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Abstract 

This thesis is focused on the use of gold nanoparticles (AuNPs) for the delivery 

of biomolecules. These nanomaterials are of great interest in the nanomedicine 

field due to their low toxicity, high biocompatibility, and easy-to-tailor surface, 

making them suitable for different bio-applications. For this project, we focused 

on their potential role as carriers of biomolecules, such as oligonucleotides, 

plasmids or proteins, to treat cancer-related diseases. 

In order to fulfill this objective, a novel system based on the multi-functionalization 

of gold nanoparticles with modified polymers has been developed. The gold 

nanoparticles formulation developed consists of a combination of polymeric 

mixed layer of polyethylene glycol (PEG) and branched polyethylenimine (bPEI), 

and layer-by-layer assembly of bPEI through a sensitive linker. The 

nanostructures generated here provide a non-toxic and powerful system for the 

electrostatic conjugation of different biomolecules, being mainly optimized for the 

delivery and transfection of oligonucleotides in tumoral cells. 

The designed system was optimized using different gold nanoparticles core sizes 

and branched polyethylenimines chains, leading to the obtentions of 12 different 

formulations, which were evaluated in terms of stability, reproducibility, toxicity, 

conjugation and transfection efficacy. The one with the best properties was 

employed as a nanocarrier of antisense oligonucleotides to downregulated 

tumoral cell lines carrying mutant p53 proteins. 

Additionally, a novel building block for the solid synthesis of oligonucleotides was 

developed. The building block, consisting of a sensitive stimulus cross-linker 

attached to a controlled pore glass (CPG) solid support. The oligonucleotides 

prepared with this derivative were able to be conjugated easily with biomolecules 

through the formation of a disulfide moiety. 
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Resumen 

Esta tesis se ha enfocado en el uso de nano-partículas de oro para el transporte 

de biomoléculas. Estos nanomateriales son objeto de gran interés para el campo 

de la nanomedicina debido a su baja toxicidad, alta bio-compatibilidad y con una 

superficie fácil de modificar, convirtiéndolas en materiales muy aptos para 

distintas aplicaciones biológicas. Este proyecto se ha centrado en el potencial de 

las partículas como vehículos de bio-moléculas, como oligonucleótidos, 

plásmidos o proteínas, para tratar enfermedades relacionadas con el cáncer. 

Con el objetivo de llevar a cabo este propósito, se ha desarrollado un novedoso 

sistema basado en nanopartículas de oro funcionalizadas con polímeros. Las 

nanopartículas de oro diseñadas consisten en una combinación de monocapa 

mixta de los polímeros polietilenglicol (PEG) y polietilenimina ramificada (bPEI), 

y un sistema de capa-por-capa de bPEI obtenido a través de un conector 

sensible a estímulos. Las nanoestructuras generadas no producen toxicidad y 

tienen la capacidad de interaccionar electro-estáticamente con distintas bio-

moléculas, estando principalmente optimizadas para el transporte y transfección 

de oligonucleotidos en células tumorales. 

El diseño ha sido optimizado usando distintos tamaños de nanopartículas de oro 

y de cadenas del polímero bPEI, llegando a obtenerse hasta 12 tipos distintos de 

estructuras, las cuales han sido evaluadas en términos de estabilidad, 

reproducibilidad, toxicidad y eficiencia para conjugar y transfectar biomoléculas. 

Aquella con las mejores propiedades ha sido utilizada como nano-vehículo de 

oligonucleotidos antisentido para reducir la expresión de líneas celulares 

tumorales portadores de la proteína mutada p53. 

Además, se ha desarrollado un original “building block” para la síntesis sólida de 

oligonucleotidos, el cual consiste en la adición de un conector sensible a 

estímulos a un soporte sólido. Los oligonucleotidos preparados con esta 

modificación han demostrado su capacidad de conjugación con distintas 

biomoléculas a través de un enlace disulfuro. 
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Chapter 1. Introduction 

1.1. Cancer: Background, current situation and future opportunities 

In our society, one of the leading causes of mortality is cancer, a term that 

involves more than 100 diseases related to abnormal growth and proliferation of 

cells that can invade other areas of the organism and metastasize to distant 

organs1. This group of diseases is produced by a series of mutations in the genes 

that alter the usual function of the cell. Those mutations can have an endogenous 

origin, such as errors during the DNA process replication or lack of chemical 

stability from DNA bases. It can also be exogenous, due to exposure to radiation 

or chemicals and environmental substances with carcinogenic properties2-3. The 

increasing exposure to those factors, added to the fact that the world population 

is increasing each year, with an increment in the life expectancy and sedentary 

lifestyle, makes the tumoral diseases a problem that each day is more present in 

our lives4.  

One of the great questions about cancer is its origin. Currently, different 

hypotheses have been proposed, such as the mutation, chromosomal imbalance 

and mitochondrial dysfunction theories5. They all present various arguments to 

explain how cancer appears but still, some questions and models cannot be 

explained. However, the mutation hypothesis is currently one of the most 

extended and accepted theories. In this case, it has been shown that some 

mutations lead to cancer development. Also, it has been observed that the 

predisposition to develop some cancers could be transferred to the offspring.  In 

addition, it is known that some cancers can be induced by modulating specific 

genes.  

Gene mutations take place very often in the organisms and do not have to be 

specifically harmful. They can be neutral and also beneficial. In most cases, the 

organisms might manage to correct these mutations through different pathways. 

In this regard, tumors do not develop from a single gene mutation, they usually 

require the accumulation of several mutations in a specific area. Anyhow, the 

most common genes, which mutations might lead to cancer, can be categorized 

into two main groups6. 
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 Tumor suppressor genes, which are in charge of the DNA reparation, cell 

division monitorization, apoptosis control and metastasis suppression. The 

inactivation or loss of these genes is one of the leading causes of cancer 

development. Within this group, most of the mutations are found in these 

genes: BRCA1, BRCA2, and TP53. 

 Proto-Oncogenes/Oncogenes, which activity is associated to uncontrolled 

cell proliferation. Mutations might activate them, leading to the formation 

of a tumor. The most common oncogenes are HER2 and the RAS gene 

family. 

The lack of knowledge about the topic and the immense array of factors that may 

cause cancer, make it difficult to develop general and effective cures. Currently, 

the most common therapies for cancer treatment involve mainly surgery, radiation 

therapy and chemotherapy. It can also be applied treatments such as radiation 

frequency ablation or high intensity focused ultrasound, and novel treatments like 

immunotherapy7. 

Chemotherapy is probably one of the most extended and popular treatments. It 

is used in cancers sensitive to specific chemicals. It consists of the application of 

cytostatic or cytotoxic drugs that target the cellular DNA and RNA, interfering in 

their metabolism and proliferation. However, the chemicals are not specific, 

leading to severe side effects whose intensity can go from mild to life-threatening 

consequences. Some side effects can be observed easily as hair loss or skin 

pigmentation. Others affect organs such kidneys, intestinal tracts or lungs, 

causing nausea, vomits, fatigue or diarrhea, leading to anemia and weight loss, 

and increasing the risk of sepsis. Severe ones can generate drowsiness, 

paralysis, spasms and even coma. Additionally, chemotherapy can produce drug 

resistance, carcinogenicity and infertility 8. 

A less harmful alternative to chemotherapy treatment is target therapy. In this 

case, the drug targets a factor that contributes to the growth and survival of the 

tumor, for example, genes or proteins, or the tumor itself and its environment. 

This therapy limits the damage to healthy cells and presents fewer and less 

severe side effects than conventional chemotherapy9. Targeted therapy uses the 

properties of antibodies and small drugs to alter or interfere in the specific area 
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or component that is generating the tumor10. Nowadays, there are several drugs 

approved for clinical use or in clinical developments. However, despite the 

advances that have been achieved in this field, there are still some challenges to 

face. An important one is the improvement of preclinical models to predict the 

efficacy of the treatment and the combination of different agents to treat various 

targets at the same time11. However, just finding the target and the “tool” to treat 

it, might not be enough and the implementation of an effective and selective 

delivery system could solve most of the current limitations. For this particular topic, 

nanoscience and nanotechnology can play a crucial role.  

1.2. Nanoscience and Nanotechnology 

Nanoscience and nanotechnology are scientific disciplines that involve the study, 

design and manipulation of matter at a scale that goes from the nanometer (nm) 

(1x10-9 m) to close the micrometer (µm) (1x10-6 m), around 100 nm (Figure 1). 

Although these terms may look brand new or even futuristic, there are pieces of 

evidence of the application of nanotechnology from ancient times. For example, 

nanoparticles were used by Mesopotamian’s artisans in the ninth century to 

create a glittery effect on the surface of their creations. This effect was obtained 

by oxidizing silver and copper together along with other substances as vinegar, 

ochre and clay, leading to a colloidal solution of nanoparticles called luster. 

Applying this mixture to a glazed surface under certain temperature conditions 

was obtained a metallic glitter that still remains in our era12.  
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Figure 1. Nanoscopic scale. Length scale from 1000 nm (1 µm) to 0.1 nm. The elements found 

at this scale cannot be seen at plain sight, being necessary powerful and specialized technology 

as an electron microscope. 

The nanotechnology era started after a conference in 1959 by the Nobel Prize 

awardee Dr. Richard Feynman. During the conference entitle: “There’s Plenty of 

Room at the Bottom”, he encouraged to find a way to manipulate matter at an 

atom and molecular scale where some physical properties as gravity would be 

less important and other as Van der Waals attraction or surface tension would be 

critical. He also remarked on the necessity of developing a set of tools able to 

carry this task. In 1974, the Japanese scientist Dr. Norio Taniguchi introduced 

and defined “nanotechnology” as “the processing of separation, consolidation, 

and deformation of materials by one atom or one molecule”, and in 1986 Dr. K. 

Eric Drexler made the term popular after the publication of his book “Engines of 

Creation: The Coming Era of Nanotechnology13. Also, technological advances 

gave, as a result, the invention of nanoscale transistors or the scanning tunneling 

microscope (STM), which allowed to obtain surface images at an atomic level. All 

these things helped in different science fields to move forward into the nanoscale 

direction. In chemistry, for example, the discovery of fullerene, the synthesis of 
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nanocrystals, or the description of atomic layer deposition settled the importance 

of the nanoscience14.  

In recent years, the nanoscale has been investigated more due to outstanding 

properties that appear in materials of this size. This is due to mainly three 

factors15:  

 Surface effect: the small size of nanomaterials provides a great specific 

surface area, defined as the ratio of the surface area to volume. This 

ensures a high percentage of surface atoms with low atomic coordination 

numbers. This leads to higher surface energy that provides a more 

prominent reactivity or interaction with other materials. 

 Small scale effect: Decreasing particle size also helps to decrease the 

surface molecular density of some amorphous nanoparticles, which 

produces changes in physical properties as optical, thermal, magnetic 

and mechanical.  

 Quantum size effect: this affects the electron band gap of the Fermi level 

of some materials, which goes from continuous to discrete. That also 

affects the conductivity properties, magnetism and reactivity of the 

nanomaterials.  

These facts explain the growing interest in nanomaterials, which can be applied 

in different fields as the environment, energy, electronics, food industry, and even 

medicine.  

1.3. Nanomedicine 

Nanomedicine is the application of nanotechnology for medical purposes such as 

diagnosis, monitorization, control, prevention and treatment of diseases16.  

Most of the applications related to nanomedicine involve the use of NPs, which 

can be obtained from different materials17. Among them, the most employed are 

those based on lipid micelles, polymeric nanostructures, protein constructs, 

ribonucleic acid (RNPs), carbon dots (C-dots), nanodiamonds (NDs), carbon 

nanotubes (CNTs), graphene, mesoporous silica NPs (MSNP), 

superparamagnetic iron oxide NPs (SPIONs), magnetic NPs (MNPs) quantum 

dots (QDs), plasmonic NPs or gold nanoparticles (AuNPs) (Figure 2). This large 
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array of nanoparticles can be synthesized in different sizes and shapes, which 

can modify their properties.  

 

Figure 2. Graphical representation of some of the most known nanomaterials used in medicine 

1.3.1. Imaging 

Diagnosis tools that allow the precise distinction between healthy and disease 

tissues are vital to ease the selection of the most suitable treatment. In this regard, 

different types of nanoparticles can be employed as contrast agents for different 

techniques, such as computed tomography (CT), magnetic resonance imaging 

(MRI), position emission tomography (PET), or single-photon emission 

tomography (SPET). 

1.3.2. Sensors 

While imaging techniques are focused on the diagnosis in vivo, sensors can be 

employed for diagnosis using ex-vivo samples. In this case, the role of the NPs 

is to detect specific biomolecules associated with a disease. For this purpose, the 

NPs are usually functionalized with molecules that recognize specific areas or 

elements of the sample. The combined functionalization with different types of 

molecules or ligands allows the multiple detection of biological targets and 

reduces the limit detection. Sensors are usually designed to be detectable to the 

naked eye, therefore, expensive and sophisticated equipment is not required18. 

For this purpose, sensors based on colorimetric changes have been largely 

studied to implement a simple readout. One example is the semi-quantitative 
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method of the enzyme alkyl phosphatase developed by Gao et al.19 consisting of 

the deposition of silver on gold nanorods mediated by the enzyme that provides 

a different colorimetric readout depending on the enzyme concentration. 

1.3.3. Treatment 

NPs have been employed mainly to treat cancer since they can be exploited to 

increase the selectivity of the therapy and reduce the side effects, compared to 

traditional approaches. There are currently some nanoformulations for cancer 

treatments accepted for clinic use; however, much work is needed to improve 

their selectivity and efficiency20. The main challenges to face in the delivery 

process for solid tumors are the ones involved in the CAPIR cascade: blood 

circulation, accumulation in the tumor and penetration, cellular internalization and 

release of the therapeutic agent (Figure 3). Because of this, the therapeutic 

efficiency of the treatment is determined by the efficiency of the nanoformulation 

in each of the steps21.  

 

Figure 3. Graphical representation of the CAPIR cascade. Including all the steps since a 

nanoformulation is introduced in a living organism until the therapeutic agent is released on the 

target tumoral cell.
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The primary role of the NPs in the whole process is to serve as carriers of the 

therapeutic molecules and enhance their accumulation in the tumoral 

environment. To fulfil this task, there are different strategies that may be followed 

(Figure 4):  

 Targeting. In this regard, the term refers to design the NPs to deliver the 

cargo in a selected tissue or cell specifically. They must be stealthy 

enough to avoid their clearance from the blood stream and able to interact 

with the target area. Then, they can accumulate by a passive or active way, 

using mechanisms like vessel transport or adhering to biological structures 

through molecule recognition due to surface-bond ligands22.  

 Size-Shape control. Some NPs can simultaneously have the role of 

stabilizer and protector of the cargo, besides being the carriers. This leads 

to control of the size and shape of the particles to maximize the therapeutic 

effect. However, it is not an easy task due to some factor to take into 

account like metabolic stability, permeability to cross for some specific 

biological barriers as membranes or tissues, and excretion23. 

 Drug release control. Good timing in the release of the therapeutical cargo 

can have a significant impact on the reduction of the overall toxicity. In this 

regard, one of the better ways to control the release is through stimuli-

responsive linkers, which can be activated by molecules present in the 

tumoral cells. For instance, the higher concentration of glutathione (GSH) 

inside the cells or protons, due to the Warburg effect24 that tends to 

produce a more acidic environment. Therefore, NPs sensitive to these 

stimuli could degrade their shell, releasing the cargo in the process25,26. 

 Drug combination. Due to the complexity of most tumors in terms of 

multiple targets and the low specificity of the current drugs, an alternative 

strategy is the combined use of multiple drugs. However, the overall 

pharmacokinetics and biodistribution can also be affected27.  

 External stimulus. Some NPs can be triggered upon external stimuli to 

provide specific cell death. The most common therapies through this 

method are photodynamic therapy (PDT), magnetic hyperthermia and 
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photothermic therapy (PTT). PDT needs oxygen, light and a 

photosensitizer, which in combination produce reactive oxygen species 

(ROS), a kind of superoxide radical anions that cause cell death28. In 

contrast, hyperthermia causes cell death by heat, which could be obtained 

when magnetic nanoparticles are exposed to an alternating magnetic 

field29. In the case of PTT, a promising drug-free therapy, NPs absorb light 

above 700 nm and generate heat, burning out the tumoral cells30.  

 

Figure 4. Summary of some of the relevant requirements of a nanoparticle to be a suitable carrier 

for drug delivery.  
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1.3.4. Theragnostic 

The term involves the combined use of diagnosis and treatment strategies. In this 

regard, the role of the NPs is to label the tumoral environment, mainly metastatic 

areas and tumor borders, to ease the removal of the tumor by surgery. In addition, 

they can also be used as drug delivery carriers while tracking their pathway to 

the damaged area. Drug delivery tracking is a promising tool due to the 

complexity of the tumors and their intricate vascular structures and environment31.  

There are available a great variety of NPs formulations, with diverse properties. 

However, each year, therapies based on NPs become more complex, which 

makes the quality control parameters stricter, reducing the possibility of reaching 

the final stages of clinical trials. Because of that, it is essential to work with a 

proper methodology and study the state of the art of the desired material for in 

vitro and in vivo systems32. It is crucial to take into account and understand factors 

such as size, shape, surface and aggregation properties or biodegradation before 

start to produce therapeutic nanoparticles. Therefore, some approach strategies 

include designing NPs carriers that release their cargo with minimal side effects 

through the production of biodegradable, non-toxic and excretable subproducts33.  

Therefore, among the different nanomaterials, the research of this project will be 

centered on gold nanoparticles (AuNPs), which are very promising nanomaterials 

for nanomedicine applications.   

1.4. Gold Nanoparticles 

1.4.1. Background 

Gold Nanoparticles have been employed since ancient times for different 

purposes. Gold nanoparticles is described in Chinese, Arabian and Indian 

manuscripts from the fifth and fourth century BC for medical uses and in the 

ancient Roman Empire for decorative purposes. Later, in Europe during the 

medieval era, it was studied in laboratories of alchemy. Paracelsus wrote an 

essay on the obtention of the gold quintessence from the reduction of gold 

chloride and vegetal oils and alcohols. He and others used this gold solution to 

treat diseases like syphilis, leprosy, epilepsy or even the plague's effects through 

oral administration. The first book about the topic was written by Francisco Antonii 
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in 1618, a philosopher and doctor of medicine, who wrote about the obtention of 

colloidal gold and its medical applications34. In the nineteenth century, Michael 

Faraday started a new era for the study of this form of gold when he discovered 

that its properties significantly differed from the ones observed in the bulk 

material35.  

1.4.2. Synthesis 

Since Faraday, and almost from the second half of the past century, the study of 

AuNPs increased. The first efforts were centered in their synthesis to control the 

size and the shape of the final products, along with the surface functionality. One 

of the most remarkable scientists in this field was Turkevitch, who described the 

synthesis of AuNPs by reducing hydrogen tetrachloroaurate (HAuCl4) by citrate, 

used as a stabilizer, and boiling water36. This method was later refined by Frens, 

who studied the control of the size of the final AuNPs through the ratio 

HAuCl4/citrate37. The Turkevitch-Frens protocol allows the obtention of AuNPs 

with mainly spherical shape and sizes between 10-20 nm of diameter, though 

larger size can also be obtained. In the 90’s, Brust and Schriffin discovered a new 

method to obtain AuNPs through the use of tetraoctylammonium bromide (TOAB) 

and sodium borohydride (NaBH4) as reducing agents, providing AuNPs of sizes 

between 1.5-5 nm, with high stability and low aggregation38. The variation of one 

or various parameters from these protocols can offer a full array of sizes (1 nm to 

8 µm) and shapes (Figure 5) such as clusters, rods, shells, stars, cubes, triangles 

or prisms39.  
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Figure 5. Array of sizes and shapes AuNPs obtained through the modification of different 

parameters. 

1.4.3. Properties  

AuNPs have many exciting features like their shape-size dependent optical 

properties, excellent surface-volume ratio, good biocompatibility, low cytotoxicity; 

they present surface plasmon resonance (SPR) and are natural fluorescent 

quenchers, which make them powerful material in nanomedicine40-41. Depending 

on their core size, they can display different colors in solution, such as orange, 

red, blue or violet. This also determines the wavelength of the maximum peak of 

their wide absorption band, which oscillates in a range of 500-550 nm, the so-

called “surface plasmon band”42.  

Another useful property of the AuNPs is their high affinity for molecules bearing 

sulfur or selenium functional groups, which ease their functionalization43. This is 

because most synthesized AuNPs are capped with labile ligands such as citrate, 

which can be easily displaced by molecules that contain thiols, selenols or 

combinations of them, creating stronger bonds with the new ligands that would 

not be so easily replaced. Therefore, it can be introduced various ligands on the 

surface of the nanoparticles for different uses. The loading efficiency for each 

ligand will depend on the reaction time, ratios, affinity, length, competitivity, or 

steric hindrance44. There are different types of bindings that can be found for the 
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AuNPs/ligands and can be categorized into two groups: non-covalent and 

covalent. The non-covalent ones, such as electrostatic and hydrophobic 

interactions, are the simplest ways to functionalize the AuNPs and also ease their 

release in the desired area. On the other hand, a covalent conjugation, which 

involves the direct attachment of the ligand to the particle, provides a more stable 

product. Depending on the final role of the AuNPs, these are some of the most 

important parameters to take into account45. 

1.4.4. Applications 

It has already been introduced that NPs play a key role in nanomedicine, and 

currently, AuNPs, with different formulations, can be found in most of its 

categories, as can be seen below. 

 Diagnosis. In the last years, AuNPs have been the object of research to 

work as contras agents for X-ray imaging due to the low sensitivity that 

presents the current computed tomography techniques. They are usually 

functionalized with folic acid to highlight tissue structures46. Additionally, 

gold nanoclusters (AuNCs) have been studied, not only as contras agents 

in CT, but for molecular imaging since it was observed red fluorescence 

and due to their smaller size allows an easier elimination by renal vias47.  

 Sensors. AuNPs have been modified with ligands to recognize selected 

molecules, inducing a visual effect through aggregation or agglutination48, 

providing an effective and fast colorimetric test49. Devices based on these 

systems are currently in clinical use47. These strategies are based upon 

the SPR properties of the NPs, where the aggregation is linked to changes 

in the absorption spectra. These can be obtained by selective molecule 

binding to the ligand-functionalized AuNPs. In this regard, Mirkin et al 

developed systems for DNA detection50, which inspired the development 

of related assays by Stevens et al51 and Pompa et al52, with more complex 

structures.  

 Treatment. AuNPs are promising tools for different in vivo therapies. Along 

with their easy to tailor surface, biocompatibility and low toxicity, they can 

also be naturally removed by the body after a while. They are prone to 
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accumulate in the liver and kidneys53, but after different chemical process, 

they are finally excreted54. 

Therapies based on AuNPs can take different approaches. They would 

depend on the type of molecule to be carried and the target. For instance, 

in gene therapy for cancer and genetic disorders, Mirkin et al, developed 

DNA-AuNPs complexes to regulate and control the protein expression in 

cells55. And Rotelo et al designed cationic AuNPs, through the use of 

amino acids as surface modifier agents, for DNA transfection, proving a 

greater efficiency and reducing the toxicity of the process compared with 

analogous complexes of the amino acids without particles56.  

Another approach for AuNPs is their role as carriers for drug delivery, using 

covalent or non-covalent strategies. By non-covalent vias, encapsulation 

of the drug is the most common method, through the generation of pockets 

with a hydrophilic or hydrophobic behavior57. An interesting example of this 

strategy is the development by Burda et al, where the functionalization of 

AuNPs with polyethyleneglycol allows encapsulating a phthalocyanine 

drug use in photodynamic therapy, providing deep penetration in the 

tumoral environment with a fast release of the drug58. Regarding the 

covalent conjugation of drugs, the strategy is closely related to the release 

control methods through sensitive linkers. Some studies in tumoral models 

revealed that the cationic or anionic character of the stimuli sensitive 

ligands, mainly GSH sensitive, used to crosslink the NPs with the drug, 

contribute to the efficacy and depth penetration59. 

Inherent properties of AuNPs can also be used to generate therapeutics 

effects by themselves, without further functionalization. For example, bare 

AuNPs have been evaluated to control the proliferation of myeloma cells60, 

by regulating the cell cycle of specific proteins, and inhibiting the growth of 

bacteria61. 

Despite the promising developments, AuNPs might face some obstacles to reach 

preclinical and clinical settings. The most relevant is the toxicity associate with 

some sizes and shapes of the nanostructrure62. Also, these parameters also have 
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a critical effect on the efficacy, biodistribution or physiological response, which 

should be considered63. Once the formulations are properly adjusted, the 

nanomaterials are safe and are suitable for clinical use, such as:   

 Aurimune (CYT-6091). A drug delivery system developed by Astra Zeneca 

and Cytimmune. AuNPs coated with polyethylenglycol (PEG) are used as 

a carrier of recombinant human tumor necrosis factor alpha (rhTNF). The 

design provides a good defense against phagocytic clearance and 

improves accumulation by the EPR effect. They have demonstrated a safe 

delivery and high-efficiency release of the rhTNF. 64  

 Aurolase®. A drug-free PTT therapy designed by Nanospectra. It consists 

of silica-gold nanoparticles functionalized with PEG. It is focused on 

removing solid tumors by thermal ablation after being stimulated by near-

infrared light. It has been tested in clinical trials to treat lung, head and 

neck cancer with minimum side effects. It had also been tested for imaging 

in prostate tumors65.  

 NU-0129. DNA delivery system. AuNPs are conjugated with spherical 

nucleic acids (SNA), composed of siRNAs, to target BCL2l12 protein, 

involved in tumor progression and apoptosis resistance. Currently, in 

phase I, it has demonstrated its efficacy in patients with recurrent 

gliosarcoma and glioblastoma66. 

 CNM-Au8. Drug delivery system developed by Clene Nanomedicine for 

the treatment of Neuromyelitis Optica (NMO)67. It consists of a suspension 

of gold nanocrystals with a drug, which has reduced toxicity due to its 

synthesis method and exhibits higher nano catalytic activity. 

Despite the significant advances in delivery systems for the treatment of cancer, 

most of the therapies involved aim to kill the tumoral cells by the introduction of a 

toxic molecule. A more elegant approach could involve the restoration of the 

normal properties of the tumoral cells. In this case, the aim is to reprogram a 

tumoral cell to make it behave more like a healthy cell. In this line, approaches 

focused on gene editing and gene regulation have shown promising results68.  
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1.5. Gene therapy and AuNPs  

Gene therapy aims to cure a disease using genetic material. The origins of this 

therapy go back to 1960 and 1970, when the role of viruses was extensively 

studied to control diseases in animals and also the DNA recombinant technology 

was discovered. In this sense, in 1990, it was approved the first gene therapy to 

treat an immunodeficiency disorder69. 

Then, the efforts were focused on the introduction of genetic material into different 

cells, such as healthy, cancerous or immune meditated cells, and change their 

behavior temporal or permanently70. Once the nucleic acid is introduced in the 

cell, it can promote different processes such as apoptosis, cellular functions 

restoration, drug toxicity protection or immune cell activation71. Currently, there 

are two major therapeutic approaches where the introduction of nucleic acids into 

cells is exploited (Figure 6).  

 

Figure 6. Graphical representation of the immune system activation and the nucleic acid transfer 

approach for gene therapy. 

One is the use of immunotherapy. This method consists of the stimulation of the 

immune system to destroy cancer cells, which is problematic due to the 
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adaptation mechanism of tumors that allows them to evade the immune system72. 

Nowadays, there are three pathways to boost the immune system: a) through the 

ex-vivo manipulation of cancer cells, to introduce nucleic acids to promote the 

stimulation of the immune system, and the reintroduction of cancer cells back. b) 

incubation of immune cells with genes, like specific tumor antigens, that once in 

the organism would target and remove the selected type of cancer c) through the 

introduction of immune activation genes directly into a tumoral tissue that 

generates proteins that expose the cancer cells avoiding their evasion and 

promoting the generation of antibodies 73. 

The other method is the use of transfer agent. A transfer agent is a vector 

developed to help introduce a foreign gene into the desired cell. The types of 

vectors can be basically subdivided into two sectors: viral and non-viral. In the 

case of a viral vector, the virus is attached to the selected cell as part of its 

replication process and, in the process, can introduce the nucleic acids previously 

introduced in it. In the case of non-viral vectors, the mechanism can undergo 

through physical or chemical meditated process. Once in the cell, the nucleic 

acids can promote apoptosis, silence genes, modify them or help in repair them74. 

1.5.1. AuNPs in nucleic acids delivery 

In general, non-viral vectors present lower efficiency than the viral ones; however, 

they also offer a more significant range of delivery strategies, lower the cost and 

have superior safety profiles. In the last years, the study of non-viral vector based 

on nanoparticles derivatives have increase significantly. In fact, various 

nanoparticles systems for siRNA delivery have reached the clinical evaluation, 

mostly based on polymers or liposomes75. Among the different carrier systems, 

AuNPs are in the first place of metal-based nanoparticles for gene delivery. The 

first cases of AuNPs in gene therapy date from 1990s, when DNA-coated AuNPs 

were introduced into cells using physical forces76.  The results were satisfactory, 

but the technique was limited to only peripheral organs. Since then, new 

strategies and approaches have been studied to take the maximum advantages 

of gold nanoparticles. 
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All the AuNPs properties mentioned before make them suitable for gene therapy. 

But in this field, one application is highlighted: their surface modification. In most 

cases, the mechanism pillar is the stabilization of the genetic material directly on 

the surface of the nanoparticles or through the use of ligands. There are different 

functionalization techniques worth mentioning (Figure 7): 

 Nucleotide layer. This strategy is quite straightforward. It consists of the 

coating of the AuNPs with a single type of nucleotide by electrostatic or 

covalent vias. In the case of electrostatic binding, it happens due to the 

negative charges of phosphate groups present in the nucleotide, which is 

greater than the coating of the particles, generating a substitution. In the 

covalent case, it requires a previous modification of the nucleotides to 

make them bear a thiol derivative group that interacts directly with the gold 

surface. The method can affect the pharmacokinetics of the AuNPs. Some 

examples of this strategy have previously been mentioned in the 

treatments section. These systems present a good affinity for 

complementary nucleic acids, low degradation, and high cellular uptake.  

 Cationic polymer layer. In this scenario, AuNPs coating is based on the 

use of highly charged polymers or molecules, allowing a strong 

electrostatic absorption by the nucleic acid. These molecules are generally 

cationic amino acids, polyethylenimine (PEI), chitosan or cationic lipids77. 

This method allows an excellent stabilization of the genetic material, high 

transfection efficacy and cellular uptake. However, large loading of the 

nucleotides requires the use of high molecular weight molecules that can 

greatly affect the toxicity of the system78.  

 Mixed layer. This method is, in summary, the combination of the two 

previous ones with some disparities. The AuNPs are generally covalently 

coated with two kinds of ligands: a nucleotide and a stabilizer. The 

stabilizer ligands are usually cyclodextrin or PEG. PEG polymers also work 

as a spacer and create a hydrophilic revetment that decreases the 

adsorption of cellular elements and increases the circulating time. The 

resulting NPs display excellent stability and efficiency. Other formulations 

involve the substitution of the nucleotide ligand by a cationic molecule that 
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later would bind the genetic material through electrostatic interactions. 

This way, the transfection efficiency can be increased79. 

 Cationic lipid assembly. The use of cationic lipids in combination with 

nucleic acids to form complexes (lipoplexes) is not new, but their use was 

limited due to low solubility in aqueous medium and high toxicity. The 

solution was the generation of a hybrid construction with AuNPs. Some 

examples that led to high transfection results and lower toxicity consist in 

the binding of nucleotides to the surface of the particles to then being 

encapsulated by lipids through an emulsification process. Therefore, the 

nucleotides are protected by degradation and well condensed for safe 

delivery80. 

 Layer-by-layer assembly. This versatile method consists of the generation 

of multiple thin layers by electrostatic interaction of oppositely charged 

ligands. The nanoparticles are coated with multiple layers of nucleic acid 

material sandwiched between polymers. These polymers could be 

sensitive to different triggers, allowing the controlled release of the nucleic 

acids and extend the efficacy of the system81.   

 

Figure 7. Graphical representation of some of the most popular AuNPs surface modification for 

their application in gene therapy.  
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1.6. Objectives  

The main goal of this thesis consists in the preparation of AuNPs to work as 

carriers of biomolecules for their potential applications in gene therapy. It will 

imply the synthesis of nanoparticles with different modifications and assess their 

interaction with nucleic acids and their effect in cells.  

Also, the development of a new solid support to ease the conjugation of 

oligonucleotides to biomolecules was planned.  

To achieve these goals, the following objectives can be proposed:  

 Objective 1 - Synthesis of gold nanoparticles. Assess the best route to 

synthesize different AuNPs to obtain suitable carriers for gene therapy in 

terms of size, shape, toxicity and surface modification. 

 Objective 2 - Synthesis of ligands and functionalization of AuNPs. Assess 

the effect on the modification of the surface of the particles with synthetic 

ligands selected for the conjugation and transfection of biomolecules.  

 Objective 3 –Assess the potential biological use of the AuNPs formulations. 

Particularly, the delivery of oligonucleotides into tumoral cells.  

 Objective 4 – Preparation of a solid support for the introduction of an 

activated disulfide moiety in oligonucleotides and its conjugation with 

biomolecules. 
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Chapter 2. Synthesis of gold nanoparticles. 

2.1. Introduction 

Among all the nanomaterials, gold nanoparticles were selected for this project as 

carriers of biomolecules due to their low toxicity, biocompatibility and ease to 

modify their surface41. This last point is critical for their application in the topic 

addressed herein, nucleic acid delivery 82. This process can be done through the 

conjugation of the biomolecule to the AuNPs83, or by the modification of the 

nanoparticles with molecules that interact electrostatically with the 

biomolecules.75-84.. In both strategies, it is required the surface modification of the 

particles which depends on various factors such as shape and size. These two 

parameters also have a significant effect on the toxicity and the vehiculation 

properties,85 and should be considered. 

 Size. The activity of AuNPs in experiments in cell culture or animal models 

is size dependent. For instance, it has been studied that different size 

AuNPs distribute differently in the organism, where small size particles 

display a better organ distribution than larger ones86. In this regard, it has 

been reported that tumoral penetration is significantly better in smaller 

nanoparticles87-88. Also, the size has a significant effect on the toxicity, 

where the particles with larger diameters are more prone to induce these 

undesired effects89. On the other hand, it has to be considered that the 

loading capacity of the particles is size dependent, due to the increment in 

the surface area90.  

 Shape. Currently, the array of shapes of AuNPs that can be synthesized 

is vast, including spheres, clusters, rods, shells, stars, cubes, triangles or 

prisms39. Their synthesis can be carried out by different methods like 

chemical or physical, but for some shapes, the election of the process and 

control of parameters such as temperature or pH are key to the obtention 

of the desired shape39. The shape of these nanostructures has a dramatic 

impact on cellular uptake. In this regard, spheres-like gold nanoparticles 

have been widely employed due to their excellent uptake efficiency in 

contrast with other shapes as rods, which internalization is poor. 
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Interestingly, recent reports have shown that other shapes, such as 

triangles, present better internalization properties than spherical structures 
91.  

Thus, these two parameters are critical for the development of nanocarriers for 

biological applications. Herein, we focus our work on the synthesis of AuNPs 

between 10 and 40 nm with a spherical shape. We expect that the small size of 

the nanostructure would provide better internalization at the tumoral environment 

with reduced toxicity. On the other hand, the spherical shape would improve the 

cellular uptake, and the homogeneity of the surface and area would ease the 

incorporation of molecules.   

The most popular route for the synthesis of AuNPs of the selected characteristics 

is the one developed by Turkevitch et al in 195192. This method is based on the 

reduction of the gold salt HAuCl4 using sodium citrate. It consists of the rapid 

addition of a solution of the reducing agent over a boiling solution of the gold salt, 

leading to the obtention of AuNPs in a short time. Although the mechanism is not 

completely clear, a current consensus establishes that the sodium citrate reduces 

AuCl4- ions to Au+ and Au0, getting oxidized at the same time to sodium acetone 

carboxylate (SAD). Then, when the Au+ ions concentration reaches a critical point 

of disproportion with Au0 triggers the nucleation and growth of the AuNPs93.  

Turkevitch’s method allows the obtention of stable and quasi-spherical AuNPs in 

a range of 12-16 nm, with a good reproducibility and size distribution. Although 

this approach could be used to obtain larger nanoparticles, the quality and the 

reproducibility of the nanoparticles are not optimum due to the susceptibility of 

the method to different parameters, such as pH and temperature94. In 1973, Frens 

et al reported a variation of the Turkevitch’s method, known as Frens’ method, 

which allowed the obtention of larger AuNPs, up to 143 nm, with better 

reproducibility37. However, the size distribution and spherical shape of the 

particles are rather irregular, primarily for particles over 40 nm.  

To overcome this problem, other methods based on Frens’ method have been 

developed. Most of them focus on the role of sodium citrate, which beyond its 

reducing properties, also works as stabilizing agent and pH buffer. To minimize 
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the role of pH buffer95, it was studied the addition of AgNO3 as a catalyzer of the 

oxidation of the citrate,. This way silver ions helps in the fast oxidation of the 

sodium citrate to SAD, speeding the deposition and formation of the particles, 

helping in the obtention of better sphere shape AuNPs96. This route differs from 

the Turkevitch’s and Frens’ in that HAuCl4, the citrate and the AgNO3 are 

premixed before being added to the boiling water. 

For the synthesis of our AuNPs, we choose the standard citrate method. In this 

case, the citrate, a weak ionic coating, would allow its easy and fast substitution 

with a strong biomolecule or ligand. Based on the different routes mentioned 

before, we decided to explore all of them to the obtention of different size 

particles: 

 Turkevitch’s method for 13 and 35 nm AuNPs. Due to the simplicity, 

reliability and popularity of this method, we choose to follow this route for 

the synthesis of two sizes close to the minimum and maximum of the size 

range selected.  

 Fren’s method for 23 nm AuNPs. Because Turkevitch’s method presents 

more problems regarding the synthesis of AuNPs over 16 nm. In this case, 

it was selected 23 nm, as an intermediate size among the other two of 13 

and 35 nm. 

 Premixing method for 13 nm AuNPs. This method could provide better 

spherical shape AuNPs and a narrower size distribution. We chose it to 

explore the synthesis of 13 nm AuNPs and compared it with the ones 

obtained by Turkevitch’s method.  

After the obtention of the AuNPs by each route, they will be characterized by 

different methods: transmission electron microscopy (TEM), ultraviolet 

spectroscopy, dynamic light scattering and pH measurements. TEM allows 

quantifying the size of the core of the AuNPs and also to observe the shape and 

level of homogeneity of the particles. Along with the SPR band observed by 

ultraviolet spectroscopy, centered between 520-525 depending on the diameter 

of the AuNPs, the concentration of the colloidal solution prepared can be 

obtained97. DLS is used to determine the size distribution profile of small particles 
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in suspensions. It will provide information in terms of hydrodynamic size and zeta-

potential of the particles with the citrate coating. In future experiments, when the 

citrate would be substituted by biomolecules or ligands, it would be a powerful 

tool to evaluate changes due to the functionalization. This complete 

characterization allows the assessment of the reproducibility of the AuNPs as well 

as their quality.   

2.2. Results and Discussion 

The objective at this early stage of the project was the synthesis of suitable 

AuNPs for their use in nucleic acid delivery. Among the possible sizes and shapes 

that can be obtained, it was decided to synthesize nanoparticles of 13, 23 and 35 

nm with a spherical shape. These factors were chosen based on the balance 

between loading capacity, tumoral penetration, cellular uptake and toxicity.  

To prepare these particles, it was chosen the route of the citrate reduction of the 

gold salt HAuCl4 developed by Turkevitch, for the synthesis of 13 and 35 nm 

particles. However, as this route is less effective for sizes over 16 nm, thus, Fren’s 

method was employed to prepare 23 nm AuNPs. This approach solves the 

problem of the reproducibility of Turkevitch’s method, but its size distribution is 

wider in the case of AuNPs over 40 nm. Additionally, a third route, based on the 

premixing of the reagents and silver nitrate, was selected to synthesize 13 nm 

AuNPs. This route could provide AuNPs with a more homogeneous spherical 

shape and with a narrower size distribution in comparison with Turkevitch’s 

method. The three routes were explored and the results were compared to 

determine the best route to follow.  

2.2.1. AuNPs 13 nm – Turkevitch’s method 

Overall, the values obtained by the different characterization methods match with 

the expected. The TEM measurements show pretty homogenous amorphous 

AuNPs with an average size of 12.98±1.5 nm (Figure 8), as expected. The shape 

is not entirely spherical as expected for the route. The UV spectra show a wide 

SPR band between 500-550 nm with a maximum peak centered at 520 (Figure 
9). Based on the TEM and the UV spectra, the concentration can be calculated 

using the Beer–Lambert law from the absorbance recorded at 450 nm and the 
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extinction coefficient of 1.39x108 for 13 nm nanoparticles97. In this case, the 

concentration obtained was 10 nM. At this concentration, the pH of the AuNPs 

was measured, giving a value of 6.8. The DLS measures were performed without 

dilute the AuNPs to keep a ratio of 300-400 Kcps. The AuNPs show a 

hydrodynamic size of 19.33±9.31 nm and a zeta potential of -42.3±13.3 mV 

(Figure 10). The size distribution is wider than expected, probably due to the little 

aggregates and smaller particles that can be seen by TEM. This synthetic route 

was repeated three times, obtaining every time the same data. 

      

Size Aimed  Method Number of measures Average values 

13 nm Turkevitch’s 47 12.98±1.5 nm 

 

Figure 8. TEM images of AuNPs synthesized by the Turkevitch’s method. Images are taken at 

50 and 150k, respectively. The average size has been obtained evaluating the area of 47 

nanoparticles of the first image with the software Fiji-ImageJ. 
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Figure 9. UV spectroscopy of the AuNPs of 13 nm synthesized by the Turkevitch’s method. The 

graph shows the SPR band of the AuNPs centered at 520 nm. 
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Figure 10. DLS size (A) and zeta-potential (B) characterization of AuNPs synthesized by the 

Turkevitch’s’ method to be 13 nm in diameter. The size distribution shows a maximum peak 

centered at 18.17 d.nm and the zeta-potential at -41.1 mV. 

2.2.2. AuNPs 35 nm - Turkevitch’s method 

AuNPs of 35 nm were synthesized based on the Turkevitch’s method, using a 

molar ratio HAuCl4/sodium citrate of 1.8:1. After their synthesis, the AuNP 

obtained a deep purple color that tends to pink after being filtrated. Protected 

from the light and stored at 4-6ºC, these nanoparticles have medium stability, 

keeping their properties from less than a month.  
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The TEM measurements show amorphous AuNPs with an average size of 

36.13±5.45 nm (Figure 11), close to the value aimed. The UV spectra also show 

a wide SPR band, this time centered at 527 (Figure 13), which fits with its larger 

size. Based on the TEM and the UV spectra, the concentration of the 

nanoparticles can be determined using the Beer–Lambert law from the 

absorbance recorded at 450 nm and the extinction coefficient of 5.52x109 for 36 

nm nanoparticles97 is 8 nM. At this concentration, the pH of the AuNPs was 

measured, providing a value of 6.4. The DLS measurements were performed 

without diluting the AuNPs, showing a hydrodynamic size of 60.85±25.65 nm and 

a zeta potential of -31±14 mV (Figure 12). The size distribution is wider than the 

one observed at 13 nm, around 3-fold, as expected for the Turkevitch’s synthetic 

route for sizes over 16 nm. The potential is also irregular, and lower than 

expected. This synthetic route was repeated three times, obtaining every time 

different values for DLS, being the one displayed below the best ones obtained. 

    

Size Aimed  Method Number of measures Average values 

35 nm Turkevitch’s 230 36.13±5.45 nm 

 

Figure 11. TEM images of AuNPs synthesized by the Turkevitch’s method to be 35 nm in 

diameter. Images are taken at 50 and 150k, respectively. The average size has been obtained 

evaluating the area of 230 nanoparticles from the first image with the software Fiji-ImageJ. 
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Figure 12. DLS size (A) and zeta-potential (B) characterization of AuNPs synthesized by the 

Turkevitch’s’ method to be 13 nm in diameter. The size distribution shows a maximum peak 

centered at 58.77 d.nm and the zeta-potential at -31.4 mV. 
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Figure 13. UV spectroscopy of the AuNPs of 35 nm synthesized by the Turkevitch’s method. The 

graph shows the SPR band of the AuNPs centered at 527 nm 

2.2.3. AuNPs 23 nm – Frens’ method 

AuNPs of 23 nm were synthesized based on Frens’ method, using a molar ratio 

HAuCl4/sodium citrate of 1:1.84. These particles have a deeper red color after 

the synthesis and filtration. Protected from the light and stored in the fridge, they 

show to be stable for around a month.  
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As expected for this synthesis, the characterization data obtained is quite different 

with respect the Turkevitch’s method. The TEM measurements also show 

amorphous AuNPs with an average size of 22.32±3.71 nm (Figure 14). The UV 

spectra show an SPR with a maximum peak centered at 525 (Figure 16). Based 

on the TEM and the UV spectra, the concentration is obtained using the Beer–

Lambert law from the absorbance recorded at 450 nm and the extinction 

coefficient of 9.64x109 for 23 nm nanoparticles97 . Thus, the particles were 

obtained at 0.35 nM. This lower concentration is a consequence of the differences 

in the synthesis protocol. At this concentration, the pH of the AuNPs was 

measured, leading to a value of 6.8. Before performing the DLS measurements, 

the AuNPs were concentrated to 10 nM to compare the data obtained with the 

previous particles. The DLS measurements were performed without diluting the 

AuNPs, showing a hydrodynamic size of 47.26±25.29 nm and zeta potential of -

37.8±6.32 mV (Figure 15). These values are in the middle between those 

obtained for the 13 and 35 nm, previously described. It was expected a broader 

size distribution than that obtained with the 13 nm nanoparticles, close to the 

values obtained with the 35 nm nanoparticles. On the other hand, the potential 

distribution is the narrowest of the three syntheses. This synthetic route was 

repeated three times, obtaining each time approximately the same data. 
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Size Aimed  Method Number of measures Average values 

23 nm Frens’ 21 22.32±3.71 nm 

 

Figure 14. TEM images of AuNPs synthesized by the Frens’ method to be 23 nm in diameter. 

Images are taken at 50 and 150k. The average size has been obtained evaluating the area of 21 

nanoparticles from the first image with the software Fiji-ImageJ. 
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Figure 15. DLS size (A) and zeta-potential (B) characterization of AuNPs synthesized by the 

Frens’ method to be 23 nm in diameter. The size distribution shows a maximum peak centered 

at 43.82 d.nm and the zeta-potential at -39.2 mV. 
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Figure 16. UV spectroscopy of the AuNPs of 23 nm synthesized by the Frens’ method. The graph 

shows the SPR band of the AuNPs centered at 525 nm. 

2.2.4. AuNPs 13 nm – Premixing method 

AuNPs of 13 nm were synthesized based on the premixing method, using a molar 

HAuCl4/sodium citrate of 1:4.6 and with the addition of AgNO3 as a catalyzer. 

These particles have a ruby red color after synthesis and filtration. Covered from 

the light and storage at 4-6ºC, these nanoparticles have good stability, keeping 

their properties from 1-2 months. 

These AuNPs are very similar to the 13 nm obtained by Turkevitch’s method. The 

TEM measurements show pretty homogenous amorphous AuNPs with an 

average size of 11.32±1.18 nm (Figure 17), close to the size aimed for. The UV 

spectra show an SPR centered at 518 (Figure 19), which correlates with the size 

obtained by TEM. Based on the TEM and the UV spectra, the concentration is 

obtained using the Beer–Lambert law from the absorbance recorded at 450 nm 

and the extinction coefficient of 8.27x107 for 11 nm nanoparticles97, giving a final 

concentration of 10 nM. At this concentration, the pH of the AuNPs was measured, 

obtaining a value of 6.8. DLS measurements were performed without diluting the 

AuNPs, showing a hydrodynamic size of 23.57±11.62 nm and a zeta potential of 

-32.9±13 mV (Figure 18). The hydrodynamic size is bigger than expected, taking 

into account that smaller nanoparticles were obtained. The size distribution 
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observed is also wider than expected. Because of this, this synthetic route did 

not present an advantage in our hands, with respect the Turkevitch’s method for 

13 nm AuNPs synthesis. This synthetic route was repeated three times, obtaining 

each time approximately the same data. 

    

Size Aimed  Method Number of measures Average values 

13 nm Pre-mixing 49 11.32±1.18 nm 

 

Figure 17. TEM images of AuNPs synthesized by the premixing method to be 13 nm in diameter. 

The average size has been obtained evaluating the area of 49 nanoparticles from the first image 

with the software Fiji-ImageJ. 
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Figure 18. DLS size and zeta-potential characterization of AuNPs synthesized by the premixing 

method to be 13 nm of diameter. The size distribution shows a maximum peak centered at 21.04 

d.nm and the zeta-potential at -31.7 mV. 
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Figure 19. UV spectroscopy of the AuNPs of 11 nm synthesized by the premixing method. The 

graph shows the SPR band of the AuNPs centered at 518 nm. 

2.3. Conclusions 

Among the four different types of synthesized AuNPs, 13 nm AuNPs synthesized 

by the Turkevitch’s method, from now on called 13-GEN0, are the ones that 

provided better results in terms of stability, reproducibility and characterization 

consistency. They present an acceptable spherical shape by TEM, a clear SPR 

band by UV and good hydrodynamic size and zeta potential by DLS. The 13 nm 
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AuNPs obtained by the premixing method show almost the same characterization 

profile. However, based on the lower consistency and the need for an additional 

reagent for their preparation, we decided to discard this approach for the following 

stages of the project.  

Regarding the two other sizes AuNPs, the 35 nm AuNPs obtained by Turkevitch’s 

method, 35-Gen0, presented low reproducibility and quality. Thus, we minimized 

its use in later stages of the project. The batches obtained with the best properties 

were used to explore the functionalization process. On the other hand, the 23 nm 

AuNPs obtained by Frens’ method, now called 23-GEN0, were stable and 

reproducible. They also display a quasi-spherical shape by TEM, a size-

according SPR band by UV and consistent hydrodynamic size and zeta potential 

by DLS. Because of this, they were maintained to later stages of the research, 

and their performance was compared with the 13 nm AuNPs selected.
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Chapter 3. Synthesis of ligands and functionalization of AuNPs. 
Part 1. 

3.1. Introduction 

AuNPs have been extensively used as nanocarriers of different bioactive 

molecules98, such as antibodies, aptamers, peptides, or small molecules. There 

are two main approaches to incorporate the cargo into the particles: 1) through 

covalent modification or 2) by electrostatic interactions99. The election of the 

strategy will depend on the nature of the biomolecule and the possibilities of its 

covalent modification.   

In this project, the main objective was to introduce different biomolecules, such 

as oligonucleotides, DNA plasmids or proteins, as the cargo of the AuNPs and 

assess the potential use of the modified nanoparticles in biomedical applications. 

To avoid changes in the chemical structure of the molecules and their 

properties100, the electrostatic approach was explored. In this case, the molecules 

selected for the delivery present an overall negative charge. Thus, positive 

charges should be introduced in the AuNPs to provide good interaction with the 

molecules. In this regard, the use of positively charged polymers as coating of 

the AuNPs was evaluated. 

3.1.1. Polyethylenimine (PEI) 

Polyethylenimine (PEI) is a polymer constituted by a single monomer of ethylene 

oxide. There are two main types of PEI. Linear PEI, which contains only 

secondary amines, and branched PEI (bPEI), which has primary, secondary and 

tertiary amino groups in a 1:2:1 ratio (Figure 20). A third type, called totally 

branched, is considered the dendritic form of bPEI. The main applications of PEI 

are derived from its cationic characteristics and large water solubility.  

 

Figure 20. Chemical structure of linear PEI and branched PEI 
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Since 1995, when its efficacy as a non-viral transfer agent of nucleic acids101 was 

highlighted, it has been considered the standard for polymer-based carriers due 

to its great transfection efficiencies in cell culture experiments and animal models.  

This polymer can condense the genetic material through electrostatic interactions, 

leading to a polymer/genetic material complex with positive charges. This allows 

the interaction of the complex with the negatively charged cellular membrane and 

favors the internalization into the cells. Besides, PEI presents an excellent buffer 

capacity at practically any pH, which also helps in the transfection process102. It 

is considered to have a “proton sponge” behavior that leads to osmotic swelling 

and rupture of endosomes. The introduction of large amounts of protons and 

counter anions, such as chloride anions, inside the endosome, generates its 

disruption and, consequently, the scape of the polymer103.  

Besides its use as a transfection agent, PEI has been used in various applications 

in medicine. For instance, it has been studied as a therapeutic agent in 

gastrointestinal activities, as a fibrin formation blocker, or as a permeability agent 

of the Gram-negative bacteria’s outer membrane104. It has been used for 

antimicrobial coating, mainly as bactericidal in different materials. Furthermore, it 

has shown an essential role in the preparation of nanosized delivery vectors as 

drug and protein delivery systems. PEI is also present in photodynamic therapies 

for localized infections or antiangiogenic treatments, and in the development of 

optical imaging devices as quantum dots coating104. This polymer is also used in 

combination with assorted nanoparticles for cancer treatment105, particularly in 

gene therapy106, and chemotherapy107-108. 

Despite the several advantages of PEI, it has shown a significant toxicity, which 

prevents its clinical translation109. Although the mechanisms are unclear, the 

most probable theory is that it disrupts the cell and mitochondrial membrane, 

leading to necrotic cell death and apoptosis110. Also, many studies correlated the 

molecular weight and the geometry (linear and branched) with the toxicity and its 

efficacy as transfection agents111 (Figure 21). Interestingly, it has been reported 

that the modification of PEI with small molecules (acetylation, succinylation) 

reduces its toxicity112. 
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Figure 21. Polyethylenimine relationship between its molecular weight, its transfection efficacy 

and the toxicity that generate. As higher the molecular weight, better transfection efficacy but at 

cost of a higher toxicity 

The use of PEI in combination with gold nanoparticles to ease the translocation 

of nucleic acids is well documented113. As mentioned before, the positive charge 

of the polymer facilitates the cellular uptake of the nanoparticles. Besides that, it 

can also be employed as a stabilizing agent, depending on the length and 

geometry of the polymer114. PEI-coated AuNPs can be obtained by modification 

of the ligand or using it as a reducing agent115. Between the linear and branched 

derivatives of PEI, the latter one can condense nucleic acid with higher efficiency. 

Thus, it was selected for the functionalization of AuNPs. This polymer should be 

able to stabilize the AuNPs, condense nucleic acids, and translocate the complex 

into the cells. bPEI is available in different lengths, and in this regard, we have 

selected two bPEI of different molecular weights (2 and 25 KDa) to assess better 

the effect of the polymers in the toxicity and efficacy (Figure 22). However, to 

increase the stability of the final particles and reduce their inherent toxicity, which 

is required to ease their translation into preclinical and clinical settings, the 

addition of an additional polymer was envisioned. 
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Figure 22. Chemical structure of 2 and 25 KDa bPEI, respectively. 

3.1.2. Polyethylenglycol (PEG) 

Polyethylenglycol (PEG) is a polymer constituted by a single monomer of 

ethylene oxide (Figure 23). Depending on its molecular weight (>20 KDa) can 

also be called polyethylene oxide (PEO) or polyoxyethylene (POE). This polymer 

is used in very different fields, so it can be found commercially with different 

lengths, geometries and modifications in one or both ends. 

 

Figure 23. Chemical structure of PEG. 

In medicine, PEG has been commonly used as an excipient of different drugs to 

increase their stabilization or enhance their therapeutic properties116. It has also 

been used in colon and colorectal cancer, where its role as a chemopreventive 

agent117, epidermal growth factor receptor (EGFR) downregulator118, and 

sensitizer to chemotherapeutics was evaluated.119. 

Regarding its use in nanoparticles, the partial or complete PEGylation of their 

surface can modulate some of the inherent properties of the nanoparticles and, 

what is more, increase their biocompatibility. In this sense, PEG can reduce the 

interaction with the reticuloendothelial system (RES), the primary mechanism of 

nanoparticles clearance, leading to longer circulating times, which is desirable in 

most therapeutic approaches, particularly those involving intravenous 

administration120-121. However, the final behavior of the modified particles 

depends on several factors, such as the molecular weight (MW) of the polymer, 

its conformation and modifications, final surface density and, of course, the type 
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of nanoparticles used122. For instance, it has been used in liposomal 

nanoparticles, such as Doxil, a PEGylated liposomal formulation of doxorubicin, 

designed to reduce the toxicity of the chemotherapeutic agent. This system 

showed fewer side effects than the drug alone, better pharmacokinetics 

properties and biocompatibility. This nanoformulation is currently employed to 

treat ovarian cancer and Kaposi’s sarcoma123.  

PEGylated gold nanoparticles present excellent stability compared to uncoated 

ones. It has been studied the effects of coating density and the media used have 

over the nanoparticles, showing high stability water, buffers and organic 

solvents124. The PEGylation of gold nanoparticles can be achieved during or after 

their synthesis through covalent linking or surface absorption, respectively. 

However, an excess of the polymer may lead to a loss in the efficacy of the 

nanoparticles125.  

Due to the properties discussed above, PEG was one of the chosen polymers to 

functionalize the nanoparticles. Its use will increase the colloidal stability in 

aqueous media of gold nanoparticles. These formulations will also be valuable 

for future “in vivo” experiments, since they can dope nanoparticles with stealth 

properties126, preventing their recognition by the RES.  

From the different commercial sources, the type of PEG chosen had a linear 

geometry and molecular weight of around 3000 MW with an amine and hydroxyl 

group in the extremes, respectively (Figure 24). These features have different 

purposes. On the one hand, a “low” molecular weight and linear geometry may 

ease their manipulation, modification and purification. Additionally, the two 

different functional groups at the ends can be exploited for their selective 

modification.    

 

Figure 24. Chemical structure of NH2-PEG-OH (3000 MW) used 

Both the bPEIs and PEG ligands can be functionalized on the AuNPs surface by 

covalent o electrostatic conjugation. Nevertheless, the immobilization of the 

polymers by the covalent approach is recommended to obtain more stable 
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particles127. In this regard, the ligands can be chemically modified with a suitable 

linker to ease the covalent functionalization. For this project, lipoic acid was 

explored as the primary option.  

3.1.3. Lipoic acid  

Lipoic acid (LA) is a natural organosulfur compound that has been used in 

medicine as treatment in diabetes and hyperglycemia due to its antioxidant 

properties and its ability to help in the glucose uptake into the muscle cells128. Its 

chemical structure presents a carboxylic acid function, a dithiolane moiety and a 

chiral carbon (Figure 25). Of the two possible enantiomers, only the (R)-(+)-lipoic 

(RLA) is present in nature and has biological activity, whereas the (SLA) can only 

be obtained by chemical synthesis and inhibits the activity of RLA129. 

 

Figure 25. Chemical structure of (R)-(+)-lipoic acid (RLA) and (S)-(+)-lipoic acid (SLA) 

enantiomers.  

LA is usually used as a cross-linker between AuNPs and a ligand. The disulfide 

bond produces a strong binding with the gold nanoparticles due to the great 

affinity of gold display for the sulfur groups130, also making it a good stabilizing 

agent131. In addition, its carboxylic acid group can be easily activated to increase 

its reactivity with primary amino groups allowing the conjugation with different 

agents132-133,  

In our project, the presence of amino groups on both polymers allows their easy 

modification with lipoic acid by amide formation. Once modified with the linker, 

they can be used to functionalize the AuNPs by displacement of the citrate 

coating. 

3.2. Results and Discussion 

In this stage of the project, two polymers have been selected to functionalize the 

AuNPs previously synthesized. The first one is the bPEI, a polymer commonly 

used as a transfer agent due to its high cationic density. Its length correlates with 
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its transfection efficacy but also with its toxicity. Due to this, it was explored the 

use of a low molecular weight bPEI of 2 KDa. To carry out a comparison in terms 

of transfection efficacy and toxicity was also selected a high molecular weight 

bPEI of 25 KDa.  

The second polymer was PEG, a polymer commonly used to functionalize 

nanoparticles to increase their colloidal stability in different media. This polymer 

can provide stealth properties, which are crucial to improve their blood circulation 

time in animal studies. It was chosen a PEG of 3 KDa due to the similar weight 

of the bPEI of 2 KDa. 

The conjugation of both polymers to the AuNPs surface can be done by different 

means, such as electrostatic or covalent interactions. In this case, we have 

explored the covalent approach using lipoic acid as linker. This molecule is also 

commonly used to stabilize AuNPs due to the presence of a disulfide bond, which 

presents a strong affinity for the gold surface. Additionally, it bears a carboxylic 

acid that can be activated to conjugate with the polymers via amide formation.  

3.2.1. Synthesis 

To conjugate the lipoic acid to the polymers, the carboxylic acid was activated to 

ease the reaction with the amino groups of both polymers. The activation can be 

obtained with different leaving groups, such as hydroxybenzotriazole (HOBt), N-

hydroxysuccinimide (NHS) or its analogous the N-hydroxysulfosuccinimide 

(Sulfo-NHS), used in reactions in aqueous media. Due to its extensive use and 

the excellent solubility of the polymers in organic solvents as DCM or THF, NHS 

was selected for this process (Scheme 1). 

Scheme 1. Activation of the lipoic acid (LP) linker with N-hydroxysuccinimide (NHS). The reaction 

is carried out in the presence of DCC and using THF as solvent at 0 ºC to RT for 16h. 
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Once activated the lipoic acid with the NHS, the corresponding ester LP-NHS (1) 

was used in the conjugation with the polymers (Scheme 2). Both polymers show 

good solubility in organic solvents, which was required for the optimum 

conjugation with the LP-NHS. To increase the efficiency of the reaction, THF was 

selected as the solvent, which is better in amidation reactions134. However, in the 

case of bPEI, it is critical to stir the solution vigorously to obtain a homogeneous 

solution and avoid aggregation. 

Scheme 2. Conjugation of the activated lipoic acid (LP-NHS) with the polymers bPEI 2 and 25 KDa 

(B) and PEG 3 KDa (A) using THF as solvent to favor the amide formation for 16h. 

Once the reaction was completed, the purification of the modified polymers was 

carried out by dialysis. In this process, the reaction mixture was placed in a semi-

permeable membrane with a specific pore size, which retains the desired 

molecule, whereas diffusing the others into the external media. For the modified 

bPEI (2 KDa) (2) and PEG (4) a 3.5 KDa dialysis tubing membrane was used. In 

the case of modified bPEI (25 KDa) (3), a 10 KDa dialysis tubing membrane was 

required. Other types of membranes, like membrane cassettes of the same pore 

size could be evaluated, but they were discarded due to the few amount of 

product that can be recovered. 

This purification method removes the unreacted LP-NHS, retaining the modified 

polymers inside the membrane. However, the unreacted polymers could also be 

retained. In the case of the purification of LP-PEG (3 KDa), the final product 
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should remain inside the dialysis membrane, whereas the unreactive polymer 

and linker might be removed due to their lower molecular weight with respect to 

the pore size of the dialysis membrane. However, in the case of bPEI (25 KDa), 

the purification is more complicated and the unreactive polymer could be retained 

inside the membrane. Regarding the purification of LP-bPEI (2 KDa), the use of 

a 3.5 KDa membrane was compared with one of 2 KDa, observing a better 

purification with the first one. This was attributed to the branched nature and 

hydrophilic character of the polymer, making its diffusion through the membrane 

more difficult. After the purification, the solvent is removed under vacuum and the 

modified polymers quantified and characterized. It was observed that through 

lyophilization, the products obtained were easier to solve and presented clearer 

characterization spectrums. 

The characterization of the modified polymers is not an easy task due to two facts: 

the slight difference in the molecular weight between the unmodified and the 

modified polymers and the big difference in signal intensity between the polymer 

and the linker. 

The first one affects the characterization by mass spectroscopy. Due to the high 

molecular weight of the modified polymers was chosen to perform a MALDI 

experiment. This technique, in the case of polymers, provides a Gaussian 

distribution of peaks obtained by the polymer sample. Also, the molecular weight 

provided by the commercial source is an approximation, making difficult the 

differentiation with modifications of the polymer of low molecular weight135. In the 

case of LP-PEG (3 KDa) (Annex Figure 24), which shows a Gaussian 

distribution between 2000 and 4000 Da, centered in 3000 Da and with a 

maximum peak at 3046.8 Da, corresponding to the polymer with 66 monomer 

units with the linker modification. Regarding the LP-bPEI, the characterization by 

mass spectroscopy is more complex. In the bibliography, it can be found that for 

branched polyethylenimine the sensibility of the technique decreases directly with 

the length of the polymer, being the bPEI in a range of 600 and 1200 Da the ones 

which provides better results136-137. This happens due to multiple factors like the 

cationic nature of the polymer, high density and degradation process. This 

complex characterization can be observed in the MALDI-TOF obtained for the 



Chapter 3. Synthesis of ligands and functionalization of AuNPs. Part 1. 
 

50 
 

two samples of LP-bPEI 2 KDa (Annex Figure 25) and 25 KDa (Annex Figure 
26), which were analyzed using α-Cyano-4-hydroxycinnamic acid (CHCA) matrix 

and MeOH as solvent. In both cases, it is observed a complex spectrum with a 

large number of signals with overlapping isotopic distributions. Most of the peaks 

present a difference of 43 units, which corresponds with the monomer [C2H4NH]. 

In the case of LP-bPEI 2 KDa, the gaussian peak distribution appears centered 

in 1000 Da, and for the LP-bPEI 25 KDa, shows a peak distribution centered at 

300 Da. 

The second one affects the NMR characterization. The polymers present a 

repeated chemical structure, a monomer, with a specific signal. Due to the big 

difference in the molecular weight between the polymers and the lipoic acid, and 

the low ratio of modification of the polymer, most of the contribution to the spectra 

comes from the polymer. This is also affected by the characteristics of the NMR 

machine and the parameters used in the process. It has been observed that using 

a whole zg 90º pulse signal instead of a 30º one, allows a more precise integration 

of the signal. In the case of the LP-PEG 1H-NMR spectrum, the polymer presents 

an intense narrow signal at 4 ppm, from the signal range of the linker (2.5-1 ppm). 

Along with the 13C-NMR spectrum can be concluded the successful obtention and 

purification of the polymer. Regarding the LP-bPEI (2 KDa and 25 KDa), the 

difficulty relies on the signals of the polymers in the 1H-NMR spectrum and the 

poor solubility of the dry modified polymer. The best solvent to perform the NMR 

experiments was the deuterated DMSO. In the case of the LP-bPEI 2KDa 1H-

NMR, the polymer band can be shown between 4-1.8 ppm and between 2-1 ppm 

(Annex Figure 3), hiding most of the linker signal. Some signals in the range of 

2-1 ppm can resemble the ones observed by the LP-NHS 1H-NMR (Annex 
Figure 1) suggesting its presence. On the other hand, the 13C-NMR was 

performed with a more powerful probe equipment (500 MHz) for 12h, observing 

a signal at 172 ppm (Annex Figure 14) that can confirm the modification. In the 

case of the LP-bPEI 25 KDa, the 1H-NMR (Annex Figure 4) shows the polymer 

signal completely overlapping the possible signal of the modification. In the case 

of the 13C-NMR (Annex Figure 15), it also can be seen a signal at 172 ppm. With 

these results, despite the purity of the modified bPEIs cannot be confirmed, they 

were employed in the functionalization of nanoparticles.  
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3.2.2. Functionalization 

3.2.2.1. 13-Gen0.5 AuNPs 

Once the polymers were modified with the linker, their use in the functionalization 

of the AuNPs was evaluated. The particles selected for the preliminary studies 

were the 13 nm AuNPs based on the Turkevitch’s method, from now on called 

13-GEN0 AuNPs. First of all, it was necessary to know the loading capacity of the 

GEN0 AuNPs with this size at the selected concentration (10 nM). The loading 

capacity not only depends on these two factors, but also on the properties of the 

selected ligands138.  

The direct functionalization of the AuNPs with LP-bPEI was not possible, leading 

to an irreversible aggregation process. This effect was probably produced due to 

the sudden difference of charges between the citrate anions and the polymer. 

Because of this, the loading capacity study was performed with LP-PEG due to 

its stabilizing role. Taking into account the AuNPs parameters of concentration 

and size, and the LP-PEG ones of length and geometry, it was expected loading 

capacity of around 10-15 nmol of the polymer per milliliter of AuNPs139. With these 

values in mind, it was studied the progressive addition of LP-PEG (1.5, 3, 4.5, 6, 

7.5, 9 and 10.5 nmol) and the changes in the size and zeta-potential properties 

were assessed. The AuNPs with LP-PEG were called 13-GEN0.5-AuNPs. 

The main changes can be observed in the zeta potential (Figure 26). In this 

sense, the minimum addition of LP-PEG (1.5 nmol) to the nanoparticles increases 

the potential with respect to the no-functionalized ones, from -42.3mV to -28.14 

mV (∆14.16 mV). However, those nanoparticles presented low stability, 

generating a residue after a couple of days at room temperature, and were 

discharged.  

However, after the addition of 3 nmol of the modified PEG, the potential only 

increased 3.4 mV with respect to the 1.5 nmol addition, but the stability of the 

AuNPs improved significantly. In this case, no precipitation was observed after 4 

weeks at room temperature. For these reasons, 3 nmol of LP-PEG was selected 

as the minimum amount to produce stable particles. This formulation was called 

13-GEN0.5.  
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The additions of 4.5, 6 and 7.5 nmol did not change the potential measured 

significantly, but when 9 nmol were employed, the potential incremented from -

25.53 mV to -16.3 mV (∆9,23 mV). The addition of a bigger amount of the 

modified polymer did not alter the potential of the particles further. Thus, these 

data suggest that the nanoparticles are fully loaded with the polymer when 10 

nmol are used, which agrees with previous reports139. 
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Figure 26. Zeta-potential measurements of AuNPs functionalized with different amounts of LP-

PEG (blue) with no-functionalized AuNPs (purple) as control. The image shows the values of 

maximum intensity peaks reached. Functionalized AuNPs present an increment in the zeta-

potential with respect to the control, showing a bigger increase at higher additions of the modified 

polymer (deep blue) that remains constant as the AuNPs reach a saturation point. 

Regarding the size measurements, it can be observed an increment in the 

hydrodynamic diameter with respect to the no-functionalized ones, growing 

around 8.67-9.54 nm (Figure 27). With some variations, the diameter does not 

change too much independently of the amount of polymer added. This can be 

explained by the final conformation of the polymer, which can be organized in two 

ways: brush or mushroom140. The brush conformation allows the polymer to lay 

perpendicular to the gold surface while the mushroom one would be parallel. The 

first conformation can be observed when the surface is not saturated with the 

polymer, but the arrangement can change when more polymer is added. Also, 

the molecular weight of the polymer plays a role in the arrangement, being more 
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common the mushroom conformation at the high molecular weight. As the size 

obtained does not differ at the different loadings of polymer, it is probably a brush 

conformation. In addition to this theory, the hydrodynamic diameter of PEG 3 KDa 

is approximately 3 nm141. This would mean an increment of around 6 nm in the 

overall diameter for completely spherical nanoparticles, which is close to the 

increment observed by DLS. Otherwise, in the mushroom conformation, the 

polymer would fold, leading to significant changes in the diameter of the particles. 

Also, it can be observed that the diameter intensity curve becomes narrower and 

higher with respect to the no-functionalized ones. This is probably due to the 

obtention of a high concentration of stable nanoparticles, thanks to the polymer 

properties.  
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Figure 27. Hydrodynamic size measurements of AuNPs functionalized with only LP-PEG (blue) 

with no-functionalized AuNPs (purple) as control. It can be observed an increase in the size of 

the hydrodynamic size of 25-30 nm.  
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3.2.2.2. 13-Gen1-2 AuNPs 

After establishing the loading capacity of the AuNPs based on the 

functionalization with LP-PEG, it was carried out the double functionalization of 

the AuNPs with LP-PEG and LP-bPEI. The first experiments were performed with 

LP-bPEI (2 KDa) due to the similar molecular weight and an expected lower 

probability to destabilize the particles due to its positive charge than the 

analogous LP-bPEI (25 KDa). Also, since the minimum amount of LP-PEG 

required to stabilize the AuNPs was 3 nmol, it was planned to coat the remaining 

surface with LP-PEI (2 KDa). This procedure led to AuNPs functionalized with a 

ratio of LP-PEG/ LP-PEI of 3:7, labeled as 13-GEN1 (Figure 28). The 

functionalized AuNPs with LP-PEG (3 nmol) were evaluated with an increased 

amount of LP-bPEI (2 KDa) (2.5, 5, 7.5, and 10 nmol).  

 

Figure 28. Schematic representation of the functionalization process of the AuNPs from the no-

functionalized AuNPs (GEN0) to the functionalized ones with LP-PEG and LP-bPEI in a ratio 3:7 

(GEN1). 

The LP-bPEI (2 KDa) addition resulted in a significant increment in the zeta-

potential (Figure 29A). A positive potential is achieved even at the minimum 

amount used of 2.5 nmol. The potential keeps increasing with the 5 and 7.5 nmol 

additions. No variations in the potential were observed after adding higher 

amounts of the polymer, which match the loading capacity expected. Fully 

functionalized AuNPs presented a great change in their zeta-potential, increasing 

it from around -25.53 mV, with only 3 nmol of LP-PEG, to +12.33 mV (Figure 
29B). This results in an increment of ∆36 mV, with respect to the AuNPs 

functionalized with LP-PEG, and ∆52 mV, compared to the no functionalized ones.  
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Regarding the hydrodynamic size (Figure 30), its size distribution became 

narrower, probably due to the obtention of higher concentrated AuNPs, at 28.21 

nm as the particles functionalized with only PEG. The conformation of bPEI is 

more complex due to its branched structure and its cationic nature, which 

depends not only on the molecular weight but also on the pH of the medium. 

Based on bibliography142-143 and taking into account the 6.5 pH of particles 

(measured after the addition of bPEI) and the hydrodynamic diameter of larger 

bPEIs, the polymer should be folder over itself, measuring no more than 1 or 2 

nm, which corresponds with the data obtained. Also, this conformation might not 

be affecting the PEG brush conformation, or the hydrodynamic size would 

decrease. The particles obtained by these procedures are labeled as 13-GEN1-

2 AuNPs, and are a significant milestone for the first objective of this project. 
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Figure 29. A) Zeta-potential measurements of AuNPs functionalized with different amounts of 

LP-bPEI (2 KDa) (red), LP-PEG (3 nmol) (blue) and no-functionalized AuNPs (purple) as controls. 

The image shows the average potential values reached. LP-bPEI functionalized AuNPs present 

an increment in the zeta-potential with respect to the control, showing a bigger increase at higher 

additions of the modified polymer. B) Zeta-potential at the (7.5 nmol of LP-bPEI 2 KDa and 3 nmol 

of LP-PEG 
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Figure 30. Hydrodynamic size measurements of 13 nm AuNPs functionalized with LP-PEG (3 

nmol) and bPEI 2 KDa (7 nmol). 

AuNPs were also characterized by UV spectroscopy (in a 1:10 AuNPs/water 

dilution) to observe possible aggregates of the particles not visible to the naked 

eye (Figure 31). It was observed that after the addition of the LP-PEG the SPR 

band kept centered at 520 nm and with the addition of LP-bPEI a shift was 

observed to 522 nm, maybe due to minor aggregations of the particles. After each 

addition, it was also reported a decrease in the absorbance intensity, which 

means a lower concentration of the final product, going from 10 nM before 

functionalized to around 8 nM after the obtention of the 13-GEN1-2 AuNPs. This 

is probably due to the treatment of the AuNPs during the functionalization, where 

a certain amount can be lost in the centrifugation stage (see Functionalization 
Protocol). 
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Figure 31. UV-Vis characterization of AuNPs without functionalization (purple), after the complete 

functionalization with PEG (blue) and after the functionalization with both LP-PEG and LP-bPEI 

(red). It can be observed that in each stage, it is observed a shift to the red of the spectrum and 

reduction of the absorbance signal. 

In summary, the final AuNPs 13-GEN1-2, present a hydrodynamic size of 

30.79±10.78 nm and a zeta-potential of 12.9±6.99 mV. These results suggest 

that the polymer LP-PEG and LP-bPEI has been incorporated and have a 

profound effect on the zeta-potential and size of the AuNPs. Interestingly, GEN1 

AuNPs are very stable, presenting the same hydrodynamic size and zeta-

potential after 3 weeks at room temperature or after 2 months at 4 °C.  

In parallel to the PEG/bPEI 3:7 formulation, other functionalization ratios were 

prepared and characterized: 5:5 and 7:3. As expected, these alternative 

formulations displayed a lower zeta-potential (Figure 32B) due to the lower 

presence of bPEI on the surface of the particles. Regarding the hydrodynamic 

size (Figure 32A), the size distribution became narrower, although their centered 

peak increased 4.46 nm. These results confirm that the best ratio to work with, to 

maximize the stability and the positive charge, was the first ratio tested (LP-

PEG/LP-PEI 3:7). 
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Figure 32. A) Hydrodynamic size and B) Zeta-potential measurements of AuNPs with different 

ratios of LP-PEG/LP-PEI (5:5 and 7:3). 

3.2.2.3. 13-Gen1-25 – Functionalization with LP-bPEI (25 KDa)  

As the AuNPs formulation with the ratio 3:7 LP-PEG/LP-PEI provided the best 

values in terms of potential and stability, it was used in further experiments, such 

as in the preparation of nanoparticles with LP-bPEI of 25 KDa. Due to its bigger 

size and molecular weight, around 13 times with respect to bPEI (2 KDa), it could 

be expected an increment in the overall charge. So that, the measurements 

(Figure 33B) show a zeta-potential distribution of 37±12.2 mV, which compared 

to the GEN1 functionalized LP-bPEI 2KDa (Figure 29) is an increment of 

+25.1mV. A higher potential was not expected, taking into account that most of 

the amine groups of the polymer would be hindered, preventing its participation 

in the measurements. Regarding the hydrodynamic size (Figure 33A), it is 

observed a narrow and intense size distribution, which suggests a very stable 
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conformation of 33.17±8.28 nm, centered at 32.67. This increment in size, of 

around 2.39 nm with respect to the 13-GEN1-2 AuNPs (Figure 30) implies that 

the bPEI 25 KDa surpasses the PEG length. According to the hydrodynamic size 

of the polymer, around 4 nm, this increment in the size was expected142. 
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Figure 33. A) Zeta-potential of the GEN1 AuNPs functionalized with LP-bPEI (25 KDa) (green) 

and B) its comparison with the functionalized ones with LP-bPEI (2 KDa) (red), observing an 

increment in the zeta-potential of almost the double. C) Hydrodynamic size comparison of the two 

types of GEN1.  

3.2.2.4. 35-Gen1-2 - LP-PEG/LP-bPEI (2 KDa) (35 nm) 

For larger AuNPs, the same functionalization as the 13 nm ones was assessed 

ease their comparison. For this purpose, a similar concentration of 10 nM was 

tested. For these AuNPs, it was expected a 7-fold increase in the loading capacity 

compared to 13 nm AuNPs. This approximation was made considering the 

AuNPs as a perfect sphere and calculating their area. Therefore, in this case, the 

amount of the reagents used was increased 7-fold, particularly LP-PEG (21 nmol) 

and of LP-PEI (2 KDa) (63 nmol). To compare the results with the AuNPs of 13 

nm, it was studied the functionalization of the AuNPs with only LP-PEG (21 nmol) 

(35-GEN0.5 AuNPs) and with the addition of both LP-PEG and LP-PEI (35-

GEN1-2 AuNPs). 
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In these experiments, significant changes were appreciated in both the 

hydrodynamic size and the zeta potential. In the case of the size, the addition of 

LP-PEG (Figure 34A) induces an increment in the size, from 58.77 nm to 78.22 

nm. This variation is 3-fold larger than the expected (Figure 27), which might be 

due to some aggregation of the nanoparticles. Once the bPEI was added (Figure 
34B), the size distribution became narrower but less intense, shifting to a smaller 

size. This behavior could suggest an increase in the destabilization of the 

particles. After 24 hours (Figure 34C), this was confirmed with the formation of 

two different size populations. Regarding the zeta potential, the 35-AuNPs 

showed an increment after adding LP-PEG and the bPEI (Figure 35A-B). 
However, due to the low stability of these nanoparticles and the difficulties on the 

preparation of the AuNPs, no more experiments were performed with this size.  
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Figure 34. Hydrodynamic size characterization of 35 nm AuNPs without functionalized (A), after 

the addition of LP-PEG (B) and after the addition of both LP-PEG and LP-bPEI 2KDa (C). The 

AuNPs functionalized with both polymers were measured again after 24 h (D) after the initial 

aggregation. 
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Figure 35. Zeta-potential characterization of 35-GEN0.5 (A) and 35-GEN1-2 (t=0 & 24 h) (B) 

AuNPs and its potential comparison respect the obtained in the 35-GEN0 AuNPs (C). 

3.2.2.5. Gen1 - LP-PEG/LP-bPEI (2 & 25 KDa) (23 nm) 

In this case, it was expected a 3-fold increase in the loading capacity with respect 

to the 13 nm AuNPs. The functionalization of these AuNPs was tested in two 

different ways. The first one consisted of functionalization with LP-PEG and LP-

PEI in a ratio 3:7 (9 and 21nmol, respectively) to compare them with the 13-

GEN1-2 AuNPs. The second one consisted of the functionalization of the AuNPs 

with the minimum amount of LP-PEG (3 nmol) to stabilize the nanostructure. The 

remaining available surface would be modified with LP-bPEI (27 nmol). This 

alternative ratio corresponding to 1:9, could provide new properties, like an 

increment in the potential. The 23 nm AuNPs, with the ratio 3:7, were called 23-

GEN1-2 I and 23-GEN1-25 I for the ones functionalized with bPEI 2 and 25 KDa, 

respectively. Following the same terminology, the nanoparticles obtained with the 

ratio 1:9 were called 23-GEN1-2 II and 23-GEN1-25 II.  

For the 23-GEN1-2 AuNPs I and II, the hydrodynamic size is pretty similar 

64.09±39.1 and 65.3±33.85, respectively, and both centered at 58.77 nm (Figure 
36AB). This implies an increment of around 16 nm, a bit more than expected, 

considering the previous functionalization. Regarding the zeta-potential, the 

value obtained for 23-GEN1-2 I and 23-GEN1-2 II were 12.99±6.99 mV and 

16.2±6.56 mV, respectively (Figure 36CD). The results for both formulations are 

similar to the obtained for the analogous formulations of 13 nm, which was 

expected. 
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Figure 36. A-B) Hydrodynamic size and C-D) zeta-potential characterization of 23-GEN1-2 I and 

II AuNPs. 

In the case of 23-GEN1-25 AuNPs I and II, the results match those obtained with 

bPEI 2 KDa. Their hydrodynamic size was 83.53±41.57 and 89.72±52.82, 

respectively, centered between 68.06 and 78.82 nm (Figure 37AB). The 

increment, around 30-40 nm is higher than expected for the addition of the 

polymer of 25 KDa, considering the 13-GEN1-25 (Figure 33A). Also, 23-GEN-25 

II presents a more irregular size distribution and lower intensity, indicating some 

destabilization, although no aggregates were formed. Regarding the zeta-

potential, 23-GEN1-25 I displays a potential of 35.9±9.59 mV (Figure 37C), 

similar to 13-GEN1-25 (Figure 33B), and for 23-GEN-25 II (Figure 37D) is 

38.4±13.6 mV.  
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Figure 37. A-B) Hydrodynamic size and C-D) zeta-potential characterization of 23-GEN1-25 I and 

II AuNPs. 

In summary, stable nanoparticles were obtained with 23-GEN1 and bPEI of 2 and 

25 KDa. In this case, two different ratios of PEG/PEI were employed: 3:7 and 1:9.  

Among the nanoparticles obtained, 23-GEN1-25 II presented the lowest stability 

and therefore, we continue our work with 23-GEN1-2 I and 23-GEN1-25 I.    

The summary of the characterization obtained for the 4 different GEN1 

formulations considered suitable as carriers can be found in (Table 1). Despite 

the differences in the potential and hydrodynamic size between the eight AuNPs 

evaluated 13-GEN2 and 23-GEN2, all the formulation displays excellent stability 

properties keeping the same properties for 1 month at room temperature and 3-

4 months at 4 ºC. After this time, aggregates appeared, particularly for 23-GEN2. 
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Name Core  

(nm) 

LP-bPEI 

(KDa) 

Hydrodynamic 

Size (nm) 

Zeta-potential 

(mv) 

13-GEN1-2 (3:7) 13 2 30.79±10.78  12.9±6.99  

13-GEN1-25 13 25 33.17±8.28  37±12.2 

23-GEN1-2 I 23 2 64.09±39.1  12.99±6.99 

23-GEN1-25 I 23 25 83.53±41.57 35.9±9.59 

 

Table 1. Summary of the characterization obtained for GEN1 AuNPs with better properties for a 

carrier role.  

3.2.3. Delivery of Biomolecules 

Once stable nanoparticles were obtained using our approach, we started to 

assess the potential use of those systems as carriers of biomolecules. However, 

before using them for biological applications, their toxicity and loading capacity of 

biomolecules should be assessed.  

3.2.3.1. Cytotoxicity assays. 

To use the functionalized AuNPs as transfer agents, they should have negligible 

toxicity in the cells. For this reason, the corresponding cell viability assays were 

performed to test the effect of the functionalized AuNPs with respected the LP-

bPEI alone. In these experiments, the concentrations of functionalized AuNPs 

were 1000, 500 and 250 nM. Regarding the LP-bPEI, the amounts used were 

875, 437.5 and 218.75 pmol, the same amount as that present on the particles at 

the concentrations tested. These studies were carried out in two cell lines, PANC-

1 (pancreatic adenocarcinoma) and MCF7 (breast cancer). 

Regarding the toxicity of 13-GEN1-2, 23-GEN1-2 I and the LP-bPEI 2 KDa 

(Figure 38), the modified polymer induced some toxicity in PANC-1 (Figure 38C), 

particularly at the highest concentration tested (1 nM) with a 26% of viability. On 

the other hand, the 23-GEN1-2 I (Figure 38B) induced a significant toxicity (20%) 

at the same concentration but in MCF-7. These results highlight the different 

behavior of the cell lines and the importance of performing this type of experiment 

in multiple cell lines. In this case, it is remarkable that the toxicity of a molecule is 

enhanced or decreased by its conjugation to the nanoparticle, and the results 



  3.2. Results and Discussion 
  

 
65 

 

obtained depend on the cell line employed. Particularly, the polymer was toxic 

when used alone, however, it was dramatically reduced when used on the 

nanoparticle. This behavior was found in the PANC1 cell line, but the contrary 

was shown in MCF7. Further experiments are needed to understand these 

differences better.  
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Figure 38. Cytotoxicity assay on MCF-7and PANC-1cell lines of the 13-GEN1-2 (A), 23-GEN1-2 

I (B) AuNPs and the modified polymer LP-bPEI 2 KDa (C). The concentration of AuNPs added to 

the cells are 1 nM, 500 pM and 250 pM with untreated cells as control. The modified polymer 

concentrations tested corresponds to the one found in the AuNPs at the concentrations of 1 nM, 

500 pM and 250 pM. The statistical analysis was performed using one-way ANOVA (each group 

vs. control) (*** p < 0.001, ** p < 0.01, * p < 0.05, . < 0.01). 

In the case of 13-GEN1-25, 23-GEN1-25 I and the LP-bPEI 25 KDa (Figure 39). 

Using the 25 KDa polymer alone (Figure 39C) induces higher toxicity than in the 

previous experiments with a smaller polymer (2KDa) (Figure 38). This behavior 

is expected due to the higher amounts of charges compared with the bPEI of 2 

KDa. As observed, the toxicity of the polymer is significantly reduced once it is 

attached to the nanoparticle (Figure 39AB) as desired.  
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Figure 39. Cytotoxicity assay on MCF-7and PANC-1cell lines of the 13-GEN1 (A), 23-GEN1 I (B) 

AuNPs and the modified polymer LP-bPEI 25 KDa (C). The concentration of AuNPs added to the 

cells are 1 nM, 500 pM and 250 pM with untreated cells as control. The modified polymer 

concentrations tested corresponds to the one found in the AuNPs at the concentrations of 1 nM, 

500 pM and 250 pM. The statistical analysis was performed using one-way ANOVA (each group 

vs. control) (*** p < 0.001, ** p < 0.01, * p < 0.05, . < 0.01). 

3.2.3.2. Conjugation efficacy assays. 

To test the capacity of the functionalized AuNPs as transfer agents, it was studied 

their interaction with oligonucleotides, which are short DNA or RNA molecules 

with an overall negative charge that allows the electrostatic interaction with the 

PEI. The oligonucleotide chosen to test the AuNPs was a decamer (10 units) 

composed only of thymine nucleobases and modified with a molecule of 

fluorescein (FAM) at the 5’-end. The fluorescein (FAM) eases the monitoring of 

the oligonucleotide, which can be useful to study the interaction with the 

nanoparticles. This sequence was selected because its interaction with gold is 

very weak compared with other nucleobases, such as adenine144.  

In order to assess the binding efficiency of the AuNPs to the oligonucleotide, they 

were incubated for 12 h and the samples centrifuged. The pellet and the 
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supernatant were loaded into an acrylamide gel retardation assay, an 

electrophoretic separation technique employed to analyze the size of 

biomolecules (Scheme 3). For each formulation, it was studied the optimal 

bPEI/oligonucleotide N/P, calculated as N/P ratio = 7.53 × weight ratio of 

PEI/DNA101. The N/P 80 is considered the optimal for bPEI 2KDa145, while for 

bPEI 25 KDa is considered 35146. 

 

Scheme 3. AuNPs are concentrated by centrifugation and incubated with the oligonucleotide for 

12 hours. The samples are dispersed and centrifuged to obtain both pellet and supernatant. Both 

are analyzed through an electrophoresis gel to determine the amount of bonded and unbonded 

oligonucleotide, respectively. 

The results of the conjugation experiment can be observed in Figure 40. In this 

figure, the values obtained from the pellet are due to the bound material, whereas 

the data obtained from the washed fractions are due to the unbound one. In this 

case, only 11-27% of the total amount incubated was bound to the nanoparticle. 

Interestingly, the lowest conjugation values were obtained by the particles with 

LP-bPEI 25 KDa, which displayed the highest positive potential.  
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AuNPs Pellet % 

(oligonucleotide bonded) 

Wash % 

(oligonucleotide not-bonded) 

13-GEN1-2 27 73 

13-GEN1-25 13 87 

23-GEN1-2 25 75 

23-GEN1-25 I 11 89 

 

Figure 40. 13-GEN1-2, 13-GEN1-25, 23-GEN1-2 I and 23-GEN1-25 I AuNPs conjugated with 

FAM-PolyT(10): gel retardation assay and quantification. Fixed N/P ratio of 80 and 35 for bPEI 

layer of 2 and 25 KDa respectively. L (line) 1: ladder, L2-4: 13-GEN2-2control, pellet, wash (c,p,w), 

L5-7: 13-GEN1-25c,p,w, L8-10: 23-GEN1-2 I c,p,w, L11-13: 23-GEN1-25 I c,p,w. 

In order to increase these low conjugation yields, a buffer was introduced to lower 

the pH during the incubation process. This approach is based on the low pH 

assisted method, commonly employed to reduce the repulsion between 

oligonucleotides nucleobases and AuNPs147,148.Additionally, it was thought that it 

would help in the protonation of the amino groups of the polymer, increasing the 

interaction with the oligonucleotide. The buffer was added after 1h of incubation 

of the particles with the oligonucleotide at a concentration of 1 mM.  After that 

step, the procedure was the same as before. In this case, the binding increased 

in almost all the cases, where the formulations containing bPEI 25 KDa produced 

the highest increase (Figure 41). These results implies that the pH of the 

incubation media has a strong effect on the conjugation. However, the yield was 

still low, suggesting the need for complementary approaches to enhance the 

binding.  
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AuNPs Pellet % 

(oligonucleotide bonded) 

Wash % 

(oligonucleotide not-bonded) 

13-GEN1-2 24 76 

13-GEN1-25 29 71 

23-GEN1-2 32 58 

23-GEN1-25 I 36 64 

 

Figure 41. 13-GEN1-2, 13-GEN1-25, 23-GEN1-2 I and 23-GEN1-25 I AuNPs conjugated with 

FAM-PolyT(10): gel retardation assay and quantification. Fixed N/P ratio of 80 and 35 for bPEI 

layer of 2 and 25 KDa, respectively. Fixed pH of 3.5. L (line) 1: ladder, L2-4: 13-GEN2-2control, 

pellet, wash (c,p,w), L5-7: 13-GEN1-25c,p,w, L8-10: 23-GEN1-2 I c,p,w, L11-13: 23-GEN1-25 I 

c,p,w. 

3.3. Conclusions 

The first part of the thesis, was focused on the obtention of positive and stable 

AuNPs for the delivery of biomolecules. Thus, AuNPs of different sizes, 13, 23 

and 35 nm were modified with three polymers prepared in the laboratory, LP-

PEG, LP-bPEI 2 KDa and LP-bPEI 25 KDa. Through the study of different 

combinations, several AuNPs formulations (GEN1) were obtained. The most 

promising systems are AuNPs of 13 nm with a LP-PEG/LP-bPEI (2 & 25 KDa) in 

a ratio 3:7 (13-GEN1-2 and 13-GEN1-25, respectively) and the analogous ones 

of 23 nm and with the same ratio (23-GEN1-2 I and 23-GEN1-25 I). These four 

AuNPs showed the best stability and reproducibility among the different AuNPs 

tested. Hence, they were evaluated as carriers.  
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Thus, their cytotoxicity and binding capacity were evaluated. The different AuNPs 

did not produce significant toxicity in comparison with the polymer alone in the 

tumoral cell lines tested. However, the binding assays performed at different 

conditions did not provide the desired results. The binding was improved by the 

use of an acid buffer, but, despite the better results, additional improvements are 

desired.   
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Chapter 4. Synthesis of ligands and functionalization of AuNPs. Part 2. 

4.1. Introduction 

The functionalized AuNPs obtained in the previous chapter did not bind 

oligonucleotides efficiently. This could be due to the positive potential reached 

with those formulations, which could be lower than needed. Another possibility, 

or in combination with the previous one, is that even though the nanoparticles 

present an overall positive potential, the bPEI could not interact efficiently with 

the oligonucleotide due to steric effects. 

To overcome these limitations, new designs were developed. The AuNPs 

functionalized until now are considered mixed layer particles, since two polymers 

are combined in a single layer. In this regard, to increase the number of positive 

charges and make bPEI more accessible to interact with biomolecules, the 

addition of a second layer of bPEI was explored. For this purpose, the use of 

succinimidyl 3-(2-pyridyldithio)propionate (SPDP) was evaluated as a cross-

linker.   

4.1.1. SPDP Cross-linker 

Succinimidyl 3-(2-pyridyldithio)propionate or SPDP is the activated ester form of 

the (2-pyridyldithio)propionic acid (Figure 42). Its chemical structure is based on 

a pyridildithiol group, a reactive moiety for sulfhydryl groups, and an activated 

ester that could react with amine groups. These reactive moieties make SPDP a 

widely used heterobifunctional cross-linker.  

 

Figure 42. Chemical structure of (2-pyridyldithio)propionic acid and its activated ester form with 

NHS, the Succinimidyl 3-(2-pyridyldithio)propionate (SPDP). 
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The SPDP cross-linker, and derivatives, are mainly used in biological applications 

that involve proteins, usually in protein-protein conjugation149-150, protein-protein 

interaction analysis151-152, protein labeling153 or protein-antibody immobilization154.  

SPDP is considered a smart linker155, a tool designed to join two molecules 

together and that can be cleaved under a certain stimulus. Specifically, SPDP is 

a redox-sensitive linker, which reacts with glutathione (GSH) (Figure 43), an 

abundant tripeptide in the cytoplasm and major reducing ligand156. Its structure 

presents a cysteine, where the sulfhydryl group is a strong nucleophile and 

powerful reducing agent. In vivo, GSH concentration varies depending on the 

tissue, but it is present at a higher amount in tumors, such as breast, ovarian, 

head and neck and lung. In addition, the concentration inside the cells is much 

higher than outside (around mM and µM, respectively)157. Due to this, 

formulations that present SPDP, or another disulfide linker, can be exploited to 

specifically release their therapeutic cargo in the tumoral tissue instead of blood 

plasma or normal cells (Figure 44).  

 

Figure 43. Chemical structure of GSH, a tri-peptide of glutamate, cysteine and glycine.  

 

Figure 44. GSH concentration levels comparison between a) heathy cells/blood and b) tumoral 

cells and its effect on disulfide crosslinked structures.  
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After the addition of SPDP to bPEI, it can be conjugated to the GEN1 AuNPs 

obtained in the previous chapter. Thus, the introduction of more bPEI to the 

nanostructures is expected to improve the transfection efficiency. What is more, 

the new formulation might be able to release the cargo of biomolecules in a 

tumoral environment preferably, due to the linker employed158.  

To obtain this new formulation, GEN1 AuNPs will be modified using 2-

Iminothiolane (Traut’s reagent), a cyclic thioimidate able to react with primary 

amino groups to form sulfhydryl groups (Figure 45). Thus, the primary amino 

groups of the bPEI will turn into sulfhydryl and will react with the SPDP modified 

bPEIs. This conjugation can be monitored by UV due to the release of the 

pyridine-2-thione during the process (UV-Vis: 343 nm; ɛ=8080 mol-1dm3cm-1)159. 

Figure 45. Traut’s reagent reaction with primary amines to generate thiol groups (A) able to 

interact with the SPDP molecule (B) releasing a molecule of pyridine-2-thione in the process.  

For this project, bPEIs of 2 & 25 KDa will be modified with the SPDP cross-linker 

and conjugated with GEN1 AuNPs. Multiple parameters of the new formulations, 

called GEN2, will be evaluated, including reproducibility, toxicity, redox sensitivity 

and transfection.  

4.2. Results and Discussion  

In this stage of the project, it was explored the addition of a second layer of bPEI 

(2 and 25 KDa) on the GEN1 AuNPs previously obtained in Chapter 2, and the 

effect on the transfection efficacy evaluated. Therefore, bPEIs were modified with 

SPDP and incubated with GEN1 AuNPs, previously treated with Traut’s reagent 

to introduce the required sulfhydryl groups.  
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4.2.1. Synthesis 

SPDP is a non-water soluble molecule, but thanks to the good solubility of the 2 

and 25 KDa polymers in organic solvents, the modification can be performed 

without using a water-soluble SPDP derivative, such as the sulfo-SPDP. The 

SPDP was synthetized in a two-steps process (Scheme 4). First, the 

mercaptopropionic acid is reacted with the 2-aldrithiol in MeOH and AcOH (300:1), 

giving rise to the desired compound (2-pyridyldithio)propanoic acid (5) bearing 

the disulfide bond (Scheme 4A). Any traces of the acid or the pyridine-2-thione 

previously released as a byproduct have to be well removed to not affect the 

subsequent reaction. This one (Scheme 4B) consists in the activation of the acid 

(5) with NHS and DCC in THF to obtain the SPDP (6). 

Scheme 4. Synthesis of the SPDP (6). From the mercaptopropionic acid reaction with 2-aldrithiol 

(A), to generate the disulfide pattern, and their later activation with NHS (B).  

The modification of the bPEIs (Scheme 5) with the cross-linker was performed in 

THF, as it was made with the LP-NHS linker, due to its extended use in amidation 

reactions134. Compared with the lipoic ester, it was observed that SPDP reacts 

better with the polymer and produces lower aggregation during the reaction. Still, 

the vigorous stirring of the reaction is highly recommended to avoid aggregation 

of the polymer. After the modification of the polymers, the solvent was removed 

and re-dissolved in water to perform their purification by dialysis. It was used 

membranes of 3.5 and 10 KDa for the modified polymers PDP-bPEI 2 KDa (7) 
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and PDP-bPEI 25 KDa (8), respectively. After the dialysis, the water was removed 

by lyophilization.  

Scheme 5. Conjugation of the SPDP cross-linker with the polymers bPEI 2 and 25 KDa THF as 

solvent to favor the amide formation for 16h. 

The characterization of the modified polymers faced the same obstacles as the 

observed previously. MALDI mass spectra were similar to the obtained for the 

lipoic modification, where the best results were obtained using CHCA as matrix 

and MeOH. For both polymers (Annex Figure 29-30), a large number of signals 

were observed with a difference of 43 units, which corresponds to the monomer 

[C2H4NH]. Using 1H-NMR (Annex Figure 7-8) the proper integration of the 

signals below 4 ppm could not be done due to the overlap of the polymer and 

crosslinker signals. However, the presence of peaks in the aromatic area 

suggests the incorporation of the SPDP. These signals are overlapped with an 

intense signal at 8 ppm, attributed to protonated primary amines160. The presence 

of the SPDP was also confirmed through 13C-NMR, where signals between 165 

and 120 ppm correspond to the crosslinker, although the carbonyl group cannot 

be appreciated very well at 172 ppm due to the limitations of the equipment for a 

polymer of 2 KDa (Annex Figure 18). In the case of the PDP-bPEI 25 KDa 

(Annex Figure 19), the 13C spectrum was performed at 121 MHz, providing 

clearer signals, considering its length, also confirming the addition of the cross-

linker. 
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4.2.2. Functionalization 

4.2.2.1. 13-GEN2-2-2 (bPEI (2 KDa)-bPEI (2 KDa)) 

Once the bPEIs were modified with the SPDP crosslinker, they were employed 

in the functionalization of the AuNPs to obtain a second layer. For this process, 

the 13-GEN2-2 were selected due to their excellent stability. To perform the 

functionalization, the AuNPs were previously functionalized with Traut’s Reagent, 

2-iminothiolane, to generate sulfhydryl groups (Scheme 6). To ensure that a large 

number of thiols were introduced, an excess of 2-iminotholane was employed, 

particularly 17-fold. Once activated the GEN1 AuNPs with the 2-iminothiolane, 

the AuNPs were incubated with the PDP-bPEI (2 KDa) (17-fold excess). Then, 

the AuNPs were centrifuged and the pellet obtained and the corresponding 

supernatant were evaluated. The supernatant was characterized by UV 

spectroscopy at 343 nm to quantify the pyridine-2-thione, and therefore, the yield 

of the reaction (Figure 46). Following the Beer-Lambert law (ɛ=8080 mol-1dm3cm-

1), it was calculated an average amount of 2-pyridinthione equal to 41.65 nmol, 

which corresponded with 35% of the amount of PDP-bPEI added. This low yield 

could be a consequence of the conformation of the polymer on the AuNPs, that 

due to the steric effect, does not allow a full interaction of the free primary amines 

with the rest of the reagents. After this result, the molar ratio for bPEI/2-

iminothiolane and bPEI/PDP-bPEI was reduced to 1:6. 
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Scheme 6. Schematic representation of the whole functionalization process to obtain the GEN2 

of AuNPs from the GEN1. GEN1 AuNPs are treated with 2-iminothiolane to generate sulfhydryl 

groups from the primary amine of the functionalized LP-bPEI that reacts with PDP-bPEI, obtaining 

the conjugation between the two polymers through a disulfide bond. During the process, pyridine-

2-thione is released, which can be used to determine the efficiency of the process.   
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Figure 46. Pyridin-2-thione quantification. The molecule is released during the functionalization 

of 13-GEN1-2 AuNPs with PDP-bPEI 2 KDa. Through the Beer-Lambert law it was quantified an 

amount of the molecule equal to 41.65 nmol. 

The AuNPs obtained, called 13-GEN2-2-2, were characterized by DLS. The 

changes can be appreciated mainly in the zeta-potential, which shows an 

average potential of 35±7.99 mV (Figure 47A), which means an increment of 

∆22.1 mv respect the 13-GEN1-2 AuNPs. Regarding the hydrodynamic size, it 

can be observed a diameter of 35.02±12.94 nm (Figure 47B), and size 

distribution centered at 32.67 nm, which represents an increment in the overall 

size of 4.22 nm. Those results suggest that the new layer of bPEI has been 

successfully introduced and taking into account the previous data of the 13-

GEN1-2, it is presumable that the new layer is more externally exposed. Also, 

GEN2 AuNPs have displayed a similar stability to the GEN1, being stable for 3 

weeks at room temperature or after 2 months at 4 °C. 
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Figure 47. DLS zeta-potential characterization of 13-GEN2-2 AuNPs. It can be observed the zeta 

potential distribution measured, 35±7.99 mV (A) and the hydrodynamic size, 35.02±12.94 d.nm 

(B). 

4.2.2.2. 13-GEN3-2-2-2 13 nm bPEI (2 KDa)-bPEI (2 KDa)-bPEI (2 KDa)  

One of the advantages of this functionalization technique is that it allows the 

addition of layers of bPEI in a controlled way. To determine the limits of the 

technique, it was studied the same functionalization on the 13-GEN2-2-2 AuNPs, 

using again the PDP-bPEI 2 KDa to obtain a GEN3 AuNPs. The protocol followed 

was the same as for the obtention of the GEN2, using a molar ratio of bPEI 2 

KDa/2-iminothiolane/PDP-bPEI 2 KDa equal to 1:17 for the activation and 

functionalization. In this case (Figure 48), the yield of functionalization based on 

the pyridine-2-thione release was 12%. 
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Figure 48. Pyridin-2-thione quantification. The molecules are released during the 

functionalization of 13-GEN2-2-2 AuNPs with PDP-bPEI 2 KDa. Through the Beer-Lambert law, 

it was quantified an amount of the molecule equal to 85 nmol. 

The Z-potential of GEN3 AuNPs was 43.4±11.7 mV (Figure 49A), which is 

slightly higher (∆7.4 mV) than the one obtained from GEN2 AuNPs (Figure 49B). 

Due to the low yield in the functionalization, a low zeta-potential increment was 

expected. On the other hand, the hydrodynamic size measurements (Figure 
49C) show a broad size distribution, much wider than the 13-GEN2-2-2 and with 

a lower intensity, with a size distribution centered at 43.82 and 58.77 nm of 

diameter. This significant increment of the size and irregular size distribution 

suggests lower stability. This was confirmed with the development of aggregates 

after 1 week at 4ºC. Based on these results, this formulation was not used in 

further experiments. 
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Figure 49. A) Zeta-potential of the GEN3 AuNPs (light brown) and B) its comparison with the 

GEN2 AuNPs (red), showing a difference of +7.4 mV between them. C) Hydrodynamic size 

comparison of the GEN3 and GEN2 AuNPs. It can be observed a different size distribution 

between them, mostly in terms of intensity and width, which indicates a lower stability by 13-

GEN3-2.  

4.2.2.3. 13-GEN2 –Formulations with bPEI 25 KDa 

Based on the previous results, in this section, the aim was to prepare a derivative 

containing bPEI of 25KDa in the outer layer. Thus, the GEN1 AuNPs containing 

the 2KDa or 25 KDa bPEI were treated with PDP-bPEI 25 KDa 

 13-GEN2-2-25 - LP-bPEI (2 KDa) – PDP-bPEI (25 KDa)  

 13-GEN2-25-2 - LP-bPEI (25 KDa) – PDP-bPEI (2 KDa)  

 13-GEN2-25-25 - LP-bPEI (25 KDa) – PDP-bPEI (25 KDa)  

The functionalization with the PDP-bPEI 25 KDa was expected to produce AuNPs 

with higher potential than the obtained till the moment and with a higher exposure 

of the bPEI in the surface of the particles. It was also studied the functionalization 
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of PDP-bPEI 2 KDa on the 13-GEN1-25 AuNPs to compare the properties of the 

final product 13-GEN2-25-2 with the inverse formulation 13-13-GEN2-2-25. If the 

second functionalization follows the trend observed previously in the 13-GEN2-

2-2, it was expected to obtain the highest potential values with the combination 

of the two bPEIs (25 KDa), the 13-GEN2-25-25. 

Regarding the activation with 2-iminothilane and following functionalization with 

the modified bPEI required in each case, the ratios used were based on those 

employed in 13-GEN2-2-2. Thus, for the 13-GEN1-2 was used a molar ratio of 

1:6:6 (LP-bPEI/2-iminothione/PDP-bPEI), and for the 13-GEN1-25 was used a 

molar ratio 1:72:72. The quantification of 2-pyridinthione in each case gave 

similar values with respect to the amount of PDP-bPEI introduced (40 and 500 

nmol for 13-GEN1-2 and 13-GEN1-25, respectively). This suggests that the 

functionalization of 13-GEN1-25 had a similar yield that 13-GEN1-2, and probably 

would follow the same trend for a GEN3.  

After, the obtention of the 4 different types of 13-GEN2 AuNPs, they were 

characterized by DLS and their properties were compared. For the zeta potential 

characterization, it was observed that the potential in all of them is higher than 

the obtained in the 13-GEN2-2-2 (Figure 47A). Starting with 13-GEN2-25-2 

(Figure 50A), it displays 44.8±10 mV. 13-GEN2-2-25 (Figure 50B) potential is 

52.3±8.25 mV. The bigger potential of GEN2-2-25 can be justified due to the 

bigger size of the bPEI 25KDa and thus bigger amine exposure. Regarding the 

13-GEN2-25-25 (Figure 50C), this formulation is the one that reached the highest 

potential of 62.2±9.53 mV, as expected.  
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Figure 50. Zeta potential characterization of the 13 nm GEN2 AuNPs 13-GEN2-25-2 (A), 13-

GEN2-2-25 (B) and 13-GEN2-25-25 (C). 

On the other hand, it can also be appreciated some changes in the hydrodynamic 

size. For 13-GEN2-25-2 (Figure 51A) it was obtained a size of 38.05±11.25 nm, 

centered at 37.84, with a quite narrow and intense size distribution similar to the 

one obtained by 13-GEN2-25. This means an increment of 4.88 nm, which 

matches the size of the polymer introduced143. In the case of 13-GEN2-2-25 

(Figure 51B), the size distribution is wider and also centered at 37.84 nm, with 

an overall hydrodynamic size of 43.85±21.73 d.nm. Actually, it was expected a 

similar size to 13-GEN2-25-2 due to the formulation of both are similar but in a 

reverse way. This difference could be due to the difference in size distribution 

between them, which can affect the correct determination of the overall size. For 

the 13-GEN2-25-25 AuNPs (Figure 51C), the hydrodynamic size is the largest 

obtained 54.97±30.14 nm, this time centered at 43.82. Same as in 13-GEN2-2-

25, it presents a broad size distribution which can be affecting in the real size. 

Still, the increment of the size corresponds with the size of the polymer added142.  
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Figure 51. Comparison of the hydrodynamic size characterization of the AuNPs 13-GEN2-2-25 

(A), 13-GEN2-25-2 (B), and 13-GEN2-25-25 (C). 

4.2.2.4. GEN2 – 23 nm bPEI (2 & 25 KDa) second-layers formulations 

Once the 13-GEN2 formulations were evaluated, the same studies were carried 

out with the system that contains a larger gold nanoparticle (23 nm). In this case, 

23-GEN2 nanoparticles were obtained. For the functionalization of the 23 nm 

GEN1 AuNP, it was followed the same protocol as the one for 13 nm, but having 

into account the higher amount of bPEI that bear. Thus, the activation and 

functionalization ratios were 1:6 and 1:72, respectively, and then the DLS 

characterization was assessed.  

Based on zeta potential measurements, the values obtained were lower than 

expected. Considering the trend observed in Chapter 2, the zeta potential was 

expected to be very similar to the 13-GEN2, or higher, due to the larger amount 
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of bPEI that was introduced. However, this was only the case of the 23-GEN2-2-

25 (Figure 52C), where the potential obtained was 50.6±13.7 mV, similar to the 

obtained with the 13-GEN2-2-25. Also, 23-GEN2-25-25 reported a lower potential 

than expected 54.2±11.4 mV, which is 8 mV less than 13-GEN2-25-25 (Figure 
52D). On the other hand, the formulations with bPEI 2 KDa introduced in the 

second layer display a much higher potential. Particularly, 23-GEN2-2-2 and 23-

GEN2-25-2 display a potential of 57.8±12.8 and 58.2±13.1 mV, respectively 

(Figure 52A-B). The difference of potential of +22.7 +5.8 mV, -2 mv and -8 mV 

respect their analogous formulations 13-GEN2-2-2, 13-GEN2-25-2, 13-GEN2-2-

25 and 13-GEN25-25, respectively, suggests that the more significant 

contribution to the potential is due to bPEI 25 KDa. Also, the higher loading in 23-

GEN2 (around 3-fold) and the longer polymer employed (bPEI25 KDa) could limit 

the system's flexibility, limiting the accessibility of the amines. On the contrary, 

when bPEI 2 KDa is used, the amines might get better exposed.   
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Figure 52. Zeta potential characterization of the 23 nm GEN2 AuNPs 23-GEN2-2-2 (A), 23-

GEN2-25-2 (B), 23-GEN2-2-25 (C) and 23-GEN2-25-25 (D). 

This theory is supported by the hydrodynamic size measurements. The biggest 

size increment can be observed in the 23-GEN2-2-2 (Figure 53A) with 
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76.45±37.74 d.nm, centered at 68.06 nm. This means an increment of 12.09 nm 

with respect to the 23-GEN1-2, a difference of almost 8 nm with respect to the 

increment obtained from 13-GEN1-2 to 13-GEN2-2-2. The 23-GEN2-25-2 

(Figure 53B), 95.37±48.63 d.nm centered at 78.82, present a similar size 

increment of 9.34 nm with respect to the 23-GEN1-25. On the other hand, the 23-

GEN2-2-25 and 23-GEN-25-25 (Figure 53C-D) present a hydrodynamic size of 

76.94±37.77 and 87.28±41.64 d.nm, respectively, which represent an increment 

of 12 and 4 nm respect the previous stage particles 23-GEN1-2 and 23-GEN1-

25.  

21
.0

4
24

.3
6

28
.2

1
32

.6
7

37
.8

4
43

.8
2

50
.7

5
58

.7
7

68
.0

6
78

.8
2

91
.2

8
10

5.
7

12
2.

4
14

1.
8

16
4.

2
19

0.
1

22
0.

2

0

5

10

15

23-GEN2-2-2

d.nm

In
te

ns
ity

 %

24
.3

6
28

.2
1

32
.6

7
37

.8
4

43
.8

2
50

.7
5

58
.7

7
68

.0
6

78
.8

2
91

.2
8

10
5.

7
12

2.
4

14
1.

8
16

4.
2

19
0.

1
22

0.
2

25
5

29
5.

3

0

5

10

15

23-GEN2-25-2

d.nm

In
te

ns
ity

 %

18
.1

7
21

.0
4

24
.3

6
28

.2
1

32
.6

7
37

.8
4

43
.8

2
50

.7
5

58
.7

7
68

.0
6

78
.8

2
91

.2
8

10
5.

7
12

2.
4

14
1.

8
16

4.
2

19
0.

1
22

0.
2

25
5

0

5

10

15

23-GEN2-2-25

d.nm

In
te

ns
ity

 %

24
.3

6
28

.2
1

32
.6

7
37

.8
4

43
.8

2
50

.7
5

58
.7

7
68

.0
6

78
.8

2
91

.2
8

10
5.

7
12

2.
4

14
1.

8
16

4.
2

19
0.

1
22

0.
2

25
5

29
5.

3

0

5

10

15

13-GEN2-25-25

d.nm

In
te

ns
ity

 %

A)

C)

B)

D)

Figure 53. Comparison of the hydrodynamic size characterization of the 13 nm GEN2 AuNPs 13-

GEN2-2-2 (A), AuNPs 13-GEN2-2-25 (B), AuNPs 13-GEN2-25-2 (C), and 13-GEN2-25-25 (D). 

The summary of the characterization obtained for the 8 formulations can be found 

in (Table 2). Despite the differences in the potential and hydrodynamic size 

between the eight AuNPs evaluated 13-GEN2 and 23-GEN2, all the formulation 
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displays excellent stability properties keeping the same properties for 1 month at 

room temperature and 3-4 months at 4 ºC. After this time, aggregates appeared, 

particularly for 23-GEN2. 

Name Core  

(nm) 

PDP-bPEI 

(KDa) 

Hydrodynamic 

Size (nm) 

Zeta-potential 

(mv) 

13-GEN2-2-2 13 2 35.02±12.94 35±7.99 

13-GEN2-25-2 13 2 38.05±11.25 44.8±10  

13-GEN2-2-25 13 25 43.85±21.73 52.3±8.25 

13-GEN2-25-25 13 25 54.97±30.14 62.2±9.53 

23-GEN2-2-2 23 2 76.45±37.74 57.8±12.8 

23-GEN2-25-2 23 2 95.37±48.63 58.2±13.1 

23-GEN2-2-25 23 25 76.94±37.77 50.6±13.7 

23-GEN2-25-25 23 25 87.28±41.64 54.2±11.4 

 

Table 2. Summary of the characterization obtained for GEN2 AuNPs 

4.2.3. Proof-of-Concept – Disulfide bond reduction 

One of the features of this functionalization system is its reversibility. As it is have 

mentioned before, the conjugation between the different layers of bPEIs is 

obtained through the formation of a disulfide bond, which can be broken in the 

presence of thiolated molecules. Its reduction can lead to the disengagement of 

the second layer of the AuNPs, obtaining the GEN1 AuNPs again. This strategy 

could be advantageous in a targeted cellular environment, where the second 

bPEI layer carrying the biomolecules cargo would be released in the presence of 

GSH, which concentration is higher in tumoral cells than blood or healthy cells157. 

Therefore, to test this, 13-GEN2-2-2 were incubated with different GSH 

concentrations that emulated the extra (1 µM) and intracellular (1 mM) tumoral 

environment. The hydrodynamic size and zeta potential were evaluated at 

different times (10, 20, 30, 60, 120, 330, 400 and 1440 min) after the addition of 

the reducing agent. 

In the experiment with the extracellular simulation (1 µM), it can be observed 

some effects due to the presence of the GSH, but without causing a reversion of 
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the GEN2 to GEN1. Particularly, in the hydrodynamic size characterization 

(Figure 54A), it can be observed that, only after 120 min, the AuNPs start to 

suffer some kind of destabilization or reorganization due to the increment of the 

intensity at very large sizes. This effect disappeared in the following 

measurements until the 1440 min (24 h), where can be observed a big change in 

the size distribution, but it was not observed any aggregation. However, in the 

zeta potential (Figure 54B), it can be observed a minor reduction in the overall 

charge, but it was kept in high values even after the 1440 min experiment. 

Probably, in this case, GSH was able to reduce a few disulfide bonds, explaining 

the low reduction of the charge of the zeta potential. After the reduction, the 

remaining bPEI on the second layer could have conjugated with two or more 

AuNPs, producing new disulfide bonds in the process. 
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Figure 54. DLS hydrodynamic size (A) and zeta potential characterization (B) of the time 

dependent study of GSH at extracellular conditions (1 µM) on AuNPs. The measurements were 

performed after the addition of GSH at 10, 20, 30, 60, 120, 330, 440 and 1440 min, having the 

measurements before its addition (time 0) as control. 

On the other hand, in the intracellular simulation (1 mM) can be observed more 

changes in the properties of the AuNPs. In the hydrodynamic size measurements 

(Figure 55B), it can be observed major changes at 60 min. In this case, the size 

distributions kept changing over time until some stable conformation was reached 

after 1440 min (24 h). In the zeta-potential (Figure 55B), it can be observed how 

the charge decrease in a staggered way. After 24 h, the potential shows a 

significant reduction in the overall charge, reaching around 1-2 mV. The 

explanation after this behavior is that the GSH reduces the disulfide bonds faster 

and more efficiently, removing the second layer of bPEI completely. Maybe, the 

effect of GSH also affects the first functionalization layer, which would explain the 
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strong decrease in the zeta-potential. In this regard, the remaining GEN1 AuNPs 

would interact with each other, forming some stable aggregate that explains their 

size distribution at 1440 min.  
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Figure 55. DLS hydrodynamic size (A) and zeta potential characterization (B) of the time 

dependent study of GSH at extracellular conditions (1 µM) on AuNPs. The measurements were 

performed after the addition of GSH at 10, 20, 30, 60, 120, 330, 440 and 1440 min, having the 

measurements before its addition (time 0) as control. 

The AuNPs, after the exposure to GSH, show different levels of stabilization at 

RT. The ones treated with GSH 1mM did not last more than a day. On the other 

hand, the nanoparticles treated with GSH 1 µM showed higher stability, starting 

to aggregate after 3-4 days.  

With these experiments, it was demonstrated that the GSH has a strong effect on 

the reversibility of the GEN2 AuNPs. These results suggest that the extracellular 
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environment will not be able to promote the degradation of the AuNPs. On the 

other hand, at the intracellular environment, the AuNPs would start to release the 

bPEI layer along with the cargo.  

4.2.4. Proof-of-Concept – Oligonucleotide delivery 

Once GEN2 AuNPs were evaluated, they were assessed as carriers of nucleic 

acids. As in the previous experiments with the GEN1, the studies have focused 

on assessing their cytotoxicity and capacity as transfer agents.  

4.2.4.1 Cytotoxicity assays. 

The cell viability assays were performed testing both the AuNPs and the PDP-

bPEI 2 and 25 KDa. The concentrations of functionalized AuNPs tested were 

1000, 500 and 250 nM. For the cytotoxicity test of PDP-bPEI alone, it was added 

the amount of the polymer on the particles at these concentrations (5950, 2975 

and 1487.5 pmol, respectively, for 13 nm AuNPs). The cell lines used were 

Pancreatic adenocarcinoma PANC-1 and breast cancer MCF7 using untreated 

one as a control. 

The toxicity assays performed with the AuNPs formulations functionalized with 

PDP-bPEI 2 KDa can be observed in Figure 56. Interestingly, no toxicity was 

found for the polymer alone, while the LP-PEI showed intense toxicity in the 

PANC-1 cell line. Additionally, only significant toxicity was found in two cases. 

One in the MCF-7 line, using 23-GEN2-2-2 (Figure 56A) and in PANC-1 using 

23-GEN2-25-2 (Figure 56D), both at 1 µM. In both cases, the results were 

attributed to the higher amount of functionalized polymer, but in the case of 23-

GEN2-25-2, the higher exposure of the charges, as described by z-potential, 

could justify the results.   
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Figure 56. Cytotoxicity assay on MCF-7and PANC-1 cell lines of the 13-GEN2-2-2 (A), 23-GEN2-

2-2 (B), 13-GEN2-25-2 (C), 23-GEN2-25-2 (D) and the modified polymer PDP-bPEI 2 KDa (F). 

The concentration of AuNPs added to the cells are 1 nM, 500 pM and 250 pM with untreated cells 

as control. The modified polymer concentrations tested corresponds to the one found in the 

AuNPs at the concentrations of 1 nM, 500 pM and 250 pM. The statistical analysis was performed 

using one-way ANOVA (each group vs. control) (*** p < 0.001, ** p < 0.01, * p < 0.05, . < 0.01). 
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Regarding the PDP-bPEI 25 KDa formulations, the toxicity assays can be 

observed in Figure 57. In this case, the toxicity of the polymer is clearly significant 

at the highest concentrations, being the cell viability of almost 10% in both cell 

lines at 5950 pmol. In the case of 13-GEN2 nanoparticles, slight toxicity can be 

observed, which is better than the results obtained with 23-GEN2 nanoparticles.  

In the case of 23-GEN-2-25 (Figure 57B), the toxicity can be only observed in 

the PANC-1 cell line, being pretty similar to the one obtained with the polymer 

alone. The same behavior was observed for 23-GEN2-25-25 (Figure 57D), but 

additionally, it presented intense toxicity in the MCF-7 lines at every concentration 

tested. In this case, the presence of two units of bPEI 25 KDa increases the 

toxicity of the nanoparticle. 
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Figure 57. Cytotoxicity assay on MCF-7and PANC-1 cell lines of the 13-GEN2-2-25 (A), 23-

GEN2-2-25 (B), 13-GEN2-25-25 (C), 23-GEN2-25-25 (D) and the modified polymer PDP-bPEI 25 

KDa (F). The concentration of AuNPs added to the cells are 1 nM, 500 pM and 250 pM with 

untreated cells as control. The modified polymer concentrations tested corresponds to the one 

found in the AuNPs at the concentrations of 1 nM, 500 pM and 250 pM. The statistical analysis 

was performed using one-way ANOVA (each group vs. control) (*** p < 0.001, ** p < 0.01, * p < 

0.05, . < 0.01). 
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After these results, it can be confirmed that at the concentration tested, the 13 

nm formulations display a safer profile than the 23 nm ones, mainly due to the 

difference in polymer amount. Within the 13 nm formulations, 13-GEN2-2-2 

(Figure 56A) particles were the less toxic, followed by the 13-GEN-25-25 (Figure 
56D), which might be a little counterintuitive considering the bigger size and 

potential of these nanoparticles. Based on these results, 13-GEN2-2-2 were used 

in further experiments  

4.2.4.2. Conjugation efficacy assays. 13-GEN2-2-2. 

The protocol for this study was similar to the one performed in the previous 

chapter, using the oligonucleotide FAM-PolyT(10). The AuNPs were incubated 

with the oligonucleotides, centrifuged, and the pellet and supernatant analyzed 

through the acrylamide gel retardation assay. On the experiments, different 

factors were studied to optimize the oligonucleotide binding:  

 pH 

Based on the previous results obtained with 13 and 23-GEN1 AuNPs, the pH was 

lowered using a citrate/citric acid buffer. This approach is based on the low pH 

assisted method, commonly employed to reduce the repulsion between 

oligonucleotides nucleobases and AuNPs147,148. The pH of the GEN2 AuNPs is 

usually around 6-6.5 after the whole functionalization process. Due to this, it was 

explored the gradual pH lowering, studying the binding at these pHs, 5.5, 4.5 and 

3.5. For each pH, it was studied a bPEI/oligonucleotide N/P ratio of 80, calculated 

as N/P ratio = 7.53 × weight ratio of PEI/DNA101. The N/P 80 is considered the 

optimal for bPEI 2KDa145, and it was only considered the amount of bPEI in the 

second layer. The citrate buffer was added to the AuNPs around 1 h before 

incubating the particles with oligonucleotide, considering a final concentration of 

1 mM. The volume of the buffer added was calculated not to exceed 10% of the 

AuNPs/oligonucleotides volume. After the incubation and treatment, the pellet 

and the supernatant were evaluated (Figure 58) through the gel retardation 

assay. As can be observed, even at pH 6.5 corresponding to the AuNPs without 

any buffer, the oligonucleotide binding is 60%. When the pH was lowered, the 

binding increased 15% at pH 5.5 and 40% for pH 4.5 and 3.5, which means that 
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all the oligonucleotide was conjugated into the particles. These results highlight 

the potential of the approach, which was one of the primary objectives of the 

project. 
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pH Pellet % 

(oligonucleotide bonded) 

Wash % 

(oligonucleotide not-bonded) 

6.5 60 40 

5.5 75 25 

4.5 100 0 

3.5 100 0 

 

Figure 58. GEN2-2-2 AuNPs conjugation with FAM-PolyT(10) gel retardation assay and 

quantification at pHs of 3.5, 4.5, 5.5 and 6.5. Fixed buffer concentration to 1 mM and 

bPEI/PolyT(10)FAM N/P ratio 80. L (line) 1: ladder, L2-4: 3.5 pH control, pellet, wash (c,p,w), L5-

7: 4.5 pH c,p,w, L8-10: 5.5 pH c,p,w, L11-13: 6.5 pH c,p,w. 

 bPEI/oligonucleotide N/P ratio 

As observed, the N/P ratio used allowed the complete conjugation with the 

oligonucleotide experiment when the pH was 4.5 and 3.5. Then the effect of 

different N/P ratios was assessed using: 80, 40, 20 and 10. The results of this 

study are summarized in (Figure 59). In this case, it was observed that by 

reducing the N/P ratio to 40, 20 and 10, a retention of 92%, 33% and 15%, 

respectively, could be obtained. Thus, by this approach, using the bPEI alone, 

the N/P ratio could be reduced to 40 without losing efficiency, which is remarkable 

considering that the optimal ratio for the polymer of 25 KDa alone is 35146.
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Figure 59. GEN2-2-2 AuNPs conjugation with FAM-PolyT(10) gel retardation assay and 

quantification at bPEI/oligonucleotide N/P ratio of 80, 40, 20 and 10. Fixed buffer concentration 

to 1 mM and pH of 3.5. L (line) 1: ladder, L2-4: N/P 80 control, pellet, wash (c,p,w), L5-7: N/P 40 

c,p,w, L8-10: N/P 20  c,p,w, L11-13: N/P 10 pH c,p,w. 

 Buffer concentration 

The last factor studied for the optimal binding of the particles with the 

oligonucleotides was the buffer concentration. Until this point, it was employed a 

final concentration of the buffer on the mixture equivalent to 1 mM. It was explored 

other concentrations (1, 0.75, 0.5 and 0.25 mM) to observe if the binding would 

be affected. For this experiment, the pH was fixed at 3.5 and the N/P ratio at 20. 

The results are summarized in Figure 60. The general trend observed is that the 

binding decreases when the buffer concentration is reduced, however at 0.75 mM 

the binding obtained was significantly better.
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Figure 60. GEN2-2-2 AuNPs conjugation with FAM-PolyT(10) gel retardation assay and 

quantification at citrate/citric acid buffer concentrations of 1, 0.75, 0.5 and 0.25. Fixed N/P ratio 

of 20 and pH of 3.5. L (line) 1: ladder, L2-4: buffer concentration 1 mM control, pellet, wash (c,p,w), 

L5-7: buffer concentration 0.75 mM c,p,w, L8-10: buffer concentration 0.5 mM c,p,w, L11-13: 

buffer concentration 0.25 mM c,p,w. 

4.2.4.3. Conjugation efficacy assays. 13-GEN2 formulation comparison.  

Thus, based on the previous optimization experiments, the conditions selected 

were pH 3.5, using a citrate/citric acid buffer concentration of 0.75 mM and a 

AuNPs/oligonucleotide N/P ratio of 40 for the 13-GEN2-2-2 AuNPs. The next step 

planned was to test these parameters with the rest of 13-GEN2 formulations 

prepared. Due to this, it was incubated the different AuNPs 13-GEN2-2-2, 13-

GEN2-25-2, 13-GEN2-2-25 and 13-GEN2-25-25 with the polyT(10)-FAM under 

the same conditions. To observe better changes in the binding, the N/P ratio was 

fixed at 30 instead of 40, where the 13-GEN2-2-2 should provide approximately 

a 50-70% binding ratio. We expected that a similar or better result could be 

obtained for the 13-GEN2-25-2 particles, whereas for the 13-GEN2-2-25 and 13-
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GEN2-25-25 the binding ratio could be 100%146. However, the results obtained 

(Figure 61) were the opposite. The formulations with the PDP-bPEI 2 KDa as the 

second layer afforded the best results, whereas the 13-GEN2-25-25 the worst 

ones. To better understand this phenomenon, both the unmodified bPEI 25 KDa 

and its two modified species with LP and SPDP were incubated with the 

PolyT(10)-FAM oligonucleotide under the same conditions. To remove the 

supernatant from the polymer pellet, a 10 KDa centrifugal filter was used and the 

gel retardation assay was carried out. In this case (Figure 62), the oligonucleotide 

was completely bound to the polymer. Based on these results, it was 

hypothesized that the cause of the low bindings in Figure 61 could be caused by 

the “packing” effect obtained when the bPEI 25 KDa is presented in any of the 

layer of the GEN2 formulation. Even the results observed in Chapter 2 for GEN1-

25 formulations, show a higher conjugation at pH 3.5. This suggests that in this 

two-layers conjugation formula, the binding performance decreases when is the 

bPEI 25 KDa, being this effect more intense when it is used in the second layer.  
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Figure 61. 13-GEN2-2-2, 13-GEN2-25-2, 13-GEN2-2-25 and 13-GEN2-25-25 AuNPs conjugated 

with FAM-PolyT(10): gel retardation assay and quantification. Fixed N/P ratio of 30, 0.75 mM 

buffer concentration and pH of 3.5. L (line) 1: ladder, L2-4: 13-GEN2-2-2 control, pellet, wash 

(c,p,w), L5-7: 13-GEN2-2-25 c,p,w, L8-10: 13-GEN2-25-2 c,p,w, L11-13: 13-GEN2-25-25 c,p,w.  
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Figure 62. LP-PEI 25 KDa, PDP-bPEI 25 KDa and bPEI 25kDA conjugated with FAM-PolyT(10) 

gel retardation assay and quantification. Fixed N/P ratio of 30, 0.75 mM buffer concentration and 

pH of 3.5. L (line) 1: ladder, L2: control L3-4: LP-bPEI 25 KDa pellet, wash (p,w), L5-6: PDP-bPEI 

25 KDa c,p,w, L7-8: bPEI 25 KDa p,w. 

Thus, 13-GEN2-2-2 was selected for further studies.  

4.2.4.4. Transfection efficacy assays. 13-GEN2-2-2.  

Once the toxicity and binding properties of the nanoparticles were evaluated, the 

system was employed in the transfection of oligonucleotides into cells. Therefore, 

the complex was incubated for 24 h in the cell lines PANC-1 and MCF-7. As a 

control condition, the oligonucleotide was transfected using the liposomal agent 

lipofectamine 2000. After the incubation time, the transfection of the PolyT(10)-

FAM was observed by fluorescence microscopy and quantified by fluorescence 

spectroscopy. The results (Figure 63) indicate that the AuNPs are able to 

successfully deliver the oligonucleotide inside both tumoral cell lines and release 

it through the intracellular stimulus. As expected, liposomal transfection 

increased the fluorescence in such cell lines by approximately 70%, but their 

potential toxicity makes it not viable for clinical studies161. This study confirms that 
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the particles prepared are suitable carriers for the delivery and transfection of 

oligonucleotides. 
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Figure 63. Fluorescent microscopy and the quantification of polyT(10)-FAM transfected in PANC-

1 (A-C) and MCF-7 (B-D) tumoral cell lines using 13-GEN2-2-2 AuNPs as transfer agents. FAM 

in green and nucleus are labeled in blue by Hoechst staining as fluorescence control, it was 

measured the fluorescence of the particles and the oligonucleotide alone. Lipofectamine 2000 

was introduced as a reference. The transfection experiment was carried out for 24 h. The 

statistical analysis was performed using one-way ANOVA (each group vs. GEN2 control) (*** p < 

0.001, ** p < 0.01, * p < 0.05, . < 0.01). 

4.2.4.5. Conjugation efficacy assays of 13-GEN2-2-2 with various 
biomolecules. 

Once the 13-GEN2-2-2 was selected as a carrier of oligonucleotides, larger 

oligonucleotide sequences were evaluated. Therefore, two additional 

oligonucleotides modified with FAM with sequences of 20 and 40 nucleobases: 

polyT(20)-FAM and polyT(40)-FAM were employed. The conditions tested where 

the optimal previously obtained and having the polyT(10)-FAM as control. As 

observed in Figure 64, under the same optimized conditions of N/P ratio, buffer 

concentration and pH, the conjugation of the oligonucleotide sequences, 

independently of the size, is close to 100%.  
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Figure 64. 13-GEN2-2-2 and FAM-PolyT(10), (20) and (40) gel retardation assay and 

quantification. Fixed N/P ratio of 40, 0.75 mM buffer concentration and pH of 3.5. L (line) 1: ladder, 

L2-4: FAM-PolyT(10) control, pellet, wash (c,p,w), L5-7: FAM-PolyT(20)  c,p,w, L8-10: FAM-

PolyT(40) c,p,w. 

These results suggest that as long as the conditions tested are used, can be 

conjugated most of the types of biomolecules in that range of size. However, the 

sequences used in the experiment are simple, being exclusively composed by 

thymine nucleobases. Thus, other sequences, which can yield a more complex 

3D structure should be tested. These structures can prevent an efficient 

interaction between the phosphate groups and the polymers.162, Thus, the 

antitumoral aptamer AS1411 (5’-GGTGGTGGTGGTTGTGGTGGTGGTGG-3’) 

was evaluated163. It was synthesized with a FAM modification in 5’ for better 

tracking and quantification. The conjugation with the particles was carried out 

using increasing N/P ratios 40, 60 and 80. The N/P ratio 40 was the optimal found 

previously, but it was considered that the more complex structure of the aptamer 

with respect to the PolyTs tested till the moment could require a higher N/P. This 

was confirmed with the gel retardation assay Figure 65, where the conjugation 
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at the 40 N/P ratio was 50%, while at N/P ratio of 60 and higher, the binding was 

100%.  
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Figure 65. 13-GEN2-2-2 and AS1411-FAM aptamer gel retardation assay and quantification at 

N/P ratios of 40, 80 and 120. Fixed 0.75 mM buffer concentration and pH of 3.5. L (line) 1: ladder, 

L2-4: N/P 40 control, pellet, wash (c,p,w), L5-7: N/P  80  c,p,w, L8-10: N/P 120 c,p,w. 

4.3. Conclusions 

This part of the project was focused on the obtention of new AuNPs from the 

GEN1 to increase the charge of the AuNPs and increase the exposure of the 

bPEI to promote the interaction with the genetic material. For this purpose, it was 

designed a system that consists of the generation of a second layer of bPEI over 

the already functionalized GEN1 AuNPs. This strategy implied the modification 

of bPEI with a crosslinker, the SPDP, and the obtention of sulfhydryl groups in 

the particles.  

The strategy was studied and optimized in different structures, such as GEN1 

AuNPs of 13 and 23 nm of core size, with functionalized bPEI of 2 and 25 KDa. 

Using these elements 8 different combinations of the new GEN2 AuNPs were 

prepared.  
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Those GEN2 AuNPs have been characterized by DLS showing significant 

changes in the potential of the AuNPs obtaining a range of charge from 40 to 60 

mV, which suppose a great difference against the 12 mV obtained previously. 

These AuNPs have been tested in different ways. First, their interaction with GSH, 

mimicking the intracellular conditions.  

The formulations were also tested in cytotoxicity assays, observing that the 

formulations based on the 23 nm one presented a more toxic profile than the 13 

nm, attributed to the higher amount of polymer carrying. The safer formulations 

were then tested for electrostatic binding with oligonucleotides. It was confirmed 

that the new layer provided a better conjugation, which was increased when the 

pH was lowered. The factors to obtain the maximum conjugation and load were 

also optimized. These optimized factors were employed for all the formulations, 

revealing that 13-GEN2-2-2 presented the best properties. This formulation was 

tested using different oligonucleotides lengths and sequences. The nanoparticles 

we also tested as carriers in tumoral cells with promising results.   

In summary, the 13-GEN2-2-2 AuNPs formulation obtained in this stage of the 

project has been demonstrated to be suitable to work in a cellular environment 

and work with nucleic acids.  
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Chapter 5. GEN2-AuNPs bio-applications 

5.1. Introduction 

Throughout this project, it has been developed a gold-based system made of 

modified polymeric ligands, the GEN2-AuNPs. The formulation of these AuNPs 

consists of two polymers layers, an inner one with bPEI and PEG and an outer 

one with bPEI, connected through a sensitive linker. This formulation, tested in 

different size particles and different ratios, has displayed low cytotoxicity, high 

binding with oligonucleotides, and efficient cellular transfection.  

Due to this, the GEN2 AuNPs have been studied as carriers of oligonucleotides, 

which can be used for the regulation of genes.  

5.1.1. Oligonucleotide therapies 

Oligonucleotides are short single-stranded DNA or RNA molecules164. Their 

properties and biological applications depend on their sequence and length due 

to their capacity to interact in a specific manner with other complementary 

sequences, leading to duplexes stabilized by Watson-Crick base pairing. 

Through this interaction, oligonucleotides can be employed to treat a wide range 

of diseases, because they can be used for the regulation of disease-related 

genes. It is worth mentioning that oligonucleotides present high specificity for their 

target molecules (e.g., mRNA, microRNAs), and minimal predictable side effects, 

making them powerful tools for personalized medicine165.  

Different types of therapeutic oligonucleotides have been employed, such as 

antisense oligonucleotides (ASOs), small interfering RNA (siRNA), microRNAs 

(miRNAs), aptamers or CpG oligonucleotides. These oligonucleotides can be 

found in different applications like PCR primers, molecular diagnosis or gene 

therapies. The treatments based on oligonucleotides have shown remarkable 

results in various diseases, including neurodegenerative and respiratory 

disorders, diabetes and cancer166.  

However, despite their potential, one major issue that prevents their use as 

therapeutics is their inefficiency delivery to most target organs and tissues. 

Additionally, other hurdles must be considered, such as off-target interactions167, 
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chemistry-dependent toxicity or saturation of RNA pathways168. To overcome 

these limitations, the use of nanocarriers has shown promising results to increase 

cell targeting and penetration. 

Among the different types of therapeutic oligonucleotides, in this project, we have 

focused on the use of antisense oligonucleotides (ASOs) for gene therapy against 

cancer. 

5.1.2. Antisense oligonucleotides (ASOs) 

ASOs are synthetic oligonucleotides, single-stranded, employed to regulate gene 

expression. They can be divided into two major groups depending on their 

function: steric block and RNAse H competence. 

Regarding the steric block antisense oligonucleotides, they are designed to bind 

target transcripts with high affinity but do not induce target transcript degradation 

as they lack RNase H competence. Their role includes the mask of specific 

sequences, interfering with the RNA-RNA or RNA-protein transcription, which 

can be used to exclude or maintain target sequences selectively 169. This 

approach helps in the restoration of therapeutic proteins or the reduction of the 

expression of harmful ones170-171. 

The second case is based on the activity of the RNAse H enzyme (RNASEH1), 

which recognizes RNA-DNA heteroduplex substrates and degrades the RNA 

strand. Thus, ASO can be designed to bind RNAs selectively and exploit the 

presence of RNAse H to degrade the target RNA sequence,172 which causes 

gene silencing . This strategy has been applied to treat diseases promoted by 

defective genes173. Currently, RNase H-competent ASOs usually display a 

‘gapmer’ pattern (Figure 66), which presents a central DNA sequence (gap) 

surrounded by modified RNA moiety (2’-Modification in the sugar ring) that 

promote target binding174. The introduction of chemical modifications at both 

sides of the central region improves their binding affinity, leading to stable DNA-

RNA duplexes, which can be recognized by RNAse H175. Additionally, the 

modifications can increase their biostability, target specificity and delivery, 

leading to more prolonged effects176 
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Figure 66. “Gapmer” pattern on an oligonucleotide sequence. The central area (Red) displays a 

DNA sequence without any modification on the nucleobases, while the extremes (Blue) present 

an RNA moiety with a modification in 2’-. 

As these two methods target the origin of the development of the disease, ASOs 

have a high potential as therapies compared to conventional treatments. 

However, the limits of the techniques are related to the delivery. As an example, 

the RNAse H enzyme can be found mainly in the cytoplasm and the nucleus of 

the cell, which is difficult to reach by oligonucleotides177.  

5.1.3. p53. Loss and mutation in cancer development 

p53 protein, encoded by the gene TP53, is a protein well known for its role as 

tumor suppressor in humans and other mammals178. It has been extensively 

studied to discover how its transcription functions works in the regulation of gene 

expression, hence p53-responsive genes have a dramatic impact on the cell-

cycle arrest, senescence and apoptosis179-180.  

Because of the impact of its tumor suppressor functions, its loss leads to the 

accumulation of genomic alterations culminating in cancer progression. In fact, 

p53 is the most frequently inactivated tumor suppressor gene in tumors, being 

mutated in over 50% of human cancer types and indirectly inactivated in many 

others181. Additionally, the p53 can undergo mutations (mutp53), acquiring new 

biological properties, namely gain-of-function (GOF), which contribute to the 

maintenance and stimulation of cancer growth182. 

In many tumors, GOF p53 mutations are associated with high genomic instability, 

low prognosis, poor response to chemotherapy, promotion of migration, invasion, 

metastasis, and accelerated tumor recurrence183-184.The mechanism associated 

with GOF mutp53 has been studied through the modulation of the activity of 

different transcriptions factors or with the use of DNA damage molecular 

sensors185. In recent studies, it has been reported that the DNA damage 
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produced by the chemotherapy drug gemcitabine (GEM), helps to stabilize the 

mutp53, which leads to the expression of cell cycle genes, causing hyperviability 

and chemoresistance186. Also, mutp53 variants can alter the cancer cell 

mitochondrial metabolism187, autophagy responds to different stimuli188 and 

microenvironment189, indicating a large array of cellular pathways that increase 

tumor progression and aggressiveness.  

Hence, novel approaches that inhibit the expression and function of mutp53 

proteins could represent a valid therapeutic approach for cancer patients. The 

current pharmacological strategies based on this approach are limited to the use 

of small molecules (e.g., RITA190, PRIMA-1191 or NSC59984192), which can 

restore the tumor suppressor function of mutp53 proteins, or induce their 

degradation, inducing cell death193. However, these approaches are not suitable 

for clinical application due to problems related to delivery, drug stability and 

toxicity194. Therefore, the discovery of efficient and safe therapeutic strategies 

that specifically target mutp53 remains challenging.  

Recently, strategies based on nucleic acids have been explored as a highly 

specific therapy against cancer, by downregulating mutp53 protein levels, 

triggering apoptosis, and delaying cancer growth in mice 195-196.  

5.1.4. GEN2 AuNPs as carriers of Antisense Oligonucleotides 

To overcome the limitations of antisense oligonucleotides as therapeutics, the 

use of GEN2 AuNPs as carriers, was assessed to target mutp53. In this regard, 

4 ASO gapmers were designed and synthesized to target mutp53. These 

molecules were expected to reduce mutp53 expression and the cell viability in 

cancer cells. Another two ASO gapmers, without therapeutic effect, were used as 

controls. The tumoral cell lines explored carrying mutp53 or wild-type p53 were 

PANC-1 (mutp53 R273H), pancreatic tumor cells, and MCF-7 (wtp53) and MDA-

MB-231 (mutp53 R280K), breast cancer cells.  Additionally, it was also planned 

to evaluate the system in combination with gemcitabine (GEM).    

5.2. Results and Discussion 

Tumor protein p53 is one of the most frequently inactivated tumor suppressor 

genes, which is found mutated in over 50% of human cancer types. Its absence 
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leads to tumor progression, and the mutated form (mutp53) can obtain new 

properties, called gain of function (GOF), that help in the development of the 

tumor and its metastasis. It also produces chemoresistance to therapeutic drugs 

such as gemcitabine (GEM), a popular antineoplastic chemotherapy medication 

employed to treat different carcinomas as pancreatic or breast cancer197.  

To inhibit the expression of p53, it is usually employed small molecules to trigger 

autophagy mechanisms that end in the degradation of the mutant p53. However, 

they are difficult to use in clinical experiments due to their toxicity, low stability 

and delivery problems. New approaches are focused on the use of Antisense 

oligonucleotides, usually presenting a gapmer pattern198-199. Those gapmers 

oligonucleotides can be designed to target mutant p53 to downregulate its levels, 

presenting higher specificity and efficacy. But as with many nucleic acids, the 

main challenge to face is their delivery. In this regard, the GEN2 AuNPs prepared 

previously can help due to their tested role as carriers, conjugating the gapmers 

electrostatically and delivering them into the target cells bearing mutant and wild 

type p53.  

Among the 8 different GEN2-AuNPs prepared and evaluated in previous chapters, 

13-GEN2-2-2 AuNPs was selected to deliver the ASO gapmers due to their 

stability, reproducibility, null toxicity and efficacy in the delivery of nucleic acids. 

5.2.1. Cytotoxicity assays 

The toxicity of 13-GEN2-2-2 AuNPs was evaluated in PANC-1, MCF7 and MDA-

MB-231 cell lines. This experiment was performed to select the highest 

concentration of the particles that do not induce significant toxicity. Thus, 

increasing concentrations of 13-GEN2-2-2 AuNPs from 0.25 to 2 nM were tested. 

The cytotoxicity results obtained (Figure 67) are similar to those obtained in 

Chapter 3 for the PANC-1 and MCF-7 cell lines and concentrations tested. In 

MCF-7 (Figure 67B), the toxicity trend is very similar at 48 and 72 hours, showing 

a significant decrease in cell viability at 1.75 nM. In PANC-1(Figure 67A), the 

same concentration induced toxicity, which is more pronounced after 72 hours 

than 48. In the new cell line tested (MDA-MB-231) (Figure 67C), the toxicity trend 

is similar to PANC-1, but the toxicity can be appreciated at 1.5 nM after 72 hours. 
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Based on these experiments, the concentration selected for the gapmer 

vehiculation was 1 nM, which did not induce toxicity in the 3 cell lines at 48 and 

72 hours.      
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Figure 67. Cytotoxicity assay of 13-GEN2-2-2 AuNPs in the cell lines PANC-1 (mutant p53-

R273H) (A), MCF7 (WTp53) (B) and MDA-MB-231 (mutant p53-R280K) (C). The concentrations 

tested were 0.25, 0.5, 0.75, 1, 1.5, 1.75 and 2 nM having untreated cells as control. Cell viability 

was assessed using the alamar blue assay after 48 h and 72 h. The statistical analysis was 

performed using one-way ANOVA (each group vs. control) (*** p < 0.001, ** p < 0.01, * p < 0.05, . 

< 0.01). 
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5.2.2. Chemotherapy sensitivity assays 

As it was mentioned before, one of the characteristics of cell lines bearing mutp53 

is their chemoresistance to GEM. To confirm this, we assessed the cell viability 

in mutant and wild-type p53 cancer cells after incubation with increasing 

concentrations of GEM for 48 and 72 h (Figure 68). The results obtained show a 

drastic difference in the chemoresistance between the cell lines bearing the 

mutation in p53 (PANC-1 and MDA-MB-231) (Figure 68AC) and the cell line with 

the wt p53 (MCF-7) (Figure 68B). The cell viability in the mutated cell lines was 

reduced between 15-40% after 72 hours. On the other hand, the viability of the 

cell line with the wt p53 gene (MCF-7), was dramatically reduced (60%). These 

results are in agreement with previous reports186-188, and are attributed to the 

existence of a mechanism leading to the stabilization and induction of p53 in 

response to DNA damaging agents as the GEM200.  
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Figure 68. Cytotoxicity assay of gemcitabine (GEM) in the cell lines PANC-1 (mutant p53-R273H) 

(A), MCF7 (WTp53) (B) and MDA-MB-231 (mutant p53-R280K) (C). The concentrations tested 

were 1, 2, 4.5, 10 and 20 nM having untreated cells as control. Cell viability was assessed using 

the alamar blue assay after 48 h and 72 h. The statistical analysis was performed using one-way 

ANOVA (each group vs. control) (*** p < 0.001, ** p < 0.01, * p < 0.05, . < 0.01). 

To better understand the mechanism behind the chemoresistance to GEM in 

mutp53 cancer cells, some molecular markers related to apoptosis and cell 

growth in PANC-1, MDA-MB-231 and MCF-7 cancer cells were evaluated by 

western blots. After treating them with GEM (4.5 nM) for 72 hours, a decrease in 

p53 protein levels, in mutant and wild-type p53 cancer cells, was observed 

(Figure 69). Additionally, the level of the antiapoptotic protein Bcl-2, which 
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contributes to cancer formation and progression by promoting the survival of 

cancer cells, was assessed. The increase of the Bcl-2 signal was observed in 

PANC-1 cells, whereas no significant changes in this protein were observed in 

the breast cancer cells. Lastly, it was evaluated the phosphorylation of Ser371-

p70S6 protein, related to the activation of mTOR signaling commonly attributed 

to chemoresistance201. In this case, each cell line displays a different behavior, 

being activated in PANC-1 (Figure 69A), almost without changes in MDA-MB-

231 (Figure 69B) and significantly reduced in MCF-7(Figure 69C). These data 

strongly suggest that oncogenic mutant p53 proteins confer chemoresistance to 

gemcitabine and help in the survival of the tumor, while the wild type does not 

present the same characteristic.  
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Figure 69. Cell extracts of PANC-1 (mutant p53-R273H) (A), MDA-MB-231 (mutant p53-R280K) 

(B) and MCF7 (WTp53) (C) quantified by western blots after 72h treatment with 4.5 nM of GEM 

and untreated ones as controls. GAPDH protein level in the same extract was used as a control 

loading. The bands shown in the western blot were scanned as digital peaks and the areas of the 

peaks were reported as fold induction in percentage respect to the untreated.  

5.2.3. Efficacy of gapmers to target p53  

The 4 gapmers designed were tested together to confirm their activity in the 

reduction of the p53 expression in the selected cell lines. It has been reported 

that mutant p53 proteins suppress the autophagic cell death188, and the 

stimulation of cell growth. This occurs through upregulation of several cyclins and 

cdk1-associated kinases activities, which lead to a mutant p53/NF-Y-dependent 

increase in DNA synthesis185. Because of this, it was expected a reduction in the 
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cell viability using the designed oligonucleotides gapmers. As control, it was 

employed non-therapeutic oligonucleotides, called scrambles, and the 

transfection was carried out by a liposomal agent (Figure 70). As expected, it can 

be observed a significant reduction in the cell viability, pretty similar in PANC-1 

and MCF-7 (Figure 70AC) with a 20% decreased, and more intense in MDA-MB-

231 (Figure 70B) with a 40% decrease. A western blot analysis was also 

performed (Figure 71) only for p53, observing a reduction in the p53 expression 

accorded with the results observed by the cytotoxicity assays, around a 40% 

decrease for PANC-1 and MCF-7 and 60% for MDA-MB-231. The results suggest 

that the combined ASO gapmers have a powerful effect on the expression of p53 

and can help to restore the normal functions of the cells.  
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Figure 70. The cells lines containing 4 designed gapmers against p53 and a scramble sequence 

as control, incubated overnight, and transfected with Lipofectamine 2000 mix for 72 hours in the 

cell lines PANC-1 (mutant p53-R273H) (A), MDA-MB-231 (mutant p53-R280K) (B) and MCF7 

(WTp53) (C), after which their viability was assessed with the alamar blue test.  
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Figure 71. Cell extracts of PANC-1 (mutant p53-R273H), MCF7 (WTp53) and MDA-MB-231 

(mutant p53-R280K) quantified by western blots after 72h treatment with designed gapmers to 

target p53 having a non-therapeutic oligonucleotide, scramble, as control. Whole-cell extracts 

were processed for western blot analysis of the indicated antibodies. GAPDH protein level in the 

same extract was used as a control loading. The bands shown in the western blot were scanned 

as digital peaks and the areas of the peaks were reported as fold induction in percentage respect 

to the untreated. 

5.2.4. Efficacy of gapmers and 13-GEN2-2-2 AuNPs to target p53 

Once assessed the efficacy of the gapmers designed, it was studied their delivery 

using the 13-GEN-2-2 AuNPs as carriers. The conditions to carry out the 

incubation with the gapmers are the optimal found in Chapter 3 (See 

Oligonucleotides Incubation) in terms of N/P ratio, pH and buffer concentration. 

The activity of the gapmers incubated with the particles was evaluated through a 
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cytotoxicity assay as before, using the scramble sequences with the particles as 

controls. In this case, the results observed in the assay (Figure 72) show similar 

cell viability in PANC-1 (Figure 72A) than previously obtained (Figure 70A) with 

a reduction of 24%. In the case of MDA-MB-231 (Figure 72B), a lower viability 

reduction is observed with respect to the lipofectamine, and null for MCF-7 

(Figure 72C). On the other hand, the western blot analysis (Figure 73) revealed 

a reduction in the protein expression even higher than without the transfection 

with the AuNPs (Figure 71). In PANC-1 and MCF-7 can be observed a protein 

expression reduction of 68% and 44%, respectively, a significant reduction 

compared with the results obtained with the commercial reagent lipofectamine 

(36% and 32%, respectively). On the other hand, in MDA-MB-231 the reduction 

in expression of p53 was less pronounced, from 56% with lipofectamine to 32% 

using the AuNPs. The results highlight the potential use of 13-GEN2-2 as carriers 

of the combination of gapmers. 
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Figure 72. The cells lines treated with 4 designed gapmers against p53 and a scramble sequence 

as control, incubated overnight with the 13-GEN2-2-2 AuNPs and transfected for 72 hours PANC-

1 (mutant p53-R273H) (A), MCF7 (WTp53) (B) and MDA-MB-231 (mutant p53-R280K) (C), after 

which their viability was assessed with the alamar blue test. 
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Figure 73. Cell extracts of PANC-1 (mutant p53-R273H), MCF7 (WTp53) and MDA-MB-231 

(mutant p53-R280K) quantified by western blots after 72h treatment with designed gapmers to 

target p53 having a non-therapeutic oligonucleotide, scramble, as control after being incubated 

with the GEN2 AuNPs. Whole-cell extracts were processed for western blot analysis of the 

indicated antibodies. GAPDH protein level in the same extract was used as a control loading. The 

bands shown in the western blot were scanned as digital peaks and the areas of the peaks were 

reported as fold induction in percentage respect to the untreated. 
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5.2.5. Effect on the chemoresistance to GEM using gapmers and 13-GEN2-
2-2 AuNPs  

The role of GEM has already been explored, being able to promote the 

expression of the mutant p53 protein and, depending on the cell lines, up or 

downregulate the expression of other proteins that can help in cancer survival 

and chemoresistance. Also, it has been confirmed the efficacy of the ASO 

gapmers designed to target mutant and wild-type p53 tumoral cell lines and the 

potential of the 13-GEN2-2-2 AuNPs to carry and transfect them into them. 

Because of this, it was explored the combined use of the gapmers incubated with 

the nanoparticles into the cell lines in the presence of GEM to evaluate if the 

treatment can overcome the chemoresistance of the tumoral cells. As controls, 

the scramble sequence and the use of lipofectamine as transfer agents were also 

used.  

First, it was assessed the cytotoxicity assay to observe changes in the cell 

viability (Figure 74). In MCF-7 (Figure 74C), it was observed a similar result 

using lipofectamine or AuNPs, without a reduction in the survival rate in the 

presence of the gapmers. This was expected, taking into account that the wild 

type does not present chemoresistance, as was described above. In the case of 

PANC-1 (Figure 74A), it can be observed a significant lower cell viability when 

the gapmers are transfected, suggesting a synergetic effect comparing reduction 

obtained with the GEM and gapmers in the previous experiments. A similar 

behavior can be observed for the MDA-MB-231 cell line (Figure 74B), although 

in this case, the reduction is more prominent using lipofectamine, as was 

observed in the previous experiments. These experiments suggest that 

therapeutic targeting of mutant p53 can overcome the resistance to 

chemotherapy.  
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Figure 74. The cells lines containing 4 designed gapmers against p53 and a scramble sequence 

as control, incubated overnight with the 13-GEN2-2-2 AuNPs and lipofectamine 2000 mix and 

transfected for 72 hours in the cell lines PANC-1 (mutant p53-R273H) (A), MCF7 (WTp53) (C) 

and MDA-MB-231 (mutant p53-R280K) (B). After that, their viability was assessed with the alamar 

blue test. 

After that, it was performed a new western blot (Figure 75) to observe potential 

changes in the expression of the protein p53, the anti-apoptotic protein Bcl-2 and 

the phosphorylation of Ser371-p70S6 protein, related to the activation of mTOR 

signaling. Again, GAPH protein was used as control. After GEM treatment, the 

p53 protein expression increased in all the tumoral cell lines as expected, but as 

can be observed, when the gapmers are added, the expression decreases in a 

trend similar to the observed in Figure 73. The effect is different for each cell line 

depending on their sensitivity to the gapmers. For instance, mutp53 gets a 

reduction of 54% in MCF-7 (Figure 75C) reverting to the original value. In PANC-

1 (Figure 75A), the reduction is higher, getting the expression reduced to half the 
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standard. In MDA-MB-231 (Figure 75B), the reduction is about 50%, and due to 

its larger increment with GEM treatment, the mutp53 expression remains high. 

Regarding the mTOR signaling, related to the phosphorylation of Ser371-p70S6, 

the GEM treatment produces a signal enhancement only on the PANC-1, as 

observed previously. When combined with the nanoparticles and the gapmers, 

the mTOR signaling was reduced in both mutant p53 cells PANC-1 and MDA-

MB-231. In the case of MCF-7, the expression was not affected. In the case of 

Bcl-2, the protein levels also decreased in PANC-1 and MDA-MB-231 after 

combined treatment, suggesting the activation of the apoptotic program to 

overcome chemoresistance to GEM. Again, no changes were observed in MCF-

7 regarding the expression of this protein. These data confirm the differences 

between the chemoresistance behavior among the tumoral lines with mutantp53 

and wild-type, and how the gapmer treatment can overcome the 

chemoresistance to GEM. Also, it has been confirmed the potential of our AuNPs 

as carriers for their use in this type of therapies. 
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Figure 75. Cell extracts of PANC-1 (mutant p53-R273H), MCF7 (WTp53) and MDA-MB-231 

(mutant p53-R280K) quantified by western blots after transfection with 13-GEN2-2-2 AuNPs, 72h 

treatment using designed gapmers to target p53, having a scramble as control, and in presence 

of GEM. Whole-cell extracts were processed for western blot analysis of the indicated antibodies. 

GAPDH protein level in the same extract was used as a control loading. The bands shown in the 

western blot were scanned as digital peaks and the areas of the peaks were reported as fold 

induction in percentage respect to the untreated. 

5.3. Conclusions 

This chapter had the objective to demonstrate that the AuNPs 13-GEN2-2-2 

designed and developed herein could be used as carriers for therapeutic 

purposes. For that, it was selected an emerging problem related to the mutant 

p53 protein, able to contribute to the maintenance and stimulation of cancer 

growth and chemoresistance development. Novel therapeutic approaches aim to 
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downregulate the mutp53 levels through antisense oligonucleotides (ASO). 

However, they lack good delivery systems, and therefore, we decided to test our 

nanocarriers for this purpose.   

Therefore, 4 gapmers were designed to target mutp53 and being delivered by the 

13-GEN2-2-2 AuNPs into two cell lines carrying mutp53 PANC-1 (mutant p53-

R273H) and MDA-MB-231 (mutant p53-R280K), and one with the wild type p53 

MCF7 (WTp53). We observed that our particles could reduce the levels of p53 

proteins in a panel of cancer cells. Interestingly, the cell viability was affected 

exclusively in cancer cells carrying the mutp53 proteins (PANC-1 and MDA-MB-

231), but not the wild-type counterpart (MCF-7). The results suggest that the 

treatment is safe in cellular models carrying wild-type p53 and can be exploited 

for its use in cancer cells bearing mutant p53 proteins, expanding their potential 

in vivo applications. 

In addition, it was also studied the impact of the therapeutic drug gemcitabine 

(GEM) on the tumoral cell to understand how to overcome chemoresistance. In 

this regard, the expression of the mutant and wild-type p53 protein and other 

markers related to the tumor survival were evaluated. It was observed that GEM 

leads to an increase of both wild-type and mutp53 protein levels. The expression 

of other markers depended on the cell line and the type of p53 bearing. In the 

case of PANC-1, GEM increased the activity of mTOR pathway, detected through 

the phosphorylation of p70S6 kinase, and the levels of Bcl-2 protein. On the other 

hand, these two markers were not affected on MDA-MB-231 cancer cells and 

reduced in wild-type p53 MCF-7 cells. These results may indicate that the 

different modulation of Bcl-2 and p70S6K are linked to the different p53 status in 

cancer cells. In the case of PANC-1, the induction of Bcl-2, may partially explain 

their drug resistance. 

Lastly, it was tested the combined treatment of GEM and particles carrying the 

gapmers to assess if the chemoresistance could be overcome. Remarkably, it 

was observed an increment in the therapeutic activity of GEM in PANC-1 and 

MDA-MB-231 cancer cell lines but not in MCF-7 cancer cells, attributed to the 

differences between the mutp53 and the wild type. Observing the markers, the 

treatment was able to inhibit mTOR signaling pathway and the anti-apoptotic 
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protein Bcl-2, thus overcoming drug resistance and helping in the reduction of 

tumor survival.  

Thus, the AuNPs developed can be used as carriers of gapmers to treat tumors 

with mutant p53 protein, and it is worth highlighting that this approach could be 

exploited for the development of personalized treatments.  
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Chapter 6. Synthesis of CPG 

6.1. Introduction 

The importance of oligonucleotides has already been discussed in this thesis. 

They have been used to test the binding capacity of the developed AuNPs with a 

fluorescent oligonucleotide (FAM-PolyT(10)) and to carry out experiments with 

antisense oligonucleotides (ASO) using AuNPs to block the effect of mutp53.  

In the two cases, the oligonucleotides were synthesized in the laboratory through 

solid-phase chemical synthesis. This type of synthesis allows the obtention of 

custom-made DNA or RNA oligonucleotides in a fast way. The methodology of 

the synthesis was based on the phosphoramidite method, which uses 

phosphoramidite building blocks. This method, developed and optimized since 

the second half of the 20th century, was fully automated in the 80s and allowed 

the fast synthesis of oligonucleotides with different lengths and the introduction 

of useful modifications202.  

6.1.1. Solid-phase chemical synthesis 

The solid-phase chemical synthesis of oligonucleotides using the 

phosphoramidite method displays a complex reactivity and methodology to take 

into account. First of all, to carry out the synthesis, it is required the use of a solid 

support, an insoluble particle, in which the oligonucleotide will be synthesized. 

The most common supports are controlled pore glass (CPG) or polystyrene (PS). 

Their use is conditioned by the length of the desired oligonucleotides and their 

amount203.  

The main elements of this method are the phosphoramidite building blocks, which 

would compose the sequence of the oligonucleotides204. The process can be 

used to prepare DNA and RNA oligonucleotides. The building blocks must have 

the reactive moieties protected to prevent undesired reactions, for instance, the 

hydroxyl and amino groups of the nucleobases, and the hydroxyl groups of the 

sugar rings. Most of the protecting groups are only removed at the end of the 

whole process. However, the protecting group at the 5’ position in the sugar ring, 

usually the 4,4’-dimethoxytrityl group (DMT), has to be removed during the 
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synthesis using mild acid conditions.205 Therefore, the hydroxyl group can be 

involved in the phosphoramidite coupling required to build the oligonucleotide. At 

the 3’ hydroxyl group, a as 2-Cyanoethyl N,N-diisopropylphosphoramidite206 is 

placed to react with the free hydroxyl group at the 5’ position of the bounded 

nucleotide. The 3’-hydroxyl group is also employed in the modification of solid 

supports, required to start the synthesis. A summary of the structures mentioned 

can be found below (Figure 76).  

 

Figure 76. Schematic structures of building block for DNA and RNA oligonucleotides synthesis, 

including phosphoroamidite building block (DMT at 5’ and 2-Cyanoethyl N,N-

diisopropylphosphoramidite at 3’) and DMT-protected nucleosides covalently linked to the solid 

support. For RNA nucleosides, the hydroxyl group at 2’ has a protective group. 

6.1.2. DNA oligonucleotides synthesis 

The standard synthesis of DNA oligonucleotides using the phosphoramidite 

method take place in 3’-5’ direction, opposite to the natural synthesis, adding 

nucleotides one by one following a cyclic procedure207. The steps can be 

visualized in Scheme 7. 
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Scheme 7. Schematic phosphoramidite solid-phase synthesis cycle. 

The synthesis starts from a deoxyribose molecule attached to the solid support 

at the 3’ hydroxyl group, where the corresponding 5’-DMTr hydroxyl group is 

deprotected. During this process, the characteristic orange color corresponding 

to the DMT cation can be observed, which is quantifiable at 495 nm.   

After removing the protecting group from 5’, the next ribonucleoside of the 

sequence is inserted as phosphoroamidite. The coupling reaction also requires 

an activator such as tetrazole or related. This reagent protonates the diisopropyl 

amino group in the phosphoramidite, making it a better leaving group, and 

subsequent replacement by the activator. This new functional group is quickly 

attacked by the 5’-hydroxyl group obtained after the detritylation process, forming 

a new phosphorous-oxygen bond. Before continuing to the next step, a capping 

process with acetic anhydride is performed. This stage only affects the unreacted 

ribonucleoside on the previous to avoid the obtention of oligonucleotides with 
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wrong sequences. This process requires the addition of N-methylimidazole as an 

activator, in a solution of pyridine and THF, to ensure that the reaction takes place 

at a basic pH to prevent the deprotection of the DMTr group.  

Then, before a cycle starts, it is required to oxidize the phosphorous atom of the 

phosphite-triester group, from P (III) to P (V). This is needed to prevent undesired 

reactions due to the reactivity of this group. For instance, it can react under acidic 

conditions during the detritylation step, while the phosphate generated tolerates 

it well. The oxidation is performed by the addition of iodine (I2) in water and 

pyridine. After this process, the backbone of the oligonucleotide is similar to the 

natural one, with the difference of the cyanoethyl group, which is considered an 

intermediary protective group.  

After all these steps, a new detritylation reaction is required to remove the DMT 

group. At this point, two different routes are possible. One is the continuation of 

the oligonucleotide synthesis, starting the cycle again. The other possibility is the 

cleavage of the synthesized sequence from the solid support and deprotection to 

obtain the final oligonucleotide. 

The cleavage from the solid support requires the addition of an amine to break a 

succinyl linker, which presents high stability during the whole process. This step 

also promotes the removal of the cyanoethyl group and the protecting groups of 

the nucleobases. In the last step, the oligonucleotide is purified to remove the 

impurities accumulated during the whole process, which can be done using 

different methods, such as HPLC, gel filtration or gel electrophoresis.  

As it can be observed, the synthesis of oligonucleotides by the phosphoramidite 

method is a complex procedure but allows the synthesis of any desired DNA or 

RNA oligonucleotide. It also allows the introduction of any modification in the 

sequence as long as the corresponding phosphoramidite building block is 

available. In this regard, to introduce modifications at the 3’ position of the 

sequence, the most common and efficient approach implies the use of a solid 

support modified with the molecule of interest.  
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6.1.3. Covalently linked oligonucleotides to nanoparticles 

As mentioned in previous chapters, nucleic acids can be attached to 

nanoparticles by covalent bonding or by electrostatic interactions, having both 

advantages and drawbacks. The electrostatic interactions attachment has been 

demonstrated to be a straightforward method that does not require a linker 

modification. However, this type of immobilization displays weaker binding, which 

depending on the experiment, can be either an advantage or a disadvantage. On 

the other hand, covalent bonding presents stronger and more lasting attachment, 

but the immobilization process requires the presence of linker modification in the 

nucleic acid, and the release of the material could be difficult. As in the other 

approach, these characteristics might be beneficial or counterproductive208. 

The strategy to incorporate a linker to a nucleic acid depends on two factors. First, 

the properties of the material, which dictates the appropriate linker to use. For 

example, due to the high affinity of the gold for the sulfur groups130, a linker that 

incorporates this type of moiety would provide a good covalent link. This is the 

case of the experiment of Mirkin et al.209 that developed a trithiol-capped 

oligonucleotide to functionalize AuNPs. Other structures, as lipoic acid, have also 

been reported for the conjugation of oligonucleotides and AuNPs210. The other 

factor to consider is the selectivity in the release of the cargo, if the nanomaterial 

wants to be used for delivery. As has been mentioned, the covalent conjugation 

of nucleic acid makes it more difficult to be released. Hence it is required the 

addition of a sensitive crosslinker that allows the release of the genetic material 

under specific stimuli211.   

6.1.4. Design of a sensitive crosslinker building block for oligonucleotide 
synthesis 

Due to the previous experience with the redox-sensitive linker SPDP, it was 

planned to incorporate this moiety in a DNA building block. The incorporation of 

an SPDP crosslinker to the oligonucleotide synthesis would allow its conjugation 

with any material presenting sulfhydryl groups, which avoid the carrier material 

limitation. Additionally, it would be sensitive to a reductive environment like the 

tumoral one, which would provide a selective release of the oligonucleotide212-157. 
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During the conjugation of the PDP-oligonucleotide the molecule of 2-

pyridinthione213 will be released, which can be used to quantify the amount of the 

oligonucleotide conjugated 214.  

We planned to place this modification at the 3’ position of the oligonucleotide, 

thus, the best approach required the preparation of a modified CPG containing 

this system. In this regard, to make this modification compatible with the 

automated synthesis of oligonucleotides, the SPDP building block should have a 

structure that mimics the sugar ring present in standard nucleosides (Scheme 
8A). Particularly, two hydroxyl groups, one secondary to be used in the 

conjugation with the solid support and another primary, to be protected by DMT. 

Therefore, threoninol (2-amino-1,3-butanodiol), was used as a mimic of the sugar 

ring. This molecule has been reported previously as a scaffold for the synthesis 

of building blocks215. This molecule contains a primary amine that can be used to 

introduce the SPDP moiety easily. Also, this molecule has the primary and 

secondary hydroxyl groups mentioned before, required for DMTr protection216 

and conjugation with the solid support, respectively. As solid support, it was 

selected a CPG containing primary amines (CPG-NH2), which are required for 

the conjugation with the modification through the formation of an amide bond. 

This CPG was selected with a pore size of 1000 Å, which is optimum for 

synthesizing long oligonucleotides. For the conjugation, the linker must bear a 

carboxylic acid group, as the succinic acid, widely used in the synthesis of 

building blocks217. The target structure is represented in Scheme 8. 

 

Scheme 8. Schematic chemical structure of the designed building block with the SPDP 

crosslinker. 
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This project aims to prepare the building block mentioned above, its evaluation 

for the synthesis of an oligonucleotide sequence, and the study of its use in the 

conjugation of oligonucleotides.   

6.2. Results and Discussion 

The preparation of oligonucleotides modified with groups that ease the 

conjugation with biomolecules is of utmost interest because it can provide 

sophisticated nanostructures with novel properties. However, in many biological 

applications, covalent immobilization can be a double-edge weapon due to the 

increased difficulty of releasing the bioactive molecules. Motivated by these 

limitations, a linker was designed based on the crosslinker SPDP, able to 

conjugate with molecules presenting a sulfhydryl functional group where the 

resulting disulfide bond is sensitive to redox stimuli. This way, the oligonucleotide 

can get immobilized to the carrier and being released in the target tumoral cell. 

To add this modification to the oligonucleotides, a procedure was designed to 

attach the SPDP moiety to a solid support based on CPG, which can be employed 

in the oligonucleotide synthesis. 

6.2.1. Synthesis 

The synthesis of the designed building block consists of four chemical steps. First, 

the threoninol and the 3-Mercaptopropionic acid are conjugated by forming an 

amide bond using the standard NHS approach (Scheme 9). The resulting 

compound 9 presents three crucial functional groups: a) the sulfhydryl group, 

required to form a labile disulfide bond, b) a primary hydroxyl group, which is 

selective for DMT protection and c) a secondary hydroxyl group to link with the 

CPG.  

Scheme 9. Synthesis of N-(1,3-dihydroxybutan-2-yl)-3-mercaptopropanamide (9). 
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The second chemical step consisted of the conjugation of 9 with 2-aldrithiol, to 

form the disulfide bond with the labile moiety 2-pyridinthione (Scheme 10). This 

molecule itself is produced during the reaction, which displays an intense yellow 

color, which can be used to follow the reaction by UV. As result, 10 was obtained. 

Compound 10 cannot present any trace of 2-pyridinthione, to avoid adverse 

effects in the next stage. 

Scheme 10. Synthesis of N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)-

propanamide (10). 

The third chemical step consisted of the protection with DMT-Cl of the primary 

hydroxyl group of compound 10 (Scheme 11). DMTr-Cl is a water and acid 

sensible compound218, hence the reaction has to be performed in anhydrous 

conditions. In this process, DMAP219 was used as catalyzer of the reaction and 

pyridine as solvent to neutralize the acid by-products of the reaction. For the 

same reason, the purification of the resulting compound 11 had to be performed 

in neutralized silica gel to avoid the detritylation of the compound.  

Scheme 11. Synthesis of N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-

2-yl)-3-(pyridin-2-yldisulfanyl)propenamide (11) 

In the last chemical step of the procedure, the primary hydroxyl group has to be 

used to modify the solid support (CPG-NH2). In this case, a crosslinker able to 

conjugate both molecules were required. To do this, it was selected the succinic 

acid moiety, which could be obtained through the conjugation of 11 with succinic 

anhydride (Scheme 12). In this step, performed in anhydrous conditions, with 
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DMAP and pyridine, due to the presence of DMT, the hydroxyl group reacts with 

the succinic anhydride, producing the succinic acid (Scheme 12A). This reaction 

is not selective between primary or secondary hydroxyl groups; hence it was 

performed after the DMT protection step. Due to the sensitivity of the DMT, we 

decided to proceed with the second part of the reaction without further purification 

and isolation of the compound. The pyridine was removed and then solved in dry 

ACN, under anhydrous conditions. Then, the succinic anhydride moiety was 

activated with HOBt (Scheme 12B), to convert the carboxylic acid into an ester 

with a labile group, able to react with the amino group of the CPG. After the 

conjugation, the CPG (12) is thoroughly washed with ACN, DCM and hexane to 

remove the unreactive compounds (Scheme 12C). The CPG is allowed to dry 

under reduced pressure and a mixture of capping agents A and B in a relation 

1:1 to cap all the unreacted amine groups of the CPG, were added. The capping 

agents are removed through MeOH and ACN washing and the CPG is allowed 

to dry under reduced pressure.  
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Scheme 12. Synthesis of (4-(((2R,3R)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-(3-(pyridin-2-

yldisulfanyl)propanamido)butan-2-yl)oxy)-4-oxobutanamido)CPG (12). 

After the reaction, it was calculated the molar amount of building block (with 

DMTr) attached per gram of CPG, defined as Functionalization (F (µmol/g)), 

using the trityl quantification method, where a selected amount of modified CPG 

is treated with a detritylation solution to remove the DMTr protective group, and 

the resulting amount of trityl cation is quantified. F (µmol/g) is calculated through 

Beer-Lambert law as in Equation 1 based on the data obtained by UV (Figure 
77). The value of F also determines the yield of the oligonucleotide synthesis. 

CPGs with F values under 20 were excluded from oligonucleotides synthesis. 

Different syntheses of CPG with the designed building block gave F values in a 

range of 14 to 39, being 22 one of the most recurrent values obtained. 
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Figure 77. UV characterization of 9.8 mg of the prepared CPG after being treated with 5 mL of a 

detritylation solution, which was diluted in a ratio 1:80. The absorbance value at 498 nm (0.664) 

was used in Beer-Lambert law, taking into account a ε498=70000 mol-1dm3cm-1. F (µmol/g) 

obtained was 38.73. 

6.2.2. Oligonucleotide synthesis with the modified CPG 

To test the modified CPG, two oligonucleotides were prepared: PDP-PolyT(10)-

FAM and PDP-PolyT(10). After their synthesis and purification, they were 

characterized by UV (Figure 78), showing a characteristic band at 265 nm. Using 

the Beer-Lambert law and the estimated extinction coefficient (ε265= 102560 and 

81600 mol-1dm3cm-1 for PDP-PolyT(10)-FAM and PDP-PolyT(10) respectively), it 

was calculated the concentration of the sequences: 422.45 and 554.33 µM 

respectively.  
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Figure 78. UV-spectra of the oligonucleotides synthesized using the CPG designed: PDP-

PolyT(10)-FAM and PDP-PolyT(10). The samples were diluted in a ratio 1:250. 

To confirm that after the synthesis the PDP modification was still bound to the 

oligonucleotide, the samples were treated with GSH. As was mentioned in 

previous chapters, the GSH allows the interaction with the PDP through its thiol 

group, releasing a quantifiable pyridine-2-thione molecule in the process. The 

experiment required the incubation of 10 µL of the oligonucleotide (710.8 nmol), 

and 990 µL of GSH 10mM (9.9 µmol). The samples were incubated for 16 hours 

and then studied by UV-Vis spectrophotometry. In this case (Figure 79), besides 

the oligonucleotide band at 265 nm, a second one at 343 nm corresponding to 

the pyridine-2-thione. When the absorbance (51.93.10-3) was introduced in the 

Beer-Lambert law (ε343= 8080 mol-1dm3cm-1), taking into account the dilution, the 

amount of the released molecule was 640.4 nmol. This value corresponds to 

90.1% of the amount of oligonucleotide introduced, confirming that the PDP 

modification was properly introduced and was sensitive to sulfhydryl groups.   
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Figure 79. UV-spectra of the oligonucleotide PDP-polyT(10) after being incubated for 24 h with 

GSH 10 mM. It can observe two different bands at 265 nm, corresponding to the oligonucleotide, 

and at 343 nm corresponding to the release of the pyridine-2-thione. The samples were diluted in 

a ratio 1:100. 

6.2.3. Covalent conjugation with BSA protein 

The oligonucleotide sequences were evaluated for the covalent conjugation with 

biological systems. Particularly, bovine serum albumin (BSA) protein was used 

after being treated with Traut’s reagent to convert its amino groups into thiols. 

Thus, 0.2 mg (3.2 nmol) of modified BSA on 200 µL of water was incubated in a 

molar ratio 1:1 with both sequences PDP-PolyT(10) and PDP-PolyT(10)-FAM. 

After 16 hours, the samples were dialyzed using a centrifuge filter (10 KDa), and 

the samples were analyzed by an acrylamide gel retardation assay. It can be 

observed (Figure 80) that for both samples the oligonucleotides can be found in 

the supernatant. However, in the pellet sample can be observed a band for both 

oligonucleotides, which could not be possible without the addition of a reducing 

agent. Another band, found at the pellet well can also be observed, suggesting 

that part of the oligonucleotides were covalently conjugated. (57% and 65% for 

the PDP-PolyT(10)-FAM and PDP-PolyT(10) respectively) while the rest was not 

bonded or well released for other vias.  
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Oligonucleotide Pellet % 

(oligonucleotide bonded) 

Pellet % 

(oligonucleotide not-bonded) 

PDP-PolyT(10)-FAM 57 43 

PDP-PolyT(10) 65 35 

 

Figure 80. BSA conjugated with PDP-PolyT(10)-FAM and PDP-PolyT(10) : gel retardation assay 

and quantification. L (line) 1: ladder, L2-3-4: PDP-PolyT(10)-FAM and BSA control, pellet, wash 

(c,p,w), L5-6-7: PDP-PolyT(10)-FAM and BSA c,p,w. 

6.3. Conclusions 

Oligonucleotide solid-phase synthesis is a powerful tool to create sequences of 

different types and lengths. The current status of the technique also allows the 

introduction of modification in any section of the sequence to add properties or 

enhance them. In this project, it was explored the design of a building block with 

an SPDP moiety in order to include in oligonucleotides sequence to add the 

possibility to be covalently attached to systems carrying sulfhydryl groups and 

quantified the amount introduced.  

The building block bearing the PDP modification was carried out by a 4 steps 

synthetic route, included the immobilization to the solid support CPG. The 

applicability of the synthesized molecule was tested, in the synthesis of two 

different oligonucleotides PDP-PolyT(10)-FAM and  PDP-PolyT(10). The 

successful introduction and stability of the SPDP moiety were evaluated by 

treating one sequence with the reducing agent GSH, showing a 90.1% release of 

the characteristic pyridine-2-thione. It was also tested the covalent conjugation 

  L1     L2     L3     L4     L5    L6     L7       
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with a biological system, the BSA. The first results suggest that the PDP 

oligonucleotide can get covalently attached to the protein, but it is required further 

experiments to optimize the process. 

These results are an essential for future projects. With the PDP building block 

synthesized, it can be employed in the synthesis of sequences with more complex 

structures or for therapies that requires molecules with a covalent attachment or 

a precise loading.
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General conclusions 

This thesis has been focused on the role of AuNPs as carriers of biomolecules 

and their potential use in cancer therapies. With this aim, different approaches 

based on the modified polymers branched polyethylenimine (bPEI) and 

polyethylenglycol (PEG) have been applied to develop a novel AuNPs 

formulations combining a polymeric mixed layer system and layer-by-layer 

assembly. The results obtained during the process can be highlighted as follow: 

 The obtention of AuNPs have been studied through different synthetic 

routes in order to find the more suitable sizes and morphologies for the 

surface functionalization of the polymer. It was found that AuNPs of 13 and 

23 nm obtained by the Turkevitch’s and Frens’s method provided the best 

properties, in terms of stability and reproducibility, to carry out the 

modification of their surface. 

 bPEI and PEG polymers have been modified with a lipoic acid derivative, 

where dithiolane moiety allows a strong immobilization of the polymers to 

the surface of the gold particles. In the case of bPEI, two sizes, 2 and 25 

KDa, were employed to study their effect in the toxicity and binding affinity.  

The use of the modified polymers in the functionalization of AuNPs (13 nm 

and 23 nm), provided 4 formulations stable and highly positively charged 

(GEN1). Despite their positive potential and low toxicity, the formulations 

could not produce a good interaction with oligonucleotides. 

 A second modification based on the crosslinker SPDP on the bPEIs was 

explored. The modification presents a redox-sensitive linker that allows 

their interaction with sulfhydryl groups, introduced in GEN1 AuNPs with 

the Traut’s reagent. This way, a controlled and reversible system to 

increase the length of the polymer chain was obtained, leading to 8 

formulations (GEN2). These AuNPs presents higher potentials and 

excellent stability. However, the GEN2 formulations obtained using the 23 

nm particles were toxic and were discarded. On the other hand, 13 nm 

systems presented reduced toxicity and their interaction was biomolecules 

was evaluated. Different parameters as N/P ratio, incubation media pH 
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and buffer concentration were optimized to improve the binding with 

different oligonucleotides. These studies revealed that 13-GEN2-2-2, 

provided the best results. 

 The 13-GEN2-2-2 AuNPs were employed in a novel antisense 

oligonucleotide treatment using a combination of gapmers to target 

tumoral cell lines carrying mutant p53. This approach reduced the viability 

in tumoral cells. Moreover, the approach was able to overcome the 

chemoresistance of the tumoral cell lines. 

Additionally, a building block for the solid synthesis of oligonucleotides has 

been developed. The building block was designed to carry a modification 

based on the SPDP, which introduced in an oligonucleotide sequence would 

allow the conjugation with biological systems presenting sulfhydryl. After the 

obtention of the building block, it was studied its use in the synthesis of 

oligonucleotides. These oligonucleotides were employed in the conjugation 

with a protein. The preliminary results are very promising, and further 

optimization and conjugation experiments will be carried on.   
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Conclusiones generales 

Esta tesis se ha enfocado en el papel de las AuNPs como vehículos de bio-

moléculas y su posible aplicación en terapias contra el cáncer. Con este objetivo, 

se han desarrollado distintas estrategias basadas en el uso de polímero 

modificados como la polietilenimina ramificada (bPEI) y el polietilenglicol (PEG) 

para el desarrollo de nuevas estructuras que combinan sistemas polímeros 

mixtos y ensamblajes capa-capa. Los resultados más destacados obtenidos en 

el proceso son los siguientes: 

 La obtención de AuNPs se ha estudiado mediante distintas rutas 

sintéticas con el propósito de elucidar los tamaños y morfologías más 

aptas para su funcionalización con polímeros. Se observó que las 

partículas de 13 y 23 nm, obtenidas a través de los métodos de Turkevitch 

y Frens, proporcionaban las mejores propiedades en términos de 

estabilidad y reproducibilidad para realizar la funcionalización. 

 Los polímeros bPEI and PEG se han modificado con derivado del ácido 

lipoico, portador de una estructura ditiolano, permitiendo una fuerte 

inmovilización de los polímeros a la superficie del oro. En el caso del bPEI, 

se emplearon dos tamaños de cadena distintos, 2 y 25 KDa, para estudiar 

su efecto en la toxicidad y la afinidad en la conjugación de bio-moléculas. 

El uso de los polímeros modificados para su funcionalización en las 

AuNPs (13 y 23 nm) dio lugar a la obtención de 4 estructuras estables y 

con alta carga positiva (GEN1). A pesar de su potencial y baja toxicidad, 

las estructuras no consiguieron dar buenos rendimientos de conjugación 

con oligonucleótidos. 

 Una segunda modificación basada en el conector cruzado SPDP para el 

polímero bPEI fue estudiado. La modificación presenta un conector 

sensible a reacciones redox que permite su interacción con grupos 

sulfhidrilo, introducidos en las estructuras GEN1 AuNPs mediante el uso 

del reactivo de Traut. De esta forma se consigue un sistema reversible en 

el que se puede controlar el crecimiento de la cadena polimérica, 

obteniendo de esta manera 8 nuevas estructuras (GEN2). Estas AuNPs 
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presentan un potencial mucho mayor y gran estabilidad. Sin embargo, las 

estructuras obtenidas con las partículas de 23 nm resultaron ser tóxicas y 

se descartaron. Por otro lado, los sistemas de 13 nm presentaban una 

menos toxicidad, por lo que su interacción con bio-moléculas fue evaluado. 

Distintos parámetros como el ratio N/P, el pH del medio de incubación y 

la concentración del tampón químico usado se optimizaron para mejorar 

la interacción con oligonucleótidos. Los estudios revelaron que de los 

sistemas restantes, las AuNPs 13-GEN2-2-2 proporcionaban los mejores 

resultados.  

 Las AuNPs 13-GEN2-2-2 se utilizaron para en un nuevo tratamiento como 

oligonucleótidos antisentido, usando una combinación de gapmers para 

atacar líneas tumorales portadoras de p53 mutado. Esta estrategia 

consiguió reducir la viabilidad de las líneas tumorales además de superar 

la quimio resistencia que presentaban.  

Adicionalmente se desarrolló un soporte sólido “building block” para la síntesis 

sólida de oligonucleótidos. El “building block” se diseñó con una modificación 

basada en el conector SPDP, el cual aporta la posibilidad de que una secuencia 

de oligonucleótido pueda interaccionar covalentemente con bio-moléculas si 

estos presentan grupos sulfihidrilo. Tras la obtención del “building block”, se 

estudió su uso en la síntesis de oligonucleótidos, los cuales se emplearon en la 

conjugación con una proteína. Los resultados preliminares son muy 

prometedores, aunque es necesario la optimización del proceso y más 

experimentos en el futuro. 
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Chapter 7. Materials and Methods 

7.1. Materials 

The materials used along the research project are: gold (III) chloride trihydrate 

(HAuCl4), trisodium citrate, silver nitrate, (R)-(+)-α-Lipoic acid (LP), branched 

polyethylenimine (MW. 2000 and 25000) (bPEI), N,N′-Dicyclohexylcarbodiimide 

(DCC) and N-Hydroxysuccinimide (NHS), citric acid, acrylamide, Tris-Borate-

EDTA (TBE) and Tetramethylethylenediamine (TMED), L-threoninol, 3-

mercaptopropionic acid, 2-aldithriol, 4-Dimethylaminopyridine (DMAP), succinic 

anhydride and Hydroxybenzotriazole (HOBt) were purchased in Sigma Aldrich. 

L-threoninol and 4,4'-Dimethoxytrityl chloride (DMTr-Cl) were purchased in abcr 

GmbH. NH2-CPG, CAP MIX A (Acetic anhydride (400 μL)/ Pyridine (600 μL)/THF 

(500 μL)), CAP MIX B (1-Methylimidazol (400 μL)/ THF (1 mL)) were purchased 

by Biosearch Technologies. Alpha-amino-omega-hydroxy poly(ethylene glycol) 

(NH2-PEG-OH MW.3091) (PEG) was provided by Iris Biotech GMBH. 

Spectra/por 3.5 and 10 KDa tubing membranes were purchased in Fisher. 

Dulbecco's Modified Eagle's (DMEM) medium, streptomycin–penicillin (100X), 

fetal bovine serum (FBS), l-glutamine (100X), trypsin (10X), phosphate-buffered 

saline (PBS) and deuterated solvents were purchased from VWR. Gemcitabine 

was purchased from Fluorochem. Lipofectamine 2000 and Opti-MEM was 

purchased from Thermo Fisher Scientific Milli-Q water was used in the synthesis 

and characterization. All solvents were purchased in Scharlab. The chemicals 

and the reagents have been used as received following the indications reported 

without further purification. 

All reactions were monitored by thin-layer chromatography that was performed 

on pre-coated sheets of silica gel 60, and flash column chromatography was done 

with silica gel 60 (230-400 mesh) of Scharlau. Eluting solvents are indicated in 

the text. Column Chromatography for acid-sensitive compound: Deactivation of 

silica gel for column chromatography. The silica gel was prepared by treating it 

with a mixture of CHCl3/NEt3 100/1. Thereafter, solvents were removed under 

reduced pressure, and the resulting dry silica was used, when necessary, with 

the appropriate solvent. All the synthesized compounds have been analyzed by 

1H and 13C using a Bruker DPX (400 MHz) spectrometer and Bruker DPX (500 
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MHz) at SidI-UAM Mass spectra were obtained at SIdI-UAM using electronic 

ionization (EI), electrospray ionization (ESI) and matrix-assisted laser ionization 

(MALDI). 

7.2. Instrumental Analysis and Assay Protocols 

7.2.1. TEM 

AuNPs were visualized using a 100 KeV JEM1010 (Jeol) at CBMSO-CSIC. 

Samples were prepared by placing a copper grid (AGAR.) over one drop of 

AuNPs for 2 min and drying the excess of the sample. The average diameter 

value was determined through an automated analysis of TEM images with Fiji 

ImageJ software. 

7.2.2. DLS characterization 

DLS and Zeta potential measurements were performed using a Malvern 

Zetasizer Nano ZS. The scattered light was measured at an angle of 175° for 

DLS measurements and at 12.8° for zeta potential measurements using 

disposable folded capillary cells. The temperature of each sample was stabilized 

at 25±0.1 °C for 45 s before the measurement. The measurements are performed 

using 1 mL of the gold nanoparticles without any dilution. For hydrodynamic size 

measurements, the polydispersity of the sample is taken into account to discard 

samples with high heterogeneity. A normalized size and zeta potential distribution 

are obtained from three different measurements, and the mean value is indicated. 

7.2.3. UV spectroscopy 

UV-Vis spectra were recorded in a quartz cuvette using a CARY 5000 

spectrometer from Agilent at 25 °C. The measurements are performed using a 

dilution 1:10. A normalized band is obtained from three different measurements. 

7.2.4. pH-measurements 

pH measurements were performed using a Mettler Toledo FiveEasy Plus pH-

meter. The pH-meter was calibrated using 4.01, 7.01 and 10.01 pH standard 

buffers. An average value is obtained from three different measurements. 
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7.2.5. Functionalization protocol 

7.2.5.1. GEN 0.5 & 1 

The functionalization of all the AuNPs was always performed in a volume of 1 mL 

at the same concentration (10 nM). AuNPs at higher concentrations were diluted 

to 10 nM with Milli-Q water. AuNPs at lower concentrations were concentrated 

through centrifugation at 4 ºC and 13.2K rpm. For each functionalization, the 

corresponding amount of the modified polymer was added to the AuNPs, followed 

by vigorous agitation for 1 min using a vortex shaker. Then, the AuNPs mixture 

was left for 16h at room temperature and under gentle agitation. After this time, 

the sample was centrifugated twice at 4 ºC and 13000 rpm for 30 min and the 

supernatant was separated from the pellet to remove the unbonded polymer. The 

sample was then stored at 4 ºC until measurements or further functionalization 

were executed. 

7.2.5.2. GEN 2 & 3 

The functionalization of all the AuNPs were always performed in a volume of 1 

mL at the same concentration (8 nM). AuNPs at higher concentrations were 

diluted with Milli-Q water until reach this concentration. AuNPs at lower 

concentrations were concentrated through centrifugation at 4 ºC and 13.2K rpm. 

For each functionalization, the AuNPs were incubated, for at least 6 hours, with 

2-iminothiolane in a ratio of bPEI/2-iminothiolane of 1:17 and 1:204 for bPEI 2 

and 25 KDa, respectively. After that, the corresponding amount of PDP-bPEI 2 

or 25 KDa was added to the AuNPs, followed by a vigorous agitation for 1 min 

using a vortex shaker. Then, the AuNPs mixture was left for 16h at room 

temperature and under gentle agitation. After this time, the sample was 

centrifugated twice at 4 ºC and 13.2K rpm for 30 min and the supernatant was 

separated from the pellet and the molecule pyridine-2-thione was characterized 

by UV to quantified the yield of the reaction (343 (ɛ=8080 mol-1dm3cm-1)). The 

AuNPs were then storage at 4 ºC until measurements or further functionalization 

were executed. 
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7.2.6. Oligonucleotides incubation and Gel Retardation assay 

The oligonucleotides were prepared using a Mermade 4 DNA synthesizer and 

purified using Biosearch columns. The sequences of the oligonucleotides 

employed are described in Table 3. Nucleosides in bold contain a 2’-OMe 

modification corresponding to a gapmer pattern. Entries 9 and 10 correspond to 

the oligonucleotides synthesized with the SPDP modification through the use of 

the CPG designed. 

Any oligonucleotide was incubated with the AuNPs following the same standards. 

For each experiment, variable factors such a N/P ratio (7.53 × weight ratio of 

PEI/DNA), pH or buffer concentration is specified in the corresponding section 

with exception of the gapmer experiments (See section below). Before the 

oligonucleotide addition, the AuNPs were concentrated through centrifugation at 

4 °C and 13.2K rpm, and the supernatant was removed. The oligonucleotides are 

then added to the pellet and incubated for 12 hours at room temperature. Then, 

the nanoparticles are centrifuged at 4 ºC and 13.2K rpm, and both pellet and 

supernatant are separated for its evaluation through a gel retardation assay. The 

samples (10 µL) are mixed with a gel loading buffer 2x (10 µL) at room 

temperature for 30 min. Then they were electrophoresed through a 12% (w/v) 

acrylamide gel in TBE 1X (tris base-boric acid-EDTA) buffer at 120 mV and 

500mA for 60 min. The gel was analyzed on a BioRad GelDoc Go gel 

documentation system. 
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Entry Name Sequence Type Chapter 

1 PolyT(10)-FAM 5’-Fluorescein-TTTTTTTTTT-3’ DNA 2,3 

2 AS1411-FAM 5’-Fluorescein- 

GGTGGTGGTGGTTGTGGTGGTG

GTGG -3’ 

DNA 3 

3 Scramble 1 5’-

ACGTGACACGTTCGGAGAATT-3’ 

Gapmer 4 

4 Scramble 1 5'-TGCGCTCCTGGACGTAGCCT-

3’ 

Gapmer 4 

5 Gapmer-p53.1 5’-CAAAGCTGTTCCGTCCCAGT-

3’ 

Gapmer 4 

6 Gapmer-p53.2 5’-GACTCCAGTGGTAATCTAC-3’ Gapmer 4 

7 Gapmer-p53.3 5’-GAAATTTGCGTGTGGAGTA-3’ Gapmer 4 

8 Gapmer-p53.4 5’-GGACATACCAGCTTAGATTTT-

3’ 

Gapmer 4 

9 PDP-PolyT(10) 5’-Fluorescein- TTTTTTTTTT-

PDP-3’ 

DNA 5 

10 PDP-PolyT(10)-FAM 5’-Fluorescein- TTTTTTTTTT-

PDP-3’ 

DNA 5 

 

Table 3. Oligonucleotides used in this research. 

7.2.6.1 Incubation of Gapmers with nanoparticles 

AuNPs concentration was fixed at 1 nm at a volume of 50 µL. The N/P ratio was 

fixed at 80 for the combination of the gapmer/scramble sequence designed. Both 

particles and oligonucleotides are incubated for 1 hour at room temperature, after 

which a citrate buffer at pH 3.5 is added. Its volume was 10% of the final volume 

of the mixture of AuNPs and oligonucleotides with a final concentration of 0.75 

mM. Once the buffer was added, the samples were incubated for 12 hours. Then, 

the nanoparticles were centrifuged 4 ºC and 13.2K rpm to remove the unbound 

oligonucleotides. 
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7.2.7. Cell lines and culture conditions 

Pancreatic adenocarcinoma PANC-1 & PANC-1 (mutant p53-R273H) and breast 

cancer MCF-7 & MCF-7 (WTp53) cell lines were purchased from American Type 

Culture Collection (ATCC, Rockville MD) and cultured in low-glucose DMEM 

medium with 10% FBS, 1% streptomycin–penicillin and 1% l-glutamine at 37 °C 

in a Binder CB210 incubator (5% CO2). Triple-negative breast cancer MDA-MB-

231 (mutant p53-R280K) cell line was purchased from American Type Culture 

Collection (ATCC, Rockville MD) and cultured in high glucose-glucose DMEM 

medium with 10% FBS, 1% streptomycin–penicillin and 1% l-glutamine at 37 °C 

in a Binder CB210 incubator (5% CO2). All the procedures were performed inside 

a laminar flow hood Telstar CV-30/70 (Telstar, Terrassa, Spain). 

Entry Cell line Tumor tissue P53 
mutation 

Chapter 

1 PANC-1 Pancreas - 2,3 

2 MCF-7 Breast - 2,3 

3 PANC-1 Pancreas R273H 4 

4 MCF-7 Breast Wild type 4 

5 MDA-MB-231 Breast R280K 4 
 

Table 4. Status of cell lines used in this study. 

7.2.8. Alamar Blue Viability Assay 

A stock solution of resazurin sodium salt (Sigma-Aldrich, St. Louis, MO, USA) (1 

mg/mL) in PBS was diluted 1% (v/v) in complete RPMI medium and added to the 

cells. After 3 h in the incubator (37 °C), the fluorescence was measured at 25 °C 

in a plate reader Synergy H4 Hybrid reader (BioTEK), λex = 550 nm, λem = 590 

nm. The fluorescent intensity measurements were processed using the following 

Equation: % Cell viability = ((Sample data − Negative control)/(Positive control − 

Negative control)) × 100. The positive control corresponds with untreated cells. A 

resazurin solution without cells was used as negative control. 
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7.2.9. GSH concentration-time dependent experiment 

The incubation of GSH, as reductor agent, with the GEN2 AuNPs (13 nm) was 

performed as follows. In parallel, 1 mL volume of GEN2 AuNPs were added GSH 

until reach a concentration of 1 µM and 1mM, respectively. The AuNPs were left 

at RT under gentle shaking for 10, 20, 30, 60, 120, 330, 400 and 1440 min. After 

each time, the AuNPs were centrifuged at 4 ºC and 13’2 rpm for 30 min, then the 

supernatant was removed. The AuNPs were resuspended in 1 mL of water and 

DLS characterized. 

7.2.10. Fluorescence of polyT(10)-FAM 

Cells were plated in 96 or 12-well plates (5× 103 or 8 × 104 cells/well, respectively) 

and 24 hours later were treated with GEN2-AuNPs functionalized with 100 pmol 

of polyT(10)FAM or transfected by Lipofectamine 2000 as described above. After 

24 hours of treatment, cells were washed with 1X PBS (Phosphate Buffered 

Saline), pH 7.4 (VWR) and the fluorescence was analyzed. For microscopy 

images, the nucleus was stained with Hoechst 33342 and FAM fluorescence was 

measured using a Leica DMI3000 M inverted microscope (Leica, Wetzlar, 

Germany) at 20 × magnification. Images were analyzed using ImageJ software 

(NIH Image, Bethesda, MD). FAM fluorescence was also measured using a 

multimode plate reader (λex=395nm and λem=509 nm) (Synergy H4 Hybrid reader 

(BioTEK). 

7.2.11. Oligonucleotide Transfection 

Exponentially growing cells were seeded at 5 × 103 cells/well in 96‐well plates or 

at 1 × 104 cells in 12-well plates. Wild‐type and mutant p53 protein expression 

was transiently knocked down by transfection with a mixture containing 60 pmol 

of gapmers targeting different exons of TP53 gene.  Scramble sequences as non‐

silencing control were used as a negative control. The silencing transfections 

were carried out for 48 h using Lipofectamine 2000 (Life Technologies), according 

to the manufacturer's instructions. Cells were transfected by gapmers at a final 

concentration of 50 nM using Lipofectamine 2000 (Life Technologies), according 

to the manufacturer's instructions. For fluorescence studies, PANC-1 cancer cells 

were transfected with 100 pmol of polyT(10)FAM using Lipofectamine 2000. 
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7.2.12. Chemotherapy 

Gemcitabine stock solution was prepared at 100 μM in DMSO. Then different 

concentrations of GEM (1, 2, 4.5, 10 and 20 μM) were prepared in DMEM medium. 

It was incubated for 24 h with the cells, then washed three times with PBS and 

DMEM medium was added. After an additional time of 24 or 48 h, the viability 

assay was carried out as described in Section 2.3.11. 

7.2.13. Nanoparticles Treatment 

A volume of 100 μL functionalized AuNPs were added in Opti-MEM (500 μL, total 

volume). The cells were incubated for 24 h, washed with PBS and DMEM medium 

was added. 24 or 48 hours later, the viability was assessed, as described in 

Section 2.3.11. 

7.2.14. Combination Treatment 

In this case, the nanoparticles were incubated as previous section. After 5 h GEM 

(4.5 μM/well) was added and incubated for an additional 24. Then, the cells were 

washed with PBS and DMEM medium was added. The cell viability was 

evaluated after their incubation for an additional 24 or 48 hours. 

7.2.15. Western blot analysis 

Cells were harvested, washed in PBS, and re‐suspended in RIPA buffer (Tebu-

BIO #AR0105) in the presence of a protease inhibitor cocktail (Thermo 

Scientific™ #A32955). After incubation on ice for 30 min, the lysates were 

centrifuged at 14,000 × g for 10 min at 4 °C and the supernatant fractions were 

used for Western blot analysis. Protein concentration was measured by Bradford 

reagent (Bio-Rad protein assay) using bovine serum albumin as a standard. 

Protein extracts (30 μg/lane) were resolved on a 10% SDS‐polyacrylamide gel 

and electro‐blotted onto PVDF membranes (AmershamTM ProtranTM 0.45um NC). 

Membranes were blocked in 5% low‐fat milk in TBST or 5% BSA (50 mM Tris pH 

7.5, 0.9% NaCl, 0.1% Tween 20) for 1 h at room temperature and probed 

overnight at 4 °C with a rabbit polyclonal anti‐Bcl-2 (1:1000) (Cell Signaling, 

#2872), rabbit polyclonal anti‐p70 S6 Kinase (1:1000) (Cell Signaling, #9202), 

rabbit polyclonal anti‐phospho- p70 S6 Kinase (Ser371) (1:1000) (Cell Signaling, 
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#9208), mouse monoclonal anti-GAPDH (1:1000) (Santa Cruz, sc-47724) and 

mouse monoclonal anti-p53 (1:1000) (Santa Cruz, sc-47698). Horseradish 

peroxidase conjugated anti‐mouse or anti‐rabbit IgGs (1:5000 in blocking 

solution) (Santa Cruz, Spain) were used as secondary antibodies. 

Immunodetection was carried out using Bio-Rad chemiluminescent substrates 

and recorded using a ChemiDoc (Synergy). ECL results were scanned and the 

amount of each protein band was quantified using NIH Image J software. 

7.2.16. CPG functionalization (F) quantification 

The CPG loading was calculated using the trityl quantification method. To 10 mg 

of the modified CPG was added 5 mL of a detritylation solution (3 mL of perchloric 

acid and 2 mL of EtOH) and stirred for 1 h. Then, 50 μL of the mixture was diluted 

to 1mL, and the absorbance was measured at 498 nm (ε498=70000 mol-1dm3cm-

1) to quantify the trityl cation. Functionalization (F) (µmol/g), defined as the molar 

amount of building block attached per gram of CPG, was determined by Beer-

Lambert law (Equation 1). 

𝑭 =  
𝑨 ∗ 𝑫

𝛆 ∗ 𝐛
∗  

𝑽

𝒎
∗ (106) 

Equation 1. Equation to calculate F (µmol/g), where A is the absorbance value obtained at 498 

nm from the trityl cation, D is the dilution coefficient used in the cuvette, b (cm) is the length of the 

optical path, ɛ (mol-1dm3cm-1) is the molar extinction coefficient, V is the volume taken to prepare 

the solution (L) and m (g) is the amount of modified CPG used. 

7.3. Experimental section 

7.3.1. Chapter 1 

7.3.1.1. Synthesis AuNPs 13 nm (Turkevitch’s method)92 

To 100 mL of boiling water is added gold (III) chloride (34 mg, 0.1 mmol) under 

vigorous stirring. Once the gold salt is dissolved and the temperature of the 

solution stable, a solution of sodium citrate (118 mg, 0.46 mmol) in 10 ml of water 

is added. The mixture is stirred at the same temperature for 15 min and then is 

stirred at room temperature for 12 hours. Finally, the gold nanoparticles are 

filtrated through a 0.45 µm porous filter and stored in the fridge. 
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7.3.1.2. Synthesis AuNPs 35 nm (Turkevitch’s method)92 

To 50 mL of boiling water is added gold (III) chloride (5 mg, 0.015 mmol) under 

vigorous stirring. Once the gold salt is dissolved and the temperature of the 

solution stable, a solution of sodium citrate (2.1 mg, 0.008 mmol) in 1 ml of water 

is added. The mixture is stirred at the same temperature for 15 min and then is 

stirred at room temperature for 12 hours. Finally, the gold nanoparticles are 

filtrated through a 0.45 µm porous filter and stored in the fridge. 

7.3.1.3. Synthesis AuNPs 23 nm (Frens’ method)37 

To 150 mL of boiling water is added gold (III) chloride (13 mg, 0.326 mmol) under 

vigorous stirring. Once the gold salt is dissolved and the temperature of the 

solution stable, a solution of sodium citrate (154.8mg, 0.6 mmol) in 15 ml of water 

is added. The mixture is stirred at the same temperature for 20 min and then is 

stirred at room temperature for 12 hours. Finally, the gold nanoparticles are 

filtrated through a 0.3 µm porous filter and stored in the fridge. 

7.3.1.4. Synthesis AuNPs 13 nm (premixing method)96 

To 0.5 mL of water is added gold (III) chloride (5 mg, 0.015 mmol), a solution of 

42.5 µL of silver nitrate (0,1 wt %, 0.25 nmol) and a solution of 1.5 ml of sodium 

citrate (15 mg, 0.058 mmol) in water under vigorous stirring. Then, water is added 

to the mixture to bring the total solution volume to 2.5 ml. Then, this mixture is 

injected into 47.5 mL of stirring boiling water. The reaction is stirred for 30 min 

and then left stirring at room temperature for 6 hours. Finally, the gold 

nanoparticles are filtrated through a 0.45 µm porous filter and stored in the fridge. 
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7.3.2. Chapter 2 

7.3.2.1. Synthesis of the 2,5-dioxopyrrolidin-1-yl-5-(1,2-dithiolan-3-
yl)pentanoate) (LP-NHS) 220 (1) 

 

To a solution of lipoic acid (3.6 g, 17.4 mmol) in dichloromethane (DCM, 65 mL) 

at 0 °C, a solution of N-hydroxysuccinimide (NHS) (2.2 g, 20.9 mmol) and 

dicyclohexylcarbodiimide (DCC) (4.32 g, 20.9 nmol) in tetrahydrofurane (THF) 

(15 mL) was added under vigorous stirring. Then, the reaction was allowed to 

warm up to room temperature and the mixture was stirred for 16 hours.  Finally, 

the white precipitate was filtrated and the solvent removed under vacuum. The 

solid was dissolved in the minimum amount of ethyl acetate (AcOEt) and stored 

in the fridge for 6 hours. The newly formed precipitate was removed as before.  

The solvent was removed again under vacuum, obtaining the desired lipoic ester 

(98% of yield, 5.17 g) derivative as a yellow oil. 1H NMR (CDCl3, 400 MHz): δ 

3.54 (dq, 1H), 3.11 (m, 2H), 2.8 (s, 4H), 2.57 (t, 2H), 2.41 (m, 1H), 1.88 (m, 1H), 

1.72 (m, 2H), 1.67 (m, 2H), 1.52 (m, 2H). 13C NMR (CDCl3, 101 MHz): δ 169.27, 

168.44, 56.19, 40.25, 38.73, 34.78, 30.87, 28.32, 25.69, 24.45. MS (EI): m/z 

calculated for C12H17NO4S2 (M +) 303.05, found 303.05. 

7.3.2.2. Synthesis of LP-bPEI (2000MW)221 (2) 

 

The procedure for the synthesis of LP-bPEI (2000 MW) is based on the synthesis 

of Zong et al. with some modifications. To a stirring solution of lipoic acid ester 
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(9.37 mg, 0.0315 mmol) in THF (0.5 mL) at 0 °C a solution of polyethylenimine 

(2000 M.W.) (42 mg, 0.021 mmol) in THF was added. Once a grey oil-like 

compound appears, the solvent is removed under vacuum and re-dissolved in 

methanol (MeOH, 2 mL). The product was purified by dialysis using a 3.5 KDa. 

dialysis membrane during 16 h at 6 °C against distilled water. After this time, the 

solution turned cloudy and the solvent was removed under vacuum. The desired 

product was obtained as an orangish oil (37% of yield, 17 mg). 1H NMR (DMSO-

D6, 400 MHz): δ 8 (m, 3H), 4-2.82 (m, 199H), 1.88-0.98 (m, 57H). 13C NMR 

(DMSO-D6, 121 MHz): δ 173.02, 150.84, 149.86, 68.73, 60.85, 56.60, 52.29, 

46.31, 35.76, 30.09, 29.62, 29.13, 28.41, 26.26, 25.63, 21.82, 15.19, 11.20. MS 
(MALDI): 130.1 corresponding to the polymer fragment [C2H4NH]3. 

7.3.2.3. Synthesis of LP-bPEI (25000MW) (3) 

 

The preparation of this derivative is based on the previous one but using bPEI 25 

KDa instead. Particularly, to a stirring solution of lipoic acid ester (4.61 mg, 0.015 

mmol) in THF (3 mL) at 0 °C a solution of polyethylenimine (25000 M.W.) (250 

mg, 0.01 mmol) in THF (10 mL) was added. Once a grey oil-like compound 

appears, the solvent is removed under vacuum and re-dissolved in methanol 

(MeOH, 2 mL). The product was purified by dialysis using a 10 KDa. dialysis 

membrane for 16 h at 6 °C against distilled water. After this time, the solution 

turned cloudy and the solvent was removed under vacuum. The desired product 

was obtained as a pale oil (22% of yield, 54.85 mg). 1H NMR (DMSO-D6, 400 

MHz): δ 8 (m, 3H), 4-2.82 (m, 199H), 1.88-0.98 (m, 57H). 13C NMR (DMSO-D6, 

121 MHz,) δ 172.81, 161.70, 125.31, 60.66, 52.72, 47.74, 37.86, 36.24, 32.64, 

29.98, 29.47, 29.10, 26.30, 22.01. MS (MALDI): 159.1 corresponding to the 

polymer fragment [C2H4NH]3 
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7.3.2.4. Synthesis of LP-PEG (3000 MW)222 (4) 

 

The procedure for the synthesis of LP-PEG (3000 MW) is based on the synthesis 

of Pyo et al. with some modifications. To a solution of lipoic acid ester (5.7 mg, 

0.087mmol) in THF (0.5 mL) at room temperature a solution of polyethylenglycol 

(50 mg, 0.016) THF (0.5 mL) was added and stirred for 16 h. Then, the solvent 

was removed under vacuum and re-dissolved in methanol (MeOH, 2 mL). The 

product was purified by dialysis using a 3.5 KDa. dialysis membrane for 16 h at 

6 °C against distilled water. Then, the solvent was removed under vacuum, 

obtaining a yellowish solid as the desired compound. (45% of yield, 24 mg). 1H 

NMR (CDCl3, 400 MHz): δ 3.74 (s, 258H), 3.42 (t, 2H), 3.24 (dd.47 (m, 1H), 2.53 

(t, 2H), 2,3(t,2H), 2.03 (m, 1H), 1.79 (m, 1H), 1.66 (m, 4H), 1.46 (m, 2H). 13C NMR 
(CDCl3, 400 MHz): δ 173.1, 171.9, 70.6, 56.4, 40.3, 39.28, 38.5, 36.3, 34.7, 33.51, 

29.8, 25.5, 24.8. MS (MALDI): m/z calculated for C8H13OS2(PEG)66 3047.7, found 

3046.8 

7.3.3. Chapter 3 

7.3.3.1. Synthesis of (2-pyridyldithio)propanoic acid (5) 223 

 

To a solution of mercaptopropionic acid (380.02 mg, 3.6 mmol) in methanol 

(MeOH, 30 mL) a mixture of 2-aldrithiol (1.213 g, 5.52 mmol) and acetic acid 

(0.150 mL) in methanol (15 mL) was added and stirred for 16 h. Then, the solvent 

is removed under vacuum and the product was purified by column 

chromatography in silica gel with Hexane/AcOEt (1:1) affording a yellowish oil 

(90% of yield, 700.6 mg). 1H NMR (CDCl3, 400 MHz): δ 8.43 (d, 1H), 7.67 (m, 2H), 

7.09 (td, 1H), 3.01 (t, 2H), 2.75 (t, 2H). 13C NMR (CDCl3, 101 MHz): δ 175.72, 

159.52, 149.06, 137.69, 121.14, 120.29, 33.82, 33.55. MS (ESI): 216 (100) [M+H], 

218 (5) [M+Na]. (ESI) calculated for C8H9NO2S2 (M+H) 216.01, found 216.014 
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2.3.3.2. Synthesis of Succinimidyl 3-(2-pyridyldithio)propionate (SPDP) 223 
(6) 

 

To a stirring solution (2-pyridyldithio)-propanoic acid (700.6 mg, 3.25 mmol) in 

tetrahydrofurane (THF, 12 mL) at 0 °C, a solution of NHS (452 mg, 3.9 mmol) 

and DCC (805 mg, 3.9 nmol) in THF (3 mL) was added. The reaction was allowed 

to warm up to room temperature and stirred for 16 h.  Then, the precipitated solid 

is filtrated and the solvent was removed under vacuum. The product was stored 

at -20°C for 6 h, then dissolved in dichloromethane (DCM) and the formed 

precipitate was filtrated. The solvent was removed again under vacuum obtaining 

a white solid corresponding to the ester (37% of yield, 375 mg). 1H NMR (CDCl3, 

400 MHz): δ 8.37 (d, 1H), 7.58 (m, 2H), 7.01 (dt, 1H), 2.87 (m, 4H), 2.71 (s, 4H). 
13C NMR (CDCl3, 101 MHz): δ 169.05, 167.02, 159.15, 149.69, 137.54, 121.17, 

120.11, 32.89, 30.95, 25.6. MS (ESI): 313 (100) [M+H], 335(47) [M+Na]. (ESI) 

calculated for C13H13NO4S2 (M+H) 312.03, found 313.01 

7.3.3.3. Synthesis of PDP-bPEI (2 KDa) (7) 

 

To a solution of polyethylenimine (2000 M.W.) (37.5 mg, 0.018 mmol) in DCM 

(1.5 mL) at 0 °C, a solution of SPDP (8.42 mg, 0.027 mmol) in DCM (0.5 mL) was 

added. The reaction was allowed to warm up to room temperature under vigorous 

stirring for 16 h.  Then, the solvent was removed under vacuum and re-dissolved 

in methanol (2 mL). The product was purified by dialysis using a 3.5 KDa. dialysis 

membrane during 16 h at 6 °C against distilled water. After this time, the solution 
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turned cloudy and the solvent was removed under vacuum affording a greyish oil 

(21% of yield, 18.5 mg). 1H NMR (DMSO-D6, 400 MHz): δ 8.49 (m, 2H), 8 (m, 

37H), 7.77 (m, 4H), 7.30 (2H), 4.1-2.8 (m, 1436H), 2.02-0.84 (m, 414H). 13C NMR 

(DMSO-D6, 101 MHz): δ 172.88, 164.18, 148.89, 137.25, 124.35, 120.73, 60.78, 

53.50, 47.99, 33.64, 32.62, 29.47, 24.44, 21.73. MS (MALDI): 169.1 and 212.2, 

corresponding to polymer fragments due to their difference of 43 units, which 

corresponds with the monomer [C2H4NH]. 

7.3.3.4. Synthesis of PDP-bPEI (25 KDa) (8) 

 

To a solution of polyethylenimine (25000 M.W.) (250 mg, 0.01 mmol) in THF (1.5 

mL) at 0 °C, a solution of SPDP (4.7 mg, 0.015 mmol) in THF (0.5 mL) was added. 

The reaction was allowed to warm up to room temperature under vigorous stirring 

for 16 h.  Then, the solvent was removed under vacuum and re-dissolved in 

methanol (2 mL). The product was purified by dialysis using a 1 KDa. dialysis 

membrane during 16 h at 6 °C against distilled water. After this time, the solution 

turned cloudy and the solvent was removed under vacuum affording a greyish oil 

(16% of yield, 62.4.2 mg). 1H NMR (DMSO-D6, 400 MHz): δ 8.49 (m, 2H), 7.77 

(m, 5H), 7.30 (1H), 4.1-2.8 (m, 2000H), 2.02-0.84 (m, 545H) 13C NMR (DMSO-

D6, 126 MHz): δ 172.85, 165.19, 163.22, 161.72, 150.67, 149.98, 138.26, 137.11, 

134.92, 124.33, 120.79, 60.75, 54.20, 53.13, 48.81, 47.72, 37.85, 36.14, 32.47, 

30.77, 30.10, 29.47, 29.10, 26.30, 22.01. MS (MALDI): 169.1 and 341.3, 

corresponding to polymer fragments due to their difference of 172 units, which 

corresponds with the fragment [C2H4NH]4. 
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7.3.4. Chapter 5 

7.3.4.1. Synthesis of N-(1,3-dihydroxybutan-2-yl)-3-mercaptopropanamide 
(9)224 

 

To a stirring solution of 3-mercaptopropionic acid (727 mg, 6.84 mmol), NHS (918 

mg, 8 mmol) and DCC (1.646 g, 8 mmol) in THF (60 mL) at 0 ºC, L-threoninol 

(600 mg, 5.7 mmol) was added and left for 16 h. Then, the solvent is removed 

under vacuum and the product was purified by column chromatography in silica 

gel with CH2Cl2/MeOH 15:1 (Rf 0.4) obtaining compound 9 as a pale yellow oil. 

(97% of yield, 1.08 g). 1H NMR (CDCl3, 400 MHz): δ 4.09 (dq, 1H), 3.81 (m, 1H), 

3.70 (d, 2H), 2.76 (t, 2H), 2.56 (t,2 H), 1.62 (t, 1H), 1.16 (d, 3H). 13C NMR (CDCl3, 

101 MHz): δ 172.32, 68.28, 64.40, 55.16, 20.71, 20.54. MS (ESI): m/z (%) 194 

(56), 216 [M+Na]+ (100). (ESI) calculated for C7H15NO3S [M+H] + 194.08, found 

194.08. 

7.3.4.2. Synthesis of N-(1,3-dihydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)-
propanamide (10) 

 

To a stirring solution of 2-aldithriol (1.83 g, 8.31 mmol) in MeOH under N2, a 

solution of compound 9 (1.08 g, 5.54mmol) in MeOH was added slowly. The 

reaction is allowed to react for 16 h at room temperature. After this time, the 

solvent is removed under vacuum and purified by column chromatography in 

silica gel with CH2Cl2/MeOH 15:1 (Rf 0.3). Compound 10 was obtained as a 

colorless oil (60% of yield, 1.00 g). 1H NMR (CDCl3, 400 MHz): δ 8.45 (d, 1H), 

7.70 (m, 2H), 7.14 (t, 1H), 4.13 (m, 1H), 3.89-3.73 (m, 3H), 3.04 (td, 2H), 2.70 

(m,1H), 2.64 (m,1H), 1.17 (d, 3H). 13C NMR (CDCl3, 101 MHz): δ 172.75, 159.58, 

149.59, 137.95, 121.52, 120.62, 68.50, 64.42, 55.35, 35.87, 34.66, 20.47. MS-
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ESI: m/z (%) 142 (9), 221 (15), 303 [M+1]+ (100). (ESI) calculated for 

C12H18N2O3S2 [M+H]+ 302.08, found 302.08. 

7.3.4.3. Synthesis of N-(1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-
hydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)propenamide (11) 

 

To a stirred solution of 10 (120 mg, 0.39 mmol) and DMAP (1 mg) in anhydrous 

pyridine (500 µL) under N2 and at 0 °C, a solution of DMTr-Cl (264 mg, 0.78 

mmol) in anhydrous pyridine (1.5 mL) was added. The reaction is allowed to get 

room temperature and after 16 h a yellow solution is obtained. Then, it is added 

toluene, and the solvents are removed under vacuum. After completely remove 

the pyridine, the compound is purified by column chromatography in deactivated 

silica gel using Hexane: Ethyl Acetate 1:1. Then compound 11 is obtained as a 

brownish oil (26 % of yield, 60.8 mg). 1H NMR (CDCl3, 400 MHz): δ 8.49 (d, 1H), 

7.79-762 (m, 2H), 7.40(d, 2H), 7.32-7.27 (m, 6H), 7.21 (t, 1H), 7.07 (m,1H), 6.83 

(d, 4H), 4.11 (m, 1H), 3.99 (m, 1H), 3.78 (s, 6H), 3.44 (dd, 1H), 3.31 (dd, 1H), 

3.08 (t, 2H), 2.67 (t, 2H), 1.15 (d, 3H). 13C NMR (CDCl3, 101 MHz): δ 171.27, 

159.52, 158.73, 149.99, 144.43, 137.12, 135.60, 135.42, 130.09, 130.06, 128.09, 

127.11, 121.06, 120.27, 113.39, 86.91, 68.55, 65.22, 55.32, 53.80, 36.13, 35.29, 

20.10. MS-ESI: m/z (%) 129 (14), 303 (10), 627 [M+Na]+ (100). (ESI) calculated 

for C33H36N2O5S2 [M+Na]+ 627.19, found 627.19 
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7.3.4.4. Synthesis of CPG-Building block 
(4-(((2R,3R)-4-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-(3-(pyridin-2-
yldisulfanyl)propanamido)butan-2-yl)oxy)-4-oxobutanamido)CPG (12) 

 

To a stirring solution of compound 11 (28 mg, 0.047 mmol) and DMAP (catalytic 

amount) in anhydrous pyridine (500 µL) under Ar, a solution of succinic anhydride 

(6.5 mg, 0.065 mmol) in anhydrous pyridine (500 µL) under Ar was added. The 

reaction was stirred for 16h at room temperature. Then, the pyridine was removed 

completely under vacuum with the addition of toluene. The solid obtained was 

dissolved in dry ACN (2 mL) under Ar, cooled at 0 ºC, and stirred vigorously. After 

that, a solution of HOBt (8.8 mg, 0.065 mmol) and DCC (13.4 mg, 0.065 mmol) 

in dry ACN (1 mL) under Ar was added, and the mixture was stirred for 24 hours. 

Then, the white solid generated during the reaction was removed by filtration, and 

the filtrated solvent was concentrated under vacuum, generating a solid which 

was dissolved in dry ACN (1.5 mL). The solution is added to CPG 1000 Å (130 

mg) and the mixture was shaken 24 h. The white solid was then washed with 30 

mL of ACN, DCM and hexane. The excess of solvent was removed by suction 

and a mixture solution 1:1 of capping reagents used in oligonucleotides synthesis 

[CAP MIX A: Acetic anhydride (400 μL)/Pyridine (600 μL)/THF (500 μL); CAP MIX 

B: 1-Methylimidazol (400 μL)/ THF (1 mL)] was added and incubated for 1 h. 

Finally, the modified CPG was washed with 60 mL of methanol and acetonitrile 

and dried. Functionalization (F) = 22 (µmol/g)
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Annex 

1H-NMR Spectres 

2,5-dioxopyrrolidin-1-yl-5-(1,2-dithiolan-3-yl)pentanoate (1) 

 

Annex Figure 1. 1H-NMR spectrum of 2,5-dioxopyrrolidin-1-yl 5-(1,2-dithiolan-3-yl)pentanoate. 

(CDCl3, 400 MHz): δ 3.54 (dq, 1H), 3.11 (m, 2H), 2.8 (s, 4H), 2.57 (t, 2H), 2.41 (m, 1H), 1.88 (m, 

1H), 1.72 (m, 2H), 1.67 (m, 2H), 1.52 (m, 2H). 
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LP-PEG (3000 MW) (4) 

 

Annex Figure 2. 1H-NMR spectrum of LP-PEG. (CDCl3, 400 MHz): δ 3.74 (s, 258H), 3.42 (t, 2H), 

3.24 (dd.47 (m, 1H), 2.53 (t, 2H), 2,3(t,2H), 2.03 (m, 1H), 1.79 (m, 1H), 1.66 (m, 4H), 1.46 (m, 

2H). 
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LP-bPEI (2000 MW) (2) 

 

Annex Figure 3. 1H-NMR spectrum of LP-bPEI 2 KDa. (DMSO-D6, 400 MHz): δ 8 (m, 3H), 4-

2.82 (m, 199H), 1.88-0.98 (m, 57H). 
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LP- bPEI (25000 MW) (3) 

 

Annex Figure 4. 1H-NMR spectrum of LP-bPEI 25 KDa. (DMSO-D6, 400 MHz): δ 8 (m, 37H), 4-

2.82 (m, 1436H), 1.88-0.98 (m, 414H). 
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(2-pyridyldithio)propanoic acid (5) 

 

Annex Figure 5. 1H-NMR spectrum of (2-pyridyldithio)propanoic acid. (CDCl3, 400 MHz): δ 8.43 

(d, 1H), 7.67 (m, 2H), 7.09 (td, 1H), 3.01 (t, 2H), 2.75 (t, 2H). 
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Succinimidyl 3-(2-pyridyldithio)propionate (SPDP) (6) 

 

Annex Figure 6. 1H-NMR spectrum of Succinimidyl 3-(2-pyridyldithio)propionate (PDP). (CDCl3, 

400 MHz): δ 8.37 (d, 1H), 7.58 (m, 2H), 7.01 (dt, 1H), 2.87 (m, 4H), 2.71 (s, 4H). 
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PDP-bPEI (2000 MW) (7) 

 

Annex Figure 7. 1H-NMR spectrum of PDP-bPEI 2 KDa. (DMSO-D6, 400 MHz): δ 8.5 (m, 1H), 8 

(m, 3H), 7.72 (m, 2H), 7.36 (1H), 4-2.82 (m, 185H), 1.88-0.98 (m, 25H). 
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PDP- bPEI (25000 MW) (8) 

 

Annex Figure 8. 1H-NMR spectrum of PDP-bPEI 25 KDa. (DMSO-D6, 400 MHz): δ 8.49 (m, 2H), 

8 (m, 37H), 7.77 (m, 4H), 7.30 (2H), 4.1-2.8 (m, 1436H), 2.02-0.84 (m, 414H). 
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N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-mercaptopropanamide (9) 

 

Annex Figure 9. 1H-NMR spectrum of N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-

mercaptopropanamide(9).  (CDCl3, 400 MHz): δ 4.09 (dq, 1H), 3.81 (m, 1H), 3.70 (d, 2H), 2.76 

(t, 2H), 2.56 (t,2 H), 1.62 (t, 1H), 1.16 (d, 3H). 
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N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)-propanamide 
(10) 

 

Annex Figure 10. 1H-NMR spectrum of N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(pyridin-2-

yldisulfanyl)-propanamide (10). (CDCl3, 400 MHz): δ 8.45 (d, 1H), 7.70 (m, 2H), 7.14 (t, 1H), 4.13 

(m, 1H), 3.89-3.73 (m, 3H), 3.04 (td, 2H), 2.70 (m,1H), 2.64 (m,1H), 1.17 (d, 3H). 
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N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-
yl)-3-(pyridin-2-yldisulfanyl)propenamide (11) 

 

Annex Figure 11. 1H-NMR spectrum of N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-

hydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)propenamide (11). (CDCl3, 400 MHz): δ 8.49 (d, 1H), 

7.79-762 (m, 2H), 7.40(d, 2H), 7.32-7.27 (m, 6H), 7.21 (t, 1H), 7.07 (m,1H), 6.83 (d, 4H), 4.11 (m, 

1H), 3.99 (m, 1H), 3.78 (s, 6H), 3.44 (dd, 1H), 3.31 (dd, 1H), 3.08 (t, 2H), 2.67 (t, 2H), 1.15 (d, 

3H). 
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13C-NMR Spectres 

2,5-dioxopyrrolidin-1-yl-5-(1,2-dithiolan-3-yl)pentanoate(1)

 

Annex Figure 12. 13C-NMR spectrum of 2,5-dioxopyrrolidin-1-yl 5-(1,2-dithiolan-3-yl)pentanoate. 
(CDCl3, 101 MHz): δ 169.27, 168.44, 56.19, 40.25, 38.73, 34.78, 30.87, 28.32, 25.69, 24.45. 
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LP-PEG (3000 MW)(4) 

 

Annex Figure 13. 13C-NMR spectrum of LP-PEG. (CDCl3, 400 MHz): δ 173.1, 171.9, 70.6, 56.4, 

40.3, 39.28, 38.5, 36.3, 34.7, 33.51, 29.8, 25.5, 24.8. 
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LP-bPEI (2000 MW) (2) 

 

Annex Figure 14. 13C-NMR spectrum of LP-bPEI 2 KDa. (DMSO-D6, 121 MHz,) δ 173.02, 150.84, 

149.86, 68.73, 60.85, 56.60, 52.29, 46.31, 35.76, 30.09, 29.62, 29.13, 28.41, 26.26, 25.63, 21.82, 

15.19, 11.20 
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LP- bPEI (25000 MW) (3) 

 

Annex Figure 15. 13C-NMR spectrum of LP-bPEI 25 KDa. (DMSO-D6, 121 MHz,) δ 172.81, 

161.70, 125.31, 60.66, 52.72, 47.74, 37.86, 36.24, 32.64, 29.98, 29.47, 29.10, 26.30, 22.01. 

 

 

 

 

 

 

 

 

 

 

 



  13C-NMR Spectres 
  

205 
 

(2-pyridyldithio)propanoic acid(5) 

 

Annex Figure 16. 13C-NMR spectrum of (2-pyridyldithio)-propanoic acid. (CDCl3, 101 MHz): δ 

175.72, 159.52, 149.06, 137.69, 121.14, 120.29, 33.82, 33.55. 
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Succinimidyl 3-(2-pyridyldithio)propionate (SPDP) (6) 

Annex Figure 17. 13C-NMR spectrum of Succinimidyl 3-(2-pyridyldithio)propionate (SPDP). 
(CDCl3, 101 MHz): δ 169.05, 167.02, 159.15, 149.69, 137.54, 121.17, 120.11, 32.89, 30.95, 25.6. 
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PDP-bPEI (2000 MW) (7) 

 

Annex Figure 18. 13C-NMR spectrum of PDP-bPEI 2 KDa. (DMSO-D6, 101 MHz): δ 172.88, 

164.18, 148.89, 137.25, 124.35, 120.73, 60.78, 53.50, 47.99, 33.64, 32.62, 29.47, 24.44, 21.73. 
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PDP-bPEI (25000 MW) (8) 

 

Annex Figure 19. 13C-NMR spectrum of PDP-bPEI 25 KDa. (DMSO-D6, 126 MHz): δ 172.85, 

165.19, 163.22, 161.72, 150.67, 149.98, 138.26, 137.11, 134.92, 124.33, 120.79, 60.75, 54.20, 

53.13, 48.81, 47.72, 37.85, 36.14, 32.47, 30.77, 30.10, 29.47, 29.10, 26.30, 22.01. 
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N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-mercaptopropanamide(9)

 

Annex Figure 20. 13C-NMR spectrum of N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-

mercaptopropanamide(9).  (CDCl3, 101 MHz): δ 172.32, 68.28, 64.40, 55.16, 20.71, 20.54. 
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N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)-propanamide 
(10) 

 

Annex Figure 21. 13C-NMR spectrum of N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(pyridin-2-

yldisulfanyl)-propanamide (10). (CDCl3, 101 MHz): δ 172.75, 159.58, 149.59, 137.95, 121.52, 

120.62, 68.50, 64.42, 55.35, 35.87, 34.66, 20.47 

 

 

 

 

 

 

 

 

 



   
  

211 
 

N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-
yl)-3-(pyridin-2-yldisulfanyl)propenamide (11) 

 

Annex Figure 22. 13C-NMR spectrum of N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-

3-hydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)propenamide (11). (CDCl3, 101 MHz): δ 171.27, 

159.52, 158.73, 149.99, 144.43, 137.12, 135.60, 135.42, 130.09, 130.06, 128.09, 127.11, 121.06, 

120.27, 113.39, 86.91, 68.55, 65.22, 55.32, 53.80, 36.13, 35.29, 20.10 
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Mass spectrometry (MS) 

2,5-dioxopyrrolidin-1-yl-5-(1,2-dithiolan-3-yl)pentanoate(1)

 

Annex Figure 23. MS (EI) spectrum of 2,5-dioxopyrrolidin-1-yl-5-(1,2-dithiolan-3-yl)pentanoate. 

m/z calculated for C12H17NO4S2 (M +) 303.05, found 303.05. 
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LP-PEG (3000 MW).(4) 

 

Annex Figure 24. MS (MALDI) spectrum of LP-PEG 3 KDa. m/z calculated for C8H13OS2(PEG)66 

3047.7, found 3046.8 
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LP-bPEI (2000 MW)(2) 

 

Annex Figure 25. MS (MALDI) spectrum of LP-bPEI 2 KDa. 130.1 corresponding to the polymer 

fragment [C2H4NH]3. 
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LP- bPEI (25000 MW) (3) 

 

Annex Figure 26. MS (MALDI) spectrum of LP-bPEI 25 KDa. 159.1 corresponding to the polymer 

fragment [C2H4NH]3 
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(2-pyridyldithio)propanoic acid (5) 

 

Annex Figure 27. MS (ESI) spectrum of (2-pyridyldithio)propanoic acid. 216 (100) [M+H], 218 (5) 

[M+Na]. (ESI) calculated for C8H9NO2S2 (M+H) 216.01, found 216.014 
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Succinimidyl 3-(2-pyridyldithio)propionate (SPDP) (6) 

 

Annex Figure 28. MS (ESI) spectrum of Succinimidyl 3-(2-pyridyldithio)propionate (SPDP). 313 

(100) [M+H], 335(47) [M+Na]. (ESI) calculated for C13H13NO4S2 (M+H) 312.03, found 313.01 
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PDP- bPEI (2000 MW) (7) 

 

Annex Figure 29. MS (MALDI) spectrum of PDP-bPEI 2 KDa . 169.1 and 212.2, corresponding 

to polymer fragments due to their difference of 43 units, which corresponds with the monomer 

[C2H4NH]. 
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PDP- bPEI (25000 MW) (8) 

 

Annex Figure 30. MS (MALDI) spectrum of PDP-bPEI 25 KDa. 169.1 and 341.3, corresponding 

to polymer fragments due to their difference of 172 units, which corresponds with the fragment 

[C2H4NH]4. 
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N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-mercaptopropanamide(9)

 

Annex Figure 31. MS(ESI) spectrum of N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-

mercaptopropanamide(9).  m/z (%) 194 (56), 216 [M+Na]+ (100). (ESI) calculated for C7H15NO3S 

[M+H] + 194.08, found 194.08. 
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N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)-propanamide 
(10) 

 

Annex Figure 32. MS(ESI) spectrum of N-((2R,3R)-1,3-dihydroxybutan-2-yl)-3-(pyridin-2-

yldisulfanyl)-propanamide (10). m/z (%) 142 (9), 221 (15), 303 [M+1]+ (100). (ESI) calculated for 

C12H18N2O3S2 [M+H]+ 302.08, found 302.08. 
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N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-3-hydroxybutan-2-
yl)-3-(pyridin-2-yldisulfanyl)propenamide (11) 

 

Annex Figure 33. MS(ESI) spectrum of N-((2R,3R)-1-(bis(4-methoxyphenyl)(phenyl)methoxy)-

3-hydroxybutan-2-yl)-3-(pyridin-2-yldisulfanyl)propenamide (11). m/z (%) 129 (14), 303 (10), 627 

[M+Na]+ (100). (ESI) calculated for C33H36N2O5S2 [M+Na]+ 627.19, found 627.19. 
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