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Novel Cork-Based Compounds for Biomedical Applications: from Antibacterials to the Modulation of Neurodegeneration ABSTRACT Polyphenols are extensively studied due to their wide range of bioactivities. In this thesis we used this knowledge to evaluate a series of cork-based polyphenols/extracts to act: as anti-bacterial agents (Chapter 3); in the reduction of UV-mediated toxicity (Chapter 4); and as modulators of amyloid-b (Ab) aggregation/cytotoxicity (hallmark of Alzheimer’s disease, AD, Chapter 5). We found that vescalagin/castalagin (extracted/purified from cork powder) are the main responsibles for the bioactivities of cork extracts due to their galloyl (Ga) units. Cork extracts rich in vescalagin/castalagin protected cells from UV-mediated cell death (Chapter 4). They also inhibited the folding of amyloid-like peptides/proteins from the extracellular matrix of bacteria, blocking the formation of biofilms (Chapter 3); as well as to remodel the Ab aggregation into non-toxic forms (Chapter 5). We then synthesized (Chapter 6) three Ga-presenting dendrimers that recapitulate the vescalagin/castalagin bioactivities, and showed that dendrimers with 6 Ga units present a compromise between bioactivity and hydrophilicity enabling their use in the cellular environment while drastically reducing the presence of toxic Ab oligomers. We also showed (Chapter 7) that glycosaminoglycans’ (GAGs) building blocks and their analogues, e.g. glucosamine-6-sulfate (GlcN6S) and glucosamine-6-phosphate (GlcN6P), complement the bioactivities of vescalagin/castalagin in the context of AD by: modulating the Ab-mediated toxicity; reducing membrane dysfunction; re-establishing healthy insulin signaling; lowering the acetylcholinesterase activity to basal levels; and reducing inflammation markers. We further developed a self-assemble monolayer (SAM) platform (Chapter 8) able to recapitulate the influence of the GAGs sulfation degree on the presentation of fibronectin (Fn) and its impact in the adhesion/morphology of stem cells. Overall, we show that cork-based compounds, e.g. vescalagin/castalagin, present a wide range of bioactivities (e.g. anti-UV, anti-bacterial, anti-amyloidogenic) that are recapitulated by Ga-presenting dendrimers. Vescalagin/castalagin/Ga-terminated dendrimers can be used alone or in combination with GlcN6S or GlcN6P to reduce AD hallmarks. We also show that the sulfation degree presented on SAM-coated surfaces is critical for their bioactive character.  Keywords: Alzheimer Disease; Amyloid-b peptide; Cork; Dendrimers; Vescalagin 
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Novos Compostos Baseados Em Cortiça Para Aplicações Biomédicas: De Antibacterianos A Modeladores De Neurodegeneração  RESUMO Os polifenóis são muito estudados dado a sua ampla bioatividade. Nesta tese, usámos este conhecimento para avaliar vários compostos/extratos da cortiça para atuarem como: anti-bacterianos (Capítulo 3); anti-UV (Capítulo 4); e moduladores da agregação/toxicidade da b-amilóide (Ab) (associado à doença de Alzheimer, AD, Capítulo 5). Demonstrámos que a vescalagina/castalagina presentes nos extratos de cortiça são essenciais para a sua bioatividade, dada a presença do grupo galoíl (Ga). Extratos ricos em vescalagina/castalagina reduziram a morte celular mediada pela radiação UV (Capítulo 4) e inibiram a organização dos péptidos/proteínas da matriz extracelular de bactérias, bloqueando a formação de biofilme (Capítulo 3). A vescalagina/castalagina foram ainda capazes de remodelar o Ab em formas não tóxicas (Capítulo 5). Também sintetizámos dendrímeros apresentando a unidade Ga (Capítulo 6) mimetizando a bioatividade da vescalagina/castalagina. O dendrímero com 6 Gas apresentou um compromisso entre bioatividade/hidrofilicidade, permitindo a sua utilização no ambiente celular e reduzindo a toxicidade dos oligómeros de Ab. Provámos ainda (Capítulo 7) que a glucosamina-6-sulfato (GlcN6S) e a glucosamina-6-fosfato (GlcN6P) apresentam bioatividade complementar à da vescalagina/castalagina no contexto da AD, reduzindo a toxicidade do Ab, protegendo a membrana celular, normalizando a sinalização da insulina, reduzindo a atividade da acetilcolinesterase e a expressão dos marcadores de inflamação. Também desenvolvemos uma plataforma de “self-assemble monolayers” (SAMs, Capítulo 8) capaz de mimetizar a influência do grau de sulfatação dos glicosaminoglicanos (GAGs) na apresentação de fibronectina e o seu impacto na adesão/morfologia de células estaminais. Em resumo, identificámos uma vasta bioatividade da vescalagina/castalagina (ex. anti-UV, anti-bacteriana, anti-amiloidogénica) que pode ser mimetizada por dendrímeros apresentando unidades de Ga. A vescalagina/castalagina/dendrímeros de Ga são capazes de reduzir as várias características da AD, de uma forma individual ou em combinação com GlcN6S/GlcN6P. Também demonstrámos que o grau sulfatação apresentado em superfícies cobertas por SAMs é critico para o seu carácter bioativo. Palavras-chave: b-Amilóide; Cortiça; Dendrímeros; Doença de Alzheimer; Vescalagina 
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INTRODUCTION TO THE THESIS FORMAT  This thesis contains four general Section (I to IV) comprising eight Chapters (1 to 8). The Section I provides a broad introduction to the main materials used in this thesis and their capacities, based on their anti-amyloidogenic properties (Chapter 1). The Section II details the materials and methods (Chapter 2) used on the development of the experimental work. In Section III, the experimental work and results are described and discussed, divided in five Chapters (3 to 7).  Finally, the Section IV relies on the final conclusions of the thesis (Chapter 8). The thesis format is based on published or submitted papers, containing the following structure: abstract, introduction, experimental section, results and discussion and conclusion. The content of each chapter is summarized below. Section I – General introduction  Chapter 1 – Natural polyphenols and nanosystems for Alzheimer’s disease: provides an overview on the developed polyphenolic-based methodologies, for the remodelling/inhibiting of Amyloid-b peptide in Alzheimer disease.  Section II – Detailed description of experimental materials and methodologies Chapter 2 – Materials and Methods: presents the developed materials, experimental studies and characterization techniques used within the experimental work developed on Chapters 3 to 7. Section III – Experimental studies Chapter 3 – Vescalagin and castalagin present bactericidal activity towards Methicillin-resistant bacteria: presents the anti-bactericidal capacity of vescalagin and castalagin against four bacterial strain, in particular towards the Methicillin-resistant ones (MRSA and MRSE), and the ability to inhibit the formation of biofilms. Chapter 4 – Cork extracts reduce UV-mediated DNA fragmentation and cell death: shows the ability of polyphenolic cork-based compounds as relevant source of antioxidant compounds able to act in the cellular environment, protecting cells against oxidation, reducing the number of ROS species and limiting the negative impact of UV radiation. Chapter 5 – Vescalagin and castalagin reduce the toxicity of amyloid-beta42 oligomers through the remodelling of its secondary structure: reports the anti-amyloidogenic capacity of the two isomers, vescalagin and castalagin extracted from cork-based compounds, as well their protecting effect in SH-SY5Y cells from Aβ42-mediated death.  
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Chapter 6 – Functional gallic acid-based dendrimers as synthetic nanotools to remodel amyloid-beta 42 into non-cytotoxic forms: demonstrates the interaction with the monomeric/oligomeric Aβ species at their Glu, Ala and Val residues by H-bonding, promoting the peptide remodelling into non-cytotoxic aggregates in a process controlled by the Ga units. Chapter 7 – Glucosamine analogues as modulators of amyloid amyloid-β toxicity: shows the effect of the monosaccharides, in particular, GlcN6S and GlcN6P, in interact with the oligomeric Aβ species, reducing: neuronal cell death, Aβ-mediated damage to the cellular membrane; acetylcholinesterase activity; insulin resistance and pro-inflammation levels. Chapter 8 – Surfaces mimicking glycosaminoglycans trigger different response of stem cells via distinct fibronectin adsorption and reorganization: reports the influence of the degree of sulfation of glycosaminoglycans on their interactions with fibronectin and the impact of these interactions on the adhesion and morphology of human adipose derived stem cells. Section IV – Final conclusions and perspectives Chapter 9 – General Conclusions and Final remarks: contains a concluding summary of each Chapter presented on the thesis. General conclusions comprising the limitations and innovative features of the developed work is described. Finally, future perspectives and applications of the knowledge acquired on the thesis is also provided.
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CHAPTER 1 1 Natural polyphenols and nanosystems for Alzheimer’s Disease 1   ABSTRACT  Natural polyphenols present a wide range of bioactive properties. In the context of Alzheimer’s disease (AD) they are usually able to ameliorate several of its pathological hallmarks. Their activity is usually associated with the number of galloyl units (Ga) in their structure. As examples, epigallocatechin-3-gallate (EGCG) and vescalagin are reported to present anti-amyloidogenic activity and ability to drastically reduce the amyloid-mediated cytotoxicity. In general, they are able to remodel the toxic amyloid-β (Aβ) oligomeric species (an important hallmark of AD) into non-cytotoxic forms. However, they have not been effective when evaluated under the in vivo and clinical trials scenarios, mainly due to their poor stability and difficulties to cross the blood-brain barrier (BBB). In this context, different nanosystems have been designed to cross the BBB and deliver different types of drugs into the brain, however, by themselves, they lack the bioactivity necessary to be considered as a valid therapeutic strategy for AD and other central nervous system (CNS) disorders. Nanosystems have been functionalized/loaded with (poly)phenols improving their delivery rates into the CNS with a comparative reduction on the Ab cytotoxicity. Among these nanomaterials, dendrimers have obtained enormous attention because of their nanoscale uniform size, ability to modulate their surface multifunctionality and to tune their ability to cross the BBB. With a hyper-branched 3D structure, they have the potential to be designed to transport diverse Ga-based polyphenolic compounds and improving their delivery to the CNS.  Herein we provide an overview of the main natural polyphenols tested as modulators of Aβ cytotoxicity (and its pathological outcomes in AD), as well as their combination with nanosystems (both by surface conjugation or encapsulation strategies) to improve their crossing through the BBB so that they can exert their therapeutic activity in the brain. Keywords: Alzheimer Disease, Dendrimers, Galloyl group, amyloid-b peptide, Nanoparticles.                                                 1 This Chapter is based on the publication: “Araújo A. R., Reis, R. L. & Pires, R. A, (2020), Natural polyphenols and nanosystems for Alzheimer’s disease (submitted)” 
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 Alzheimer’s disease (AD) is the most common neurodegenerative disease and the main cause of dementia.[1] The current therapeutic strategies is not able to stop the onset and progression of AD and the subsequent damage to neurons of the affected regions of the brain, i.e. hippocampus, entorhinal cortex or cingulate gyrus. The available AD drugs can only help to reduce or stabilize the symptoms for a limited time frame, as for example by inhibiting the acetylcholinesterase activity, one of the main responsibles for the reduced concentration of acetylcholine neurotransmitter (vital for synaptic transmission) detected in AD patients.[2] These drugs are designed to ameliorate the AD-related confusion, memory loss, problems with thinking, reasoning and learning.[3] The exact trigger of AD is still unknown, however it has been reported that the onset of the disease begins several years before symptoms to appear.[4] Ageing is the most significant risk factor, while genetic factors and chronic disorders (e.g. Down’s syndrome[5], cardiovascular diseases[6] or diabetes[7]) are related with more severe cases of AD.[8, 9]  AD is a complex disease that triggers a neurodegeneration scenario that leads to severe dementia and death.[10] The concept of AD-mediated neurodegeneration has been expanded from the idea of general neuronal loss and astrogliosis, to include earlier alterations. These events start with synaptic and dendritic injuries, followed by disturbances in the process of adult neurogenesis, circuitry dysfunction (disrupting the balance of synaptic excitation and inhibition), aberrant innervation and inflammation.[11-13] The evolution of the disease throughout the brain (from the hippocampus and entorhinal cortex to the cerebral cortex) is related to important biochemical events, such as the deposition of extracellular amyloid plaques and generation of intracellular neurofibrillary tangles (NTs).[14]  NTs are composed by twisted ribbon-like assemblies of the microtubule-associated tau protein, which is hyperphosphorylated and aberrantly misfolded resulting in the breakdown of the dendrites and axons of the neurons.[15] While AD-mediated dementia only occurs in patients that present NTs in the affected regions of the brain (i.e. outside the medial temporal lobe)[16], recent imaging studies have shown that the spread of amyloid through the cortex triggers NT to occur out of the medial temporal region.[17] In addition, it has been reported that NT-mediated neuronal loss and dementia requires the accumulation of amyloid plaques in the brain above a certain threshold.[18] This data (from the participants in the Harvard Aging Brain Study, HABS) indicates that a standardized uptake value ratios of amyloid accumulation (SUVR) of, approximately, 1.2 is needed to initiate the deposition of 
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hyperphosphorylated tau.[18, 19] These observations are at the basis of the present notion that the increased amyloid deposition in the brain is at the onset of AD.[20]  Amyloid plaques are formed from the abnormal extracellular generation, aggregation and deposition of the amyloid-β peptide (Aβ).[1] Aβ is produced at the cell membrane, upon the sequential cleavage of the transmembrane amyloid precursor protein (APP) by β-site amyloid precursor protein cleaving enzyme 1 (BACE1) and γ-secretase complex. Its accumulation leads to the triggering of several elimination mechanisms in the brain, e.g. phagocytosis/endocytosis, or the transportation of Aβ to the brain’s periphery. When these mechanisms are not able to completely eliminate the misfolded Aβ, it starts to accumulate in the brain under different amyloid supramolecular forms. Importantly, specific Aβ intermediated species, i.e. oligomers, are associated with: deficiencies in lipid metabolism; membrane disruption (i.e. Ca2+ imbalance); oxidative stress causing mitochondria and endoplasmic reticulum dysfunction; insulin resistance signalling; and synaptic impairments.[21, 22] 1.1.1 THE AMYLOID AGGREGATION PATHWAY Aβ is generated from the processing of the amyloid precursor protein (APP) during its sequential cleavage by two membrane-bound endoproteases, the enzymes β (BACE1) and γ-secretase (a protein complex formed by several subunits, including Presenilin-1/Presenilin-2) in neurons (Figure 1-1a). After cleavage, the Aβ monomers are secreted as a soluble form during normal cellular metabolism, and can be found in the plasma and cerebrospinal fluid (CSF).[23] The cleavage by γ-secretase is not always at the same position, resulting in an Aβ population (of ~4kDa) with an important C-terminal heterogeneity and peptide length, where the most common ones present 38, 40 or 42 amino acids.  There are genetic factors that increase the risk of developing AD, these include mutations in the genes associated with Presenilin-1 and Presenilin-2, which enhance the probability to generate Aβ42/Aβ40 and the deposition of extracellular senile plaques. However, the vast majority of AD patients do not present these genetic mutations and are still able to accumulate Aβ, but typically at older ages.[24]  Aβ42 is mainly found in the extracellular senile plaques, whereas Aβ40 is more prominent in the vascular amyloid deposits.[25, 26] In fact, Aβ40 represents 80-90% of the total Aβ population in the CSF.[27] However, and despite being present at lower concentration, Aβ42 has been reported to be more pathological due to its insolubility and higher propensity to aggregate.[28, 29] In fact, recent studies have shown that Aβ42 and its oligomers are the most toxic species from the ones found in the senile plaques.[30] 
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 In 1991 it was proposed the Aβ hypothesis, that considers Aβ as the trigger of AD and the main responsible for the spreading of the disease from the isocortex (stage I) to the isocortical areas (stage II) and then all across all the cortex areas (e.g. sensory and motor cortex – stage III), leading to its accumulation in the whole brain.[31] This hypothesis has been both confirmed and questioned over time. Importantly, the plaque-associated neuritic impairments are the most notorious evidence of the Aβ neurotoxic capacity (i.e. triggering the tau hyperphosphorylation and the microtubule dysfunction).[18]  The abnormal aggregation of Aβ is at the basis of its toxicity. In 1995, Aβ oligomers were first reported as intermediate species present during the amyloid aggregation pathway.[32] Nowadays, it’s well established that these oligomeric species are part of the complex dynamic equilibrium between soluble monomeric or oligomeric states and various insoluble states of higher-order aggregates (Figure 1-1b).[3] Since 2008, some studies started to be published proposing that Aβ oligomers are the key-players in cellular toxicity.[33, 34] The idea that the newly generated Aβ are either free in the extracellular space or remains linked to the plasma membrane and lipid raft constituents, became clear. The capacity of the Aβ oligomers to diffuse in the cellular space is an important factor that contributes to their toxic character. Of note, endocytosed Aβ monomers/oligomers are able to access different subcellular compartments through the vesicular transport system.[35] In addition, the intermediated Aβ species that start to assemble near the plasma membrane, can spread or interact with its lipid rafts, and trigger several downstream cascades in AD.[36]  More recently, these theories have been confirmed through a series of increasingly sophisticated characterization methods, including selective radiolabelling, size-exclusion chromatography, mass spectrometry, X-ray crystallography and also NMR spectroscopy and electron microscopy.[37] These studies paved the way to an extensive evaluation of the ability of Aβ to promote different biochemical pathological cascades in the cellular environment.[38] 1.1.2 THE Ab FOLDING PROCESS  The Aβ folding process starts with the primary nucleation stage, where oligomers are generated from a pool of monomers.[38] These oligomers are described as “intrinsically disordered” or “natively unfolded”, capable of interacting with other proteins/receptors, in a free soluble state (thermodynamically stable).[39] At higher concentrations, the thermodynamic stability of the native state is lost, generating a metastable state which is sensitive to supramolecular interactions, that lead to their aggregation (Figure 1-1d).[40] The nuclei/seeds of Aβ are polymorphic with distinct arrangement of its units, namely through antiparallel β-sheet secondary structures (also called on-pathway oligomers), acting as a template for the 
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generation of the nanofiber backbone. It is still controversial how the oligomers are transformed into fibrils, however, it has been proposed that they interact between each other stacking them into a fibre through a combination of non-covalent and steric interactions.[41] This transformation promotes the dynamic re-arrangement of their supramolecular organization, forming parallel β-sheets (thermodynamically stable) and nanofibers that are the main constituents of the extracellular senile plaques detected in the brain AD patients (Figure 1-1b).  The kinetics of these steps can be followed using the Thioflavin-T (ThT) dye. ThT binds to species maintained by β-sheets, upon binding it shifts its excitation/emission wavelengths and increases its fluorescence.[42] Under these conditions, a sigmoidal curve of ThT fluorescence is generated which can be translated into the different phases of the aggregation process, namely: i) lag phase – generation of monomeric and oligomeric species until a critical concentration is reached; ii) exponential growth – where the formation of β-sheets and fibril formation increases exponentially; and iii) plateau phase – where the aggregation rate declines as a result of the reduction of the soluble species (oligomers that were converted into fibrils).[43] However, under physiological conditions there is no decline in the soluble species because the cleavage of APP continues to produce Aβ, and the conversion of the oligomers from its soluble state into the amyloid fibrils occur through a secondary nucleation mechanism.[44] Under secondary nucleation, new aggregates are generated at a rate dependent on the concentration of existing fibrils, because they catalyse their nucleation from the monomeric/oligomeric state at the fibre surface.[45]  As mentioned before, these events occur in the extracellular space, close to the lipid bilayer. Thus, the close proximity of the Aβ oligomers and the cell membrane, as well as their chemical affinity, promote their direct binding leading to: i) deficiencies in the lipid metabolism (i.e. impaired cholesterol transport); ii) aberrant cellular signalling (e.g. acetylcholine, glucose metabolism and insulin resistance, oxidative stress causing mitochondria and endoplasmic reticulum dysfunction, among others; and iii) membrane disruption through the insertion of Aβ structures into the membrane leading to the creation of ion-permeable pores and their unregulated efflux/influx (i.e. promoting Ca2+ imbalance, Figure 1-1c). All these features occur simultaneously leading to a knock-on effect and triggering neuronal cell death. 1.1.3 THE MECHANISM OF Ab CYTOTOXICITY 1.1.3.1 LIPID METABOLISM  The clearance of Aβ from the brain is dependent on a series of synergistic pathways that includes their transportation to its periphery (e.g. »60% of Aβ is removed from the brain via this type of clearance).[46] Cellular mechanisms that are able to remove Aβ from the brain includes: uptake and 
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phagocytosis/endocytosis (i.e. by monocytes or neutrophils); proteolytic degradation by Aβ-degrading enzymes; blood clearance-mediated by Aβ-binding proteins, such as, albumin, antithrombin III and lipoproteins (i.e. apolipoprotein E, ApoE).[9, 47]  The expression of ApoE isoforms (ApoE 2-4) are a strong genetic factor of familial AD, being also essential regulators of the cholesterol metabolism, bridging the lipoprotein receptor (LPR1) expression, the clusterin (CLU or apolipoprotein J) and the ATP-binding cassette transporter A7 (ABCA7). They trigger the receptor expressed on myeloid cells 2 (TREM2) also linked to lipid homeostasis and an AD genetic risk factor.[48] The APP insertion onto the membrane depends on its cholesterol content, which increases with aging. Hence, the cholesterol compartmentalization and the equilibrium between free cholesterol and cholesteryl esters are determinant for Aβ accumulation at the membrane and the promotion of cellular dysfunction.[49]  In addition, ABCA7 is a phospholipid transporter linked to TREM2 that, in turn, is a phospholipid receptor associated with ApoE (with important role in the transportation of phospholipids).[50] The lipoproteins codified by these genes are implicated in the recovery of membrane damage triggered by the amyloid deposits.[51] Failure in these recovery mechanisms triggers Aβ cytotoxicity.[47, 52] In fact, some reports show that ApoE acts as a chaperone for Aβ, and the knockout of ApoE or CLU results in the inhibition of amyloid plaque deposition, which have been reported to occur via a decrease in the number of Aβ seeds/nuclei.[51]  Moreover, TREM2 can alter the inflammatory cascade both through the promotion of macrophage-mediated response, as well as by modulation of astrocyte activation. These alterations can lead to aberrant microglia activation, and upregulation of a number of pro- and anti-inflammatory cytokines associated with the immune response.[48] Accordingly, Aβ oligomers are able to bind to lipoproteins, such as ApoE and CLU[51], forming Aβ-lipoprotein complexes that limit their activity and function in maintaining the lipid homeostasis. Importantly, these structures can be seen as possible targets for drug development, in an attempt to modulate their formation.  
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 Figure 1-1 Schematic overview of the Aβ cleavage and folding showing a) the formation of Aβ through the cleavage of APP (amyloid precursor protein), and b) its interactions with the lipid bilayer surface promoted by the different Aβ supramolecular forms, namely: 1. Conversion (formation of pre-fold structures); 2. Aβ-mediated formation of pores; 3. Elongation and stabilization of the fibrils; 4. Oligomers formation (fragmentation of the fibres); 5. Additional fibrillization through secondary nucleation. c) The cytotoxicity pathway associated with the lipid rafts and d) the thermodynamic energy landscape of the Aβ species during its supramolecular assembly. 1.1.3.2 CELLULAR SIGNALLING CASCADE  It has been suggested that the cholesterol metabolism (through ApoE and lipid peroxidation), in association with the interactions of Aβ with the cell membrane, leads different pathological alterations in the neurons, namely: disruption of the cholinergic pathways, specifically in the cerebral cortex and the 
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basal forebrain; impairment in the glucose metabolism through the modulation of the insulin signalling; as well as mitochondrial and ER dysfunction due to increased levels of intracellular oxidative stress.[53]  The cholinergic hypothesis has been first reported in 1978 by Perry et al[54]. They initially found a correlation between the activity of acetylcholinesterase (AChE) and the amount of amyloid plaques in the post-mortem brains of AD patients. The acetylcholine neurotransmitter (ACh) present a vital role in memory, motivation and movement, as it participates in the signal transmission. After crossing the synaptic cleft, it binds to the nicotinic acetylcholine receptor (nAChR ionotropic) or the muscarinic acetylcholine receptor (mAChR metabotropic) for subsequent signal transduction, which is essential in the cerebral cortex, basal ganglia, basal forebrain, and neocortical cholinergic innervation.[55-57] The main role of AChE is to cleave ACh into acetate and choline after its binding to the receptors at the post-synaptic membrane, an essential activity necessary to terminate signal transmission.  AChE is usually overexpressed in AD leading to the use of inhibitors as part of the available clinical treatments. These are used in an attempt to promote signal transmission by increasing the amount of ACh available at the synapse cleft, which leads to the amelioration of the clinical symptoms of AD. However, the use of AChE inhibitors per se are not enough to stop the progression of the disease.[58]  Several reports state that the soluble forms of Aβ are able to interact with AChE and α7-nAChR with enough affinity to regulate its functions[59]. However, there are others reports that indicate that Aβ might not bind directly to these ACh receptors, but rather to the lipid rafts, perturbing membrane fluidity and altering the lipid microenvironment. In either scenarios it is known that Aβ toxicity is triggered by hampering the function of the ACh receptors.[60]  Aβ also presents an impact in the regulation of insulin signalling and glucose metabolism in the brain. In general, insulin is essential in the modulation of different cascades that integrate biochemical, hormonal, and neurogenic signals in peripheral tissues and organs such as the liver, skeletal muscle or adipose tissue.[3, 61] Most of the impairment of insulin signalling has been linked to diabetes mellitus, in fact it is known that diabetic patients present a higher probability to develop AD than healthy individuals.[7, 62] Importantly, the brain uses, approximately, 20% of the whole glucose consumed by the body in a process that is largely insulin independent (glucose uptake in neurons occurs mainly via GLUT3, an insulin-independent glucose transporter).[63] However, several studies reported that hyperglycemia and hyperinsulinemia foster the abnormal accumulation of toxic Aβ. This increase of Aβ cytotoxic forms is a result of the stimulation of APP processing, which is mediated by the insulin-dependent activation of the mitogen-activated protein kinase (MAPK) pathway.[64, 65] Cellular stress and inflammation, can also activate signalling molecules like p-JNK (c-Jun N-terminal kinase pathway is one 
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of the major signalling cassettes of MAPK) leading to an increase in the phosphorylation of the insulin receptor substrate (IRS1) at its serine residues, i.e. p(Ser)-IRS1, causing the inhibition of the translocation of GLUT4 onto the cell surface. In turn, the lower availability of GLUT4 at the plasma membrane lead to a lower glucose transport, while triggering hyperinsulinemia as a compensatory mechanism.[66, 67] In addition, the excess of insulin can competitively inhibit IDE-mediated Aβ degradation (IDE is a metalloproteinase that degrades insulin and other small peptides).[68, 69] Importantly, amylin (an amyloidogenic peptide usually deposited in the pancreas of patients with type 2 diabetes mellitus) can enter the brain, where it accelerates and exacerbates the misfolding and aggregation of Aβ.[61] Finally, other pathological features of diabetes mellitus, such as oxidative stress (OS), BBB disruption and reduced cell energy supply, has been also described to affect the formation of Aβ and its clearance from the cellular environment.[70]  Neuronal cells are particularly susceptible to OS-mediated cellular damage, due to fact that the brain presents a very high oxygen consumption, i.e. approximately 20% of the total oxygen consumed by the body. In this context, OS has been considered one of the main triggers of the pathological hallmarks of AD.[71, 72] In fact, it is known that OS can influence the amyloid cascade (i.e. APP cleavage), as well as the excretion of copper and zinc within the synaptic cleft of some neurons. Since both copper and zinc are able to form complexes with Aβ, they are considered as modulators of its bioactivity/cytotoxicity.[73] In general, different metal-ions have been found in the amyloid plaques, forming redox-active Aβ complexes that are recognised to be highly toxic. They can generate reactive oxygen species (ROS) that, in turn promote the degradation of its surrounding biological environment.[74] Recently, it has been confirmed that protein and lipid oxidation mediated by OS occurs in the Aβ-rich brain regions, where oxidized proteins were detected in the early stages of the disease.[75] The oxidation of the membrane lipids (e.g. cholesterol), proteins and nucleic acids, and the impairment of Aβ clearance by the oxidized LRP1 leads to the disruption of the lipid rafts integrity.[76, 77] In addition, it has been shown that OS can be directly responsible for the disruption of membrane integrity, by promoting the loss of phospholipid asymmetry.[78, 79] This mechanism can also lead to decreased ATP levels that generate electron leakage and increased production of mitochondrial ROS, i.e. another source of OS in AD.[80]  Of note, the oxidation-induced impairment of the enzymatic activity involved in ATP production can also induce transportation abnormalities, as well as dysfunction of intracellular glucose catabolism.[81] Thus, it has been suggested that, increased OS mediated by Aβ (as well as tau[71]) is an important contributor to the impairment of insulin signalling in the brains of AD patients.[82] 



Chapter 1 “Natural polyphenols and nanosystems for Alzheimer’s disease” 

 55 

1.1.3.3 MEMBRANE DISRUPTION AND CALCIUM IMBALANCE  The increased OS and reduced metabolism faced by neurons during aging compromise the normal functioning of proteins that control membrane excitability (that allows a cell to generate an electrical signal in response to a stimuli) and the subcellular Ca2+ dynamics.[79, 83] In addition to OS, it is known that supramolecular Aβ oligomers are also able to perturb neuronal Ca2+ homeostasis, through their insertion into the plasma membrane and the subsequent generation of pores that act as entry points of Ca2+ into the cytosol.[84, 85] The increase in the number of these ion-permeable pores results in elevated intracellular (cytoplasmic) Ca2+ concentrations and increased vulnerability that, in turn, facilitates the binding of Aβ to phospholipids, such as phosphatidylserine (Ptd-L-Ser).[86] As a consequence Ptd-L-Ser is transferred from the inner portion of the plasma membrane onto the cell surface, which acts as a signal for processing by macrophages. Of note, the increased Ca2+ influx also triggers the apoptotic pathway, contributing to the overall cytotoxicity associated with the oligomeric Aβ.[20]  As mentioned before, Aβ can also interact with metal-ions generating hydrogen peroxide and hydroxyl radicals (OH•), resulting in membrane lipid peroxidation which generates toxic aldehydes that impair the function of membrane ion-motive ATPases.[87] Consequently, the membrane becomes depolarized, promoting the opening of glutamate receptor and voltage-dependent Ca2+ channels, promoting a similar outcome as the direct interaction of Aβ with the membrane, i.e. the influx of toxic amounts of Ca2+ into the cytoplasm. Furthermore, Aβ is also able to interact with the mitochondria causing an increment of the concentration of free-radicals that, in turn, instigates the elevation of the concentration of cytoplasmic Ca2+ and the level of OS.[88] Additionally, the release of the APP intracellular domain (i.e. AICD) upon processing of APP by BACE1, leads to its translocation into the nucleus, which has been reported to alter gene transcription in a way that perturb the Ca2+ homeostasis.[89] Genetic mutations on presenilins are also known to impair the function of Ca2+ leak-channels, resulting in excessive accumulation of Ca2+ in the ER.[90]  There are also evidences that Aβ is able to induce the interaction of presenilins with proteins associated with the ApoE receptor, contributing to an enhancement of Ca2+ influx and the pathological hallmarks of AD. In this case, the activation of the K+ channels is compromised contributing to the hyperpolarization of the cell membrane, promoting a dysregulation of the mechanism responsible for the Ca2+ homeostasis.[91]  All these Aβ-mediated mechanisms contribute to abnormal cellular functions, which ultimately leads to neuronal cell death 
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 Natural molecules derived from animals, plants, fungi, bacteria and other organisms show a wide structural diversity, as well as a broad range of biological activities, namely: anti-cancer, anti-oxidant, anti-microbial, anti-amyloidogenic, among others.[92, 93] There are multiple ways to identify possible disease-modifying molecules against amyloid-based pathologies.[94] In the case of natural compounds, there are a series of epidemiological studies that suggest that specific diets containing high intake of flavonoids and polyphenolic compounds have a preventive effect against dementia (e.g. including the AD-triggered one).[95] These studies suggest a reduced risk of AD and mild cognitive impairment in persons that have diets rich in grains, vegetables, fruit, fish, and nuts, specifically in ω-3 fatty acids, vitamins, and diverse groups of polyphenolic compounds from the vast range of secondary metabolites from plants.[96, 97]  It has been shown that this type of molecules are effective against several AD pathological hallmarks, including abnormal Aβ processing, synaptic degeneration, OS, and inflammation. It has been proven that some of them are able to reduce the rate of the progression of cognitive decline. Nevertheless, the positive effect of these compounds (administered through the diet) in the disease progression is not enough to reverse the disease and achieve a cure. However, these outcomes led researchers to evaluate their activity towards the different AD pathological hallmarks and to the successful identification of several natural compounds as inhibitors of amyloid aggregation.[98]  Several polyphenols[99, 100] are able to remodel the Aβ secondary structure generating non-toxic species, as well as to modulate several AD hallmarks.[101, 102] The most common naturally-occurring polyphenols tested for AD are extracted from: green tea (e.g. EGCG and myricetin); red wine (e.g. resveratrol and ellagitannins); or curry/turmeric (e.g. curcumin).[103]  In vitro studies with EGCG, resveratrol, or other polyphenols show that they can inhibit the formation of toxic pre-fibrillar oligomers and amyloid fibrils, while converting previously existing fibres into insoluble aggregates of lower toxicity.[104, 105] However, despite the known outcome of the interaction between the polyphenols and different amyloidogenic peptides/proteins (e.g. Aβ), their mechanism of action is still not completely understood.[106] Importantly, it is known that these polyphenols affect the amyloid aggregation pathway contributing to: the reduction of the concentration of toxic oligomers; inhibiting fibril elongation; the disassembling of preformed fibrils into off-pathway species; inhibiting amyloid-membrane interactions; scavenging of ROS; among others.[107-111]  As mentioned before, the supramolecular assembly of Aβ can be monitored using the ThT, as it increases its fluorescence when bound to the cross-𝛽-sheets of amyloid aggregates.[112] In addition, the intensity of the ThT fluorescence is considered to be proportional to the concentration of the 𝛽-sheet-rich 
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amyloid fibres.[42] Therefore, the characteristic sigmoidal curve observed during the amyloid aggregation pathway is usually altered by the presence of polyphenols, making the ThT assay as one of the most widely used techniques to assess their ability to modulate supramolecular assembly of different amyloids (e.g. Aβ).[113, 114] As an example, when EGCG is added to a solution of monomeric Aβ (Figure 1-2a) it is observed a reduction of ThT fluorescence extending the lag phase of the Aβ aggregation profile, due to the remodelling its supramolecular structure.[115] This observation is reported to be related with formation of small off-pathway amyloid aggregates, mediated by the interaction between EGCG and Aβ through non-covalent interactions, such as H-bonds and 𝜋-𝜋 stacking. This remodelling is also reflected in the morphological presentation and size of the Aβ aggregates that can also be followed by TEM/AFM or SDS-PAGE and NBT assays (e.g. Figure 1-2b-d). Circular dichroism can also be used to assess these changes because they are usually associated with alterations in the Aβ secondary structure.[116, 117] The aromatic moieties, e.g. galloyl (Ga) units, of the natural polyphenols have been reported to be the main responsibles of their ability to interfere with the formation of the peptide 𝛽-sheets. In addition to the above mentioned H-bonds and 𝜋-𝜋 stacking between the Ga moieties and Aβ, it has been also reported the presence of electrostatic and van der Waals forces that also contribute to the interaction between the polyphenols and the Aβ hydrophobic sections (from the peptide backbone or its side chains).[108] All these interactions interfere with the stability of the Aβ supramolecular aggregates disrupting its secondary structure. In addition, the existing hydroxyl groups in ortho or para positions of several polyphenols are essential for their anti-oxidant capacity, which contribute to a synergetic effect on the activity of these compounds towards AD.[99]  The alterations that natural polyphenols are producing in the Aβ secondary structure have been studied by computational modelling, including their capacity to bind to Aβ42 monomers, oligomeric or β-sheet structures.[118] As an example, Das et al[109] recently compared four different polyphenols (i.e. honokiol, myricetin, luteolin and punicalagin) and concluded that they were able to bind to Aβ42 oligomers mainly through steric and H-bonding interactions. Important targets in the peptide backbone were identified from the Aβ42 hydrophobic section (i.e. Lys16, Leu17, Val18 and Phe19).[109] It has been also shown that polyphenols may also exert their anti-aggregation capacity by targeting the lysine  
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 Figure 1-2 EGCG induces the formation of off-pathway Aβ42 aggregates. (a) Impact of EGCG on the Aβ42 aggregation profile monitored by ThT fluorescence. (b) Morphological presentation of Aβ in the presence and absence of EGCG evaluated by electron microscopy after 72h of incubation; Scale bars = 100 nm. (c, d) Evaluation of the ability of EGCG to change the size of Aβ42 aggregates followed by (c) SDS-PAGE and (d) NBT assays.[115] residues of the Aβ sequence.[119] In most of the cases, a destabilization of the Aβ supramolecular conformation occurs through the formation of H-bonds between the polyphenols and the Aβ residues responsible for the formation of the β-sheets (i.e. residues with exposed side chains in the fibril structure).[120]  Different studies also compared the activity of several tea catechins, namely: (-)-epicatechin (EC); (-)-gallocatechin (GC); (-)-epicatechin-3-gallate (ECG); (-)-epigallocatechin (EGC), and EGCG. Overall, only ECG and EGCG (due to the presence of the Ga units) contributed to a neuroprotective effect on hippocampal cell cultures, through their ability to inhibit the formation of Aβ oligomers/fibrils.[121, 122] Therefore, it has been concluded that the polyphenol-induced Aβ remodelling, via a combination of hydrophobic and H-bonding interactions, is mediated by the Ga moieties, contributing to the reduction of Aβ cytotoxic species. All the reported data supports the use of Ga-based molecules as a promising strategy to minimize neuronal damage. 
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 The high structural diversity of polyphenols is what gives them a wide range of biological activities.[94, 123, 124] The number and positioning of the hydroxy groups is a critical factor that affects their bioactivity, as they are reported to be essential in their ability to interact with the exposed amino acid side chains from the Aβ sequence.[107, 125] They are also important modulators of the aggregation energy barrier, mitigating the spreading of Aβ oligomers and associated toxicity by reducing its lifetime and concentration.[99, 111] Another important feature of the Ga-based compounds is the coplanarity of the aromatic moieties, that has been recognised to favour hydrophobic and π-π stacking interactions.[126] In addition, rigid planar molecules, as some of the polyphenols, may also embed within the cross-β sheets structure of Aβ, blocking the stacking of additional Aβ molecules, hampering fibril elongation, while also impeding the secondary nucleation (dependent on the fibril’s concentration).[124, 127, 128]  As mentioned before, in general Ga-based molecules (Figure 1-3) can also protect cells against oxidative damage due to their known ability to scavenge ROS.[129] Of note, this protection can be extended to membrane lipids and transmembrane proteins, due to their ability to penetrate into the lipid bilayer.[130] In general, the ability to remodel the Aβ supramolecular structure is imperative to be able to rescue cell viability. In addition to their Aβ remodelling capacity, Ga-based compounds have been associated with the ability to decrease mitochondria and ER dysfunctions (driving them into an equilibrium in the intracellular redox state), as well as to decrease membrane permeability (re-establishing the homeostasis of intracellular Ca2+ concentration).[131] As an example, EGCG and tannic acid affect the processing of APP through their ability to modulate the activity of different secretases, such as BACE-1,[132, 133] leading to a reduction of the Aβ-mediated formation of non-specific pores and a stabilization of the lipid membrane, impeding its dysruption.[134] [135] In another perspective, the Aβ-mediated Ca2+ imbalance increments ATP production causing an additional boost in the intracellular concentration of ROS.[136] However, Ga-based compounds, due to their anti-oxidant activity, are able to reduce the intracellular ROS concentration contributing to the repair of mitochondrial damage, and reducing the cellular oxidative state that modifies proteins, while preventing changes in the superoxide dismutase expression (caused by neuronal OS).[137] Finally, since they usually act in the glutamate cysteine ligase expression, they can also promote an increase in the protein levels of the beta subunit of ATP synthase that is able to regulate acetylcholinesterase activity.[138] Of note, EGCG has been shown to induce neuroprotective activity acting on ERK (extracellular-signal-regulated kinase), JNK, and p38 through the MAPK pathway.[139, 140] 
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 Figure 1-3 3D representation of the most studied natural-occurring Ga-based polyphenols that are able to inhibit or remodel the Aβ supramolecular organization, and protect neuronal cells from their cytotoxicity. A small number of reports discuss the molecular mechanisms that lead to amyloid inhibition in the cellular or in vivo environments. This is probably due to the complexity of the biological environment, where molecular discrimination is difficult to achieve.[141] The majority of the studies describes the effect of the Ga-based compounds on animals, evaluating their neurobehavioral functions or examining relevant amyloid plaques by immunohistochemistry staining.[133] In these cases, it has been shown that EGCG can reduce the burden of Aβ plaque and lower the toxicity of oligomers in the brain of an AD-transgenic mouse model. It is also able to re-establish healthy mitochondrial activity, ROS production and ATP levels (in mitochondria isolated from the hippocampus, cortex, and striatum).[134] Cognitive decline is also a pathological hallmark of AD that has been reported to be reduced by EGCG. Additional beneficial effects include a reduction of microglia activation, an increased autophagic response, reduced inflammation levels, and recovery of redox homeostasis.[142, 143] 
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 There are few human trials using Ga-based compounds in the context of AD. Most of them use EGCG and curcumin to target Aβ and reduce its accumulation, however, no significant benefits have been observed (ClinicalTrials.gov - NCT00951834)[144]. Importantly, the levels of these molecules were untraceable in the brain (and undetectable in the CSF), suggesting that one of the main problems with their use is the limited bioavailability in the brain.[145]  Therefore, brain bioavailability studies are critical to assess the suitability of AD drugs. Of note, polyphenols are easily oxidizable by the heat and light.[146] This characteristic in combination with their typical low water solubility and the fact that they are metabolized at a high rate, leads to their fast removal from the body.[147] These aspects are at the basis of the poor stability and bioavailability, drastically reducing their effectiveness in the in vivo setting.  Importantly, due to their physicochemical characteristics, some polyphenols may not be able to cross the BBB and reach the brain cells, where they could modulate microglia-mediated inflammation or exert their neuroprotective activity, leading to contradictory results when compared to the in vitro assays.[148] Therefore, it might be necessary to optimize their chemical structure and/or exploit them in combination with drug delivery vehicles.  Different types of nanosystems have been tested in the context of AD, namely, polymeric nanoparticles (NP), solid lipid NPs, nanostructured lipid carriers, nanoemulsions, and liquid crystals. They are usually used for the successful delivery of AD drugs, including polyphenols and other natural compounds.[149]  The main concept based on the exploitation of these systems is to efficiently enable the crossing of the BBB, which implies a high lipid solubility and a low MW (i.e. < 400–500Da) to cross the BBB through the tight junctions or by lipid diffusion. However, only 2% of CNS drugs are able to cross the BBB and reach their therapeutic targets in the brain. As mentioned before, hydrophobicity, unfavourable absorption by biological membranes, weak pharmacokinetic parameters, instability of the drugs (susceptible to oxidation, hydrolysis or photolysis), and toxicity to tissues (e.g. hepato-toxicity, neuro-toxicity, or kidney toxicity) are all characteristics that hamper their use to target the CNS. In this case, suitable nanosystems (conjugated or loaded with the drug) are necessary to reach their final destination in the brain.[150] [141]   In the following subsections we review the different nanosystems that have been proposed to be used to reach the brain of AD patients (giving particular attention to the ones that are tested for the delivery of polyphenols) and the nanotsystems (e.g. dendrimers) that have been tested as therapeutic agents by themselves. 
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1.3.1 DRUG-DELIVERY SYSTEMS FOR AD – CROSSING THE BBB The brain and the whole CNS are one of the most protected regions of the body. Its extracellular fluids are protected by three main borders: 1) the BBB, where the brain capillary blood is separated from the interstitial fluid (ISF) by endothelium cells, pericytes and astrocytes, which are followed by a layer of neuronal cells; 2) the ependymal layer that separates neurons from the cerebrospinal fluid (CSF); and 3) the choroid plexus that separates the CSF from the choroidal capillary blood (i.e. the Blood-CSF barrier – BCSFB).[151] The BBB and the BCSFB prevent the free paracellular diffusion of polar molecules by a series of complex features (i.e. tight junctions and transendothelial electrical resistance, TEER), limiting their passage through a minimal pinocytosis.[152] In the tight junctions, the TEER (responsible for the permeability to small ions) is mainly dependent on the profusion and complexity of several transmembrane proteins (i.e. occludins, claudins, and junctional adhesion proteins) that contribute to reaching a TEER of 8000 Ωcm2, which, in turn, leads to high paracellular diffusion constraints.  Usually, in the case of paracellular/transcellular diffusion it is only possible for small molecules (< 500 Da), such as lipophilic compounds, ethyl alcohol, oxygen or carbon dioxide, as they can diffuse through the cell membrane. However, in general, approximately 98% of low molecular weight drugs cannot cross the BBB through these mechanisms.[153] Small molecules/drugs can also enter the brain through a receptor-mediated mechanism or metabolic pathways (altering the drug during the process of crossing from the blood into the brain).[154]  Another constraint in the crossing of the BBB is related with the ATP-binding cassette and P-glycoproteins, present at the BBB, and acting as efflux transporters responsible for clearing the waste products from the brain into the blood and prevent the entry of potentially neurotoxic compounds. In this case, there are several enzymes, such as γ-glutamyl transpeptidase or alkaline phosphatase, that are able to metabolize drugs and nutrients promoting their fast removal, hampering their bioavailability in the brain.  To overcome these hurdles, it has been proposed a series of nanosystems to act as biocompatible drug carriers to cross the BBB and deliver the cargo in the regions of the brain affected by cancer, CNS disorders or that require tissue regeneration.[141, 155] As mentioned before, it is well established that an intact BBB restricts the majority of molecules based on their molecular weight and lipid solubility, i.e. lipid soluble molecules can cross the BBB easier than the water-soluble ones. While results in patients with early AD showed global BBB leakage[156], the developing of nanosystems for AD should not be considering this BBB disturbance, as Aβ toxicity and its spreading throughout the brain starts 20 years before the patients get the first symptoms.[157] In fact, clinical trials suggest a better outcome when Aβ-
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targeting drugs are administered during this pre-AD condition.[158] Consequently, new drugs are currently being administrated in asymptomatic stages of AD, where the BBB is still not compromised.[159] Therefore, a successful therapeutic strategy has to be effective at reducing the presence of cytotoxic Aβ oligomers and inhibiting their secondary nucleation pathway, but also designed to cross the BBB and reach the affected regions of the brain.  Most drugs/nanosystems cross the BBB through one of the following pathways: paracellular crossing; transcellular lipophilic crossing; receptor-mediated transcytosis; or adsorption-mediated transcytosis.[160] To date, the latter two are the major routes for the delivery of NPs across the BBB. However, alternatives, such as nose-to-brain delivery has been proven to be a relevant, non-invasive and a cost-efficient choice that leads to a more direct transport of drugs into the brain.[161]  Receptor-mediated transcytosis occurs through a series of unique receptors expressed by endothelial cells present at the BBB, including: i) the transferrin receptor, that has an important role in the uptake and translocation of transferrin-bound iron;[162] ii) the insulin receptor, since insulin is transported into the brain through this receptor that is expressed on the surface of endothelial and neuronal cells; iii) the low density lipoprotein (i.e. LPR1 and LPR2), as there are several ligands can bind to these receptors (e.g. Angiopep-2);[163] among many others.[164] Of note, Aβ has been described to inhibit the binding of insulin to its receptor, impairing the healthy insulin signalling cascade.[165] Therefore, a drug able to bind to the insulin receptor is a valid mechanism to enter the brain and exert its therapeutic action towards Aβ oligomerization and fibrillization, as well as to disaggregate amyloid plaques.   Finally, in the adsorptive-mediated transcytosis, positively charged molecules interact with the negatively charged plasma membrane. Usually this type of transport involves cationic proteins or cell penetrating peptides (e.g. Tat-derived peptides, Syn-B vectors, among others), however, current use is limited by a lack of cell specificity during the delivery.[166]  In the development of therapeutic strategies to target the brain a wide range of carriers have been tested conjugated with different drugs, where the carrier promotes the crossing of the BBB (through one of the above mentioned mechanisms) and the drug targets the pathological features of AD and other CNS diseases.[150, 160] In this context, several nanosystems have been reported to deliver macromolecules, e.g. PLGA nanoparticles or liposomes, into the brain, and to do it at pharmacologically relevant rates (since they present a very low bioavailability in the CNS on their own).[167-169]  The most commonly used NPs for crossing the BBB, while presenting therapeutic potential in the AD context, can be classified by their structure (inorganic and organic), size, and phase composition, e.g. 
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polymeric NPs, micelles, dendrimers, drug conjugates, metallic NPs, and quantum dots.[170-173] Inorganic NPs are reported to induce a retardation of amyloid fibrillization when presented as: quantum dots bioconjugates; iron, gold, carbon or selenium NPs; coated graphene oxide and protein microspheres.[174] However, their bioactivity, in most of the cases, need to be enhanced via their surface conjugation with different chemical moieties.[175] Polyphenols (e.g. gallic acid, curcumin, EGCG) due to their proven bioactivity against AD hallmarks have been successfully tested in combination with quantum dots, gold NPs and selenium NPs.[175-178] They are able to inhibit amyloid fibrillation and improve the disruption of amyloid fibril, as proven for curcumin-functionalized gold nanoparticles, as well as (EGCG)-stabilized selenium nanoparticles coated with Tet-1 peptide.[175, 177] Moreover, their conjugation with Tet-1 peptides enhanced the cellular uptake of the NPs, allowing EGCG to effectively inhibit Aβ fibrillation and to disaggregate preformed Aβ fibrils (into non-cytotoxic aggregates) in PC12 cells.[177]  Organic NPs are the most extensively studied to target the CNS, exploiting their ability to cross the BBB acting as drug delivery vehicles. [179-181] As an example, PLGA micro/nanoparticles have been shown to be a modulator of Aβ peptide aggregation after conjugation with curcumin, gallic acid or quercetin.[182-186] Liposomes, spherical vesicles with one or more phospholipid bilayers[179, 187-189] can also cross the BBB through receptor-mediated transcytosis, and deliver different drugs (e.g. quercetin) and significantly diminish Aβ-induced neurotoxicity, with an impact on downstream MAPK signaling cascades, significantly retarding the expressions of apoptotic markers, such as JNK and p38.[190, 191] Nanoemulsions are also an alternative to encapsulate these polyphenolic molecules.[192] Nanosized oil droplets dispersed in an aqueous phase can be used to encapsulate lipophilic molecules, such as curcumin. These systems have been tested for intranasal delivery of curcumin exploiting their ability to inhibit amyloid accumulation in the brain.[193] Micelles, are also a commonly exploited tool. In this case amphiphilic block copolymer-based micelles can self-assemble into NPs capturing hydrophobic drugs (e.g. curcumin) in their cores and their amphiphilic character allows them to easily disperse in aqueous medium.[194, 195] Xiaowei et al,. also demonstrated that it is possible to load resveratrol into micelles that are able to protect cells against Aβ-induced damage, attenuating OS and halting apoptosis without any long-term cytotoxicity.[196] Among the many achievements of NPs (Table 1-1) and other nanosystems, dendrimers are an additional class that shows a high potential to reach the brain presenting therapeutic potential towards AD and other neurodegenerative disorders. 
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1.3.2 DENDRIMERS AS CNS DELIVERY SYSTEMS AND THERAPEUTIC NANOSYSTEMS Dendrimers are described as one of the most tuneable nanomaterials for therapeutic and diagnostic applications.[197] They have a well-defined 3D structure (size and shape that can be precisely controlled) containing an initiator core with several inner layers, composed of repeating units, and different active surface end-groups.[198] They possess high functionality, which increases with the generations, by increasing the number of repeating units. Moreover, they present an hydrophobic core that promote a high loading capacity, especially for lipophilic drugs.[199] They are able to cross the cell membrane or biological barriers (such as the BBB) via endocytosis-mediated mechanisms and through the modulation of proteins from the tight junctions (e.g. occludin and actin).  Table  1-1 Representative examples of NPs designed to target the CNS and deliver polyphenolic drugs. 

 In addition, the ability of the dendrimers to cross the BBB is affected by the generation of the dendrimer, and its surface charge.[200] via receptor-mediated endocytosis through clathrin and caveolae-coated 
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vesicles.[201, 202]. The mechanism can generally be explained as: i) the positively-charged drug-loaded dendrimers are attracted to the negatively-charged cell membrane; and ii) their internalization. Amines present in the surface of dendrimers can facilitate the drug release due to their ability to induce osmotic swelling (through the activity of ATPases) and rupture of the endosome membrane to release the dendrimers into the cytoplasm.[203] In addition, dendrimers can cross the BBB, avoiding more invasive approaches to target the brain (e.g. intracranial or carotid injections used for several other nanosystems).[204] Several dendrimers have been tested to reach the CNS, namely: poly(aminoamine) – PAMAM; poly-(etherhydroxylamine) – PEHAM; poly(propyleneimine) – PPI; phosphorus dendrimers – P-dendrimers; and gallic acid-triethylene glycol dendrimers – GATG.[171, 199, 205, 206] Specific carboxylic-terminated PAMAM dendrimers are one of the most explored, due to their polyanionic character. They present lower toxicity, and a promising drug pharmacokinetics.[207, 208]  In the case of their anti-amyloidogenic properties, PAMAM dendrimers surface functionalized with monosaccharides, such as sialic acid (presenting 32 or 64 terminal groups, generation 3 and 4, respectively) are able to attenuate Aβ toxicity under cell culture conditions.[209] Others dendrimers, such as PPI (generation 3), P-dendrimers (generation 4), or GATG (generation 3) were also tested.[113] In general, PPI and PAMAM dendrimers were effective in perturbing the Aβ aggregation and its self-assembly process.[210] In addition, GATG dendrimers are also able to stabilize the fibril formation process, reducing the concentration of cytotoxic oligomeric forms.[113] However, in the case of cationic PAMAM and PPI dendrimers, they have been associated with toxicity in several in vitro studies, since they establish excessive electrostatic interactions with the negatively charged components at the surface of the cell membrane.[211] Therefore, their surface end-groups and the molecular mass is determinant for the dynamics of cellular entry and cytotoxicity.[212] Klementieva et al[213] reported the surface functionalization of PPI dendrimers with oligosaccharide units (e.g. maltose). The generated PPI-Maltose dendrimers (generation 4 and 5) were non-cytotoxic to neuronal cell lines, able to reduced amyloid toxicity through the bundling of amyloid species, and stabilizing the Aβ aggregates. In addition, Chafekar et al[214] also tested the functionalization of dendrimers with the KLVFF peptide sequence, leading to the stabilization of the larger Aβ supramolecular aggregates while promoting the formation of non-cytotoxic low molecular weight Aβ forms.  Finally, PAMAM dendrimers have been loaded with gallic acid, EGCG, quercetin and curcumin.[215-219] They have been tested to target cancers, however, these polyphenolic-containing dendrimers have a high potential as modulators of the cytotoxicity of amyloidogenic peptides/proteins, such as Aβ in the case of AD. 
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 AD is a multifactorial disease that is still not completely understood. Despite the existence of large body of evidence that the aggregation of Aβ is at the centre of disease onset and progression, this view is still not unanimous in the scientific community. However, there are a vast number of Aβ-mediated pathophysiological changes that have been reported to be associated with the disease. These include the interaction of Aβ oligomers with the cell membrane promoting the formation of pores and disruption of the lipid rafts, leading to increased influx of Ca2+; their ability to interact with the insulin receptor hampering it signalling and reducing the expression of glucose transporters on the cell surface; impact in the expression of different enzymes, such as acetylcholinesterase; increased inflammation levels; among many others.  It has been reported that a series of natural compounds can abolish or ameliorate these AD pathological hallmarks; however, their use in the clinical practice has been facing a series of hurdles, namely: reduced biostability, inadequate pharmacokinetics, low bioavailability, among others. In fact, one of the main reasons for the low bioavailability of the tested natural compounds as AD therapeutic strategies is their low capacity to cross the BBB and reach the affected regions of the brain.  There are a series of nanosystems (e.g. inorganic nanoparticles, liposomes, dendrimers, etc.) that can be used in conjunction with the natural compounds, both by chemical conjugation of encapsulation strategies that can improve significantly the reported hurdles. While there are different systems that have been reported to improve the biostability and bioavailability, their use in the context of AD is still not completely exploited.  Further experimental assessments should be considered in the use of these nanosystems-polyphenols for AD before they can be exploited in the clinical setting, namely: 1. Fundamental toxicological and cytocompatibility studies of the brain-targeting nanotools with and without the loading/conjugation of polyphenols are essential. CNS disorders, and in particular AD, require a continued treatment over long periods of time, therefore, acute toxicity response and cumulative effects in the brain tissue needs to be assessed. Some studies evaluating the cytotoxicity of dendrimers have been performed in vivo but these usually are not reported in the context for the drug delivery to the CNS.[220, 221] Recently, in vivo imaging studies, demonstrate that a BBB-permeable PAMAM dendrimers (decorated with Angiopep-2) is able to efficiently cross an intact BBB and reach the desired target.[222] 2. Specific and efficient transport over the BBB are usually based on the adsorptive- and receptor-mediated transcytoses. However, other routes might be explored to facilitate the 



Chapter 1 “Natural polyphenols and nanosystems for Alzheimer’s disease” 

 68 

development of safer and more efficient delivery systems to the CNS, since the current targets (e.g. insulin receptor, LPR1 and transferrin receptor) are also found in other tissues, compromising the specificity of the targeting. Nevertheless, new drug-administration methods, such as oral, transbuccal mucosal, sublingual, or nasal delivery can be further exploited without compromising the efficacy of the treatment. 3. Unmodified nanosystems (e.g. dendrimers presenting free surface amine groups) are widely described to present a concentration- and generation-dependent cytotoxicity. Therefore, the surface conjugation of (poly)phenolic moieties can be beneficial. (Poly)phenolic-terminated dendrimers are expected to be more effective in the cellular and subcellular targeting, increasing their bioactivity taking advantage of their anti-amyloidogenic properties, highly relevant in the AD case. In addition, the reduction of the population of cytotoxic Aβ oligomers induced by the presence of (poly)phenolic moieties at the surface of the dendrimers is a promising approach that need to be further assessed using in vitro and in vivo models. These nanosystems are expected to have the capacity to: inhibit peptide/protein aggregation; ameliorate inflammatory/oxidative pathways as successfully demonstrated using NPs decorated or encapsulated with EGCG or curcumin (with proven biostability and bioactivity); among many other benefits in the context of AD and other neurodegenerative disorders.[141, 192]  In general, dendrimers represent promising nanosystem for a plethora of biomedical applications, with a high tunability and versatility. Several studies have reported their capacity to improve the solubility, biodistribution, and efficacy of a number of drugs. BBB-crossing can be achieved by tuning their surface chemistry, adapting the delivery rate and concentration of drugs in the CNS. However, further developments should be performed to improve their bioactivity, as well as to evaluate these nanosystems in terms of safety to enable their long-term use without relevant adverse effects.  Finally, the ability to modulate the Aβ supramolecular assembly and to ameliorate AD pathological hallmarks by different nanosystems is expected to be further exploited in the future. However, parameters such as, biodegradability, immunogenicity, or bioaccumulation, among others, will have to be carefully evaluated to validate their clinical potential.  1. A., A., Über eine eigenartige Erkrankung der Hirnrinde. Allgemeine Zeitschrift fur Psychiatrie und Psychisch-gerichtliche Medizin, 1907(64). 
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CHAPTER 2 2 Materials and Methods     This Chapter comprises the detailed information on the experimental procedures used throughout this thesis. Overall, here we specify the materials and methods used for the extraction of the natural polyphenols used in Chapters 3-5, details on the synthesis of the Ga-terminated dendrimers performed in Chapter 6; the preparation of single and mixed self-assembled monolayers in Chapter 8; as well as the experimental conditions used for the preparation of amyloid-b (Ab) and the chemical and biological characterization techniques used during the studies presented in the experimental chapters.      The following section describes in more detail the main materials used in this thesis.  2.1.1 CORK-BASED MATERIALS Cork is the outer bark of Quercus suber L., the cork oak tree. Its main industrial application is to produce stoppers for wine bottles, however, during its processing there are a series of by-products that are generated and are further used to generate a wide range of cork-based products, namely: cork-polymer composites, agglomerated materials for a wide range of applications (e.g. construction, automobile, aerospace, etc.), among many others.[1-3] The chemical structure of cork includes 30−50% suberin, 15−30% lignin, 6−25% polysaccharides, and 8−20% of extractives, where the indicated ranges are derived from the known variability of natural materials.[4] The cork extractives fraction is composed by low molecular weight molecules that have weak interaction with the cell wall composition (i.e. suberin, lignin and cellulose).[5] They are usually referred to as secondary metabolites, as their function is associated with signalling pathways, as well as with defence mechanisms against different pathogens, ultraviolet (UV) 
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radiation, oxidative stress, among others.[6, 7] These extractives fraction comprises phenols and polyphenols, triterpenes, sterols, fatty acids, among other compounds. The (poly)phenolic compounds present in cork (and usually extracted using polar solvents) are tannins (condensed tannins or proanthocyanidins) and hydrolysable tannins. The hydrolysable tannins comprise the ellagitannins and gallotannins (composed by a glucose central unit and a series of galloyl esters).[8] Therefore, compounds such as ellagic acid, b-O-ethylvescalagin or the isomers vescalagin/castalagin can be obtain from cork powder.[9] The cork powder used between Chapters 3 to 5 was supplied by Amorim Cork Composites S.A. (Santa Maria da Feira, Portugal). It was collected at their facilities directly from the industrial processing of cork and was used as received. The extraction procedures used to obtain the hydrolysable ellagitannins fractions and isolated compounds (i.e. CWE, CWEE, fCWEE, vescalagin and castalagin) are described in section 2-2.1. 2.1.2 DENDRIMERS Dendrimers are 3D highly branched nanosystems that present a multivalent character due to the presentation of a number of repeating units at their surface.[10] They are monodisperse molecular nanostructures with a regular architecture, with well-defined particle size and shape.[11] They can be synthesised by a “divergent method” in which the synthesis start with a multifunctional core molecule that is extended to the periphery, or by a “convergent growth process”, where the synthesis starts at the periphery and it develops into the core.[12] Their structure is divided into three distinct regions: (i) a core or focal moiety; (ii) layers of branched repeating units originating from the core, and (iii) end groups on the outer layer composed by the repeating units.[13] Of note, the number of repeating units increases exponentially with the dendrimer generation (repeating units layered around the core of the molecule, building up a stratified structure, where each layer is called a generation), while the volume of the dendrimer grows only proportionally to r3, and they present, in general, a globular conformation as their generation increases.[14] Their main disadvantage relies in their synthesis. For each additional generation it is required a high-yield coupling chemistry to be able to obtain a relevant amount of pure dendrimer. In addition, as their generation and molecular weight increases, the properties of dendrimers (i.e. solubility or chemical reactivity) are dominated by the nature of the end groups, which, in some cases, becomes a drawback.[11] 
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In Chapter 6, three different generations of galloyl (Ga)-terminated dendrimers (2G0-GaOH, 2G1-GaOH and 3G1-GaOH) where synthesised using the divergent method as described in section 2-2.2. 2.1.3 GLUCOSAMINE AND ITS ANALOGUES Glucosamine (GlcN) is a monosaccharide synthesized naturally by the body.[15] GlcN is used in the biosynthesis of glycosaminoglycans (GAGs) and proteoglycans, which are the building blocks of the extracellular matrix.[16] It is also an important component of the chemical structure of polysaccharides, such as chitosan. GlcN is converted into glucosamine-6-phosphate (GlcN6P), glucosamine-6-sulphate (GlCN6S) and N-acetylglucosamine (GlcNAc) by the body through the action of different enzymes.[17] GlcN has been evaluated for its efficacy in relieving the symptoms of osteoarthritis (it is a widely used dietary supplement for arthritic conditions) with a disease-modifying potential.[18] It is usually produced commercially by the hydrolysis of shellfish exoskeletons and by fermentation of grains (corn or wheat).[19] GlcNAc is a monosaccharide, which is a chemical analogue of GlcN. It is the monomeric unit of the chitin, the second most abundant carbohydrate in nature, after cellulose.[20] Importantly, proteins in the cellular environment can be modified through the reversible addition of a GlcNAc residues (i.e. O-GlcNAc glycosylation at serine and threonine residues).[21] GlcNAc is involved in the regulation of phosphorylation-based signalling, and it is also a component of hyaluronic acid and keratan sulphate on the cell surface.[22, 23]. Its industrial production is usually based in the hydrolysis of chitin.[19, 24] GlcN6P is another monosaccharide, which takes part of the glucose metabolism, namely in the hexosamine biosynthetic pathway (HBP), as well as in the O-GlcNAcylation. GlcN and GlcNAc join at the HBP in the conversion of fructose-6-phosphate into GlcN6P (a key step in both anabolic and catabolic processes).[15] GlcN6S is a naturally occurring monosaccharide, normally present with most of the GAGs, with the exception of hyaluronic acid.[25] In pharmaceutical formulations, GlcN6S is often combined with chondroitin sulphate. GlcN6S is reported to have as high biological relevance due to the presence of the sulphate group.[26] The  monosaccharides where used in Chapter 7, obtained from: GlcN – Sigma-Aldrich; GlcNAc – Laborspirit; GlcN6S and GlcN6P – Carbosynth. 2.1.4 AMYLOID-b (1-42) PEPTIDE Amyloid-b (Ab) peptides of varying lengths (from 38-42 amino acids) are generated during the sequential proteolytic cleavage of the transmembrane amyloid precursor protein (APP) by b- and g-secretases.[27] 
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Its most common form is Ab40, however, the Ab42 version (presenting two extra hydrophobic residues) is the one with a higher propensity to aggregate into soluble oligomers, as well as insoluble deposits. During the supramolecular assembly of Ab species, it is observed the co-existence of multiple aggregated forms, from dimers to oligomers and b-sheet rich fibrils that, over time, contributes to the build-up of compact extracellular senile plaques, a characteristic hallmark of Alzheimer disease (AD).[28] The oligomeric forms (presenting anti-parallel b-sheet conformations) are reported to be more toxic than the Ab nanofibres (that present parallel b-sheet conformations). These oligomers present a dynamic thermodynamic state (metastable), small size and high ability to diffuse through the cellular environment, which privileges their ability to spread its toxicity throughout the brain.[29] Thus, they can interact with the cell membrane, and compete with several membrane receptors and proteins, triggering downstream pathological cascades, namely: membrane disruption and formation of Ca2+ permeable pores; oxidative stress in the endoplasmic reticulum and mitochondrial dysfunction; imbalance in the activity of neurotransmitters; insulin resistance; among others.[30] Two major hallmarks are associated with AD, the presence of extracellular senile plaques composed by Aβ and neurofibrillary tangles of hyperphosphorylated tau. The importance of the Aβ-mediated pathological pathways and its involvement in the onset of AD is still under debate. However, in all the AD cases, Aβ is present above a certain threshold in the biological environment before the deposition of hyperphosphorylated tau and the beginning of dementia.[31, 32] It has been also reported that AD-mediated dementia only occurs in patients that present neurofibrillary tangles in the affected regions of the brain (i.e. medial temporal lobe and peripheral cortex).[33] Therefore, the pathological hallmarks of AD are dependent on two variables: the transcellular spread and templated seeding of Ab and the resulting deposition of neurofibrillary tangles; and the presence of dystrophic neurites associated within the formation of amyloid plaques.[34] Despite the controversies about which event is at the onset of AD, if the Aβ accumulation or the hyperphosphorylation of tau, it is clear that mutations associated to the familial AD (i.e. APP, ApoE4, Presenilin 1 or 2 genes) generally contribute to faster pathological consequences by an overall increase of the Ab levels and/or the Ab42:Ab40 ratio. However, the familial patients only accounts to, approximately, 7% of the total AD cases.[35] Anyway, it is known that the clearance of Ab through the recruitment of enzymes, transport through the brain’s vasculature, or microglial phagocytosis, is known to decrease with aging or as a result of interaction with other risk factors for AD (i.e. cardiovascular disease, type 2 diabetes mellitus, depression, etc.) contributing to its accumulation in the brain and the onset of AD.[36] Therefore, there is a vast body of evidence that the accumulation and spreading of Ab 
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can induce a variety of pathological processes, such as glial dysfunction, synaptic deficits, impairment of neurotransmitters concentration and function, and cognition deficits, as well as the abnormal aggregation of hyperphosphorylated tau.[37] Based on the previously presented evidences, it is important to develop effective drugs that are able to eliminate the Aβ cytotoxic forms through: 1) the remodelling of their oligomeric structures into thermodynamically stable off-pathway non-cytotoxic forms; or 2) the development of strategies that stabilize fibrils by blocking their disassembly into the cytotoxic Ab oligomers. In Chapter 5, 6 and 7, we used the Ab peptide presenting 42 amino acids to evaluate the capacity of different compounds (i.e. vescalagin/castalagin extracted and purified from cork powder, Ga-terminated dendrimers, as well as GlcN and its analogues) to reduce the Aβ-mediated cellular dysfunctions. Its preparation methodology is described in section 2-2.3. 2.1.5 SELF-ASSEMBLED MONOLAYERS (SAMS) Single component or mixed self-assembled monolayers (SAMs) have been widely used to elucidate the effect of surface chemistry, hydrophobicity and/or charge on protein adsorption and the following cellular behavior.[38-45] In Chapter 8, we used SAMs to mimic GAGs with different sulfation degree (simulated by mixing alkanethiol with –SO3H and –OH end groups at different ratios) and to characterize in situ their interactions with another ECM component – fibronectin (Fn). Because Fn plays a main role in cell adhesion and growth, we have further investigated the impact of the substrate-protein interactions on the cellular behaviour using adipose derived stem cells (ASCs).  The methodologies used during the experimental sections of this thesis (i.e. Chapters 3-7) are described in the present section, including all the experimental/characterization techniques. 2.2.1 PREPARATION OF CORK-BASED EXTRACTS Cork Water Extract (CWE). CWE was extracted using the experimental conditions previously reported.[9] Briefly, CWE was obtained by maintaining cork powder in contact with water (1 g of powder per 50 mL of water) under reflux for a period of 6h. After cooling, the liquid fraction was recovered by filtration, the solvent was partially removed by vacuum evaporation, and the final solid extracts were recovered upon freeze-drying. 
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Cork Water Enriched Extract (CWE-E). CWE-E described and used in Chapter 3 was obtained from CWE, by an additional step using ethanol. In this case, a solution of CWE (5mg/mL in water) was added to 20mL of ethanol. The supernatant was collected, the solvent was partially removed by vacuum evaporation and the final solid extract was recovered by freeze-drying. Cork Water Ethanol Extract (CWEE). CWEE described and used in Chapter 4 was obtained using the experimental conditions previously reported.[9] Briefly, CWEE was obtained by maintaining cork powder in contact with a mixture of water and ethanol (50:50 v/v) and a ratio of 1g of powder to 50mL of solution under reflux conditions for a period of 6h. Upon cooling, the liquid fraction was recovered by filtration, the solvent was partially removed by vacuum evaporation, and the final solid extract were recovered upon freeze-drying. Fraction of Cork Water Ethanol Extract (fCWEE). fCWEE described and used in Chapter 4 was obtained from CWEE. In this case, CWEE was loaded into a chromatographic column, packed with Sephadex LH-20 as stationary phase and stabilized in water. CWEE was eluted with water, followed by mixtures of water and increasing percentages of ethanol, yielding fCWEE. Afterwards, the solvent was partially removed by vacuum evaporation, and the final solid extract was recovered upon freeze-drying. Vescalagin/castalagin. The extraction, purification and identification of vescalagin and castalagin (used in Chapters 3, 4 and 5) was optimized and performed as follow: CWE was loaded into a semi-preparative chromatographic column (Waters Atlantis OBD Prep T3, 5µm 19 x 250mm) and vescalagin/castalagin were collected at their respective retention times using the mobile phases A - water:acetic acid 98:2 (v/v) and B - water:acetonitrile:acetic acid 78:20:2 (v/v/v), under the following gradient: 100% A (t=0min) – 100% A (t=15min) – 70% A : 30% B (t=30min) – 100% B (t=35min) – 100% B (t=50min) – 100% A (t=52min) – 100% A (t=57min). The flow rate was maintained at 5mL.min-1 and the injection volume was 5mL. The purity of vescalagin and castalagin was determined by quantitative HPLC (KANUER, Germany) using a reverse-phase C18 column (4.6 x 250mm, Atlantis, Waters, UK) at flow rate of 1mL/min, using the same mobile phases and gradients as the ones used for the chromatographic separation. Mass spectra were acquired on an electrospray ionization (ESI) mass spectrometer (MS, Micromass Quattro, Waters, USA) under positive-ion mode. 1H NMR spectra of both vescalagin and castalagin were recorded using a Bruker Avance III spectrometer (Bruker, Germany) at 25°C in D2O. The solvent signal was used as a reference and the chemical shifts (δ) were reported in ppm. 
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2.2.2 SYNTHESIS OF GA-TERMINATED DENDRIMERS The dendrimers used in Chapter 6 were synthesized gallic acid using the divergent method. Their chemical structure is composed by a hydrophilic triethylene glycol molecule to which terminal Ga moieties were conjugated. To perform the synthesis of the dendrimers the OH moieties of gallic acid were protected with benzyl groups, yielding benzyl 3,4,5-tris(benzyloxy)benzoate. Briefly, to a gallic acid solution (3.0 g, 17.43 mmol) in MeOH (180 mL) were added K2CO3 (12.04 g, 87.15 mmol), benzyl bromide (14.91 g, 87.15 mmol) and NaI (2.61 g, 17.43 mmol) under constant stirring at RT. After 16h of reaction time (under reflux) 30mL of H2O was added. After solvent evaporation, the resulting mixture was suspended in H2O (50mL) and extracted with EtOAc (3 x 20mL). The combined organic layers were dried and concentrated to give a crude product that was recrystallized from ethanol to give benzyl 3,4,5-tris(benzyloxy)benzoate as a white solid (8.19 g, 88%). Afterwards, the carboxylic acid group of the benzyl 3,4,5-tris(benzyloxy)benzoate was deprotected by stirring 5.69g of benzyl 3,4,5-tris(benzyloxy)benzoate (10.7mmol) in a 3M KOH solution (285mL of MeOH) under reflux overnight. Afterwards, the mixture was cooled down to RT, acidified (pH= 3-4) with HCl (3M) and filtered. The resulting precipitate was dissolved in EtOAc (80mL) and washed with H2O (40mL). CH2Cl2 (3 x 30mL) was used to extract the product from the aqueous phase. The combined organic phases were concentrated and finally dried. The crude product was purified by automated medium pressure liquid chromatography (MPLC, gradient from hexane to EtOAc, silica, 40min – as detailed under section 2-2.7) to afford 3,4,5-tris(benzyloxy)benzoic acid as a white solid (4.20g, 89%). With the free carboxylic acid, the 3,4,5-tris(benzyloxy)benzoic acid (334mg, 0.76mmol), HOBt (103mg, 0.76mmol) and EDC (145mg, 0.76mmol) were added to a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (45mg, 0.30mmol) in DMSO (6mL) and stirred for 20h at RT, for the synthesis of the 2G0-GaBn compound. Afterwards, the reaction mixture was added into EtOAc (30mL) and brine (30mL). Several EtOAc portions (3 x 30 mL) were mixed with the aqueous phase for extraction. The combined organic phase was washed with H2O (30mL), dried and evaporated under vacuum. The crude product was purified by automated MPLC (gradient from hexane to 100% EtOAc and then to 100% CH2Cl2, using neutral alumina, 25min – more details in section 2-2.7) to afford 2[G0]-GaOBn (255mg, 85%) as a white solid, (Figure 2-1). 
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 Figure 2-1. Synthetic route for the multigram preparation of the core of the Ga-dendrimers. (1) repeating unit (Ga); (2) 2G0-GaBn (before the deprotection step). Afterwards, for the deprotection step of the hydroxyl groups of the Ga moieties, Pd/C (16mg, 10%) was added to a solution of 2[G0]-GaOBn (160mg, 0.16mmol) in a mixture of DMF-MeOH 3:1 (4mL). The resulting mixture was stirred under H2 (1atm) for 20h. The catalyst was removed by filtration through Celite. The filtrate was concentrated and purified by short column chromatography (MeOH-CH2Cl2-H2O 3:3:0.2, silica) to yield 2[G0]-GaOH as a green solid (71mg, 98%) – Ga-dendrimer with two Ga units (i.e. 2[G0]-GaOH). For the synthesis of the 2[G1]-GaOH, 3,4,5-Tris(benzyloxy)benzoic acid (466mg, 1.06mmol), Et3N (0.224mL, 1.06mmol), HOBt (143mg, 1.06mmol) and EDC (210mg, 1.06mmol) were added to a solution of 2[G1]-NH2·HCl (205mg, 0.14 mmol) in DMSO (8mL). After 24h of stirring at RT, the reaction mixture was distributed between EtOAc (50mL) and brine (50mL). The aqueous phase was extracted with EtOAc (3 x 50mL) and the combined organic phase was washed with 0.1M HCl (30mL) and H2O (50mL), dried and evaporated under vacuum. The crude product was purified by automated MPLC (gradient from EtOAc to 25% MeOH, using neutral alumina, 25min – more details in section 2-2.7) to afford 2[G1]-GaOBn (428mg, 75%) as a pale yellow solid. The deprotection step was once again executed by adding Pd/C (60mg, 20%) into a solution of 2[G1]-GaOBn (300mg, 0.075mmol) in a mixture of EtOAc-MeOH 1:1 (8mL). The resulting mixture was stirred under H2 (1atm) for 14h. The catalyst was removed by filtration through Celite. The filtrate was concentrated and purified by column chromatography (MeOH-CH2Cl2-H2O 3:3:0.2, using silica) to yield 2[G1]-GaOH as a green solid (133mg, 82%) – Ga-dendrimer with six Ga units. 
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For the synthesis of the dendrimer 3[G1]-GaOH, a gallic acid-triethylene glycol (GATG) dendrimers of the 2G family was decorated with peripheral Ga units.[38] Therefore, 3,4,5-Tris(benzyloxy)benzoic acid (268mg, 0.61mmol), Et3N (0.128mL, 0.6mmol), HOBt (82mg, 0.61mmol) and EDC (120mg, 0.61mmol) were added to a solution of 3[G1]-NH2·HCl (134mg, 0.05mmol) in DMSO (4.9mL). After 36h of stirring at RT, the reaction mixture was added to EtOAc (50mL) and brine (50mL). The aqueous phase was extracted with EtOAc (3 x 50mL). The combined organic phase was washed with 0.1M HCl (30mL) and H2O (50mL), dried and evaporated under vacuum.  

 Figure 2-2. Chemical structure of Ga-terminated dendrimers: (1) 2G0-GaOH, (2) 2G1-GaOH and (3) 3G1-GaOH. The crude product was purified by automated MPLC (gradient from EtOAc to 25% MeOH, using neutral alumina, 25 min – more details in section 2-2.7) to yeild 3[G1]-GaOBn (413mg, 84%) as a pale yellow solid. Pd/C (10 mg, 20%) was added to a solution of 3[G1]-GaOBn (49mg, 0.008 mmol) in a mixture of DMF-MeOH 4:1 (3mL). The resulting mixture was stirred under H2 (1atm) for 24h. The catalyst 
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was removed by filtration through Celite. The filtrate was concentrated and then purified by column chromatography (MeOH-CH2Cl2-H2O 3:3:0.2, using silica) to yield 3[G1]-GaOH as a green solid (26mg, 90%) – Ga-presenting dendrimer with nine Ga units. All dendrimers, 2G0-GaOH, 2G1-GaOH and 3G1-GaOH (Figure 2-2) were dissolved in DMSO, as a stock solution before use. 2.2.3 PEPTIDE PREPARATION In Chapters 5 to 7 human Ab peptide (1-42) was obtained by custom synthesis from GeneCust Europe (Luxembourg). Stock Ab aliquots (i.e. 0.45mg of peptide) were prepared according to the protocol described by Stine et al. [39] In brief, Ab was dissolved in HFIP (approximately 5mg/mL) during 30min at RT. The solution was separated into different eppendorfs (100𝜇L each), HFIP was allowed to evaporate in open eppendorfs overnight in the fume hood, and afterwards during an additional 1h under vacuum. The Ab aliquots were then stored at -20°C and reconstituted immediately before use. In Chapter 6, for the monomeric Ab (Abo) studies, it was added 20µL of DMSO (sonicated for 10min in an ultra-sound bath) and immediately maintained in ice-cold water (followed by 15s of vortex) to a final concentration of 100µM. In the case of the fibrillar Ab (Abf) experiments it was added 20µL of DMSO (sonicated for 10min in an ultra-sound bath) and immediately added 10mM HCl at RT, diluting to a final concentration of 100µM of Ab, followed by vortex for 15s, and then incubated for 24h at 37°C. 2.2.4 PREPARATION OF SINGLE AND MIXED SAMS In Chapters 8, the single component and mixed SAMs were formed on the substrates as previously described.[48] Briefly, the cleaned substrates (QCM crystals, SPR sensors and gold-coated glass) were immersed in 20 mM ethanol solution of HS(CH2)11OH (samples designated as SO3H 0), HS(CH2)11SO3H (synthesised in our lab[48], designated as SO3H 100) or mixture of these at –SO3H : –OH ratios of 1 : 3 and 3 : 1 in order to obtain 25% and 75% of –SO3H groups on the surface (samples referred to as SO3H 25 and SO3H 75, respectively). After 48 hrs, the coated substrates were washed several times with ethanol, dried under N2 and immediately used in the following studies. Of note, gold-coated quartz crystals (QSX301, Q-Sense, Sweden) were used for the QCM-D measurements (section 2-2.36). Gold-coated sensors (BioNavis, Finland) were used for the SPR characterization (section 2-2.14). The substrates used for the live imaging (section 2-2.37) were glass slides uniformly coated with gold (20 nm) by the e-beam physical vapour deposition (ATC Orion series UHV Evaporation system, AJA International Inc.). Titanium (3–5 nm film) was used as a primer improving 
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the adhesion between the gold and the glass. All the substrates were cleaned (piranha solution, 10 min) prior use. 2.2.5 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) ANALYSIS  HPLC is used to detect, separate and identify/quantify compounds in a solution. It is constituted by a pump that pressurize a liquid solvent (pressure ranges from 50–350bar) containing the sample that flows through a column filled with a solid adsorbent material (e.g. modified silica). Each molecule in the sample interacts differently with the adsorbent material, producing different retention times for each molecule, promoting their separation. Different detectors can be used (e.g. UV, refractive index, etc.) to record the chromatographic profiles of mixtures of molecules. In Chapters 3 and 5, it was used an analytical HPLC (KANUER, Germany) to quantify the concentration of vescalagin and castalagin present in CWE and CWE-E. Experiments were performed using a reverse-phase C18 column (4.6 x 250mm, Atlantis, Waters, UK) at a flow rate of 1mL/min, and the following mobile phases: A - water:acetic acid 98:2 (v/v) and B - water:acetonitrile:acetic acid 78:20:2 (v/v/v); under the following gradient: 100% A (t=0min) – 100% A (t=15min) – 70% A : 30% B (t=30min) – 100% B (t=35min) – 100% B (t=50min) – 100% A (t=52min) – 100% A (t=57min). In Chapter 4, HPLC was used to identify vescalagin, castalagin, gallic acid and ellagic acid in the CWE, CWEE and fCWEE extracts. The analysis was performed using a Knauer equipment equipped with a photodiode array detector (PDA, Smartline UV detector 2600) and using C18 column (4.6 x 250mm, 5μm particle size, Atlantis T3, Waters, UK) protected by an C18 guard column (4.6 x 20mm, 5μm particle size, Atlantis T3, Waters, UK). The mobile phase was a mixture between buffer A (water:methanol:acetic acid 88:10:2 (v/v/v)) and buffer B (methanol:acetic acid 98:2 (v/v)) and the following gradient: 0% B (0-2min), 0-100% B (2-50min), 100% B (50-60min), 100-0% B (60-70min) and 0% B (70-80min). The flow rate was 1mL.min-1 and the injection volume was 100μL. The identification of each compound was performed by MS and PDA and the quantification was performed using calibration curves of standard solutions, i.e. vescalagin and castalagin purified in our lab by semi-preparative HPLC (Atlantis T3 column, 25 x 250mm and injection volume of 2mL) using the same buffers and gradient as in the analytical program; additional standards, i.e. gallic acid and ellagic acid, to quantify their concentration in the cork extracts were acquired from Sigma-Aldrich. 
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2.2.6 MASS SPECTROMETRY ANALYSIS MS measures the mass-to-charge ratio (m/z) of ions of a pure samples. The analyte is ionized (the vaporised sample passes into the ionisation chamber) and is deflected by a magnetic field according to their masses (weight) of the charged particles. In Chapters 3, 4 and 5, we used MS to identify vescalagin and castalagin (Chapters 3 and 5), but and also gallic acid and ellagic acid (Chapter 4), as well as to act as a support of the HPLC analysis. MS spectra were acquired after chromatographic separation using an electrospray ionization (ESI) mass spectrometer (MS) Water Micromass Quattro (Waters, USA) under positive-ion mode. In Chapter 6, MS spectra were recorder on a Bruker Microtof spectrometer coupled to a HPLC Agilent 1100 using atmospheric-pressure chemical ionization (APCI). Samples were injected via flow injection analysis (FIA) using a MeOH/aqueous solution of formic acid 0.1% 1:1, flow 0.2mL/min. 2.2.7 COLUMN CHROMATOGRAPHY Column chromatography was used to separate the chemical compounds necessary for the synthesis of the different dendrimers. In a similar fashion as for HPLC (without higher pressures, section 2-2.4) it is based on differential retention of compounds when passing through an adsorbent, allowing the separation of a mixture of compounds. In this case automated column chromatography was performed using a MPLC (Teledyne ISCO CombiFlash RF) using a pressure of 200 psi with silica columns (40mm, RediSep Rf, VWR Chemicals) or neutral aluminium oxide 60 mesh (from Alfa Aesar). Samples were adsorbed onto silica or neutral aluminium oxide 60 mesh into solid cartridges. 2.2.8 GEL PERMEATION CHROMATOGRAPHY (GPC) GPC is a well-established technique to separate compounds by their molecular weight, as well as to evaluate the distribution of molecular weights in a sample.[40] The principle is also similar to other liquid chromatography (e.g. HPLC in section 2-2.4). The separation is based on the interaction of the analyte and its molecular sizes with a gel (stationary phase). The flow of the mobile phase forces larger molecules to flow through the column (without penetrating into the gel matrix) whereas smaller molecules are delayed according to their penetration into the gel. GPC elugrams were used to evaluate the monodispersed character of the Ga-terminated dendrimers, used in Chapter 6. Experiments were performed on an Agilent 1100 series separation module using a PSS SDV pre-column (8 x 50 mm), a PSS SDV Linear S column (8 x 300 mm) and a PSS SDV Lux Linear M column (8 x 300 mm) equipped with an Agilent 1100 series refractive index and UV 
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detectors. THF was used as eluent at a flow rate of 1mL/min. The samples were filtered through a 0.45μm PTFE filter before injection. 2.2.9 NUCLEAR MAGNETIC RESONANCE (NMR) NMR spectra of the compounds were acquired by dissolving them in deuterated solvents (so that the hydrogens from the water are not overlaying the ones from the sample) and the chemical shifts characteristics of the surroundings of the each 1H or 13C nuclei present in the molecule are recorded in the NMR spectra. NMR spectra acquisitions were used to determine the content, purity, and molecular structure of vescalagin, castalagin (in Chapter 5) and Ga-terminated dendrimers (in Chapter 6). In Chapter 5, 1H NMR spectra of vescalagin/castalagin were recorded using a Bruker Avance III spectrometer (Bruker, Germany) at 25°C in D2O. The chemical shifts (δ) are reported in ppm using the solvent signal as a reference. In Chapter 6, 1H and 13C NMR spectra were recorded using a Varian Mercury 300 MHz spectrometer (Varian, USA). Chemical shifts (δ)were reported in ppm using as reference the HOD peak (or CD3OD), internal tetramethylsilane (in CDCl3), or residual solvent peak (DMSO-d6). For all acquisitions, Mestre Nova 9.0 software (Mestrelab Research) was used for spectral processing. 2.2.10 INFRARED SPECTROSCOPY (FTIR) ASSESSMENT FTIR spectroscopy was used to identify the functional groups on the Ga-terminated dendrimer structure (Chapter 6). FTIR spectra were recorded on a Perkin-Elmer Spectrum Two spectrophotometer equipped with a UATR accessory or a Bruker Vertex 70V spectrometer using KBr pellets. 2.2.11 ISOTHERMAL TITRATION CALORIMETRY (ITC) STUDIES ITC was used to evaluate the chemical interactions between vescalagin/castalagin and Aβ in Chapter 5. ITC measurements were performed using a MicroCal VP-ITC (MicroCal Inc., Northampton, MA, USA). Samples were degassed in a ThermoVac system (MicroCal) prior to use. Vescalagin/castalagin were titrated into an Ab solution (10µM) in PBS. A first injection of 2µL (neglected in the analysis) followed by other 27 injections of 10µL each were performed under continuous stirring at 286rpm. All the measurements were done at 25°C. PBS buffer was titrated to peptide solution to establish the baseline analysis. ITC experiment offers the basic thermodynamic profile for the established interactions, including three key binding parameters: Gibbs energy (that can be calculated from the equilibrium association constant K), enthalpy and entropy of interaction: 
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Equation 2-1 ΔG = - RT Ln K = RT Ln kd where K is the equilibrium association constant, kd is the equilibrium dissociation constant, T is the thermodynamic or absolute temperature and R is the gas constant. The binding Gibbs energy change can be calculated from the enthalpic and entropic contributions by means of: Equation 2-2 ΔG = ΔH - TΔS to obtain such thermodynamic parameters, the raw data of ligand interaction were analysed by fitting the heat isotherms using a nonlinear least-squares analysis to a one-binding-site model. 2.2.12 CIRCULAR DICHROISM (CD) CD was used in Chapters 5 through 7 to evaluate the Aβ secondary structure. The CD technique is able to probe the secondary structure of peptides/proteins, such as a-helices, b-sheets, etc.[41] As an example, the CD spectra of a peptide/protein can show an antiparallel b-sheets when a negative peak at 218 nm is accompanied by a positive peak at 195 nm, while disordered peptide/proteins a have negative bands at 195 and low ellipticity above 210 nm.[42] Therefore, CD spectra were recorded in the range between 190–260nm with a scan rate of 10nm/min, a response time of 1s, using 1mm path length cells at 37°C using a CD spectrometer (Jasco J1500, Japan). Three scans were accumulated for each spectrum. For all the CD experiments, the Aβ concentration was 25µM. The Aβ/compound ratios was defined taking into account the experimental conditions adopted in each Chapter (between 5 and 7). Results are expressed as θ [mdeg]. 2.2.13 SCANNING TRANSMISSION ELECTRON MICROSCOPY (STEM) ANALYSIS  STEM was used in Chapter 5 and 6, to analyse the morphological presentation of Aβ	supramolecular assemblies, in the presence and absence of each tested compound. STEM is a type of transmission electron microscopy, where the beam of electrons is transmitted through an ultrathin section of a grid. The images are produced as a result of the transmission through the specimen when the beam of electrons interacts with the sample. For the acquisitions of the STEM images, fibrillar Aβ	peptide (30μM) in the presence and absence of polyphenols (Chapter 5) and dendrimers (Chapter 6) were spotted onto the TEM grids (Carbon Type-B 



Chapter 2 Materials and Methods 

 100 

400M Cu, IESMAT, Spain) during 3min, followed by the classic staining with UranyLess (10μL each sample, for 2 minutes) (EMS, UK). All the samples were washed with water and dried under a gentle nitrogen flux. STEM images were obtained using a High-Resolution Field Emission Scanning Electron Microscope (SEM - Auriga Compact, Zeiss, Germany). The scans were acquired at a resolution of 2048 × 1536 pixels, EHT = 3000kV, WD = 2.9mm and a magnification = 30000. 2.2.14 SURFACE PLASMON RESONANCE (MP-SPR) In Chapter 8, Fn adsorption was followed in real time with a multi-parametric instrument SPR Navi 200 (BioNavis, Finland), equipped with two lasers (670 and 785 nm) in both measurement channels. All measurements were performed using a full angular scans. The protein adsorption was performed in situ by injecting Fn (10 µg/mL in a serum free α-MEM) at a rate of 50 µL/min. Upon signal stabilization, a washing step with a serum free α-MEM was carried out and the liquid flow was replaced by air. The measurements in air were performed immediately after changing the media (detected by a pronounced shift in the resonance curves to lower angles) to guarantee the preservation of the protein organization. The spectra in α-MEM and in air, both at 670 and 785 nm, were fitted using the Winspall software (version 3.02, Max Planck Institute for Polymer Research, Mainz, Germany). SPR angular scans of bare sensor surfaces were simulated first, and the parameters obtained in the fitting of the first layers (glass-chromium-gold) were used in further simulations with the films. The simultaneous determination of both thickness and refractive index (RI) was performed following previously described procedure.[52, 53] 2.2.15 ANTIOXIDANT (AO) ACTIVITY BY DPPH The radical scavenging activity was measured using 2,2-diphenyl-1-picrylhydrazyl (DPPH, Chapters 3 and 4), following the methodology reported by Santos et al.[43] DPPH is a stable free radical with violet colour (absorbing at 517nm) that, in the presence of an antioxidant molecule is reduced, giving rise to light yellow colour. Briefly, 50µM of suitable sample dilutions was added to 900µM of DPPH (6.2mg in 100 mL of methanol, initial absorbance of 1.02±0.03) and the absorbance was measured at 517nm using a microplate reader. The EC50 was calculated as the concentration of compounds necessary to reduce the initial absorbance by 50%. 2.2.16 OXYGEN RADICAL ABSORBANCE CAPACITY (ORAC) The ORAC assay is based on in situ production of reactive oxygen species (ROS) generated via the 2,2,-azobis(2-methylpropionamidine) dihydrochloride (AAPH) compound. AAPH generates free radicals which, 
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in the presence of oxygen generates ROS, which interact with a fluorescent probe that, in turn, reacts with an oxidizable fluorescent probe (i.e. fluorescein), enhancing its fluorescence intensity. A fluorescence decay is observed in the presence of an antioxidant compound.[44] The ORAC assay (in Chapter 4) was adapted from the methodology described by Huang et al.[45] The reaction mixture consisted of 25µM of sample or trolox (as standard), 25µM of 250mM AAPH and 150µM of fluorescein at a concentration of 0.025µM. Fluorescence measurements (excitation wavelength at 485nm and emission wavelength at 520nm) were performed in the microplate reader at 37°C, with readings taken at 2min intervals and with agitation in between each measurement. The results are expressed as mg of trolox equivalents (TE) per g of cork-based compounds. 2.2.17 TOTAL PHENOLIC CONTENT (TPC) MEASUREMENTS The total phenolic content (TPC) in a sample can be evaluated by the reaction of phenolic compounds in the presence of a redox reagents (Folin-Ciocalteu reagent).[46] The reaction forms a blue chromophore constituted by a phosphotungstic/phosphomolybdenum complex, where the maximum absorption of the chromophores depends on the concentration of phenolic compound. Thus, the TPC (in Chapter 4) was determined according to the Folin-Ciocalteu method[46] and adapted from Santos et al.[43] Briefly, 50µM of sample solution (1mg/mL) was added to 500µM of Folin reagent (diluted 1:10) and 450µM of sodium carbonate solution (75g/L). After heating to 50°C for 5min, the absorbance at 756nm was read in a microplate reader (Synergy HT, BioTek, USA). The TPC was calculated from a calibration curve obtained with gallic acid standards and expressed as mg of gallic acid equivalents per g of cork-based compounds. 2.2.18 MICROBIOLOGICAL CULTURE CONDITIONS In Chapter 3 it was used four bacteria strains to conduct the anti-bacterial studies. Therefore, Staphylococcus aureus (SA, ATCC 25923), Methicillin-resistant Staphylococcus aureus (MRSA, ATCC 700698), Methicillin-resistant Staphylococcus epidermidis (MRSE, ATCC 35984) and Pseudomonas aeruginosa (PA, ATCC 27853) were obtained from the American Type Culture Collection and subcultures were incubated at 37°C for 18-24h on Tryptic Soy Agar (TSA, ref 610053 and 611001, Liofilchem). Suspension cultures were prepared by inoculation of single colonies in 10mL of Tryptic Soy Broth (TSB). Afterwards, for the preparation of anti-bacterial assays, bacteria cells were re-suspended in culture media and the absorbance was adjusted to a turbidity of 0.5 McFarland scale (measured at 640nm), to an 
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equivalent concentration of 1–2×108 colony forming units (CFUs)/mL. The anti-bacterial tests performed with these strains can be found in sections from 2-2.17 to 2-2.20 and 2-2.24. 2.2.19 DISK DIFFUSION ASSAY Disk diffusion assay (or agar diffusion test) allows the visualization of the ability of an anti-bacterial agent to reduce or abolish bacterial growth. These tests are performed in an agar plate (inoculated with bacteria) to which a disc soaked with an anti-bacterial compound is placed, followed by incubation over a determined time period. If the anti-bacterial compound inhibits the bacterial growth it is expected the appearance of an halo around the disk, that the bacteria is not able to colonize – the zone of inhibition.[47] In Chapter 3, the anti-bacterial activity was first evaluated using the disc diffusion method. Briefly, bacterial suspensions were prepared on TSB for 24h at 37°C under constant agitation at 120rpm. Afterwards, the equivalent bacterial concentration was adjusted to 1–2×108 CFUs/mL, followed by a homogeneous spreading onto a Muller-Hinton Agar plate (MHA, 70192, Sigma-Aldrich and 611001, Liofilchem) with a sterile swab. Sterile water was used as negative control and gentamicin sulfate (G1914, Sigma-Aldrich) at 50mg/mL were used as positive control. Disks (9999, Liofilchem) were impregnated with 10µL of each the cork-based compounds/extracts and, together with the controls, were placed on the inoculated plates and incubated at 37°C, during 18-24h. After the incubation period, the diameter of the halo (i.e. inhibition zone) was determined to assess the anti-bacterial activity of each tested compound/extract. 2.2.20 MINIMAL INHIBITORY CONCENTRATIONS (MICS) AND MINIMAL BACTERICIDAL CONCENTRATION (MBCS) The lowest concentration of an anti-bacterial compound, which is able to prevent the growth of a bacteria, is called minimum inhibitory concentration (MIC). Another parameter is the minimum bactericidal concentration (MBC), which is the lowest concentration of the anti-bacterial compound to kill a specific type of bacterium. In general, MICs and MBCs are used during in vitro studies to confirm if a specific compound is able to act against bacteria.[48] Both MIC and MBC values were quantified by the Broth microdilution method, in Chapter 3. Cork-based compounds/extracts were serially diluted and dispensed into culture wells (50μL/well) which were previously inoculated with 50μL of the bacterial suspension at a concentration of 1–2×106 CFUs/mL in Mueller-Hinton Broth medium (MHB, 70192, Sigma-Aldrich). The well plates were incubated at 37°C for 24h under constant shaking. The MICs of each compound/extract were considered to be the concentrations at which no turbidity was observed. Nevertheless, to confirm these results, subcultures of 
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each concentration were dispensed (10μL) onto TSA for 24h. The experiments were performed using three independent experiments, each one in triplicate. 2.2.21 CONGO RED AGAR (CRA) ASSAY  CRA assay is usually a sensitive method to detect the presence of amyloid-like protein structures in biofilms. Congo red can bind to the components of the extracellular matrix of bacteria, i.e. polysaccharides and amyloid-based peptides/proteins.[49] In Chapter 3, CRA was used to assess the ability of vescalagin/castalagin to inhibit the formation of bacterial biofilm. Each compound was dispensed into the wells (50μL/well) of a 96-well plate previously inoculated with 50μL of the bacterial suspension at 1–2×106 CFUs/mL in MHB. The well plates were incubated at 37°C for 24h under constant shaking. Afterwards, each suspension was dispensed (10μL) onto TSA plates with 0.08% (w/v) of Congo red (C6767, Sigma-Aldrich) and supplemented with 5% (w/v) sucrose (S0389, Sigma-Aldrich). The plates were incubated at 37°C for 24h. The colony morphology and colour were further analysed, where black colonies were assigned to biofilm forming conditions, while the non-biofilm forming conditions generated red colonies. 2.2.22 SCANNING ELECTRON MICROSCOPE (SEM) In general, SEM generates images by scanning a sample with an electron beam, using different types of detectors it is possible to collect information about surface topography and composition of the sample. SEM was used in Chapter 3 to evaluate the alterations of the morphology of the bacteria incubated in the presence of the cork-based compounds/extracts, more specifically, how they induced changes in the bacterial cell wall. Briefly, coverslips were placed into the wells with a suspension of 50μL of the bacterial suspension at 1–2×106 CFUs/mL and 50μL of cork-based compound/extract at their respective MIC concentrations. After 24h of incubation, the culture medium was removed and the samples were fixed with 2.5% (v/v) glutaraldehyde solution in PBS for 1h, at 4°C under dark conditions. Afterwards, the glutaraldehyde solution was removed, and the samples were washed with PBS, followed by dehydration of the samples in a series of ethanol concentrations (from 10-100% of ethanol). After drying, the samples were platinum sputtered and visualized by high-resolution SEM (FIB-SEM, Auriga Compact, Zeiss, Germany). 2.2.23 CELL CULTURE CONDITIONS The cells studies described under Chapters 3 to 7 were executed using the L929 and SH-SY5Y cell lines, under the following cell culture conditions: 
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o Chapter 3: L929 cells (passages 15 to 18) were maintained in DMEM, supplemented with 10% FBS (Alfagene) and 1% penicillin/streptomycin (Alfagene). Cells were plated at a concentration of 1 000 cells/mL, in 96-well plates, incubated at 37°C under 5% CO2 with the cork-based compounds/extracts from 2 to 0.125mg/mL, during 24h. Cells were then assessed for their cytocompatibility (as described in section 2-2.22). 
o Chapter 4: L929 cells (passages 10 to 12) were maintained in DMEM, supplemented with 10% FBS (Alfagene) and 1% penicillin/streptomycin (Alfagene). Cells were plated at a concentration of 45 000 cells/mL, in 24-well plates; incubated at 37°C under 5% CO2 with the sample extracts at a concentration of 75μg/mL (for each cork-based compound/extract) during 24h. Afterwards, the cell culture plates were positioned over an ice dish and irradiated with a 400 W HPA lamp (Hapro Summer Glow HB 404, Germany) during 15min. The UV dose during exposure was measured using a radiometer (UVP UVX, USA) at different wavelengths: 365nm (UVA), 302nm (UVB) and 254nm (UVC). Only UVA and UVB were detected at an exposure dose of 17.1J/cm2 and 4.1J/cm2, respectively. Following an additional 24h of cell culture under standard conditions, cells were evaluated for several parameters as described afterwards in section 2-2.22, and sections from 2-2.24 to 2-2.27. 
o Chapters 5-7: SH-SY5Y cells (passages 11 to 15) were cultured at 37°C in a humidified 95/5% air/CO2 atmosphere using DMEM/F-12 (Gibco, UK) supplemented with 10% FBS (Gibco, UK) and 1% ATB (Gibco, UK) solution. Cell medium were replaced each 2 days and cells were sub-cultured once they reached 90% confluence. Cells were plated at a density of 25 000 cells per well on 96-well plates containing DMEM/F-12 media (for MTS assay) and plated at a density of 50 000 cells per well on 24-well plates containing DMEM/F-12 media (for the live/dead assay – as described under section 2-2.24). 
o The typical experiment included the culture of the SH-SY5Y cells during 24h in the absence or presence, of different concentrations of: i) vescalagin/castalagin (in Chapter 5); ii) Ga-terminated dendrimers (in Chapter 6); and iii) GlcN analogues (in Chapter 7). Afterwards, Aβ were added to the culture medium and, after an additional 24h, cells were assessed for their metabolic activity (as detailed in section 2-2.22). All compounds were sterilized by autoclaving before use. Aβ peptide was sterilized by UV and immediately added to the cells after being reconstituted in DMSO (0.02%) and diluted into DMEM/F-12 media. 
o In Chapter 6, it was used an additional time point of 5 days of cell culture in the absence or presence of the Ga-terminated dendrimers at different concentrations. 
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o Chapters 8: ASCs were isolated from human subcutaneous adipose tissue (age range between 20-36 years) obtained from lipoaspiration procedures under the scope of a cooperation agreement with Hospital da Prelada (Porto, Portugal). Aspirates were washed with PBS containing 10% Antibiotic/Antimycotic and then the adipose tissue was digested with a phosphate buffer saline (PBS) solution containing 0.1% collagenase from Clostridium histolyticum (Sigma-Aldrich) during 45min at 37°C, under stirring. The digested tissue was gently pressed through a strainer and centrifuged at 1000 g for 10min. The cell pellet was incubated in lysis buffer (155mM NH4Cl, 5.7mM K2HPO4, 0.1mM EDTA) for 10 min to remove erythrocytes and then centrifuged at 800 g for 10 min. Cells were expanded in α-modified Eagle’s medium (Sigma-Aldrich) supplemented with 1% Antibiotic/Antimycotic (Gibco) and 10% Fetal Bovine Serum (FBS, Gibco) Finally, cells were evaluated for several parameters as described in the following subsections from 2-2.27 to 2-2.36. 2.2.24 CELLULAR METABOLIC ACTIVITY The cytocompatibility of the cork-based compounds/extracts (in Chapter 3), Ga-terminated dendrimers (in Chapter 6) and GlcN analogues (in Chapter 7) were evaluated over time using AlamarBlue® (indicator dye BUF012B, Bio-Rad) according to the manufacturer’s instructions. In the case of Chapters 4 and 5, instead of AlamarBlue it was used a commercial MTS assay kit (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega) according to the supplier’s instructions. The fluorescence intensity of AlamarBlue® for each experimental condition was measured using an excitation wavelength of 530nm and an emission wavelength of 590nm. AlamarBlue® active ingredient resazurin (with blue colour), is a cell-permeable molecule, that upon entering the cytoplasm of the cell is reduced to resorufin, a red fluorescence colour end-product. The continuous generation/inhibition of resorufin allows a quantitative measurement of the viability and cytotoxicity of the cells. In the case of MTS, a tetrazolium derivative is subsequently reduced, by viable cells, to a water-soluble brown formazan product (absorbed at 490 nm, incubation period of 3h). Both types of assays were analysed using a Synergy HT microplate reader (Bio-Tek Instruments). Cytotoxicity assays, were also executed using both types of assays, i.e. AlamarBlue® and MTS. Briefly, in Chapter 4, the effect of oxidative stress and UV radiation, as well the ability of the cork-based compounds/extracts to reduce their cytotoxicity, was evaluated by the cellular metabolic activity measured using the MTS assay. In Chapter 5, the cytotoxicity of Aβ was evaluated by measuring the metabolic activity of SH-SY5Y cells (measured by MTS assay) in the presence and absence of 
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vescalagin/castalagin (assessed 24h after the addition of Aβ at a concentration of 25µM and the compounds at different concentration ratios). In Chapter 6, the Aβo/Aβf cytotoxicity was evaluated by measuring the cellular metabolic activity by AlamarBlue®, 1 day and 5 days after the addition of Aβo/Aβf at a concentration of 25µM, in the presence and absence of Ga-terminated dendrimers (at different concentration ratios). In Chapter 7, the Aβ cytotoxicity was evaluated by measuring the cell metabolic activity using AlamarBlue®, 1 day after the addition of Aβ in the presence or absence of the GlcN and its analogues (at a concentration of 1mM). Results are presented as mean ± SEM of 6 independent experiments for each experimental condition. p-values were calculated using two-tailed t-test. 2.2.25 CELL VIABILITY BY DNA QUANTIFICATION The DNA content of SH-SY5Y cells was assessed by PicoGreen dsDNA Quantitation Reagent® P7589, from Invitrogen in Chapter 7. PicoGreen is a fluorescent probe that binds dsDNA and forms a highly luminescent complex. Samples were collected into microtubes with 1mL of ultrapure water and stored at -80°C. Samples were thawed and sonicated (VCX-130PB-220, Sonics) before quantification (following the manufacturer protocol). For the fluorescence acquisition (excitation wavelength of 485/20nm and an emission of 528/20nm) we used a Synergy HT microplate reader (Bio-Tek Instruments). p-values were calculated using one-tailed t-test. Results are presented as mean ± SEM. Samples and standards were made in triplicate. 2.2.26 CELL VIABILITY BY LIVE/DEAD ASSAY Cell viability was also evaluated by Live/Dead assay using Calcein-AM (1µg/mL) to stain live cells (green) and propidium iodide (PI, 1µL/mL) to stain dead cells (red). This procedure allows the fast visualization of the distribution of live and dead cells in 2D cell cultures: dead cells have the cellular membrane compromised, allowing PI to cross and bind to double stranded DNA; Calcium-AM is a cell-permeant non-fluorescent dye able to cross the cellular membrane of live cells, which, when bound to calcium is able to fluoresce, after being hydrolysed in the presence of intracellular nonspecific esterases. In Chapters 4 to 7, cells were incubated for 20min with both dyes and then observed under a fluorescence microscope (Axio Imager Z1m, Zeiss). In Chapter 3, the viability of each bacteria strain was evaluated after being in contact with cork-based compounds/extracts. Samples were incubated using the Live/Dead BacLight Viability Kit (L23101, 
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Life Technologies) following the manufacturer’s instructions. Samples were analysed by an Inverted Fluorescence Microscope (Axio Observer, Zeiss, Germany). 2.2.27 INTRACELLULAR REACTIVE OXYGEN SPECIES (ROS) Intracellular ROS were evaluated using DCFH-DA probe. This probe is cell-permeable and it is deacetylated by cellular esterases to a non-fluorescent compound, which is later oxidized by ROS into 2’-7’dichlorofluorescein (DCF, a fluorescent product) that can be monitored by several fluorescence-based techniques.[50] In this case, cells, 10 000 per well, were seeded in 96-well black plates according to the above-mentioned cell culture conditions. After irradiation, cells were incubated with 25μM of DCDHF-DA (2',7'-dichlorodihydrofluorescein diacetate) and its fluorescence recorded in a microplate reader after 90min (at an emission wavelength of 520nm and at an excitation wavelength of 490nm). Cells in DPBS were used as negative control. Results are expressed in relation to the positive control (100% of ROS), i.e. irradiated cells in the absence of cork-based extracts. 2.2.28 TUNEL ASSAY The TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) is an in-situ cell death detection kit (Roche). It was used to detect apoptotic cell death at the single-cell level by fluorescence microscopy. The DNA fragments (double-strand DNA breaks) can be labelled at the 3′-hydroxyl termini in the last phase of apoptosis.[51] Cells were fixed with formalin 10% and permeabilized using 0.1% Triton X-100 in 0.1% sodium citrate for 5min. The TUNEL reaction mixture was then added to each sample and incubated for 1h at 37°C. The negative control was only incubated with labelling solution without terminal transferase and the positive control was incubated with recombinant DNase I to induce DNA strand breaks. Finally, cells were stained with DAPI at a concentration of 1:1000 for 20min and analysed by fluorescence microscopy (Axio Imager Z1m, Zeiss). 2.2.29 PROTEIN EXPRESSION BY IMMUNOCYTOCHEMISTRY The cell morphology and the expression of specific proteins was accessed by immunocytochemistry in Chapters 4 to 7. In Chapter 4 we used Giemsa staining to evaluate the morphology of L929 cells. Giemsa allows de identification of shrinked cells, condensed chromatin and pycnotic nuclei.[52] In this case, cells were fixed with cold methanol, washed, stained with Giemsa solution, mounted and analysed by microscopy (Axio Imager Z1m, Zeiss). 
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In Chapters 5 and 6, immunostaining was used to evaluate the morphology (cytoskeleton organization and nuclei) and the accumulation of Ab at the SH-SY5Y cell surface. Thus, the expression of Ab was accessed using a primary antibody (Oligomer Polyclonal Antibody, clone A11, Rabbit, 1:200 dilution in 1% w/v BSA/PBS, Life Technologies) against Ab oligomeric forms (in chapter 6) or a primary antibody against Ab fibrillar aggregates (Biotin anti-b-Amyloid, 1-16 Antibody, Mouse IgG1, 1:200 dilution in 1% w/v BSA/PBS, Biolegend), in Chapters 5 and 6. Accordingly, the fluorescence images were collected after 1 and 5 days of cell culture. Samples were washed twice with PBS, fixed in 10% neutral buffered formalin for 30min at 4˚C, permeabilized with 0.1% Triton X-100 in PBS for 5min, and blocked with 3% BSA in PBS for 30min at RT. After the primary antibody (incubated during 1h), it was added a secondary antibody rabbit anti-mouse Alexafluor-488 (1:500 dilution in 1% w/v BSA/PBS, anti-mouse, Invitrogen). A phalloidin–TRITC conjugate was used (1:200 dilution in PBS for 30min, Sigma) to assess the cytoskeleton organization. Nuclei were counterstained with 1mg/mL of 4,6-diamidino-2-phenylindole (DAPI, Sigma) for 30min. Samples were washed with PBS and placed in an imaging dish for confocal microscopy (Leica, TCS SP8). In Chapter 8, the cytoskeleton organization and formation of focal adhesion was visualized for cells studied by QCM-D (1 h) and live imaging (1, and 3 hrs). The substrates with the cultured cells were removed from the respective equipment, washed twice with PBS, fixed with 10% neutral buffered formalin for 30 min at 4 °C, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and blocked with 3% BSA in PBS for 30 min at room temperature. Cytoskeleton organization was visualized by phalloidin−TRITC conjugate (1:200 in PBS for 30 min, Sigma). Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; 1:200 in PBS for 30 min). Formation of actin cap and normal focal adhesions was assessed using a primary antibody against paxillin (1:250 in 1% w/v BSA/PBS, VWR), followed by donkey anti-rabbit Alexafluor-488 (1:500 in 1% w/v BSA/PBS, Alfagene). Samples were washed with PBS, mounted with Vectashield (Vector) on glass slides and observed under an Imager Z1 fluorescence microscope (Zeiss). Photographs were taken with an Axio Cam MRm (Zeiss). 2.2.30 THIOFLAVIN-T (THT) STUDIES The fluorescent dye ThT changes its fluorescence spectrum when bound to the cross-𝛽-sheets of different amyloids, shifting its emission spectra by increasing the emission wavelength of the formed amyloid-ThT complexes.[53] ThT enables a high-throughput analysis, with real time characterization of the aggregation kinetics. Fibril formation was followed by ThT assay during the Aβ supramolecular assembly, in Chapters 5 to 7. Aβ stock samples were prepared as described in section 2-2.3 and fibril formation was induced 
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(under a cold-water bath) by fast mixing of 2µL of Aβ in DMSO with 98µL of Phosphate Buffer (5mM, with 0.1% of sodium azide, at pH 7.2). ThT fluorescence was measured by mixing the Aβ solution (final concentration of 25µM) with ThT (final concentration of 40µM) and different concentrations of vescalagin/castalagin (in Chapter 5), Ga-terminated dendrimers (in Chapter 6), and GlcN analogues (in Chapter 7). ThT fluorescence was then recorded in a fluorescence spectrometer (Jasco, FP-8500, Japan) over time, using an excitation wavelength of 435nm and an emission wavelength of 465nm. Each experiment was repeated in triplicate. The experiments for the disassembly of the Aβ fibrils (in Chapters 5 and 6) were performed with Aβ fibrillar form, over time, using the same experimental protocol. In Chapter 6, ThT was also used to quantify the β-sheet content under cell culture. Cells were cultured with Aβo/Aβf with different concentrations of Ga-terminated dendrimers during 24h. Afterwards, 1% Thioflavin-T (in sterile DPBS) were added to the wells. After 20min of incubation, the ThT fluorescence intensity was measured using a fluorescence spectrometer (Jasco, FP-8500, Japan) using an excitation wavelength of 435nm and an emission wavelength of 465nm, with a bandwidth of 10nm. Each experimental condition was repeated in triplicate and using data from at least two independent experiments. 2.2.31 PROTEIN EXPRESSION BY WESTERN-BLOTTING (WB) WB is used to separate specific protein molecules by size by gel electrophoresis. Upon separation, the proteins are transferred from the gel onto a blotting membrane, and subsequently exposed to the corresponding primary and secondary antibodies for identification. WB was used to identify specific sizes of Aβ aggregates in the presence and absence of vescalagin/castalagin (in Chapter 5), Ga-terminated dendrimers (in Chapter 6) and GlcN analogues (in Chapter 7) at different Aβ:compound concentration ratios, allowing the visualization of the relative amount of remodelled Aβ peptide (by size). Samples were dissolved on Laemmli buffer (1x) without reducing agent (10µg Aβ per lane). Afterwards, samples were electrophoretically resolved in a 12% Bis-Tris Gel Invitrogen NuPAGE, with MES SDS Running Buffer and were transferred to nitrocellulose membranes using iBlot 2 System and blocked with 4% bovine serum albumin (BSA) in TBS containing 0.1% Tween-20 (TBS-T). The membranes were then incubated at 4˚C with the 6E10 (anti-Aβ 1-16 antibody – 1:1000) overnight, followed by IRDye 800CW Goat anti-Mouse IgG Secondary Antibody (RT, during 1.5h; 1:10000). In Chapter 7, proteins were extracted from cell lysates (25µg of protein) of SH-SY5Y cells, electrophoretically resolved in 10% Bis-Tris Gel Invitrogen NuPAGE, with MES SDS Running Buffer gel (gel loading buffer without DTT), followed by a transference to a nitrocellulose membrane using the same iBlot 
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2 System. Membranes were first blocked with 5% BSA in Tris-buffered saline added with 0.1% Tween 20 (TBST) buffer for 1.5h followed by the overnight incubation with primary antibodies at 1:250 dilutions in a shaker at 4°C: Anti-phospho-IRS1 (pSer612) (Sigma-Aldrich); AKT1 total (Cell Signalling Technology, Inc); AKT1 (phospho S473, abcam); Annexin I (EH17a, Santa Cruz Biotechnology, Inc); and β-Actin antibodies (Cell Signaling Technology, Inc). All WB membranes, were washed three times with TBST, and incubated with in IRDye 800CW Goat anti-Mouse (or Rabbit) IgG Secondary Antibody (1:15000 dilution in TBS-T). Finally, all the WB lanes were detected using an Odyssey Fc Imaging System (LI-COR Inc., Nebraska USA). The comparisons between bands in different lanes were quantified using Fiji software. For the cell lysates, bands were quantified by densitometry and normalized to β-actin. 2.2.32 ATOMIC FORCE MICROSCOPE (AFM) STUDIES AFM uses a cantilever with a very accurate and sensitive tip that is used to scan the surface of a sample. AFM can be operated under different modes, such as contact, intermittent contact and non-contact for morphological analysis and contact mode for force spectroscopy experiments. We used AFM to evaluate the remodelling of the Aβ species caused by the presence of the biomolecules used in this thesis (in Chapters 5 to 7). AFM topographical images we acquired using non-contact mode. In brief, freshly cleaved mica sheets were washed with one drop of 1mM HCl for 20 seconds, rinsed with ultra-pure water (five times) and dried under a gentle nitrogen flux. Afterwards, Aβ solution (prepared as previously described in section 2-2.3) and mixed with vescalagin/castalagin (in Chapter 5), Ga-terminated dendrimers (in Chapter 6) and GlcN analogues (in Chapter 7). After the defined period of incubation, a 20µL sample were spotted onto the mica during 3min, washed with water and dried under a gentle nitrogen flux. AFM images were recorder using a JPK Nanowizard 3 (JPK, Germany) in air, at RT under AC mode. The scans were acquired at a 512x512 pixels resolution using ACTA-SS probes (k∼37N/m, AppNano, USA), a drive frequency of ∼254kHz, a setpoint of ∼0.5V and a scanning speed of 1.0Hz. In Chapter 8, the substrates used in the MP-SPR experiments, were removed from the SPR chamber and further analyzed with an atomic force microscope NanoWizard 3 (JPK Instruments, Germany). The measurements were performed in air-dry state in AC mode. Different areas of each substrates with dimensions of 5x5 μm2 and 1x1 μm2 were scanned in order to have representative data. The data were analyzed with the JPK data processing software. The AFM images were acquired using RFESP tips (Bruker, Germany) with a spring constant of 3 N/m and a resonance frequency of 75 kHz. 
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In Chapter 6, cell nanomechanical analysis was performed using a JPK Nanowizard 3 (JPK, Germany) under PBS at 37°C. Force curves were acquired using sQube cantilevers (with tips of borosilicate spheres of 5𝜇m diameter, CP-qp-CONT-BSG, sQube), presenting a k∼0.1N/m. All cantilevers were calibrated before performing the analysis using the JPK non-contact method. For each experimental condition, at least 15 fixed cells were analysed and it was acquired at least 10 curves per cell. All force curves were fitted using the Hertz model to obtain the cellular Young’s modulus. For the cell height analysis, at least 10 cells per experimental condition were analysed under the JPK QI Imaging Mode, using the cantilevers qpBioAC-CB1 (NanoSensors, Germany). To obtain cell height data, cellular cross-sections were retrieved from the AFM height Images. All the presented height data are averages of 10 cells with the corresponding standard deviations. 2.2.33 MEASUREMENTS OF CYTOSOLIC CA2+ LEVELS The amount of free Ca2+ in the cytosol can be measured using Ca-binding fluorescence probes, such as Fluo3-AM and Calcein-AM. Both probes exhibit an increase in fluorescence upon binding to the free Ca2+ at the cytosol of the cells. In Chapter 7, these two probes were used to assessed the Ca2+ homeostasis in SH-SY5Y cells in the presence and absence of Aβ peptide, as well in the presence of Aβ:GlcN analogues mixtures. In brief, each well was loaded with 5.0μM of Fluo3-AM for 30min in Krebs-Ringer-Hepes glucose buffer and then washed, and allowed to equilibrate for 30min. The Ca2+ levels were measured at, approximately, 520nm by scanning confocal fluorescence microscopy (Leica, TCS SP8), after excitation at 488nm. The fluorescence results were normalized by the number of cells in each acquired image (15 images per experimental condition), in three different experiments. In the case of the Calcein-AM experiments, the probe was added to each well, in a concentration of 1.0μM, for a period of 30min in Krebs-Ringer-Hepes glucose buffer and then washed. Afterwards, using an inverted microscope (Axio Observer, Zeiss, Germany) the emitted fluorescence was recorded during 45min (pictures were acquired each 5min). Fluorescence was normalized by the number of cells in each acquired image (12 images per experimental condition) and compared with the vehicle (V). Results are average of three independent experiments. The data recorded with both probes were analysed using Fiji ImageJ software. 2.2.34 ACETYLCHOLINESTERASE (ACHE) ACTIVITY Acetylcholinesterase (AChE) is an enzyme whose primary function is to regulate the presence of the neurotransmitter acetylcholine in neuronal cells, muscles, and exocrine glands. The acetylcholine neurotransmitter and neuromodulator (of cognitive function and mechanisms related with memory) is 
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released at the synaptic cleft by neurons. AChE catalyses the breakdown of acetylcholine upon exerting its function. In this context, the overexpression of AChE usually detected in AD patients blocks its efficacy and hampering synaptic transmission.[54] AChE activity was determined under SH-SY5Y cell culture. This was executed using an acetylcholinesterase assay kit (ab138871, abcam) in Chapter 7. The assay was performed according to the manufacturer’s instructions. AChE activity was measured using Synergy HT microplate reader (Bio-Tek Instruments) at 410nm (absorption intensity). p-values were calculated using one-tailed t-test. Results are presented as mean ± SEM. Samples and standards experiments were executed in triplicate. 2.2.35 QUARTZ CRYSTAL MICROBALANCE WITH DISSIPATION (QCM-D) In Chapter 8, QCM-D was used to study the interaction of SAMs surfaces (mimicking glycosaminoglycans) and Fibronectin and for the in situ characterization of cell adhesion. Firstly, we did a real time characterization of protein adsorbed. The QCM-D experiments were performed with E4 instrument (Q-Sense, Sweden). All the assays were performed at 37 °C and thus, the used solutions were equilibrated at this temperature before being introduced into the measurement chamber. The QCM-D crystals with the SAMs were placed in the QCM-D flow chamber and a stable baseline was acquired by flowing a serum free α-MEM. The Fn (10 μg/mL in a serum free α-MEM) was then added at flow rate of 50 μL/min. Upon stabilization of the signal, the flow was stopped for 30 min to allow the protein to adsorb. Finally, the sensors were rinsed with α-MEM to remove loosely bound material. The resonance frequency shift, Δƒ, and the dissipative shift, ΔD, were recorded at several harmonics (n = 3, 5, 7, 9, 11 and 13). The Voigt model was applied to calculate the adsorbed protein mass, using two overtones (7th and 9th). Immediately after the Fn deposition in the QCM-D, ASCs (0.20 x 106 cells/mL) were introduced into the chamber at a flow rate of 150 μL/min. Upon signal change, the flow was stopped for 1h to allow cell attachment. Then, the sensors were rinsed with serum free α-MEM at a rate of 300 μL/min. The obtained data are presented as ΔD/Δƒ (3rd overtone) plots. 2.2.36 CARACTERIZATION OF CELLS SPREADING BY LIVE IMAGING The substrates used on Chapter 8, namely gold coated glasses modified with single component and mixed SAMs. ASCs (6000 cells/cm2) were seeded (serum free α-MEM) on these substrates under standard conditions either in the absence of Fn or on substrates previously coated with Fn by incubation with protein solution in serum free α-MEM (10 µg/mL) at 37 ºC for 30 min. Live monitoring of cell spreading was performed at 37ºC in an inverted microscope (Zeiss Axio Observer) equipped with a 
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CHAPTER 3 3 Vescalagin and castalagin present bactericidal activity towards Methicillin-resistant bacteria 2   ABSTRACT Polyphenols have been extensively exploited in the biomedical field due to their wide range of bioactive properties and historical use as traditional medicines. They typically present anti-oxidant, anti-microbial, anti-amyloidogenic and/or anti-tumour activities. In particular, cork water extracts and their components, have been previously reported to present anti-oxidant and anti-amyloidogenic properties. Based on this knowledge, we tested cork water extract (CWE), cork water enriched extract (CWE-E), vescalagin/castalagin (two of the main polyphenols present in CWE and CWE-E) for their anti-bacterial activity against four bacterial strains, namely, Methicillin-resistant Staphylococcus epidermidis (MRSE), Staphylococcus aureus (SA), Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa (PA). Vescalagin and castalagin presented bactericidal activity against all the tested bacterial strains, in particular towards the Methicillin-resistant ones, i.e. MRSA and MRSE, and the ability to inhibit the formation of biofilms. Moreover, vescalagin/castalagin seem to modulate the normal assembly of the peptidoglycans at the bacteria surface, promoting the disruption of their cell wall leading to bacterial cell death.  Keywords: Anti-bacterial effect, Vescalagin/castalagin, Methicillin-resistant bacteria.  
                                                2 This Chapter is based on the publication: “Araújo A. R., C. A., Reis, R. L. & Pires, R. A, (2020), Vescalagin and castalagin present bactericidal activity towards Methicillin-resistant bacteria (submitted)” 
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 Pathogenic bacteria are a serious health concern in modern society, as they present an increasing resistance to the most common antibiotics.[1] They are associated with chronic infections and severe inflammation due to their ability to create a physical and chemical barrier (through the extracellular matrix) to external factors, enhancing their resistance to therapeutic strategies.[2] They grow under both static and continuous flow conditions, in a dense layer of cells within an elaborate matrix, that harbours various types of biopolymers including phenol-soluble modulins (PSMs), alginate, exopolysaccharides, extracellular DNA, different proteins able to generate amyloid-like fibres (i.e. curli or fimbriae), which, in turn, are used by bacteria to aggregate, form microcolonies and generate biofilms.[3-5] Biofilms are extremely common, being present in water pipes (inner surfaces), on dental plaque, in lung infections, and general infections related to the use of medical devices.[6]  Importantly, bacteria are divided into Gram-positive and Gram-negative, a classification which is related with the chemical/physical composition of the cell membrane that protect their cytoplasm from external aggression.[7] While Gram-positive bacteria have a thick layer of peptidoglycans,[8] in the Gram-negative bacteria this layer is thinner, however they present an additional outer membrane that contains a unique type of component, i.e. lipopolysaccharides, and an inner membrane composed by proteins and phospholipids.[3, 9, 10]  Polyphenols have been studied as alternative anti-bacterial agents.[11] They are essential component of plants where they can be found in a series of different roles.[12] They are not involved in the normal growth and maturation of plants (as they are secondary metabolites), however, they have a critical role in the plant’s defence mechanisms against viruses, bacteria or fungi.[13] The anti-oxidant and anti-microbial activities of these molecules are related to the number of phenyl rings and the number of conjugated hydroxyl groups (e.g. galloyl units).[14] Polyphenols (e.g. epigallocatechin gallate (EGCG), resveratrol, etc.) or tannins have been tested for a range of different pathologies (i.e. inflammation, cardiovascular diseases, cancer, neurodegenerative disorders, among others), or as molecules that are able to enhance the human immune response mechanisms.[15-17]  Cork is a relevant natural source of polyphenols. In fact, we previously demonstrated that it is possible to extract a series of phenolic compounds using hot water, i.e. cork water extract (CWE), with important anti-oxidant activity.[18]    
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 Figure 3-1. (A) Chemical structure of the polyphenols vescalagin and castalagin purified from CWE. (B) Schematic presentation of the mechanism of action of vescalagin/castalagin: i) Gram-negative: anti-bacterial activity through the diffusion into a region near the peptidoglycans layer; ii) Gram-positive: direct binding of vescalagin/castalagin to the peptidoglycan of the bacterial cell wall and its subsequent disruption. Based on these results, we also showed that it is possible to use CWE or vescalagin/castalagin (isolated from CWE) to protect DNA from UV-mediated damage and subsequent cell death,[19] or as anti-amyloidogenic agents.[20]In the context of anti-bacterial activity, the mechanism of action of most polyphenols is reported to be related with their ability to target the bacterial membrane, interacting with the lipids and its subsequent permeabilization.[21] Of note, in a previous study, we demonstrated that vescalagin/castalagin were able to interact with the amyloidogenic peptide A𝛽42, inhibiting the generation of cytotoxic supramolecular forms and modulating its activity. Importantly, amyloids are highly abundant in the matrices of biofilms of diverse bacterial species, sharing a common structural feature, i.e. cross-𝛽-sheets.[22] This bacterial amyloid-like fibres mediate adhesion and promote biofilm formation, being a relevant target to inhibit the formation of biofilms.[23]  Herein, we used the knowledge from our previous results and explore the anti-bacterial capacity of cork-based polyphenols, namely the CWE, vescalagin and castalagin. We also tested the enrichment of CWE in vescalagin, through the use of an additional subsequent extraction with ethanol (CWE-E). We tested these extracts/polyphenols against four different pathogenic bacteria strains, namely: Methicillin-resistant Staphylococcus epidermidis (MRSE, ATCC 35984), Staphylococcus aureus (SA, ATCC 25923), 
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Methicillin-resistant Staphylococcus aureus (MRSA, ATCC 700698), and Pseudomonas aeruginosa (PA, ATCC 27853).  We started by extracting CWE and CWE-E, as well as isolating the polyphenols vescalagin/castalagin (characterization presented in S. Fig. 3-1, 3-5). We then evaluated their anti-oxidant activity using the DPPH assay (S. Fig. 3-6) to understand if there was a relationship between anti-oxidant and anti-bacterial activities. The second ethanol extraction, yielding CWE-E from the CWE extract, allowed an enrichment in the vescalagin content, and this is reflected in the anti-oxidant potential of the CWE-E (~10% higher than the original CWE). Of note, the purified vescalagin presented ~30% higher anti-oxidant activity than CWE, while in the case of castalagin it was observed a ~37% increment. These results could be directly related to anti-bacterial activity: i) due to the anti- and pro-oxidant capacity of the galloyl moieties present in the molecular structure of the polyphenols (these molecules can oxidise readily in aqueous solution, acting as pro-oxidants, i.e. producing reactive oxygen species and a complex mixture of quinones, which are potentially cytotoxic)[24], thus, leading to the formation of peroxides and their restructuring to form o-diphenols (increasing the free-radical scavenging capacity);[25] ii) the formation of o-diphenols is linked with the polyphenols ability to complex with proteins (at the surface of the cell wall);[26] iii) polyphenols are reported to interact with the polar regions of the lipid bilayer, promoting lipid peroxidation, and therefore, inhibiting bacterial growth;[13] and iv) it has been reported that their anti-oxidant activity is linked to the ability of these molecules to promote metal-ion deficiency based on their chelating ability, leading to the inhibition of bacterial enzymatic activity due to substrate deprivation.[27]  To evaluate if the cork-derived extracts/polyphenols are able to act as antibacterial agents we started by disc diffusion tests (S. Fig. 3-7, 3-8 and S. Table 3-1). The results showed that vescalagin/castalagin presented clear anti-bacterial activity towards all the Gram-positive bacteria. We then evaluated their minimum inhibitory concentration (MIC – Table 3-1) and minimum bactericidal concentration (MBC – S. Table 3-2) towards the same bacterial strains, i.e. MRSE, SA and MRSA. In general, all the tested bacteria are affected by the presence of the cork extracts/polyphenols. Importantly, vescalagin/castalagin seems to be the components present in the CWE/CWE-E that present higher anti-bacterial activity, with MIC values between 0.125 and 0.250 mg/mL and MBCs between 0.250 and 1.000 mg/mL. Of note, it was observed a higher sensitivity of the Methicillin-resistant strains to vescalagin/castalagin than the non-resistant strains. 
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 In the case of the Gram-negative bacterium PA, it presented a higher MIC/MBC (only measured for the purified compounds, i.e. vescalagin/castalagin, Table 3-1 and S. Table 3-2). It seems that the outer membrane of the Gram-negative bacteria renders additional resistance to the tested compounds. In contrast, our results are consistent with the high efficiency of vescalagin/castalagin to disrupt the peptidoglycan layer of the cell wall from the Gram-positive bacteria. In addition, overall for both Gram-positive and Gram-negative bacteria, we observed a direct relation between anti-oxidant and anti-bacterial activity, as CWE-E presented lower MBCs than CWE, which correlates with its significantly higher anti-oxidant activity, suggesting that it is contributing to its capacity to promote bacterial cell death. Table 3-1. Minimum inhibitory concentration (MIC, mg/mL) of each extract/polyphenol, i.e. CWE, CWE-E, vescalagin and castalagin, towards the four tested strains of bacteria, namely: Methicillin-resistant Staphylococcus epidermidis (MRSE), Staphylococcus aureus (SA), Methicillin-resistant Staphylococcus aureus (MRSA), and Pseudomonas aeruginosa (PA). 
NI: No inhibition at concentrations up to 2.50mg/mL. We then used the Live/Dead assay (Figures 3-2 and S. Fig. 3-8) to confirm the MIC/MBC results. In this case, it is clear that vescalagin and castalagin effectively suppress the bacteria proliferation at the MIC concentrations (see Table 3-1). Overall, and in accordance with the disc diffusion, MIC and MBC results, it is surprising that vescalagin and castalagin present lower MICs and MBCs against MRSE and MRSA than SA (Table 3-1). Hence, we hypothesise that the mechanism of action of vescalagin/castalagin is partially linked to their capacity to interact with the proteins at the surface of the bacteria cell wall responsible for the Methicillin resistance. If we compare the MRSA and SA bacterial strains, their main difference is based on the capacity of MRSA (and not SA) to produce an additional penicillin-binding protein, PBP2a (as a result of an extensive used of 𝛽-lactam class of antibiotics these strains became resistant to an entire class of 𝛽-lactam-based antibiotics). 

Strain of bacteria Extract/Polyphenol – MIC (mg/mL) CWE CWE-E Vescalagin Castalagin MRSE 0.500 0.500 0.125 0.250 SA 2.000 1.000 0.500 0.500 MRSA 2.000 1.000 0.125 0.125 PA NI NI 1.000 1.000 
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 Figure 3-2. Representative Live/Dead images (in green live cells and in red dead cells) showing the antibacterial activity of vescalagin and castalagin (at their MIC concentration) towards Methicillin-resistant Staphylococcus epidermidis (MRSE), Staphylococcus aureus (SA), Methicillin-resistant Staphylococcus aureus (MRSA) and Pseu-domonas aeruginosa (PA); scale bar = 200μm. While PBPs make MRSA and MRSE resistant to common antibiotics, they are also responsible for the final step of the synthesis of peptidoglycans (covalently cross-linked units of N-acetylglucosamine and N-acetylmuramic acid).[4] Specifically, the serine nucleophile of the PBP2a active site change its supramolecular assembly to diminish the reactivity against β-lactam. Also, the loop in the PBP2a protein protect its active site from the β-lactam antibiotics.[28] In addition, some Methicillin-resistant cell-wall-anchored proteins are composed of several connecting subdomains folded into β-sheet rich regions.[29] These supramolecular arrangements can explain the lower MIC values for vescalagin towards Methicillin-resistant, due to its proven higher anti-amyloidogenic capacity when compared with castalagin.[20, 30]  In the case of PA, the efficacy of CWE, CWE-E and vescalagin/castalagin is lower. It is important to consider that PA is the only Gram-negative bacterium that we tested. This lower activity of the cork-derived extracts/polyphenols is, as previously suggested, probably due the different organization of its outer membrane. However, it is also important to consider that PA is associated with serious illnesses 
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(e.g. infections such as ventilator-associated pneumonia) and presents complex antibiotic resistance mechanisms,[31] that might be also at play in its resistance towards vescalagin/castalagin. 

 Figure 3-3. Representative SEM images showing a deterioration of cell wall of each strain of bacteria, namely, Methicillin-resistant Staphylococcus epidermidis (MRSE); Staphylococcus aureus (SA), Methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa (PA); scale bar = 5μm (insets = 20μm); experiments executed at the corresponding MIC concentration. The formation of biofilms increases the capacity of bacteria to resist to external aggressions. To evaluate if the extracts/polyphenols were able to act under these circumstances and if they were able to target proteins that mediate adhesion and biofilm formation, we used scanning electron microscopy (SEM) to visualize the bacteria in the presence and absence of the extracts/polyphenols. Both vescalagin and castalagin clearly reduced the number of bacteria, and altered their morphology by promoting the disruption of the bacterial cell wall. In addition, their extracellular matrix also appears unstructured, confirming the MIC/MBC data.  To evaluate if vescalagin/castalagin could interfere with the formation of β-sheet rich structures essential for cell survival we used the Congo red agar (CRA) assay,[32] as it is usually sensitive to the presence of amyloid-like protein structures. Congo red is able to bind to these types of supramolecular structures, namely the ones generated by: polysaccharide intercellular adhesin, i.e. PIA or PSMs (in Staphylococcus strains); and exopolysaccharides, such as Pel and Psl in PA. [33-37] In general, the 
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formation of light-coloured colonies of MRSE, MRSA and SA is associated with the inexistence of biofilm (and reduced concentration of β-sheet structures), while darker ones is consistent with formation of biofilm (rich in β-sheet structures).[38] 
 Figure 3-4. Representative Congo red assay images showing a decrease in the dark pigmentation consistent with a decrease of amyloid-like protein presentations for the tested strains of bacteria, namely: (A) Methicil-lin-resistant Staphylococcus epidermidis (MRSE); (B) Staphylococ-cus aureus (SA); (C) Methicillin-resistant Staphylococcus aureus (MRSA). For (D) Pseudomonas aeruginosa (PA); scale bar = 5mm. In the CRA assay, we used a concentration below the MIC values (presented in Table 3-1) because at those concentrations and above it was observed a strong (and dose-dependent) inhibition of the colony formation, being difficult to extract relevant conclusions (S. Fig. 3-11, 3-14). The CRA assay (Figure 3-4) showed that both vescalagin and castalagin caused a strong inhibition of the formation of biofilm (and cross β-sheet structures) by the MRSE, SA and MRSA strains. In the case of PA, its biofilm is stained light red by Congo red (Figure 3-4D). Reports have shown the formation of biofilms on CRA is difficult to produce, and this test might not be suitable for identifying the exopolysaccharide layer produced by non-fermenting Gram-negative bacteria, such as PA.[39, 40] We obtained a light pink colour mesh, probably due to the interference in the cell-to-cell communication process (i.e. quorum sensing). Under these conditions, it has been reported that PA cannot catabolize glucose, and is thus unable to synthesise the biofilm components.[41, 42] Our results are also consistent with the ability of vescalagin/castalagin to efficiently remodel the adherence proteins (i.e. PIA and PSMs) leading to bacterial cell death and reduction of the biofilm formation by PA.  Interestingly, vescalagin/castalagin is more efficient to inhibit the growth and kill Methicillin-resistant strains. In fact, Stapleton et al[43] showed that, at low concentrations (i.e. 0.025 mg/mL), EGCG can reduce MRSA, by its direct binding to the peptidoglycan layer, at the N-acetylglucosamine and N-
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acetylmuramic acid residues, but only if it acts synergistically with the β-lactam oxacillin (antibiotic of the penicillin class).[43] In addition, the MIC concentration obtained for vescalagin is four times lower than the one found for EGCG against the other Methicillin-resistant bacterium, i.e. MRSE.[44] As mention before, these strains express the PBP2a protein that acts as crosslinker of the peptidoglycan layer. Therefore, it is likely that vescalagin/castalagin is a strong PBP2a inhibitor, as well as it might also acts as a modulator of the normal assembly of peptidoglycan, exopolysaccharides and proteins, which leads to an inhibition of biofilm formation and the survival of the Methicillin-resistant strains. In fact, a molecular docking study[45] demonstrated that the presence of a carboxylic acid (COOH), but as well of two hydroxyls (OH) groups in the para and ortho positions (as in the case of vescalagin and castalagin) seems to play an important role in the capacity of phenolic compounds to inhibit the MRSA survival.  Finally, we tested the cytocompatibility of the cork-derived extracts/polyphenols towards the L929 cell line, by direct contact method during 24h. We used concentrations down to the MIC values (S. Fig. 3-15, 3-18) envisioning the exploitation of their anti-bacterial activity. Vescalagin is cytocompatible at a concentration of 0.125 mg/mL, which is its MIC value (Table 3-1) for the MRSA and MRSE strains without eliciting cytotoxicity to eukaryotic cells. In the case of castalagin, it was also found to be cytocompatible at a concentration of 0.125 mg/mL, which is the MIC value only for MRSA.  Overall, we show that, at a concentration of 0.125 mg/mL of vescalagin and castalagin it is possible to inhibit bacterial growth for Methicillin-resistant Staphylococcus strains.  We investigated the potential of cork-derived extracts/polyphenols, i.e. CWE, CWE-E, vescalagin and castalagin, as antibacterial agents against three Gram-positive bacterial strains, i.e. MRSE, SA and MRSA; as well as one Gram-negative bacterial strain, i.e. PA. Both vescalagin and castalagin exhibited anti-oxidant activity, which at the same time might be related with their capability to act against bacteria machinery in a process that is still not completely understood.  Vescalagin/castalagin presented anti-bacterial activity, and showed to be more effective against Methicillin-resistant bacterial strains. Despite the need of more in-depth studies regarding their mode of action, vescalagin/castalagin seems to present a significant impact in the PBP2a-mediated stabilization of the peptidoglycan layer of Methicillin-resistant bacteria. They seem to be also able to reduce the formation of β-sheet supramolecular arrangements necessary to maintain the bacterial cell wall integrity and biofilm formation. 



Chapter 3 “Vescalagin and castalagin present bactericidal activity towards Methicillin-resistant bacteria” 

 129 
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 SUPPLEMENTARY INFORMATION 
§ Characterization of extracts and polyphenols obtained from cork powder  HPLC characterization 

 Supplementary Fig. 3-1. Preparative HPLC chromatograms of cork water extract (CWE) and cork water extract ethanol (CWE-E) with the identification of the peaks that correspond to vescalagin and castalagin.  
 Supplementary Fig. 3-2. Quantification of vescalagin and castalagin present in CWE and CWE-E.  
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 Supplementary Fig. 3-3. HPLC chromatograms showing the purified compounds: (A) vescalagin and (B) castalagin.  ESI-MS (m/z): [M+H]+ 935  
 Supplementary Fig. 3-4. Positive ESI-MS spectrum of vescalagin.  
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 Supplementary Fig. 3-5. Positive ESI-MS spectrum of castalagin.   Anti-oxidant activity  
 Supplementary Fig. 3-6. DPPH assay. Free radical scavenging activity of the cork-based compounds. Error bars = SD, *p<0.05,**p<0.01and***p<0.001 vs CWE ;n=3.   
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§ Anti-bacterial activity of the cork-derived extracts/polyphenols  
 Supplementary Fig. 3-7. Disc diffusion assay in agar media showing the zone of inhibition for each extract/polyphenol against the tested bacteria, namely: (A) Methicillin-resistant Staphylococcus epidermidis (MRSE); (B) Staphylococcus aureus (SA); (C) Methicillin-resistant Staphylococcus aureus (MRSA); C(-): water; and C(+): gentamicin; n=3.  

 Supplementary Fig. 3-8. Disc diffusion assay in agar media showing the zone of inhibition for each extract/polyphenol against Pseudomonas Aeruginosa (PA); C(-): water; and C(+): gentamicin. (B) Pseudomonas Aeruginosa (PA) growth in liquid media followed by Muller-Hinton Agar plate spreading, showing an inhibition zone for vescalagin and castalagin at 2mg/mL; C(-): water; and C(+): gentamicin; n=3. In this case, vescalagin/castalagin were serially diluted and dispensed into a 96-well plate (which had been inoculated with the bacterial suspension), and after 24h were spread onto a Muller-Hinton Agar plate.   
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Supplementary Table 3-1. Quantification of disc diffusion assay for vescalagin and castalagin, towards Gram-positive bacteria, namely: Methicillin-resistant Staphylococcus epidermidis (MRSE), Staphylococcus aureus (SA), and Methicillin-resistant Staphylococcus aureus (MRSA) Strain of bacterium Polyphenol/Control - Diameter of inhibition zone (mm) Vescalagin Castalagin C(+) C(-) MRSE 10.2 ± 1.3 10.2 ± 1.0 21.7 ± 1.5 - SA 11.0 ± 0.6 10.7 ± 1.2 29.5 ± 1.1 - MRSA 9.0 ± 0.6 9.2 ± 0.4 17.2 ± 0.7 -    Supplementary Table 3-2. Minimum bactericidal concentration (MBC, mg/mL) of each extract/polyphenol (i.e. CWE, CWE-E, vescalagin and castalagin), towards the four tested strains of bacteria, namely: Methicillin-resistant Staphylococcus epidermidis (SE), Staphylococcus aureus (SA), Methicillin-resistant Staphylococcus aureus (MRSA), and Pseudomonas aeruginosa (PA). Strain of bacteria Extract/Polyphenol – MBC (mg/mL) CWE CWE-E Vescalagin Castalagin MRSE 1.00 0.50 0.25 1.00 SA 4.00 2.00 1.00 1.00 MRSA 4.00 2.00 0.25 0.25 PA - - 2.00 2.00    
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 Supplementary Fig. 3-9. Live/Dead assay using BacLight Viability Kit showing the ability of the extracts/polyphenols (at the respective MIC concentration) to drastically reduce the viability of Methicillin-resistant Staphylococcus epidermidis (MRSE), Staphylococcus Aureus (SA) and Methicillin-resistant Staphylococcus aureus (MRSA); scale bar = 200μm; n=3. 

 Supplementary Fig. 3-10. Representative SEM images showing a deterioration of the cell wall caused by CWE and CWE-E on each strain of bacteria, namely: Methicillin-resistant Staphylococcus epidermidis (MRSE); Staphylococcus aureus (SA); and Methicillin-resistant Staphylococcus aureus (MRSA); scale bar = 20μm (insets = 5μm); MIC concentrations of each individual extract was used; n=3.  
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 Supplementary Fig. 3-11. Congo red agar assay for vescalagin/castalagin on Methicillin-resistant Staphylococcus epidermidis (MRSE). Reduction of darker pigmentation indicates reduced formation of biofilm and lower concentration of amyloid-like protein structures; scale bar = 5mm; n=3.  
 Supplementary Fig. 3-12. Congo red agar assay for vescalagin/castalagin on Staphylococcus aureus (SA). Reduction of darker pigmentation indicates reduced formation of biofilm and lower concentration of amyloid-like protein structures; scale bar = 5mm; n=3.  
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 Supplementary Fig. 3-13. Congo red agar assay for vescalagin/castalagin on Methicillin-resistant Staphylococcus aureus (MRSA). Reduction of darker pigmentation indicates reduced formation of biofilm and lower concentration of amyloid-like protein structures; scale bar = 5mm; n=3.    
 Supplementary Fig. 3-14. Congo red agar assay for vescalagin/castalagin on Pseudomonas aeruginosa (PA). Scale bar = 5mm; n=3.       
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§ Assessment of the cytocompatibility of the cork-derived extracts/polyphenols  
 Supplementary Fig. 3-15. Cytocompatibility of CWE towards the L929 cell line, measured by their metabolic activity using AlamarBlueÒ. CWE was directly added to the cell culture medium. It is also shown the corresponding MIC concentrations for each strain of bacteria, i.e. Methicillin-resistant Staphylococcus epidermidis (MRSE, 0.5mg/mL), Staphylococcus aureus (SA, 2mg/mL) and Methicillin-resistant Staphylococcus aureus (MRSA, 2mg/mL). L929 cells were incubated during 24h. * p<0.05, ** p<0.01, *** p<0.001 (vs 0mg/mL of CWE); n=3.  

 Supplementary Fig. 3-16. Cytocompatibility of CWE-E towards the L929 cell line, measured by their metabolic activity using AlamarBlueÒ. CWE-E was directly added to the cell culture medium. It is also shown the corresponding MIC concentrations for each strain of bacteria, i.e. Methicillin-resistant Staphylococcus epidermidis (MRSE, 0.5mg/mL), Staphylococcus aureus (SA, 1mg/mL) and Methicillin-resistant Staphylococcus aureus (MRSA, 1mg/mL). L929 cells were incubated during 24h. * p<0.05, ** p<0.01, *** p<0.001 (vs 0mg/mL of CWE-E); n=3.  
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 Supplementary Fig. 3-17. Cytocompatibility of vescalagin towards the L929 cell line, measured by their metabolic activity using AlamarBlueÒ. Vescalagin was directly added to the cell culture medium. It is also shown the MIC concentrations for each strain of bacteria, i.e. Methicillin-resistant Staphylococcus epidermidis (MRSE, 0.125mg/mL), Staphylococcus aureus (SA, 0.250mg/mL), Methicillin-resistant Staphylococcus aureus (MRSA, 0.125mg/mL) and Pseudomonas aeruginosa (PA, 1.00mg/mL). L929 cells were incubated during 24h. * p<0.05, ** p<0.01, *** p<0.001 (vs 0mg/mL of vescalagin); n=3.   
 Supplementary Fig. 3-18. Cytocompatibility of castalagin towards the L929 cell line, measured by their metabolic activity using AlamarBlueÒ. Castalagin was directly added to the cell culture medium. It is also shown the MIC concentrations for each strain of bacteria, i.e. Methicillin-resistant Staphylococcus epidermidis (MRSE, 0.250mg/mL), Staphylococcus aureus (SA, 0.250mg/mL), Methicillin-resistant Staphylococcus aureus (MRSA, 0.125mg/mL) and Pseudomonas aeruginosa (PA, 1.00mg/mL). L929 cells were incubated during 24h. * p<0.05, ** p<0.01, *** p<0.001 (vs 0mg/mL of castalagin); n=3.  
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CHAPTER 4 4 Cork extracts reduce UV-mediated DNA fragmentation  and cell death3   ABSTRACT UV radiation is known to induce the premature aging of human skin and to contribute to the occurrence of different skin cancers. High doses of UVA (able to penetrate through the epidermis into the dermis) and/or UVB radiation (only affecting the epidermis) leads to cellular oxidative damage compromising the recovery of the normal functions of the cells. This cellular damage is mainly driven by the generation of reactive oxygen species (ROS) that alter the redox status of the intracellular milieu, affecting the cellular metabolic activity, leading to DNA damage, apoptosis and, consequently, to a drastic decrease in the number of live cells, compromising the function of the skin. A series of polyphenolic fractions were extracted from the outer bark (cork) of Quercus suber L., and tested for their capacity to reduce the cellular damage promoted by the ROS produced during UV exposure. This was evaluated after exposing L929 fibroblasts to UV radiation in the presence and absence of the cork extracts. In all the cases the extracts at the concentration of 75μg/ml demonstrated the capacity to preserve cell metabolic activity and their typical morphology, as well as, to avoid DNA fragmentation after exposure to UV radiation. We were also able to correlate these findings with the intracellular reduction of ROS species and the presence of higher proportions of castalagin and vescalagin in the extracts. Our data proves that cork is a relevant source of antioxidant compounds able to act in the cellular environment, protecting cells against oxidation, reducing the number of ROS species and limiting the negative impact of UV radiation. These extracts can be further exploited in the preparation of anti-UV formulations for skin protection.  Keywords: Anti-UV radiation, Cork extracts, DNA fragmentation, Anti-oxidant properties.                                                  3 This Chapter is based on the publication: “Araújo A. R., Pereira D. M., Aroso I. M., Santos T., Batista M. T., Cerqueira M. T., Marques A. P., Reis R. L., and Pires R. A., "Cork extracts reduce UV-mediated DNA fragmentation” 
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 At the sea level, the solar radiation is composed by ～3% of Ultra-Violet (UV) light (100-400nm), ～44% of visible light (400-700nm), and ～53% of infra-red light (700-1440nm)[1]. The UV section of the solar spectrum is composed by three types of UV rays, such as: UVA (315-400nm); UVB (280-315nm); and UVC (<280nm)[2]. The ozone layer is able to adsorb the UVC wavelengths and a significant part of the UVB radiation that reaches the Earth. However, the small quantity of UVB that cross the ozone barrier is enough to interfere with the physiological balance (homeostasis) of tissues and cells[3]. In the case of the UVA radiation, it has been associated to skin premature aging or long-term skin damage[4] (e.g. wrinkles), as well as with skin cancer in individuals that presented a history of long periods of sunlight exposure. In fact, several epidemiological studies link the combined UVA and UVB exposure to an increased risk of occurrence of skin cancer[5, 6]. At the cellular level, UV irradiation induces the direct or indirect DNA degradation. This has been reported for the UVB range and for the high-energy artificial UVC radiation, through the dimerization of the pyrimidines nucleobases[7]. Apoptosis is one of the hallmarks of UV cell damage[5, 8]. This UV-mediated cell death is the result of several biochemical processes, such as: formation of pyrimidine dimers and photoproducts[8, 9], activation of death receptors (including CD95, i.e. Fas/APO-1)[10], and formation of reactive oxygen species (ROS)[9, 11]. ROS, such as, superoxide radical (•O2), hydrogen peroxide (H2O2) and hydroxyl radical (•OH), are known as key mediators of DNA and protein oxidative damage in skin cells. However, they also act in the oxidation of membrane lipids via the generation of lipids’ peroxides and in the fast reduction in the activity of several endogenous skin enzymes, such as, reductase and catalase, as well as lowering the concentration of cellular antioxidants (e.g. glutathione)[12, 13]. The reported relation between UV-mediated skin damage and the increment of ROS in the cellular milieu, lead several authors to propose the use of phenolic compounds to neutralize the ROS species generated by the UV radiation[14-17] and to protect the skin cells from mutations or death[18-20]. Cork (the outer bark of Quercus suber L.) is a suberized cellular tissue that present ～15% of extractives[21], which can be easily obtained using suitable solvents[21-23]. Several studies on the chemical composition of such extracts have reported the presence of phenolic acids, such as, gallic, protocatechuic, caffeic, and ferulic acids, which as natural antioxidants (AO) have been proven relevant in the biomedical area[22, 24]. Moreover, antibacterial, antiviral, anticarcinogenic, anti-inflammatory and antiallergic activities have been also attributed to these phenolic compounds[25]. 



Chapter 4 “Cork extracts reduce UV-mediated DNA fragmentation and cell death” 

 145 

Considering the presence of these AOs in cork and the above-mentioned correlation between UV-mediated cell damage and the increased concentration of ROS in the cellular environment, we hypothesized that the cork polyphenols had the capacity to reduce the ROS oxidative damage generated in skin cells by UV radiation. In this context we evaluated the capacity of cork’s AOs to reduce the negative impact of UVA and UVB radiation on cell function. This study was centred in the use of L929 fibroblast cell line due to the fact that fibroblasts are one of the main cell type present in skin, namely in the dermis, which is responsible for the generation of connective tissue, and for the skin’s recovery from injury (since they synthesize most of the dermis’s extracellular matrix)[26-30]. The cork extracts were characterized by HPLC to quantify the most abundant compounds. Its total content in phenolic acids was determined and then correlated with the AO activity of the extracts. The AO activity of the cork extracts and consequently their capacity to act as anti-UV agents was confirmed by their capacity to preserve cells’ viability; depicting their typical morphology and, more importantly, to prevent DNA fragmentation.   Unless otherwise stated, chemicals were acquired from Sigma-Aldrich and used without further purification  4.2.1 MATERIALS Two different raw extracts were obtained by maintaining cork powder (Amorim Cork Composites, Portugal) in contact with water (producing the CWE) or a mixture of water and ethanol (50:50 v/v, producing the CWEE), under reflux conditions, for a period of 6h. After cooling, the liquid fraction was recovered by filtration, the solvent was partially removed by vacuum evaporation, and the final solid extracts were recovered upon freeze-drying. The CWEE was loaded to a chromatographic column, packed with Sephadex LH-20 as stationary phase and stabilized in water. The elution was performed using water, followed by mixtures of water and increasing percentages of ethanol, yielding fCWEE.  4.2.2 CHEMICAL CHARACTERIZATION OF CORK EXTRACTS Reagents Folin-Ciocalteu phenol reagent, gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azobis (2-methylpropionamide) dihydrochloride (AAPH), fluorescein sodium salt and 6-hydroxy-2,5,7,8-
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tetramethylchromane-2-carboxylic acid (trolox) and ellagic acid were purchased from Sigma-Aldrich  while methanol was acquired from Fluka. All reagents were used as received. Vescalagin and castalagin were obtained internally by preparative HPLC and identified by mass spectrometry.  Total phenolic content (TPC) and antioxidant (AO) activity The TPC was determined according to the Folin-Ciocalteu method[31] and adapted from Santos et al[23]. Briefly, 50µl of sample solution (1mg/ml) was added to 500µl of Folin reagent (diluted 1:10) and 450µl of sodium carbonate solution (75g/l). After heating to 50°C for 5min, the absorbance at 756nm was read in a microplate reader (Synergy HT, BioTek, USA). The TPC was calculated from a calibration curve obtained with gallic acid standards and expressed as mg of gallic acid equivalents per g of extract. The AO activity was determined by the DPPH radical scavenging activity and the oxygen radical absorbance capacity (ORAC) assays. The DPPH scavenging was determined following the methodology reported by Santos et al[23]. Briefly, 50µl of suitable sample dilutions was added to 900µl of DPPH (6.2mg in 100ml methanol, initial absorbance of 1.02±0.03) and the absorbance was measured at 517nm in the microplate reader. The EC50 was calculated as the concentration of extract necessary to reduce the initial absorbance by 50%. The ORAC assay was adapted from the methodology described by Huang et al[32]. The reaction mixture consisted of 25µl of sample or trolox (as standard), 25µl of 250mM AAPH and 150µl of fluorescein at a concentration of 0.025µM. Fluorescence measurements (excitation wavelength at 485nm and emission wavelength at 520nm) were performed in the microplate reader at 37°C, with readings taken at 2min intervals and with agitation in between each measurement. The results are expressed as mg of trolox equivalents (TE) per g of extract.  High Performance Liquid Chromatography (HPLC) analysis The HPLC analysis was used to quantify the proportion of castalagin, vescalagin, gallic acid and ellagic acid present in CWE, CWEE and fCWEE. The analysis were performed on a Knauer apparatus equipped with a photodiode array detector (PDA) model Smartline UV detector 2600 and using an Atlantis T3 5µm (4.6x250mm) column protected by an Atlantis T3 5µm (4.6x20mm) guard column. The mobile phase consisted of water:methanol:acetic acid 88:10:2 (v/v/v) (A) and methanol:acetic acid 98:2 (v/v) (B) and the elution program was as follows: 0% B (0-2min), 0-100% B (2-50min), 100% B (50-60min), 100-0% B (60-70min) and 0% B (70-80min). The flow rate was 1ml.min-1 and the injection volume was 100µl. The identification was performed by mass spectrometry or PDA and the quantification was performed using calibration curves of the standards, i.e. vescalagin and castalagin purified in our lab by semi-preparative 
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HPLC (Atalntis T3 column, 25x250mm and injection volume of 2mL) using the same eluent gradients as the analytical program; and gallic acid and ellagic acid obtained from Sigma-Aldrich.  Cell culture L929 cells (passages 10 to 12) were maintained in DMEM, supplemented with 10% FBS (ALFAGENE) and 1% penicillin/streptomycin (ALFAGENE). Cells were plated at a concentration of 45000 cells/ml, in 24 well plates; incubated at 37°C under 5% CO2 with the sample extracts at the 75µg/ml (for each extract) for 24h. Afterwards, the cell-culture plates were positioned over an ice dish and irradiated with a 400 W HPA lamp (Hapro Summer Glow HB 404, Germany) during 15min. The UV dose during exposure was measured using a radiometer (UVP UVX, USA) at different wavelengths: 365nm (UVA), 302nm (UVB) and 254nm (UVC). Only UVA and UVB were detected at an exposure dose of 17.1J/cm2 and 4.1J/cm2, respectively. After an additional 24h of cell culture under standard conditions, cells were evaluated for several parameters as described in the next subsections.  Viability and metabolic assays Cellular metabolic activity was assessed using a commercial MTS assay kit (Promega, USA). Briefly, a tetrazolium derivative, subsequently reduced to a water-soluble brown formazan product by viable cells, was added to the culture wells. After an incubation period of 3h, the absorbance at 490nm was read in the microplate reader and the results expressed in relation to control, i.e. cells without UV irradiation. Cell viability was evaluated by Live/Dead assay respectively after calcein AM-propidium iodide (PI) staining. Cells were incubated for 20min with both dyes and then observed under a fluorescence microscope (Axio Imager Z1m, Zeiss). Viable cells were stained green and dead cells were stained red. Giemsa staining was used to evaluate the morphology of the cells. Cells were fixed with cold methanol, washed, stained with Giemsa solution, mounted and analysed by microscopy (Axio Imager Z1m, Zeiss).  Reactive oxygen species Intracellular ROS were evaluated as described before by Pereira et al[33]. Cells, 10000 per well, were seeded in 96-well black plates according to the above-mentioned cell culture conditions. After irradiation, cells were incubated with 25µM of DCDHF-DA (2',7'-dichlorodihydrofluorescein diacetate, succinimidyl ester) and its fluorescence recorded in a microplate reader after 90min (at an emission wavelength of 520nm and at an excitation wavelength of 490nm). Cells in DPBS were used as negative control. Results 
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are expressed in relation to the positive control (100% of ROS), i.e. irradiated cells in the absence of cork extracts. Tunel assay The in situ cell death detection kit (Roche) was used to detect apoptotic cell death at the single-cell level by fluorescence microscopy. Cells were fixed with formalin 10% and permeabilized using 0.1% Triton X-100 in 0.1% sodium citrate for 5min. The Tunel reaction mixture was then added to each sample and incubated for 1h at 37°C. The negative control was only incubated with labelling solution without terminal transferase and the positive control was incubated with recombinant DNase I to induce DNA strand breaks. Finally, cells were stained with DAPI at a concentration of 1:1000 for 20min and analysed by fluorescence microscopy (Axio Imager Z1m, Zeiss). Statistical Analysis All the quantitative results were obtained after analysis of at least six measurements per sample. Initially, a Shapiro–Wilk test was used to ascertain the normality of the data. All the collected data followed a normal distribution, and the results were presented as mean ± standard deviation (SD). Student’s t-tests for independent samples were performed to test differences among the samples. Throughout the following discussion, the differences were considered significant if p < 0.05.  Chemical composition of cork extracts Cork powder was extracted with water (CWE) and a mixture of water:ethanol (50:50) (CWEE). Both CWE and CWEE were characterized for their extraction yield, TPC and AO activity (Table 4-1). The latter one seems to be related with the anti-UV activity due to the fact that the protection of tissues from damage by UV radiation is usually associated with the capacity to quench oxygen radical species and scavenge those radicals. Table 4-1. Yield of extraction, TPC and AO activity of the cork extracts (CWE and CWEE) and chromatographically fractionated sample (fCWEE)** Sample Yield (%m/m) TPC (mgGAeq / gextract DPPH, EC50 (µg/ml) ORAC (mgTEeq / gextract) CWE 6.7 ± 1.0 486 ± 6 6.33 ± 0.38 1.21 ± 0.25 CWEE 9.3 ± 0.2 570 ± 39 5.32 ± 0.45 2.11 ± 0.24 fCWEE 28* 866 ± 30 4.04 ± 0.25 2.23 ± 0.32 *m/m of the CWEE sample; **all values are presented as average ± standard deviation. Our results revealed that the use of a mixture of water and ethanol (50:50 v/v; CWEE) generates higher yields of extraction and an extract with higher TPC and AO activity than the extract obtained only 
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with water, i.e. CWE (as indicated by both DPPH and ORAC assays). This data led us to fractionate the CWEE using chromatographic techniques, yielding fCWEE. This fractionated sample (fCWEE), presented a significantly higher TPC and lower EC50. However, no significant differences were observed between AO activity of CWEE and fCWEE in the ORAC assay. This latter assay measures the efficiency of a given AO molecule to capture ROS, with origin on the thermal decomposition of AAPH and in the presence of fluorescein that functions as a probe. Therefore, the AO efficiency depends not only on the chemical ability to react with ROS (through a hydrogen bond transfer reaction) but also to do so on a timely manner. On the other hand, the DPPH assay is based on the reaction of the AO molecule with the stable radical DPPH•, through an electron transfer reaction. Therefore, the fractionation of CWEE into fCWEE results in a sample with a higher capacity to act as AO through radical scavenging. However, this fractionation did not impart a noticeable improvement in the capacity of the extract to neutralize the ROS by hydrogen atom transfer. In order to establish a link between the chemical composition and the detected AO activity, we acquired the HPLC chromatographic profile of each sample (S. Fig. 4-1), leading us to conclude that the 3 samples are mostly composed of ellagitannins and phenolic acids, namely: vescalagin, castalagin, gallic acid and ellagic acid (identification by PDA and MS presented in S. Table 4-1). HPLC was also used to quantify their weight percentage in the composition of the extracts (results presented in Table 4-2). Table 4-2. Quantitative analysis of the cork extracts (CWE and CWEE) and the fractioned sample (fCWEE), expressed as mg of compound/g of extract. Sample Compounds Vescalagin Castalagin Gallic Acid Ellagic Acid CWE 32.1 40.3 4.2 6.5 CWEE 22.4 46.9 2.9 26.7 fCWEE 140.9 200.3 3.8 3.4 The highest content on ellagic acid was observed for CWEE, while gallic acid was more abundant in the CWE. The content on castalagin was slightly higher in CWEE, while vescalagin was found in higher amounts in CWE. This result reflects the lower solubility of vescalagin in ethanol than that of castalagin[34]. In sample fCWEE the concentration of vescalagin and castalagin increased by 4 and 6 times, respectively, in relation to the unfractioned sample (CWEE). In addition, the content on ellagic acid decreased from 26.7 to 3.4mg/g of extract. Combining this characterization with the results obtained for the AO activity (Table 4-1), our data suggests that vescalagin and castalagin (the main components of fCWEE) are responsible for the improvement of the DPPH AO activity, i.e. they are efficient in stabilizing 
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free radicals through an electron transfer mechanism. However, they do not seem to be as effective AOs through mechanisms related with hydrogen atom transfer (ORAC assay). Cork extracts protect L929 cells from UV-induced cell death In order to evaluate the capacity of the cork extracts to protect the L929 fibroblasts from UV-induced cell death, we conducted initial experiments to determine the cytotoxicity limit of the extracts (S. Figure 4-2) and the timeframe of UV exposure capable of inducing a noticeable reduction of cellular metabolic activity (Figure 4-1). This initial screening revealed that cork extracts, at a concentration of 75μg/ml, did not elicit any noticeable cytotoxicity. Thus, this concentration was established for all the subsequent biological tests. Regarding the time of UV exposure, a 15min timeframe (in the absence of cork extracts, that corresponds to a dose of 17.1J/cm2 of UVA and 4.1J/cm2 of UVB) lead to a reduction of the cell metabolic activity to, approximately, 60%, leading us to select this timeframe for the whole set of experiments. Longer time periods (e.g. 30min) already generated irreversible loss of cell viability[35]. 
 Figure 4-1. Metabolic activity of L929 cells measured 27h after exposure to UV radiation for different timeframes/UV doses (upon UV exposure, cells were pre-incubated for 24h in the absence of cork extracts, and an additional 3h for MTS incubation). Results are expressed in relation to the negative control C-, i.e., 100% corresponds to the metabolic activity of non-exposed cells that were pre-incubated in the absence of cork extracts. Statistical significance corresponds to **p < 0.01 or ***p < 0.001. The structural diversity of the compounds (and their proportions) detected in the 3 samples (as well as their different TPC and AO activity) could lead us to expect differences in the biological AO potential and anti-UV activity. However, while the presence of the cork samples significantly reduce the negative impact of the UV-mediated cell damage, our data also indicates that, in the cellular environment, the variations observed between the 3 cork samples in the metabolic activity are not statistically significant. 
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 Figure 4-2. Metabolic activity of L929 cells pre-incubated with 75μg/ml of each cork extract for 24h, followed by a UVA dose of 17.1J/cm2 in combination with a UVB dose of 4.1J/cm2. C+ corresponds to the control sample prepared in the absence of cork extracts. Results are expressed and normalized in relation to C-, i.e. 100% corresponds to the metabolic activity of non-exposed cells that were pre-incubated in the absence of cork extracts. Statistical significance corresponds to **p < 0.01 and ***p < 0.001.   As it can be seen in Figure 4-2, under the selected conditions (UVA dose of 17.1J/cm2, UVB dose of 4.1J/cm2 and 75μg/ml of each cork extract), the »40% loss of viability caused by UV-irradiation was partially avoided (between 40% and 60%) when the cells were pre-incubated with CWE, CWEE and fCWEE. No significant differences were detected between the different samples. Cork extracts prevent the UV-triggered increase in cellular ROS  The increment of oxidative stress promoted by the UV radiation is known to promote the generation of ROS. These species play a pivotal role in cellular damage, arising from their interaction with the cellular macromolecules. As depicted in Figure 4-3, the UV irradiation significantly increased the amount of intracellular ROS in the L929 cell culture. However, the pre-incubation of the cells with the cork extracts lowered the ROS levels in the intracellular environment by »50% (higher efficiency observed with CWEE and fCWEE). These results are in accordance with the performed AO tests that also indicated a higher AO activity in the case of the CWEE and fCWEE. It is important to notice that in a non-irradiated state (C-), the amount of ROS detected in the medium is within the range of the physiological concentration originated from the normal metabolism of cells. 
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 Figure 4-3. Intracellular ROS levels assessed with the DCDHF-DA probe. Results are expressed in relation to the positive control C+ (100% of ROS), i.e. UV-exposed cells in the absence of cork extracts. C- corresponds to cells not exposed to the UV radiation and pre-incubated in the absence of cork extracts. Statistical significance corresponds to ***p < 0.001 in relation to C+.  Cell morphology and viability after UV irradiation UV irradiation also elicited marked changes in the cellular morphology compatible with cell death (Figure 4-4). Shrinked cells, condensed chromatin and pycnotic nuclei were clearly observed in the positive control. The majority of these features were not observed in the cells pre-incubated with cork extracts and exposed to UV (the same results were obtained with the cells pre-incubated with cork extracts and without UV exposure, S. Fig. 4-3). The only exception was observed for the cells pre-incubated with CWEE (and UV exposed) where several irregularities in the membrane of the cells were observed. The purified fraction fCWEE improved this scenario. In this case, the cells show a normal morphology. This observation seems to be related with the increase in the proportion of vescalagin and castalagin (Table 4-2) after the fractionation of CWEE. This can be also related with the improvement on the AO activity of the fCWEE (Table 4-1 – DPPH and ORAC assay) protecting the cells from UV-mediated oxidative damage. The Live/Dead assay also confirmed that in the positive control the majority of the cells were dead, while the percentage of these in the presence of the extracts was similar to what was observed for the negative control. Thus, a significant cell death induced by UV irradiation was avoided by pre-incubation with the cork extracts. 
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 Figure 4-4. Assessment of the morphology (Giemsa staining), viability (Live (green)/Dead (red)) and apoptosis level (Tunel assay, nuclei (blue) and DNA fragmentation (green)) upon UV irradiation, in the absence (C+) and presence of cork extract (at a concentration of 75μg/ml). C- corresponds to cells cultured in the absence of cork extracts and not exposed to UV radiation.  The Tunel assay allowed us to evaluate the presence of significant DNA fragmentation and of apoptotic cells. In this case, limited UV-mediated DNA damage was observed in the presence cork extracts, in opposition to what was observed for the positive control (i.e. cells irradiated in the absence of cork samples). Overall, CWEE exhibited a lower capacity to: maintain the cell typical morphology; rescue cell viability; and prevent DNA fragmentation. Its fractionated sample, fCWEE, was able to act as a more efficient anti-UV extract potentially due to the higher AO activity resulting from the higher content of vescalagin and castalagin. Although lower AO activity was detected for the CWE, its capacity to avoid cell death, and to protect DNA from fragmentation, suggests that the activity of these extracts is not only driven by their AO capacity[36]. Other biochemical mechanisms, whose origin is still unclear, may have a pivotal role in the case of the CWE activity. In fact, while UV radiation has been linked primarily to generation of ROS species, it is also reported its capacity to break single-strand DNA; disrupt DNA synthesis; deplete the intracellular glutathione; induce the peroxidation of biomembrane lipids. CWE might interfere with some of these events in a way that is still to be evaluated[13, 37, 38]..  
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 A series of cork fractions (obtained by water or a water:ethanol 50:50 mixture) were tested for their capacity to prevent UV-mediated cellular damage. Their capacity to reduce the concentration of ROS in the cellular milieu was correlated to their AO capacity. Our data showed that the sample with highest AO activity (fCWEE), and highest proportion of vescalagin and castalagin, is the one that is able to better prevent UV-mediated cellular damage. However, the CWE fraction, the one with lower AO activity, also presented protection against UV-mediated cell death, morphological modification and DNA fragmentation at levels similar to the ones presented by the fCWEE sample. It seems that CWE is also able to reduce the UV-mediated cell damage, although through ROS-independent pathways. Therefore, CWE and fCWEE are vescalagin/castalagin-rich extracts that can be exploited in the preparation of pharmaceutical or cosmetic skin-care products with the capacity to prevent UV-mediated cellular damage.    1. Frederick, J.E., H.E. Snell, and E.K. Haywood, Solar Ultraviolet-Radiation at the Earths Surface. Photochemistry and Photobiology, 1989. 50(4): p. 443-450. 2. de Gruijl, F.R., Skin cancer and solar UV radiation. European Journal of Cancer, 1999. 35(14): p. 2003-2009. 3. de Gruijl, F.R., H.J. van Kranen, and L.H.F. Mullenders, UV-induced DNA damage, repair, mutations and oncogenic pathways in skin cancer. Journal of Photochemistry and Photobiology B: Biology, 2001. 63(1–3): p. 19-27. 4. Wu, Z.H., et al., [UV-induced DNA damage and protective effects of antioxidants on DNA damage in human lens epithelial cells studied with comet assay]. Zhonghua Yan Ke Za Zhi, 2006. 42(11): p. 1002-7. 5. Tucker, M.A., Is sunlight important to melanoma causation? Cancer Epidemiology Biomarkers & Prevention, 2008. 17(3): p. 467-468. 6. Greinert, R., Skin Cancer: New Markers for Better Prevention. Pathobiology, 2009. 76(2): p. 64-81. 7. Pfeifer, G.P. and A. Besaratinia, UV wavelength-dependent DNA damage and human non-melanoma and melanoma skin cancer. Photochemical & Photobiological Sciences, 2012. 11(1): p. 90-97. 8. Katiyar, S.K., S.K. Mantena, and S.M. Meeran, Silymarin Protects Epidermal Keratinocytes from Ultraviolet Radiation-Induced Apoptosis and DNA Damage by Nucleotide Excision Repair Mechanism. Plos One, 2011. 6(6). 
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SUPPLEMENTARY INFORMATION  
§ HPLC characterization of samples CWE, CWEE and fCWEE The chromatographic analysis of the cork extracts CWE, CWEE and fCWEE is presented in S. Fig. 4-1. The main peaks, indicated by the letters, are assigned, respectively, to A – Vescalagin, B – Castalagin, C – Gallic acid and D – Ellagic acid. The identification was performed by comparison of the retention time and spectroscopic data from the photodiode array (PDA) with that of the standards compounds. The quantification was performed from calibration curves obtained with standard solutions of the pure compounds. The vescalagin and castalagin was previously isolated in our lab and their HPLC-ESI/MS analysis is presented in S. Table 4-1.  

 Supplementary Fig. 4-1. HPLC chromatographic profiles of samples CWE, CWEE and fCWEE obtained using UV detection at λ=280nm; the letters indicate the most relevant peaks assigned and identified as: A – vescalagin; B – castalagin; C – gallic acid and D – ellagic acid.    
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Supplementary Table 4-1. HPLC-ESI/MS analysis and identification of main cork extract compounds Retention time (min) PDA – λ max (nm) HPLC-ESI/MS tandem Compound [M-H]- MS2 MS3 5.1 251 933 915 871 569 613 871 897 569 613 Vescalagin (A) 6.5 254 933 915 631 569 613 569 Castalagin (B) 7.8 272 -- -- -- Gallic acid (C) 25.4 255; 366 -- -- -- Ellagic acid (D)  
§ Cytotoxicity evaluation of cork extracts in L929 cells  The cytotoxicity of each extract was assessed by MTS assay. The range of concentration used for study the work concentration was from 300μg/ml until 25μg/ml. Once cells were confluent, each extract was added to the culture medium. After 24h the metabolic activity was determined. The data (S. Fig. 4-2) showed no cytotoxicity up to a working concentration of 75μg/ml for the three extracts.  

 Supplementary Fig. 4-2. Metabolic activity of L929 cells cultured with 300, 150, 100, 75, 50 and 25μg/ml of each cork extract for 24h. .  
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 Supplementary Fig. 4-3. Assessment of viability of the cells cultured in the absence and presence of cork extracts as well as in the presence or absence of UV-exposure. Live cells are stained in green and dead cells are stained in red.   
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CHAPTER 5 5 Vescalagin and castalagin reduce the toxicity of amyloid-beta 42 oligomers through the remodelling of its secondary structure4   ABSTRACT  The isomers vescalagin and castalagin protect SH-SY5Y cells from Aβ42-mediated death. This is achieved better by vescalagin due to the spatial organization of its OH group at the C1 position of the glycosidic chain, improving its capacity to remodel the secondary structure of toxic Aβ42 oligomers.  Keywords: Alzheimer Disease, Vescalagin/castalagin, Galloyl group, amyloid-b peptide  

                                                4 This Chapter is based on the publication: “Araújo A. R., Gigante S. C., Taboada P., Reis R. L., and Pires R. A., "Vescalagin and castalagin reduce the toxicity of amyloid-beta42 oligomers through the remodelling of its secondary structure", Chemical Communications (RSC), doi:10.1039/D0CC00192A, 2020.” 
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 Alzheimer´s Disease (AD) is the most common cause of dementia, characterized by cognitive impairment and memory loss.1 The most characteristic hallmarks of AD are the presence of intracellular neurofibrillary tangles (of hyperphosphorylated Tau protein) in the affected neurons, and the deposition of extracellular plaques of amyloid-β (Aβ) peptides in the hippocampus and entorhinal cortex. In the case of the amyloid deposits, they are usually composed of Aβ of different lengths, i.e. between 38 and 43 amino acids. Aβ is produced by neurons during the sequential proteolytic cleavage of amyloid precursor protein (APP).2 Aβ (1-42) (Aβ42) is the less abundant species, however, it is the most amyloidogenic due to its higher propensity to self-assemble into supramolecular aggregates, which has been linked with the predominance of hydrophobic amino acid residues at its C-terminus.3 Aβ42 can exist in several forms, e.g. monomers, oligomers or fibrils, however, its oligomeric species are reported to be the most cytotoxic4. They comprise different levels of association, such as dimers, trimers and higher hierarchical assemblies that lead to the formation of protofibrils, the intermediates of the Aβ fibril formation and elongation.5, 6 It has been also reported that these oligomeric structures spread out through the brain and trigger the hyperphosphorylation of Tau leading to the formation of the neurofibrillary tangles.7, 8 Despite the strong body of evidence that supports the pivotal role of oligomers on Aβ toxicity, there is no agreement in the literature on their supramolecular organization. While some authors report them as being unstructured9, others show that they present an anti-parallel β-sheet structure (in contrast to the parallel organization of the fibrils).10  Polyphenolic compounds are able to interact with Aβ4211-14. This interaction is mainly driven by: the binding of the polyphenols’ aromatic rings with the amino and sulfhydryl groups of the peptide; or directly through 𝜋-𝜋 stacking between the same aromatic rings and the Aβ42 aromatic aminoacidic residues (e.g. phenylalanine).15 Based on these studies we evaluated the capacity of two cork polyphenols, i.e. vescalagin (1) and castalagin (2) (chemical structures presented in Fig. 5-1) to remodel the supramolecular organization of oligomeric Aβ42 into non-cytotoxic forms. The extraction and identification of each compound was optimized and performed following a previous work16 (chemical characterization is presented in S. Fig. 5-1, 5-7).  We started by evaluating the capacity of 1 and 2 to reduce the fibrillization of Aβ42 using the Thioflavin-T (ThT) assay. ThT binds to β-sheet-rich structures mainly through π-π interactions and displays enhanced fluorescence in the presence of amyloid fibrils.17, 18 Initial ThT fluorescence was monitored for Aβ42 alone, showing the characteristic sigmoidal curve of peptide fibrillization (Fig. 5-2A and S. Fig. 5-
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12). To guarantee that there is no interference from the fluorescence of 1 and 2 in the results, their spectra were acquired in the absence of Aβ42 (S. Fig. 5-8 and 5-9). At the excitation/emission wavelengths used for the ThT analysis, no fluorescence was observed for 1 and 2 showing that the ThT data is devoid of interference from the polyphenols themselves. After guaranteeing that the experimental conditions were set to provide meaningful data, Aβ42 (25µM in the monomeric form) was incubated at room temperature with ThT (25µM) and its fluorescence associated with the Aβ42 secondary structure in the presence of 1 or 2 (Aβ42:polyphenol molar ratios of 1:0.5; 1:1 and 1:2) was followed over 140h (apx. 6 days). From Fig. 5-2A and S. Fig. 5-13, it is clear the reduction of Aβ42 fibrillization in the presence of 1 or 2 in a concentration dependent manner, where 1 was able to completely inhibit aggregation at an Aβ42:polyphenol ratio of 1:1, while 2 could only achieve this outcome at a ratio of 1:2.  
 Figure 5-1. Chemical structure of the polyphenols vescalagin (1) and castalagin (2) extracted and purified from cork powder.   We also tested the capacity of 1 and 2 to disassemble the Aβ42 pre-formed fibrils (Fig. 5-2B and S. Fig. 5-14). In this case, 1 and 2 were added at the plateau phase (after apx. 6 days of peptide incubation). The ThT fluorescence decreased immediately after the addition of the polyphenols (t=0-24h). Incubation of fibrils with an equimolar concentration of 1 reduced markedly the ThT fluorescence to apx. 20% at t∼20min and to apx. 3% after 1h (S. Fig. 5-14A). An almost coincident curve was recorded when a higher ratio of 1 was used (i.e. 1:2). In the case of 2 the ThT fluorescence reduced to apx. 50% at t∼20min and to apx. 20% after 1h (S. Fig. 5-14B). In both cases, assembly and disassembly, 1 seems to be more efficient in disrupting the β-sheet rich supramolecular assemblies of Aβ42. Despite the reduction on ThT fluorescence, this method is not completely reliable to guarantee that no cytotoxic assemblies are 
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formed. In fact, there are some reports in the literature that show that oligomer-specific antiparallel β-sheets do not exhibit ThT fluorescence, showing that this technique should not be considered on its own to evaluate the remodelling of Aβ42 into non-cytotoxic forms. Considering these methodological constraints, we needed a complementary technique to ensure that we are indeed reducing the presence of Aβ42 oligomers. We then evaluated by Western Blot (WB) if there was an observable reduction of the size of the peptide aggregates in the presence of 1 and 2 both during Aβ42 assembly and disassembly (Figs. 5-2C-D and S. Fig. 5-15, 5-19). Overall, during assembly (i.e. 7 days of incubation, Fig. 5-2C and S. Fig. 5-15, 5-16) there is a clear reduction of Aβ42 oligomers (between 2-3 peptide units, i.e. 15-10kDa) from ∼35% to ∼18% in the presence of 1. In contrast, in the presence of 2, only at the highest ratio 1:2, it starts to be observed a reduction of the oligomeric species, to ∼27%. Importantly, we also observe a significant loss of larger Aβ42 species (of different sizes: 250-55kDa) for all the tested ratios (Fig. 5-2C). In the case of the Aβ42 disassembly (Figs. 5-2D and S. Fig. 5-17, 5-18) the presence of 2 seems to be more effective in the reduction of the fibrillar/larger species. In addition, overall both during assembly and disassembly, it is always detected a reduction of the Aβ42 species detected by the 6E10 monoclonal antibody. These results are consistent with a remodelling of the supramolecular organization of Aβ42 into structures that are not able to be detected by immunostaining with 6E10 (reported to detect different types of supramolecular Aβ42 assemblies).5 Possible explanations are related with the 6E10 binding sites that, either are being occupied by the polyphenols, either the remodelled aggregates do not expose them on their surface. In any case, it is clear that 1 and 2 are able to partially alter the Aβ42 supramolecular assemblies into forms that are not detectable by ThT nor by the 6E10 antibody.  While ThT and WB assays confirmed the capacity of 1 and 2 to alter the aggregation pathway of Aβ42, it is important to look for the structural features that guide the observed remodelling. We then used circular dichroism (CD) to confirm if the peptide secondary structure is actually affected by the presence of 1 and 2. After 7 days of incubation, we observed that Aβ42 alone presents a characteristic negative peak, at apx. 218 nm and a positive peak at ∼197nm (S. Fig. 5-20). This spectral profile has been previously reported for the β-sheet conformation of oligomers.19, 20 Surprisingly, the addition of 1 or 2 (at the different ratios) does not change the overall spectral profile. However, both peaks present a blue shift after the addition of 1 or 2, showing that they promote an alteration of the β-sheet conformation of the Aβ42 supramolecular assemblies (S. Fig. 5-20). 
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 Figure 5-2. Aggregation of Aβ42 (25μM) followed by ThT fluorescence upon incubation over 140h under different Aβ42:polyphenol molar ratios, i.e. 1:0.5, 1:1 and 1:2. B. Disassembly of the fibrillar Aβ42 (25μM) followed by ThT fluorescence using the same Aβ42:polyphenol ratios. All measurements were recorded under constant agitation at 37°C and were monitored during 24h. Error bars = SD; n = 3. C-D. Relative densitometric bar graphs of C. Aβ42 (25μM) assembly and D. Aβ42 (25μM) disassembly quantified by WB (using the antibody 6E10); experiments conducted at 37°C in phosphate buffer, during C. 7days or D. 24h; Error bars = SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 vs control 25μM Aβ42; n = 3.  To evaluate if this shift was concomitant with a redistribution of the different types of the peptide secondary structure we fitted the CD spectra with BeStSel method for secondary structure estimation (S. Table 5-1).21 The results showed that Aβ42 fibrils during the disassembly experiments (24h) are mainly composed by parallel β-sheet assemblies (Fig. 5-3A).21 We also found that both 1 and 2 decrease the parallel β-sheets content and promote a rearrangement of the peptide into helix, anti-parallel β-sheets and other types of secondary structures. Importantly, only 1 is able to eliminate the parallel arrangement without any anti-parallel organization. The remodelling of Aβ42 promoted by 2 leads to the appearance of anti-parallel β-sheets. In the case of the assembly experiments, the CD quantification (S. Table 5-1) is consistent with the ThT and WB analysis (Figs. 5-2A and 5-2C), showing a higher capacity of 1 to reduce the β-sheet content of Aβ42, when compared to 2. 
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 Figure 5-3. Loss of parallel β-sheets by Aβ42 (25μM) monitored by CD upon incubation with 1 and 2 under constant agitation at 37°C, during 24h. CD data were fitted using BeStSel - RMSD: 1.0283; NRMSD: 0.04966. B-C. 1 and 2 (25μM) induced the refolding of Aβ42 (25μM) into spherical assemblies detected by AFM and STEM, respectively. Scale bars 2μm (AFM) and 500nm (STEM).  The morphology of the generated assemblies was also monitored by AFM and STEM. Both 1 and 2 are highly efficient in remodelling the Aβ42 fibrils (Figs. 5-3B-C and S. Fig. 5-22, 5-23). Both during assembly (24h) and disassembly (7days) experiments peptide aggregates were detected instead of long fibrils. Of note is that the oligomers observed in the Aβ42 control, i.e. in the form of 10-15nm aggregates disappear in the presence of 1 or 2, giving rise to non-fibrillar larger aggregates. AFM images (S. Fig. 5-22) also confirmed that the remodelling of the Aβ42 morphology is concentration-dependent.  Finally, considering that the association of the exposed hydrophobic peptide domains are the main driving forces for the intramolecular interactions, we evaluated the peptide- ligand binding energies (for both 1 and 2) at the thermodynamic level using isothermal titration calorimetry (ITC)22 (Table 5-1 and S. Fig. 5-24). In both cases ΔG is negative, indicating a tendency for the interaction to occur and that the formed peptide:ligand complex is thermodynamically stable. Our results show negative values for the other two thermodynamic parameters, i.e. ∆H and ∆S. The enthalpic property, i.e. ΔH, is a measure of the average energy released along the interaction process between the peptide and the ligand.23 In this context, the negative value of ∆H (similarly to the results obtained for ∆G) show that the formation of 
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peptide:ligand complexes are energetically favourable; however, the negative values for ∆S indicate that the complexes are entropically unfavourable. Table 5-1. ITC analysis of the interaction between Aβ42 and 1 or 2 under a Aβ42:polyphenol ratio of 1:1: K1 (mol-1)= 1.26e6±0.18; K2 (mol-1)= 4.54e6±0.56 using a one binding site model. 
 This outcome can be explained by a progressive rupture of the hydration layer and release of counterions caused by the ring torsional degrees of freedom of each compound. In the case of 1 and 2, there is a covalent link between their aromatic rings generating a significant structural rigidity that is probably reflected in their interaction with Aβ42. This rigidity might affect the hydrophobic interactions (e.g. p-p stacking) promoting an increase on hydrogen bonding between the polyphenols and Aβ42. In fact, 1 is reported to be more hydrophilic than 2 and with increased capacity to participate in hydrogen bonding due to the spatial organization of its OH at position C1 of the glycosidic chain.24 In addition, the interaction can also comprise charge shielding effects and/or molecular rearrangements of the ligand/peptide complexes. Interestingly, ITC data is consistent with the ThT, WB and CD results by suggesting that the complexes formed between compound 1 and Aβ42 are more stable and energetically more favourable.  Our data suggests that both 1 and 2 are interacting with Aβ42, remodelling its supramolecular organization and morphological presentation, reducing the concentration of oligomers. To evaluate if compounds 1 and 2 are in fact able to reduce the Aβ42-mediated cell death we performed a cytotoxicity assay using SH-SY5Y cells. To this end, Aβ42 (in the monomeric form) was incubated with SH-SY5Y cells and their viability was quantified after 24h using standardized MTS and Live/Dead assays. When Aβ42 was added at a concentration of 25μM, there was a decrease on cell viability to ∼50% (S. Fig. 5-25). Maintaining this concentration of Aβ42, we added different concentrations of 1 and 2 (i.e. 12.5μM, 25μM and 50μM). Cellular metabolic activity is recovered to ∼100%, after 24h (S. Fig. 5-29A) for all the tested conditions. In addition, Live/Dead assay (Figs. 5-4A) confirmed the same tendency showing that both 1 and 2 are able to rescue cell viability after 24h of incubation. Quantification of the percentage of live cells (S. Fig. 5-28) revealed that the cytotoxicity of Aβ42 resulted in less than 50% of live cells, however, 1 and 2 were able to rescue cells from death to a level similar to the control experiments, i.e. ∼100% of live 

 ΔH (cal mol-1) ΔG (cal mol-1) ΔS (cal mol-1 K-1) Aβ42:1 ratio 1:1 -9.28e4±0.91 -11051±502 -274±61 Aβ42:2 ratio 1:1 -4.58e4±0.22 -9082±290 -123±45 
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cells. To understand if Aβ42 was still present in the cellular space, we visualized the peptide by immunofluorescence (using the 6E10 monoclonal antibody, Figs. 5-4B and S. Fig. 5-30). The results clearly show a marked reduction in the fluorescence for Aβ42 when 1 (but not 2) is added to the culture medium, showing that 1 is clearly more effective than 2 in reducing the presence of Aβ42 aggregates in the cell culture. Of note, in the case of 1 (but not of 2) the reduction in fluorescence is also concentration-dependent, being able to reduce the fluorescence to ∼35% (S. Fig. 5-29B). 

 Figure 5-4. Live/Dead assay using SH-SY5Y cells incubated with different Aβ42:polyphenol ratios during 24h (green: live cells; red: dead cells). B. Immunofluorescence analysis of Aβ42 aggregates in the SH-SY5Y cell culture visualized by confocal microscopy (mAb 6E10, green) after incubation with 1 or 2 for 24h (Aβ42: green, cell nuclei: blue). Scale bar = 50 μm. Overall, our data suggests that there is a higher propensity of 1 to interact with Aβ42 when compared with 2. While being surprising, as the structural difference between 1 and 2 is only in the spatial organization of their OH group at the C1 position of the glycosidic chain, it has been already reported that this difference leads to higher reactivity, increased polarity and lower lipophilicity of 1 compared to 2.24 Overall, 1 is able not only to rearrange the Aβ42 secondary structure, leading to the formation of non-cytotoxic structures (without their typical antiparallel β-sheets arrangement). Taken together, the ability of 1 to modulate the Aβ42 aggregation pathway eliminating the characteristic cytotoxic 
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SUPPLEMENTARY INFORMATION 
§ Materials and methods Purification and characterization of vescalagin (1) and castalagin (2) The extraction, purification and identification of vescalagin (1) and castalagin (2) was optimized and performed following a previous work.1 Briefly, 1 and 2 were obtained from a raw extract from cork powder (Amorim Cork Composites, Portugal) collected by contact with water under reflux for 6h. After cooling, the liquid fraction was filtered and the solvent was partially removed by vacuum evaporation. The final solid extracts were recovered by freeze-drying. The cork water extract was loaded into a semi-preparative chromatographic column, Waters Atlantis OBD Prep T3 (5µm 19x250mm) and 1 and 2 were collected at their respective retention times using the mobile phases A - water:acetic acid 98:2 (v/v) and B - water:acetonitrile:acetic acid 78:20:2 (v/v/v), under the following gradient: 100% A (t=0min) – 100% A (t=15min) – 70% A : 30% B (t=30min) – 100% B (t=35min) – 100% B (t=50min) – 100% A (t=52min) – 100% A (t=57min). The flow rate was maintained at 5ml.min-1 and the injection volume was 5mL. The purity of 1 and 2 was determined by HPLC (KANUER, Germany) using a 250 mm x 4.6 mm reverse-phase C18 Atlantis column (Waters, UK), a flow of 1 mL/min, using the same mobile phases and gradients (S. Figs. 5-1, 5-3). Mass spectra were acquired on an electrospray ionization (ESI) mass spectrometer (MS) Water Micromass Quattro (Waters, USA) under positive-ion mode (S. Figs. 5-4, 5-5). 1H NMR spectra of both 1 and 2 were recorded on a Bruker Avance III spectrometer (Bruker, Germany) at 25°C in D2O. The chemical shifts (δ) are reported in ppm downfield to the solvent signal (S. Figs. 5-6, 5-7). Peptide preparation  Human amyloid β-peptide (1-42) was obtained by custom synthesis from GeneCustâ Europe (Dudelange, Luxembourg). Stock solutions of 0.45mg were prepared by dissolving 10mg of amyloid β-peptide (1-42, Aβ42) in 2.2 mL of HFIP (Fluorochem Ltd, UK) according to the protocol described by Stine et al2. Briefly, Aβ42 was dissolved in HFIP (5mg/mL) during 30min at room temperature. HFIP was allowed to evaporate in open tubes overnight in the fume hood, and afterwards during an additional 1h under vacuum. A solution of Ab42 (5mM) in DMSO (i.e. 20μl of fresh dry DMSO to 0.45mg of Ab42) was sonicated for 10min in an ultra-sound bath. Immediately afterwards, ice-cold water (monomeric form) or 
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10mM HCl (fibrillar form) was added to a final concentration of 100μM of Ab42. Finally, the Ab42 solution was vortex for 15s prior to use. Aβ42 peptide aggregation studies Thioflavin T (ThT). Fibril formation was followed by ThT assay (assembly, Figs. 5-2A and S5-13) during 196h. Aβ42 peptide stock solution was prepared as described above, and fibril formation was induced (under a cold-water bath) by fast mixing of 2µL of Aβ42 DMSO with 98µL of Phosphate Buffer (5mM, with 0.1% of sodium azide, pH 7.2). ThT fluorescence was measured by mixing Aβ42 solution (final concentration of 25µM) with ThT (final concentration of 40µM) and different concentrations of 1 and 2, e.g. concentration ratios Aβ42:polyphenol of 1:0.5; 1:1 and 1:2. The ThT fluorescence was then recorded in a Fluorescence Spectrometer (Jasco, FP-8500, Japan) during 196h using an excitation wavelength of 435nm and an emission wavelength of 465nm. Each experiment was repeated in triplicate. The experiments for the disassembly of the Aβ42 fibrils (Figs. 5-2B and S. Fig. 5-14) were performed with Aβ42 fibrillar form, for 24h using the same experimental protocol. Western Blot (WB). WB analysis of the Aβ42 aggregated forms in the presence and absence of 1 and 2 (at different Aβ42:polyphenol ratios of 1:0.5; 1:1 and 1:2 for 24h or 7 days) allowed the visualization of the relative amount of remodelled peptide. Samples were dissolved on Laemmli buffer (1x) without reducing agent (10µg Aβ42 per lane). Afterwards, samples were electrophoretically resolved in a 12% Bis-Tris Gel Invitrogen NuPAGE, with MES SDS Running Buffer and were transferred to nitrocellulose membranes using iBlot 2 System and blocked with 4% bovine serum albumin (BSA) in TBS containing 0.1% Tween-20 (TBS-T). The membranes were then incubated at 4˚C with the 6E10 (anti-Aβ 1-16 antibody – 1:1000) overnight, followed by IRDye 800CW Goat anti-Mouse IgG Secondary Antibody (RT, during 1.5h;1:10000). After each antibody incubation, the membranes were washed with TBS-T. Signal were detected (acquisition time: 2min) in Odyssey Fc Imaging System (LI-COR Inc., Nebraska USA). Circular Dichroism (CD). CD was performed using a 1mm path length cell at 37°C in a CD spectrometer (Jasco, J1500, Japan). Spectra (S. Figs. 5-20, 5-21) were recorded in the range between 190–260nm with a scan rate of 10nm/min and a response time of 1s. Three scans were accumulated for each spectrum. For all the CD experiments, the Aβ42 concentration was 25µM, and the Aβ42/polyphenol ratios were 1:0.5 and 1:1. Results are expressed as θ [mdeg]. Isothermal Titration Calorimetry (ITC). ITC was used to evaluate the interactions between 1 and 2 and Aβ42. ITC measurements were performed using a MicroCal VP-ITC (MicroCal Inc., Northampton, MA, 
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USA). Samples were degassed in a ThermoVac system (MicroCal) prior to use. 1 (or 2) was titrated into an Aβ42 solution (10µM) in PBS. A first injection of 2µL (neglected in the analysis) followed by other 27 injections of 10µL each were performed under continuous stirring at 286 rpm. All the measurements were done at 25°C. PBS buffer was titrated to peptide solution to establish the baseline analysis. ITC experiment offers the basic thermodynamic profile for the established interactions, including three key binding parameters: Gibbs energy (that can be calculated from the equilibrium association constant K), enthalpy and entropy of interaction:      ΔG = - RT Ln K = RT Ln kd where K is the equilibrium association constant, kd is the equilibrium dissociation constant, T is the thermodynamic or absolute temperature and R is the gas constant.  The binding Gibbs energy change can be calculated from the enthalpic and entropic contributions by means of:      ΔG = ΔH - TΔS to obtain such thermodynamic parameters, the raw data of ligand interaction were analysed by fitting the heat isotherms by a nonlinear least-squares analysis to a one-binding-site model.  Atomic Force Microscopy (AFM). For the acquisition of AFM images (Figs. 5-3B, S. Figs. 5-22, 5-23), freshly cleaved mica was functionalized with a drop of (3-Aminopropyl)triethoxysilane (APTES, 200μL), during 30 min at room temperature. Then, micas were rinsed with deionized water and dried under a nitrogen flux. Each sample, Aβ42 peptide (10μM) in the presence and absence of 1 and 2, were spotted onto the functionalized mica during 30min, and then washed with water and dried under nitrogen. AFM images were acquired using a JPK Nanowizard 3 (JPK, Germany) in air at room temperature under AC mode. The scans were acquired at a 512 x 512 pixels resolution using ACTA-SS probes (k∼37N/m, AppNano, USA), a drive frequency of ∼254kHz, a setpoint of ∼0.5V and a scanning speed of 1.0Hz. Cell toxicity assays Neuroblastoma SH-SY5Y cells were cultured at 37°C in a humidified 95/5% air/CO2 atmosphere using Dulbecco's modified Eagles medium F-12 (Gibco, UK) supplemented with 10% FBS (Gibco, UK) and 1% ATB (Gibco, UK) solution. Cell medium were replaced each 2 days and cells were sub-cultured once they reached 90% confluence. Cells were plated at a density of 25 000 cells per well on 96-well plates containing DMEM/F-12 media (for MTS assay) and plated at a density of 50 000 cells per well on 24-well 
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plates containing DMEM/F-12 media (for the live/dead assay). A typical experiment included the culture of the neuroblastoma cell line (SHSY-5Y) during 24h in the absence or presence of 1 or 2 at different concentrations. Afterwards, Aβ42 were added to the culture medium, and, after an additional 24h, the cells were evaluated for their metabolic activity. Both 1 and 2 were sterilized by autoclaving before use. Aβ42 peptide was sterilized by UV and immediately added to the cells after being reconstituted in DMSO (0.02%) and diluted into DMEM/F-12 media. MTS assay. The Aβ42 cytotoxicity (Figs. S5-25, S5-26 and S5-29) was measured using a colorimetric assay for assessing cell metabolic activity, 24h after the addition of Aβ42 at a concentration of 25µM. The absorbance of the metabolic activity was assessed by MTS (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega) according to the supplier’s instructions. The relative metabolic activity (%) of the SH-SY5Y cells was determined for each experimental condition. The optical density (OD) was recorded at 490nm with a Synergy HT microplate reader (Bio-Tek Instruments). p-values were calculated using two-tailed t-test. Results are presented as mean ± SEM of 6 independent experiments for each experimental condition. Live/Dead assay. Cell viability was also evaluated by Live/Dead assay using calcein AM to stain live cells and propidium iodide (PI) to stain dead cells (Figs. 5-4A and S. Fig. 5-27). Viable cells were stained in green and dead cells were stained in red. Shortly, cells were incubated for 20min with both dyes and then observed under a fluorescence microscope (Axio Imager Z1m, Zeiss). Protein expression. For immunostaining, fluorescence images (Figs. 5-4B and S. Fig. 5-30), after 24h of culture, the samples were washed twice with PBS, fixed in 10% neutral buffered formalin for 30min at 4˚C, permeabilised with 0.1% Triton X-100 in PBS for 5min, and blocked with 3% BSA in PBS for 30min at room temperature. To evaluate the accumulation of Aβ42 in its different forms, a primary antibody against Aβ42 (1-16) (Biotin anti-β-Amyloid, 1-16 Antibody, Mouse IgG1 1:200 in 1% w/v BSA/PBS, Biolegend) was employed, followed by rabbit anti-mouse Alexafluor-488 (1:500 in 1% w/v BSA/PBS, anti-mouse, Invitrogen). A phalloidin–TRITC conjugate was used (1:200 in PBS for 30min, Sigma) to assess cytoskeleton organisation. Nuclei were counterstained with 1mg/mL of 4,6-diamidino-2-phenylindole (DAPI; Sigma) for 30min. Samples were washed with PBS, mounted with Vectashield® (Vector) on glass slides and observed under a confocal laser scanning microscope (Leica TCS SP8, Leica Microsystems).   
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§ Purification and characterization of vescalagin (1) and castalagin (2) 
 Supplementary Fig. 5-1. A. Preparative HLPC chromatogram of cork water extract with the identification of the peaks that correspond to vescalagin (1) and castalagin (2). B. Chemical structure of both isomers, vescalagin (1) and castalagin (2), with the position C1 (that identifies the main structural difference between 1 and 2) highlighted.  HPLC characterization of purified 1 and 2. 

 Supplementary Fig. 5-2. HPLC run showing the purified compound 1 - vescalagin.  
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 Supplementary Fig. 5-3. HPLC run showing the purified compound 2 - castalagin.  ESI-MS (m/z): [M]+ 935  
 Supplementary Fig. 5-4. Positive ESI-MS spectrum of vescalagin (1).  
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 Supplementary Fig. 5-5. Positive ESI-MS spectrum of castalagin (2).  1H NMR (400 MHz, D2O, 298 K)  1H NMR spectra was recorded on Bruker Avance III spectrometer (Bruker, Germany) at 25 °C in D2O (S. Figs. 6-S7). The assignments reported below were made following the ones reported by Puech et al.[3] and Douat et al.[4]   
 Supplementary Fig. 5-6. 1H NMR spectra of vescalagin (1).  f1 (ppm)
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 Supplementary Fig. 5-7. 1H NMR spectra of castalagin (2).   Vescalagin (1) 1H NMR (400 MHz, DMSO-d6, 298 K): δ 6.91 (s, 1H); δ 6.51 (s, 1H); δ 6.36 (s, 1H); δ 4.93 (m, 1H, H-5); δ 4.90 (m, 1H, H-2); δ 4.88 (m, 1H, H-4); δ 4.87 (m, 1H, H-1); δ 4.85 (m, 1H, H-3); δ 4.03 (dd, 1H, J= 4.0, 6.5Hz, H-6); δ 3.89 (dd, 1H, J=4.0, 6.5Hz, H-6’). Castalagin (2) 1H NMR (400 MHz, DMSO-d6, 298 K): δ 6.62 (s, 1H); δ 6.51 (s, 1H); δ 6.37 (s, 1H); δ 4.92 (m, 1H, H-1); δ 4.90 (d, 1H, J=7.1 Hz, H-6); δ 4.82 (m, 1H, H-5); δ 4.80 (m, 1H, H-4); δ 4.78 (m, 1H, H-2); δ 4.77 (m, 1H, H-3); δ 3.96 (d, 1H, J=12Hz, H-6’).     

f1 (ppm)
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 Supplementary Fig. 5-8. A. Fluorescence spectrum of vescalagin (1, 50 μM) acquired using a λex = 435 nm and a λem = 445-600 nm; B. 3D fluorescence spectra for vescalagin (1, 50 μM) using the following acquisition parameters: λex = 300-500 nm; λem = 300-600 nm; excitation bandwidth = 5nm; emission bandwidth = 10nm; response = 2s.  
 Supplementary Fig. 5-9. A. Fluorescence spectrum of castalagin (2, 50 μM) acquired using a λex = 435 nm and a λem = 445-600 nm; B. 3D fluorescence spectra for castalagin (2, 50 μM) using the following acquisition parameters: λex = 300-500 nm; λem = 300-600 nm; excitation bandwidith = 5nm; emission bandwidth = 10nm; response = 2s.   
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§ Aβ42 peptide aggregation studies 
 Supplementary Fig. 5-10. HPLC run of the Aβ42 peptide used throughout the present work. A sample of peptide was dissolved in acetonitrile (0.02% DMSO) and the HPLC run was performed using a reverse phase C18 column (4.6x250mm, Waters, UK), a mixture of eluents (A – acetonitrile, 0.1% trifluoroacetic acid, and B – water, 0.1% trifluoroacetic acid), starting with 10% A (t=0min) and ending with 100% B (t=20min); using a flow rate of 1.0mL/min; column.  
 Supplementary Fig. 5-11. Positive ESI-MS spectrum of Aβ42 sample used throughout the present work, showing the characteristic [M+5H]5+ and [M+6H]6+ peaks of Aβ42.  
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 Supplementary Fig. 5-12. Aβ42 aggregation kinetics monitored by the ThT binding assay. Aβ42 samples were prepared by two methods: Method 1 (red line) - Aβ42 was dissolved in 10% (w/v) NH4OH at a concentration of 0.5mg/ml. The peptide was incubated for 10min at room temperature followed by sonication (5min). The NH4OH was removed by lyophilization overnight. Immediately prior to use, the Aβ42 was dissolved in 60mM NaOH; Method 2 (blue line) - Aβ42 was dissolved in HFIP (5mg/ml) at room temperature, during 30min. We allowed HFIP to evaporate in open tubes overnight in the fume hood, and then during 1h under vacuum. An aliquot of 5mM Aβ42 in DMSO (20μl of fresh dry DMSO to 0.45mg of Aβ42) was sonicated for 10min in a bath sonicator. Immediately after, ice-cold water was added to a final concentration of 100μM of Aβ42, followed by vortexing during 15s. ThT fluorescence was monitored in 0.1mM phosphate buffer, pH 7.2, 0.02% NaN3 (using 25μM of Aβ42).  
 Supplementary Fig. 5-13. Aβ42 assembly kinetics (Method 2) using the ThT assay. A. Assembly of Aβ42 in the presence of different concentrations of 1. B. Assembly of Aβ42 in the presence of different concentrations of 2. Compounds were added at the lag phase of the Aβ42 aggregation profile and fluorescence was measured over 140h. Both experiments (A-B) were performed at room temperature. ThT fluorescence data collected using the following parameters: λex = 435nm, 

λem = 465nm; excitation bandwidth = 5nm; emission bandwidth = 10nm; response = 2s.  
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 Supplementary Fig. 5-14. Aβ42 disassembly kinetics (Method 2) using the ThT assay. A. Disassembly of Aβ42 in the presence of different Aβ42:polyphenol ratios for 1. B. Disassembly of Aβ42 in the presence of different Aβ42:polyphenol ratios for 2. Compounds were added at the plateau phase of the Aβ42 aggregation profile and fluorescence was measured over 24h. Both experiments (A-B) were performed at room temperature. ThT fluorescence data collected using the following parameters: λex = 435nm, λem = 465nm; excitation bandwidth = 5nm; emission bandwidth = 10nm; response = 2s.   
 Supplementary Fig. 5-15. A. Representative WB image and B. relative densitometric bar graphs of the Aβ42 assembly in the presence of vescalagin (1) and castalagin (2). Both compounds were incubated during 24h (under Aβ42:polyphenol ratios of 1:0.5, 1:1 and 1:2). WBs were performed in a NuPAGE 12% Bis-Tris Gels, using MES running buffer, and incubated with 6E10 (anti-Ab1-16) antibody.   
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 Supplementary Fig. 5-16. A. Representative WB image and B. relative densitometric bar graphs of the Aβ42 assembly in the presence of vescalagin (1) and castalagin (2). Both compounds were incubated during 7 days (under Aβ42:polyphenol ratios of 1:0.5, 1:1 and 1:2). WBs were performed in a NuPAGE 12% Bis-Tris Gels, using MES running buffer, and incubated with 6E10 (anti-Ab1-16) antibody.  
 Supplementary Fig. 5-17. A. Representative WB image and B. relative densitometric bar graphs of the Aβ42 disassembly in the presence of vescalagin (1) and castalagin (2). Both compounds were incubated during 24h (under Aβ42:polyphenol ratios of 1:0.5, 1:1 and 1:2). WBs were performed in a NuPAGE 12% Bis-Tris Gels, using MES running buffer, and incubated with 6E10 (anti-Ab1-16) antibody.   
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 Supplementary Fig. 5-18. A. Representative WB image and B. relative densitometric bar graphs of the Aβ42 disassembly in the presence of vescalagin (1) and castalagin (2). Both compounds were incubated during 7 days (under Aβ42:polyphenol ratios of 1:0.5, 1:1 and 1:2). WBs were performed in a NuPAGE 12% Bis-Tris Gels, using MES running buffer, and incubated with 6E10 (anti-Ab1-16) antibody.  
 Supplementary Fig. 5-19. Relative densitometric bar graphs of Aβ42 assembly and disassembly for 24h and 7 days, respectively. WBs were performed in a NuPAGE 12% Bis-Tris Gels, using MES running buffer, and incubated with 6E10 (anti-Ab1-16) antibody.  
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 Supplementary Fig. 5-20. CD spectra of Aβ42 peptide (25μM) in the presence and absence of vescalagin (1) or castalagin (2) during 7 days. Amyloid-aggregates have a β-sheet-rich secondary structure after 7 days. In all the cases, incubation was made at 37°C, under constant agitation. The interaction between the Aβ42 and 1 or 2 results in a blue shift in the characteristic curves of the β-sheet-rich structures of Aβ42, especially for the one at ∼220nm.  Supplementary Table 5-1. Secondary structure of Aβ42 during assembly (aggregation from the monomeric form) and disassembly (disaggregation of the pre-formed fibrils) in the presence of vescalagin (1) and castalagin (2). Values are in percentage obtained by fitting the CD spectra using the BeStSel method.5 Parallel β-sheets are usually reported to be the major structure present in Aβ42 fibrils, while antiparallel β-sheets are usually assigned to on- and off-pathway Aβ42 oligomeric structures (including cytotoxic and non-cytotoxic forms). Assembly of Aβ42 Secondary structure Aβ42 (Day 0) Aβ42 (Day 7) Aβ42 + 1 (Day 7) Aβ42 + 2 (Day 7) Parallel β-sheets 28.0 21.3 45.7 78.5 Antiparallel β-sheets 14.0 30.5 0.0 0.0 Others 38.6 48.2 54.3 21.5  Disassembly of Aβ42 Secondary structure Aβ42 (Day 0) Aβ42 (Day 1) Aβ42 + 1 (Day 1) Aβ42 + 2 (Day 1) Parallel β-sheets 42.8 93.9 63.6 49.6 Antiparallel β-sheets 13.6 6.1 0.0 11 Others 43.6 0.0 36.4 39.4    
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 Supplementary Fig. 5-21. CD spectra of Aβ42 pre-formed fibrils in the absence and presence of vescalagin (1) or castalagin (2) during 1 day. In all the cases, incubation was made at 37°C, under constant agitation.  

 Supplementary Fig. 5-22. AFM images of Aβ42 fibrils formed for 10 days (10μM). Vescalagin (1) and castalagin (2) were added into an Aβ42 solution (ratios Aβ42:polyphenol of 1:1 and 1:2) and left to incubate for 24h under constant agitation. Both compounds directly modified Aβ42 fibrils and oligomers (green arrows: aggregates with »30 nm; blue arrows: »70 nm); scale bars 2 𝜇m and 200 nm.  
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 Supplementary Fig. 5-23. AFM representative images of Aβ42 (25μM). A. Assembly of Aβ42: vescalagin (1) and castalagi (2) were added into an Aβ42 monomeric solution (ratio of Aβ42:polyphenol of: 1:1) and left to incubate for 7 days; B. Disassembly of Aβ42: vescalagin (1) and castalagin (2) were added into a solution of Aβ42 pre-formed fibrils (ratio of Aβ42:polyphenol of: 1:1) and left to incubate for 7 days. Scale bar = 1 μm and 500 nm. Green arrows: aggregates generated in the presence of vescalagin (1) with »50nm (assembly) and »200nm (disassembly). Blue arrows: aggregates generated in the presence of castalagin (2) with »80nm (assembly) and »100nm (disassembly). Scale bars = 2 𝜇m and 200 nm.   
 Supplementary Fig. 5-24. Isothermal titration calorimetry (ITC) curves for the binding of vescalagin (1) and castalagin (2) to Aβ42 peptide: K1 (mol-1)= 1.26E6±0.18E6; K2 (mol-1)= 4.54E6±0.56E6.   
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§ Cell toxicity assays 
 Supplementary Fig. 5-25. SH-SY5Y cell viability in the presence of Aβ42 fibrils during 24h. Cells were incubated during 24h with different concentrations of freshly prepared Aβ42. * p < 0.05, ** p < 0.01, *** p < 0.001 (vs. control); n=3.  
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Supplementary Fig. 5-26. MTS assay: SH-SY5Y metabolic activity in the presence of a solution of Aβ42 pre-formed fibrils (25µM) and filtered Aβ42 (25µM) during 24h. Fibrillar Aβ42 was filtered with a 0.22µm filter. *** p < 0.001 (vs cells: without Aβ42) n=3; # p < 0.05 (vs fibrillar Aβ42); n=3. 

 Supplementary Fig. 5-27. Fluorescence quantification of live cells stained in green (calcein) in the presence of a solution of Aβ42 pre-formed fibrils (25µM) and filtered fibrillar Aβ42 (25µM), during 24h. Fibrillar Aβ42 was filtered with a 0.22µm filter. *** p < 0.001 (vs cells: without Aβ42); n=3; # p < 0.05 (vs fibrillar Aβ42); n=3. B. Representative images of the Live/dead assay. Scale bar = 50 μm.  
 Supplementary Fig. 5-28. Live/Dead assay of SH-SY5Y: A. fluorescence quantification of live cells stained in green (calcein) in the presence of a solution of Aβ42 pre-formed fibrils (25µM) and vescalagin (1) or castalagin (2) at different molar ratios (Aβ42:polyphenol 1:0.5; 1:1; 1:2) during 24h. *** p < 0.001 (vs control);  ### p < 0.001 (vs 25µM Aβ42); n=3.  
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 Supplementary Fig. 5-29. A. MTS assay: SH-SY5Y cell viability in the presence of Aβ42 (25µM) and vescalagin (1) or castalagin (2) at different molar ratios (Aβ42:polyphenol 1:0.5; 1:1; 1:2) during 24h. * p < 0.05, ** p < 0.01, *** p < 0.001 (vs control); n=4. B. Fluorescence intensity of the Aβ42 immunostaining (6E10 antibody) after SH-SY5Y cell culture in the absence and presence of vescalagin (1) and castalagin (2), at different Aβ42:polyphenol ratios, 1:0.5, 1:1 and 1:2, for 24h. Fluorescence was quantified using the image processing package Fiji (http://fiji.sc/wiki/index.php/Fiji).  
 Supplementary Fig. 5-30. Representative fluorescence microscopy images of SH-SY5Y cells treated with different molar ratios of Aβ42:polyphenol, i.e. 1:0.5, 1:1 and 1:2, of vescalagin (1) and castalagin (2), as well as Aβ42 (25μM) during 24h. Immunostaining of Aβ42 (6E10, Aβ1-16) (green), actin (red) and nuclei (blue). Scale bar = 50 μm. 
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CHAPTER 6 6 Functional gallic acid-based dendrimers as synthetic nanotools to remodel amyloid-beta 42 into non-cytotoxic forms 5  ABSTRACT  The molecular self-assembly of amyloid-β (Ab) generates cytotoxic oligomeric species that have been linked to the onset and progression of Alzheimer’s Disease (AD). As many fundamental molecular pathways that control Aβ aggregation are yet to be unravelled, an important strategy to control the Aβ cytotoxicity is the development of bioactive synthetic nanotools capable of interacting with the heterogeneous ensemble of Ab species and remodel them into non-cytotoxic forms. In this work, we have synthesised nanosized, functional gallic acid (Ga)-based dendrimers with a precise number of Ga at their surface. We show these Ga-terminated dendrimers are able to interact with the monomeric/oligomeric Aβ species at their Glu, Ala and Val residues by H-bonding, promoting their remodelling into non-cytotoxic aggregates in a process controlled by the Ga units.  Keywords: Alzheimer Disease, Dendrimers, Galloyl group, amyloid-b peptide.   

                                                5 This Chapter is based on the publication: “Araújo A. R., Correa J., Dominguez-Arca V., Reis, R. L., Fernandez-Megia E. & Pires, R. A, (2020), Functional gallic acid-based dendrimers as synthetic nanotools to remodel amyloid-beta 42 into non-cytotoxic forms  (submitted)” 
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 Pathological protein/peptide aggregation is at the basis of several neurodegenerative processes, such as the ones that lead to Alzheimer’s Disease (AD).[1] In AD, amyloid-β (Aβ) peptides of different lengths (between 38 to 43 amino acids) are at the onset and progression of the disease. These amyloidogenic Aβ species are highly prone to aggregate into a diverse set of supramolecular assemblies, that range from long fibrils to short oligomers. Aβ peptides are produced from the sequential cleavage of the amyloid precursor protein (APP) promoted by the γ-secretase complex.[2] The resulting peptides are reported to produce thermodynamically unstable oligomers (Aβo) with a high propensity to self-assemble into stable β-sheet structures that present a fibril-like morphology (Aβf). These high molecular weight fibrils have been shown to be relatively inactive, but lower molecular weight aggregates (i.e. Aβo) have emerged as potent cytotoxins with the ability to trigger neuronal cell death, both in vitro and in vivo.[3] In fact, these Aβo species can diffuse through the intracellular and pericellular spaces and interact with a series of cellular motifs, triggering, for example, the hyperphosphorylation of Tau, hampering its ability to maintain the microtubules of neurons, which leads to their disassembly and neuronal cell death.[4] The growth of Aβf in the cellular milieu occurs at the cell surface through an autocatalytic process, usually referred to as secondary nucleation, which is mediated by the Aβo species.[5, 6] These Aβo differ from Aβf in the intermolecular arrangement of the β-strands (antiparallel arrangement for Aβo, parallel β-sheet conformation usually for Aβf).[7, 8] These supramolecular assemblies are typically maintained through H-bonding between the backbones of two peptide monomers, as well as by 𝜋-𝜋 stacking between the aromatic amino acid residues of the Aβ sequence, making them as key targets for the inhibition of the Aβ supramolecular assembly.[9] Natural polyphenols (e.g. EGCG[10], resveratrol[11] or vescalagin[12]) have been reported to remodel the supramolecular structure of amyloidogenic proteins/peptides. They usually interfere with the H-bonding and hydrophobic interactions (e.g. p-p stacking) between the protein/peptide chains generating disordered assemblies of low toxicity.[10] This interference is reported to be mediated by gallic acid (Ga) and other phenolic units in their structures. Based on this bioactive potential, we have mimicked these polyphenols by designing three nano-sized dendrimers functionalized with an increasing number of Ga units (Figure 6-1A-C). To this end, gallic acid-triethylene glycol (GATG) dendrimers[13-15] of the 2G family have been decorated with peripheral Ga units to afford 2G0-GaOH (two Ga units) and 2G1-GaOH (six Ga units). Since dendrimers with a larger number of Ga like 2G2-GaOH (eighteen Ga units) revealed highly hydrophobic and insoluble in water, a strategy for a higher number of Ga was devised with a dendrimer of the 3G 



Chapter 6 “Functional gallic acid-based dendrimers as synthetic nanotools to remodel amyloid-beta 42 into non-cytotoxic forms” 

 195 

family such as 3G1-GaOH (nine Ga units). Functional Ga-based dendrimers were obtained in very good yields. Their chemical characterization is described in the Supporting Information (SI) with convincing evidence by 1H, 13C NMR and IR spectroscopy. Furthermore, their purity and monodispersity were verified by gel permeation chromatography (GPC) (S. Figs. 6-1 and 6-24). 

 Figure 6-1. Chemical structure of Ga-terminated dendrimers: A. 2G0-GaOH, B. 2G1-GaOH and C. 3G1-GaOH. D. Optimized geometry from MD simulations (2G1-GaOH interacts with Aβf at its Glu (blue), Val (green) and Ala (orange) residues). Remaining Aβf residues, as well as the portion of 2G1-GaOH that does not interact with Aβf, are shown in grey We then assessed the ability of 2G0-GaOH, 2G1-GaOH and 3G1-GaOH to modulate the supramolecular assembly of Aβ and to promote the formation of non-cytotoxic aggregates. We started modelling the potential of the dendrimers to disassemble Aβf by coarse-grain by all atom molecular dynamics (MD) simulations (i.e. 2MXU PDB structure[16]). Since the dynamic character of Aβo largely limits the reproducibility of data obtained during the relative short timeframes of the simulations,[17] preformed fibrils were used for this analysis. We assessed the stability of Aβf in the presence and absence of dendrimers (Figures 6-1D and S. Fig 6-25, 6-29, S. Table 6-1). All dendrimers exhibited strong and stable H-bondings with Glu, Ala and Val residues of Aβf. The placement of dendrimers in close proximity to Glu 11, Glu 22 and Ala 21 increases the spacing between the Aβ strands (Figure 6-1D for the Glu in blue and Ala residue in orange), compromising the formation of β-sheets and other secondary conformations maintained by the H-bonding network.[18] All the tested compounds increased the solvent-
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accessible surface area (SASA, S. Table 6-1) of Aβf as a consequence of the perturbation of its secondary structure. Analysing the number of H-bonds generated during the simulations, 2G1-GaOH presented the highest number of H-bonds with Aβf. Of note, although water was used as solvent for all the MD simulations, the limited solubility in aqueous medium of 2G1-GaOH, and particularly 3G1-GaOH, probably leads to an underestimation of the H-bond number and SASA calculations. In general, the MD simulations showed that dendrimers are able to interact with Aβf, being 2G1-GaOH the most effective modulator of its supramolecular structure. We then tested the ability of dendrimers to interfere the assembly of Aβ in vitro, using the Thioflavin-T (ThT) fluorescence assay. Fluorescence spectra of the dendrimers revealed no major interference with the ThT emission spectrum (S. Fig.s 6-30 to 6-33). We analysed the dendrimers under both assembly (Aβo) and disassembly (Aβf) conditions (S. Figs. 6-34 to 6-35) to screen their potential to block the Aβ supramolecular assembly, as well as to disrupt the pre-assembled Aβ structures. The supramolecular assembly of Aβo over time presents the typical sigmoidal curve (characteristic of secondary nucleation and fibril elongation)[19], which is abolished in the presence of all dendrimers at any of the concentrations tested (S. Fig. 6-34). After the exponential growth phase of Aβo (at day 3-4), the fluorescence reaches a plateau (at day 7). Interestingly, the impact of the dendrimers in the disassembly pathway (Aβf, S. Fig. 6-35) is dependent on the number of Ga units per dendrimer and their concentration, a result consistent with the disruption of the interstrand H-bonding of the β-sheets. These interactions lead to a new thermodynamic equilibrium, i.e. formation of off-pathway aggregates that are not recognized by ThT. In fact, it is known ThT does not bind to β-sheet rich globular proteins due to their highly twisted β-sheets with a lower content of β-strands.[20] We used circular dichroism (CD) spectroscopy to evaluate the types of β-sheets present in the Aβ supramolecular species generated upon interaction with the dendrimers. All dendrimers perturbed the Aβ secondary structure (Figures S6-36, S6-43), probably due to the formation of off-pathway oligomers. All the CD spectra were fitted using the BeStSel method[21] for secondary structure estimation (S. Fig. 6-44). After 1 day of incubation, it was already visible a decrease in the antiparallel β-sheets for all the Aβo:dendrimer ratios, which were further reduced over 5 days of incubation, especially for 2G1-GaOH. In the disassemble experiments Aβf:dendrimers, the 2G1-GaOH dendrimer was able to abolish the antiparallel β-sheet content to undetectable levels after 5 days of incubation. These results are in accordance with the ThT data, indicating a clear direct relationship between the ability of the dendrimers to interfere with the assembly of Aβ and the number of Ga units per dendrimer as well as their concentration. These findings support the capacity of 2G1-GaOH to inhibit the catalytic mechanism that 
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combines the growth of insoluble amyloid fibrils and the generation of soluble oligomeric aggregates, and consequently secondary nucleation. Next, we evaluated the morphological changes of the Aβf aggregates upon contact with the dendrimers by AFM (S. Fig. 6-45) and STEM (S. Fig. 6-46). As expected, a reduction on the number of small aggregates is observed (i.e. oligomers); elongated fibrils are replaced by unstructured aggregates (condensed and less organized) as a result of the interaction between Aβf and the dendrimers. Western blot (with 6E10 antibody) allowed the quantification of the aggregates of different size, i.e. monomers, oligomers and fibrils, produced during the assembly (Aβo) and disassembly (Aβf) processes (Figure 6-2). In both cases, 2G1-GaOH shows the highest reduction in the oligomeric and monomeric species after 1 and 5 days of incubation (S. Fig. 6-47, 6-49). The antibody 6E10 is specific for the 1-16 amino acids of the Aβ sequence, requiring an intact N-terminal epitope which encloses the amino acid sequence 3-8: Glu-Phe-Arg-His-Asp-Ser. From the MD simulations, we found that dendrimers exhibit strong and stable H-bonding interactions with Glu11 residue so, these results are compatible with the ability of 2G1-GaOH to interact directly with the Aβ N-terminal, blocking the epitope recognized by 6E10 antibody. 
 Figure 6-2. Relative densitometric bar graphs of Aβo (A) and Aβf (B) quantified by WB (using the antibody 6E10). Experiments performed using 25μM of Aβ, 1:1 molar ratio of Aβ and dendrimers, at 37°C in PBS, for 1 and 5 days. After showing that the dendrimers (and particularly 2G1-GaOH) are able to modulate the supramolecular assembly of Aβ, both under assembly and disassembly conditions, we selected a neuroblastoma cell line (SH-SY5Y) to evaluate the impact of this activity under cell culture conditions. All the dendrimers were cytocompatible and able to rescue cells from the cytotoxicity of Aβf and Aβo (measured by AlamarBlue and live/dead assay and observed under confocal microscopy, at 1 and 5 days of cell culture conditions, S. Fig. 6-50, 6-52). Not surprisingly, when ThT was used to quantify the β-sheets present under cell culture conditions for both the assembly (Aβo) and disassembly (Aβf) 
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experiments, ThT fluorescence reduced by ~50% in the presence of 2G1-GaOH and Aβo after 24 h of incubation (Figure S6-53A). Next, we used the 6E10 (stains Aβf, Figures 6-3 and S. Fig. 6-54, 6-55) and A11 (stains Aβo, S. Fig. 6-56, 6-57) antibodies to assess the presence of Aβ species in the pericellular space. We noticed that Aβ tend to aggregate (Aβf stained by 6E10) over the cell membrane while the smaller species (Aβo stained by A11) are internalized by the cells. For both pathways, the 2G1-GaOH dendrimer reduced the amount of Aβ supramolecular assemblies in the cellular environment (Figures 6-3A and 6-3C). Recent reports[22, 23] have shown that Aβ species interact with the phospholipid bilayer changing the lipid environment. It has been proposed that the transformation of the Aβ secondary structure results in hydrophobic segments being exposed which increase their tendency to attach onto the membrane. This interaction with the cell membrane disturbs the cytoskeletal organization (i.e. assembly of actin filaments and microtubules) influencing the cell mechanical properties, which results in changes in cellular morphology and mechanics (e.g. height and Young’s modulus).[24, 25] Therefore, we used Bio-AFM to measure the nanomechanical properties of the cells in the presence and absence of Aβ and dendrimers (Figures 6-4 and S. Fig. 6-58, 6-59). Our results indicate that the presence of Aβf increases the stiffness of the cell body, while Aβo (being more toxic) decreases the Young’s modulus and cell height probably via Tau hyperphosphorylation leading to the disassembly of microtubules. In all cases the presence of dendrimers ameliorated the perturbations promoted by Aβ. 
 Figure 6-3. Immunofluorescence analysis of Aβo (A., assembly) and Aβf (C., disassembly) species in the SH-SY5Y cell culture (mAb 6E10) after incubation with 2G1-GaOH for 1 and 5 days (Aβ: green, cell nuclei: blue). Scale bar = 200μm (insets = 50μm). B. Aβ peptide aggregation pathway. In conclusion, we have developed a strategy, that based on Ga-terminated dendrimers, allows to inhibit the primary and secondary nucleation of Aβ fibrillization, as well as to disrupt the Aβ pre-formed fibrils. As in the case of natural polyphenols, the activity of the dendrimers was found to be proportional to the number of Ga units. The multivalent presentation of these chemical motifs increases their capacity 
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to remodel the Aβ secondary structure. 2G1-GaOH dendrimer (six Ga units) displays an adequate balance between number of Ga units and hydrophilicity, maximizing the interaction with the Glu, Ala, and Val peptide residues through H-bonding, while reducing the Aβ cytotoxicity in vitro. The strategy herein presented can be extended to the development of dendrimers with alternative structural cores and other multivalent scaffolds aimed at abolishing the toxicity of Aβ assemblies in the context of AD. Finally, we believe that these dendrimers represent relevant synthetic nanotools to study the assembly mechanisms of different Aβ peptide sequences, as well as to find structure-activity relationships of the Aβ cytotoxic oligomeric populations that have been linked to AD. 

 Figure 6-4. Representative Bio-AFM topographic images of SH-SY5Y cells (A. and B.) cultured in the presence of Aβ and a 1:1 molar ratio of 2G1-GaOH. C. Cell height profile and D. Young's modulus of SH-SY5Y cells as a function of the presence of Aβ and dendrimers (molar ratio 1:1). Experiments were recorded after 24h of incubation; Aβ concentration was set at 25μM.  1. Masters, C.L., et al., Alzheimer's disease. Nat Rev Dis Primers, 2015. 1: p. 15056. 2. Hardy, J.A. and G.A. Higgins, Alzheimer's disease: the amyloid cascade hypothesis. Science, 1992. 256(5054): p. 184-5. 
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SUPPLEMENTARY INFORMATION 
§ Materials and Methods All chemicals were purchased from Sigma-Aldrich or Acros Organics and were used without further purification. All solvents were of HPLC grade, purchased from Scharlab and Fisher Chemical and used without further purification. DMSO and Et3N were dried under 4Å molecular sieves. H2O of Milli-Q grade was obtained from a Millipore water purification system. 2[G1]-NH2·HCl and 3[G1]-NH2·HCl were prepared following previously reported procedures by our group.1 Column Chromatography. Automated column chromatography was performed on a MPLC Teledyne ISCO CombiFlash RF 200 psi with RediSep Rf columns refilled with silica 40 mm (from VWR Chemicals) or neutral aluminum oxide 60 mesh (from Alfa Aesar). Samples were adsorbed onto silica 40 mm or neutral aluminum oxide 60 mesh into solid cartridges. NMR Spectroscopy. NMR spectra were recorded on a Varian Mercury 300 MHz spectrometer. Chemical shifts are reported in ppm (δ units) downfield from the HOD peak (CD3OD), internal tetramethylsilane (CDCl3), or residual solvent peak (DMSO-d6). Mestre Nova 9.0 software (Mestrelab Research) was used for spectral processing. Infrared Spectroscopy. FT-IR spectra were recorded on a Perkin-Elmer Spectrum Two spectrophotometer equipped with a UATR accessory or Bruker Vertex 70v using KBr pellets. Mass Spectrometry (MS). Mass spectra were recorder on a Bruker Microtof spectrometer coupled to a HPLC Agilent 1100 using atmospheric-pressure chemical ionization (APCI). Samples were injected via flow injection analysis (FIA) using a MeOH/aqueous solution of formic acid 0.1% 1:1, flow 0.2 mL/min. Gel Permeation Chromatography (GPC). GPC experiments were performed on an Agilent 1100 series separation module using a PSS SDV pre-column (5 mm, 8 x 50 mm), a PSS SDV Linear S column (5 mm, 8 x 300 mm), and a PSS SDV Lux Linear M column (5 mm, 8 x 300 mm) equipped with an Agilent 1100 series refractive index and UV detectors. THF was used as eluent at 1 mL/min. The samples were filtered through a 0.45 μm PTFE filter before injection.  Peptide preparation. Human amyloid β-peptide (1-42) was obtained by custom synthesis from GeneCust Europe (Luxembourg). Stock solutions of 0.45mg were prepared by dissolving 10mg of amyloid β-peptide (1-42, Aβ) in 2.217mL of HFIP (Fluorochem Ltd, UK) according to the protocol described by Stine et al2. 
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In brief, Aβ was dissolved in HFIP (5mg/mL) during 30min at room temperature. HFIP was allowed to evaporate in open tubes overnight in the fume hood, and afterwards during an additional 1h under vacuum. Aβ aliquots were then stored at -20ºC and reconstituted immediately before use: i) for the monomeric Aβ (Aβo) studies, it was added 20µL of DMSO (sonicated for 10min in an ultra-sound bath) and immediately afterwards, ice-cold water was added (followed by 15s of vortex) to a final concentration of 100μM; ii) for the fibrillar Aβ (Aβf) experiments it was added 20µL of DMSO (sonicated for 10min in an ultra-sound bath) and immediately afterwards it was added 10mM HCl at room temperature, diluting to a final concentration of 100μM of Aβ, followed by vortex for 15s, and then incubated for 24h at 37˚C. Thioflavin T (ThT). Fibril formation for Aβo was followed by ThT assay (assembly – S. Fig. 6-35) during 6 days. Aβ peptide stock solution was prepared as described above. ThT fluorescence was monitored by mixing Aβo solution (final concentration of 25µM on Phosphate Buffer 5mM, with 0.1% of sodium azide, pH 7.2) with ThT (final concentration of 40µM) and different concentrations of Ga, 2G0-GaOH, 2G1-GaOH and 3G1-GaOH, i.e. concentration ratios Aβ:dendrimers of 1:0.5; 1:1 and 1:2. The ThT fluorescence was then recorded in a Fluorescence Spectrometer (Jasco, FP-8500, Japan) during 6 days using an excitation wavelength of 435nm and an emission wavelength of 465nm. Each experiment was repeated in triplicate. The experiments for the disassembly of the Aβ fibrils, i.e. Aβf (S. Fig. 6-36) were performed with Aβ fibrillar form (Aβf), for 5 days using the same experimental protocol.  Circular Dichroism (CD). CD was performed using a 1mm path length cell at 37°C in a CD spectrometer (Jasco, J1500, Japan). Spectra (S. Figs. 6-37, 6-40) were recorded in the range between 190–260nm with a scan rate of 10nm/min and a response time of 1s. Three scans were accumulated for each spectrum. For all the CD experiments, the Aβo/Aβf concentration was 25µM with or without each dendrimer for the different ratios: 1:0.5; 1:1 and 1:2.  Results are expressed as θ [mdeg] – S. Figs. 6-41, 6-44. Atomic Force Microscopy (AFM). For the acquisition of AFM images (S. Fig. 6-46), freshly cleaved mica was functionalized with a drop of (3-Aminopropyl)triethoxysilane (APTES, 200μL), during 30 min at room temperature. Afterwards, the micas were rinsed with deionized water and dried under a nitrogen flux. Each sample, Aβf peptide (30μM) in the presence and absence of dendrimers, were spotted onto the functionalized mica during 30min, washed with water and dried under nitrogen. 
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AFM images were acquired using a JPK Nanowizard 3 (JPK, Germany) in air at room temperature under AC mode. The scans were acquired at a 512 x 512 pixels resolution using ACTA-SS probes (k∼37N/m, AppNano, USA), a drive frequency of ∼254kHz, a setpoint of ∼0.5V and a scanning speed of 1.0Hz. Scanning transmission electron microscopy (STEM). For the acquisitions of the STEM images, (S. Fig. 6-47), Aβf peptide (30μM) in the presence and absence of dendrimers, were spotted onto the a TEM grids, Carbon Type-B 400M Cu (IESMAT, Spain), during 3min, followed by the classic staining with UranyLess (10μL each sample, for 2 minutes) (EMS, UK). All samples were washed with water and dried under nitrogen. STEM images were obtained using a High-Resolution Field Emission Scanning Electron Microscope (SEM - Auriga Compact, Zeiss, Germany). The scans were acquired at a resolution of 2048 × 1536 pixels, EHT = 3000kV, WD = 2.9 mm and magnification = 5000K (Fig. S6-47). Western Blot (WB). To access the effect of the dendrimers in the Aβ species sizes, produced afterword’s for the different ratios: 1:0.5; 1:1 and 1:2 (during 1 day and 5 days) we run a 12% Bis-Tris Gel Invitrogen NuPAGE, with MES SDS Running Buffer gel (gel loading buffer without DTT), followed by a membrane transference to a nitrocellulose membranes using iBlot 2 System. Next, the nitrocellulose membranes were blocked with 4% BSA for 1.5 hours in TBS-T (TBS with 0.1% Tween 20%). After the blocking, the membranes were incubated (overnight at 4ºC) with the 6E10 antibody (Aβ 1-16 – 1:1000 dilution in 4% of BSA in TBS-T). After washed 3 times in TBS-T, the membranes were incubated (during 1.5h at RT) in IRDye 800CW Goat anti-Mouse IgG Secondary Antibody (1:10000 dilution in TBS-T). Finally, the WB lanes were detected using an Odyssey Fc Imaging System (LI-COR Inc., Nebraska USA). The comparisons between bands in different lanes were quantified using Fiji software (Figs. 6-2 and S. Fig. 6-48, 6-50). Cell studies. Neuroblastoma SH-SY5Y cells were cultured at 37°C in a humidified 95/5% air/CO2 atmosphere using Dulbecco's modified Eagles medium F-12 (Gibco, UK) supplemented with 10% FBS (Gibco, UK) and 1% ATB (Gibco, UK) solution. Cell medium were replaced each 2 days and cells were sub-cultured once they reached 90% confluence. Cells were plated at a density of 25 000 cells per well on 96-well plates containing DMEM/F-12 media (for MTS assay) and plated at a density of 50 000 cells per well on 24-well plates containing DMEM/F-12 media (for the Live/Dead assay). A typical experiment included the culture of the neuroblastoma cell line (SH-SY5Y) during 24h or 5 days in the absence or presence of dendrimers at different concentrations. Afterwards, Aβo/Aβf were added to the culture medium and, after an additional 24h, the cells were evaluated for their metabolic activity. The dendrimers 
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and Aβo/Aβf peptide were reconstituted in DMSO (0.02%), diluted into DMEM/F-12 media, sterilized by UV and immediately added to the cells. AlamarBlue® assay. The Aβo/Aβf cytotoxicity (S. Figs. 6-51, 6-52A and 6-53A) was evaluated by measuring the cell metabolic activity, 24h after the addition of Aβo/Aβf at a concentration of 25µM using AlamarBlue® (indicator dye BUF012B, Bio-Rad) according to the manufacturer’s instructions. The fluorescence intensity of each experimental condition was measured using an excitation wavelength of 530nm and an emission wavelength of 590nm with a Synergy HT microplate reader (Bio-Tek Instruments). p-values were calculated using two-tailed t-test. Results are presented as mean ± SEM of 6 independent experiments for each experimental condition. Live/Dead assay. Cell viability was also evaluated by Live/Dead assay using calcein AM (Life Technologies) to stain live cells and propidium iodide (PI, Biotium, Inc.) to stain dead cells (S. Figs. 6-52B and 6-53B). Viable cells were stained in green and dead cells were stained in red. Briefly, cells were incubated for 20min with both dyes and then observed under a fluorescence microscope (Axio Imager Z1m, Zeiss, Germany). Quantification of the β-sheet content under cell culture determined by ThT assay. Cells were cultured with Aβo/Aβf within dendrimers during 24h. Afterwards, 1% Thioflavin T (in sterile D-PBS) were added to the wells. After 20min, the ThT fluorescence intensity was measured using a fluorescence spectrometer (Jasco, FP-8500, Japan), using an excitation wavelength of 435nm and an emission wavelength of 465nm, with a bandwidth of 10nm. Each condition was repeated in triplicate and using data from two independent experiments3 (S. Fig. 6-54). Protein expression. For immunostaining, fluorescence images (Figs. 6-3 and S. Fig. 6-48, 6-50) were collected after 1 day of cell culture. Samples were washed twice with PBS, fixed in 10% neutral buffered formalin for 30min at 4˚C, permeabilized with 0.1% Triton X-100 in PBS for 5min, and blocked with 3% BSA in PBS for 30min at room temperature. To evaluate the accumulation of Aβo a primary antibody (Oligomer Polyclonal Antibody, clone A11, Rabbit, 1:200 dilution in 1% w/v BSA/PBS, Life Technologies) against Aβ oligomeric forms or a primary antibody against Aβf aggregates (Biotin anti-β-Amyloid, 1-16 Antibody, Mouse IgG1, 1:200 dilution in 1% w/v BSA/PBS, Biolegend) was employed, followed by the secondary antibody rabbit anti-mouse Alexafluor-488 (1:500 dilution in 1% w/v BSA/PBS, anti-mouse, Invitrogen). For the βIII-tubulin expression it was used an anti-β III Tubulin Mouse IgG (1:500 dilution in 1% w/v BSA/PBS, Abcam). A phalloidin–TRITC conjugate was used (1:200 dilution in PBS for 30min, 
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Sigma) to assess the cytoskeleton organization. Nuclei were counterstained with 1mg/mL of 4,6-diamidino-2-phenylindole (DAPI, Sigma) for 30min. Samples were washed with PBS and placed in an imaging dish for confocal microscope (Leica, TCS SP8). Bio-AFM experiments. Cell nanomechanical analysis was performed using a JPK Nanowizard 3 (JPK, Germany) under PBS at 37ºC. Force curves were acquired using sQube cantilevers (with tips of borosilicate spheres of 5𝜇m diameter, CP-qp-CONT-BSG, sQube), presenting a k∼0.1N/m. All cantilevers were calibrated before performing the analysis using the JPK non-contact method. For each experimental condition, at least 15 fixed cells were analysed and it was acquired at least 10 curves per cell. All force curves were fitted using the Hertz model to obtain the Young’s modulus (Figs. 6-4D, S. Fig. 6-59). For the cell height analysis, at least 10 cells per experimental condition were analysed under the JPK QI Imaging Mode, using the cantilevers qpBioAC-CB1 (NanoSensors, Germany). To obtain cell height data cellular cross-sections were retrieved from the AFM Height Images. All the presented data are averages of 10 cells with the corresponding standard deviations (Figs. 6-4C and S. Fig. 6-60).  
§ Synthesis and Characterization of New Compounds  Benzyl 3,4,5-tris(benzyloxy)benzoate. K2CO3 (12.04 g, 87.15 mmol), benzyl bromide (14.91 g, 87.15 mmol) and NaI (2.61 g, 17.43 mmol) were added to a stirred solution of gallic acid (3.0 g, 17.43 mmol) in MeOH (180 mL). The reaction was refluxed for 16 h, cooled down to RT and then, H2O (30 mL) was added. After evaporation, the mixture was diluted with H2O (50 mL) and extracted with EtOAc (3 x 20 mL). The combined organic layers were dried and concentrated to give a crude product that was recrystallized from EtOH to give benzyl 3,4,5-tris(benzyloxy)benzoate as a white solid (8.19 g, 88%). 1H NMR (300 MHz, DMSO-d6) δ: 7.63-7.17 (m, 22H), 5.33 (s, 2H), 5.17 (s, 4H), 5.06 (s, 2H). 13C NMR (75 MHz, DMSO-d6) δ: 165.3, 152.3, 141.7, 137.5, 136.9, 136.4, 128.7, 128.6, 128.4, 128.2, 128.1, 127.9, 127.8, 124.8, 108.4, 74.3, 70.4, 66.2. HRMS (APCI-FIA-TOF, positive mode, m/z): 531.2166. Calcd for [M+H]+, C35H31O5: 531.2171. IR (neat, ATR) nmax: 3091, 3033, 1713, 1590, 1498, 1109 cm-1. 
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 Supplementary Fig. 6-1. 1H NMR spectrum (DMSO-d6) of benzyl 3,4,5-tris(benzyloxy)benzoate.   

 Supplementary Fig. 6-2. 13C NMR spectrum (DMSO-d6) of benzyl 3,4,5-tris(benzyloxy)benzoate.   
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 Supplementary Fig. 6-3. IR spectrum of benzyl 3,4,5-tris(benzyloxy)benzoate.   405060708090100
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 Supplementary Fig. 6-4. HR-MS of benzyl 3,4,5-tris(benzyloxy)benzoate.    
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 3,4,5-Tris(benzyloxy)benzoic acid. A stirred solution of benzyl 3,4,5-tris(benzyloxy)benzoate (5.69 g, 10.7 mmol) in a 3M KOH solution in MeOH (285 mL) was refluxed overnight. The mixture was cooled down to RT and acidified (pH= 3-4) by addition of 3M HCl. The resulting precipitate was filtered, dissolved in EtOAc (80 mL) and washed with H2O (40 mL). The aqueous phase was extracted with CH2Cl2 (3 x 30 mL). The combined organic phase was dried and concentrated. The crude product was purified by automated MPLC (gradient from hexane to EtOAc, silica, 40 min) to afford 3,4,5-tris(benzyloxy)benzoic acid as a white solid (4.20 g, 89%). 1H NMR (300 MHz, DMSO-d6) δ: 7.53-7.22 (m, 17H), 5.18 (s, 4H), 5.03 (s, 2H). 13C NMR (75 MHz, DMSO-d6) δ: 166.9, 152.0, 140.9, 136.9, 128.4, 128.2, 128.1, 127.9, 127.6, 126.2, 108.2, 74.2, 70.2. HRMS (APCI-FIA-TOF, positive mode, m/z): 441,1694. Calcd for [M+H]+, C28H25O5: 441.1702. IR (neat, ATR) nmax: 3029, 1686, 1595, 1128 cm-1.  

 Supplementary Fig. 6-5. 1H NMR spectrum (DMSO-d6) of 3,4,5-tris(benzyloxy)benzoic acid.   
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 Supplementary Fig. 6-6. 13C NMR spectrum (DMSO-d6) of 3,4,5-tris(benzyloxy)benzoic acid.  

 Supplementary Fig. 6-7. IR spectrum of 3,4,5-tris(benzyloxy)benzoic acid.   6065707580859095100
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 Supplementary Fig. 6-8. HR-MS of 3,4,5-tris(benzyloxy)benzoic acid.   
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 2G0-GaOBn. 3,4,5-Tris(benzyloxy)benzoic acid (334 mg, 0.76 mmol), HOBt (103 mg, 0.76 mmol) and EDC (145 mg, 0.76 mmol) were added to a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (45 mg, 0.30 mmol) in DMSO (6 mL). After 20 h of stirring at RT, the reaction mixture was distributed between EtOAc (30 mL) and brine (30 mL). The aqueous phase was extracted with EtOAc (3 x 30 mL). The combined organic phase was washed with H2O (30 mL), dried and evaporated under vacuum. The crude product was purified by automated MPLC (gradient from hexane to 100% EtOAc and then to 100% CH2Cl2, neutral alumina, 25 min) to afford 2G0-GaOBn (255 mg, 85%) as a white solid. 1H NMR (300 MHz, CDCl3) δ: 7.47-7.18 (m, 30H), 7.11 (s, 4H), 6.62-6.53 (m, 2H), 5.08 (s, 8H), 5.07 (s, 4H), 3.69-3.50 (m, 12H). 13C NMR (75 MHz, CDCl3) δ: 167.2, 152.8, 141.4, 137.5, 136.8, 129.9, 128.6, 128.2, 128.1, 128.0, 127.6, 107.1, 75.1, 71.4, 70.2, 69.8, 39.8. IR (neat, ATR) nmax: 3310, 3064, 3033, 1634, 1581, 1112 cm-1.  
 Supplementary Fig. 6-9. 1H NMR spectrum (CDCl3) of 2G0-GaOBn.    



Chapter 6 “Functional gallic acid-based dendrimers as synthetic nanotools to remodel amyloid-beta 42 into non-cytotoxic forms” 

 214 

 Supplementary Fig. 6-10. 13C NMR spectrum (CDCl3) of 2G0-GaOBn.  
 Supplementary Fig. 6-11. IR spectrum of 2G0-GaOBn.   6065707580859095100
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 2G0-GaOH. Pd/C (16 mg, 10%) was added to a solution of 2G0-GaOBn (160 mg, 0.16 mmol) in a mixture of DMF-MeOH 3:1 (4 mL). The resulting mixture was stirred under H2 (1 atm) for 20 h. The catalyst was removed by filtration through Celite. The filtrate was concentrated and then purified by short column chromatography (MeOH-CH2Cl2-H2O 3:3:0.2, silica) to give 2G0-GaOH as a green solid (71 mg, 98%). 1H NMR (300 MHz, CD3OD) δ: 6.85 (s, 4H), 3.67-3.57 (m, 8H), 3.50 (t, J=5.5 Hz, 4H). IR (KBr) nmax: 3319, 1636, 1592, 1338, 1033 cm-1.  
 Supplementary Fig. 6-12. 1H NMR spectrum (CD3OD) of 2G0-GaOH.   
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 Supplementary Fig. 6-13. IR spectrum of 2G0-GaOH.  
 2G1-GaOBn. 3,4,5-Tris(benzyloxy)benzoic acid (466 mg, 1.06 mmol), Et3N (0.224 mL, 1.06 mmol), HOBt (143 mg, 1.06 mmol) and EDC (210 mg, 1.06 mmol) were added to a solution of 2[G1]-NH2·HCl (205 mg, 0.14 mmol) in DMSO (8 mL). After 24 h of stirring at rt, the reaction mixture was distributed between EtOAc (50 mL) and brine (50 mL). The aqueous phase was extracted with EtOAc (3 x 50 mL). The combined organic phase was washed with 0.1M HCl (30 mL) and H2O (50 mL), dried and evaporated under vacuum. The crude product was purified by automated MPLC (gradient from EtOAc to 25% MeOH, neutral alumina, 25 min) to afford 2G1-GaOBn (428 mg, 75%) as a pale yellow solid. 1H NMR (300 MHz, CDCl3) δ: 7.40-7.10 (m, 102H), 6.97 (s, 4H), 5.03-4.94 (m, 36H), 4.07 (t, J=3.5 Hz, 4H), 3.96 (t, J=3.7 Hz, 8H), 3.75-3.38 (m, 72H). 13C NMR (75 MHz, CDCl3) δ: 167.2, 167.1, 152.5, 152.1, 140.9, 137.4, 
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136.7, 129.8, 128.4, 128.1, 127.8, 127.7, 127.4, 106.9, 75.0, 72.2, 71.1, 70.5, 70.3, 70.1, 70.0, 69.8, 69.6, 69.5, 68.6, 40.7, 39.7. IR (neat, ATR) nmax: 3314, 3065, 3032, 1634, 1580, 1100 cm-1. 

 Supplementary Fig. 6-14. 1H NMR spectrum (CDCl3) of 2G1-GaOBn.   
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 Supplementary Fig. 6-15. 13C NMR spectrum (CDCl3) of 2G1-GaOBn.  
 Supplementary Fig. 6-16. IR spectrum of 2G1-GaOBn.   2030405060708090100
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 2G1-GaOH. Pd/C (60 mg, 20%) was added to a solution of 2G1-GaOBn (300 mg, 0.075 mmol) in a mixture of EtOAc-MeOH 1:1 (8 mL). The resulting mixture was stirred under H2 (1 atm) for 14 h. The catalyst was removed by filtration through Celite. The filtrate was concentrated and then purified by short column chromatography (MeOH-CH2Cl2-H2O 3:3:0.2, silica) to give 2G1-GaOH as a green solid (133 mg, 82%). 1H NMR (300 MHz, CD3OD) δ: 7.11 (s, 4H), 6.86 (s, 12H), 4.14-4.05 (m, 12H), 3.82-3.46 (m, 72H). IR (KBr) nmax: 3296, 1625, 1593, 1330, 1116, 1097 cm-1. 
 Supplementary Fig. 6-17. 1H NMR spectrum (CD3OD) of 2G1-GaOH.  
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 Supplementary Fig. 6-18. IR spectrum of 2G1-GaOH.    2030405060708090100
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 3G1-GaOBn. 3,4,5-Tris(benzyloxy)benzoic acid (268 mg, 0.61 mmol), Et3N (0.128 mL, 0.61 mmol), HOBt (82 mg, 0.61 mmol) and EDC (120 mg, 0.61 mmol) were added to a solution of 3G1-NH2·HCl (134 mg, 0.05 mmol) in DMSO (4.9 mL). After 36 h of stirring at rt, the reaction mixture was distributed between EtOAc (50 mL) and brine (50 mL). The aqueous phase was extracted with EtOAc (3 x 50 mL). The combined organic phase was washed with 0.1M HCl (30 mL) and H2O (50 mL), dried and evaporated under vacuum. The crude product was purified by automated MPLC (gradient from EtOAc to 25% MeOH, neutral alumina, 25 min) to afford 3G1-GaOBn (413 mg, 84%) as a pale yellow solid. 1H NMR (300 MHz, CDCl3) δ: 7.37-7.08 (m, 153H), 6.89 (s, 6H), 4.93 (bs, 54H), 4.04-3.81 (m, 24H), 3.67-3.33 (m, 120H). 13C NMR (75 MHz, CDCl3) δ: 167.2, 160.4, 152.6, 152.1, 140.9, 137.5, 136.7, 129.9, 129.8, 128.4, 128.1, 127.9, 127.5, 107.0, 106.8, 94.3, 75.1, 72.2, 71.2, 71.1, 70.5, 70.3, 70.1, 69.8, 69.5, 68.6, 67.3, 40.0. IR (neat, ATR) nmax: 3319, 3069, 3034, 1635, 1581, 1108 cm-1. 
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 Supplementary Fig. 6-19. 1H NMR spectrum (CDCl3) of 3G1-GaOBn. 

 Supplementary Fig. 6-20. 13C NMR spectrum (CDCl3) of 3G1-GaOBn.  
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 Supplementary Fig. 6-21. IR spectrum of 3G1-GaOBn.   405060708090100
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 3G1-GaOH. Pd/C (10 mg, 20%) was added to a solution of 3G1-GaOBn (49 mg, 0.008 mmol) in a mixture of DMF-MeOH 4:1 (3 mL). The resulting mixture was stirred under H2 (1 atm) for 24 h. The catalyst was removed by filtration through Celite. The filtrate was concentrated and then purified by short column chromatography (MeOH-CH2Cl2-H2O 3:3:0.2, silica) to give 3G1-GaOH as a green solid (26 mg, 90%). 1H NMR (300 MHz, DMSO-d6) δ: 7.17 (s, 6H), 6.81 (s, 18H), 6.07 (s, 3H) 4.18-3.94 (m, 24H), 3.80-3.20 (m, 120H). IR (KBr) nmax: 3334, 1629, 1597, 1336, 1109, 1097 cm-1.  
 Supplementary Fig. 6-22. 1H NMR spectrum (DMSO-d6) of 3G1-GaOH.   
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 Supplementary Fig. 6-23. IR spectrum of 3G1-GaOH. 

 Supplementary Fig. 6-24. GPC elugrams of x[Gn]-GaOBn (THF).     
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§ Molecular Simulations All simulations were carried out during 120ns. The systems were formed with Aβf fibril (2MXU pdb file4) composed by 12 peptide chains (11-42 residues) and 1:1 ratio of each of dendrimer: 2MXU solvated and neutralized; 2MXU + 12 Ga solvated and neutralized; 2MXU + 12 2G0-GaOH solvated and neutralized; 2MXU + 12 2G1-GaOH solvated and neutralized; 2MXU + 12 3G1-GaOH solvated and neutralized. 2G0-GaOH, 2G1-GaOH and 3G1-GaOH were parametrized and their topologies were built by merging dendrons whose topology was built using ATB5. The final system was minimized and simulated using GROMACS with the force field Gromos54a76. 

 Supplementary Fig. 6-25. Optimized geometry for Ga (A), 2G0-GaOH (B), 2G1-GaOH (C) and, 3G1-GaOH (D) dendrimers interacting with the Aβf at its Glu (blue), Val (green) and Ala (orange) residues. Aβf remaining residues are shown in grey.     
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Supplementary Table 6-1 MD simulation analysis of the interaction between Aβf and dendrimers under a Aβf:dendrimers ratio of 1:1 showing the average number of H-bonds between the peptide chains of Aβf and the corresponding dendrimer, as well as the solvent-accessible surface area (SASA) of the region where dendrimers are interacting. Disassembly 1:1 Number of H-Bonds SASA (nm2) Aβf - 161.5 ±2.31 Aβf : Ga 44±3 164.7 ±1.81 Aβf : 2G0-GaOH 22±3 164.2 ±1.81 Aβf : 2G1-GaOH 46±5 164.9 ±2.02 Aβf : 3G1-GaOH 25±3 164.9 ±2.22    
 Supplementary Fig. 6-26. Dynamic interaction energy between Aβf (2MXU pdb file4) and Ga (1:1 ratio). Preferential binding residues were calculated by the nonbonded interaction energy and the number of H-bonds between each Aβf residue and Ga. If the nonbonded interaction energy between dendrimer and a residue at a specific time point is less than -600 kJ/mol, this residue is considered as a strong single contact at this specific time point.   
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 Supplementary Fig. 6-27. Dynamic interaction energy between Aβf (2MXU pdb file4) and 2G0-GaOH (1:1 ratio). Preferential binding residues were calculated by the nonbonded interaction energy and the number of H-bonds between each Aβf residue and the 2G0-GaOH. If the nonbonded interaction energy between dendrimer and a residue at a specific time point is less than -600 kJ/mol, this residue is considered as a strong single contact at this specific time point.   
 Supplementary Fig. 6-28. Dynamic interaction energy between Aβf (2MXU pdb file4) and 2G1-GaOH (1:1 ratio). Preferential binding residues were calculated by the nonbonded interaction energy and the number of H-bonds between each Aβf residue and the 2G1-GaOH. If the nonbonded interaction energy between dendrimer and a residue at a specific time point is less than -600 kJ/mol, this residue is considered as a strong single contact at this specific time point. 
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 Supplementary Fig. 6-29. Dynamic interaction energy between Aβf (2MXU pdb file4) and 3G1-GaOH (1:1 ratio). Preferential binding residues were calculated by the nonbonded interaction energy and the number of H-bonds between each Aβf residue and 3G1-GaOH. If the nonbonded interaction energy between dendrimer and a residue at a specific time point is less than -600 kJ/mol, this residue is considered as a strong single contact at this specific time point.  
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§ In vitro Protein Aggregation Studies   
 Supplementary Fig. 6-30. A. 3D fluorescence spectra of Gallic acid (Ga, 50μM) using the following acquisition parameters: 

λex = 400-580 nm; λem = 415-600 nm; B. Fluorescence spectrum of Ga (50μM) acquired using a λex = 435 nm and a λem = 445-600 nm; excitation bandwidth = 5nm; emission bandwidth = 10nm; response = 2s.    
 Supplementary Fig. 6-31. A. 3D fluorescence spectra of 2G0-GaOH (50μM) using the following acquisition parameters: 

λex = 400-580 nm; λem = 415-600 nm; B. Fluorescence spectrum of 2G0-GaOH (50μM) acquired using a λex = 435 nm and a λem = 445-600 nm; excitation bandwidth = 5nm; emission bandwidth = 10nm; response = 2s.  
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 Supplementary Fig. 6-32. A. 3D fluorescence spectra of 2G1-GaOH (50μM) using the following acquisition parameters: 
λex = 400-580 nm; λem = 415-600 nm; B. Fluorescence spectrum of 2G1-GaOH (50μM) acquired using a λex = 435 nm and a λem = 445-600 nm; excitation bandwidth = 5nm; emission bandwidth = 10nm; response = 2s.   

 Supplementary Fig. 6-33. A. 3D fluorescence spectra of 3G1-GaOH (50μM) using the following acquisition parameters: 
λex = 400-580 nm; λem = 415-600 nm; B. Fluorescence spectrum of 3G1-GaOH (50μM) acquired using a λex = 435 nm and a λem = 445-600 nm; excitation bandwidth = 5nm; emission bandwidth = 10nm; response = 2s.    
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 Supplementary Fig. 6-34. Inhibition of the Aβo aggregation kinetics evaluated using the ThT assay. Ga, 2G0-GaOH, 2G1-GaOH and 3G1-GaOH inhibited the Aβ fibril elongation at different molar ratios: 1:0.5, 1:1, and 1:2. Dendrimers were mixed with Aβo in the lag-phase of the Aβ fibril formation and fluorescence was measured over 6 days. All experiments were performed at room temperature.  
 Supplementary Fig. 6-35. Disassembling of Aβf fibrils evaluated using the ThT assay. Ga, 2G0-GaOH, 2G1-GaOH and 3G1-GaOH promoted the rupture of Aβ fibrils at different Aβ:dendrimer molar ratios: 1:0.5; 1:1, and 1:2. Compounds were mixed with Aβf in the plateau phase and fluorescence was measured over 5 days. All experiments were performed at room temperature.   
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  Supplementary Fig. 6-36. CD spectra of Aβo recorded for 5 days in the presence of different molar ratios of Ga. In all the cases, incubation was made at room temperature, under constant agitation.    
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  Supplementary Fig. 6-37. CD spectra of Aβo recorded for 5 days in the presence of different molar ratios of 2G0-GaOH. In all the cases, incubation was made at room temperature, under constant agitation.   
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 Supplementary Fig. 6-38. CD spectra of Aβo recorded for 5 days in the presence of different molar ratios of 2G1-GaOH. In all the cases, incubation was made at room temperature, under constant agitation.   
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  Supplementary Fig. 6-39. CD spectra of Aβo recorded for 5 days in the presence of different molar ratios of 3G1-GaOH. In all the cases, incubation was made at room temperature, under constant agitation.   
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  Supplementary Fig. 6-40. CD spectra of Aβf recorded for 5 days in the presence of different molar ratios of Ga. In all the cases, incubation was made at room temperature, under constant agitation.   



Chapter 6 “Functional gallic acid-based dendrimers as synthetic nanotools to remodel amyloid-beta 42 into non-cytotoxic forms” 

 238 

  

  Supplementary Fig. 6-41. CD spectra of Aβf recorded for 5 days in the presence of different molar ratios of 2G0-GaOH. In all the cases, incubation was made at room temperature, under constant agitation.    
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Supplementary Fig. 6-42. CD spectra of Aβf recorded for 5 days in the presence of different molar ratios of 2G1-GaOH. In all the cases, incubation was made at room temperature, under constant agitation.   
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  Supplementary Fig. 6-43. CD spectra of Aβf recorded for 5 days in the presence of different molar ratios of 3G1-GaOH. In all the cases, incubation was made at room temperature, under constant agitation.   
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 Supplementary Fig. 6-44. Loss of antiparallel β-sheets for the A. aggregation pathway (Aβo) and B. disaggregation of (Aβf) followed CD during 1 and 5 days. All experiments were done using a Aβ:dendrimers ratio of 1:1; [Aβ]=25μM) under constant agitation at 37 °C. Error bars = SD; n = 3. CD data were fitted using BeStSel - RMSD: 1.0283; NRMSD: 0.04966.   
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 Supplementary Fig. 6-45. Representative AFM images of Aβf. Each dendrimer was added into an Aβf solution (at Aβ:dendrimer concentration ratios of 1:0.5, 1:1 and 1:2) and left to incubate for 24h under constant agitation. Both compounds directly altered Aβf presentation. Fibres marked with blue arrows and oligomers marked with green arrows in the Aβf control sample. Scale bars = 500 nm.    
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 Supplementary Fig. 6-46. Representative STEM images of Aβf samples. Each dendrimer was added into an Aβf solution (under Aβ:dendrimer concentration ratios of 1:0.5, 1:1 and 1:2) and left to incubate for 24h under constant agitation. Both compounds directly altered Aβf morphological presentation. Scale bars = 500 nm.   
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 Supplementary Fig. 6-47. Aβ peptide assembly and disassembly pathways. 

 Supplementary Fig. 6-48. Relative densitometric bar graphs of Aβo (25μM) assembly quantified by WB (using the antibody 6E10); experiments were executed at 37°C in PBS, during 1 and 5 days. Error bars = SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 vs control 25μM Aβo; n=3.   



Chapter 6 “Functional gallic acid-based dendrimers as synthetic nanotools to remodel amyloid-beta 42 into non-cytotoxic forms” 

 245 

 Supplementary Fig. 6-49. Relative densitometric bar graphs of Aβf (25μM) disassembly quantified by WB (using the antibody 6E10); experiments were executed at 37°C in PBS, during 1 and 5 days. Error bars = SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 vs control 25μM Aβf; n=3.   
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§ Cells Studies 
 Supplementary Fig. 6-50. SH-SY5Y cell viability in the presence of Aβ oligomers (Aβo) and Aβ fibrils (Aβf) during 24h (using AlmarBlue® assay). Cells were incubated during 24h with different concentrations of Aβ. * p < 0.05, ** p < 0.01, *** p < 0.001 (vs control); n=3.  

 Supplementary Fig. 6-51. A. Metabolic activity measured by AlamarBlue® assay of SH-SY5Y in the presence of a solution of Aβo oligomeric species (25µM) during 24h, for a Aβ:dendrimers concentration ratio of 1:1. *** p < 0.001 (vs No Aβ); n=3. B. Representative images of the Live/Dead assay. Scale bar = 50μm.   
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 Supplementary Fig. 6-52. A. Metabolic activity measured by AlamarBlue® assay of SH-SY5Y in the presence of a solution of Aβf pre-formed fibrils (25µM) during 24h, for a Aβ:dendrimers concentration ratio of 1:1. *** p < 0.001 (vs No Aβ); n=3; B. Representative images of the Live/Dead assay. Scale bar = 50μm.  

 Supplementary Fig. 6-53. ThT fluorescence measurements in SH-SY5Y cell culture, after incubation with Aβo (A) and Aβf  (B) species and dendrimers for a Aβ:dendrimers concentration ratio of  1:1 ratio, during 1 day of culture. Error bars =SD, # p < 0.05, ##p < 0.01 and ###p < 0.001 vs control 25μM Aβ; n=3; ***p<0.001 vs No Aβ.  
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 Supplementary Fig. 6-54. Immunofluorescence analysis of Aβo species in the SH-SY5Y cell culture visualized by confocal microscopy (mAb 6E10, green) after incubation with dendrimers for a Aβ:dendrimer concentration ratio of 1:1, during 1 and 5 days (Aβ: green, cell nuclei: blue). Scale bar: 200μm (50μm for the insets).  
  Supplementary Fig. 6-55. Immunofluorescence analysis of Aβf species in the SH-SY5Y cell culture visualized by confocal microscopy (mAb 6E10, green) after incubation of dendrimers for a Aβ:dendrimers concentration ratio of 1:1, during 1 and 5 days (Aβ: green, cell nuclei: blue). Scale bar: 200 μm (50 μm for the insets).   
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 Supplementary Fig. 6-56. Immunofluorescence analysis of Aβo species in the SH-SY5Y cell culture visualized by confocal microscopy (A11 antibody, green) after incubation of dendrimers for a Aβ:dendrimers concentration ratio of 1:1, during 1 and 5 days  (Aβ: green, cell nuclei: blue). A11 antibody specifically bind to oligomeric Aβ species. Scale bar: 50μm  
.  Supplementary Fig. 6-57. Immunofluorescence analysis of Aβf species in the SH-SY5Y cell culture visualized by confocal microscopy (A11 antibody, green) after incubation of dendrimers to a 1:1 ratio, for 1 and 5 days (Aβ: green, cell nuclei: blue). A11 antibody specifically bind to oligomeric Aβ species. Scale bar: 50 μm.   
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 Supplementary Fig. 6-58. Representative AFM topographic images of SH-SY5Y cells cultured during 24h in the presence of Aβo (A, assembly) and Aβf (B, disassembly) and Ga, 2G0-GaOH, 2G1-GaOH and 3G1-GaOH using a Aβ:dendrimers ratio of 1:1.  

 Supplementary Fig. 6-59. Statistical comparison of the cells height profile from the nanomechanical properties obtained by AFM topographic images of normal SH-SY5Y cells with 1:1 ratio of Aβ:dendrimers, under different conditions: A. Assembly pathway (Aβo) and B. Disassembly pathway (Aβf). All experiments were conducted after 24h of incubation with Aβ (25μM).   
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CHAPTER 7 7 Glucosamine analogues as modulators of amyloid-b toxicity 6   ABSTRACT  In Alzheimer’s disease (AD), amyloid-β (Aβ) oligomers are considered key mediators of synaptic dysfunction and cognitive impairment. These unstable intermediate Aβ species can interfere with different cellular organelles leading to neuronal cell death, through: the formation of Ca2+ permeable membrane pores; impairment in the levels of acetylcholine neurotransmitter; increased insulin resistance; promotion of pro-inflammatory cascades; among others. Based on a series of evidences that indicate the key role of glycosaminoglycans (GAGs) in amyloid plaque formation, we evaluated the capacity of four monosaccharides, i.e. glucosamine (GlcN), N-acetylglucosamine (GlcNAc), glucosamine-6-sulphate (GlcN6S) and glucosamine-6-phosphate (GlcN6P), to reduce these pathological hallmarks. The tested monosaccharides, in particular GlcN6S and GlcN6P, were able to interact with the oligomeric Aβ species, reducing: neuronal cell death, Aβ-mediated damage to the cellular membrane; acetylcholinesterase activity; insulin resistance and pro-inflammation levels.  Keywords: Alzheimer Disease, Glucosamine analogues, amyloid-b peptide, Calcium imbalance.   
                                                6 This Chapter is based on the publication: “Araújo A. R., Correa J., Reis, R. L. & Pires, R. A, (2020), Glucosamine analogues as modulators of amyloid-β toxicity (submitted)” 
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 The aggregation of misfolded peptides/proteins is at the onset of different amyloid-based pathologies, including the most common neurodegenerative disorders, e.g. Alzheimer’s disease (AD) or Parkinson disease, but also metabolic ones, e.g. Type-2 diabetes mellitus.[1] In the case of AD there are two main pathological hallmarks, namely: the deposition of extracellular senile plaques composed of misfolded amyloid-β (Aβ) aggregates; and the presence of intracellular neurofibrillary tangles of hyperphosphorylated Tau in the affected neurons.[2] It has been under debate which one is the primary responsible for the onset of AD. While it has been reported that AD-mediated dementia only occurs in patients that present neurofibrillary tangles in the affected regions of the brain (i.e. medial temporal lobe and peripheral cortex)[3]; it has been also demonstrated that Aβ is present above a certain threshold in the biological environment before the deposition of hyperphosphorylated Tau and the beginning of dementia.[4, 5] These observations lead to the present notion that the increased Aβ deposition in the brain is at the onset of AD. Aβ is generated and released to the extracellular space after the sequential cleavage of the transmembrane amyloid precursor protein (APP) by β-site amyloid precursor protein cleaving enzyme 1 (BACE1), followed by the γ-secretase complex. The generated Aβ monomers are highly prone to aggregate into cytotoxic supramolecular forms making them at the centre of the disease progression.[6, 7] Initial studies were reporting that high molecular weight Aβ fibrils (adopting a parallel β-sheet conformation, as the ones detected in the senile plaques) were the main source of toxicity.[8] However, more recently, it has been reported that it’s the diffusible oligomeric forms (organized under an antiparallel β-sheet conformation) that are perturbing the cellular homeostasis and are highly toxic.[9, 10] The presence of these Aβ oligomers lead to the impairment of the normal function of the brain, mediated by its binding to different biochemical targets (e.g. APOE, G-proteins, or insulin receptor - IR) causing several abnormal downstream events, such as: i) membrane disruption; ii) Ca2+ permeable pore formation in the cell membrane; iii) increased oxidative stress at the endoplasmic reticulum and mitochondrial dysfunction; iv) imbalance in the activity of neurotransmitters; and v) insulin resistance.[11-14] In addition, it is known that oligomeric Aβ promotes the hyperphosphorylation of Tau and the subsequent microtubule dysfunction, which leads to early neuronal cell death and, ultimately, instigating the onset of dementia.[9] Moreover, the AD pathogenesis has been also linked to an altered metabolism of the phospholipids mediated by the overexpression of several genes (e.g. TREM2, PLCG2 or ABCA)[15, 16] involved in the clearance of Aβ-mediated membrane damage.[17, 18] In fact, it has been reported 



Chapter 7 “Glucosamine analogues as modulators of amyloid-b toxicity” 

 255 

that during the Aβ aggregation pathway, the Aβ oligomers are able to interact with the cell membrane and initiate programmed neuronal cell death.[19] In fact, the dysregulation of cholesterol and lipid homeostasis (lipid, and lipoprotein dysregulation) in the brain is known to increase Aβ production under a feedback loop.[20] Importantly, the damage caused at the membrane can initiate its disruption (imbalance of ions and oxidative stress) but can also alter the signalling of several other biochemical pathways, such as the insulin resistance cascade.[21] In the case of the Aβ-mediated insulin signalling deficiency, it is considered a key aspect in the progression of AD. Aβ interacts with IR impairing its function, promoting insulin-resistance, and the subsequent impairment of the glucose metabolism.[22] Cytotoxic Aβ oligomers are usually generated during the aggregation pathway that ultimately leads to the formation of fibrils. However, the fibrils themselves are under a dynamic equilibrium between assembly and disassembly, where oligomers are transiently present. In order to reduce their presence it has been suggested two main approaches: 1) the remodelling of the oligomeric structures into thermodynamically stable off-pathway non-cytotoxic forms;[23] or 2) the development of strategies that stabilize fibrils by blocking their disassembly into the cytotoxic Aβ oligomers.[24] It is well established that glycosaminoglycans (GAGs, i.e. heparin and chondroitin sulphate)[25, 26] can modulate the supramolecular assembly of Aβ, in particular by stabilizing the nanofibers and protecting them against disassembly and proteolytic degradation.[27] These interactions are described to occur mostly through electrostatic forces between the negatively charged saccharide units and the positively charged peptide domains.[28] In addition, it is known that Aβ oligomers interact with the negatively charged membrane components (e.g. phospholipids and glycoproteins). Based on these evidences, herein we evaluated if glucosamine (GlcN) and its analogues are able to modulate the toxicity of Aβ. We selected four GlcN analogues, namely: GlcN with a positive charge; N-acetyl glucosamine (GlcNAc) with a neutral charge; and glucosamine-6-sulfate (GlcN6S) and glucosamine-6-phosphate (GlcN6P) with a negative charge (structures presented in S. Fig. 7-1). These saccharides were chosen in order to evaluate if the electrostatic forces were indeed the main drivers of their activity in the modulation of the Aβ supramolecular assembly and cytotoxicity. Under these conditions we hypothesize that the negatively charged saccharides (available in the extracellular space) are able to compete with the cell membrane glycoproteins for Aβ binding and sequestration. Finally, the sulphated GAGs are known to interact specifically with different proteins and, by comparison between the activity of GlcN6S and GlcN6P, we can assess if the presence of a sulphate moiety is able to provide additional benefits in the modulation of the Aβ aggregation, toxicity, membrane disruption and insulin resistance, typically observed in the AD pathological scenario. 
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We started by screening the Aβ aggregation kinetics for 10 days in the absence or presence of several concentrations (from 250µM up to 50mM) of each monosaccharide using the Thioflavin-T (ThT) assay (sensitive to the presence of parallel beta-sheets). The Aβ aggregation data (in the absence of monosaccharides) followed a typical profile presenting the secondary nucleation and fibril elongation regions, i.e. exponential growth and plateau phase, respectively (S. Fig. 7-2).[10] A strong ThT signal is observed during the formation/elongation of the Aβ fibrils (composed of parallel β-sheets) in the presence of the monosaccharides, throughout the whole range of concentrations with the exception of the 50mM. All the monosaccharides seem to be able to enhance the secondary nucleation (i.e. formation of new fibres from oligomers nucleated on the surface of the existing ones), promoting a robust elongation of the Aβ nanofibres.[29] Since fibrils are stated to be less cytotoxic, we selected the 1mM concentration of each monosaccharide to follow their ability to remodel the Aβ supramolecular organization. We then used western blot (WB) with the 6E10 antibody to evaluate the size of peptide aggregates produced during the assembly pathway (Figures 7-1A-B and S. Fig. 7-7), for 1 and 5 days. The observed remodelling of the Aβ aggregation seems to affect the section of the Aβ sequence related with 6E10 epitope binding-site (i.e. the region between 1-16). This is more evident in the case of GlcN6S and GlcN6P (from day 1 of incubation until 5 days) due to the overall decrease of detected Aβ structures. Importantly, the presence of GlcN6S generated a significant decrease in the amount of the cytotoxic Aβ oligomeric forms (sizes of aggregates <15kDa) since day 1. To complement this data, we used circular dichroism (CD) analysis to assess the Aβ secondary structure upon contact with the monosaccharides (S. Figs. 7-3 to 7-6) during 5 days. It is clearly observed a series of alterations in the CD spectra (both in terms of intensity and profile) promoted by all the tested monosaccharides. In order to evaluate the impact of the observations in the Aβ secondary structure we fitted all the CD spectra using the BestSel[30] deconvoluting algorithm. Aβ oligomers, protofibrils and mature fibrils are organized under different secondary structures maintained by parallel or antiparallel β-sheets, which are dependent on the twisting angles between β-strands. By fitting the CD spectra with the BestSel deconvolution algorithm it is possible to predict the types of structures present in an ensemble of Aβ supramolecular aggregates. Some reports show that antiparallel β-sheets are related to oligomeric cytotoxic forms.[31, 32] In contrast, the Aβ parallel β-sheets are usually associated with the less toxic and more stable species, e.g. nanofibers detected in the extracellular senile plaques.[33] 
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 Figure 7-1. Relative densitometric bar graphs of Aβ assembly quantified by WB after (A) 1 day or (B) 5 days of incubation, using the antibody 6E10. Loss of antiparallel β-sheets in the supramolecular organization of Aβ followed by CD during (C) 1 and (D) 5 days. All experiments were executed using 25μM of Aβ and 1mM of each monosaccharide, under constant agitation, at 37°C, in 0.1mM sodium phosphate buffer. Error bars = SD, *** p < 0.001, ** p < 0.01, * p < 0.05 (all vs control of 25μM Aβ). In all the cases n=3. CD data was fitted using the BeStSel algorithm30 - RMSD: 1.0283; NRMSD: 0.04966. Our results (Figures 7-1C-D) are consistent with the ability of all the monosaccharides (but in particular of GlcN6S) to decrease the antiparallel β-sheets characteristic of the cytotoxic Aβ oligomers. This observation is sustained over time, as after five days of incubation the reduction of the antiparallel arrangement is maintained. We then used atomic force microscopy (AFM) to assess the impact of these structural observations in the morphological presentation of the Aβ aggregates (Figures 7-2 and S. Fig. 7-8). It is clearly observed that all the monosaccharides, in particular GlcN6S and GlcN6P, are able to promote the supramolecular assembly of Aβ generating large spherical aggregates, as well as fibrous structures. This process seems to be time dependent as the presence of these unstructured aggregates increases during the 5 days of incubation, being consistent with the results obtained from the ThT, WB and CD analysis. 
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 Figure 7-2. Representative AFM images of Aβ aggregates formed in the presence and absence of 1mM of GlcN6S and GlcN6P. All the samples were incubated for 1 or 5 days under constant agitation. Large aggregates and fibres marked with yellow arrows and oligomers marked with green arrows. Scale bars = 500 nm. All the monosaccharides, but in particular GlcN6S and GlcN6P, interact with Aβ, remodelling its supramolecular forms. However, instead of reducing the presence of aggregates, it induced their formation but under morphological presentations that are distinct than the ones usually described for the Aβ oligomers. In order to evaluate if indeed these alterations were concomitant with reduction of Aβ toxicity, we evaluated the impact of the presence of the monosaccharides in the Aβ-mediated cell death using the neuroblastoma cell line (SH-SY5Y). An initial screening of all the monosaccharides under cell culture conditions, in the absence of Aβ, showed that, for the 1mM concentration, no major cytotoxic character was detected. Upon addition of the Aβ, all the monosaccharides were able to rescue cell viability confirmed both in terms of metabolic activity and DNA quantification (S. Fig. 7-9). As mentioned before, several studies have revealed that one of the outcomes of the presence of Aβ in the pericellular space is the disruption of the cell membrane, leading to the influx of Ca2+ from the extracellular medium into the cytosol. This event is at the origin of a more complex cascade of biochemical changes that lead to an increased oxidative stress and neuronal cell death.[34] Based on this knowledge, we evaluated if the presence of the monosaccharides is able to produce alterations on the Ca2+ influx caused by the presence of Aβ and its different supramolecular forms. We used Fluo3-AM (Figures 7-3A and S. Fig. 7-10) and Calcein-AM (S. Fig. 7-11) as fluorescent Ca2+ probes (i.e. increase their fluorescence upon binding to the free Ca2+ present in the cytosol).[35, 36] The results obtained with both probes were comparable; as an example, in the presence of Aβ and GlcN6S it was observed a 
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reduction in the Fluo3-AM fluorescence of 41%, and of 60% for the Calcein-AM (both with no significant differences in relation with the control, i.e. cells cultured in the absence of both Aβ and GlcN6S). In general, the presence of GlcN6S and GlcN6P protected the cell membrane from disruption and from the generation of additional Ca2+ pores, maintaining the ionic balance in the intracellular environment. There are other biochemical alterations that are commonly observed in AD. One example is an enhanced activity of acetylcholinesterase (AChE). AChE is an enzyme that regulates the level of the acetylcholine neurotransmitter (related with memory, motivation and movement) in the synaptic cleft.[34] AChE cleaves acetylcholine, affecting the communication between neurons.[37] It is usually overexpressed in AD leading to the use of inhibitors as part of the available clinical treatments. We were able to replicate this increase in AChE activity of SH-SY5Y cells in the presence of Aβ (S. Fig. 7-12, V vs Aβ). We then tested if the presence of the monosaccharides were able to re-establish the basal level of AChE activity. Upon 1 day of incubation, GlcN6S significantly reduced the AChE activity to levels closer to the ones detected in the absence of Aβ.  
 Figure 7-3. Representative fluorescence images of SH-SY5Y cells cultured for 24h in the presence of Aβ (at a concentration of 25μM) and each monosaccharide (at 1mM) showing the levels of intracellular free Ca2+ in the cytosol of the cells measured using two probes: (A) Fluo3-AM (confocal images). Scale bar = 100μm (insets = 50μm) (B) Graphical representation showing the Ca2+ imbalance caused by the supramolecular Aβ forms through their interaction with the lipid raft. Moreover, the acetylcholine receptor location and function can be altered by changes in the cell membrane, since it is highly dependent of Ca2+ channels and, may form a complex with Aβ oligomers interfering in the protein kinase B (AKT) signalling pathway (related with glucose metabolism, apoptosis or cell proliferation).[11, 37] These results indicate that there might be other pathological events, such 
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as, insulin resistance and deficiency in insulin signalling, that might be attenuated by the presence of GlcN6S. Therefore, to test this hypothesis, we analysed the insulin signalling in SH-SY5Y cells, namely the phosphorylation of signalling proteins such as AKT into pAKT1 (S473) and Insulin Receptor Substrate 1 (IRS1) into pIRS1 (S612).[38] As detailed in Figure 7-4D, insulin signalling involves its recognition by the IR. Insulin binds to a-subunit of the IR, and the b-subunit becomes activated and auto-phosphorylate on its tyrosine residues, leading to the phosphorylation and activation of IRS1.[39] 

 Figure 7-4. Ability of each monosaccharide to modulate the expression of (A) pIRS1; (B) pAKT1 and (C) Annexin 1 (ANXA1) by SH-SY5Y cells cultured for 1h in the absence/presence of Aβ. Proteins were resolved by SDS-PAGE and visualized by western blotting. Protein levels were quantified by relative densitometric bar normalized to β-actin; n=3; ** p < 0.01 and * p < 0.05 (both vs V, i.e. 0μM of Aβ); ## p < 0.01 and p < 0.05 (both vs 25μM of Aβ). (D) Schematic representation of the insulin signalling pathway affected by the Aβ supramolecular forms. Typically, under normal metabolism, the IR is phosphorylated in tyrosine residues. An increase in the phosphorylation on serine residues, hampers normal signal transduction, being usually associated with insulin resistance.[40] Therefore, the resistance pathway can be followed by tracking the phosphorylation of IRS1 at specific serine residues, such as serine 612 (S612).[41] Moreover, phosphorylation of AKT is related with the translocation of the glucose transporter (GLUT4) to the cell membrane, which occur later in the insulin signalling cascade. In this case, a reduction of pAKT leads to the inhibition of the phosphorylation of AS160, which is required for the insulin-stimulated translocation of the glucose transporter GLUT4 to the cell surface (Figure 4D).[38] Overall, in the presence of insulin 



Chapter 7 “Glucosamine analogues as modulators of amyloid-b toxicity” 

 261 

resistance it is expected an increased pIRS (S612) and a reduction of pAKT. We then used these markers to assess if the selected monosaccharides were able to modulate the insulin signalling, which is typically hampered in the presence of Aβ. The cell culture conditions used for the experiments included the presence of 10% of foetal bovine serum (FBS). FBS is reported to contain ~10µU/mL of insulin.[42] Therefore, IRS1 should be activated in the presence of FBS, without any additional insulin stimulus. Anyway, we tested the addition of four different concentration of insulin in SH-SY5Y cell culture, during 1h (S. Fig. 7-3).[13, 43] As expected, the presence of FBS alone is already stimulating the IRS1 pathway. Afterwards, we assessed the insulin pathway under standard culture conditions (i.e. no additional insulin stimulus), and also with the supplementation of insulin (at 5nM). Under standard culture conditions, the presence of Aβ (25µM) alone increases the expression of pIRS1 at S612 (after 1h of cell culture). The addition of each monosaccharide reduced its expression levels to close to the ones observed in the control experiment. However, GlcNAc, GlcN6S and GlcN6P where clearly more efficient (Figure 7-4A). Of note, the supplementation of GlcN in animal intravenous studies shows that GlcN-mediated hexosamine biosynthesis increases in insulin-sensitive tissues, a metabolic pathway that has been implicated in the development of insulin resistance and impairment of glucose metabolism (typical features of type 2 diabetes).[44, 45] Furthermore, we also evaluated the levels of insulin signalling by assessing the phosphorylation of AKT1 at S473 (pAKT1). In this case, we observed an increased expression of pAKT1 in the presence of GlcN6S and GlcN6P, indicating a trend to reach normal glucose metabolism (Figure 7-4B). Thus, in general, the expression of both pIRS1 (S612) and pAKT1, in the presence of GlcN6S and GlcN6P, supports the partial recovery of the homeostasis of insulin signalling. Finally, most of the previously described AD-related pathological hallmarks are associated with inflammation. We then assessed the expression of Annexin 1 (ANXA1) as it is reported to be involved in the inflammatory response.[46] In addition, as ANXA1 is also a Ca2+-dependent phospholipid-binding protein and, at low Ca2+ concentrations, the ANXA1 N-terminal domain is embedded within the Ca2+ pore. The increment of Ca2+ concentrations (imbalance) causes the overexpression of ANXA1 in the extracellular space, and may mediate multiple inflammatory responses of the cellular machinery.[47] Initial ANXA1 overexpression was detected in the presence of Aβ alone (Figure 7-4C), which is in line with an increment of Aβ-mediated inflammation. However, when GlcN6S and GlcN6P is used, ANXA1 expression is restored to normal levels of expression (comparing with V) indicating a reduction of the inflammatory pathway. The results obtained by the quantification of pIRS1 (S612), pAKT1 and ANXA1 show that GlcN6P and GlcN6P are able to promote the re-establishment of the normal insulin signalling. Additionally, the 
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most important stimulus for insulin production is a postprandial increase of blood glucose level. Insulin is then released into the blood stream and binds to the insulin receptors present in the cells from the peripheral tissues promoting (at the end of the pathway) the translocation of GLUT4 to the cell membrane, and the subsequent transportation of glucose into the cell.[43] We then stimulated cells with an additional 5nM of insulin (S. Figs. 7-14, 7-15). We observed the recovery from the damage promoted by Aβ itself that was enhanced by the presence of GlcN6S and GlcN6P, as shown by the decrease on the pIRS1 and ANXA1 expression levels. Overall, we evaluated the capacity of four GlcN analogues in their ability to re-establish the homeostasis of a series of biochemical hallmarks of AD, namely, the remodelling of the Aβ oligomers into non-cytotoxic forms, reduction of membrane dysfunction, levelling of the AChE enzymatic activity, reestablishment of the basal levels of insulin signalling and reduction of inflammation. We found that the sulphated (GlcN6S) and phosphated (GlcN6P) monosaccharides were able to promote the recovery from all these AD-related disfunctions. These observations are probably caused by the negative charge of these monosaccharides, which reduces their ability to be internalized by the cells (due to negative charge of the cell membrane), allowing them to interact electrostatically with the Aβ oligomers. Finally, we believe that GlcN6S and GlcN6P present relevant potential as single AD drug leads, or as bioactive moieties to be integrated into nanocarriers targeting the control of the onset and progression of AD. Our results are also consistent with the possible influence of the negatively charged groups in the GAGs in modulating the supramolecular assembly of different amyloidogenic peptides/proteins linked to neurodegenerative disorders and levelling their ensuing pathological biochemical cascades.   
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SUPPLEMENTARY INFORMATION 
§ Materials and Methods All the chemicals used in this work were purchased from Sigma-Aldrich and were used without further purification. Water of Milli-Q grade was obtained from a Millipore water purification system. The monosaccharides used in this work (S. Fig. 7-1) were obtained from: glucosamine (GlcN) – Sigma-Aldrich; N-acetylglucosamine (GlcNAc) – Laborspirit; and glucosamine-6-sulphate (GlcN6S) and glucosamine-6-phosphate (GlcN6P) – Carbosynth. Peptide preparation. Human amyloid-β peptide (1-42, Aβ) was obtained by custom synthesis and acquired from GeneCust Europe (Luxembourg). Aβ was prepared by dissolving 10mg of the peptide in (Fluorochem Ltd, UK) as reported by Stine et al.[48] Shortly, in a chemical fume hood, Aβ was incubated during 30min in HFIP (5mg/mL, at room temperature). Aβ aliquots of 100μL were allowed to evaporate in open vials overnight (in the fume hood). The vials were transferred to a vacuum system for 1h without heating to eliminate any residual traces of HFIP. Aβ aliquots were kept at -20ºC and reconstituted immediately before use. Oligomeric Aβ was prepared by adding 20µL of DMSO (sonicated for 10min in an ultra-sound bath) followed by adding ice-cold water to a final concentration of 100μM with 15s of vortexing. Thioflavin-T (ThT). The supramolecular assembly of Aβ species was followed by ThT assay (assembly – S. Fig. 7-2) during 10 days. Aβ peptide stock solution was prepared as described previously. Aβ solution (final concentration of 25µM) in Phosphate Buffer 0.1mM (with 0.1% of sodium azide, pH 7.2) was mixed with different concentrations of each monosaccharide (from 50mM down to 0.250mM), and added to a ThT solution (final concentration of 40µM). During the 10 days, the ThT fluorescence was monitored in a Fluorescence Spectrometer (Jasco, FP-8500, Japan) using an excitation wavelength of 435nm and an emission wavelength of 465nm. Each individual experiment was repeated in triplicate. Circular Dichroism (CD). The same set of experimental conditions were used for the CD analysis (25µM of Aβ in the presence or absence of each monosaccharide, for the different concentrations – 50mM down to 0.250mM). The measurements were executed using a 1mm path length cell in a CD spectrometer (Jasco, J1500, Japan). The spectra (S. Fig. 73, 7-6) were acquired in a range between 190–260nm, a scan rate of 10nm/min, response time of 1s, with three accumulative scans for each spectrum. Results are expressed in θ [mdeg]. 
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Western Blot (WB). WB was used to quantify the sizes of the Aβ species produced during the interaction with each monosaccharide (at a concentration of 1mM) during 1 and 5 days. WBs were run using the iBlot 2 System for membrane transfer after a 12% Bis-Tris Gel Invitrogen NuPAGE, with MES SDS Running Buffer gel (Laemmli loading buffer without DTT) SDS-page procedure. Next, the nitrocellulose membranes were blocked with 4% BSA for 1.5 hours in TBS-T (TBS with 0.1% Tween 20%), followed by an incubation period (overnight at 4ºC) with the 6E10 antibody (Aβ 1-16 – 1:1000 dilution in 4% of BSA in TBS-T). Washed membranes (3 times in TBS-T) were incubated (during 1.5h at RT) in IRDye 800CW Goat anti-mouse IgG secondary antibody (1:10000 dilution in TBS-T). Finally, the membranes were revealed by an Odyssey Fc imaging system (LI-COR Inc., Nebraska USA). For the quantification of the obtained lanes we used the Fiji software (Figures 7-1A and S. Fig. 7-7). Atomic Force Microscopy (AFM). Freshly cleaved mica sheets were washed with one drop of 1mM HCl for 20 seconds, rinsed with ultra-pure water (five times) and dried under a nitrogen flux. Afterwards, Aβ peptide stock solution (25μM) was prepared as described previously and mixed with each monosaccharide (at a concentration of 1mM). After 1 or 5 days of incubation, a 20μL sample were spotted onto the mica during 3min, washed with water and dried under nitrogen. AFM images were recorder using a JPK Nanowizard 3 (JPK, Germany) in air at room temperature under AC mode. The scans were acquired at a 512x512 pixels resolution using ACTA-SS probes (k∼37N/m, AppNano, USA), a drive frequency of ∼254kHz, a setpoint of ∼0.5V and a scanning speed of 1.0Hz (Figures 7-2 and S. Fig. 7-8). Cell studies. SH-SY5Y neuroblastoma cells were cultured at 37°C in a humidified 95/5% air/CO2 atmosphere using Dulbecco's modified Eagles medium F-12 (Gibco, UK) supplemented with 10% FBS (Gibco, UK) and 1% ATB (Gibco, UK) solution. Medium was replaced each 2 days, and cells were used after reaching 80% of confluence. Cells were plated at a density of 25 000 cells per cm2 containing DMEM/F-12 media for: i) AlamarBlueÒ assay; ii) DNA content; iii) Ca2+ influx measurements; iv) and acetylcholinesterase quantification. All these experiments were executed after 1 day of culture in the presence and absence of Aβ, with or without 1mM of each monosaccharide. For the insulin resistance experiments, cells were cultured until they reach 70% of confluence. Then, the culture medium was replaced to a low-glucose medium (SILAC Advanced DMEM/F-12 Flex Media, no phenol red from Alfagene). After 12h of culture, Aβ, insulin and each monosaccharide were added and cultured during 1h. 
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AlamarBlue® assay. The cytocompatibility of each monosaccharide (S. Fig. 7-9A) and Aβ cytotoxicity (S. Fig. 7-9B) was evaluated by measuring the cell metabolic activity, 1 day after the addition of the monosaccharide (at a concentration of 1mM) or Aβ (at a concentration of 25µM) using AlamarBlue® (indicator dye BUF012B, Bio-Rad) according to the manufacturer’s instructions. The fluorescence intensity of each experimental condition was measured in a Synergy HT microplate reader (Bio-Tek Instruments) using an excitation wavelength of 530nm and an emission wavelength of 590nm. p-values were calculated using one-tailed t-test. Results are presented as mean ± SEM of 6 independent experiments for each experimental condition (S. Fig. 7-9A, 7-9B). DNA content. The DNA content was assessed by PicoGreen dsDNA Quantitation ReagentÒ P7589, from Invitrogen (S. Fig. 7-9C). Samples were collected into microtubes with 1mL of ultrapure water and stored at -80ºC. Samples were thawed and sonicated (VCX-130PB-220, Sonics) before quantification (following the manufacture protocol). For the fluorescence acquisition (excitation wavelength of 485/20 nm and an emission of 528/20 nm) we used a Synergy HT microplate reader (Bio-Tek Instruments). p-values were calculated using one-tailed t-test. Results are presented as mean ± SEM. Samples and standards were made in triplicate (S. Fig. 7-9C). Measurements of cytosolic Ca2+ levels.  Fluo3-AM: The amount of free Ca2+ in the cytosol was measured using the Fluo3-AM probe (Figure 7-3 and S. Fig. 7-10). Each well was loaded with 5.0μM Fluo3-AM for 30 min in Krebs-Ringer-Hepes glucose and then washed, and allowed to equilibrate for 30 min. The levels were measured at, approximately, 520nm by scanning confocal fluorescence microscopy (Leica, TCS SP8), after excitation at 488nm. The fluorescence results were normalized by the number of cells in each acquired image (15 images per experimental condition), in three different experiments, and were analysed using Fiji ImageJ software.  Calcein-AM: Each well was loaded with 1.0μM of Calcein-AM for 30 min in Krebs-Ringer-Hepes glucose and then washed. Afterwards, using an inverted microscope (Zeiss, Axio Observer) the emitted fluorescence was recorded during 45min (pictures were acquired each 5min). Fluorescence was normalized by the number of cells in each acquired image (12 images per experimental condition) comparing with the vehicle (V). Results are average of three independent experiments. Data was analysed using Fiji ImageJ software (S. Fig. 7-11). 
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Acetylcholinesterase (AChE) activity. To determine AChE activity of the SH-SY5Y cell culture (Figure S12), an acetylcholinesterase assay kit (ab138871, abcam) was used. The assay was performed according to the manufacturer’s instructions. AChE activity was measured using Synergy HT microplate reader (Bio-Tek Instruments) at 410nm (absorption intensity). p-values were calculated using one-tailed t-test. Results are presented as mean ± SEM. Samples and standards were made in triplicate (S. Fig. 7-12). Insulin and inflammatory signalling pathway. Immunoblot analysis was performed following Western Blot technique. Briefly, cell lysates (25μg of protein) were subjected to 10% Bis-Tris Gel Invitrogen NuPAGE, with MES SDS Running Buffer gel (gel loading buffer without DTT), followed by a membrane transference to a nitrocellulose membrane using iBlot 2 System. Membranes were first blocked with 5% BSA in Tris-buffered saline added with 0.1% Tween 20 (TBST) buffer for 1.5h followed by the overnight incubation with primary antibodies at 1:250 dilutions in a shaker at 4°C: Anti-phospho-IRS-1 (pSer612) (Sigma-Aldrich); AKT1 total (Cell Signalling Technology, Inc); AKT1 (phospho S473, abcam); Annexin I (EH17a, Santa Cruz Biotechnology, Inc); and b-Actin Antibody (Cell Signaling Technology, Inc). The membranes were then washed three times with TBST, and incubated with in IRDye 800CW Goat anti-Mouse (or Rabbit) IgG Secondary Antibody (1:15000 dilution in TBS-T). Finally, the WB lanes were detected using an Odyssey Fc Imaging System (LI-COR Inc., Nebraska USA). The comparisons between bands in different lanes were quantified using Fiji software (Figures 7-4 and S. Fig. 7-13, 7-15). Bands were quantified by densitometry and normalized to those of β-actin.   
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§ In vitro protein aggregation studies  
 Supplementary Fig. 7-1. Chemical structure of the glucosamine and its analogues: (A) glucosamine (GlcN), (B) N-acetyl glucosamine (GlcNAc), (C) glucosamine-6-sulphate (GlcN6S), and (D) glucosamine-6-phosphare (GlcN6P).  

 Supplementary Fig. 7-2. Aβ aggregation kinetics evaluated using the ThT assay in the presence of the monosaccharides (at a concentration of 1mM): (A) GlcN, (B) GlcNAc, (C) GlcN6S, and (D) GlcN6P. The Aβ fibril formation and fluorescence was measured over 10 days. All experiments were performed under constant agitation and at room temperature. In all the cases n=3.  
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 Supplementary Fig. 7-3. CD spectra of Aβ measured during 5 days, in the presence of different concentrations of GlcN. All the experiments were executed in 0.1mM of sodium phosphate buffer (pH=7) under constant agitation and at room temperature.  
 Supplementary Fig. 7-4. CD spectra of Aβ measured during 5 days, in the presence of different concentrations of GlcNAc. All the experiments were executed in 0.1mM of sodium phosphate buffer (pH=7) under constant agitation, at room temperature.   
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 Supplementary Fig. 7-5. CD spectra of Aβ measured during 5 days, in the presence of different concentrations of GlcN6S. All the experiments were executed in 0.1mM of sodium phosphate bugger (pH=7) under constant agitation and at room temperature.   
 Supplementary Fig. 7-6. CD spectra of Aβ measured during 5 days, in the presence of different concentrations of GlcN6P. All the experiments were executed in 0.1mM of sodium phosphate buffer (pH=7) under constant agitation and at room temperature.   
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 Supplementary Fig. 7-7. Representative WB membranes revealed using the 6E10 antibody for Aβ in the absence and presence of 1mM of each monosaccharide. Experiments were executed for 1 and 5 days under constant agitation and at room temperature. In all the cases n=3.   

 Supplementary Fig. 7-8. Representative AFM images of Aβ (at a concentration of 25μM) incubated in the absence and presence of 1mM of GlcN, GlcNAc, GlcN6S and GlcN6P during 1 day and 5 days, under constant agitation. All compounds directly altered Aβ supramolecular presentation. Large aggregates and fibres marked with yellow arrows and oligomers marked with green arrows. Scale bars = 500 nm.   
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§ Cells Studies  
 Supplementary Fig. 7-9. Metabolic activity of SH-SY5Y cells (using AlmarBlue® assay) in the presence of each monosaccharide (A) in the absence of Aβ and (B) in the presence of 25µM of Aβ. (C) Proliferation of SH-SY5Y cells, measured by quantification of the DNA content. Cells were incubated during 24h. *** p < 0.001, ** p < 0.01, * p < 0.05 (vs control). In all the cases n=3.  
 Supplementary Fig. 7-10. Representative images of SH-SY5Y cells treated for 24h with Aβ (at a concentration of 25μM) and each monosaccharide (at a concentration of 1mM) showing the levels of intracellular free Ca2+ in the cytosol of the cells using the Fluo3-AM probe (images acquired under confocal microscopy). Scale bars = 100μm (insets = 50μm). (B) Quantification of the fluorescence associated with intracellular Ca2+ obtained from the confocal images. *** p < 0.001 and ** p < 0.01 (both vs control - 0μM of Aβ); ## p < 0.01 (vs 25μM Aβ). In all the cases n=3.  
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 Supplementary Fig. 7-11. Representative images of SH-SY5Y cells treated for 1 day with Aβ (at a concentration of 25μM) and each monosaccharide (at a concentration of 1mM) showing degree of membrane permeability using the probe Calcein-AM (images acquired by fluorescence inverted microscope). Scale bar = 200μm. (B) Quantification of the fluorescence associated with intracellular Ca2+. *** p < 0.001, ** p < 0.01 (both vs control - 0μM of Aβ); ### p < 0.001, ## p < 0.01 and # p < 0.05 (all vs 25μM Aβ). In all the cases n=3.  
 Supplementary Fig. 7-12. Quantification of the AChE enzymatic activity in the SH-SY5Y cells cultured for 1 day in the presence of Aβ (at a concentration of 25μM) and of each monosaccharide (at a concentration of 1mM). *** p < 0.001, ** p < 0.01 and * p < 0.05 (all vs control - 0μM of Aβ); ## p < 0.01 (vs 25μM Aβ). In all the cases n=3.   
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 Supplementary Fig. 7-13. Relative densitometric bar graphs of pIRS1 (measured using the WB membrane) expressed by SH-SY5Y cells treated for 1h with Aβ (at a concentration of 25μM) and different concentrations of insulin. In all the cases the results were normalized considering the β-actin expression. (B) Representative WB membranes used for the pIRS1, quantification and β-actin. *** p < 0.001, ** p < 0.01 and * p < 0.05 (all vs control - 0μM of Aβ). In all the cases n=3.  

 Supplementary Fig. 7-14. Relative densitometric bar graphs of pIRS1 and pAKT1/AKT1 (measured using the WB membranes) expressed by SH-SY5Y cells treated for 1h with Aβ (at a concentration of 25μM), insulin (using 5nM), and each monosaccharide (at a concentration of 1mM). In all the cases the results were normalized considering the β-actin expression. (B) Representative WB membranes of pIRS1 (S612), pAKT1 (S473), AKT1 total and β-actin expression. ** p < 0.01 and * p < 0.05 (both vs control - 0μM of Aβ); ## p < 0.01 and # p < 0.05 (both vs 25μM Aβ); x p < 0.05 (vs 5nM of insulin). In all the case n=3.   
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 Supplementary Fig. 7-15. Relative densitometric bar graphs of Annexin 1 (ANXA1, measured using the WB membranes) expressed by SH-SY5Y cells treated for 1h with Aβ (at a concentration of 25μM), insulin (using 5nM), and each monosaccharide (at a concentration of 1mM). Results were normalized considering the β-actin expression. (B) Representative WB membranes of ANXA1 and β-actin expression. ** p < 0.01 and * p < 0.05 (both vs control - 0μM of Aβ); # p < 0.05 (vs 25μM Aβ); x p < 0.05 (vs 5 nM of insulin). In all the cases n=3.  
§ References 1. Stine, W. B.;  Jungbauer, L.;  Yu, C.; LaDu, M. J., Preparing synthetic Abeta in different aggregation states. Methods in molecular biology (Clifton, N.J.) 2011, 670, 13-32.   



 

 278 

  Chapter 8  Surfaces mimicking glycosaminoglycans trigger different response of stem cells via distinct fibronectin adsorption and reorganization  



Chapter 8 Surfaces mimicking glycosaminoglycans trigger different response of stem cells via distinct fibronectin adsorption and reorganization 

 279 

CHAPTER 8 8  Surfaces mimicking glycosaminoglycans trigger different response of stem cells via distinct fibronectin adsorption and reorganization7   ABSTRACT  We report on the utility of a platform created by self-assembled monolayers to investigate the influence of the degree of sulfation of glycosaminoglycans (GAGs) on their interactions with fibronectin (Fn) and the impact of these interactions on the adhesion and morphology of human adipose derived stem cells (ASCs). We used the label-free QCM-D, AFM and SPR to follow the changes in the adlayer in close proximity to the substrates surface and QCM-D in combination with live imaging to characterize the adherent cells. Our results suggest that Fn interactions with GAGs are governed by both H-bonding and electrostatic forces. While very strong electrostatic interactions cause irreversible change in the protein conformation, the weaker H-bonding restricts only partially the protein flexibility, allowing Fn reorganization and exposure of its binding sites for ASCs adhesion. These findings imply that a delicate balance between these two types of forces must be considered in the design of biomaterials that mimic GAGs.  Keywords: Glycosaminoglycans; fibronectin; self-assembling monolayers; adipose-derived stem cells; quartz crystal microbalance with dissipation (QCM-D).   
                                                7 This Chapter is based on the publication: “Araújo A. R Soares da Costa D., Amorim S., Reis R. L., Pires R. A., and Pashkuleva I., "Surfaces mimicking glycosaminoglycans trigger different response of stem cells via distinct fibronectin adsorption and reorganization", ACS Applied Materials & Interfaces, vol. 8, issue 42, pp. 28428 - 28436, doi:10.1021/acsami.6b04472, 2016” 
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 The extracellular matrix (ECM) comprises the closest cellular environment: it provides physical supports for cells but also displays significant biochemical information via the molecules secreted by them.[1-3] While the chemical composition, organization and turnover are unique for each cell, ECM of different tissues/cells share some common components, namely proteins and their glycoconjugates (proteoglycans and glycoproteins). Multivalent, supramolecular interactions between these insoluble macromolecules with soluble bioactive counterparts regulate the proper function of the ECM and thus, the development, function and homeostasis of all eukaryotic cells.[2] Besides the importance of these interactions, their study is quite complex not only because they are weak and therefore difficult to measure, but also because of the complex environment in which they occur. Previously, we have developed model surfaces that mimic glycosaminoglycans (GAGs) and we have validated them in studies with cells and growth factors.[4, 5] These substrates are created by self-assembly of alkanethiols with –SO3H and –OH end groups – the main functionalities that are involved in GAGs supramolecular interactions with other bioentities in the physiological milieu. The main advantages of these surfaces are preparation simplicity, well defined surface chemistry and reproducibility.[5, 6] Moreover, the presentation of the functional groups on the surface (no steric hindrance) makes them available for multivalent interactions with an analyte and the compatibility with different characterization techniques (including label-free approaches, such as, surface plasmon resonance, SPR, and quartz crystal microbalance, QCM-D) allows the measurement of these interactions. Indeed, single component or mixed self-assembled monolayers (SAMs) have been widely used to elucidate the effect of surface chemistry, hydrophobicity and/or charge on protein adsorption and the following cellular behavior.[7-14] In this study, we used SAMs to mimic GAGs with different sulfation degree (simulated by mixing alkanethiol with –SO3H and –OH end groups at different ratios) and to characterize in situ their interactions with another ECM component – fibronectin (Fn). Because Fn plays a main role in cell adhesion and growth, we have further investigated the impact of the substrate-protein interactions on the cellular behavior using adipose derived stem cells (ASCs). The use of ASCs have a growing impact in tissue engineering and regenerative medicine fields because of several advantages that they have, such as, multipotential differentiation (similar to bone marrow stem cells), simpler isolation, and much easier access to subcutaneous adipose tissue when compared to bone marrow.[15] 
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 Chemicals. Unless otherwise stated, chemicals were purchased from Sigma Aldrich and used without further purification. Human plasma fibronectin (Fn) was purchased from Millipore Iberica. Materials. Gold-coated quartz crystals (QSX301, Q-Sense, Sweden) were used for the QCM-D measurements. Gold-coated sensors (BioNavis, Finland) were used for the SPR characterization. The AFM images were acquired using RFESP tips (Bruker, Germany) with a spring constant of 3 N/m and a resonance frequency of 75 kHz. The substrates used for the live imaging were glass slides uniformly coated with gold (20 nm) by the e-beam physical vapour deposition (ATC Orion series UHV Evaporation system, AJA International Inc.). Titanium (3–5 nm film) was used as a primer improving the adhesion between the gold and the glass. All the substrates were cleaned (piranha solution, 10 min) prior use. The single component and mixed SAMs (S. Fig. 8-1) were formed on the substrates as previously described.[5] Briefly, the cleaned substrates (QCM crystals, SPR sensors and gold-coated glass) were immersed in 20 mM ethanol solution of HS(CH2)11OH (samples designated as SO3H 0), HS(CH2)11SO3H (synthesised in our lab[5], designated as SO3H 100) or mixture of these at –SO3H : –OH ratios of 1 : 3 and 3 : 1 in order to obtain 25% and 75% of –SO3H groups on the surface (samples referred to as SO3H 25 and SO3H 75, respectively). After 48 hrs, the coated substrates were washed several times with ethanol, dried under N2 and immediately used in the following studies. Adipose-derived Stem Cells (ASCs). ASCs were isolated from human subcutaneous adipose tissue (age range between 20-36 years) obtained from lipoaspiration procedures under the scope of a cooperation agreement with Hospital da Prelada (Porto, Portugal). Aspirates were washed with PBS containing 10% Antibiotic/Antimycotic and then the adipose tissue was digested with a phosphate buffer saline (PBS) solution containing 0.1% collagenase from Clostridium histolyticum (Sigma-Aldrich) during 45min at 37°C, under stirring. The digested tissue was gently pressed through a strainer and centrifuged at 1000 g for 10min. The cell pellet was incubated in lysis buffer (155mM NH4Cl, 5.7mM K2HPO4, 0.1mM EDTA) for 10 min to remove erythrocytes and then centrifuged at 800 g for 10 min. Cells were expanded in α-modified Eagle’s medium (Sigma-Aldrich) supplemented with 1% Antibiotic/Antimycotic (Gibco) and 10% Fetal Bovine Serum (FBS, Gibco). Real time monitoring of Fn adsorption by multi-parametric surface plasmon resonance (MP-SPR). Fn adsorption was followed in real time with a multi-parametric instrument SPR Navi 200 (BioNavis, Finland), equipped with two lasers (670 and 785 nm) in both measurement channels. All measurements 
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were performed using a full angular scans. The protein adsorption was performed in situ by injecting Fn (10 µg/mL in a serum free α-MEM) at a rate of 50 µL/min. Upon signal stabilization, a washing step with a serum free α-MEM was carried out and the liquid flow was replaced by air. The measurements in air were performed immediately after changing the media (detected by a pronounced shift in the resonance curves to lower angles) to guarantee the preservation of the protein organization. The spectra in α-MEM and in air, both at 670 and 785 nm, were fitted using the Winspall software (version 3.02, Max Planck Institute for Polymer Research, Mainz, Germany). SPR angular scans of bare sensor surfaces were simulated first, and the parameters obtained in the fitting of the first layers (glass-chromium-gold) were used in further simulations with the films. The simultaneous determination of both thickness and refractive index (RI) was performed following previously described procedure.[16, 17] Characterization of the adsorbed Fn by Atomic force spectroscopy (AFM). The substrates used in the MP-SPR experiments were removed from the SPR chamber and further analyzed with an atomic force microscope NanoWizard 3 (JPK Instruments, Germany). The measurements were performed in air-dry state in AC mode. Different areas of each substrates with dimensions of 5x5 μm2 and 1x1 μm2 were scanned in order to have representative data. The data were analyzed with the JPK data processing software. Real time characterization of protein adsorption by quartz crystal microbalance with dissipation (QCM-D). The QCM-D experiments were performed with E4 instrument (Q-Sense, Sweden). All the assays were performed at 37 °C and thus, the used solutions were equilibrated at this temperature before being introduced into the measurement chamber. The QCM-D crystals with the SAMs were placed in the QCM-D flow chamber and a stable baseline was acquired by flowing a serum free α-MEM. The Fn (10 μg/mL in a serum free α-MEM) was then added at flow rate of 50 μL/min. Upon stabilization of the signal, the flow was stopped for 30 min to allow the protein to adsorb. Finally, the sensors were rinsed with α-MEM to remove loosely bound material. The resonance frequency shift, Δƒ, and the dissipative shift, ΔD, were recorded at several harmonics (n = 3, 5, 7, 9, 11 and 13). The Voigt model was applied to calculate the adsorbed protein mass, using two overtones (7th and 9th). In situ characterization of cell adhesion by quartz crystal microbalance with dissipation (QCM-D). Immediately after the Fn deposition in the QCM-D (the step described above), ASCs (0.20 x 106 cells/mL) were introduced into the chamber at a flow rate of 150 μL/min. Upon signal change, the flow was 
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stopped for 1h to allow cell attachment. Then, the sensors were rinsed with serum free α-MEM at a rate of 300 μL/min. The obtained data are presented as ΔD/Δƒ (3rd overtone) plots. Characterization of cell spreading by live imaging. The substrates used in these experiments were gold coated glasses modified with single component and mixed SAMs. ASCs (6000 cells/cm2) were seeded (serum free α-MEM) on these substrates under standard conditions either in the absence of Fn or on substrates previously coated with Fn by incubation with protein solution in serum free α-MEM (10 µg/mL) at 37 ºC for 30 min. Live monitoring of cell spreading was performed at 37ºC in an inverted microscope (Zeiss Axio Observer) equipped with a temperature and CO2 control device (5% CO2). Time-lapse images (20X) were captured every 1 min using Zen software. Cells were continuously observed for 5 h. Image stacks were analysed with image processing software Fiji (http://fiji.sc/wiki/index.php/Fiji). The typical cell behaviour for each substrate is shown by images taken at 5 min intervals and up to 45 min culture time as the most significant changes in the cell spreading were observed immediately after seeding. Cell characterization by immunocytochemistry. Cytoskeleton organization and formation of focal adhesion was visualized for cells studied by QCM-D (1 h) and live imaging (1, and 3 hrs). The substrates with the cultured cells were removed from the respective equipment, washed twice with PBS, fixed with 10% neutral buffered formalin for 30 min at 4 °C, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and blocked with 3% BSA in PBS for 30 min at room temperature. Cytoskeleton organization was visualized by phalloidin−TRITC conjugate (1:200 in PBS for 30 min, Sigma). Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; 1:200 in PBS for 30 min). Formation of actin cap and normal focal adhesions was assessed using a primary antibody against paxillin (1:250 in 1% w/v BSA/PBS, VWR), followed by donkey anti-rabbit Alexafluor-488 (1:500 in 1% w/v BSA/PBS, Alfagene). Samples were washed with PBS, mounted with Vectashield (Vector) on glass slides and observed under an Imager Z1 fluorescence microscope (Zeiss). Photographs were taken with an Axio Cam MRm (Zeiss).  Statistical Analysis. The normality of the data was evaluated using Shapiro−Wilk test (p < 0.05). When the data did not follow a normal distribution an initial Kruskal−Wallis test was executed followed by Mann−Whitney test. In all the cases, significant variations are marked with (*) for p < 0.001.   Fibronectin (Fn, S. Fig. 8-2) is a large size (440 kDa), ubiquitous ECM glycoprotein that can be found around all types of cells and throughout all stages of life. It has several domains (S. Fig. 8-2A) allowing simultaneous binding to cells and other ECM components, namely GAGs, other Fn molecules and other 
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ECM proteins.[1, 18, 19] While in solution it has a compact globular conformation with a diameter of 16-35 nm[20], around the cells Fn is organized in a network of fibers with a diameter of 2 nm and a length that can very between 120-180 nm.[3, 18, 20] The assembly of this network is essential for cells and depends on the Fn dimerization via intramolecular disulfide bonds (S. Fig. 8-2B) and the multiple interactions of these dimers with integrins (e.g. α5β1 binds to the RGD domain) and with other Fn molecules. It must be noticed that many of the Fn binding sites also have heparin (Hep) binding activity which indicates the involvement of this GAG in cooperative events influencing the interactions of Fn with other ligands. As an example, Hep binds reversibly to Fn type III (S. Fig. 8-2) inducing conformational change that is preserved even after the Hep unbinding.[21] The induced extended conformation reveals new binding sites for growth factors (e.g. VEGF) and thus, increases dramatically the affinity of Fn for these biomolecules.[21, 22] Noteworthy, this interaction is specific for Hep as other sulfated GAGs such as chondroitin sulfate or desulfated Hep do not alter the Fn conformation.[21] Previous studies have demonstrated that Fn affinity for Hep is relatively low (KD about 0.1-1 μM, about 10-1000 folds weaker than the interaction with FGF-2) and based mainly on electrostatic interactions.[23-25] We have therefore created surfaces with an increasing charge density by mixing at different ratios alkanethiols with end groups representing the functionalities present in the GAGs molecules: -OH groups (polar groups, able to participate in H-bonding but with no charge) and –SO3H groups (negative charge, able to participate in both H-bonding and electrostatic interactions). The self-assembly of these alkanethiols (S. Fig. 8-1, single component or mixtures) result in the formation of homogeneous SAMs with different charge (S. Table 8-1).[4, 5] Next, we investigated in situ the interaction of Fn with these surfaces using QCM-D and MP-SPR. QCM-D is an acoustic method in which the material deposition and/or increasing of a film thickness affects the propagation of a wave through a sensor (quartz crystal disk) and causes changes of its resonance frequency (Df). Acoustic contrast is largely affected by coupled water and/or conformational changes. Change in the energy dissipation (DD) reflects this sensitivity and is measured by continuous switch on and off of the driving potential resulting in the damping of the oscillatory motion. On the other hand, SPR is an optical detection method whose contrast is determined by changes in the RI caused by the deposited film. The SPR signals are therefore proportional to the adsorbed mass and affected minimally by the hydration of the adsorbed entity. We complement these real time characterization techniques with AFM analyses. The space resolution of AFM is much higher in comparison with other microscopies (e.g. electron microscopy) as the force microscopy does not use lenses and thus, the diffraction and aberration are not limiting its spatial resolution. We therefore expected that the 
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combination of these three label-free techniques will give us a detailed information about the protein adsorption in terms of quantity, homogeneity and conformation. Our results demonstrated that Fn adsorbs onto all surfaces (Fig. 8-1). Both real time techniques (QCM-D and SPR) showed a rapid initial adsorption that is slowing as the surface coverage increases (Figs. 8-1A, B). The QCM-D and SPR signals do not change upon washing of the adsorbed protein with a buffer indicating stable interactions of Fn with the underlying surface. The quantity of the adsorbed protein is different for the studied surfaces.  

 Figure 8-1. Adsorption profiles of Fn on different surfaces characterized by QCM-D (A), SPR (B, C) and AFM (D) and the respective cellular response (E). The sensograms (B) were recorded in α-MEM at wavelength of 670 nm; the arrows indicate the washing step. At the end of the adsorption process the protein layer was characterized by two-color two-media MP-SPR (C) and AFM (D). The immunostaining of the adipose-derived stem cells (ASCs) was performed after recording their behaviour by QCM-D (1h on Fn coated substrates). Immunostaining of paxillin (green), actin (red) and nuclei (blue). White arrows indicate the centrosomes and yellow arrows show the focal adhesions. Images of the control samples (ASCs on QCM-D crystals without Fn) are provided in Fig S7. The QCM-D data showed an increase of the adsorbed mass with the augmentation of the -SO3H concentration - a maximum was reached for the SO3H 75 surface and then a drop to a minimum for the 
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surface formed by self-assembly of HS(CH2)11SO3H alone was measured (Fig. 8-1A). The results obtained for the single component systems are in good agreement with previous reports on the quantification of Fn adsorption on surfaces with defined chemistry using alternative characterization methodologies, namely protein radiolabelling[8], conjugation to fluorophores[26, 27] and Western blot characterization[9, 10]. All these studies refer to –OH functionalized surfaces as substrates with lower quantity of adsorbed Fn as compared with the hydrophobic –CH3[8-10, 27] and the positively charged –NH2[8, 12]. Moreover, our data are also in excellent agreement with study by Groth et al, who measured similar quantity of Fn adsorbed on –OH and –SO3H functionalized surfaces with slight prevalence of protein on the –OH surface.[12]  The results obtained from them are striking alike to the reported herein, although the authors have used different methodology for quantification of the adsorbed protein, namely ELISA assays, and screened single component SAMs formed on silanised glass surfaces. Noteworthy, different behavior of -SO3H groups as compared with other negatively charged groups (e.g. –COOH) is reported in the same study: greater adsorption capacity for Fn and increased cell adhesion is demonstrated for the –SO3H functionalities. In fact, we have also observed very similar tendency as the described above (Fig. 8-1A) when studying the FGF-2 binding affinity of these substrates (both mixed and single component SAMs).[4] We have demonstrated that the bias behavior of the SO3H 100 is not due to the very high content of –SO3H groups but rather to the lack of –OH groups on these surfaces and their contribution to the adsorption via H-bonding.  As the deposited mass can also include water, we further analyze the Fn adsorption with MP-SPR and AFM. We have used the two-color SPR approach (wavelengths of 670 and 785 nm) combined with two media (α-MEM and air) measurements to determine simultaneously the RI and the thickness of the deposited layer, i.e. we did not use any estimated or assumed values for the calculations (Fig. 8-1C).[16, 17] The water content and the protein conformation can differ for the Fn adsorbed on the studied substrates and these differences can affect the RI. Therefore, the use of estimated RI values commonly applied for thickness calculations can lead to inaccurate results as they do not reflect this change. Our results demonstrated that while all RI values are near to the used estimated RI for Fn (1.4[20]), substrate chemistry indeed affect the RI of the adsorbed layer (Fig. 8-1C). It is noteworthy mentioning that the only surface, which does not contain –OH groups, affect mostly the RI of the adsorbed Fn. This surface chemistry was also associated with the deposition of the thinnest Fn layer (2.7 nm). Previous study has demonstrated that nonspecific Fn adsorption on TiOx surface results in formation of a layer with thickness of about 6 nm while the specific adsorption (biotinylated Fn adsorbed on 
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streptavidin monolayer) corresponds to a layer with thickness of 2 nm in which the Fn is in its linear conformation.[20] The obtained by us values are within these limits although they are different for each studied substrate (Fig. 8-2C). We therefore have speculated that conformational changes induced upon the protein adsorption can occur. Indeed, the QCM-D derivative plot of the adsorption profiles (S. Fig. 8-3) demonstrated that the process is complex for the surfaces containing both functional groups (SO3H 25 and SO3H 75). This stepwise process can be explained with an initial rapid absorption, followed by reorganization of the adsorbed protein on the surface that allows further protein molecules to adsorb on the resulted free area.[28] In fact, the adsorption profile of Fn for these two substrates does not reach a plateau (Fig. 8-1A and S. Fig. 8-3) demonstrating that the process of reorganization and additional adsorption is still ongoing. The SO3H 0 and SO3H 100 surfaces behave different – a simple adsorption profile was observed for these substrates (S. Fig. 8-3). The SPR data however demonstrated that the thickness of the Fn layer on these substrates is quite different. In fact, there is a great deal of research evidencing that substrates surface properties can influence not only the quantity of the adsorbed proteins but also their conformation.[8, 9, 27, 29, 30] The most studied surface property influencing Fn conformation is the wettability: hydrohpobic surfaces induce material driven Fn fibrillogenesis while globular conformation is typical for the protein adsorbed on hydrophilic surfaces.[9, 10, 27, 30, 31] Our results are in good agreement with these previous reports. All surfaces studied by us are hydrophilic (S. Table 8-1) and the AFM analysis indeed revealed the expected formation of aggregates of different sizes on all –OH containing surfaces (Fig. 8-1 D1-3). We did not detect any material-induced Fn fibrillogenesis. However, very different organization of the Fn was observed on the SO3H 100 substrates (Fig. 8-1 D4) – the formed layer was homogeneous and composed by individual Fn molecules but not aggregates (size of about 1 nm x 30 nm has been previously reported for globular Fn[20]). This peculiar Fn organization is most probably a result of strong electrostatic interactions between the substrate and the protein, which overpower the supramolecular forces that drive the protein self-association. This result is in line with previously reported single-molecule AFM measurements showing yet globular but extended Fn conformation upon its adsorption in the presence of Hep (the biomolecule with the highest negative charge that exist in Nature).[21] This conformational change is related with the sulfate groups as the presence of either chondroitin sulfate (less sulfated than Hep) or the desulfated Hep derivative do not affect the Fn conformation. Conformational changes can encrypt hidden binding domains[21, 32] and thus, in our next experiments we used ASCs to evaluate the effect of the substrate-protein interactions on the cell attachment process. It is well documented that upon adhesion cells reorganize the Fn into fibrillar 
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matrices by a complex multistep process involving interactions of the protein with activated integrins on the cell surface.[10, 18, 31, 33, 34] This process often involve inceptive removal of the pre-adsorbed Fn[26, 31, 35] and thus, it depends on the chemistry of the substrate and the respective adsorption force.[31] Altered protein conformation triggered by different surface chemistry also affect the integrin-Fn interactions and the following reorganization of the protein.[10, 36] Indeed, Garcia et al have demonstrated that Fn-coated SAMs are integrin specific: Fn on negatively charged surface (-COOH) supports both ανβ3 and α5β1 binding while the Fn on –OH and –NH2 surfaces selectively recruits α5β1 integrins.[8] Herein, we used a combination of QCM-D, live imaging and immunocytochemistry to assess the cellular interactions with the SAMs and the effect of pre-adsorbed Fn on these interactions. The reason for using QCM-D with microscopy is that cells that look very similar under microscope can have quite different interfacial and mechanical properties and thus, their characterization requires combination of a microscopy with another method. On the other hand, QCM-D is sensitive only to changes that occur very near (nm) to the sensor surface because of the penetration depth of the QCM-D shear wave (the typical penetration depth of the shear acoustic waves in water is about 0.25 μm at f = 5 MHz[37]). Keeping in mind this peculiarity of the QCM-D technique, five processes that can influence the signal have been suggested: (i) the initial physical contact (cell seeding on the sensor surface) leading to the first QCM response; (ii) secretion of ECM components; (iii) cell spreading; (iv) modification of the adhesion properties at the interface, e.g. strength of adhesion and (v) changes in the cytoskeleton.[38] While the first two processes affect significantly the Df, the last ones are reflected mainly in the magnitude of DD. It must be noticed that some of these processes often occur simultaneously which makes the interpretation of the QCM-D data quite complex. We present the QCM-D results as DD/Df plots (Fig. 8-2). This kind of presentation visualize readily the structural properties of the biolayers deposited on the sensor (e.g. adherent cells) and it is qualitatively independent of the number and spatial distribution of the deposits on the sensor as the shape of the lateral sensitivity variation for DD and Df are the same. The slopes in these plots represent the dynamics of the adhesion process and its different stages and thus, they are unique (but reproducible) for each type of cell and substrate and can be used to compare different systems.[39] Because of their specificity, these plots are often called cellular acoustic fingerprints.[37-39]  
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 Figure 8-2. Representative ΔD/Δf plots (3rd overtone) showing changes during adhesion of ASCs onto SAMs’ surfaces with different concentration of -SO3H groups in the presence (blue points) and in the absence (red points) of Fn on the sensor surface. The broken lines show the points at which the cell flow was stopped. The time is indicated by a colour code: pale colour indicates the beginning of the process while darker nuances are associated with its end. Arrows indicate the end of the cell seeding process. The insets represent amplified data plots for the beginning of the process. The comparison between the plots for different surfaces in the absence of pre-adsorbed Fn (Fig. 8-2, red lines) demonstrates the presence of at least two slopes with quite different shape, indicating different adhesion process/cellular behavior. The first slope is characterized by a fast (insets on Fig. 8-2: low density of points in DD/Df plots reveals fast kinetics) and significant increase of Df with almost no change of DD and it is associated with the initial cell seeding on the sensors (the end of this process is identified with arrows in Fig. 8-2). After this process, an increasing in the dissipation accompanied with mass deposition was observed for all surfaces. The absolute values of these changes in DD and Df are different for all the studied surfaces (S. Fig. 8-6). As mentioned above, the mass deposition at this stage is associated with secretion of proteins and other ECM components, while changes in the dissipation are related with either remodeling of the deposited ECM components or with the mechanical properties of 
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the seeded cells caused by their interactions with the substrates/sensors. The largest DD was measured for the SO3H 0 surface and we associated it with relative weak cellular adhesion and spreading. When the surfaces have –SO3H groups, the absolute value of the DD is 2-3 fold smaller, indicating that these groups induce different shear elasticity of the cytoskeleton most probably as a result of stronger adhesion. These results are in excellent agreement with the ASCs live imaging, which confirmed that in the absence of pre-adsorbed Fn, the presence of the –SO3H groups on the surface induces fast adhesion and spreading of ASCs and this is particularly evident in the case of SO3H 100 substrates (Fig. 8-3). The immunocytochemistry of the ASCs (S. Fig. 8-7) is also in line with QCM-D and live imaging outputs: we can observe spread cells on SO3H 100 substrates and round ones on the –OH functionalized substrates. The pre-adsorbed Fn induces a tremendous difference in QCM-D signals (Fig. 8-2, blue lines and S. Fig. 8-6) especially for the -SO3H rich surfaces (SO3H 75 and SO3H 100). Similar large dissipation shifts have been previously observed for different surfaces and cells in the presence of serum or individual serum proteins.[39-41] However, there is no consensus in the literature about the magnitude of this change and the reasons behind it.[37] As mentioned above, cells attached to the sensor surface form acoustically thick layer (up to 15 μm in the absence of pre-adsorbed Fn, Fig. 8-4B2).  
 Figure 8-3. Live imaging of adipose-derived stem cells adhering and spreading on the studied substrates without Fn adsorption. The first image was taken 5 min after the cell seeding and the following ones at intervals of 5 min up to 40 min. In the case of pre-adsorbed protein this layer is even thicker (for QCM-D) with the cells placed above the Fn. We therefore suggest that the main reason behind the observed changes is the above mentioned reorganization of the pre-adsorbed Fn (that is nearest to the sensor surface and form a layer whose thickness is comparable with the penetration depth of the shear acoustic waves) by the attaching cells. 
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Previous studies have also suggested that the ECM layer between the cells and the sensor can play significant role in the QCM-D output signals.[37, 42] Particularly interesting and indicative are the results for the SO3H 0 substrate. In this case, we observed a large dissipation shift (Fig. 8-2), with no accompanying frequency shift. This signal indicates no production of ECM but only reorganization of pre-adsorbed Fn. Only after reorganizing this layer, cells start to secrete ECM components (changes in Df are visible) and eventually spread (small change of DD). These results are in very good agreement with a recent work of Luo et al, who have demonstrated that adsorption force of Fn on –OH SAMs is much weaker than on hydrophobic (–CH3) and positively charged (–NH2) surfaces.[31] As a result, the protein is more flexible on –OH functionalized surfaces (SO3H 0) and its cell binding domains (Fig. 8-1) more accessible for interactions with integrins.[8, 31] The results are different for SO3H 25 substrate: after the initial signal for cell seeding no further changes are detected neither for the deposited mass nor for the energy dissipation. Indeed, for this surface chemistry we have observed already reorganization of the Fn during the deposition (S. Fig. 8-3) and although some further reorganization can occur, the impact on the DD is very small. In the case of the surfaces with higher content of –SO3H groups we observe very large dissipation change concomitant with mass deposition. These signals demonstrate intensive ECM secretion and remodelling.  
 Figure 8-4. Live imaging of adipose-derived stem cells seeded on the studied substrates after Fn adsorption. The first image was taken 5 min after the cell seeding and the following ones at intervals of 5 min up to 40 min. We therefore performed live imaging (Fig. 8-4) to complement the QCM-D data but also to obtain additional information beyond the cell surface properties. This further characterization reveals an opposite effect of the pre-adsorbed Fn on single component systems (SO3H 0 and SO3H 100); while it 
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promotes cellular adhesion and spreading on –OH functionalized surfaces, it inhibits these processes on –SO3H functionalized ones (Fig. 8-4 first vs last row).  In fact, this behavior is in agreement with the QCM-D data (Fig. 8-2, beside the different absolute values the trend indicated by the red line of the SO3H 0 is similar to the blue line of the SO3H 100 and vice versa). In the absence of –SO3H groups (SO3H 0), the cells recognize the pre-adsorbed Fn, form initial attachment points via their integrins, reorganize the protein layer that is “hold” on the surface only by weak H-bonding, and spread on the surface remodeled by them.  

 Figure 8-5. Representative fluorescence microscopy images of adipose-derived stem cells cultured on single and mixed SAMs at two different time points: 1 and 3 h without (A) and with (B) Fn. Immunostaining of paxillin (green), actin (red) and nuclei (blue). White arrow indicates centrosome and yellow arrows show the focal adhesions. On the SO3H 100 surface, cells either cannot recognize the Fn or they recognize it but, because of the strong electrostatic interactions, cannot reorganize it in order to induce functional integrin binding. When mixed SAMs are used (SO3H 25 and SO3H 75) there is a balance between both trends. 
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These results were corroborated by immunocytochemistry (Figs. 8-1E, 5 and S. Fig. 8-7) and morphometric analysis (S. Fig. 8-8 and 8-9) of ASCs cultured during the QCM-D analysis (Figs 8-1E, S. Fig. 8-7 and 8-8) or at standard static culture conditions used for live imaging (no flow during the Fn adsorption and cell seeding) using gold coated slides as substrates and longer culture times (Figs. 8-5 and S. Fig. 8-9). The immunocytochemistry revealed another difference among the studied substrates: in the presence of Fn, ASCs cultured on –OH containing surfaces (SO3H 0, SO3H 25 and SO3H 75; Fig. 8-1 E1-3 vs S. Fig. 8-7 and Fig. 8-5A vs Fig. 8-5B) displayed organized actin stress fibers with prominent focal adhesion sites (FA). FAs are visible after 1h when the ASCs were cultured in the QCM-D instrument (Fig. 8-1 E1-3, yellow arrows) and after 3h at standard culture conditions (Fig. 8-5B, yellow arrows) suggesting that the flow accelerates and/or amplifies cell response to the surface chemistry. Noteworthy, we did not detect FAs at these time points for the ASCs cultured on SO3H 100 substrates in the presence of Fn. Altogether these data suggest different adhesion mechanism of ASCs in response to surface-induced organization/conformational changes of Fn.   Our results demonstrate that QCM-D analysis provides unique information about the nanoscale interactions of cells with underlying surfaces. However, we suggest that in the presence of proteins and especially in the case of protein(s) pre-adsorbed on the substrate, the QCM-D data circumscribe mainly the reorganization of this protein layer, i.e. contribution of the cells´ viscoelastic properties to the QCM signals is diminished because of the increased distance between the cells and the sensor. We further demonstrate that tailored –SO3H concentration can be apply to finely tune environments around the cells by changing GAGs-protein interactions. Our data suggests that fully sulfonated surfaces alter the bioactivity of proteins as Fn, by binding them stronger. The delicate balance between different supramolecular interactions (e.g. the H-bonding and electrostatic interactions discussed above) that govern the bioactivity and the responsiveness of the closest cellular environment should be considered in the design of biomaterials that mimic this milieu.  1. Mouw, J.K., G.Q. Ou, and V.M. Weaver, Extracellular matrix assembly: a multiscale deconstruction. Nature Reviews Molecular Cell Biology, 2014. 15(12): p. 771-785. 2. Azevedo, H.S. and I. Pashkuleva, Biomimetic supramolecular designs for the controlled release of growth factors in bone regeneration. Advanced Drug Delivery Reviews, 2015. 94: p. 63-76. 
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SUPPLEMENTARY INFORMATION  
§ Formation and characterization of the self-assembled monolayers (SAMs) 

 Supplementary Fig. 8-1. Schematic presentation of the used single component and mixed self-assembled monolayers (SAMs). The role of each component of the alkanethiols in the final assembly is highlighted.   Supplementary Table 8-1 Characteristics of the SAM coated surfaces used in this work Sample z potential at pH 7.4 [4] Oxidized sulfur (XPS) (% of total sulfur content) [5] Water contact angle (º) [4] Theoretical Calculated SO3H 0 -64 0.0 0.0 21 SO3H 25 -75 20.0 20.6 18 SO3H 75 -81 42.9 29.9 32 SO3H 100 -89 50.0 52.6 41 * Gold surface 81º.    

SH SH SH SH SH SH SH SH SH SH SH SH SH SH SH
SO3H 25SO3H 75SO3H 100SO3H 0 Alkane chain: provide well defined thickness;assure organization of the SAMs via intermolecular hydrophobic interactions

Terminal (tail) functional group(s):determine the surface properties/functionality of the SAMs
Head thiol groups:high affinity to the gold;assure the interaction between the alkanethiol and the support
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§ Fibronectin (Fn) adsorption 

 Supplementary Fig. 8-2. Schematic presentation of Fn structure and its domains to which ECM molecules and cell surface receptors bind (A). The Fn molecules form dimers via disulphide bonds (B) which are further deformed (C) to reveal binding sites for cell surface receptors. Adapted with permission from reference[1]. 2014, Nature Publishing Group.    
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 Supplementary Fig. 8-3 The QCM-D derivative plot with the initial adsorption profiles of Fn onto the studied substrates demonstrates simple, one step protein adsorption on surfaces made from a single component SAMs and complex, multistage adsorption process on surfaces containing both -SO3H and –OH functional groups.   
  Supplementary Fig. 8-4 Reflectivity curves (SPR curves) of the fibronectin adsorption onto different substrates at two wavelengths (670 and 785 nm).   
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 Supplementary Fig. 8-5. Representative AFM images of fibronectin adsorbed on different self-assembled monolayers.    
 Supplementary Fig. 8-6. Raw data QCM-D data showing frequency and dissipation shifts measured during adipose-derived stem cells adhesion on different substrates without (up) and with (down) pre-adsorbed fibronectin.    
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 Supplementary Fig. 8-7. Immunostaining of adipose-derived stem cells (ASCs) after QCM-D characterization (1h in the QCM-D cell) in the absence of Fn. Spread cells with well pronounced actin fibers and numerous filopodia can be seen on -SO3H rich surfaces (SO3H 75 and SO3H 100). No focal adhesion can be appreciated for any of the studied surfaces at these conditions. Paxillin (green), actin (red) and nuclei (blue).   Cell morphometric analysis. Cells characterized by immunocytochemistry were further subjected to morphometric analysis. The samples were observed under confocal laser scanning microscope (TCS SP8 Leica; objective x63). Z-scans were performed using phalloidin and DAPI stainings to determine the cell limits. Cell morphometric analysis was performed with image processing package Fiji.4 At least 50 cells per condition were analyzed. 

  Supplementary Fig. 8-8. Morphometric analysis of ASCs on QCM-D crystals (1h) with different surface concentration of –SO3H groups in the absence and presence of pre-adsorbed Fn. Significant differences (p ≤ 0.001) are marked with * for different surface compositions and with # for the same surface compositions but different Fn content.    
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 Supplementary Fig. 8-9 Morphometric analysis of ASCs cultured under standard conditions on single and mixed SAMs (in the presence and absence of Fn). Circularity (A,C) and cell height (B,D) are depicted for 1h (A, B) and 7h (C, D) of cell culture, respectively. Statistical analysis was executed using Kruskal–Wallis test followed by the Mann–Whitney test, where p < 0.001 was deemed to be significant (*). The symbol # represents statistically significant difference (p < 0.001) between cells cultured on SAMs of equal surface chemistry but with and without the deposition of Fn.    
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CHAPTER 9 9 GENERAL CONCLUSIONS AND FINAL REMARKS The increased life expectancy, as well as the lifestyle of the population, which includes dietary habits and physical activity, are known factors that influence the onset and progression of a variety of diseases, such as cancer, neurodegenerative disorders, cardiovascular conditions, among many others. Epidemiological studies have shown that the intake of anti-oxidants, e.g. vitamin E, EGCG, among others (through the diet) is linked to healthier conditions, e.g. higher cognitive performance in the aged population. In addition, a large set of studies evaluating multiple potential therapeutic strategies have identified polyphenols as a class of bioactive molecules (present in a series of foods and drinks) that are able to generate health benefits. As an example, the polyphenol EGCG, is known to present anti-bacterial, anti-amyloidogenic and anti-tumour activity. Despite its mechanism of action not being completely understood, it is clear that, its chemical structure present key moieties, e.g. galloyl (Ga) units, that are fundamental players in their cytocompatibility and bioactivity. This has been proven, for example, by the higher anti-amyloidogenic bioactivity of EGCG in comparison with EGC [1] is due to the presence of the Ga units in the EGCG chemical structure, and their absence in EGC. Based on this background knowledge, we started by extracting and purifying polyphenols from cork powder to evaluate their bioactive potential. We were able to collect a series of cork-based polyphenol-rich extracts and isolated two of the most prevalent ones, i.e. vescalagin and castalagin. We then evaluated their ability to act as anti-bacterial, anti-UV or anti-amyloidogenic agents, while trying to correlate bioactivity with their main structural features. Therefore, in chapter 3, we investigated the potential of cork-based extracts/compounds as anti-bacterial agents against three Gram-positive bacteria, i.e. MRSE, SA and MRSA; as well as one Gram-negative bacterium, i.e. PA. All extracts/compounds, but especially vescalagin/castalagin, exhibited a higher capacity to alter the normal assembly of the peptidoglycans present in the bacterial cell wall (particularly in the Methicillin-resistant bacterial strains) leading to their disruption; it was also shown that vescalagin/castalagin where efficient inhibitors of biofilm formation; promoting an overall bacteria cell death. Despite the existence of different open questions concerning their mechanism of action, it was clearly demonstrated that vescalagin/castalagin are able to interfere with the PBP2a-mediated stabilization of the peptidoglycan layer at the bacterial cell wall of Methicillin-resistant bacteria (as the PBP2a protein takes a critical role in the crosslinking of the peptidoglycan mesh-like layer at the cell surface). In addition, they are also able to inhibit the formation of β-sheet supramolecular assemblies, that are crucial to support the biofilm formation and the bacterial cell wall functional integrity. 
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In chapter 4, a series of cork-based extracts (obtained by refluxing cork powder under water, i.e. CWE, or water:ethanol 50:50 mixture, i.e. CWEE) were evaluated for their ability to protect fibroblast-like cells (i.e. L929) from UV-mediated cellular damage. In this case the high anti-oxidant capacity of the compounds present in the extracts was a key-player in controlling the UV-mediated toxicity, as it was demonstrated its correlation with the capacity to decrease the concentration of UV-triggered ROS in the cellular milieu. Highest anti-UV activity was obtained by a purified cork fraction (fCWEE) that presented both the highest anti-oxidant activity and the highest concentration of vescalagin/castalagin, supporting the idea that the presence of these two polyphenols is critical to achieve the described outcome. Importantly, the CWE extract (with lower anti-oxidant activity than fCWEE, but with a significant amount of vescalagin/castalagin) showed an anti-UV capacity comparable to fCWEE. In general, cork extracts were able to: i) reduce the UV-mediated cell toxicity; ii) maintain healthy cellular morphology upon UV radiation; and iii) protect DNA from UV-mediated fragmentation. These data favor the hypothesis that vescalagin/castalagin are able to trigger other protective mechanisms, in addition to the ROS-based pathways. After showing that vescalagin/castalagin were important bioactive components present in the cork-based extracts, we evaluated their ability to act in the context of neurodegenerative disorders, i.e. Alzheimer’s disease (AD). Consequently, in chapter 5, we evaluated if vescalagin/castalagin (isolated and purified from cork powder) were able to reduce the cytotoxicity of Aβ oligomeric structures and the deposition of Aβ senile plaques, which are known hallmarks of AD. In this case, we tested both compounds in their ability to remodel the secondary structure of toxic Aβ oligomers and to protect SH-SY5Y cells from Aβ-mediated death. We showed that vescalagin is more prone than castalagin to interact with Aβ and remodel its secondary structure from antiparallel β-sheets (characteristic of the cytotoxic oligomers) to parallel β-sheets (characteristic of the non-cytotoxic fibrils). This difference might be a consequence of the spatial organization of their OH group, at the C1 position of the glycosidic chain (previously reported to be determinant for the higher reactivity of vescalagin, as well as its increased polarity and lower lipophilicity). Thus, we found that vescalagin was able to inhibit the Aβ supramolecular assembly through the production of off-pathway structures, as well as reducing the Aβ cytotoxicity towards the SH-SY5Y neuroblastoma cell line. The anti-amyloidogenic activity of vescalagin led us to evaluate if we could recapitulate its activity by presenting its main chemical moiety, i.e. Ga units, in the surface of a dendrimer. We then synthesized in chapter 6 three Ga-presenting dendrimers with two, six and nine Ga units in their surface and evaluated if they were able to modulate the cytotoxicity of oligomeric Aβ species. We found that all the dendrimers interacted with Aβ at their Glu, Ala and Val residues by H-bonding and were able to remodel the Aβ 
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supramolecular organization into non-cytotoxic aggregates in a Ga-mediated process, i.e. the terminal-ends groups of the dendrimers. In addition, the synthesized dendrimers were able to mimic the bioactivity of vescalagin. Importantly, the multivalent presentation of the Ga chemical motifs increases their capacity to remodel the Aβ secondary structure. In particular, the 2G1-GaOH dendrimer (presenting six Ga units) displayed an adequate balance between the number of Ga units and hydrophilicity, maximizing the interaction with the Glu, Ala, and Val residues, reducing the presence of oligomeric Aβ and lowering its cytotoxicity in vitro. These relevant in vitro results support the further evaluation of the efficacy of 2G1-GaOH against Aβ-mediated cytotoxicity under an in vivo AD model. In chapter 7, we evaluated the potential of glucosamine (GlcN) analogues for their capacity to complement the activity of vescalagin/castalagin/Ga-presenting dendrimers and recover cells from a number of Aβ-mediated pathological features. We found that glucosamine-6-sulphate (GlcN6S) and glucosamine-6-phosphate (GlcN6P) were able to promote the recovery of AD-related dysfunctions, namely by reducing membrane dysfunction (and the homeostasis of Ca2+ ions); normalizing the AChE enzymatic activity; re-establishing the basal levels of insulin signaling, through the activation of the IRS1 cascade; and reducing inflammation, by levelling the expression of ANXA1. Our results (obtained for GlcN6S and GlcN6P) are consistent with the important role of the negative charge of these monosaccharides in the interaction with Aβ and in the reduction of its cytotoxicity. Finally, in chapter 8, we studied the influence of the sulfation degree of GAGs in the presentation and bioactivity of fibronectin (Fn). We developed a self-assembling monolayer (SAM) system capable of presenting different sulfation degrees on a surface. The interaction of Fn with these surfaces was assessed, suggesting that fully sulfonated surfaces alter the bioactivity of Fn, by stronger binding and limiting its bioactive presentation to the surface, hampering its interaction with cells. Therefore, during the design of biomaterials, it should be considered a proper balance of non-covalent interactions between their surface and proteins (e.g. Fn) to allow the latter ones to be presented under a bioactive conformation to the cells. Overall, the scientific achievements presented in this thesis pave the way to the development of vescalagin/castalagin-based strategies to promote anti-bacterial, anti-UV and anti-amyloidogenic bioactivities. From a chemical and biological perspective, our results contributed to a better understanding on the mechanism of action of the anti-bacterial and anti-amyloidogenic activities of these polyphenols (in both the bacteria cell wall and in the modulation of Aβ cytotoxicity). We also demonstrated that it is possible to recapitulate the anti-amyloidogenic activity presented by vescalagin/castalagin using well defined synthetic dendrimers that mimic the presentation of their main chemical moiety, i.e. Ga units. 
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The combination of vescalagin/castalagin/Ga-presenting dendrimers with GlcN6S or GlcN6P seems an interesting approach to tackle several AD hallmarks, as they presented complementary bioactivities. A possibility that should be explored in the future. In addition, we also hypothesize that the development of dendrimers presenting specific monosaccharide units (e.g. GlcN6S/GlcN6P) can generate multivalent nanosystems (e.g. dendrimers) able to efficiently remodel Aβ, as well as reduce its cytotoxicity and the pathological hallmarks of AD and other neurodegenerative disorders.  References 1. Bastianetto, S., et al., Neuroprotective effects of green and black teas and their catechin gallate esters against -amyloid-induced toxicity. European Journal of Neuroscience, 2006. 23(1): p. 55-64.   



 

 310 

 


