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Resumo alargado 

Os têxteis são substratos propícios ao crescimento e proliferação microbiana sob as 

condições apropriadas de humidade, nutrientes e temperatura. Em ambiente hospitalar, 

podem ser uma fonte perigosa de bactérias e fungos que contaminam pacientes e 

profissionais de saúde. As bactérias e fungos, patogénicos ou não, são normalmente 

encontrados na pele humana, na cavidade nasal e na área genital. A libertação de 

microrganismos do nosso corpo contribui para a contaminação e proliferação sobre o vestuário 

e têxteis. Vários estudos sustentam que a contaminação de têxteis usados em ambiente 

hospitalar pode contribuir para a libertação de agentes patogénicos no ar, contaminando o 

ambiente e sendo, presumivelmente, das causas mais prováveis de infeções hospitalares.  

A maioria das infecções nosocomiais são causadas por microorganismos oportunistas, i.e., 

raramente causam doenças num sistema imunológico saudável, mas conseguem explorar o 

estado debilitado de pacientes imunocomprometidos, como vítimas de queimaduras, 

pacientes oncológicos ou acamados com feridas abertas, para causar infecções. Estas estirpes 

têm a capacidade de crescer em qualquer ambiente, apresentam importantes fatores de 

virulência e têm resistência a uma grande variedade de antibióticos. 

Milhões de pessoas são infetadas com bactérias que causam infecções hospitalares, sendo uma 

das principais causas de mortalidade em hospitais, causando anualmente a morte de cerca de 

700 mil pessoas a nível mundial.  

O uso de têxteis antimicrobianos, especialmente em contato próximo com pacientes, 

mas também no ambiente circundante, pode reduzir significativamente o risco de infecções. 

Contudo, vários requisitos se impõem: os têxteis bioativos devem possuir propriedades 

biocidas de largo espectro, ser seguros para o utilizador e altamente eficazes no combate aos 

microrganismos resistentes a antibióticos, incluindo os que são usados no tratamento de 

infeções hospitalares, e não devem permitir o desenvolvimento de microrganismos resistentes 

ao composto ativo usado nem ser a causa de irritação da pele.  

Vários agentes antimicrobianos têm sido testados em têxteis. Os compostos de amónio 

quaternário, a prata, o polihexametileno de biguanidina e o triclosano são usados como 

agentes antimicrobianos para têxteis, com sucesso, já que possuem uma atividade bactericida 

poderosa, como indicado pelo MIC (concentração mínima inibitória). No entanto, a maioria 

dos agentes antimicrobianos tem um espectro reduzido de inibição microbiana e pode causar 

irritação da pele, ecotoxicidade e resistência bacteriana. Além disso, a sua incorporação nos 

têxteis reduz substancialmente a atividade e limita a disponibilidade dos grupos bioativos, 

obrigando à utilização de concentrações elevadas nos processos de funcionalização. O biocida 

pode também perder gradualmente a sua atividade durante o uso e lavagens dos materiais 

têxteis. Assim, grandes quantidades são aplicadas aos têxteis para controlar o crescimento 

bacteriano e manter a sua durabilidade.  
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Na tentativa de superar estas desvantagens, vários compostos como o quitosano, 

ácido hialurónico e extractos de plantas têm sido avaliados como potenciais agentes 

antimicrobianos para têxteis. A par disso, a exigência dos consumidores por vestuário 

higiénico e o mercado crescente dos têxteis médicos e bioativos estimularam a investigação 

nesta área.  

Baseada numa revisão cuidada da literatura, a nossa proposta prevê uma estratégia 

totalmente nova: o uso de aminoácidos L-cisteína (L-Cys), bacteriofágos e péptidos 

antimicrobianos (AMPs) como agentes bioativos em têxteis.  

Assim sendo, numa primeira abordagem realizámos estudos no sentido de conferir 

propriedades antimicrobianas a superfícies têxteis e poliméricas de forma a que atraissem, 

ligassem e eliminassem os microorganismos, de forma irreversível, originando uma barreira 

protectora dinâmica. Para este efeito, foram utilizados o aminoácido L-Cys e os AMPs 

Magainina I, LL-37, e Cys-LC-LL-37, de modo a conferir propriedades antimicrobianas a 

materiais fibrosos de algodão. A seleção da L-Cys deveu-se ao facto das suas reconhecidas 

propriedades antimicrobianas conferidas pelo seu grupo tiol e que, para além disso, provou 

ter capacidades antioxidantes, pelo reagente 2,2-difenil-1-picrilidrazil (DPPH).  

Estratégias de imobilização covalentes e não covalentes foram testadas em diferentes 

materiais fibrosos e submetidos a ciclos de lavagem intensos, tais como algodão, seda, 

policaprolactona, e polipropileno, com o objectivo de imobilizar a L-Cys de forma durável. 

Para uma melhor compreensão das interacções material-L-Cys-bactéria, substratos têxteis de 

algodão foram quimicamente modificados com N,N-carbonyldiimidazole (CDI) e 

posteriormente funcionalizados com diferentes concentrações de L-Cys. Estes estudos 

revelaram que havia uma quantidade específica de ativador CDI (4%) que seria a ideal para 

ligar com mais eficiência L-Cys (5%). Estes resultados revelaram uma maior eficiência 

antimicrobiana em comparação com outro estudo, no qual o substrato de algodão foi 

imobilizado não covalentemente com Magainina I e LL-37. O algodão-L-Cys provocou maior 

morte microbiana, após ciclos de lavagem, devido exclusivamente à sua ligação covalente que 

conseguiu imobilizar a L-Cys, de forma mais permanente. Para corroborar esta hipótese 

levantada, modificou-se um polímero difícil de ser modificado – polipropileno – com L-Cys, o 

que fortaleceu a sua estrutura em nanofibras e dotou-o com grupos tiol que permitiram ligar 

o péptido Cys-LC-LL-37 por ligação dissulfureto (covalente). Verificou-se que esta Cys-LC-LL-

37 resistiu aos sucessivos ciclos de lavagem, e a flexibilidade deste péptido foi ímpar para a 

eliminação dos microorganismos. 

Posteriormente, os conhecimentos adquiridos aquando da utilização do algodão e 

polipropileno foram transferidos para seda e policaprolactona, de forma a testar a 

aplicabilidade do conceito desenvolvido a outras estruturas fibrosas potencialmente usadas 

como têxteis antimicrobianos. Foram imobilizadas, por diferente química de superfície, 

diferentes percentagens de L-Cys em amostras destes polímeros com potencial biomédico, e 
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realizados também ensaios de espectroscopia de raios X (EDS), espectroscopia de 

infravermelho da transformada de Fourier (FT-IR), calorimetria exploratória diferencial (DSC), 

reagente de Ellman, e ângulo de contacto para verificar químicamente a imobilização de L-

Cys, bem como ensaios antimicrobianos e de citotoxicidade, para assegurar que as aplicações 

não seriam tóxicas para o ser humano. Também com seda e policaprolactona, as amostras 

ligadas covalentemente por 1 e 5% de L-Cys, respetivamente, eliminaram os microorganismos 

de forma bastante boa. Para além disto, estas amostras retiveram L-Cys durante diversos 

ciclos de lavagem. 

O trabalho desenvolvido e o conhecimento adquirido nesta fase permitiu evoluir para uma 

nova estratégia de imobilização de bacteriofagos em materiais fibrosos. Testou-se, assim, a 

ligação covalente da cápside do fago vB-Pae-Kakheti25 à superfície de nanofibras de 

policaprolactona produzidas por electrospinning, de forma a que o fago ficasse com a sua 

cauda orientada para o exterior das nanofibras, mantendo a sua infectividade. Os resultados  

mais uma vez confirmaram que não só a presença de um antimicrobiano, mas também a 

forma como este está ligado, faz toda a diferença na estratégia de desenvolvimento de 

têxteis antimicrobianos.  

Concluiu-se, portanto, que uma quantidade optimizada de “novos” compostos 

antimicrobianos alternativos a antibióticos e biocidas sintéticos, bem como uma orientação 

específica, traduz-se num melhor desempenho no contato e eliminação de bactérias, sendo 

crucial para o desenvolvimento de biomateriais para contacto com a pele e mucosas. 
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Abstract 

Nowadays, millions of people become infected with bacteria that cause hospital infections, 

which is a major cause of mortality in hospitals, killing 700,000 people per year in the world. 

It is even projected that the number of deaths in hospitals will grow to 10 million by 2050. 

The use of antimicrobial textiles, especially in close contact with the patients and in the 

immediate and non-immediate surroundings, may significantly reduce the risk of infections. 

However, they should possess broad spectrum biocidal properties, be safe for use and highly 

effective against antibiotic resistant microorganisms, including those that are commonly 

involved in hospital-acquired infections.  

Most nosocomial infections are primarily by opportunistic microorganisms, i. e., they rarely 

cause diseases in a healthy immune system, but seek to exploit any weaknesses in the body of 

immunocompromised patients, such as victims of burns, cancer patients or beddriden with 

open wounds, in order to cause infections. These strains have the ability to grow in any 

environment, present important virulence factors, and have resistance to a large variety of 

antibiotics.  

Several antimicrobial agents have been tested in textiles. Quaternary ammonium compounds, 

silver, polyhexamethylene biguanides and triclosan have been used, with limited success. 

They have powerful bactericidal activity, however, the majority have a reduced spectrum of 

microbial inhibition and may cause skin irritation, citotoxicity, ecotoxicity and bacterial 

resistance. In addition, its incorporation in the textiles reduces their activity substantially and 

limits availability. Moreover, the biocide can gradually lose activity during the use and textile 

repeated laundering.  

To overcome these disadvantages, natural compounds such as L-Cysteine (L-Cys), 

bacteriophages and antimicrobial peptides (AMPs), were tested in this work as antimicrobial 

agents for fibrous materials. 

As such, in a first approach we carried out studies in order to confer antimicrobial properties 

on textile and polymeric surfaces in such a way that they could irreversibly attract, bind and 

eliminate microorganisms, paving the way to a dynamic protective barrier. For this purpose, 

the amino acid L-Cys and the AMPs Magainin I, LL-37, and Cys-LC-LL-37 were used in order to 

provide antimicrobial properties to cotton fibrous materials . L-Cys was selected due to its 

proven antimicrobial properties granted by its thiol group and also proved its capacity to 

ensure antioxidant activity by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) reagent. Covalent and 

non-covalent immobilization strategies were tested on different fibrous materials and 

subjected to intensive washing cycles, such as cotton, silk, polycaprolactone, and 

polypropylene, in order to immobilize L-Cys in a durable manner. For a better understanding 

of the interactions material-L-Cys-bacteria, cotton textile substrates were chemically 
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modified with N, N-carbonyldiimidazole (CDI) and subsequently functionalized with different 

concentrations of L-Cys. These studies revealed that there was a specific amount of CDI 

activator (4%) which would be ideal to more efficiently bind L-Cys (5%). These results 

revealed a higher antimicrobial efficiency, when compared to another study, in which the 

cotton substrate was non-covalently immobilized with Magainin I and LL-37. Cotton-L-Cys 

caused most death among bacteria, after washing cycles, due exclusively to its covalent 

bound that was able to immobilize L-Cys more permanently. In support of this hypothesis, a 

polymer difficult to modify - polypropylene - was grafted with L-Cys, which strengthened its 

nanostructure and endowed it with thiol groups that allowed to bind the peptide Cys-LC-LL-37 

via disulfide bond (covalent). It was found that Cys-LC-LL-37 resisted to successive wash 

cycles, and the flexibility of this peptide was unique to the elimination of the 

microorganisms. 

Subsequently, the knowledge acquired when using cotton and polypropylene were transferred 

to silk and polycaprolactone, in order to test the applicability of this developed concept to 

other fibrous structures potentially to be used as antimicrobial textiles. Different percentages 

of L-Cys were immobilized, by different chemical reactions, on samples of aforementioned 

polymers with biomedical potential, and X-ray spectroscopy (EDS), Fourier transform infrared 

spectroscopy (FT-IR), calorimetry (DSC), Ellman's reagent, and contact angle were used to 

chemically check L-Cys immobilization, as well as antimicrobial and cytotoxicity assays, so as 

to ensure that the applications would not be toxic to humans. Also, silk and polycaprolactone 

samples covalently bound by 1 and 5% L-Cys, respectively, eliminated very well the 

microorganisms. In addition, these samples retained L-Cys during several wash cycles. 

At this stage, after the work developed and the knowledge acquired, enabled us to move into 

a new strategy of immobilization of bacteriophages in fibrous materials. The covalent 

coupling of the vB-Pae-Kakheti phage capsid to the surface of polycaprolactone nanofibers 

produced by electrospinning was performed, so that the phage had its tail facing outwards, 

maintaining its infectivity. The results again confirm that not only the presence of an 

antimicrobial, but also the way it is immobilized, makes all the difference in the development 

strategy of antimicrobial textiles. 

It was concluded, therefore, that an optimized amount of "new" antimicrobial compounds 

alternative to antibiotics and synthetic biocides, as well as their specific orientation, 

consisted of a better performance upon contact and elimination of bacteria, being crucial for 

the development of biomaterials for contact with skin and mucosa. 

Keywords 

Bioactive textiles, wound dressing, L-Cysteine, Bacteriophages, Antimicrobial peptides 
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Thesis Overview 

 

This thesis is structured in four main chapters. 

In the first chapter, an introduction on antimicrobial compounds, from antibiotics to synthetic 

biocides and ending with the "new" antimicrobial agents is described. In the end, there is a 

brief contextualization on methods for modification of surfaces. 

In the second chapter, the main purpose and specific goals of this thesis work are explained.  

The third chapter presents the results and discussion stemming from this PhD work, in the 

form of international peer-reviewed scientific papers. This chapter is structured as follows: 

PAPER I – Comparison of the Antibacterial Activity of Modified-Cotton with Magainin I and LL-

37 with Potential as Wound-Dressings  

PAPER II - Covalent Modification of Cellulosic-based Textiles: A New Strategy to Obtain 

Antimicrobial Properties 

PAPER III - Antimicrobial and antioxidant surface modification toward a newsilk-fibroin (SF)-l-

Cysteine material for skin disease management 

PAPER IV – New garment proposal for prevention of spreading Gram-negative bacteria 

resistant to carbapenem antibiotic class under hospital settings 

PAPER V – Amino Acid-Based Material for the Complementary Therapy of Decubitus Ulcers 

PAPER VI - Immobilization of bacteriophage in wound-dressing nanostructure 

PAPER VII – Electrospinning polypropylene with an amino acid as a strategy to bind the 

antimicrobial peptide Cys-LC-LL-37  

In the fourth chapter there is a general discussion and conclusions of all developed scientific 

papers, perspectives and suggestions for future work. 
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1. Antimicrobial textiles  
 

Infections caused by bacteria have been a major cause of health disorders throughout 

human history. After the discovery of antibiotics arose a general belief that the problem of 

bacterial infections would be solved. However, pathogens have evolved sophisticated drug 

resistance mechanisms. The continuous use of antibiotics has resulted in multi-resistant 

bacterial strains worldwide having a higher incidence in hospitals where they coexist in an 

environment favorable to the development of various microorganisms (Mainous III & Pomeroy, 

2001). As a result, antimicrobial resistance has emerged as one of the most serious health 

threats, which calls for concerted efforts to develop new antibacterial agents (Kazmierczak 

et al., 2014). Consequently medical textiles have undergone a great development in recent 

times and have become an area of great importance and interest. 

The spread of microorganisms, either through the environment or even through our 

body, contributes to contamination and proliferation in hospital textiles, being the main 

causes of hospital infections (Ristié et al., 2011; Gouveia, 2010). Their elimination thus 

becomes essential (Ristié et al., 2011; Gao & Cranston, 2008). 

There are pathogenic and non-pathogenic microorganisms. Humans present naturally 

a wide spectrum of non-pathogenic microorganisms of great importance for health, which 

means that there is a fundamental interaction between human and microbiota (Gao & 

Cranston, 2008). However, there are also pathogenic microorganisms that are the main causes 

of diseases in humans. According to the level of virulence of these microorganisms and the 

human response to this imbalance, this can result in more or less serious diseases, and may 

bring some complications to the patient (Gouveia, 2010). Unfortunately, in 

immunocompromised patients, even non-pathogenic agents can cause serious complications, 

which is the main problem in hospital settings (Khan et al., 2015). 

Textile-based materials are found in different forms at the hospitals and are potential 

proliferators of microorganisms (Borkow & Gabbay, 2007). Depending on their applications, 

either at surgical, implant level, or at a more external level such as gowns, sheets, dressings, 

gauzes and others, textiles should have antimicrobial properties. The inhibition of microbial 

proliferation in hospital textiles is essential in order to reduce the risk of infections by non-

pathogenic microorganisms. Antimicrobial textiles can significantly reduce the risk of 

infections, particularly when used in direct contact with or in the vicinity of the patient 

(Khan et al., 2015). 

Medical textiles are composed mainly by synthetic fibers, as they are resistant to 

most microorganisms. Among the most used synthetic fibers stays the polyester, which in its 

original state does not theoretically allow the development of bacteria due to its 

hydrophobicity (Purwar & Joshi, 2004). However, due to the porosity of the textile fabrics 
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and the moisture between the fibers of the fabric results a humid environment conducive to 

the development of microorganisms (Gouveia, 2010).  

The textile materials used at the medical level present specific needs according to 

their end use, such as biocompatibility, hydrophilicity, etc., which makes them suitable for 

use in medical applications. Furthermore, a new area has been developed in finishing of 

textiles, mainly against the growth and proliferation of microorganisms (Ristié et al., 2011; 

Gouveia, 2010). The textile industry continually seeks new technologies to meet the demands 

of consumers by producing functional and intelligent textiles capable of recording changes in 

environmental conditions or functions of the body and respond to these changes. Likewise, 

consumers' attitude towards hygiene and active lifestyle has created a growing market for a 

wide range of biofunctional textiles with an antimicrobial activity (Borkow & Gabay, 2008; 

Singh et al., 2005). Its application now ranges from underwear, sportswear, decoration, and 

even protective clothing in areas at high risk of infection by pathogens (hospitals, schools and 

hotels) (Singh et al., 2005; Kramer et al., 2006). As these textiles are capable of absorbing 

skin substances and releasing therapeutic components thereto, they have applications at the 

preventive level, such as surgical laboratory coatings or as (curative) wound dressings 

(Borkow & Gabay, 2008; Zilberman & Elsner, 2008). Thus, antimicrobial textiles are bent upon 

biomedical products (Kramer et al., 2006; Zilberman & Elsner, 2008). 

There are various ways of achieving antimicrobial properties in textile materials, such 

as the incorporation of antimicrobial agents directly upon the production of fibers, coating or 

adsorption of these agents on the textile fibers and immobilization of antimicrobials onto 

fibers by means of covalent or ionic bonds (Gao & Cranston, 2008).  

Antimicrobial agents for textiles can be classified in three forms: antibiotics, 

compounds of synthetic origin and compounds of natural origin. Among the compounds of 

synthetic origin are metal salts and salts, quaternary ammonium compounds, silver 

compounds, PHMB (polyhexamethylene biguanide), triclosan, N-halamine, peroxyacid and 

regenerative dyes, however causing microbial resistance, non-resistant to laundry and 

cytotoxicity (Khan et al., 2015; Borkow & Gabbay, 2007). Among the compounds of natural 

origin there are, for example, chitosan, natural dyes and natural plant extracts such as aloe 

vera. Yet, studies are still carried out on this type of compounds, such as eucalyptus oil (Khan 

et al., 2015). 
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2. Antibiotics and bacterial resistance 
 

There are different types of antibiotics with different functions and, in the past, its 

use increased the number of infectious diseases that could be prevented or cured. However, 

bacteria have an impressive ability to develop resistance to antibiotics.  

Exposure to antibiotics, by inappropriate use, has promoted the development of 

severe antimicrobial resistances. With inappropriate use we understand unsafe prescription, 

antibiotics directed to fight viral infections, over-the-counter sale, lack of quality control in 

manufacturing, out of date, inadequate surveillance or defective susceptibility testing, 

animal feed and sprayed on plants to prevent infections and promote growth (Cantóna et al., 

2013). 

For more than half a century, society relied entirely on antibiotics as if they were the 

only solution to eradicate microbial pathogenic infections. The misuses aforementioned have 

made antibiotics less effective, and researchers are desperately looking for new alternatives 

to antibiotics. In a frantic attempt to maintain the effectiveness of antibiotics, 

pharmaceutical industries have made multiple combinations of antibiotics, which work for a 

short period, quickly regaining microorganisms resistance to these combinations again. 

Interestingly, since the last 4 decades only 3 new classes of antibiotics have been invented, 

albeit only effective against Gram-positive (Coates et al., 2011). The fact that there is no 

research works with textiles combined or immobilized with antibiotics only proves that 

antibiotics are not a huge wager. 

In order to understand how antibiotics act, and how bacteria develop resistance, they 

are divided into 4 groups according to the site, in which they inhibit an essential function to 

the survival of the microorganism: (i) Inhibitors of cell wall synthesis (animal eukaryotes have 

no wall) (ii) Inhibitors of protein synthesis (Eukaryotic ribosomes are distinct from 

prokaryotes) (iii) Inhibitors of nucleic acid synthesis (iv) Anti-metabolites. 

2.1. Inhibitors of cell wall synthesis 

 

This is the most common mechanism of antibiotic activity. Most drugs that interfere 

with cell wall synthesis are classified as β-lactams, because they have a common β-lactam 

ring structure (penicillins, cephalosporins, carbapenems). This β-lactam ring inhibits the 

function of the enzymes that make cell wall synthesis, so called penicilin-binding protein 

(PBP). These promote the construction of chains and the establishment of peptidic bridges – 

transpeptidase activity.  
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When in the presence of a β-lactam, PBPs bind covalently to it, which causes an 

inhibition of the transpeptidase activity of PBPs. Subsequently, cell wall is degraded after the 

activation of a lysis system by autolysins, with consequent bacterial death. This is why β-

lactams are bactericidal. 

Bacteria became resistant to these antibiotics by three general mechanisms. Firstly, bacteria 

could avoid interaction of the antibiotic with the target PBP by altering the porin-forming 

pores, changing the load and size of these channels and promoting exclusion of the antibiotic. 

Secondly, overproduction of PBP (rare event), acquisition of a new PBP (occurs in MRSA), 

modification of an existing PBP by recombination (resistance to penicillin in S. pneumoniae), 

or modification of existing PBP by point mutation (resistance to penicillin in E. faecium). 

Finally, some resistant bacteria could codify lactamases that caused the hydrolysis of the 

antibiotic. These lactamases may have specificity or may have a wide spectrum of action, for 

example the extended-spectrum B-lactamases ESBL (Wilke et al., 2005). 

β-lactams are essentially active against Gram-positive bacteria. The action against 

Gram-negative bacteria is more critical because of the outer membrane barrier. 

Glycopeptides (eg. vancomycin), with a different mechanism of action, interact with the D-

alanine-D-alanine end of peptidoglycan preventing cell wall synthesis, being only active 

against Gram-positive (Wilke et al., 2005). 

 

2.2. Inhibitors of protein synthesis 

 

These drugs interfere with one of the bacterial ribosome subunits preventing protein 

synthesis. Aminoglycosides and tetracyclines interfere with the 30S subunit, whereas 

macrolides, oxazolidinones, lincosamides and streptogranins interfere with the 50S subunit.  

Aminoglycosides are bactericidal and inhibit the formation of the initiation complex (fmet-

tRNA). They bind irreversibly to 30S ribosomal proteins, with disruption of protein synthesis 

by premature release of the mRNA from the ribosome with production of aberrant proteins by 

erroneous reading of the mRNA. They have been uptaken to treat infections by many gram-

negative bacilli (Enterobacteriaceae, Pseudomonas). However, resistance mechanisms such as 

mutation of the ribosome binding site, decreased antibiotic uptake, increased antibiotic 

outflow of the cell, and enzymatic modification of the antibiotic (the most common), have 

been observed. The enzymatic modification occurs through the action of several enzymes, 

namely phosphorylases, adenylases and acetylases. 

Tetracyclines are broad-spectrum and bacteriostatic antibiotics. They inhibit protein 

synthesis by preventing the entry of tRNA into the ribosome (deform the 30S subunit). The 

mechanism of resistance involves the formation of efflux pumps, ribosome alteration and 
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enzymatic modification of the antibiotic. Chloramphenicol is an antibiotic with a broad 

spectrum of action similar to tetracycline. It reversibly binds to the 50S ribosomal subunit 

blocking protein elongation. Its mechanism of resistance is observed in bacteria that produce 

a plasmid-encoded acetylase. This acetylase catalyzes the acetylation of the 3-hydroxy group 

of chloramphenicol, preventing binding of the antibiotic to the 50S subunit. 

Macrolides, such as erythromycin, clarithromycin and azithromycin, once they inhibit protein 

synthesis are bacteriostatic antibiotics with a broad spectrum of action. They reversibly bind 

to the 23S rRNA of the 50S subunit, which blocks the protein elongation. There are two 

mechanisms of macrolide resistance acquisition: (a) expression of an efflux pump encoded by 

the mefA gene (macrolides efflux), which will characterize a resistance pattern demonstrated 

by the M phenotype; (b) modifying the target with methylation of the macrolide binding site 

to the 23S rRNA and stopping bacterial protein synthesis. In this process the erm 

(erythromycin resistance methylase) genes that encode methylases are involved, and 

methylation results in loss of binding of macrolides, lincosamides and streptogramin B (MLSB 

phenotype) (Tu et al., 2005). 

Clindamycin belongs to the family of lincosamides. It blocks the elongation of the peptidic 

chain by binding to the 50S subunit of the ribosome. It inhibits peptidyltransferase by 

interfering with the amino acid-acyl-tRNA complex. It is active against staphylococci and 

gram-negative anaerobes. The resistance reported arises by the methylation of the 23S rRNA, 

preventing the binding of antibiotic. 

Aminoglycosides are bactericidal drugs primarily used in the treatment of Gram-negative 

infections, while macrolides and tetracyclines are bacteriostatic against Gram-negative, 

Gram-positive, Chlamydia and Mycoplasma. Oxazolidinones (linezolid), lincosamides 

(clindamycin) and streptogranins (quinupristin-dalfopristin) are used in Gram-positive 

infections resistant to other anti-bacterial agents (Wilson, 2014). 

2.3. Inhibitors of nucleic acid synthesis 

 

Quinolones, such as ciprofloxacin and levofloxacin, are synthetic chemotherapeutic 

agents that inhibit bacterial topoisomerase (gyrase). They are active against Gram-positive 

and negative and have the inconvenience of developing resistance rapidly. This enzyme is 

required for DNA replication, recombination and repair. In gram-negative the target is 

topoisomerase II and in gram-positive it is topoisomerase IV. As resistant bacteria undergo 

mutations in the chromosome in the structural genes of topoisomerase II and topoisomerase 

IV, there is a decrease in antibiotic entry by mutations in the permeability regulating genes, 

as well as overexpression of efflux pumps that actively eliminate the antibiotic. 
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Rifampicin inhibits DNA-dependent RNA polymerase and prevents the initiation of RNA 

synthesis, being bactericidal against Mycobacterium tuberculosis and Gram-positive bacilli. 

However resistances have already been reported with a genetic change in the β subunit of 

bacterial RNA polymerase of E. coli and Mycobacterium tuberculosis (Goldstein, 2014). 

Metronidazole is a cytotoxic compound that destroys bacterial DNA. It is active against 

anaerobic bacteria and various parasites, but with several mechanisms of resistance being 

increasingly reported, with mechanisms yet to elucidate (Dhand & Snydman, 2009).  

2.4. Anti-metabolites 

These drugs interfere with the synthesis of folic acid, an essential compound for certain 

microorganisms. Sulfonamides (sulfamethoxazole, sulfisoxasol) are analogues of 

paminobenzoic acid (PABA), an initial compound of bacterial metabolic pathway. These are 

less used today, once they cause high microbial resistance mediated by the horizontal 

transfer of genes of dihydropteroate synthase (Skold, 2000). Trimethoprim, on the other 

hand, inhibits the enzyme dihydrofolate reductase, which catalyzes a further step of the 

pathway. Both are effective against Gram-negative and Gram-positive bacteria. The 

combination trimethoprim-sulfamethoxazole (also called co-trimoxazole) is widely used and is 

also effective against the fungus Pneumocystis jiroveci. Resistance to co-trimoxazole in S. 

pneumoniae has though become a serious threat (Schmitz et al., 2001). 

 

3. Synthetic Biocides 

3.1. N-halamines 

 

N-Halamines are organic amine compounds, with a halogen bound to the nitrogen of 

the amine radical, which present great toxicity because all the halogens with the exception 

of the iodine are toxic (Sun & Sun, 2001). Although N-halamines can cause burns on the skin 

and in the airways, they have already been applied in cotton, keratinous fibers (Wool), and 

synthetic fibers (Nylon; Polyester). Its mechanism of immobilization was (i) grafting a 

halamine polymer precursor (acrylamide and methacrylamide) and applying them to the 

surface thereof; (ii) binding of halamine to cotton fibers via siloxane (covalent bonding). 

Their mechanism of bacterial killing is by the transfer of chlorine atoms from the N-Cl groups 

to the acceptor regions of the microorganisms. The N-Cl bonds are converted to N-H upon the 

process of killing microorganisms, in which enzymatic and metabolic processes become 

compromised, leading to inactivation of microorganisms. Inactive N-H bonds are recharged by 

bleach to restore their antimicrobial functions.  
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Although N-Halamines present a strong antibacterial activity and a regeneration capacity, it 

needs to be regenerated - it does not withstand washing cycles - which gives short-term 

antimicrobial capability. Furthermore, the high adsorption of chlorine on the surface of the 

material causes an unpleasant odor and change color of fabrics (Gao & Cranston, 2008). 

  

 3.2. Quaternary ammonium compounds 

 

 Quaternary ammonium compounds (QACs) are moderate to highly toxic, irreversibly 

damaging the nasal epithelium. The healing of wounds is also delayed. QACs were 

immobilized to polyester fibers containing carboxylic or sulfonate groups, and to fibers 

containing only carboxyls, such as wool, cotton and nylon 66. The immobilization mechanism 

is via the ionic interaction between the cationic ammonium and the anionic carboxylic groups 

of fibers (electrostatic bonding), or through silanization (covalent bonding). The mechanism 

of bacterial killing is by electrostatic interactions with the negative potential of bacterial 

membrane. Their hydrophobic chains are also capable of penetrating the membrane of 

microorganisms to disrupt their functions. The application of 5% QAC's in wool was reported to 

have their antimicrobial effect during 10 washes (Jennings et al., 2015). 

Although QACs are unlikely to gain antimicrobial resistance, they have little resistance to 

laundry or slightly better strength if it is covalently attached. Furthermore they deactivate in 

the presence of anionic detergents forming complexes, and large amount of softening agents 

are required, once the fabric becomes rough (Gao & Cranston, 2008).  

3.3. Silver 

 

 Silver presents a low toxicity associated for humans and it is highly toxic to fish and 

accumulates in aquatic food chains. Even though there is no evidence for skin sensitization by 

bulk silver, a possible systemic absorption of silver particles due to a disrupt skin barrier has 

to be considered (Windler et al., 2013). The mechanisms of silver immobilization in the fibers 

have been described as impregnation (embedding) or placed in situ. It has been immobilized 

in polyester, polyamide, wool, and regenerated cellulose. Its gradual release can lead to an 

extended period of biocidal activity. Silver eliminates microorganisms by binding to their 

membrane structures and eventually acts intracellularly, eliminating them. Its mechanisms of 

bacterial killing involve crossing the cell membrane through an ion exchange mechanism, 

linking to bacterial membrane proteins with thiols, causing their inactivation. Furthermore, 

silver can also link to DNA, because it has affinity for phosphorus, where it intercalates 

between the purine and thymine pairs, denaturing the DNA molecule. Antimicrobial textiles 

coated with silver show low propensity to develop resistance to bacteria. Further drawbacks 



	10	

are the cumulative costs of therapy that are limited to the initial costs of the silver coated 

textile, and it is not biodegradable (Gao & Cranston, 2008; Kramer et al., 2006). 

3.4. Poly hexamethylenebiguanide  

 

 Poly (hexamethylenebiguanide) (PHMB) has low toxicity associated, and has been used 

as a disinfectant in the food industry, as well as in pools. It has already been immobilized in 

cotton, polyester and polyamide fibers. PHMB can be adsorbed to cotton fibers through 

electrostatic attractions between its amines and carboxylic acid groups, which are formed 

after oxidizing the glucose rings of cellulose. PHMB is an active membrane agent that attacks 

bacteria that have negative membrane potential, compromising the integrity of the outer 

membrane and binding afterthen to phospholipids. PHMB presents disadvantages in terms of 

antimicrobial efficacy that is rapidly lost, there is a potential for bacterial resistance 

acquisition, and large amounts of PHMB are required in textiles to achieve adequate activity 

and durability (Gao & Cranston, 2008). 

3.5. Triclosan 

 

 It has been shown that Triclosan (2,4,4'-trichloro-2'-hydroxydiphenyl ether) weakened 

the muscle tissue cells of rats and fish when they were exposed to the same doses as humans 

are (Cherednichenko et al., 2012). Moreover, relatively recent studies (Yueh et al., 2014) 

indicate that Triclosan can induce liver cancer, because it stimulates the production of 

chloroform that is classified as a possibly carcinogenic agent (Yueh et al., 2014). Other 

studies raise the possibility of causing hormonal changes in the thyroid, and influence the 

defenses of the skin (Stoker et al., 2010). It has been used in tooth pastes, hand soaps, 

shower gel, and deodorants. Triclosan has already been combined with nylon, cotton, 

polyester, and also incorporated into yarns and fabrics. After 50 washing cycles, the 

antimicrobial activity decreased. To achieve a longer lasting finish, triclosan has been 

inserted into polymer films or microspheres. It is a broad-spectrum antimicrobial agent with a 

MIC (minimum inhibitory concentration) of 10 ppm against many common bacterial species. 

Unlike most other cationic biocides used in textiles, triclosan is not ionized in solution. 

Triclosan acts on the blockade of lipid biosynthesis, as well as on the interaction with the 

amino acid residues of the active sites of the membrane enzymes, causing bacterial lysis. It 

also inhibits the incorporation and metabolism of glucose by S. mutans, S. sanguis and A. 

naeslundii. Triclosan also affects the production of Streptococcus sp. and the activity of 

Porphimonas gengivalis proteases (Gao & Cranston, 2008; Kramer et al., 2006). 
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4. "New" natural antimicrobial agents 
 

Numerous researches have been carried out on the development of three groups of 

antibiotic-resistant antimicrobial agents of natural origin: bacteriophages (phages), bacterial 

cell wall hydrolases (BCWH), and antimicrobial peptides (AMPs). Phage-based therapies are 

highly efficient, specific and have a relatively low cost. However, caution should be exercised 

in the selection of phage candidates for therapeutic applications, such as the possibility of 

encoding unwanted toxins which, when integrated into the bacterial host genome, alter 

immunity and bacterial virulence. BCWHs are divided into three groups: lysozymes, autolysins 

and virolysins. Out of these, virolysins are the most promising candidates as they are highly 

specific and have the ability to rapidly cause lysis of antibiotic resistant bacteria. Finally, 

AMPs are a family of natural peptides produced by prokaryotic and eukaryotic or phage-

encoded organisms. AMPs have a wide diversity in size, structure, mode of action and 

specificity and have high potential for clinical therapeutic applications (Dhand & Snydman, 

2009). 

 

 4.1. Bacteriophages 

 

Phages are non-living agents and intracellular parasites, so they have dependence on 

a living organism (bacteria) for its replication. Phages are filterable, incapable of producing 

energy or proteins independently of the host cell, and their genomes may be RNA or DNA but 

not both. As a consequence, they use the host cell to produce their components, such as 

mRNA, proteins and identical copies of their genome. They have to code certain proteins that 

may not be provided by the cell. Viral components have to self-assemble and phages must be 

infectious to persist in nature. Phages nucleocapsid can be icosahedric or filamentous. 

4.1.1. Classification 

 

The phage classification is performed by the ICTV (International Committee on Virus 

Taxonomy) and derives from the scheme proposed by Bradley in 1967 (Bradley, 1967). The 

classification depends mainly on the morphology and the type of nucleic acids that constitute 

them. Although attempts have been made to tailor the classification of phages to more recent 

methods based on the genome or proteome, morphological criteria prevail (Ackermann, 

2001). The capsid is the structure that protects the genetic information and the tail has fibers 

or other structures that are involved in the recognition of binding of the Phage to the host 

bacterium.  
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In the phage genome there are genes encoding proteins responsible for DNA packaging and 

replication, transcription regulation, host lysis as well as structural proteins (Ackermann, 

2001). 

4.1.2. Phage-Bacteria Interaction  

 

 The contact of the phages with the host bacterium occurs via phage tails and tips that 

recognize specific receptors, such as carbohydrates, proteins, lipopolysaccharide molecules 

and flagella of bacteria (Welkos et al., 1974). The most common bacterial receptors are 

lipopolysaccharide or surface proteins in the case of Gram-negative bacteria, while in Gram-

positive, peptidoglycan elements, such as teichoic acids, lipoteichoic acids and associated 

proteins. After recognition (characterized by a reversible binding), the tail base is the 

correctly positioned, followed by irreversible attachment of another phage protein to a 

secondary bacterial receptor (Leiman, 2003). Most phages are highly specific, which limits 

their interaction with a reduced number of strains. There are, however, phages with broader 

action spectra that may encompass different strains of the same species or up to different 

species (multivalent phages) (Welkos et al., 1974; Leiman, 2003). 

4.1.3. Phage cycle 

 

Phage life cycle can be lysogenic or lytic. Phages with lysogenic cycle integrate 

themselves into the chromosome or other replicative element of their host. This results in a 

lysogenic infection whereby phage genome is replicated synchronously with the host 

chromosome. During cell division the phage genome is passed from one generation to the next 

and under specific conditions, it spontaneously assembles and releases virions. On the other 

hand, phages with the lytic cycle go through 5 steps: (1) Attachment of the virion to a 

susceptible cell (2) Penetration (injection) of the virion or its nucleic acid into the cell (3) 

Synthesis of nucleic acid and proteins by virus-engineered cell metabolism early in infection. 

Later in infection, the structural proteins, which are subunits of the viral capsid, are 

synthesized (4) Assembly of capsomers (and membrane components in envelope viruses) and 

packaging of nucleic acid in the new virions (Hayes, 1968). 

These steps in viral replication begin when the virions infect the cells. The timing of the 

replication cycle in bacteriophages varies between 20-60 min, depending on the phage and 

host. Because the virion release is a practically simultaneous process, the virions are said to 

undergo a one-step growth curve. Following the adsorption, the infectivity of the viral 

particles disappears, a phenomenon called eclipse. During this period, the nucleic acid of the 

virus separates from its coat of proteins (uncoating), and even if the cell blocks entry at this 

stage, the virion ceases to exist as an infectious entity. During the latent period, replication 

of nucleic acid and viral proteins occurs. The maturation begins as soon as the newly 
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synthesized nucleic acid is packaged within protein coats (assembly). During the maturation 

stage, the titre of active virions within the cell increases dramatically. However, due to the 

fact that newly synthesized virions have not yet appeared outside the cell, the eclipse and 

maturation periods are also called the latent period. At the end of maturation, the release of 

the mature virions occurs, either as a result of cell lysis, budding, or excretion, depending on 

the virus. In average one phage infects one bacterium at growth stage. This bacterium will 

produce 50-200 new phages, which afterthen will infect adjacent bacteria (Carlton, 1999). 

For the release of the bacteria, phages have an interesting mechanism known as protein 

clocks (Wang et al., 2000). For the phages to be released from the host bacterium, they have 

to open a pore in the plasma membrane so as to allow the destruction of the peptidoglycan 

and thereby exit bacteria. For pore formation, the phages encode holins and to destroy the 

peptidoglycan encode virolysins. For the formation of the lesion it is necessary to form homo-

oligodimers (minimum of 6 dimers) of effector of lysis S105. However, for every two S105 that 

are produced one S107 lysis inhibitor (ratio 2: 1) is also produced. All have affinity to combine 

with each other in the form of dimers. Thus, there is a slow accumulation of dimers in the 

cell membrane: active S105 / S105 and inactive S105 / S107. From the moment the first 

oligodimer is formed exclusively from S105, there is the formation of the first lesion, with 

consequent collapse of the membrane potential. At this time, the inhibitor S107 becomes the 

effector of lysis S105, and the heterodimers S105-S107 begin to participate in the formation 

of the HOLE, having a total intervention and there is a fast oligomerization, with finally a 

burst of membrane lesions and the collapse of the bacteria. The HOLE must be large enough 

to allow the passage of 70 kDa virolysins and is apparently non-specific because it allows the 

passage of heterologous virolysins.  

Two apparently contradictory functions define the action of S107: It acts as an inhibitor while 

the membrane is polarized and actively contributes to the formation of the HOLE after 

membrane depolarization occurs. Concerning the advantages of the holin-inhibitor system, 

there is an accurate adjustment of the lysis moment (allows the accumulation of large 

numbers of phages); The lysis is fast and complete after the formation of the first HOLE 

(Grundling et al., 2000). 

4.1.4. Mechanisms of resistance 

 

Some bacteria have developed systems to protect themselves against phages.  

The first resistance system is at the adsorption level. To avoid phage adsorption, the bacteria 

can block the receptors on which the phage bind. S. aureus manages to mask its receptor of 

phage recognition by the production of Protein A, E. coli produces an outer membrane 

protein TraT that is able to mask or change the conformation of an OmpA porin, which is the 

receptor for many T-type phages. Another mechanism to prevent phage adsorption is the 
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production of extracellular matrix, which ends up hiding the receptors of phage recognition. 

However, many phages have developed a system to recognize or even cleave these 

extracellular polymers. The last mechanism to avoid adsorption is the production of 

competitive inhibitors that will specifically bind to phage receptors and thus render them 

unavailable for phage recognition.  

Another level of resistance to phage infection is the restriction-modification system of 

bacteria that can cleave the phage genome, rendering it unusable as soon as it enters the 

host. 

Finally, there are abortive infection systems, which cause the infected cell to induce its own 

death upon phage replication, transcription or translation, for example the complex phage 

protein-DNA (Labrie et al., 2010). 

4.2. Antimicrobial Peptides  

 

The innate immune response forms the first line of defense against various 

microorganisms. Thus, antimicrobial peptides are amongst the most important factors of this 

type of response (Téllez & Castaño, 2010). 

AMPs are small molecules with extensive inhibitory activity against various 

microorganisms, such as gram-negative and gram-positive bacteria, yeasts, viruses and fungi 

(Izadpanah & Gallo, 2005; Smet & Contreras, 2005) differ in their molecular mass, 

composition of amino acid residues, charge, three-dimensional structure and biological 

characteristics (Brogden & Brogden, 2011). They are produced by different cell types, either 

in plants or animals, in which they express themselves in different ways depending on the 

organism and tissue in which they are present at the time of infection. It has a broad 

spectrum of action, including antifungal, antibacterial, antiviral, insecticide and anti-tumor 

activity and several mechanisms of action (Hancock & Diamond, 2000). 

Antimicrobial peptides are classified into four groups according to their structure: (1) 

α-helix peptides; (2) β-sheet peptides; (3) peptides without defined, extended secondary 

structure and (4) β-hairpin peptides or loop peptides (Seo et al., 2012). 

The constituents of the major groups of peptides were classified mainly based on 

their biochemical characteristics. The most important resultant groups are the prokaryote 

derived AMPs, which are subdivided into cationic and anionic, eukaryotic, plant and animal 

species, either vertebrates or invertebrates (Marshall & Arenas, 2003).  

In many cases, the purpose of these antimicrobial peptides is based on the defense 

and protection of various species against various invading pathogenic microorganisms. 
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4.2.1.Procaryotes and Eukaryotes 

 

Among the prokaryotes, the antimicrobial peptides produced by gram-positive 

bacteria are the most relevant and are taxonomically classified as bacteriocins (Marshall & 

Arenas, 2003). 

Prokaryotic AMPs, more precisely bacteriocins, were the first to be isolated and 

characterized. Although this type of peptides does not protect against infection, they have 

antibacterial properties as they contribute to the survival of individual bacterial cells by 

killing or inhibiting the growth of other bacteria, or even bacteria of the same species, that 

compete for nutrients in the same environment (Jenssen et al., 2006). 

The activity of the bacteriocins can be classified as narrow-spectrum, capable of 

eliminating the bacteria within the same species, or broad spectrum where they are able to 

target the bacteria of different species (Jenssen et al., 2006). They form a group of several 

peptides with large variations in size, structure and mode of action. 

Eukaryotic AMPs and bacteriocins, although constituting different groups of peptides, 

share some common characteristics, such as size (20-50a), and the fact that they contain 

cationic and hydrophobic peptides. These properties facilitate the initial interaction with the 

anionic cytoplasmic membrane (Hassan et al. 2012; Balciunas et al., 2013). There are, 

however, key differences between them. Bacteriocins have a more powerful effect, since 

they require a lower concentration to act, in the order of nanomolar, whereas eukaryotic 

AMPs require a concentration in the order of micromolar to carry out their activity (Nissen-

Meyer & Nes, 1997). Moreover, the spectrum of action of bacteriocins is narrow while 

eukaryotic AMPs have a broader spectrum and are less specific. 

The eukaryotic AMPs role is defending and protecting the host from pathogenic 

microorganisms. On the other hand, bacteriocins do not have the role of protection, but 

rather guarantee the equilibrium and maintenance of microbial biodiversity (Maróti et al., 

2011). 

Bacteriocins are considered as promising antimicrobial agents for various applications, 

such as food preservation and treatment of infections due to their high potency and 

specificity (Hassan et al., 2012). 

Eukaryotic peptides can be divided into three major groups, eukaryotic AMPs from 

vertebrate animals, invertebrates and plants. 

Antimicrobial peptides were initially isolated from invertebrate animals and 

subsequently further described in vertebrates (Li et al., 2012). In vertebrates, they are found 

in phagocytic cells at sites that are daily in contact with pathogenic microorganisms, such as 
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mucosal and skin surface, in secretions and body fluids such as saliva, sweat, urine and breast 

milk, as well as inside immune cells (Jenssen et al., 2006). Cathelicidins form a vast and 

diverse group of vertebrate antimicrobial peptides. A second important group of these 

peptides are defensins which are subdivided into three groups based on the pairing of their 

cysteine residues with the disulfide bridges, are α-defensins, β-denines and θ-defensins 

(Jenssen et al., 2006). 

Unlike vertebrates, invertebrates do not have an adaptive immune system, yet they 

have developed an innate immune system to protect against microbial infections (Li et al., 

2012). Insect AMPs are known to play an important role in humoral defense reactions. These 

peptides are synthesized in the fat body, which in mammals is equivalent to the liver, during 

the systemic response to the action of the pathogenic microorganisms, and are then secreted 

into the hemolymph (Li et al., 2012; Bulet et al., 1999). This type of AMP is found in 

hemolymph, in certain epithelial cells and in phagocytic cells (Jenssen et al., 2006). These 

peptides are organized into five major groups, based on their antibacterial activity and their 

constitution by amino acids. They are, cecropins, defensins, proline-rich peptides and 

glycine-rich peptides and lysozyme (Li et al., 2012; Hwang et al., 2009). 

Plants have developed several defense mechanisms causing a large production of 

antimicrobial peptides. These AMPs can be expressed in two ways, induced locally and 

systemically after the onset of pathogenic microorganisms, or constitutively occurring mainly 

in seeds, flowers and reproductive tissues particularly sensitive to infections (Maróti et al., 

2011). The two most relevant groups of plant-derived AMPs are defensins and thionines 

(Jenssen et al., 2006). 

 

4.2.2.Cationic Peptides 

 

Cationic peptides represent the largest group of AMPs ever registered with their 

characterized antimicrobial activity (Gouveia, 2010; Marshall & Arenas, 2003). 

These type of peptides have the ability to inhibit or even kill bacteria, such as gram-positive 

and gram-negative fungi, viruses and parasites. Cationic peptides are selective and thus 

normal host cells are relatively resistant to their action, they are generally positively 

charged, which allow them to interact with the cytoplasmic membrane whose charge is 

negative (Grubor et al., 2006; Parisien et al., 2008) 

The major families of cationic peptides are defensins, catalytidines and histatins. The 

defensins are further divided into α-, β-, and θ-defensins based on the position of their 6 

cysteine residues on the disulfide bonds (Grubor et al., 2006). 
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4.2.3. Anionic Peptides  

 

Anionic peptides are a smaller group of molecules, compared to cationic peptides, 

which have been isolated primarily from mammals  (Marshall & Arenas, 2003). They are small, 

hydrophilic and contain homopolymeric regions that are responsible for their negative charge 

(Gouveia, 2010; Grubor et al., 2006). 

Unlike cationic peptides, in order to present maximal bactericidal activity, anionic peptides 

need to utilize a cofactor that allows the peptide to overcome the negative charge on the 

surface of the microorganisms. The cofactor used is zinc (Gouveia, 2010; Grubor et al., 2006). 

These peptides are divided into various subfamilies such as: neuropeptide-derived molecules, 

aspartic acid-rich molecules, aromatic dipeptides and oxygen-binding proteins (Marshall & 

Arenas, 2003). 

Like cationic peptides, the anionic ones have a broad spectrum of activity against gram-

positive and gram-negative bacteria, yeasts, fungi and viruses (Gouveia, 2010). 

4.2.4. Types of AMP Activity and Mechanisms of Action 

 

AMPs exhibit an antimicrobial activity against several pathogenic microorganisms, 

such as bacteria, yeasts, viruses and fungi, presenting different mechanisms of action 

depending on the microorganism, such as antifungal activity, antiviral activity, and 

antibacterial activity (Smet & Contreras, 2005; Brogden & Brogden, 2011). 

4.2.4.1. Antifungic Activity  

 

The mode of action of antifungal peptides was initially described as being responsible 

for lysis or interference with fungal cell wall synthesis. 

Most antifungal peptides, especially those that are isolated from plants, tend to be rich in 

polar and neutral amino acids (Jenssen et al., 2006). 

4.2.4.2.Antiviral Activity 

 

The antiviral activity of AMPs is often related to the viral adsorption process and 

entry, or as a result of a direct effect on the viral envelope (Jenssen et al., 2006). However, 

it is impossible to predict antiviral activity based mainly on secondary peptide structures 

(Jenssen et al., 2006). Cationic AMPs demonstrate greater efficacy in inhibiting viral 

infections.  
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4.2.4.3.Antibacterial Activity 

 

In general, antimicrobial peptides may inhibit some of important processes in the 

bacterial cell. AMPs range from membrane permeabilization to actions on various intracellular 

target molecules, including immunomodulatory activities. 

The mechanisms by which the peptides permeabilize the bacterial membrane and the 

way they exert their antimicrobial activity are not yet fully defined, and so far several models 

have been proposed that describe the interactions between the peptides and the lipid 

bilayers. In general, there is an initial electrostatic attraction that is responsible for the 

association of the peptide with the bacterial membrane, then the AMPs undergo various 

changes in their conformation and expose their hydrophobic structure that will adapt to the 

specific conditions of the membrane, and form a pore/transient pore. Some of AMPs lead 

themselves into the bacteria where they contact with intracellular targets (Costa et al., 

2011).  

4.2.5. Production of AMPs 

 

AMPs can be obtained in three distinct ways: isolated directly from their natural 

sources, through bacteria, fungi and animals; chemical synthesis; and recombinant DNA 

expression (Hancock, 1997; Parachin et al., 2012). 

The isolation of AMPs from natural sources is not feasible economically due to high 

production costs (Hancock, 1997). This type of production has several drawbacks, not only 

due to the low concentrations of them in the organisms, but also due to its long isolation 

process that requires the use of numerous solvents causing a negative environmental impact. 

Thus, extraction directly from natural sources is not considered a good method to obtain high 

amounts of AMPs, although some peptides are obtained in this way, such as nisin and 

cyclotides (Hancock, 1997). 

The chemical synthesis enables a natural, synthetic or semisynthetic production of 

AMPs. However, the costs of production are also high, especially for disulfide-bonded 

peptides (Hancock, 1997). In this type of production, peptides show complex post-

translational modifications, such as brominations or glycosylations. Chemical synthesis is not 

considered a good method of large-scale production, being restricted to AMPs without post-

translational modifications and low content of cysteine.  

A major opportunity to produce AMPs in greater quantities has emerged through 

advances in recombinant DNA technology. This technology allows foreign genes to be cloned 

into specific vectors for expression in host cells, which may be eukaryotes or prokaryotes. 

This has been considered the most effective method due to its time-cost relationship. A 
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recent study showed that the main hosts used for the production of AMPs are bacteria and 

yeast. Escherichia coli, Bacillus subtilis, Propionibacterium freudenreichii and yeasts 

Saccharomyces cerevisiae, Pichia pastoris. 

Currently, plants have appeared as a promising host for the production of AMPs, since 

transgenic plants can be used directly for microbial control by expressing the peptide in the 

desired culture without the need of purification (Hancock, 1997). 

 

4.2.6. Mechanisms of Resistance and Toxicity 

 

Antimicrobial resistance is a natural biological phenomenon occurring in 

microorganisms, and it is associated with the inappropriate use of antibacterial agents 

(Parachin et al., 2012). 

The various types of microorganisms like fungi, bacteria and viruses have different 

types of resistance mechanisms. However, in general, the resistance to antimicrobial agents 

can be classified as intrinsic/natural, acquired and cross resistance (World Health 

Organization, 2012). 

An AMP to reach its target site often needs to cross the outer layer and/or the 

membrane of the bacterium it will eliminate. The nature and composition of these layers 

varies with the type of microorganism and may work as a permeability barrier resulting in a 

reduced absorption of the AMP. Some enzymes may also cause degradation of the AMP. 

Intrinsic resistance is thus a chromosomally controlled property of bacterial cells that allows 

them to bypass the action of AMPs. Gram-negative bacteria tend to be more resistant than 

gram-positive bacteria (World Health Organization, 2012). The acquired resistance to AMPs 

may happen as a result of mutations, plasmids containing genetic information, and 

transposons (World Health Organization, 2012). When bacteria or other microorganisms 

develop resistance against a particular type of AMP, which often results in resistance to other 

AMPs with a similar chemical structure or mechanism of action, to which microorganisms may 

not have been exposed yet, is named cross resistance (McDonnell & Russell, 1999). 

 

 

4.3. Bacterial cell wall hydrolases (BCWH) 

 

BCWHs are enzymes that degrade peptidoglycan and cause bacteriolysis. These can be 

divided into three classes, according to their sources: Lysozymes, which belong to the 
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components of innate immunity of eukaryotes and are broad spectrum; Autolysins, which are 

exogenous antimicrobial agents of bacteria with unkown spectrum; Virolysins that are phage-

encoded lysins, coming from bacteriophages, and have narrow spectrum. 

They are disadvantageous in that they have an absence of effect on most Gram negative 

bacteria as result of their outer membrane (Wyckoff et al., 2012). 

4.3.1. Lysozymes 

 

They are found in tears, saliva, nasal secretions and sweat. For example, in the 

digestive tract the saliva that naturally contains lysozyme, acts as a barrier to agents that 

cause infection. Lysozyme is a glycosidase that hydrolyzes the β-(1, 4) bonds between N-

acetylmuramic acid (NAM) and N-acetylglucosamine (NAG), forming protoplasts (cells without 

cell wall). It has an effective defense mechanism against bacteria, especially for Gram-

positive; Lysozymes are, on the other hand, non-functional for most Gram-negative owing to 

the protection offered by the outer membrane. Resistance mechanisms have already been 

reported in Staphylococcus, (i) with the O-acetylation of N-acetylmuramic acid of 

peptidoglycan, and (ii) attachment of other polymers (e.g. Polysaccharides) to its cell wall 

(Bera et al., 2005). Furthermore, in Lactococcus lactis (iii) the D-aspartic acid incorporation 

was observed (Solopova et al., 2006). Finally, (iv) the synthesis of lysozyme inhibitors to 

neutralize the enzymatic activity was also observed (Callewaert et al., 2008). 

4.3.2. Autolysins 

 

Autolysins are less-studied, membrane-bound proteins. Each bacterial species 

contains one or more autolysins, which are involved in a variety of physiological cell 

functions, such as cell wall biosynthesis, cell separation, cell adhesion, and virulence. They 

break the β-(1, 4) bond between NAM and NAG and are able to provoke immunological 

responses against their corresponding bacteria (Smith et al., 2000). Some strains of S. aureus 

have already developed resistance to the autolysin Lysostaphin by the modification of its 

bacterial wall, but, on the other side, this modification make bacteria less fit (Osipovitch et 

al., 2015). 

4.3.3. Virolysins 

 

Virolysins arise as the most promising antibacterial among BCWH. They turn out to be 

the product of the isolation of dsDNA phage virolysins that act on peptidoglycan, which, for 

example, have affinity for choline that functions as a Gram-positive cell wall receptor. Since 

rapid bacterial lysis occurs, there is a very low probability of development of resistance by 

bacteria. 
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Unlike phage therapy, virolysins do not cause immunogenicity, toxicity or resistance issues. 

Phage therapy involves a process that takes approximately 30-minute – phage lytic life cycle - 

and it has 3 steps: infection; replication followed by assembly; and lysis of bacteria with 

release of new virions into the environment, which will subsequently infect new bacteria 

causing phage amplification. Virolysine therapy is, on the other hand, defined by 2 steps: 

purified virolysine binds to the target bacteria, and rapidly kills them by osmotic lysis. No 

resistance mechanisms have been reported for repeated exposure of bacteria to virolysins. 

Unfortunately, virolysins cannot bypass the outer membrane of Gram-negative bacteria, 

where phage therapy has advantage (Parisien et al., 2008). 

 

5. Comparison between Antimicrobial Compounds  
 

Bacteria easily become resistant to antibiotics. Synthetic biocides show toxicity to the 

cells and to environment, and do not resist to laundry. 

 Bacteriophages are most highly specific towards both Gram-positive and Gram-

negative bacteria, highly efficient, relatively cost-effective, and offer a century-old virus 

treatment known as Phage-therapy.  

AMPs are broad-spectrum against bacteria and fungus, present low level of induced 

resistance, may cause toxicity at high doses in order to be efficient, and a major drawback is 

that they are costly to produce. 

BCWHs have limitations towards Gram-negative bacteria, due to their outer membrane, and 

important Gram-positive pathogens like S.aureus are already resistant to lysozymes. 

 The use of phage therapy over antibiotic therapy has some advantages, namely that it 

is effective against multiresistant pathogenic bacteria, and the replacement of normal 

microbial flora does not occur because phages only kill its target bacteria. Phages can 

respond rapidly to the selected phage-resistant bacteria since mutation frequency of phage is 

significantly higher than that of bacteria. Furthermore, the cost of developing phage 

treatments is lower than that of new antibiotics, and side effects are very rare. However, 

there are some concerns regarding this type of treatment: rapid bacterial cell lysis can result 

in the release of large amounts of bacterial membrane endotoxins, some phages may encode 

toxins, the absence of pharmacokinetic data, neutralization of the phage by the host immune 

system may lead to the failure of therapy, and the conversion of lytic phage into lysogenic 

(prophage) leads to bacterial immunity attacks by the corresponding lytic phage and may also 

alter the virulence of the bacterium (Matsuzaki et al., 2005). 
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6. Antimicrobial functionalization of fibrous materials 
 

“Biomaterials science” is the physical and biological study of materials and their 

interaction with the biological environment. For a successful conception of devices one 

should control their interface with the biological environment. The surface of a material may 

be considered a type of planar defect, since the atoms on the surface are not connected at 

all sites to other atoms and there is extra energy associated with this region due to the 

valence band unfilled. This excess energy is called Surface Tension (ɣ). Once this step is 

thermodynamically unstable, there is a driving force to minimize surface tension by 

absorption of atoms or molecules. Surface modification of a biomaterial does not alter its 

mechanical properties: only a thin layer shall be modified (the outermost layer), be resistant 

to delamination, be simple and robust to allow easy commercialization. The interface 

between a material and biological medium is composed of ions, water, and proteins. It is to 

this coated surface that the system will react. Controlling protein adsorption to the surface of 

a material is the key aspect to ensure the success of the most biomaterials and medical 

devices (Ratner, 2004).  

6.1. Factors affecting materials functionalization 

 

Factors as wettability, charge, sterical repulsion, and roughness play an important role on 

materials functionalization strategies. Spreading or wetting a surface is related to its surface 

energy. Wettability is the total effect of attraction of droplet molecules to each other, and 

attraction or repulsion of droplet molecules to surface molecules. With this parameter, one 

can study adhesion, wettability, and surface energy. However, it has disadvantages when 

studying rough surfaces, surfaces that absorb the droplet, and heterogenous surfaces (Ratner, 

2004). Surface charge can have the additional effect of attracting or repelling charged areas 

of proteins, namely allow the electrostatic crosslinking between compounds. Adding large and 

flexible hydrophilic polymer chains such as poly(ethyleneglycol) (PEG) to a surface will result 

in a decrease in protein adsorption, due to the large size of the carbon chain which functions 

as a broom preventing adhesion, and to its hydrophilicity which has the “non-fouling” effect 

of repelling protein adhesion. In addition, high degree of roughness may promote protein 

adsorption by physically “trapping” the proteins in the valleys on the surface. 

6.2. Physicochemical modification 

Materials can be surface-modified by 3 methods: physicochemical, biological, and 

mechanical.  

The physicochemical possibilities of modification are depicted in figure 1. 
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Figure 1. Representaion of different physicochemical modification strategies 

In a covalent strategy specific chemical reactions are very specific and change only one 

functional group into another with high yield and few side reactions. On the other hand, non-

specific chemical reactions leave a distribution of different functional groups at the surface, 

e.g. Plasma treatment. In covalent attachment it is required the presence of a reactive 

substrate surface with: OH, COOH, NH2. 

 Biomolecules can be bound to the substrate either directly or via spacer arm. A spacer arm is 

an inert molecule that provides physical space between the molecule and the substrate, 

allowing rotational freedom to the immobilized biomolecule improving its bioactivity, and can 

be biodegradable when the local and slow release of the biomolecule is important. 

Immobilized biomolecules must remain attached through covalent immobilization, maintain 

its biological activity and selectivity via spacer arms, present appropriate selectivity through 

non-fouling spacer arms - resist the adsorption of proteins and/or adhesion of cells due to its 

hydrophilicity - and non-fouling surfaces, and have an appropriate orientation with chemical 

biofunctionalization. 

On the other hand, non-covalent strategies are performed due to electrostatic attraction 

between two compounds to be joined. In the Dipping technique the substrate is dipped in a 

solution containing the dissolved coating material (usually a polymer dissolved in an organic 

solvent). Layer-by-layer is a technique in which two different blocks are attracted to each 

other, typically by electrostatic interactions. 
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In the process of grafting, copolymers are blended, wherein block A is compatible with the 

interior of the polymer and block B has more affinity with surface. In this case, block A will 

serve as an anchor to hold the molecule inside, whereas surface characteristics will be 

ensured by block B. For example, if the medium where the material placed is aqueous, and 

an additive with hydrophilic group is added, it will migrate to the surface. If, on the other 

side, the material is in contact with air, the hydrophobic group will migrate to the surface. 

Non-covalent attachment is performed when covalent bonds are unwanted or their chemistry 

is very complicated. In this case, adsorption of the biomolecules to the substrate is done via 

hydrophobic and electrostatic interactions, and subsequently crosslinking to improve the 

coating stability (Ratner, 2004). 
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Aims of the thesis 
 

The aims of this thesis lie on the use of selected “new” antimicrobial agents, namely L-

Cysteine, antimicrobial peptides, and bacteriophages, immobilized through different covalent 

and non-covalent strategies on different textiles and polymers, in order to to provide novel, 

smoother, and increased surface-to-area fibrous and nanofibrous materials with antimicrobial 

properties, which can be used as part of chronic wound management and hospital garments. 

The skin of patients with diabetes or immunodeficiency is particularly susceptible to infection 

by different microorganisms. The opportunistic pathogens are responsible for some lethal 

infections under hospital settings, being the cause of both acute and chronic skin infections 

and of the inability of chronic wounds to heal. In this way, our contribution may be 

considered an important part in wound/skin-infection management. 

In this regard, new environmental friendly materials, safe, with strong antimicrobial 

properties and alternative to antibiotics are herein presented for potential use under hospital 

settings.    
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General discussion and concluding remarks 

	

The use of antimicrobial textiles, especially in close contact with the patients and in the 

immediate and non-immediate surroundings, may significantly reduce the risk of infections. 

However, they should possess broad-spectrum biocidal properties, be safe for use and highly 

effective against antibiotic resistant microorganisms, including those that are commonly 

involved in hospital-acquired infections (Kazmierczak et al., 2014).  

 

Herein it was presented chemical and/or physical strategies to crosslink antimicrobials on 

textile or fibrous materials, which allowed, in most cases, the bacteria to be attracted and 

eliminated. In order to evidence the mechanism of antimicrobials adsorption and stability 

after several washing cycles at the molecular scale, the utilization of textile and polymer 

models with a well and defined surface structure, were used, such as cotton, silk, 

polycaprolactone (PCL), and polypropylene (PP). Textiles, rather than thin model surfaces, 

were used in order to observe the antimicrobial effect in a real context, once antimicrobial 

compounds are able to rearrange towards the bulk of the fibers. 

The first approach intended to modify cotton into a surface that would adsorb L-Cysteine 

(L-Cys) in a covalent and irreversible way, providing a natural coat of this amino acid on the 

surface so as to turn cotton antimicrobial. L-Cys, due to its thiol group, acts as antimicrobial 

and presents antioxidant activity (Nogueira et al., 2014). The rationale of the covalent 

bonding behind this approach is that L-Cys be not leached over time, because if L-Cys 

covalent bonding is stable, cotton surface might maintain its antimicrobial properties after 

laundry. Cotton samples with different amounts of surface activator CDI were produced, 

ranging from 0% to 60%(w/V). Then, 5 and 7.5% owf (over the weight of the fabric) of L-Cys 

were added to the substrate. An increased intensity of EDS and FT-IR peaks corresponding to S 

atoms and -SH groups, respectively, indicated that the best adsorption was with 4%(w/V) CDI, 

the minimum amount of activator, either bound to 5% or to 7.5% of L-Cys. However, the 

antimicrobial results for 7.5% of L-Cys were lower than 5%, which could be explained due to 

the amino acid too densely packed and thereby compromising its binding to S. aureus and K. 

pneumoniae. 

In the following work, cotton was then non-covalently functionalized with antimicrobial 

peptides Magainin I and LL-37 that were linked via their amines to cotton after the activation 

of surface with TEMPO reagent that exposed carboxylates on cotton surface. In order to go 

further concerning non-covalent and covalent bond strategies, a polymer hard to be modified 

- polypropylene - was modified with L-Cys, which strengthened its structure in nanofibers and 

endowed it with thiol hooks that allowed to bind the peptide Cys-LC-LL-37 via disulfide 

covalent bond. Cys-LC-LL-37 was found to have resisted successive wash cycles, and the 

bactericidal capacity of this antimicrobial peptide was unique to the elimination of the 



	142	

microorganisms. For both experiments, the covalent strategy gave absolute stability to 

laundry. Notwithstanding that the nanostructure produced may also have contributed to 

increase the surface area and better control Cys-LC-LL-37 orientation on the surface. 

In order to functionalize other textile fibers normally used as medical textiles, L-Cys 

below MIC of 5% was tested in silk fibroin, through a double covalent strategy i. e., two 

covalent binding strategies at different sites of the structure were tested. It was possible to 

reduce L-Cys amount to 1% and make the application bioactive after successive wash cycles, 

which demonstrated that tyrosine was key factor for binding L-Cys, because of its exposed 

conformation in silk fibroin structure. The single covalent strategy, on the other hand, was 

not so efficient in microbial killing, which seemed more appropriate for a disposable 

application.  

A PCL foam in the form of a cylinder was also developed to be applied in pressure ulcers 

stage III, which are ulcers with holes. L-Cys was covalently linked to PCL via aminolysis, which 

made hydrophobic-to-hydrophilic conversion due to L-Cys hydrophilic properties. 

Furthermore, this application showed swelling properties in the presence of alkaline pH of 

ulcers surface, due to –OH and –SH groups of L-Cys grafted on PCL, which seems essential to 

fill the hole of open ulcers. 

The work and knowhow developed at this stage allowed to covalently immobilize the vB-

Pae-Kakheti phage capsid to the surface of polycaprolactone nanofibres produced by 

electrospinning, so that the phage had its tail oriented outwardly of the nanofibers. Here 

again it has been confirmed that not only the presence of an antimicrobial but also the way it 

is linked makes all the difference in the antimicrobial process. Figure 2. 

 

Figure 2. vB-Pae-Kakheti phage capsid covalently bound to the surface of 

polycaprolactone nanofibres 

Antimicrobial studies were performed, according to Japanese Industrial Standard JIS L 

1902:2002 and E 2180-01 Standard Test Method for Determining the Activity of Incorporated 

Antimicrobial Agent(s) in Polymeric or Hydrophobic Materials, and show the association 

between bacteria and the immobilized antimicrobial compound at the various substrates 

A B C 
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surface tested. Collectively, all antimicrobial results (%) of all works after washing-cycles 

were the following: 

Table 1. Antimicrobial results of gathered works 

Application S. aureus K. penumoniae P. aeruginosa 

Cotton-L-Cys 83 89 - 

Cotton-Magainin I 58 15 - 

Cotton-LL-37 59 89 - 

SF-L-Cys double cov 97.55 - - 

SF-L-Cys single cov 67.39 88.88 - 

PCL-L-Cys 99.67 - - 

PP-L-Cys 0 - 20.59 

PCL-phage - - 99.9999 (log 6) 

PP-L-Cys-Cys-LC-LL-

37 

99.9999 (log6) - 97.90 

 

The antimicrobials that showed the best performance were the amino acid L-Cys, the 

antimicrobial peptide Cys-LC-LL-37 and bacteriophage vB_Pae-Kakheti25. Furthermore, the 

compounds covalently bound resisted better to washing cycles than non-covalently bound. 

Adhesion studies evidenced a contrast between native textile or polymer surfaces and the 

coated surface. Observation of the morphology of adherent bacteria evidenced that the 

specific binding to antimicrobial surfaces is a required step for the pathogen to lose its 

characteristic shape and lyse. Figure 3. 
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Figure 3. Morphology of healthy bacteria (left) Vs. Compromised bacteria by the  

antimicrobial surface (right) 

 

 

All applications were considered safe after cytotoxicity tests, according to E DIN EN ISO 

10993-5.  
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Altogether, these results highlight that the "new" antimicrobials immobilized on different 

surfaces with high yield are able to eliminate nosocomial bacteria. Depending on whether a 

long-term or short-term application is desired, covalent or non-covalent strategy can used, 

respectively. 

Therefore, the use of these antimicrobials and respective strategies to functionalize textiles 

and polymers, such as cotton, silk, polycaprolactone a polypropylene, with an antimicrobial 

function, is a resourceful tool to be employed for the design of antimicrobial textiles to be 

used in clinical settings. Also, the main advantage of the ones herein presented is that it 

targets infection in the early stages and the most upstream possible, since it aims to prevent 

the skin or mucosa colonization by these bacteria. 

 

Future Perspectives 
 

The structural nanotopography offers new prospects for future work. It is created by the 

nanodeposition of material on a surface or the removal of part of it, where bacteria respond 

to nanotopography. In the few already published works, with some encouraging results, 

authors selected fly wings and dehydrated their structure. With the nanolithography 

technique we intend to design nanopillary structures with different combinations and 

spacings, and test their antimicrobial effect. We predict that the surface of the future will 

only be based on surface nanotopography and free of any antimicrobial compound.  
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