert was added to 50 µL of ice-thaw competent 

bacteria (E. coli JM109, Promega) and incubated on ice for 30 minutes. Then, bacteria 

were heat-shocked in a water bath at 42 °C for 20 seconds and immediately put on ice 

again for 2 minutes more. After that, 450 µL of LB medium was added and incubated for 

1 hour at 37 °C under constant stirring. 

Finally, for each transformation reaction 100 µL of competent cells were added into agar 

plates supplemented with the corresponding antibiotic resistance marker. Bacteria were 

then incubated at 37 °C for 16 hours, and a resulting colony was pick up and then grown 

in LB medium supplemented with antibiotic. 

Transformed bacteria were stored in glycerol at -80 °C. 
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3.4.1.1.5. Plasmid DNA extraction from bacteria 

The DNA extraction from bacteria was done using the PureYield™ Plasmid Miniprep 

System (Promega) or the NucleoBond PC 100 Midi column (Machinery-Nagel, Cultek) 

following the manufacturer’s protocol. 

3.4.1.1.6. Sequencing 

The purified plasmids were sequenced by STABVIDA using 10 µL of plasmid and 5 µL (10 

ng/µL) of this primer (5’ GGACTATCATATGCTTACCGTAACT 3’). 

3.4.1.2. Evaluation of a CRISPR/Cas9 plasmid 

3.4.1.2.1. Cell lines 

Human embryonic kidney (HEK293) cells were obtained of Dr. Antonio Rodríguez from 

Universidad Autónoma de Madrid. 

3.4.1.2.2. Transfection of CRISPR/Cas9 plasmids into HEK293 cells using 

Lipofectamine 2000 

HEK293 cells were seeded in a 6-well plate at the appropriate density and incubated at 

standard conditions (37 °C, 5% CO2) for 24 hours before transfection in complete 

medium (10% FBS). 

HEK293 cells were transiently transfected using Lipofectamine 2000 and 5.1 µg of DNA 

per 6-well plate.  For CRISPR/Cas9 plasmids (pCas9-NT and pCas9-EGFP), each well was 

transfected with 3 or 4.93 µg of the corresponding pCas9, 0.17 µg of the reporter EGFP 

plasmid and DNA carrier pBlueScript plasmid up to 5.1 µg. As a control, cells were 

transfected with reporter EGFP plasmid. The amounts of each plasmid used for 

transfection are summarized in table 4. 

 

Table 4. Amounts of DNA used in transfection for each CRISPR/Cas9 construct using Lipofectamine 2000. 
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The transfection procedure of the plasmids using Lipofectamine 2000 took place 

according to the manufacturer’s protocol. 5 µL of Lipofectamine 2000 was added to 100 

µL of pre-warmed serum-reduced medium (Opti-MEM, Gibco) and incubated for at least 

5 minutes in one microcentrifuge tube. On the other hand, a total amount of 5.1 µg of 

DNA mixing plasmids (EGFP, Cas9, BlueScript) was incubated with 100 µL of pre-warmed 

Opti-MEM in a second microcentrifuge tube. Then, the DNA solution was added to the 

medium containing the transfection reagent and incubated for 15 minutes at room 

temperature to allow the formation of DNA/Lipofectamine 2000 complexes. After the 

incubation time, 200 µL of the complexes were added to the wells drop by drop and 

incubated overnight at standard conditions. Then, the medium was carefully removed 

and replaced with fresh medium. Cells were visualized daily under optical and 

fluorescence microscope. 

The gene editing capacity of the pSpCas9 plasmid was studied in cells by fluorescence 

microscopy and flow cytometry. After the transfection of the plasmids, representative 

fluorescence images of the EGFP expression were taken under a fluorescence 

microscope (IX81 Olympus) at 72 hours after treatment. At the same time, transfected 

cells were washed twice with PBS 1X and trypsinized using Trypsin-EDTA 1X. Cell 

suspensions were centrifuged at 177 rcf for 5 minutes. The supernatants were removed 

carefully, and the cells were suspended in 500 µL of PBS 1X. The fluorescence of EGFP 

plasmid was measured by flow cytometry at Centro Nacional de Biotecnología (CNB) 

using a Beckman Coulter GALLIOS cytometer (laser 405 nm).  

3.4.1.3. Functionalization of PEI-modified carbon nanotubes with plasmid DNA 

Single-walled carbon nanotubes (SWNT) were modified by Dr. Teresa Naranjo and Dr. 

Julia Villalva from the group of Prof. Emilio Pérez from IMDEA Nanoscience. The covalent 

functionalization took place with the positively charged polymer polyethyleneimine 

(PEI) (branched, 2kDa, Sigma-Aldrich). As a result, PEI-modified SWNT were obtained. 

The characterization of the reaction by Raman spectroscopy and thermogravimetric 

analysis was also carried out by Dr. Teresa Naranjo and Dr. Julia Villalva from group of 

Prof. Emilio Pérez. 



 

64 
 

 Materials and Methods 

1mg of PEI-SWNT were resuspended in 1 mL of complete cell culture medium (10% FBS) 

and sonicated for 1 hour at 15-minute intervals. Subsequently, the tube dispersion was 

centrifuged to remove the largest non-resuspended aggregates. 

Binding with the DNA plasmid (pDNA, 1 µg) took place by incubating different amounts 

of PEI-SWNT (1, 10, 20 and 40 µL) at room temperature for 45 minutes under constant 

stirring leading to PEI-SWNT-pDNA. 

3.4.1.3.1. Zeta potential measurements 

Zeta potential measurements of the functionalized PEI-SWNTs were carried out 

following the general procedure 3.1.1. As a control, non-functionalized SWNTs were also 

used. 

3.4.1.3.2. Retardation assay 

PEI-SWNT-pDNA complexes using different ratios were prepared, as previously 

described. In particular, 1 µg of EGFP plasmid was mixed with 1, 10, 20 and 40 µL of PEI-

SWNT at room temperature for 45 minutes. As a control, the EGFP plasmid was used.  

Samples were mixed with 6X DNA EZ-Vision loading buffer (VWR) and then analyzed by 

agarose gel electrophoresis (1% w/v in TAE buffer 1X). Electrophoresis was usually run 

at 90 V for 45 minutes or when the DNA fragments were clearly spaced. The results were 

revealed under UV light in a gel documentation system (Syngene, ChemiBox). 

3.4.1.3.3. Cell culture experiments 

3.4.1.3.3.1. Cell viability assay 

It was carried out by resazurin assay following the general procedure 3.1.2.5.2 

incubating the cells with PEI-SWNT-EGFP complexes at different ratios. 

3.4.1.3.3.2. EGFP plasmid uptake using PEI-modified SWNT 

HEK293 cells were seeded in 24-well plates under standard conditions (37 °C, 5% CO2) 

and incubated for 24h before transfection. 1 µg of EGFP plasmid was incubated with 20 

and 40 µL of PEI-SWNTs at room temperature for 45 minutes under constant stirring. 

After incubation, the mixtures’ volumes were equalized using culture medium, added 

dropwise to the cells and incubated for 24 hours. The cells were then washed twice with 
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culture medium and incubated for 48 more. Gene editing capacity of the pSpCas9 plasmid 

was studied in cells by fluorescence microscopy (Leica DMI 3000B). 

The same procedure was carried out on uveal melanoma (Mel202) and pancreatic cancer 

(Panc1) cells. 

3.4.1.3.3.3. Gene editing CRISPR/Cas9 plasmid (pSpCas9) in HEK293 using PEI-SWNT 

First, 0.07 µg of EGFP reporter plasmid were transfected using Lipofectamine 2000 as 

described before. After 6 hours of incubation, the cells were washed twice with PBS 1X 

and the medium was replaced with complete growth medium.   

Second, 1 µg of CRISPR/Cas9 construct (pSpCas9) was incubated with 20 and 40 µL of 

PEI-SWNTs at room temperature for at least 45 minutes under constant stirring. After 

incubation, the mixtures’ volumes were equalized using culture medium, added 

dropwise to the cells and incubated, for 24 hours. The cells were then washed twice 

with culture medium and incubated for 48 more.  

As described before, the gene editing capacity of the pSpCas9 plasmid was studied in 

cells by fluorescence microscopy (Leica DMI 3000B) 

3.4.2. Albumin-based nanocomplexes for CRISPR-Cpf1 ribonucleoprotein delivery 

3.4.2.1. Covalent modification of native BSA with CRISPR-Cpf1 protein (BSA-

Cpf1) 

3.4.2.1.1. BSA modification  

20 equivalents of 2-iminothiolane (0.32 µmol) were added to a solution of 400 µM of 

BSA (500 µL) in PBS (pH = 7.4) and incubated at room temperature for 4 hours. The 

product was purified using an exclusion column NAP-10 of Sephadex-G25, and modified 

with aldrithiol. Thus, a solution of the product (1 mL, 200 µM) was treated with aldrithiol 

(20 equivalents, 0.16 µmol) and incubated at room temperature for 16 hours. The 

resulting activated BSA was purified using an exclusion column NAP-10. 

3.4.2.1.2. Covalent conjugation of activated BSA and CRISPR-Cpf1 protein 

The Cpf1 protein (40 µL, 10 µM) in PBS at pH = 7.4 was added to 40 µL of activated BSA 

solution at different concentrations (20, 50 and 100 µM). The mixtures at different ratios 
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(2:1, 5:1 and 10:1) were incubated 1 hour at room temperature, and then stirred at 4 °C 

for 16 hours. The resulting products were labeled as BSA-Cpf1 complexes. 

3.4.2.1.3. UV-Vis spectrum of pyridinethione  

The release of pyridinethione during the preparation of activated BSA and BSA-Cpf1 

complexes was evaluated by UV-Vis spectroscopy. The absorption of this compound at 

343 nm was measured, and the concentration quantified using the Beer-Lambert 

equation using the extinction coefficient of pyridinethione 8080 L mol-1 cm-1. BSA 

modified only with aldrithiol and incubated with the Cpf1 was also studied as a control. 

3.4.2.1.4. Size measurements (DLS) 

It was carried out following the general procedure 3.1.1 using 100 µL of the BSA-Cpf1 

nanocomplex (0.8 µM of Cpf1) at different ratios (2:1, 5:1 and 10:1).  

3.4.2.1.5. Protein Separation SDS-PAGE 

The samples were diluted 1:10, and 5 µl of loading buffer with and without DTT (400 

mM) were added. The samples were heated at 95 °C for 5 minutes in a heating block 

and stored at -20 °C until use. 

15 µl of each sample was loaded onto denaturing SDS-PAGE (10%) and allowed to run at 

165 V until the marker fragments were separated. Finally, the gel was stained using 

Coomassie Blue for (0.25 % (p/v)) 30 minutes at room temperature. 

3.4.2.1.6. In vitro cleavage of EGFP gene using CRISPR-Cpf1 protein 

Ribonucleoprotein (Cpf1/sgRNA) and target DNA (EGFP amplicon) were prepared by 

Carmen Escalona from the group of Dr. Begoña Sot. 

The BSA-Cpf1 complexes were incubated with DTT (10 mM) for 1 hour at room 

temperature. Then, the in vitro cleavage reaction took place by incubating the BSA-Cpf1 

samples and the target DNA at 37 °C for 1 hour and then 10 minutes at 65 °C, as follows 

(Table 5). 
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Table 5. Reagents used in In vitro cleavage reaction performed by BSA-Cpf1(RNP). 

The reaction products were digested with Proteinase K at 65 °C for 10 minutes and 

analyzed by agarose gel electrophoresis as previously describe (3.4.1.2.2). 

3.4.3. Statistical analysis 

Statistical analysis of the data was performed following the general procedure 3.1.2.6.
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4. RESULTS 

4.1. Albumin-stabilized gold nanoclusters functionalized with AZD8055 

(BSA-AuNCs-AZD) for uveal melanoma treatment  

4.1.1. Uveal melanoma 

Uveal melanoma, although rare (3-5% of all melanomas)[159], it is the most common 

primary malignancy of the eye in adults. It is thought that the factors that predispose to 

the appearance of this type of cancer may be the light color of the skin and eyes. In this 

regard, the incidence rates calculated in the US is approximately of 5 cases per million 

per year, meanwhile in Europe varies between 1.6-8.3 cases per million per year 

depending on the latitude (from 2 cases per million per year in Spain and Italy to 8 cases 

per million per year in Norway and Denmark). The incidence in Africa and Asia is much 

lower, with 0.2-0.3 cases per million per year [160,161]. 

Uveal melanoma arises from the melanocytes in the uveal tract that involves the 

choroid, ciliary body and iris (Figure 15)[162]. Thus, uveal melanoma can be divided into 

three categories depending on the location. On the one hand, the most commonly arise 

from choroidal melanocytes with an 85-90% incidence. On the other hand, less 

frequently, it can occur at the melanocytes of the iris (3-5%) and the ciliary body (5-

8%)[159,160]. 

 

Figure 15.  Scheme of the internal anatomy of the eye where the uvea formed by iris, ciliary body and 

choroid is represented. 
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In general, the melanomas of the choroid and ciliary body, metastasize faster and more 

frequently than those that occur from the iris because they are more aggressive and 

difficult to detect tumors. Although at the time of diagnosis, there is no evidence of 

metastasis in the majority of patients, approximately 50% of them finally develop 

metastasis following the initial diagnosis, and 90% of them affect the liver[163]. Once the 

first metastasis is detected, the average survival of the patient is less than one year[164]. 

The development of uveal melanoma has been associated with chromosomal 

alterations and oncogenic mutations[163]. The most studied aberration is the partial or 

complete loss of chromosome 3, which is associated with worse prognosis and 

metastatic progression[159]. The BAP1 (BRCA1-associated protein 1) gene is located on 

this chromosome and is related to tumor suppressor activity in uveal melanoma. 

Mutations on this gene are related to metastatic potential[165].   

There are other types of mutations in uveal melanoma, and among the most studied are 

those that affect GNAQ/GNA11 genes, members of the guanine nucleotide-binding G 

protein family. Mutations on these genes constitutively activate G-protein alpha-subunit 

that produces an overexpression of mitogen-activated protein kinase (MAPK) and 

PI3K/AKT/mTOR pathways, which are crucial to regulate cell proliferation and 

survival[166,167] (Figure 16). In addition, a previous report suggests that half of the tumors 

that do not present mutations in GNAQ, have it in GNA11[168]. Remarkably, several 

studies support that these mutations occur in up to 90% of uveal melanoma tumors [169].  
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Figure 16. Schematic representation of MAPK and mTOR pathways involved in the development of uveal 

melanoma tumors. Mutations in GNAQ/GNA11 genes can constitutively activate the G-protein alpha-

subunit and produce the overexpression of the signaling cascade in the mentioned routes triggering in 

the uveal melanoma tumor progression. 

4.1.1.1. AZD8055 for uveal melanoma treatment 

There are different treatments for local uveal melanoma tumors such as radiotherapy, 

laser therapy, clinical resection, or even enucleation. However, an effective treatment 

for metastatic uveal melanoma is not available for patients at the moment. Various 

chemotherapeutic drugs, immunotherapy, targeted agents against MAPK pathways 

have been studied without much success[170]. Thus, some patients have to take part in 

clinical trials to explore new treatments. 

As mentioned before, mutations in GNAQ/GNA11 activate the MAPK and mTOR 

pathways in uveal melanoma tumors and, therefore, drugs that inhibit these pathways 

could be good candidates to treat metastatic uveal melanoma. In this regard, AZD8055 

is a potent ATP-competitive mTOR (mTORC1-mTORC2) inhibitor that prevents kinase 

activity[171]. It is known that this protein is involved in many essential functions in cells, 

such as cell growth and autophagy. In this sense, it has been demonstrated in different 

studies that the use of AZD8055 can induce cell death by autophagy and decreases the 
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proliferation rates and cell cycle progression in many cells[172,173]. For these reasons, this 

drug is being investigated as a treatment for uveal melanoma models with promising 

results[174]. 

4.1.2. Albumin-stabilized gold nanoclusters (BSA-AuNCs) 

One of the most used strategies to treat cancer is chemotherapy, in which different 

antitumoral agents are used to eliminate tumoral cells. However, these treatments have 

many side effects due to their high toxicity and non-selective biodistribution of drugs, 

which act in both healthy and tumoral cells. In the case of AZD8055, the toxicity is related 

to an increase of transaminases and fatigue[172]. In addition, tumoral cells can develop 

drug resistance due to the overexpression of membrane transporters that promote an 

outflow of chemotherapeutic agents to the extracellular environment[175], drug 

inactivation, and evasion of cells death, among others[176]. 

To solve some of the drawbacks associated to chemotherapy, the use of nanostructures 

as drug delivery system is being investigated during the last years. Among the different 

nanostructures, in this work, we employ gold nanoclusters (AuNCs) due to their 

excellent properties for biomedical applications such as sensing and imaging[177]. 

However, these nanostructures need to be modified to obtain stable, water dispersible, 

highly fluorescent, and biocompatible gold nanoclusters. In this sense, bovine serum 

albumin (BSA) is one of the most commonly used biomolecule employed for the 

stabilization of gold nanoclusters[178]. The cysteine and histidine residues present in the 

BSA can bind the Au3+, and the tyrosine residues reduce the Au3+ to Au+ (at pH > 10) 

leading to BSA-stabilized gold nanoclusters (BSA-AuNCs)[179]. These BSA-AuNCs present 

extraordinary properties as drug delivery systems, such as chemical stability (in a range 

of pH from 4 to 9), large drug load capacity and biocompatibility[180].  

The internalization process of BSA-AuNCs takes place by endocytosis, avoiding the 

passive transport of drugs into the cells and the development of chemoresistance. In 

addition, these nanomaterials can accumulate in the tumor site due to the enhanced 

permeability and retention (EPR) effect[181,182]. Thus, the concentration of drugs in these 

tissues can be increased, improving treatment’s efficiency and reducing the side effects. 
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Furthermore, BSA-AuNCs show near-infrared fluorescence properties, making these 

nanostructures excellent agents for the imaging of tumors in vivo, which is favored by 

the EPR effect[183]. 

4.1.3. BSA-AuNCs-AZD for uveal melanoma treatment  

In this work, we proposed the use of BSA-stabilized gold nanoclusters (BSA-AuNCs) as a 

platform to deliver AZD8055 for the treatment of uveal melanoma. The drug was 

covalently conjugated to the BSA-AuNCs to avoid their premature release of the 

nanostructure. The best of our knowledge, we describe here the first therapeutic 

approach for uveal melanoma based on the combination of nanostructures and the 

AZD8055. 

4.1.3.1. Synthesis and characterization of BSA-AuNCs functionalized with 

AZD8055 

4.1.3.1.1. Synthesis of BSA-AuNCs-AZD 

Albumin-stabilized gold nanoclusters were prepared by the incubation of a solution of 

BSA with a gold salt (HAuCl4) in the presence of NaOH to control the pH, and incubated 

at 37 °C for 16 hours. This process leads to the formation of the corresponding AuNCs 

stabilized by BSA (BSA-AuNCs). After the incubation, a reddish-brown solution 

containing BSA-AuNCs was obtained. These nanostructures lack a plasmon resonance 

absorption band[184,185], present in larger gold-based nanostructures such as  

nanoparticles and nanorods, but show a strong fluorescence emission spectrum from 

visible to the near-infrared (NIR) region (λEx 380/480 nm; λEm 680 nm) (Figure 17).  
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Figure 17. a) UV-Vis and fluorescence spectra of BSA-AuNCs. The fluorescence peaks at the near-infrared 

region (680 nm) correspond to the excitation of BSA-AuNCs with λEx = 380 nm (orange) and λEx = 480 nm 

(grey). b) Images of BSA-AuNCs before (top) and after (bottom) the exposure under UV light. 

The resulting BSA-AuNCs were studied by transmission electron microscopy (TEM), 

where 50 and 80 nm albumin aggregates with a gold core of 2-5 nm were visualized 

(Figure 18). 

 

Figure 18.  a) TEM image of BSA-AuNCs showing albumin aggregates of 50 and 80 nm size with a gold-

core of 2-5 nm. b) Frequency counts of the gold core of BSA-AuNCs measure by TEM showed an average 

size and standard deviation of 3.55 ± 0.73 nm (n = 160). 

The modified AZD8055 (AZD-PySS) required for the conjugation with the BSA-AuNCs was 

obtained from the reaction of carbonate 2 with AZD8055. Carbonate 2 was prepared in 

two steps by combining aldrithiol and mercaptoethanol, followed by the treatment of 

the resulting alcohol with bis(4-nitrophenyl) carbonate (Figure 19).  
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Figure 19. Modified AZD8055 (AZD-PySS) synthesis reaction. Representation of AZD8055 (purple) with a 

redox-sensitive linker (blue). 

The functionalization of BSA-AuNCs with AZD-PySS required the introduction of thiol 

groups in the BSA-AuNCs by the addition of 20 equivalents of 2-iminothiolane. After that, 

the mixture was incubated at room temperature for 16 hours.  Then, 100 µM of the 

modified drug (Figure 19) was added to the sulfhydryl-activated nanostructures leading 

to the final product (Figure 20).  

 

Figure 20. Schematic representation of the synthesis of BSA-AuNCs functionalized with AZD8055 modified 

with a tailored linker that releases the drug in a reductive environment. 
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4.1.3.1.2. Characterization of Functionalized BSA-AuNCs 

Conjugation of the AZD8055 was studied by UV-Vis and HPLC from samples purified by 

exclusion chromatography to remove the unbound material. The final product presented 

a yellow-brown color and the UV-Vis spectra revealed the characteristic profile of 

AZD8055 at 380 nm (Figure 21a). The concentration of this derivative, was calculated 

interpolating the absorbance measured at 380 nm in the corresponding calibration curve 

(Figure 21b). In addition, these nanostructures showed two fluorescence peaks (λEx = 

380 nm) at 450 nm and 680 nm corresponding to AZD8055 and BSA-AuNCs-AZD, 

respectively (Figure 21a). 

 

Figure 21. a) UV-Vis and fluorescence spectra of BSA-AuNCs-AZD, where the fluorescence peaks (λEx = 380 

nm) at 450 and 680 nm are attributed to ADZ8055 and BSA-AuNCs, respectively. b) Calibration curve of 

AZD8055 used to quantify the concentration of the drugs into the BSA-AuNCs. 

Alternatively, the total amount of AZD8055 released from BSA-AuNCs was measured at 

380 nm by HPLC. The sample was prepared by the incubation of the nanostructure with 
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5 mM of GSH for 72 hours to force the release of all conjugated drug. A calibration curve 

using the free AZD8055 at different concentrations (0, 25, 50, 75 and 100 µM), BSA-

AuNCs without the sulfhydryl activation and 5 mM of GSH to resemble the conditions of 

the sample were used. Then, the solutions were treated with 2% Zn(NO₃)₂ and 

centrifuged to pull down the BSA-AuNCs at 16.1 rcf for 15 minutes. The supernatant was 

carefully removed, and 20 µL were injected into the HPLC equipment. As a control, 100 

µM of free AZD8055 in DMSO was also tested. The resulting areas for the measurements 

were interpolating in the calibration curve to measure the concentration of AZD8055 

conjugate to the BSA-AuNCs (Figure 22). Remarkably, the maximum peak area of the free 

AZD8055 showed the same retention time comparing with the drug released from the 

BSA-AuNCs, indicating that it is being kept its most active form without any modification.  

 

Figure 22. Representative HPLC chromatograms of a) 100 µM of AZD8055, b) calibration point using the 

AZD8055 at 25 µM, and c) AZD8055 released from BSA-AuNCs after the incubation for 72 h with 5 mM of 

GSH. d) Calibration curve of AZD8055 used to quantify the drug’s concentration into the BSA-AuNCs by 

HPLC. e) Retention times and areas of the measured samples. 

The agreement between the two methods also indicates that there is no evidence for 

unspecific attachment of the drug to the BSA-AuNCs.  

To confirm the formation of the albumin-based nanoparticles after the functionalization 
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with the AZD8055, the size of the modified nanoparticles was studied by dynamic light 

scattering (DLS) in PBS. The results showed the formation of a homogeneous material 

with only one population with an average size of 141.2 nm (PDI: 0.180). Remarkably, the 

size of the nanostructure was measure after one-week storage in PBS at 4 °C showing 

the same size (140.5 nm, PDI: 0.199). This result indicates the excellent stability of the 

BSA-AuNCs-AZD, which were able to keep their colloidal stability over time (Figure 23).  

 

Figure 23. Size of BSA-AuNCs-AZD measured by intensity by DLS for two weeks storage at 4 °C in PBS (pH 

= 7.4). 

Interestingly, the differences in size before and after functionalization evidence a rapid 

formation of albumin-based nanoparticles through self-assembly of the hydrophobic 

BSA domains after the conjugation of the hydrophobic drug AZD8055 (Figure  24)[186,187]. 

 

Figure 24. Size of BSA-AuNCs-AZD by number measured by DLS before (blue) and after (orange) drug 

functionalization. 
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Besides, the morphology of these nanostructures was further characterized by scanning 

electron microscopy (SEM) (Figure 25a) and atomic force microscopy (AFM) (Figure 25b), 

revealing a globular morphology with an average size of 73.29 ± 15.1 and 128.6 ± 10.6 

nm, respectively. The difference in the size of the BSA-AuNCs-AZD obtained by the two 

techniques could be due to the different ways of preparing the samples and how each 

equipment works.  

 

Figure 25. Size of BSA-AuNCs-AZD determined by different techniques. a) SEM image showed a globular 

morphology of BSA-AuNCs-AZD. The white-bright crystals correspond to the PBS salts. Frequency counts 

of BSA-AuNCs-AZD by SEM result in an average size of 73.29 ± 15.1 nm (n = 100). b) AFM image of BSA-

AuNCs-AZD showed an average size of 128.6 ± 10.6 nm (n = 204). 

4.1.3.1.3. In vitro controlled release of AZD8055 from BSA-AuNCs 

As previously described, AZD8055 was modified with a tailored linker that contains a 

disulfide moiety sensitive to the reducing environment due to the GSH present inside 

the tumoral cells. To determine the in vitro release of AZD8055 from BSA-AuNCs, the 

nanostructures were exposed to different concentrations of GSH, 1 µM and 1mM, and 

the samples were evaluated after various times. Thus, BSA-AuNCs were precipitated 

using a zinc salt (Zn(NO₃)₂), and the fluorescence of the drug was measured over time 

(λEx = 380 nm, λEm = 450). 
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In this sense, the release profile of AZD8055 from BSA-AuNCs-AZD was studied in PBS 

containing 1 µM and 1mM of GSH, resembling the extracellular and intracellular 

environment, respectively[188]. The result showed that when 1 mM of GSH was 

employed, 70% AZD8055 was release for BSA-AuNCs after 96 hours (Figure 26, orange 

line). Remarkably, most of the AZD8055 was released (60%) in the first 24 hours. On the 

other hand, when GSH 1 µM was employed, just 12% of the drug was released after 96 

hours (Figure 26, blue line).  

 

Figure 26. AZD8055 release profile from BSA-AuNCs based nanoparticles in PBS containing 1 mM (orange) 

or 1 µM (blue) of GSH. 

4.1.3.1.4. Chemotherapeutic activity of functionalized BSA-AuNCs in uveal 

melanoma (Mel202) cells 

To check the uptake of the nanostructures into uveal melanoma Mel202 cells, confocal 

microscopy was performed, taking advantage of the inherent red fluorescent properties 

of the BSA-AuNCs. Thus, Mel202 cells were incubated for 4 hours and washed with PBS. 

Cells were fixed using paraformaldehyde 4% and counterstained with DAPI (blue) and 

Phalloidin (green). A red fluorescence corresponding to BSA-AuNCs was observed in the 

cytoplasm of the Mel202 cells, confirming the internalization of the nanostructures 4 

hours after treatment (Figure 27).  
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Figure 27. Confocal laser scanning microscopy images of BSA-AuNCs localization in Mel202 cells after 4 

hours of incubation. The image shows 3 representative examples (a-c). The left side of the panels 

corresponds to 2D images (one section or focal plane) for (i) the nucleus with DAPI in blue (λEx = 358, λEm 

= 461), (ii) actin filaments labeled with Phalloidin in green (λEx = 495, λEm = 519 nm), (iii) BSA-AuNCs in red 

(λEx = 405, λEm = 680 nm) and (iv) the merge. The right side of the panels shows the 3D reconstructions of 

those cells. White arrows show a positive signal for BSA-AuNCs above the cellular autofluorescence. Black 

arrows show two examples were the BSA-AuNCs are inside the cells. Scale bar: 15µm. 

Besides, as mentioned before, the maximum amount of the drug was released at 24 

hours in the presence of a reducing environment. For this reason, the fluorescence signal 

from AZD8055 was analyzed by flow cytometry 24 hours after treatment (λEx = 380 nm), 

to confirm that BSA-AuNCs-AZD were internalized into the Mel202 cells. The free drug 

was also studied. The results showed that both the free AZD8055 and BSA-AuNCs-AZD 

were internalized into the cells in a similar percentage, 99.3% and 99.9%, respectively 

(Figure 28). 
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Figure 28. Flow cytometry analyses of uveal melanoma Mel202 cells at 24 hours after treatment with a) 

Control; b) BSA-AuNCs 0.5 µM; c) Free AZD8055 1.5 µM; d) BSA-AuNCs-AZD 0.5-1.5 µM 

Then, the cytotoxic activity of BSA-AuNCs-AZD in vitro using the resazurin dye assay was 

studied. This compound is a redox indicator that provides an easy method to analyze the 

percentage of the viable cells with an active metabolism, which can reduce the resazurin 

into resofurin, a fluorescent derivative[155]. The in vitro assay was performed in three 

uveal melanoma cell lines, Mel202, OMM1.3 and Sp6.5 cells, and non-tumoral HaCaT 

keratinocytes, where the free AZD8055 (1.5 µM) and BSA-AuNCs-AZD (BSA-AuNCs: 1 µM; 

AZD8055: 1.5 µM) were incubated for 24 hours. Then, the cells were washed with PBS 

to remove the structures that had not been internalized and incubated 48 hours more. 

The viability assay showed that the uveal melanoma cells OMM1.3 and Sp6.5 were 

sensitive to the modified nanostructure with an effect similar to the free AZD8055 (52 

and 68% cell viability, respectively). However, the antitumoral activity was higher in 

Mel202 cells, where BSA-AuNCs-AZD and free AZD8055 decreased the cell viability to 

45% and 25%, respectively (Figure 29).  Remarkably, in the case of the non-tumoral cell 

line (HaCaT keratinocytes), the nanostructure did not affect the cell viability compared 

to the free AZD8055, which induced a decrease of 50% (Figure 29).   
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Figure 29. Cell viability of uveal melanoma Mel202, OMM1.3 and Sp6.5 cells and non-tumoral cells HaCaT 

keratinocytes at 48 hours post-incubation with BSA-AuNCs-AZD and free AZD8055 studied by resazurin 

assay. Statistical analysis was performed using one-way ANOVA Tukey’s test (each group vs. control). ***p-

value < 0.001. 

In addition, to confirm the biocompatibility of the nanostructure, Mel202 cells were 

treated with non-functionalized 1 µM BSA-AuNCs for 24 hours. The result evidenced the 

lack of toxicity of these nanostructures, compared to untreated cells (Figure 30). This 

was expected based on complementary experiments performed in the group in other 

cell lines (see results, chapter 4.2)[189,190]. 

 

Figure 30. Cell viability of uveal melanoma Mel202 cells at 48 hours post-incubation with BSA-AuNCs (1 

µM), BSA-AuNCs-AZD (1 µM – 1.5 µM) and free AZD8055 (1.5 µM) evaluated by resazurin assay. Statistical 

analysis was performed using one-way ANOVA Tukey’s test (each group vs. control). ***p-value < 0.001. 

To check the endocytosis pathways related to the uptake of BSA-AuNCs-AZD, we tested 

in Mel202 cells two different endocytosis inhibitors such as chlorpromazine and filipin III 

to block clathrin-mediated and caveolae-mediated uptake process, respectively[191,192]. 
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In this regard, cells were pre-treated with the inhibitors for 1 hour before the incubation 

with the nanostructures (6 µM) for 4 hours. Then, the cells were washed to remove the 

BSA-AuNCs-AZD that were non-internalized. The higher concentration used in this 

experiment was due to an attempt to force the cytotoxic activity of the drug at 24 hours 

after treatment. The viability assay in the presence of the inhibitors showed that filipin 

III, along with the BSA-AuNCs-AZD, was able to reduce cell viability by 32% compare to 

the cells pre-treated with the inhibitor. However, employing chlorpromazine, a clathrin-

transport inhibitor, cell viability was almost not affected. These results indicate that the 

main internalization pathway for BSA-AuNCs-AZD could be clathrin-mediated 

endocytosis (Figure 31).  

 

Figure 31. Effects of endocytosis inhibitors in uveal melanoma Mel202 cell viability treated with BSA-

AuNCs-AZD. Cells were pre-treated for 1 hour with chlorpromazine and filipin III and then incubated BSA-

AuNCs-AZD for 4 hours more. After this incubation time, cells were washed with PBS and cell viability assay 

was performed 24 hours later by resazurin assay. Statistical analysis was performed using one-way ANOVA 

Tukey’s test (each group vs. control). ***p-value < 0.001. 

Finally, it is known that the internalization process, the size, and charge of the 

nanoparticle, as well as the metallic components of structures, can promote the 

production of reactive oxygen species (ROS)[193]. For this reason, the potential of the BSA-

AuNCs-AZD as generators of ROS was measured. In this regard, the widely used probe 

2’,7’- dichlorodihydrofluorescein diacetate (H2DCF-DA) were employed for this 

experiment. This dye has a low fluorescence signal in its reduced state, but when 

oxidized by the presence of ROS, it becomes very fluorescence[194]. In this case, cells were 



 

87 
 

 Results: Chapter 4.1 

co-incubated with the nanostructures and the probe for 4 hours. The fluorescence signal 

of the H2DCF-DA was immediately measured after the treatment (λEx = 485, λEm = 528). 

The results showed that BSA-AuNCs did not produce a significant difference in ROS 

generation compared to the control. However, BSA-AuNCs-AZD generates an increase in 

almost three times the levels of ROS (Figure 32a). This result was confirmed by 

fluorescence microscopy (Figure 32b). 

 

Figure 32. a) ROS production in Mel202 cells measured by H2DCF-DA after 4 hours of treatment. Data 

corresponded to mean ± S.D. values and were normalized with respect to the control. Statistical analysis 

was performed using one-way ANOVA Tukey’s test (each group vs. control). ***p-value < 0.001. b) 

Fluorescence microscopy images of ROS production in Mel202 cells at 4 hours after treatment with the 

nanostructures and the probe. The green color represents the generation of ROS. Scale Bar: 50 µM. 

4.1.3.1.5. Chemotherapeutic activity of BSA-AuNCs-AZD in In Vivo models of uveal 

melanoma 

The final step in this work was the evaluation of the therapeutic potential of this system 

in in vivo models. To carried out this experiment, the scaled-up of the BSA-AuNCs-AZD 

preparation was necessary. In this case, the final solution had a concentration of 376.5 

µM of BSA-AuNCs (instead of the previous 20 µM) and 1.5 mM of AZD8055.  
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In this regard, we established a xenograft model in 15 immuno-depressed mice injecting 

the uveal melanoma Mel202 cell line subcutaneously using Matrigel. Once the tumors 

reach the appropriate size of around 0.8 cm2, the animals were treated with PBS, 

AZD8055, BSA-AuNCs-AZD (intratumoral (i.t.) and intravenously (i.v.)) once a week for 

two weeks.  

The first injection was administrated on day 15 after the inoculation of the tumoral cells 

(Figure 33a, red arrow). The effect of these compounds was evaluated every 3 days for 

15 days. While with the intratumoral injection of free AZD8055 the tumor continued to 

grow, treatment with BSA-AuNCs-AZD intratumoral and intravenously stabilized or even 

decreased the tumor surface, respectively, compared with the control of PBS. The 

second injection took place on day 22 (Figure 33a, red arrow). The sizes of tumors of the 

control mice (PBS) increased steadily until they reach more than 1 cm2. Conversely, after 

the second intratumoral injection of AZD8055, the size of the tumors was reduced, but 

less than when BSA-AuNCs-AZD were employed intratumorally and intravenously (Figure 

33a, b and c).  
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Figure 33. a) Tumor growth curves of different groups of mice after two doses of treatment with PBS, Free 

AZD8055 intratumoral, BSA-AuNCs-AZD intratumoral (i.t.), BSA-AuNCs-AZD intravenously (i.v). b) 

Representative image of tumor volume at the end of the treatments. c) Tumor surface of the different 

groups of mice on day 32 after the mentioned treatment. In all cases, data correspond to mean ± S.D. 

values (n = 4) and statistical analysis was performed using one-way ANOVA, Student-Newman-Keuls test. 

˙p-value < 0.1, *p-value <0.05 and **p-value <0.01. 

Finally, the hematoxylin/eosin staining (H&E) at 20 days post-injection did not show 

significant damage in the liver and spleen (Figure 34), indicating the low toxicity of the 

BSA-AuNCs-AZD in other organs of the body.  
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Figure 34. Representative images of tissue pathology (hematoxylin-eosin staining; magnification 20X) of 

tumor section, spleen and liver from mice treated with Free AZD8055 and BSA-AuNCs-AZD intratumoral 

and intravenously at 15 days after treatment.  

It is important to note that the dose employed in these experiments (6 mg/Kg weekly) is 

23 times lower than the one used in previous reports (20 mg/Kg daily)[171,173]. In addition, 

AZD8055 is a very hydrophobic drug and their conjugation into BSA-AuNCs allows their 

intravenous injection of AZD. For this reason, this system provides an excellent strategy 

for the systemic drug delivery of hydrophobic drugs.  
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4.2. Albumin-stabilized gold nanoclusters functionalized with DOX and 

SN38 (BSA-AuNCs-DS) for breast cancer treatment  

4.2.1. Breast cancer 

Breast cancer is the most common cancer in women and the second cause of death. The 

global incidence of this cancer represents approximately 15% of all cancer among 

women[195]. This tumor arises from the breast tissues, where the cells grow 

uncontrollably, leading to the formation of a mass. Breast is formed mainly by two types 

of tissues, the glandular and stromal tissues. Most breast cancer begins in the glandular 

tissue, which houses the lobules (milk gland) and the ducts[196].  

Depending on the tumor’s location, they can be classified as in situ or invasive by the 

histological type, size, and if it is metastatic. Through the gene expression analyses of 

different biomarkers such as estrogen (ER) and progesterone (PR) receptors and human 

epidermal growth factor receptor 2 (HER2), breast cancer could be sub-classified into 

four molecular subtypes according to table 6[197,198]. 

 

Table 6. Classification of breast cancer determined through gene expression analysis. ER, estrogen 

receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2.  

The response to treatments and prognosis is very much related to the molecular 

subtypes of breast cancer. Therefore, these parameters are usually evaluated in 

patients[199–201].  

• Luminal A patients (58.5 % incidence) have the best prognosis. These cancers present 

a low proliferative grade, good differentiation, and lowest risk to relapses. 

• Luminal B patients (14% incidence) have a slightly worse prognosis. These cancers are 

more aggressive than luminal A, with a higher proliferative grade. 



 

92 
 

 Results: Chapter 4.2 

• HER2-type cancer (11.5% incidence) is a more aggressive tumor with a low grade of 

differentiation. In addition, p53 mutations are detected in many cases. Despite this, 

HER2 type tumor is generally successfully treated with HER2 monoclonal antibody 

(trastuzumab) in combination with conventional chemotherapy. 

• Basal-like or triple-negative cancer (16% incidence) is the more aggressive type and 

has the worst prognosis. It is characterized by forming the largest tumors with poor 

differentiation, high division rates, necrotic zones, pushing borders and lymphocytic 

infiltrate. Metastasis in other organs and BRCA1 gene mutations are very common in 

this type of cancer.  

Currently, the most common therapies involve local treatments such as surgery and 

radiotherapy, and systemic treatments that can reach any part of the organism. 

Depending on the type of breast cancer, the treatment can vary in different 

options[202,203]. On the one hand, if the tumor expresses hormone receptors (ER+ and 

PR+), treatment consists of hormone therapy with drugs that reduce hormone to 

prevent the interaction with breast cancer cells. On the other hand, tumors that 

overexpress specific molecules on their surface (e.g., HER2) can be treated with targeted 

therapies, such as small molecules and monoclonal antibodies, which block cell growth 

and prevent metastases from damaging healthy tissues. Finally, different 

chemotherapeutic drugs with cytotoxic activity may be given before and after surgery 

to shrink the tumor or prevent new ones from forming elsewhere in the body. 

These treatments have demonstrated high effectiveness; however, they present a lot of 

drawbacks that must be improved, such as optimal biodistribution of drugs, high toxicity 

leading to side effects, and the multidrug resistance developed by tumoral cells[204]. To 

solve this disadvantage, chemotherapy is usually administrated as a combination of 

drugs with different mechanisms of action to achieve a synergistic effect[205]. However, 

the different solubility and pharmacokinetics of the drugs, could reduce the efficacy of 

the combined treatments due to the different temporally concentrations of the drugs in 

the target tissues.  

In this regard, the development of new treatments for breast cancer based on 

nanoparticles for drug delivery could solve some of this disadvantage.  
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4.2.2. Albumin-stabilized gold nanoclusters functionalized with DOX and SN38 (BSA-

AuNCs-DS) for breast cancer treatment  

As mentioned before (see results, chapter 4.1), the albumin stabilized gold nanoclusters 

(BSA-AuNCs), are not toxic materials that have been used as vehicles to deliver drugs, 

enhancing their blood circulation time and allowing their accumulation at the target 

tissues (EPR effect). As a consequence, this strategy reduces the toxicity and side effect 

of conventional chemotherapy and improve the efficiency of the treatments by avoiding 

the multidrug resistance mechanism developed by the tumor cells. 

In particular, for the modification of BSA-AuNCs, doxorubicin (DOX) and SN38 were 

selected. On the one hand, DOX is an anthracycline chemotherapy drug used to treat 

different kinds of cancer, including leukemia, lymphomas, multiple myeloma, breast 

cancer, sarcoma, lung, gastric, ovarian, thyroid and pediatric cancers. However, their use 

is limited because it is a cardiotoxic drug, and cumulative doses can induce significant 

damage12. Particularly, anthracyclines produce cell damage by two primary 

mechanisms, such as the intercalation in the DNA and the disruption of topoisomerase 

II (TOP2A) mediated DNA repair, and the generation of free radical leading to damage in 

cell membranes, DNA and proteins. DOX is metabolized in cells in a process that releases 

reactive oxygen species (ROS), which are responsible for the cell damage that leads to 

apoptosis pathways[206–208] (Figure 35a). On the other hand, SN38 (7-ethyl-10-hydroxy-

camptothecin) is an analog of camptothecin (CPT) that shows enhanced anti-cancer 

activity (up to 1000-fold more cytotoxic). However, this drug’s use is limited by its low 

aqueous solubility and stability at pH > 6. This drug inhibits topoisomerase I (TOP1), 

resulting in DNA breaks and apoptosis[209,210] (Figure 35b). 
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Figure 35. Schematic representation of a) doxorubicin and b) SN38 mechanism of action. 

Recent studies revealed that the combination of DOX and SN38 conjugated into 

nanostructures showed a synergistic effect, enhancing the cytotoxic activity of these 

drugs and reducing the side effects of the treatments[211,212].  

In this work, we proposed the use of BSA-stabilized gold nanoclusters as a platform to 

deliver DOX and SN38 in the same nanostructure for combined therapy of breast cancer. 

This system overcomes the solubility problem and improves the pharmacokinetics of the 

drugs, increasing the treatment’s efficacy. Thus, DOX and SN38 were covalently 

conjugated to the BSA-AuNCs using two different tailored linkers that control their 

release through internal stimuli of cancer cells (pH and reducing environment), 

preventing the premature release of the drugs.  

4.2.3. Synthesis and Characterization of BSA-AuNCs Functionalized with DOX and 

SN38 

4.2.3.1. Synthesis of BSA-AuNCs-DS 

The synthesis of albumin-stabilized gold nanoclusters (BSA-AuNCs) was performed as 

previously described (see sections 3.2.2 and 4.1.3.1). 

Doxorubicin drug linker (DOX-iMal) was synthesized from amino valeric acid in a few 

steps. Initially, the amino moiety was transformed in the corresponding maleimide by 
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the reaction with maleic anhydride, and the carboxylic acid activated as succinimide 

ester (3) in one pot. Then, from the reaction of compound 3 with tert-butyl carbazate 

and its subsequent treatment with trifluoroacetic acid (TFA), the nucleophilic hydrazine 

ester 4 was obtained. Finally, the reaction of 4 with DOX in the presence of a catalytic 

amount of TFA yielded the corresponding DOX-iMal (Figure 36). 

 

Figure 36. Modified DOX (DOX-iMal) synthesis reaction. Representation of DOX (red) with a redox-

sensitive linker (pink). 

Modified SN38 (Figure 37) for conjugation with BSA-AuNCs was obtained from 

compound 2 following the procedure described with AZD8055 (see Method, 3.2.1.1).  

 

Figure 37. Modified SN38 (SN38-PySS) synthesis reaction. Representation of SN38 (blue) with a redox-

sensitive linker (pink). 

To prepare BSA-AuNCs with DOX-iMal and SN38-PySS, thiols groups were introduced 

onto the surface of the BSA-AuNCs using 20 equivalents of 2-iminothiolane. Then, the 

modified drugs were added in their corresponding concentration to the sulfhydryl-

activated BSA-AuNCs leading to the formation of BSA-AuNCs based nanoparticles 

(Figure 38a). Particularly, the designed linker for DOX[213] contains a pH-sensitive imine 
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moiety to control the drug’s release in acidic conditions and a maleimide group to ease 

its conjugation with the previously sulfhydryl-activated BSA-AuNCs (Figure 38b). 

Conversely, the linker employed in the case of SN38 contains a disulfide-based self-

immolative moiety and a 2-mercaptopyridyl leaving group to ease the conjugation with 

the sulfhydryl-activated BSA-AuNCs[214] (Figure 38c).  

 

Figure 38. Synthesis of nanoparticles based on BSA-AuNCs modified with Doxorubicin (DOX-iMal) and 

SN38 (SN38-PySSO). a) Schematic representation of the synthesis of BSA-AuNCs-DS based nanoparticles 

for combined chemotherapy; b) Representation of DOX (red) modified with a pH-sensitive linker (pink); 

and c) SN38 (blue) modified with a redox-sensitive linker (pink). 

Using these derivatives, the BSA-AuNCs were modified with DOX-iMal (BSA-AuNCs-D), 

SN38-PySS (BSA-AuNCs-S), or both (BSA-AuNCs-DS). The conjugation of one or two drugs 

onto BSA-AuNCs was performed just by mixing the elements. Therefore, this procedure 

provides an easy and efficient way of synthesizing vehicles for drug delivery. It is worth 

highlighting that the linkers employed allowed the release of the drugs with no 

modification, ensuring their biological activity.  

4.2.3.2. Characterization of functionalized BSA-AuNCs 

The incorporation of DOX and SN38 on the BSA-AuNCs was studied by UV-VIS (Figure 

39) after removing unbound material using a Sephadex NAP-10 column. First, the UV-
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Vis spectra of modified BSA-AuNCs showed the standard absorption profile of BSA-

AuNCs. Second, the characteristic bands of DOX and SN38 (495 nm and 380 nm, 

respectively), were identified in the samples corresponding to BSA-AuNCs-D and BSA-

AuNCs-S. Finally, UV-VIS spectra of the bifunctionalized BSA-AuNCs-DS exposed the 

bands corresponding to the three different components, revealing that both drugs (DOX 

and SN38) were covalently attached in a very efficient way to the surface of BSA-AuNCs.  

The concentration of the drugs was obtained by interpolating the absorbance measured 

in the corresponding calibration curve, obtaining 37 µM and 80 µM, respectively (Figure 

39b and 39c). In the case of bi-functionalized nanoclusters BSA-AuNCs-DS, the 

concentrations of DOX and SN38 were 37 µM and 70 µM, respectively.  

 

Figure 39. a) UV-Vis spectra of BSA-AuNCs (grey), and BSA-AuNCs modified with DOX (BSA-AuNCs-D) 

(orange), SN38 (BSA-AuNCs-S) (blue) and both DOX and SN38 (BSA-AuNCs-DS) (purple). b, c) Calibration 

curves of DOX and SN38, respectively used to quantify the concentrations of these drugs into the BSA-

AuNCs. 

To check the formation of the nanoparticles after the modification of BSA-AuNCs with 

the drugs, the sizes of the functionalized nanostructures were studied by dynamic light 
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scattering (DLS) at the end of the synthesis in PBS. On the one hand, measurements of 

the BSA-AuNCs-D showed the formation of a non-homogeneous material with two 

nanoparticle size distributions (Figure 40, orange line). This result indicates that DOX 

was a hydrophilic drug that was not able to induce the self-assembly of the BSA-AuNCs 

to form a stable population of nanoparticles. On the contrary, when the hydrophobic 

SN38 was employed, only one population of nanostructures was obtained with an 

average size of 117.5 nm and a polydispersity index of 0.277 (Figure 40, blue line). 

Finally, the combined use of DOX and SN38 in the same nanostructure does not disrupt 

the formation of a monodispersed population of nanoparticles with an average size of 

190.8 nm and a PDI of 0.263 (Figure 40, grey line).  

 

Figure 40. Size of Doxorubicin BSA-AuNCs-D (orange), BSA-AuNCs-S (blue) and BSA-AuNCs-DS (grey) 

measured by dynamic light scattering (DLS). 

In addition to that, modified nanostructures bearing both drugs (BSA-AuNCs-DS) were 

stored in PBS at room temperature for fifteen days, and their stability and size were 

measured by DLS. The results obtained from nanoparticles size and PDI showed that 

BSA-AuNCs-DS were able to keep their size and colloidal stability during these days with 

minimum variation (Figure 41).  
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Figure 41. Stability study in PBS (pH = 7.4) of BSA-AuNCs-DS over time stored at room temperature. Mean 

± SD, n = 3[190].  

Besides, all the nanostructures obtained were characterized by scanning electron 

microscopy (SEM). In all cases, functionalized BSA-AuNCs showed a globular morphology 

when they were analyzed (Figure 42).  

 

Figure 42. SEM pictures of modified BSA-AuNCs. a) BSA-AuNCs-D, b) BSA-AuNCs-S and c) BSA-AuNCs-

DS[190]. 

4.2.3.3. In vitro controlled release of DOX and SN38 from BSA-AuNCs 

DOX and SN38 were modified with tailored linkers sensitive to acidic pH and reducing 

environment, respectively. To determine the in vitro release of both drugs from BSA-

AuNCs, the nanostructures were exposed to the selected triggering conditions. Aliquots 

were incubated at different times under the mentioned conditions, then BSA-AuNCs 

were precipitated using a zinc salt (Zn(NO₃)₂), and the fluorescence of the drugs was 

recorded. 

On the one hand, the DOX release from BSA-AuNCs-D was evaluated in phosphate 

citrate buffer at pH = 5. Under these acidic conditions, we observed that approximately 

85% of the total DOX conjugated was released within the first 5 hours (Figure 43a, 
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orange line). However, when the BSA-AuNCs-D are maintained at pH = 7.4, the DOX 

release was not superior to 20% (Figure 43a, blue line). On the other hand, SN38 release 

was studied in PBS containing DTT at a concentration of 1 µM or 1 mM, which are the 

concentrations of the normal and tumoral cells, respectively. The results showed that 

when we employed 1 µM of DTT the release of SN38 was less than 30% after 48 hours, 

indicating a slow release of the drug from de BSA-AuNCs (Figure 43b, green line). 

However, when we increased the concentration of DTT until 1 mM, 80% of SN38 was 

released after 48 hours (Figure 43a, red line). 

 

Figure 43. Release profile of Doxorubicin (DOX) and SN38 from BSA-AuNCs. a) DOX release profile from 

BSA-AuNCs based nanoparticles in a phosphate-citrate buffer at pH = 5 (orange line) or 7 (blue line), b) 

SN38 release profile from BSA-AuNCs based nanoparticles in PBS containing 1 mM (red line) or 1 µM 

(green line) of DTT[190]. 
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4.2.4. Chemotherapeutic activity of functionalized BSA-AuNCs in breast cancer (MCF-

7) cells 

To determine the toxicity of BSA-AuNCs functionalized with one or two drugs, MCF-7 

cells were treated with the different nanostructures at 2.6 µM for 24 hours, and the cell 

viability was determined after additional 48 hours.  

In the case of non-functionalized BSA-AuNCs, no significant differences in cell viability 

were detected compared to untreated samples. This result highlights the excellent 

biocompatibility of this nanomaterial in cells. Conversely, functionalized BSA-AuNCs 

with one drug induced a significant reduction in cell viability. In the case of BSA-AuNCs-

D, 70% of cells were dead after treatment. However, only 42% of the cells were dead in 

the case of BSA-AuNCs-S. Interestingly, BSA-AuNCs functionalized with both drugs (BSA-

AuNCs-DS) presented enhanced cytotoxicity, inducing 80% of cell death (Figure 44). 

However, this effect was not as high as expected for the combination of the two drugs. 

Probably, the excellent activity observed in the case of BSA-AuNCs-D, could be limiting 

the optimum assessment of the combined therapy.  

 

Figure 44. Surviving fraction of MCF-7 cells incubated 24 h with the different BSA-AuNCs formulations and 

evaluated 48 h after by MTT viability assay. Data correspond to mean ± S.D. values from at least six 

experiments. Statistical analysis was performed using one-way ANOVA Tukey’s test (each group vs. 

control). ***p-value < 0.001[190]. 

In addition, the combination therapy (BSA-AuNCs-DS), which showed the highest 

cytotoxicity in MCF-7 cells at 72 hours after treatment, was also tested in two other cell 

lines. In this experiment, triple-negative breast cancer (MDA-MB-231)[215] and 
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pancreatic cancer cells (Panc1)[216] were chosen to assess the potential use of this 

approach in other cell lines and particularly, a different tumor, such as pancreatic 

adenocarcinoma. The BSA-AuNCs-DS were incubated in the different cell lines for 24 

hours. Then, cells were washed with PBS, and cell viability was measured at 24, 48, and 

72 hours after treatment (Figure 45).  

On the one hand, it is important to note that the BSA-AuNCs were non-toxic in any cell 

line, as mentioned above, in the case of MCF-7 cells. On the other hand, although the 

cytotoxic activity in these cells is lower than in MCF-7 (80% cell death at 72 hours after 

treatment), the obtained results revealing the excellent potential of these 

nanostructures to reduce the cell viability in the two other cells over time. When the 

combination therapy was employed, the cell viability in MDA-MB-231 decrease from 

10% cell death at 24 hours after treatment to 50% cell death at 72 hours (Figure 45a).  

Interestingly, similar results were obtained in pancreatic cancer cells (Panc1), where the 

cell viability decrease from 92% at 24 hours after treatment to 66% at 72 hours (Figure 

45b).  
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Figure 45. Cell Viability of breast cancer a) MDA-MB-231 and b) pancreatic cancer Panc1 cells incubated 

24 hours with BSA-AuNCs and BSA-AuNCs-DS and evaluated at different times 24, 48 and 72 hours after 

treatment by resazurin viability assay. Data correspond to mean ± S.D. (n = 4). Statistical analysis was 

performed using one-way ANOVA Tukey’s test (each group vs control). *** p-value < 0.001[190]. 

It is necessary to mention that the cytotoxicity activity of BSA-AuNCs-DS in the three 

cells is inferior to free DOX and SN38 (Figure 46). 
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Figure 46. Cell Viability of breast cancer MCF-7 and MDA-MB-231 and pancreatic cancer Panc-1 cells 

incubated with free DOX and SN38 for 24 hours. Surviving fraction was measured 72 hours after treatment 

by resazurin viability assay. Data correspond to mean ± S.D. (n = 4). Statistical analysis was performed 

using one-way ANOVA Tukey’s test (each group vs control). ***p-value < 0.001[190]. 

The cytotoxic activity of the BSA-AuNCs in MCF-7 was confirmed by examining their 

morphological changes by a neutral red staining assay at 48 hours after treatment with 

the functionalized nanostructures. Particularly, MCF-7 cells incubated with BSA-AuNCs 

(Figure 47b) showed similar morphology to control cells (Figure 47a). On the contrary, 

samples incubated with BSA-AuNCs-D, or BSA-AuNCs-S and BSA-AuNCs-DS, showed cells 

with abnormal morphology that present condensed or fragmented apoptotic nuclei 

(Figure 47c-e, respectively).  
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Figure 47. Morphology of MCF-7 cells stained with Neutral Red 48 h after treatment. a) Control cells; b–

e) Cells incubated with BSA-AuNCs, BSA-AuNCs-D, BSA-AuNCs-S, and BSA-AuNCs-DS, respectively. Arrows 

indicate nuclei with apoptotic nuclear morphology (chromatin condensation and fragmentation). Scale 

bar: 10 μm[190]. 

Another complementary experiment to the previous one was the study of cell damage 

using an optical inverted microscope. In particular, MCF-7 cells were incubated with the 

different nanostructures using a constant concentration of 2.6 µM of BSA-AuNCs for 24 

hours. Then, the cells were washed with PBS and visualized using the mentioned 

microscope at 48 hours and 9 days after treatment.  First, at 48 hours after treatment, 

the results showed that the cell density observed when BSA-AuNCs-DS was employed 

(Figure 48d) was lower compared to the other two formulations (BSA-AuNCs-D and BSA-

AuNCs-S) (Figure 48b and c) and the untreated cells (Figure 48a). However, the most 

significant changes were observed 9 days after the treatment, when the cells treated 

with BSA-AuNCs-DS did not regrow, and the characteristic microcolonies of MCF-7 cells 

were not detectable (Figure 48g). Interestingly, when the cells were incubated with BSA-

AuNCs-D (Figure 48e) or BSA-AuNCs-S (Figure 48f), small microcolonies could be 

visualized. These results evidenced superior cytotoxic activity of BSA-AuNCs-DS over 

time, confirming the great advantage of their use in cells. 
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Figure 48. MCF-7 cell density recorded under differential interference contrast (DIC) microscopy 48 hours 

after treatment in a) control (untreated) cells, b) BSA-AuNCs-D, c) BSA-AuNCs-S and d) BSA-AuNCs-DS. 

Cells 9 days after incubation with e) BSA-AuNCs-D, f) BSA-AuNCs-S and g) BSA-AuNCs-DS. Black arrows 

indicate the growth of surviving cells, which form new microcolonies. As detected under an inverted 

microscope, a smaller number of living cells were observed after bifunctional treatment in contrast to 

monofunctional BSA-AuNCs. Scale bar: 50 μm[190]. 

Then, ICP-MS and confocal microscopy were performed to confirm that BSA-AuNCs 

were internalized into MCF-7 cells at different incubation times. For the confocal 

microscopy experiments, cells were incubated for 3-4 and 24 hours with BSA-AuNCs. At 

short times (3–4 h after treatment), BSA-AuNCs are clearly detected through its red 

intrinsic fluorescence inside the cells (Figure 49a) and outside the cell membrane (Figure 

49b). However, at longer times (24 h after treatment), the fluorescence of BSA-AuNCs 

was reduced, probably due to their degradation inside the cell, although the presence 

of gold atoms could be detected by ICP-MS (13 pg/cell).  
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Figure 49. Confocal laser scanning microscope images of BSA-AuNCs localization in MCF-7 cells after 3–4 

hours of incubation. Panel a) showed an example of BSA-AuNCs cellular internalization while panel b) 

shows BSA-AuNCs layered outside, on top of the cells. The left side of the panel corresponds to 2D images 

(one section or focal plane) for the merge (i), BSA-AuNCs in red (ii, Ex.405/Em.680 nm), nucleus with DAPI 

in blue (iii, Ex.358/Em.461) and actin filaments labeled with Phalloidin in green (iv, Ex.495/Em.519 nm). 

The right side shows the 3D reconstructions of those cells[190]. 

In addition, taking advantage of the fluorescence from DOX and SN38, the uptake of 

BSA-AuNCs-D and BSA-AuNCs-S, were studied by confocal microscopy in MCF-7 cells at 

24 hours after the treatment with the nanostructures. The results showed that most of 

the fluorescence from DOX (red) co-localized with the fluorescence from SN38 (blue) in 

the nucleus (Figure 50). Thus, both DOX and SN38 can reach the cell nucleus after their 

release from the BSA-AuNCs inside the cells, leading to the corresponding cytotoxic 

effect.  
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Figure 50. Confocal laser scanning microscope images of subcellular localization of BSA-AuNCs-DS after 

24 hours incubation. a) DOX internalized are colored red, and b) SN38 colored blue. c) merged images, 

and d) differential interference contrast (DIC) microscopy are also presented. Scale bar 10 µm[190]. 

Finally, it is known that DOX and SN38 produce DNA damage and activate the DNA 

damage response (DDR)[217]. For this reason, we wanted to know if the higher activity of 

the BSA-AuCNs-DS was due to differences in the induction of DNA damage by the 

treatment with the nanostructures. In this sense, the phosphorylation of histone H2AX 

at serine 139 (γ-H2AX) is the most sensitive marker to study DNA damage (double-

stranded breaks, DSBs) in cells which have been exposed to ionizing radiation or 

chemotherapeutic agents. These phosphorylation events are easily detected by specific 

antibodies to the phosphorylated form of H2AX (γ-H2AX), which has been extensively 

used as a marker of DSB formation by chemotherapeutics agents[218]. To analyse the 

DNA damage induced by functionalized BSA-AuNCs, MCF-7 cells were treated with the 

corresponding nanostructures for 24 hours. Once inside the cells, the drugs must be 

released and enter the cell nucleus to induce DNA damage, so the detection of the DNA 

double-strand breaks was performed 48 hours after the treatment by 

immunofluorescence against γ-H2AX. The fluorescence signal indicative of the DNA 

damage was detected in both BSA-AuNCs-D and BSA-AuNCs-S. Remarkably the 

fluorescent intensity in cells treated with the combined chemotherapy was significantly 

higher. These results, along with the previous ones obtained in the optical microscopy 

studies, revealed that the superior activity observed in the BSA-AuNCs-DS might be due 

to an increase in the DNA damage generated by the combination of the two drugs at the 

nuclei (Figure 51).  

10 µm

Exc. green Exc. UV Merged DIC

a b c d
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Figure 51. Fluorescence signal of γH2AX (green) in MCF-7 cells was observed at the confocal 

microscope at 48 hours after incubation with functionalized BSA-AuNCs. Then, cells were fixed and 

processed for γH2AX immunofluorescence, DNA was counterstained with Hoechst-33258 (blue) and 

both images were overlapped. a–d) control cells; e–h) cells treated with BSA-AuNCs-D; i–l) cells 

treated with BSA-AuNCs-S; m–o) cells treated with BSA-AuNCs-DS. Scale bar: 7.5 μm[190]. 

4.2.5. Chemotherapeutic activity of BSA-AuNCs-DS in breast cancer (MCF-7) 

mammospheres 

To further assess the therapeutic potential of BSA-AuNCs, different studies were carried 

out against breast cancer mammospheres. It is known that isolated mammospheres 

from MCF-7 cells present characteristics of cancer stem cells (CSCs)[219], and therefore, 

can better resemble the tumor microenvironment compared with standard 2D cell 

culture[220].  
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In this regard, as mentioned above, BSA-AuNCs-DS had demonstrated their efficiency in 

the generation of DNA damage in MCF-7 cells. Thus, this system might be an excellent 

candidate to eliminate the CSCs population present in the tumors. 

First, the cytotoxic activity of BSA-AuNCs-DS at different concentrations in MCF-7 cells 

that will derive in mammospheres was assessed to select the best concentration. In this 

experiment, MCF-7 cells were treated for 7 days with the BSA-AuNCs-DS without 

changing the medium to resemble de studies in mammospheres (Figure 52).  

 

Figure 52. Cell Viability of MCF-7 treated with different concentrations of BSA-AuNCs-DS for 7 days. Data 

correspond to mean ± S.D. (n = 4). Statistical analysis was performed using one-way ANOVA Tukey’s test 

(each group vs control). **p-value < 0.01, ***p-value < 0.001. 

Based on this data, the selected concentrations for the mammosphere experiments 

were 0.08 µM and 0.6 µM. These concentrations were used in the mammosphere assay 

model to prevent the complete elimination of the spheres after 7 days of treatment with 

BSA-AuNCs-DS. The cytotoxic activity was evaluated by analyzing the surviving fraction 

of the MCF-7 spheres and their size. 

The surviving fractions of mammospheres were analyzed by counting the spheres before 

and after the treatment with BSA-AuNCs-DS at selected concentrations. The results 

showed a considerable reduction of 24% and 81% in cell viability when treated with 0.08 

µM and 0.6 µM, respectively (Figure 53).  
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Figure 53. Surviving fraction of mammospheres treated with bi-functionalized BSA-AuNCs for 7 days. Data 

correspond to the mean ± S.D. values from three experiments. Statistical analysis was performed using 

one-way ANOVA Tukey’s test (each group vs control). ***p-value < 0.001[190]. 

Finally, a significant variation in the size of the mammospheres was observed after the 

treatment with 0.08 µM and 0.6 µM of BSA-AuNCs-DS, which are reduced from an 

average diameter of 465 µm (control) to 176 and 167 µm, respectively (Figures 54). 
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Figure 54. Activity of functionalized BSA-AuNCs in MCF-7 mammospheres. a)  Microscopy image of 

mammospheres treated with BSA-AuNCs, BSA-AuNCs-DS 0.08 µM and BSA-AuNCs-DS 0.6 µM. Scale 

bar 200 µm. b) Size of mammospheres treated with BSA-AuNCs-DS at 0.08 µM and 0.6 µM for 7 days. 

Data correspond to the mean ± S.D. values from ten mammospheres. Statistical analysis was 

performed using one-way ANOVA Tukey’s test (each group vs control). ***p-value < 0.001[190]. 
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4.3. New vehicles based on nanostructures for CRISPR gene-editing 

system transport 

4.3.1. CRISPR/Cas system 

Gene editing is a process that implies the modification of DNA sequences in the genome. 

This process had been employed for the generation of mutant species in the study of 

diseases, although its use in the clinical field is very limited at the moment[221].   

The most used gene editing techniques are based on programmable nucleases 

composed of sequence-specific DNA-binding domains fused to a nonspecific DNA 

cleavage domain of a target DNA[222]. These nucleases can be used to modify the genome 

through the introduction of double-strand breaks (DSBs)[222] at selected regions, which 

are later repaired by different DNA repair processes, such as the non-homologous end-

joining (NHEJ) or the homology-directed repair (HDR). During the NHEJ process, the free 

ends of the DNA breaks are fused back together, leading to insertions o deletions 

(indels). On the other hand, HDR needs the presence of a DNA template that is inserted 

in the cut region[223] (Figure 55).  

 

Figure 55. DNA repair mechanism. Double-strands breaks (DSBs) can be repaired by the non-homologous 

end-joining (NHEJ) or homology-directed repair. The NHEJ is an imprecise repair process that can generate 

insertions or deletions (indels) of a variable length, while the HDR introduces specific sequences in the cut 

region.  
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Among the different gene editing systems based on programmable nucleases are the 

well-known TAL nucleases (transcription activator-like effector nucleases, TALENs), and 

zinc fingers (Zinc Nuclease Fingers, ZNFs). TAL nucleases and ZNFs contain domains 

capable of recognizing and binding to a specific DNA sequence. These nucleases can be 

modified and recognize a specific DNA sequence, which can be cut by fusing these 

nucleases to a type IIS restriction enzyme called FokI4[224]. This restriction enzyme is only 

capable of generating a double-stranded cut in DNA if it is in the form of a dimer[225] 

(Figure 56). 

 

Figure 56. Schematic representation of the a) Zinc nuclease Fingers (ZNF) and b) TAL nuclease (TALENs). 

However, although these systems are very effective, they present a series of drawbacks 

that make their use more expensive, such as the difficulty of design and synthesis, due 

to the need for a new DNA-binding domain for each target sequence. Furthermore, 

these techniques require the modular binding of each of the DNA-binding domains, 

making the editing process slow[226]. 

In the last decade, the discovery of the CRISPR system (clustered regularly interspaced 

short palindromic repeats) associated with Cas9 protein has been a revolution in 

laboratories of molecular biology due to the high potential it has in gene editing in 

eukaryotic cells[227,228]. This system allows a better understanding of the gene function 

in an easy, versatile and specific way through the addition, removal or mutation of 

genetic material. Compared to other genome editing strategies, such as transcriptional 

activator-type effector nucleases (TALEN) and zinc finger nucleases (ZFN), CRISPR/Cas9 

genome editing is controlled by a single strand of RNA, which provides several 

advantages that make it a faster and more efficient technology such as easy design, low 

cost and its possible use in different genes at the same time[227,228]. 

CRISPR/Cas9 system was discovered in bacteria by Francisco Mojica in the 90’s. He found 

a palindromic structure of approximately 30 base pairs that was repeated serially in the 
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bacteria genome, and that they were separated by unknown spacer sequences at that 

moment in microorganism[229,230]. Later, in 2005, Mojica found that these structures 

protected bacteria from infection caused by bacteriophages or plasmid, and therefore 

should be involved in their adaptative immune system[231]. 

There are three mechanisms of CRISPR, of which type II is the most studied. In this 

mechanism, short fragments of 20 base pairs from foreign DNA (e.g., virus) named 

“protospacers” are acquired by the bacteria genome between the repeated CRISPR 

sequences. These repetitions are transcribed to CRISPR RNAs (crRNAs) of approximately 

40 nucleotides, which have a variable sequence because they contain a region of the 

repeated sequence and a protospacer[232]. The crRNAs partially hybridized with a second 

RNA called trans-activating CRISPR RNA (tracrRNA) of around 90 nucleotides to facilitate 

the binding of RNAs to Cas9. Then, this complex is processed by the ribonuclease III 

(RNase III), leading to a shorter hybrid of approximately 85 nucleotides of tracrRNA-

crRNA that works as a guide RNA (gRNA). This RNA structure can recognize the sequence 

of invader complementary DNA and introduce the double-strand break[233–235] (Figure 

57). In this regard, through the CRISPR mechanism, bacteria can remember and 

recognize foreign genes and clear virus-host infections.  
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Figure 57. CRISPR/Cas system inserts DNA sequences from pathogens between CRISPR repetitions as 

protospacers, which will be expressed as crRNA. The processed crRNA hybridizes with the tracrRNA and 

forms a complex with a Cas9 protein. The resulting complex is able to recognize and cut the invader’s 

DNA. 

The Cas9 from Streptococcus pyogenes (S. pyogenes) contains two nuclease activity 

domains, RuvC and HNH. These domains can produce double-strands beaks in the 

invader DNA, only if there is a specific sequence, known as "motif adjacent to the 

protospacer" (PAM sequence), close to the cutting site, precisely, 3 bases before the 

PAM sequence[233,236]. It is worth mentioning that this particular sequence is specific to 

the microorganism that produces the Cas protein, and in the case of S. pyogenes is 

5’NGG. Complementary PAM sequences from other organisms are the following: 5’ NAC, 

NTG, NTT,  NCG and  NGG in S. pyogenes; 5’NGG in F. novicida, 5’NNGRRT in S. aureus, 

5′-NNNNGATT in N. meningitidis, 5′NGGNG in S. thermophilus, 5’NNNNACAC in C. jejuni 

and 5’TTTN in Prevotella and Francisella[237].   Where “N” can be any nucleotide base and 

“R” represents a purine such as A or G. 

Despite the relevance of these findings associate with this defense mechanism of 

bacteria, the most relevant milestone of CRISPR technology was reported in 2013, where 
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it was applied in eukaryotic organisms such as plants, yeasts, and even mammals[238–240]. 

In these cases, it is required the introduction (or expression) of the Cas9 protein and the 

gRNA structure to induce the double-strands breaks, since they are not present in 

eukaryotic cells. The introduction of these elements into cells, and particularly the Cas9 

protein, can be achieved in different ways, including as a DNA plasmid, mRNA and pre-

complexed Cas protein and gRNA (ribonucleoprotein, RNP). The different approaches 

present advantages and disadvantages, mainly related to the specificity and length of 

the expression[241–243]:  

• DNA plasmids require their transcription to the mRNA, followed by the translation to 

the corresponding Cas protein once they reach the cytoplasm. DNA plasmids are very 

stable and can last few days within cells, which could be useful for long experiments. 

However, this prolonged expression of the Cas gene may also result in undesired off-

target effects. The higher expression levels of expressed Cas protein are detected 24-

48 hours after transfection. In addition, because the DNA plasmid needs transcription 

in the nucleus, the possibility of their random integration into the genome should be 

considered. This would produce a constant expression of the Cas protein that would 

lead to the generation of off-target effects and toxicity. 

• The Cas mRNA will be translated into protein in the cytoplasm. Then gRNA and Cas 

protein localize to the nucleus and form the RNP complex. Compared to DNA plasmid, 

the peak expression is detected 5-7 hours after transfection, and therefore, is more 

time-efficient. Furthermore, RNA is usually degraded by RNases in the cytoplasm, 

while plasmid DNA is more stable. For this reason, the shorter duration required for 

the experiments, prevents the generation of off-target effects.  

• The RNP does not require transcription or translation. This format is the most 

efficient and specific, and its duration in cells is the shortest compared to the previous 

formats, so that off-target effects are very limited. However, RNP components can 

be expensive to produce or purchase. 

These pros and cons are summarized in Table 7.  
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Table 7. Pros and cons of different formats of Cas9 protein delivery. 

Recently, it has been discovered a new CRISPR system that uses another type of 

endonuclease called Cpf1 or Cas12a (CRISPR from Prevotella and Francisella 1). 

Compared to the Cas9 protein, this new system has some different characteristics, such 

as RNase activity, the adjacent T-rich protospacer motif (5'-TTTN-3' PAM) and the 

generation of sticky ends. Furthermore, maturation of the crRNA does not require the 

presence of the tracrRNA, resulting in a short guide of approximately 42-44 nucleotides. 

Finally, this endonuclease has been found to have a low off-target rate, which is an 

excellent advantage over the Cas9 system[244–246]. The main differences between Cas9 

and Cpf1 are summarized in the following table (Table 8).  

 

Table 8. Major difference between Cas9 and Cpf1 CRISPR proteins. 

Despite all the advantages that the CRISPR/Cas gene editing system offers, it also 

presents some drawbacks that must be solved before it can be applied as therapy. These 

limitations are related to the low catalytic efficiency of the Cas protein, the poor stability 

and durability of the complex, as well as, the need for delivery systems[247]. In addition, 

the gene-editing process can produce off target-effects, if the specificity of the gRNA is 

not right, leading to cytotoxicity. In this sense, it has been described that the 10-12 base 
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pairs of this gRNA (seed region) proximal to the PAM seems to be essential for the 

CRISPR/Cas specificity and cleavage activity[247,248]. Mismatches in this site lead to a 

decrease or even complete suppression of the cleavage activity of the target 

sequence[249]. 

Another critical factor in the optimization of CRISPR/Cas is the method used to deliver 

the different components of the system, which could increase the genome-editing 

efficiency. Various delivery systems have been evaluated, such as viral vectors based on 

adenovirus[250], physical methods such as electroporation or microinjection[240], 

peptides[251], and even different kinds of nanostructures[252–256]. Anyhow, none of the 

methods reported are perfect, and their use will depend on the final application (e.g., 

disease, cell culture, animal model, target tissue).   

Thus, new and complementary approaches are necessary to address the current 

limitations of the technique. In this sense, albumin nanostructures and carbon 

nanotubes will be evaluated as nanocarriers for the CRISPR/Cas system due to their good 

properties as carriers previously described.  

4.3.2. Functionalized carbon nanotubes as gene delivery system 

4.3.2.1. Design and evaluation of a functional CRISPR/Cas9 plasmid 

 The first part of this work was focused on the design of two DNA sequences capable of 

being transcribed into a functional gRNA, a sequence complementary to the EGFP gene 

(EGFP) and the other non-targeting (NT) as an internal control of the CRISPR system (see 

Methods, 3.4.1.1.). In particular, these DNA sequences of 20 base pairs each were 

cloned into an expression vector capable of expressing a chimeric gRNA and the human 

codon-optimized Cas9 protein (pSpCas9 (BB)) (Figure 58a).  

To insert the sequences (EGFP and NT) in the plasmid, two duplexes with specific 

overhangs were prepared. The sense strands were preceded by 5'- CACC while the 

antisense strands were preceded by 5'- AAAC. The duplexes were annealed and ligated 

into the plasmid after the U6 promoter into the gRNA scaffold (Figure 58b). 

Furthermore, a G nucleotide was also added after the sequence 5’- CACC to increase the 

expression of the U6 promoter, responsible for the transcription of the guide RNA 

(Figure 58b). Cloning of the sequences into pSpCas9 was carried out in a single step using 
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the restriction enzyme Fast Digest BbsI and the DNA ligation enzyme T7 ligase. The 

resulting plasmids containing the sequence complementary to the EGFP gene and a non-

targeting sequence were called Cas9-EGFP and Cas9-NT, respectively. 

 

Figure 58. a) Schematic representation of pSpCas9 and b) design of DNA duplex (20 base pairs) to clone 

the guide sequence into the RNA scaffold by adding "CACCG" and "CAAA" at 5' end. 

To assess the activity of the resulting plasmids, HEK293 cells were transiently 

transfected using Lipofectamine 2000 as described in Methods, section 3.4.1.2.2. In 

particular, an EGFP reporter plasmid and the CRISPR/Cas9 constructs previously 

prepared were transfected.  After transfection, the cells were evaluated at 72 hours 

using fluorescence microscopy. The images revealed that the Cas9-NT construct slightly 

affects the fluorescence of the EGFP, whereas the Cas9-EGFP construct drastically 

decreases it, even at the lowest concentration (Figure 59). 
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Figure 59. Fluorescence microscopy images of HEK293 cells treated with CRISPR/Cas9. Cells treated with 

the Cas9-NT construct (b) showed little inhibition of EGFP fluorescence compared to the control sample 

(a), whereas with Cas9-EGFP constructs (c and d) the fluorescence was significantly decreased.  

The fluorescence was quantified by flow cytometry, where the EGFP control sample had 

73.8% of the living cells expressing EGFP and fluorescence intensity of 237 (A.U.) (Figure 

60a, i). In the control experiment with the Cas9-NT plasmid, the number of living cells 

with EGFP expression decreased slightly (71.6%). However, the mean fluorescence 

intensity was reduced to 123 (A.U.) (Figure 60a, ii). Regarding the experiments with 

Cas9-EGFP systems, both parameters decreased significantly (Figure 60, iii and iv). 

Specifically, Cas9-EGFP at the lowest concentration (3 µg) showed 64.9% positive cells 

and the average fluorescence intensity of 21.5. In contrast, the use of a higher 

concentration of the Cas9 plasmid (5.1 µg), showed 53.4% of fluorescent live cells and 

an average fluorescence intensity of 10 (A.U.). 
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Figure 60. a) Flow cytometry histograms of HEK293 cells 72 hours after treatment with the CRISPR/Cas9 

constructs. Cas9-NT (ii) does not vary the number of positive cells, although the intensity of fluorescence 

compared to the control (i). However, the Cas9-EGFP (iii, iv) constructs decrease both the number of 

positive cells and the intensity of fluorescence. b) Fluorescence intensity and % of positive EGFP cells. 

4.3.2.2. Functionalized carbon nanotubes (SWNT) as gene delivery system 

To use CRISPR/Cas9 constructs for gene editing in eukaryotic cells, a carrier able to 

transport and release the plasmids into the cells is required. In this sense, carbon 

nanotubes are characterized by having a high load capacity, intrinsic stability and 

structural flexibility, which can increase the circulation time, and consequently, the 

bioavailability of the transported drug molecules[257]. On the other hand, PEI is a polymer 

formed by repeats of amino groups that can provide multiple positive charges. Thus, it 

can interact, electrostatically to negatively charged nucleic acids (DNA and RNA), and 

also with cell membranes, facilitating their internalization in the cell cytoplasm[258].  

For these reasons, we proposed the use of single-walled carbon nanotubes (SWNT) 

covalent modified with the cationic polymer polyethyleneimine (PEI) for plasmid DNA 

delivery. 

4.3.2.2.1. Preparation of complexes of PEI-modified SWNTs and plasmid DNA (PEI-

SWNT-pDNA) 

The covalent modification of single-walled carbon nanotubes (SWNT) with PEI polymer 

(PEI-SWNT) was made by Dr. Teresa Naranjo and Dr. Julia Villalva from the group of Prof. 
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Emilio Pérez at IMDEA Nanociencia. The covalent conjugation was characterized by 

different techniques: Raman spectroscopy, thermogravimetric analysis (TGA) and zeta 

potential.  

On the one hand, Raman spectroscopy of the SWNTs and PEI-SWNTs were carried out 

to assess the surface chemistry of SWNTs after their covalent modification with the PEI 

polymer. In the results obtained by Raman spectroscopy, no significant change was 

found between the SWNT and PEI-SWNT tubes, demonstrating that after covalent 

modification, the SWNTs maintain their structural integrity (Figure 61a). On the other 

hand, to study the percentage of PEI covalently bound to the carbon nanotubes, a 

thermogravimetric analysis was performed. The results obtained in the 

thermogravimetric analysis showed a weight loss of 50% in the PEI-SWNT, 

corresponding to the grade of functionalization of the SWNT (Figure 61b). 

 

Figure 61. Characterization of PEI-SWNT using (a) Raman spectroscopy and (b) Thermogravimetric 

analysis. 

Zeta potential measurements of SWNTs showed that the unmodified SWNTs had a 

negative charge of -30.5 ± 0.794. In contrast, PEI-SWNTs presented +24 ± 3.91, indicating 

the presence of the cationic polymer in the nanotubes (Figure 62).  

Then, the formation of the complexes (PEI-SWNT-pDNA) was carried out by incubating 

1 µg of the EGFP reporter plasmid with different amounts (1, 5, 10, 15 and 20 µL) of PEI-

SWNT in cell culture medium at room temperature for 45 minutes under constant 

stirring.  After incubation with the plasmid, zeta potential measurements were 

performed again. In this case, the zeta potential measurement showed a negative value 
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of -26.4 ± 0.850 due to the electrostatic interaction of the negatively charged EGFP 

plasmid into the surface of the PEI-SWNT (Figure 62).  

 

Figure 62. Zeta potential measurements of SWNT, PEI-SWNT and PEI-SWNT-pDNA (n = 3).  

Besides, the binding capacity of the EGFP plasmid and PEI-SWNT was studied by a 

retardation assay on an agarose gel. The plasmid can run on the gel, however, once it is 

complexed with PEI-SWNT, it is retained in the loading well of the gel. This experiment 

revealed that at least 20 µL of the PEI-SWNT solution were necessary to bind the total 

amount of the EGFP plasmid (Figure 63). 

 

Figure 63. Retardation assay on an agarose gel of the PEI-SWNT-EGFP complex using a constant 

concentration of 1 µg EGFP plasmid. Naked DNA (1 µg) was used as a control. 



 

125 
 

 Results: Chapter 4.3 

4.3.2.2.2. Cellular toxicity of PEI-SWNT-pDNA  

The toxicity of the complex in HEK293 cells was assessed by resazurin assay. The complex 

was incubated for 24 hours in cells at different concentrations. Then, the cells were 

washed twice with cell culture medium and incubated for 48 hours more (Figure 64). In 

this case, the cells were washed with culture medium instead of PBS, since it caused the 

aggregation of nanotubes and prevent their correct elimination of the plate-wells. The 

toxicity results obtained showed that both the PEI-SWNT at the highest concentration 

and the complexes formed with the EGFP plasmid (PEI-SWNT-EGFP) at none of the 

concentrations studied decreased cell viability compared to the control of untreated 

cells. The low toxicity reported, suggests that PEI-SWNTs could be employed in live 

systems, despite the current safety concerns of SWNT[259]. 

 

Figure 64. Cell viability assay in HEK293 cells at 48 hours post-incubation with the PEI-SWNT-EGFP 

complexes at different concentrations studied by resazurin assay. Statistical analysis was performed using 

one-way ANOVA Tukey’s test.  

4.3.2.2.3. Gene transfection efficiency of PEI-SWNT-pDNA 

To evaluate the transfection efficiency of PEI-SWNT, the EGFP reporter plasmid was 

used. Thus, 20 and 40 µL of PEI-SWNT were incubated with 1 µg of EGFP plasmid for 45 

minutes to form the complex. The resulting complexes were added to HEK293 cells 

dropwise and incubated for 24 hours.  Then, cells were washed with complete culture 

media to remove the excess of non-internalized PEI-SWNT-pEGFP and incubated for 48 

hours more. The fluorescence intensity of the EGFP reporter plasmid was analyzed by 

fluorescence microscopy every day. The images clearly showed a correlation between 
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the PEI-SWNT and the fluorescence, where the higher amount of nanotubes used, the 

higher the fluorescence observed. Furthermore, the fluorescence observed increased 

over time (Figure 65).  

 

Figure 65. Fluorescence microscopy images of HEK293 cells at different times after treatment showed the 

high transfection efficiency by the expression of EGFP reporter plasmid using PEI-SWNT. Fluorescence 

intensity increase both with 20 µL (top) and 40 µL (bottom) of PEI-SWNT-EGFP and with time (24, 48 and 

72 hours). Scale bar: 75 µm. 

Similarly, two other cell lines were transfected with PEI-SWNT-pDNA. In this case, based 

on the previous results obtained with HEK293, 20 µL of functionalized SWNTs and 1 µg 

of EGFP plasmid were employed. The results were analyzed by fluorescence microscopy 

after 72 hours of treatment. As can be seen in the images, the PEI-SWNT-EGFP complex 

can internalize in Mel202 and Panc1 cells but with much less efficiency than HEK293 

(Figure 66). 
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Figure 66. Fluorescence microscopy images of Mel202 and Panc1 cells at 72 hours after treatment showed 

that the transfection efficiency by the expression of EGFP reporter plasmid using 20 µL PEI-SWNT is low 

compared to HEK293 cells. Scale bar: 75 µm. 

Finally, to investigate whether PEI-SWNT was capable of binding and internalizing the 

CRISPR/Cas9 plasmid, the complexes were formed as previously described using 20 and 

40 µL of the functionalized nanotubes with 1 µg of Cas9-EGFP plasmid, obtaining a new 

complex called PEI-SWNT-pCas9.  

HEK293 cells carrying the EGFP plasmid were treated with 20 and 40 µL of PEI-SWNT-

pCas9 for 24 hours. After 72 hours of treatment, the fluorescence of the cells was 

analyzed by fluorescence microscopy, where three different regions were taken. As a 

positive control, cells transfected with only EGFP were used (Figure 67a). The 

fluorescence images did not reveal significant differences between the samples treated 

with 20 and 40 µL of PEI-SWNT-pCas9 complex and the positive control, as it could be 

seen Figure 67 b and c, respectively. 
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Figure 67. Fluorescence microscopy images of HEK293 cells at 72 hours after transfection with the EFGP 

plasmid using Lipofectamine 2000 for 6 hours and treated with b) 20 µL and c) 40 PEI-SWNT-pCas9 

complexes for an additional 24 hours. Cells transfected with EGFP plasmid using the commercial reagent 

Lipofectamine 2000 were used as a positive control a). After treatment with the complexes, no significant 

difference in fluorescence intensity was observed compared with the positive control. Scale bar: 50 µm. 

4.3.3. Albumin-based nanocomplexes for CRISPR-Cpf1 ribonucleoprotein delivery 

The main objective of this part of the work was the transport and protection of the 

ribonucleoprotein of the CRISPR system Cpf1. Protein transport in biological systems is 

limited by its low stability or by its premature degradation, among others.  As previously 

described, albumin is one of the most abundant proteins in the body and is being widely 

used as a drug delivery system, as it is biodegradable, non-toxic, and capable of 

accumulating in tumor tissues. Furthermore, albumin can be covalently modified with 

therapeutic agents due to the presence of chemical groups on its surface. In this sense, 

we proposed that the covalent conjugation between BSA and Cpf1 proteins would lead 

to the formation of BSA-Cpf1 complexes. In these complexes, several BSA molecules 

would surround a Cpf1 protein, which would allow its protection for a longer time in 

biological systems and would increase its internalization in cell cultures. 

The design and purification of the Cpf1 protein were done by Carmen Escalona from the 

group of Dr. Begoña Sot at IMDEA Nanociencia. 
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4.3.3.1. Formation of BSA-Cpf1 complexes 

The formation of the BSA-Cpf1 complexes was carried out in three steps as follows 

(Figure 68). First, a solution of BSA in PBS (pH = 7.4) was modified using 20 equivalents 

of 2-iminothiolane at room temperature for 4 hours, introducing thiol groups on the 

albumin surface (reaction 1). Second, 20 equivalents of aldrithiol were added (reaction 

2) to make the thiol groups reactive for the subsequent reaction with the available thiols 

groups of cysteines present in Cpf1. Finally, the BSA-Cpf1 complexes were prepared at 

different concentrations of modified BSA (reaction 2), as follows: 20, 50 and 100 µM of 

the modified BSA in PBS (pH = 7.4) was incubated with 10 µM of Cpf1 at room 

temperature for 1 hour and then 4 °C for 16 hours (reaction 3). Therefore, the resulting 

complexes were synthesized at a 2:1, 5:1 and 10:1 ratio of BSA:Cpf1. The linker between 

BSA and Cpf1 presents a disulfide moiety sensitive to high concentrations of a reducing 

agent such as dithiothreitol (DTT), which promotes the release of proteins under tumor 

conditions. 

In reactions 2 and 3, the release of pyridinethione (Figure 68, orange) occurs from the 

reaction with aldrithiol. The release of this compound was studied by UV-Vis spectra, 

revealing a characteristic absorbance spectrum with a maximum at 343 nm, which 

allows us to know if the reaction has been successful.  
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Figure 68. Schematic representation of the synthesis of the BSA-Cpf1 complexes containing a disulfide 

moiety that promote the release of the proteins in the presence of high concentrations of a reducing 

agent. In the reaction 2 and 3, pyridinethione (orange) is released.  

To confirm the activation of the BSA, the absorbance spectrum of the BSA sample was 

studied before and after being purified by the NAP-10 size exclusion column. The 

characteristic UV-Vis spectra of the pyridinethione is only observed before purification, 

indicating that all the excess of this molecule is retained in the column (Figure 69). 

 

Figure 69. UV-Vis spectrum of activated BSA before (orange) and after (grey) purification revealing the 

characteristic release profile of the pyridinethione with a maximum peak at 343 nm. 
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The conjugation of the activated BSA and Cpf1 was also studied by the UV-Vis spectrum 

of the pyridinethione released. As a control, BSA incubated with Cpf1 was used (BSA 

Unmod + Cpf1). The results showed two different peaks at 280 and 343 nm, 

corresponding to the proteins (BSA-Cpf1) and aldrithiol, and pyridinethione, 

respectively. In the case of unmodified BSA (Figure 70 a and b), only the peak 

corresponding to the proteins can be observed, which increases with a higher 

concentration of BSA. The peak of pyridinethione was not observed in these samples, 

confirming that there has been no reaction between the two proteins. Remarkably, in 

the case of BSA activated and incubated with Cpf1, the two peaks at 280 and 343 nm 

were observed (Figures 70 c and d). In this sense, we can deduce that the conjugation 

between Cpf1 and BSA took place due to the presence of the released pyridinethione.  

 

Figure 70. UV-Vis spectrum of the samples of BSA-Cpf1 complexes. a) BSA incubated with the Cpf1 and b) 

its amplification from 300 to 400 nm. c) BSA-Cpf1 complexes showed the characteristic profile of the 

pyridinethione released during the conjugation between the two proteins and d) its amplification from 

300 to 400 nm. 
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To evaluate the conjugation between the two proteins, the absorbance of 

pyridinethione was also measured at 343 nm, allowing us to determine the number of 

BSAs bound to Cpf1, using the Lambert-Beer equation. As a control for this experiment, 

activated BSA (reaction 2) was employed. The data obtained suggested that 3-4 BSA 

were covalently bound to Cpf1. The data was summarized in the following table 9. 

.  

Table 9. Values of absorbance of pyridinethione measured at 343 nm. The calculated concentration was 

done by Lambert-Beer equation using the extinction coefficient of pyridinethione (8080 L mol-1 cm-1). 

The size of the resulting products was measured by dynamic light scattering (DLS) in PBS 

by intensity.  In particular, the size of the BSA unmod + Cpf1 and the BSA-Cpf1 complexes 

at different ratios was studied. On the one hand, two peaks around 10 and 100 nm could 

be seen in the three BSA unmod + Cpf1 samples. These data suggested that the proteins 

are free in the solution having a size of approximately 10 nm, but also, form some type 

of aggregate with a size greater than 100 nm (Figure 71, orange line). On the other hand, 

in the BSA-Cpf1 complexes, it was possible to observe how the 10 nm peak increased in 

intensity, while the 100 nm peak decreased. These results could indicate less 

aggregation of proteins that are covalently conjugated to form the BSA-Cpf1 complexes. 

Specifically, in the 2:1 and 5:1 ratio (BSA:Cpf1), the peaks observed were 24 and 21 nm, 

respectively (Figure 71 a and b). However, in the case of the 10:1 ratio, although an 

increase in size was also detected, it was smaller than expected, with a size of 16 nm 

(Figure 71c). 
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Figure 71. Size of BSA unmodified incubated with Cpf1 and BSA-Cpf1 complexes measured by intensity 

using dynamic light scattering in PBS (pH = 7.4). 

To further assess the formation of the covalently conjugated BSA-Cpf1 complexes, a 10% 

SDS-PAGE was performed. As mentioned before, the linker between BSA and Cpf1 

contains a disulfide moiety that could be cleaved, releasing the two proteins in the 

presence of high concentrations of DTT (50 mM). In this sense, the samples at different 

ratios of BSA:Cpf1 (2:1, 5:1, 10:1) were incubated with the loading buffers containing (+) 

or not (-) DTT and run into the SDS-PAGE. As can be seen in the gels, when the BSA was 

not modified, two bands corresponding to Cpf1 (top) and BSA (bottom) were observed 

both in the presence or not of DTT, suggesting that the two proteins were not covalently 

conjugated (Figure 72a). On the contrary, when BSA was activated, in the absence of 
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DTT, a third band could be seen corresponding to the complexes, which could not run 

on the gel. However, when DTT was added, this third band disappeared, giving rise to 

the two bands corresponding to BSA and Cpf1. These results confirmed the covalent 

binding of the two proteins with a linker sensitive to the reducing environment (Figure 

72b). Regarding the complexes formed, the 2:1 ratio (BSA:Cpf1) did not show any band 

corresponding to the molecular weight of BSA and Cpf1, showing that all the BSA is 

conjugated to form the BSA-Cpf1 complex. However, at higher ratios, 5:1 and 10:1, the 

BSA band can be observed, which suggests that there was an excess of this protein in 

these samples. 

 

Figure 72. SDS-PAGE of the BSA-Cpf1. a) In the gel of unmodified BSA, incubated with the Cpf1 showed 

two bands corresponding to the separate Cpf1 and BSA. b) A third band appears due to the conjugation 

of activated BSA with the Cpf1 leading to the complex formation. MW: BSA = 66.5 kDa, Cpf1 = 151 kDa. 

Next, to determine the release of Cpf1 from BSA, BSA-Cpf1 complexes at different ratios 

were exposed to increasing concentrations of DTT from 0 to 50 mM for 1 hour at room 

temperature. After the incubation, the results were analyzed by 10% SDS-PAGE. The 

results obtained indicate that the release of Cpf1 depends on the concentration of DTT. 

When a 2:1 (BSA:Cpf1) ratio was used, at least 1mM DTT is required to initiate the 

release of Cpf1, and above 10 mM all the protein was released. However, when 5:1 and 

10:1 (BSA:Cpf1) ratios were used, 10 mM of DTT was required to promote the release of 

Cpf1. This result suggests that the large excess of BSA in the samples may be forming 

some type of aggregate with the BSA-Cpf1 complexes or surrounding them, hindering 

the release of Cpf1 (Figure 73). 
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Figure 73. Release profile of Cpf1 from BSA. The BSA-Cpf1 complexes were exposed to a different 

concentration of DTT (1-50 mM) for 1 hour at room temperature and analyzed by 10% SDS-PAGE. MW: 

BSA = 66.5 kDa, Cpf1 = 151 kDa. 

4.3.3.2. EGFP in vitro cleavage  

To investigate whether the complexes could edit genes, we compared the ability of BSA-

Cpf1(RNP) and Cpf1(RNP) to cleavage in vitro an amplicon from a genomic region of the 

EGFP gene containing the CRISPR target site. In this case, the complexes at different 

ratios of BSA (2:1, 5:1, 10:1) were formed using Cpf1 bound to the CRISPR sgRNA against 

EGFP, leading to the desired BSA-Cpf1(RNP) complexes. These complexes were 

incubated in a buffer containing DTT at 10 mM for 1 hour, and then mixed with the EGFP 

amplicon for an additional 1 hour. The efficiency of BSA-Cpf1(RNP)-mediated cleavage 

was analyzed by agarose gel electrophoresis. Cleavage by the BSA-Cpf1(RNP) complex 

results in another smaller band that can be easily distinguished on an agarose gel. This 

result revealed that the Cpf1(RNP) released from the complex maintained its activity 

(Figure 74). 
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Figure 74. Gel electrophoresis of in vitro DNA cleavage production of EGFP-DNA targeted. As a control, 

Cpf1(RNP) alone was used.



 

 
 

 

 

 

 

Discussion 

 

 

 

 

 



 

 
 

 



 

139 
 

 Discussion 

5. DISCUSSION 

5.1. Challenges in cancer treatment 

Cancer is a very complex disease that affects millions of people every year. In 2018 there 

were 17 million new cases in the world, and it is estimated that there will be 20 million 

new cases by 2040, which represents an increase of 62%. According to the World Health 

Organization (WHO), cancer is the second leading cause of death, accounting for an 

estimated 9.6 million deaths in 2018[260]. 

Cancer originates from the uncontrolled proliferation of any type of cell of the body; 

thus, it could be more than a hundred different types of cancer, which can vary in their 

behavior and how they respond to treatments[261]. In this regard, there are two major 

challenges in the fight against cancer: the availability of early detection systems and 

effective and non-toxic treatments.  

Early detection and precise diagnosis are vital to select the most suitable treatment at 

the beginning of the disease, which significantly increases the survival of the patients. 

However, some current detection techniques, such as imaging techniques (CT, MRI and 

PET scans), or protein biomarkers, have low sensitivity and specificity and are not 

reliable at the early stages of the disease[262,263].  

Regarding the therapeutic approaches available, the most widely used for cancer 

treatment is chemotherapy. However, it involves using cytotoxic drugs that can reach 

different areas of the body in an unspecified way, leading to undesirable side effects[76]. 

Furthermore, patients may develop drug resistance during the treatment, resulting in 

tumor regrowth[264]. 

For these reasons, more precise therapeutic approaches are being developed, such as 

targeted therapy, immunotherapy or gene therapy (see Introduction, section 1.4.1.).  

Among them, those known as targeted therapies are designed against specific proteins 

that are mutated or overexpressed in particular types of tumors, such as human 

epidermal growth factor receptor 2 (HER2), epidermal growth factor receptor 

(EGFR), vascular endothelial growth factor receptor (VGFR), tyrosine kinase BCR-ABL or 

CD-20[265,266]. As a result of these approaches, a new type of medicine known as precision 

oncology has emerged, where genetic information from tumors of patients is used to 
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prevent, diagnose or treat cancer effectively[267]. For instance, there are genomic 

alterations in different cancers that can be exploited as predictive biomarkers, such as 

HER2, BRCA1/BRCA2 or BRAF[268]. Interestingly, those can also be used as therapeutic 

targets. For example, tumors with mutations in the BRAF V600E gene, such as in 

melanoma, are sensitive to Vemurafenib treatment. However, in melanomas with a 

non-mutated BRAF gene, treatment with Vemurafenib is associated with the 

development of drug resistance. Therefore, detecting these biomarkers can be critical 

to determine the appropriate treatment for each patient and predict their prognosis[269]. 

5.2. Nanoparticles based drug delivery systems for cancer treatment 

Despite the enormous potential of targeted therapies, compared to conventional 

chemotherapeutic drugs, there are still some limitations that make this approach far 

from ideal. First, despite being design to interact with specific tumoral features, these 

types of therapies can cause some toxicity in patients. Some of these treatments can 

cause mild side effects. Vascular endothelial growth factor receptor (VEGFR) kinase 

inhibitors induce hypertension and epidermal growth factor receptor (EGFR) antibodies 

cause rash. However, others can produce more severe effects in patients, as in the case 

of trastuzumab that causes cardiotoxicity[270,271]. Also, the biodistribution and 

pharmacokinetics of the drugs are not optimum, and, in some cases, the drugs are 

sensitive to degradation in the bloodstream[126].  

For these reasons, in recent years, research has been focused on the development of 

new nanoparticle-based drug delivery systems[123]. These systems can improve the 

solubility of drugs and, therefore, improve their stability, level of absorption and 

bioavailability[272]. 

There are a wide variety of nanoparticles developed to deliver bioactive molecules for 

the treatment of cancer (see Introduction, section 1.5.2). Such systems have been 

employed mainly for the delivery of chemotherapeutic drugs[273]. But nanoparticles can 

also be used as transporters of other bioactive molecules such as nucleic acids or 

proteins. In these latter cases, the use of a nanocarrier is particularly relevant since these 

biomolecules are more susceptible to degradation and elimination, and their 

transfection to the target cells is very poor[274,275]. 
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In our group, several strategies to transport nucleic acids and small molecules using 

nanoparticles have been developed. In particular, gold and magnetic nanoparticles are 

being used as drug carriers to directly attack different types of cancer cells derive from 

uveal melanoma or pancreatic cancer, respectively. These nanoparticles have been 

modified with diverse therapeutics like siRNAs or small molecules using tailored linkers 

that allow the controlled release of the payloads into the tumoral cells. Additionally, to 

improve the selectivity of the nanoparticles against tumoral cells, they have also been 

modified with ligands such as aptamers, peptides or antibodies that recognize 

overexpressed receptors on the surface of the cancer cells. These modified 

nanoparticles, resulted in a significant selectivity and decrease in cell viability of tumoral 

cells[214,276–278].  

In this sense, the group is investigating novel approaches for the development of new 

nanoparticle-based drug delivery systems that may offer different possibilities and 

advantages for their subsequent application in the treatment of cancer. In particular, in 

this work, albumin-based nanostructures were selected for the treatment of cancer, and 

to transport the CRISPR/Cas gene-editing protein. Also, cationic modified single-walled 

carbon nanotubes (SWNTs) were employed to carry a CRISPR/Cas9 gene-editing plasmid 

to cells efficiently. 

5.3. Albumin-based nanostructures in cancer treatment 

During the last decade, the use of albumin as a drug transporter has been extensively 

investigated due to the excellent safety profile of albumin-based nanoparticles. This is 

because albumin is highly bioavailable, biodegradable, does not produce toxicity and 

immunogenicity in the body as an endogenous protein. In addition, albumin-based 

nanostructures are suitable for passive and active targeting, promoting the selective 

accumulation in tumors[279].  

The great versatility of albumin provides different opportunities to develop various 

systems based on albumin, including albumin nanoparticles, drug albumin conjugates, 

and drug derivatives that bind albumin. The binding of drugs to albumin improves their 

pharmacokinetic properties and increases their circulating half-life. For the 

development of these nanoformulations, two types of albumin are usually employed: 
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human serum albumin (HSA) and bovine serum albumin (BSA). These two types of 

albumin share several characteristics such as high-water solubility, a high circulating life 

span, similar molecular weight (65-70 kDa), and a very similar number of amino acid 

residues (585 for HSA and 583 for BSA). The two types of albumin have been widely used 

to develop nanoparticles, and no significant differences have been observed in their 

construction[280].  

In this thesis, different formulations based on albumin have been used to deliver 

therapeutic agents for the treatment of cancer efficiently. In particular, BSA-stabilized 

gold nanoclusters (BSA-AuNCs) and native BSA were used to successfully transport of 

antitumoral drugs such as AZD8055, DOX and SN38, and CRISPR/Cas gene-editing 

protein Cpf1 in a simple way.  

It is known that albumin has a remarkable ability to bind ligands. There are several 

binding sites on albumin molecules, located primarily in subdomains IIA and IIIA. This 

allows albumin to works as a carrier for a variety of different molecules, including small, 

insoluble molecules like fatty acids, antitumor agents, metal ions, or hormones, among 

others. Binding modes include hydrophobic and electrostatic interactions, which are 

mainly reversible, and covalent bonds that can occur reversibly or irreversibly[279,281]. 

In the case of non-covalent bonds, albumin can bind both endogenous ligands such as 

fatty acids or bilirubin, and exogenous ones such as penicillin or diazepam. This union 

influences the pharmacokinetic properties of these molecules, improving their 

biodistribution and bioavailability[282].  

Currently, this approach is used in several clinically approved drugs such as Levemir® 

(long-acting insulin anabolic), in which insulin is modified with a chain of fatty acid, 

which has a high affinity to bind to albumin[282]. However, one of the most significant 

evidence of the success of albumin-based nanostructures has been the development of 

nanoparticles albumin-bound (nab) technology. This system allows the encapsulation of 

the hydrophobic drug paclitaxel into the hydrophobic domains of albumin (nab-

paclitaxel or Abraxane®), giving rise to structures of about 130 nm. After the systemic 

administration of the nanostructures, the complex disassembles, resulting in the 

formation of smaller nanoparticles where some amount of paclitaxel is released. Unlike 

conventional paclitaxel treatments, these nanoparticles do not require the addition of 
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cytotoxic solvents such as Cremophor® EL and ethanol, which allow the administration 

of a higher dosage of drugs [283,284]. Nab-paclitaxel is currently approved for the 

treatment of different types of tumors, including metastatic breast cancer, non-small 

cell lung cancer, and metastatic pancreatic cancer[284]. 

Conversely, covalent binding of drugs to albumin is possible exogenously through 

chemical conjugation due to the presence of chemical moieties present in their surface 

(e.g., -NH2, -CO2H, -SH). Another alternative for peptides or proteins is gene fusion, 

where the gene that encodes for the peptide or protein is fused albumin. Several 

therapeutics are prepared in this way, such as Albiglutide, a long-acting glucagon-like 

peptide-1 (GLP-1) receptor agonist composed of a GLP-1 (7-36) dimer fused to 

recombinant human albumin[285]. 

In particular, in our case, we proposed the covalent conjugation of the active molecules 

to BSA. This protein has 59 lysine amine groups, of which approximately 30-35 are 

sterically available for conjugation. This large number of amine groups allows us to 

chemically modify albumin efficiently via sulfhydryl activation for its subsequent 

functionalization with the therapeutic molecules. In contrast to nab-paclitaxel 

technology, our strategy requires the covalent conjugation of therapeutic agents. This 

process requires the chemical modification of both the BSA and the actives molecules 

before use. But it can be used for the controlled release of therapeutic agents thanks to 

the use of linkers sensitive to stimuli present in the tumor. Thus, the development of 

these nanostructures will enhance the pharmacokinetics of drugs, improving their half-

life and favoring greater internalization in tumor tissues. 

5.3.1. BSA-AuNCs as drug delivery systems: AZD8055, doxorubicin (DOX) and SN38 

BSA-AuNCs characterization 

For the covalent conjugation of the different antitumor drugs, we proposed the use of 

BSA-AuNCs due to the great advantages reported in previous studies (see Results, 

chapter 4.1). These nanostructures are highly fluorescent and stable, exhibit high 

biocompatibility, and excellent water solubility (Figure 17). In addition, its synthesis is 

easy and reproducible, allowing its scale-up efficiently without losing its properties, 

which is a great advantage over its possible use in clinical approaches. It is worth 
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mentioning that, scaling processes is a critical factor in the development of safe and 

effective nanostructures. Although scaling-up any drug is complex, large-scale 

production of nanomaterials is even more challenging. In this sense, small variations in 

the scaling process can result in significantly different nanomaterials, thus reducing their 

quality and effectiveness[286,287]. Moreover, drug delivery systems have become 

increasingly complicated, as they often consist of more than one therapeutic agent. For 

these reasons, the approach described here has great potential due to the ease of 

implementation. In this regard, we have shown that different antitumor drugs such as 

AZD8055, DOX and SN38 can be conjugated on the surface of the BSA easily. To do this, 

in collaboration with the chemists working in the group, the drugs were modified with 

different types of tailor-made linkers that facilitated their conjugation to the activated 

BSA in a single step (Figures 19, 20, 36, 37 and 38). Remarkably, this strategy not only 

allows the binding of an active molecule on the surface of the BSA, but also enables the 

development of multifunctional nanostructures that contain more than one active 

molecule. This is the case of the BSA-AuNCs functionalized with DOX and SN38, which 

can be used as a combined therapy to treat breast cancer (Figure 38). It is worth 

mentioning that the delivery of these two drugs in the same nanostructures is not easy 

due to the differences in hydrophilicity of doxorubicin (hydrophilic) and SN38 

(hydrophobic). 

Upon conjugation of BSA-AuNCs with the drugs, the formation of larger nanostructures 

was observed by DLS measurements (Figures 23 and 40). In particular, the interaction 

of hydrophobic drugs such as AZD8055 and SN38 with BSA-AuNCs leads to the self-

assembly of hydrophobic BSA domains, achieving the formation of structures up to 10 

times larger. Specifically, BSA-AuNCs-AZD present a hydrodynamic size of 141.2 nm (PDI: 

0.180), and BSA-AuNCs-S of 117.5 nm (PDI: 0.277).  However, the interaction with DOX, 

a hydrophilic drug, did not produce this remarkable self-assembly of BSA-AuNCs and two 

populations of nanoparticles with different sizes were obtained. Interestingly, the use 

of DOX and SN38 in the same nanostructure does not affect the formation of larger 

nanoparticles with a size of 190.8 nm (PDI: 0.263).  

Another strategy employed to measure the size of the BSA-AuNCs-AZD was the use of 

two different microscopy techniques (Figures 25 and 42). In particular, the 
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nanostructures were measured by SEM and AFM, revealing an average size of 73.29 ± 

15.1 and 128.6 ± 10.6 nm, respectively. The size variations obtained are derived from 

the fact that the techniques are different and measure different properties of the 

nanostructures. The SEM provides 2D images of the samples, and requires a vacuum 

environment during the entire imaging process. However, AFM provides 3D images, and 

does not require any special treatment during the imaging process, as it can work 

perfectly in ambient air[288]. Anyhow, the resulting nanostructures have the optimum 

size for their selective accumulation in tumors due to the EPR effect[118]. This effect is 

based on the hyperpermeability of tumor vessel due to their large intracellular opening 

(above 10 nm), and the reduction of functional lymphatic vessels. All BSA-AuNCs 

obtained presented at least 10 nm in diameter, so they cannot leak into normal healthy 

tissues, but can pass through defective tumor blood vessels and accumulate within their 

target site. In addition, this functionalized BSA-AuNCs exceeds the renal clearance 

threshold, which prolongs the half-life of circulating drugs for 19 days[125]. This may be 

mainly due to the neonatal Fc receptor (FcRn), which protects albumin for intracellular 

degradation of lysosomes[289], and by the reabsorption by the megalin/cubilin complex 

in the proximal kidney tube that prevents urinary protein excretion[290].  

However, conventional drugs such as DOX, SN38 or AZD8055, are small molecules that 

have unfavorable pharmacokinetic properties and a nonspecific biodistribution, since 

they are capable of easily extravasating any blood vessels. As a consequence, these 

drugs have a short half-life in circulation and can cause side effects in healthy tissues[291]. 

For example, it has been found that by encapsulating DOX in liposomes, Doxil®, the half-

life of the circulating drug increases from 5 to 10 minutes to 2 to 3 days when 

encapsulated and the amount of drug in the tumor is enhanced in a 4 to 16-fold[292]. 

Nevertheless, it is worth mentioning, that the therapeutic efficacy of passively targeted 

nanoparticles is controversial, since clinical results are highly heterogeneous. Despite 

this, it is essential to note that there are currently many passively targeted nanoparticles 

in the clinic, such as Doxil®, Abraxane® and Onivyde®, among others[293].  

In addition to size, another critical parameter closely related to the toxicity of 

nanoparticles is their shape. In all cases, the functionalized BSA-AuNCs presented a 

spherical morphology, as we could verify by SEM and AFM (Figures 25 and 42). In this 
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sense, it has been demonstrated that spherical nanoparticles have lower toxicity 

compared to other types of nanoparticles, such as cylinder or fiber[294]. What is more, 

spherical structures are also more likely to internalize through endocytosis at a higher 

rate than other types of nanoparticles[120,294]. 

Controlled release from BSA-AuNCs 

Nanostructures can be tailor-modified to allow controlled drug release. These are 

designed to retain the drug during their circulation in the bloodstrem, and release it 

once the tumor is reached, due to an internal or external stimulus (Figure 75)[135,295]. 

Internal stimuli, are used to improve the specificity of drug action. There are different 

characteristics between the intracellular and extracellular environment of cancer and 

normal cells that can be exploited, including low pH, intracellular glutathione levels, or 

overexpressed enzymes. On the other hand, the external stimuli, such as ultrasound, 

light or magnetic field (hyperthermia), are applied externally after administration of the 

nanoparticles. Using these approaches, drug delivery can be better controlled both 

spatially and temporally, avoiding the premature release of the drugs. In this regard, a 

recent study from Zhang et al., showed that nanoparticles designed to release their 

cargo under specific conditions of pH and reductive environment increase the targeting 

efficiency of tumors[296]. 

 

Figure 75. Schematic representation of different internal and external stimuli presents in tumor cells, 

which are commonly used for stimuli-responsive nanostructures. 
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For the efficient and controlled release of drugs from BSA-AuNCs, these were modified 

with linkers sensitive to stimuli present in tumor cells. For these linkers to be effective 

and functional, they must fulfill two main characteristics. On the one hand, they must 

keep the drug conjugated into the BSA-AuNCs with a strong bond, so that it is only 

released into the tumor after exposure to a particular type of stimulus. On the other 

hand, once the target site is reached, they must release the drug in its most active form 

without any modification to carry out its function selectively and efficiently. 

In this sense, AZD8055 and SN38 were modified using a linker that contains a disulfide 

moiety that can release the drug inside the cells in the presence of a high concentration 

of a reducing agent such as glutathione (GSH) or dithiothreitol (DTT). This strategy is 

being widely exploited for therapeutic purposes, since GSH is overexpressed in the 

tumor microenvironment, and the concentration increases even more in the cytoplasm 

of tumoral cells[276]. Particularly, in healthy cells and blood vessels the concentration of 

GSH can vary between 1 to 20 µM. On the other hand, in tumor cells, this concentration 

can increase up to 500 times, reaching ranges from 1 to 10 mM. This is because during 

tumor metabolism, reactive oxygen species such as H2O2 are produced, generating 

cellular damage. For this reason, tumor cells overexpress a variety of enzymes, such as 

GSH that allow the reduction of H2O2 to water[297]. Thus, the different concentrations of 

this compound between healthy and tumor cells can be exploited to release 

therapeutics selectively in cancer cells (Figure 76). 

Conversely, doxorubicin was modified with a linker that contains an imine moiety that 

releases the drug in acidic conditions. pH variations are another of the most widely used 

stimuli in the design of nanoparticles for the controlled release of drugs, since they can 

detect small variations. Tumor cells have lower pH ranges than healthy cells and blood 

vessels that generally stays at 7.4. The glycolysis rate in solid tumors cells increases, 

causing a decrease in pH to values below 7 in the extracellular matrix. This can be used 

as a specific stimulus for the controlled release of drugs that contain pH-sensitive linkers. 

Also, in different organelles such as endosomes or lysosomes, the pH can decrease, even 

more, reaching values between 4.5 to 5.5 (Figure 76)[298].  
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Figure 76. Schematic representation of the albumin nanoparticles functionalized with two drugs modified 

with linkers sensitive to GSH (blue) and pH (green). Once the nanostructure has reached the tumor, it is 

incorporated into the endo/lysosomes that are in an acidic environment (pH = 4.5-5.5) and release the 

pH-sensitive drug. Then, in the cytoplasm of the tumor cells, the drug modified with the GSH-sensitive 

connector will be released from the nanoparticle due to the higher concentrations of GSH inside the tumor 

cell (1-10 mM GSH). 

Although it has been shown in these formulations that a minimal amount of drug is lost 

over time under physiological conditions (PBS buffer pH = 7.4), the majority is released 

over time in a controlled manner after exposure to a high concentration of reducing 

agent, in the case of SN38 and AZD, and a drop in pH to 5, in the case of DOX (Figures 

26 and 43). Remarkably, the linkers employed in the modification of drugs allows their 

release from BSA-AuNCs without any modifications, thus, in its most active form. 

For these reasons, controlled release systems based on BSA-AuNCs have great 

advantages compared to conventional chemotherapy. These systems improve the 

solubility of drugs, and therefore their stability in biological systems. In addition, they 

have an optimal size to selectively accumulate in the tumor due to the EPR effect, 

minimizing the exposure of healthy cells to the cytotoxic effects of antitumor agents. 

Finally, due to the modification with sensitive linkers to certain stimuli present in the 

tumor, the drugs will be released in a controlled way only once their target site is 

reached, avoiding a premature release. Together, these particularities could allow drugs 

to be administered in lower doses, while maintaining a stable concentration for longer 
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in the tumor. Therefore, the unwanted side effects derived from conventional 

chemotherapies could be reduced. 

Cellular uptake of BSA-AuNCs 

It is known, that albumin can interact with overexpressed cellular receptors that 

increase its internalization in cancer cells. Unlike conventional medications, albumin is 

capable of transcytosis through the vascular endothelium (Figure 77). This process takes 

place thanks to the GP-60 receptor (or albondin), present in the vascular endothelium 

and alveolar epithelium. Albumin binds to GP-60 and accumulates on the cell surface, 

leading to association with the Caveolin-1 (Cav-1) protein, key in caveola formation in 

the endocytic pathway. In this way, Cav-1 induces a vesicle’s internalization in the 

endothelial cells that contain the albumin-GP-60 complexes. These complexes travel 

through the cytoplasm and release material from the vesicle into the tumor interstitium. 

Then, it has been hypothesized that albumin will bind to the SPARC protein (acidic and 

cysteine-rich secreted protein), which is overexpressed in tumor cells. This binding could 

allow the accumulation of therapeutic agents in the tumor interstitium, improving the 

absorption of albumin by cancer cells. [299,300]. 

 

Figure 77. Schematic representation of albumin transcytosis in endothelial cells. Albumin binds to GP-60 

receptor, which in turn, is associated with the Cav-1 protein. The complex will lead to the formation of 

caveola-dependent vesicles, allowing albumin to travel through the cytoplasm of the cells to the 

interstitium of the tumor. Once there, it will bind to the SPARC protein and accumulate in the tumor area. 
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In addition, it has been found that while GP-60 binds only to native albumin, GP-18 and 

GP-30 receptors are capable of binding to modified albumin such as albumin-gold 

complexes or maleic anhydride-treated albumin. GP-18 and GP-30 are related to the 

lysosomal degradation of this type of albumin, possibly as a safety mechanism to 

eliminate old, damaged, or potentially harmful albumin due to modifications such as 

oxidation, non-enzymatic glycation, and malylation. For this reason, modified albumin 

is removed more rapidly than native albumin[299,300]. 

Besides, it is important to note that nanostructures in physiological media can interact 

with different molecules (opsonization), forming a layer around them called "protein 

corona". This coating is thought to consist of a hard layer associated with the 

nanoparticle that contains more than 100 different proteins and a more dynamic soft 

outer layer. In this sense, the protein corona can dramatically influence the 

physicochemical properties of nanoparticles, such as size, shape and surface charge[301]. 

This process can directly affect the cellular uptake and toxicity of nanostructures, which 

tends to decrease in the presence of this protein layer. This may be because 

nanoparticles have less affinity for membrane proteins, so interaction with tissues is 

reduced[302]. In addition, this process can eventually activate an immune response that 

leads to its subsequent degradation and elimination[303]. Interestingly, albumin-based 

systems can take advantage of the particle-protein interaction, formulating a pure 

albumin corona that can reduce the degree of opsonization[304].  

The evaluation of the cellular uptake of non-functionalized BSA-AuNCs was carried out 

by confocal microscopy in breast cancer MCF-7 cells (Figure 49) and uveal melanoma 

Mel202 cells (Figure 27). These nanostructures can internalize into the cells in short 

times between 3 or 4 hours, probably due to interaction with cellular receptors 

described above. However, at times longer than 24 hours, the BSA-AuNCs were not 

detected in the cells. This is possibly due to the degradation by proteases that act on the 

BSA into the cytoplasm.  

Remarkably, despite the possible BSA degradation, the drugs are detectable at long 

times. DOX and SN38 could be visualized under the confocal microscope in the nucleus 

of MCF7 at 24 hours after treatment with BSA-AuNCs-DS (Figure 50). In the case of the 

AZD8055, it could be detected in Mel202 cells by flow cytometry after the treatment 
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with BSA-AuNCs-AZD (Figure 28). These results evidence the potential of BSA as a drug 

transporter, since they are biodegradable and non-toxic nanostructures that conjugated 

with drugs internalize in a very efficient way.  

Once inside the cell, the drugs remain stable for a longer time in their active form to 

carry out their corresponding function. To corroborate the activity of our strategy in 

biological systems, the functionalized BSA-AuNCs were studied in in vitro and in vivo 

models. 

Biocompatibility of BSA-AuNCs 

For efficient transport of therapeutic agents, nanomaterials have to meet specific 

requirements. They must be biocompatible to ensure safe drug release and minimize 

unwanted cytotoxicity. Currently, there is no clear consensus for the evaluation of the 

biocompatibility of nanoparticles, but it is known that their toxicity is related to their 

chemical composition and physicochemical properties, including size, shape and surface 

characteristics, as described in previous sections. For instance, while gold nanoparticles 

of 1.2 and 1.4 nm core size produce a rapid cell death by apoptosis and necrosis, 

respectively,  those 15 nm core size did not show any toxicity[305].  

In our case, to evaluate the toxicity of non-functionalized BSA-AuNCs, cell viability 

studies using resazurin and MTT assay were carried out. In particular, these 

nanostructures were tested in the uveal melanoma (Mel202), breast cancer (MCF7, 

MDA-MB-231) and pancreatic cancer cell lines (Figures 30, 44 and 45). Interestingly, the 

stabilization of the gold atoms with BSA, a biocompatible and biodegradable protein, 

shows the absence of toxicity of the system in any of the cells studied. 

Antitumor activity of BSA-AuNCs-AZD in uveal melanoma cells 

In the case of the AuNCs-BSA-AZD, its activity was verified in different uveal melanoma 

cells harboring GNAQ mutations, since the development of the tumor is attributed to 

oncogenic mutations in this gene, as described before (see Results, chapter 4.1.). The 

wild type GNAQ has a glutamine in position 209 (Q209), which is mutated in the tumor 

development, particularly that residue is usually replaced by a proline (Q209P) or a 

leucine (Q209L). In this regard, we selected three types of uveal melanoma cells 

containing different mutations: Mel202 cells harbor the GNAQ Q209L mutation and 
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OMM1.3 cells harbor Q209P mutation. However, the Sp6.5 cell line carries a mutation 

in the BRAF gene (V600E) that is most typical of cutaneous melanoma[306,307]. As a 

control, non-tumoral keratinocytes (HaCaT cells) were also studied.  

In cell viability experiments, we identified that the cells most sensitive to our 

nanostructures were Mel202 cells that contained the Q209L mutation, compared to 

OMM1.3 and Sp6.5 that contained another mutation. In the case of the free drug, it also 

induces a drastic decrease in the viability of these three cell lines, with Mel202 being 

once again the most sensitive. Remarkably, the BSA-AuNCs-AZD did not produce a 

significant reduction in cell viability in the HaCaT control cells, whereas the free drug did 

(Figure 29). This fact demonstrates the high selectivity of BSA-AuNCs for tumor cells, 

possibly due to the presence of receptors that are exclusively overexpressed in tumoral 

cells, as mentioned above.  

On the other hand, the different activity observed between the free AZD8055 and the 

BSA-AuNCs-AZD in the Mel202 cells could be due to the internalization pathway. Free 

drugs can diffuse through the membrane directly to the cytoplasm. However, 

nanostructures have to reach the cell membrane, interact with it, and enter the cell, 

mainly through endocytosis mechanisms. To investigate the cellular uptake mechanism 

used for BSA-AuNCs-AZD, two different endocytosis inhibitors were tested to block the 

entry pathway. In particular, Chlorpromazine, a chemical inhibitor of clathrin-mediated 

endocytosis, and Filipin III, to inhibit caveolae-mediated endocytosis were employed. 

The obtained results revealed that the main internalization pathway of BSA-AuNCs-AZD 

is clathrin-mediated endocytosis (Figure 31).  

In addition, some studies have demonstrated that the internalization process and the 

physicochemical properties of nanoparticles can produce free radicals in cells causing 

oxidative stress, which leads to inflammation and cell destruction[308]. As expected, due 

to the absence of toxicity of this system in the cells, BSA-AuNCs did not produce any 

increase in ROS production. Interestingly, the derivative modified with AZD8055 

produced a significant increase in ROS production, leading to cell death in the tumoral 

cells (Figure 32). 

Finally, we decided to test its potential in in vivo models by establishing mouse models 

by subcutaneous injection of these cells. Free AZD8055 is a hydrophobic drug that does 
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not allow its intravenous injection in simple aqueous solvent. Therefore, it is necessary 

to look for new solubilization technologies such as pH modifications or the use of 

cosolvents, which can lead to failure in drug development and toxicity[309]. Interestingly, 

the conjugation to the BSA-AuNCs helps in the solubilization of the drug, allowing it to 

be injected systematically in an efficient way. Furthermore, the results showed that 

functionalized nanostructures reduce the size of tumors compared to the control and 

also with the free drug, even at a dose 23 times lower than that used in previous studies 

(Figure 33). This result is in accordance with the fact that nanocarriers can increase the 

circulation time of the drug (e.g., AZD8055) allowing the use of lower doses without 

causing substantial damage to other organs (Figure 34). 

Antitumor activity of BSA-AuNCs-DS in breast cancer cells 

Similar results were obtained using BSA-AuNCs-DS for breast cancer treatment luminal-

type (see Results, chapter 4.2).  

In previous studies, it has been shown that DOX and SN38 can stabilize the 

topoisomerase II and I complexes, respectively, during DNA replication and induce DNA 

double-strand breaks (DSB)[310,311]. This mechanism promotes apoptosis, as can be 

observed in the formation of apoptotic nuclei in MCF7 cells after the treatment with the 

nanostructures (Figure 47).  

Although BSA-AuNCs-D and BSA-AuNCs-S can produce a significant decrease in cell 

viability, we were able to verify that the combined therapy, BSA-AuNCs-DS, has a more 

significant antitumor activity than monotherapies in the breast cancer MCF-7 cell line 

(Figure 44). This is because combining the two drugs produces a more substantial 

number of DNA double-strand breaks than the monotherapies separately (Figure 51). 

This more significant effect of the combined therapy also had a remarkable impact after 

nine days of incubation, where the cells were not able to regrow (Figure 48).  

Furthermore, MCF-7 offers the possibility of mammosphere formation, which are 

groups of 3D spherical cells enriched with cancer stem cells (CSCs). These cells, are small 

cell populations with self-renewing and high tumorigenic capabilities, which can be 

responsible for the development of drug resistance, metastases and relapses[312,313]. 
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They are present in different kinds of tumors[314,315], such as glioblastomas[316] or breast 

cancer[317]. 

Conventional chemotherapeutics are more effective in treating differentiated tumor 

cells, but do not eliminate the subpopulation of CSCs, due to their inherent drug 

resistance and its efficient DNA repair system[318]. For these reasons, one of the great 

challenges in the treatment of cancer is the development of effective therapies against 

CSCs in the tumors.  

Unlike conventional treatments that are not able to completely eliminate this 

population of cells, our strategy can reduce the number of mammospheres and their 

size (Figures 53 and 54). This fact, together with the increased antitumor activity over 

long periods, are keys to possible clinical applications because they could prevent 

possible tumor relapses in patients.  

Additionally, we evaluated the nanoplatform in another basal-type breast cancer cell 

line (MDA-231) with negative estrogen, progesterone and HER2 receptors. In these 

cases, the antitumor activity of the combined therapy also significantly decreases the 

cell viability, although the effect is slightly less than in the case of luminal-type cells 

(Figure 45a). The difference in the sensitivity to the drugs of both cell lines can be due 

to their biological characteristic along with the distinct clinical prognosis of the tumor 

types. Although both lines corresponded to the same kind of tumor, MDA-MB-231 cells 

are included in the triple-negative molecular subtype, while MCF-7 is a luminal type[319].  

In addition, to evaluate the potential use of this system in other types of tumors, we 

decided to study the combined therapy activity in pancreatic cancer cells (Figure 45b). 

Panc1 cell line, is a well-established model for pancreatic ductal adenocarcinoma 

(PDAC)[216]. This tumor has a poor prognosis, even when diagnosed early, and its survival 

rate after five years is less than 5%[320]. To the best of our knowledge, this drug 

combination conjugated to BSA-AuNCs as a potential therapy against pancreatic cancer 

has never been evaluated. Remarkably, our system also produced a significant reduction 

in cell viability. 
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With this experiment, we were able to demonstrate the versatility of BSA-AuNCs-DS, 

since they are capable of acting on different types of tumor cell lines with different 

sensitivity to drugs, producing a tremendous therapeutic effect. 

As conclusion, albumin-stabilized gold nanoclusters as drug delivery systems can make 

the drugs more stable and promote the preferable internalization in tumor cells with 

minimal side effects[321,322]. Compared to conventional treatments, functionalized BSA-

AuNCs can increase the treatments’ selectivity, prevent the degradation of the drugs, 

their premature release and improve low bioavailability, thus minimizing side 

effects[117]. 

Although BSA-stabilized gold nanoclusters have already been demonstrated to be 

powerful drug transport vehicles, future projects in the group are focused on developing 

new multifunctional controlled-release drug platforms that allow the diagnosis and 

treatment of different types of tumors at the same time.  

5.3.2. BSA complex for Cpf1 gene-editing ribonucleoprotein (RNP) transport 

This work was carried out in collaboration with Carmen Escalona from the group of Dr. 

Begoña Sot at IMDEA Nanociencia. It is worth mentioning that this is the first time that 

our research group explores the nanostructures’ functionalization with therapeutic 

proteins, where the combination of different expertise (e.g., modification and 

purification of proteins, preparation and modification of nanoparticles) has made it 

possible to carry out this work. 

Protein delivery has many applications, both in vitro and in vivo, since they can control 

different signaling pathways related to various diseases such as cancer. However, the 

main challenges in delivering proteins involve low biological activity, which is due to low 

stability, poor membrane permeability related to its high molecular weight, 

immunogenicity, and toxicity. As a result of these drawbacks, proteins have a short 

plasma half-life, ranging from minutes to several hours. Besides, proteases, rapid 

metabolism, opsonization and conformational protein changes are other critical factors 

in the low bioavailability of proteins[323,324]. 

To overcome these limitations, there are different strategies to improve the 

bioavailability of proteins, such as alternative delivery routes (e.g., nasal or pulmonary) 
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or new formulation approaches (spray-freeze drying or lyophilization). Furthermore, in 

recent years the use of nanomedicine is being widely investigated to improve the 

pharmacokinetic properties of proteins[325].   

In the current work, we demonstrate that albumin can be conjugated covalently with a 

Cpf1 gene-editing ribonucleoprotein forming BSA-Cpf1(RNP) complexes. In this regard, 

we hypothesize that native BSA could protect the Cpf1 of the protease degradation and 

the subsequent elimination, and enhance the effective passage through cell membranes 

to reach the nucleus.  

As mentioned before, BSA has approximately 30-39 lysine amine groups available for 

chemical modification. Their modification was carried out in two steps to form a linker 

that contained a disulfide moiety, as previously described (see Results, section 4.3.3.1.). 

On the other hand, Cpf1 has between 4 and 6 available cysteines that could simply react 

with the preactivated BSA (Figure 68). The advantage of this new approach is that it 

allows us to quantify the number of amines that have been modified in BSA and of 

cysteines in Cpf1 thanks to the pyridinethione released in the two functionalization steps 

(Figure 69 and 70). 

According to the data obtained from the pyridinethione, we calculated that 

approximately 3-4 cysteines were conjugated to the activated BSA. Different ratios of 

BSA:Cpf1 (2:1, 5:1 and 10:1) were tested with similar results. The final complexes were 

unable to run on a 10% SDS-PAGE gel due to their larger size. However, after incubating 

the complex with DTT, Cpf1 was released from BSA, resulting in two independent 

proteins (Figure 72). As we expected, the disulfide moiety of the linker breaks easily in 

the presence of DTT releasing CPf1 protein. 

In this sense, the size of the complexes was measured using the DLS technique (Figure 

71). The data obtained suggest that the complexes have an approximate size of between 

20-30 nm, which is in agreement with the theoretical data, since Cpf1 alone is about 10 

nm in size and BSA 7-8 nm. In addition, in the cases where the proteins are not bound, 

a peak around 100 nm appears. We propose that aggregates formed between the two 

proteins can be derived. Interestingly, this peak decrease when complexes are formed. 

TEM measurements of the complexes are ongoing to verify the exact size of these BSA-

Cpf1 complexes. 
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The main idea of this work is that albumin complexes can protect Cpf1(RNP) from 

premature degradation in biological systems. Also, it could increase its uptake in tumor 

cells thanks to the ability of albumin to accumulate in cancer tissues due to the 

overexpression of protein receptors such as SPARC in tumors. In this sense, once the 

complexes are within the tumor cell, the disulfide covalent bond that forms the 

complexes could be easily separated due to the large concentration of intracellular GSH. 

Then, the free protein could internalize in the nucleus and carry out its function as a 

gene-editing system. 

One of the biggest problems with this approach was the need to modify the Cpf1(RNP) 

protein for covalent binding to albumin, which could result in total or partial loss of its 

function. To investigate whether the protein modification process could have affected 

its nuclease activity, we carried out an in vitro cleavage activity assay with the EGFP 

gene. The results obtained demonstrate that the nuclease activity of the protein is not 

affected, and the Cpf1(RNP) is capable of producing double strand-breaks in the EGFP 

gene, which is visualized in the gel electrophoresis as two bands of different sizes (Figure 

74). For this reason, the next step would be to test its activity in cell cultures of tumor 

cells on a gene of interest such as mutated GNAQ in uveal melanoma tumors or mutated 

KRAS in pancreatic cancer. 

Although this project shows very promising results, it is a work in progress, and therefore 

much more work in this direction is needed. Deeply characterization of the complexes 

and cell culture experiments are ongoing.  

5.4. Carbon nanotubes in cancer therapy 

Carbon nanotubes (CNTs) are allotropic forms of carbon with a cylindrical structure, 

which means that they are made exclusively of carbon molecules. They can be classified 

into two categories according to their structure: single-walled carbon nanotubes 

(SWNT), which consist of a cylindrical carbon layer, or multi-walled carbon nanotubes 

(MWNT), made of several cylindrical carbon layers[257]. They have unique 

physicochemical properties such as high aspect ratio, high surface area, high mechanical 

strength, high electrical and thermal conductivity and ultralight weight.  
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In the last few years, CNTs have been increasingly studied in the field of nanomedicine 

due to their inherent properties, such as their high capacity to contain molecules, 

stability and flexibility, which leads to an increase in the useful circulating half-life of 

molecules. However, the poor-water solubility prevents its use in almost all biological 

media. To overcome this limitation, CNTs can be functionalized to be more soluble in 

aqueous media and serum-stable. The surface modification not only solves the problem 

related to the solubility but also ensures the biocompatibility and less toxicity of the 

material itself, avoiding the formation of toxic aggregates[326].  

In general, CNTs can be functionalized by both non-covalent or covalent methods with 

different molecules (Figure 78)[327,328].  

Covalent functionalization of CNTs is based on the chemical binding of functional groups 

to their surface, leading to stable and robust chemical bonds (Figure 78a). Nanotubes 

functionalization can be accomplished by oxidation under strong acidic conditions, 

resulting in the generation of carboxylic acid groups and shortening of CNTs. These 

groups can improve the biocompatibility of nanotubes and can also be used for covalent 

functionalization with different molecules. This strategy that generates strong bonds is 

more suitable for use as a drug delivery vehicle. However, it can affect the properties of 

the CNTs, as their surface may be damaged.  

On the other hand, non-covalent functionalization of CNTs involves the adsorption of 

different molecules on their surface by Van der Waals or electrostatic interaction (Figure 

78b). The main advantage of this approach is the preservation of the intrinsic properties 

of the nanotubes causing minimal damage to their surface. This type of functionalization 

is not recommended for drug delivery applications.  

Using these strategies, the functionalization of CNTs can be achieved by different 

therapeutic agents such as small molecules drugs or imaging agents, polymers, proteins 

and genetic material[329]. 
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Figure 78. Functionalization methods of carbon nanotubes. a) Covalent functionalization consists of the 

chemical bonding of functional groups to the CNTs wall, leading to stable and robust chemical bonds, for 

example, through carboxylic acids. b) The non-covalent functionalization based on the adsorption of 

molecules on the surface of the nanotube through electrostatic interaction.  

Furthermore, functionalized CNTs can efficiently penetrate biological membranes (by 

passive diffusion or endocytosis) and accumulate in intracellular compartments[327]. 

Therefore, their ability to transport therapeutic agents together with their unique 

physicochemical properties makes these nanomaterials ideal candidates for cancer 

diagnosis and therapy, since they can be used as imaging agents, drugs and gene delivery 

systems[330]. For example, as imaging agents, functionalized CNTs have been studied in 

different types of resonance imaging, including magnetic resonance imaging (MRI) or 

positron emission tomography (PET) techniques[329].  

In this regard, the aim of this work was the study of the ability of functionalized single-

wall carbon nanotubes (SWNTs) as a vector for the efficient delivery of a gene-editing 

CRISPR/Cas9 plasmid. The main objective of the vector is to protect DNA from 

premature degradation and to reach cells efficiently with minimal toxicity[107].  

It is not the first time that PEI functionalized SWNTs have been used to internalize DNA 

plasmid in cells. For instance, a previous report showed that modified multiwalled 

carbon nanotubes (MWNTs) could transport a DNA plasmid encoding the β-

galactosidase gene. Their surface was modified with two positively charged polymers 

such as polyethylenimine (PEI), poly(acrylic acid) (PAA) or a mixture of both polymers. 

The negatively charged DNA plasmid was able to interact electrostatically with modified 
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MWNTs at different ratios of MWNT:pDNA. This strategy reduced the inherent toxicity 

of both PEI and PAA polymers, while increasing the gene expression levels of β-

galactosidase in human lung epithelial cancer (A549) cells[331]. In addition, Markita 

Ladry's group, is investigating the use of CNTs to deliver CRISPR/Cas9 components to 

editing the genome of crop plants[332]. But, remarkably, as far as we know, it is the first 

time that this system will be used to transport a CRISPR/Cas9 gene-editing plasmid in 

human cells. 

5.4.1. Modified carbon nanotubes (SWNTs) as gene delivery system 

In collaboration with Dr. Teresa Naranjo and Dr. Julia Villalva of Dr. Emilio Pérez group 

at IMDEA Nanociencia, carboxylated SWNTs were chemically modified with the cationic 

polymer polyethylenimine (PEI) to explore their capacity as a gene delivery system in 

vitro.  

PEI is a polymer widely used as a transfection agent due to its high amine content, which 

gives it a positive charge. Furthermore, it can escape endosomes through the "proton 

sponge" effect. PEI binds to negative charge DNA through electrostatic interaction, 

which leads to the formation of PEI:pDNA complexes that can internalize the cell by 

endocytosis. However, the biological applications of this polymer are affected since it is 

a non-biodegradable polymer and has high intrinsic cytotoxicity, which limits its 

efficiency in in vitro and in vivo studies[258]. There are different forms of commercial PEI 

available, including linear and branched, but in our case, we used 2 kDa branched PEI. 

Although it has been seen that longer PEIs have higher transfection efficiency[333], we 

chose to use the 2 kDa PEI to try to solve the possible derived cellular toxicity.  

In this regard, we have verified that our system (PEI-SWNT-pDNA) is not only non-toxic 

at any of the proposed concentrations (Figure 64), but that it is capable of efficiently 

binding 1 µg of plasmid DNA as observed in the retardation assay (Figure 63). This data 

was crucial for carrying out the following experiments in cell cultures. 

To analyze the possible delivery of plasmid DNA to human embryonic kidney (HEK293) 

cells mediated by SWNTs, the EGFP reporter plasmid was used. It is worth mentioning 

that for the plasmid DNA to be efficiently expressed in the cells, it is necessary that the 
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PEI-SWNT-pEGFP successfully internalizes into the cells, release the plasmid and reach 

the nucleus (Figure 79).  

 

Figure 79. Schematic representation of PEI-modified SWNTs delivery system. Carbon Nanotubes 

covalently modified with PEI (SWNTs-PEI) allow the electrostatic interaction with DNA plasmids for their 

efficient delivery in vitro. 

The transfection experiments in cells of modified PEI-SWNT-pEGFP complexes are in 

agreement with the results obtained in the agarose gels in which the correct formation 

of the complex was observed. Fluorescence images showed a high expression of the 

EGFP protein, which increases over time from 24 to 72 hours after transfection (Figure 

65). This means that PEI-modified nanotubes are efficient vectors capable of 

internalizing in cells and releasing plasmid. The high transfection efficiency could be 

related to the previously described “proton sponge” capacity of PEI. To test the 

versatility of this platform, this study was also performed in other cell lines more difficult 

to transfect, such as uveal melanoma Mel202 cells and pancreatic cancer Panc1 cells 

(Figure 66). However, this system was not as efficient in this type of cells at the same 

dosage that was tested in HEK293 cells (1 µg of DNA and 20 µL of PEI-SWNTs), and much 

more work in this direction is needed. 

Taking into account these results in HEK293, the ultimate goal of this work was the use 

of PEI-SWNTs as a transfection vehicle for a plasmid that encodes the CRISPR/Cas9 

system. This is one of the most studied strategies in recent years in gene editing, since 

it allows the modification of genome sequences through the introduction of 

modifications. In particular, the chosen plasmid (pX330) encodes the human codon-

optimized SpCas9 and chimeric guide RNA. In this plasmid, a guide sequence against the 

EGFP gene was cloned, giving rise to the desired pCas9 plasmid. If cells are edited by the 
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new plasmid, the generation of the green fluorescent protein will be inhibited, 

confirming the activity of the system (Figures 59 and 60).  

In this regard, cells that already expressed the EGFP plasmid were transfected with the 

PEI-SWNT-pCas9 complexes. However, 72 hours after treatment, no significant decrease 

in fluorescence was observed (Figure 67). This could be mainly due to two main factors. 

On the one hand, pCas9 may bind to PEI-SWNTs less efficiently, so that it is released 

prematurely in cell culture medium before its internalization in cells. On the contrary, 

the release of pCas9 may be slower than what was observed in previous experiments 

using EGFP plasmid, so the incubation time of the complexes should have been longer. 

All fluorescence data from HEK293 cells obtained of transfection of the complex PEI-

SWNT-pDNA were attempted to be quantified by flow cytometry analyses. However, in 

the sample preparation process, the cells died, making their successful quantification 

impossible. 

It is important to mention that this work is still ongoing. The optimization of the system 

to improve its internalization in different cell lines is necessary to develop an effective 

gene delivery platform that aims to transport plasmids of CRISPR/Cas9 system. 
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6. CONCLUSIONS 

Cancer is an extremely complex disease that remains a challenge for researchers today.  

Unfortunately, the incidence of this disease is expected to increase in the following years 

significantly. For this reason, new tools for early diagnosis and effective therapies with 

fewer side effects are necessary to tackle this disease.  

In recent years, many new approaches, such as those based on targeted therapy or 

precision oncology, have emerged to overcome the limitations of conventional 

treatments. These therapies present higher selectivity for tumor cells, minimizing the 

toxic effects derived from the treatment in healthy tissues. In this sense, nanomedicine 

can also help to overcome some of the limitations of conventional therapies, due to the 

unique properties of nanoparticles, as explored in this thesis. In this regard, the main 

conclusions of this work are the following: 

First: Modified BSA can be easily conjugated with different drugs such as doxorubicin, 

SN38 and AZD8055, leading to the formation of nanoparticles. Also, BSA can be 

employed to form a complex with the gene-editing protein Cpf1. 

Second: BSA-stabilized gold nanoclusters (BSA-AuNCs) are a promising system to deliver 

drugs. 

Third: The use of stimuli-responsive linkers allows for a controlled release of drugs into 

cells. In addition, they can be employed in the combination of two drugs in the same 

nanoparticle for combined therapy. 

Fourth: BSA-AuNCs-AZD are capable of reducing cell viability in uveal melanoma cells, 

and even inhibiting tumor growth in animal models. 

Fifth: BSA-AuNCs-DS can reduce cell viability in breast cancer cell lines, and in models of 

cancer stem cells. 

Sixth: The conjugation of the Cpf1(RNP) gene-editing protein to BSA does not affect its 

nuclease activity, leading to loss of function. 

Seventh: Drug delivery systems based on PEI-modified SWNT interact with DNA plasmid 

electrostatically and efficiently internalize in HEK293 cells. However, its use for the 

transport of the CRISPR/Cas9 system for gene editing must be improved.
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