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Resumo  

Em estágios mais avançados, as doenças da retina como a retinopatia diabética, 

degeneração macular associada à idade e oclusões da retina são caracterizadas por 

neovascularização, que pode ser desencadeada por um episódio de hipoxia que envolve a 

sobre expressão do fator de crescimento endotelial vascular (VEGF) e da nucleolina (NCL). 

Os tratamentos disponíveis são principalmente corticosteroides e/ou anticorpos específicos 

para algumas moléculas angiogénicas. Para ultrapassar a baixa eficácia destas terapias e os 

seus efeitos secundários, os aptameros surgiram como uma ferramenta emergente que, de 

modo semelhante aos anticorpos, visam estas proteínas com elevada especificidade. Além 

disso, os aptameros são mais fáceis de sintetizar e apresentam maior estabilidade e menor 

imunogenicidade.  

O AT11-L0 é um derivado do aptamero AS1411, composto por sequências ricas em G, que 

pode adotar estruturas em G-quadruplex e reconhecer a NCL, uma proteína que pode atuar 

como coreceptora de vários fatores de crescimento. Assim, este estudo visou caracterizar a 

estrutura do AT11-L0 e a sua interação com vários ligandos (moléculas estabilizadoras ou 

fármacos), para ligar de modo específico à NCL. Este complexo foi posteriormente 

incorporado num nanossistema, para aumentar a biodisponibilidade do fármaco e do 

aptamero usados na formulação. 

Para alcançar estes objetivos, foram realizados estudos biofísicos, tais como ressonância 

magnética nuclear, dicroísmo circular e experiências de fluorescência. Após estudos de 

caracterização biofísica, foram sintetizadas nanopartículas de ouro e lipossomas contendo 

o complexo aptamero-fármaco. Finalmente, os lipossomas e os fármacos foram testados 

num modelo de células endoteliais de veia umbilical humana (HUVEC) para analisar a sua 

capacidade antiangiogénica.  

Os resultados mostraram que os complexos aptamero-fármaco têm uma elevada 

estabilidade térmica, com temperaturas de fusão que atingem 45 ºC a 60 ºC, permitindo 

uma interação com a NCL com um KD na ordem dos micromolares. O ensaio 

antiangiogénico mostrou que, embora os lipossomas não promovam um aumento do efeito 

dos fármacos testados, o C8 apresentou um efeito antiangiogénico que nunca foi descrito, 

mesmo quando usado em baixa concentração. Este resultado pode permitir uma nova 

abordagem utilizando o C8 associado a aptameros de G4 que visem a NCL. 

Keywords 

Aptameros em G-quadruplex; doenças da retina; nanossistemas; nucleolina; angiogénese.  
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Resumo Alargado  

O olho é um dos órgãos mais importantes e sensíveis do corpo humano e é através dele que 

são recolhidas as imagens do mundo que nos rodeia, para posterior interpretação no 

cérebro. Apesar de todas as estruturas de proteção que rodeiam o olho, por vezes, este pode 

sofrer de doenças que afetam de forma severa a qualidade de vida dos pacientes que dela 

padecem. Um dos principais tipos de doença que afeta este órgão são as doenças vasculares 

da retina, que tal como o nome indica afetam a retina através de um processo angiogénico. 

A retina é uma estrutura que recolhe as imagens captadas pelo olho e as transforma em 

estímulos elétricos para envio ao cérebro. Quando afetada por um processo angiogénico 

anormal, esta capacidade pode ficar comprometida. Estas patologias são a principal causa 

de cegueira nos países desenvolvidos, e com o aumento da prevalência da diabetes (um fator 

de risco para estas doenças), prevê-se que este seja um problema com grande impacto a 

nível mundial. 

Uma das principais razões para o aparecimento das doenças vasculares da retina são 

episódios de hipoxia, muitas vezes desencadeados por fatores de risco, como a diabetes ou 

a hipertensão que afetam a normal circulação sanguínea. Estes episódios levam a uma sobre 

expressão do fator de crescimento endotelial vascular (VEGF). O VEGF é o responsável por 

desencadear vias de sinalização que levam à proliferação celular e ao início de um processo 

angiogénico e inflamatório. Um importante interveniente nestas vias de sinalização é a 

nucleolina (NCL). A NCL é uma fosfoproteína, que durante estes episódios em que existe 

uma sobre expressão de VEGF, migra do núcleo para a superfície celular, onde atua como 

um recetor de fatores de crescimento, intervindo direta ou indiretamente no processo 

inflamatório e de angiogénese. Assim, a NCL pode ser considerada um importante alvo no 

tratamento das doenças vasculares da retina. O AS1411 é um aptamero com uma estrutura 

de G-quadruplex (G4) capaz de reconhecer e ligar especificamente a esta proteína, podendo 

ser potencialmente utilizado no tratamento destas doenças. No entanto, o elevado grau de 

polimorfismos deste aptamero pode reduzir a sua eficácia, uma vez que é difícil reconhecer 

e isolar a estrutura G4 com importância biológica. 

Assim, neste trabalho é apresentada uma abordagem com o intuito de caraterizar um 

derivado do AS1411, conhecido como AT11-L0, e de o conjugar num nanossistema contendo 

um fármaco com capacidade anti-inflamatória/antiangiogénica. Para avaliar a efetividade 

destes nanossistemas no tratamento das doenças vasculares da retina, estes foram testados 

em células HUVEC, de modo a avaliar a sua capacidade antiangiogénica.  
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Os resultados obtidos por técnicas de caraterização biofísica, como dicroísmo circular, 

permitem concluir que o AT11-L0 é capaz de formar uma estrutura bem definida de G4 

paralela. Esta estrutura é estabilizada quando associada a pequenas moléculas conhecidas 

como ligandos. O ligando com o resultado mais promissor foi uma molécula conhecida 

como C8 que deriva de uma acridina. Foram também formulados nanossistemas com 

dexametasona, devido à sua conhecida capacidade antiangiogénica e anti-inflamatória. O 

principal nanossistema usado foram lipossomas, nos quais foram encapsulados os fármacos 

e conjugado o aptâmero à superfície. Foram também sintetizadas nanopartículas de ouro 

(AuNPs) com o aptamero conjugado à superfície. Neste caso o fármaco foi conjugado na 

estrutura G4 do aptamero. No entanto, quando testada a capacidade antiangiogénica dos 

lipossomas, verificou-se que esta não foi consideravelmente superior à dos fármacos 

isolados. Ainda assim, este estudo permitiu descrever pela primeira vez uma capacidade 

antiangiogénica do C8 com potencial semelhante à da dexametasona, mas numa menor 

concentração. 
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Abstract 

At more advanced states, retinal diseases such as diabetic retinopathy, age-related macular 

degeneration, and retinal vessel occlusions are characterized by neovascularization, which 

is usually triggered by a hypoxia episode leading to the overexpression of vascular 

endothelial growth factor (VEGF) and nucleolin (NCL). The treatments available are mainly 

corticosteroids or/and antibodies against some angiogenic molecules. Regarding the low 

efficacy of these therapies and their side effects, aptamers are an emerging tool that can 

target these proteins with high specificity, such as antibodies. Furthermore, aptamers are 

easier to synthesize and present higher stability and lower immunogenicity.  

AT11-L0 is an aptamer derivative of AS1411 composed of G-rich sequences which can adopt 

G-quadruplex (G4) structure and target NCL, a protein that can act as a co-receptor for 

several growth factors. Hence, this study aimed to characterize the AT11-L0 structure and 

its interaction with several ligands (stabilizing molecules or drugs) for NCL targeting. The 

AT11-L0-drug/molecule complex was then incorporated in a nanoparticle to increase the 

bioavailability of the aptamer-based drug in the formulation.  

To achieve these objectives, we have performed biophysical studies, such as nuclear 

magnetic resonance, circular dichroism, and fluorescence experiments. Following 

biophysical characterization studies, we synthesised gold nanoparticles and liposomes 

containing AT11-L0 aptamer-drug complex. Finally, liposomes and the encapsulated drugs 

were tested on Human umbilical vein endothelial cells (HUVEC) model to assess their 

antiangiogenic capacity.  

The results showed that AT11-L0 aptamer-drug complex has a high stability with melting 

temperatures reaching 45 ºC to 60 ºC allowing an efficient targeting of NCL with a KD in 

the order of micromolar. HUVEC antiangiogenic assay showed that, although liposomes did 

not promote an increase in the antiangiogenic effect of the tested drugs, C8 showed an 

antiangiogenic effect that was not previously described, at lower concentration. This result 

can be a basis for the development of a new therapeutic approach using C8 and G4 aptamers 

targeting NCL. 
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1. Introduction 

 
The human eye is one of the most complex organs of the human being and it is the primary 

organ of vision [1]. This sophisticated organ helps us to get information about our 

environment and it allows our brain to have enough information to process things that 

happen in our world. Eyes are considered the windows of the soul due to the importance 

they have in human relationships [2].  

However, sometimes this organ may suffer from several diseases that greatly affect the life 

quality of individuals. Due to the population ageing, these diseases are appearing with more 

frequency and causing more health problems in developed countries [3]. However these 

pathologies have more prevalence on developing countries, regarding the lower access that 

populations have to basic health care [4,5]. 

 

1.1. Anatomy and physiology of the human eye 

 

Due to its vital importance for human daily life, the eyes are protected by several structures 

that help to prevent possible traumas. The first is the bony orbits that surround each eyeball. 

This structure protects eyeballs, especially from large objects. Above each eye, the eyebrow 

and the eyelids help to protect the eye from sweat and from small objects that can injure the 

eye [2]. 

The eyeballs are a complex association of distinct types of tissues that form different 

structures with varied functions. Clinically, the eye is composed of two segments: the 

anterior and the posterior. The anterior segment is composed of all the structures from the 

lens forward and the posterior one of the structures posterior to the lens [1]. 

Figure 1 shows the principal eye structures that contribute to the reception of the 

environmental light and transform it into information that the brain can interpret.  
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Figure 1 – Sagittal section of the eye (adapted from [6]). 

The light enters the eye through the cornea and is amplified and inverted on the lens [2]. 

This processed image will be projected on the retina which is one of the most important 

tissues of the posterior segment. This tissue is the one that surrounds the vitreous cavity, 

lining with one of the middle layers of the eye, the choroid, which is the main responsible to 

provide oxygen and nutrients to the retina. The outer layer is composed by the sclera and 

the cornea, which provides protection to the retina and to other ocular tissues [7]. 

The retina can be divided into the neural retina and retinal pigment epithelium (RPE) [7].  

The RPE acts as a protection system for the neural retina. Such protection functions include 

phagocytosis and the storage of some molecules that are essential for the normal working 

of the neural retina. These cells also compose the outer blood-retinal barrier (BRB) [7].  BRB 

is a highly specialized blood–neural barrier that selectively restricts the flux of ions, 

metabolites, and harmful toxins into the retina maintaining an adequate neural 

environment, which is essential for phototransduction [8].  

The neural retina is more complex and consists of several classes of neurons: 

photoreceptors (rods and cones), bipolar cells, horizontal cells, amacrine cells, ganglion 

cells, and Müller glia. These complex tissues are responsible for receiving the projected lens 

image and converting it into an electric signal that will be transmitted to the brain [7].  

However, sometimes this complex process that allows human beings to see the world may 

suffer from several issues such as retinal diseases that may lead to the progressive loss of 

vision and consequent loss of daily life quality.  

 

1.2. Retinal diseases 

Retinal diseases are all the processes that affect retinal homeostasis and function, which 

may result in loss of vision. In developed countries these diseases are the main cause of 
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blindness, however, the prevention of these diseases is not included in blindness prevention 

programmes in developing countries. It is expected that the incidence of retinal diseases 

will keep increasing especially due to the increased incidence of diabetes worldwide and 

world population ageing [9,10].  

These diseases may be of two types: inherited or acquired. The first type is inherited 

genetically and because of that, the medical history not just of the patient but also of the 

family must be considered [11]. In these cases, it is important to have early diagnostics based 

on the genetic risk and also a regular clinical examination. On the other hand, acquired 

retinal diseases may be more difficult to predict and consequently to diagnose. However, 

these diseases may be sometimes avoided by healthy life habits. 

Retinal diseases can also be classified based on different criteria that consider, the part of 

the retina that is damaged or the pathological process event that causes the disease. Thus, 

according to the first criterion, retinal diseases can be classified into the following 

categories: diseases of the inner retina, diseases of the outer retina, diseases that affect all 

retinal layers and finally diseases that affect both retina and optic nerve structures [12]. In 

this work the classification of pathologies based on the process that causes the disease will 

be considered. However, the classification of retinal diseases based on this type of 

classification is complicated by the fact that most of these diseases have multifactorial 

nature. The majority of retinal diseases are characterized by vascular changes and/or 

ischemia, inflammation, oxidative stress, and neurodegeneration. In this work, the focus 

will be on retinal diseases that involve neovascularization, neovascular retinal diseases. 

 

1.2.1  Neovascular retinal diseases 

Neovascular retinal diseases are caused by an abnormal growth of new blood vessels from 

the existing vasculature (neovascularization). On one hand, this process affects the normal 

blood supply of the retina and on the other side, it may directly damage the retinal 

neovascular unit, which is indispensable for the normal vision of an individual [13]. These 

damages are caused by haemorrhages, fibrosis, vascular leakages, and edemas. Usually, the 

neovascularization episode is started by an ischemia incident that triggers the production 

of angiogenic factors. The principal neovascular retinal diseases are diabetic retinopathy 

(DR), AMD, central retinal vein occlusion (CRVO), and neovascular glaucoma (NVG).  
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1.2.1.1 Age-related macular degeneration 

AMD is a disease that affects the central retina and is the main responsible for visual loss 

among adults older than 65 years in developed countries, affecting about 170 million 

individuals all over the world [10,14,15]. At more advanced states, AMD can be neovascular 

(wet AMD) or atrophic (Dry AMD) but the most severe form of the disease is the neovascular 

one  [16]. Even if Dry AMD may be considered a progressive, neurodegenerative disorder 

since it leads to the progressive death of photoreceptors [17], it may progress to a 

neovascular disease (wet AMD), in which new blood vessels start growing from the macula 

(macular neovascularization) into the subretinal space [18–20].  

It is important to understand the mechanisms that lead to the development of this disorder 

and especially to the formation of the blood vessels. This is not an easy task since it is a 

multifactorial disease that can depend on many factors [17], such as the combination of 

ageing, genetic, environmental and immunological factors [16]. Despite all these factors 

that can contribute to AMD, the trigger that starts wet AMD is usually inflammation or an 

episode that causes intense oxidative stress [16,17]. Thus, the principal molecules that 

interfere in AMD beginning are inflammatory molecules, such as vascular endothelial 

growth factor (VEGF), TGF-β, inflammatory cytokines, and complement molecules [21]. 

Also nucleolin (NCL) has an important role in AMD since it acts as a growth factor receptor 

that was found to be overexpressed in the cell surface of migrating endothelial cells in the 

laser-induced model of wet AMD [18].  

 

1.2.1.2 Diabetic retinopathy 

DR is the most common cause of blindness in adults in the world [12,22]. However, the 

mechanisms that trigger this disease are still not fully understood. Usually, the first 

histological changes that are observed include capillary basement membrane thickening, 

leukostasis, loss of pericytes, endothelial proliferation, and gliosis [16]. These changes will 

develop and will affect the microvasculature of the retina. Based on the phenotype of the 

vascular changes they can be divided into non-proliferative (early stage) and proliferative 

(late stage) [12,22]. Microvascular alterations typically occur in the early stage including 

microaneurysms, intraretinal haemorrhages, intraretinal lipid exudation, irregular retinal 

venous diameter, and pericytes loss, which leads to retinal edema, capillary nonperfusion 

and, consequently, retinal ischemia [23]. Recently, it has been suggested that neuroglial 

degeneration and inflammation may precede these microvascular abnormalities [24], [25]. 

The late stage is usually characterized by the growth of abnormal new blood vessels, which 
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is driven by retinal ischemia and associated with some ischemia-induced factors such as 

VEGF (also related with chronic inflammation) and TGF-β [12]. However, it is known that 

this late stage can be also mediated by other angiogenic molecules [26].  

 

1.2.1.3 Neovascular glaucoma  

NVG is a potentially severe blinding secondary glaucoma, characterized by the development 

of rubeosis iridis and elevated intraocular pressure that is difficult to treat if it is not 

detected in an early stage [27]. This disease can evolve from other ocular diseases but the 

most common are DR, ischemic CRVO, and ocular ischemic syndrome (OIS) [28]. In 

addition to eye vascular diseases, NVG may be secondary to tumours, inflammatory and 

systemic diseases [28,29]. NVG is characterized by a chronically red, painful eye that can 

lead to vision loss if not treated. However, in the early stages, it can also be asymptomatic 

which makes this disease hard to detect [29].  

Usually, NVG is triggered by an episode of retinal hypoxia that will lead to the release of 

angiogenic factors like VEGF, which has an important role in all neovascular retinal 

diseases. Other molecules, such as IL-6 (an inflammatory cytokine) and the transforming 

growth factor-beta (TGF-β), are also relevant players in this disease as it happens on AMD 

and DR. These molecules will promote increased vascular permeability, increased 

endothelial cell mitosis and leucocyte accumulation in the eye. These responses will cause 

neovascularization leading to the clinical symptoms that characterize the disease [29]. 

 

1.2.1.4 Central retinal vein occlusion 

CRVO is the second most common cause of visual loss from retinal vascular disorders and 

the leading cause of NVG worldwide [19,20]. This disease is characterized by superficial and 

deep intraretinal haemorrhages that frequently cause unilateral visual loss. However, the 

way that this disease develops is still a mystery for science. Several hypotheses have been 

proposed to explain the pathological mechanisms of CRVO, highlighting the combination 

of several factors, such as vessel wall changes, and haemorrhagic, and thrombotic 

tendencies [30]. Considering that this is a vascular disease, the risk of developing CRVO 

may depend on the daily habits of individuals, so it can be prevented by healthy 

cardiovascular habits.  
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1.3 Targets and treatments for retinal vascular diseases 

As reported previously, retinal vascular diseases have some similarities and often, share the 

same pathological events. Nowadays, one considerable part of the available treatments are 

not specific to a single disease. This lack of specificity explains why these “traditional” 

treatments have low efficacy. The “traditional” treatments for ocular diseases include 

surgery of the affected part of the eye (e.g., vitrectomy), focal laser photocoagulation, and 

photodynamic therapy [27,31]. However, all these therapies are not always effective. 

Therefore, in recent years there have been developed treatments that improve specificity by 

targeting VEGF, an important molecule involved in the pathological pathway of retinal 

diseases, and reformulated anti-inflammatory agents, such as dexamethasone or 

triamcinolone acetonide [32] (Figure 2).   

 

Figure 2 - Pathways involved in the development of DR (adapted from [33]). 

One of the solutions that improved the management of neovascular diseases was the use of 

anti-VEGF antibodies. Nowadays, there are several antibodies approved for these diseases 

such as bevacizumab or ranibizumab [34]. Ranibizumab (commercially named Lucentis®) 

is the most used treatment for neovascular AMD. It consists of a humanized monoclonal 

antibody fragment with only one antigen-binding domain designed to bind all the isoforms 
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of VEGF. It is administrated by intravitreal injections preventing vision loss and improving 

visual acuity. The major drawbacks of intravitreal ranibizumab are side effects such as eye 

pain, inflammation, and conjunctival haemorrhage. Bevacizumab (Avastin) is also a 

monoclonal antibody that targets all isoforms of VEGF. However, it has less affinity to VEGF 

than ranibizumab. It has the advantages of having two antigen-binding domains and an 

increased half-life time, however, side effects are similar to those reported for ranibizumab. 

Other important drawbacks are related to the production process since these antibodies are 

obtained using a biological synthesis (using E. coli cells for ranibizumab and Chinese 

hamster ovary cells for bevacizumab), which implies a specific and costly purification 

process, thus making the final product very expensive and consequently the cost of the 

treatment [35]. Aflibercept, also known as VEGF Trap-eye (Eylea®) is one of the most 

recently approved antibodies for retinal diseases treatments. It consists of a fully humanized 

recombinant protein that acts as a soluble decoy receptor that binds to VEGF-A, VEGF-B 

and placental growth factor (PIGF). Since its approval by the FDA for use in neovascular 

AMD, intravitreal aflibercept has been approved for a variety of other retinal pathologies 

and it is already one of the most used therapy [36]. More recently, FDA approved a new 

anti-VEGF, faricimab, which showed a comparable but more durable therapeutic effect 

compared to the other anti-VEGF drugs, including aflibercept, which reduces the treatment 

burden in patients [37]. 

Two important tools have also emerged to help in the treatment of these diseases, aptamers, 

and nanoparticles (NPs).  

 

1.3.1 Aptamers  

Aptamers are small sequence-specific nucleic acids (DNA or RNA) or peptides that can 

recognise and interact with a specific target [38,39]. The word aptamer comes from the 

Latin aptus, to fit, and the Greek meros, part of a region. As the name indicates, aptamers 

are oligonucleotides that are selected because of their ability to bind a target with high 

specificity and affinity.  Usually, aptamers are compared to antibodies since they both can 

interact with a specific target. However, aptamers have some advantages when compared 

with antibodies making them perfect candidates for diverse applications. They have the 

advantage to be easier to synthesize since the involved chemical process is more efficient 

than the biological synthesis used to obtain antibodies. They also have low immunogenicity 

and an increased shelf-life and stability, that may be further increased with nucleotide 

chemical modifications [39–41]. Researchers have been taking advantage of these 
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characteristics using them for flow cytometry staining, as drug delivery systems and to 

inhibit enzymes or molecular pathways [39]. 

One of the most important features of aptamers is their structure and some of them can 

adopt a G-quadruplex (G4) structure [42]. In these cases, the sequences repeated guanines 

form G-quartets (G-tetraplex, G-tetrads, or tetrads). These G-quartets are the basic 

structural motif of G4. Each G-quartet is formed by four guanines linked and stabilized via 

Hoogsteen bonds in a co-planar square. The stacking of G-quartets forms the G4 structure. 

This structure is usually stabilized by cations located on the central channel of the G-

quartet.  

The stabilization by a cation depends on the cation species (and its properties, such as size 

and charge) and also on its concentration. Several cations may stabilize G4 structures but 

the more studied are K+ and Na+ due to their biological importance in the cells [43]. 

However, not all the G4 have the same space arrangement. There are three major 

conformations that G4 can adopt: parallel, anti-parallel, and hybrid topologies. These 

different topologies result from different polarities of the strands [44]. In Figure 3 the G4 

structure and its topologies are represented. 

 

Figure 3 - Structure of a G-quartet and the different topologies of G4 (adapted from [32]). 

G4s were naturally found in the human cells being present throughout the genome and in 

its RNA transcripts [44]. G4s have important regulatory roles in biological processes. 

Several studies also evidenced that G4s play an important role in growth and progression of 

tumours in cancer and in the development of neurological disorders, since they are present 

not only at telomeric regions but also at oncogene promoter regions.  
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Figure 4- G4 importance in biological processes (taken from [43]). 

Some molecules can stabilize the G4 structure, which are known as G4 ligands. These 

ligands have been applied as binders and stabilizers of G4, and can also act as therapeutic 

molecules (some of them have anti-cancer properties) [45]. Some examples of G4 ligands 

are benzothiazole, triphenylmethane, acridine, alkaloids, pyrene, naphthalene, porphyrins 

and acetone derivatives [45]. These ligands can be used on the stabilization of promoter 

regions of oncogenes and telomeric ends, and also on non-coding RNAs with importance on 

tumour development.  

Despite all the existing G4 ligands, there are no reports of its use in retinal diseases. 

However, Miranda et al. used the ligands PhenDC3, 360A, and TMPyP4 to stabilize AS1411 

aptamer and its derivate AS1411-N6. These aptamers target NCL, a protein over expressed 

in retinal diseases. In this study Miranda et al. found that the three tested ligands have 

promising stabilizer effects on the tested aptamers [46]. Cruz et al. also found that the 

ligand C8 (an acridine orange derivate) is capable of stabilizing pre-miR-92b. In this case, 

pre-miR-92b was used as a molecular recognition probe for NCL [47]. The chemical 

structures of the ligands above referred are showed in Figure 5. 
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Figure 5 - Chemical structure of G4 ligands 360A, PhenDC3, C8 and TMPyP4. 

 

1.3.1.1 Structural characterization of aptamers using biophysical 

techniques  

Several biophysical techniques have been developed to study aptamers conformation and 

their interaction with the target or ligands, namely, nuclear magnetic resonance (NMR), 

circular dichroism (CD), fluorescence titrations and thermal difference spectra (TDS). 

Other techniques can be used, such as isothermal titration calorimetry (ITC) and 

electrospray mass spectrometry (ESI-MS) [48,49]. 

NMR is a powerful tool used to study the structural, kinetic, and dynamics of G4 aptamers 

and ligand complexes. This technique is based on the application of magnetic fields on a 

solution containing the molecule of interest. Then the magnetic field variations are 

analysed, and the signal is converted, giving information about the chemical and physical 

properties of the molecule. In the case of G4 and G4/ligand complexes, one of the most 

important signals is the G4 imino resulting from Hoogsteen base pairing. Usually, this 
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signal appears in the region near 10-12 ppm and indicates that G4 is formed [48,49]. To 

study the interaction between the G4 and a ligand there are different types of experiments 

that can be performed. However, the simpler approaches depend on the hydrophobicity of 

the ligands (usually ligands are hydrophobic). Regarding it, usually, ligands are solubilized 

in a dimethyl sulfoxide (DMSO) solution and then added to an aqueous solution of the G4 

aptamer. After that, chemical shifts, peak heights, and linewidth of the recovered signals are 

analysed. NMR can also be used for more sophisticated experiments based on polarization 

transfer between spins systems or on the H2O/D2O exchange rate on different parts of the 

G4 [48–52]. The main advantage of NMR spectroscopy is the fact that it allows determining 

the binding sites of a ligand in the G4 structure, characterizing the 3D structure of the 

complex and studying the conformation of the ligand. Despite these advantages, NMR can 

consume a considerable amount of time and a higher concentration of aptamer and ligands 

compared to other techniques [48,49]. 

CD is another spectroscopic technique that is commonly used to study the 

formation/stabilization of G4 aptamer. CD is used only with chiral molecules since this 

technique is based on the differential absorbance by a substance of right- and left-handed 

circularly polarized light. By using the CD technique, different information about the G4 

aptamer topology, G4-ligand complex formation, and ligand-induced thermal stabilization 

can be obtained. The main advantages of CD are its simplicity and speed, the use of small 

sample amounts, and the type of information provided [44,53–55]. Figure 6 shows how the 

different G4 topologies result in different types of CD spectra. 

 

Figure 6 - Schematic representation of CD operation mode and the different spectra topologies for G4 (adapted 

from [44]). 

As observed in Figure 6, a parallel G4 presents a positive peak located at about 260 nm and 

a negative peak at about 240 nm. Antiparallel G4 has two positive peaks. The first one is 

located at about 295 nm and the second one at about 240 nm. It also has a negative peak 

located at about 260 nm. Finally, hybrid G4 also presents two positive peaks and a negative 
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one. The positive peaks are located at about 295 and 260 nm and the negative one at about 

240 nm [44,53].  

Another parameter that can be determined by CD is the ligand-induced thermal 

stabilization of G4 aptamer that can be obtained through the analysis of spectrum before 

and after the addition of the ligand to G4 aptamer at different temperatures [44]. Figure 7 

shows the results of a typical CD experiment for the determination of ligand-induced 

thermal stabilization. 

 

 

Figure 7 - Ligand-induced thermal stabilization obtained by CD (adapted from [44]). 

 

Despite all the advantages above referred, the CD technique has a drawback that it does not 

allow to detect easily multiple conformations of the same molecule because it is a low-

resolution technique [48,49]. 

Fluorescence titrations can be used to determine the binding affinity between the G4 

aptamer and the ligand or the target.  The aptamer or the ligand must have a fluorophore to 

emit fluorescence after being excited by an excitation source. This fluorescence depends on 

the concentration of the fluorophore, the temperature, and the intensity of the excitation 

source and may also depend on the interaction of the fluorophore with other molecules. 

Fixing the concentration of the aptamer and adding increasing concentrations of ligand, the 

fluorescence will decrease in each ligand addition resulting from the interaction between 

the G4 and the ligand. Inversely and fixing the concentration of ligand and adding 

increasing concentrations of the aptamer, the fluorescence will increase with each addition 
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of aptamer. In both cases, plotting the fluorescence intensity at its maximum with the 

concentration of ligand/aptamer to obtain a binding curve that can be fitted to a specific 

binding model allows the determination of the binding stoichiometry and the affinity 

constant [56–58]. The other type of experiment that can be done with fluorescence 

spectroscopy is fluorescence resonance energy transfer (FRET) assays. FRET-melting is 

used to obtain information about the stability of a G4 conformation and its interactions with 

ligands. This technique is based on the transference of energy between a donor (previously 

excited) and an acceptor molecule (quencher). Similarly, to CD-melting, which analyses the 

folding and unfolding state, FRET-melting assay gives information about this process. In 

the folding state, donor and acceptor are so close that fluorescence is quenched by the 

acceptor. By increasing temperature, the interactions that stabilize G4 are broken, and the 

molecule starts to unfold, separating the dye and quencher and it is emitted donor's 

fluorescence. The fluorescence maximum is achieved when the biomolecule is completely 

unfolded [59,60]. This process is represented in Figure 8.  

 

 

Figure 8 - Schematic representation of FRET assay in a G4 structure (taken from [60]). 

FRET assay consumes a low amount of sample that may give important information about 

G4 structure and its interaction with ligands. However, it requires a labelled aptamer, and 

it only gives a limited type of information [36,37]. 

Finally, TDS is another technique used for the structural characterization of G4 topology. 

This technique provides a distinctive spectroscopic signature for different nucleic structures 

by the acquisition of a UV spectrum, usually between 220-320 nm, above the melting 

temperature and another below this temperature. These spectra are then subtracted 

obtaining the TDS spectrum [45].  One of the most important bands in these spectra is a 
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295 nm band that is known to be important in quadruplex folding. Then 

ΔA240nm/ΔA295nm, ΔA255nm/ΔA295nm, and ΔA275nm/ΔA295nm ratios are calculated 

to find out information about the G4 structure [53].  

 

1.3.1.2 Aptamers in retinal diseases 

Aptamers can be very useful to inhibit molecules associated to pathological pathways that 

lead to retina angiogenesis. Different aptamer-based therapies have been developed namely 

Macugen® that is an anti-VEGF RNA aptamer (pegaptanib sodium) approved in 2004 for 

the treatment of all types of neovascular AMD  [39–41,61]. 

  

Figure 9 - Timeline for the development of Macugen® (adapted from [40]). 

Macugen® is made of a short sequence of 28 nucleobases. This sequence was selected from 

a library of RNA and DNA tested by systematic evolution of ligands by exponential 

enrichment (SELEX) experiments. To improve both resistance of RNA and its affinity there 

have been integrated some modifications in the primary sequence. These modifications 

include the incorporation of 3’ and 5’ caps and a 2’-OMe purine substitution. This aptamer 

was also PEGylated to achieve a higher molecular mass that difficult the aptamer clearance 

by the kidneys [39–41,61]. However, Macugen® has a drawback because it only targets 

VEGF-165. Consequently, other VEGF isoforms keep acting and angiogenesis is not 

completely inhibited.  

Another aptamer is Fovista® that selectively binds platelet-derived growth factor (PDGF). 

This aptamer of 29 nucleotides was also obtained from SELEX from a single-stranded DNA 

library and it targets the B chain of PDGF [40,41]. The clinical trials (NCT00569140 and 

NCT02214628) of this aptamer were performed using an anti-VEGF antibody named 

Lucentis® (ranibizumab) as a co-adjuvant, with good results in phases 1 and 2 [62,63]. 

However, results in phase 3 (NCT01940900) had not been as good as expected and the 

clinical trials had been terminated [64].  
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Finally, other aptamer that reached clinical trials phase 3 (NCT04435366) is Zimura® 

(avacincaptad pegol), an aptamer that inhibits C5 (an important molecule of the 

complement system). The complement system consists of a network of proteins that play an 

important role in the innate immune system. It means that the complement system is a non-

specific mechanism of defence. Under normal physiological conditions, the complement 

system is maintained at low-grade activation in the eye for maintaining retinal homeostasis 

[65]. When activated, this defence system will originate an inflammation process and 

favours opsonization and cell lysis. Although these features are important to destroy 

unfunctional RPE cells [65], activation of complement cascades contributes to chronic 

inflammation and the development of retinal disease [65]. The activation of the 

complement system may occur from 3 different pathways. However, all the pathways will 

lead to the activation of C5. C5 is one of the principal molecules responsible for the 

inflammation process. This inflammation process will lead to the accumulation of other 

inflammatory cytokines that when dysregulated contribute to retinal diseases. So, as the 

complement system plays an important role in inflammation C5 was chosen as a target in 

Fovista® development [66,67].  

Once again, this aptamer was obtained by SELEX using a library of nuclease resistant RNAs. 

This aptamer is a 38-mer sequence that was later modified with 2’-OMe substitutions, 3’-

3’-linked deoxythymidine to the 3’ end, and 40 kDa PEG to the 5’ [40]. As in the case of 

Fovista®, Zimura® has also been tested in combination with Lucentis® (ranibizumab). In 

the clinical trials of phases II and III (NCT03362190 and NCT04435366), the results have 

been positive so they will be continued [14]. 

Despite the satisfactory results of these three aptamers, other must be studied to target 

other molecules associated with retinal diseases. One of the most investigated aptamers is 

AS1411 an aptamer with a G4 structure that can interact with NCL. NCL is a ubiquitous 

nonhistone phosphoprotein with several roles in biological processes. Usually, it is more 

expressed in the cell’s nucleus where it is involved in the regulation of ribosome genesis and 

ribosomal RNA synthesis. This protein is also found in the cytoplasm since it acts as a 

shuttling protein between ribosomes and the nucleus. However, in proliferating cells, NCL 

is highly expressed on the cell surface playing an important role in the regulation of cell 

proliferation, growth and adhesion, and angiogenesis.  When expressed on the cell surface 

it acts as a co-receptor for growth factors such as pleiotrophin, midkine and endostatin [68]. 

It is known that NCL translocation to the cell surface is stimulated by VEGF [69]. NCL 

functions are represented in Figure 10. 
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Figure 10 - NCL related functions in different cellular compartments (adapted from [70]). 

An interesting investigation on retinal diseases with AS1411 have been made in 2015 by 

Leaderer et al.. They found that AS1411 attenuated the formation of angiogenesis tubes on 

Human Umbilical Vein Endothelial Cells (HUVEC). Using an in vivo AMD model, they 

found that this aptamer accumulates preferentially in damaged areas, where NCL is 

upregulated, attenuating inflammation and angiogenesis [18]. Similar results have been 

found in 2021 by Iturriaga-Goyon et al., but on a DR model [71]. N6L is another aptamer 

against NCL that was found to inhibit neovascularization in retinopathies mouse models 

[26]. However, it is a peptide aptamer, and it will not be discussed below. In 2019, Chandola 

et al. found that the CD44 receptor is overexpressed in episodes of oxidative stress on an 

RPE cell line. So, they developed an aptamer (CD44 aptamer) that was able to internalize 

RPE cells through the CD44 receptor. Although this aptamer had not a therapeutic effect by 

itself, it may be an effective carrier molecule for delivering therapeutic agents into RPE cells 

[17].  
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So, it is important to identify aptamers and new targets for retinal diseases treatment since 

nowadays despite all the present investigations there is only one aptamer approved for the 

treatment of AMD. 

 

1.3.2 Nanoparticles  

NPs are delivery systems that improve the efficacy of a therapeutic molecule by helping it to 

reach the target at higher concentrations. In the case of ocular diseases, NPs can overcome 

ocular barriers, improve drug residence time on the cornea surface, and increase the 

permeability and bioavailability of the drug by reducing its degradation [72]. These NPs also 

have some advantages in terms of the production method. These advantages include an easy 

synthesis method with a low production cost [73]. 

Usually, NPs are divided into two main groups: organic and inorganic NPs. Organic NPs 

include all the nanocarriers that are produced using proteins, lipids, carbohydrates, or other 

organic compounds. Inorganic NPs include mainly metallic NPs and quantum dots. Figure 

11 shows a schematic representation of the different types of NPs. 
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Figure 11- Schematic representation of different types of NPs (adapted from [72]). 

 

1.3.2.1 Liposomes 

The most used organic NPs are liposomes which are spherical-shaped NPs with an aqueous 

core composed of one or more phospholipid bilayers [72]. These NPs show several 

advantages since they can encapsulate both hydrophobic, hydrophilic, and amphiphilic 

molecules as can be seen in Figure 12. Another important advantage is that they mimic 

cellular membranes, so liposomes have low toxicity and are biodegradable. Finally, they can 
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be easily modified with molecules that help them to target a specific cell type. However, 

these NPs have also some drawbacks related to the fact that they are not easy to synthesize 

in a reproducible and cost-effective way. Another disadvantage of liposomes is the difficulty 

of dosing them precisely because it is not possible to control their formation process and 

they can even fuse between them [74-76]. 

 

Figure 12- General structure of a unilamellar liposome with different types of molecules encapsulated (adapted 

from [74]). 

The liposomes are characterized in terms of size, surface charge, encapsulation efficiency, 

and lamellarity.  

Several techniques can be used to determine the size and their advantages or disadvantages 

are described in Table 1. The common size of the liposomes is lower than 250 nm [75]. 

 

Table 1 – Techniques used to determine liposomes’ size [76]. 

Technique Description Advantages Disadvantages 

Electron 

microscopy 

methods 

It uses electron 

microscopy to 

measure 

individually 

liposomes with 

micron size. 

It allows 

visualizing 

liposomes. 

It may also be used 

to determine 

lamellarity and 

morphology. 

It is not 

appropriate to 

measure large 

liposomes. 

Time-consuming 

method. 
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Fluorescence 

microscopy 

It measures the 

fluorescence of 

labelled liposomes 

analysing it at the 

single-particle 

level.  

It allows 

measuring the size 

distribution of 

polydisperse 

solutions. 

High sensitivity. 

It requires a 

fluorescent probe. 

It requires the 

immobilization of 

the sample to a 

glass surface which 

may lead to sample 

damage. 

Time-consuming. 

Atomic force 

microscopy 

Based on the 

interaction of the 

sample and the tip 

of the cantilever. 

It allows measures 

of size distribution, 

stability, and 

aggregation. 

High resolution 

and quick method. 

The force applied 

may be destructive. 

It causes 

evaporation. 

Field flow 

fractionation 

It includes 

sedimentation, 

flow, electrical, and 

thermal field-flow 

fractionation. 

It uses the 

application of 

forces 

perpendicularly to 

the flow of the 

sample. 

It measures size 

distribution and 

relative molecular 

mass. 

Quick, highly 

sensitive, selective, 

and automated 

method. 

Complex and 

expensive method. 

The size range is 

limited. 

Dynamic light 

scattering (DLS) 

DLS measures the 

fluctuations of 

scattered light by 

the sample on 

time. 

Easy, precise, 

accurate, and fast 

method. 

Wide range 

measurements. 

It is not 

recommended for 

heterogeneous 

suspensions. 

Low resolution. 
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Requires only a 

small volume. 

Flow cytometry 

Each particle is 

measured in a 

continuous flow 

system based on 

the light-

scattering.  

Reveal the size and 

the inhomogeneity 

of the size. 

Quick, reliable, and 

reproducible 

method. 

It requires a 

fluorescent label. 

Noise signal may 

be a drawback. 

Centrifugal 

sedimentation 

It is a method 

based on the 

principles of the 

hydrodynamic 

theory, so it relates 

the velocity of the 

sedimentation with 

the particle 

diameter. 

High resolution 

and sensitivity. 

Powerful and 

versatile method. 

Limited range. 

Results may be 

affected by the 

speed and 

geometry of the 

centrifuge and by 

the density of the 

particles. 

Differential 

scanning 

calorimetry 

It is based on the 

measurement of 

the temperature 

dependence of the 

liposomes’ excess 

heat capacity due 

to their thermal 

phase transition. 

Sensitive to 

chemical and 

physical properties. 

Limited to lipids 

with a transition 

temperature within 

the limit of 

operation of the 

calorimeter. 

Time-consuming 

method. 

The zeta potential (surface charge of liposomes) is another parameter used to characterize 

the liposomes that can be neutral, negative, or positive. Usually, it is recommended that 

liposomes carry a charged group. Since similar charges will repel each other, this charged 

group will lead to repulsion between liposomes avoiding aggregation and promoting a stable 

formulation. The determination of the zeta potential of liposomes is mainly based on light-

scattering methods by applying an electric field that leads to particle movement. This 

movement is proportional to the charge of the particles and causes a shift in the light 
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frequency that is detected allowing calculation of the charge. Some of these techniques are 

laser doppler electrophoresis and capillary electrophoresis [74,76].   

Encapsulation efficiency (EE) allows to determine the quantity of drug carried by a 

liposome. Considering that the dose administered of a drug is a key factor for therapeutic  

efficiency, this parameter is vital to determine that dose [74]. To calculate the EE the drug 

is released by destabilizing lipid membranes using organic solvents, such as Triton X-100, 

acetonitrile, ethanol, or even methanol. After release, the free drug can be quantified by 

HPLC (high-performance liquid chromatography), dialysis, ultracentrifugation, enzymatic 

assays or gel electrophoresis [77,78]. EE is calculated as the ratio of the free drug found in 

the liposome and the total drug content used in the liposome preparation [74,76]. This 

parameter may be influenced by several factors, such as the methods of liposome 

production and drug encapsulation, and also the rigidity of the membrane that depends on 

the lipids used and their proportions [74]. 

Sometimes it can be useful to quantify an individual component of the liposome. 

Phospholipids are the lipids that are most frequently quantified, although cholesterol can 

also be measured [76]. To quantify phospholipids, a suitable method is to use a reagent that 

forms a spectrophotometer-measurable product when reacting with. One of these methods 

is the Bartlett assay, which is based on the oxidation of the inorganic phosphate present in 

the phospholipids [79]. Another method is the ascorbic acid assay, which consists on 

liposomes digestion with perchloric acid that leads to the production of orthophosphates. 

After several reactions, these orthophosphates will form a specie that can be measured using 

a spectrophotometer at 820 nm [80]. However, the most used method is the Stewart assay 

based on the reaction of phospholipids with ammonium ferrothiocyanate, forming a 

complex that can be quantified in a spectrophotometer at 488 nm [81]. This is a fast, 

inexpensive, and reproducible method. Finally, phospholipids may also be quantified by 

marking them fluorescently or using HPLC or gas chromatography. HPLC can also be used 

to quantify cholesterol [76]. 

The methods used to produce liposomes are grouped in conventional and novel. The main 

principle of conventional methods is to dissolve lipids in an organic solvent, then this 

solvent is removed and finally, liposomes are isolated and purified [74]. The first 

conventional method used is the thin film hydration method. Basically, the lipids are 

dissolved in chloroform or another organic solvent and dried to form a thin lipid film by 

organic solvent evaporation. Then this film is hydrated using an aqueous solvent that leads 

to liposome formation [74]. The second conventional method is reverse-phase evaporation 

[82] which uses the same procedure as the previous method, but the lipid film formed is re-
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dissolved in an organic solvent followed by the addition of the aqueous solution. Finally, the 

organic phase is removed by evaporation under reduced pressure [74]. The last 

conventional technique is the solvent injection method which consists of quickly injecting 

lipids dissolved in an organic solvent into an aqueous solution [83]. These methods are easy, 

low-cost, and fast. However, they showed low efficiency, and can form liposomes of several 

sizes, which requires the use of sonication or extrusion to homogenise the liposomes. 

Finally, several novel methods are modifications or improvements of the conventional 

methods. These methods are still under investigation with the objective of industrial 

production of liposomes [74].  

Also the methods available to encapsulate the drug are: passive and active loading [84]. 

When using passive methods, the drug is dissolved in the aqueous phase used to hydrate 

lipids. After liposome formation, it captures a volume of the aqueous phase with 

theoretically the same drug concentration that was calculated for the aqueous solution. This 

approach is easy to make but has several drawbacks. First, this method is not so effective 

with hydrophobic drugs since they are not soluble in the aqueous solution. These 

hydrophobic drugs may be trapped inside of the lipid bilayer when using this method; 

however, they used low concentrations. Hydrophilic drugs are more suitable since they are 

charged. When it doesn’t happen non-charged drugs can diffuse through the lipid bilayer 

leading to a low EE [74,84]. The active methods are based on the creation of a gradient of 

pH or ions that will drive the drug into the liposomes. First, the liposomes are formed, and 

the drug is carried to their interior by the electrochemical gradient. This gradient can be 

achieved using ethylenediaminetetraacetic acid (EDTA), phosphate, calcium acetate, or 

ammonium sulphate. When using these methods, high EE may be obtained without wasting 

a big amount of drug. However, this is a more difficult and time-consuming procedure that 

is only used with drugs containing a weakly basic or acid group [74,84].   

Finally, it is important to characterize liposomes in terms of lamellarity. This property is 

related to the morphology of the liposomes, and it is based on their layers. Usually, 

liposomes can be divided into 4 groups: small unilamellar vesicles (SUVs), large unilamellar 

vesicles (LUVs), multilamellar large vesicles (MLVs) and giant unilamellar vesicles (GUVs). 

A representation of the different liposomes categories and their typical sizes is shown in 

Figure 13. Some authors also consider multivesicular vesicles (MVVs) that are vesicles that 

encapsulate other vesicles [76,85]. These characteristics can influence the size and the EE 

of the liposomes. 
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Figure 13 – Representation of liposome's lamellarity classification – small unilamellar vesicles (SUVs), large 

unilamellar vesicles (LUVs), multilamellar large vesicles (MLVs) and giant unilamellar vesicles (GUVs) – and 

their typical sizes (taken from [85]). 

 

1.3.2.2 Liposomes in retinal diseases 

Liposomes may be an important delivery system in retinal diseases. However, most of the 

formulations involving these NPs are still under investigation. In 2018, Karumanchi et al. 

tested different liposome formulations, using cholesterol, 1,2-dipalmitoyl-sn-gly-cero-3-

phospho-(1′-rac-glycerol) (DPPG), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), for the delivery of an 

antibody anti-VEGF (bevacizumab). They showed that the release time of the drug at the 

vitreous humour was much higher when liposomes are used. They also conclude that the 

proportions of cholesterol and phospholipids can influence both sizes of liposomes and EE 

[86]. Also in 2018, Altamirano-Vallejo et al. developed liposomes, using PEG-12 glyceryl 

dimyristate, loaded with triamcinolone acetonide, a corticosteroid used in some 

vitreoretinal diseases, for vitreoretinal delivery. In this investigation, different types of 

liposomes were tested and some of these formulations could reach the retina efficiently. The 

major innovation of this work is that it was one of the first topical formulations for drug 

delivery in the posterior segment of the eye instead of intravitreal injections [87]. In 2020, 

Khalil et al. developed chitosan-coated liposomes, using soya lecithin and cholesterol, also 

containing triamcinolone acetonide for delivery in the posterior segment. This investigation 

showed that the liposomes increased the bioavailability of the drug by increasing the 

permeability, stability, and retention time of the drug on the vitreous humour. These 

liposomes can be used in diseases such as AMD or DR. However, all of these investigations 

lack a component that explores the influence of these liposomes on angiogenesis [88]. In 

2019, Lai et al. tried to develop liposomes, using lecithin and cholesterol, for drug delivery 

in the posterior chamber of the eye trying to find a way to treat AMD. This study evaluated 

two drugs that are not usually used in ocular diseases – chrysophanol with an anti-

angiogenic effect and the anti-inflammatory berberine hydrochloride. In addition, the 
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investigators also evaluated the influence of coating liposomes with a third-generation 

formulation of polyamidoamine dendrimer to improve EE and the bioavailability of the 

drug [89]. All these studies showed that liposomes and their functionalization with 

polyethylene glycol (PEG) or chitosan increase drug bioavailability. However, more studies 

must be performed to explore the effect of these loaded NPs on neovascular eye diseases 

and their potential to inhibit angiogenesis. 

Despite all these recent studies, only one liposome formulation has been approved for 

ocular treatment. This formulation is Visudyne® (NDA 21-119) and consists of a liposomal 

formulation composed of unsaturated egg phosphatidylglycerol and dimyristoyl 

phosphatidyl choline in a 3:5 molar ratio [90]. This liposome contains verteporfin and was 

approved by the FDA in 2000 for intravenous administration in the treatment of choroidal 

neovascularization due to AMD [72].  

 

1.3.2.3 Gold nanoparticles 

The most used inorganic NPs are gold nanoparticles (AuNPs) since they present chemical 

stability, biocompatibility, and easy surface functionalization [72,91]. The principal 

applications of AuNPs include hyperthermia and photothermal therapy, imaging, tumour 

targeting, and delivery nanosystems [92,93]. Some of these applications are used in a 

synergic way to achieve better results. Hyperthermia and photothermal therapy are 

applications that take advantage of the optical properties of AuNPs. Indeed, AuNPs have 

electrons that become excited when irradiated with a near-infrared light beam. When 

electrons turn back into their fundamental status, they release energy and increase the 

surrounding temperature [94]. This property may be used for several ways such as heating 

a cluster of tumour cells or releasing a drug resulting from this heating process. This ability 

is enhanced in cancer cells since the increased permeability and retention effect resultant 

from the tumour environment, favours the accumulation of AuNPs in solid tumour tissues 

[95,96]. This potential treatment is even increased when AuNPs are used as a delivery 

nanosystem. It is relatively easy to functionalize their surface with some drugs, nucleic 

acids, or proteins. These surface modifications can be used to carry a molecule with a 

therapeutic effect, to target a specific site, or even to help AuNPs to evade the immune 

system (usually using polymers such as PEG) [92,97]. Finally, all these applications may be 

followed by an imaging technique, such as magnetic resonance imaging or photothermal 

imaging that are allowed by AuNPs [98–100]. 

The characterization of AuNPs is important to control variations in size, morphology, shape, 

colloidal stability, and surface coating determination [92,93]. Also, DLS based on the 
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fluctuations of the scattered light, is a non-destructive technique and appropriate to 

determine the size distribution of AuNPs and their aggregation state [101]. Regarding the 

morphology of AuNPs, they can be divided into several categories that include gold 

nanospheres, gold nanorods, gold nanocages, and gold nanoshells [93].  These shapes 

depend on the synthesis method. Transmission Electron Microscopy (TEM) is the most 

widely used technique for studying the morphology of NPs since it furnishes high-resolution 

images that allow to analyse the shape and size of the NPs [102]. Finally, UV-vis 

spectroscopy is useful to assess the aggregation of the AuNPs and their concentration 

[103,104]. This technique also allows the study of some optical properties of the AuNPs 

[102]. Finally, it is important to determine the surface coating using direct or indirect 

methods [92]. In indirect techniques, the free drug is quantified and the surface coating is 

calculated as the difference between the total quantity of drug and the quantity of the 

measured free drug. The concentration of the free drug can be quantified by UV-vis and 

fluorescence spectroscopies, using fluorescamine-based and ninhydrin-based assays [105]. 

The indirect methods consist of separating the free drug from the AuNPs using, for example, 

centrifugation. 

 

1.3.2.4 Gold nanoparticles in retinal diseases 

Since AuNPs can be used as a drug delivery system to treat retinal diseases, it was necessary 

to ensure that these NPs do not damage the eye structure. Another important factor that 

should be investigated is the capacity of AuNPs to cross the BRB. In 2008, Bakri et al. 

concluded that AuNPs did not cause considerable histological modifications in a rabbit 

model [106].  In 2009 Kim et al. showed that AuNPs administered intravenously could pass 

the BRB (depending on the AuNPs sizes) and reach the retina of CL5BL/6 mice. They also 

concluded that these AuNPs are distributed on different retina cell types without causing a 

decrease in their cellular viability. Finally, they found that AuNPs did not cause considerable 

changes in the expression of biological molecules [107]. Dong et al. produced AuNPs coated 

with resveratrol (a natural antioxidant) that were tested in diabetic rats for DR treatment. 

The results showed that these systems reduce angiogenesis and inflammation processes. 

These AuNPs also decreased the permeability of BRB [108]. Finally, Laradji et al. used an 

AuNPs formulation based on hyaluronic acid for topical administration in a mice model. 

These AuNPs were able to reach the retina and remain in it without causing adverse effects. 

These AuNPs may be an alternative to the actual drug delivery systems to the posterior 

segment of the eye since they display properties such as non-toxicity, biodistribution, and 

active targeting through hyaluronic acid-CD44 affinity [109]. 
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However, it is necessary to find new targets using these nanosystems for retinal treatment. 

Since NCL has found to be overexpressed in some retinal diseases it may be used as a 

molecular target. As previously referred, some studies showed that AS1411 target this 

protein. Hence, this work will explore the ability of AT11-L0 to target NCL. AT11-L0 is a 

derivative of AT11, an aptamer of AS1411. It will also be explored the conjugation of AT11-

L0 with a drug in AuNPs and liposomes.  

The next chapter will describe materials and methods. After that, the obtained results will 

be shown and discussed. Finally, major conclusions will be indicated along with future 

perspectives. For a better understanding of the research work, a graphical abstract is 

presented in Figure 14. 

 

Figure 14 - Graphical abstract of the experimental work of this dissertation. 
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2. Aims of work 

The main goal of this work is to develop NPs based on G4 aptamer, conjugated with 

dexamethasone and an acridine orange ligand, termed C8, as new intravitreal nanosystems 

for the targeting of NCL in retinal diseases, promoting the neoangiogenesis inhibition.  

To achieve this main goal, the following objectives were defined: 

1. To characterize AT11-L0 as G4 aptamer for the targeting of NCL; 

2. To evaluate AT11-L0 interaction with NCL, dexamethasone, and C8; 

3. To develop NPs (AuNPs and liposomes) by conjugation with AT11-L0 and 

dexamethasone and C8; 

4. To structurally characterize the NPs; 

5. To evaluate in vitro cell viability and angiogenesis inhibition of the formulated 

NPs in a HUVEC model. 
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3. Materials and Methods 

In the following section there will be described all the reagents, equipment and techniques 

performed during this experimental work. This chapter will allow the reader to understand 

all the protocols used to achieve the results described later. 

 

3.1 Materials and Reagents 

The solutions used in this work have been prepared with ultrapure-grade water obtained 

from a Mili-Q system from Millipore (Burlington, MA, USA).  

AT11-L0 (5′-TGGTGGTGGTTGTTGGGTGGTGGTGGT-3′) and ds26 (5'-

CAATCGGATCGAATTCGATCCGATTG-3') were purchased from Eurogentec (Belgium) 

with HPLC-grade purification and a purity of 98%. Also, 5’-Cy5-

TGGTGGTGGTTGTTGGGTGGTGGTGGT-3′, 5’-Thiol-

TGGTGGTGGTTGTTGGGTGGTGGTGGT-3′, 5’-NH2-

TGGTGGTGGTTGTTGGGTGGTGGTGGT-3′ and 5’-FAM-

TGGTGGTGGTTGTTGGGTGGTGGTGGT-TAMRA-3’ were obtained from the same 

company with the same purity. Stock solutions were prepared using Milli-Q water and 

stored at -20 ºC until use.  

The concentration of the oligonucleotide samples has been determined by measuring the 

absorbance at 260 nm with a UV–Vis spectrophotometer (Thermo Scientific™ Evolution 

220) using the molar extinction coefficient (ε) provided by the manufacturer.  

Ligands PhenDC3 (3,3′-[1,10-phenanthroline-2,9-diylbis(carbonylimino)]bis[1-

methylquinolinium] 1,1,1-trifluoromethanesulfonate; CAS: 929895-45-4; purity≥97), 

TMPyP4 (tetra-(N-methyl-4-pyridyl)porphyrin; CAS: 36951-72-1; purity≥90%), BRACO-19 

(N,N′-(9-(4-(dimethylamino)phenylamino)acridine-3,6-diyl)bis(3-(pyrrolidin-1-

yl)propanamide); CAS: 1177798-88-7; purity≥96%) and PDS 4-(2-Aminoethoxy)-N2,N6-

bis[4-(2-aminoethoxy)-2-quinolinyl]-2,6-pyridinedicarboxamide; CAS: 1085412–37–8; 

purity≥98%) were acquired from Sigma Aldrich (St. Louis, MO, USA) and stocked on a 10 

mM DMSO (Thermo Fisher Scientific, Waltham, MA, USA, CAS: 67-68-5, purity≥99,5%) 

solution. Synthesis and purification of the ligand C8 (10-(8-(4-iodobenzamide)octyl))−3,6-

bis(dimethylamine) acridinium iodide was performed as previously described [110]. 

D2O (CAS: 7789-20-0, purity≥99.9%) was acquired from Eurisotop (France). Sucrose (CAS: 

57-50-1, purity≥95%) was acquired from Fisher Scientific (Waltham, MA, USA). 
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Dexamethasone was acquired from Tokyo chemical industry (Japan, CAS: 50-02-2; 

purity≥99%) and a 10 mM DMSO stock solution was prepared (Thermo Fisher Scientific, 

Waltham, MA, USA, CAS: 67-68-5, purity≥99,5%). 

Recombinant NCL RBD1,2 used in all experiments was synthesized and purified as reported 

previously [97,98].  

Before each experiment, the oligonucleotide was annealed in 20 mM potassium phosphate 

buffer KPi containing 65 mM KCl (Labkem, Spain, CAS: 7447-40-7, purity≥99%) (annealing 

buffer) by heating 10 min at 95 ºC followed by an ice cooldown of 10 min. KPi (pH 6.9) was 

prepared using 1.945 g of KH2PO4 (Chemlab, Belgium, CAS: 7778-77-0, purity≥98%) and 

0.990 g of K2HPO4 (Honeywell, USA, CAS: 7758-11-4, purity≥99%) until perform 1 L. 

The lipids cholesterol (CAS: 57-88-5), 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (sodium salt) (PG) (CAS: 200880-42-8) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000, NHS ester] (sodium salt) 

(DSPE-PEG) (CAS: 2410279-87-5) were acquired from Avanti Polar Lipids (Birmingham, 

AL, USA). 

Chloroform (CAS: 67-66-3) was acquired from Fisher Scientific (Waltham, MA, USA). 

Ferric chloride hexahydrate (CAS: 10025-77-1) and ammonium thiocyanate (1762-95-4) 

were acquired from Acros Organics (Geel, Belgium). Centricons (MWCO=2000 Da) were 

acquired from Millipore (Burlington, MA, USA). 

AuNPs with 5 nm diameter stabilized in a citrate buffer solution and tris-(2-carboxyethyl)-

phosphine hydrochloride (TCEP) were acquired from Sigma Aldrich (St. Louis, MO, USA). 

D-tube Dialyzer Maxi (MWCO 3.5 kDa) was acquired from Millipore (Burlington, MA, 

USA). 

Normal Primary Human Umbilical Vein Endothelial Cells (HUVEC) (PCS-100-010), 

Vascular Basal Cell Medium (PCS-100-030), and Endothelial Cell Growth Kit-VEGF (PCS-

100-041) were acquired from ATCC (USA). 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 

tetrazolium bromide (MTT) was acquired from Thermo Fisher Scientific (Waltham, MA, 

USA, CAS: 298-93-1). 

Angiogenesis Assay Kit (In vitro) (ab204726) was acquired from Abcam (Cambridge, UK). 
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3.2 Methods 

3.2.1 Characterization of G4 structure from AT11-L0 

3.2.1.1 NMR titration 

The formation of the G4 in AT11-L0 was first proved by NMR spectroscopy. For that, a 

titration was performed with increasing concentrations of KCl starting at 0 mM to 65 mM. 

The intermediate concentrations used were 1, 5, 10, 20, 30 and 50 mM. These experiments 

were performed on an NMR 5 mm tube containing 600 μL of a 100 μM AT11-L0 solution 

containing 10% D2O/ 90% H2O. After the addition of each increasing amount of KCl and 

before the acquisition of each spectrum was done an annealing that consists of 10 min 

heating at 95 ºC followed by 10 min on ice. 1H NMR spectra were recorded on a Bruker 

Avance III 600 MHz spectrometer equipped with a QCI CryoProbe at 25 ºC using 256 scans. 

The NMR zgesgp pulse sequence was used to suppress the water signal.   

 

3.2.1.2 CD titration 

CD experiments were performed on a Jasco J-815 CD spectropolarimeter equipped with a 

Peltier-type temperature controller (model CDF-426S/15). Readings were achieved in a 1 

mm path-length quartz cuvettes at 20ºC. Spectral width was set to 220–340 nm, with a scan 

speed of 200 nm/min, 1 nm bandwidth, and 1s integration time over 3 averaged 

accumulations. Before the CD spectra measurement, At11-L0 was annealed as described 

before. During KCl titrations, the required volume of solution from a 1 M stock was added 

directly to the quartz cell until reach the desired concentration. The concentrations of KCl 

used were the same that have been used on NMR titrations. 

CD-melting 

The most promising ligands were tested on CD-melting in order to determine the melting 

temperature of the G4 structure with and without ligand/drug. The parameters defined for 

the Jasco J-815 CD spectropolarimeter were the same as described above. AT11-L0 was 

annealed as previously described and the tested ligands have been added directly to the 

quartz cell to perform 0, 0.5, 1, and 2 molar equivalents from the 10 mM stock. The 

denaturation process was examined by monitoring the wavelength of maximum ellipticity 

(260 nm) through temperatures ranging from 20 to 100°C with a heating rate of 2°C/min. 

Data were converted into fraction folded (f) plots according to Eq. (1) and fitted to a 

Boltzmann distribution using OriginPro2021: 
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𝑓 =
𝐶𝐷−𝐶𝐷λ

𝑚𝑖𝑛

𝐶𝐷λ
𝑚𝑎𝑥 − 𝐶𝐷λ

𝑚𝑖𝑛  Eq. (1) 

The melting temperatures (Tm) were determined from a two-state transition model where 

CD is the ellipticity at each temperature and CDmin and CDmax are the lowest and highest 

ellipticities, respectively. Data has been normalized and fitted to Boltzmann distribution 

using OriginPro2021. The melting temperatures have been calculated based on the 

corresponding temperature value to half of the total reached ellipticity. 

 

3.2.1.3 Thermal difference spectra  

UV-thermal difference spectra (TDS) were obtained for AT11-L0 dissolved in 65 mM of KCl 

and 20 mM KPi on a UV–Vis spectrophotometer (Thermo Scientific™ Evolution 220). TDS 

was carried out recording the absorbance spectrum from 220 to 320 nm at 95 ºC and 20 

ºC. These temperatures correspond to the unfolded and folded states, respectively. TDS is 

the arithmetic difference between the absorbance at these two conditions. Data were 

normalized using OriginPro2021 and the parameters ΔA240nm/ΔA295nm, 

ΔA255nm/ΔA295nm, and ΔA275nm/ΔA295nm ratios were calculated to find out more 

information about the G4 structure [53]. 

 

3.2.1.4 FRET-melting  

The ligands used in this assay were: Braco-19, PDS, PhenDC3, TMPYP4, C8, and 

dexamethasone, an anti-inflammatory drug used in the treatment of retinal diseases. All 

these compounds were dissolved in DMSO at 10 mM concentration. FRET-melting 

experiments were performed in a 96-well plate, in duplicate, using a CFX Connect™ Real-

Time PCR detection system (Bio-Rad, USA), equipped with a FAM filter (λex = 492 nm; λem 

= 516 nm). To each well it was added 20 μL of a solution containing 0.2 μM of AT11-L0 

modified with FAM/TAMRA previously annealed on the annealing buffer. Then 5 μL of 

ligand was added at concentrations corresponding to 1, 2, 3 and 5 molar equivalents 

relatively to the aptamer concentration. The samples were warmed from 25ºC until 100ºC 

and the fluorescence was recorded during acquisition. Fluorescence output data were 

normalized and fitted to Boltzmann distribution using OriginPro2021. The melting 

temperatures were calculated based on the corresponding temperature value to half of the 

total reached fluorescence.  

To check ligand specificity to AT11-L0 G4, 15 μL of a solution containing 0.2 μM of AT11-L0 

modified with FAM/TAMRA previously annealed on the annealing buffer was added to each 
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well. Then 5 μL of a duplex competitor (ds26) was added at concentrations corresponding 

to 15 and 50 molar equivalents. Finally, 5 μL of ligand was added at a concentration 

corresponding to 3 molar equivalents. The samples were analysed and the data was treated 

as previously described. This assay was used to find information about the specificity of the 

ligand to the G4. 

 

3.2.1.5 Fluorescence titrations 

The most promising ligands (C8, dexamethasone, and PhenDC3) were also tested using 

fluorescence titrations that have been conducted on a Horiba FluoroMax 4 fluorometer 

(Japan) equipped with a Peltier-type temperature control system, at 20 ºC. Samples were 

scanned using a high-precision quartz suprasil cuvette (light path 10 mm × 4 mm) with an 

optimal volume of 700 μL. Before performing the titrations 5’-Cy5-AT11-L0 has been 

annealed as described before on the work buffer. Solution of AT11-L0 has been prepared at 

a concentration of 1 μM. The excitation wavelength has been 647 nm, matching the 

maximum absorbance of Cy5 fluorophore. The fluorescence spectra have been acquired 

between 660–800 nm with an integration time of 0.5 s, an emission slit fixed at 1 nm, an 

excitation slit fixed at 2 nm and a step size of 1 nm, averaged over 3 scans. To assess the 

AT11-L0/ligand affinity, fluorescence titrations have been conducted, measuring the change 

in fluorescence after adding increasing concentrations of ligands (from 0 to 5 μM). After 

each addition, the solution has been left for 10 min for equilibration and then the spectrum 

has been acquired. The obtained data were converted into a fraction of bound ligand (α) 

plots using the following equation (Eq. 2): 

𝛼 =  
𝐼− 𝐼𝜆

𝑓𝑟𝑒𝑒

𝐼𝜆
𝑏𝑜𝑢𝑛𝑑−𝐼𝜆

𝑓𝑟𝑒𝑒  Eq. (2) 

where I is the fluorescence intensity at 667 nm at each AT11-L0/ligand ratio, and Ifree and 

Ibound are the fluorescence intensity of the free and fully bound AT11-L0, respectively. Data 

points were then fitted according to the most suitable model (Two site bind, Michaelis 

Menten or Hill model) using Origin Pro 2021.  

After that, we proceed using the same procedure to determine the affinity of AT11-L0 and 

AT11-L0/ligand complexes to NCL and VEGF. In the case of the AT11-L0 its concentration 

has been set as described before (1 μM) and increasing concentrations of the protein were 

added (from 0 to 800 nM). The spectra were acquired 10 min after each protein addition. 

In the case of the complex the concentration of the aptamer was also set to 1 μM.  Then 1 

equivalent of ligand were added to form AT11-L0/ligand complex. After 10 min of 
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equilibration, increasing concentrations of protein was added (from 0 to 800 nM). The 

spectra were recorded 10 min after each protein addition. 

 

3.2.1.6 Native PAGE 

Native PAGE was used to evaluate complex formation between G4 and ligands and to check 

AT11-L0 aptamer conformations. It was also used to verify if the complexes formed are 

depending on the buffer used.  

Acrylamide gel was prepared with an acrylamide final concentration of 15 % and placed on 

an electrophoresis chamber containing a gel holder and filled with Tris/Borate/EDTA buffer 

(TBE). Before loading the samples, it has been performed a running of 20 min to clean gel 

wells. The samples containing 19 % of sucrose were then injected into the gel wells’ and the 

electrophoresis ran for 1 h at 120 V. 

The first experiment was made using two different concentrations of aptamer (2 μM and 4 

μM) to see in which concentration of aptamer the bands could be better visualized. In this 

experiment, there have been also used two different ratios (1:1 and 1:15 AT11-L0/ligand). 

The ligands used were C8 and dexamethasone to visualize if they could or not form a 

complex with the aptamer. Before mixing the aptamer with the ligands, the aptamer was 

annealed as previously described. Then, the influence of the C8 concentration was evaluated 

using different ratios (1:1, 1:2; 1:5, 1:10, 1:15, 2:1) of AT11-L0/C8 on water and on buffer.  

 

3.2.2  Synthesis and characterization of nanoparticles 

3.2.2.1 Synthesis of AuNPs functionalized with AT11-L0 and ligands 

AuNPs were acquired from Sigma-Aldrich and then functionalized as described in Malik et 

al. [113] based on the original protocol of Mirkin et al. [114]. 

Thiolated aptamer AT11-L0 was first reduced by incubating with a filtrated solution of 10 

mM TCEP for 6 h at room temperature on a hula mixer. The reduced aptamer was then 

incubated with 5 nm colloidal AuNPs in a ratio of 200 aptamer chains to each AuNP. The 

mixture was incubated in the hula mixer overnight. After this step, it has been made a 

“salting in” process with the addition of 20 mM of KPi to reach a final concentration of 10 

mM. 4 h later it was added a 3 M NaCl solution to reach a final concentration of 100 mM. 

To finish, after four hours, a 3 M NaCl solution was added again to reach a final 

concentration of 300 mM. Both KPi and NaCl solutions were filtrated before being added 
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to the AuNP-aptamer mixture. The mixture was left on the hula mixer between each salt 

addition. After the last salt addition, the mixture was left rotating overnight. 

AuNP solution was lyophilized on a ScanVac Coolsafe freeze dryer (Labogene, Denmark) 

and resuspended on 2-3 mL of milli-Q water. The sample was then inserted in a D-tube 

Dialyzer Maxi (MWCO 3.5 kDa). To remove the salts of the solution of aptamer 

functionalized NPs the D-tube was inserted into Milli-Q water to perform dialysis for 48 

hours. Milli-Q water was changed two times a day. Finally, the sample was recovered, 

lyophilized again, and resuspended on 50 μL of working buffer to determine the 

concentration of the aptamer in the solution by UV–Vis spectrophotometry.  

Functionalized NPs were mixed with C8 and dexamethasone. C8 was mixed with the AuNP’s 

solution in a molar ratio of 1 M of C8 for 15 M of DNA. Dexamethasone was mixed with the 

AuNP’s solution in a molar ratio of 4 M of dexamethasone for 15 M of DNA. AuNPs were 

stocked at 4 ºC until further use. 

 

3.2.2.2 Synthesis of liposomes functionalized with AT11-L0 and 

ligands 

Liposomes were made using the thin film hydration method using three different lipids: 

Cholesterol, PG, and DSPE-PEG. To start the liposomes’ synthesis, lipid solutions were 

dissolved on chloroform and mixed in a molar ratio of 2:1:0.16 – PG:Cholesterol:DSPE-PEG 

[115] on a 2 mL previously weighted eppendorf that was left opened overnight to evaporate 

the chloroform. When the chloroform was fully evaporated a lipid thin film were observed 

on the bottom of the eppendorf, which was weighted again to calculate the lipid mass. Then 

lipids were resuspended on a PBS solution containing C8 or dexamethasone. The volume of 

solution added was calculated as function of the mass of lipids thin film to achieve a final 

lipid concentration of 1 mg/mL. C8 was added to PBS to perform a mass ratio of 0.025 mg 

for each g of lipids and 0.1 mg of dexamethasone for each g of lipids. To homogenize the size 

and the lamellarity of the formed liposomes we performed 5 cycles of “freeze and thaw”. 

The mix was then extruded using an Avanti mini-Extruder (Avanti Polar Lipids, 

Birmingham, AL, USA) containing a polycarbonate membrane. Then, samples were washed 

with water on a centricon centrifugal filter unit (MWCO=2000 Da) four times at 200 RCF 

for 40 min. Finally, samples were incubated with the aptamer with an amino modification 

in a DNA:liposome mass ratio of 1:10 to functionalize the liposomes with the aptamer. After 

that, samples were washed again as previously described and stocked at 4 ºC until use. 
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3.2.2.3 Structural characterization of NPs 

AuNP’s were characterized using two different techniques. The first one was DLS to give us 

information about the size and the polydispersity of the sample. For this technique after 

determining the concentration of the aptamer in the solution by UV–Vis 

spectrophotometry, it was made a dilution of the sample to obtain a 1 mL solution with a 

concentration of 10 μM. This solution was then measured on a disposable 1-cm beam plastic 

cell using Zetasizer Nano ZS equipment (Malvern Instruments, UK) and the Malvern 

Zetasizer software v6.34. Briefly, the average size and the polydispersity dispersion index 

(PDI) were obtained by analysing 1 mL of sample 3 times at 25 ºC. The second technique 

was TEM which gives information about the size and morphology of AuNP’s. To perform 

this technique, 20 μL of sample at 10 μM was put on a circular coverslip at room 

temperature and let dry overnight in a place protected from direct sunlight. The coverslips 

containing the dried samples were fixed in a metallic sample holder with two-sided tape. 

The sample holder was inserted into the anode stage of an Emitech K550 (London, UK) 

sputter coater. The coater was vacuum closed, and the samples were carbon coated for 1.5 

min. Samples were observed using a Hitachi S-2700 (Tokyo, Japan) scanning electron 

microscope, with an accelerating voltage of 20 kV using various magnifications until reach 

a clear image of AuNPs. 

Liposomes were also characterized by DLS to give information about the size and the 

polydispersity of the sample. 1 mL of the liposome’s solution at the concentration obtained 

by the synthesis process was directly inserted into a disposable 1-cm beam plastic cell using 

a Zetasizer Nano ZS equipment (Malvern Instruments, UK) and the Malvern Zetasizer 

software v6.34. Each sample was measured 3 times at 25 ºC.  

SEM was also used to confirm size and morphology of liposomes. To perform this technique, 

20 μL of the sample at the concentration obtained in the synthesis process was put on a 

circular coverslip at room temperature and let dry overnight in a place protected from direct 

sunlight. The coverslips containing the dried samples were fixed in a metallic sample holder 

with two-sided tape. The sample holder was inserted into the anode stage of an Emitech 

K550 (London, UK) sputter coater. The coater was vacuum closed, and the samples were 

gold coated for 1.5 min. Samples were observed using a Hitachi S-2700 (Tokyo, Japan) 

scanning electron microscope, with an accelerating voltage of 20 kV using various 

magnifications until reach a good image of liposomes. 

To quantify the number of liposomes formed and their size it was employed the 

Nanoparticle Tracking Analysis (NTA) technique which uses the properties of both light 

scattering and Brownian motion to obtain the NPs size distribution of samples in liquid 
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suspension. 300 μL of sample was loaded into a sample chamber of Malvern NanoSight 

NS300 (Malvern Instruments, UK) after diluting it 100 times from the concentration 

obtained by the synthesis process. The acquisition was run at 25 frames per second until 

performing 749 frames using NTA 3.2 Dev Build 3.2.16 at 22.6 ºC. 

For assuring that the aptamer was bound to liposomes, NMR spectra of liposomes 

conjugated with the aptamer and loaded with C8 was acquired. It was also acquired a 

spectrum of liposomes without the aptamer. Spectrum of both samples were compared to 

find out if the aptamer was bound to liposomes. For acquiring spectra, liposomes were 

mixed with 10% D2O/90% H2O to perform 180 μL on a 3 mm NMR tube. Standard 1H NMR 

spectra were recorded on a Bruker Avance III 600 MHz spectrometer equipped with a QCI 

CryoProbe at 25 ºC. The NMR zgesgp pulse sequence was used to suppress the water signal.  

The association of C8 and dexamethasone on liposomes was evaluated using UV–Vis 

spectrophotometry. For that, it was made a calibration curve using the compounds at the 

concentrations of 15, 20 ,25, and 30 μM for C8 and of 25, 50, 75 and 100 μM for 

dexamethasone. Absorbances were recorded on a 1×1 cm suprasil quartz cell using 1 mL of 

the solutions at the concentrations reported. Measurements were performed using a UV–

Vis spectrophotometer (Thermo Scientific™ Evolution 220). C8 and dexamethasone have a 

maximum at 496 nm and 242 nm, respectively. After the determination of the calibration 

curves, 1 mL of liposome solutions were measured at the reported wavelengths to calculate 

the concentration of the compounds in the samples.  

This technique was also used to evaluate the presence of aptamer (260 nm) and cholesterol 

(206 nm). For that the UV spectra of 1 mL of liposome sample was measured between 200 

and 400 nm to see if bands at 206 and 260 nm were present. This experiment was also 

performed on a UV–Vis spectrophotometer (Thermo Scientific™ Evolution 220) using a 

1×1 cm suprasil quartz cell. 

Finally, it was made the quantification of DSPE-PEG using the Stewart method [81]. It was 

chosen this lipid since this technique is adequate for phospholipids. For that, we prepared 

a solution of ammonium ferrothiocyanate by dissolving 27.03 g of ferric chloride 

hexahydrate and 30.4 g of ammonium thiocyanate in milli-Q water until perform 1 L. Then 

a calibration line was made using different concentrations of DSPE-PEG. The first step was 

to prepare a 0.1 mg/mL DSPE-PEG solution on chloroform. Then we made solutions mixing 

100, 200, 400, 600, and 800 μL of this stock solution with 2.0 mL of ammonium 

ferrothiocyanate and chloroform until perform 4 mL. This solution was then vortexed and 

after 15-20 min the lower phase was measured using UV–Vis spectrophotometry at 502 nm. 

Absorbances were plotted vs the lipid mass. 20 μL of the liposome samples were diluted 



40 

 

(100×) on phosphate buffer. 200 μL of this dilution was mixed with 1.8 mL of chloroform 

and 2 mL of ammonium ferrothiocyanate. After that, absorbance was measured at 502 nm 

and the mass of lipid was calculated using an calibration curve. 

 

3.2.3 In vitro assays 

3.2.3.1 Cell line  

In vitro studies were performed with HUVEC (PCS-100-010) acquired from ATCC (USA). 

They are adherent cells that may proliferate in a Vascular Basal Cell Medium (ATCC, PCS-

100-030, USA) where it can be added or not VEGF. The addition of VEGF allows a faster 

proliferation rate that simulates what occurs in retinal diseases. This cell line presents a 

high mitotic index. Cells have a cobblestone appearance with large dark nuclei. However, 

during proliferation cells are small and evenly sized. HUVEC cell line was chosen because it 

is the typical model used for evaluating the anti-angiogenic effects of any substance. This 

evaluation can be performed since HUVEC after the addition of an adequate extracellular 

matrix form tubes that simulate what happens in angiogenesis processes [58,103].  

 

3.2.3.2 MTT assay 

MTT assay was used to evaluate the cellular viability when exposed to the tested NPs. For 

these assays, HUVEC were harvested when reaching 80-90% confluency and seeded on 96-

wells using 100 μL of Vascular Basal Cell Medium supplemented with an Endothelial Cell 

Growth Kit-VEGF from ATCC at a density of 5 × 103 cells per well. After 24 h the medium 

was removed, and it was added new medium containing the formulations of NPs that we 

wanted to evaluate at distinct concentration (0.01, 0.05, 0.1, and 0.25 μM of C8 loaded 

liposomes, and 10 μM of dexamethasone loaded liposomes). After 72 h, the medium was 

removed and 100 μL of a 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide 

(MTT) solution was added at a concentration of 1 mg/mL. After 4 h, MTT was removed and 

the insoluble formazan crystals were completely dissolved on DMSO. Finally, absorbance 

was read on a plate reader (Bio-rad xMark spectrophotometer from Bio-rad, USA) at 570 

nm. 

 

3.2.3.3 Angiogenesis assay 

The anti-angiogenic properties of the tested compounds/formulations were tested using an 

Angiogenesis Assay Kit (In vitro) acquired from Abcam, according to the manufacturer’s 
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guidelines. Briefly, HUVEC were harvested when reaching 80-90% confluency and seeded 

on 96-wells using 50 μL of extracellular matrix provided with the kit at a density of 5 × 103 

cells per well. Negative controls were seeded without this matrix. The 

compounds/formulations were added at the desired concentrations (10 μM of 

dexamethasone and dexamethasone loaded liposomes, and 0.05 μM of C8 and C8 loaded 

liposomes), and suramin was added to another negative control. Cells were incubated with 

the compounds/formulations for 18 h. Then they were incubated with the staining dye 

provided at the kit, for 30 min, after being carefully washed and finally observed on a 

microscope using light and fluorescence. Results were analyzed using ImageJ software.  

 

3.2.3.4 Statistical analysis  

Data from assays comprising more than one sample were presented as mean  standard 

error (SE) of at least three independent experiments. Statistical significance of the studies 

was evaluated by using one-way ANOVA and p-values ≤ 0.05 were considered as significant. 

All data were analyzed using GraphPad Prism version 8.0, GraphPad Software, La Jolla 

California USA.  
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4. Results and discussion  

In this chapter the data obtained will be presented and forwardly discussed. 

The results will be presented in a logical sequence that allows the reader to understand the 

sequence of experiments that were made. These results will be used to take conclusions 

about the potential of NPs containing AT11-L0/ligand complexes to inhibit angiogenesis in 

neovascular diseases. 

 

4.1 Characterization of G4 structure from AT11-L0 

4.1.1 NMR titration 

NMR titration of AT11-L0 was performed with increasing concentrations of KCl at a fixed 

temperature of 20 ºC to check cation (K+) effect on the G4 formation. The spectra of the 

titration are shown in Figure 15. 
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Figure 15 – NMR titration of AT11-L0 with KCl (concentrations from 0 to 65 mM). Signals from imino protons 
of AT11-L0 are indicated with asterisks (∗) in the 65 mM spectrum. 

The NMR spectra in water showed a signal near 11 ppm. This signal is typical of the G4 

structure (10 -12 ppm) being originated by the imino proton resonances characteristic of 

Hoogsteen hydrogen bound. However, this signal is broad with no well-defined peaks. It 

may indicate that in water without the addition of KCl, AT11-L0 form an unstable G4 

structure.  
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With the increase of KCl concentration to 10 mM in the AT11-L0 solution, the signals start 

to be more well-defined. These signals are more evident for concentrations above 30 mM. 

As we can observe on the 65 mM spectra, there are 16 peaks corresponding to the imino 

protons forming the Hoogsteen bounds of the G-tetrads in the G4 structure. The spectra 

suggest a single G4 conformation, and the signals with low intensity can be indicative of 

minor G4 conformations. AT11-L0 is a derivative of AT11 by eliminating a thymine residue 

in the linker. This modification in the linker is not expected to affect the overall 

conformation of the G-tetrads, as indicated by the similarity of the 1 H NMR imino region 

to the one reported by Phan et al. [116].These results confirm that the formed G4 structure 

is composed of two subunits of two G-tetrads each, as previously reported by Carvalho et al. 

[58]. 

 

4.1.2 CD titration 

CD titration of AT11-L0 was performed by adding increasing concentrations of KCl between 

0 and 65 mM to confirm the results of NMR titration and to characterize topology. The 

spectra obtained are presented in Figure 16. 

 

Figure 16 - CD spectra of AT11-L0 with concentrations of KCl from 0 mM to 65 mM. 
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The spectra presented in Figure 16 showed a typical parallel G4 structure characterized by 

a positive peak at 260 nm and a negative one at 240 nm, which are more evident with 

increasing KCl salt concentrations. However, at low concentrations of KCl (0 to 5 mM) the 

spectra have a peak at about 295 nm (this peak is also present at higher concentrations 

despite being less evident). This peak may result from the contribution of other 

conformations, namely anti-parallel G4 structure, or even from the contribution of other 

contaminating cations (Na+ for example) resulting from the synthesis of the AT11-L0 that 

may induce other structures. 

We may also observe in the spectra that ellipticity increases with increasing KCl 

concentrations. This behaviour suggests a dependence on K+ for the G4 structure 

stabilization. However, increases in the ellipticity are not perceived at concentrations higher 

than 30 mM. These data corroborate what we found on NMR, showing that at 30 nM AT11-

L0 forms a well-defined G4 structure with a parallel topology. According to the results, a 

concentration of 65 mM was used for further studies since it is the concentration that shows 

the most well-defined peaks at NMR and a typical parallel topology CD spectrum. We 

conclude that this concentration promotes the formation of a G4 structure with one well-

defined structure. The use of this concentration was also reported by Carvalho et al. [58] 

allowing the comparison with the obtained results. 

 

4.1.3 Thermal difference spectra  

TDS spectrum was acquired to check G4 formation and topology. 
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Figure 17 - Thermal difference spectra of AT11-L0. This spectrum was obtained from the difference between the 

absorbance recorded at high temperature and that recorded at low temperature under the same conditions. 

 

TDS shown in Figure 17 has the typical signature of a G4 structure with a negative band at 

295 nm and two positive bands at about 295 nm and 275 nm. The parameters 

ΔA240nm/ΔA295nm, ΔA255nm/ΔA295nm, and ΔA275nm/ΔA295nm ratios have been 

calculated and are shown in Table 2. 

 

Table 2 - TDS ratios 

Parameter ΔA240/ ΔA295 ΔA255/ ΔA295 ΔA275/ ΔA295 

Ratio 0.896 0.373 0.379 
 

The data presented in Table 2 are supported by the formation of anti-parallel G4 since 

ΔA240/ ΔA295 are lower than 2, ΔA255/ ΔA295 is lower than 1.5 and ΔA275/ ΔA295 is 

lower than 2. These results contradict the information obtained by CD. However, as 

previously discussed concerning the results of CD spectra, G4 solution could present a small 

contribution of anti-parallel species or a contamination of other cations like Na+ that could 

favour other topologies, which may explain the differences between CD and TDS spectra. 
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4.2 Interaction AT11-L0 G4 with ligands 

4.2.1 FRET-melting assay 

FRET-melting assay was performed to select the ligands that could stabilize the G4 

structure in AT11-L0. The ligands chosen were PhenDC3, Braco-19, TMPyP4 and PDS since 

they are commercially available stabilizers of G4 structures. In addition to these, it was also 

studied C8, an acridine derivative and a stabilizer of G4 structures with some anti-tumoral 

properties, as previously described, and dexamethasone, a costicosteroid already used in 

the treatment of retinal diseases.  

This assay was performed with a concentration of 0.2 μM of aptamer and with different 

concentrations of ligands (0.2, 0.4, 0.6, and 1.0 μM) in duplicate. The Tm for each condition 

was calculated, and its variation is presented in Figure 18. 

 

Figure 18- Variation of the melting temperature of AT11-L0 with ligands Braco-19, C8, dexamethasone, PDS, 
PhenDC3 and TMPyP4 at 0.2, 0.4, 0.6 and 1.0 μM. 
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stabilise the G4. Almost all ligands present a dose-dependent response since the increase in 

their concentration increases the Tm of the G4 structure. As expected, commercial ligands 

present higher Tm. At 1 molar equivalent the ligand that promotes the highest Tm is TMPyP4 

with a Tm of 58.5 ºC. PhenDC3, Braco-19, PDS and C8 also present a high Tm of 53.1, 51.1, 

49.9, and 49.3 ºC respectively. Dexamethasone presents the lowest Tm (48.2 ºC). However, 

at 5 molar equivalents, PhenDC3 is the ligand that promotes the highest Tm (78.7 ºC). 

TMPyP4, PDS, BRACO-19 and C8 present a Tm of 76.1, 75.1, 68.4 and 67.7 ºC. At these 

conditions, dexamethasone continues to present the lowest Tm (48.9 ºC). 

In addition, a competition assay was conducted with the self-complementary DNA sequence 

ds26 in order to evaluate the specificity of the ligands towards G4 AT11-L0 over duplex DNA 

(Figure 19). Competition melting studies have been used before to assess whether 3 

equivalents of ligands can bind preferentially to G4 structures compared to duplex DNA. 

The concentrations of DNA sequence ds26 used were 3 μM and 10 μM.  

 

 

Figure 19 - Variation of melting temperatures of AT11-L0 in the presence of 3 molar equivalent of ligands and a 
duplex competitor (ds26) at 3 and 10 μM. 
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Dexamethasone results of the competition assay are not relevant since this drug did not 

promote a thermal stabilization of the AT11-L0 G4 structure. However, for the remaining 

ligands, it was calculated the S factor that corresponds to the ratio between ΔTm obtained in 

the presence and absence of ds26 [117]. This S factor gives information about the selectivity 

that ligands have for the G4 structure. 

 

Table 3- Selectivity factor of BRACO-19, C8, PDS, PhenDC3, and TMPyP4 for AT11-L0 G4 in the presence of 15 
and 50 molar equivalents of ds26. 

 S factor 

Ligand 
15 molar eq. 

ds26 
50 molar eq. 

ds26 

BRACO-19 0,66 0,45 

C8 0,47 0,38 

PDS 0,83 0,73 

PhenDC3 0,94 0,89 

TMPyP4 0,51 0,33 

Ligands with S factors near 1 are more selective for AT11-L0 G4 whereas the ones with S 

factors near 0 are less selective. Thermal stabilization induced by PhenDC3 is not strongly 

affected by ds26 competitor since S value is 0.89 for 50 molar equivalents. The presence of 

the competitor has strongly affected TMPyP4, C8 and Braco-19 thermal stabilization of 

AT11-L0 G4 since they present low S values (0.33, 0.38, and 0.45, respectively for 50 molar 

equivalents). PDS thermal stabilization was also affected by the presence of the competitor 

as its S factor is 0.73 for 50 molar equivalents.  

With these data, we conclude that PhenDC3 is the more stabilizing and the more selective 

ligand for AT11-L0 G4.  

 

4.2.2 CD-melting 

To have more precise data about the real ΔTm and the grade of stabilization of the G4 

structure for each ligand, CD-melting assays were performed with ligands C8, 

dexamethasone and PhenDC3. The obtained melting curves are shown in Figure 20. In 

FRET-melting assays, a modified sequence of the AT11-L0 aptamer containing FAM and 

TAMRA is used, so the interaction of the ligand with the aptamer may suffer some 

differences from what occurs with the non-modified sequence. These differences may occur 
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resulting from an abnormal stacking of the aromatic portion of the ligand in the G-tetrads 

caused by the increased occupied volume from FAM and TAMRA. 

 

Figure 20- CD-melting curves from 0 to 2 molar equivalents of A) dexamethasone; B) C8; C) PhenDC3. 

The Tm obtained by CD-melting of AT11-L0 G4 49.3 ºC. This value agrees with the value 

obtained by FRET-melting assay.  

Upon the addition of dexamethasone, all the curves are almost overlapped showing there is 

no stabilization of G4. In fact, for 2 molar equivalents of dexamethasone, the ΔTm of AT11-

L0 G4 is 1.71ºC, showing that dexamethasone doesn’t promote a thermal stabilization of the 

G4 structure. However, C8 and PhenDC3 promote a ligand-induced thermal stabilization of 

the structure in a concentration-dependent manner. For 2 molar equivalents, C8 and 

PhenDC3 present similar thermal stabilizations (6.68 and 6.67 ºC, respectively). 

 

Table 4 – Tm of AT11-L0 with C8, dexamethasone, and PhenDC3 at different concentrations. 

Ligand Dexamethasone C8 PhenDC3 

Concentration 

(molar 

equivalents) 

0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0 

ΔTm (ºC) 0.32 1.03 1.71 0.91 2.91 6.68 2.15 2.27 6.67 

The results of dexamethasone are coherent with FRET-melting results. We prove that 

dexamethasone is not capable of promoting thermal stabilization on the G4 structure of 

AT11-L0, as expected. C8 and PhenDC3 have similar melting stabilization on the AT11-L0 

G4. These results agree with FRET-melting assay results. However, the increase in the Tm 

value is not as evident as FRET-melting assay suggested. As discussed before, it may be 

explained because of the interference of the fluorophores with the ligand’s stacking on the 
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tetrads. Regarding these results, we can assume that C8 is the most promising ligand since 

it promoted the highest thermal stabilization on the AT11-L0 G4 structure. 

 

4.2.3 Fluorescence titrations 

We further determined the apparent equilibrium constants (KD) of C8, dexamethasone, and 

PhenDc3 via fluorometric titrations. Upon adding the ligands to the pre-folded 5´Cy5-AT11-

L0 a decrease in the intensity was observed. 

Spectra were acquired between 660-800 nm and KD was determined by plotting the 

maximum fluorescence intensity recorded at 667 nm. 

Figure 21 shows the fluorescence titrations between the AT11-L0 G4 C8, dexamethasone, 

and PhenDC3. 

 

Figure 21 - Fluorescence intensity spectra and KD determination of AT11-L0 titrated with A) C8; B) PhenDC3; C) 
dexamethasone. 

Titrations were performed until reaching 2 molar equivalents of each ligand, similar to the 

CD titrations. PhenDC3 has a behaviour different from C8 and dexamethasone since fit had 

to be done differently (Two-site binding model for PhenDC3 and Hill saturation binding 

model for C8 and dexamethasone). The relative enhancement of the fluorescence intensity 

upon titration with 5 equivalents of PhenDc3 didn’t stabilize and the KD values are KD1 = 

0.329 ± 0.128 nM and KD2 = 0.011 ± 9.9882 M. The KD1
 is low (in the nanomolar range) and 

indicates that PhenDC3 has a high affinity to the aptamer as expected since PhenDC3 is a 

commercial G4 ligand. However, KD2 is high (in the mM range) indicating that in higher 

concentrations of PhenDC3 it loses its affinity to the G4 structure. Since it is a commercial 

G4 ligand it was not expected that it loses its affinity. This result can be explained because 

only a small concentration of PhenDC3 is necessary to interacting with all the binding sites 

available in the G4 structure due to its higher affinity. After that, excess of PhenDC3 

concentration promote a saturation of the plot indicating that the second KD may not be 

considered. 



53 

 

C8 and dexamethasone also showed KD
 in the nanomolar range. These values were obtained 

using the Hill model. Both ligands have an affinity to the aptamer despite dexamethasone 

didn’t stabilize it. It is interesting to see that Carvalho et al. found a KD for C8 that was 

slightly lower (10-7 M order) [58]. However, these experiments were performed following 

the C8 fluorescence instead of the aptamer-labelled fluorescence. These differences can be 

explained by π–π stacking interactions of C8 in the G4 structure that may quench some 

fluorescence. When using a labelled aptamer, the interaction of the ligand with the aptamer 

may suffer some differences from what occurs with the non-modified sequence. These 

differences may occur resulting from an abnormal stacking of the aromatic portion of the 

ligand in the G-tetrads caused by the fluorophore.   

Regarding the high affinities of the G4 structure to PhenDC3 and C8 it was necessary to 

evaluate if they did not affect the normal interaction of the G4 structure with proteins. 

Therefore, we determined the apparent equilibrium constants (KD) AT11-L0 G4/ligand 

complexes via fluorometric titrations. Upon adding NCL to the pre-folded 5´Cy5-AT11-L0 

a decrease in the intensity was observed. Figure 22 shows the fluorescence titration studies 

between the AT11-L0 G4/ligand complexes 1:1 ratio with NCL. 
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Figure 22 - Fluorescence intensity spectra and KD of A) AT11-L0 G4 and of AT11-L0 G4 complexed with B) C8; 
C) dexamethasone and D) PhenDC3 titrated with NCL. 

The fluorometric data of NCL and AT11-L0 G4, NCL and AT11-L0 G4/C8, NCL and AT11-L0 

G4/PhenDC3 was fitted using the two-site binding model. The fluorometric data of NCL 

and AT11-L0 G4/dexamethasone was fitted using the Hill model. The KD values of AT11-L0 

G4/PhenDC3 and AT11-L0 G4/C8 with NCL remaining in the nM range, suggesting high 

complex formation and PhenDC3 and C8 did not affect the recognition of NCL by AT11-L0 

G4. The nanomolar range obtained for the KD agrees with the ones found in the literature 

[58]. The two KD values obtained for NCL and AT11-L0 G4, NCL and AT11-L0 G4/C8, NCL 

and AT11-L0 G4/PhenDC3 can indicate that AT11-L0 G4 interacts with two domains of NCL 

[118]. However, only one KD was determined between NCL and AT11-L0 

G4/dexamethasone. This KD is in the mM range suggesting low affinity and maybe the AT11-

L0 G4/dexamethasone complex is unable to recognise NCL. Therefore, dexamethasone was 

used for further assays as an isolated therapeutic molecule instead of a AT11-

L0/G4/dexamethasone complex.  

Regarding the importance of VEGF on retinal diseases and on NCL migration to the cell 

surface we evaluated AT11-L0 G4 and AT11-L0 G4/ligand affinity to VEGF. Upon adding 

VEGF to the pre-folded 5´Cy5-AT11-L0, a decrease in the intensity was observed. Figure 23 
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shows the fluorescence titration studies between the AT11-L0/ligand complexes 1:1 ratio 

when titrated with VEGF. This experiment will allow us to see if AT11-L0 G4 has also an 

affinity to this protein which is overexpressed in retinal diseases. 

 

 

Figure 23 – Fluorescence intensity spectra and KD of A) AT11-L0 G4 and of AT11-L0 G4 complexed with B) C8; 
C) dexamethasone and D) PhenDC3 titrated with VEGF. 

Titrations with VEGF were similar to those performed with NCL. The fit model used was 

the same (two-site binding model) and we obtained two KD for the aptamer and the 

complexes. The affinity is also very similar to the ones obtained with NCL being in the 

nanomolar order. Since aptamers are highly specific, we expected different affinity between 

AT11-L0 G4 and both proteins, VEGF and NCL. However, these proteins are intimately 

interrelated. NCL can bind to VEGF G4 promoter and VEGF can bind to cell surface NCL 

[119, 120]. These described interactions established between NCL and VEGF may explain 

why AT11-L0 G4 is capable to bind to both proteins.   
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4.2.4 Native PAGE 

 

Native PAGE analysis was performed with C8 since it presents a high affinity and improves 

the thermal stabilization as G4 ligand. On the other hand, dexamethasone was also analysed 

because of its therapeutic properties and application in clinical practice for the treatment of 

neovascular retinal diseases. Native PAGE was performed to evaluate the distinct species 

formed by AT11-L0 G4 with C8 and dexamethasone. 

 

Figure 24 – Native PAGE gel results. M: Weight marker (90 nt, 60 nt, 30 nt, 21 nt, 15 nt) A) 1: AT11-L0, 2: AT11-
L0+C8 (1:15), 3: AT11-L0+Dexamethasone (1:15), 4: AT11-L0+C8 (1:1), 5: AT11-L0+Dexamethasone (1:1); B)  1: 
AT11-L0, 2) AT11-L0+C8 (1:1), 3) AT11-L0+C8 (1:2), 4) AT11-L0+C8 (1:5), 5) AT11-L0+C8 (1:10), 6) AT11-L0+C8 
(1:15), 2) AT11-L0+C8 (2:1); C) AT11-L0+H2O. 

Based on the gel results presented in Figure 24, AT11-L0 G4 forms not just the G4 structure 

that was already described but also dimers and tetramers. The band that appears near 30 

nt is AT11-L0 (27 nt). Then we observe another band near 60 nt that shows the formation 

of dimers and finally another one above 90 nt that indicates the formation of tetramers. 

There is no difference between the bands of dexamethasone at different concentrations 

(Figure 24A) indicating that dexamethasone concentrations did not influence AT11-L0 

G4/dexamethasone formation. In contrast, the difference between bands is visible 

indicating that increasing C8 concentration can influence the formation of the AT11-L0 

G4/C8 complex. The formation of as AT11-L0 G4/complex is absent in water since no 

intense bands are visible, which confirms our results in NMR titration that indicat the G4 

structure is unstable in water. Also, the formation of higher-order species is not observed in 

water (Figure 24B).  

 

4.2.5 NPs synthesis 

AuNPs conjugation with the AT11-L0 G4 aptamer was achieved following the reaction 

presented in Figure 25. As described in the section 3, the first step is to reduce the disulfide 
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bond on the 5’-Thiol-AT11-L0, since the aptamers acquired have the sulfur atom protected 

by a disulfide bond to prevent unspecific reactions from occurring. Thus, TCEP was used to 

reduce this disulfide bond. After that, the reduced thiol groups were linked to gold. 

However, since AuNPs are stabilized by citrate (with a negative charge) AT11-L0 will be 

repulsed due to the negatively charged phosphate groups. Therefore, to promote the 

linkage, NaCl is added to the mixture to minimize charge repulsion effects and allow DNA 

to approach AuNPs for adsorption. 

 

Figure 25 - Reactional scheme of AT11-L0 conjugation to AuNPs. 

Liposomes synthesis was achieved as described in the materials and methods section by the 

thin film hydration method [121]. After the formation of liposomes, they were homogenised 

and purified using an extrusion process followed by centrifugations on centricon filter units. 

The mechanism behind the AT11-L0 aptamer conjugation to the liposomes was achieved 

using 5’-NH2-AT11-L0. The conjugation of the aptamer by reacting the AT11-L0 amine 

group with the NHS ester present in DSPE-PEG is shown in Figure 26.  
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Figure 26 - Reactional scheme of AT11-L0 conjugation with DSPE-PEG (present in liposomes). 

 

4.2.6 Characterization of NPs functionalized with AT11-L0 

The characterization of AuNPs was made using DLS and TEM.  

TEM image was acquired to confirm the presence of the AuNP’s in our samples. After that 

DLS was performed to measure the size of the AuNP’s. Results are shown in Figures 27 and 

28. 

TEM images show that AuNPs have a well-defined round shape and a high homogeneity in 

terms of size. 

 

 
 

Figure 27 - TEM image of AuNP's. 

DLS analysis showed that AuNP’s have a size of 24 nm and a polydispersity index of 0.561. 

These results are coherent with those we find in the literature, since AuNPs conjugated with 

AS1411 aptamer synthetised by Malik et al. have a size of 33 nm [113]. The high 

polydispersity index is common in solutions of very small NPs.  
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Figure 28 – DLS of AuNP's conjugated with AT11-L0. 

The characterization of liposomes was performed by SEM, DLS, and NTA. SEM was used to 

prove the formation of the liposomes and then their size was measured with DLS and NTA. 

SEM image (Figure 29) shows that liposomes present a high homogeneity in terms of size. 

However, liposome’s morphology is not uniform and varies from round-shaped liposomes 

to rod-shaped liposomes. It is also possible to observe a small fraction of liposomes 

agglomerate. 

 

Figure 29 – SEM image of liposomes functionalized with AT11-L0. 

The size of liposomes obtained by DLS was 164.4 nm with a polydispersity index of 0.231. 

These results (Figure 30) show that the liposomes have the appropriate size homogeneity 

and this values are the according to the referred in the literature [88,89].   
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Figure 30 – DLS of liposomes functionalized with AT11-L0. 

 
NTA was made to determine the concentration of liposomes since DLS and SEM did not 

give information about this parameter. NTA was also performed to confirm liposome’s sizes.  

NTA results were similar since liposome sizes and were 147.4 nm with 90% of the liposomes 

having sizes below 188.5 nm. The concentration of liposomes in the samples was 4.82×1010 

± 3.85×107 particles/mL.  

 

Finally, to prove that AT11-L0 G4 is linked to the liposomes, 1H NMR spectrum of liposome’s 

solution was acquired to check the presence of G4 signals. The presence of C8 in liposomes 

was also checked in the NMR spectrum. The 1H NMR spectrum was acquired after washing 

samples on centricons to remove free AT11-L0 G4 and free C8 and it is presented in Figure 

31. The 1H NMR spectrum of liposomes without AT11-L0 and C8 was also acquired as a 

control sample. 
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Figure 31 – NMR spectra of liposomes and liposomes conjugated with AT11-L0 G4 and loaded with C8. 

 
Figure 31 shows on the bottom a spectrum of liposomes with no C8 and no AT11-L0. There 

are no signals between 10-12 ppm. However, when conjugated with AT11-L0 signals 

between 10-12 ppm are visible. These signals resulted from the imino protons resonances 

characteristic of Hoogsteen hydrogen bonds attributed to the G-tetrads formation. This 

result indicates that G4 formation in AT11-L0 was not affected by the linkage to the 

liposome. The spectrum of liposome loaded with C8 and functionalized with AT11-L0 also 

showed differences at 7-9 ppm. These signals are attributed to the aromatic protons of C8 in 

the liposomes. By this way we conclude that liposomes were efficiently loaded with C8 and 

conjugated with AT11-L0. 

UV-Vis also confirmed the association of the ligands with AT11-L0 and encapsulation in 

liposomes. 
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4.2.7 MTT assay 

 

In a first approach, the viability of HUVEC was evaluated when exposed to different 

concentrations of C8, dexamethasone, and the AT11-L0 aptamer. The results obtained are 

shown in Figure 32. 

 

Figure 32 – Percentage of viable HUVEC after 72 h incubation with A) C8 in concentrations from 0.005 to 5 μM, 
B) dexamethasone in concentrations from 5 to 250 μM and C) AT11-L0 in concentrations from 0.25 to 20 μM. 

 
C8 greatly reduces the viability of HUVEC at concentrations from 0.5 to 5 μM. This may 

indicate that C8 at these concentrations are capable of reducing cell proliferations or even 

having cytotoxic effects. These results are in line with those reported by Carvalho et al., in 

which they found that the viability of normal human dermal fibroblast cells exposed to 1 μM 

was near 40% [58]. On the other hand, dexamethasone showed a considerably lower effect 

on the HUVEC viability, since only at concentrations from 75 to 250 μM the viability drops 

to under 50%. 

As the main objective of this work was to inhibit the formation of new blood vessels without 

reducing cell viability, we evaluated the viability of HUVEC exposed to C8 and 

dexamethasone loaded liposomes at concentrations below 0.5 μM and 75 μM, respectively. 

AT11-L0 also promoted a considerable reduction in the HUVEC viability when 

concentrations from 2.5 to 20 μM were used. This result is the most unexpected since 

Iturriaga-Goyon et al. reported that AS1411 did not cause a reduction of HUVEC viability in 

concentrations from 0.75 to 10 μM. However, AS1411 has at least eight polymorphisms and 

it is not known which one is the more relevant. So, this result may indicate that AT11-L0 has 

more biological activity resulting from having just one predominant G4 topology. Carvalho 

et al. also reported that AT11-L0 at 15 μM did not appreciably affect the viability of normal 

human dermal fibroblast cells. In this case, results were not coincident. However, since the 

cell line evaluated on this work was different from HUVEC, this result may be a consequence 

of different cell line susceptibilities to the same compound.  

Since it was observed a considerable reduction in the viability of HUVEC, at concentrations 

of AT11-L0 greater than 2.5 μM, the evaluation tests with liposomes were performed at 
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concentrations below this value. However, the quantity of NPs used was defined in function 

of the drug encapsulated instead of the AT11-L0 concentration. We followed this approach 

because the total concentration of AT11-L0 in the liposomes was about 500 nM.  

 

After defining the concentrations of C8, dexamethasone and AT11-L0 that does not 

considerably affect the viability of HUVEC, the MTT assay was performed with the 

formulations containing liposomes and the compounds at the defined concentrations. MTT 

results are shown in Figure 33. AuNPs were not used in this assay since in this formulation 

the drug was conjugated on the G4 structure resulting in a lower concentration of drug in 

the final formulation. Regarding this lower concentration we focused our efforts on 

liposomes formulations. 

 

Figure 33 – Percentage of viable HUVEC after 72 h incubation with A) C8 loaded liposomes in concentrations 
from 0.01 to 0.25 μM and B) dexamethasone loaded liposomes at a concentration of 10 μM. 

MTT assay revealed that both C8 and dexamethasone-loaded liposomes did not 

considerably affect the viability of HUVEC. We may conclude that liposomes formulations 

in the tested concentrations are suitable for being evaluated in the angiogenesis assay 

without disturbing normal cell proliferation. 

 

4.2.8 Angiogenesis assay 
 

The formation of new blood vessels is characteristic of vascular diseases of the retina. The 

study of how compounds can promote or inhibit it is therefore essential in the research 

related to these processes. The tube formation assay studies the development of blood 

vessels by measuring the angiogenesis stage of endothelial cell reorganization to form tubes 

or capillary-like structures, usually using an extracellular matrix as a scaffold. The main 

advantage of this assay is the analysis of angiogenesis over time allowing to determine the 

effects of inhibitors or activators of neovascularization over time.  

To determine the angiogenic activity of the NPs, the concentration of drug used was defined 

regarding the MTT results. Dexamethasone NPs were tested using a dexamethasone 
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concentration of 10 μM and C8 NPs using a C8 concentration of 0.05 μM. These 

concentrations were chosen since they are the highest concentrations that do not cause a 

considerably decrease on the cell viability. As shown in Figure 34, when seeded on a 

Matrigel, HUVEC can organize themselves on capillary-like structures. After 18 h, these 

structures are well visible in the untreated control group. In contrast, tube formation was 

significantly inhibited by dexamethasone and by C8
 and also by NPs containing AT11-L0 

loading these compounds. However, these NPs did not show a significant difference when 

compared with the isolated compounds, dexamethasone and C8.   
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Figure 34 - A) HUVEC tube formation. Data are expressed as mean ± SD, **p<0.01, ***p<0.001. B) 
Representative image of tube formation on HUVEC. 
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Regarding the obtained data, C8 showed antiangiogenic properties similar to those 

presented by dexamethasone. It was already known that C8 had anticarcinogenic and 

antiproliferative properties [122]. However, antiangiogenic assays were never performed 

with this molecule. Since dexamethasone is already used in the treatment of retinal vascular 

diseases because of its antiangiogenic properties [123], C8 may be a potential candidate for 

use in these diseases as it presents a similar effect in a much lower concentration. Other 

important advantage of C8 is that it may be used in combination with G4 aptamer since it 

induces a thermal stabilization of the G4 structure. 

Nevertheless, AT11-L0 liposomes did not induce a reduction of the angiogenesis, when 

compared with the compounds alone. This result can be explained because the 

concentration of AT11-L0 on the liposomes was about 500 nM. Since AS1411 presented a 

significant reduction of the angiogenesis at 10 μM [71], the concentration used in this work 

may be too low. However, liposomes conjugated with AT11-L0 can have an important role 

since they improve dexamethasone and C8 targeting to cells with overexpression of NCL. In 

the angiogenic assay, the HUVEC were VEGF dependent which means they have an 

overexpression of VEGF (and consequently of cell surface NCL). In a retinal eye disease, 

only some cells have this overexpression and liposomes conjugated with AT11-L0 may be 

useful to help the compounds to reach only the cells with an overexpression of VEGF and 

NCL that will trigger the angiogenesis process. 
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5. Conclusion and Future Perspectives 

This work used AT11-L0 aptamer conjugated with a NP to deliver drug/compound to inhibit 

angiogenesis in retinal diseases. AT11-L0 is an aptamer derivative from AS1411 that targets 

NCL. 

Through CD spectroscopy it was observed that AT11-L0 formed a majority parallel-stranded 

G4 structure with a well-defined profile specially when using a 65 mM KCl buffer. This result 

shows that AT11-L0 surpassed one of the principal drawbacks of AS1411 that is the fact that 

it can adopt several G4 structures. 

It was also demonstrated that AT11-L0 is stabilized by commercial ligands such as PhenDC3 

but also by the orange acridine derivative C8. However, dexamethasone did not present a 

stabilization of the G4 in AT11-L0 structure. Regarding the affinity of the ligand/G4 complex 

to NCL C8 promotes higher affinity.  

In the second part of the work, it was demonstrated that it is possible to conjugate AT11-L0 

with AuNPs and with liposomes. AuNPs may be a useful tool to carry AT11-L0 aptamer in 

retinal diseases. However, it is difficult to conjugate a considerable amount of an 

antiangiogenic drug in the G4 structure. On the other hand, liposomes showed to be able  to 

encapsulate a larger amount of an antiangiogenic drug and, at the same time, conjugate on 

the surface AT11-L0 in order to target NCL. These liposomes have a size of about 160 nm 

and are the most promising NP in this work to use in retinal vascular diseases. 

When tested in vitro, liposomes did not promote a significant reduction in the angiogenic 

process when compared to the tested drugs (dexamethasone and C8). However, this work 

demonstrated that C8 may be a useful molecule in the treatment of vascular retinal diseases, 

since it has a similar antiangiogenic effect to the one showed by dexamethasone. In addition 

to this characteristic, C8 is capable to promote a thermal stabilization of G4 structures and 

present these effects in low concentrations, when compared to dexamethasone. 

 Regarding future perspectives related to this work we can say that there is still a long way 

to go on the study of the therapeutic potential of these molecules in vascular retinal diseases. 

First it will be important to validate the antiangiogenic effect of C8. For that, more 

angiogenic assays must be done. It should be repeated the assay performed on this work, 

but also tested different approaches like the Rat Aortic Ring Assay.  

It will be important to try to improve the liposome formulation in order to achieve better 

encapsulations and higher conjugation of the aptamer. It will also be interesting to test 
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antiangiogenic effect of AT11-L0 aptamer in a concentration of 1 μM (the highest 

concentration that did not considerably affect cell viability) conjugated with 0.05 μM C8 (the 

same concentration tested in this work) to see if it improves C8 antiangiogenic effect. AuNPs 

antiangiogenic effect may also be tested following the same approach used with liposomes. 

Finally, it may be important to test the formulations in a more complex biologic sample. 

These formulations can be tested using HUVEC cells treated with the humour vitreous of 

patients with proliferative DR or using the Oxygen Induced Retinopathy Mouse Model. 

These assays would allow to achieve results on in vitro and in vivo models more similar to 

the real concentration of VEGF or NCL, but also of other angiogenic and inflammatory 

proteins that are implicated in the development of vascular retinal diseases. 
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