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Resumo 
 

 

 

Recentemente, as doenças cardiovasculares têm sido classificadas como a principal causa 

de morte e morbidade a nível global. Nestas doenças incluem-se os enfartes cerebrovasculares, 

sendo que os do tipo isquémico são os mais frequentes, enfrentando diversos desafios em ter-

mos clínicos devido aos eventos sucessivos associados à cascata isquémica. Um dos eventos 

desta cascata mais impactantes é o stress oxidativo, que se mantém mesmo após a reperfusão. 

Um dos intervenientes moleculares identificados foi o aumento do microRNA-145 (miRNA-145) 

após o inicio de um enfarte isquémico, que por sua vez inibe a superóxido dismutase 2 (SOD2), 

aumento consequentemente nível intracelular de espécies reativas de oxigénio. Assim, este 

trabalho baseou-se na combinação de uma terapia neuroprotetora, através da entrega do anti-

microRNA-145 com o polímero trimetil quitosano (TMC), e através da mimetização da neuro-

trofina natural – BDNF – com um pequeno mimético peptídico, LM22A-1. Este mimético foi ligado 

covalentemente ao TMC recorrendo a um poli(etileno) glicol (PEG) heterobifuntional. Tanto a 

ligação do PEG como a funcionalização com o mimético no TMC foram confirmadas por resso-

nância magnética nuclear. O polímero resultante complexado com o antimiRNA foi caraterizado 

em termos de tamanho, potencial zeta (ZP) e capacidade de complexar o microRNA. Esta ca-

raterização resultou em nanopartículas semelhantes às do TMC e TMC-PEG, embora mais pró-

ximo do TMC-PEG considerando os valores de tamanho e ZP. A incubação das nanopartículas de 

TMC e TMC-PEG com células diferenciadas da linha celular neuronal (HT22) foi bem-sucedida. 

O efeito do mimético foi avaliado em células HT22 após transfeção com recetores TrkB funcio-

nais. Tanto o LM22A-1 como as nanopartículas de TMC-mim não foram capazes de fosforilar o 

recetor TrkB, possivelmente devido à modificação com a cisteína, enquanto que o BDNF mos-

trou uma resposta robusta. As nanopartículas foram ainda testadas in vitro com o objetivo de 

silenciar o miRNA-145 e consequentemente reduzir o stress oxidativo e morte celular. A neuro-

protecção das células HT22 contra a excitotoxicidade foi bem-sucedida, tal como observado na 

quantificação da morte celular, mas o efeito a nível de stress oxidativo tem que ser melhorado. 

Os resultados obtidos indicam que a combinação de um tratamento neuroprotetor baseado 

em neurotrofinas com o antimiRNA-145 é promissora numa doença tão complexa e desafiante, 

levando a futuras avaliações in vitro e potencialmente ensaios in vivo.  
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Abstract 
 

 

 

Cardiovascular diseases were recently classified as the main death and morbidity causes 

globally. These diseases, include cerebral strokes, being that ischaemic ones the most common 

and face several challenges in terms of clinical management due to the successive events as-

sociated to ischaemic cascade. One of the most impactful events of this cascade is the oxidative 

stress, which continues after the reperfusion. One of the molecular players identified was the 

increase of microRNA-145 (miRNA-145) after the onset of an ischaemic stroke, which in turn 

inhibits the superoxide dismutase 2 (SOD2) and consequently it increases the level of reactive 

oxygen species intracellularly. Thus, this work was based on the combination of a neuroprotec-

tive therapy, by delivering an anti-microRNA-145 with the polymer Trimethyl-chitosan (TMC) 

and by mimicking a natural neurotrophin - BDNF – with a small peptidic mimetic, LM22A-1. This 

mimetic was covalently attached to TMC using a heterobifunctional Poly(ethylene) glycol (PEG). 

Both PEGylation and functionalization with the mimetic of TMC were confirmed by nuclear 

magnetic resonance. The resulting polymer complexed with the antimiRNA-145 was character-

ized in terms of size, PDI, zeta potential (ZP) and ability to complex the microRNA. This resulted 

in nanoparticles similar to TMC and TMC-PEG nanoparticles though closer to TMC-PEG regarding 

size and ZP values. Incubation of TMC and TMC-PEG nanoparticles with the differentiated neu-

ronal cell line (HT22) was well succeeded. The effect of mimetic was evaluated on HT22 cells 

after transfection with functional TrkB receptors. LM22A-1 and TMC-mim nanoparticles were 

not able to phosphorylate the TrkB receptor, possibly due to the modification with the cysteine, 

while BDNF showed a robust response. Nanoparticles were also tested in vitro with the aim of 

silencing the miRNA-145 and concomitantly reduce oxidative stress and cell death. We were 

able to neuroprotect HT22 cells from excitotoxicity as observed after cellular death quantifi-

cation but the effect on oxidative stress need to be improved. 

 Results obtained indicate that the combination of a neurotrophin-based neuroprotective 

treatment with the antimiRNA-145 is promising in such a challenging disease, leading to more 

further in vitro evaluations and potential future in vivo experiments. 
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Chapter 1 
 
Introduction 

 

 

 

1.1 – Stroke 
 

Life quality is improving with the evolution of technology and health sciences, resulting in 

a gradual growth in life expectancy, and consequently in an increasing of the global population 

[1]. Data from 2016 classified cardiovascular diseases, which include cerebrovascular strokes 

as the main global death cause and the leading cause of life-long disability, followed by respir-

atory diseases and neurologic dementia. About 5.5 million people died in the world due to a 

stroke, with main incidence in the population aged 70 or older [1], [2]. These values are ex-

tremely significative, thence the urgency in investigation and development of new therapies. 

There are two different classifications for strokes: ischaemic and haemorrhagic based on 

the pathologic mechanism. Haemorrhagic strokes occur due to the rupture of small lipohya-

linotic aneurisms, whereas ischaemic ones results from a thrombolysis, embolism or systemic 

hypo-perfusion, that restrict the normal cerebral blood flux, mainly in the territory of a major 

brain artery [3]–[5]. Despite the differences, both subtypes have some common risk factors like 

both being associated to atrial fibrillation, ischaemic heart disease or diabetes [6]. The stroke 

management depends on the distinction between both subtypes, so the readiness of this is one 

of the most important clinical steps [3]. Ischaemic strokes occurrence prevails over the haem-

orrhagic ones, so most of the treatments, as well as research, focus on the first one [4], even 

though there is a higher risk of death due to haemorrhagic strokes [6]. 

The clinical management of ischaemic strokes is very critical and challenging, because there 

are diverse aspects that can vary between patients: causes, duration, localization, severity and 

simultaneity with several systemic diseases. Besides that, follow-up consequences are inti-

mately related to the health profile and age of the patients, making it even more complex to 

address [7].  

 

1.1.1 - Pathophysiology of ischaemic strokes 

 

Ischaemic strokes result from the occlusion of a major artery. This occlusion can be the 

result  of several mechanisms: 1) atherosclerosis, in case of large-artery stroke, 2) embolization 

from the heart for cardioembolic stroke and 3) lipohyalinosis in case of lacunar stroke [8]. 
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Despite the differences between these mechanisms, ischaemic strokes share a common cascade 

of events that are responsible for most of the damage, deaths and morbidity cases. 

When a vessel is occluded, there is a break or reduction in the irrigation of a specific area 

of the brain, leading to metabolic and functional deficits. This tissue area is referred as is-

chaemic penumbra, being the target area for neuroprotective therapies as it has been subject 

to several investigations, in order to develop specific therapeutic interventions to decrease the 

conversion of the penumbra to core or to promote neurological rehabilitation and recovery 

after a stroke [3]. In ischaemic core neurons are permanently injured, while in the penumbra, 

neurons may become irreversibly damaged because the cerebral blood flow (CBF) is so low that 

there are no electrical potentials to keep the membrane potentials and consequently to keep 

the cellular ionic homeostasis. This area tends to become infarcted with the time, if no treat-

ment is applied [9]. The injury is variable, depending on the duration of the CBF reduction. 

This injury is caused by a sequence of pathophysiologic events known as ischaemic cascade, 

schematized in Figure 1.1. 

 

 

Brain is extremely dependent on a continuous flow of oxygen and glucose supplements in 

order to guarantee the energetic level, necessary to keep the ionic pump functional, through 

oxidative phosphorylation. During and after an ischaemic stroke, the flow is reduced or inter-

rupted, changing the metabolism to anaerobic glycolysis in order to maintain the level of ATP, 

which results in accumulation of lactate. This accumulation causes intracellular acidosis, which, 

in turn could enhance the formation of free radicals of oxygen and aggravate excitotoxicity, 

beyond the denaturation of some proteins. Another consequence of the anaerobic glycolysis is 

the increasing loss of the membrane potential, since this metabolic pathway has a low energetic 

efficiency, resulting in the neural plasma membrane and glia depolarization. Along with the 

failure of ionic pumps, this event results in an increase of intracellular Ca2+and Na+. The intra-

cellular accumulation of Ca2+ initiates a sequence of cytoplasmatic and nuclear events that 

Figure 1.1– Ischaemic cascade 
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contribute to the consequent tissue damage. It induces the formation of several cytotoxic prod-

ucts, which, in turn, will cause irreversible mitochondrial damage, inflammation and cellular 

death due to enzymatic catabolism dependent on this ion. Ca2+ is responsible for the degrada-

tion of some cytoskeletal and extracellular matrix proteins through the activation of proteolytic 

enzymes. Furthermore, the cellular membrane depolarization leads to Ca2+ - dependent chan-

nels activation, which results in accumulation of excitatory amino acids into the extracellular 

space. One of these excitatory amino acids is the glutamate. This amino acid is the main excit-

atory mediator of the central nervous system (CNS), participating in diverse cognitive functions. 

However, when at high concentrations, it induces the activation of several receptors, inducing 

an even higher level of intracellular Ca2+, Na+ and Cl−. This mechanism is known by excitotox-

icity, having huge consequences in the homeostasis. Na+ and Cl− enter in the cells in a much 

larger flux than the K+ goes out, resulting in an accumulation of water intracellularly and con-

sequently in an edema. In turn, it will cause some damage due to the increasing of intracranial 

pressure, vascular compression and herniation [4], [5], [7], [10]. 

Under normal physiologic conditions, reactive oxygen species (ROS) are continuously pro-

duced by several cells in the body, having different activities depending on its location. Oxygen 

free radicals are very important for the immune system and for the genetic expression, signal 

transduction and grown regulation. Nitric oxide (NO), for instance, is formed by nitric oxide 

synthase (NOS). This enzyme has three isoforms: 1) NO present blood vessels is responsible for 

the activity of endothelial-derived relax factor, 2) NO in macrophages is responsible for the 

ability of these activated-cells to kill tumour cells and bacteria, and 3) in brain , neuronal nitric 

oxide synthase (nNOS), localized in small neurons’ population produce NO that is mainly in-

volved in cellular signalization processes as a neurotransmitter. nNOS is also present in the 

peripheral nervous system (PNS), on the skeletal muscle and on certain epithelial tissues. This 

ROS production is balanced by an antioxidant defence, constituted by endogenous enzymes like 

superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase, and for some non-

enzymatic factors like glutathione, uric acid and vitamins C and E. The SOD is responsible for 

the conversion of superoxide anion (O2
•−) into hydrogen peroxide (H2O2), and GPX and catalase 

convert H2O2 in water, without forming free radicals [11]–[15]. 

After an ischaemic stroke, in particular, after reperfusion, the antioxidant defence mech-

anisms become overwhelmed due to the massive increase on the production of free radicals, 

disturbing the balance and consequently resulting on oxidative stress. ROS defines several ox-

ygen-derived molecules that are able to react and oxide most of biomolecules. ROS include NO, 

O2
•−, H2O2, hydroxyl radical (OH•), peroxynitrite (ONOO−) and hypochlorous (HOCl). These ROS 

are produced by mitochondrial chain respiratory, NAPDH-oxidase, arachidonic acid pathway 

and oxidation of xanthine and hypoxanthine as represented in Figure 1.2 Due to the elevated 

poly-unsaturated lipid content, low quantity of GPX and catalase in brain and the dependency 

for aerobic respiration, it is extremely susceptible to oxidative stress. Therefore, free radicals 

rapidly change the functional and structural integrity of the cells through lipid peroxidation, 

sulfhydryl oxidation, proteolysis and shearing of nuclear material. These leads to cell death 

mediated by necrosis or apoptosis. Besides that, oxidative stress post ischaemic stroke induces 

also mitochondrial disfunction and aggravates the excitotoxicity [11], [12], [14], [16]. 
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On the other hand, this oxidative stress, together with Ca2+-related activation of intracel-

lular systems, leads to the recruitment of several inflammatory cells, that release enzymes, 

destructing the basal lamina, and that adhere to blood vessels walls and, by transmigration, 

facilitate the blood-brain barrier (BBB) disruption. The disruption of the protecting membranes 

of the brain results in the formation of edema, influx of toxic substances, inflammation and 

possible haemorrhagic complications. This disruption is visible since the first minutes of an 

acute ischaemia [4], [5], [7], [10]. 

As described, several processes of ischaemic cascade, including overactivation of gluta-

mate-receptors, Ca2+ overload, oxidative stress and DNA and mitochondrial damage result in 

neuronal death. Cells can die through apoptosis or necrosis. Apoptosis is characterized by chro-

mosomes condensation, fragmentation of internucleosomal DNA, membrane blebbing and 

changes in surface antigens. On the other hand, necrosis involves degradation of DNA in a non-

specific way, nuclear pyknosis, disruption of membrane integrity and mitochondrial swelling 

[17]. The death process for each cell depends on the origin of the stimulus and its intensity, on 

the type of the cell and on the stage reached on its life-cycle. Usually, necrosis is triggered by 

acute and permanent vascular occlusion, whereas apoptosis is more frequent within ischaemic 

penumbra where the lesion is milder [5]. 

However, these events do not affect homogenously the whole ischaemic territory. Usually, 

in the core of the perfusion, CBF is approximately 20% below normal, resulting in a definitive 

and anoxic depolarization, leading in few minutes to total bioenergetic failure and cell death. 

On the other hand, in penumbra still exist some preserved energy metabolism, being that its 

salvage is the main goal of neuroprotection [5]. 

 

1.1.2 – Intraarterial therapies 

 

Figure 1.2 – Oxidative stress mechanism [12] 
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There are two main groups of therapies among the intraarterial ones: the ones based in 

chemical dissolution of the thrombus and the ones based on thrombectomy with mechanical 

devices [18]. 

Tissue Plasminogen Activator (tPA) is, nowadays, the only pharmacological treatment ap-

proved by FDA to reopen obstructed blood vessels. This treatment aims of lysing the occluding 

thrombus or embolus, disrupting the fibrin (fibrinolysis), since the thrombus is the result of the 

blood-coagulation step during homeostasis, and this way be able to rescue salvageable brain 

tissue before it become infarcted. The basis of fibrinolysis consists in the activation of plasmin-

ogen to plasmin. This plasminogen is a circulating single-chain glycoprotein, and the plasmin is 

responsible for the degradation of both fibrinogen and fibrin, disrupting the clot. However, tPA 

is more fibrin-specific because it activates the plasminogen preferentially at the fibrin surface 

in comparison with the circulating one [19]. Although very efficient, mainly in reduction of 

disability after a stroke, the percentage of patients that benefit from this therapy is very low 

(approximately 10% [20]), because of distinct reasons such as the 4.5 hours window [21]–[23] 

between the onset of symptoms and application of pharmacological therapy, as well as the 

increase on the risk of brain haemorrhages. It was already verified that tPA administration 

increases the rate of haemorrhage 10 times approximately, and that half of the patients with 

symptomatic intracerebral haemorrhage related to tPA died [24]. Moreover, besides the time 

to arrive to the hospitals, patients usually need to be submitted to a computer tomography 

scan or could be excluded by specific criteria [3], [7], [19], [25]–[27]. Although tPA is the only 

FDA approved thrombolytic agent, there are other agents that have been under investigation 

for the past years as possible fibrinolytics, like the streptokinase, the urokinase, the recombi-

nant pro-urokinase and desmoteplase [19]. The age, the type of thrombus and the surface 

area of the thrombus exposed to the thrombolytic agent defines its effectiveness. Although the 

stroke occurs majority in elderly patients, most of them are excluded or underrepresented in 

clinical trials, conditioning, this way, the effectiveness of the thrombolytic agent [28]. 

In addition to the pharmacological treatment, there is a FDA approved method to remove 

clots mechanically, the retrieval catheters, that presents a bigger temporal window than tPA 

[3], [7].  

These therapies were a revolution in the management of the strokes since over the past 

years the general approach in pre-clinical studies and clinical trials was developed based on 

known natural recovery properties of the brain. These include varying degrees of behavioural 

compensation and brain plasticity, neurogenesis and, in some cases, angiogenesis. As predict-

able, after a stroke, patients exhibit a significative functional recovery during the first 3-6 

months, and, after that, the recovery was slow. Besides that, the post-stroke capacities were 

never identical with pre-stroke ones, due to the irreversible loss of neurons responsible for 

specific functions [27], [29]. 

It has long been recognized that there is a growing need for the development of new ther-

apies. There are already some investigation in the pharmaceutical field in order to develop 

drugs to reduce the side effects of thrombolytic therapies [24]. 

These much awaited therapies are promising approaches that could be implemented alone 

or combined with thrombolysis in order to reduce the affected area after an ischaemic stroke, 

and, in this way, reduce the morbidity and mortality associated [26]. 

 

 

1.2 – Neuroprotection approaches 
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In order to preserve, or even restore, the neurological function during and after an is-

chaemic brain damage, several neuroprotective approaches have been investigated. The aim 

of these strategies is to structurally and biochemically preserve the intact tissue until the nat-

ural or pharmacologically induced restoration of the blood supply [27]. A deep knowledge about 

the pathophysiology of the ischaemic cascade, and the formation of the ischaemic penumbra is 

necessary to develop neuroprotection therapies based in the inhibition of specific events and 

mechanisms that will disrupt the homeostasis [30]. 

It is not easy to give a unanimous definition of neuroprotection, since it is usually defined 

based on specific diseases mechanism. In stroke, it could be described as an intervention (phar-

macological or not) that aims to inhibit the damage caused by the pathophysiology associated. 

Neuroprotective approaches for stroke may target specific events like the intracellular calcium 

increase, the activation of free radicals’ reaction, or cellular death in order to try to reduce 

the infarct volume and the susceptibility of neurons in ischaemic penumbra to death. Strategies 

not included on neuroprotective approaches are: 1) reperfusion techniques, 2) interventions 

based on the recovering of neurological functions by relearning or by neurological plasticity or 

3) agents that aim to reduce cytotoxic edemas. Nevertheless, neuroprotection can indirectly 

lead to a better neurorepair and / or neuroplasticity [30]. 

Through the years, several neuroprotective therapies have been developed with the aim 

for translation to patients with acute stroke: 1) to block the ionic channels, 2) to impede free 

radicals’ action using antioxidants, 3) to control the glutamate concentration, 4) to block in-

flammatory cells adhesion, 5) to protect against apoptosis. However, despite many of these 

therapies being successful in animal models, they show negative outcomes in human trials. This 

poor translation may be due to several reasons, that isolated or together, compromise the 

results of investigations. One of the reasons for some failed clinical trials is the administration 

outside of the temporal window of efficacy. While on animals models it is easy to define a 

precise time to the onset of ischaemia and reperfusion, in a clinical situation times are not 

precisely known because the beginning of symptoms may not be coincident with the onset of 

the ischaemia, making it difficult to identify the time window of efficacy. Another possible 

reason is the age of the animal model and its health. A large part of in vivo studies is performed 

on healthy, young animals under rigorously controlled laboratory conditions. However, accord-

ing to World Health Organization (WHO), population aged 70 or older are the main incidence of 

mortality and morbidity due to a stroke. Besides that, they usually have numerous risk factors 

and complicating diseases, which should be taking in account. Additionally, morphological and 

functional differences between the human and animal brain can be considered another reason, 

even though the basic biology of brain ischaemia can be comparable among different species, 

brain structure, function and vascular anatomy is different between species. Cerebral metab-

olism and consequently CBF is related with body weight. Glial and neuronal densities vary be-

tween humans and animal models also and, thus, characteristics of the infarct are different. 

Finally, another explanation for failed clinical trials is the time difference between humans and 

animal models to evaluate the treatment after the injury. In experimental animals, it is rarely 

determined beyond seven days after the onset of ischaemia. Conversely, the evaluation in hu-

mans is usually accessed three or six months after the stroke. As well, most of neuroprotective 

approaches have an isolated target, and modulate a unique pathway of the ischaemic cascade 
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alone, which may not be sufficient to interfere with the whole complexity of stroke [5], [27], 

[30]. 

Besides that, it has been investigated the hypothesis of a neuroprotective agent in combi-

nation with thrombolysis, which requires that neuroprotective agent or drug must be safe and 

efficient at early time points [30]. 

 

1.2.1 – Neurotrophins and neuroprotection 

 

With science advancement, the signalling pathways that lead to neuronal cell death are 

increasingly better detailed. Therefore, new neuroprotective treatments have arisen. Some of 

these treatments are based in the neurotrophic factor’s administration, since they are endog-

enous proteins, with a critical role in proliferation, differentiation and survival during not only 

development but also in neuroprotection, neurorepair and neuroplasticity, with the ability to 

prevent or even reverse neuronal degeneration in some in vitro and in vivo models [31], [32]. 

The neurotrophin family include brain-derived neurotrophin factor (BDNF), nerve growth factor 

(NGF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4), acting through their cognate tropo-

myosin-related kinase (Trk) receptors [33]. NGF is the dominate neurotrophic factor in PNS, 

namely on sympathetic and sensory neurons. On the other hand, BDNF predominates in CNS.  

These neurotrophins are synthetized in the endoplasmic reticulum as pre-proproteins and 

posteriorly processed to their mature forms in the trans-Golgi network before the release from 

the cell [31]. 

 

1.2.1.1 – BDNF 

 

BDNF can be secreted constitutively by non-neuronal cells, or in a neuronal activity-regu-

lated secretion pathway. This last one occurs in neurons, in an activity and Ca2+ dependent 

manner, and it is responsible for the regulation of the synaptic transmission and long-term 

synaptic plasticity, being essential in sustaining physiological processes of normal and healthy 

adult brain [34], [35]. Neuronal activity and excitatory transmissions control the expression and 

secretion of BDNF, mainly in hippocampus and cortex [34]. BDNF, when synthetized, consist in 

247 amino acids in its pro-form. The pro-form is packaged into secretory vesicles and subse-

quently released from neurons [35]. Extracellularly, BDNF could exist in pro-form or in the 

mature one. The pro-form is important as a brain function modulator factor, especially during 

development. This BDNF form interacts and activates signalling cascades when interacting with 

pan-neurotrophin receptor (p75NTR) and sortilin receptors, promoting processes that posteri-

orly lead to neuronal development and survival, but also lead to cell apoptosis [36]. When the 

pro-BDNF is released from the vesicles, is proteolytically cleaved originating mature BDNF [26], 

[35]. This mature form is predominant and extremely important in adult CNS, once it was shown 

to promote the survival growth in in vitro neurons and to improve motor neuronal functions in 

animal models. Most importantly, BDNF was shown in various studies to attenuate ischaemic 

neuronal injury [37], [38]. For instance, in a model of distal middle cerebral artery occlusion 

in adult rats, BDNF was shown to up-regulate the tropomyosin-related kinase receptor type B 

(TrkB) expression in cortical neurons of the ischaemic penumbra, preventing, this way their 

death [37].  
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BDNF can bind to two different classes of transmembrane receptors TrkB and p75 receptor. 

The specific binding between mature neurotrophins and the receptors results in the homodi-

merization of the receptor, leading to autophosphorylation and signalling adaptor recruitment 

with the activation of downstream pathways [31]. Trk activation promotes the initiation of four 

signal transduction pathways (PI3K/Akt, MAPK, PLC-γ, and GTP-ases) that leads to neuronal 

survival, differentiation, synaptic function and others as represented in Figure 1.3. On the other 

hand, p75 signalling is complex, leading to cellular death [33], [39]. However, TrkB is the key 

receptor for BDNF in an adult brain due to its wide pattern of expression and higher affinity 

[35], [36]. 

TrkB is both expressed in CNS and PNS. In CNS it is highly expressed in cerebral cortex, 

hippocampus, thalamus, choroid plexus, and in part of cerebellum, brain stem, retina and spi-

nal cord. In PNS, the TrkB expression is observed in cranial ganglia, vestibular system, submax-

illary glands and the dorsal root ganglia. Besides the nervous system, there are expression of 

TrkB in another tissues, like skeletal muscles, pancreas and kidney [34]. 

Once the cerebral cortex is the most commonly affected area by stroke and TrkB is widely 

expressed in this area, the use of BDNF for neuroprotection has been considered with particular 

therapeutic interest, in order to reduce the cortical neuronal loss after an ischaemic stroke 

[35]. BDNF is implicated in synaptic remodelling after stroke, through its binding to TrkB re-

ceptor, activating the PI3K /Akt pathway, affecting the nervous system function. Besides that, 

Akt signalling system has important effects on learning and memory, being involved in related 

hippocampal synaptic plasticity. This regional plasticity is very important to promote functional 

recovery after this injury [40]–[42]. Indeed, there are already in vivo studies showing that BDNF 

administration is able to reduce the infarct area and prevent some cell damage, enhancing 

therefore the functional recovery in a rat thrombotic stroke model [37], [43]. The delivery of 

exogenous neurotrophic factors to the brain, in order to reduce the infarct volume and try to 

recovery some behavioural functions has been successful in different experimental stroke mod-

els. Unfortunately, these results were not reproducible in clinical trials. This hypothesis postu-

lated to explain the failure, could be explained by a limited access of peripherally adminis-

trated neurotrophins to CNS and by the short biological half-lives of neurotrophins (due to its 

low stability in serum) [26], [31], [32], [35], [44]. In fact, through systemic administration, a 

large quantity of BDNF or multiple doses would be needed so that effective level of the neuro-

trophins could reach the CNS, even with the permeability of BBB increased due to the stroke. 

Such hypothesis has not been proved in animal models, being, therefore, a challenge to reach 

such high CNS levels. Alternatively, BDNF has been administrated directly into the CNS in order 

to reach significant amounts in neurons [35]. 

In order to potentiate the clinical use and the neuroprotective therapeutic effect, several 

approaches had been explored to mimic the BDNF effect with a specific affinity (ideally exclu-

sive) to TrkB receptors – the BDNF mimetics. Besides that, these mimetics should overcome 

some biochemical limitations associated to the administration of neurotrophins. Through the 

years several approaches have arisen, like the development of mutant neurotrophins or the use 

of receptor-specific antibodies, for instance. Mutant neurotrophins allows the identification of 

its specific function through the silencing of its function but keeping the specific receptor bind-

ing [31]. 
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An interesting approach was the site-directed mutagenesis of the loop II of NGF, conferring 

to this neurotrophin the ability to bind and activate the TrkB. This opened a door for further 

investigation and design of potent BDNF mimetics with the ability to homodimerize the TrkB 

receptor. These mimetics were shown to promote efficiently the survival of cultured neurons. 

This results in dimeric peptide mimetics of BDNF with a low molecular weight and conforma-

tionally constrained, with potency comparable with the native protein, and serving as starting 

point for design of another BDNF mimetics [39]. 

Later, a new approach emerged, with the goal of developing a small molecule, non-peptide 

with the capacity to bind and activate with high potency and specificity TrkB signalling. In this 

approach, the same loop of BDNF was considered to mimetic the neurotrophic activity. Four 

compounds were selected with distinct chemotype, that emulate the loop II region (Figure 1.4, 

A) of BDNF which show the highest activity. LM22A-1 is a tripeptide (Pro-His-Trp) (Figure 1.4, 

B), and LM22A-2, LM22A-3 and LM22A-4 do not contain peptide bonds. LM22A-4, in particular, 

was shown to bound exclusively to TrkB and to promote the survival of hippocampal neurons 

[31]. These mimetics improve in vitro cell survival of neurodegenerative disease models, serv-

ing as base for future investigations involving small molecule TrkB ligands able to promote 

neuroprotection and synaptic function [33].  

Figure 1.3 – Physiologic pathways activated by the phosphorylation of TrkB  [36] 
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1.3 – Complementary approaches 
 

Although all neuroprotective properties of BDNF, its administration as the only therapy to 

protect the neurons from ischaemic penumbra from death may not be enough. Thus, comple-

mentary and possibly synergistic approaches are very important, because they can have broad 

effects in the context of a complex disease like stroke. 

 

1.3.1 – Gene therapy 

 

Through the years, it has been shown that alterations in gene expression during several 

diseases has serious impact in the resulting damage. Thus, gene therapy has gained a great 

influence in molecular medicine since it aims the treatment of diseases at a genetic level 

through the delivery of exogenous therapeutic nucleic acids [45], [46]. 

In case of the stroke, different gene expressions may serve as a protective strategy or in-

stead have a damaging role [17]. 

One of the most critical aspects of approaches based on gene manipulation on neurons lies 

in the maintenance of these cells functions beyond whatever protective effect could be con-

ferred by the therapy. In this way, it is crucial to guaranty that neurons keep work properly 

during the whole administration window and after that [17]. 

 

1.3.2 – RNAi 

 

Through the years, several fields of investigation, in particular in biology, have been revo-

lutionized by the discovery of RNA interference (RNAi). RNAi is an evolutionary conserved, en-

dogenous sequence with a major role in regulation of gene expression, through the silencing of 

specific genes in eukaryotic cells [47]–[49]. 

This was a starting point for several clinical approaches. In fact, there are some RNAi-based 

therapies undergoing clinical trials, from viral diseases to cancer. For cancer therapies, RNAi 

has great potential due to its specificity and adaptability, having the ability to downregulate 

Figure 1.4 – BDNF loop 2 molecular structure (A.); Chemical structure of LM22A-1 (B.) [33] 
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metastasis, angiogenesis and chemoresistance or upregulate apoptosis of carcinogenic cells. It 

has been already administrated in patients with a brain tumour, with positive effects [49]. 

Among RNAi, there are two classes with clinical interest: short interference RNA (siRNA) 

and microRNA (miRNA), both with a length of approximately 22 nucleotides [49]. 

 

1.3.2.1 – miRNA 

 

Given the multifaced cascade of molecular events after a focal cerebral ischaemia miRNAs 

have emerged as potential regulators or mediators of some mechanisms related with the path-

ophysiology of the stroke, like neurodegeneration and inflammation [50]. miRNAs are noncoding 

evolutionary conserved RNAs that control the level of mRNAs [51]. They are thought to modu-

late the mRNA function through its degradation or translation inhibition. Some miRNAs bind 

with specificity to mRNA while others can bind to different mRNAs. miRNAs can act through 

different mechanisms, like the binding to the promotor of certain genes, inducing or blocking 

their expression [51]. After the synthesis of long precursor primary transcripts (pre-miRNA), 

these are cleaved by Drosha (a type-III RNase endonuclease), in association with a cofactor 

Pasha, into ~70-nucleotide pre-miRNAs, that are stem-loop structures. These pre-miRNAs are 

posteriorly exported from the nucleus to cytosol by Exportin-5, and another type-III endonucle-

ase, Dicer, process them to form mature miRNAs complexed with their complementary strand, 

with approximately 20-25 nucleotides. A helicase unwound the duplex and the mature miRNA 

is incorporated into an RNA-induced silencing complex (RISC) [8], [50], [51]. The association 

between the mRNA function and a miRNA regulation is not linear. Each one of hundreds of 

miRNAs that exist can potentially regulate hundreds of target genes, being that about one-third 

of all human genes may be regulated by miRNAs [52]. Moreover, it is a work that needs specific 

guidelines in order to avoid false-positives. There are biological validation approaches, based 

in recent works, that include, but are not restrict to, four criteria: 1) the spatial demonstration 

of the miRNA/mRNA binding interaction, 2) the coexpression of miRNA/mRNA in spatial and 

cell-specific resolution, 3) appreciable mRNA-induced changes in the amount of protein en-

coded by the target mRNA and 4) a change in biological function as a result of miRNA-mediated 

regulation of a target mRNA [50]. 

Through the years, miRNAs have been shown to control transcription factors, which in turn 

control thousands of downstream genes, leading to investigations about how they can influence 

homeostasis under normal physiological conditions or under particular environments from cer-

tain diseases [51]. Therefore, a better understanding of the role of miRNAs in certain diseases, 

like stroke, is extremely important in the development of new therapeutic approaches. Once 

the pathophysiology of ischaemic strokes is so complex and there are a lot of different miRNAs, 

some of them with redundant functions, the understanding of the biology involved in the several 

cascade events must be extremely detailed in other to develop an efficient therapy, using the 

miRNAs as therapeutic agents [50], [51], [53]. 

miRNAs have an important regulatory role during stroke, mainly in immune system and vas-

culature. In patients with acute ischaemic stroke, the changes in blood gene expression were 

directly correlated to differences in immune and coagulation systems [54]. Besides that, in 

another study it was verified that transient focal ischaemia induces changes temporally in cer-

ebral microRNAome, not having, however, an effect on miRNA synthetic machinery [51]. 
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Information about the degree of complementarity between miRNA and mRNA genes that 

are induced or repressed in blood and brain after cerebral ischaemia is extremely important in 

the development of new treatments or neuroprotective therapies [8], [52]. 

There are several miRNA mediators that are already associated to specific stroke risk factors, 

which can be important targets for prevention. On the other hand, several time-dependent 

changes in miRNA transcriptome post stroke have been identified in order to relate these 

changes with molecular events associated with oxidative stress, inflammation and apoptosis 

[50], [52]. 

 

1.3.2.1.1 miRNA-145  

 

miRNA-145 is one of the microRNAs identified and biologically validated to target the reg-

ulatory cytokine Interferon-beta (IFN-β) [55] and silence its function in monocytes-derived mac-

rophages. IFN-β is a molecule with anti-inflammatory properties approved to be used in multi-

ple sclerosis treatment. It has been shown to inhibit the extravasation of proinflammatory 

blood-derived monocytes into the CNS through the prevention of the upregulation of vascular 

cells adhesion molecule 1. IFN-β has already been investigated in a preclinical focal cerebral 

ischaemia model, and its delivery attenuated the infiltration of neutrophils and monocytes to 

brain tissue and reduced significantly the stroke-induced lesion volume [50]. These results show 

that IFN-β is a promise therapy in ischaemic stroke, therefore, the downregulation of miRNA-

145 with an antimiRNA (also named antagomir) is a possible therapeutic approach. 

Besides the possible roles of miRNA-145 in ischaemic stroke previously described, there is 

a work [51], that clearly shows how miRNA-145 is responsible for the control of post-ischemic 

Superoxide Dismutase-2 (SOD2) protein expression, and this study is the basis for the neuropro-

tective approach investigated in this work. Changes that occur in cerebral microRNAome during 

brain ischaemia are expected to have important roles in the post ischaemic mechanisms and so 

it is essential to validate experimentally the antimiRNA-145 regulation of SOD2, a protein with 

a role in antioxidant defence. Since one of the main problems of the ischaemic cascade is the 

oxidative stress, the induction of SOD2 function should be a good way to promote cell survival 

after a stroke. In accordance, the study evaluated the neutralization of the miRNA-145, showing 

that a significant number of neurons exhibited the SOD2 comparatively with the ones without 

the anti-mIRNA-145, reducing, this way the post ischaemic neuronal damage [51].  

 

 

1.4 – Challenges for RNAi therapies 
 

In vivo administration of nucleotide-based molecules represents a great challenge due to 

differences between in vitro and in vivo conditions, as these molecules are very sensitive to 

the environment. Besides that, the delivery of an external therapeutic agent finds several ob-

stacles until reaching the cells. 

Although RNAi strategies, mainly of siRNA, are increasing rapidly in clinical trials, in order 

to guarantee that investigated therapies are reproducible, it is necessary to overcome several 

important obstacles. First of all, it is necessary to assure the administrated RNAi is optimized 

to act in a specific gene, originating the minimum possible side-effects. Secondly, the intracel-

lular deliver in the target cells must be efficient. Besides the specificity, another challenge of 

nucleic acids delivery is to maintain their stability during the administration and transport, due 
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to the exposure to nuclease activity [56], [57]. Even using delivery vectors, many polymers 

interact with negatively charged proteins from the serum, leading to the degradation of the 

therapeutic agent or to a rapid elimination by forming aggregates that accumulate in fine ca-

pillary beds or by phagocytic cells [46]. 

 

1.4.1 – Cerebral delivery 

 

Through the years, one of the biggest challenges in neurological diseases treatments has 

been the drugs delivery at the target local. It is estimated that drugs developed to be admin-

istrated in brain related diseases or injuries take 35% more time to be translated to humans 

than drugs for other diseases [58]. Besides that, drug delivery in brain’s environment is chal-

lenging due to two physiological barriers, namely the BBB and the blood-cerebrospinal fluid 

(CSF) barrier, that are responsible for the homeostasis regulation in the brain, limiting the 

access of the brain and CNS to blood compartments [58]–[60]. 

After overcoming or crossing the barriers, the delivery vectors should be able to diffuse 

through the heterogenous extracellular space (ECS), in order to have the therapeutic effect in 

the target local. The ECS is filled with interstitial fluid, containing the extracellular matrix 

(ECM). In many cases of damage, like, for instance, in cerebral ischaemia, the BBB is disrupted, 

the homeostasis is perturbed and both ECS and ECM experience disturbances in their normal 

function [58]. 

 

1.4.2 – Serum stability 

 

One important aspect to take into considerations is to keep the stability of the therapeutic 

agent in order to guaranty that the treatment will be efficient. 

A naked, unmodified nucleic acid would be rapidly and easily degraded by serum enzymes. 

siRNA, in particular, has a half-life inferior to 1h in human plasm. These molecules in systemic 

circulation may be cleared due to exposure to the glomerular filtration in the kidney or through 

the excretion into the urine [57], [61]. Besides that, negative charged molecules, like the siRNA, 

do not freely cross the plasmatic membrane due to electrostatic repulsion [56]. 

Thus, utilization of delivery vectors is a good approach to allow the safe circulation in 

plasma, until reaching the target cells cytoplasm to act efficiently, protecting the nucleic acids 

from degradation and promoting the cellular uptake. However, the choice of the delivery vector 

is a challenge per se. The nucleic acid packaging must be efficient in order to avoid the disas-

sembly and its release after interaction with serum proteins. Complexes formed by a polycation 

and a nucleic acid tend to aggregate and accumulate in fine capillary beds owing to the binding 

to serum albumin and other serum proteins, being usually rapid eliminated from blood [46], 

[61]. 

 

1.4.3 – Specific cellular uptake 

 

The process by which eukaryotic cells form invaginations in the cell membrane to engulf 

extracellular molecules is called endocytosis. The pathways by which cells internalize several 

substances are divided in clathrin-dependent and clathrin-independent. The first corresponds 

to the endocytosis that is initiated by the formation of clathrin-coated pits, which progress to 
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200 nm-sized clathrin-coated vesicles until reach mature endosomes, that will fusion posteri-

orly with lysosomes. The clathrin-dependent pathway is also known as receptor-mediated en-

docytosis. On the other hand, clathrin-independent endocytosis comprises caveolae-mediated 

endocytosis, that involves caveolae presence, that is a smooth invagination on plasmatic mem-

brane, rich in lipids, macropinocytosis and phagocytosis [46], [62]. 

Phagocytosis is an internalization process carried out by specialized cells to eliminate for-

eign material, and thus, it can be a barrier for efficient delivery to cells. Even though 

macropinocytosis implicate the cell membrane to form large uncoated vesicles, the receptor-

mediated endocytosis is the predominant cellular uptake process [46], [62]. 

Several factors that influence the internalization pathway were identified, as well as trans-

fection efficiency of gene delivery vectors. Both size and charge are very important, in addition 

to the cell type used and structure and composition of the polymer carrier. There are studies 

indicating that transfection efficiency is more dependent on the nature of endocytosis pathway 

than correlated with uptake efficiency [46]. Related to carriers’ size, there are proposals that 

defend that usually particles under 200 nm are taken via clathrin-dependent mechanisms and 

larger particles by the caveolae-mediated process [62]. 

In order to guarantee specificity in cellular uptake while prevent significant immune, in-

flammatory or cytotoxic responses, there are two main strategies proposed. One of them is 

based on the marking of gene delivery vector specifically to a membrane receptor characteristic 

of the target cells, allowing the in vivo delivery in the patient. The other one is an ex vivo 

delivery strategy, where the target cells are taken away from the patient, transfected in vitro 

and posteriorly implanted again in patient. This second administration process is restricted to 

some specific cells, including bone marrow cells, lymphocytes, umbilical cord blood stem cells, 

skin fibroblasts, tumour cells and hepatocytes [63], [64]. 

Through the years, it has been a challenge to design gene delivery vectors that are able to 

reconcile both high degree of selectivity and efficiency while maintaining the safety after de-

livery. Thus, the development of vehicles with ligands for cellular receptors has a great interest 

in therapies approaches, ensuring a primary degree of specificity [63]. 

 

1.4.4 – Endosomal escape 

 

Usually, cellular uptake results in an endosome formation, being a challenging step to over-

come in order to reach the desired therapeutic effect before being degraded by the lysosome. 

Besides that, ideally the endosome escape should occur along the trafficking route of endocy-

tosis [63]. 

There are four mechanisms to induce endosomal escape. 

In case of cationic vectors, the endosomal escape is induced by their positive charge. The 

endosomal membrane allows the entrance of protons in an adenosine triphosphate (ATP)-de-

pendent way. When they entrap a cationic vector, in order to maintain a certain pH, they start 

an influx of protons. However, many cationic polymers tend to become protonated, resisting 

to the endosome acidification. This leads to a continuous entry of protons and to a passive 

influx of chloride ions. In order to keep the osmotic pressure, water accumulates into the en-

dosome, leading to its rupture and release of the content in the cytosol [46]. 

Another way to disrupt endosomes is through the utilization of endosomal escape peptides 

(EEPs). Most of the proposed peptides are derived from viral components. Besides that, there 
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are also peptides which endosomal escape mechanism induction is through their acid pH buff-

ering capacity [46]. 

Moreover, there are certain weak bases that are used to induce pH buffering in endosomal 

vesicles. Ammonium chloride, methylamine, spermine, and monensin are some of the chemical 

agents investigated to endosomal escape. In addition, there is a particular weak base, chloro-

quine, that apart of disrupting the endosomal vesicle through buffering acidic vesicles, is 

thought to improve also cell transfection, despite having a limited use and not all results about 

transfection efficiency are consistent [46], [65], [66]. 

Ultimately, there is a method for inducing endosomal escape based on chemical modifica-

tions of photosensitisers. These compounds when absorbing light at specific wavelengths un-

dergo structural changes, transferring its energy to molecular oxygen, forming “singlet oxygen”. 

This process leads to rupture of endosome. There are also several investigations based on gene 

carriers with photosensitisers [46].  

 

1.4.5 – Gene release 

 

It’s a fact that the complexation between the delivery vector and the nucleic acid must be 

efficient in order to keep its integrity and stability in serum. However, after the release in the 

cytosol the disassembly is also important to achieve the desired therapeutic effect. This step 

has been identified as a barrier to an efficient gene deliver and is extremely dependent on the 

characteristics of the delivery vector. One of the strategies used is the administration of chi-

tosan-based vectors, because it releases the nucleic acid when glycosaminoglycans are applied, 

depending on the properties of the polymers [46]. 

 

 

1.5 – Nanotechnology / Biomaterials science 
 

Nanotechnology has been emerged in health field, offering nano-sized and structured ma-

terials to medicine applications. This extension of nanotechnology to medicine have potential 

to revolutionize medical treatments in diverse fields, like imaging, faster diagnosis, drug deliv-

ery and new medical products development [27]. 

In order to overcome the challenges imposed, nanotechnology has been continuously de-

veloping and improving ways to specific deliver therapeutic agents to target cells efficiently. 

Considering the main challenges faced by gene delivery, efforts have been made in order to 

offer the most suitable alternatives for each particular case. However, the development of a 

delivery method that is both effective and safe has been a constant demanding. It is crucial 

that vectors assure the stability and specific delivery while ensure that the desired gene will 

be widely expressed. Briefly, the ideal can be defined as appropriate to in vivo administration, 

adaptable to cell types or physiological conditions of the target local, that can be marked to 

selectively transfect the target cells, that is able to keep the genetic expression during a de-

fined period and that do not cause immune or pathological responses [64], [67]. 

Delivery vectors for gene therapies can be viral or non-viral. Viral vectors derive from la-

boratory modifications to some well-studied viruses, eliminating their pathogenicity and repli-

cation capacity, but keeping their efficiency to transfect cells. Some of the viruses usually used 

are adenovirus, adeno-associated virus, lentivirus, herpes virus and retrovirus [64], [68]–[70]. 

This type of gene delivery vectors is widely used and investigated, since virus are very attractive 
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because of their natural ability to infect cells through the insertion of a foreign DNA sequence 

into the target cells while evading degradation by lysosomes. Viral vectors are made from the 

substitution of their genome for a therapeutic gene [63], [64], [70]. Despite all attractive char-

acteristics of these vectors, they have serious safety risks associated. One of the most signifi-

cant problems is the immunogenicity. However, some investigators consider that toxicity is the 

hardest obstacles to overcome in in vivo gene delivery therapies [63]. Other viral vector related 

issues are the hazards related to mutational insertions, with potential to degenerate to onco-

genic diseases, the difficulty of large-scale production, due to quality control problems, the 

therapeutic gene limited sized insertion, the lack of cell specific targeting and the rapid clear-

ance  of viral systems from the blood [46], [71]–[74]. Besides that, there are some remote 

hazards like possible recombination events that may lead to production of replicating viruses 

[74]. There are also some limitations related to some viruses type, like cellular mitosis in ret-

rovirus, contaminations in adenovirus and packaging restrictions in adeno-associated virus [75]. 

Finally, some clinical trials have been already suspended due to the death of at least one pa-

tient [74], [76]. Due to these constrains, the non-viral vectors for gene delivery have emerged 

rapidly [63]. 

 

1.5.1 – Non-viral vectors for gene delivery 

 

As seen before, an ideal system for gene delivery should allow specific targeting, be biode-

gradable, non-toxic, do not cause immune or inflammatory responses, be stable during storage, 

have a great capacity to pack genetic material, be efficient in transfection and allow the large 

scale production with a low cost [74]. Non-viral systems for gene delivery, despite being gen-

erally less effective in transfection than viral ones, they are potentially safer, and relatively 

easy to produce and modulate chemically, having a great interest in therapeutic fields [65], 

[71], [74]. 

In order to avoid limitations associated to viral carriers and to overcome challenges related 

to gene delivery, several non-viral strategies have arisen through the years. Methods for non-

viral gene delivery can be physical or chemical. Physical ones are based on the poration of the 

plasma membrane through electroporation, ultrasound based sonoporation or gene gun. How-

ever, these methods have shown low efficiency, tissue damage and poor tissue access, being 

an obstacle to in vivo administrations. On the other hand, chemical systems could be based on 

calcium phosphates precipitation, nucleic acid encapsulation or self-assembled complexes. The 

last ones have a great interest in gene delivery and are the most commonly studied, since they 

are spontaneously formed by electrostatic interactions with nucleic acids [64], [75]. 

Self-assembled complexes have a positive net charge facilitating the posterior interaction 

with the cellular membrane. Besides that, they allow the complexation with any sized gene, 

they are able to transfect several types of cells and it is easy and to produce large quantities 

for clinical use. They are also very flexible in design and construction, which confers them some 

potential benefits as the ability to target any cell through specific receptors. However, when 

trying to increase the flexibility of the carrier, its targeting capacity and to reduce the toxicity, 

its efficiency decreases [56], [63], [70], [77]. 

Among self-assembled complexes, lipoplexes, polyplexes, dendrimers and cationic pene-

trating peptides are the most studied ones. These are the best approaches to increase the 

nucleic acids intracellular accumulation and aim to facilitate the endosomal escape. In fact, 

liposomes and polyplexes have already been used in clinical trials. There are other vectors like 
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micelles or inorganic nanoparticles that are not so well characterized as gene delivery vectors. 

Cationic carriers are constantly modified structurally in order to rationally be able to correlate 

the structure with the transfection efficiency. Chemical and physical properties of the carriers 

like size and zeta potential are fundamental to define the efficiency and the compatibility for 

in vitro and in vivo studies[56], [69], [71], [74], [76], [78]. 

 

1.5.1.1 – Polyplexes 

 

Polyplexes are nano-sized particles that result from an electrostatic interaction between a 

positive charged polymer and a nucleic acid, and they are widely used for gene delivery both 

in vitro and in vivo. These nano-sized particles can be lipid- polymer- or, peptide-based. 

Nanoparticles are mainly used nowadays in therapeutic drug delivery [27]. They consist in 

adaptable structures between 1-100 nm, and that allow increase the solubility of certain drugs, 

its protections from clearance or from nonspecific uptake, and that can even providence the 

local delivery in a controlled way. As well, they offer a prolonged time of circulation, as well 

as increasing of brain penetration. It is possible to be modified in order to increase the bioa-

vailability, the biodistribution and the pharmacokinetics of drugs. They are even able to 

transport several therapeutic agents from low molecular weight compounds to DNA, RNA and 

proteins. Complexation with nanobiomaterials protect the therapeutic agents from degradation 

[27], [58]. Within the polymeric nanoparticles, in particular the ones for brain delivery, they 

should satisfy certain requirements: 1) to avoid rapid clearance by the reticuloendothelial sys-

tem (RES), 2) to be able to cross or overcome the BBB, 3) to be capable to penetrate inside the 

microenvironment to achieve the disease sites, 4) to provide the intracellular or extracellular 

release of the therapeutic agent in the pretended local and 5) to have great diffusion properties 

through the cerebral microenvironment [58].  

Polymer-based nanoparticles will be the focus of this work in order to efficiently deliver 

the microRNA to target cells. The specific cellular absorption has special interest to achieve a 

therapeutic effect in a local target. Diseases that involve inflammation, astrocytes and micro-

glia cells stay more receptive to internalize nanoparticles, since their phagocytic activity in-

crease. On the other hand, neurons, that are cells with no phagocytic activity, tend to be more 

permeable to nanoparticles internalization during cellular death process [58]. 

Cationic polymers have a positive charge at physiological pH and when complexed with a 

nucleic acid they continue with a positive net charge, that is very important for the efficient 

delivery and internalization by target cells. Polymers have a great interest in gene delivery, 

since they allow their modification in several aspects, like molecular weight or ligands attach-

ment for genetic expression mediated by specific receptors, they do not present immunogen-

icity, do not integrate exogenous genes in the host chromosomes and they are very easy and 

cheap to produce. However, their clinical use is limited due to their low transfection efficiency, 

cytotoxicity and instability in vivo. Thus, through the years several biomaterials have been 

modified in order to reconcile the appealing characteristics of polymers with a better perfor-

mance in vivo. Most of studied polymers have superficial amino groups on the surface that can 

be multivalently functionalized. Besides that, these groups could become protonate and facil-

itate the endosomal escape after the cellular uptake. Most of cationic polymers studied for 

gene delivery are synthetic, since the number of natural polycations is very low [46], [67]–[69], 

[79]. 
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Polymers have several physical, chemical and structural properties that can be adjusted or 

modulate in order to enhance their performance as gene delivery vectors. These properties 

include the rigidity, hydrophilicity, charge density, molecular weight and biodegradability are 

very important in terms of interaction with nucleic acids, cytotoxicity, colloidal stability of 

ionic complexes, efficiency of transfection, endosomal escape and unpack from vectors. In this 

way, gene therapies have been evolving to design new vectors that are able to adapt and be 

efficient in the several barriers faced on gene delivery pathway, namely the location and cel-

lular binding, the internalization, subcellular trafficking, endosomal escape and releasing and 

nuclear translocation in specific cases. Structural properties are also very important since they 

define where and how the nucleic acids will be released [75]. Biodegradability is defined as the 

functional degradation of polymers triggered by physiologic stimulus. Biodegradable polymers 

show great efficiency of transfection and low cytotoxicity. This could be due to their ability to 

be hydrolysed in small non-toxic molecules after the cellular uptake, that are easily excreted 

[79]. 

One of the most crucial points in gene delivery pathways, using non-viral vectors, is the 

release of intact nucleic acids into the cytosol or nucleus of the target cell, to assure that they 

will act efficiently. It is very difficult to find a balance between the protection and release in 

polymeric vectors. On one hand, if release is too slow or do not occur, the nucleic acid will not 

be available for the transcriptional machinery and tend to be eventually lost or diluted during 

cellular processes. On the other hand, if the release occurs very fast or the nucleic acids are 

not enough packed to avoid enzymes penetration, the nucleic acids are very susceptible to 

degradation. There are already some strategies to release the nucleic acids in an optimal time 

and in the correct local, namely the spontaneous thermodynamic dissociation, or the compet-

itive displacement for other anionic species. The protection and the release of the nucleic acids 

are inversely proportional, and the transfection efficiency is dependent on both. Different pol-

ymers with different characteristics present different degrees of protection or release effi-

ciency as schematized in Figure 1.5, and that is why the balance is so important to achieve the 

better performance [75]. The most studied polymers are chitosan, Polyethyleneimine (PEI), 

Poly-L-Lysine (PLL), and Polyamidoamine (PAMAM) [80].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 – Comparation in terms of DNA release, protection and transfection efficiency of differ-
ent non-viral vectors [74] 
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1.5.1.1.1 – Chitosan 

 

Chitosan is a cationic polysaccharide that results from alkaline deacetylation of chitin. Chi-

tosan can be naturally obtained from crustacean as a by-product from seafood industry and also 

from mushrooms waste [81], [82]. Chitosan is a linear copolymer of D-glucosamine and N-acetyl-

D-glucosamine residues, linked through β-(1→4) glycosidic bonds [59]. 

Chitosan has gained popularity as a non-viral vector for therapeutic gene delivery, since it 

has excellent biocompatibility, biodegradability, non-immunogenicity properties and absence 

of toxicity, being even used as a food additive in certain countries. Chitosan can be digested 

by lysozymes or by certain bacterial enzymes produced by intestinal flora [72], [80]. 

Besides this, the presence of high cationic charge confers unique properties, like the ability 

to complex with nucleic acids, protecting them from nuclease degradation and leading to a 

better transfection efficiency  [59], [83], [84]. Besides that, this polymer is considered as hav-

ing mucoadhesive properties, since their amines interact easily with the anionic mucus of the 

cells [61] making it suitable for intranasal delivery. 

The use of chitosan for gene delivery has some key challenges that need to be optimized 

for each therapeutic gene and target cells or tissue, namely the degree of deacetylation, the 

molecular weight, the amino/phosphate ratio (N/P ratio) and the pH. Adjusts in these param-

eters are reflected in the size and zeta potential of the resulting nanoparticles. The percentage 

of primary deacetylated amine groups determines the chitosan potential to interact with nu-

cleic acids, since this complexation is based on density of positive charges. The higher the 

degree of deacetylation, the higher will be the positive net charge of the nanocomplex, and 

better will be the binding to the nucleic acid. Under physiological pH conditions, the reactive 

amine group is partially protonated, whereas at pH 4 it is fully protonated, making it more 

soluble at acid pH. The protonated groups of the chitosan neutralize the negative charge of the 

nucleic acids, allowing the transport through the membranes, cellular endocytosis and protect-

ing them from enzymatic degradation. Studies based on chitosan vectors for gene delivery con-

sider either high molecular weight (HMW) polymers as low molecular weight (LMW) ones, having, 

although, significant functional differences between them, as schematized in Figure 1.5. In 

general, polyplexes formed by oligomers with LMW (10-50 monomers) are much easier to dis-

sociate than the ones formed with HMW oligomers (~1000 monomers), and polyplexes formed 

with oligomers with less than 14 monomers are usually weak and unstable. Thus, the molecular 

weight is correlated with the efficiency of the vectors, since the easier will be the dissociation, 

the bigger will be the level of transgenic expression in vitro and in vivo. This is due to the fact 

that the binding valency is lower, together with the loss of entanglement effect. Bigger chains 

have more facility to entangle the free nucleic acid, whereas short chains could suffer from 

some restrictions because the binding can be energetically unfavourable to form polyplexes. 

Besides that, it is possible to modify the size range in order to be more suitable for an easy 

targeting. However, smaller nanoparticles are produced by LMW chitosan. Lowering the pH, the 

nanoparticle size tends to decrease because of the number of protonated amino groups that 

interact with the nucleic acid. The N/P ratio is extremely important as well, since low ratios 

have been resulting in unstable polyplexes and poor efficiency transfection [61], [75]. In C. 

Grigsby and K.W. Leong study, they review the big difference between HMW and LMW chitosan 

in ideal N/P ratios to bind and to retain the DNA. For HMW polymers the ratio was 1:5 whereas 

for LMW polymers it was 1:60 [75]. 
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As already discussed, the definition of the design criteria and requirements for the vector 

of a particular therapy is a very important and challenging process. Chitosan presents a great 

advantage comparing with other polymers, since it is very flexible in the establishment of de-

sign criteria in terms of a simple and inexpensive synthesis and purification, serum stability, 

efficient packaging of nucleic acids, protection from enzymatic degradation, targeting for spe-

cific cells, internalization, endosomal escape, transport to the nucleus, efficient decomposition 

and safety (non-toxicity, non-immunogenicity and non-pathogenicity). Unfortunately, it is ex-

tremely challenging to design a biopolymer with all the desired features. Usually chitosan na-

noparticles that are chemically stable are not very efficient to release the nucleic acid and the 

ones that are not stable, allow the rapid degradation of the therapeutic gene [61]. 

Although it is not a unanimous opinion, most of studies suggest that complexes between 

chitosan and siRNA should be smaller than 100 nm, because this is the limit size for occurrence 

of receptor-mediated endocytosis. The nanoparticles internalization requires that they can ar-

rive to target cells and bind to the cell membrane in order to be internalized by specific mech-

anisms. Usually this functionalization for target a specific cellular type is mediated by peptides 

or conjugated sugars. Chitosan allows the attachment of ligands. This conjugation can be done 

either before or after the complexation. In the case of be done before, its presence during the 

complexation could be a problem for the electrostatic interactions or the ligands could stay 

entrapped inside the nanoparticles, not being posteriorly functionally present on the surface 

of the complexes [61]. 

The endosomal escape of chitosan-based gene delivery vectors is through the proton sponge 

mechanism, assuring that the complex is able to reach the cells cytosol [61]. 

There are many clinical trials occurring based on applications of chitosan / siRNA nanopar-

ticles in vitro and in vivo, mainly in cancer investigation field. However, chitosan complexes 

have some difficulties in releasing the nucleic acid in the local of action, limiting this way, 

their therapeutic efficiency [61], [85]. 

Considering all benefits and successful studies based on chitosan derived vectors for gene 

delivery [61], [66], [72], [80], several structural modifications have been proposed in order to 

improve their functionality in vitro and in vivo.  

One of these structural modifications is the trimethylation through quaternization (Figure 

1.6), conferring a higher density of permanent positive charges. Besides that, this modification 

allows the extension of a pH range (pH 1-9) where the polymer is soluble, including the physi-

ological one. The increase in positive charges improves the interaction with nucleic acids and 

improves the transfection efficiency [59], [80], [81], [84]. Although the improvement on some 

chitosan characteristics, the N-trimethyl chitosan (TMC) is more cytotoxic than chitosan, mainly 

when the biomaterial is administrated without complexation, interacting more strongly with 

the cellular membrane. However, this cytotoxicity is variable depending on the cells type used 

and on the degree of TMC trimethylation. It was shown that as the trimethylation was increased, 

the toxicity increased as well. However, from the 93% of trimethylation the toxicity started to 

decrease, which can be explained by the extension of the time of derivatization. During this 

time, some breaks on the polymer could occur, resulting in small fragments less cytotoxic. 

Despite the toxicity associated to TMC comparatively with chitosan, this derivate remains less 

toxic than PEI, for instance. It is believed that the optimum degree of trimethylation for the 

best efficiency of transfection is about 50% [80]. 

Another structural modification of chitosan very popular is the copolymerization. There are 

some different polymeric modifiers used, but one of the most popular is the copolymerization 
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with poly(ethylene) glycol (PEG). This is an amphiphilic polyether diol that is frequently used 

to shield the positive charges of cationic vectors, increasing their circulation time in blood, 

preventing the aggregation of the polyplexes and the binding with serum protein. Usually the 

conjugation with PEG improves the polyplexes stability, since it is a hydrophilic protection for 

the vector. PEGylation can aid in the cellular uptake, if a heterobifunctional PEG is used to 

bind a specific receptor triggering the receptor-mediated endocytosis. Although all the ad-

vantages, the fact that PEGylation improves the cellular viability, and the low toxicity associ-

ated, it reduces the transfection efficiency per se in cellular cultures, as represented in Figure 

1.5 [61], [68], [72], [78].  

 

 

 

 

 

 

 

 

 

 

 

 

 

1.5.2  – Administration routes 

 

Physicochemical and structural nanoparticles properties are crucial for the therapeutic ad-

ministration method chosen [58]. 

Routes of administration for brain delivery can be divided in invasive and non-invasive meth-

ods. Invasive approaches include transient chemical or physical modifications of the BBB, or 

intracerebral injection or implantation. On the other hand, non-invasive ways routes are based 

on the utilization of endogenous carriers to specifically deliver to the target local. Polymeric 

nanoparticles are compatible with both methods, but in a non-invasive approach they may be 

administrated systemically, or intranasally [86]. 

Therapeutic agents’ administration in situ is usually done when the patient is submitted to 

a surgical procedure, allowing the overcome of BBB and a much smaller amount of the agent 

delivered [58]. When administrated in situ, BDNF presents a short tissue distribution time [41], 

[87]. 

Nanoparticles can be administrated systemically. This includes oral administration and in-

travenous, intradermic, intraperitoneal and subcutaneous injections [72]. 

Through injections, nanoparticles achieve bloodstream, and have to avoid the circulation 

clearance and be able to cross the BBB to reach the brain. Intravenous delivery is one of the 

most common administration routes and clinically elected to nanoparticles delivery since it is 

non-invasive, and it is able to overcome two important barriers: skin and gastrointestinal tract. 

This route is frequently chosen because it allows the administration of large quantities of the 

therapeutic agent. Although it allows the brain delivery, usually the accumulation in brain is 

Figure 1.6 – Reaction of conversion of chitosan in TMC [79] 
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very low due to the presence of BBB [58], [88]. The intravenous route is most widely used 

clinically in brain cancer or other severe medical conditions like cerebral tuberculosis [89]. 

Intradermic and subcutaneous injections are less discomfort once the amount of nerve endings 

in the local of the injection is relatively smaller than in intravenous or intraperitoneal. This last 

one is frequently used in clinics when the patient has relatively low blood pressure [72]. 

On the other side, the oral delivery is often considered once it is easy to be accepted by 

the patients, it is easy to administrate and control the dosages and is associated to a lower 

cost. However targeting drugs to the brain is very challenging, and the delivery efficiency is 

usually compromised by protection mechanisms in the gastrointestinal tract [58], [72]. 

 The intranasal therapeutic delivery allows the BBB overcoming. The nasal cavity can be 

divided in the nasal vestibule, the olfactory region and the respiratory region, which have dif-

ferent functions and constitutions [59]. 

The intranasal therapeutic delivery allows the BBB overcoming as well, since the olfactory 

receptor cells contact directly with the CNS [59] constituting a route for molecules delivery. 

This delivery method has been the subject of many investigation lately, being different from 

the others because it combines the fact of be a non-invasive and needle-free method with the 

fact that is more direct route to the brain and less toxic comparatively with systemic delivery, 

allowing a lower dose and thus, decreasing the secondary effects [58], [59], [90]. 

Through intranasal administration, barriers like the degradation in the gastrointestinal tract 

and the first pass effect of liver and kidney, with the consequent reduction of bioavailability 

are overcome [59]. 

Chitosan based delivery vectors and its derivatives have been widely investigated in in-

tranasal administration since this polymer have shown great mucoadhesive and permeation-

enhancing properties [59], [83]. It’s hydration in nasal cavity is extremely important for the 

interaction between the positively charged chitosan residues and the negatively charged mu-

cosa surface, enhancing the drug absorption through the mucosa without damaging the biolog-

ical system [59], [83]. In fact, it was already demonstrated that chitosan had efficiently en-

hanced the absorption of insulin and morphine across nasal mucosa epithelial [81]. 

Nanoparticles based on chitosan have been efficient crossing the mucosal epithelium, and 

to attach to the mucosa due to its small dimension, increasing, this way, the residence time in 

nasal cavity. Besides that, the small dimension is very important in the transcellular transport 

thought olfactory nerves, favouring the efficient targeting to the brain [59]. However, trans-

fection efficiency of chitosan nanoparticles due to the lower solubility of this polymer at phys-

iologic pH is very low [84] and that is why TMC has been proven to allow a better permeation 

of hydrophilic macromolecular drugs through the mucosal epithelia [83]. 

 

 

1.6  – Our approach 
 

This work aims to develop a neuroprotective strategy using a small BDNF neurotrophin mi-

metic combined with miRNA-based gene therapy and using TMC as the carrier. The first ap-

proach is based on the known effect of BDNF mimetic in TrkB activation in neurons and the 

second is based on the delivery of an antimiRNA into the neuron’s cytosol in ischaemic penum-

bra in order to protect them from reactive oxygen species. The use of TMC is based on its 

excellent biocompatibility, biodegradability and bioavailability properties, on the solubility at 

physiologic pH and on the cationic properties which are on 
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 interest for nucleic acid complexation. 

Neurotrophins are naturally present in the brain, contributing to neuronal survival, and 

being, in this way, one of the approaches elected for neuroprotection investigation. However, 

because of their big dimension, low stability in serum, short temporal window of efficiency and 

the need of large quantities to systemic administration, these molecules present several limi-

tations in terms of brain delivery. To overcome this obstacle, different neurotrophins mimetics 

have been proposed, presenting, however, some off-target effects, as the development of neu-

ropathic and chronic pain, obesity and altered glucose metabolism in the liver when adminis-

trated systemically [41], [87]. Thus, there is a need for a novel therapy based on neurotrophins 

mimetics which we will address in order to achieve neuronal protection. 

After a stroke, neurons in ischaemic penumbra continue to suffer from diverse pathological 

events, including oxidative stress. Therefore, neuroprotective approaches emerge as very 

promising in reducing the consequences of reactive oxygen species and increasing the antioxi-

dant defence. 

Through the years, gene expression mechanisms started to be more and more known, in-

creasing the number of therapeutic approaches based on up and downregulation of genes for 

several diseases. For ischaemic stroke, in particular for oxidative stress, the expression of 

miRNA-145 has been associated. The expression of this miRNA increased after an ischaemic 

event, reducing the quantity of SOD2, an antioxidant defence enzyme. Thus, the inhibition of 

miRNA-145 using a complementary antimiRNA is very promising and will be analysed in this 

work. 

Nanotechnology and biomaterials science evolution has created several ways to overcome 

some of the challenges which arise after nucleic acid administration. The TMC is the delivery 

vector proposed on this work, with the aim of overcome some of the challenges faced by the 

nucleic acids delivery, namely the cellular uptake and endosomal scape. Besides that, TMC will 

be copolymerized with a heterobifunctional PEG, improving its biocompatibility and serum sta-

bility properties.  

In order to achieve this goal, we propose the specific delivery to neurons of an antimi-

croRNA-145 complexed with TMC. The complexation will occur through electrostatic interac-

tions and with a cross-linking agent. This strategy aims to counteract the effect of oxidative 

stress inherent to the ischaemic cascade, through the inhibition of microRNA-145, increasing, 

this way, the amount of SOD2 present in the penumbra. To assure that the delivery is specific 

to the brain, in particular, to neurons, we propose the utilization of a mimetic of BDNF (LM22A-

1) to guide and simultaneously confer a neuroprotective effect in the damage site. The BDNF 

mimetic will be attached to TMC through the heterobifunctional PEG linker, as represented in 

Figure 3.1. 

The initial analysis will include the characterization of the nanoparticles composed of mi-

croRNA complexed with TMC or TMC-PEG in order to understand the effect of PEGylation in the 

final polyplex. Based on characterization of TMC and TMC-PEG, the best conditions will be 

tested with the TMC-mim. In parallel, the cellular death will be evaluated under different stress 

conditions related to the ischaemic cascade. In vitro cell cultures will be used, specifically 

mouse Hippocampal Neuronal Cell Line (HT22).  
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Chapter 2 

 

 

Materials and Methods 
 

 

 

2.1 – Cell culture 
 

2.1.1 – Cell line 

 

Mouse hippocampal immortalized cell line HT22 was a kind gift of David Schubert from the 

Salk Institute for Biological Research, La Jolla, CA, USA [91]. Cells were maintained in Dul-

becco’s Modified Eagle’s Medium (DMEM) supplemented with 10% of fetal bovine serum (FBS) 

and 1% of penicillin-streptomycin (P/S) at 37 ℃ and 5% CO2. Cells were sub-cultured every 2 – 

3 days, when they reached 70 – 80% confluency. To sub cultivate, cells were trypsinized, using 

0.25 % (w/v) trypsin. For experiments using HT22 without neuronal differentiation induction 

(named undifferentiated), they were seeded in 24-well plates at density of 2.5 ×  104 cells per 

well. 

For experiments with HT22 induced to differentiate into neuronal-like phenotype (named 

differentiated), they were cultured in Neurobasal™ medium supplemented with 2 mmol/L L-

glutamine, 1 ×  N2™ and 1 % P/S, in culture plates previously coated with Poly-D-lysine (PDL). 

For well coating, PDL (average mol wt 70,000-150,000), at a concentration of 10 µg/ml in borate 

buffer (BB, pH 8.2), was incubated at room temperature (RT) for 30 minutes, and, posteriorly, 

the wells were washed twice with sterile distilled water and dried out in the laminar flow hood 

for 1 – 2 hours. Coated plates were stored at 4 ℃ until cell seeding. Cells were differentiated 

in 24 and 96-well plates at densities of 10 ×  104 and 1.7 ×  104 cells per well, respectively, 

for 24 hours before the experiment. 

 

 

2.2 – Synthesis and characterization of the TMC-PEG-LM22A-1 
copolymer 

 

2.2.1 – TMC PEGylation 

 

24.98 mg of TMC (43.3 ± 5.5 kDa [45]) was solubilized in 5 mM hydrochloric acid (HCl) 

prepared in milli-Q H2O, over-night (O/N) under magnetic stirring at a final concentration of 6 
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mg/ml. The next day, an equal volume of 20 mM phosphate buffer (PB, pH 6.5) was added for 

a final concentration of 3 mg/ml. The final solution was stirred for 2 hours at RT. 27.60 mg of 

maleimide-poly(ethylene) glycol-N-hidroxissuccinimida (MAL-PEG-NHS, Jenken, 5kDa) was sol-

ubilized in water-free dimethyl sulfoxide (DMSO) under Argon atmosphere in a glove box, at a 

final concentration of 25 mg/ml. Afterwards, 1 ml of MAL-PEG-NHS was added to TMC, and the 

reaction occurred under magnetic stirring, O/N, protected from the light. 

The final solution of TMC-PEG obtained was diluted with milli-Q H2O to reduce the percent-

age of DMSO in the solution, since the dialysis membrane is sensitive to concentrations higher 

than 10%. The dialysis membrane (10 kDa molecular weight cut-off membrane, Spectra/Por®) 

was washed in deionized water (dH2O) before been used. The dialysis was made against 4 L of 

dH2O, for 48h under stirring at 4 ℃, with the water being periodically replaced. The dialyzed 

solution was frozen at -80 ℃, and subsequently lyophilized for 48h. The resulting TMC-PEG-MAL 

polymer (46.82 mg, 93.68% yield) was stored at -20 ℃ until further use. 

 

2.2.2 – TMC-PEG-MAL functionalization with LM22A-1 

 

TMC-PEG-MAL (10.03 mg) was solubilized in dH2O under magnetic stirring at a final concen-

tration 3 mg/ml. After 3 hours of solubilization, an equal volume of 20 mM phosphate buffer 

(pH 7.0) was added to the solubilized polymer.  

3.30 mg of peptidic mimetic of BNDF, LM22A-1 (LifeTein, 5-Oxo-L-prolyl-L-histidyl-L-tryp-

topha-n-Cys, 96.02% purity, M.W. 555.61 g/mol), modified with a cysteine was dissolved in N,N-

Dimethylformamide (DMF, Acros Organics) at a final concentration of 3.3 mg/ml and added to 

the TMC-PEG-MAL solution. The functionalization reaction occurred for 6h at RT, under stirring, 

protected from the light. 

The functionalized polymer was diluted in milli-Q H2O and dialyzed at the same conditions 

used to the PEGylation of TMC, and subsequently lyophilized for 48h. The final polymer TMC-

PEG-LM22A-1 (79%) was stored at -20 ℃ until further use. 

 

2.2.3 – TMC / TMC-PEG / TMC-PEG-LM22A-1 quantification 

 

TMC, TMC-PEG (with the free MAL group) and TMC-PEG-LM22A-1 were solubilized O/N in 5 

mM HCl under stirring at RT, at a final concentration of 2 mg/ml. The next day, an equal volume 

of HEPES (40 mM) /Glucose (10%) (pH 7.4) buffer was added for a final concentration of 1 mg/ml. 

This solution was stirred for 3h at RT.  

The quantification of TMC was made using the dye Cibacron Brilliant Red (Sigma-Aldrich). 

Cibacron was solubilized in milli-Q H2O at a final concentration of 0.15% (w/w), and subse-

quently diluted 20x in HEPES (20 mM) / Glucose (5%) (pH 7.4). For quantification, six standard 

concentrations (1, 0.8, 0.6, 0.4, 0.2 and 0 mg/ml) of unfiltered polymer were used. The re-

maining polymer was filtered with a 13 mm syringe filter with 0.45 µm PTFE membrane (VWR 

international). After the addition of an equal volume of Cibacron Brilliant Red to each standard 

as well as to the filtered samples, all the solutions were vortexed and stirred at 800 rpm for 20 

min at RT. After this incubation, 200 µl of each solution was added in duplicate to a transparent 

96-well plate to read the absorbance at 575 nm wavelength (Synergy Mx). The final concentra-

tion of the filtered samples was determined using the standard curves.  
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2.3 – TMC-PEG-LM22A-1/miRNA nanoparticles complexation 
and characterization 

 

2.3.1 Complexation of the nanoparticles 

 

Depending on the planed utilization, polymers were complexed with 3 different oligonucle-

otides (Dharmacon™). For physical characterization purposes, a miRNA with the same molecular 

weight that the one with functional activity without, however, activity was used, (miRIDIAN 

microRNA Hairpin Inhibitor Negative Control). On the other hand, for effects of transfection 

monitoring, a fluorescent miRNA was used with the same molecular weight, and no functional 

activity, labelled with Dy547 (miRIDIAN microRNA Hairpin Inhibitor Transfection Control with 

Dy547). Finally, a miRNA (miRIDIAN microRNA Mouse mmu-miR-145a-5p) with the ability to in-

hibit the miRNA-145 activity - an antimiRNA – was used for functional activity evaluation. This 

antimiRNA mature sequence is: 

5’ – GUCCAGUUUUCCCAGGAAUCCCU – 3’ 

Each one of the miRNAs were spin-down and resuspended in nuclease free water (QIAGEN) 

at a final concentration of 25 µM, stirred at RT for 30 min, and subsequently aliquoted and 

stored at -20 ℃.  

miRNAs were complexed with TMC alone, TMC-PEG with the free maleimide group and TMC-

PEG-LM22A-1, in order to access the effect of PEGylation and mimetic in the nanoparticle’s 

characteristics. 

For polyplexes complexation, polymers were solubilized, filtered and quantified as de-

scribed above. The N/P ratios were defined, fixing the quantity of 0.5 µg of miRNA per ratio 

and adjusting the quantity of polymer, for a final volume of 80 µl, depending on the concen-

tration after quantification. miRNA and TMC were diluted in HEPES (20 mM) / Glucose (5%) 

separately and heated at 40℃ for 5 min without stirring. miRNA was diluted in the presence of 

a coacervation agent (Sodium sulfate, Na2SO4). Then, miRNA was added drop by drop to TMC 

under stirring, followed by vortex. The complexation occurred at 40 ℃ for 10 min at 1000 rpm, 

followed by incubation at RT without stirring for 30 min. Complexation was finalized with a 

quick-spin for 10 s at 1000 revolutions per minute (rpm). 

  

2.3.2 Characterization of the nanoparticles 

 

For size characterization, the following N/P ratios were tested: 0.5, 1, 2, 3, 5, 10 and 15. 

Ratios for the further analysis were chosen based on the size and polydispersity index (PDI) for 

each ratio. Size and PDI were determined by Dynamic Light Scattering (DLS), in disposable 

micro-cuvettes (ZEN0040), using Malvern Zetasizer Nano ZS equipment. The same equipment 

was used to measure the zeta potential of the nanoparticles (N/P ratio of 3 and 5), using the 

High Concentration Zeta Potential Cell Kit.  

Stability of complexation for 0.5, 1, 2, 3 and 5 N/P ratio was determined by agarose retar-

dation gel in three independent experiments. The gels were prepared with 1% of agarose diluted 

in Tris-Borate-EDTA (TBE) buffer and stained with SYBR Gold (Invitrogen) diluted 1:10000. The 

electrophoresis was performed for 1h at 100 V. 62.5 ng of miRNA were added to each well 

complexed on different N/P ratios with TMC and TMC-PEG, having as control a free miRNA, in 
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a final volume of 12 µl with 1% of loading buffer (NZY DNA loading dye). Gels were visualized 

with the Gel Doc XR imager (Bio-Rad). 

 

 

2.4 – TMC-PEG-LM22A-1/miRNA polyplexes internalization 
 

Complexation of nanoparticles for internalization was made as described in 2.3.1 section, 

but under sterile conditions conferred by the flow hood. Nanoparticles were added to cells at 

a final concentration of 25 nM of miRNA/well. Before the internalization, cells were differen-

tiated in a 24-well plate for 24h, followed by 24h of incubation with nanoparticles at 37 ℃. 

Lipofectamine® RNAiMAX Reagent (Thermo Fisher Scientific) was used as positive internaliza-

tion control at a concentration of 10 µM. Lipofectamine reagent (3 and 6 µl) and miRNA were 

diluted in Opti-Mem serum-free Medium separately, followed by the addition of the diluted 

miRNA to the lipofectamine at 1:1 volume ratio, and incubation during 5 min before addition 

to cells. 

Nanoparticles and lipofectamine were resuspended in conditioned culture medium and 

added to cells.  

After 24h of internalization cells were analysed both by Inverted Fluorescence Microscopy 

(IFM) and Fluorescence-activated cell sorter (FACS). 

 

2.4.1 Inverted Fluorescence Microscopy 

 

Internalization and co-localization of nanoparticles were accessed through IFM. 24h after 

cells incubation with nanoparticles, they were fixed with paraformaldehyde (PFA, 4 %, Merck) 

for 10 minutes, and washed three times with phosphate-buffered saline (PBS). Cell membranes 

were permeabilized with Triton 0.1% for 10 min under stirring and washed with PBS three times. 

F-actin was stained with Alexa Fluor-647 phalloidin (Invitrogen), diluted 1:50 in PBS, for 20 min 

under stirring, followed by washing with PBS (three times). Finally, cellular nuclei were stained 

with Hoechst, diluted 1:2000 in PBS for 10 minutes under shaking. All the staining procedure 

was done protected from the light and the cells were left in PBS at RT between each staining 

step. 

After staining, the coverslips with the cells were mounted in microscopy slides, using Fluo-

romount™ Aqueous Mounting Medium (Sigma-Aldrich), and subsequently observed with multi-

channel acquisition in IFM. Slides were kept at 4 ℃ until visualization. Cells were visualized on 

the Zeiss Axiovert 200M equipment, and acquired images were processed with FIJI. 

 

2.4.2 – Fluorescence-activated cell sorter 

 

Internalization was quantified by FACS. After 24h of incubation, cells were trypsinized, 

washed twice with PBS and resuspended in cold PBS. Cells (200 µl) were passed through a 0.4 

µM mesh membrane to retain aggregated cells filtered and kept on ice, protected from the 

light until been taken to the cytometer. Internalization was evaluated on BD FACS Canto II 

equipment. 10000 events were counted, and data was processed on FlowJo v10 software. 
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2.5 – TrkB phosphorylation quantification 
 

2.5.1 – Plasmid purification and transfection 

 

Transfection of HT22 cell line with the plasmid TrkB mEGFP (Addgene) [92] was used to 

increase the expression of the receptor TrkB. 

For plasmid production, Luria Bertani (L.B.) medium (Liofilchem) or L.B. agar was prepared 

in deionized water at a final concentration of 20 g/l. The medium was autoclaved at 121℃ for 

15 min and stored at 4℃ and L.B. agar poured into 10 mm plastic petri dishes. 

E. coli was plated with a L.B. agar medium with ampicillin (amp, 100 µg/ml) from a stab 

culture to obtain isolated colonies. The culture growth O/N at 37 ℃. A single colony of E. coli 

was picked resuspended in sterile L.B. medium (10 ml) with ampicillin (amp, 50 µg/ml) under 

sterile conditions and incubated O/N at 37 ℃ under shaking (200 rpm). The pre-culture was 

diluted 1000 times in sterile L.B. medium with amp (50 µg/ml) and incubated O/N at 37 ℃ 

under shaking (200 rpm). Subsequently, the bacterial culture was centrifuged at 4000 x g for 

20 min at 4℃, and cells where lysed and submitted to affinity chromatography (QIAGEN Plasmid 

Maxi Kit) to purify the plasmids. The eluted solution was measured at Nanodrop to access the 

concentration of the plasmid. 

For plasmid transfection, undifferentiated HT22 cells were platted at a 6 MW plate at a 

density of 25 x 104 cells / well. 24h after the platting, cells were transfected with 3 µg of TrkB 

mEGFP complexed with Lipofectamine 2000 or Mirus 2020 transfection reagent. Cells were 

treated differently as described in Table 2.1 in order to obtain a stable clone of transfected 

cells. Cells were submitted to two distinct methods of sorting. Cells transfected with Lipofec-

tamine 2000 (lipo) were sorted and the enhanced green fluorescent protein (EGFP) fluoresce 

positive ones were plated, one cell per well, and incubated at 37 ℃. Cells transfected with 

Mirus 2020 reagent were sorted several times, being separated between high and low expression 

of EGFP, and the sorted cells were plated together to recover from the process. All the sorting 

experiences were performed on BD FACS Aria II. Cells for sorting were prepared on 500 µl at a 

concentration of 107 cells/ml. Positive clones were selected on ZOE Fluorescent Cell Imager 

(Bio-Rad). ZOE was even used to control the incubation process of sorted cells. 

 
Table 2.1 – Methods of clones’ selection after transfection and the resulting cell line labelling 

Transfection rea-
gent 

Single cell 
sorting 

Sorting cy-
tometry 

Single cell manual 
platting 

Cell line labelling 

Lipofectamine 2000 + 1X - 
Lipo HIGH 

Lipo DIM 

Mirus - 3X - 
Mirus HIGH S3 

Mirus DIM S3 

Mirus - 3X + 
Mirus HIGH C1 

Mirus DIM C2 

 

2.5.2 – Immunocytochemistry 
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Undifferentiated HT22 neuronal cells, untransfected or transfected with TrkB, were plated 

in a 24 multi-well plate at a density of 5 x 104 cells / well for 24h. One hour before stimulation, 

the cells were starved by changing the culture medium to DMEM nothing added, followed by 

the addition of BDNF (100 ng/ml) for 15 minutes.  

Cells were fixed with PFA 4% for 10 minutes at RT and washed twice with PBS for 10 min at 

RT. Subsequently, cells were permeabilized with 0.1% Triton X-100 for 5 min, at RT and washed 

again with PBS for 10 min followed by the incubation with blocking solution (1% bovine serum 

albumin (BSA), 4% FBS, 0.1% Triton X-100 in PBS) for 1 hour at RT. 

The polyclonal antibody Anti-phospho-TrkB (Ty816), purified from rabbit (α-pTrkB, EMD Mil-

lipore) was used as primary antibody diluted 1:300 in blocking solution to identify the phos-

phorylated TrkB receptors, and the Purified anti-Tubulin β 3 (TUBB3, BioLegend), purified from 

mouse, diluted 1:500 in blocking solution was used to identify the cellular tubulin. The primary 

antibodies were incubated with cells O/N at 4 ℃. 

The next day, cells were washed twice with PBS for 10 min at RT and then incubated with 

corresponding secondary antibodies for 1h in the dark. The secondary antibodies used were the 

Alexa Fluor 568 donkey anti-rabbit IgG (Invitrogen) and the Alexa Fluor 647 donkey anti-mouse 

IgG (Invitrogen), both diluted 1:1000 in blocking solution. After the incubation with the sec-

ondary antibodies, cells were washed as before, and the nucleus was stained with 4’,6-diamino-

2-phenylindole (DAPI, 0.1 µg/ml in PBS) for 10 min followed by a new wash.  

The coverslips with the cells were mounted in microscopy slides, using Fluoromount™ Aque-

ous Mounting Medium (Sigma-Aldrich), and observed in Confocal Leica SP5. 

 

2.5.3 – Enzyme-linked immunosorbent assay (ELISA) 

 

The evaluation of the effect of the BDNF was made by quantifying the phosphorylation of 

TrkB receptor and the amount of total TrkB. This was performed with two Sandwich ELISA, 

using an optimized combination of the antibodies concentration (Table 2.2). 

 

 

 

 

Figure 2.1 – ELISA sandwich for detection of: A. Total TrkB receptors; B. Phosphorylated TrkB receptors 
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Table 2.2 – Antibodies concentrations tested on ELISA 

   
Capture antibody Detection antibody 

   
mo α TrkB rb α TrkB rb α TrkB ph Tyr 

Concentration (µg/ml) 

0,125 0,5 1 0,2 

0,25 1 2 0,5 

0,5 2 4 1 

 

 

For optimization, each combination was tested in transfected and non-transfected HT22 

neuronal cells, Mirus HIGH S3 and Mirus DIM S3 cells stimulated or not with BDNF. The antibody 

combination with the best result was further tested in another transfected clone, namely Mirus 

HIGH C1 and Mirus DIM C2.  

Each cellular type was plated in 6 multi-well plates at a density of 25 x 104 cells/well for 

48h in DMEM supplemented with FBS (10%) and P/S (1%). 1 hour before stimulation with BDNF 

at 100 ng/ml for 15 minutes, the medium was changed to DMEM only for cell starvation. After, 

the plate was washed with cold PBS to remove residual medium, and cells were incubated for 

5 min on ice with cold lysis buffer (Tris, 100 mM, pH 7.4; NaCl, 150 mM; Egtazic acid (EGTA), 1 

mM; Ethylenediaminetetraacetic acid (EDTA), 1 mM; Triton X-100, 1%; Sodium deoxycholate, 

0.5 %; supplemented with fresh phosphatase inhibitor cocktail, (1:100) and protease inhibitor 

cocktail (1:100). The lysate was centrifuged at 14000 rpm for 10 minutes at 4 ℃, and the 

protein content of supernatant was quantified with the Pierce™ BCA Protein Assay Kit (Thermo 

Scientific) using BSA standards for the calibration curve and stored at -80 ℃ for further use.  

The wells of a high protein binding microtiter plate were coated with 100 µl of the corre-

spondent capture antibody diluted in coating buffer (Na2CO3, 0.014 mM; NaHCO3, 0.035 mM; 

pH 9.6). The antibodies used to coat the plates are represented in Figure 2.1, for total TrkB 

receptor (Purified mouse Anti TrkB, mo αTrkB, BD Transduction Laboratories™) and phosphory-

lated TrkB receptor (Anti-TrkB Antibody, purified from rabbit, rbt αTrkB, Merck), respectively. 

The plate was incubated O/N at 4 ℃. The next day, the plate was washed three times with PBS 

containing 0.05% v/v Tween®-20 (PBS-T), and twice with PBS. Next, it was added 200 µl of 

blocking solution (PBS with 0.5% BSA) for 1 hour at RT. The wells were washed as before, and 

the protein samples were added at 1 mg/ml, diluted in PBS-T, for 90 minutes at RT. The non-

binding protein remains were washed as before, and 100 µl of the correspondent detection 

antibodies (rbt αTrkB for total TrkB and Anti-Phosphotyrosine, clone 4G10®, Biotin Conjugate, 

phTyr, Merck, for phosphorylated TrkB), also diluted in PBS-T, were added to the wells and 

incubated at RT for 2 hours and washed again. Finally, the secondary antibodies were added: 

Donkey Anti rbt HRP (α rbt HRP), diluted 1:5000 in PBS-T for detection of total TrkB and Horse-

radish Peroxidase Streptavidin ELISA grade (Vector Laboratories), diluted 1:200 also in PBS-T. 

The secondary antibodies were incubated for 1h at RT, followed by the addition of 3,3’,5,5’-

tetramethylbenzidine (TMB, BioLegend), a high sensitivity substrate solution. The absorbance 

at 370 nm was read (Synergy Mx) several times during color development. 

 The effect of nanoparticles TMC-PEG-LM22A-1/miRNA in TrkB phosphorylation was eval-

uated using as control cells stimulated with BDNF (100 ng/ml, 15 minutes) and free LM22A-1 

modified with a cysteine (LM22A-1-Cys) and TMC/miRNA and TMC-PEG/miRNA nanoparticles 

(N/P ratio 5) for 2 h, at a final concentration 500 nM of mimetic per well. 
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2.6 – Neuroprotective effect of antimiRNA-145 
 

2.6.1 – Cell death determination 

 

Cell death was induced both in differentiated and undifferentiated HT22 cells with different 

concentrations of glutamate (for differentiated cells: 50, 125, 250, 500 and 750 µM; for undif-

ferentiated cells: 2, 4, 6, 8, 16 and 32 mM) and H2O2 (only in differentiated cells: 50, 200, 400 

and 600 µM). Different methodologies were used to identify live and/or dead cells. 

 

2.6.1.1 – Inverted Fluorescence Microscopy 

 

Cell death and morphological modifications were observed in IFM by Calcein/Propidium io-

dide (PI) method. Calcein AM (Thermo Fisher Scientific) was used to stain the cytoplasm of live 

cells with intact plasmatic membranes. Calcein stock was diluted in PBS buffer for a final con-

centration of 2 µM and incubated with cells at 37 ℃ for 20 min. PI was used to identify unviable 

cells. PI stock was diluted in PBS at a final concentration of 3 µM and incubated with cells at 

37 ℃ for 10 min. Finally, cells were fixed with PFA for 10 min and observed in IFM as described 

before. 

 

2.6.1.2 –  Fluorescence-activated cell sorter 

 

Cell death was also quantified by FACS. After death induction, cells were trypsinized, 

washed twice with PBS-FBS (10%) and resuspended in specific Binding Buffer for Cy5 Annexin V. 

The resuspended cells were filtered as described before and incubated with Cy5 Annexin V (BD 

Pharmingen™) for 15 min at RT, protected from the light before analysis. Results were obtained 

as above, as well as the data processing. 

 

2.6.2 – ROS measurement 

 

The formation of reactive oxygen species was monitored using 2’,7’-Dichloroflourescein di-

acetate (DCFH2 − DA, Sigma-Aldrich). This probe upon intracellular oxidation, become de-es-

terified, turning highly fluorescent. DCFH2 − DA was solubilized in sterile DMSO at a final con-

centration of 100 mM, protected from the light, and kept in ice until be diluted. 

Differentiated and undifferentiated cells were subjected to the same stress conditions used 

for cell death measurements for 24 h. After 24 h of stress induction, the culture medium was 

removed and cells were washed with PBS, followed by the addition of 2’,7’-Dicholofluorescein 

(DCF) 10 µM diluted in Hank’s Balanced Salt Solution with calcium and magnesium supplements 

(HBSS, Gibco) for 30 minutes at 37 ℃, protected from the light. Subsequently, DCF was removed 

from the cells, and its fluorescence was determined at 538 nm (Synergy Mx), on PBS. 

 

2.6.3 – Real-time Polymerase Chain Reaction 
 

300 µl of RNA lysis buffer (Zymo Research) was added to undifferentiated HT22 cells cul-

tured in a 24-multi well plate, in duplicate, after the removal of the culture medium. The 

sample homogenate from each duplicate was combined, and the Quick-RNA™ MicroPrep Kit 
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(Zymo research) was used to purify the RNA, according to manufacturer’s instructions. All the 

centrifugations were performed at 12000 rpm, and the elution of the purified RNA was made in 

two steps with nuclease-free water (Qiagen) to a final volume of 30 µl. RNA samples concen-

tration and purity were determined on Nanodrop ND 1000. RNA samples were stored at -80 ℃ 

until complementary DNA (cDNA) synthesis. 

A total of 861 ng of RNA was used for the synthesis of the cDNA with the NZY First-Strand 

cDNA Synthesis kit (NZYtech). A Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) was 

performed in a Thermocycler (Core Life Sciences) following the manufacturer’s indications. The 

cDNA obtained was then stored at -20 ℃.  

Primers for SOD2 quantification were designed in Primer-BLAST (NCBI) [93], having the se-

quence [94] of the mitochondrial mRNA for SOD2 in Mus musculus as template. Three primers 

were selected and further analysed for off-target effects with BLAST-n. Afterwards, the 3 pri-

mers (Table A.1) were tested in terms of efficiency by real time polymerase chain reaction (Rt-

PCR). This determination was based on cycle quantification (Cq) using three sequential 10-fold 

dilutions of cDNA. The evaluation of the primer’s efficiency was based on the linear regression 

of the Cq values of cDNA 10-fold serial dilution. Rt-PCR was performed with the primers tested 

(at a final concentration of 25 nM) and 5 µl of iTaq™ Universal SYBR® Green Supermix (Bio-Rad), 

in a final reaction volume of 10 µl. The cycling conditions used were the following: initial cDNA 

samples denaturation at 95 ℃ for 3 min; 40 cycles of 1) cDNA denaturation at 95 ℃ for 30 s, 

2) annealing of the primers at Ta (55 or 59 ℃) for 20 s and 3) extension at 72 ℃ for 20 s. Rt-

PCR products were analysed with the Bio-Rad CFX Maestro Software (Bio-Rad). 
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Chapter 3 

 

 

Results 
 

 

3.1 – TMC-PEG-LM22A-1 copolymer synthesis 
 

 
Figure 3.1 – A. Functionalization of TMC with heterobifunctional PEG; B. TMC-PEG copolymer with a Ma-
leimide group available to react with the modified cysteine of LM22A-1; C. TMC functionalized with the 
BDNF mimetic LM22A-1 through a heterobifunctional PEG linker 

 

Purified TMC (MW = 43.3 kDa), as determined by gel permeation chromatography [45] was 

functionalized with a MAL-PEG-NHS chain (MW = 5 kDa) , and is schematized in Figure 3.1-A. 

This polymer is a heterobifunctional PEG derivative with the ability to react with both thiol and 

amine groups. The functionalization of TMC with the PEG chain results from the reaction be-

tween the free primary amines from TMC glucosamine residues and the NHS ester group of PEG. 

The resulting copolymer (Figure 3.1-B) was purified by dialysis and lyophilized with a yield of 
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93.68 %, determined by mass. The PEGylation was confirmed by proton nuclear magnetic reso-

nance ( H1 -NMR, Figure A.1). The degree of PEGylation was calculated by the ratio peak of the 

maleimide protons from PEG to acetyl protons of the N-acetyl glucosamine residue from TMC, 

being 3.3 (% mol). 

 For functionalization with the BDNF mimetic, LM22A-1, it was used a mimetic modified 

with a cysteine. This modification allowed the reaction between the PEG’s free functional group 

maleimide and the thiol group of the cysteine. The resulting copolymer was dialyzed and ly-

ophilized with a yield of 79.2%. The functionalization with the peptide was confirmed also by 

H1 -NMR (Figure A.2). The degree of mimetic functionalization was 10.4 %. 

 
 

3.2 – Nanoparticles TMC/TMC-PEG/TMC-PEG-LM22A-1 / miRNA 
complexation and characterization 

 
The physical characteristics from the polyplexes are very important to predict both the in 

vitro and in vivo performances, as well as the understanding of the best therapeutic formula-

tions [95]. Nanoparticles were prepared in 20 mM HEPES buffered solution with 5 % glucose. 

 
3.2.1 Complexation stability 

 
Different N/P ratios (0.5, 1, 2, 3 and 5) were analysed in order to understand the amount 

of TMC and TMC-PEG needed to efficiently complex the miRNA. The complexation stability was 

evaluated detecting free nucleic acids in agarose gel electrophoresis. A fixed voltage was ap-

plied to the gel and the non-complexed miRNAs migrated towards the positive pole, whereas 

the complexed ones do not migrate [96] and therefore cannot be detected. A free miRNA was 

used as control.  

As showed in Figure 3.2, the N/P ratios 0.5 and 1 for TMC-PEG were insufficient to complex 

the nucleic acid. However, the same ratios for nanoparticles of TMC and miRNA seem to be 

sufficient to stabilize the complexation. This could be explained by the fact that PEGylation 

decreases the cationic nature of the TMC, improving the biocompatibility and bioavailability of 

the nanoparticles, but requiring a bigger quantity of biomaterial to complex the nucleic acid 

[97]. The remaining ratios of complexation showed to be stable at the tested conditions. 

 

 

 
Figure 3.2 – Agarose gel for evaluation of nanocomplexes stability. miR represents the free miRNA con-
trol, and L=ladder 
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3.2.2 – Hydrodynamic size measurement and polydispersity index 

 

DLS was used to measure the hydrodynamic diameter and PDI of TMC/miRNA nanocomplexes, 

and TMC derivatives: TMC-PEG and TMC-PEG-LM22A-1. Nanoparticles size was determined for 

the N/P ratios 0.5, 1, 2, 3, 5, 10 and 15 for each polymer. The measurements were obtained in 

triplicate, replicated in three independent experiments. 

 

The nanoparticles size and PDI are schematized in Figure 3.3. The hydrodynamic diameter 

is determined according to the Stokes-Einstein equation, from the Brownian motion of the na-

noparticles. This motion results from the random movement of the particles in an aqueous 

solution. The smaller the particles, the higher will be the intensity fluctuations due to faster 

Brownian motions [95].  

The PDI is related with the homogeneity of the particle’s population. Its value depends on 

the particles mean size, measurement angle, refractive index of the solvent and the variance 

of the distribution. The most monodisperse the samples, the lower will be PDI [95]. 

The size of the nanoparticle’s complexes with TMC-PEG (102.1 nm ± 13.6) and TMC-PEG-

LM22A-1 (109.79 nm ± 18.0) was generally smaller than the TMC complexes (152.7 nm ± 24.1). 

There is not a decreasing tendency on the hydrodynamic diameter towards the N/P ratios, but 

the higher ratios showed smaller diameters in a general way.  

The PDI of each polyplex varies but values around 0.30 are obtained showing a low tendency 

for aggregates formation and a good complexation, and so the particle’s population can be 

considered relatively homogeneous. The PDI decreases until N/P 3 and then remains stable in 

the case of TMC. For TMC-PEG the PDI starts to decrease from N/P 1 but increases for N/P 15. 

Finally, for TMC-mim, PDI slightly increases from N/P 2 forward. The increment in PDI for higher 

ratios for TMC-PEG and TMC-mim nanoparticles may be due to the conjugation of TMC with PEG, 

since PEG is a synthetic polymer, and so it tends to aggregate more [98].    

Figure 3.3 – Hydrodynamic diameter (nm) and polydispersity index of TMC and its derivatives and 
miRNA nanocomplexes by DLS. Standard deviation of three independent (n=3) experiments 
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The overall size for TMC nanoparticles was lower than the ones reported in literature to 

nanoparticles complexed with siRNA, but the PDI is a little higher [96]. These results allowed 

the choose of the best N/P ratios for each polymer in subsequent studies. 

 

3.2.3 – Zeta Potential 

 

Zeta Potential (ZP) was measured for two N/P ratios for each polymer in triplicate, on three 

independent experiments. The N/P ratios were chosen based on gel stability and size charac-

terization, resulting on N/P ratios 3 and 5 to TMC/miRNA and TMC-PEG/miRNA and on N/P 

ratios of 5 and 10 to TMC-PEG-LM22A-1/miRNA complexes.  

As represented in Table 3.1, the ZP of TMC/miRNA nanoparticles is positive, increasing for 

the bigger N/P ratio, as expected. On the other hand, ZP significantly decreases for the nano-

particles of TMC derivatives. In case of TMC-PEG, the ZP decreases when the N/P ratio is in-

creased, remaining, although, positive. This could be related with the shielding of the TMC’s 

positive charges effect by the PEG. The ZP of TMC-mim/miRNA nanoparticles is lower than the 

values for the other polymers. Zeta potential can be defined as the interface electrical charge 

resultant from the contact of a solid surface with an aqueous solution. Besides that, zeta po-

tential measurements are used sometimes in studies about polymer adsorption, since when 

adsorbing, polymers change their surface charge [99], [100]. This phenomenon could explain 

the low values for ZP in TMC-mim/miRNA nanoparticles, since as seen with the PDI values, it is 

possible that some aggregates has formed.  

  
Table 3.1 – TMC and its derivatives nanoparticles complexes with the miRNA Zeta Potential (mV) 

Nanoparticles N/P ratio ZP (mV) 

TMC/miRNA 
3 3.69 ± 2.53 
5 7.32 ± 1.21 

   

TMC-PEG/ miRNA 
3 2.04 ± 2.27 
5 1.20 ± 1.43 

   

TMC-mim/miRNA 
5 0.05 ± 0.48 

10 0.08 ± 1.91 

 

3.2.4 – Nanoparticles biocompatibility in vitro 

 

In order to confirm the biocompatibility of the different TMCs, differentiated HT22 were 

exposed to TMC/miRNA and TMC-PEG/miRNA nanoparticles (N/P ratios of 3 and 5) for 24 h at 

final concentrations of miRNA per well of 25, 50 and 100 nM.  

The results are represented in Table 3.2, expressed in percentage of cell death. The mor-

phological aspect is depicted in Figure A.3.  

3 µl of Lipofectamine seemed to not be very toxic for cells since the cellular death per-

centage was not very high, and morphologically (Figure 3.4, B) cells did not revealed that were 

under stress conditions.  



39 
 

 

For 25 nM of miRNA nanoparticles per well, cells were healthier for N/P 5 relatively to N/P 

3, since they showed an even distribution in the plate without a tendency to aggregate. This 

morphological signal of stress is consistent to the values of cell death (%) among ratios. For 50 

and 100 nM of miRNA-TMC nanoparticles, although the tendency to aggregate, the morphology 

is generally better for N/P 5 relatively to N/P 3. These morphological changes could be a signal 

that the tested concentrations are too toxic for cells. This improvement in morphology with 

the N/P ratio is in accordance with the cell death results (Table 3.2). The better response to 

the N/P ratio 5 could be related with the fact that these nanoparticles had smaller dimensions 

than in N/P 3. 

For TMC-PEG complexes, the 25 nM concentration of miRNA, the percentage of cell death 

was relatively alike between N/P ratios, however, in terms of morphology, the N/P 3 had 

healthier results. On the other hand, for 50 nM of miRNA, in spite of the morphological changes, 

the cells tended less to aggregate on N/P 5, which is consistent with the cell death results. 

Finally, 100 nM showed to be a very toxic concentration for cells. 

 
Table 3.2 – Percentage of cell death determined by FACS analysis. Death cells were stained with Cy5 
Annexin V, and the percentage was calculated considering the number of positive Cy5 cells and the total 
cells sorted 

      Cell death (%) 

Lipofectamine (3 µl) 16.2 
     

TMC 

N/P 3   
25 nM 22.8 
50 nM 0.011 

100 nM 37.1 
    

N/P 5 
25 nM 18.3 
50 nM 6.35 

100 nM 0.15 
     

TMC-PEG 

N/P 3   
25 nM 23.7 
50 nM 29.7 

    

N/P 5 
25 nM 23.0 
50 nM 0.1 

 

 

3.3 – Nanoparticles TMC/TMC-PEG/TMC-PEG-LM2AA-1 miRNA 
internalization 

 

Cellular uptake of TMC nanoparticles was assessed both by flow cytometry and fluorescence 

microscopy. The efficiency of transfection was tested at different concentrations of miRNA 

DY547 labelled (12.5, 25, 50 and 100 nM) and complexed with TMC or TMC-PEG at N/P ratios of 

3, 5, 10 and 15 after 24h incubation with differentiated HT22. FACS enabled the quantitative 

analysis of the internalization efficiency, whereas the microscopy enables the morphological 

cell analysis. Results from the internalization efficiency in differentiated and undifferentiated 

HT22 neuronal cells are represented in Table 3.3. The gates defined in FlowJo to determine 

the percentage of nanoparticles internalization are represented in Figure A.4. An unstained 

sample was used to define the gates. The forward scattered light (FSC) and the side-scattering 

light (SSC) are measurements that, when correlated, allow the differentiation of cellular types 
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on a heterogenous population, based on size and granularity. In this particular case, the cellular 

population was homogenous, so this correlation was used to separate the cells, from some 

residues. The second gate defined correlates the forward scatter height (FSC-H) and the for-

ward scatter area (FSC-A), allowing the distinguish between single cells and duplets. Finally, 

the last gate was defined as a histogram, stablishing the setting of the threshold from which 

positive fluorescence is considered. The defined gates were applied equally to all samples.  

The uptake efficiency was firstly evaluated by IFM on differentiated HT22 cells. Results are 

represented in Figure 3.4. It is possible to verify internalization on cells incubated with Lipofec-

tamine, and some uptake for TMC nanoparticles (N/P ratios of 3 and 5). Although internalization 

with TMC being lower than for lipofectamine, it is higher than for TMC-PEG complexes. However, 

as IFM do not allow a quantitative evaluation, internalization was evaluated by FACS. Polymers 

and lipofectamine were complexed with a miRNA stained with Dy547, as used for IFM, and the 

fluoresce of this fluorochrome was measured, allowing the determination of uptake efficiency. 

As represented in Table 3.3, several concentrations (12.5, 25 and 50 nM) of miRNA for each 

10 × 104 differentiated HT22 cells (per well) were tested. Results for Lipofectamine revealed 

that 3 µl of Lipofectamine per well was enough to obtain a good internalization efficiency. In 

terms of TMC polyplexes, 25 nM miRNA / well was the most efficient concentration in terms of 

cellular uptake for all N/P ratios. Interestingly, N/P 3 and 5 were the ratios with high transfec-

tion efficiency, which could be correlated with their smaller sizes, comparatively with the 

higher ratios. TMC-PEG nanoparticles revealed a similar capacity to TMC for internalization, 

contrary to the IFM suppositions. For N/P 3 and 5 the differences in terms of cellular uptake 

for different miRNA concentrations was not very accentuated, however, these differences are 

considerable for higher N/P ratios. Finally, 25 nM of miRNA complexed with Lipofectamine, 

TMC, TMC-PEG and TMC-mim were evaluated on undifferentiated HT22 cells, since it was the 

concentration with better responses. Nonetheless, the percentage of internalization for these 

cells was extremely low, even for lipofectamine. 
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Table 3.3 – Percentage of nanoparticles internalization in differentiated and undifferentiated HT22 cells 
calculated from FACS 

  
[miRNA] 

(nM) 
Internalization (%) 

Differentiated HT22 
cells 

Lipofectamine (3 
and 6 µl) 

  
25 68.2 

25 48.20 ± 9.33 

  

TMC/miRNA 

NP3 
12.5 1.03 ± 0.59 

25 16.40 ± 8.34 

NP5 
12.5 1.69 ± 1.21 

25 11.40 ± 10.90 

NP10 
12.5 3.71 

25 9.05 

NP15 
12.5 9.24 

25 11.70 

  

TMC-PEG/miRNA 

NP3 

12.5 11.07 ± 0.83 

25 11.48 ± 1.83 

50 12.92 

NP5 

12.5 11.70 ± 1.87 

25 11.36 ± 1.63 

50 13.35 ± 3.35 

NP10 
25 9.83 

50 12.30 

NP15 
25 5.00 

50 22.50 

 

Undifferentiated 
HT22 cells 

Lipofectamine  25 1.76 

  

TMC/miRNA 
NP3 25 0.032 

NP5 25 0.078 

  

TMC -PEG/miRNA 
NP5 25 0.11 

NP10 25 0.052 

  

TMC-mim/miRNA 
NP5 25 0.027 

NP10 25 0.0073 
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Figure 3.4 – IFM images from nanoparticles internalization in differentiated HT22 cells: A – Non transfected 
cells; B – Lipofectamine complexes; C – TMC miR NP3; D – TMC miR NP5; E – TMC-PEG miR NP3; F - TMC-PEG 
miR NP5 ([miRNA]/well = 25 nM. Dark blue corresponds to Hoescht, staining the cellular nucleus. Pink corre-
sponds to Phalloidin 647, staining the F-actin. Light blue corresponds to nanoparticles stained with Dy547 

TMC-PEG/miR N/P 3 

TMC-PEG/miR N/P 5 

TMC/miR N/P 5 
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3.4 – Evaluation of BDNF mimetic – LM22A-1 
 

The effect of BDNF mimetic, LM22A-1 was evaluated through the phosphorylation of TrkB 

receptors on undifferentiated HT22 cells. As this hippocampal cell line, when in the undiffer-

entiated state, does not express functional TrkB receptors [101], transfection of TrkB receptor 

was performed. Different cloning methods were followed, in order to choose the one that bet-

ter responds to BDNF stimulus, as we aimed to have a more sensitive model system to investi-

gate the BDNF’s mimetic effect on receptor phosphorylation. Cells were transfected with the 

purified plasmid TrkB mEGFP. This plasmid had a coding sequence for the TrkB receptor, fused 

with EGFP gene that was used as selection method. 

 

3.4.1 – Plasmid purification and transfection 

 

After plasmid isolation from bacteria and purification, 2.00 µg/µl of plasmid was obtained. 

Undifferentiated HT22 cells were transfected with 3 µg of plasmid per 25 × 104  of cells, using 

Lipofectamine 2000 or the Mirus 2020 as transfection agent. 

Cells transfected with Lipofectamine 2000 were FACS sorted six days later, and each single 

transfected sorted cell, was plated in a 96-multi well plate well. The efficiency of transfection 

with Lipofectamine 2000 was only 0.2%, 6 days after transfection, possibly because untrans-

fected cells might have divided faster than transfected ones, leading to an underrepresentation 

of fluorescent cells. From the 180 plated cells, only seven survived to the selection method, 

and from this seven colonies, only one was expanded and kept in culture. The cultured clone 

was selected based on ZOE Fluorescent Cell Imager observations, due to appropriate distribu-

tion of EGFP on the well, with a good intensity. The resulting cell line is represented in Figure 

3.5 (left). It is possible to identify fluorescence, but overall, the level is not very strong. 

 

Cells transfected with Mirus 2020 transfection reagent followed a different experimental 

set-up and were sorted 72 hours after the incubation with the plasmid, plated together instead 

of single cell plating, yielding a percentage of transfection of only 1.8%. We could not deter-

mine the transfection percentage just after performing the Mirus 2020 transfection procedure, 

however by image analysis on ZOE Fluorescent Cell Imager this was around 50-60 %. These cells 

Figure 3.5– Undifferentiated HT22 cells transfected with Lipofectamine 2000 and Mirus 2020 transfec-
tion reagents. The green fluorescence corresponds to the recombinant EGFP expression, co-localized 
with the TrkB receptors. Images were acquired on ZOE Fluorescent Cell Imager 
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were expanded and sorted again to purify the cells with a stable transfection from the transient 

ones, resulting in an efficiency of 0.6% cells sorted that were plated together. 

As it is possible to observe in Figure 3.5 (right), two distinct levels of EGFP fluoresce can 

be detected. Therefore, a third sorting was made after 24 days in culture, separating cells that 

express more (HIGH) or less (DIM) EGFP, from the ones that weren’t transfected (Figure A.5). 

The cells sorted from the gate P3, in Figure A.5, were the cells with a higher expression of 

EGFP, corresponding to 17.1% of the total sorted cells. These cells were plated together and 

kept in culture as a stable cell line with high expression of EGFP, and consequently, high ex-

pression of TrkB – Mirus HIGH S3 (Figure 3.7). On the other hand, cells with a lower EGFP ex-

pression (2.5%) were selected from P4 (Figure A.5) and plated together as a stable cell line with 

a lower expression of EGFP and TrkB – Mirus DIM S3 (Figure 3.8). After the third sorting, cells 

transfected with the Mirus 2020 transfection reagent were single cell plated in order to obtain 

stable colonies as well. It resulted in 7 positive colonies, from which only two were kept in 

culture and tested (one with a higher, and another one with lower expression of EGFP) – Mirus 

HIGH C1, and Mirus DIM C2, respectively (Figure 3.6). 

After the third sorting, cells were able to keep their recombinant characteristics, which 

means that the incorporation of the foreign DNA into cell’s chromosomes was well succeeded, 

generating clonal cell lines. In Figures 3.9 and A.6,it is possible to see the location of TrkB 

receptors after immunocytochemistry, which is coincident with the EGFP fluorescence.  

 

 

 

 

 

 

 

 

Figure 3.6 – HT22 undifferentiated cells transfected with Mirus 2020 transfection reagent, sorted three 
times, and expanded from a single cell plating: A. Mirus HIGH C1; B. Mirus DIM C2. The green fluorescence 
corresponds to the recombinant EGFP expression, co-localized with the TrkB receptors. Images were ac-
quired on ZOE Fluorescent Cell Imager 
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Figure 3.7 – HT22 undifferentiated cells transfected with Mirus 2020 transfection reagent, sorted three 
times – Mirus HIGH S3. The green fluorescence corresponds to the recombinant EGFP expression, co-
localized with the TrkB receptors. Images were acquired on IFM 

 

Figure 3.8 – HT22 undifferentiated cells transfected with Mirus 2020 transfection reagent, sorted three 
times – Mirus DIM S3. The green fluorescence corresponds to the recombinant EGFP expression, co-local-
ized with the TrkB receptors. Images were acquired on IFM 
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3.4.2. – Immunocytochemistry 

 

Immunocytochemistry was used to investigate the co-localization of the phosphorylated 

TrkB receptors with the EGFP fluorescence (which correspond to overexpressed TrkB receptor).  

 
 

  

Figure 3.9 – Immunocytochemistry for co-localization of recombinant TrkB receptors (green) with the 
phosphorylated TrkB receptors (red). Right images – A- Mirus HIGH S3 (BDNF +); B- Mirus HIGH S3 (no 
BDNF); C- Mirus DIM S3 (BDNF +); D- Mirus DIM S3 (no BDNF) [Left images – EGFP; Right images - EGFP 
overlaid with phTrkB with the cellular nucleus (blue). Images from confocal microspopy 
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Figures 3.9 and A.6 displays confocal in order to be able to identify co-localization of the 

phosphorylated TrkB (phTrkB) receptors with the recombinant TrkB receptors, conferred by the 

transfection with the plasmid. These recombinant TrkB receptors were expected to be coinci-

dent with the EGFP fluorescence. It was evaluated both Mirus HIGH and DIM S3 stimulated with 

BDNF, using the same cells unstimulated as negative control. In Figure A.6, the co-localization 

of the TrkB receptors with the phosphorylated form is identified by arrows, and the circles 

surround areas where it was expected a higher phosphorylation, but it did not occur. 

Instead of what was expectable, there was no increase in receptor phosphorylation between 

stimulated and non-stimulated cells, both for the ones that express more or less receptors.  

Interestingly, as it possible to note in Figures 3.9 and A.6 (A and B), the areas with higher EGFP 

fluoresce do not present any signal of phosphorylation of the TrkB receptor.    

 

3.4.3. – ELISA Sandwich with direct detection 

 

As immunochemistry only allows a qualitative analysis of the receptor phosphorylation and 

it not show significative differences between cells types or between stimulated or non-stimu-

lated cells, the phosphorylation of the receptors was evaluated recurring to ELISA. Two differ-

ent ELISA sandwiches were tested (Figure 2.1), one for detection of total TrkB receptors, and 

other for detection of only phosphorylated TrkB receptors.  

 

 

 

 

 

Figure 3.10- Absorbances at 370 nm resulting from ELISA for detection of total TrkB (A. mo TrkB – 1:2000 
and rb TrkB 1:500; B. mo TrkB – 1:1000 and rb TrkB – 1:1000) and phosphorylated TrkB (C. rb TrkB – 1:2000 
and phTyr – 1:1000). Asterisks represent statistically significant differences calculated from a t-test be-
tween equal cellular types (*, p < 0.05) 
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Firstly, several dilutions of antibodies (Table 2.2) were tested in different cell clones, stim-

ulated with BDNF to select the optimal combination. From the results, the best four antibodies 

combinations were analysed (Table A.2) for detection of total TrkB and detection of phTrkB. 

From this combinations, only two were tested in the two clones -Mirus HIGH C1 and Mirus DIM 

C2 cells for total TrkB detection (mo TrkB – 1:2000 and rb TrkB – 1:500; mo TrkB – 1:1000 and 

rb TrkB – 1:1000), and one for detection of phosphorylated TrkB (rb TrkB – 1:2000 and phTyr – 

1:1000). 

Results from ELISA in Mirus HIGH C1 and Mirus DIM C2 are schematized in Figure 3.10. Among 

the two antibodies dilutions tested for detection of total TrkB receptors, the second one (Figure 

3.10, B) was the one that better corresponds to the expectations, that is a larger number of 

total TrkB receptors in cells with higher expression of EGFP. On the other hand, although it is 

clear the differences between BDNF stimulated cells and not, on the transfected ones the val-

ues of phosphorylation of non-transfected cells, coming from endogenous receptor, are higher 

than expected.  

This way, to confirm the best antibodies dilutions combinations other experimental condi-

tions were tested once again, comparing this time Mirus HIGH S3 and C1 and Mirus DIM S3 and 

C2.  

From Figure 3.11 it was possible to decide the best cell line to test the BDNF’s mimetic – 

LM22A-1, and the polymers. On graph A it is well perceptible the differences between the cells 

with high and low expression of EGFP and confirm that the higher fluoresce is also a signal of a 

higher TrkB expression. On graph B the differences between stimulated and non-stimulated 

cells are very evident, and all BDNF cells stimulated show an increase on absorbance, except 

for non-transfected cells, as expected. Interestingly, although HIGH (S3 and C1) express more 

TrkB receptors than the DIM ones, when stimulated with BDNF, both DIM cells (S3 and C2) 

respond more to the stimulus, which could be explained by the fact that HIGH cells have more 

intracellular TrkB receptors, whereas DIM cells have most of their TrkB receptors on cellular 

membrane. Cells Mirus DIM S3 were the chosen cells to further experiments, since they were 

the cells with lower absorbance when non-stimulated with BDNF (Figure 3.11, B).  

To test the effect of nanoparticles functionalized with the mimetic, it was tested several 

conditions as control: BDNF, free mimetic, TMC/miRNA and TMC-PEG/miRNA nanoparticles. The 

concentration and time used to stimulate Mirus DIM S3 cells with BDNF were constant from the 

previous assays. For free mimetic and nanoparticles, the quantity of nanoparticles used was 

calculated considering the optimal conditions in reference studies [33], and also the time rec-

ommended. This resulted in a concentration of 500 nM of mimetic per stimulation. Considering 

the efficiency of linkage of mimetic to TMC-PEG-MAL (10.4 %), the quantity of polymer calcu-

lated needed to achieve the final concentration of mimetic required and based on this quantity 

and defining the N/P ratio as 5, the quantity of the control nanoparticles was also calculated.  
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Figure 3.11 - Absorbances at 370 nm resulting from ELISA for detection of total TrkB (A. mo TrkB – 1:1000 
and rb TrkB – 1:1000) and phosphorylated TrkB (B. rb TrkB – 1:2000 and phTyr – 1:1000). Asterisks represent 
statistically significant differences calculated from a t-test between equal cellular types (*, p < 0.05; **, 
p < 0.01) 
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Although, LM22A-1 was not the mimetic with the best response on previous studies [33], it 

is the only mimetic of BDNF with peptide bonds, and this characteristic allows the modification 

in order to make possible the reaction with the TMC-PEG-MAL. In Figure 3.12, the results are 

schematized in terms of phosphorylation of the TrkB receptor. Although both free mimetic and 

TMC-mim/miRNA have slightly higher absorbance values than the negative controls (no stimulus, 

TMC/miRNA and TMC-PEG/miRNA), it shows no differences relatively to the positive control 

(BDNF).  

 

 

3.5. - Neuroprotective effect of antimiRNA-145 

 

In order to evaluate the neuroprotective effect of the antimiRNA-145, several conditions 

were optimized in terms of cellular death and ROS formation through qualitative and quantita-

tive analysis, to assess and confirm the therapeutic effect.  

 

3.5.1. – Cell death 

 

Cell death was analysed and quantified both in differentiated and undifferentiated cells 

from the immortalized mouse hippocampal cell line HT22, after exposure to different concen-

trations of glutamate. Besides that, the morphological changes and death induced by different 

Figure 3.12 - Absorbance at 370 nm resulting from ELISA for detection of phosphorylated TrkB, having as 
stimulus BDNF (100 ng/ ml) for 60 minutes and BDNF’s mimetic, LM22A-1 (500 nM) for 60 (A.) and 120 min (B.). 
Stimulated cells: Mirus DIM S3. Asterisks represent statistically significant differences calculated from a t-test 
between equal cellular types (***, p < 0.001) 
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quantities of glutamate were compared with the morphological alterations and death induced 

by exposure to hydrogen peroxide.  

  In Figure 3.13 it is possible to verify that the morphology of cells did not change a lot as 

the concentration of glutamate was increased. It is clear, however, a progressively tendency 

to aggregate, and at concentration of 500 µM there was more cellular death. On the other hand, 

H2O2 had a much more aggressive effect on cells (Figure 3.14), leading to a complete morpho-

logical change and death.  

Hydrogen peroxide was not considered for quantification studies, once it had no interest in 

terms of the neuroprotective mechanism conferred by the antimiRNA-145. This miRNA acts in 

terms of prevention of binding between the miRNA-145 and the mRNA for SOD2. When the 

miRNA-145 binds to the mRNA of SOD2, it inhibits its expression. The SOD2 is one of the enzymes 

that is part of the antioxidant defence of the body, and that is downregulated following an 

ischaemic stroke insult, and it inhibits the conversion of ROS like superoxide anions in H2O2, 

that posteriorly is converted in water [51]. This way, inducing cell death with H2O2, was simply 

used as a control since it wouldn’t result in terms of proof of concept in this work, since this 

stimulus is a product of the catalytic action of SOD2.  

On the other hand, glutamate is a step on ischaemic cascade that precedes the oxidative 

stress, therefore an alteration in SOD2 levels would affect the amount of oxidative stress pre-

sent, being, as matter of fact, a good approach to modulate the ischaemic cascade.  

 

 

Figure 3.13 - Cell death induced by 24h of exposition to glutamate in differentiated HT22 cells. Images 
acquired by IFM. The green stains the calcein and the red corresponds to PI (death cells) 
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The study of cell death induced by glutamate started in differentiated HT22 cells, since in 

mammalian CNS the neurons are fully differentiated cells, and therefore they remain in the 

adult brain in a post-mitotic phase [102]. Differentiating HT22 cells allowed, in previous studies, 

an approximation to the post-mitotic neuronal characteristics, like the neurite outgrowth and 

the expression of certain markers and receptors [103]. 

However, undifferentiated HT22 cells lack functional ionotropic receptors, such as N-me-

thyl-D-aspartate (NMDA) receptor, and, therefore, cells die due to oxidative glutamate toxicity 

instead of excitotoxicity. Therefore, although undifferentiated HT22 are not so close to the 

CNS neurons in terms of mature characteristics, the cell death mechanism has interest in terms 

of the neuroprotective therapy proposed in this work.  

 

Figure 3.14 – Cell death induced by 24h of exposition to hydrogen peroxide in differentiated HT22 cells. 
Images acquired by IFM. The green stains the calcein and the red corresponds to PI (death cells) 
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Figure 3.15 represents the response of differentiated HT22 cells to distinct concentrations 

of glutamate (50, 125, 250 and 500 µM). The percentage of cell death was obtained by FACS, 

using Annexin V to stain the apoptotic cells. Annexin V has a high affinity to the membrane 

phospholipid phosphatidylserine (PS). PS is translocated from the inner to the outer leaflet of 

the membrane in the first stages of the apoptotic process. Therefore, this staining is highly 

sensitive to early death stages, even when they are not visually accessible. As it is possible to 

note, the cell death increases from 50 to 125 µM of glutamate, and then starts to decrease. 

Before Cy5 Annexin V staining, visual cell observation showed that with 50 and 125 µM gluta-

mate, cells were morphologically similar to the non-treated cells, whereas the higher concen-

trations showed a great level of cellular apoptosis, before the staining, resulting therefore in a 

lower percentage, since most death cells were removed on the medium change, not counting 

for the final percentage. 
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Figure 3.15 – Percentage of cell death induced by exposure during 24h to different concentrations of 
glutamate (50, 125, 250 and 500 µM) in differentiated HT22 cells. Cell death was determined on FACS, 
staining the death cells with Cy5 Annexin V (n=3) 
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Figure 3.16 – Percentage of cell death induced by exposure during 24h to different concentrations of 
glutamate (2, 4, 6, 8, 16 and 32 mM) in undifferentiated HT22 cells 
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In Figure 3.16, it is schematized the response of undifferentiated HT22 cells to different 

concentrations of glutamate (2, 4, 6, 8, 16 and 32 mM). The percentage of cell death increases 

significantly until 8 mM of glutamate and then remains approximately stable. Therefore, 8 mM 

glutamate was the concentration chosen to evaluate the neuroprotective effect of the 

anitimiRNA-145, since it was the lowest concentration of glutamate where it was possible to 

verify a good response to the stimulus, without losing death cells on the procedure for Annexin 

V staining.  

The in vitro model chosen to perform the neuroprotective evaluation was undifferentiated 

HT22 cells, since they respond to glutamate stimulus by a mechanism that is relevant for this 

neuroprotective approach. 

The neuroprotective effect of the antimiRNA-145 was investigated, after transfecting un-

differentiated HT22 cells. Scramble miRNA, miRNA (-), was used as control. Both miRNAs com-

plexed with Lipofectamine 2000, TMC and TMC-mim were incubated with cells for 24h. After 

the incubation with nanoparticles, cell death was stimulated with 8 mM glutamate for more 

24h. Results are represented in Figure 3.17. A closer inspection indicates that antimiRNA-145 

complexed with functionalized TMC had a neuroprotective effect on cell death induced by glu-

tamate. The percentage of cell death in TMC-mim / antimiRNA-145 transfected cells decreased 

39%, relatively to the scrambled control. Regarding TMC / antimiRNA-145 transfected cells, i.e. 

without the BDNF mimetic the decrease was despicable while for lipofectamine, it was very 

low. 

 
 
Figure 3.17 – Evaluation of the neuroprotective effect of the antimiRNA-145 on undifferentiated HT22 
cells. Cells were incubated in supplemented medium O/N and transfected with nanocomplexes (25 nM, 
24h) in serum free medium. Finally, cells were stimulated with glutamate 8 mM and analysed on FACS, 
identifying the percentage of cell death through the staining with Cy5 Annexin V. miR (-) was used as a 
negative control 
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3.5.2. ROS formation 

 
 
 

 
Figure 3.18 – ROS formation on differentiated HT22 cells, after 24h of stimulation with glutamate at 
different concentrations (2, 4, 6, 8, 16, 32 mM). The percentage of ROS was assessed through fluorescence 
of DCF, measured on Synergy  

Similarly to cell death, the production of intracellular ROS was investigated both in differ-

entiated and undifferentiated HT22, using DCF as an oxidant-sensitive probe. This is a very 

simple and sensitive method, since is based on the oxidation of the compound DCFH2 − DA by 

ROS, generating the fluorescent compound DCF. The resulting fluorescence can be due to the 

overproduction of ROS as well as the deficiency of antioxidants [104]. Therefore, this was used 

as a method to confirm the antimiRNA-145 effect on SOD2.  

In Figure 3.18 it is schematized the response of differentiated HT22 cells to glutamate 

stimulus. Comparing to the response of undifferentiated HT22 cells (Figure 3.19) it is clear that, 

in fact, undifferentiated HT22 cells are much more sensitive to oxidative stress induced by 

glutamate. 

The results obtained on undifferentiated HT22 (cell death and ROS formation) cells were 

consistent with previous findings [105], since the quantity of ROS increased as the concentra-

tion of the glutamate was bigger. In addition, 8 mM glutamate induces a higher percentage of 

ROS formation, in accordance with the cellular death. In Figure 3.19 there is a marked fall in 

ROS formation for glutamate concentrations of 16 and 32 mM, which could be explained by the 

big percentage of apoptosis verified for that glutamate concentrations, and that cells were lost 

after the medium exchange, leading to lower fluorescence values.  

In order to investigate the effect of the antimiRNA-145 on the quantity of ROS formation, 

undifferentiated HT22 cells were incubated with nanoparticles (TMC, TMC-PEG and TMC-mim 

complexed with antimiRNA-145) for 24h, followed by 24h of oxidative stimulation with gluta-

mate (8 mM) and compared with the corresponding control nanoparticles (complexed with 

scrambled miRNA(-). The results are presented on Figure 3.20. It was verified a tendency for a 

decrease on fluorescence for TMC-mim when complexed with the antimiRNA-145, relatively to 

the corresponding scrambled transfection.  
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Figure 3.20 – Evaluation of the neuroprotective effect of the antimiRNA-145 on undifferentiated HT22 
cells. Cells were incubated in supplemented medium O/N and transfected with nanocomplexes (25 nM, 
24h) in serum free medium. Finally, cells were stimulated with glutamate 8 mM and analysed on Synergy, 
identifying the ROS formation through DCF fluorescence, and normalizing the values, dividing by DAPI 
fluorescence. miR (-) was used as a negative control 

Figure 3.19 - ROS formation on undifferentiated HT22 cells, after 24h of stimulation with glutamate at 
different concentrations (2, 4, 6, 8, 16, 32 mM). The percentage of ROS was assessed through fluores-
cence of DCF, measured on Synergy 
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3.5.3. Real-time PCR 

 

The efficiencies of PCR with the three designed primers (Table A.1) were evaluated by 

performing a 10-fold serial dilution of the target cDNA. This efficiency depends on the slope of 

the standard curve that relates the Cq with the logarithm of the cDNA quantity, according to 

equation  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  10−1 𝑆𝑙𝑜𝑝𝑒⁄ − 1 . (3.1) 

 

 

Two 𝑇𝑎 were tested (55 and 59 ℃). Figure 3.21 represents the PCR efficiencies obtained at 

Ta = 55 ℃. 59 ℃ did not present such satisfactory results, and therefore was excluded from this 

experimental procedure. By definition, the values of efficiency for PCR should be between 90 

Figure 3.21 – Standard curves calculated on CFX Maestro Software for determination of PCR efficiency 
for SOD2 primers (A, B and C). Efficiency, coefficient of determination and slope are in the box above the 
standard curves. 𝑇𝑎 = 55 ℃ 
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and 100%, which corresponds to a slope between –3.6 and -3.3. When the slope is inferior to -

3.6, it is considered that the PCR has poor efficiency. None of the primers showed to be effi-

cient for PCR. This could be related with some potential inhibitors on PCR, or that the condi-

tions used were not optimal, or even an inaccurate pipetting (triplicates have standard devia-

tions bigger than 0.2). However, SOD2_C seemed to be the only primer with a behaviour close 

to the expected one (Figure A.7), since it was expected the exponential growth to be similar 

for different dilutions, only starting on with different cycles. These results may serve as a 

starting point for future experiments with optimized conditions.  
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Chapter 4 
 

 

Discussion 
 

 

 

The aim of this work was to evaluate the neuroprotective effect of the antimicroRNA-145 

in terms of death and oxidative stress, one of the main steps on the ischaemic cascade occurring 

after an ischaemic stroke. Besides that, due to all the barriers that gene delivery faces, TMC 

was explored as the delivery vector together with the benefits of neurotrophins, in particular, 

BDNF. This would assure the specific delivery of TMC complexed with the antimiRNA, combined 

with the neurotrophin protection enhancement. Due to the big dimension and low serum sta-

bility of neurotrophins, the strategy adopted in this work was the substitution of BDNF for a 

peptidic mimetic, LM22A-1 tested in previous works as a free form. 

TMC was the selected non-viral vector, presents higher compatibility with the physiological 

pH and its characteristics are more suitable for in vivo administration, especially for intranasal 

delivery, TMC is more cytotoxic than chitosan, due to their excess of positive charges. This way, 

PEGylation was a strategy proposed on this work, with the objective to decrease the positive 

charges shielding the excessive positive charges, reducing in this way the toxicity associated to 

TMC [61], [72]. In addition, we selected a heterobifunctional PEG, which has the advantage of 

creating a bridge to allow the polymer functionalization with the BDNF mimetic, assuring spec-

ificity in cellular uptake in a neuroprotective way. PEGylation, and subsequent functionaliza-

tion of TMC with the mimetic were successfully achieved. 

For delivery of nucleic acids complexed with cationic polymers, the size of the polyplexes 

is one of the most important properties, since it defines the internalization mechanism. DLS 

analysis showed that PEGylation reduced the average hydrodynamic size of nanoparticles com-

plexed with the antimiRNA, relatively to naked TMC. Hydrodynamic diameters varied differ-

ently for different polymers. In the case of TMC, size increased significantly for 10 and 15 N/P 

ratios, whereas the opposite occurs to TMC-PEG/miRNA nanoparticles. These results are con-

sistent with results obtained in previous studies [106] for these polymers and can be explained 

by effect of the PEG chains. The hydration of PEG hydrophilic chains improves the stability of 

the nanoparticles in aqueous medium, and therefore, more polymer leads to a more stable 

complex. On the other hand, TMC/miRNA did not have this stability, and for higher ratios, the 

steric repulsion effect is more accentuated [106]. The hydrodynamic size of TMC-PEG/miRNA 

nanocomplexes is equal to TMC-mim/miRNA ones, except for 10 and 15 N/P ratios. This can be 

an indication of the effect of the mimetic on the stability conferred by the PEG chains for from 
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a certain quantity. In terms of ZP, for TMC/miRNA complexes increased with the ratio as ex-

pected. PDI was increased for TMC-PEG and TMC-mim complexed with miRNA nanoparticles. 

This increment may be due to the conjugation of TMC with PEG, since PEG is a synthetic polymer, 

and so it tends to aggregate more [98]. The stability of the nanocomplexes was evaluated 

showing that the lowest N/P ratios (0.5 and 1) were insufficient to efficiently complex the 

nucleic acids. The remaining N/P ratios showed to be efficient to form stable complexes.  In 

terms of ZP, for TMC/miRNA complexes, it increased with the ratio, as expected. Values of ZP 

for TMC-PEG/miRNA are lower than TMC, which may be due to the shielding effect conferred 

by the PEG chains. The ZP values for TMC-mim/miRNA are even lower than for the other nano-

complexes, which may be attributed to the linked peptide. 

In terms of toxicity, it was anticipated to verify an improvement after the PEGylation of 

TMC. However, in terms of cell death this did not occur. On the other hand, cells tended to 

aggregate less at elevated concentrations of TMC-PEG, comparatively to TMC, which could in-

dicate that they are under less stress with TMC-PEG.  

Internalization outcomes were quite different between differentiated and undifferentiated 

HT22 cells. The cellular uptake of nanoparticles follows distinct pathways, depending on their 

size, charge and morphology [107]. Besides that, cytotoxicity is also related with the entry 

pathway of nanoparticles and posterior intracellular trafficking. Nanoparticles used on this 

work were polar complexes, and therefore they are not able to pass passively by the cellular 

membrane, being internalized by active transport, namely endocytosis [108]. Flow cytometry 

was performed in order to obtain a robust quantitative method of the nanoparticle’s uptake. 

The internalization efficiencies between differentiated and undifferentiated HT22 cells are not 

conclusive, since we did not have time to perform enough assays for statistical analysis for 

undifferentiated cells. In terms of the efficiencies on the differentiated ones, TMC/miRNA na-

noparticles showed better results for 25 nM of miRNA. Results at higher N/P ratios (10 and 15) 

are better for 12.5 nM but worse for 25 nM. This could be explained by nanoparticles hydrody-

namic size for these ratios. TMC-PEG revealed internalization efficiencies very consistent be-

tween different concentrations and different N/P ratios, being lower at 25 nM for higher ratios 

(10 and 15). PEG chains helps stabilizing the TMC nanoparticles, facilitating the internalization 

process [109]. However, it could influence negatively on the release of the nucleic acid [110], 

which could happen at higher ratios. All results obtained for TMC and TMC-PEG nanoparticles 

were inferior to Lipofectamine control. However, there was the formation of big clusters of 

nanoparticles revealing that a big part of nanoparticles aggregate, and therefore were not 

available for internalization by the expected pathway. This observation could be related with 

the toxicity values, since PEG did not improve the toxicity as expected. Concerning the cellular 

uptake on undifferentiated cells, it was extremely low even for positive control (Lipofectamine). 

The change on experimental strategy to evaluate the internalization efficiency from differen-

tiated to undifferentiated HT22 cells was relevant for the binding of the mimetic with TrkB 

receptor. Therefore, these results have to be repeated for validation.  

TrkB is the most abundant of the Trk receptors in the brain, being mainly activated by BDNF. 

Since undifferentiated HT22 cells do not express functional TrkB receptors [101], and cell dif-

ferentiation was not constant between experiments, undifferentiated cells were transfected 

with a synthetic plasmid coding for EGFP and TrkB and selected by different methodologies. 

This selection resulted in four distinct clones, that were tested in ELISA to establish an opti-

mized sensitive setup for evaluation of BDNF’s mimetic receptor activation. Besides that, cells 
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that were expressing high or low EGFP, and consequently TrkB, were analysed by ICC stimulated 

or not with BDNF. 

Regarding receptor activation with BDNF, ELISA revealed to be an efficient and sensitive 

quantification method. Interestingly, the cells that expressed high total TrkB receptors, were 

not the cells with more phosphorylated receptors after stimulation with BDNF. This could be 

due to the fact that BDNF only phosphorylated extracellular receptors, and most of the recep-

tors expressed in cells with higher EGFP fluorescence could be localized intracellularly, or due 

to overexpression of receptors that could lead to expression of unfunctional receptors. Another 

explanation could be that cells were expressing a higher number of receptors than the ones 

that BDNF has capacity to stimulate physiologically. These suppositions were confirmed by ICC 

Figure 3.9, where both cells (with high and dim expression of EGFP) were compared after stim-

ulation with BDNF. Both in stimulated and non-stimulated cells, the colocation of the TrkB 

receptors with the phosphorylated ones was verified, being that in DIM cells, most of the re-

ceptors were phosphorylated, with or without BDNF, and in high EGFP/TrkB expression cells, 

the places with more fluorescence, and therefore with more TrkB receptors non-phosphorylated. 

These particular findings may indicate that too much receptors expression may impair normal 

function. Although, it is important to have in consideration that phosphorylation may occur 

naturally, without any external stimulation. This way, ELISA results between total and phos-

phorylated TrkB receptors are consistent with the ICC findings, since, although the number of 

receptors available were higher in HIGH cells, the degree of activation by neurotrophins was 

not correspondent. The external stimulation with BDNF and consequent TrkB phosphorylation 

allowed, through ELISA, the choice of the most sensitive clone to test the BDNF mimetic used 

to functionalize TMC. The ELISA with the mimetic did not show differences between controls 

and cells stimulated with the BDNF mimetic. The mimetic used, LM22A-1 was altered with a 

cysteine to allow the reaction with the maleimide of the heterobifunctional PEG. This alteration 

may be implicated on the results, so further studies should be done with the original mimetic 

[33], LM22A-1, in order to confirm this supposition.  

Finally, an experimental setup to evaluate the neuroprotective capacity of the antimiRNA-

145 after glutamate excitotoxic stimulus was established. 

Glutamate is the main excitatory amino acid in CNS, being involved in several metabolic 

pathways important to keep the homeostasis. However, under pathological conditions, it can 

be neurotoxic or induce oxidative stress in excessive concentrations. It is implicated in various 

neurodegenerative conditions and it is one of the main contributors to the cell death, mortality 

and morbidity after an ischaemic stroke, appearing as one potential target to several neuro-

protective therapies. Glutamate can be neurotoxic by two death mechanisms. One of them it 

due to the increased influx of Ca2+, leading to an accumulation of reactive species of oxygen 

and nitrogen. Besides that, glutamate could lead to an overactivation of glutamate receptors, 

activating the excitotoxicity pathway [105]. 

HT22 cells are a widely used model for investigation and screening of different therapies or 

agents to prevent glutamate induced cell death, since these cells are sensitive to this stimulus 

and the death mechanisms are well known [107]. 

When exposed to high concentrations of extracellular glutamate, the uptake of cystine into 

the cells through the cystine/glutamate antiporter system is prevented, leading to the deple-

tion of cystine. Glutathione (GHS) is part of the antioxidant defence, so consequently, this 

results in intracellular ROS accumulation and consecutively in oxidative stress. This increasing 
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ROS production leads to the mitochondrial membrane hyperpolarization, a massive influx of 

Ca2+, as occurs in the ischaemic cascade [108]–[111].  

The neuroprotective effect of the antimiRNA was investigated through the quantification 

of ROS by fluorescence, which indicated a possible neuroprotective effect of the antimiRNA-

145 complexed with the TMC-mim. However, antimiRNA-145 alone (complexed with Lipofec-

tamine) did not show this effect, possibly because the presence of the BDNF mimetic is crucial.  

In terms of cell death for undifferentiated HT22 cells, TMC-mim complexed with antimiRNA-

145 was an indication of success for this strategy. The fact that antimiRNA-145 alone (i.e trans-

fected with lipofectamine) and TMC-mim alone (i.e with non-functional scrambled antimiRNA) 

did not showed significative protective effects pointed to the need of a combined therapy for 

a complex disease like stroke.  



65 
 

 

Concluding remarks and future work 
 

 

 

This work resulted in several main findings, summarized as follows: 

 The functionalization of the TMC-PEG with the BDNF mimetic, LM22A-1, modi-

fied with a cysteine, was successfully achieved. 

 TMC-mim was able to efficiently complex the antimiRNA-145 at different N/P 

ratios, originating nanoparticles similar to nanoparticles of TMC and TMC-PEG in terms 

of size and zeta potentials. 

 The copolymerization of the TMC with PEG resulted in more stable polyplexes 

(with miRNA), and this stabilization was not significantly compromised by the function-

alization with the mimetic. 

 TMC and TMC-PEG nanoparticles were able to be internalized by differentiated 

HT22 cells, but unsuccessful on undifferentiated cells. However, these findings need to 

be validated with more data.  

 Modified LM22A-1 was not able to phosphorylate the TrkB receptors in compar-

ison with the positive control, BDNF. 

 The antimiRNA-145 seems to be efficient as a neuroprotective approach, in 

terms of protection from cell death induced by glutamate excitotoxicity on undifferen-

tiated HT22 cells.  

 TMC-mim complexed with the antimiRNA-145 pointed to be a promising neuro-

protective combination against glutamate induced insults on neuronal cells. 

In the final analysis, these results culminate in an optimistic combination of approaches as 

a neuroprotective treatment for such a complex pathology, although with some limitations. 

This way, in order to obtain a more robust treatment, some points need to be improved.  

First, the internalization conditions on undifferentiated HT22 cells need to be optimized in 

order to effectively understand the efficiency of internalization of TMC-mim nanoparticles. The 

internalization efficiencies obtained were extremely low, even for Lipofectamine, which could 

be related to the experimental conditions. 

The neuroprotective effect of antimiRNA-145 was only evaluated indirectly. As future work, 

RT-PCR may be a possible technique to verify the level expression of SOD2, using the primers 

with specificity to this enzyme. 

In this work, it was established an ELISA method for detection of TrkB activation by phos-

phorylation. The combination of the best antibody concentrations with the transfected cell 

lines obtained, resulted in a sensitive and reliable method for detection of BDNF stimulus effect. 

However, there was no activation with the mimetic. In this way, as future work, the original 
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mimetic should be used as control to confirm if the problem is related with the modification or 

not.  

Besides that, the cellular uptake mechanism and endosomal escape should be studied in 

order to understand the actual effect of the ZP and size nanoparticles on nucleic acid delivery 

and biocompatibility.  

As longer-term experiments for this approach, nanoparticles should be tested on more ro-

bust in vitro models such as primary neuronal cultures, in order to understand the treatment 

effect in a closer scenario to the ischemic brain environment. Moreover, the characteristics of 

TMC nanoplexes allow an in vivo validation after an intranasal administration and these studies 

will ultimately be crucial as a proof-of-concept strategy. 

Another interesting future perspective on this therapeutic approach would be the investi-

gation of the influence on the miRNA-145 silencing in terms of expression of the anti-inflam-

matory protein IFN-β, and its contribution on the reduction of stroke related lesions. 
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Annex 
 

 

 
Table A.1 – Primers sequences used in Rt-PCR 

Primer Primer sequence 5' - 3' 𝐓𝐦 (℃) 

SOD2_A 
S: ACACATTAACGCGCAGATCA 54.9 

AS: ATGTGTAACATCTCCCTTGGC 54.9 

SOD2_B 
S: GCTGGCTTGGCTTCAATAAG 54.4 

AS: GCGGAATAAGGCCGTTTGTT 52.6 

SOD2_C 
S: GTTACAACTCAGGTCGCTCT 50.0 

AS: CAACTCTCCTTTGGGTTCTCC 52.4 

 
 

 
Figure A.1 - 𝐻1 -NMR spectrum (400 MHz, 𝐷2𝑂) of TMC-PEG copolymer 
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Figure A.2 - 𝐻1 -NMR spectrum (600 MHz, DMSO) of TMC-PEG copolymer functionalized with Cys-LM22A-
1 
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Figure A.3 – IFM images from differentiated HT22 cells 24h after incubation with different concentrations 
(25, 50 and 100 nM) of TMC/miRNA and TMC-PEG/miRNA nanoparticles at N/P ratios of 3 and 5 
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Figure A.4 – Gates defined at FlowJo in order to determine the percentage of nanoparticles internalization 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure A.5 – Gates defined in sorting cytometry to separate in the third sorting DIM from HIGH cells 
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Figure A.6 - Immunocytochemistry for co-localization of recombinant TrkB receptors with the phosphor-
ylated TrkB receptors. A- Mirus HIGH S3 (BDNF +); B- Mirus HIGH S3 (no BDNF); C- Mirus DIM S3 (BDNF +); 
D- Mirus DIM S3 (no BDNF). [Left images – EGFP overlaid with phTrkB receptors; Right images – phTrkB 
receptor]. Images from confocal microscopy 
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Table A.2 – The best four combinations of antibodies for detection of total TrkB and phTrkB on first ELISA 

 
Antibodies dilutions 

  
Abs 370 nm 

Total 
TrkB 

mo TrkB rb TrkB 

 

Non-transfected Mirus HIGH S3 Mirus DIM S3 

1:2000 1:500 0,573 ± 0,103 0,783 ± 0,097 0,762 ± 0,236 

1:1000 1:1000 0,290 ± 0,025 0,402 ± 0,034 0,236 ± 0,010 

1:1000 1:500 0,644 ± 0,114 0,870 ± 0,042 0,473 ± 0,017 

1:500 1:500 0,717 ± 0,005 0,698 ± 0,049 0,566 ± 0,022 

  

phTrkB 

rb TrkB phTyr 

 

 

1:2000 1:1000 0,446 ± 0,018 0,425 ± 0,040 0,529 ± 0,051 

1:1000 1:2000 0,377 ± 0,012 0,412 ± 0,009 0,377 ± 0,009 

1:1000 1:500 0,449 ± 0,003 0,428 ± 0,029 0,493 ± 0,022 

1:2000 1:500 0,463 ± 0,022 0,530 ± 0,001 0,448 ± 0,008 

 
 
 

 
Figure A.7 – Amplification chart of SOD2_C PCR calculated on CFX Maestro software. RFU = Relative flu-
orescence units Each curve represents the exponential increase of RFU (in triplicate) for the three 10-fold 
serial dilutions 
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