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 Abstract 

Ischaemic stroke, a consequence of an interruption of blood flow to the brain, is the first 

leading cause of death and morbidity in Portugal, and there is a profound lack of treatments 

to the nefarious effects it causes. The cascade of toxic effects begins with the collapse of 

energy supply leading to widespread excitotoxicity, cellular component breakdown, 

inflammation, and accumulation of free radicals. Among the innovative treatments currently 

in development for this problem, neuroprotection is a common approach. For this goal, we 

sought to develop a nanotechnological therapeutic strategy that mimics brain-derived 

neurotrophic factor (BDNF), a crucial element for the development, functioning, and recovery 

from injury of the nervous system. To that end, we covalently linked a modified mimetic 

peptide, LM22A-1-Cys (Pro-His-Trp-Cys), with the delivery vector trimethyl chitosan, through 

a poly(ethylene glycol) chain, and complexed it with a fluorescent oligonucleotide. Thus, this 

formulation can act not only by activating endogenous BDNF receptors, but also by 

transfecting target neuronal cells after internalization. Reaction products were confirmed via 

nuclear magnetic resonance spectroscopy. We could prepare polyplex formulations that were 

characterized by dynamic light scattering and transmission electron microscopy. Incubation 

with the nanoparticles in a neuronal cell line (HT22) and in primary neuronal cortical cells 

resulted in successful transfection. TrkB receptor activation by the copolymers was similar to 

BDNF positive control, while viability assays after exposure to ischaemic insults lead to 

variable results. These data indicate that our strategy has potential to act as a 

neuroprotectant in the brain in case of ischaemic injury, paving the path for future tests both 

in vitro and in vivo. 
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Chapter 1 

Introduction 

Over the course of the 20th century, in industrialized countries, incredible advances were 

accomplished in the medical and public health fields, such that authors can distinguish two 

different eras. The most pressing health problems identified and fought changed drastically: 

in the first era, communicable diseases (microorganisms and parasites), maternal and infant 

conditions, nutritional deficiencies, and sanitation problems dominated; in the second one, 

cancer and many behavioural and lifestyle diseases came to the fore, such as atherosclerosis 

and its consequences, diabetes, problems due to tobacco use, or accidents [1]. 

Since the beginning of the 21st century, ischaemic heart disease and stroke have 

consistently been the top two leading causes of death in the world, accounting for over a 

quarter of all deaths worldwide in 2015 (circa 15 million) [2]. In the European Union, this 

number rises to 37.9 %, corresponding to almost 2 million deaths [3]. Stroke represents the 

second largest group in terms of incidence and mortality, and is the leading cause of major 

adult disability [4]. Portugal is a notable exception in these statistics, since stroke is the 

leader in all three categories. Three months following a stroke, nearly 30 % of stroke 

survivors are permanently disabled and 20 % require institutional care. Deficits can include 

partial paralysis, difficulties with memory, thinking, language, and movements [5]. It is thus 

pertinent to look further into this neurological disorder, in order to understand its causes, 

pathophysiology, cellular and molecular consequences, and available treatment options. 

1.1 - Stroke – onset of ischaemia in the brain 

Stroke, also called cerebrovascular accident (CVA), is the general term for a sudden loss 

of blood circulation to an area of the brain, resulting in a corresponding loss of neurologic 

function. It has several pathophysiological causes but can be generally divided into 2 types: 

haemorrhagic and ischaemic, with the latter being more prevalent (over 80 % of cases) [6]. 

Acute ischaemic stroke is a consequence of thromboembolic disease which leads to the 
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occlusion of an artery irrigating the brain. Some of the major reasons for this are runaway 

hypertension or atherosclerosis, the accumulation of cholesterol and other lipids in plaques 

on the inside of blood vessels [7]. 

1.1.1 – Pathophysiology of ischaemic stroke 

Not all regions of the brain are equally affected in the event of a stroke. Depending on 

the size and location of the occluded artery (the most commonly affected is the middle 

cerebral artery), a different area is going to be injured, and the proximity of the cells to the 

obstruction will determine the injury’s degree. This translates into the classification of 

ischaemic areas in 2 different zones: the core, where blood flow is lower than 10 mL/100 g of 

tissue/min; and the penumbra, with cerebral blood flow below 25 mL/100 g of tissue/min. In 

the first one, cells are presumed to be dead in a matter of minutes after stroke onset, while 

in the second one, they can remain viable for several hours thanks to the marginal blood 

flow. Thus, treatment efforts must focus on restoring blood flow as soon as possible and 

helping the recovery of the tissue in the penumbra [6]. 

However, that is not an easy task. The succession of cellular and biochemical events that 

follows the ischaemic stroke, known as the ischaemic cascade, creates foul conditions for the 

affected brain cells, from which it is difficult to escape, and for which the only available 

standard treatment is removal of the occlusion and reperfusion of the affected area. The 

greatly reduced blood flow creates conditions of hypoxia and lack of nutrients, both of which 

lead to depletion of adenosine triphosphate (ATP), with subsequent breakdown of the 

membrane ion-transport protein function. This includes a) the sodium-potassium pump, 

producing an intracellular increase in sodium, accompanied by increase in water content – 

cytotoxic oedema (occurs very early in cerebral ischaemia) – and b) sodium-calcium exchange 

protein, triggering an influx of calcium which triggers the release of large quantities of 

glutamate (among other neurotransmitters), which in turn activates N-methyl-D-aspartate 

(NMDA) and other excitatory receptors on neurons. This, in turn, generates a cascade effect, 

by depolarizing those neurons, causing further calcium influx, further glutamate release, and 

the amplification of the initial insult [6], [8]. To further complicate these events, along with 

the neurotransmitter release, degrading enzymes such as proteases, lipases and 

endonucleases are activated. This causes the accumulation of oxygen free radicals, nitric 

oxide, and arachidonic acid, resulting in the destruction of cellular structures and membranes 

[9], [10]. 

Those events occur in the first 4 hours after the initial occlusion. However additional 

events continue to unwind in the following days, even weeks. Gene expression in astrocytes 

and microglia cells is altered to induce cytokine synthesis (such as tumour necrosis factor-α 

and interleukin-1), increasing the inflammatory and oxidative response [11], [12]. About 4-6 

hours after infarction, a breakdown of the blood-brain-barrier (BBB) occurs, causing blood 

proteins, followed by water, to flood the region, creating an oedema that increases brain 

swelling, peaking 3-5 days post-stroke. Circulating immune cells also infiltrate the tissue, 
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contributing to this inflammatory environment via secretion of further toxic compounds and 

cytokines. It is also thought that these leukocytes can lead to the engagement of adaptive 

immunity, by presenting brain antigens (which should be secluded behind the BBB) to 

lymphocytes.  This translates into the development of a chronic immune response to the 

central nervous system (CNS) that can delay or even impair recovery [13]. Neurons, 

endothelial cells, microglia, oligodendrocytes and astrocytes all die from these processes, 

resulting in a pan-necrosis which is progressively cleaned up by macrophages. During the 

following months, this area is morphed, acquiring a density akin to cerebrospinal fluid – a 

process called encephalomalacia, or cerebral softening [6]. Figure 1.1 schematizes these 

events in a simple flow chart. 

1.1.2 – Current and future treatment options 

The only FDA approved treatment for ischaemic strokes is tissue plasminogen activator 

(tPA), administered intravenously (IV). tPA works by dissolving the clot and improving blood 

flow to the area of the brain deprived of it. If administered within 4.5 hours (as increasingly 

recommended by European and American guidelines [14], [15]), it may improve the chances 

of recovering from a stroke. A significant number of stroke victims do not get to the hospital 

in time for tPA treatment and some that do may not be treated due to exclusion criteria, like 

uncontrolled hypertension. 

Another treatment option, for larger clots (which might not be efficiently dissolved by 

tPA), is an endovascular procedure called mechanical thrombectomy, in which the blood clot 

is removed by sending a wired-caged device called a stent retriever, through an artery in the 

groin up to the site of the blocked blood vessel in the brain. The stent opens and grabs the 

clot, allowing doctors to remove it trapped in the stent. Special suction tubes may also be 

used. The procedure should be done within 6 hours of acute stroke symptoms, and only after 

a patient receives tPA [7]. 

 

 

Figure 1.1 - Ischaemic cascade in the brain triggered by stroke. 
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Currently, there is no procedure widely applied to prevent the ischaemic pathological 

cascade resulting from stroke. The only option is to remove the clot and restore blood flow to 

the affected area. The variety of phenomena happening almost simultaneously in ischaemia 

allows multiple approaches in preclinical research to tackle the problem, such as 

administering calcium channel blockers [16], free radical scavengers [17], [18], NMDA 

receptor antagonists [19], stem cell grafting [20], and even hypothermia [21]. Yet, none of 

these results have been successfully translated into clinical practice. Various reasons have 

been pointed out for this failure, such as the lack of widely followed preclinical modelling 

and lack of methodological rigor between preclinical and clinical studies, leading to hasty and 

overly positive conclusions [22]. Therefore, research and development of innovative 

treatments that can complement tPA and fill this apparent gap are still sorely needed. 

Neuroprotection arises as a potential path to pursue, to avoid or decrease the nefarious 

consequences of the ischaemic cascade [23]. In the following section, I shall describe one of 

the most studied groups of molecules with neuroprotective properties. 

1.2 - Neurotrophins – essential players in the nervous system 

Neurotrophins (NT) are a type of growth factors. These proteins are intrinsic to the 

development and maintenance of all living tissues. While some may have pleiotropic effects, 

others act on specific targets. In the case of the nervous system, these are called 

neurotrophic factors, and some of the most studied ones constitute the NT family. It consists 

of 4 closely related molecules, with very similar structures and conformations: nerve growth 

factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and NT-4/5 

[24]. Around 40% of the aminoacidic residues are identical between all 4 mammalian 

neurotrophins, therefore showing a high degree of similarity [25]. 

NT are synthesized as precursors, pro-NT (30–35 kDa), which are proteolytically cleaved 

to produce mature proteins (12–13 kDa) [26]. This processing can occur either intracellularly 

by the action of furin or proconvertase, or extracellularly by the action of plasmin or the 

matrix metalloproteinases MMP-7 and MMP-9 [27]. Pro-NGF, pro-NT-3, and pro-NT-4 are 

packaged into constitutive vesicles before secretion; pro-BDNF, however, is mainly packaged 

into regulated secretory pathway vesicles, processed and secreted in an activity-dependent 

manner [24]. Contradicting older assumptions, it has progressively come to light that pro-NT 

are also directly secreted and capable of biological activity, through interaction with specific 

receptors [26], [28]. NT form dimers, which bind a pair of receptors, thus bringing them 

together as a dimer. 

1.2.1 – The neurotrophin receptors 

Two different kinds of receptors interact with them: the high-affinity tyrosine receptor 

kinase (Trk) and a low-affinity pan-neurotrophin receptor (p75NTR), a member of the tumour 
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necrosis factor receptor superfamily. Each Trk is preferentially activated by one or more NT 

— TrkA by NGF, TrkB by BDNF and NT-4/5, and TrkC by NT-3 — and is responsible for 

mediating most classical cellular responses, whereas p75NTR performs a complex set of 

functions, described ahead. 

In the case of Trk receptors, this process leads to trans-auto-phosphorylation and to the 

activation of three intracellular signalling cascades: PI3K/Akt; MAPK/ERK; and PLC-γ 

pathways. The Shc adaptor protein links the activated Trk receptor to the first two: it 

increases phosphatidylinositol 3-kinase (PI3K) and protein kinase B (Akt) activities, leading to 

neuronal survival; as well as that of Ras and the MAP kinase/extracellular signal-regulated 

kinase (MAPK/ERK). The latter in turn influences transcriptional events, such as the induction 

of the cyclic AMP-response element binding (CREB) transcription factor. CREB has effects on 

the cell cycle, neurite outgrowth and synaptic plasticity. The small G protein Rap1 (Ras-

related protein 1, part of the Ras family of small GTPases, generally responsible for cell 

proliferation) accounts for the ability of neurotrophins to signal through ERK for sustained 

periods. In addition, phospholipase C-γ (PLC-γ) binds to activated Trk receptors and initiates 

an intracellular signalling cascade, resulting in the release of inositol phosphates and 

activation of protein kinase C (PKC), which enhances neurotransmitter release, modulating 

synaptic transmission [29]. 

As for p75NTR, it has been found responsible for various effects: a) forms a complex with 

the Trk receptor and modulates its signal transduction [30]; b) binds pro-NT along with 

Sortilin, inducing apoptosis through activation of a JNK cascade; that results in the release of 

mitochondrial components which facilitate caspase activation; c) may form a tripartite 

complex with the NogoR and with Lingo-1 that results in growth inhibitory signals to be 

transduced in response to Nogo (neurite outgrowth inhibitor), MAG (myelin associated 

glycoprotein), or OMgP (oligodendrocyte myelin glycoprotein) [31]; and d) activates IκB 

kinase complex, which augments the activity of NF-κB, a transcription factor known for 

promoting cell survival as well as inflammation. Figure 1.2 summarizes the NT/Trk/p75NTR 

interactions and resulting intracellular signals. 

1.2.2 - Brain-derived neurotrophic factor 

BDNF was first isolated as a neuronal survival-eliciting factor from the pig brain, which 

was characterised as highly homologous to the previously known NGF [32]. Like all NT, BDNF 

has a distinctive 3D structure, with seven β-strands (contributing to three longitudinal 

antiparallel β-sheets) connected by three solvent-exposed hairpin loops (loops 1, 2, and 4) 

and a longer loop (loop 3) and contains three disulphide bridges between six fully conserved 

cysteine residues arranged in a cystine-knot motif. The solvent-exposed loops are particularly 

interesting, since they are central points for interaction with the respective receptor [33], 

[34]. 
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Figure 1.2 - Models of Trk and p75NTR receptor activation. Neurotrophin binding results in dimerization 

of each receptor. Neurotrophins bind selectively to specific Trk receptors, whereas all neurotrophins 
bind to p75NTR. Trk receptors contain extracellular immunoglobulin G (IgG) domains for ligand binding 
and a catalytic tyrosine kinase sequence in the intracellular domain. The extracellular portion of p75NTR 
contains four cysteine-rich repeats, and the intracellular part contains a death domain. Interactions 
between Trk and p75NTR can lead to changes in the binding affinity for neurotrophins. Reproduced from 
Chao 2003 [29]. 

 

BDNF is mainly expressed in the CNS. A variety of studies have shown it has widespread 

distribution throughout the brain, with protein immunoreactivity preferentially found in 

neurons with a pyramidal morphology in all cortical regions. Many labelled neurons are also 

found in the substantia nigra pars compacta. The striatum is poorer in BDNF expression, with 

its contents originating in the cortical region, namely the mesencephalic dopaminergic 

neurons [35]–[38]. Similar patterns occur for pro-BDNF, which might indicate that the 

secretion occurs mostly in this form, with the regulation of pro to mature ratio happening 

extracellularly [39]. TrkB receptor distribution is also widespread, including the cerebral 

cortex and hippocampus (dentate gyrus), among other structures, occurring in both neuronal 

and non-neuronal cells [40], [41]. This tissue distribution indicates that BDNF/TrkB is 

important for the whole brain not only during development, but also in the mature organ. 

BDNF regulates the survival, growth, and differentiation of central and peripheral 

neurons. It also modulates a variety of functions such as synapse formation and activity-

dependent synaptic plasticity [42]. The  exact effects at each time depend upon the ratio of 

pro-BDNF to mature BDNF, as well as p75NTR to TrkB receptors in the target cell membrane, 

with the pro-BDNF/p75NTR pair responsible for spine and neurite shrinkage, LTD facilitation 

and programmed cell death, and the mature BDNF/TrkB couple for spine/neurite growth, LTP 

facilitation, neurogenesis, and neuronal survival, growth, and differentiation [43], [44]. 

Overall, BDNF has been shown to be positively associated with excitatory (glutamatergic) 

synapses, while pro-BDNF appears to regulate inhibitory (GABAergic) synaptic activity [45]. 

BDNF is also identified as a critical factor in the brain’s development, since homozygous 

(−/−) knockout mice mostly fail to survive 3 weeks after birth. The ones that survive have 

severely hampered nervous system development, resulting in behavioural disorders and 

sensory defects [46]. It may also play other secondary roles, since it can be found in other 

cell types and tissues beyond the CNS. Some examples are blood platelets, vascular 
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endothelium, neuromuscular synapse, or liver tissue, where it is postulated to help 

regenerate peripheral sensory neurons at the site of a nerve injury [47], [48]. 

1.2.3 – BDNF in brain ischaemia 

BDNF’s important role in the nervous system and its promotion of neuronal survival have 

prompted the investigation of how an ischaemic insult affects its expression in the brain, and 

how it correlates to the aftereffects of the injury. Transient forebrain ischaemia, as well as 

hypoglycaemic coma, lead to significantly elevated BDNF mRNA expression in the granule 

cells of the dentate gyrus and in the brain cortex in the ensuing hours [49], [50]. This 

response is considerably hampered in injured aging hippocampi compared to younger ones, 

which leads to a diminished spontaneous healing response after injury [51], suggesting that 

the levels should be improved for a better outcome. 

More recently, attention has also turned to non-neuronal sources of this NT. Beside 

neurons, ependymal cells, microglial cells, endothelial cells of cerebral arterioles and 

astrocytes in the lesioned hemisphere exhibit robust BDNF content, possibly constituting a 

novel avenue of stroke recovery treatments [52]. It has been suggested that BDNF mainly acts 

via the PI3K/Akt pathway in the promotion of recovery after ischaemic stroke; this pathway 

not only inhibits apoptotic signals like BAD and JNK, it is also important for the proliferation, 

migration and differentiation of neuronal stem cells [53]. Furthermore, BDNF’s central role in 

synaptic plasticity and the importance of this phenomenon in the reorganization and recovery 

after brain injury [54] also demonstrate its potential for ameliorating post-stroke 

recuperation. 

1.3 - How BDNF has been applied thus far 

BDNF’s hitherto described roles have made it into a promising neuroprotectant or 

regeneration stimulator, prompting research into its possible therapeutic uses. Among the 

capabilities discovered for this growth factor are its ability to protect cortical and cerebellar 

neurons after exposure to high glutamate concentrations [55], [56] and promote survival and 

morphological differentiation of striatal neurons cultured in vitro against the addition of 

NMDA [57]. Both compounds mimic the excitotoxic insult that happens in the ischaemic 

cascade. BDNF can also protect hippocampal cells from hypoglycaemia combined with 

ethanol, another way to emulate the effects of brain ischaemia [58]. 

Building on these results and the knowledge of BDNF’s expression patterns after stroke, it 

has also been tested in in vivo stroke settings, following models of arterial occlusion in rat, 

most commonly, in the middle cerebral artery (MCAO). Intraventricular administration lead to 

significantly greater neuron survival and better neurological outcomes, but the limited 

diffusability in the brain tissue means it has to be a prolonged continuous process, which is 

not feasible in actual human patients [59], [60]. Direct application in the injured tissue also 
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leads to infarct volume reduction [61] and bypasses the diffusability problem, but is also 

more invasive and difficult to implement.  IV delivery is the most used route of 

administration, and can also greatly decrease tissue necrosis after transient MCAO [62], but 

the concentrations used have to be considerably higher, due to the very short plasma half-life 

of proteins such as BDNF. This, along with the low permeability at the BBB, nearly ensures 

that intravenous BDNF cannot reach the target tissue [63], [64]. 

Thus, different strategies have arisen to cope with these issues, namely, a) modifications 

of the BDNF protein, b) synthesis of BDNF small molecule mimetics, c) manipulation of the 

administration routes, and d) nanocarrier systems [65]. 

1.3.1 – BDNF modifications 

One of the first strategies tested to improve BDNF’s pharmacokinetics was the 

incorporation of poly(ethylene glycol) (PEG) moieties linked to surface carboxyl residues. 

Covering the surfaces of molecules or particles with PEG is one of the most common and 

effective ways to improve blood circulation time, enhance water-solubility, and decrease 

uptake by peripheral tissues and the reticuloendothelial system, by increasing the molecular 

weight and size, and shielding them from enzymes [66]. Yet, this positive effect is not enough 

for an effective treatment, since BBB crossing has been identified as a crucial limiting step 

[67], [68]. 

The BBB is the unique structure that composes the brain’s capillaries, created by their 

endothelial cells and pericytes, along with astrocytic projections, or feet. The BBB stops 

pathogens, immune cells, and large and hydrophilic molecules from crossing into the brain’s 

fluid, helping the maintenance of the delicate balance necessary for the neuron network’s 

functioning. There are, however, specific receptors at the barrier cell surfaces for certain 

molecules needed for the entry into the brain [67]. 

To this effect, various fusion proteins of BDNF have been tested, based on the idea of 

targeting the receptors present in the highly selective BBB. By linking the therapeutic agent 

with an agonist for one of those receptors (a molecular “Trojan horse”), it can undergo 

receptor mediated transcytosis, thus crossing the barrier in vivo. Two receptors with high 

expression in the BBB are the transferrin receptor, responsible for the supply of iron to the 

brain, and the insulin receptor, essential for the glucose supply. IV administration of BDNF 

fusion proteins which included monoclonal antibodies for these receptors are able to reach 

the brain of Rhesus monkeys at therapeutic levels [69], as well as significantly decrease 

infarct volume and improve motor function in rats after MCAO [70], [71]. 

Other types of fusion peptides tested include cell-penetrating peptides or domains that 

increase its retention in the brain. Cell-penetrating peptides can translocate across biological 

membranes by a seemingly energy-independent pathway. For example, coupling of BDNF to 

the viral transactivator of transcription (TAT) peptide allows it to reach the brain and 

improve cognitive functions in mice models of Alzheimer’s disease [72], while fusing it to a 

collagen binding domain leads to retention at high levels in the infarcted hemisphere, 
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promotion of neural regeneration and angiogenesis, reduction of cell loss and apoptosis, and 

improved functional recovery [73]. 

Despite presenting positive initial results, these approaches suffer from a common 

problem. Generating large-scale preparations of pharmacological quantity is difficult, with 

complex manufacturing processes and high production costs [74]. Adding the history of failure 

of clinical trials involving neurotrophins [75]–[77] and the possibilities of pleiotropic effects 

and counterproductive interaction with the p75NTR, it seems necessary to seek alternative 

approaches. Hence, small compounds that mimic BDNF functional structures and act as 

specific TrkB receptor agonists present themselves as a smart alternative in this field. 

1.4 – BDNF mimetics 

Most protein-protein interactions occur at few specific areas, named hot spots. 

Therefore, it is possible to create synthetic molecules which contain only the necessary areas 

for receptor binding and activation, reducing a large polypeptide to a smaller functional unit. 

This process is termed ligand mimicry and has been used to create agonists to Trk [78]. In the 

case of NT, it is known that some of these hot spots correspond to the solvent-exposed β-turn 

loops 1, 2 and 4, as mentioned in subsection 1.2.2. Thus, multiple studies have focused on 

synthesizing small compounds that functionally mimic these structures. 

The first such example are small, conformationally constrained, monocyclic peptides 

modelled after loop 2. These peptides inhibit BDNF-mediated neuronal survival in a 

concentration-dependent manner, which means their monocyclic structure allows them to 

bind a single TrkB chain, hampering receptor dimerization [79]. This was followed by the 

creation of bicyclic and tricyclic peptides, which interact with multiple TrkB binding-

domains, thus prompting receptor kinase activity. The latter enhance neuron survival, with 

potency comparable to BDNF [58], [80]. In another study, by using antibodies to the active 

regions of BDNF as a template, a group of tetrapeptides (named B-1 to B-5) were developed. 

These display an array of effects, including upregulation of the BDNF gene expression, which 

can constitute another possible route for neuroprotective therapies [81]. 

Mimetics of loops 3 and 4 have also been tried. For example, Betrofins 3 and 4, two 

peptides synthesized respectively after these loops, display partial agonist behaviour, which 

includes binding to both TrkB and p75NTR, and enhancing neurite outgrowth and neuronal 

survival [82]. Another mimetic of loop 4, a dimeric dipeptide termed GSB-106 has 

neuroprotective properties in hippocampal cell line HT22 when submitted to oxidative stress 

and glutamate toxicity [83], also producing good results on cultured SH-SY5Y human 

neuroblastoma cells after treatment with neurotoxin 6-hydroxidopamine [84]. Furthermore, 

in a rat MCAO model, GSB-106 lead to a circa 66 % reduction in infarct volume, displaying 

activation of both PI3K/AKT and MAPK/ERK pathways, after intraperitoneal administration 

[85]. 



10  Introduction 

 

 

1.4.1 – The mimetic peptide LM22A-1 

In a thorough study, Massa et al. (2010) performed an in silico screening with a BDNF 

loop–domain pharmacophore, followed by low-throughput in vitro screening in mouse foetal 

hippocampal neurons, resulting in the identification of small molecules with neurotrophin 

activity specific for TrkB. After reducing the group to the 4 most promising molecules 

inducing the highest activity, termed LM22A, it was shown that they could indeed specifically 

bind this receptor, activating the ERK and Akt pathways, both in hippocampal cell cultures 

and in vivo, after intranasal administration. Moreover, LM22A-4 exerted neuroprotection 

comparable to BDNF in in vitro models of neurodegenerative diseases and restored motor 

learning to levels similar to sham-operated controls after traumatic brain injury, despite 

having no effect in the volume of the injured area [86]. Follow up works with LM22A have 

demonstrated further effects, such as cementoblast differentiation promotion [87], acute 

reversion of spontaneous apnoeas and respiratory abnormalities in mice [88], and significant 

reduction in tissue lesion and apoptosis in mice with spinal cord injury, also promoting limb 

functional recovery [89]. 

Additionally, in an ischaemic-hypoxic stroke model by carotid occlusion, LM22A-4 

significantly improves limb swing speed and accelerates the return to normal gait accuracy, 

while doubling numbers of new neurons adjacent to the stroke [90]. LM22A mimetics have 

thus displayed potential as therapeutic agents for post-stroke recovery. For these reasons, we 

selected one of these molecules, the tripeptide LM22A-1 (5-oxo-L-prolyl-L-histidyl-L-

triptophan methyl ester, Pro-His-Trp), with the goal of developing a controlled, efficient and 

robust delivery system for its use in ischaemic stroke therapy. The selection was based not 

only in its reported ability to promote neuronal survival but also due to its chemical structure 

compatible with covalent binding to a delivery vector. This coupling allows the creation of a 

more robust therapeutic formulation. This is necessary since direct systemic administration of 

such a molecule would lead to a fast clearance, decreasing the extent reaching the brain at 

therapeutic concentrations [91]. Figure 1.3 shows the chemical structure of this peptide next 

to the BDNF loop it was modelled after. 

1.5 - Towards an integrated treatment approach 

The problems associated with direct systemic administration of peptides range from 

gastrointestinal degradation to the inability to cross epithelial barriers, including hampered 

absorption, rapid metabolism, susceptibility to proteases, and opsonization. However, these 

issues can be overcome in different ways [91]. Two possibilities are explored in this section, 
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Figure 1.3 - LM22A-1 and its parent structure. A - BDNF loop 2 molecular structure zoomed in; B - 

Chemical structure of the LM22A-1 tripeptide (Pro-His-Trp). Reproduced from Massa et al. 2010 [86].  

 

namely, the chosen route of therapeutic administration and the integration of the peptides 

into a more complex formulation, like nanocarrier systems. 

1.5.1 – Administration routes 

A variety of routes of administration can be used when administering a drug to a patient. 

Generally, it can be divided between: a) local delivery – injecting the drug directly in the 

target area; in the case of stroke therapy, it could be intracerebral, intraventricular or 

intrathecal; b) systemic delivery – injection into the systemic circulation, either IV, intra-

arterially or intraperitoneally; c) peripheral delivery, that bypasses the systemic route and 

the constraints of direct delivery; it can be sublingual, transbuccal, or intranasal [65]. 

Local delivery has various constraints which make it impractical in the case of stroke, 

such as difficult translation, the impracticability of its application in emergency settings on 

stroke patients, the invasiveness of such a procedure, or the very limited diffusivity of the 

drugs in the brain tissue beyond the immediate implant site. For that reason, many studies 

have focused on creating or finding an efficient way of administering BDNF or its mimetics IV. 

But this also presents other complications, beyond the natural limitations of peptides as 

drugs. TrkB receptors are expressed not solely on the CNS, but also in non-neuronal tissues, 

as previously mentioned. The danger of systemic administration is thus generating pleiotropic 

effects, most notably neuropathic pain [92], [93]. 

For these reasons, the nose-to-brain pathway has been explored as a non-invasive and 

convenient method that rapidly targets therapeutics to the CNS, bypassing the BBB and 

minimizing systemic exposure. This occurs through different pathways, taking advantage of 

the nasal cavity’s unique irrigation (nervous, lymphatic and vasculature). The olfactory 

receptor neurons are renewed monthly by basal cells. This constant turnover means that the 

BBB’s characteristic proteins are not fully functional, leading to a “leaky” barrier, creating a 

favourable environment for drug administration. Additionally, olfactory ensheathing cells 

A 

 

B 
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envelop neuronal axons, creating continuous, fluid-filled perineurial channels that remain 

open, constituting a “highway” from the nasal cavity to the olfactory bulbs in the brain [94]. 

Meanwhile, the respiratory region of the cavity is innervated by projections of the trigeminal 

nerve, which enter the brain at two different spots, one in the caudal and the other in the 

rostral region, thereby increasing the volume of tissue on the receiving end. Moreover, 

transport through these nerves occurs not only via perineuronal but also via intraneuronal 

pathways. Likewise, the vasculature irrigating the nose is surrounded by a perivascular space, 

between the endothelial cells and the basement membrane, that works as a kind of 

lymphatic system for the encephalon, and also constitutes a parallel pathway of nose-to-brain 

transportation [95]. 

These advantages have been seized by researchers to apply and test novel therapies for 

brain disorders, like insulin therapy for Alzheimer’s disease, which is already in clinical trials 

[96]. In the context of ischaemic stroke, various neurotrophic factors benefit from intranasal 

delivery, with unmodified BDNF or NT-4/5 being successfully administered to rats at 

sufficient concentrations to activate the PI3K/Akt pathway [97]. In rat temporary MCAO 

model, BDNF can modulate the inflammatory reaction, therefore exerting neuroprotection 

[98]. Nonetheless, to maximise and control the delivery efficiency of the therapeutic agent, 

its coupling to a suitable transport system is essential. 

1.5.2 – Nanocarrier systems for targeted delivery 

Nanotechnology has been increasingly explored for efficient targeted delivery. The use of 

nanoscale systems allows a multiplicity of factors to be combined into a superior therapeutic 

approach. Firstly, the nanoparticle’s main material is essential for its function. Different 

materials can be chosen according to its properties; for example, iron oxide particles can be 

used for their superparamagnetic properties, which allow an operator to lead them to the 

target organ by applying an external magnetic field [99], while nanostructured lipid carriers, 

a combination of solid and liquid lipids, allow high loading and in vivo absorption of lipophilic 

drugs, the administration of which is very problematic in their traditional formulations [100]. 

In addition, the surface can be functionalized with a variety of moieties, which confer 

different abilities, like targeting (e.g. monoclonal antibody), immune avoidance (e.g. 

PEGylation), in vivo imaging (fluorophores, radionucleotides), among others. Figure 1.4 

exemplifies a variety of modifications that can be performed on a nanoparticle and their 

potential applications. 
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Figure 1.4 - A variety of multifunctional nanoparticles designed for neurotrophin loading, targeted 

delivery and theranostics. Reproduced from Angelova et al. 2013 [101]. PET - positron emission 
tomography; SPECT - single-photon emission computed tomography; NIR - near infrared. 

 

Regarding the application of nanoparticles for BDNF/mimetics delivery, various 

alternatives have been tested. For example, PLGA/PLL/PEG microspheres with encapsulated 

BDNF achieve a sustained release for up to 65 days in PBS and influence the morphology of 

TrkB expressing PC12 (phaeochromocytoma line) cells [102]. Similarly, PEG-b-PCL 

polymersomes1 functionalized with the hNGF_EE peptide (an NGF mimetic) and the 

fluorophore rhodamine are effectively internalized by SHSY-G7 (human neuroblastoma line) 

cells by activating TrkB [103]. Diblock copolymers of PEG and PGA complexed with BDNF, 

injected IV in rats after MCAO, significantly reduce tissue degeneration and lead to earlier 

recovery of neurological deficits, as well as improvements in memory and depressive 

behaviour [104]. Another alternative for this application is chitosan. Notably, it was used as a 

transport vector to facilitate crossing of the nose epithelial barrier, increasing brain 

bioavailability of BDNF via intranasal administration by up to 14 fold [105]. This use of 

chitosan combines different properties into a more complex approach, showing a good 

example of the potential of these nanotechnological systems. Its properties are especially 

attractive for this application and, as such, I will describe them in more detail. 

1.5.3 – Chitosan as a delivery vector 

 Chitosan is a natural, multifunctional polysaccharide, that has been extensively used in a 

variety of studies as a biomaterial thanks to its biocompatibility, biodegradability, and 

                                                 
1 Hollow vesicles made up of an amphiphilic polymer membrane. 
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mucoadhesiveness. It has been tested for drug delivery [106], tissue engineering [107], [108], 

anti-microbial wound dressings [109], [110], among other purposes. It is obtained by 

deacetylation of chitin, the structural element in the exoskeleton of insects and crustaceans, 

and cell walls of fungi, and the second most abundant natural polysaccharide after cellulose. 

Chitosan is composed of β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine randomly 

distributed within the polymer, conferring an overall positive charge, unlike other 

polysaccharides, due to the prevalence of free amine groups. Its properties are affected 

mainly by the molecular weight (e.g. solubility, degradation) and the degree of deacetylation 

(e.g. hydrophobicity, charge, toxicity) [111]–[114].  

Alas, the pKa of Chitosan amine groups is around 6.5, meaning it is soluble in acidic 

solutions, which limits its applicability for pharmaceutical and biomedical purposes. In order 

to improve its solubility in physiological pH, it can undergo reductive methylation of the 

amine groups, to form N,N,N-trimethyl chitosan (TMC, Scheme 1.1). The degree of 

quaternization influences the final characteristics of the TMC particles, and can be altered by 

increasing the number of reaction steps or the reaction time [115]. TMC retains chitosan’s 

advantageous properties of mucoadhesiveness and the ability to reversibly open tight 

junctions between epithelial cells, rendering it an ideal permeation enhancer for the mucosal 

delivery of macromolecular therapeutic agents such as peptides [116], [117]. Due to these 

properties, chitosan and TMC have been assessed for decades for protein delivery, with 

intranasal applications receiving a good amount of focus. For example, they have been 

successfully tested for enhanced delivery of vaccines [118], [119] or of insulin, for 

Alzheimer’s disease treatment [120]. 

The cationic character of these polymers also makes them good candidates for another 

type of application – transfection. The positive charge conferred by the amine groups allows 

TMC to complex and condense nucleic acid based molecules, protecting them from 

endonuclease degradation. In addition, lysozyme-mediated degradation, as well as chemical 

hydrolysis, of TMC molecules means they are biodegradable; and since their monomers are 

essentially sugars, they are overall biocompatible and present low cytotoxicity, conferring an 

edge over other polycationic non-viral vectors [121]. This means it is possible to conjugate 

the TMC not only by chemical modifications but also through complexation with a nucleic 

acid, creating more complex and robust therapies. This strategy has been tested with great 

success. For example, TMC coupled to fatty acids and complexed with single-stranded 

Scheme 1.1 - Reductive methylation of chitosan to N,N,N-trimethyl chitosan. 
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oligonucleotides proved to be biocompatible and capable of effective transfection [122], 

[123],  while thiolated TMC nanoparticles grafted with the non-toxic carboxylic fragment of 

the tetanus neurotoxin (to allow neuron targeting) can deliver plasmid DNA encoding for 

BDNF in a peripheral nerve injury model, promoting significant expression of BDNF and 

enhancing functional recovery after injury [121]. Another possibility is to complex and deliver 

short interfering RNA (siRNA) molecules. siRNA consist of two nucleotide strands, which form 

a duplex 19 to 25 bp in length with 3' dinucleotide overhangs. These bind to complimentary 

messenger RNA targeting it for degradation, thereby achieving down-regulation of a target 

gene through the mechanism of RNA interference [124]. While in a different setting, 

imidazole-modified TMC/siRNA nanoparticles can overpass the gastric mucus layer and 

effectively downregulate target gene expression in gastric cells [125]. 

All these results help TMC arise as one of the best candidates for a nanocarrier system 

that maximises the advantages of intranasal delivery of BDNF mimetics. For these and the 

above reasons, we chose TMC for the present work to couple with LM22A-1 and complex with 

an siRNA oligonucleotide. 

1.6 - Our approach 

Bearing in mind the previously mentioned considerations, we found a combination of 

strategies regarding administration route, nanocarrier system and BDNF mimetics to be an 

optimal answer for the recovery from brain ischaemia after stroke. Building on the 

advantages of intranasal administration, TMC’s properties as a delivery vehicle, and LM22A-

1’s potential as a neuroprotectant through the activation of TrkB receptors, our strategy 

involves synthesizing a copolymer of TMC and LM22A-1, using a heterobifunctional PEG chain 

as a linker (N-hydroxysuccinimide-PEG-maleimide – NHS-PEG-MAL). For this, the peptide is 

modified with an added cysteine so it can react with the PEG’s maleimide group, forming the 

tetrapeptide 5-Oxo-L-prolyl-His-Trp-Cys. It will henceforth be called LM22A-1-Cys. The 

reaction is depicted in Scheme 1.2. The copolymer is then complexed with an oligonucleotide 

for fluorescent tracing, using sodium sulphate as a complexation agent, to form TMC-PEG-

LM22A-1 polyplexes, the final proposed therapeutic formulation. This opens the door to 

future inclusions of functional siRNA, which can act synergistically along with the mimetic. 

We postulate that this formulation can form nanoparticle suspensions with suitable size and 

charge, which expose the LM22A-1 peptide, without the loss of its function, and that these 

particles can interact with the TrkB receptor and rescue cells from ischaemic insults.  
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Scheme 1.2 – Two-step reaction process to obtain TMC-PEG-LM22A-1. First, TMC’s amines react with 
NHS groups of PEG. Next, PEG’s maleimide groups react with the cysteine of LM22A-1-Cys. 

 

As such, my tasks for this project can be summarized as follows: 

• Synthesis of TMC-PEG-LM22A-1 copolymer and its characterization by spectroscopy 

methods; 

• Preparation of polyplex suspensions with fluorescent oligonucleotides and their 

characterization via dynamic light scattering and microscopy; 

• Assessment of polyplex uptake by neuronal cells and their transfection efficiency; 

• Measurement of TrkB receptor phosphorylation, confirming the maintenance of 

function of LM22A-1 after synthesis and complexation processes; 

• Determination of the influence of TMC-PEG-LM22A-1 on neuronal cell viability after 

exposure to ischaemic insults, such as glutamate excitotoxicity and oxidative stress by 

hydrogen peroxide. 
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Chapter 2 

Materials and Methods 

2.1 – Cell cultures 

2.1.1 – Cell lines 

HT22 mouse hippocampal neuronal cell line was a kind gift from Dave Schubert at the 

Salk Institute. Cells were maintained in Dulbecco's Modified Eagle's medium (DMEM) + 

GlutaMAXTM-I, 4.5 g/L D-glucose, 110 mg/L sodium pyruvate (Gibco, Invitrogen), 

supplemented with 10 % (v/v) heat-inactivated foetal bovine serum (FBS, Sigma-Aldrich) and 

1 % (v/v) P/S (100 U/mL penicillin and 100 μg/mL streptomycin, Biowest) at 37 °C and 5 % 

CO2. Cells were trypsinized, using 0.25 % (w/v) trypsin and 0.05 % (w/v) EDTA (Sigma-

Aldrich), and passaged every 2-3 days. When needed, cells were differentiated in 

NeurobasalTM medium (NBM; Gibco) containing 2 mmol/L glutamine (Gibco) and 1 × N2TM 

supplement (Gibco) for 24 hours before use, in previously coated culture plates. Poly-D-lysine 

(PDL, Sigma-Aldrich) was used for coating, at a concentration of 10 µg/mL, in borate buffer 

(pH 8.2). After a 1 h incubation with PDL at 37 °C, wells were washed twice with sterile 

distilled water and dried out in the laminar flow hood for 1-2 hours. Coated plates were kept 

at 4 °C until cell plating. Cells were seeded in 24-well plates at a density of 2.5×104 per well. 

2.1.2 – Primary neuronal cortical cell cultures 

Primary neuronal cortex cell cultures (NCCC) were established by S. Santos and M. 

Torrado (nBTT, i3S). Briefly, E16.5 mice embryos were collected and placed in a Petri dish 

filled with Hank’s Balanced Salt Solution (HBSS, no calcium nor magnesium, Gibco). In a 

sterile hood, the frontal cortices were removed with a curved tip forceps, after thinly slicing 

the skull and removing the tissue overlying the brain. After dissection, cortices were 

transferred to a tube, trypsin in HBSS (0.45 mg/mL) was added, and the mixture was 

incubated with periodic shaking in a water bath at 37 °C for 15 minutes, to detach and 

suspend the cells. After waiting for cells to deposit, the supernatant was discarded and HBSS 
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with 10 % FBS was added to inactivate trypsin. The supernatant was again discarded, 

remaining FBS was washed away with HBSS, and 5 mL of NBM were added. The cell suspension 

was homogenized with a pipette and filtered through a cell strainer with 70-µm pores (BD 

Falcon). 

An aliquot was diluted in HBSS and Trypan blue (Sigma-Aldrich) (1:1:1) for counting, and 

the suspension was subsequently diluted to the desired final concentration, in supplemented 

NBM (1x B-27TM supplement, 0.5 mM L-glutamine, 50 µg/mL gentamycin, 25 µM glutamate; L-

glutamic acid monosodium salt was acquired from Sigma-Aldrich, all other components were 

bought from Gibco). Cells were plated at a density of 9×104 cells/cm2 on PDL-coated plates 

(at 50 µg/mL in borate buffer for an o/n at 37 °C) and maintained at 37 °C and 5 % CO2. 

Cultures were used after either 6-7 or 13-14 days in vitro (DIV), depending on the 

experiment. In the latter case, half of the medium was removed after 7 days, kept as 

conditioned medium for future use, and replaced with fresh supplemented NBM (without 

glutamate).  

2.2 – TMC-PEG-LM22A-1 copolymer synthesis and 

characterization 

2.2.1 - TMC purification and characterization 

TMC derived from ultrapure chitosan produced from Agaricus bisporus mushrooms, under 

cGMP standards, (average number molecular weight (Mn) of 43.3 kDa, KitoZyme, Belgium) 

was purified and characterized by C. Gomes (nBTT, i3S). Purification was done by filtration 

and dialysis prior to use, as previously described [125]. In brief, TMC was diluted in 5 mM HCl 

solution at a final concentration of 0.5 % (w/v), filtered through a Buchner funnel and 

purified by dialysis using a 3.5 kDa molecular weight cut-off membrane (Spectrum Labs, CA, 

USA) for 3 days against deionized water and collected after freeze-drying. The degree of 

acetylation (DA) and quaternization (DQ) of the purified TMC were determined by 1H-nuclear 

magnetic resonance spectroscopy (1H-NMR) and found to be 15.7 ± 0.9 % and 30.1 ± 4.6 %, 

respectively. Endotoxin levels of the purified polymer extracts were assessed using the 

Limulus Amebocyte Lysate Assay (QCL-1000, Cambrex, NJ, USA), following the manufacturer 

instructions. Endotoxin levels were found to be < 0.1 EU/mL (an EU corresponding to a unit of 

measurement for endotoxin activity), respecting the US Department of Health and Human 

Services guidelines for implantable devices [126]. After freeze-drying, it was stored for use at 

4 ºC in a desiccator. 

2.2.2 - TMC PEGylation 

TMC (24.84 mg) was dissolved in ultrapure water at the concentration of 3 mg/mL, with 

magnetic stirring o/n. NHS-PEG-MAL (24.82 mg), 5 kDa (Jenken), was dissolved in anhydrous 
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dimethyl sulfoxide (DMSO, Sigma-Aldrich) at 25 mg/mL in inert atmosphere (Ar) and 

subsequently added to the TMC solution. The mixture was stirred o/n at room temperature 

(RT), protected from light. The resulting solution was dialysed against 4 L of deionized water 

for 48 hours, using a membrane with a 10 kDa molecular weight cut-off (Spectra/Por), with 

the water being periodically replaced. The resulting solution was lyophilized to obtain TMC-

PEG-maleimide as a white foam solid (45.45 mg, 91.52 % yield) and kept at -20 ºC until 

further use. 1H-NMR spectra were recorded in a Bruker Avance III HD 600 MHz spectrometer in 

D2O at 323 K, and analysed by V. Leiro (nBTT, i3S). Chemical shifts are reported in ppm (δ 

units) and were referenced to the HOD signal (D2O). The degree of substitution (DS) for TMC-

PEG was determined by integration of the appropriate signals (maleimide protons from PEG 

and acetyl groups from TMC) in the 1H-NMR spectrum (Figure A.1), and calculated by the 

following equation 

𝐷𝑆 (%) =

∫(𝐶𝐻 = 𝐶𝐻)𝑀𝐴𝐿 + (𝐶𝐻 = 𝐶𝐻)𝑀𝐴𝐿
𝑜𝑝𝑒𝑛

4
∫ 𝐶𝐻3(𝑁𝐴𝑐 − 𝑇𝑀𝐶)

3

× 15.7       ,                           (1.1) 

where (𝐶𝐻 = 𝐶𝐻)𝑚𝑎𝑙 + (𝐶𝐻 = 𝐶𝐻)𝑚𝑎𝑙
𝑜𝑝𝑒𝑛

 refer to the protons from maleimide groups, 

𝐶𝐻3(𝑁𝐴𝑐 − 𝑇𝑀𝐶) refers to protons from N-acetyl groups from TMC, and 15.7 corresponds to 

the percentage of N-acetyl glucosamine residues in the TMC. 

2.2.3 - Mimetic peptide functionalization 

The modified peptide LM22A-1-Cys (1.14 mg, 95.77 % purity, LifeTein) was dissolved in 

N,N-dimethylformamide (DMF, Sigma-Aldrich) at 2.2 mg/mL and added to a TMC-PEG-

maleimide solution (5.0 mg, prepared as previously described for TMC). The reaction was 

stirred o/n at RT, protected from light. The obtained solution was dialysed as previously 

described and subsequently lyophilized to obtain TMC-PEG-LM22A-1 as a white foam solid 

(3.55 mg, 67.3 % yield), which was kept at -20 °C. The freeze-dried compound was analysed 

by 1H-NMR spectroscopy as previously described for TMC-PEG. 

2.2.4 – TMC filtration and quantification 

TMC was solubilized overnight in deionized water at 3 mg/mL, with magnetic stirring. The 

stock solution was filtered through a 0.22 µm-pore filter. To quantify TMC by a colorimetric 

reaction, six standards were prepared from the unfiltered stock solution, at concentrations of 

1, 0.8, 0.6, 0.4, 0.2, and 0 mg/mL. Cibacron Brilliant Red (Sigma-Aldrich) was dissolved at 

0.15 % (w/v) in ultrapure water. Each solution was diluted in 40 mM HEPES buffer, pH = 7.4 to 

perform the reaction. The Cibacron solution was added to the TMC standards and filtered 

sample, and the mixtures were shaken at 800 rpm for 20 minutes at RT. 200 µL aliquots were 

transferred to a transparent 96-well plate in duplicates and the absorbance for the 575-nm 
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wavelength was read. The filtered solution’s concentration was finally calculated using the 

standard curve’s equation obtained by linear regression. 

2.3 – TMC-PEG-LM22A-1/oligonucleotide polyplex complexation 

and characterization 

2.3.1 – Nucleic acid annealing 

Two complementary DNA sequences (sense and anti-sense, 27 and 25 nucleotides long, 

molecular weights of 8355 and 7578 kDa) were designed to replace the use of siRNA in assays 

where biological activity is not assessed, and thus named small interfering DNA (siDNA). 

These sequences do not have any known biological function. They are as follows: 

• Sense: GCT GAC CCT GAA GTT CAT CTG CAC C 

• Anti-sense: GGT GCA GAT GAA CTT CAG GGT CAG CTT 

The ideal ratio for siDNA single-stranded sequences annealing was determined through 

polyacrylamide gel electrophoresis (PAGE), with 4 % stacking and 15 % resolving, before new 

siDNA was prepared. Annealing was performed for a final concentration of 20 µM by mixing 

both strands in the presence of annealing buffer (100 mM Potassium Acetate; 30 mM HEPES, 

Sigma-Aldrich), followed by incubation at 94 ºC for 5 minutes. Annealed sequences were 

cooled down to RT for 30 minutes before being frozen at -20 ºC. 

2.3.2 – Nanoparticle complexation and characterization 

TMC, TMC-PEG or TMC-PEG-LM22A-1 polymers were complexed with the annealed siDNA 

molecules or with an oligonucleotide duplex for transfection indication, named siGLO Red 

(DY-547-labelled, Dharmacon), following preivous protocol [123], [127]. The polymers were 

dissolved o/n in deionized water at a concentration of 3.3 mg/mL, with magnetic stirring, 

and subsequently filtered through a 0.22 µm-pore filter. Polymer solutions were diluted in 

HEPES/Glucose buffer, pH = 7.4 (40 mM HEPES; 5 % w/v glucose, Sigma-Aldrich), in a sterile 

hood. Four different TMC amoutns were prepared, so as to test four amine to phosphate 

(N/P) ratios: 1, 4, 8, and 12. Particles containing no oligonucleotide were also prepared, with 

the same polymer concentration as the N/P=1 particles. The required volumes for each N/P 

ratio were calculated based on the number of phosphate groups on each DNA molecule (52 

for siDNA, 62 for siGLO) and that of amine groups on TMC chains (72.9, as previously 

determined by C. Gomes [nBTT, i3S]), as well as the final oligonucleotide concentration 

desired (50 nM). siDNA/siGLO was diluted in the same buffer, in the presence of 50 mM 

sodium sulphate (Na2SO4), a common coacervation agent. 

All diluted solutions were heated to 40 °C for 5 minutes, whereupon the oligonucleotide 

solution was added dropwise to the polymer solutions, under vortex (for 8-12 s). For particles 

without oligonucleotide, the same volume of Na2SO4-containing buffer without siDNA/siGLO 
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was added. The mixtures were subsequently stirred in an Eppendorf Thermomixer R Mixer at 

1000 rpm, 40 °C, for 10 minutes, and then left to incubate at RT for another 30 minutes. In 

the end, they were transferred to disposable micro-cuvettes (ZEN0040) for dynamic light 

scattering (DLS) analysis using the Malvern Zetasizer Nano ZS equipment. 

The particles were also visualized by transmission electronic microscopy (TEM). Samples 

were mounted on a 200-mesh Ni grid with Formvar and carbon supporting film (not glow 

discharged) and stained with 2 % uranyl acetate solution. Excess stain was removed with filter 

paper, and the grid was dried prior to imaging. Samples were imaged using a Jeol JEM 1400 

operated at 80 kV. Images were processed using the FIJI (Fiji Is Just ImageJ) software [128]. 

2.4 – TMC-PEG-LM22A-1/oligonucleotide polyplex internalization 

and transfection 

TMC, TMC-PEG, and TMC-PEG-LM22A-1 were complexed as in the previous section with 

siGLO Red, at N/P ratios of 4 or 8 (chosen after DLS analysis) with the goal of verifying the 

internalization of the nanoparticles in cell cultures and their transfection capabilities. As 

such, either HT22 cells or primary cortical neurons were seeded on top of 12 mm coverslips in 

a 24-well plate. For analysis by flow cytometry, cells were seeded directly on the plate, with 

no coverslips. After 1 DIV (HT22) or 6 DIV (cortical neurons), the nanoparticle suspensions 

were added to the cell culture medium at a ratio of 1:9, for a final siDNA/siGLO 

concentration of 50 nM in 250 µL of medium. Lipofectamine and naked DNA were used as 

positive and negative transfection controls, respectively. For the first one, Lipofectamine® 

2000 Transfection Reagent (ThermoFisher) was diluted 1:24 in Opti-MEM (Gibco), while 

siDNA/siGLO was diluted 1:19 in the same medium; the oligonucleotide solution was added 

1:1 (v/v) to the lipofectamine one and incubated for 5 minutes at RT, before adding it to the 

culture medium, at a final siDNA/siGLO concentration of 50 nM. For the latter control, the 

oligonucleotide was diluted 1:49 in Opti-MEM and added to the culture medium. After 

incubating for 24 h, media were removed, and cells were washed with 1x PBS. 

For visualization in inverted fluorescent microscope (IFM), cells were then fixed with 4 % 

paraformaldehyde in 0.1 M phosphate buffer (PFA, Merck) for 10 minutes, and permeabilized 

with 0,1 % Triton-X 100 (Sigma-Aldrich) for 5 minutes. They were subsequently stained with 

phalloidin 488 (Molecular Probes) for 20 minutes and DAPI (Sigma-Aldrich) for 10 minutes, and 

mounted with Fluoromount™ Aqueous Mounting Medium (Sigma). Between each step, cells 

were washed twice with 1x PBS for 10 minutes. Slides were kept at 4 °C until visualized using 

the Zeiss Axiovert 200M equipment. Pictures were later processed with FIJI. 

For flow cytometry analysis, 50 µL of trypsin were added per well and plates were 

incubated for 10 minutes at 37 °C. Then, 200 µL of PBS with 10 % FBS (FACS buffer) were 

added to inactivate trypsin, and cells were suspended and transferred to a U-bottom plate. 

This was centrifuged at 400 × g for 3 minutes, the supernatant carefully discarded and 
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replaced with 250 µL of PBS, and centrifuged again. The supernatant was discarded and 100 

µL of 4 % PFA were added to each well. After incubating for 10 minutes at RT, plates were 

centrifuged at 1500 rpm for 5 minutes, the supernatant discarded, and cells were re-

suspended in ice-cold PBS and transferred to FACS tubes through a nylon mesh with 70-µm 

pores (BD Falcon). Tubes were kept in the dark at 4 °C and then analysed in the 

FACSCaliburTM equipment (ThermoFisher). Data were then processed with FlowJoTM version 10 

software. 

2.5 – TrkB receptor phosphorylation quantification 

TMC-PEG-LM22A-1 was solubilized overnight in deionized water with magnetic stirring, at 

a concentration of 3.3 mg/mL. Control peptide LM22A-1 was dissolved at 1 mM (~0.46 

mg/mL) in DMSO, while LM22A-1-Cys was dissolved at 1 mM (~0.56 mg/mL) in DMF. Solutions 

were prepared at 10 000 times the desired final concentration in cell culture medium. These 

were aliquoted and frozen at -20 °C for future uses. 

Primary neuronal cortical cells were cultured in 12-well removable chambers (Ibidi). On 

the 6th DIV, cells were treated with either BDNF (PeproTech) at 50 ng/mL for 15 minutes, 

LM22A-1 peptide (96.71 % purity, LifeTein) at 46.65 ng/mL (100 nM) for 1 h, LM22A-1-Cys at 

55.56 ng/mL for 1 h, or TMC-PEG-LM22A-1 at 333 ng/mL for 1 h. I chose LM22A-1’s 

concentration based on the concentration-response curve originally published with the 

discovery of this peptide [105], in order to minimize the amount used while maintaining 

effects at levels close to BDNF. LM22A-1-Cys was used at the same molarity, while TMC-PEG-

LM22A-1’s concentration was chosen based on the theoretical mass ratio of peptide to total 

copolymer, in order to maintain the same peptide concentration. 

After incubation, media were removed, cells were washed with 1x PBS, fixed with 4 % PFA 

for 10 minutes, and washed two times with 1x PBS for 10 minutes, for immunocytochemistry 

(ICC) procedure. Cells were permeabilized with 0.1 % Triton-X 100 at RT for 5 minutes, twice 

washed with PBS for 10 minutes, blocked in 1 % bovine serum albumin (BSA, Gibco) in PBS for 

1 h at RT, and incubated overnight at 4 °C with the primary anti-phospho-TrkB (Tyr816) 

antibody (EMD Millipore) diluted 1:300 in blocking solution. 

Henceforth, between each step, cells were washed twice with 1x PBS for 10 minutes. The 

following day, they were incubated for 1 h at RT, protected from light, with the anti-rabbit 

secondary antibody Alexa Fluor® 488 (Invitrogen) diluted 1:1000 in blocking solution, 

followed by DAPI staining for nuclei and mounting with a glass lamella. Slides were then 

stored in the dark at 4 °C until visualization by IFM, in the GFP and DAPI channels. 

Quantification of fluorescent signal was performed using FIJI, by setting the signal for 

untreated cells as the lower detection threshold. The measurements of the stained areas in 

the GFP channel were normalized by dividing them by the DAPI-stained area measurements, 

thus correcting for cell number in each picture. 



TrkB receptor phosphorylation quantification  23 

 

 

2.6 – Influence of TMC-PEG-LM22A-1 on cellular viability after 

exposure to ischaemic insults 

2.6.1 – ATP quantification assay 

HT22 cell line or primary cortical neurons were seeded in 24-well plates. The experiment 

was performed after 1 DIV for HT22 cells and 13 DIV for cortical neurons. Cells were 

incubated with LM22A-1, LM22A-1-Cys, TMC-PEG-LM22A-1 or with BDNF, at concentrations 

and times indicated in the previous section. The media were then removed and replaced with 

the respective glutamate- or hydrogen peroxide-containing medium, as described in Table 

2.1. 

Glutamate-containing medium was prepared by dissolving L-Glutamic acid monosodium 

salt (Sigma-Aldrich) in deionized water at a concentration of 1.6 M, and then diluting up to 

the specified concentrations. Hydrogen peroxide-containing medium was prepared by diluting 

Hydrogen peroxide 30 % (w/w) in water (Sigma-Aldrich) in the respective medium, to the 

required concentrations. Each neuroprotective treatment was added again to the respective 

wells, at the same time as the toxic media. After the specified incubation time, these were 

removed and the cells were washed with PBS, with fresh or conditioned medium being added 

to the HT22 cells or primary neurons, respectively. 

The CellTiter-Glo® Luminescent Cell Viability Assay was subsequently performed 

according to manufacturer’s instruction. as described in the technical bulletin. CellTiter-

Glo® Substrate was reconstituted with the CellTiter-Glo® Buffer. A volume of this CellTiter-

Glo® Reagent equal to the volume of culture medium in each well was added. The plate was 

shaken in an orbital shaker for 2 minutes to induce cell lysis, followed by a 10-minute 

incubation at RT, to stabilize luminescent signal. 200 µL from each well were transferred (in 

duplicates) to an opaque white 96-well plate to record luminescence. In the same plate, an 

ATP standard curve was previously prepared, by dissolving ATP disodium salt hydrate (Sigma-

Aldrich) in the corresponding culture medium and serially diluting it tenfold, for 

concentrations between 10 nM and 100 µM. Wells with medium devoid of cells or ATP were 

Cell culture Toxic insult Concentration Incubation time 

HT22 cell line 
Glutamate 16 mM 16 h 

Hydrogen peroxide 600 µM 16 h 

Primary cortex 

neurons 

Glutamate 125 µM 20 min. (+ 4 h recovery) 

Hydrogen peroxide 300 µM 4 h 

Table 2.1 - Concentrations of toxic insults in cell culture media and corresponding incubation times. 
Primary cell exposure to glutamate should be limited to 20 minutes, with the toxic media being 
replaced with regular conditioned NBM, followed by a recovery period. 
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also prepared to obtain a value for background luminescence. The luminescent values were 

recorded using BioTek's Synergy Mx Microplate Reader. 

2.6.2 – Propidium iodide staining 

Primary neuronal cortex cells were cultured in 12-well removable chambers. On DIV 14, 

the neuroprotective and cytotoxic procedures were performed as described in the previous 

subsection, using only glutamate and no hydrogen peroxide. 15 minutes before the end of 

incubation, propidium iodide (PI, Sigma-Aldrich) was added at a concentration of 2 µg/mL. 

After incubation, the media were removed and cells were washed with PBS. The staining 

procedure for IFM visualization was followed as described previously in section 2.4. 

2.7 – Data processing and statistical analysis 

Quantitative data obtained from hitherto described procedures and programs was 

compiled and processed using Microsoft Excel 2016. Statistical analysis was performed using 

GraphPad Prism version 7 for Windows (CA, USA). All experiments for which statistical data is 

presented were repeated for an n=3 (except where mentioned otherwise) and results are 

presented as mean ± standard deviation. Unless stated otherwise, ordinary one-way ANOVA 

test was performed, followed by Tukey’s multiple comparisons test, with single pooled 

variance. Results with p < 0.05 were considered statistically significant. To compare the 

polyplex size according to the polymer and N/P ratio used in the complexation, two-way 

ANOVA test was done, followed by Tukey’s multiple comparisons test. 
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Chapter 3 

Results 

3.1 – TMC-PEG-LM22A-1 copolymer synthesis 

3.1.1 – Nuclear magnetic resonance characterization 

Purified TMC (Mn = 43.3 kDa) was functionalized with a PEG chain by reaction between 

free primary amines from its glucosamine residues and the N-succinimidyl ester group from 

the NHS-PEG-MAL (Scheme 1.2-A). The grafting of the PEG chains was confirmed by 1H-NMR 

due to the appearance of the signals corresponding to the ethylene and maleimide protons 

from the PEG chain: a sharp singlet at 3.74 ppm (ethylene protons), two doublets at 5.95 ppm 

and 6.34 ppm (maleimide protons), and a singlet at 6.90 ppm (maleimide protons). (Figure 

3.1). The average DS, defined as the number of PEG chains per 100 sugar units of TMC, was 

calculated by comparing the ratio of maleimide protons from PEG (signals at 5.95, 6.34 and 

6.90 ppm) to acetyl protons of the N-acetyl glucosamine residue of TMC (δ = 2.09 ppm) and 

was found to be 5.8 (mol %). 

TMC-PEG-MAL was functionalized with LM22A-1-Cys through a thiol–MAL Michael-type 

addition by reaction of the thiol group from the peptide’s Cys to the maleimide group of the 

TMC-PEG (Scheme 1.2-B). However, signals from the peptide could not be detected in the 1H-

NMR spectrum, due to the small amounts linked. Therefore, the DS with the peptide could 

not be calculated through 1H-NMR. Yet, it was possible to observe the disappearance of the 

signal corresponding to the maleimide protons of the PEG chain (6.90 ppm, identified in 

Figure 3.1 by the  symbol), which indirectly indicates the attachment of LM22A-1-Cys to 

the TMC-PEG. 
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3.2 – TMC-PEG-LM22A-1/oligonucleotide polyplex complexation 

and characterization 

3.2.1 – Hydrodynamic size measurement by dynamic light scattering 

I used DLS to determine the hydrodynamic sizes of polymeric particles and polyplexes 

with N/P ratios, 1, 4, 8, and 12, for TMC and the two derived copolymers – TMC-PEG and 

TMC-PEG-LM22A-1. Triplicate measurements were obtained. I repeated the experiment 3 

times. Polydispersity index (PDI) values were generally high, averaging 0.600 ± 0.227 which 

reflects multiple populations obtained. PDI was higher for PEG-containing particles and 

polyplexes, although statistically significant differences were only observed between TMC 

polyplexes N/P=4 and 8, and TMC-PEG-LM22A-1 particles and N/P=1 polyplexes (Figure 3.2). 

From the intensity distribution graphs (examples in Figure A.1), I identified the populations in 

the 102-nm range and statistically analysed them, performing two-way ANOVA testing to 

compare particle size according to the polymer and N/P ratio used. Results are presented in 

Figure 3.3.  

Figure 3.1 - 1H-NMR spectra of TMC (A), TMC-PEG (B), and TMC-PEG-LM22A-1 (C) (600 MHz, D2O).  
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Figure 3.2 - TMC, TMC-PEG, TMC-PEG-LM22A-1 (T-P-L) nanoparticle PDI measurements by DLS. Asterisks 
represent statistically significant differences calculated from one-way ANOVA test between each group 
(*, p < 0.05). Numbers in the X-axis correspond to N/P ratio. 
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Figure 3.3 - TMC, TMC-PEG and TMC-PEG-LM22A-1 (T-P-L) nanoparticle diameter measurements by DLS. 
Asterisks represent statistically significant differences calculated from two-way ANOVA test between 
different polymers with the same N/P ratio (*, p < 0.05; ***, p < 0.001); hash signs represent statistically 
significant differences calculated from two-way ANOVA test between different N/P ratios in the same 
polymer group (##, p < 0.01; ###, p < 0.001). 

 

Overall, particle size did not vary significantly with the N/P ratio, despite a very slight 

trend of decline in size until N/P=8, which is reversed with N/P=12 for TMC and TMC-PEG and 

reversed with N/P=8 for the TMC-PEG-LM22A-1 particles. Looking at the results of the latter, 

we notice large standard deviations for the polymeric particles and N/P=8 polyplexes. This 

happened because, in one of the independent experiments, the target population was not 
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observed for these samples. I thus had to include the most representative population from 

among the ones detected, which was invariably larger. Additional repeats of this experiment 

could have perhaps solved this issue but it was not possible due to technical problems. 

Polyplexes were generally smaller than particles without nucleic acids, although this 

difference was only significant for the PEG-containing groups, since the sizes of TMC-PEG and 

TMC-PEG-LM22A-1 particles with no nucleic acid were much higher than either TMC particles 

or any of the polyplexes. Notably, N/P=4 TMC polyplexes were significantly larger than N/P=4 

TMC-PEG-LM22A-1 polyplexes, exemplifying the trend of PEG-containing polyplexes being 

smaller than their TMC counterparts. Indeed, the TMC group had the highest average size 

between all polyplexes, while mean polyplex size of TMC-PEG-LM22A-1 was similar to TMC-

PEG. From these size and PDI results, and taking into consideration previous works on this 

subject, I chose N/P ratios of 4 and 8 to prepare subsequent polyplex formulations for 

cellular uptake and transfection experiments. 

3.2.2 – Transmission electron microscope analysis 

TEM was used to visualize nanoparticle suspensions, to determine morphology and size of 

particles with and without oligonucleotides (particles versus polyplexes). The first particles 

presented a roughly oval compact shape and varied greatly in size, particularly the TMC ones 

(ranging from ~150 nm to ~1500 nm). These can be observed as the white circles in Figure 3.4 

(left side). It is possible to differentiate 3 populations in the TMC group, averaging circa 200, 

600, and 1400 nm, although further analysis would be needed for a more robust and detailed 

quantification to confirm this. TMC-PEG particles were similar in morphology, but the size 

was overall smaller (which is completely contrary to DLS results) and its distribution range 

was shorter. 3 populations could also be identified, averaging 40, 130, and 270 nm. TMC-PEG-

LM22A-1, on the other hand, had a much narrow size distribution, with average particle size 

around 50 nm, close to the smaller TMC-PEG population. On the other hand, oligonucleotide-

containing complexes showed a much more uniform size distribution for all three polymers, 

with average sizes of 60, 40, and 50 nm for TMC, TMC-PEG, and TMC-PEG-LM22A-1, 

respectively. Although their shape is near spherical, they appear to be more irregular than 

the previous particles. Their outer limit is oftentimes not well defined, as can be seen in 

Figure 3.4 (right side). The appearance of these complexes is also markedly different from 

the previous ones, displaying a darker outer ring. This is due to a greater binding of uranyl 

acetate, which has a high affinity for the phosphate groups of nucleic acids [129]. Polymeric 

particles which did not complex with the oligonucleotides can also be identified among the 

polyplexes, identified by the outline arrows. 
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3.3 – TMC-PEG-LM22A-1/siRNA polyplex internalization and 

transfection 

3.3.1 – Fluorescence microscopy 

siGLO Red Transfection Indicator is a fluorescent RNA duplex that when localized to the 

nucleus emits a bright red fluorescence, thus providing unambiguous assessment of cell 

Polymeric nanoparticles 

TMC TMC

TMC-PEG  TMC-PEG  

T-P-L  T-P-L  

Figure 3.4 – Different TMC and derivative nanoparticle and polyplex suspensions visualized by TEM, 
identified by the filled white arrows. Outline arrows identify polymeric particles which did not complex 
among the polyplex samples. Scale bar is 200 µm. T-P-L: TMC-PEG-LM22A-1. 

Polyplexes (N/P=4) 
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Lipofectamine 

TMC N/P=4 TMC N/P=8 

TMC-PEG N/P=4 TMC-PEG N/P=8 

T-P-L N/P=4  T-P-L N/P=8 

No treatment 
Actin 
Nucleus 
siGLO 

Figure 3.5 - IFM pictures of primary cortex neurons (7 DIV) after polyplex administration. Red 
represents siGLO fluorescence, green corresponds to actin and blue to nuclei. Scale bar 50 µm, shown 
in the first picture (no treatment). T-P-L: TMC-PEG-LM22A-1. 
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transfection. Administration of polyplexes in HT22 cells did not result in visible transfection, 

as assessed by IFM. Lipofectamine controls worked as intended, with widespread red 

fluorescence co-localizing with the nucleus, while cells treated with the polyplexes did not 

have red fluorescent signal. In primary cortex neurons, in contrast, incubation with siGLO 

polyplexes of all types lead to extensive red fluorescence in cell nuclei, comparable to 

lipofectamine controls, indicating successful transfection (Figure 3.5). I repeated this 

experiment twice, observing similar results both times. Another point of observation is that 

many of the cells with siGLO fluorescence have weaker cytoskeleton staining, appearing as 

condensed nuclei. This could indicate a negative effect on cell viability, which is a common 

downside of transfection procedures, or that transfection is occurring mostly on cells which 

were compromised beforehand. 

3.3.2 – Flow cytometry 

Flow cytometry was used to quantify primary neuronal cortical cell transfection by the 

polyplexes, using siGLO fluorescence as indicator. Selection for live cells was done by 

excluding low forward scatter (FSC) and high side scatter (SSC) events. Gating in the FL2 

channel was adjusted by excluding untreated cells (negative control) and using lipofectamine 

as a positive indicator. It is also important to note that it was not possible to correct for 

duplets due to equipment limitations. Results are summarized in Table 3.1. From the whole 

cell population analysed, we can observe that, except for TMC and TMC-PEG polyplexes 

(N/P=8), between 57 and 61.3 % were considered viable. The remaining were somehow 

compromised. 

 
Table 3.1 - Transfection results obtained with flow cytometry. Viable cells correspond to percentage of 
total events; transfected cells calculated as percentage of live cells. Fluorescence intensity presented 
as mean ± standard deviation, as calculated by FlowJo. 

 

Agent Viable cells (%) Transfected cells (%) Intensity (Mean ± SD) 

Naked siGLO 57.4 16.9 45.8 ± 62.2 

Lipofectamine 57.0 62.6 225 ± 264 

TMC (N/P=4) 61.3 45.2 77.5 ± 81.9 

TMC (N/P=8) 52.1 69.1 129 ± 126 

TMC-PEG (N/P=4) 57.7 33.7 46.9 ± 64.2 

TMC-PEG (N/P=8) 44.8 60.6 70.4 ± 79.9 

TMC-PEG-LM22A-1 (N/P=4) 60.3 20.2 44.8 ± 71.7 

TMC-PEG-LM22A-1 (N/P=8) 57.8 26.0 48.5 ± 136 
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It appears that for the polyplex-treated groups, higher transfection percentages appear to 

correlate to lower viability percentages, although some values are too close, and without 

standard deviations it is impossible to establish error margins. As mentioned in the previous 

subsection, it could mean that transfection is being facilitated by compromised cells and/or 

that the process is taking a toll on them. 

Comparing transfection efficiency, we note a downward trend, both in number of stained 

cells and in the fluorescence intensity, from TMC to TMC-PEG, to TMC-PEG-LM22A-1 

polyplexes. While TMC and TMC-PEG at N/P=8 groups can reach numbers comparable to 

lipofectamine in the first category (over 60 %), our experimental polyplexes (TMC-PEG-

LM22A-1) do not manage to reach a 50 % efficiency. Another point of note is that N/P=8 

particles lead to higher stained percentages and higher fluorescence intensity compared to 

N/P=4. In the latter parameter, neither TMC nor TMC-PEG can reach the levels obtained with 

lipofectamine. Also, naked siGLO should not lead to substantial transfection, which means 

that the levels observed for that group should work as a lower threshold for comparison. 

TMC-PEG-LM22A-1 polyplexes resulted in values not that far above that, which, along with 

the previous points, should lead us to conclude that they were not effective for neuronal cell 

transfection. 

3.4 – TrkB receptor phosphorylation quantification 

Activation of TrkB receptors is the expected way for TMC-PEG-LM22A-1 to trigger 

neuroprotective response, so I tested its ability compared to free LM22A-1-Cys, the original 

LM22A-1 peptide, as well as BDNF. The experimental copolymer activated TrkB receptors to a 

similar degree as the free LM22A-1 peptide and the BDNF positive control, as is shown in 

Figure 3.6. The fluorescence measured for BDNF-treated groups was 5.42 ± 3.46 times greater 

than the untreated group, while for TMC-PEG-LM22A-1 it reached 5.17 ± 2.66 times. Results 

varied greatly between each of the 4 independent experiments, leading to large standard 

deviations. This uncertainty results in no statistically significant differences found between 

the treated groups and the negative control when ANOVA testing is performed. Figure 3.7 

displays representative pictures of untreated and treated cells (with the various compounds), 

where it is possible to see the difference in fluorescence between the negative control and 

the other groups. Overall, fluorescence was dim and hard to measure, which can account for 

part of the difference between repeats. 
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Figure 3.6 - Phospho-TrkB receptor measurements by immunofluorescence. ANOVA test did not find 
statistically significant differences (p = 0.0558); n=4. T-P-L: TMC-PEG-LM22A-1. 

 

 

Figure 3.7 - IFM pictures of primary cortical neurons, after BDNF or mimetic treatment. Green 
fluorescence corresponds to phospho-TrkB immunostaining; blue is DAPI. Scale is the same in all 
pictures. The near absence of green staining in untreated cells contrasts with its extent in the others. 
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3.5 – Influence of TMC-PEG-LM22A-1 on cellular viability after 

exposure to ischaemic insults 

3.5.1 – ATP quantification assay 

Results for cell viability obtained after ATP quantification assays were inconclusive, 

despite initial positive results with the cell line. As can be seen in Figure 3.8-A, both 

glutamate excess and hydrogen peroxide caused a steep decrease in viability of groups 

without a neuroprotective pre-treatment, to around 25 % of control values (no ischaemic 

insult nor protective treatment). BDNF, as well as the mimetic peptides, could prevent this 

toxic effect of glutamate, maintaining viability at control levels. TMC-PEG-LM22A-1 

copolymer was also able to replicate this effect, achieving results similar to the positive 

controls. It is possible to see that the treatments do not affect the assay itself, since pre-

treated groups not exposed to the insults had ATP levels similar to control. Thus, we can 

conclude this positive effect is a direct consequence of the action of the neuroprotectants on 

the cells. The hydrogen peroxide-exposed groups instead did not benefit from the addition of 

neuroprotection; viability remained close to the numbers of untreated cells. However, we 

could not replicate these results. Glutamate-exposed groups experienced a dramatic 

decrease in ATP levels, unlike in the previous test. We could observe no effect from either 

BDNF or any of the mimetics with this degree of toxicity. Results for hydrogen peroxide-

exposed and no insult groups remained consistent. Figure 3.8-B shows the combined results, 

expressed as mean ± SD percentage of control. 

The outcome with primary NCCC (Figure 3.8-C) did not differ significantly from the later 

ones with HT22 cells. Viability levels decreased to about 20 % after glutamate excitotoxicity, 

which could not be prevented with any of the neuroprotective treatments. Hydrogen 

peroxide-affected cells showed even lower viability, not reaching 10 % of control in any 

treatment group, which was maintained even when treated with the neuroprotectants. 

Nonetheless, these results should be interpreted with prudence, since we could not obtain 

consistent healthy cultures, as can be seen with control groups (without toxic stimulus) with 

the neuroprotectant. 
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Figure 3.8 - Cell viability as determined by the CellTiter-Glo Luminescent assay. A - First test with 
HT22 line cells, n=1; B - Compiled results from independent experiments with HT22 cells, n=3; C - 
Results for primary cortical neurons, with duplicate wells for the insult-exposed groups.  

 

3.5.2 – Propidium iodide staining 

PI was used to stain for dead cells as an alternative assay to the ATP quantification. 

Pictures of primary NCCC exposed to an excess of glutamate without any protective 

treatment show wide co-staining with PI in the nuclei, as can be observed in Figure 3.9, 

indicating widespread cellular death. This contrasts with the cells that received 

neuroprotection, which showed few PI-stained nuclei in all four cases (BDNF, LM22A-1, 

LM22A-1-Cys, and TMC-PEG-LM22A-1; Figure A.3). These results are in line with the first 

CellTiter-Glo test on HT22 line cells, where mimetics, including our TMC-PEG-LM22A-1 

copolymer, displayed the ability to protect them from the toxic effects of glutamate. We can 

also see that cytoskeletal staining with phalloidin is less intense in the cells without 

neuroprotection. This further strengthens the idea that neuroprotected cells are not as 

affected by glutamate, even the ones which are not sufficiently compromised to allow PI 

inside.  
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Figure 3.9 - IFM pictures of primary cortex neurons after selective treatment with TMC-PEG-LM22A-1 
and/or glutamate. Pink corresponds to pyknotic nuclei co-stained by PI and DAPI. Scale and staining are 
the same for all pictures.  
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Chapter 4 

Discussion 

The strategy developed in the presented project involved the chemical modification of 

TMC with heterobifunctional PEG. PEGylation has been used before to further increase the 

solubility in water and biocompatibility of TMC, achieving positive results in both parameters 

[130]. It also improves mucoadhesiveness and nasal absorption, while lowering toxicity for 

nasal epithelium [131], [132]. Plus, the PEG we chose has also been tested as a linker 

between chitosan and a cysteine terminated peptide, in this case TAT, for siRNA delivery, a 

similar strategy which achieved greater transfection efficiency and less cytotoxicity, 

compared to unmodified chitosan [133]. PEGylation of TMC was achieved with success, as 

assessed by 1H NMR spectroscopy. However, when moving on to the second reaction step, 

between TMC-PEG and LM22A-1-Cys, TMC-PEG presented unexpected solubility problems, 

which could not be fully solved, either by lowering the pH with HCl or using phosphate or 

HEPES buffers. To our knowledge, this consequence is unprecedented. A possible explanation 

for this is that the lyophilization process may have caused an entanglement of PEG chains 

creating a mesh, which makes hydration and solubilization more difficult. Using a 

lyoprotectant (like sucrose) could perhaps help solve this problem, as has been shown for 

PEGylated liposomes [134] and even PEGylated TMC nanoparticles [135]. Even so, by 

dissolving smaller masses, I could prepare relatively homogenous solutions of PEGylated TMC. 

Assessment of the TMC-PEG reaction product was done via 1H NMR. By analysing the 

spectrum, we confirmed the grafting of PEG chains to the TMC due to the appearance of the 

signals corresponding to the ethylene and maleimide protons from the PEG chain, as 

explained in the previous chapter (page 25). It was also possible to calculate the DS from the 

integrals of the peaks, although other methods are available. For example, by quantifying 

free amine groups with the TNBS (2,4,6-trinitrobenzene sulfonic acid) assay [133] before and 

after the reaction, we could determine the number of amines that reacted with the NHS 

group from the PEG chains. 

After accomplishing the second step, confirmation of the reaction product between TMC-

PEG and LM22A-1-Cys was harder. We could not detect the characteristic signals in the 1H 
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NMR spectre, due to the small amounts of peptide linked to the TMC-PEG. Considering the DS 

with PEG was about 5.8 %, added to the fact that the peptide is only 4 amino acids-long, and 

that not all of the PEG chains were successfully modified with it, it is a logical consequence. 

Yet, while not ideal, we could indirectly infer that the peptide did bind to the TMC-PEG by 

the disappearance of the characteristic signal from the protons from the maleimide group of 

PEG chains. As an alternative, UV-Vis spectroscopy could be used, since peptides have typical 

strong signals in this wavelength range. There are 2 characteristic peaks for UV absorption, 

one in the range 180-230 nm, due to π → π∗ transitions in the peptide bonds, and another in 

the range of 230–300 nm, owing to the aromatic side-chains of tryptophan, tyrosine, and 

phenylalanine residues [136]. Another option is Ellman’s assay, to determine the amount of 

free cysteine/sulfhydryl groups (i.e. unbound peptide) present in the reaction mix of TMC-

PEG-LM22A-1 copolymer. This assay must be performed prior to dialysis, helping quantify the 

amounts of unreacted peptide via its cysteine group. Knowing its quantity, we could then 

calculate the corresponding amount that successfully linked to the polymer [123]. 

The next stage consisted of preparing the oligonucleotide-containing nanoparticles, either 

with siDNA or siGLO Red Transfection Indicator. We chose the first one for most of the 

particle characterization processes, on account of its lower production costs. Since no 

biological effect was assessed at this point, the sequence of the nucleic acid should not 

visibly alter the polyplex formation. For DLS and TEM analysis, I first produced TMC-PEG-

LM22A-1/siDNA and then TMC-PEG-LM22A-1/siGLO polyplexes; as expected, the values 

obtained for the latter fell within the range obtained with the first one, meaning that the 

small difference in length between siDNA and siGLO did not affect the complexation process 

and the size of the resulting particles. 

As exemplified in Figure A.2, DLS results varied considerably in terms of PDI and 

population profiles. Despite the same procedure being followed, it was hard to obtain 

reproducible results for the PEG-containing particles. This might also be derived from the 

problem observed when attempting to solubilize TMC-PEG, which could have caused the 

formation of large aggregates. Indeed, high polydispersity has been described as a major 

problem when preparing chitosan-based nanoparticles via sodium sulphate crosslinking [137]. 

But when comparing the various graphs, I consistently observed a population near the 102 nm 

range, which corresponds to the intended size range [138], [139]. When looking at these, we 

can see that for all the polymers, the addition of the oligonucleotides decreases average 

particle size. This is a consequence of the complex coacervation process, whereby the charge 

interaction between the polymers and the nucleotides leads to more stable and condensed 

nanoparticles, instead of the less controllable cross-linking process happening with the 

polymer alone. The latter is more susceptible to aggregation and results in more size 

variability, as we can also see when comparing the TEM analysis, with and without the 

nucleic acid. 

Another point of notice is that PEGylation reduces the average polyplex size. This 

outcome is known and stems from the fact that grafting TMC with hydrophilic chains 
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contributes to enhancing its stability in an aqueous environment, as well as further 

preventing aggregation [135]. We can also see a slight trend of the size decreasing with the 

N/P ratio, until N/P=8, which is in accordance with previous studies [138]. These show that 

polyplex size should sharply decrease from ratios lower than 1 to around 3, stabilizing from 

thereon out, with increased polymer amounts leading to tighter complexes. Looking at the 

results for the TMC-PEG-LM22A-1 group, disregarding the 2 results with high SD, when 

comparing the other 3 with those of TMC-PEG, differences are minimal. That is to be 

expected, since the peptide is small and should not meaningfully alter the physicochemical 

properties of the copolymer either.  

TEM analysis was performed for the N/P=4 ratio, since it produced the most constant 

results, so as to characterize the polymeric particles versus the polyplexes. As previously 

noted, the latter seem to result in less polydisperse samples and overall smaller nanoparticle 

size, owing to the stabilizing effect of the charge interaction. Size measurements led to 

smaller numbers compared to the ones previously obtained, which is a normal occurrence, 

since the particles being analysed by TEM are in dry state, while DLS calculates their 

hydrodynamic radius, which includes solvent molecules attached. But, overall, data from TEM 

were in agreement with those of DLS, as well as with previous studies [139], allowing us to 

get a good assessment of the produced nanoparticles. 

Outcomes for uptake and transfection were markedly different between HT22 line cells 

and primary cortical cells. Although primary cells are usually harder to transfect [140], in the 

course of this work, the opposite happened. While polyplex uptake was not detected in HT22 

cells, primary cells had widespread co-staining of nuclei with siGLO, which reveals successful 

transfection, a surprising result. It is important to note that we did not stain for neuron-

specific proteins and thus glial cells could be mixed into the samples. This could influence 

the outcome, since these cells have a higher expected uptake capacity than neurons, due to 

their phagocytic function [141]. It could be interesting to distinguish the different cell types 

in the future and determine the neuronal specificity of our experimental polyplexes. Another 

possible explanation could be that some cell cultures did not look very healthy, which could 

facilitate the entry of foreign elements like nanoparticles. Following these experiments, flow 

cytometry was performed for robust quantification. The numbers obtained should be analysed 

with prudence, though, since it was not repeated. Cells are not expected to internalize free 

oligonucleotides, which means that values for naked siGLO should not represent specific 

fluorescence. TMC-PEG without the mimetic gave acceptable results: at N/P=8, the number 

of transfected cells was close to that of lipofectamine, so we can see that PEGylation is 

compatible with high transfection efficiency. However, since the values for TMC-PEG-LM22A-1 

are close to those for free nucleotides, and starkly inferior than those for lipofectamine or 

TMC, we can conclude that, in this particular experiment, these polyplexes with the mimetic 

were not capable of an effective transfection, although previous microscopy pictures point to 

a positive transfection.  
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Previous studies regarding TMC transfection capabilities and the influence of PEGylation 

are discordant. Despite the earlier mentioned advantages of PEGylation, it has been shown to 

have a negative effect on transfection efficiency, with several reasons pointed out, namely 

hindering interaction with the cellular membrane and subsequent uptake mechanisms, or 

wrapping of PEG chains around the nucleic acids, preventing their intracellular release [142]. 

On the other hand, other studies have mentioned that PEG helps stabilize TMC complexes, 

increasing their uptake and transfection efficiency [143]. These flow cytometry results seem 

to be in between the two lines of thought. More importantly, the addition of LM22A-1 was 

theorized to compensate for a possible downside, by providing the nanoparticles with a new 

way to interact with target cells via engagement of membrane receptors (TrkB). For this to 

happen, PEG chains should extend outward from the particle core and expose the peptide at 

the surface, which is the most likely configuration based on the hydrophilicity/phobicity of 

the polyplex components. But cytometry quantification instead showed the LM22A-1-

containing polyplexes performed worse than either TMC or TMC-PEG complexes, which should 

point that some other factor may be at play. It would be desirable to replicate this 

experiment before advancing further conclusions. 

 Concerning receptor activation by TMC-PEG-LM22A-1, it was possible to see a trend for 

increased fluorescence derived from phospho-TrkB immuno-staining, which was quite similar 

for all treatments (BDNF and free mimetics). But this detection was not easy to see and 

quantify. Indeed, phosphorylated protein quantification (and other protein modifications) is 

recognized as a common challenge, in great part due to it being a labile state. This might 

mean that it is not possible to detect the full extent of phosphorylation when samples are 

analysed, leading to less robust staining. As we can see in Figure 3.7, immunofluorescence 

was not strong, and was sometimes hard to distinguish from background cell fluorescence. 

These limitations, compounded with the use of primary cells cultures, which are prone to 

more variability than cell lines, had the consequence of widely varying levels of pTrkB 

between the independent experiments. This resulted in large standard deviations, which in 

turn do not allow for the differences relative to control to be statistically significant. Even 

so, the average value for each treatment is circa 5 times that of untreated cells, which is a 

marked increase. Since the concentration of LM22A-1 was chosen based on the concentration-

response curve to be enough to generate an effect close to BDNF, the levels achieved are 

according to expectation, when compared to the positive control. Thus, the main questions 

were if the cysteine modification or its binding to TMC-PEG altered the peptide’s function. 

Bearing in mind the variability observed, the average levels of pTrkB detected for these 

groups are in line with those seen for unmodified LM22A-1 and BDNF, which allows us to 

conclude that these modifications do not affect the peptide’s ability to activate TrkB. 

Nonetheless, the technical limitations of this quantification method should be overcome with 

a different strategy. I have also performed Western Blot as an alternative, but it is still work 

in progress and no results could be reported yet. 
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Lastly, I sought to determine the neuroprotective ability of TMC-PEG-LM22A-1 copolymer, 

the ultimate goal of this project. For this, I used a viability assay based on ATP quantitation, 

which is proportional to the cellular metabolic activity, an indicator of viability. Neurons, 

though, have lower levels of metabolism compared to other cell types and specially to 

transformed cell lines. They are more susceptible to insults, though, which might make an 

assay of this type more effective. But since this is a simple and sensitive method and has 

been previously used with neurons [127], it was selected for this purpose, beginning with the 

HT22 cell line. As previously explained, initial results seemed to indicate that TMC-PEG-

LM22A-1, like LM22A-1 alone and BDNF, could effectively protect cells from glutamate 

excitotoxicity, but not oxidative stress caused by hydrogen peroxide. BDNF is known to act in 

opposition to both types of insults [144], [145], which makes this an interesting case. Though 

there might be a plausible explanation. BDNF can inhibit apoptotic and autophagic 

mechanisms but not be able to prevent parallel pathways of cellular death being triggered by 

oxyradicals, as has been shown for striatal neurons exposed to dopamine [146]. It most likely 

depends on the doses and times to which cells are subjected in each experiment. 

Unfortunately, subsequent experiments could not replicate the first results. Glutamate-

exposed cells had very low ATP content, indicating general cell death which could not be 

rescued by the mimetic polyplexes. We exclude explanations for this regarding the status of 

the cells: the experiments were performed on cell cultures with similar numbers of passages 

and in the same conditions. It does not seem likely that NMDA receptor expression could have 

changed in the HT22 cells. The glutamate solution was diluted from the same stock, which 

rules out any problem with the glutamate used in the first experiment. The concentrations 

used for both insults had been previously found to lead to suitable levels of death, upon 

which to test possible protectants. Furthermore, the exposure times were calibrated during 

the course of this work, by testing shorter (4 h) and longer (24 h) ones; I verified that neither 

elicited a suitable response, with the first not causing measurable death and the second 

causing too much. A further intermediate timepoint could be tested in the future, which 

could make the difference between a reversible degree of cell damage and a permanent one 

that cannot be salvaged by BDNF or its mimetics. 

Another type of viability assay was thus tested to circumvent the previous problems. 

There is a myriad of assays for assessment of cellular death and viability, from detection of 

DNA strand breaks (e.g. TUNEL), membrane asymmetry (e.g. annexin V), caspase activation 

(e.g. with fluorescent substrates), to vital dyes [147]. The most frequently used vital dyes are 

exclusion dyes. These are not able to cross intact plasma membranes, and hence only label 

dead cells. I used such a dye, propidium iodide, since it is an effective assay that can be used 

with microscopy. Results from this staining proved encouraging. Cultures without any 

neuroprotective treatment which were exposed to glutamate had a much higher number of 

stained nuclei than those with BDNF or mimetic, demonstrating once again the ability of our 

strategy to protect neurons from glutamate-induced toxicity. Hydrogen peroxide exposure 

was not yet tested, which is important so as to verify if this neuroprotection is exclusive to 
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glutamate or if it extends to oxidative stress. Repeating this experiment is also necessary to 

validate existing results. 
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Chapter 5 

Conclusions and future ideas 

The main findings of this project concern five central points, as described in the initially. 

They can be summarized as follows: 

• I could successfully link LM22A-1, in its modified form (Pro-His-Trp-Cys), to the TMC-

PEG delivery vector. This new, hitherto uncharacterized copolymer, was named TMC-

PEG-LM22A-1. 

• I was able to complex TMC-PEG-LM22A-1 copolymer with siRNA molecules, to create 

polyplex suspensions similar to those previously obtained with TMC-PEG. 

• TMC-PEG-LM22A-1 polyplexes seem capable of transfecting neuronal cells, although 

clashing results from cell lines and primary cells, and microscopy and flow cytometry 

do not allow me to specify its degree of efficiency. Though nothing indicates, so far, 

that it is superior to TMC polyplexes. 

• Although I could not measure TrkB receptor activation with certainty due to innate 

problems, results for the copolymer are very near the level of those obtained for the 

positive control, BDNF. 

• TMC-PEG-LM22A-1 copolymer seems to retain BDNF mimetic functions. It shows 

promise for rescuing neuronal cells from glutamate toxicity, from two distinct assays, 

although results could not be replicated thus far. There was no evidence that this 

effect extends to oxidative stress, though. 

As a whole, these results offer some optimistic evidence for TMC-PEG-LM22A-1 as a 

neuroprotective treatment, although future experiments should validate this strategy. 

Several experiments could not be done due to either time or equipment constraints during 

this project. To finalize, I would like to mention a few ideas for some that could be 

developed in the future to consolidate the present work. 

First, regarding the synthesis process, there were some difficulties with the spectroscopy 

methods employed for product analysis. The chemical assays previously mentioned in the 

discussion could help solve them. A second synthesis, with a higher peptide mass could also 
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be done, which would help verify if the solubility problems were a one-off occurrence or if 

there is some factor at play. Next, measuring zeta potential of the nanoparticles and 

polyplexes would also be an important point. The stability of particle suspensions depends 

greatly on this parameter, and testing this stability for longer periods, of days or even weeks, 

is a chief concern. Using polyplexes instead of the soluble copolymer in the receptor 

activation and cell viability experiments is another step, since that is the final therapeutic 

formulation proposed and it is imperative to know how that affects the mimetic function. 

Working on a better method for quantifying receptor activation is also necessary, to avoid 

the problems associated with phosphorylated proteins. For example, expression of certain 

genes or of downstream proteins known to be elevated by BDNF could be evaluated (for 

example, CREB transcription factor, or inositol phosphate accumulation). Another concern is 

the improvement of the cell viability protocol, with the goal of repeating the successful 

initial results for both ATP quantification and PI staining, and possibly adding a further 

method from among the ones mentioned previously. I would also like to verify the influence 

of TMC and TMC-PEG per se in terms of receptor activation and cell viability, compared to 

TMC-PEG-LM22A-1, since only BDNF and LM22A-1 were used as controls. There could be some 

yet unseen consequence directly derived from the polymer vector. 

As for longer term possibilities, some steps to take next would include: a) using a 

functional siRNA in the polyplexes, thus compounding a second protective effect by targeting 

certain genes for knock down (e.g. iNOS gene, or other oxidative stress-related genes); b) 

including a different molecule as cargo in the nanoparticles, increasing the possible routes of 

neuroprotection (e.g. vitamin C); c) advance to more complex and realistic culture models 

(e.g. neuron/astrocyte co-cultures, microfluidics, organotypic cultures), to analyse this 

strategy’s neuronal specificity and further properties, when confronted with other 

difficulties. 
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Annex 

 

Figure A.1 – 1H-NMR spectrum of TMC-PEG (600 MHz, D2O). Values of the integrals used to calculate the 
DS are displayed below each respective peak. 
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Figure A.2 - Examples of graphs obtained via DLS analysis of the different polyplexes. Note the sub-nm 
peak, resulting from the HEPES/Glucose buffer used. The graphs shown are not representative of each 
nanoparticle type, but only meant to exemplify the varied results obtained in these experiments, out of 
which the 102-nm range particles were statistically analysed. 
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Figure A.3 - IFM pictures of primary cortex neurons after selective treatment with BDNF, LM22A-1, 
LM22A-1-Cys, TMC-PEG-LM22A-1, and/or glutamate. Pink corresponds to pyknotic nuclei co-stained by PI 
and DAPI. Scale and staining are the same for all pictures. 
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