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Résumé

Le biofilm est une matrice complexe, composée de substances polymères extracellulaires enveloppant des communautés de micro-organismes, adhérant de manière irréversible à une surface biotique (tissus et organes) ou abiotique (cathéters et prothèses). Les biofilms permettent à de nombreuses bactéries pathogènes d'adhérer à des dispositifs implantés tels que sondes, prothèses, cathéters ou tissus endommagés, avec un impact majeur sur la santé des patients infectés. La formation de biofilms représente donc une menace clinique croissante, d'autant qu'aucun médicament anti-biofilm n'est actuellement disponible (Bjarnsholt et al., 2013).

Les bactéries du genre Staphylococcus comprennent un groupe diversifié de commensaux et d'agents pathogènes qui colonisent la peau et les muqueuses des mammifères [START_REF] Méric | Disease-associated genotypes of the commensal skin bacterium Staphylococcus epidermidis[END_REF]. Certains des membres les plus connus de ce genre, tels que S. aureus et S. epidermidis, sont des agents pathogènes responsables de la formation de biofilms (Paharik e Horswill, 2016). S. epidermidis est notamment à l'origine d'infections associées aux dispositifs médicaux (Rogers et al., 2009;Uçkay et al., 2011;Nishizaki et al., 2013 ). De plus, S. epidermidis développe une multi-résistance aux antibiotiques et, bien que cette bactérie exprime de nombreux facteurs de virulence, la formation de biofilm est le mécanisme le plus important contribuant à l'infection (Otto, 2008;Fey e Olson, 2010;[START_REF] Laverty | Biomolecular mechanisms of staphylococcal biofilm formation[END_REF]Otto , 2013;[START_REF] Otto | Physical stress and bacterial colonization[END_REF].

Cette émergence rapide de la résistance aux antibiotiques est due à diverses conditions associées aux biofilms, telles que la facilitation de l'échange de matériel génétique (Madeo e Frieri, 2013;[START_REF] Scopel | Dipeptide cis-cyclo(Leucyl-Tyrosyl) produced by sponge associated Penicillium sp F37 inhibits biofilm formation of the pathogenic Staphylococcus epidermidis[END_REF]Travier et al., 2013). En ce sens, la matrice de biofilm de S. epidermidis joue un rôle fondamental en raison de sa constitution complexe en exopolysaccharides, protéines, ADN et acides teichoïques (Otto, 2008;Paharik et Horswill, 2016).

Cette matrice, en plus de conférer une stabilité mécanique au biofilm, rend l'adhésion des bactéries irréversible et difficile à traiter (Haussler e Fuqua, 2013).

Ainsi, ces composants sont des cibles importantes dans la recherche d'agents anti-biofilm.

Dans la recherche de nouvelles molécules antibiofilm nous nous sommes particulièrement intéressés à diverses espèces de piments appartenant au genre Capsicum, originaires des zones tropicales et humides d'Amérique et actuellement cultivées dans le monde entier (Govindarajan, 1986;[START_REF] Menichini | The influence of fruit ripening on the phytochemical content and biological activity of Capsicum chinense Jacq. cv Habanero[END_REF][START_REF] Kim | Genome sequence of the hot pepper provides insights into the evolution of pungency in Capsicum species[END_REF]. Certains piments Capsicum présentent une production mondiale d'environ 19 millions de tonnes de fruits frais sur 1,5 million d'hectares (FAOSTAT 2001: bases de données statistiques de la FAO, 2003). Ils sont communément appelés tili, piments forts, paprika et poivrons rouges. Les espèces de C. baccatum sont communément connues au Brésil sous les noms de poivron «dedo-de moça» et de « cambuci », avec des colorations et des formes différentes. Leur culture est pratiquée dans presque toutes les régions du Brésil et constitue un excellent exemple d'agriculture familiale [START_REF] Embrapa | Capsicum: Pimentas e pimentões no Brasil[END_REF][START_REF] Ecocrop | Ecocrop database: FAO -Food and Agriculture Organization of the UN[END_REF]. Capsicum baccatum var. pendulum (NCBI: txid40320) est caractérisé par des fleurs crème dotées de corolles dorées / vertes. En règle générale, les fruits sont allongés avec des graines de couleur crème (Betemps e Eloi Pinto, 2015).

Notre groupe de recherche a développé un important travail de caractérisation chimique et de bioactivité à partir de Capsicum baccatum var. pendulum (Zimmer, Aline Rigon et al., 2012;Zimmer, AR et al., 2012;[START_REF] Gomes Von Borowski | Avaliação da atividade antibiofilme de Capsicum baccatum var. pendulum (Solanaceae)[END_REF][START_REF] Molon | Isolamento e elucidação estrutural de compostos com potencial antiinflamatório na pimenta dedo-de-moça (Capsicum baccatum var. pendulum)[END_REF][START_REF] Leonardi | Avaliação farmacológica de Capsicum baccatum var. pendulum L. em um protocolo experimental patronizado de síndrome metabólica in vivo[END_REF]Von Borowski et al., 2017). Précisément, nous avons identifié et normalisé différents extraits de graines de C. baccatum présentant une importante activité antibiofilm sur S. epidermidis et Pseudomonas aeruginosa. Nous avons également évalué leur profil toxicologique in vitro et in vivo. L'extrait le plus actif de C. baccatum a été incorporé aux lames de Permanox ™ par une technique de « spin-coating » afin de produire une surface antiinfectieuse. De plus, une évaluation toxicologique in vivo a été réalisée à l'aide du modèle de larves de Galleria (G. mellonella). L'extrait aqueux résiduel des graines de C. baccatum (RAqS) est l'extrait le plus actif, capable d'inhiber respectivement jusqu'à 80% et 60% du biofilm de S. epidermidis et de P. aeruginosa, sans inhiber la croissance des bactéries planctoniques et sans favoriser la toxicité aiguë chez G. mellonella. Le traitement de revêtement de surface par le RAqS a modifié la caractéristique hautement hydrophobe des lames Permanox ™ et a empêché l'adhésion bactérienne et le développement du biofilm. Une analyse par microscopie électronique à balayage a montré la présence de petits groupes ou de cellules individuelles sans la présence de matrice sur les échantillons traités au RAqS, même lorsque le RAqS était en solution ou en tant que revêtement. L'évaluation phytochimique du RAqS a révélé la présence principale d'acides aminés / protéines et de tanins (Gomes Von Borowski et al., 2019). Nous avons ensuite procédé au fractionnement du RAqS, qui a finalement abouti à une fraction active semi-purifiée de peptides (AF). Nous avons procédé à la caractérisation de l'AF et déterminé sa composition. Après cette purification, il a été démontré que les peptides d'AF étaient plus actifs contre la formation de biofilm de S. epidermidis, tout en maintenant l'absence d'activité antibactérienne, de revêtement de biomatériau et l'absence d'effet cytotoxique [START_REF] Gomes Von Borowski | Avaliação da atividade antibiofilme de Capsicum baccatum var. pendulum (Solanaceae)[END_REF]Gomes Von Borowski et al., 2019).

Dans le contexte des bactéries résistantes/tolérantes aux antibiotiques, les peptides naturels jouent un rôle de plus en plus important en tant qu'agents antimicrobiens et anti-biofilm (Feuillie et al., 2017;Grassi et al., 2017;Von Borowski et al., 2017). Les plantes sont constamment soumises à la présence d'une variété d'agents pathogènes et, pour se défendre, synthétisent des facteurs de protection tels que peptides et protéines de défense (Castro e Fontes, 2005).

Ces peptides sont des composants chimiques courants dans les graines du genre Capsicum [START_REF] Lee | Molecular characterization of a cDNA for a cysteine-rich antifungal protein from Capsicum annuum[END_REF][START_REF] Ribeiro | Isolation and characterization of novel peptides from chilli pepper seeds: Antimicrobial activities against pathogenic yeasts[END_REF]Ribeiro et al., 2012;[START_REF] Dias | Isolation, Characterization and Antifungal Activity of Proteinase Inhibitors from Capsicum chinense Jacq[END_REF]Ribeiro et al., 2013). Certaines études suggèrent que ces protéines d'origine végétale pourraient présenter des activités anti-adhésives [START_REF] Lengsfeld | Glycosylated compounds from okra inhibit adhesion of Helicobacter pylori to human gastric mucosa[END_REF][START_REF] Wittschier | Large molecules as anti-adhesive compounds against pathogens[END_REF][START_REF] Bensch | Investigations into the antiadhesive activity of herbal extracts against Campylobacter jejuni[END_REF].

Dans cette étude, nous avons identifié et caractérisé un peptide antibiofilm particulièrement actif (brevet/Europe nº 19305205.7), nommé capsicumicine. La capsicumicine est capable d'empêcher l'établissement et le maintien de l'architecture du biofilm de S. epidermidis. Il diminue notamment l'adhésion et l'agrégation cellulaire de S. epidermidis résistant à la méthicilline. Nous avons démontré que le mécanisme d'action de la capsicumicine est lié à une interaction de ce dernier avec la matrice de biofilm en phase initiale, entraînant une modification de l'autoassemblage de la matrice (Matrix anti-assembly, MAA) et par là-même une perte de fonctionnalité. Ce mécanisme est indépendant de la régulation cellulaire.

La réduction de l'adhérence bactérienne et de la formation de biofilms par une voie n'impliquant pas la mort cellulaire constitue une nouvelle approche de traitement par antivirulence. Un tel traitement vise en effet à rendre les microorganismes plus sensibles aux agents antimicrobiens et au système immunitaire (Brancatisano et al., 2014).

Ainsi, cette étude rapporte la découverte de la capsicumicine, un nouveau peptide antibiofilm qui empêche de manière significative l'établissement et le maintien des biofilms bactériens. Il diminue l'adhésion et l'agrégation cellulaire de S. epidermidis résistant à la méthicilline, sans pour autant avoir une activité antibiotique directe. Ce mécanisme d'action est nouveau et très prometteur. La prochaine étape consistera à élaborer des stratégies peptidomimétiques afin d'en améliorer la stabilité et l'activité de la capsicumicine in vivo.

General introduction

This thesis reports the discovery and antibiofilm evaluation of peptides from Capsicum baccatum seeds. We evidence the selection and identification of a lead peptide responsible for Staphylococcus epidermidis antibiofilm activity and the elucidation of its mechanism of action.

Biofilm formation may cause or worsen infections, since the microorganisms are resilient to most of the treatments available. Besides the recognized and increasing problematic issue of bacterial resistance, biofilm formation represents a rising clinical threat without available drugs (Bjarnsholt et al., 2013).

The first chapter of this study is a review of the scientific literature (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015) and introduces the universe of peptides, pathogenic biofilms concerns and antibiofilm activity.

It presents a vast review article (Von Borowski et al., 2017) contemplating a perspective of peptides and antibiofilm structure activity relationship (SAR). This review was also used as an instrument to select the lead peptide used in the experimental part of this work.

To better guide the readers through this thesis, the history of the studies with Capsicum baccatum pepper as well as my scientific course up to now are briefly described (Flow chart 1). Our research group has been developing an important work of chemical and bioactivity characterizations with this species (Zimmer, Aline Rigon et al., 2012;[START_REF] Zimmer | Antioxidant and anti-inflammatory properties of Capsicum baccatum: From traditional use to scientific approach[END_REF][START_REF] Gomes Von Borowski | Avaliação da atividade antibiofilme de Capsicum baccatum var. pendulum (Solanaceae)[END_REF][START_REF] Molon | Isolamento e elucidação estrutural de compostos com potencial antiinflamatório na pimenta dedo-de-moça (Capsicum baccatum var. pendulum)[END_REF][START_REF] Leonardi | Avaliação farmacológica de Capsicum baccatum var. pendulum L. em um protocolo experimental patronizado de síndrome metabólica in vivo[END_REF]Von Borowski et al., 2017). Precisely, we identified and standardized different extracts of C. baccatum seeds displaying S. epidermidis and Pseudomonas aeruginosa antibiofilm activity and evaluated its toxicological profiles in vitro and in vivo. The most active extract of C. baccatum was incorporated in Permanox™ slides by spin-coated technique in order to produce an anti-infective surface. In addition, an in vivo toxicological evaluation was performed using the alternative host model of Galleria mellonella larvae.

The residual aqueous extract from C. baccatum seeds (RAqS) was the most active extract, able to inhibit up to 80% and 60% of the S. epidermidis and P. aeruginosa biofilm, respectively, without inhibiting the planktonic bacterial growth, neither promoting acute toxicity in G. mellonella. The surface coating with the RAqS modified the highly hydrophobic feature of Permanox™ slides and prevented the bacterial adhesion and biofilm development. Scanning electron microscopy analysis showed the presence of only small clusters or individual cells without the presence of matrix on the RAqS treated samples, even when RAqS was in solution or as coating. The phytochemical evaluation of RAqS indicated the main presence of amino acids/proteins and tannins (Gomes Von Borowski et al., 2019). Then, we operated the bioguided fractionation of RAqS, finally leading to a semi-purified active fraction (AF) of peptides. We proceeded with the "AF peptides" characterization and determined its sequence composition and protein origin.

After this purification, the "AF peptides" was shown to be more active against S. epidermidis biofilm formation keeping the absence of antibacterial activity, biomaterial coating and non-cytotoxic effect [START_REF] Gomes Von Borowski | Avaliação da atividade antibiofilme de Capsicum baccatum var. pendulum (Solanaceae)[END_REF]Gomes Von Borowski et al., 2019). This original article is in progress.

Flow chart 1. Capsicum baccatum and Staphylococcus epidermidis biofilm studies. Time line in black displaying a summary of master degree results by [START_REF] Gomes Von Borowski | Avaliação da atividade antibiofilme de Capsicum baccatum var. pendulum (Solanaceae)[END_REF]. Brefly extracts obtention from C. baccatum seeds, antibiofilm/antibacterial screenings, phytochemical caracterization, bio-guided purification of the most active extract, biofilm/antibacterial activity of the purified fraction (PF) and cytotoxicity, biomaterial coating, chemical elucidation essays of the PF. Time line in grey displaying a summary of PhD degree results by Gomes Von Borowski, 2018. Brefly, a peptide and antibiofilm activity review, the selection of three natural peptides from PF to be synthesize and the identification of the lead antibiofilm peptide (LAP). The elucidation of LAP mechanism of action and cytotoxicity essays. These results leaded to the register of a patent deposit. Finally, we used a scientific review to base ourselves on the best peptidomimetic models for antibiofilm activity.

Chapter 2 describes the main experimental results of this thesis. It contains the antibiofilm characterization of the lead peptide, evidences about its mechanism of action and cytotoxicity assays as experimental work, discussion and conclusions.

In addition, the consistence of this study drove us to an international patent registration. The patent description is also available in chapter 3 and strengthens the relevance and applicability of our research.

Finally, in chapter 4 we propose a molecular simplification and peptidomimetic derivatives synthesis to improve the lead peptide efficiency. Peptidomimetics are a strategy of molecular improvements to advance some aspects like resistance to proteases or to boost its bioactivity. Therefore, we used a scientific review to base ourselves on the best peptidomimetic models for antibiofilm activity. Consequently we published a review article (Gomes Von Borowski et al., 2018) whose manuscript is presented in this chapter.

Staphylococcus epidermidis

Bacteria from the genus Staphylococcus include a diverse group of commensals and pathogenic that colonize mammals on the skin or mucous membranes [START_REF] Méric | Disease-associated genotypes of the commensal skin bacterium Staphylococcus epidermidis[END_REF]. Some of the best-known members of this genus, such as S. aureus and S. epidermidis, are also opportunistic biofilm forming pathogens (Paharik e Horswill, 2016).

Concerning pathogenic biofilms, S. epidermidis is the most frequently coagulase negative Staphylococcus (CoNS) infection, highly associated to health care bloodstream and medical devices infections (Rogers et al., 2009;Uçkay et al., 2011;Nishizaki et al., 2013). Furthermore, S. epidermidis is developing antibiotic multi-resistance and while this bacterium expresses many virulence factors, the biofilm formation is the most important mechanism contributing to infection (Otto, 2008;Fey e Olson, 2010;[START_REF] Laverty | Biomolecular mechanisms of staphylococcal biofilm formation[END_REF]Otto, 2013;[START_REF] Otto | Physical stress and bacterial colonization[END_REF]. This rapid emergence of antibiotic resistance occurs due to various conditions associated to biofilm lifestyle such as facilitating the exchange of genetic material (Madeo e Frieri, 2013;[START_REF] Scopel | Dipeptide cis-cyclo(Leucyl-Tyrosyl) produced by sponge associated Penicillium sp F37 inhibits biofilm formation of the pathogenic Staphylococcus epidermidis[END_REF]Travier et al., 2013).

In this sense, S. epidermidis biofilm matrix has a fundamental role due to its complex constitution such as exopolysacharides, proteins, extra-DNA (eDNA) and

The Capsicum baccatum var. pendulum (NCBI: txid40320) plant is characterized by cream flowers with gold/green corolla markings. Typically, fruits are elongated with cream colored seeds (Figure 2), (Betemps e Eloi Pinto, 2015).

The specimen used in this study was obtained from a controlled cultivated area in Turuçu, Rio Grande do Sul (RS), Brazil (latitude: 31º 25 '18 "S, longitude: 52 ° 10 '42 "W, altitude: 30m and area: 286.1 Km 2 ). A voucher specimen (number P278) was identified and deposited at the Herbarium of Brazilian Government Research Institute EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária, Pelotas, RS, Brazil).

Figure 2. Pictures of dedo-de-moça pepper (C. baccatum var. pendulum), author archive; A) fruits with 7 x 1,5cm (length x width), red colored (mature); B) seeds, light yellow colored and C) Flower with white corolla, a pair of yellowish or greenish spots at the base of each wolf of the petals and anthers usually yellowish (one to two flowers per node).

Objectives

The main objectives of this study were to select and obtain natural and synthetic peptides from Capsicum baccatum with significant bacterial antibiofilm activity and to establish their mechanism of action.

Aims of the study



To identify the amino acid sequence that forms the composition of (November, 2017). This article covers the pages 29-52 (File 2).

Introduction

Besides the recognized and increasing problematic issue of bacterial resistance, biofilm formation represents a rising clinical threat. In a hospital scenario, biofilm formation may cause or worsen infections, since the microorganisms are resilient to most of the treatments available (Bjarnsholt et al., 2013). Biofilm is defined as a microbial lifestyle in which microbial adhere to a surface and produce a matrix that enables them to overcome a series of environmental stresses due to their interaction abilities. Several mechanisms have been proposed to explain the drug resistance within biofilms, including the delayed/suppressed penetration of the antimicrobial agent into the extracellular matrix, the presence of metabolically inactive 'persister' cells, and the increased ability to exchange mobile genetic elements encoding resistance [START_REF] Hoiby | Antibiotic resistance of bacterial biofilms[END_REF]Mah, 2012a;Mah, 2012b).

It is increasingly evident that alternatives are need to combat drugresistant organisms and biofilms. In this context, peptides are an outstanding strategy because they able to establish diverse biomolecules [START_REF] Yoshikawa | Bioactive peptides derived from natural proteins with respect to diversity of their receptors and physiological effects[END_REF] due to chemical features like malleability and multifunctionality. Peptides are the source of many bioactive compounds with distinct activities, such as immunomodulation [START_REF] Faruqi | PEPTIDES activating autophagy[END_REF][START_REF] Sanchez-Margalet | Role of leptin as an immunomodulator of blood mononuclear cells: mechanisms of action[END_REF][START_REF] Pennington | Development of highly selective Kv1.3-blocking peptides based on the sea anemone peptide ShK[END_REF][START_REF] Pasikowski | A novel immunosuppressory peptide originating from the ubiquitin sequence[END_REF], antitumor [START_REF] Bajou | PAT-1 mediates the antiangiogenic and profibrinolytic effects of 16K prolactin[END_REF][START_REF] Chernysh | Antiviral and antitumor peptides from insects[END_REF][START_REF] Martinez-Hoyer | A novel role for an RCAN3-derived peptide as a tumor suppressor in breast cancer[END_REF], anticancer [START_REF] Leuschner | Membrane disrupting lytic peptides for cancer treatments[END_REF][START_REF] Berge | Therapeutic vaccination against a murine lymphoma by intratumoral injection of a cationic anticancer peptide[END_REF][START_REF] Ciocca | Heat Shock Proteins (HSPs) based anti-cancer vaccines[END_REF], antimicrobial [START_REF] Hancock | Antimicrobial and host-defense peptides as new anti-infective therapeutic strategies[END_REF]Dinh et al., 2015;[START_REF] Ganz | Defensins: antimicrobial peptides of innate immunity[END_REF], and, currently, antibiofilm [START_REF] Lum | Activity of novel synthetic peptides against Candida albicans[END_REF][START_REF] Wu | Synthetic beta-sheet forming peptide amphiphiles for treatment of fungal keratitis[END_REF]de la Fuente-Nunez et al., 2015). Also, several physico-chemical parameters including charge, hydrophobicity, and secondary structure are possible targets to modify and to influence the peptide activity and differential selectivity.

In addition, it is well established that peptides can play an interesting role in development of new biomaterials having anti-infective activity. They act in the earliest step in the pathogenesis of foreignbody-related infections in bacterial adhesion; the colonization will hardly occur if bacteria can not adhere to a surface [START_REF] Campoccia | A review of the biomaterials technologies for infection-resistant surfaces[END_REF][START_REF] Glinel | Antibacterial surfaces developed from bio-inspired approaches[END_REF].

A few publications have addressed Antimicrobial Peptides (AMPs) as peptide models against biofilm-forming microorganisms [START_REF] Jorge | New trends in peptide-based anti-biofilm strategies: a review of recent achievements and bioinformatic approaches[END_REF]Strempel et al., 2015;[START_REF] Luca | Treatment of microbial biofilms in the post-antibiotic era: prophylactic and therapeutic use of antimicrobial peptides and their design by bioinformatics tools[END_REF][START_REF] Schillaci | Immune mediators of sea-cucumber Holothuria tubulosa (Echinodermata) as source of novel antimicrobial and anti-staphylococcal biofilm agents[END_REF] then, it will not be the focus of this work.

Even more, applicability of AMPs as antibiofilm agents is hindered by some problems, like the absence of a defined mechanism of action, cytotoxicity, stability, bioavailability and adaptive bacterial resistance [START_REF] Jorge | New trends in peptide-based anti-biofilm strategies: a review of recent achievements and bioinformatic approaches[END_REF][START_REF] Luca | Treatment of microbial biofilms in the post-antibiotic era: prophylactic and therapeutic use of antimicrobial peptides and their design by bioinformatics tools[END_REF][START_REF] Schillaci | Immune mediators of sea-cucumber Holothuria tubulosa (Echinodermata) as source of novel antimicrobial and anti-staphylococcal biofilm agents[END_REF][START_REF] Wang | High-quality 3D structures shine light on antibacterial, anti-biofilm and antiviral activities of human cathelicidin LL-37 and its fragments[END_REF].

Despite these peptide advantages, the structure-activity relation- Natural peptide fraction (AMP) from the coelomocyte cytosol from Holothuria tubulosa (sea-cucumber). 1389.5 Da, 7.56 of pl, and 1547.6 Da, + 0.9 total net charge, 42.86% total hydrophobic ratio, 7.56 of pl, both with an α-helical secondary structure; 3.1-6.2 mg/mL ships (SAR) contribution to dispersion or inhibition of biofilms and their limitations are still lacking. Accordingly, the aim of this review is to offer a comprehensive assessment of the wide range of peptides (in total 85 peptides, of which 46% are from natural (animal, bacterial and plant) sources, 27% from synthetic, and 27% from mixed) having antibiofilm activity, not restricted to AMPs, in order to delineate minimal requirements for this activity (in the period of [2005][2006][2007][2008][2009][2010][2011][2012][2013][2014][2015]. Also we provide chemical and molecular information (general information/range of concentration tested, number of amino acids, amino acids sequences, molecular weight, total net charge, hydrophobicity, protein-binding potential and antibiofilm and antimicrobial activities) as basis for a SAR study (Tables 1234) contributing to the development of new antibiofilm agents. More than 200 papers from the main databases (SciFinder, PubMed and Web of Science) were analyzed, and 54 were reviewed for this study in accordance with inclusion/exclusion criteria.

AMINO acids (AA) composition and frequencies

The amino acid residues that constitute the peptides are fundamentally important for their characterization, molecular interactions and activity [START_REF] Nefedov | A parallel method for enumerating amino acid compositions and masses of all theoretical peptides[END_REF]. These residues are chemically responsible for all the molecular characteristics including the secondary conformation and hydrophobicity and biotic or abiotic interactions (biomaterials) [START_REF] Lim | Immobilization studies of an engineered arginine-tryptophan rich peptide on a silicone surface with antimicrobial and antibiofilm activity[END_REF][START_REF] Burton | Antibiofilm activity of GlmU enzyme inhibitors against catheter-associated uropathogens[END_REF].

Accordingly, all the peptides that appeared in the sequence in the references were analyzed in order to identify the most relevant AA and its SAR. First, they were categorized as Antibiofilm Peptides against Bacteria (APB) (see Tables 123) and Antibiofilm Peptides against Fungus (APF) (see Table 4) due to their biocide and non-biocide actions. Then, APB was subdivided into Gram-negative, Gram-positive, and both activities together in accordance with the original article.

The tables included in this article show the different peptides in alphabetic order and with individual identification numbers (ID). Repeated peptides in these tables are shown because they were tested for distinct microorganisms. The theoretical analyses were performed only with the peptides from the original articles in which AA sequences appeared, considering the software limitations (atypical AA and minimal number of AA, for example) (Gautier et al., 2008;[START_REF] Wang | APD2: the updated antimicrobial peptide database and its application in peptide design[END_REF][START_REF] Wang | APD3: the antimicrobial peptide database as a tool for research and education[END_REF]. All these results were submitted to cluster and descriptive analysis using the software SPSS (Inc. Released 2009. PASW Statistics for Windows, Version 18.0. Chicago: SPSS Inc.) at the Statistical Assistance Core of the Federal University of Rio Grande do Sul.

Antibiofilm peptides against bacteria (APB)

2.1.1. APB with both Gram-negative and -positive activities (G ± )

In order to study the AA composition we have analyzed the following aspects: Range of presence of each AA into each single peptide (individual range); Range of presence of each AA for each group of microorganism (APB (G-), APB (G+) or APB (G ± )) (group range); Overall presence of AA in both groups of microorganisms (overall range). Then, the frequencies (in percentage) of these ranges were calculated.

The APB (G ± ) included 21 different peptides that could be analyzed. Among them, lysine (K) was the most prevalent AA (APB (G ± ) group range), present in 19% of them (with a maximum value of 50% of this AA on the constitution of a single peptide (individual range)). Also, it was observed high amounts of phenylalanine (F) and leucine (L) (group range), with 12% of each one (with maximum values of 60% and 33%, respectively in a single peptide (individual range)), followed by valine (V) with 10% (with a maximum value of 30% of this AA in a single peptide) and alanine (A) and arginine (R) with 8% each one (with maximum values of 32% and 50% respectively in a single peptide) (Fig. 1). K and R are positively charged and hydrophilic, and they have a polar and basic chemical behavior. F (aromatic), L, V and A are nonpolar, uncharged and hydrophobic. These AA (together) constitute 69% of composition of APB (G ± ) group and deserve more attention.

n = 8), Ac-[Lys- N-[(S)-1-phenylethyl]-alanine]n-NH2; 2b (n = 6), Ac-[hArg-N-[(S)-1- phenylethyl]-alanine]n-NH2; 3b (n = 6), Ac-[hArg-N-phenyl-β- alanine]n-NH2; 4c, d (n = 3,4), Ac- [Lys-N-[(S)-1-phenylethyl]-alanine- hArg-N-[(S)-1-phenylethyl]-alanine]n- NH2.
The other possible AA that appeared in APB (G ± ) composition represented ≤ 5% each one; They and their chemical characteristics are described below: The non-polar, uncharged, and hydrophobic compounds were glycine (G), isoleucine (I), and proline (P). The polar, uncharged and hydrophilic compounds included threonine (T), glutamine (Q), cysteine (C), serine (S), asparagine (N) and histidine (H). The polar, uncharged, and hydrophobic compounds were tryptophan (W) and tyrosine (Y), and the polar, charged (-), and hydrophilic compounds included aspartic acid (D) and glutamic acid (E). Additionally, there was the unnatural AA diaminopropionic acid (Dap).

The polar uncharged AA methionine (M) and the non-proteogenic ornithine (O) did not appear in significant amounts (Fig. 1).

The frequencies of the main AA that appeared or were repeated in each different peptide that carried them (not necessarily in sequence) (Table 5) showed that K was frequently observed bearing 1 single unit in 19% of the analyzed peptides, and 14% of them had 2 units. It was followed by F, with 38% bearing 2 units and by L, with 24% bearing 2 and 24% bearing 4 units. Additionally, V had 33% of the peptides bearing 3 units, A had 19% bearing just 1, and R had 14% bearing 3.

These results are comparable to the analysis conducted with all of the peptides (total without group segmentation, N = 59), except for the L and V frequencies (L with 5, 3, 4, and 6 units and V with 2 and 1).

APB with Gram-negative (G -) activity

The APB (G -) was the most expressive group in terms of number of molecules that could be analyzed, with 41 different peptides. Therefore, K was the most prevalent AA, present in 19% of them (with a maximum value of 50% of this AA in a single peptide), followed by R, with 11% (maximum value of 50%). They also featured L, 10%, I, 8%, V, 10% and F, 8% (with maximum values between 30 and 60% of this AA in a single peptide). Together, these six AA sum to 66% of the APB (G -) compositions and deserve more attention.

The other possible AA ( 16) that appeared in their composition individually constituted ≤5%, and the AA M did not appear in significant amounts (Fig. 2).

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Compared with the frequencies of the main AA that appeared or were repeated in each different peptide that bore them (not necessary in sequence) (Table 6), K was frequently observed bearing 6 units in 17% of the analyzed peptides, followed by 1, 2, or 5 units, each with 12%. R had 19.5% bearing 4 units, 10% with 3, and 10% with 1. L had 29% of them bearing 2 units and 19.5% with 4. I had 27% of them bearing 2 units and 19.5% with 3. V had 29% of them bearing 3 units, 22% with 1, and 19.5% with 2 units. F had 11% bearing 2 units.

These results are comparable to the analysis carried out on all of the peptides (without group segmentation, N = 59), including the I results. The exception was the absence of A.

APB with Gram-positive (G +) activity

The APB (G +) group had 39 different peptides possible to be analyzed. In the (G +) group as well as in the (G-) group, K was the most prevalent AA, present in 18% of them (with a maximum value of 50% in a single peptide). It was followed by R, with 12%, and A, with 13% (maximum value of 50% in a single peptide for both), while in (G -), A was absent. The peptides also featured L at 9%, V at 7.5% and F at 7.5% (with maximum values between 30 and 60% in a single peptide). Additionally, in contrast to (G -), I does not appear here, nor in APB (G ± ). Together, these six AAs sum to 67% of the APB (G +) constitution and deserve more attention.

The other possible AAs ( 16) that also appeared in their constitution accounted for < 5% individually. The AA M did not appear in a significant amount, repeating the result found for the (G -) group, and nor did O (Fig. 3). The frequencies of the main AA that appeared or were repeated in the different peptides (not necessary in sequence) are shown in Table 7. K was frequently observed as 3 units in 16% of the analyzed peptides, followed by 1, 4, or 5 units, each with 13.5%. R had 15% with 3 units and 10% with 6 units. A had 25.6% with 1 single unit and 10% with 2 units. L had 20.5% with 2 units, 15.4% with 1, and 12.8% with 4 units. V had 23% with 2 units, 17.9% with 3, and 12% with 1 unit. Finally, F had 10% with 2 units.

A l t h o u g ht h em a i nA As e e mt ob et h es a m eb e t w e e nA P B( G-) and (G+) (A (G+) and I (G-) as the exceptions), their frequencies w e r ed i s t i n c t .Ka p p e a r e d5 0 %<i n( G+ )t h a n( G-). R showed the largest differences:(G+)15%had3and10%had6and(G-) 19.5% with 4, 10% with 3 and 10% with 1. L had the same 2 or 4 units as the mean frequencies in both (G+) and (G-), but only (G+) showed a significant frequency (16%) for 1 single unit. V and F showed similar behaviors between (G +) and (G-).

These results were comparable to the analysis conducted with all of the peptides (without group segmentation, N = 59), except for the R and V frequencies (R also with 4 units and V with 4).

Antibiofilm peptides against fungus (APF)

The same analysis method used for the APB was applied for the APF. They were not subdivided into yeasts or filamentous fungi because only two filamentous strains were tested.

Therefore, as in the APB, K was the most prevalent AA for APF, present in 24% of them (with a maximum value of 50% in a single peptide). L also appeared as the second most important participant, slightly more than I, with 15% and 14% participation, respectively. Both these AA corresponded to 53% of the total AA amounts of the APF. This range is singular due to the involvement of only three AA (two, considering the few differences between L and I) among the most important constitutive AA, taking into consideration that in the APB, they were six.

Second, V participated with 8% of its amount, and G, A, and W with 6% each. Other AAs corresponded to ≤ 5%. Importantly, the AAs S, Y, T, H, O, and Dap did not appear significantly (≤5%), and this also varied for APB. In addition, M appears here, although just in one peptide (Fig. 4).

Furthermore, the frequencies of the main AA were not representative due to the small number of molecules included in the group of APF (Table 8).

These results are comparable to the analysis conducted with all the peptides (without group segmentation, N = 59), except for the absence of a frequency analysis and R, A, and F, as well as the presence of I, as well as in the APB (G-).

Number of amino acids

The number of amino acids in the peptide composition is crucial to its chemical complexity (Gautam et al., 2013;[START_REF] Heitz | Twenty years of cellpenetrating peptides: from molecular mechanisms to therapeutics[END_REF]. The number of amino acids (AA) from the APB (G -) molecules was analyzed, with the smallest having 8 AA and the largest 37 AA. The mean and median were both 20 AA, as was the mode (five repeated cases), (Fig. 5). The APB (G +) molecules showed the smallest having 8 AA as the (G-) and the largest having 53 AA. Differently from (G-), the mean and median analysis were both 17 AA, with mode values of 12, 16, and 24 AA (two repeated cases each one), (Fig. 5). Moreover, the APB (g ± ) molecules showed the smallest having 4 AA and the largest having 43 AA. The mean and median analysis indicated values of 12 AA, as was the mode (four repeated cases) (Fig. 5).

Furthermore, the APF smallest peptide was 8 AA, and the largest was 26 AA (from two variants). The median and mean analysis were both 17 AA, but the mode was 26 AA (just two repeated cases), (Fig. 5). The equivalent numbers for the AA range (small sequences ≤ 20 AA) was interesting for both the APB and APF activities.

Analysis of similarity

The AA disposition in the peptide chain is indispensable to establish all the intrinsically chemical characteristics and bioactivity. For example, a representative decapeptide, OSIP108, was preliminary assessed for an SAR study, and a scrambled version of it (S-OSIP108), containing the same AA but in random order, displayed no more activity, pointing also to the importance of the AA order [START_REF] Delattin | Plant-derived decapeptide OSIP108 interferes with Candida albicans biofilm formation without affecting cell viability[END_REF]. Accordingly, despite the similarity analysis of all the AA sequences, trends were found. Interestingly, as we can observe in the Fig. 6A, a major Gram-negative branch is formed after alignment. Such clustering indicates that a trend for the amino acid positions against Gram-negative bacteria seems to be clear. In particular, we can emphasize the conserved positions for the amino acids L, I and K, as noted in Fig. 6B. In general, no other significant relationship in clustering was found.

Peptide enantiomers

The AA enantiomer design is a wonderful strategy aiming protease resistance for example and improving the biological activity, including antibiofilm [START_REF] Blower | Snake cathelicidin NA-CATH and smaller helical antimicrobial peptides are effective against Burkholderia thailandensis[END_REF][START_REF] Rabin | Agents that inhibit bacterial biofilm formation[END_REF].

However, it was noted that just a few studies reported it. Regarding the peptides 1018, DJK-5, DJK-6 (associated with β-lactam antibiotics) and gramicidin A were evaluated against different bacterial models, Gram negatives and positives (de la Fuente-Nunez et al., 2015;[START_REF] Yala | Elaboration of antibiofilm materials by chemical grafting of an antimicrobial peptide[END_REF][START_REF] Ribeiro | Antibiofilm peptides increase the susceptibility of carbapenemase-producing Klebsiella pneumoniae clinical isolates to beta-lactam antibiotics[END_REF], and both of them exhibited enhanced antibiofilm activities. However, the reduced usage of the enantiomer strategy in other studies can be controversially associated with chirality or secondary structure changes leading to loss of activity [START_REF] Chen | Comparison of biophysical and biologic properties of alphahelical enantiomeric antimicrobial peptides[END_REF][START_REF] Juba | Characterization and performance of short cationic antimicrobial peptide isomers[END_REF][START_REF] Hong | Effect of D-amino acid substitution on the stability, the secondary structure, and the activity of membrane-active peptide[END_REF].

Linear or cyclic chain

It is clear in medicinal chemistry that the chain forms of peptides have important effects on the structure-activity relationship. In accordance, some studies evidence the importance of cyclic peptides of a variety of activities as antimicrobial, cell permeability and antagonists of platelet fibrinogen [START_REF] Lee | Structure-activity relationships of de novo designed cyclic antimicrobial peptides based on gramicidin S[END_REF][START_REF] Liang | Cell-permeable cyclic peptides[END_REF][START_REF] Hayashi | Discovery and structure-activity relationship studies of a novel and specific peptide motif, Pro-X-X-X-Asp-X, as a platelet fibrinogen receptor antagonist[END_REF]. However, only a few of the included molecules in this review were cyclic peptides (De et al., 2015;[START_REF] Gowrishankar | Inhibitory efficacy of cyclo(L-leucyl-L-prolyl) from mangrove rhizosphere bacterium-Bacillus amyloliquefaciens (MMS-50) toward cariogenic properties of Streptococcus mutans[END_REF][START_REF] Tong | An in vitro synergetic evaluation of the use of nisin and sodium fluoride or chlorhexidine against Streptococcus mutans[END_REF][START_REF] Tong | An in vitro study on the effects of nisin on the antibacterial activities of 18 antibiotics against Enterococcus faecalis[END_REF][START_REF] Cateau | Possible role of azole and echinocandin lock solutions in the control of Candida biofilms associated with silicone[END_REF][START_REF] Rautela | Lipopeptides from Bacillus strain AR2 inhibits biofilm formation by Candida albicans[END_REF][START_REF] Bionda | Identification of novel cyclic lipopeptides from a positional scanning combinatorial library with enhanced antibacterial and antibiofilm activities[END_REF], while all others were linear ones, as exemplified in Fig. 7, making it impossible to further analyze this topic. Still, the majority of them were based on classic fungus products/ derivatives with strong biotic action, exception of Cyclo (L-leucyl-Lprolyl), (see table 2, ID 30).

However, the study of Dellatin and col. (2014) showed that OSIP108 (MLCVLQGLRE) cyclization reduced its antibiofilm activity in a preliminary structure-activity relationship, contributing to the perception of the good involvement of cyclic chains in the antimicrobial activity, but not as well as the antibiofilm.

In addition, specific studies such as one compilation addressing quorum sensing inhibitors (QSI) [START_REF] Brackman | Quorum sensing inhibitors as anti-biofilm agents[END_REF] described few peptides/enzymes including cyclic peptides (L-TyR-L-Pro and L-Phe-L-Pro) that inhibited or degraded the signal synthesis or a transduction cascade that plays a role in biofilm formation or maturation.

Thus, the results are still scarce and preliminary for further conclusions as well as the comparative studies available for this topic.

Secondary conformation

The secondary conformation of a peptide or protein structure is definitively linked to their behavior, SAR and stability [START_REF] Maccoll | Interrelationships among biological activity, disulfide bonds, secondary structure, and metal ion binding for a chemically synthesized 34amino-acid peptide derived from alpha-fetoprotein[END_REF][START_REF] Starkey | Sidechain and backbone requirements for anti-invasive activity of laminin peptide 11[END_REF][START_REF] D'ursi | Conformation-activity relationship of peptide T and new pseudocyclic hexapeptide analogs[END_REF]. Helices (Exemplified at Fig. 8) constitute the major secondary structural components of proteins and often play a crucial role in mediating protein-protein and protein-nucleic acid (DNA and RNA) interactions [START_REF] Jadhav | Protein secondary structure mimetics: crystal conformations of alpha/gamma(4)-hybrid peptide 12-helices with proteinogenic side chains and their analogy with alpha-and betapeptide helices[END_REF]. However, there is still no relationship described between the secondary conformation and the antibiofilm activity.

The polar AA (G, N, H, S, T, Y, C, M and W) may interact strongly through hydrogen bonds or ionic forces affecting both the α-helix and β-sheet conformations, but the hydrophobics AA (A, L, I, F, V, G) seem to participate more intensively in β-sheet folding (Minor and Kim, 1994a;Minor and Kim, 1994b).

In accordance, the APB AMINO ACID COMPOSITION showed that at least four of these hydrophobic AA are present into their range of majorities, suggesting the possibility of their β-sheet conformation. However, some of the peptides listed here are AMPs or based on its concept, indicating an α-helix structure.

In addition, both the α-helix and β-sheet conformations were described by the references, and they were active against Gram-negative bacterial biofilms, Gram-positive or both. They were also active against fungus biofilms.

Due to the importance of the secondary structure, more investigations are necessary to correlate it with the SAR on biofilms. The linear structures were related but not the tertiary or quaternary.

Charge of the peptides

The charge motif has itself a fundamental role in the SAR of bioactive peptides due to a large possibility of electrostatic and hydrophobic interactions with the matrix complex components, as recently discussed for KT2 and RT2, positively charged peptides active against both Gram-negative and Gram-positive biofilms [START_REF] Anunthawan | Cationic amphipathic peptides KT2 and RT2 are taken up into bacterial cells and kill planktonic and biofilm bacteria[END_REF]. Still, the study of a cyclic lipopeptide derived from fusaricidin/LI-F used a positional-scanning combinatorial approach to revel the importance of hydrophobic as well as positively charged amino acids residues in antimicrobial and antibiofilm activities, for example [START_REF] Bionda | Identification of novel cyclic lipopeptides from a positional scanning combinatorial library with enhanced antibacterial and antibiofilm activities[END_REF].

Additionally, a review of biosurfactants (a heterogeneous group of amphiphilic compounds that accumulate at the interface between liquid phases and therefore reduce surface and interfacial tension) evidence them as disruptors and inhibitors of microbial biofilms. It includes surfactins, polymixins, fengycins and fusaricidins both composed of hydrophilic peptides (aliphatic, branched or cyclic) attached to hydrophobic lipid or fatty acid, that alone or in combination with antibiotics showed a synergistic inhibition effect [START_REF] Banat | Microbial biofilms: biosurfactants as antibiofilm agents[END_REF][START_REF] Mataraci | In vitro activities of antibiotics and antimicrobial cationic peptides alone and in combination against methicillin-resistant staphylococcus aureus biofilms[END_REF].

Therefore, some peptides are described as cationic due their excess of L and A residues [START_REF] Rabin | Agents that inhibit bacterial biofilm formation[END_REF], and the presence of these AAs are noticeable in both cited groups, see section AMINO ACID COM-POSITION. Thus, their basic and positively charged characteristics may interact with the matrix composition as previous mentioned. It is important to highlight that the biofilm matrix is highly diverse in composition and varies significantly according to the bacterial specie. In this sense, deep studies should be conducted to relate the character and charge of the bioactive peptide and action upon matrix (Flemming and Wingender, 2010).

After statistical analyses, we found that 82% of the APB(G ± ) showed a positive charge (mean = 4) and 18% neutral. All of the APB (G-) showed a positive charge (mean = 6) although the APB(G+) showed only 87% positive charge (mean = 4), 7% of neutral and 7% of negative. These results are in accordance with their L and R contents. The APF follow in accordance to the majority of positive charge and a few neutral. Their AA composition analysis shows a mean nonpolar and hydrophobic AA. Furthermore, the peptides reviewed were classified as charged by the theoretical analysis, and based on its calculated values, in general we can indicate that there is a slight trend for Gram negative in the net charges of 6 and 7.

Antibiofilm peptides without biotic activity

Antibioticsbiotic activityhave contributed to save millions of lives, but recently, the commercially available drugs have become no longer active against all pathogens, since bacteria and fungi developed strategies to overcome the antibiotic action. In this worrisome scenario, new strategies should be found to fight the resistant microorganisms. One of the alternatives found is antivirulence therapies, where the intention is to diminish the microbial virulence/pathogenicity to enable an immune system reaction. The idea behind this strategy is that microorganisms may suffer a low pressure to generate new resistant mechanisms without the biotic activity. In this sense, we found in literature only three peptides able to inhibit biofilm formation without antibiotic activity associating: P15-CSP (ID: 34), betaLactoferrin (ID: 62), and OSIP (ID:84).

Thus, the results are still scarce and preliminary for further conclusions.

Conclusions

The emergence of multi-drug resistant microorganisms to conventional antimicrobials has become more common and today is considered a major public health problem. We are facing a post-antibiotic era, where antibiotics are no longer effective against all microbial threats in healthcare institutions. Data presented by the American Centers for Diseases Control and Prevention point to over 2 million illnesses caused by bacteria and fungi that are resistant to at least some classes of antibiotics. In this regard, alternative strategies based preferably on the inhibition of microbial virulence, such as biofilms, instead of the inhibition of microbial growth, have become the object of consistent research lately, since virulence factors have an important pathological role in tissue colonization and invasion, apart from the fact that they are not essential for microbial survival [START_REF] Silva | Plant natural products targeting bacterial virulence factors[END_REF]. Therefore, there is a desperate need for the identification of new agents that inhibit the virulence factors and alter the course of multi-drug resistant microbial infections. In these context, peptides hold great promise since there are reports of antibiofilm activity in bacteria that are Gram-positive, Gram-negative and both together, and also from fungus, besides the activity of planktonic bacteria (Strempel et al., 2015). While the beneficial effects of peptides in antibiofilm activity have been well established in several fields, a structure-activity relationship (SAR) for this class is only emerging. So, in the proposed perspective, we will emphasize the SAR of a wide range of peptides (from different sources), targeting the antibiofilm activity (bacteria and fungus), as follows:

• The presence of K, R, L, V and F is essential for the antibiofilm ac- tivity;

• Active peptides contain between 12 at 20 amino acids;

For APBs with Gram-negative (G-) activity, the number of amino acids suggested is 20, with a frequency of up to 7 K, 5 R, 3 A, 2 V, 2 F and 2 L. The presence of 3 I is also favorable, diverging from (G +) where it was absent. We propose an ideal prototype structure as an application and future perspective with the amino acid sequence of

X1-X2-X3-X4-X5-X6-X7-X8-X9-X10-X11-X12-X13-X14-X15-X16- X17-X18-X19-X20 wherein X1 = I, X2 = A or G, X3 = K or E or R, X4 = K or E, X5 = F or L or Y, X6 = K, X7 = K or R, X8 = I, X9 = V or A, X10 = Q or E, X11 = K or R, X12 = I, X13 = K, X14 = D or N or R, X15 = F or W, X16 = L or F, X17 = R or A or Q, X18 = N or K or E or Q, X19 = L or V, and X20 = V or L.
Although, for APBs with Gram-positive (G+) activity the SAR was not as evident as for Gram-negative (G-); the size suggested is 17 AA, wherein the presence of A, K and R are essential, diverging from (G -) where A was absent. In accordance with the information compiled in this review, Liu and col. (2013) demonstrated the antimicrobial and antibiofilm activity of the simple alternating-peptoid-peptide hybrid oligomers and the mixed amino/guanidino subtype of peptidomimetics against S. epidermidis (MRSE) (see Table 2, ID 37-41). Their effects were compared with that of vancomycin. They found that chiral and guanidinylated (i.e., hArg-rich) hybrids exhibited the fastest killing effects against low-growing cells and had more favorable antibiofilm properties than the analogues only containing lysine or lacking chirality in the peptoid residues. However, the results of cytotoxicity assays showed a clear correlation between the oligomer length, hArg-rich peptidomimetics and cell toxicity within each sub-class of peptides [START_REF] Niu | Protein Interactions. Janeza Trdine[END_REF]Shi et al., 2016).

Due to the low number of findings, it was not possible to establish an SAR for antibiofilm peptides against fungus (APF), but a trend for the presence of K, L and I exist.

The production of peptidomimetics may be a great perspective. Various strategies have been employed, including stabilized peptides, conjugates, immobilized peptides, peptides congeners, mimetics, and hybridization. There are many different ways, methodologies and strategies to produce new compounds using peptides. These methodologies include the attachment of a chemical group to a peptide that mimics a natural substrate (Michael acceptors, aldehydes, epoxy ketones, halomethyketones), the synthesis of bi-or polyaryls that mimic α-peptides, α-and γ-AApeptides (N-Acylated-N-Aminoethylamino acids), and amino acid residue linkages through non-peptide bonds. Almaaytah, 2015, for example, designed a novel hybrid peptide named BMAP27-Melittin and characterized its antimicrobial and antibiofilm activities.

Finally, we believe that these results could provide suitable information for the development of new peptides or peptidomimetics aiming pharmaceutical innovation through the development of potential antibiofilm agents in the war against resistant microorganisms. 

Introduction

Antimicrobial failure is a worldwide challenge, endorsed in a currently global action plan (Who e Organization, 2015). The lack of novel antibiotics and their inappropriate uses are resulting in an increase of multi-drug resistant strains (Who e Organization, 2018). This process is favored by biofilm development hence microorganisms enclosed in the matrix display up to 1000 times higher antibiotic resistance than the planktonic ones (Ceri et al., 1999;Conibear et al., 2009;Penesyan et al., 2015) making the biofilm matrix itself a new important target. Biofilms are organized microbial clusters made of a self-assembled matrix, usually attached to an abiotic (e.g. medical devices or teeth) or biotic surface (e.g. host tissue or suspended in mucus or in chronic wounds) (Flemming e Wingender, 2010;Taglialegna et al., 2016). Since they are embedded into this self-assembled matrix these bacteria have an increased tolerance and persistence to antibiotics, disinfectants and host defenses, and are therefore harder to treat [START_REF] Hoiby | Antibiotic resistance of bacterial biofilms[END_REF][START_REF] Beloin | Novel approaches to combat bacterial biofilms[END_REF]. Advantages over planktonic form include: high physiological and biochemical changes, beneficial quorum sensing, higher mutation rates (up to 100 times) and the development of persisters (Davies, 2003;Le e Otto, 2015;Brauner et al., 2016;Levin-Reisman et al., 2017;Defraine et al., 2018). Therefore, the development of antivirulence strategies such as efficient antibiofilm agents is crucial against the current antibiotic crisis. In this scenario, peptides and peptidomimetics are rising as important arsenal (De La Fuente-Nunez et al., 2015;Strempel et al., 2015;Silva, 2016;Von Borowski et al., 2017;Gomes Von Borowski et al., 2018).

In this context, Staphylococcus epidermidis is the most frequent coagulase negative Staphylococcus (CoNS) infection causing disease (Rogers et al., 2009;Uçkay et al., 2011), being capable to survive on surfaces for months (Neely e Maley, 2000;Otto, 2008). Staphylococcus epidermidis correspond to 30% of health care-associated bloodstream infections and is significantly associated to medical devices infections (15-40% of prosthetic valve endocarditis (Lalani et al., 2006;Nishizaki et al., 2013), 30-43% of prosthetic orthopedic devices infections (Teterycz et al., 2010;[START_REF] Otto | Physical stress and bacterial colonization[END_REF]Abad e Haleem, 2018). Over 150 million intravascular catheters that are used per year in the USA, 250,000 catheter-related infections are estimated to arise (Maki et al., 2006;Cdcp, 2011;Rupp, 2014). This bacteria is developing antibiotic multi-resistance such as elevated glycopeptide minimal inhibitory concentrations (Sieradzki et al., 1999;Lazaris et al., 2017;Lee et al., 2018) and 73-88% of S. epidermidis isolates display resistance to oxacillin, fluoroquinolones, macrolides, clindamycin and trimethoprim-sulfamethoxazole (Streit et al., 2004;Hope et al., 2008;Flamm et al., 2016). While S. epidermidis expresses many virulence factors such as toxins, proteases, enzymes, surface and extracellular proteins and capsule (Fey e Olson, 2010) the biofilm formation is the most important mechanism contributing to infection (Otto, 2008;2014). The extracellular matrix is a complex physicochemical barrier that represents one of the highest difficulties to treat biofilms (Flemming e Wingender, 2010).

Here, we report the discovery of a new antibiofilm peptide (capsicumicine) derived from the red pepper Capsicum baccatum that prevents methicillin resistant S. epidermidis adhesion, biofilm establishment and maintenance. Notably we demonstrate that capsicumicine antibiofilm activity is due to an extracellular mechanism of action, shifting the matrix assembly. Importantly, capsicumicine is non-antibiotic and non-cytotoxic, providing a new alternative to fight against biofilm infections.

Results

Capsicumicine prevents biofilm formation without antibiotic activity. Three different peptides P1 (RVQSEEGEDQISQRE), P2 (RAEAFQTAQALPGLCRI) and P3 (RSCQQQIQQAQQLSSCQQYLKQ) were selected and synthesized based on promising natural antibiofilm peptides (NAP) from Capsicum baccatum var. pendulum as previously described (Von Borowski, RG et al; in progress). Briefly, we chose the most stable fragments after NAP enzymatic digestion and Maldi-MS fragmentation. In order to select the most active compound, we exposed them to strong biofilm forming S. epidermidis RP62A (ATCC 35984). The remaining biofilm was quantified after 24h using crystal violet method. P3, named capsicumicine, was noticeably the most active peptide with strong antibiofilm activity. Biofilm decreasing was observed at all tested concentrations but especially at 10µM more than 90% of biofilm reduction was detected, independently of cell growth inhibition. This effect is not dose response dependent (Figure 1a). One relevant element on ideal strategy for antibiofilm drug development is the absence of antibiotic effect (Batoni et al., 2016), therefore, to evidence capsicumicine effect on growth we examined colony forming units (CFU) of S. epidermidis RP62A (ATCC 35984) exposed to the peptide. Accordingly, S. epidermidis CFU was not affected in the presence of capsicumicine evidencing that biofilm inhibition is not due to bactericidal activity (Figure 1b). Furthermore, in order to localize the peptide, we used capsicumicine conjugated to fluorescein isothiocyanate (capsicumicine-FITC) and confocal fluorescence microscopy (CFM) images. The CFM images analysis shows that capsicumicine-FITC does not enter neither into bacterial cells nor into the walls or membranes, butremains associated with extracellular matrix components (Figure 1c,d). Capsicumicine effects on the eradication of structured biofilms. To verify the interaction between the capsicumicine and already assembled matrix we exposed a single concentration (100µM) of peptide to a 24h S. epidermidis pre-existing biofilm and quantified the total biomass after 24h of exposition, using crystal violet method. At this concentration, capsicumicine presents only approximately 15% of disruption of pre-existing biofilm (Figure S1). This indicates that capsicumicine acts only during the first stages of biofilm formation.

Absence of cytotoxicity of capsicumicine in mammalian cells.

In order to ensure capsicumicine future safe applicability, we verified biological cytotoxicity in 7 different mammalian lines (HuH7, CaCo-2, MDA, HCT116, PC3, NCI-H727 and MCF7), applying automated system image-based cellular content analysis (HCS / HCA). Thereby, cells treated with capsicumicine had exactly the same performance as untreated controls, evidencing the absence of cytotoxicity (Figure 1e).

Capsicumicine impairs initial attachment, aggregation and biofilm accumulation independently of cell interaction.

To reveal capsicumicine activity along the first stages of biofilm development, we analyzed polystyrene coupons after 1, 4 and 24h of biofilm cultures in presence or absence of the peptide. Scanning electron microscopy (SEM) analysis shows bacteria attachment decreasing after 1h of capsicumicine exposure (Figure 2a). Additionally, biofilm accumulation and cell aggregation profiles are strongly reduced after 4 and 24h, demonstrating that capsicumicine prevents S. epidermidis coupons adhesion (Figure 2a). Notably this action remains after 24h of incubation (Figure 2a). In order to study capsicumicine possible mechanisms of action, we then selected some genes involved in different stages of biofilm development (atlE, aap, agrC, icaA, leuA, saeR, saeS and sarA) (Figure 2b) (Table S1, primers information) and analyzed its fold change by quantitative real-time PCR (qRT-PCR).

Since exposed bacteria remain planktonic, we compared the relative gene expression of them to planktonic control cells. Capsicumicine exposed cells show the same fold change as the planktonic control cells for all tested genes (Figure 2b). This finding indicates that capsicumicine antibiofilm mechanism of action is not linked to cellular but rather to extracellular interactions. Capsicumicine disturbs S. epidermidis matrix assembly. Since capsicumicine antibiofilm activity was not associated to bacterial direct interaction nor the modulation of some gene expression, we set out to investigate the interactions between the peptide and the extracellular matrix by a set of microscopic approaches. Whereas in the biofilm control we macroscopically observe that homogenous whitish adhered layer covers the wall and the bottom of the well (Figure 3a, middle), in the presence of capsicumicine we find non-adhered heterogeneous agglutinates with whitish flocculent-like aspect (Figure 3a, right). Transmitted light microscopy (TL) images match with the macroscopic description.

Biofilm control shows a large amount of overlapped attached cells, surrounded by matrix and besides enormous bacteria clusters (Figure 3b). Conversely, the capsicumicine exposed cells form a suspended agglutinate (Figure 3b). Complementary, confocal fluorescence microscopy (CFM) images confirm the presence of labelled-capsicumicine in the matrix, displaying a smoothie cloud-like aspect (Figure 3c). Supporting this, scanning and transmission electron microscopies (SEM, TEM) enable crucial ultrastructural descriptions. Biofilm matrix control shows denser assembled structures, globular-like features (Figure 3d-e). In contrast, in the presence of capsicumicine, biofilm matrix is clearly less dense and displays thin fibrillary oligomer structures, branched-like features (Figure 3d-e). Therefore, matrix conformation changes occur in presence of capsicumicine through biofilm assembly, as evidenced by different image techniques. In addition, no modifications of the cellular morphologies were observed compared to control, reinforcing the hypothesis of a lack of interactions between peptide and bacteria. 2015)). Briefly, after checking the ideal pH for matrix assembly, the reaction begins and is monitored by optical density (OD 600 nm) measurement in function of time (Real time molecular self-assembly -RTMSA) in presence or absence of capsicumicine. As a negative control we used a peptide of approximately the same size as capsicumicine, called PA-1 (Liu et al., 2016). In the presence of capsicumicine the OD increases, establishing that molecular self-assembly is more speedily established than controls. This correlation is maintained throughout the reaction time (Figure 4a). Remarkably, capsicumicine assembled matrix profile is also visually different from controls displaying larger agglutinates (Figure 4c-e). However, controls assembled matrix profiles are all similar (Figure 4c,d). This demonstrates a central interaction between matrix and capsicumicine, leading to molecular self-assembly shifts. Capsicumicine interacts with exopolysaccharides. To display the potential affinity of the peptide with these essential components of the matrix, we exposed S. epidermidis cultures to capsicumicine, capsicumicine-FITC or peptide antibiotic-FITC and calcofluor and analyzed them on confocal fluorescence microscopy (CFM). Calcofluor was used to target matrix polysaccharides (blue) and FITC to localize the peptides (green). An antibacterial peptide-FITC was used as peptide control (Schneider et al; in progress), displaying green fluorescence into the cells but not detectable in the matrix (Figure 5e,f). Figure 5a shows CFM images of substantial polysaccharides amounts on the matrix (blue) in the presence of capsicumicine. Calcofluor is also detected in cells because of the wall saccharides components. Additionally, figure 5c shows considerable amounts of capsicumicine-FITC exclusively on the matrix. These results point to a suitable affinity between capsicumicine and exopolysaccharides once they are both significantly localized on the matrix.

In order to explore capsicumicine features compatible with carbohydrate-binding-like domains (CBM), we used chitin, chitosan and PIA binding proteins (Table S2) BLAST and amino acids alignments with capsicumicin, using UniProt tools (The uniprot consortium, 2017) and Cazy information crossing (Lombard et al., 2014). In fact, capsicumicine presents CBM homology with all tested proteins (Figure S2), reinforcing the idea that capsicumicine interacts with these saccharides. 

Discussion

Considering that there are no antibiofilm drugs available, natural peptides have been increasingly prominent as antivirulence alternatives allies against bacterial tolerance (Stewart, 2015;Feuillie et al., 2017;Grassi et al., 2017;Von Borowski et al., 2017). This study demonstrates that capsicumicine, a peptide from red pepper C. bacattum, possesses significant antibiofilm activity. It prevents the establishment and maintenance of biofilm architecture through a new mechanism of action that we called "matrix anti-assembly" (MAA). MAA differs from matrix disassembly (Roy et al., 2018) because it acts on the initial phase of matrix assembly, preventing its functional assembly rather than destructuring once established. In fact, established biofilms are known to be harder to treat than initial biofilm because they show a very complex structure (Lewis, 2001; Jabbouri e Sadovskaya, 2010). In general, more complex is the structure more energy is required to de-establish it (Fleming e Rumbaugh, 2017). Also, MAA can be established in response to diverse physicochemical stimuli. Here, we discuss the main points linking capsicumicine to MAA mechanism in Staphylococcus epidermidis, an emerging nosocomial pathogen.

Bacterial surface proteins are capable of passively interact with abiotic surfaces such as medical devices, generating an initial and reversible adhesion (e.g., due to electrostatic and hydrophobic interactions, Van der Waals forces, hydrodynamic forces and others) (Speziale et al., 2014;Even et al., 2017;Armbruster e Parsek, 2018). Then, due to these weak interactions bacteria require a matrix production to remain attached (Otto, 2008;Otto, 2013). During this process, physicochemical interactions drive to matrix molecular and colloidal self-assembly, establishing a chain of dense architecture leading to a stable adhesion (Figure 6A) (Dorken et al., 2012;Schwarz-Linek et al., 2012;Stewart et al., 2015). On the other hand, capsicumicine interacts with the extracellular matrix and modifies the self-assembly chain, resulting in a less dense nonfunctional matrix that consequently prevents biofilm formation (Figure 6B). The amino-acid sequence of capsicumicine peptide (RSCQQQIQQAQQLSSCQQYLKQ) relates it to antibiofilm peptides. Accordingly, it displays contents of arginine (R), lysine (K), alanine (A), leucine (L) and isoleucine (I), a linear chain, size and abiotic effect (Sharma et al., 2016;Von Borowski et al., 2017). The presence of several glutamine (Q) and cysteine (C) residues confers great helical stability (Thévenet et al., 2012;Shen et al., 2014;Lamiable et al., 2016) (Figure S3). Notably, capsicumicine exhibits good stability since its bioactivity remains over 24 hours under culture conditions. Moreover, capsicumicin displays homologies with all tested carbohydrate-binding-like domain (CBM) proteins (Table S2, Figure S2), possibly allowing capsicumicine to bind saccharides. CBM is a contiguous amino acid sequence with a discreet fold having carbohydrate-binding activity. Chitin is precursor of chitosan and has further protein data available to study, so we rely on it mostly. The chitin-binding domain (CBD) is a well conserved amino acid stretch found in plants, bacteria and fungi binding specifically to N-acetyl glucosamine, an homologous structure of PIA (Lombard et al., 2014;Suginta et al., 2016;El-Gebali et al., 2019). Notably, icaA is a PIA-synthetase from the same strain used in this study. Furthermore, several residue characteristics to recognize putative CBD are found in capsicumicin such as the conservation of polar and hydrophobic residues (Suetake et al., 2000;Hemmi et al., 2003) and features conserved cysteine residues responsible for structural conformation. Still, conserved serine residue that stabilizes the interaction and an aromatic amino acid pocket responsible for sugar binding follows this serine residue (Wright et al., 1991;Yin et al., 2014). Thus, this set of CBM homology possibly allows capsicumicine function to saccharide-link.

The Capsicumicine matrix anti-assembly (MAA) mechanism of action

This mechanism is proposed based on a set of intermolecular and cooperative forces triggered by capsicumicine leading to the disturbance of matrix assembly.

Intermolecular forces

Staphylococcus matrix is mainly composed of polysaccharides (PIA/PNAG) but also of proteins (AtlE, Aap, Empb), teichoic acids and extracellular DNA (Rohde et al., 2010;Arciola et al., 2012;Paharik e Horswill, 2016). PIA is a homoglycan of beta-1,6-linked 2-amino-2-deoxy-D-glucopyranosyl residues, containing positive charged amino groups (PNAG, due to partial de-N-acetylation(GlcNH3)) as well as negative charges (resulting from O-succinylation). Thus, it confers electric charges lability to the matrix.

Capsicumicine has mostly neutral amino acids (13 glutamines, Q and 3 serines, S) capable to generate electronegative zones (dipole-dipole) due to the amide group of the Q and the hydroxyl group of S. This high electronegativity suggests that capsicumicine may interact with the positive free charges (Van der Waals forces) of the polysaccharides (PIA/PNAG) (Vuong et al., 2004;Otto, 2008). Capsicumicine may certainly exercise polar, non-ionic forces and perform suitable interactions with the matrix that alter its self-assembly. Whereas, strong interactions such as ionic forces may trigger unwanted effects (Sharma et al., 2016) such as repulsion or sequestration by the matrix (Vuong et al., 2004;Chan et al., 2005;Brancatisano et al., 2014;Batoni et al., 2016), capsicumicine "ideal interactions" represent a relevant approach.

Polymeric cooperative forces

In living systems, biomolecules perform their functions in the presence of various macromolecules with different shapes and sizes where polymeric cooperative physicochemical forces may act (Banani et al., 2017). These are noncovalent and non-specific interactions, dependently of size and shape such as (i) depletion forces (DF) and (ii) subsequent molecular crowding (MC). These forces lead to bridging, aggregation and rheological variation (Dorken et al., 2012;Kudlay et al., 2012;Even et al., 2017) such as we observe in the presence of capsicumicine (Figures 3 and4) and may contribute to MAA.

(i) Depletion forces (DF)

In a suspension containing molecules of different sizes and shapes, DF is the pressure exerted for small particles that result in an attractive force between the macromolecules. DF is expressed only in crowded environments like biofilms, driving the assembly and final shape of these structures (Marenduzzo et al., 2006). Hence, in the presence of capsicumicine we notice prominent differences in matrix profiles both in vivo and in vitro (Figures 3 and4). We suppose that capsicumicine associated DF may coagulate and align multiple particles in a polymer solution, forming fibers and parallel bundles (Zhou, 2008;O'brien et al., 2011) justifying the observed brunched-like profile (Figure 3d-e) (Sakaguchi et al., 2018). As a result, capsicumicine probably alters the osmotic DF, facilitating matrix molecular self-assembly (Fantoni e Santos, 2014).

(ii) Molecular crowding (MC)

MC is characterized by the decrease in accessible volume owing to high macromolecule concentration (Aumiller et al., 2014;Banani et al., 2017). In this sense, capsicumicine improves polymerization kinetics (Figure 4) possibly acting as MC agent. It may decrease the reaction free energy leading to reduction of the entropic forces driving to segregation (Polson e Kerry, 2018). For example, a large study show different modulation influences by some molecular crowders (Dextran, Ficoll, PEG and human serum albumin) which have chemical similarities with capsicumicine such as hydrophilicity, linear open-chain and neutrality. They displayed enhanced cooperativity in the domain separation suggesting that the observed increase in refolding kinetics and decrease in competing aggregation pathways might be a direct outcome of such a phenomenon (Biswas et al., 2018).

Therefore, the set intermolecular and cooperative forces of capsicumicine probably perform their influences on biofilm environment disturbing the matrix self-assembly at molecular and colloidal levels. Consequently, it shifts matrix functionality leading to antibiofilm activity.

Biofilm genetic profile

Capsicumicine exposed bacteria display the same biomolecular profile (fold change) as untreated planktonic ones for all tested genes, indicating an antibiofilm extracellular mechanism of action. This demonstrates that capsicumicine activity is independent of cell death or bacterial interactions. Bacteria remain in their planktonic state without undergoing pressure for expression of biofilm formation factors and this is in accordance with the proposed MAA mechanism.

Importantly, non-antibiotic strategies suggest less susceptibility to the development of resistance phenomena than conventional antibiotics because microorganisms suffer a milder evolutionary pressure to generate resistance without the biotic activity (Rasko e Sperandio, 2010;Krachler e Orth, 2013;Travier et al., 2013).

Even more, capsicumicine has no cytotoxicity towards mammalian cells. This is certainly due to the intermolecular forces that do not play any affinity for eukaryotic membranes. This great selectivity is extremely relevant aiming its biological uses. In contrast, the applicability of some antibiofilm peptides such as AMPs is hindered by the absence of specificity, targeting eukaryotic cells and causing severe damages (Strempel et al., 2015;Forde et al., 2016).

Finally, this study proofs the applicability of the novel capsicumicine peptide as a strong antibiofilm agent, preventing biofilm establishment and maintenance. Significantly, capsicumicine decreases S.

epidermidis adhesion and aggregation. Especially, we evidence its innovative and promising matrix anti-assembly mechanism of action, less susceptible to the development of bacteria resistance. Therefore, non-bactericidal peptides are encouraging to find new applications as antivirulence therapy and biomaterials coating, alone or in combination with other drugs to fight against bacteria resistance and tolerance concern (Mandava et al., 2012;Krachler e Orth, 2013;Wright, 2016).

Materials and Methods

Peptides. All peptides were synthesized by Biomatik™ and ProteoGenix™ both containing a purity grade greater than 95% in salt suitable for cell culture. Mass spectral and HPLC analysis were provided as quality control. They were all solubilized in ultra-pure sterile water for the assays.

Bacterial Strain and growth conditions. Staphylococcus epidermidis ATCC 35984 was grown overnight on blood agar (Thermo Scientific, Oxoid PB5039A) at 37°C. A bacterial suspension of 3×10 8 colonyforming units (CFU)/mL in tryptone soya broth (TSB, Oxoid Ltd., England, UK) or 0.9% NaCl was used in the assays. Lysogenic broth (LB, Oxoid Ltd., England, UK) agar was used to colony forming units (CFU) assay.

Biofilm formation. All assays were at least performed as technical and biological triplicates using 1, 10 or 100µM of peptides. Biofilm inhibition: a protocol adapted from [START_REF] Zimmer | Antioxidant and anti-inflammatory properties of Capsicum baccatum: From traditional use to scientific approach[END_REF]collaborators (2013) Trentin et al.(2015) employing crystal violet in 96-well poly(vinyl chloride) microtiter plates (Falcon; Becton Dickinson Labware, Oxnard, CA) was used. Briefly, 100µL of the bacterial suspension, 100µL of the peptide solution (at different concentrations) or vehicle (to controls) and 50µL of tryptone soya broth (TSB, Oxoid Ltd., England). Following 37°C for 1, 4 or 24h of incubation, the content of the wells was removed and the wells were washed three times with sterile saline. The remaining contents were heat-fixed at 60°C for 1h. The adherent biofilm layer formed was stained with 0.4% crystal violet for 15min at room temperature and then washed three times with distilled water. The stain bound to the cells was solubilized with absolute ethanol (Sigma-Aldrich Co., USA) and absorbance was measured at 570nm (Powerwave™ XS Plate Reader, BIO-TEK instruments®, Inc.). The biofilm formation controls represent 100% of biofilm formation. Biofilm eradication: biofilm was pre-formed as described before, during 24h at 37°C, without treatment. After biofilm formation, the wells were washed to remove the planktonic cells and the peptides solutions and controls were added and incubated for 24h. The eradication was verified by evaluating the remaining content by crystal violet as previous described.

Bacterial growth assays. Microtiter plates: bacterial growth was evaluated by difference between the optical density absorbance at 600nm measured at the end and the beginning of the incubation time (37°C, 1, 4 or 24h) in 96-well poly(vinyl chloride) microtiter plates. Rifampicin 16µg/mL (Sigma-Aldrich Co., USA) was used as a control for bacterial growth inhibition. Colony-forming units (CFU/mL): after incubation (37°C, 24h) the CFU was calculated to determine bactericidal effect of peptide solution. Untreated growth control was considered 100% of planktonic cells. All assays were at least performed as technical and biological triplicates.

Microscopic analysis. S. epidermidis ATCC 35984 biofilm was cultured as previous described.

Scanning electron microscopy (SEM): sterile polystyrene coupons (10 X 4mm) were co-culture in presence or absence of capsicumicine for 1, 4 and 24 hours. After, the coupons were washed with sterile NaCl 0.9% and fixed with glutaraldehyde 2.5%, paraformaldehyde 2%, cacodylate 0,1M buffer (pH 7.2). Afterwards, they were washed with cacodylate 0,1M buffer with sucrose 0.2 M and dehydrated with increasing concentrations of ethanol and dehydrated samples were then subjected to Critical Point Drying (Leica EM CPD 300). Finally, they were sputtered with palladium (Leica EM ACE 200) and analyzed by JEOL JSM 7100 F EDS EBSD Oxford microscope, at 10 kV.

Transmission electron microscopy (TEM): all the content of the wells was suitable detached (1, 4 and 24h cultures in presence or absence of capsicumicine), recovered, centrifuged at 10,000 g, 15min, 4°C and washed with sterile NaCl 0.9%. Fixation was performed at 4°C with sodium cacodylate 0.1M, paraformaldehyde 2%, glutaraldehyde 2.5% and lysine 75mM. After that, samples were washed with sodium cacodylate 0.1M, sucrose 0.2M and contrasted with osmium tetroxide 1%, potassium ferrocyanide 1.5%. Dehydration was done with gradual solution of ethanol and infiltration with increasing concentration of LR White® resin (Delta Microscopies). Then, LR White® resin inclusion and polymerization were made during 24h at 60°C in O2 absence. Thin sections (80nm) were collected onto 200 mesh carbon grids, and visualized with a Tecnai Sphera operating at 200kV (FEI, Eindhoven, Netherlands) equipped with a 4x4 k CCD UltraScan camera (Gatan, Pleasanton, USA).

Confocal fluorescence microscopy (CFM):

Capsicumicine-fluorescein isothiocyanate (capsicumicine -FITC, 10µM) was used to detect capsicumicine peptide. After incubation (1, 4 and 24h) all the content of the wells was suitable detached, recovered, centrifuged at 11,000g, 2 min, 4°C and washed with sterile NaCl 0.9%. This suspension was visualized directly or after Calcofluor 2mg/mL (Fluorescent Brightener 28, Sigma) addition. To illustrate bacterial cells permeable by a peptide (control) we used an antimicrobial peptide also labeled with FITC (Schneider, R. et al;[START_REF]Red pepper Capsicum baccatum : source of antiadhesive and antibiofilm compounds against nosocomial bacteria[END_REF]. Those antimicrobial peptides are seen on/in bacteria although not in the extracellular matrix. Images were acquired with Leica SP8 DMI 6000 CS (resonant scanner) confocal microscope with hybrid detector. ImageJ software was used for image analysis.

Quantitative Reverse Transcriptase PCR (qRT-PCR): the RNAs were isolated from planktonic cells (control), biofilm cells (control) or total cells (exposed to capsicumicine at 10µM), after 4, 24h cultures. It was applied TRIzol™ Max™ Bacterial RNA Isolation Kit (Invitrogen™) and TURBO™ DNase treatment (Ambion®) according to manufacturer's instructions. Concentration and purity of total RNA was spectrophotometrically assessed using SimpliNano™ (Biochrom, USA) and PCR reaction was performed to certify the complete absence of DNA. It was considered 50% of yield for Reverse Transcriptase Reaction (M-MLV, Promega®): 1000ng of RNA = 500ng cDNA. Then, we used 10ng of cDNA and 0.2μM of primers per qRT-PCR reaction, previously verified. Reactional volumes were calculated according to the manufacturer's instructions (SYBR® Select Master Mix, Applied Biosystems Inc; USA). Primers (Table S1) were designed through the Primer3 program (Thermo Fisher® Primers) and according to literature. They were produced by Eurofins Genomic. It was used Applied Biosystems StepOnePlus™ equipment and software. The relative transcript levels were determined by 2 -ΔΔct (Livak e Schmittgen, 2001). To validate the selected biofilm encoding genes we compared planktonic control to biofilm control. We found purposeful differences between biofilm and planktonic controls, as expected.

Real time molecular self-assembly (RTMSA) assay: after checking the starting point (pH=7.2) of the assembly reaction for staphylococcal synthetic matrix (Stewart et al., 2015), we recorded the optical density (OD = 600nm) in function of the time, each 30sec until 30min. Molecular self-assembly reactions were calculated to a final volume of 4mL, considering 0.3% chitosan (medium molecular weight, 75-85% of deacetylation, Sigma), 0.15% bovine serum albumin (BSA, Sigma), 0.015% lambda DNA (Sigma) in tryptone soya broth (TSB, Oxoid Ltd., England, UK). The concentration of tested peptides was calculated in µM to the final volume of 4mL (100µM). Before get the pH starting point of assembly reaction, a calibration record was done using the same reactional tube containing all reagents (auto zero). The pH adjustments were made using acetic acid and NaOH and the reaction temperature was around 30°C.

Cytotoxicity assay: the assays were performed in a robotic platform (ImPACcell, BIOSIT, Université de Rennes 1) dedicated to multiparameter high-throughput image analysis (HCS: High Content Screening and HCA: High Content Analysis), using 7 different mammalian lines: HuH7, CaCo-2, MDA, HCT116, PC3, NCI-H727 and MCF7. Figure S3. Structural prediction of capsicumicine. This peptide shows a high probability of presenting helical conformation with a small-unorganized terminal portion. Its structure was predicted using computational framework PEP-FOLD3. PEP-FOLD3 is available at http://bioserv.rpbs.univ-parisdiderot.fr/services/PEP-FOLD3.

INTRODUCTION

The increased resistance of biofilms to antibiotics is a global health care problem [START_REF] Costerton | Bacterial biofilms: a common cause of persistent infections[END_REF][START_REF] Hall | Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria[END_REF]. Biofilms are well-organized microbial clusters which produce a matrix from a series of compounds that include extracellular DNA (eDNA), proteins, and polysaccharides. These compounds are either attached to a surface (when originating on medical devices or teeth) or are suspended (in mucus or in chronic wounds) (Flemming and Wingender, 2010). Their form confers advantages over planktonic cells to the matrix-enclosed microorganisms, including improved biocide tolerance, host immune defense, and persistence. These advantages are caused by vast physiological and biochemical changes, including slow cell growth, beneficial quorum sensing, and higher mutation rates (Davies, 2003). Indeed, chronic bacterial infections are themselves encouraged by the accumulation of bacteria in the biofilm-producing biopolymer matrix. Since they are embedded into the matrix, these bacteria have an increased tolerance to antibiotics, chemical disinfectants, and/or host defenses, and are much harder to treat than infections without biofilm [START_REF] Høiby | Antibiotic resistance of bacterial biofilms[END_REF][START_REF] Beloin | Novel approaches to combat bacterial biofilms[END_REF].

The most relevant clinical biofilm-forming bacteria are the gram-negative Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa, along with grampositive Staphylococcus aureus and the less virulent S. epidermidis (Jabbouri and Sadovskaya, 2010;[START_REF] De La Fuente-Núñez | Bacterial biofilm development as a multicellular adaptation: antibiotic resistance and new therapeutic strategies[END_REF][START_REF] Chen | Activity of imipenem against Klebsiella pneumoniae biofilms in vitro and in vivo[END_REF][START_REF] Culotti | Pseudomonas aeruginosa promotes Escherichia coli biofilm formation in nutrient-limited medium[END_REF][START_REF] Longo | Biofilm formation in Acinetobacter baumannii[END_REF][START_REF] Andrea | Antibiofilm peptides and peptidomimetics with focus on surface immobilization[END_REF]. These microorganisms can form biofilms on virtually any medical device, including cardiac pacemakers and prosthetic heart valves, endotracheal tubes, urinary catheters, central venous catheters, prostheses, orthopedic devices, contact lenses, and dentures [START_REF] Baquero | Multilevel population genetics in antibiotic resistance[END_REF]. This ability is possible due the broad genetic variability of the microbial populations found in health care institutions. This genetic spectrum, also implying phenotypic variations, occurs within the same species. This makes it difficult to develop a therapy or even a general surface material that could deter the growth and adhesion of these microorganisms [START_REF] Cegelski | The biology and future prospects of antivirulence therapies[END_REF]. Medical devices are an important cause of human infections, for instance turning S. epidermidis into an important emerging pathogen responsible for most infections in central venous catheters. This results in the need to remove and replace the medical device, increasing costs and patient suffering (Maki et al., 2006). Not only do bacteria have the individual capacity to form biofilm, but in biofilm some strains will have increase their horizontal transfers of plasmids carrying antibiotic resistance genes, thus increasing mutation frequency [START_REF] Savage | Staphylococcus aureus biofilms promote horizontal transfer of antibiotic resistance[END_REF]. For all of these reasons, pathogenic biofilms have a huge clinical impact in terms of economic losses, morbidity, and mortality.

Therefore, bacterial biofilms are promising targets for combatting this problem of antibiotic resistance. The successful development of antibiofilm compounds will therefore be an important tool for controlling human infections [START_REF] Miquel | Anti-biofilm activity as a health issue[END_REF].

In this context, peptides have been proposed as an important direction to follow, either for creating alternative drug therapies or for developing new anti-infective surfaces [START_REF] Riool | Antimicrobial peptides in biomedical device manufacturing[END_REF].

Peptides are fundamental molecules made up of 2-50 amino acids, with many biological functions. Indeed, their versatile chemical features such as malleability and multifunctionality, make them good models for the synthesis of new bioactive compounds (Von Borowski et al., 2017). Antimicrobial peptides (AMPs) are very interesting molecules to be explored in the search for antibiofilm agents to replace conventional antibiotics. This is because they are relatively easy to produce while exhibiting broad-spectrum antimicrobial activity, with a distinct mode of action that means that they are less prone to developing resistance (de la [START_REF] De La Fuente-Núñez | Bacterial biofilm development as a multicellular adaptation: antibiotic resistance and new therapeutic strategies[END_REF]Strempel et al., 2015;[START_REF] Andrea | Antibiofilm peptides and peptidomimetics with focus on surface immobilization[END_REF]. However, although natural peptides are indispensable for the structure, functioning, and metabolism of each living organism, their regulation is mediated by molecular interactions, proteolysis, and immunogenic responses [START_REF] Avan | Peptidomimetics via modifications of amino acids and peptide bonds[END_REF]. Thus low stability and availability limits their therapeutic relevance. On the other hand, peptidomimetics are chemically modified expressly to limit the drawbacks of natural peptides. The underlying strategy is to create small peptide-like molecules that still have the inherent abilities of natural ones (so that the advantageous biological effects remain), but which are more stable and available, with improved selectivity and/or potency [START_REF] Grauer | Peptidomimetics -a versatile route to biologically active compounds[END_REF][START_REF] Croft | Peptidomimetics: modifying peptides in the pursuit of better vaccines[END_REF]. In this context, rather than joining the amino acids to a bioisosteric group to mimic the original amide, a very efficient chemical strategy is to replace the peptide bond, the -CO-NH-amide [START_REF] Niu | AApeptides as a new class of antimicrobial agents[END_REF]. Although quite a number of amide bond replacements have been reported, our review focuses here on the N-acylated-N-aminoethyl amino acids (AApeptides) and on peptoids. These specific strategies were chosen as they each have pronounced chemical diversity, can mimic both the primary and secondary structures of peptides, resist proteolysis, and show good activity against pathogenic biofilms. By presenting these promising candidates, we pave the way for the design of more active and safer innovative molecules.

PEPTIDOMIMETICS ARE AN IMPROVEMENT OVER NATURAL PEPTIDES

Despite their inherent robust and promising bioactivity, there are drawbacks to the use of natural peptides, including their high clearance and their susceptibility to proteolysis or immunogenicity, both of which can cause unwanted effects (Von Borowski et al., 2017). Inspired by natural peptides, chemists have developed a variety of structurally diverse synthetic mimics with key physicochemical natures (i.e., cationic charges and amphiphilicity) which they call peptidomimetics.

These molecules can be obtained in different ways. Peptidomimetics can be made by manipulating the amino acid backbone of native peptides in order to enrich structural diversity, making them extraordinarily useful. They can also be prepared through the coupling of stable unnatural amino acids generated via modifications such as amine alkylation. For example, poly-N-substituted glycines allow for the generation of peptoids that differ from peptides only in their side chains, making them protease-resistant [START_REF] Miller | Comparison of the proteolytic susceptibilities of homologous L-amino acid, Damino acid, and N-substituted glycine peptide and peptoid oligomers[END_REF]. Another strategy is the isosteric replacement of the amino group by for example an oxygen or sulfur atom. This changes the H-bonding pattern, significantly affecting the secondary structure and folding properties of peptides. Another possible approach for getting peptidomimetics that have new secondary structures and biological activities involves taking natural peptides and performing C-α configuration inversion, α-hydrogen replacement (by the alkyl or other groups), and replacing the α-carbon atom by heteroatom, mostly nitrogen [START_REF] Avan | Peptidomimetics via modifications of amino acids and peptide bonds[END_REF]. Several of these strategies have been used to synthesize peptidomimetics which appear to be as promising against biofilms as naturally occurring AMPs. In fact, many synthetic antibacterial peptidomimetics are currently undergoing clinical trials, including the membrane-disrupting compound LTX-109, the cationic steroid compound CSA-13, and the novel peptidomimetic brilacidin (see https://clinicaltrials.gov/). Recently, short peptidomimetics made of Arg and N-alkyl/aryl pyrazole residues were shown to have good antimicrobial and anti-inflammatory activities, increased proteolytic stability against trypsin digestion, and antimicrobial activity, even in the presence of physiological salts [START_REF] Ahn | Pyrazole derived ultra-short antimicrobial peptidomimetics with potent anti-biofilm activity[END_REF]. Another series of AMP mimetics were synthesized by incorporating a 3 ′ -amino-[1,1 ′ -biphenyl]-3-carboxylic acid backbone in MSI-78, a peptide currently in Phase-III clinical trials [START_REF] Kuppusamy | Design and synthesis of short amphiphilic cationic peptidomimetics based on biphenyl backbone as antibacterial agents[END_REF].

AApeptides as a Peptidomimetic Strategy

AApeptides are oligomers of N-acylated-N-aminoethylsubstituted amino acids that are derived from chiral peptide nucleic acid (PNA) backbones (Shi et al., 2016). The chiral side chain is connected to either the α-C or γ-C of the carbonyl group, while acylation is used to introduce the other side chain to the central N, as illustrated in Figure 1 [START_REF] Sang | Antimicrobial AApeptides[END_REF]. Compared to their original peptide counterparts, AApeptides have the same backbone lengths and functional group counts, and the same number of nitrogen atoms involved in secondary or tertiary amide bonds. In addition, they mimic the original amino acid side-chain positions, so they have the same activity. However, their backbones are more flexible, and since the AApeptides have tertiary amide bonds that can be involved in cis/trans configurations, they should have interesting hydrogen bonding properties and conformational flexibilities [START_REF] Niu | AApeptides as a new class of antimicrobial agents[END_REF].

Antibiofilm AApeptides

In a recent study, [START_REF] Teng | Small antimicrobial agents based on acylated reduced amide scaffold[END_REF] described an acyclic model based on host defense peptides (HDPs) with charged and non-charged radicals (Table 1, ID 1). The global structure has a cationic hydrophobic residue composed of ornithine, and adamantyl or aromatic rings. This model was used to produce a global amphiphilic AApeptide that targets membrane disruption for antibiotic activity. The molecule displays high Gram-negative antifouling activity and low cytotoxicity effects. In addition, it was hypothesized that if radical 1 (R1) was a cationic group, and R2, R3, and R4 were hydrophobic, the global structure should be both an HDP and amphipathic, which will result in the killing of bacteria via membrane disruption. Accordingly, the hydrophobicities of R2, R3, and R4 were modified by inserting various groups (such as adamantyl, biphenyl, CF3, t-butyl) into the aromatic rings, then testing the resulting compounds against clinically relevant bacteria. A reduction in R2-R4 hydrophobicity correlates to decreased molecule killing capacities.

In order to verify the selectivity of the compounds, cationic residues such as lysine, ornithine, and arginine were added, and the hemolysis profiles assessed. Lysine decreases hemolytic and antibacterial activities, ornithine increases them, and arginine has no effect. Often amphipathic agents are cytotoxic, but at a concentration of 25 µg/mL, the compounds did not show noticeable cytotoxicity against either the HK-2 renal epithelial cell line or the K562 human erythroleukemic one. Table 1 details the most promising AApeptide, "Compound 13, " which was tested for antibiofilm activity at concentrations below the minimal inhibitory concentration (MIC). At this level, a 50-75% reduction of biofilm formation was seen via crystal violet staining in both E. coli (ATCC 25922) and A. baumannii.

In another study, [START_REF] Padhee | Activity of lipo-cyclic gamma-AApeptides against biofilms of Staphylococcus epidermidis and Pseudomonas aeruginosa[END_REF] assessed the biofilm antifouling and eradication activities of peptidomimetics based on the structures of daptomycin and polymyxin B. The main compound, YL-36, is a cyclic γ-AApeptide having both charged and neutral radicals (Table 1, ID 2). YL-36 was designed by joining lipid tails from amphiphilic building blocks with the cyclic rings, with ornithine as cationic residues. Lipo-cyclic structures turn out to have a broader-spectrum of antimicrobial activity than the others, and they work against inflammation by suppressing pro-inflammatory cytokines. With YL-36, 70-80% biofilm antifouling activity was observed with both P. aeruginosa and Methicillin-resistant Staphylococcus epidermidis (MRSE), although these results are inconclusive since the concentrations tested were over the MIC. In any case, the potential for antibiofilm activity could be due to the presence of lipid tails which can retard biofilm formation. The structures that are globally amphipathic probably line up to form micelles when there is an interaction with the polyanionic exopolysaccharide matrix, ultimately disrupting it. Note that YL-36 is not hemolytic, meaning that this compound is highly selective.

Peptoids as a Peptidomimetic Strategy

Peptoids are oligomers of N-substituted glycine units (Figure 2). Their side chains extend from the main-chain nitrogen rather than from the α-carbon, thus yielding secondary structures including helices, loops, and turns. They are achiral foldamer molecules, and retain the functionalities and backbone polarity of peptides [START_REF] Yoo | Peptoid architectures: elaboration, actuation, and application[END_REF][START_REF] Zuckermann | Peptoids as potential therapeutics[END_REF][START_REF] Mándity | An overview of peptide and peptoid foldamers in medicinal chemistry[END_REF]. et al. (2015) explored a series of small acyclic amphiphilic peptoids based on AMP structures. They did this by inserting two non-amino acid positive charges, two lipophilic alkyl moieties, and two non-peptidic amide groups (Table 1, ID 3). They demonstrated that antimicrobial activity and hemolytic action correlate to the lipophilic alkyl chain/spacer and increases in chain length, which changes selectivity. The most promising molecule, "Compound 2d" (Table 2, ID 3), shows optimum amphiphilicity, and is able to disperse both S. aureus and E. coli mature biofilms at the solid-liquid and liquid-air interfaces, with complete eradication at 32 µg/mL even while biofilm is already formed on the cover slips. In addition, 2d also decreases bacterial viability inside the biofilm, whereas the cell viability of nontreated biofilm increases. Although the study made no mention of an antibiofilm structure-activity relationship (SAR), 2d was non-toxic to human erythrocytes and human kidney cells. [START_REF] Kapoor | Antimicrobial peptoids are effective against Pseudomonas aeruginosa biofilms[END_REF] selected several peptoid analogs to an acyclic amphipathic and cationic dodecamer peptoid (Table 2, ID 4) based on AMP structures. The alkylated peptoids were active against planktonic cells, while the unalkylated ones were not. The 1-C13 4mer peptoid (H-Ntridec-NLys-Nspe-Nspe-NLys-NH 2 ) is the main compound, preventing about 70% of biomass formation in P. aeruginosa. In addition, peptoids 1 and 1-C13 4mer impaired preformed biofilms by 60 and 40%, and reduced cell viability by about 1.5 and 3 logs, respectively. Antibiofilm activity against P. aeruginosa was measured at 12.5 µg/mL (MIC) and the biomass was assessed with crystal violet staining. Still, the authors discuss the possibility of using peptoids to bind DNA and facilitate biofilm detachment and/or disruption. Indeed, their activity could be due to their inherent oligomerization via aromatic side-chain interactions. The hydrophobic tails might bestow their efficiency in reducing cell viability, as these confer a surfactant-like nature which causes micelles to form. Micelles may strongly interact with and disrupt the hydrophobic exopolysaccharide matrix, facilitating deeper peptoid penetration into the matrix. [START_REF] Konai | Lysine-based small molecules that disrupt biofilms and kill both actively growing planktonic and nondividing stationary phase bacteria[END_REF] went in the opposite direction. They started with spermidine and norspermidine polyamine structures, both known to have antibiofilm properties. Looking for significant antibacterial activity at minimum biofilm inhibitory concentrations (MBICs), they synthesized a series of acyclic amphipathic conjugate molecules (Table 2, ID 5). These contained a cationic moiety made of various fatty acids acting as lipophilic tails and the amino acid lysine (L-lysine and D-lysine), a known trigger for biofilm disassembly. Crystal violet staining, confocal imaging, and killing curve determination showed that "Compound 8" reduces S. aureus viability in preformed biofilm in a concentration-dependent manner. However, the best MBIC value (116 µM) was found in derivatives "4" (L,L configuration, R = C 15 H 31 ) and "9" (D,D configuration, R = C 15 H 31 ). The mechanism of biofilm disruption is still being investigated, but improved electrostatic and hydrogen bonding interactions with the biofilm's extracellular matrix components may play a major role. The compounds were non-toxic to erythrocytes.

Antibiofilm Peptoids

Hoque

Yang Liu et al. (2013) previously described a synthetic approach to designing acyclic oligomers based on AMP structures with alternating repeats of α-amino acids and β-peptoid residues. The representative compounds for two subclasses are shown in Table 2 (ID 6). These have chain lengths of 4-16 residues, and longer chain lengths often correlated with increased antimicrobial activity within the subclass. This tendency was more pronounced in the lysinecontaining groups (1 and 4) than in the homoarginine-rich ones (2 and 3). The hybrid oligomers also inhibited S. epidermidis biofilm formation and displayed antibiofilm activity against preformed S. epidermidis biofilm. In comparison with their lysine-containing counterparts (such as 1d and 4c), the fully guanidinylated (e.g., hArg-rich) oligomers (e.g., "2b") killed slowgrowing cells faster, and had more antibiofilm capacity. Chirality appears to be essential for the efficient killing of both slowgrowing planktonic cells and biofilms in all the studied oligomers. They were not toxic to erythrocytes, but are toxic to HeLa cells in a concentration-dependent manner. To keep cytotoxicity at acceptable levels, a promising strategy may be to design alternating oligomers that display only a 1:1 ratio of amino or guanidino/amino functional groups.

Finally, since the antibiotic bioactivity that has been explored is usually due to membrane disruption, cationic molecules and bacterial membrane structure-activity relationships have been thoroughly investigated, and amphiphilic molecules probably act in the same way since they act as partial cationics. Moreover, the evaluation of cytotoxicity levels shows that both peptidomimetics and their expected amphiphilicities have good potentials. Finally, both AApeptides and peptoids have been shown to act as effective antibiofilm agents, although their bioactivity and selectivity depend on optimal amphiphilicity. Therefore, we highlight that acyclic conformation and lipid tails, neutral aromatic compounds, and ornithine substituents should be the most advantageous peptidomimetic structural improvements in order to obtain antibiofilm molecules.

CONCLUSION

In microorganisms, biofilm lifestyle is a significant virulence factor that results in enhanced resistance to medical treatment [START_REF] Otto | Physical stress and bacterial colonization[END_REF]. This means that antibiotics are less effective, and clearly biofilms have a considerable clinical impact [START_REF] Del Pozo | Biofilm-related disease[END_REF]. Methods for combatting biofilms using natural peptides seem promising, but their therapeutic relevance is limited by inherently low stability and availability [START_REF] Kang | Antimicrobial peptides: therapeutic potentials[END_REF]. Therefore, antibiofilm peptidomimetics are being studied as way to mimic natural peptides while avoiding their drawbacks [START_REF] Mizuno | From peptides to peptidomimetics: a strategy based on the structural features of cyclopropane[END_REF].

In short, the active structures we discuss tend to mimic naturally occurring antimicrobial molecules such as host defense peptides (HDPs) and antimicrobial peptides (AMPs). These are both endogenous polypeptides produced by multicellular organisms, and they act as an evolutionarily conserved mechanism of innate immune defense [START_REF] Huang | Learning from host-defense peptides: cationic, amphipathic peptoids with potent anticancer activity[END_REF]. Thousands of these peptides have been identified in bacteria, plants, insects, birds, fish, and mammals. Family members are highly diverse in their sequences, but generally of small size, made up of 12-50 amino acids. They have similar overall cationic charges of +2 to +9, and are amphipathic, with over 50% hydrophobic residues [START_REF] Kindrachuk | Structure-activity relationships of multifunctional host defence peptides[END_REF]. Moreover, it is known that AMPs show broad-spectrum antimicrobial activities and have a low propensity for developing resistance [START_REF] Seo | Antimicrobial peptides for therapeutic applications[END_REF][START_REF] Lázár | Antibiotic-resistant bacteria show widespread collateral sensitivity to antimicrobial peptides[END_REF]. Peptidomimetics are the same, even though they are all designed to be amphiphilic instead of cationic like AMPs. To confer the desired amphiphilicity, the molecules are linked to different substituents, which are charged and non-charged radicals. The most relevant of those are lipid tails, neutral aromatic compounds, and charged ornithine amino acids.

Although there is an incomplete understanding of the mechanisms of action of antibiofilm peptidomimetics, it seems that their amphiphilicity improves their hydrogen and electrostatic interactions with matrix components, such as those with surfactants.

In the past 40 years, more than 30,000 articles have been published about microbial biofilms (source: PubMed database). This mass of research has been dedicated to understanding biofilms dynamics and to decreasing its effects, but so far no effective treatment has been developed (Bjarnsholt et al., 2013). Antibiofilm AApeptides and peptoids are two very promising families of peptidomimetics for the development and refining of new antibiofilm agents to be used in the fight against resistant microorganisms.
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General Discussion

In the context of antibiotic resistant bacteria, natural peptides have been increasingly prominent as antimicrobial and antibiofilm agents (Feuillie et al., 2017;Grassi et al., 2017;Von Borowski et al., 2017). During my master degree we identified some natural peptides from C. bacattum pepper with promising antibiofilm activity [START_REF] Gomes Von Borowski | Avaliação da atividade antibiofilme de Capsicum baccatum var. pendulum (Solanaceae)[END_REF]. Those results allowed us to select three antibiofilm peptides to synthesis and pharmacology studies, the mains of this work.

Plants are in constant presence of a variety of pathogens and to defend themselves synthesize protective factors such as defense peptides and proteins (Castro e Fontes, 2005). These peptides are common chemical components in seeds of the genus Capsicum, as well as antimicrobial peptides (AMPs) [START_REF] Lee | Molecular characterization of a cDNA for a cysteine-rich antifungal protein from Capsicum annuum[END_REF][START_REF] Ribeiro | Isolation and characterization of novel peptides from chilli pepper seeds: Antimicrobial activities against pathogenic yeasts[END_REF]Ribeiro et al., 2012;[START_REF] Dias | Isolation, Characterization and Antifungal Activity of Proteinase Inhibitors from Capsicum chinense Jacq[END_REF]Ribeiro et al., 2013). Some studies suggest that these plant-derived proteins may exhibit anti-adhesive activities [START_REF] Lengsfeld | Glycosylated compounds from okra inhibit adhesion of Helicobacter pylori to human gastric mucosa[END_REF][START_REF] Wittschier | Large molecules as anti-adhesive compounds against pathogens[END_REF][START_REF] Bensch | Investigations into the antiadhesive activity of herbal extracts against Campylobacter jejuni[END_REF]. However, reports on the chemical composition of the species are still scarce, making it necessary to expand studies in this area (Zimmer et al., 2012a).

In this study we identified and characterized capsicumicine, a special antibiofilm peptide (patent registration), non-antibiotic, able to prevent the establishment and maintenance of biofilm architecture. It decreases adhesion and cellular aggregation of methicillin resistant S. epidermidis.

Our findings regarding the non-antibiotic effect of capsicumicine are in accordance with another study that point to the absence of antibacterial activity of Capsicum extracts [START_REF] Kappel | Phenolic content and antioxidant and antimicrobial properties of fruits of Capsicum baccatum L. var. pendulum at different maturity stages[END_REF]. Likewise, some studies correlate peptide-derived compounds with antiadhesive activity, among them, one that studied extracts of Capsicum annum fruits against Campylobacter jejuni [START_REF] Bensch | Investigations into the antiadhesive activity of herbal extracts against Campylobacter jejuni[END_REF] but none for C. baccatum.

In contribution, non-bactericidal peptides are encouraging to find new applications as antivirulence therapy and biomaterials coating, alone or in combination with other drugs to fight against bacteria multiresistance. Therefore, bacterial biofilms are promising targets for combatting this problem. Thus, the successful development of antibiofilm compounds will therefore be an important tool for controlling human infections [START_REF] Miquel | Anti-biofilm activity as a health issue[END_REF].

110

We demonstrate the mechanism of action of this peptide, interacting with the biofilm matrix in initial phase (Figure 3), modifying matrix self-assembly (Stewart et al., 2015) and consequently producing loss of functionality. Notably, this mechanism is independently of cell regulation. Importantly, the peptide shows no cytotoxicity to mammalian cells, displaying an important selectivity. Finally, the reduction in bacterial adhesion and biofilm formation by a pathway that does not involve cell death is a hallmark and contemplates a new concept in antivirulence therapy, aiming to do the microorganisms more susceptible to antimicrobial agents and to the immune system (Brancatisano et al., 2014). Several non-biocidal strategies have been proposed such as biofilm inactivation as molecular target (Batoni et al., 2016).

General Conclusion

Thereby, this study reports the discovery of a new antibiofilm peptide (Capsicumicine, patent registration) that (a) significantly prevents biofilm establishment and maintenance. Expressively, it decreases adhesion and cellular aggregation of methicillin resistant S. epidermidis (b) without antibiotic activity. We discuss a very promising mechanism of action, less susceptible to the development of tolerance (c).

Moreover, the complete absence of cytotoxicity of this peptide (d) with its excellent antibiofilm activity encourages us to keep going the studies through molecular improvements using peptidemimetic strategy (e). a) the amino acid sequence that forms the composition of the selected natural peptide was identified and we determined the minor lead peptide by molecular simplification (in progress); b) the bacteria adhesion and aggregation profiles were defined through topographic structural analysis of plastic coupons exposed to the lead peptide by scanning electron microscopy;

c) It was evidenced that the target of the lead peptide is the extracellular matrix through a set of microscopies (mainly microscopy of fluorescence and ultrastructural analysis of exposed bacteria through transmission electron microscopy). Furthermore, a synthetic model of matrix self-assembly was applied to demonstrate it. Gene expression variation was also performed by qRT-PCR in the presence/absence of the lead peptide. d) the cytotoxicity of the lead peptide was evaluated using different mammalian lines and multiparameter high-throughput image analysis;

e) It was possible to propose several peptidomimetic designs based on the natural lead peptide after literature review and the currently molecular simplification results (perspectives).



  natural peptides of interest by mass analysis and bioinformatics;  To determine the minor peptides based on the most promising natural peptide by molecular simplification;  To assay in vitro the antibiofilm and the antibacterial activity of peptides, by crystal violet method and optical density and CFU/mL, using Staphylococcus epidermidis ATCC 35984 model;  To evaluate the cytotoxicity of peptides with multiparameter highthroughput image analysis (HCS: High Content Screening and HCA: High Content Analysis), using 7 different mammalian lines: HuH7, CaCo-2, MDA, HCT116, PC3, NCI-H727 and MCF7;  To establish the target of the lead bioactive peptide in treated bacteria (Intra or extra-cells) by fluorescence labeling and visualization in Microscopy of Fluorescence;  To analyze the ultrastructural interactions of exposed bacteria by Transmission Electron Microscopy;  To analyze topographic structural interactions of biomaterials exposed to bacteria in the presence/absence of lead peptide by Scanning Electron Microscopy; To evaluate gene expression variation by qRT-PCR in the presence/absence of lead peptide;  To design peptidomimetics based on the lead bioactive peptide. 3. Chapter 1. Literature review: article 1 Review article published at European Journal of Pharmaceutical Sciences

Fig. 1 .

 1 Fig. 1. Amino acid constitution of APB (G ± ). The amino acids constitute the peptides from the APB (G ± ) group (see Table 1) are shown as percent values as red bars on the box plot. Each letter corresponds to different amino acid; in particular, Dap = diaminopropionic acid, X = unknown or not shown, and O = non-proteogenic ornithine. (*,°) The values are isolated or extrapolated. The descriptive analysis was performed using the software SPSS Statistics v18.0 (N = 21). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2 .

 2 Fig. 2. Amino acids constitution of APB (G -). The amino acids that compose the peptides from the APB (G -) group (see Table 2) are shown as percent values as red bars on the box plot. Each letter corresponds to a different amino acid, with Dap = diaminopropionic acid, X = unknown or not shown, and O = non-proteogenic ornithine. (*,°) The values are isolated or extrapolated. The descriptive analysis was conducted using the software SPSS Statistics v18.0 (N = 41).

Fig. 3 .

 3 Fig.3. Amino acid constitution of APB (G +). The amino acids that compose the peptides from the APB (G +) group (see Table3) are shown in percentages as red bars on the box plot. Each letter corresponds to a different amino acid, with Dap = diaminopropionic acid, X = unknown or not shown, and O = non-proteogenic ornithine. (*,°) The values are isolated or extrapolated. The descriptive analysis was conducted using the software SPSS Statistics v18.0 (N = 39). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4 .

 4 Fig. 4. Amino acid constitution of APF. The amino acids that compose the peptides from the APF group (see Table 4) are shown in percent values as green bars on the box plot. Each letter corresponds to a different amino acid, with Dap =diaminopropionic acid, X = unknown or not shown, and O = non-proteogenic ornithine. (*,°) The values are isolated or extrapolated. The descriptive analysis was conducted using the software SPSS Statistics v18.0 (N = 7). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 .BFig. 6 .Fig. 8 .

 568 Fig. 5. Number of amino acids that constituted the size of the peptide chains. The numbers of amino acids, independently from each group (see Tables 1-4), are shown as real numbers in the y-axis on box plot. APB = Antibiofilm peptides against bacteria, (G -) = Gram negative, (G +) = Gram positive, (g ± ) = both Gram negative and positive, APF = Antibiofilm peptides against fungus, Q1 = first interquartile range and Q3 = third interquartile range.

Figure 1 .

 1 Figure 1. Antibiofilm activity of the peptides. a) Antibiofilm activity: black bars correspond to Staphylococcus epidermidis (ATCC 35984) biofilm quantification (OD = 570 nm) after 24h. Peptides P1, P2 and P3 (capsicumicine) were tested at 1, 10 or 100 µM. "Control", correspond to bacteria without peptides exposition and "Rif." correspond to antibiotic control rifampicin at 16µg/mL. Statistical analysis was performed using Student's t-test compared to control, where (*) p<0.05 and (**) p<0.01. b) Colony forming units (CFU) after capsicumicine exposition at 10µM for 24h. Control received vehicle (water) instead of peptide and the result is shown as colony forming unit per mL (CFU/mL). c-d) Confocal fluorescence microscopy images (CFM). c) S. epidermidis after capsicumicine fluorescein isothiocyanate (capsicumicine-FITC) exposition at 10µM; matrix in green (fluorescence) and bacteria cells in black spheres (no fluorescence). d) Control S. epidermidis after the exposition to an antibacterial peptide-FITC; matrix in grey (no fluorescence) and bacteria cells in green spheres (fluorescence). White arrows point matrix contents. e) Capsicumicine cytotoxicity evaluation in mammalian cells. The number of normal cells is presented as residual cells percentage (%) compared to the average of controls (DMSO and water, show as white and light blue, respectively). Whereas, 100% represent no cytotoxicity or inhibition of cell growth, below 25/30% is considered cytotoxic and 0% represents acute cytotoxicity. The three first bars, black-grey bars, show cytotoxic controls (roscovitine, doxycycline and taxol) and the blue bar shows capsicumicine (10µM) exposed cells. Cells

Figure 2 .

 2 Figure 2. Scanning electron microscopy (SEM) and qRT-PCR analysis. a) SEM images of polystyrene coupons after 1, 4 or 24h of culture with Staphylococcus epidermidis (ATCC 35984). On the top, growth CONTROL without peptide. On the bottom capsicumicine EXPOSED cultures (10µM). Large images are shown at magnification of x500 and overlapping small images at x5,000; Scale bars showing 10µm. b) Relative (log fold change) gene expression (mean, ±SEM) of encoding genes involved in biofilm formation from S. epidermidis (ATCC 35984). Planktonic control is shown as black bars; biofilm control as grey bars and capsicumicine + (exposed group) as white bars. The ssrA gene and planktonic control were used as reference. CWA is cell wall-anchored proteins.

Figure 3 .

 3 Figure 3. Different set of microscopies images of Staphylococcus epidermidis (ATCC 35984) biofilm. These images explore the state of organization of the biofilm matrix in the presence or absence of capsicumicine after 24h. On the left, biofilm control (without capsicumicine) and on the right, capsicumicine exposed culture: a) Pictures from the bottom of 24 wells plate. "Steril control" showing no bacteria nor biofilm formation, "Biofilm control" showing homogenous adhered layers of biofilm formation in absence of capsicumicine and "capsicumicine" showing non-adhered bacteria

Figure 4 .

 4 Figure 4. Real time molecular self-assembly curves of synthetic Staphylococcus matrix. a) The graph displays optical density (OD 600nm) in function of the time (minutes). Black triangles represent synthetic matrix in presence of capsicumicine. Black spheres represent positive control synthetic matrix. Grey squares represent peptide negative control (PA1) with synthetic matrix. b-e) shows synthetic matrix tubs in different conditions: b) calibration reaction, containing all reaction compounds before polymerization; c) Positive control reaction, after polymerization; d) Negative peptide control reaction with PA1, after polymerization and e) Capsicumicine reaction, after polymerization. Peptides were tested at the same final concentration.

Figure 5 .

 5 Figure 5. Confocal fluorescence microscopy (CFM) of Staphylococcus epidermidis (ATCC 35984). Calcofluor was used to evidence matrix polysaccharides (blue) and FITC to localize the peptides (green). a,b) Culture exposed to capsicumicine and calcofluor; visualized by fluorescence mode (a) or transmitted light (b). c-d) Culture exposed to P3-FITC; visualized by fluorescence mode (c) or transmitted light (d). e-f) Peptide negative control: culture exposed to an antimicrobial peptide-FITC (Schneider et al; in progress); visualized by fluorescence mode (e) or transmitted light (f). Dotted circles display extracellular matrix contents.

Figure 6 .

 6 Figure6. Capsicumicine antibiofilm mechanism of action: the matrix anti-assembly (MAA). The illustration highlights the formation and assembly (structuring) stages of the extracellular matrix on abiotic surface, in absence or presence of capsicumicine. A) Biofilm matrix development without capsicumicine: planktonic cells are able to passively interact with the surface and start the extracellular matrix production to stablish first adhesion. Then, matrix self-assembly take place leading to irreversible biofilm structuring and adhesion. The extracellular matrix is dense assembled and globular-like feature as shown in the TEM image (on the right). B) Biofilm matrix development in presence of capsicumicine (MAA): planktonic cells are still able to passively interact with the surface and start the extracellular matrix production to stablish first adhesion. At this time the capsicumicine acts as a magnet through physicochemical forces, attracting extracellular components such as the PIA and shifting the self-assembly. This anti assembly action lead to the disturbance of the matrix polymeric state. Thus, this disturb leads to the lost of adhesion and aggregation functionality and cells remain planktonic. The extracellular matrix displays now thin fibrillary oligomer structures, branched-like feature as shown in the TEM image (on the right). The arrow below the illustration containing the green writing indicates reversible stages and the writing in red, indicates irreversible steps.

Figure S1 .

 S1 Figure S1. Biofilm eradication test. Black bars correspond to Staphylococcus epidermidis (ATCC 35984) biofilm quantification (OD = 570 nm) after 24h. Capsicumicine was tested at 100 µM. "Growth Control", correspond to bacteria without peptide exposition and "Rifampicin" correspond to antibiotic control rifampicin.

Figure S2 .

 S2 Figure S2. Capsicumicine and carbohydrate-binding-domain proteins homologs amino acids alignment. a) It shows the icaA fragment from 1 to 60 (protein accession number Q5HKQ0.1). b) It shows capsicumicine fragment from 1 to 21. c) It shows the chitosanase fragment from 1 to 60 and 61 to 120 (protein accession number A7Z8H9). d) It shows capsicumicine fragment from 1 to 15 and 16 to 22. e) It shows the chitin-synthase 8 fragment from 1801 to 1860 and 1921 to 1967 (protein accession number A0A1R0GTZ5). f) It shows capsicumicine fragment from 1 to 14 and 16 to 22. (*) means equal content, (.) indicates amino acid similarity and (:) high amino acid similarity. The violet color designates a polar characteristic of the amino acids. This analysis is supported and available at UniProt database.

FIGURE 1 |

 1 FIGURE 1 | Structure illustration of an α-peptide and its corresponding AApeptide models, adapted from Niu et al. (2013). The α-and γ-N-acylated-N-aminoethyl amino acid amide bond replacement structures are identified by dotted circles in red. R corresponds to possible radicals.

  FIGURE 2 | Peptide and peptoid monomer structures differ. (Left) Illustration of a classic glycine peptide unit, which has a chiral carbon linked to amino, carboxyl, and radical groups. (Right) An N-substituted R = H for glycine amino acids residues. This has a radical group linked to the amino group instead of the chiral carbon, identified by dotted circles in red.

TABLE 2 |

 2 Summary of chemical and biological information for peptoids. the nature of the lipophilic alkyl chain and spacer chain length emphasizes the role of optimum amphiphilicity in the development of non-toxic yet potent membrane-active antibacterials. can bind extracellular (eDNA) and may facilitate detachment or disruption of otherwise-stable biofilm structures. Oligomerization via interactions with aromatic side chains would increase the concentration of peptoids near the cell membrane, increasing peptoid activity and perhaps also contributing to biofilm detachment. The hydrophobic tail confers a surfactant-like nature that may aide in micelle formation, which could interact with and disrupt the hydrophobic matrix. amino acids such as D-Tyr, D-Leu, D-Trp, and D-Met were also shown to be natural triggers for biofilm disassembly, although none of these possessed significant antibacterial activity. The introduction of four positive charges and hydrogen bond-forming units into a norspermidine backbone would yield greater electrostatic and hydrogen-bonding interactions with the matrix components. In addition, the lipophilic moiety should enhance interaction with the bacterial membrane. 6 β-peptoid-peptide hybrid oligomers (i.e., 1a-3d) and the mixed amino/guanidino subtype (i.e., 4a-4d) 1 2 1a (n = 5), 1b (n = 6), 1c (n = 7), 1d (n = 8) 2a (n = 5), 2b (n = 6), 2c (n = 7), 2d (n = 8) 3 4 3a (n = 5), 3b (n = 6), 3c (n = 7), 3d (n = 8) 4a (n = 1), 4b (n = 2), 4c(n = 3), 4d (n = 4) Incorporation of chiral hydrophobic β-peptoids and guanidinylated amino acid side chains while keeping the length chain length was correlated with increased antimicrobial activity. This tendency was more pronounced in the lysine-containing subclasses (1 and 4) than in the homoarginine-rich ones (2 and 3). A design based on alternating oligomers with only amino or guanidino/amino functional groups in a 1:1 ratio may be a promising strategy to keep cytotoxicity at an acceptable level. Still, some guanidino side chain content is required for antibiofilm activity and chirality appears to be essential for efficient killing planktonic cells. Columns: compound ID for the purposes of this paper; peptidomimetic, molecule or chemical class mimicked by the peptoids, chemical structure and molecular weight of the main compound in the studied model; concentration and percentage of action range tested for the antifouling and/or eradication model; antibiofilm and antimicrobial mechanisms of action; minimal inhibitory concentration (MIC); and cytotoxicity. A brief structure activity relationship (SAR) is presented below each peptoid. *Based on antibiofilm evaluation. Frontiers in Microbiology | www.frontiersin.org

Figure 3 .

 3 Figure 3. Scheme showing the main stages of biofilm formation in S. epidermidis. At each stage, the main compounds/genes involved are briefly described. Highlight in red, the steps involved in the activity of the lead antibiofilm peptide. CWA -Cell wall ancored proteins.

  

  

  

  

Table 1

 1 Peptide information in alphabetical order: peptides with both Gram positive (G +) and negative (G -) antibiofilm relative activity tested.

	*Theoretical

Table 1

 1 

		(continued)						
									*Theoretical
	ID	Peptide	General information/range of concentration tested	N°AA	Sequence		Molecular	Total net
									weight	charge
			at pH 7.0. It has properties similar to those of AMPs with			
			a hydrophobic core; 25 to 0.07 mg/mL				
	20	PAβN	It is the Phe-Arg β-naphthylamide dipeptide and is an		FR-FR		624.726	x
			efflux pump inhibitor (EPI); 20-50 μg/mL				
	21	Pleuricidin	It is an AMP derived from the skin mucous secretions of	25	GWGSFFKKAAHVGKHVGK-	2.711.144	4
			the winter flounder Pleuronectes americanus. It showed		AALTHYL	
			synergistic combinations with several other antibiotics			
			and its mechanisms; 1.9-3.8 μg/mL				
	22	1037	It is a small cationic peptide chosen based on a consensus	9	KRFRIRVRV		1.229.54	5
			identified amphipathic sequence (FRIRVRV), with 3			
			cationic residues (i.e., R) and 4 hydrophobic amino			
			acids; analogous to host defense peptides (predecessor			
			LL-37); 5-25 μg/mL					
		*Theoretical		Antibiofilm activity			Antimicrobial activity		References
	ID	Hydrophobicity	Protein-binding	G-	G+		G-	G+
		⟨H⟩	potential					
			(Boman index)					
	1	0.235	1.68 kcal/mol	E. coli (TG1); P.	S. epidermidis (ns)	ns	ns	(De Brucker et al.,
	2	0.240	1.33 kcal/mol	aeruginosa					2014)
				(PA14); P.				
				gingivalis				
				(ATCC33277)				
	3x	x	P. aeruginosa	S. auereus (ns)		P. aeruginosa (16207)	S. auereus (ns)	(De et al., 2015)
				(16207)				
	4x	x	P. aeruginosa	B. pumilus (TiO1)	P. aeruginosa (PAO1)	B. pumilus (TiO1)	(Dusane et al., 2014)
				(PAO1)				
	5	0.544	-0.29 kcal/	P. aeruginosa	S. aureus (43330)	P. aeruginosa (2114)	S. aureus (43330)	(Almaaytah et al.,
			mol	(2114)					2015)
	6	0.450	0.96 kcal/mol	E. coli (O-157,	S. mutans		E. coli (O-157,	S. mutans	(Hwang et al., 2013)
				ATCC43895,	(KCTC3065)		ATCC43895,	(KCTC3065)
				ATCC25922);			ATCC25922); P.	
				P. aeruginosa			aeruginosa	
				(ATCC27853)			(ATCC27853)	
	7	0.229	0.96 kcal/mol	(X)/(X); A.	S. epidermidis (1457);	K. pneumoniae (P30);	S. epidermidis (1457);	(Gawande et al.,
	8	0.553	0.17 kcal/mol	baumannii	MRSA (Gav16a);	P. aeruginosa (232);	MRSA (Gav16a);	2014)
				(63270)	Coagulase-negative	A. baumannii	Coagulase-negative
					Staphylococci (42)	(63270)	Staphylococci (42)
	9	1.434	-3.26 kcal/	E. faecalis (III);	S. aureus		E. faecalis (III); E. coli	S. aureus	(Yala et al., 2011)
			mol	E. coli	(ATCC29213, RN	(ATCC25922,	(ATCC29213, RN
				(ATCC25922,	4220); Listeria		XL1Blue)	4220); Listeria
				XL1Blue)	ivanovii (Li4pVS2);		ivanovii (Li4pVS2);
					Listeria innocua			Listeria innocua
					(8811)			(8811)
	10	0.489	0.87 kcal/mol	P. aeruginosa	S. aureus		P. aeruginosa	S. aureus	(Schillaci et al.,
	11	0.439	0.86 kcal/mol	(ATCC15442)	(ATCC25923); S.	(ATCC15442)	(ATCC25923); S.	2013)
					epidermidis			epidermidis
					(ATCC35984)			(ATCC35984)
	12	0.527	1.65 kcal/mol	P. aeruginosa	S. aureus (MRSA	(X)	(X)	(Haney et al., 2015)
	13	0.667	2.36 kcal/mol	(PAO1 LPS)	SAP0017, clinical		
	14	0.523	3.08 kcal/mol		isolate)			
	15	0.451	-0.66 kcal/	E. coli	S. aureus (15981)	E. coli (MG1655); P.	S. aureus (15981)	(Zaïri et al., 2014)
			mol	(MG1655); P.			aeruginosa (PA01)	
	16	0.465	-0.62 kcal/	aeruginosa				
			mol	(PA01)				
	17	x	x	P. aeruginosa	S. epidermidis		(X)	(X)	(Laverty et al., 2014)
	18	x	x	(PAO1); E. coli	(ATCC35984); S.		
				(NCTC11303)	aureus (ATCC29213)		
	19	0.051	2.29 kcal/mol	P. aeruginosa	S. aureus		P. aeruginosa	S. aureus	(Schillaci et al.,
				(ATCC15442)	(ATCC29213,		(ATCC15442)	(ATCC29213,	2014)
					25,923, 6538); S.		25,923, 6538); S.
					epidermidis (RP62A);		epidermidis (RP62A);
					staphylococcal			staphylococcal
					isolates from sheep		isolates from sheep
					(strains 657, 688,		(strains 657, 688,
					700, 702)			700, 702)
	20	x	x	E. coli (clinical	S. aureus (8324)	E. coli (clinical	S. aureus (8324)	(Kvist et al., 2008)
				isolate,			isolate, 83,972); E.	
				83,972); E. coli			coli (wild-type strain	
									(continued on next page)

Table 1

 1 

		(continued)						
		*Theoretical		Antibiofilm activity		Antimicrobial activity		References
	ID	Hydrophobicity	Protein-binding	G-	G+	G-	G+	
		⟨H⟩	potential					
			(Boman index)					
				(wild-type		F18); K. pneumoniae		
				strain F18); K.		(i222-86) and P.		
				pneumoniae		putida (KT2442)		
				(i222-86) and				
				P. putida				
				(KT2442)				
	21	0.421	0.2 kcal/mol	E. coli	S. aureus	E. coli (ATCC25922,	S. aureus	(Choi and Lee, 2012)
				(ATCC25922,	(ATCC25923); E.	O-157, ATCC43895);	(ATCC25923); E.	
				O-157,	faecium	P. aeruginosa	faecium	
				ATCC43895);	(ATCC19434); P.	(ATCC27853)	(ATCC19434); P.	
				P. aeruginosa	acnes (ATCC6919)		acnes (ATCC6919)	
				(ATCC27853)				
	22	0.111	5.47 kcal/mol	P. aeruginosa	L. monocytogenes	P. aeruginosa (PA14	L. monocytogenes	(de la Fuente-Nunez
				(PA14 and	(568)	and PAO1); B.	(568)	et al., 2012)
				PAO1); B.		cenocepacia (4813)		
				cenocepacia				
				(4813)				
	"X", not tested; "ns", not shown. *Theoretical: analyzed by computational model.			

Table 2

 2 Peptide information in alphabetical order: peptides with Gram-positive (G +) antibiofilm relative activity tested.

	*Theoretical	Antibiofilm	Antimicrobial	References
		activity	activity	

Table 2

 2 (continued) 

	References	
	Antimicrobial	activity
	Antibiofilm	activity
	*Theoretical	

"X", not tested; "ns", not shown. *Theoretical: analyzed by computational model.

Table 3

 3 Peptide information in alphabetical order: peptides with Gram-negative (G -) antibiofilm relative activity tested.

	*Theoretical	Antibiofilm activity	Antimicrobial	References
			activity	

S. Typhimurium (LT2) S. Typhimurium (LT2)

[START_REF] Mishra | Evaluation of the antibacterial and antibiofilm activities of novel CRAMP-vancomycin conjugates with diverse linkers[END_REF] 

P. aeruginosa (PAO1) P. aeruginosa (PAO1)

[START_REF] Hirt | Antimicrobial peptide GL13K is effective in reducing biofilms of pseudomonas aeruginosa[END_REF] 

(continued on next page) R.G. Von

Borowski et al. European Journal of Pharmaceutical Sciences 114 (2018) 114-137 

Table 3

 3 (continued) 

	*Theoretical	Antibiofilm activity	Antimicrobial	References
			activity	

[START_REF] Wakabayashi | Inhibitory effects of lactoferrin on growth and biofilm formation of Porphyromonas gingivalis and Prevotella intermedia[END_REF] 

(continued on next page) R.G. Von

Borowski et al. European Journal of Pharmaceutical Sciences 114 (2018) 114-137 

Table 3

 3 (continued) 

	*Theoretical	Antibiofilm activity	Antimicrobial	References
			activity	

Table 4

 4 Peptide information in alphabetical order: peptides with fungus antibiofilm relative activity tested.

	*Theoretical	Models	Antibiofilm	Antimicrobial	References
			activity	activity	

"X", no information available; "ns", not shown; (+) indicates that it was active and (-) indicates that it was not active. *Theoretical: analyzed by computational model. *C. albicans: not necessarily active against all of them. R.G. Von

Borowski et al. European Journal of Pharmaceutical Sciences 114 (2018) 114-137 

Table 5

 5 Frequencies of the most prevalent amino acids from each different APB (G ± ): The table shows the number of times a single AA appeared in the peptide chain, not necessarily in sequence.

	Amino acid (AA)	N°of AA appearances (units)	Absolute (f)	Relative (f)
	Alanine-A	0	9	42.9
		1	4	19.0
		2	3	14.3
		3	1	4.8
		4	1	4.8
		5	1	4.8
		9	2	9.5
	Arginine-R	0	15	71.4
		1	1	4.8
		2	1	4.8
		3	3	14.3
		4	1	4.8
	Leucine-L	0	6	28.6
		1	3	14.3
		2	5	23.8
		4	5	23.8
		6	2	9.5
	Lysine-K	0	4	19.0
		1	4	19.0
		2	3	14.3
		3	2	9.5
		4	2	9.5
		5	2	9.5
		6	2	9.5
		7	2	9.5
	Phenylalanine-F	0	9	42.9
		1	3	14.3
		2	8	38.1
		3	1	4.8
	Valine-V	0	7	33.3
		1	3	14.3
		2	3	14.3
		3	7	33.3
		5	1	4.8
	(f): frequency. The relative frequencies sum to 100%.		

Table 6

 6 Frequencies of the most prevalent amino acids from each different APB (G -): The table shows the number of times each AA appeared in the peptide chain, not necessarily in sequence.

	R.G. Von Borowski et al.			European Journal of Pharmaceutical Sciences 114 (2018) 114-137
	Amino acid (AA)	N°of AA appearances (units)	Absolute (f)	Relative (f)
	Arginine-R	0	20	48.8
		1	4	9.8
		2	2	4.9
		3	4	9.8
		4	8	19.5
		5	2	4.9
		6	1	2.4
	Isoleucine-I	0	15	36.6
		1	5	12.2
		2	11	26.8
		3	8	19.5
		4	2	4.9
	Leucine-L	0	12	29.3
		1	4	9.8
		2	12	29.3
		3	3	7.3
		4	8	19.5
		6	2	4.9
	Lysine-K	0	8	19.5
		1	5	12.2
		2	5	12.2
		3	3	7.3
		4	4	9.8
		5	5	12.2
		6	7	17.1
		7	4	9.8
	Phenylalanine-F	0	18	43.9
		1	7	17.1
		2	11	26.8
		3	3	7.3
		4	2	4.9
	Valine-V	0	11	26.8
		1	9	22.0
		2	8	19.5
		3	12	29.3
		5	1	2.4
	(f): frequency. The relative frequencies sum to 100%.		

Table 7

 7 Frequencies of the most prevalent amino acids from each different APB (G+): how many times a single AA appeared in the peptide chain, not necessarily in sequence.

	Amino acid (AA)	N°of AA appearances (units)	Absolute (f)	Relative (f)
	Alanine-A	0	12	30.8
		1	10	25.6
		2	4	10.3
		3	3	7.7
		4	2	5.1
		5	1	2.6
		6	2	5.1
		8	2	5.1
		9	2	5.1
		13	1	2.6
	Arginine-R	0	22	56.4
		1	3	7.7
		2	1	2.6
		3	6	15.4
		4	2	5.1
		5	1	2.6
		6	4	10.3
	Leucine-L	0	14	35.9
		1	6	15.4
		2	8	20.5
		3	3	7.7
		4	5	12.8
		5	1	2.6
		6	2	5.1
	Lysine-K	0	7	18.9
		1	5	13.5
		2	4	10.8
		3	6	16.2
		4	5	13.5
		5	5	13.5
		6	2	5.4
		7	2	5.4
		8	1	2.7
	Phenylalanine-F	0	22	56.4
		1	5	12.8
		2	10	25.6
		3	1	2.6
		4	1	2.6
	Valine-V	0	17	43.6
		1	5	12.8
		2	9	23.1
		3	7	17.9
		5	1	2.6
	(f): frequency. The relative frequencies sum to 100%.		

Table 8

 8 Frequencies

	Amino acid (AA)	N°of AA appearances (units)	Absolute (f)	Relative (f)
	Isoleucine-I	0	2	28.6
		1	1	14.3
		2	1	14.3
		3	2	28.6
		4	1	14.3
	Leucine-L	0	1	14.3
		2	3	42.9
		3	1	14.3
		4	2	28.6
	Lysine-K	0	2	28.6
		3	1	14.3
		4	1	14.3
		7	2	28.6
		10	1	14.3

of the most prevalent amino acids from each different APF: The table shows the number of times a single AA appeared in the peptide chain, not necessarily in sequence.

(f): frequency. The relative frequencies sum to 100%.

Table S2 .

 S2 The number of normal cells is presented as residual cells percentage (%) compared to the average of DMSO control. Whereas, 100% represent no cytotoxicity or inhibition of cell growth, below 25/30% is considered cytotoxic and 0% represents acute cytotoxicity. This platform are equipped with Olympus right microscope (Spot NB camera and Simple PCI software, Compix), Right Zeiss AxioImager M1 microscope (Marzhauser, Zeiss NB camera and AxioVision software) and the robots Arrayscan VTI Cellomics /Thermofisher, Hamilton Starlet, Hamilton Nimbus and Spotter Scienion. Carbohydrate-binding-domain proteins homologs to capsicumicine. This proteins are available in UniProtKB database and were used to blast and amino acids alignment for similarity analysis.

	Gene	Forward primer 5'-3'	Reverse primer 5'-3'	Amplico n
	atlE	TACCAGGGTTTGCAGGATTC	GGCGCTAAATTCATTGGAAA	85pb
	aap	AGGCCGTACCAACAGTGAAT	ATGGGCAAACGTAGACAAGG	100pb
	agrC TCATCAATATCGCATTCATCG	CCTAAACCGCGATTATCACC	136pb
	icaA	TTATCAATGCCGCAGTTGTC	CCGTTGGATATTGCCTCTGT	104pb
	leuA	GATGATCTCGGAATGGCAGT	TGAGGCATTTCCTGCTCTTT	108pb
	saeR GCTAACACTGTCAATGTCCACA	AGGCCCCACACAGTTGTAAT	92pb
	saeS	GGCGTCAATTTGTTGTGCTA	AGGGCATAGGTATCGTTCCA	140pb
	sarA TTTGCTTCTGTGATACGGTTGT	CGTAATGAACACGATGAAAGAAC T	107pb
	gyrB	ATCAACATCGGCATCAGTCA	GCATTTGGTACGGGTATTGG	87pb
	rrsA	AAGCAACGCGAAGAACCTTA	ATGCACCACCTGTCACTCTG	95pb
	Entry name		Accession n°.
	ICAA_STAEQ Intercellular adhesion protein icaA	Q5HKQ0.1
	A0A3A0IKV7_STAEP Poly-beta-1,6 N-acetyl-D-glucosamine synthase	A0A3A0IKV7
	ICAD_STAEQ Poly-beta-1,6 N-acetyl-D-glucosamine synthase prot. icaD	Q5HKP9
	A7Z8H9_BACVZ Chitosanase		A7Z8H9
	A0A0N0MLT5_9ACTN Chitosanase		A0A0N0MLT5
	A0A0U5QL95_STAEP Chitosanase		A0A0U5QL95
	CBP2_MOROL Chitin-binding protein 2		C0HKC5
	A0A1R0GTZ5_9FUNG Chitin-synthase 8		A0A1R0GTZ5
	A0A194V113_9PEZI Chitin biosynthesis protein CHS5	A0A194V113

TABLE 1 |

 1 Summary of chemical and biological information on AApeptides.

Univ Rennes, CNRS, Institut de Génétique et Développement de Rennes (IGDR), UMR 6290, Rennes, France,

Programa de Pós-Graduação em Ciências Farmacêuticas, Faculdade de Farmácia, Biotechnology Center, Universidade Federal do Rio Grande do Sul, Porto Alegre, BrazilPathogenic biofilms are a global health care concern, as they can cause extensive antibiotic resistance, morbidity, mortality, and thereby substantial economic loss. Scientific efforts have been made over the past few decades, but so far there is no effective treatment targeting the bacteria in biofilms. Antimicrobial peptidomimetics have been proposed as promising potential anti-biofilm agents. Indeed, these structurally enhanced molecules can mimic the action of peptides but are not susceptible
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