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ABSTRACT 

Antimicrobial Peptide Combinations against Major Infectious Pathogens: 

In Vitro and In Silico Approaches 

Microbiology research has been investing significant efforts in the development 

of new and effective antimicrobial therapies against the growing number of multi-

resistant pathogens. Notably, the use of natural compounds, such as antimicrobial 

peptides (AMP), and the combination of different antimicrobials are being increasingly 

explored as means to improve individual agent actions while minimising 

microorganism resistance. This work contributes to these lines of research by 

investigating the potential of combining the actions of AMP with those of other agents 

against major infectious pathogens. To do so, this PhD project encompassed a two-

fold approach: the comprehensive in silico characterisation of existing experimental 

results on AMP combinations through bioinformatics approaches, and the in vitro 

(laboratorial) study of novel combinations. 

The in silico approach outputted a semi-automated curation workflow that 

supported the mining of scientific literature on AMP-related combinations and enabled 

the reconstruction of antimicrobial combination networks. Such reconstruction 

allowed the creation of a public database on AMP-related combinations 

(http://sing.ei.uvigo.es/antimicrobialCombination/) and sustains its update. 

Currently, this database contains data on antimicrobial combinations that have been 

experimentally tested against major pathogenic bacteria and fungi. Records describe 

species, strains, combination effects, testing methodologies, mode of growth, and 

expert observations. Researchers may explore the experimental findings for one or 

more organisms and look into indirect associations so to identify combinations with 

promising antimicrobial effects that justifies new testing. An adaptation of this 

workflow was further used to retrieve information on combinations involving three well-

known and FDA approved AMP, colistin (CST), polymyxin B (POL-B) and nisin (NIS). 

In-depth analysis of these combinations disclosed important observations on the 

potential of these peptides and their combination, namely in terms of their cellular 

targets and treated species. This information was also included in the database, which 

now includes a total of 3111 combinations, encompassing 350 AMP and 337 non-

AMP agents. 

http://sing.ei.uvigo.es/antimicrobialCombination/
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In the in vitro approach, and after a preliminary screening using a battery of 

AMP, CST was selected to be combined with three other AMP, namely temporin A 

(TEMP-A), citropin 1.1 (CIT-1.1) and a linear analogue of tachyplesin I (TP-I-L). These 

CST combinations were studied for their efficacy to prevent (prophylactic approach) 

or treat (therapeutic approach) planktonic and biofilm cultures of P. aeruginosa and 

S. aureus. These tests included single- and double-species biofilms, in order to mimic 

a more real-like infection, and also encompassed three strains for each species, 

comprising multi-resistant ones. The results from the in silico approach served as 

confirmation of these untested AMP combinations and the relevance of the two 

chosen pathogenic species, therefore bridging the gap between the two approaches. 

Results from the checkerboard assay showed overall synergy for planktonic P. 

aeruginosa and synergy/additiveness for planktonic S. aureus. The treatment of 

established 24 h-old biofilms was more difficult than the prevention of biofilm growth, 

especially for S. aureus and double-species biofilms. Nevertheless, synergic and 

additive outcomes were observed for higher concentrations, including for the double-

species biofilms of multi resistant strains. Live/Dead inspection of the treated double-

species biofilms revealed a substantial lack of cell vitality, which further strengthened 

the cells viability results. CST was less cytotoxic than the other peptides towards 

mammalian fibroblasts, but its combination was toxic for high concentrations. 

Ongoing work is tackling this toxicity issue, e.g. by combining AMP with matrix 

disrupting enzymes (MDE) such as DNAse I. Overall, CST-AMP combinations were 

able to reduce effective concentrations of each drug and highlighted the promise that 

lays in antimicrobial combination strategies to treat polymicrobial biofilm related 

infection. 

The outcomes derived from the two different approaches followed in this PhD 

project were complementary to each other, with the database aiding in the selection 

of the AMP combinations and species to be tested in vitro, which in turn outputted 

valuable information to be added to the database. Globally, the use of the two-fold 

approach (in silico + in vitro) in the AMP-combination study allowed not only the 

creation of an important resource for other researchers in the same field, but also 

pointed out AMP combinations that were deemed promising in the treatment of 

double-species biofilms of relevant pathogens.  
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RESUMO 

Combinações de Péptidos Antimicrobianos contra Agentes Patogénicos 

Relevantes: Abordagens In vitro e In Silico 

Nos últimos anos, a Microbiologia tem investido amplos esforços no 

desenvolvimento de novas e eficazes terapias antimicrobianas contra o número 

crescente de patogénicos multirresistentes. Notavelmente, o uso de compostos 

naturais, como os péptidos antimicrobianos (AMP), e a combinação de diferentes 

antimicrobianos têm sido bastante explorados como meios de melhorar a acção 

individual dos compostos e ao mesmo tempo minimizar o desenvolvimento de 

resistência. Este trabalho contribui para estas linhas de investigação ao estudar o 

potencial na combinação de AMP com outros compostos contra importantes 

microrganismos patogénicos. Com esta finalidade, este projecto de doutoramento 

utilizou uma dupla abordagem: a caracterização sistemática dos resultados 

experimentais existentes na literatura científica sobre combinações de AMP 

recorrendo a métodos bioinformáticos (in silico); e o teste laboratorial de novas 

combinações de AMP (in vitro). 

Da abordagem in silico resultou o desenvolvimento de uma ferramenta de 

curação semi-automática que suportou a extracção de informação da literatura 

científica sobre combinações de AMP e permitiu a reconstrução de redes de 

combinações antimicrobianas. Esta reconstrução permitiu, por sua vez, a criação de 

uma base de dados pública sobre o tema 

(http://sing.ei.uvigo.es/antimicrobialCombination/), possibilitando, também, a sua 

actualização. Actualmente, esta base de dados contêm informação sobre 

combinações de AMP testadas em importantes bactérias e fungos patogénicos, com 

detalhes sobre espécies, estirpes, efeito das combinações, métodos, modo de 

crescimento, e observações pertinentes. Os utilizadores podem explorar esta 

informação para um ou mais organismos e perceber associações indirectas entre os 

agentes de modo a identificar novas combinações a serem testadas. Esta ferramenta 

foi ainda adaptada para colecionar informação sobre combinações de três AMP 

aprovados pela FDA: colistina (CST), polimixina B (POL-B) e nisina (NIS). A análise 

destas combinações originou novas observações sobre o potencial destes AMP e das 

suas combinações, nomeadamente em termos de alvos celulares e espécies 

susceptíveis. Esta informação está também incluída na base de dados, que 

http://sing.ei.uvigo.es/antimicrobialCombination/
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actualmente engloba um total de 3111 combinações, 350 AMP e 337 agentes 

antimicrobianos. 

Na abordagem in vitro, e após um teste preliminar a vários AMP, a CST foi 

seleccionada e combinada com outros três AMP, temporina A (TEMP-A), citropina 1.1 

(CIT-1.1) e um análogo linear da taquiplesina I (TP-I-L). A eficácia destas combinações 

na prevenção (profilaxia) ou tratamento (terapêutica) de culturas planctónicas e de 

biofilmes de P. aeruginosa e S. aureus foi testada. Estes testes incluíram biofilmes 

de uma e duas espécies (mistos), mimetizando melhor uma infecção, e também três 

estirpes para cada espécie, inclusive estirpes multirresistentes. Os resultados in silico 

confirmaram a utilidade do teste destes AMP e a relevância dos microorganismos 

selecionados. De modo geral, os resultados dos ensaios em planctónico mostraram 

sinergia para P. aeruginosa e sinergia/aditividade para S. aureus. O tratamento dos 

biofilmes pré-estabelecidos foi dificultado relactivamente à prevenção do seu 

crescimento, especialmente para S. aureus e para os biofilmes mistos. Ainda assim, 

foi observada sinergia e aditividade para as concentrações mais altas de AMP, 

incluindo nos biofilmes mistos de estirpes multirresistentes. O ensaio de Live/Dead 

revelou ausência de vitalidade dos biofilmes mistos sujeitos a tratamento, o que 

reforçou os resultados obtidos em termos de viabilidade celular. A CST foi menos 

citotóxica que os outros AMP para fibroblastos de mamífero, mas as suas 

combinações foram tóxicas para as concentrações mais altas. Presentemente, estão 

a ser estudadas soluções para esta citotoxicidade, ex. combinações de AMP com 

enzimas disruptivas da matriz, como a DNAse I. Resumindo, as combinações CST-

AMP reduziram as concentrações eficazes de cada AMP e por isso ilustram o 

potencial do uso de estratégias de combinações de antimicrobianos para o 

tratamento de infecções relacionadas com biofilmes mistos. 

Os resultados das duas abordagens deste trabalho foram integrados, com a 

base de dados a confirmar a selecção dos AMP e espécies testados in vitro, que por 

sua vez resultaram em nova informação a ser adicionada a esta. Globalmente, o uso 

desta abordagem dupla (in silico + in vitro) no estudo de combinações de AMP 

permitiu não só a criação de um importante recurso para outros investigadores da 

área, mas também permitiu a selecção de combinações de AMP que se revelaram 

promissoras no tratamento de biofilmes mistos de patogénicos relevantes.  
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THESIS CONTEXTUALIZATION 

One of the biggest challenges of modern day Medicine is bacterial resistance 

to antibiotics. From simple to more complicated medical procedures or injuries, all 

pose a risk of bacterial contamination, which can lead to the development of an 

infection. These infections are increasingly more life-threatening due to the array of 

resistant and multi-drug resistant bacteria that are appearing in nosocomial and non-

nosocomial scenarios. Traditional antibiotics are therefore being rendered ineffective 

and, to make matters worse, the development of new antibiotics is stalled with very 

few new drugs being approved for clinical use in the last years. 

Within this scenario, considerable research efforts are been invested into the 

development of alternative anti-infective treatments. One of such lines of research is 

the testing of natural compounds, such as AMP. These peptides have showed anti-

bacterial, anti-fungal and anti-virial abilities in their natural environment, and possess 

several advantages over traditional antibiotics, such as low specificity in terms of 

molecular target, and benefit in angiogenesis and wound healing. Another line invests 

in testing the combination of antimicrobial compounds and looking for synergic 

combinations. This approach can be applied to the repurposing of old antibiotics by 

enhancing their effectiveness and reducing their associated toxicity and side effects. 

Given that both research lines have been giving promising results, the 

integration of both approaches, i.e. combinations involving AMP, emerges as an 

interesting, currently less explored route of investigation. In this regard, Bioinformatics 

can offer invaluable support to the comprehensive screening and reconstruction of 

existing experimental results, and thus, help prioritise new experimental hypotheses 

based on prior knowledge. Text mining and network mining approaches can be 

integrated to enable the continuous compilation of literature evidences and the flexible 

and visual examination of such evidences under different analysis perspectives. 

Experts may thus explore and decide on the potential of different agents and their 

combination, formulating new hypotheses for experimental testing. 
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THESIS OBJECTIVES 

This thesis focuses on AMP combinations and their application in the 

prevention and treatment of infections caused by relevant pathogens using two main 

complementary approaches that were executed somewhat simultaneously: in vitro 

and in silico studies (Figure I). 

 
Figure I. Illustration of the in vitro and in silico approaches for 

the study of AMP combinations. 

Regarding the in silico approach, the main objectives were the: 

(i) Development of a semi-automated curation workflow to 

retrieve information on AMP-related combinations from the 

scientific literature. 

(ii) Application of this workflow to the retrieval of such information 

for relevant pathogens and specific AMP. 

(iii) Construction of a publically available database containing all 

the gathered information about AMP combinations. 

In terms of the in vitro approach, the goals were the: 



XXX 

(i) Analysis of the susceptibility profiles of two major pathogens, 

P. aeruginosa and S. aureus, in planktonic cultures to AMP: 

CST, TEMP-A, CIT-1.1 and TP-I-L. 

(ii) Investigation of the susceptibility profiles of P. aeruginosa and 

S. aureus planktonic and biofilm cultures to CST combinations 

with the other peptides. 

(iii) Application of both prophylactic and therapeutic approaches 

to the biofilm susceptibility studies (prevention of biofilm 

growth vs eradication of grown biofilms). 

(iv) Study of single- and double-species biofilms of P. aeruginosa 

and S. aureus in susceptibility assays, in order to have a more 

realistic infection scenario. 

(v) Assessment of the cytotoxicity of the combinations against 

mammalian cells. 



XXXI 

THESIS OUTLINE 

The work described in this thesis was carried out at the Centre of Biological 

Engineering (CEB) of the University of Minho (Braga, Portugal) and at the Escuela 

Superior de Ingeniería Informática (ESEI) of the University of Vigo (Ourense, Spain), 

under the supervision of Doctor Maria Olívia Pereira and Doctor Anália Lourenço. 

This document is divided into 6 chapters. Chapter 1 introduces the developed 

work, including up to date information on resistant infections, biofilms, AMP and 

related bioinformatics resources. In Chapter 2, the materials and methods employed 

are detailed, namely sub-chapter 2.1 presents the laboratorial procedures (in vitro 

approach) and the subchapter 2.2 presents the bioinformatics resources and 

methods (in silico approach). Chapters 3 to 5 present the main results of the work, 

following a format similar to the one they were published in. Firstly, Chapter 3 

describes the development of the semi-automated workflow for the retrieval of 

information on peptide-related combination from scientific literature and the creation 

the public database with these findings. Next, Chapter 4 shows the results of the 

susceptibilities studies performed on P. aeruginosa and S. aureus, with selected AMP 

combinations. This included planktonic and biofilm studies and considered both 

single- and double-species. Chapter 5 details the application of the developed 

workflow (Chapter 3) to the extraction of antimicrobial combination information for 

specific AMP, illustrating the diversity of applications and ability of adaptation of such 

workflow to different analysis needs or perspectives. Finally, Chapter 6 outlines the 

main deliverables of this thesis, including the most relevant conclusions and ongoing 

and future lines of work. 
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1 CHAPTER  

INTRODUCTION 

In this chapter, the problem of resistant infections, biofilm formation and biofilm resistance are 

explained, with focus on two major pathogenic bacteria, i.e. Pseudomonas aeruginosa and 

Staphylococcus aureus. The research hypothesis of this PhD project, notably the use of antimicrobial 

peptides in antimicrobial combinations to tackle those issues, is clarified. Finally, the use of 

bioinformatics tools, such as text-mining and network reconstruction, as a mean of aiding such line of 

research is also elucidated. 

  



 

 

 



CHAPTER 1  

3 

1.1 RESISTANT INFECTIONS 

Antimicrobial resistance is currently one of the major health threats worldwide. 

Recent statistics from the Centers of Disease Control and Prevention (CDC) indicate 

that, each year, at least 2 million people become infected with antibiotic-resistant 

bacteria in the USA and 23000 people die as a direct result of these infections [1]. 

Other reports state over 700000 deaths per year worldwide [2].  

Antimicrobial agents, i.e. antibiotics and similar drugs, are victims of their own 

success since they have been so widely overused and misused (in both human and 

animal Medicine) that the infectious microorganisms were selectively pressured to 

develop resistance towards them [3]. Other factors, such as the growth of global 

mobility and the accelerated industrialisation, are also promoting the increase and 

spread of resistant strains [4]. Alongside the increase in antimicrobial resistance, 

there has been a decrease in the development and approval of new antimicrobial 

agents. Only two new classes of antibiotics reached the market over the last three 

decades, and one of the compounds had already documented resistance among 

clinical isolates before its FDA approval [5]. 

A world without antibiotics would mean that minor wounds might lead to grave 

health problems and major procedures, such as surgeries and transplantations, would 

be nearly impossible. Clinical and microbiological research is thus devoting significant 

attention to the understanding of antimicrobial resistance phenomena, the discovery 

of alternative agents (or mechanisms of action), and the development of new 

antimicrobial strategies [6,7]. 

Microorganisms may be intrinsically resistant to one or more classes of 

antimicrobial agents, or may acquire resistance by de novo mutation or via the 

acquisition of resistance genes from other organisms. Acquired resistance genes may 

enable the microorganism to produce enzymes that destroy the antimicrobial drug, to 

express efflux systems that prevent the drug from reaching its intracellular target, to 

modify the drug's target site, or to activate an alternative metabolic pathway that 

bypasses the action of the drug. The number of multi-drug resistant (MDR) strains 

and pandrug resistant isolates is growing continuously and rendering conventional 
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antibiotics less effective [8,9]. The most threatening microorganisms in hospital 

settings are the so-called ESKAPE pathogens (Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, 

and Enterobacter species) [10]. In this work, focus is set on P. aeruginosa and S. 

aureus, as detailed in sub-chapter 1.3. 

Antimicrobial resistance is also related to the ability of the microorganism to 

form biofilms, which are adhered sessile communities enclosed in a self-produced 

polymeric matrix [11]. Biofilms are highly resilient to physical disruption and cell killing 

by external stresses, such as the host’s immune system and antibiotic treatment. 

Biofilms are further discussed in sub-chapter 1.2. 

Antimicrobial peptides (AMP) are recognised as promising candidates for 

developing new therapeutics, as detailed in sub-chapter 1.4. Moreover, researchers 

are looking into potentiating the action of both old and new substances, notably the 

synergic effects that antimicrobial combinations may bring forward, as described in 

sub-chapter 1.5. Finally, sub-chapter 1.6 explores some bioinformatics methods and 

tools, such as text mining and network mining, which are invaluable to the 

comprehensive and systematic investigation of the experimental results that are being 

published in scientific literature, and thus, may help in the discovery of untested, 

promising antimicrobial combinations.  

1.2 BIOFILMS 

1.2.1 What are Biofilms? 

In recent years, microbiology has been shifting its attention from the study of 

microorganisms as single planktonic cells to a more realistic view of microorganisms 

living as communities, i.e. biofilms. In nature, bacteria are rarely found as planktonic 

cells but rather associated with biotic or abiotic surfaces in response to environmental 

stresses [12]. Biofilms are sessile communities of microorganisms attached to an 

abiotic or biotic surface or to each other, and are enclosed in a self-produced 

polymeric matrix, being highly resilient to physical disruption and cell killing by 

external stresses in the environment. Essentially, biofilm formation undergoes four 

typical stages (Figure 1.1), namely: (i) irreversible adherence of planktonic cells to the 
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surface (abiotic or biotic) involving the action of pili and flagella; (ii) growth of the 

attached cells and production of the extracellular polymeric protective matrix (mainly 

proteins, polysaccharides, extracellular DNA (eDNA), lipids, and biosurfactants; (iii) 

biofilm maturation involving the development of water channels and specialized 

zones; and (iv) dispersion of cells and/or parts of the biofilm with subsequent 

colonization of other locations [13,14]. 

 
Figure 1.1. Biofilm formation stages. 

1.2.2 Resistance Mechanisms in Biofilms 

Biofilm resistance has been related to several factors [15–17], such as: (i) the 

higher frequency of mutation and horizontal gene transmission found in biofilms when 

compared to planktonic bacteria, which explains the rapid development of antibiotic 

resistance in biofilms; (ii) the appearance of nutrient depleted zones throughout 

biofilms, due to oxygen and nutrient gradients, which cause bacteria to enter into a 

stationary phase-like dormancy and not be affected by antimicrobials; (iii) the 

development of oxidative stress, caused by an imbalance between the formation of 

reactive oxygen species (ROS) and the antioxidant system, that increases mutability 

in biofilms; and (iv) the delay of antibiotic penetration into the matrix of the biofilm, 

which contains polymers that bind to antibiotics and hinder their action, and antibiotic-

degrading enzymes that deactivate them [14]. Furthermore, biofilms’ recalcitrance to 

treatment can also be attributed to the appearance of drug tolerant persister cells, 

which, unlike resistant cells, are metabolically inactive, do not grow in the presence 

of antibiotics, and arise without suffering mutations [18,19]. For all these reasons, 
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the antibiotic concentration necessary to eradicate a biofilm can be between 4–4000 

times higher than the concentration needed to kill the same bacterial strain in 

planktonic suspension [20]. 

1.2.3 Biofilm-Related Infections 

Even though there have been important research advances in the biofilm area, 

microbial adhesion onto surfaces and the subsequent formation of biofilms are 

nowadays critical concerns for many biomedical applications. Approximately 80 % of 

human bacterial infections are caused by biofilms, mainly healthcare associated 

infections related to the implant of medical devices, e.g. urinary catheters, 

intravascular catheters and prosthetic heart valves [14,21]. Furthermore, biofilms are 

becoming increasingly resistant to traditional antimicrobials and innate and adaptive 

host immune mechanisms, and thus are a major cause of emergence and 

dissemination of antibiotic resistance in the nosocomial scenario [21,22]. Although 

some antibiotics are used in such infections, with mixed success, so far no antibiotic 

has been specifically developed for biofilm infections. Usually, clinicians use a cocktail 

of different antibiotics from distinct classes to treat biofilm-related infections. 

Potentially, a synergic effect may be obtained, but it also may cause the development 

of resistance. Therefore, there is an urgent need for alternative strategies to prevent 

and treat these biofilm-related infections [10]. 

Both clinicians and researchers tend to think of most biofilm related infections 

as containing one prominent bacterium; however, biofilms tend to be polymicrobial in 

most environments, including infection scenarios. Interactions among species can be 

antagonistic, such as competition over nutrients and growth inhibition, or synergistic 

[23]. In the latter case, biofilms obtain numerous advantages by including multiple 

species in one community which give them competitive advantages, such as passive 

resistance, in which one sensitive species benefits from standing close to a resistant 

species [24], and metabolic cooperation, in which one species utilizes a metabolite 

produced by another species [25]. 
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1.3 RELEVANCE OF P. AERUGINOSA AND S. 
AUREUS IN INFECTION PERSISTENCE 

1.3.1 P. aeruginosa 

P. aeruginosa is a Gram-negative rod shaped bacterium belonging to the 

Pseudomonadaceae family and is widespread in nature, populating soil, water, plants 

and animals. This bacterium is an opportunistic human pathogen that easily multiplies 

in immunocompromised patients [26], and is capable of causing both acute and 

chronic infections, being one of the most common causes of nosocomial infections. 

Biofilms of this bacterium are notorious for causing chronic infections in cystic fibrosis 

and chronic obstructive pulmonary disease patients [27,28], biomaterial-associated 

infections (contact lenses and catheters) [29], bone and joint infections, particularly 

in debilitated or immune suppressed patients [30]. To make matters worse, resistant 

and even MDR P. aeruginosa strains concerning conventional antimicrobials are 

emerging with increasing frequency, rendering ineffective many existing antibiotic 

treatments [31,32]. P. aeruginosa is considered one of the most important model 

organisms for studying biofilms due to its relevance as an opportunistic pathogen in 

hospital settings and also due to the relatively easy grow of consistent and 

reproducible structured biofilms under laboratory conditions [13]. 

P. aeruginosa possesses several resistance mechanisms against 

antibiotherapy. Intrinsic resistance mechanisms include lower outer membrane 

permeability compared with other Gram-negative bacteria, which impairs antibiotic 

penetration, and expression of multi-drug efflux systems and inactivating enzymes 

(e.g. β-lactamase) [13]. In most experimental conditions, and depending on the 

nutritional conditions, P. aeruginosa’s biofilms tend to form mushroom-shaped 

microcolonies composed of stalk and cap subpopulations with distinct physiologies 

due to the different rates of oxygen and nutrient consumption between cells in the 

interior of the biofilm and cells near the surface of the biofilm. Shape and stability of 

these biofilms are ensured by exopolysaccharides, eDNA and rhamnolipids [33]. 

1.3.2 S. aureus 

S. aureus is a coagulase-positive coccus-shaped Gram-positive bacterium 

belonging to the Staphylococcaceae family and it is a human commensal, being 
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commonly found in the nose, respiratory tract, and on the skin [34,35]. This 

bacterium is therefore easily transmitted by direct contact, which prompts a large part 

of the population to infection. About 30–50 % of healthy individuals in the USA are 

colonized with this bacterium, and 1 % of them is colonized with methicillin-resistant 

S. aureus (MRSA) [36]. 

Nosocomial infections are very often associated with S. aureus, which is 

commonly transmitted either by colonized healthcare workers through direct contact 

or through invasive medical procedures [36]. Biofilms of this bacterium are related to 

osteomyelitis, indwelling device infections, cystic fibrosis lung infection, periodontitis, 

endocarditis and several chronic infections [37]. Since many clinical isolates of S. 

aureus are either MRSA or MDR, treatment of biofilm infections is even more 

complicated. Furthermore, it has been reported that the presence of S. aureus in 

heterogeneous biofilms increases the rate of plasmid transfer horizontally, which then 

increases the antibiotic resistance of the biofilm [38]. S. aureus biofilms can be 

multilayer and are surrounded by a glycocalyx-type matrix composed of teichoic acids, 

proteins, polysaccharides and eDNA [37]. 

1.3.3 Polymicrobial Biofilms: the Case of P. aeruginosa 
and S. aureus 

Real-life biofilms are usually polymicrobial, i.e. contain more than one species 

of microorganisms and this polymicrobial nature presents another potential 

complication for their treatment. Pathogens can integrate an infection at the same 

time or in a succession of pathogen acquisitions. Furthermore, in some infections, a 

more well-known pathogen can play only a minor part in disease progression, with 

commensal strains having a more prominent role, for example. This highlights the 

importance of a polymicrobial approach to these infections, instead of the traditional 

one pathogen – one infection approach [39]. 

Polymicrobial infections are characterized as synergic if they are more severe 

than the infections with the individual microorganisms. The repercussions of this 

synergy include increase in antimicrobial resistance and in recovery time. However, it 

is not required that all species benefit from the polymicrobial interaction for it to be 

synergic. For example, one species can benefit at the expense of another, still 
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resulting in an advantage that increases the severity of the infection [39]. This is the 

case of polymicrobial infections that include P. aeruginosa and S. aureus. 

P. aeruginosa and S. aureus co-occur in several biofilm-related infections, such 

as the ones previously mentioned in sub-sections 1.3.1 and 1.3.2, among others (e.g. 

diabetic foot ulcers and other wounds) [40]. These microorganisms are known to have 

a competitive interaction when present simultaneously in a biofilm. P. aeruginosa is 

able to inhibit S. aureus growth and even kill it when both are present in close 

proximity. P. aeruginosa produces several toxins, such as pyocyanin, hydrogen 

cyanide, and alkyl-hydroxyquinoline N-oxides that can block the electron transport 

pathway and inhibit S. aureus growth. Consequently, these toxins also mediate the 

spatial segregation between the two species [39,40]. P. aeruginosa also produces the 

enzyme LasA that selectively lysis S. aureus, whose iron-containing proteins serve as 

an iron source for P. aeruginosa, thereby increasing its pathogenic potential [41].  

Despite this, S. aureus persists in P. aeruginosa infections, which might have 

several explanations. One fact is the restriction of cell migration in highly viscous 

biofilms, such as those formed by P. aeruginosa. Also, in biofilm infections, were 

segregation between the two species is not complete, non-resistant S. aureus can 

benefit from the protection of a surround of P. aeruginosa cells that are resistant to 

treatment [39,40]. Also, S. aureus can employ some defence mechanisms to 

counteract the effect of the toxins produced by P. aeruginosa.  One example is the 

formation of small-colony variants (SCV) deficient in the electron transport pathway. 

These microcolonies have enhanced antibiotic resistance due to their decreased 

membrane potential as well as their reduced growth rate and metabolic processes 

[40]. All these factors increase the antimicrobial resistance of the biofilm in question, 

enhancing the severity of the related infection. 

1.4 ANTIMICROBIAL PEPTIDES 

1.4.1 What are AMP? 

AMP are short-length peptides (between 7 and 100 amino acids) presented in 

a variety of sources and in many forms. AMP are part of the innate immune system 

of animals and plants, but can also be found in bacteria and fungi [42,43]. AMP 
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produced by animals constitute the first attempt to stop a pathogenic attack and only 

after they are produced is the adaptive immune response activated [44]. Currently, 

there are more than 3000 experimentally reported AMP, including synthetic and 

natural AMP [45]. Studies regarding AMP have been increasing, with over 360000 

PMID so far (Figure 1.2). 

 
Figure 1.2. Publications related to AMP throughout time. Data retrieved on March 2017 from 

PubMed with the query “(antimicrobial peptide) OR (host defense peptide) OR (host defence peptide) 

OR (cationic peptide)”. 

Most AMP are cationic and enclose three main classes: linear cationic -helical 

peptides (e.g. temporins); linear cationic peptides enriched with specific amino acids, 

like proline (e.g. abaecin), arginine (e.g. apidaecins), and other residues; and anionic 

or cationic peptides containing cysteine residues that form disulphide bonds and 

stable β-sheets (e.g. tachyplesins). Non-cationic AMP comprise anionic peptides (e.g. 

dermcidin), peptides rich in aspartic and glutamic acids (e.g. ovine anionic peptides) 

and peptides derived from oxygen-binding proteins (e.g. antimicrobial domain from 

haemoglobin) [46,47]. AMP can also be produced by de novo synthesis or by 

modification of existing AMP [48]. Finally, engineered AMP mimetics or 

peptidomimetics, i.e. non-peptide molecules aimed at retaining and improving the 

basic features of AMP, have also been reported [49,50]. 

1.4.2 Mechanisms of Action 

AMP have been recognized as promising candidates for replacing classical 

antibiotics due to their multiple mechanisms of action and general low specificity in 
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terms of molecular targets, which reduces the chance of acquired resistance [51,52]. 

Moreover, compared with conventional antimicrobials, which are generally active only 

against bacteria or fungi, AMP exert activity against a broad spectrum of 

microorganisms, such as both Gram-negative and Gram-positive bacteria, including 

drug-resistant strains, parasites, enveloped viruses and even some cancer cells 

[43,48,53]. 

Classically, the mechanism of action of AMP involves their ability to cause cell 

membrane damage, inducing either a large-scale failure or small defects that 

dissipate the transmembrane potential; also, most AMP display rapid killing kinetics. 

The interaction of AMP with their target cells is dependent on the cell’s surface and 

on the peptide’s amino acid composition [47,48]. Several factors, namely charge, 

secondary structure, hydrophobicity, amphipathicity and hydrophobic moment are 

critical to ensure AMP’s mechanism of action [54]. AMP’s mechanism of action does 

not usually depend on the recognition of specific receptors or targets, giving AMP a 

broad spectrum of action [55]. However, some AMP can act by alternative means, 

like binding to DNA, inhibiting cell wall, DNA, RNA and protein synthesis, and inhibiting 

enzyme activity [53]. Figure 1.3 resumes the several mechanisms of action that AMP 

employ to enter or disrupt the bacterial cell membrane. The initial AMP-membrane 

interaction is usually electrostatic given that, in their majority, AMP are cationic and 

bacterial envelopes and membranes are anionic. This is due to the presence of 

lipopolysaccharides (LPS) and techoic acids (TA) on the surfaces of Gram-negative 

and Gram-positive bacteria, respectively, and to the anionic lipid content of their 

membranes (anionic phospholipids: phosphatidyl-glycerol, cardiolipin and 

phosphatidylserine). Interestingly, it has been showed that normal eukaryotic cell 

membranes present features, such as cholesterol and neutrally charged zwitterionic 

phospholipids (e.g. phosphatidylethanolamine, phosphatidylcholine, and 

sphingomyelin), that minimize their preference as an AMP target, illustrating the 

specificity of AMP towards infectious pathogens [56,57]. 

After the initial interaction and the establishment of a threshold concentration, 

AMP usually undergo conformational changes (e.g. association, multimerization, and 

peptide-peptide and/or peptide-lipid associations) in order to exert their action. These 

formed structures then go on to act upon the membrane through one of the so far 
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proposed mechanisms: transported mediated penetration, translocation, barrel stave 

or toroidal pore formation and “carpet model” micellation [58]. 

 

Figure 1.3. Mechanisms of action of AMP (adapted from Ageitos et. al. [45]). 

The type of mechanism of action of AMP can dictate their application fields. 

For example, it has been noticed that AMP targeted at the membrane are better suited 

for use in surface coatings than AMP that act at an intracellular level [59]. Besides 

their antimicrobial action, AMP can also influence processes which support 

antimicrobial action, like cytokine release, chemotaxis, antigen presentation, 

angiogenesis and wound healing [60]. 

1.4.3 AMP against Biofilms 

Given that the main mechanisms of action of AMP is directed towards the 

membrane, it is expected that AMP remain effective against slow growing or sessile 

bacteria usually present in biofilms, which are one of the causes of biofilm resistance. 

In silico analysis of anti-biofilm peptides has identified key common features, such as 

abundance in positively charged and aromatic amino acids [61]. Anti-biofilm peptides 

can work not only by directly killing the biofilm-forming bacteria but also by interfering 

with crucial biofilm-related processes, such as quorum sensing, cell adhesion to other 
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cells and surfaces and expression of genes responsible for motility and EPS 

production [14,61]. 

More than 1600 publications involving biofilms and AMP have been published 

with a clear rise over time (Figure 1.4). To date, several natural AMP from different 

sources have been showing promising results in biofilm control. These include AMP 

from: humans (e.g. HBD3, LL-37), other mammals (e.g. BMAP-28, cathelicidin 

WAM1), amphibians (e.g. magainin I, phylloseptin-1), fish (e.g. chrysophsin-1, 

pleurocidin), arthropods (e.g. tachyplesin III), bacteria (e.g. gramicidin A, nisin) and 

plants (e.g. Tn-AFP1). Different synthetic AMP (e.g. KSL, Tet213, omiganan, G10KHc) 

and AMP mimetics (e.g. peptoid 1, peptoid 1-C134mer, (RW)4D) have also been 

tested against biofilms [14]. 

 
Figure 1.4. Publications related to biofilms and AMP throughout time. 

Data retrieved on March 2017 from PubMed with the query “biofilm* AND 
((antimicrobial peptide) OR (host defense peptide) OR (host defence peptide) OR 

(cationic peptide))”. 

1.4.4 Resistance to AMP and other Concerns 

Although the development of resistance to AMP is uncommon, some studies 

have reported this phenomenon. Some bacteria possess an inherent trait that gives 

them intrinsic resistance, e.g. the more positively charged lipid A in the membrane of 

Proteus, Morganella, Providencia, Serratia, and Burkholderia species that reduces 

AMP interaction. Bacteria can also suffer transient molecular modifications in the 

bacterial membrane as a reversible adaptation to the presence of AMP [56]. To do 
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that, bacteria possess regulatory mechanisms that sense AMP and control the 

expression of resistance genes. For example, in P. aeruginosa, the two-component 

regulatory systems PhoP-PhoQ and PmrA-PmrB regulate the resistance to AMP via 

the addition of 4-aminoarabinose to lipid A present in the membrane, which creates 

a less negatively charged LPS and reduces binding affinity of AMP [62]. On the other 

hand, in S. aureus, transient AMP resistance is mediated via the aps AMP 

sensor/regulator system through: (i) the d-alanylation of the TA and the incorporation 

of lysyl-phosphatidylglycerol in the bacterial membrane, which decreases the negative 

charge of the membrane; and (ii) the activation of the vraFG transporter that extrudes 

AMP from the cell [63]. Resistance may also arise after the acquisition of resistance 

genes, e.g. Escherichia coli undergoes horizontal transfer of plasmids containing the 

mcr-1 gene, which encoded for colistin (CST) resistance [64]. S. aureus SCV have 

also been linked to resistant to AMP, namely to LL-37, human β-defensins 2 and 3, 

and lactoferricin B, most probably due to their diminished transmembrane potential 

and altered metabolism [56]. Other reported AMP resistance mechanisms include the 

production of proteases that cleave AMP and production of proteins that bind the 

peptides [65]. 

In addition to the possible development of resistance towards AMP, these 

peptides have some challenges concerning their systemic use as antimicrobial 

agents, which are: (i) delivery to the site of infection; (ii) rapid elimination; and (iii) 

toxicity (namely hemolysis). In addition to these concerns, the approval of products 

based on AMP has been very difficult and none have received FDA approval in the 

last years, except gramicidin, which is used for topical treatment [20]. Therefore, 

efforts are being made in order to synthesize new AMP or mimetics that overcome 

these issues [66]. Alternatively, the combination of AMP with other antimicrobials with 

the objective of obtaining synergic outcomes has also been seen as a valuable solution 

to overcome AMP toxicity, since the effective concentrations would be lower compared 

with the AMP used alone. 
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1.5 ANTIMICROBIAL COMBINATIONS 

Presently, there is a growing interest in the use of antimicrobial combinations 

since these hold great potential regarding: (i) the increase of the antimicrobial 

spectrum; (ii) the prevention of resistance; (iii) the reduction of toxicity and side 

effects; and (iv) the reach of synergistic activity. In fact, combinations of antibiotics 

are already widely used in clinical settings and synergy testing has been encouraged 

to guide clinical treatments for MDR strains, namely P. aeruginosa associated 

pulmonary exacerbation [67]. Although combinations may be accomplished by using 

traditional antimicrobials, the most promising strategy at the moment is the use of 

novel antimicrobials with new mechanisms of actions, such as AMP, either combined 

with each other or with traditional compounds as antibiotics. In fact, recent studies 

have demonstrated that AMP can enhanced the activity of antibiotics, antifungals, and 

other antimicrobials when used in combination [68]. Studies regarding AMP 

combinations have been rising, with over 54000 published to date (Figure 1.5). Sadly, 

synergy is rarely tested against biofilms; however, combinations against biofilms could 

be a great approach. This is due to the fact that combined agents may have synergic 

effects by not only acting together on cells, but also by targeting separate sub-

populations within the biofilm, which can be made of cells in different metabolic states 

or cells of different species [13]. 

 
Figure 1.5. Publications related to AMP combinations throughout time. Data retrieved on 

March 2017 from PubMed with the query “((antimicrobial peptide) OR (host defense peptide) OR (host 

defence peptide) OR (cationic peptide)) AND ((antimicrobial combination*) OR (synerg*) OR 

(checkerboard) OR ("FIC") OR ("FICI") OR (antagon*))”. 
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Generally, there are three main categories when it comes to antimicrobial 

combination strategies [69]. The most common strategy encompasses the 

combination of drugs that inhibit different pathways within cells. The second strategy 

is somewhat like the first and it is based on the inhibition of different targets but the 

same metabolic pathway. The third strategy requires inhibition of the same target in 

different ways; however it may not be as efficient as the first two strategies. The 

inhibition of different targets has been supported by studies that show that even the 

partial inhibition of few cell targets can be more efficient than the complete inhibition 

of a single target [70]. For example, combination therapy can utilize adjuvants for the 

antibiotic or antimicrobial in question. These adjuvants can be “sensitizers”, which 

are compounds that make the co-applied antimicrobial more effective. This can be 

achieved by inhibiting enzymes responsible for antibiotic resistance or those that 

metabolize it. Another mechanism of synergy is by increasing the intracellular 

antibiotic concentration. This can be attained by blocking bacterial efflux pumps that 

extrude antimicrobials from the cell or by overcoming cellular barriers that prevent 

antibiotics from penetrating the cell [71]. In the case of AMP, the main rationale for 

their combination is related with the later explanation, due to the fact that most AMP 

are recognized to act as membrane destabilizers. Unfortunately, to date, most studies 

of AMP combinations are focused on the planktonic mode of growth, which 

demonstrates the need for AMP combination studies in biofilms. 

1.6 APPLICATION OF BIOINFORMATICS 

APPROACHES 

1.6.1 Resources on AMP 

Bioinformatics approaches are an invaluable asset to attain a thorough 

understanding of the activity of AMP and thus exploit their potential as antimicrobial 

agents both alone and in combination with other compounds. Current approaches 

include the construction of information systems in support of the deposition, curation 

and comparison of AMP related data, as means of keeping track of the continuous 

discovery of new AMP with diverse antimicrobial potential. There are several 

databases specific for AMP (Table 1.1), and others, such as UniProt [72], Protein 

Data Bank (PDB) [73], and The Antimicrobial Index [74] in which AMP can be found. 
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However, more comprehensive databases on AMP with information on their activity, 

specifically in combination with other compounds, would facilitate the study of peptide 

potential. 

Table 1.1. AMP-related databases. 

Database & URL Total AMP Contents 

APD2 [75] 

http://aps.unmc.edu/AP 
2619 

Natural AMP: families, sources, 

properties, targets, etc. 

ANTISTAPHYBASE [76] 

www.antistaphybase.com 
596 

AMP (and essential oils) active against 

MRSA and S. aureus 

BaAMPs [77] 

www.baamps.it 
219 

AMP: sequence, chemical 

modifications, target organisms, 

experimental methods, peptide 

concentration and anti-biofilm activity 

BACTIBASE [78] 

http://bactibase.pfba-lab-tun.org 
229 

Bacteriocins: physicochemical 

properties 

BAGEL3 [79] 

http://bagel.molgenrug.nl 
489 Bacteriocin: mining tool 

CAMPR3 [80] 

www.bicnirrh.res.in/antimicrobial 
1386 

AMP: conserved sequence signatures, 

sequences, protein definitions, sources, 

activity (MIC) and target organisms 

C-PAmP [81] 

http://bioserver-

3.bioacademy.gr/Bioserver/C-PAmP 

15,174,905 Predicted plant AMP 

DADP 

http://split4.pmfst.hr/dadp/ 
1923 

AMP and other defence peptides from 

anuran tissues 

DAMPD [82] 

http://apps.sanbi.ac.za/dampd 
1232 

Manually curated known and putative 

AMP 

DBAASP v.2 [83] 

http://dbaasp.org 
9465 

AMP: ribosomal, non-ribosomal and 

synthetic; information on detailed 

structure (chemical, 3D) and activity 

DEFENSINS Knowledgebase [84] 

http://defensins.bii.a-star.edu.sg 
363 

Defensins: sequence, structure, activity, 

patents, grants, research laboratories 

and scientists, clinical studies and 

commercial entities 

dPABBs [85] 

http://ab-

openlab.csir.res.in/abp/antibiofilm 

188 Predicted anti-biofilm AMP 

DRAMP [86] 

http://dramp.cpu-bioinfor.org 
4582 

AMP: sequence, structure, activity (MIC 

in vitro), therapeutic application, 

company and a summary of literature 

sources of pre- or clinical AMP 

MilkAMP [87] 

http://milkampdb.org 
405 

AMP from milk: microbiological and 

physicochemical data 

Peptaibol Database [88] 

http://peptaibol.cryst.bbk.ac.uk 
317 

Sequences of naturally occurring 

peptaibols 
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Database & URL Total AMP Contents 

PhytAMP [89] 

http://phytamp.pfba-lab-tun.org 
271 

Plant AMP: taxonomic, microbiological 

and physicochemical data 

YADAMP [90] 

www.yadamp.unisa.it 
2525 AMP active against bacteria 

1.6.2 Mining Scientific Literature for Antimicrobial 
Combinations 

Despite the existence of public databases providing data on the individual 

potential of AMP, e.g. sources, targets and minimum inhibitory concentrations, no 

database documented antimicrobial combinations. Indeed, most of these data lays 

scattered over scientific literature, which makes the collection and analysis of such 

information troublesome and with implied time consuming manual curation [14]. 

Text-mining has become a valid and valuable bioinformatics approach to 

improve research productivity through the automatic extraction of key information 

from free text, such as scientific articles, and its conversion into structured data, or 

knowledge, for human comprehension [91]. Previous works have successfully 

developed text mining methods and tools that relieve part of the manual workload of 

literature analysis while preserving annotation quality, namely for the reconstruction 

of pharmacokinetic experimental evidence [92], adverse drug-drug interactions (DDI) 

[93], protein-protein interactions (PPI) [94], and drug-gene and drug-disease 

interactions [95,96], among others. Scientific manuscripts may be automatically 

annotated, prioritised, and filtered according to the directives of human experts and 

with the support of natural language processing tools and domain-specific controlled 

vocabulary. Usually, the fine tuning of these curation pipelines takes some time, but 

the effort is largely compensated by the ability to maintain an up-to-date 

reconstruction, generalising or particularising the scope of the reconstruction 

according to clinical and research interests. 

Within this scope, mining the literature for experimentally validated 

antimicrobial combinations has the potential to provide researchers insights on 

existing results and infer the most promising combinations to be tested next. 

Table 1.1. AMP-related databases. (continuation) 
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1.6.3 Reconstruction of Antimicrobial Combination 
Networks 

Network reconstruction and analysis can help in profiling and interpreting the 

activity of AMP in combination with other compounds and thus, allowing to better 

exploit their potential as antimicrobial agents. Networks can be: (i) used to map the 

interaction data outputted by combination studies; (ii) explored to unveil new 

interactions at the global scale; and also (iii) to classify new agents by their 

mechanism of action [97]. Network representation offers an intuitive and visually 

appealing means to observe and navigate a potentially large number of relationships. 

Furthermore, the analysis of network topology provides descriptive statistics about the 

combined agents and the types of combinations. In particular, the investigation of 

antimicrobial combinations has been supported by network models that have 

demonstrated that the partial inhibition of few cell targets can be more efficient than 

the complete inhibition of a single target [70]. 

One interesting route of analysis in combination network is the discovery of 

multiple target combinations, i.e. combinations tested across multiple organisms. 

Cellular wall and membrane features, which are usually used to divide bacteria into 

Gram-positive or Gram-negative groups, are known to influence the effectiveness of 

the antimicrobial agents. Multi-organism visualisation for all annotated gram-positive 

bacteria, for example, may allow the identification of combinations that are effective 

across the gram-positive bacteria analysed and that could be promising candidates 

for testing in other organisms of the same group. Another possibility is the discovery 

of effective combinations for two or more organisms that are co-infectious. 

Another interesting analysis perspective is the discovery of indirect associations 

between the annotated agents. The term direct association refers to antimicrobial 

agent combinations that have been experimentally tested and are documented in at 

least one scientific publication. Conversely, the term indirect association can denote 

two scenarios: the first refers to antimicrobial agents that potentially have the same 

mechanism of action given their coincident combinations (both in the agents used 

and the type of combinations); the second refers to antimicrobial agent combinations 

that have not yet been tested but present some potential considering that the 
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individual agents are connected through combinations with other antimicrobial 

agents. 
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2 CHAPTER  

MATERIALS AND METHODS 

This chapter details all the materials (reagents, bacterial strains, equipment, etc.) and methods 

employed in the work presented in this thesis. The methods for the laboratorial work are presented 

first in chapter 2.1, followed by the ones used in the bioinformatics portion of this work in chapter 2.2. 

  



 

  



 

2.1 CHAPTER  

IN VITRO MATERIALS AND METHODS 

  



 

 

 

 

 



CHAPTER 2.1 

31 

2.1.1 Antimicrobial Peptides 

In this work, a varied array of AMP were used in preliminary tests, specifically 

planktonic susceptibility to AMP and their combinations, namely colistin (CST), 

temporin A (TEMP-A), citropin 1.1 (CIT-1.1), a linear analogue of tachyplesin I (TP-I-

L), G10KHc, lactoferricin B, magainin II, pexiganan and omiganan. Further testing 

was performed with the first four mentioned AMP, given that the others were less 

effective and/or were not readily available. Also, the use of CST and its combinations 

with the remaining three AMP was further deemed relevant by inspecting the database 

described in chapter 3. 

2.1.1.1 Colistin 

Colistin (CST), also known as polymyxin E, belongs to the polymyxin group of 

cationic polypeptides. It is a non-ribossomal, cyclic decapeptide bound to a fatty acid 

(Figure 2.1) and was first isolated in 1947 in Japan from spores of Paenibacillus 

(Bacillus) polymyxa [1,2]. CST has a concentration-dependent bactericidal activity and 

its mechanism of action consists in the disruption of the cell membrane. Specifically, 

CST binds to the lipid A of lipopolysaccharides (LPS) of the outer membrane and its 

polycationic ring displaces membrane stabilizing ions, such as calcium and 

magnesium. This causes a detergent-like effect with permeability changes, leakage of 

cell contents, cell lysis and death [3]. CST is mainly active against Gram-negative 

pathogens, including major nosocomial pathogens, such as E. coli, Klebsiella spp., 

Enterobacter spp., P. aeruginosa, and Acinetobacter spp. [1]. 

 
Figure 2.1. 2D structure of CST [4]. 
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Historically, CST was introduced in the 1950s and was widely used in clinical 

practice, but its routine use was discontinued in the 1970s due to the associated 

nephrotoxicity and neurotoxicity effects [5]. Nevertheless, CST was re-introduced in 

the 1990s, due to the emergence of resistant Gram-negative infections, and it is still 

used as a last resource treatment for these infections, such as P. aeruginosa 

infections in the respiratory tract of cystic fibrosis patients [2,6,7]. There are currently 

two commercially available CST formulations: CST sulphate for oral and topical use, 

and colistimethate sodium for parenteral administration [6]. 

CST’s negative side effects have been shown to be less severe than previously 

thought. Both nephrotoxicity and neurotoxicity effects can be reversible if therapy is 

discontinued at early stages. Also, some studies have sported good effectiveness and 

lower toxicity than expected, which can relate to a better monitoring of kidney function, 

avoidance of concomitant administration of other toxic medications, administration of 

concomitant antioxidants and inhibitors of polymyxin clearance through the kidneys 

[8,9]. However, suboptimal doses and the use of CST monotherapy have been 

associated with the emergence of resistance towards this AMP. Gladly, some studies 

have shown that treatments of CST combined with other antibiotics (e.g. tigecycline 

or meropenem) showed higher efficacy and lower levels of resistance [10–12]. 

2.1.1.2 Tachyplesin I (linear analogue) 

Tachyplesin I (TP-I) (Figure 2.2) is an AMP with 17 amino acids with two 

disulphide bridges and a cyclic β-sheet structure, usually adopting a β-hairpin 

conformation in solution. It was first isolated from the Southeast Asian horseshoe crab 

Tachypleus tridentatus in 1988 [13]. TP-I targets the cellular membrane [14], but has 

also binds to the minor groove of DNA double chain [15]. TP-I exhibits broad-spectrum 

activity against both Gram-negative and Gram-positive bacteria, fungi and enveloped 

viruses at low concentrations [13,14]. 

In this work, a linear version of TP-I (TP-I-L) that does not contain the two 

disulphide bridges was used. Since peptides without disulphide bonds are easier, and 

thus cheaper, to synthesize, linear analogues are desirable [16]. Several studies have 

been carried out on linear derivatives of TP-I showing antimicrobial activity [17,18]. 

Such studies have designed linear TP-I analogues by deletion of the cysteine (Cys) 



CHAPTER 2.1 

33 

residues [18,19], or by replacing these amino acids by aromatic and aliphatic 

residues [16,20]. In this work, the purchased TP-I-L retained its cysteine residues but 

the thiol (–SH) groups were protected in order to prevent the formation of disulphide 

bonds. 

 
Figure 2.2. 2D structure of TP-I [21]. 

Linear TP-I analogues retain membrane disruptive abilities but have the 

mechanisms of action different from the wild-type peptide. For example, when Cys 

residues are replaced with alanine (Ala) residues, its antimicrobial activity significantly 

decreases, which might be because it forms a random coil rather than a β-hairpin in 

solution [17,18,22]. On the other hand, substitution of the Cys residues with 

phenylalanine (Phe) residues maintained comparable antimicrobial activity with the 

wild-type TP-I, which is probably due to the retention of the β-hairpin conformation in 

solution [17,22]. 

2.1.1.3 Temporin A 

Temporin A (TEMP-A) belongs to one of the largest families of AMP – temporins 

– and is a basic, highly hydrophobic, α-helical peptide with 13 residues (Figure 2.3) 
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and was first isolated from the European red frog Rana temporaria [23]. Its low 

cationic characteristic is an exception compared to most known AMP from other 

sources, which are usually cationic in nature. TEMP-A is produced by dermal glands 

and released into the frog’s skin secretion upon stress or injury [24]. Because its 

small size and ease of synthesis, it has received some attention regarding the 

development of anti-infective therapeutics [25]. 

 
Figure 2.3. 2D structure of TEMP-A [26]. 

TEMP-A targets the bacterial membrane and is known to have a rapid killing 

effect most probably due to the permeation of the bacterial membrane [27]. Besides 

its antibacterial activity, TEMP-A has also demonstrated activity against fungi, viruses 

and parasites [28]. Additionally, it has been shown that this AMP is not toxic for 

human keratinocytes [29] and has chemotactic effects on human phagocytes [30]. 

This recruitment of immune cells to the sites of infection is an attractive characteristic 

of temporins for drug development. TEMP-A primarily affects Gram-positive bacteria 

and has demonstrated activity against clinically important Gram-positive cocci, 

including methicillin-resistant (MR) staphylococci [23]. Additionally, TEMP-A has 

shown synergistic outcomes when combined with CST against planktonic P. 

aeruginosa ATCC 27853 [31] and, when used alone, TEMP-A was able to significantly 

decrease the in-vivo S. aureus load of a subcutaneous rat pouch graft infection model 

[32]. 
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2.1.1.4 Citropin 1.1 

Citropin 1.1 (CIT-1.1) is a cationic, highly hydrophobic, α-helical AMP with 16 

residues (Figure 2.4) and produced by the green tree frog Litoria citropa [33]. This 

AMP is produced by dorsal and submental glands and released into the frog’s skin 

secretion [34]. This AMP targets the bacterial membrane, most probably through a 

carpet model type of interaction [35]. The activities of CIT-1.1 are considered wide-

spectrum [33], with demonstrated action against S. aureus [36]. Besides its 

antibacterial activity, CIT-1.1 has also demonstrated activity against fungi and 

cancerous cells [37]. 

 
Figure 2.4. 2D structure of CIT-1.1 [38]. 

2.1.1.5 Provenience and Storage Conditions 

CST sulfate salt (PubChem CID: 5311054) was purchased from Sigma in a 

white powder formula. A linear version of TP-I (PubChem CID: 16129721) without the 

two disulphide bridges (TP-I-L) and the Cys substituted analogues (TP-I-L(Ala) and TP-

I-L(Phe)) were was purchased from GenScript. The AMP CIT-1.1 (PubChem CID: 

10351598) and TEMP-A (PubChem CID: 9920205) were kindly provided by Dr. 

Wojciech Kamysz, (Faculty of Pharmacy, Medical University of Gdansk, Poland) and 

Dr. Daria Grzywacz (Lipopharm, Poland). Peptide synthesis is detailed in sub-chapter 

2.1.1.6. Peptides were stored as directed by the manufacter: CST, CIT-1.1 and TEMP-

A were stored at 4 oC and TP-I-L was stored at -20 oC. As needed, peptides were 

solubilised in sterile distilled water and stored at -20 oC as stock solutions of 1 mg/mL. 



IN VITRO  MATERIALS AND METHODS  

36 

2.1.1.6 AMP Synthesis 

The AMP CIT-1.1 and TEMP-A were manually synthesised by a solid-phase 

synthesis method on polystyrene aminomethyl-rink-amide (AM-RAM) resin, using the 

fluorenylmethyloxycarbonyl chloride (Fmoc)/tButyl strategy [39]. Coupling was 

performed with the hydroxybenzotriazole/N,N'-Diisopropylcarbodiimide 

(HOBt/DIPCDI) method and the Fmoc protecting group was removed with 20 % 

piperidine. Crude peptides were cleaved from the resin using a mixture of 

trifluoroacetic acid (TFA), triisopropylsilane (TIS) and water as scavengers. The final 

products were purified by reverse-phase high performance liquid chromatography (RP-

HPLC) in a mixture of acetonitrile-water with 0.1 % TFA as the eluent. The molecular 

weight of the peptides was determined by matrix-assisted laser desorption/ionization-

time of flight mass spectrometry (MALDI-TOF). 

2.1.2 Bacterial Strains, Cell Storage and Initial 
Culturing 

This work considered the reference strains P. aeruginosa PAO1 and S. aureus 

ATCC 25923 and the clinical isolates (CI): P. aeruginosa U147016-1 and P. 

aeruginosa I92198-1 (MDR), isolated, respectively, from an urinary infection and a 

central venous catheter at the S. Marcos Hospital in Braga, Portugal; S. aureus GB 

2/1, isolated from explanted voice prostheses at the University Medical Center of 

Groningen, Netherlands; and S. aureus PD95.2 (MRSA), isolated from a peritoneal 

dialysis catheter from the Division of Nephrology of Centro Hospitalar do Porto-

Hospital Santo Antonio and Vila Nova Gaia/Espinho. All CI strains belong to the Centre 

of Biological Engineering’s collection of the University of Minho. 

All bacteria were kept in storage at -80 oC. When needed, cells were streaked 

and grown overnight at 37 oC on a tryptic soy agar (TSA) (Liofilchem) plate. Each 

strain was inoculated in 20 mL of Mueller Hinton broth (MHB) (Liofilchem) and 20 

mL of tryptic soy broth (TSB) (Liofilchem), for planktonic and biofilm culturing, 

respectively. Cultures were incubated overnight (37 oC, 120 rpm), centrifuged (9000 

× g, room temperature, 5 min) and re-suspended in MHB or TSB and then diluted 

until reaching 1x106 CFU/mL or 2x106 CFU/mL, for planktonic and biofilm culturing, 

respectively. This was accomplished by measuring absorbance (Abs) at 640 nm and 
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calculating the cells’ concentration through calibration curves (Table 2.1). These 

curves were established by centrifuging and re-suspending grown cells in phosphate-

buffered saline (PBS, pH 7.4) twice, making two-fold dilutions and reading each 

dilution’s absorbance at 640 nm. Each two-fold dilution was subsequently decimally 

diluted in order to plate them to count CFU after overnight incubation at 37 oC. 

Table 2.1. Calibration curves for the bacterial strains used in this work. 

Microorganism Strain Calibration curve 

P. aeruginosa 

PAO1 ���/�� = × × � � 4  − ×  

CI (U147016-1) ���/�� = × × � � 4  − ×  

CI MDR (I92198-1) ���/�� = × × � � 4  − 7 ×  

S. aureus 

ATCC 25923 ���/�� = 9 × × � � 4  + 7 ×  

CI (GB 2/1) ���/�� = × × � � 4  − ×  

CI MRSA (PD95.2) ���/�� = × × � � 4  − ×  

2.1.3 Planktonic Susceptibility 

2.1.3.1 Single AMP 

The effect of AMP on planktonic cultures was determined by the minimum 

inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC), 

following the Clinical and Laboratory Standards Institute (CLSI) method by broth 

microdilution [40]. Briefly, in a round bottom 96-well polystyrene (PS) microtiter plate 

(Orange Scientific), 100 μL of the prepared bacterial suspensions were incubated (37 

oC, 120 rpm, 24 h) in an orbital shaker (N-Biotek Shaker & Incubator NB-205Q) with 

100 μL of serial dilutions of the AMP in MHB. A negative (no cells and no AMP) and 

a positive (no AMP) control were included in this assay. MIC values were established 

as the lowest concentrations capable of reducing by 99 % the growth of the bacterial 

cells. Growth was determined by measuring Abs at 640 nm. The MBC was determined 

by adding 10 µL from each well with no visible growth to a TSA plate, which was then 

incubated (37 oC, 24 h). The MBC values were established as the lowest 
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concentrations capable of reducing over 99.9 % of the number of cells, i.e. no colony 

growth. 

2.1.3.2 Combined AMP 

The susceptibility of planktonic cells to AMP combinations was assessed by the 

checkerboard microdilution assay [41]. AMP were paired in serial two-fold increasing 

concentrations (Figure 2.5), until just below the MIC, and following the conditions 

aforementioned in sub-chapter 2.1.3.1 for the MIC and MBC assays. The analysis of 

the checkerboard assay data is detailed in sub-chapter 2.1.6.1. 

 
Figure 2.5. Representation of the checkerboard assay in a 96-well 

microtiter plate. 

2.1.4 Biofilm Susceptibility 

2.1.4.1 Combined AMP on Biofilm Growth 

AMP combinations were tested for their ability to impair biofilm formation, as a 

prophylactic approach. Biofilms were developed according to the modified microtiter 

plate test proposed by Stepanović et al. [42]. Briefly, 100 μL of the prepared bacterial 

suspensions were transferred to a flat-bottom 96-well PS microtiter plate (Orange 

Scientific), adding 50 μL + 50 μL of different four-fold concentrated AMP solutions 

diluted in TSB in the wells (for the single AMP controls, 50 μL of TSB was added in 

substitution of one of the combined AMP). The plates were then incubated (37 oC, 

120 rpm, 24 h) in an orbital shaker (N-Biotek Shaker & Incubator NB-205Q) to 
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promote biofilm formation. Afterwards, the content of each well was removed by plate 

inversion and the wells were washed twice with 200 μL of distilled sterile water to 

remove planktonic cells. The plates were then analysed in terms of biomass (sub-

chapter 2.1.5.1), and biofilm-cell viability (sub-chapter 2.1.5.2) and vitality (sub-

chapter 2.1.5.3). Tests covered concentrations ranging from below to above the MIC. 

2.1.4.2 Combined AMP on Grown Biofilms 

Mimicking a therapeutic approach, AMP combinations were tested on 24 h-old 

single and double-species biofilms. Biofilms were grown as described in sub-chapter 

2.1.4.1, but with a single modification for the double-species biofilms: 100 μL of each 

bacterial solution (1x106 CFU/mL) was added to each well. After biofilm development, 

the content of each well was removed by plate inversion and the wells were washed 

twice with 200 μL of distilled sterile water to remove planktonic cells. Then, 200 μL 

of AMP solution (containing one AMP – as control – or two AMP) diluted in TSB or 

PBS were added to each well. AMP were dissolved in TSB and in PBS in order to 

compare the action of the AMP in more (TSB) and less (PBS) rich and favourable 

biofilm forming media. AMP were tested alone and in combination. The plates were 

incubated aerobically (37 oC, 120 rpm) in an orbital shaker (N-Biotek Shaker & 

Incubator NB-205Q) for a low (2 h) and an intermediate (6 h) time course of 

antimicrobial treatment, prior to biofilm analysis. The concentrations tested (32 – 128 

mg/L) defined the maximum treatment time of 6 h, since individual CST is able to 

eradicate P. aeruginosa PAO1 biofilms above this time period [43]. 

2.1.5 Biofilm Analysis 

2.1.5.1 Biomass Quantification 

Total biomass was quantified by the crystal violet (CV) staining method adapted 

from Stepanović et al. [42]. Briefly, biofilms were fixed with 200 μL of pure methanol 

(Valente e Ribeiro, Lda. – Portugal) for 15 min. The plates were emptied by plate 

inversion, air dried and the fixed biofilm was then stained for 5 min with 200 μL of 

CV (Merck Gram's CV solution, 100 %) stain. Excess stain was removed by washing 

the biofilm between 3 to 5 times with 200 μL of water. The plates were then emptied 

by plate inversion, air dried and the stain bound to the adherent biofilm was re-
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suspended with 200 μL of 33 % (V/V) glacial acetic acid (Fischer Scientific). The final 

solution was measured for its Abs at 570 nm. 

2.1.5.2 Quantification of Biofilm Cells’ Viability 

i. Optimization 

In order to quantify the viable cells within the biofilms, an optimization of the 

methodology employed was necessary in order to circumvent some restrictions of the 

previously used protocol. Originally, the protocol instructed that the biofilms were 

detached by placing the plate in an ultrasonic bath for 12 min, which had been 

previously optimized by the research group where this PhD project was developed in 

order to minimize cell death and maximize cell detachment. However, during the 

initial experiments performed for this work, it was observed that P. aeruginosa formed 

a thick biofilm at the sides of the wells where the air/liquid interface was present. This 

was observed with the CV staining method, in which high absorbance values were 

measured due to the presence of high-stained areas in the well, namely in the 

air/liquid interface and in the area above that same interface. Biofilm growth in the 

interface is known to be a trait of P. aeruginosa biofilm formation [44]. Also, the 

agitation of the microtiter plates (120 rpm) during incubation may allow for the 

adhesion of cells and subsequent biofilm formation above this interface. 

A possible problem that may arise from this interface biofilm growth is the 

undercounting of viable biofilm cells, since the volume used in order to detach the 

cells and to apply treatments to the biofilms is 200 μL. To test whether this may have 

occurred, a test was carried out to check if the volume of water used to detach the 

biofilm through sonication (200 μL) was sufficient to properly cover the interface and 

detach it. Also, a higher volume (250 μL) was tested to see if the results were 

improved (Figure 2.6). Similarly, the same was performed for the staining volume. 

Alongside this, and given that the treatment of the grown biofilms was being 

performed using AMP solutions of 200 μL, a higher volume was also tested in order 

to check whether the treatment outcome would be improved (Figure 2.6). 
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Figure 2.6. Comparison between the effect of two different volumes (200 μL and 250 

μL) of treatment and sonication/staining on the cell viability and biomass quantification 

of a 24-h biofilm of P. aeruginosa PAO1. T – treatment volume; S – sonication or staining volume 

for CFU or CV data, respectively. 

There were no significant differences between any of the different volume 

combinations in the control (i.e. biofilm treated only with TSB), meaning that the 

increase of treatment volume and sonication/staining volume did not influence cell 

viability counts and biomass quantification. In terms of the biofilm treated with CST, 

statistically significant differences in cell viability were observed between T200 S200 and 

T250 S200, meaning that a higher volume of CST treatment apparently significantly 

reduced cell viability. However, statistically significant differences were also observed 

between T250 S200 and T250 S250, in which a higher volume of water during the 

sonication process increased the number of CFU, which, in turn, were not statistically 

different from the CFU of the biofilm both treated and detached with a lower volume 

of liquid. Also, biofilm biomass did not show any differences both in the control and 

in the treatment. Additionally, biomass was still detected after sonication, with no 

differences between the different conditions. Overall, the increase in volume showed 

not to be a worthwhile solution to solve this problem. 

In order to test if the sonication process was still optimal for this type of 

interface-forming biofilms, different times of sonication (6 min and 12 min) were 
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tested to check for any differences. Two volumes of sonication (200 μL and 250 μL) 

were also used in order to inspect whether the volume influence was time-dependent 

(Figure 2.7). 

 
Figure 2.7. Comparison between the effect of two different volumes (200 μL and 250 

μL) and two different times (6 min and 12 min) of sonication on cell viability and sub-

sequent biomass quantification of a 24-h biofilm of P. aeruginosa PAO1. S – sonication 

volume; t –sonication time. 

Statistical differences were only encountered for the 12 min sonication process 

between the two volumes for the biomass quantification after CFU. A lower biomass 

was achieved, but the number of viable cells was not statistically different in any 

condition. Therefore, it is possible that a longer time and higher volume in the 

sonication process allowed for a higher detachment of the biofilm but did not improve 

the number of viable cell counts, which may indicate that the additional detached 

biomass corresponds majorly only to the biofilm’s matrix. 

Given this, another experiment was designed to test whether the number of 

viable cells detached would improve if a different detachment methodology was used, 

namely scrapping. This methodology would in principle guarantee a better removal of 

any thick interface-biofilm, since it is possible for the operators to adapt the scrapping 

to focus on these areas. Variations to the methodology were employed, namely 

scrapping of the wells was followed either by sonication or vortexing, in order to 

desegregate possible cell clusters. Sonication of the scrapped cell suspension was 
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performed for 6 min or 12 min in the same plate or in an Eppendorf. This was 

performed in order to see if the additional sonication of the plates would detached 

any cells not detached by scrapping, in which the Eppendorf sonications served as 

the control. Vortex of the scrapped cell suspension was performed for 1 min or 2 min 

in an Eppendorf. Results were compared with the best result (higher number of 

detached cells) of the previous methodology (only sonication), which was S200 t6 min 

(Figure 2.8). 

 
Figure 2.8. Comparison between different scrapping technical variations for 24-h old 

biofilms of P. aeruginosa PAO1. P – microtiter plate; S – sonication; E – Eppendorf; V – vortex. 

Statistically significant differences were observed for the biomass quantification 

after CFU between the previously used methodology (sonication) and scrapping, 

regardless of its variations. This means that the latter methodology is much more 

efficient in removing all the biofilm’s biomass attached to the wells. In terms of CFU, 

there were no statistically significant differences between any of the tested conditions. 

Despite, it is possible to observe that the highest CFU with lower deviation errors was 
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obtained with scrapping followed by vortexing the suspensions for 1 min in an 

Eppendorf (E, V1 min) and that this value is slightly higher than the one obtained with 

sonication alone.  

This experiment was also performed for S. aureus ATCC 25923 in order to see 

if the same optimization was possible. Figure 2.9 shows that unlike in the case of P. 

aeruginosa, differences were encountered between the best sonication outcome and 

the P, S (scrapping followed by sonication in the microtiter plate) for both times, with 

the latter resulting in lower cell viability. All other conditions did not represent different 

outcomes compared with the best sonication. Similarly to P. aeruginosa, the 

remaining biomass was much lower for all scrapping conditions compared with the 

sonication alone. Bearing in mind that experiments will be carried out with double-

species biofilms of P. aeruginosa + S. aureus, it is crucial that the same optimize 

protocol for cell detachment is used for both bacteria. Given this, the E, V1 min was 

chosen given that it was the best set of conditions for P. aeruginosa PAO1 (Figure 

2.8) and is also good for S. aureus ATCC 25923 (same CFU and less remaining 

biomass) (Figure 2.9). 

 
Figure 2.9. Comparison between different scrapping technical variations for 24-h old 

biofilms of S. aureus ATCC 25923. P – microtiter plate; S – sonication; E – Eppendorf; V – vortex. 
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ii. Final Protocol 

To determine the number of viable cells, biofilms were detached by scrapping 

the bottom and sides of the wells. The resulting cellular suspensions were vortexed 

for 30 s, serially diluted in distilled sterile water, plated on TSA, and incubated in an 

orbital shaker (N-Biotek Shaker & Incubator NB-205Q) at 37 oC overnight. For the 

analysis of double-species biofilms, the dilutions were also plated onto pseudomonas 

isolation agar (PIA) and mannitol salt agar (MSA), in order to isolate and count P. 

aeruginosa and S. aureus CFU, respectively. The number of viable biofilm-cells was 

expressed as log (CFU/cm2) (Equation 1): 

���/ � =   µL ×  no. of colonies × dilution factor µL × .  cm  

Equation 1 

where 200 µL correspond to the volume of the well, 10 µL to the plated volume of 

cell solution and 1.53 cm2 to the surface area of the well occupied by 200 μL and 

available for biofilm adherence. 

2.1.5.3 Analysis of Biofilm Cells by Live/Dead 
Fluorescence Microscopy 

The vitality of the double-species biofilm cells was analysed by Live/Dead 

fluorescence microscopy. Biofilm were grown in the previously described conditions 

(sub-chapter 2.1.4.2) with some modifications. Briefly, 1 mL/well of bacterial 

suspension was placed in a 24-well PS microtiter plate in which a PS coupon (surface 

area of approximately 1 cm2) was inserted in order to allow for the biofilm to develop 

on its surface. After incubation, the coupons were removed and washed 3 times by 

placing them under ultra-pure water. The coupons were then transferred to wells 

containing either PBS or PBS supplemented with an AMP combination and incubated 

for 6 h. Afterwards, coupons were washed again as described and briefly air-dried 

before adding 20 μL of a solution containing 50 μM SYTO® BC green fluorescent 

nucleic acid stain (Thermo Fisher Scientific) and 1.5 mM propidium iodide (PI) 

(Thermo Fisher Scientific). These concentrations were previously optimized for 

double-species biofilms within the research group. Coupons were incubated for 10 
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min at room temperature and away from light and then observed in an Olympus BX51 

fluorescence microscope. This experiment was performed with two coupon replicates. 

2.1.6 Effectiveness Analysis of AMP combinations 

2.1.6.1 Planktonic bacterial cells 

In order to evaluate potential synergy, the fractional inhibitory concentration 

index (FICI) (Equation 2) and the fractional bactericidal concentration index (FBCI) 

(Equation 3) were calculated by comparing the MIC and the MBC of each individual 

AMP (Aalone and Balone) against the concentrations achieved by the AMP combination 

(Acomb A/B and Bcomb A/B) [41]. These values were the result of the checkerboard assay 

detailed in sub-chapter 2.1.3.2. 

FICI = FIC + FIC = MIC A  /MIC A e + MIC B  /MIC B e  

Equation 2 

FBCI = FBC + FBC = MBC A  /MBC A e + MBC B  /MBC B e  

Equation 3 

The interpretation of the breakpoint values for FICI and FBCI was as follows: 

‘synergy (S)’ (FICI or FBCI ≤ 0.5), ‘additiveness (Ad)’ (0.5 < FICI or FBCI ≤ 1), 

‘indifference (I)’ (1 < FICI or FBCI ≤ 4) and ‘antagonism (A)’ (FICI or FBCI > 4.0) [41]. 

2.1.6.2 Biofilms 

The effectiveness of AMP combinations in both prophylactic and therapeutic 

approaches was assessed by comparing the action of the individual AMP with the 

action of the combinations. Two methodologies of data analysis were followed. Firstly, 

data was analysed strictly in terms of statistical differences, in which the conclusions 

were drawn as follows: ‘S’ – the combined action is superior to the sum of the 

individual actions; ‘Ad’ – the combined action is equal to the sum of the individual 

actions; ‘I’ – the combined action is equal to the action of the most active peptide 

alone; ‘A’ – the combined action is inferior to the action of the most active peptide 

alone. This analysis was performed for the biomass and cell viability data. 
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Next, a more conservative approach was also followed in order to assess the 

biological significance of the previously drawn conclusions. In this case, the action of 

the combinations was compared with the action of the most active individual AMP in 

terms of cell viability and conclusions were drawn as: ‘S’ – ≥ 2 log decrease; ‘Ad’ – 

1 ≤ log < 2 decrease; ‘I’ – < 1 log decrease; ‘A’ – ≥ 2 log increase [45]. 

2.1.7 AMP Toxicity towards Mammalian Cells 

Fibroblasts BALB/3T3 (ATCC CCL-163) were used to evaluate the toxicity of 

the individual and combined AMP in mammalian cells. Cells were cultured in 

Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10 % of fetal bovine 

serum (FBS) and 1 % of penicillin/streptomycin and were incubated (37 oC, 5 % CO2). 

After achieving a minimum of 80 % confluence, cells were detached using trypsin and 

diluted with supplemented DMEM to a density of 1×105 cells/mL. Then, 300 μL of 

cell suspension were added to a flat-bottom 48-well PS microtiter plate (Orange 

Scientific) and the plates were then incubated (37 oC, 5 % CO2, 24 h). Afterwards, the 

medium was removed, the cells were washed with PBS and 300 μL of AMP solutions, 

previously diluted in supplemented DMEM, were added. The plates were incubated 

again (37 oC, 5 % CO2, 24 h). Subsequently, the medium was removed and the cells 

were washed with PBS. In order to assess the metabolic activity of the cells, the 3-

(4,5-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) tetrazolium 

assay was performed. For this, a mixture of MTS (Promega) and DMEM without 

phenol at 9 % (V/V) was added to each well. After 1 h of incubation at 37 oC in the 

dark, Abs was measured at 490 nm and the results were expressed as percentage 

(%) of viable cells compared to the positive control. 

2.1.8 Statistical Analysis 

All tests were performed with at least two reproductions with no less than two 

replicates each. The examination of the activity of AMP combinations in biofilms 

encompassed the analysis of variance (ANOVA) followed by the Bonferroni's correction 

method in multiple comparison test for selected pairs of means and the Tukey's 

multiple comparison test for comparing all means. All statistical evaluations were 

carried out in GraphPad Prism 5.03 (GraphPad Software Inc., San Diego, CA). 

Heatmaps for the checkerboard assays were constructed using Plotly [46]. 
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2.2.1 Workflow 

The reconstruction of experimental evidences on AMP combination in network 

format entailed the design and implementation of a new semi-automated curation 

workflow (Figure 2.10), integrating document identification and retrieval (sub-chapter 

2.2.2), named entity recognition (sub-chapter 2.2.3), document relevance 

assessment (sub-chapter 2.2.4), semi-automatic and manual curation (sub-chapter 

2.2.5), and network visualization and search (sub-chapter 2.2.6). Such 

implementation was performed in collaboration with bioinformaticians from the 

University of Vigo. Besides supporting expert validation of document annotations, the 

author of this thesis was responsible for the definition and correct articulation of 

annotation guidelines as well as for the validation of automatic steps, i.e. the predictive 

document relevance assessment model and the named entity recognisers. 

Additionally, the author also compiled all the information from the abstracts and full-

text articles that was used to construct the AMP-combination networks. All these steps 

are detailed in the subsequent sub-chapters focusing only on the contributions of the 

author of this thesis. 

 
Figure 2.10. Overview of the semi-automated curation pipeline. Dashed box 

highlights the manual data curation step. 
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2.2.2 Document Identification and Retrieval 

The National Center for Biotechnology Information (NCBI) Entrez Utilities Web 

services [1] were used to access the PubMed library, search for potentially relevant 

documents and download the publication details, including the titles and abstracts to 

be further processed. PubMed (http://www.ncbi.nlm.nih.gov/pubmed) was searched 

for works reporting the test of antimicrobial combinations, in particular those that 

included AMP. The scope of the search was narrowed to documents whose title or 

abstract mentioned terms that commonly denote the test of antimicrobial 

combinations (e.g. “antimicrobial combination”, “synerg*” or “antagon*”), and 

experimental methods specific to antimicrobial combination susceptibility testing (e.g. 

“checkerboard assay” or “FIC”). The symbol “*” at the end of a word was used to 

enable a wildcard search, in which it represents any variation of the termination of 

that word (e.g. “antagon*” can represent “antagonism”, “antagonic”, “antagonistic”, 

etc.). 

Searches were either specific for certain microorganisms (e.g. P. aeruginosa) 

or for specific AMP (e.g. colistin). The generic queries used in this thesis were as 

follows: 

(i) “(species designation) AND (antimicrobial peptide OR cationic peptide) 

AND (synerg* OR antagon* OR addictive OR indifferent OR FIC OR 

checkerboard OR time+kill)”, for microorganism specific search; 

(ii) “(AMP’s designation(s)) AND (synerg* OR antagon* OR addictive OR 

indifferent OR FIC OR checkerboard OR time+kill) AND (antibacterial OR 

MIC OR bactericidal OR bacteriostatic OR antibiotic)”, for AMP specific 

search. 

Publication details, including the abstracts and titles, were downloaded to in 

order to proceed with the analysis of their content. Reviews were excluded from the 

document list since it was considered that they would only generate repeated 

information regarding AMP combinations. 

http://www.ncbi.nlm.nih.gov/pubmed
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2.2.3 Named Entity Recognition 

Named entity recognition methods were used by collaborators in the University 

of Vigo to identify textual mentions of important entities, notably antimicrobial agents, 

experimental methods, organisms and types of combinations. This was performed 

with the help of specialized databases for antimicrobial agents and organisms. In the 

case of methods and types of combinations, two dictionaries (Appendix 2.1) were 

constructed based on the existing scientific expertize at that time and were 

consecutively updated as more textual mentions for methods and types of 

combinations were annotated in the subsequent work. This entity recognition step 

was important for subsequent work, namely the document relevance assessment 

(sub-chapter 2.2.4) and the manual curation (sub-chapter 2.2.5). 

2.2.4 Document Relevance Assessment 

The quantification of the relevance of each retrieved document is quite useful 

as a pre-screening tool and alleviates the workload of human curators. Such a tool 

requires domain-specific validation to ensure that relevant documents are not 

systematically disregarded nor a high number of irrelevant documents moves forward 

in the process. To do so, an automatic relevance assessment method was created. 

In a first phase, documents retrieved from PubMed were manually labelled as 

“relevant” or “not relevant” to train the relevance assessment method. For a 

document to be considered relevant, the reported antimicrobial combination had to 

involve at least one AMP and specify the microorganism or AMP of interest. The 

assessment of document’s relevance was usually possible by analysing the title and 

abstract of the documents. However, sometimes full-text examination was required to 

confirm relevance. This manual classification step served to construct a standard from 

which the automatic relevance assessment method was built. 

In each new set of documents retrieved from new queries, the documents 

automatically labelled as relevant and a fraction of the documents labelled as 

irrelevant (with better ranking score) by the relevance assessment method were 

always manually verified. This made possible the identification of deficiencies in the 

relevance assessment method and the necessity to recalibrate it. 



IN SILICO  MATERIALS AND METHODS  

58 

2.2.5 Manual Curation 

The entities considered important for the reconstruction of the AMP 

combination networks are described in Table 2.2. Basically, interest was set on the 

identification of the antimicrobial agents tested, the microorganism(s) targeted 

(including whenever possible the strain), the mode of growth of the microbial culture, 

and the antimicrobial susceptibility method(s) used. 

Table 2.2. Relevant entities to the reconstruction of AMP combination networks. 

Named entity Annotation procedure Description 

Antimicrobial agent Semi-automatic 
Commercial drugs, antibiotics, antifungals, 
AMP (natural and designed), enzymes, 
disinfectants 

Microorganism Semi-automatic Bacteria and fungi 

Strain Manual 
Reference strain, isolated strain (clinical 
isolate, food isolate) 

Mode of growth Manual Planktonic, biofilm, in vivo 

Method Semi-automatic 

Checkerboard assay and/or FIC and/or 
FBC determination 
Time-kill assay 
Other (e.g. MIC, MBC, bacterial counts, cell 
viability, etc) 

These entities were annotated firstly via a semi-automatic procedure, in which 

titles and abstracts were analysed, and finally via a full manual procedure, in which 

the full-texts were analysed. 

The Markyt web-based document annotation tool [9] supported the initial 

manual curation (Figure 2.11). Annotated documents (titles and abstracts) were 

displayed on the Marky annotation tool with pre-annotated entities, hence the 

designation of semi-automatic procedure. For the automatic annotation to be 

considered accurate, it had to correctly identify the type of the entity and mark an 

acceptable fragment of the corresponding textual mention. Markyt allowed to 

manually eliminate annotations, amend annotation types or insert new annotations. 

Markyt also allowed the manual creation of links between annotated entities, each 

one representing a type of combination based on the described effects. Four different 

combination categories were considered: ‘S’, i.e. the combined action is superior to 
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the sum of the isolated actions; ‘Ad’, i.e. the combined action is equal to the sum of 

the isolated actions; ‘I’, i.e. the combined action is equal to the action of the most 

active single agent; and, ‘A’, i.e. the combined action is inferior to the action of the 

most active single agent. In some cases, other categories named ‘Ad/I’ or ‘S/Ad’ 

were used to denote that results were not conclusive. 

 
Figure 2.11. Snapshot of the document curation in Markyt. Annotated entities are highlighted 

in different colours. Combination types are displayed as links between entities in different colours. 

The categorisation of the combinations was dependent on the type of 

methodology described in the paper. The two main standardised methods in use are 

the checkerboard assay, with FIC and FBC assessments, and time-kill curves. In the 

case of the checkerboard assays, the common interpretation of the breakpoint values 

is as follows: ‘S’ if (FIC or FBC ≤ 0.5), ‘Ad’ if (0.5 < FIC or FBC ≤ 1), ‘I’ if (1 < FIC or 

FBC ≤ 4), and ‘A’ if (FIC or FBC > 4.0) [31]. In the case of time-kill curves, the action 

of the combinations is compared with the action of the most active individual agent 

and interpretation is as follows: ‘S’ if ≥ 2 log decrease, ‘Ad’ if 1 ≤ log < 2 decrease, 

‘I’ if < 1 log decrease, and ‘A’ if ≥ 2 log increase [32]. 
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Annotation of the combination category was primarily based on the textual 

descriptions presented in the paper. However, this was not always possible due to 

discrepancies between studies, including different types of analysis and different 

interpretations of the results, which not always resulted in the above classification. In 

these cases, and in order to maintain a systematic and harmonised annotation, the 

experts used the above definitions in order to curate those results. Finally, the Markyt 

output (Excel file list with all the Markyt annotated combinations) served as base for 

the reconstruction of the AMP combination networks and also provided insights on 

possible dictionary updates. 

Abstracts mainly contained a summary of the obtained results, and in 

particular, they typically described only the best performing combinations. Therefore, 

the full-texts of the documents deemed relevant were all manually curated in order to 

annotate all the combinations tested along with additional information, such as the 

methods and strains used (Table 2.2). 

During the curation of the full-text documents, an analysis of the materials and 

methods and the results sections was performed in order to understand the 

methodology applied in the study and the results obtained for each combination. If 

the typical methodologies for testing combinations in vitro were applied (e.g. 

checkerboard assay, FIC and/or FBC determination, and time-kill assay), the 

annotation of the results was easier, because the conclusions are usually quantifiable. 

For example, synergy can be indicated by FIC or FBC ≤ 0.5 or by log decrease ≥ 2 on 

viable cells when comparing the action of the combinations with the action of the most 

active single agent [10]. However, the interpretation of results obtained by less 

standard methodologies was more challenging. Likewise, many documents did not 

describe textually the results of all the tested combinations, and was often necessary 

to analyse data shown in graphs or tables to be able to properly document all 

combinations and their results. This was particularly true for less successful 

combinations, i.e. non synergic combinations. 

2.2.6 Network Visualization and Search 

The curated combinations and all their annotated supplementary information 

were represented in the form of networks (graph-based models - Figure 2.12), where 
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nodes identify antimicrobial agents and edges establish the combination among 

agents, using Cytoscape [11]. 

 
Figure 2.12. Graph exemplification. 

In the constructed networks, the nodes describe the antimicrobial agents and 

present a cross-link with the main chemical databases, whereas edge detail 

information of the experiment and the results (i.e. type of combination, strain, mode 

of growth and experimental methods) (Table 2.3). Moreover, both nodes and edges 

are linked to the supporting literature. The size and the colour of each node was made 

dependent on its degree, i.e. the number of antimicrobial combinations in which that 

particular agent participates. 

The reconstructed AMP combination networks were made publicly accessible 

in the form of a database with a Web-based interface at 

http://sing.ei.uvigo.es/antimicrobialCombination/. This interface allows users to 

formulate queries at different levels of specificity, e.g. filtering the antimicrobial 

combinations by organism, antimicrobial agent, and type of combination. This 

interface was constructed in collaboration with the University of Vigo. 

 

 

http://sing.ei.uvigo.es/antimicrobialCombination/
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Table 2.3. Details about the edges of the network. 

Information Classification 

Type of combination 

Synergetic 
Addictive 
Indifferent 
Antagonic 

P. aeruginosa Strain 

Mode of growth 

Planktonic 
Biofilm 
In vivo 
(Others…) 

Methodology 
FIC 
Time-kill assay 
(Others…) 

Type of combined agent 

Antibiotic 
Antifungal 
Enzyme 
Disinfectant 
Other 

Agents 

Alternative nomenclature 
Database links: 
LAMP 
Bactibase 
DrugBank 
PubChem 
Uniprot 
PDB 

Publication 
PMID 
URL 
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Appendix 2.1 – Annotation Dictionaries 

Appendix Table 2.1. Dictionary for the annotation of textual mentions regarding methods 

(in alphabetical order). 

Short method designation Designation variations 

Bacteria count(s) Bacterial count(s) 

Biomass quantification - 

Cell(s) growth - 

CFU(s) Colony forming unit(s) 

Checkerboard(s) - 

Clinical score - 

Cornea(s) opacity - 

CV Crystal violet 

Disk 
Agar diffusion 
Radial diffusion 

ED50 Median effective dose(s) 

Etest(s) - 

FBC(s) 

Fractional bactericidal concentration(s) 
Fractional biofilm eradication concentration(s) 
FLC(s) 
Fractional lethal concentration(s) 

FBCI(s) 

Fractional bactericidal concentration index(es) 
Fractional biofilm eradication concentration index(es) 
FLCI(s) 
Fractional lethal concentration index(es) 

FBEC(s) Fractional biofilm eradication concentration(s) 

FBECI(s) Fractional biofilm eradication concentration index(es) 

FIC(s) Fractional inhibitory concentration(s) 

FICI(s) Fractional inhibitory concentration index(es) 

Immunostaining Immunohistochemistry-staining, IHC-staining, IHC staining 

In vitro - 

In vivo - 

Knockdown - 

Lethality - 

Live/dead Live dead, Live-dead 
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Short method designation Designation variations 

Log reduction(s) - 

LPS binding LPS-binding 

Luminescence - 

MBC(s) 

Minimum bactericidal concentration(s) 
Minimal bactericidal concentration(s) 
Minimum bacterial concentration(s) 
Minimal bacterial concentration(s) 
MLC(s) 
Minimum lethal concentration(s) 
Minimal lethal concentration(s) 

MBEC(s) 
Minimum biofilm eradication concentration(s) 
Minimal biofilm eradication concentration(s) 

MBIC(s) 
Minimum biofilm inhibitory concentration(s) 
Minimal biofilm inhibitory concentration(s) 

Membrane permeabilization Membrane integrity 

MIC(s) 
Minimum inhibitory concentration(s) 
Minimal inhibitory concentration(s) 

mRNA expression - 

PCR(s) 

Polymerase chain reaction(s) 
RT-PCR(s) 
Real time RT-PCR(s) 
Real-time RT-PCR(s) 
Real time quantitative reverse transcription PCR(s) 
Real-time quantitative reverse transcription PCR(s) 
Real time reverse transcription PCR(s) 
Real-time reverse transcription PCR(s) 

Peptide(s) penetration - 

PI staining PI stain 

Endotoxin level(s) Plasma endotoxin level(s) 

Time-kill Time kill 

Viability - 

XTT Respiratory activity, Metabolic activity 

Yeast burden - 

  

Appendix Table 2.1. Dictionary for the annotation of textual mentions regarding 

methods (in alphabetical order). (continuation) 
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Appendix Table 2.2. Dictionary for the annotation of textual mentions 

regarding types of combinations (in alphabetical order). 

Type of combination designation Designation variations 

Additiveness Additive 

Antagonism Antagonic, Antagonistic 

Indifference Indifferent 

Synergic Synergistic, Synergism, Synergetic 

 

 

 

 



 

 
 

3 CHAPTER  

CONSTRUCTION OF AMP-DRUG COMBINATION 

NETWORKS FROM SCIENTIFIC LITERATURE BASED ON 

A SEMI-AUTOMATED CURATION WORKFLOW 

Considerable research efforts are being invested in the development of novel antimicrobial 

therapies that are effective against the growing number of MDR pathogens. Notably, the combination 

of different agents is increasingly explored as means to exploit and improve individual agent actions 

while minimising microorganism resistance. Although there are several databases on antimicrobial 

agents, scientific literature is the primary source of information on experimental antimicrobial 

combination testing. 

This chapter presents a novel database resource and the supporting semi-automated curation 

workflow, which involves the mining of scientific literature and the reconstruction of recently 

documented antimicrobial combinations. Currently, this database contains data on antimicrobial 

combinations that have been experimentally tested against P. aeruginosa, S. aureus, E. coli, Listeria 

monocytogenes and Candida albicans, which are prominent pathogenic organisms and are well-known 

for their wide and growing resistance to conventional antimicrobials. Researchers are able to explore 

the experimental results for a single organism or across organisms. Likewise, researchers may look 

into indirect network associations and identify new combinations to be tested. The database is available 

without charges. 

Database URL: http://sing.ei.uvigo.es/antimicrobialCombination/ 

  

http://sing.ei.uvigo.es/antimicrobialCombination/
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3.1 INTRODUCTION 

Currently, alongside efforts to discover new antimicrobial agents, researchers 

are looking into potentiating the action of both old and new substances. In particular, 

AMP are recognised as a promising antimicrobial agents that have a broad spectrum 

of activity and show low specificity in terms of molecular targets, which helps lower 

the chance of microorganisms developing resistance [1].  Another possible strategy 

is to look for synergic combinations of two or more antimicrobial agents, which 

increase the antimicrobial spectrum and potentiate the individual efficacy of the 

agents, while avoiding antimicrobial resistance and reducing toxicity and other side 

effects [2]. The challenge resides in the rational combination of compounds and in 

finding the most promising mechanisms of action to treat particular infections and to 

overcome specific mechanisms of resistance. 

The huge number of compounds available and the variety of possible 

combinations is leading to the accumulation of a large and highly diversified volume 

of experimental data. Several public databases provide information on drugs [3], AMP 

[4–17] and other compounds [18–20] with antimicrobial potential, but scientific 

literature remains as the primary source of information [3,21,6,4,18]. Databases do 

not provide enough details on the susceptibility tests of individual agents nor describe 

joint antimicrobial effects with the necessary level of detail. 

Within this scope, mining the literature for experimentally validated 

antimicrobial combinations has the potential to provide researchers insights on 

existing results and thus, support the inference of the most promising combinations 

to be tested next. Previous works have successfully developed text mining methods 

and tools for the reconstruction of pharmacokinetic experimental evidence [22], 

adverse drug-drug interactions [23], and drug-gene and drug-disease interactions 

[24,25], among others. Although the focus of these works is different, the extraction 

of experimental evidence of antimicrobial agent combinations can get inspiration from 

these computational workflows, and may be able to use some of the tools, methods 

and resources. 

Therefore, this chapter presents the semi-automated curation workflow that 

was developed to retrieve experimental results on antimicrobial combinations 
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(involving both drugs and AMP) from scientific literature. This workflow integrates 

state-of-the-art text mining methods and expert manual curation in support of the 

compilation of detailed information, and uses network representation to enable query 

and visualisation at large scale and help users explore (direct and indirect) 

associations in an easy and comprehensible manner. 

Currently, the database contains 1556 combinations, encompassing 345 AMP 

and 282 drugs, tested on major pathogenic bacteria and fungi, such as P. aeruginosa, 

S. aureus, E. coli, L. monocytogenes and C. albicans. To the best of the authors’ 

knowledge, no other public database covers the testing of AMP-related combinations. 

This database is publicly available at 

http://sing.ei.uvigo.es/antimicrobialCombination/. 

3.2 MATERIALS AND METHODS 

An integrated and semi-automated data curation workflow was developed to 

reconstruct experimentally validated AMP and drug combinations. This curation 

workflow is iterative, i.e. the aim is to keep up with new findings about antimicrobial 

combinations and, therefore, future versions of the database will likely cover new 

antimicrobial agents as well as a broader scope of pathogenic microorganisms. 

Accordingly, the workflow is designed to enable domain-specific curation with active 

lexicon enrichment and calibration of automatic procedures. A prototype of this data 

curation workflow was previously implemented for an initial reconstruction of 

antimicrobial combinations tested against P. aeruginosa [26,27]. The lessons learned 

about how to integrate the automatic and manual processes of curation, and on how 

to apply such curation to other organisms and specific antimicrobials, reflected 

directly in the architecture of the workflow presented here. 

The workflow, detailed in sub-chapter 2.2, consisted in: (i) document retrieval 

and pre-processing; (ii) entity recognition; (iii) document relevance assessment; (iv) 

expert manual curation; (v) network visualisation and search. 

 

 

http://sing.ei.uvigo.es/antimicrobialCombination/
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3.3 RESULTS 

3.3.1 Database Statistics 

Currently, the database contains primarily data on antimicrobial combinations 

that have been experimentally tested against P. aeruginosa, S. aureus, E. coli, L. 

monocytogenes and C. albicans, which are prominent pathogenic organisms and are 

well-known for their wide and growing resistance to conventional antimicrobials. 

The number of documents retrieved from the literature was far greater for the 

bacteria S. aureus and E. coli (more than a thousand documents for each organism) 

than for P. aeruginosa, L. monocytogenes and C. albicans (a few hundred documents 

for each organism) (Table 3.1). Interestingly, this difference is less noticeable when 

considering the number of documents deemed relevant. For example, the number of 

relevant documents for E. coli is approximately 1/20 of the number of retrieved 

documents and, in contrast, this same proportion is approximately 1/5 for L. 

monocytogenes. Considering that S. aureus and E. coli are highly studied pathogens, 

it was expected that PubMed queries could yield large result sets with a considerable 

number of false positives. It was often the case that abstracts contained relevant 

entities to the target domain, but expert manual curation (sometimes resorting to full-

text examination) determined that the textual context of these entities was not of 

interest. For example, the document with PMID: 18326181 refers to potentially 

relevant keywords, such as “nisin”, “combination effects”, and “Escherichia coli”. 

However, experts determined that the AMP nisin was not tested in combination with 

any other drug/AMP against E. coli. 

Table 3.1. General statistics about the retrieved and annotated documents per organism. 

Microorganism 
Retrieved 

documents 

Relevant 

documents 

Annotated 

combinations 
Download date 

P. aeruginosa 574 109 658 June – July (2015) 

S. aureus 1078 101 462 June – July (2015) 

E. coli 1472 69 283 June – July (2015) 

L. monocytogenes 190 34 56 July – August (2015) 

C. albicans 373 29 97 
September – October 

(2015) 
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The analysis of the annotated combinations provided some insights about the 

type of studies that are being performed and which AMP and drugs (and mechanisms 

of action) are being combined. As shown in Table 3.2, studies follow a similar path 

regardless the organism: AMP are in their majority combined with antibiotics and 

antifungals; combinations of only AMP represent only 1-19 % of the total combinations 

tested. The only exception to this scenario is L. monocytogenes, for which no antibiotic 

or antifungal was used, and AMP were mostly combined with other agents such as 

plant extracts and various chemicals (i.e., acids, alcohols, salts, organic compounds); 

however, AMP-AMP combinations still represent a small percentage (17.86 %) of the 

total number of combinations. The recycling and potentiation of old and current 

antibiotics with the aid of other antimicrobials or antimicrobial adjuvants is one of the 

current antimicrobial strategies to fight antimicrobial resistance [2] and can explain 

these percentages. 

Another interesting observation is that AMP combinations are being tested 

mainly on planktonic cultures (84-99 %) (Table 3.2). Today, it is well-known that most 

bacteria are naturally present in consortia, i.e. a biofilm mode of growth, and most 

infections, namely the most resilient, are related to these microbial consortia [28]. 

Therefore, as it stands, current studies give limited information about the effect of the 

tested combinations in real life conditions and it would be desirable to have more 

experimental data on biofilms. 

Finally, the experimental methods most used in these studies are the 

checkerboard, the FICI determination and FBCI determination (the latest two are 

usually coupled), and the majority of the combinations resulted in synergic outcomes 

(Table 3.2). Both findings were somewhat expected since the referred methods are 

standard for this type of combinatorial research and scientific papers often tend to 

report only/majorly positive outcomes. 

Table 3.3 presents the top 3 most annotated AMP, drugs and organism strains. 

Regarding the most annotated AMP, it is interesting to note that some of them are 

tested across organisms, with a total of 7 different AMP out of a possible 15 AMP (top 

3 AMP * 5 different organisms). Polymyxins, specifically CST (polymyxin E) and 

polymyxin B, are one of the most annotated AMP groups. Both AMP groups were 
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Table 3.2. Overview of the number of annotated antimicrobials and combinations. 

Microorganism 

AMP combination 

with 
Mode of growth Experimental test Combination type 

AMP Anti(B/F) P B 
CKB and/or 

FICI/FBCI 
T-K S Ad I A 

P. aeruginosa 
59 

(8.97 %) 
489 

(74.3 %) 
628 

(95.4 %) 
18 

(2.73 %) 
399 

(60.7 %) 
85 

(12.9 %) 
317 

(48.2 %) 
118 

(19.6 %) 
164 

(24.9 %) 
48 

(7.29 %) 

S. aureus 
47 

(10.2 %) 
280 

(60.6 %) 
398 

(86.2 %) 
40 

(8.66 %) 
259 

(56.1 %) 
44 

(9.52 %) 
238 

(51.5 %) 
127 

(27.5 %) 
62 

(13.4 %) 
35 

(7.58 %) 

E. coli 
53 

(18.7 %) 
105 

(37.1 %) 
268 

(94.7 %) 
6 

(2.12 %) 
152 

(53.7 %) 
18 

(6.36 %) 
102 

(36.0 %) 
68 

(24.0 %) 
71 

(25.1 %) 
42 

(14.9 %) 

L. monocytogenes 
10 

(17.9 %) 
0 

47 
(83.9 %) 

0 
12 

(21.4 %) 
0 

38 
(67.9 %) 

5 
(8.93 %) 

13 
(23.2 %) 

0 

C. albicans 
1 

(1.03 %) 
51 

(52.6 %) 
96 

(99.0 %) 
0 

55 
(56.7 %) 

3 
(3.09 %) 

54 
(55.7 %) 

10 
(10.3 %) 

11 
(11.3 %) 

22 
(22.7 %) 

Note: S/Ad plus Ad/I, and I/A combinations are included in the Ad and I categories, respectively. The % are relative to the total number of combinations for each 

microorganism. Anti(B/F) – antibiotic and antifungal; P – planktonic; B – biofilm; CKB – checkerboard; T-K – time-kill. 
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 present in the top most annotated AMP for P. aeruginosa, L. monocytogenes and C. 

albicans. Polymyxins are mainly active against gram-negative pathogens, including 

very important nosocomial pathogens such as E. coli and P. aeruginosa [29]. 

Nevertheless, CST was also tested in combinations against the gram-positive L. 

monocytogenes and the yeast C. albicans (Table 3.3), illustrating that researchers are 

taking advantage of its diverse spectrum of activity to tackle a broader set of infection 

agents. 

Table 3.3. The top 3 most annotated AMP, drugs and organism strains in the database. 

Microorganism AMP Drug Strain 

P. aeruginosa 
CST (10.9 %) 

Polymyxin B (6.69 %) 
PMBN (5.78 %) 

Novobiocin (16.9 %) 
Ciprofloxacin (6.38 %) 
Imipenem (4.41 %) 

CI (53.8 %) 
ATCC 27853 (17.6 %) 

PAO1 (13.3 %) 

S. aureus 
Nisin (12.0 %) 

Lactoferricin B (10.0 %) 
CA-MA (3.73 %) 

Vancomycin (8.43 %) 
Lysostaphin (4.82 %) 
Ciprofloxacin (4.82 %) 

CI (20.1 %) 
ATCC 25923 (16.8 %) 
ATCC 43300 (12.2 %) 

E. coli 
Nisin (5.95 %) 

Lactoferricin B (4.76 %) 
LL-37 (4.46 %) 

NaCl (6.52 %) 
Lysozyme (5.22 %) 
Lactoferrin (3.48 %) 

ATCC 25922 (37.3 %) 
CI (11.8 %) 

O157:H7 (7.14 %) 

L. monocytogenes 
Nisin (68.2 %) 

Pediocin PA-1 (4.55 %) 
CST (4.55 %) 

NaCl (6.52 %) 
LPS (6.52 %) 

EDTA (6.52 %) 

Scott A (24.0 %) 
ATCC 7644 (9.33 %) 
ATCC 19113 (4.00 %) 

C. albicans 
Lactoferricin B (11.2 %) 

CST (8.16 %) 
Polymyxin B (7.14 %) 

Caspofungin (14.6 %) 
NaCl (10.4 %) 

Fluconazole (9.38 %) 

SC5314 (15.6 %) 
CI (15.6 %) 

ATCC 90028 (14.1 %) 

Note: The % is relative to the total number of annotations for the respective entity class. PMBN – Polymyxin B 

nonapeptide. 

Nisin and lactoferricin B are also commonly tested in 3 of the 5 

microorganisms. Nisin is the main representative of the AMP class of lantibiotics and 

is commercially available as a food additive. This AMP is known to be active against 

major gram-positive pathogens such as L. monocytogenes and S. aureus [30], but it 

is also being tested against the gram-negative E. coli (Table 3.3). On the other hand, 

lactoferricin B is a naturally occurring AMP in mammals with various intracellular 

targets against bacteria, and has well documented action against major pathogens 

such as E. coli and S. aureus [31], and now it is also tested against yeast (Table 3.3). 
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Regarding the most combined drugs, traditional antibiotics, such as 

ciprofloxacin, are the most used in the combinations tested against P. aeruginosa and 

S. aureus (Table 3.3). Likewise, antifungals are commonly integrated in the 

combinations tested against C. albicans (Table 3.3). However, it is interesting to note 

that the substance most combined with AMP in E. coli and L. monocytogenes studies 

is NaCl (sodium chloride) (Table 3.3). Many AMP have reduced antimicrobial activity 

in mediums with high ionic strengths or even at physiological salt concentrations [32]. 

Therefore, recent combination studies aim to understand this phenomenon. 

Finally, a considerable number of the AMP combinations are tested against 

clinical isolates (strains isolated from real-life infections). These strains are the best 

representatives of the resistance encountered on infection scenarios and therefore, 

serve as a more realistic baseline of comparison with reference strains. In fact, studies 

usually cover more clinical isolates than reference strains. 

A retrospective analysis of combination studies may also be interesting to 

understand existing and prospective lines of research, notably the increasing interest 

in investigating antimicrobial agents with alternative mechanisms of action. In 

particular, it is noticeable the attention that AMP are receiving and the growing 

number of studies testing these agents in combination with conventional compounds 

and drugs (Figure 3.1). Most of these studies are devoted to critical pathogenic 

organisms such as P. aeruginosa and S. aureus, which have developed severe 

resistance mechanisms to most of existing antibiotics. Moreover, one may observe 

that although the number of relevant documents for P. aeruginosa and S. aureus are 

not far apart, the number of AMP combinations evaluated is much greater for P. 

aeruginosa. This can indicate that the amount of tested combinations per paper is 

higher for this bacteria. 

3.3.2 Web Interface and User Interaction 

The Web interface supporting the reconstructed antimicrobial networks 

consists of a collection of pages documenting the motivation and goals of the project, 

and a search functionality to query the curated antimicrobial combinations (Figure 

3.2). The functional view of the network provides several filters to navigate network 
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Figure 3.1. Historical evolution on the publication of AMP-drug combinations. Each row of 

columns represents data on a different microorganism throughout time, namely (A) the number of 

publications identified as relevant and (B) the number of AMP-drug combinations reported. 

contents and enables the discovery of indirect associations within the network and 

among networks. 

Users can explore particular antimicrobial combinations or look into all the 

antimicrobial combinations for one or all organisms. The combinations are displayed 

as a non-oriented graph. Nodes represent the antimicrobial agents, such that hexagon 

nodes stand for drugs and circular nodes stand for AMP. Nodes are also coloured 

according to their network connectivity, i.e. red if the node is connected to less than 

25 % of the edges, yellow if the node is connected to 25-50 % of the edges, and green 

if it is connected to more than 50 % of the edges in the database. 
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Figure 3.2. Snapshot of the AMP-drug combination Web search interface. The search page 

(1) allows for several search criteria. Search results are represented in a network structure (2) that 

displays the selected nodes (blue coloured), their immediate neighbours and, if applicable, the 

intermediary nodes that connect the selected nodes. Further details on nodes (3) and edges (4) are 

provided in additional tables and page views. In particular, the user may always access the available 

evidences supporting a given antimicrobial combination (5) and all documents referring to a given 

AMP/drug (6). 

Each node provides details on the represented antimicrobial agent, such as 

alternative names, chemical activity, cross-links to chemical and other external 

sources. Moreover, the user may access the documents that supported the inclusion 

of the antimicrobial agent in the network, both the original PubMed record and the 

curated abstract containing the expert revised annotations. Likewise, each edge 

describes the nature of the documented combination and available susceptibility data. 

Once again, the user may access the documents that supported the inclusion of the 

antimicrobial agent in the graph. 

Network visualisation is complemented by topological statistics and network 

details, listed below the graph viewer. Networks can be downloaded as PNG images 

or in comma separated value format. 
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3.3.3 Case Study: AMP-Drug Combination Network 
for S. aureus 

The discussion of the AMP-drug combination network for S. aureus is used here 

as case study to exemplify the exploration of our database. This network contains 224 

AMP and drug nodes and a total of 462 experimentally validated combinations, i.e. 

edges (Figure 3.3). The network is dominated by a small number of highly connected 

nodes. In particular, the AMP nisin and lactoferricin B and the antibiotic vancomycin 

are the most connected nodes (Figure 3.3 and Figure 3.4-C), with node degrees, i.e. 

number of edges connected to that node, of 61, 51 and 35, respectively. 

Most of the described combinations for S. aureus are of type synergic (more 

than 200 combinations) or additive (more than 100 combinations). The average 

connectivity of this network is 3.46, i.e. each antimicrobial agent is in average 

connected to 3 other antimicrobial agents, and the characteristic path length is 

approximately 4 (Figure 3.4-D). 

3.3.3.1 Direct Association Analysis 

The navigation through any sub-network, like the S. aureus sub-network, starts 

with user filtering specifications (e.g. select a given organism, AMP or drug) (Figure 

3.5-A). The resulting sub-network can be explored by clicking on the nodes and edges 

to obtained detailed information about that specific agent or combination, 

respectively. An edge encompasses information about the combined agents and the 

type of combination (synergy, antagonism, etc.) and details on the organism, strain, 

mode of growth and method used (Figure 3.5-C). Also, it provides links to the 

corresponding article(s) in PubMed and to the annotated abstract(s) in the Markyt 

annotation tool. Conversely, a node  details the type of agent (e.g. drug, AMP, protein, 

etc.), its known targets, associated names, links to all the annotated articles 

mentioning that agent, known chemical features, and links to public chemical 

databases (e.g. DrugBank and PubChem). 
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Figure 3.3. Network showing the AMP combinations tested against S. aureus. The size of the nodes correlates directly with its degree of connectivity. The network is 

shown using the intelligent view layout. Also, the most connected nodes have been manually positioned to enhance visibility. 
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Figure 3.4. Details on the AMP-drug combinations tested against S. aureus. General 

network statistics (A) are detailed in terms of the distribution of combinations by type (B), the 

identification of the highest degree nodes (C), the distribution of shortest path length (D), and a 

snapshot of the heat map describing the distribution of all AMP–drug combinations in the database 

(E). 
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Figure 3.5. Snapshot of a basic database search. (A) Specification of the organism and node of interest; 

(B) S. aureus + nisin sub-network; (C) Edge information (e.g. nisin-amikacin); (D) node information (e.g. 

amikacin). 

3.3.3.1 Discovering and Visualising Indirect Associations 

The discovery of indirect associations (Figure 3.6) is triggered when the user 

points two antimicrobial agents. The system displays the sub-graph representing 

either the direct linking of the two agents, including all the combinations documented 

for both agents; or, the shortest path between them, including intermediary agents 

and all the combinations documented for each agents. In both directly and indirectly 
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associated concepts views, users can browse underlying documents by clicking on 

edges or nodes. 

 
Figure 3.6. Analysis of indirect associations between antimicrobial agents. (A) 

Inference of possible similar mechanisms of action between antimicrobial agents 1 and 2; (B) 

inference of untested promising combination between antimicrobial agents 1 and 3. Circle 

shapes refer to antimicrobial agents and diamond shapes refer to the type of combinations (A – 

antagonism; S – synergy). 

Figure 3.7 shows indirect associations between the antimicrobial agents 

ciprofloxacin and rifampicin in the S. aureus network. The selected drugs are 

interconnected by 5 “intermediary” agents (the AMP P6, P9, P12, P15 and P18), with 

no record in the database of the two drugs being tested together. In particular, these 

5 combinations of ciprofloxacin with P6, P9, P12, P15 and P18 were documented as 

additive whereas 3 of these combinations of rifampicin were documented as additive 

and the other 2 were documented as indifferent (a closely related type of combination 

to additive). 

Both antibiotics have an intracellular action. Notably, their mechanism of action 

consists in the inhibition of nucleic acid enzymes, with ciprofloxacin inhibiting DNA 

gyrase and topoisomerase IV [33] and rifampicin inhibiting RNA polymerase 

[34].Given the similarity of the mechanisms of action of the two drugs and the 

combinations that they have in common, it is possible to identify promising new 

combinations (Figure 3.7). For example, the AMP nisin, CA-MA and indolicidin have 

between 3 and 6 reported combinations with ciprofloxacin, all with synergic and 
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Figure 3.7. Visualisation of indirect associations between ciprofloxacin and rifampicin 

for S. aureus experiments. All the nodes have been manually arranged. 

additive outcomes. So, it could be of interest to test these same AMP with rifampicin 

in the expectation of obtaining similar positive results (i.e. synergic or additive 

combinations). 

3.3.3.2 Discovering and Visualising Multiple Target 
Combinations 

The analysis of multiple target combinations can be applied to groups of 

bacteria with similar features (e.g. Gram-positive, Gram-negative), allowing the 

identification of combinations that are effective across annotated bacteria from those 

groups and that could be promising candidates for testing in other organisms of the 

same group. Multiple target combination analysis can also be applied in the discovery 

of effective combinations for co-infectious organisms, e.g. P. aeruginosa and S. 

aureus. The inspection of an intersection network of tested combinations for these 

two organisms (Figure 3.8) may expand our view of current research. Additionally, by 

using indirect association analysis, researchers may find combinations, previously 

untested, and with antimicrobial potential against both pathogens [92]. 
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Figure 3.8. Network of the antimicrobial combinations tested in both P. aeruginosa and 

S. aureus. Network intersection was calculated in Cytoscape [35] and accounted for matching 

antimicrobial combinations (i.e. all antimicrobial combinations experimentally tested for both 

organisms). 

3.4 CONCLUSIONS 

Antimicrobial therapy is being challenged by the ever increasing number of 

drug resistant organisms, which are rendering most of the conventional drugs 

unsuccessful. The proposed semi-automated workflow enabled the construction and 

sustains the update of a new database on experimentally tested antimicrobial agent 

combinations, with focus on AMP, in order to facilitate the design of more effective 

antimicrobial treatments. Notably, one of the unique features of our system lies in its 

capability to identify indirect associations among antimicrobial agents and propose 

new combinations to be tested. 

This workflow integrates semantic analysis of text to identify key information 

components from biomedical scientific documents, which are then stored in a 

structured knowledge base over which biomedical queries are processed. Annotation 

is done in a machine-readable format that allows for the semi-automated curation and 

display of antimicrobial annotations. The semantic network representation highlights 

the role of individual antimicrobial agents in various contexts, within and across 

organisms. Specifically, the query processing module allows users to formulate 
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queries in a guided way at different levels of specificity, such as by organism, 

antimicrobial agent, and combination effect. 

The effort to fully curate new pathogens is considered acceptable. We have a 

consolidated set of annotation guidelines and the practical and continuous use of 

semi-automated data pipeline enables the refinement of the automated modules. 

Most notably, when starting the curation of a new pathogen, experts provide insights 

into the suitably of the PubMed queries in use and document relevance predictions. 

Literature about a given pathogen, i.e. the textual contents of the documents, may be 

sufficiently different to urge for query refactoring and/or model retraining. 

In the near future, the analysis of curated combinations for multiple organisms 

will be extended so that it will be possible to calculate the union, intersection or 

difference among networks. 
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4 CHAPTER  

SEARCHING FOR NEW STRATEGIES AGAINST 

BIOFILM INFECTIONS: COLISTIN-
ANTIMICROBIAL PEPTIDE COMBINATIONS 

AGAINST P. AERUGINOSA AND S. AUREUS 

SINGLE- AND DOUBLE-SPECIES BIOFILMS 

Antimicrobial research is being pressured to look for more effective therapeutics for the ever-

growing antibiotic-resistant infections, and AMP and antimicrobial combinations are promising 

solutions. This work evaluates CST-AMP combinations against two major pathogens, P. aeruginosa and 

S. aureus, encompassing non- and resistant strains. CST combined with the AMP TEMP-A, CIT-1.1 and 

TP-I-L was tested against planktonic, single- and double-species biofilm cultures. Overall synergy for 

planktonic P. aeruginosa and synergy/additiveness for planktonic S. aureus were observed. Biofilm 

growth prevention was achieved with synergy and additiveness. Pre-established 24 h-old biofilms were 

harder to eradicate, especially for S. aureus and double-species biofilms; still, some synergy and 

addictiveness was observed for higher concentrations, including for the biofilms of resistant strains. 

Different treatment times and growth media did not greatly influence AMP activity. CST revealed low 

toxicity compared with the other AMP but its combinations were toxic for high concentrations. Overall, 

combinations reduced effective AMP concentrations, mainly in prevention scenarios. Improvement of 

effectiveness and toxicity of therapeutic strategies will be further investigated. 
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4.1 INTRODUCTION 

Microbial adhesion onto surfaces with subsequent formation of biofilms is 

associated with 65-80 % of human clinical infections [1]. Biofilms of P. aeruginosa 

and S. aureus are notorious for causing persistent infections, such as chronic lung 

infections [3], biomaterial-associated infections [4],osteomyelitis, periodontitis, 

endocarditis [5], diabetic foot ulcers and other wounds [6]. Moreover, both bacteria 

are prominent examples of the ever-growing phenomenon of MDR strains [3,5]. 

Currently, the screening of alternative antimicrobial actions and the 

combination of agents are regarded as very promising towards the development of 

new, more effective antimicrobial approaches against biofilm-forming and MDR 

bacteria [7]. AMP are good candidates due to their alternative mechanisms of action, 

and strategies based on antimicrobial combinations can increase the antimicrobial 

spectrum while preventing the emergence of resistance and reducing toxicity and side 

effects. Current studies are evaluating the potential AMP-related combinations, but 

most studies are combining AMP with traditional antibiotics. So far, only a few works 

tested AMP combinations and even less used biofilms as the microbial mode of 

growth, as shown in chapter 3. 

Therefore, this work aims to evaluate the prophylactic and therapeutic activity 

of the AMP CIT-1.1, TEMP-A and TP-I-L in combination with CST. Novelty lays on the 

use of these specific CST-AMP combinations on P. aeruginosa and S. aureus single- 

and double-species biofilms formed by several strains, including MDR strains, along 

with the cytotoxicity evaluation of the most active combinations. To the best of our 

knowledge, there are no other works describing the effects of similar combinations 

for biofilms of P. aeruginosa and S. aureus. 

4.2 MATERIALS AND METHODS 

4.2.1 Peptides, Bacterial Strains and Culture 
Conditions 

CST, TEMP-A, CIT-1.1 and TP-I-L characteristics and provenience are referred 

in sub-chapter 2.1.1. The strains of P. aeruginosa and S. aureus used in this work 

and their culturing conditions are described in sub-chapter 2.1.2.  
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4.2.2 Planktonic Susceptibility towards Single and 
Combined AMP 

AMP and AMP combinations were tested on planktonic cultures of P. 

aeruginosa and S. aureus by determining the MIC and MBC for the single AMP and 

using the checkerboard assay for the combined AMP, as described in sub-chapter 

2.1.3. Combination outcomes (S, Ad, I, A) were assessed via FICI and FBCI 

determination (sub-chapter 2.1.6.1). Other AMP besides CST, TEMP-A, CIT-1.1 and 

TP-I-L were tested against P. aeruginosa and S. aureus in preliminary studies but with 

less antimicrobial effect. These data can be found in Appendix 4.1. 

4.2.3 Inhibition of Biofilm Formation by AMP 
Combinations 

Following a prophylactic approach, the ability of single and combined AMP to 

inhibit biofilm growth was assess as described in sub-chapter 2.1.4.1.Biofilms were 

analysed in terms of total biomass and cell viability, as described in sub-chapters 

2.1.5.1 and 2.1.5.2. Combination outcomes (S, Ad, I, A) were assessed according to 

sub-chapter 2.1.6.2. 

4.2.4 Treatment of Pre-Established Biofilms with AMP 
Combinations 

Following a therapeutic approach, 24 h-old single and double-species biofilms 

were treated with AMP combinations as described in sub-chapter 2.1.4.2. Biofilms 

were analysed in terms of total biomass, cell viability and cell vitality (sub-chapters 

2.1.5.1, 2.1.5.2 and 2.1.5.3, respectively). 

4.2.5 Cytotoxicity Evaluation 

The toxicity of the AMP combinations against mammalian cells was assessed 

as referred in sub-chapter 2.1.7. 

4.3 RESULTS 

4.3.1 Planktonic Susceptibility to Single AMP 

In this work, the antimicrobial activity of a linear analogue of TP-I (TP-I-L) was 

tested. Most notably, the susceptibility profiles of planktonic P. aeruginosa and S. 
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aureus cultures were investigated and compared to those exhibited by two TP-I 

analogues, where the Cys was substituted by Ala (TP-I-L(Ala)) and Phe (TP-I-L(Phe)). 

As shown in Table 4.1, TP-I-L was the most effective AMP against both bacteria, 

followed by TP-I-L(Ala) and TP-I-L(Phe). The observed efficacy of the substituted 

analogues does not correlate with what is described in the literature, where TP-I-L(Ala) 

is reported to have lower antimicrobial activity than the wild-type peptide TP-I [13–

15], and TP-I-L(Phe) has similar antimicrobial activity [13,15]. Overall, it is plausible 

to state that TP-I-L has antimicrobial activity and that this activity is probably closest 

to the one showed by the wild-type peptide, given that TP-I-L was more effective than 

the two substituted analogues. 

Table 4.1. Antibacterial activity of TP-I-L and the two variants TP-I-L(Ala) 

and TP-I-L(Phe) against planktonic P. aeruginosa and S. aureus. 

Strain 
TP-I-L TP-I-L(Ala) TP-I-L(Phe) 

MIC MBC MIC MBC MIC MBC 

P. aeruginosa 
PAO1 8 32 16 32 64 64 

CI 16 16 32 32 64 128 

S. aureus 
ATCC 25923 8 16 8 16 32 64 

CI 8 16 8 8 16 16 

Note: MIC and MBC values are in mg/L. 

Next, the susceptibility profiles of P. aeruginosa and S. aureus towards CST, 

TP-I-L, TEMP-A and CIT-1.1 was assessed. CST showed the best bacteriostatic and 

bactericidal activities against P. aeruginosa with MIC and MBC values equal to 2 

mg/L, except for the CI MDR strain for which the MBC was 4 mg/L (Table 4.2), 

indicating sensitivity of these strains to this AMP. CST was followed by TP-I-L (MIC and 

MBC values equal to 8 mg/L for the PAO1 and CI strains and 16 and 32 mg/L, 

respectively, for the CI MDR strain). In contrast, CST was the least effective AMP in S. 

aureus (MIC and MBC values between 32 and > 128 mg/L). TP-I-L was the AMP that 

showed the best anti-staphylococcal effect (MIC and MBC values range of 4–8 mg/L), 

with the exception of the CI MDR strain (MIC and MBC values of 8 and 32 mg/L, 

respectively), for which the MIC of TEMP-A was slightly (4 mg/L). TEMP-A and CIT-
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1.1 were more effective in S. aureus than in P. aeruginosa (MIC and MBC values 

range of 4–32 mg/L vs ≥ 128 mg/L). In general, the MBC values were equal or higher 

than the MIC values and little difference was found between the susceptibilities of the 

reference strains and the non-resistant CI. On the other hand, the CI MDR and CI 

MRSA strains were slightly less susceptible than the other strains, notably in terms of 

MBC values. 

Table 4.2. Antibacterial activity of CST, TEMP-A, CIT-1.1 and TP-I-L against planktonic 

P. aeruginosa and S. aureus. 

Strain 
CST TEMP-A CIT-1.1 TP-I-L 

MIC MBC MIC MBC MIC MBC MIC MBC 

P. aeruginosa 

PAO1 2 2 >128 >128 128 128 8 8 

CI 2 2 >128 >128 128 >128 8 8 

CI MDR 2 4 >128 >128 128 >128 16 32 

S. aureus 

ATCC 

25923 
64 >128 8 16 16 16 4 8 

CI 32 128 4 8 8 8 4 4 

CI MRSA 32 >128 4 32 8 32 8 32 

Note: MIC and MBC values are in mg/L. 

In general, the MBC values were equal or higher than the MIC values and little 

difference was found between the susceptibilities of the reference strains and the CI. 

4.3.2 Planktonic Susceptibility to AMP Combinations 

The best outcomes for the AMP combinations against planktonic bacteria are 

shown in Table 4.3 (detailed outcomes are presented in Appendix 4.2). The FICI and 

the FBCI values show that most of the combinations have synergic activities against 

P. aeruginosa strains, but the CI MDR strain was slightly less susceptible to the action 

of the combinations. Regarding S. aureus, the susceptibility profiles of the reference 

and the CI strains were similar. Overall, S. aureus was less susceptible than P. 

aeruginosa to the combinations, and only the combination of CST with TP-1-L showed 

synergic outcomes. CST with TEMP-A and CST with CIT-1.1 combinations resulted in 

FICI and FBCI values below 0.3 in P. aeruginosa, which indicates a substantial 

increase in the antimicrobial effectiveness of these peptides when combined. The 
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FBCI of some of the combinations for the CI MDR and CI MRSA strains were not 

detected in the range of concentrations tested. This might be explained by the lower 

bactericidal susceptibility demonstrated by these strains in the susceptibility assays 

using the isolated AMP (Table 4.2). Similar outcomes for other strains of P. aeruginosa 

and S. aureus were obtained in previous reports [16,17]. No antagonistic interactions 

were observed. 

Table 4.3. Best outcomes for the combinational activities of CST with TEMP-A, CIT-

1.1 and TP-I-L against planktonic P. aeruginosa and S. aureus. 

Strain 

CST + 

TEMP-A CIT-1.1 TP-I-L 

FICI FBCI FICI FBCI FICI FBCI 

P. aeruginosa 

PAO1 

S S S S S S 

0.27 0.27 0.26 0.25 0.38 0.50 

0.5 + 4 0.5 + 4 0.5 + 1 0.5 + 16 0.25 + 2 0.5 + 2 

CI 

S S S S S Ad 

0.50 0.50 0.38 0.38 0.50 0.75 

1 + 1 1 + 1 0.25 + 32 0.25 + 32 0.5 + 2 0.5 + 4 

CI MDR 

Ad S Ad 

ND 

Ad Ad 

0.75 0.38 0.75 0.63 0.63 

0.5 + 64 0.5 + 64 0.5 + 64 1 + 2 0.5 + 16 

S. aureus 

ATCC 25923 

Ad Ad I Ad S S 

0.56 0.75 1.03 0.56 0.50 0.25 

2 + 4 16 + 2 1 + 16 32 + 1 16 + 1 16 + 1 

CI 

Ad Ad Ad I Ad S 

0.75 0.51 1.00 1.02 0.75 0.50 

8 + 2 1 + 4 16 + 4 1 + 8 8 + 1 1 + 2 

CI MRSA 

Ad 

ND 

Ad 

ND 

Ad S 

0.63 0.75 0.63 0.19 

4 + 2 16 + 2 4 + 4 16 + 4 

Note: Data is shown per row: 1st – outcome; 2nd – lowest values of FICI and FBCI; 3rd – CST + AMP 

concentrations. The more positive outcomes (S and Ad) are shown in bold. ND – not detected in the range of 

concentrations tested. 
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The concentration values shown in Table 4.3 represent lower concentrations 

than the ones determined for the MIC and MBC of all AMP for both bacteria. Most of 

the non-synergic outcomes were considered additive, with the highest value of FICI or 

FBCI equal to 1, which means that the MIC or MBC were decreased up to two-fold. 

These specific combinations are non-synergistic but helpful since they still allow for 

the use of lower concentrations, which are related with lower development of 

resistance, secondary effects and toxicity [9]. 

All four AMP have their mechanism of action described as targeting the 

bacterial membrane [18–21], but TP-I also acts inside the cell by binding to DNA [22]. 

CST is mainly active against Gram-negative bacteria, TP-I and CIT-1.1 are considered 

wide-spectrum and TEMP-A is mainly active against Gram-positive bacteria. The 

reasons behind the positive interactions of CST with the other AMP are still elusive, 

but the synergy effects obtained are indicative of cooperation and demonstrates the 

capacity of synergic combinations to enlarge the antimicrobial spectrum of the 

combined agents. Mechanistically, it is plausible that positive outcomes occur in 

several ways due to the diversity of mechanisms of action found in AMP [23]. For 

example, one AMP can reach a threshold concentration more quickly than the other, 

facilitating the action of the second AMP inside the cell (no need to reach threshold 

concentration in this case), such as TP-I. Also, if the two AMP can act at the 

intracellular level, the synergic outcome could be the result of a multi-hit process for 

specific targets within the cell, but this is probably not the case here. 

4.3.3 Inhibition of Biofilm Formation by AMP 
Combinations 

The anti-biofilm activity of CST combined with other AMP was also investigated 

in the prevention of biofilm formation by analysing the biofilm cells’ viability (Table 

4.4) and by quantifying biofilm biomass. Table 4.4 shows the best outcomes achieved 

(detailed outcomes are presented in Appendix 4.3). Based on statistical differences, 

most of the AMP combinations produced synergic outcomes (61 %) with high log 

reductions ranging from 3.3 to 7.7 (Table 4.4), often with almost or total absence of 

biofilm-cell viability (data not shown). However, outcomes of reference and CI strains 

showed some differences. For example, in S. aureus, CST combinations produced 
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opposite results: CST with CIT-1.1 resulted in antagonistic and synergic outcomes for 

the reference and the non-resistant CI strains, respectively; and CST with TEMP-A 

resulted in synergic outcomes for the reference and CI MRSA strains in contrast to 

the indifference manifested by the non-resistant CI strain. 

Table 4.4. Best outcomes for the combinational activities of CST with TEMP-A, CIT-

1.1 and TP-I-L in inhibiting the biofilm growth of P. aeruginosa and S. aureus. 

Strain 
CST + 

TEMP-A CIT-1.1 TP-I-L 

P. aeruginosa 

PAO1 

Ad / Ad S / S Ad / I 

7.0 7.7 7.3 

8 + 16 4 + 8 8 + 16 

CI 

S / S S / S S / S 

5.7 6.3 6.1 

8 + 8 4 + 16 4 + 8 

CI MDR 

S / Ad I / I Ad / Ad 

4.9 3.2 6.2 

8 + 16 8 + 8 4 + 8 

S. aureus 

ATCC 25923 

S / S A / I S / I 

4.8 1.7 3.7 

32 + 64 16 + 32 32 + 64 

CI 

I / I S / Ad S / Ad 

3.5 3.3 5.8 

16 + 32 16 + 32 16 + 64 

CI MRSA 

S / Ad Ad / Ad S / S 

4.9 2.9 4.6 

16 + 64 32 + 64 32 + 32 

Note: Data is shown per row: 1st – outcome shown as their statistical / biological significance; 2nd – average 

log (CFU/cm2) reduction achieved compared to the positive control; 3rd – CST + AMP concentrations. The 

more positive outcomes (S and Ad) are shown in bold. 

Statistical analysis of the biofilm biomass data deemed all combination 

outcomes as indifferent, which might be explained by two factors: (i) the decrease in 

cell viability was not accompanied by a decrease in biomass, which is plausible since 

AMP action does not target the biofilms matrix, thus making biomass quantification a 

poor indicator of AMP action; (ii) the absorbance values for some of the strains were 
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close to the lower detection limit, which limited the comparison between the different 

conditions tested. Hence, it is plausible to assume that for the present strains, the 

biofilm biomass is not a good basis for the statistical comparison of combination 

outcomes. 

In terms of biological significance, the three combinations were considered 

synergic for the P. aeruginosa CI and the combination of CST with CIT-1.1 was 

synergic for the reference and non-resistant CI strains of this bacterium. None of the 

combinations were considered synergic for the CI MDR strain. In S. aureus, the 

combinations of CST with TEMP-A and with TP-I-L were synergic for the reference and 

CI MRSA strains, respectively, and the other two CST combinations were considered 

additive for the resistant and non-resistant CI strains. The remaining outcomes were 

considered indifferent. 

It was interesting to observe the relevance of AMP concentrations in 

combination results, with a tendency of improvement (more synergic outcomes) when 

using higher AMP concentrations (Appendix 4.3). A possible explanation is the fact 

that AMP need to reach a threshold concentration in order to enter and cross the lipid 

bilayer and hence exert their antimicrobial function [24]. 

4.3.4 Treatment of Pre-Established Single-Species 
Biofilms with AMP Combinations 

The comparison between time course of antimicrobial treatment and growth 

medium while using individual AMP is depicted in Figure 4.1 and Figure 4.2 for P. 

aeruginosa and S. aureus, respectively. Figure 4.3 and Figure 4.4 depict a similar 

analysis for AMP combinations in P. aeruginosa and S. aureus, respectively. 

CST was the most active AMP against P. aeruginosa biofilms, with some 

experiments reaching almost 3 log reduction (Figure 4.1-B). In terms of anti-biofilm 

activity, CST was followed in descending order by TP-I-L, CIT-1.1 and TEMP-A, for all 

three strains (Figure 4.1). Some statistical differences were found between the two 

times of treatment and the two treatment media (p < 0.05). The most noticed 

differences relate to the two times of treatment for the PBS treated biofilms and the 

two media for both times of treatment. However, these differences were both 

associated with increases and decreases in log reductions, with no apparent 
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Figure 4.1. Media and treatment time influence on single AMP activity on 24 h-old P. aeruginosa biofilms. Concentrations used were 32 mg/L of CST and 64 

mg/L of the other AMP. A) P. aeruginosa PAO1, B) P. aeruginosa CI and C) P. aeruginosa CI MDR.
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Figure 4.2. Media and treatment time influence on single AMP activity on 24 h-old S. aureus biofilms. Concentrations used were 64 mg/L of CST and 32 mg/L 

of the other AMP. A) S. aureus ATCC 25923, B) S. aureus CI and C) S. aureus CI MRSA.
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Figure 4.3. Media and treatment time influence on combined AMP activity on 24 h-old P. aeruginosa biofilms. Concentrations used were 32 

mg/L of CST and 64 mg/L of the other AMP. A) P. aeruginosa PAO1, B) P. aeruginosa CI and C) P. aeruginosa CI MDR.
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Figure 4.4. Media and treatment time influence on combined AMP activity on 24 h-old S. aureus biofilms. Concentrations used were 64 

mg/L of CST and 32 mg/L of the other AMP. A) S. aureus ATCC 25923, B) S. aureus CI and C) S. aureus CI MRSA.
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correlation with the AMP used. 

The most active AMP against S. aureus biofilms was TP-I-L, followed by CIT-1.1 

and TEMP-A, and finally CST. TP-I-L was able to reduce the 24 h-old biofilm of S. 

aureus ATCC 25923 up to 6 log (total eradication) in 6 h (Figure 4.2-A). Statistical 

differences were observed when comparing the two media at 6 h of time of treatment 

and also between the two times of treatment for both media (Figure 4.2). CIT-1.1 and 

TEMP-A caused a higher log reduction in TSB than in PBS at 6 h treatment time (p < 

0.05) in two strains (ATCC 25923 and CI) and one strain (CI), respectively. On the 

other hand, TP-I-L and CST caused a higher log reduction in PBS than in TSB at 6 h 

treatment time (p < 0.05) in one strain (ATCC 25923) and two strains (ATCC 25923 

and CI), respectively. Differences between the two treatment times were majorly seen 

for PBS, with a decrease in log reduction from 2 h to 6 h treatment time in three out 

of four cases. 

Concerning the combined AMP, a few statistical differences (p > 0.05) between 

media and treatment time for P. aeruginosa were observed, as is the case of the CI 

MDR strain, in which the combination CST + TP-I-L and CST + TEMP-A caused a 

higher log reduction in TSB than in PBS for 6 h treatment time (p < 0.05) (Figure 4.3-

C). Overall, the combinations were more effective against this CI and, in some 

experiments, were able to reduce the 24 h-old biofilm up to 6 log (total eradication) 

in both 2 h and 6 h (Figure 4.3-B). 

In the case of S. aureus, some statistical differences between media and 

treatment time were observed, mainly for the combination of CST + TP-I-L, in which 

treatment with TSB caused overall lower log reductions compared with treatment with 

PBS (p < 0.05) (Figure 4.4). The combinations were slightly more effective against 

the reference strain (Figure 4.4-A). Also, the combinations of CST + TP-I-L and CST + 

TEMP-A were generally more effective than the combination of CST + CIT-1.1. 

Overall, neither the medium nor the time of treatment had an influence on the 

individual and combined AMP activity against P. aeruginosa and S. aureus biofilms in 

a way that could be clearly correlated with the AMP tested. Therefore, the 

effectiveness analysis of the combinations was performed for all the conditions tested. 
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Table 4.5 summarizes the best outcomes regarding the activity of the AMP 

combinations against pre-established single-species biofilms, using the following AMP 

concentrations: 32 mg/L of CST with 64 mg/L of the other AMP for P. aeruginosa 

and 64 mg/L of CST with 32 mg/L of the other AMP for S. aureus. Most of the results 

were of indifference for both bacteria, meaning that the action of the combinations 

was overall equal to the action of the most active single agent. Nevertheless, there 

were several positive outcomes, mainly for P. aeruginosa biofilms. For example, in P. 

aeruginosa CI biofilms, 7 out of a total of 12 outcomes were of synergy or 

additiveness, with reductions between 2.8 log and 3.9 log. Also, some synergic and 

additive outcomes were observed for the resistant strain when applying the 

combinations of CST with TEMP-A and CIT-1.1. Interestingly, synergic outcomes were 

more frequent for the CI strain when grown in PBS rather than TSB whereas the 

opposite was true for the CI MDR strain. Additionally, no substantial differences was 

observed concerning the two times of treatment. Regarding S. aureus biofilms, most 

of the outcomes were of indifference with some cases of additiveness. A 

comprehensive look of data gathered in Table 4.5 shows that there is at least one 

combination that achieved positive results for all the non-resistant strains: CST + 

TEMP-A (PBS, 2 h). Finally, and as previously explained, the statistical analysis of the 

biofilm biomass data estimated all combination outcomes as indifferent. 

4.3.5 Treatment of Pre-Established Double-Species 
Biofilms with AMP Combinations 

The effectiveness of the AMP combinations was also tested on 24 h-old double-

species biofilms of P. aeruginosa and S. aureus. The treatment media chosen was 

PBS given it delivered the best results in the single-species biofilms. The best 

outcomes are presented in Table 4.6 (detailed outcomes can be seen in Appendix 

4.4). 

Overall, the more positive outcomes (synergy and additiveness) were obtained 

with CST and TP-I-L combination for the reference and non-resistant CI double-species 

biofilms. The resistant CI double-specie biofilm appeared to be more susceptible to 

the combinations, achieving positive outcomes for all three, which further 

demonstrates the potential of AMP combinations in treating resistant infections. The    
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Table 4.5. Best outcomes for the combinational activities of CST with TEMP-A, CIT-1.1 and TP-I-L in eradicating a 24 h-old 

single-species biofilm of P. aeruginosa and S. aureus. 

Strain 

CST + 

TEMP-A CIT-1.1 TP-I-L 

2 h 6 h 2 h 6 h 2 h 6 h 

PBS TSB PBS TSB PBS TSB PBS TSB PBS TSB PBS TSB 

P. aeruginosa 

PAO1 
S / I S / I I / I A / I A / I I / I I / I I / I A / I I / I S / I I / I 

1.1 0.5 1.0 1.0 1.0 0.6 0.6 0.5 1.0 0.8 2.1 0.7 

CI 
S / Ad I / I S / S Ad / I S / I S / Ad S / Ad S / Ad S / Ad A / I S / Ad I / I 

3.4 1.8 3.2 2.3 2.9 3.6 3.9 3.9 3.5 1.5 2.8 2.2 

CI MDR 
I / I S / I I / I S / Ad I / I S / I S / I S / Ad I / I Ad / I A / I I / I 

0.2 0.4 0.6 1.4 0.4 0.5 1.5 2.0 0.0 0.2 0.2 1.2 

S. aureus 

ATCC 25923 
Ad / I S / I I / I A / I I / I I / I A / I Ad / I I / I Ad / I I / I I / I 

1.7 1.7 2.7 1.4 0.5 1.3 0.6 1.8 2.7 2.3 3.6 1.3 

CI 
S / S A / I I / I A / I I / I I / I A / I I / I I / I S / I I / I S / I 

2.5 0.5 1.1 1.2 0.9 1.0 0.1 1.0 1.9 0.9 2.9 1.9 

CI MRSA 
I / I A / I I / I I / I I / I I / I I / I I / I I / I A / I I / I I / I 

1.4 1.1 1.1 1.1 0.3 0.4 0.1 0.0 1.1 0.4 0.8 0.3 

Note: Data is shown per row: 1st – outcome shown as their statistical / biological significance; 2nd – average log (CFU/cm2) reduction achieved compared to the 

positive control. The more positive outcomes (S, Ad and ≥ 2 log reduction) are shown in bold. 
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Table 4.6. Best outcomes for the combinational activities of CST with TP-I-L, TEMP-A and 

CIT-1.1 in eradicating 24 h-old double-species biofilms. 

CFU Growth 

Media 
TSA PIA MSA 

Strains 

Treatment time 2 h 6 h 2 h 6 h 2 h 6 h 

CST + 

TP-I-L 

S / Ad S / Ad Ad / Ad S / S I / Ad I / I 

P
. 

a
e

ru
g

in
o

sa
 P

A
O

1
 +

 S
. 

a
u

re
u

s 
A

T
C

C
 

2
5

9
2

3
 

3.8 3.4 3.6 4.6 1.6 2.1 

64 128 64 128 32 128 

TEMP-A 

I / I Ad / I I / I Ad / I I / I Ad / I 

0.9 0.9 0.2 0.3 0.7 0.7 

64 16 64 128 128 16 

CIT-1.1 

A / I Ad / I A / I Ad / I A / I A / I 

0.4 1.4 0.2 0.5 0.5 0.5 

16 128 64 128 64 32 

TP-I-L 

I / Ad 
Ad / 
Ad 

Ad / Ad I / I I / I I / I 

P
. 

a
e

ru
g

in
o

sa
 C

I 
+

 S
. 

a
u

re
u

s 
C

I 

4.8 3.8 4.3 3.1 2.2 2.8 

128 128 128 128 128 128 

TEMP-A 

I / I A / I A / I I / I Ad / Ad I / Ad 

1.6 2.1 1.8 2.5 1.2 1.5 
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Note: Data is shown per row: 1st – outcome shown as their statistical / biological significance; 2nd – average log 

(CFU/cm2) reduction achieved compared to the positive control; 3rd – CST + AMP concentrations (the same 

concentration was used for both combined AMP). The more positive outcomes (S, Ad and ≥ 2 log reduction) are 
shown in bold. 
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6 h treatment time appears to be slightly better for the reference and resistant CI 

double-species biofilms. Also, the outcomes were different depending on the solid 

media used to assess biofilm-cell viability, which can be due to the different quantities 

of each bacteria in the 24 h-old biofilm. In fact, although the initial bacterial cell 

number was the same, the 24 h-old double-species biofilms were predominantly 

composed of P. aeruginosa (data not shown). Another interesting observation is that 

the AMP concentrations required to achieve positive outcomes in the double-species 

biofilms is superior to those needed for single-species biofilms. Finally, and as in the 

previous cases, statistical analysis of the biofilm biomass data deemed all 

combination outcomes as indifferent. 

4.3.6 Live/Dead Inspection 

The effectiveness of the best AMP combination treatment towards double-

species biofilms was evaluated qualitatively by analysing cells vitality through the 

Live/Dead assay. In Figure 4.5, it is possible to observe that the amount of red-stained 

(dead) cells was relatively higher than in the controls. In all the three treatments, no 

green-stained (alive) cells were observed. Interestingly, the relative amount of adhered 

cells were generally higher in the treated coupons in comparison with the controls. 

This might indicate that the AMP combination treatment causes structural changes in 

the biofilm, namely enforcing cell adhesion and/or matrix production, which could be 

a defence mechanism/stress response of the bacteria. Yet, this hypothesis has to be 

further investigated. Despite the larger amount of cells, the AMP combinations were 

able to permeate the bacterial membranes and cause cell dead as seen by the red 

fluorescing cells in Figure 4.5. This observation is in concordance with the CFU data, 

in which some experiments were capable of total or almost total biofilm eradication. 

4.3.7 Cytotoxicity of the AMP on Mammalian Cells 

As illustrated in Figure 4.6, results show that both individual and combined 

AMP were non-toxic (cell viability above 70 %) [25] in concentrations ≤ 16 mg/L. The 

least toxic AMP for fibroblasts was CST, showing no loss in viability up to 128 mg/L. 

TEMP-A was non-toxic up to 64 mg/L and TP-1-L up to 32 mg/L. CIT-1.1 was toxic at 

concentrations above 16 mg/L. While AMP combinations were effective in terms of  
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Figure 4.5. Live/Dead assay for the treatment of double-species biofilms with combined 

AMP. The treatments applied were: CST + TP-I-L (128 mg/L) for the biofilms of P. aeruginosa PAO1 

+ S. aureus ATCC 25923 and P. aeruginosa CI + S. aureus CI, and CST + CIT-1.1 (128 mg/L) for the 

biofilms of P. aeruginosa CI MDR + S. aureus CI MRSA. 

 
Figure 4.6. Fibroblast viability after 24 h of contact with the AMP alone (A) and combined 

(B). Data is depicted as bars representing the mean and error bars representing the standard error of 

the mean (SEM). Horizontal line indicates 70 % of cell viability. Concentrations values were the same 

for each AMP. 
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antimicrobial action, they did not exert synergy concerning their toxicity. As seen in 

Figure 4.6, AMP combinations were toxic at concentrations of ≥ 32 mg/L, with the 

exception of CST + TEMP-A for 32 mg/L. Presently, toxicity is shown for some of the 

effective combinations towards 24 h-old double-species biofilms. 

4.4 CONCLUSIONS 

In summary, this work has shown that combinations of CST with the AMP 

TEMP-A, CIT-1.1 and TP-I-L have synergic or additive actions in the prevention of 

planktonic growth, biofilm formation and treatment of pre-established single and 

double-species biofilms of P. aeruginosa and S. aureus. Individually, CST had higher 

effectiveness against P. aeruginosa in detriment of S. aureus, which was expected 

since CST acts by permeating the bacterial outer membrane by interacting with the 

anionic LPS molecules [26,27]. However, combinations of CST with the other AMP 

gave rise to synergic and additive outcomes, even for S. aureus, for both planktonic 

and biofilm growth. Since no anti-adhesive properties have been described for these 

peptides, one of the probable effects observed is the bactericidal effect of the AMP, 

which impaired biofilm development from the beginning. 

All four AMP have their mechanism of action described as targeting the 

bacterial membrane [18–21], but TP-I also acts inside the cell by binding to DNA [22]. 

CST is mainly active against Gram-negative bacteria, TP-I and CIT-1.1 are considered 

wide-spectrum and TEMP-A is mainly active against Gram-positive bacteria. The 

reasons behind the positive interactions of CST with the other AMP are still elusive, 

but the synergy effects obtained are indicative of cooperation and demonstrates the 

capacity of synergic combinations to enlarge the antimicrobial spectrum of the 

combined agents. Mechanistically, it is plausible that positive outcomes occur in 

several ways due to the diversity of mechanisms of action found in AMP [23]. For 

example, one AMP can reach a threshold concentration more quickly than the other, 

facilitating the action of the second AMP inside the cell (no need to reach threshold 

concentration in this case), such as TP-I. Also, if the two AMP can act at the 

intracellular level, the synergic outcome could be the result of a multi-hit process for 

specific targets within the cell, but this is probably not the case here.  
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Concerning the 24 h-old biofilms, their eradication posed further challenges for 

AMP given the higher concentrations used compared to the prevention of biofilm 

formation. Biofilm has several resistance mechanisms, including the presence of an 

extra polymeric matrix that contains antibiotic-binding polymers and antibiotic-

degrading enzymes that can impair AMP from reaching the cells [8]. In the case of 

the 24 h-old double-species biofilms, P. aeruginosa was the most prevalent of the two 

bacteria, which was expected, since P. aeruginosa and S. aureus are known to have 

a competitive relation, with P. aeruginosa disturbing S. aureus growth [6,28]. The 

concentrations of the AMP combinations required to achieve positive outcomes were 

higher in comparison with the single-species biofilms. This can be related to the fact 

that P. aeruginosa triggers the appearance of small colony variants (SCV) in S. aureus, 

which are more resistant to antibiotics and AMP [6]. Also, P. aeruginosa selectively 

lysis S. aureus by producing the enzyme LasA and it has been shown that the iron-

containing proteins released from the lysed S. aureus cells can serve as an iron source 

for P. aeruginosa, increasing its pathogenic potential [29]. 

Overall, different times (2 h and 6 h) and media (PBS and TSB) of antimicrobial 

treatment did not have a clear influence on AMP activity against single-species 

biofilms. A longer treatment time (6 h vs 2 h) appears to slightly improve AMP activity 

against double-species biofilms, which may indicate a mixed time- and concentration-

dependent killing for this scenario. The toxicity of the AMP combinations in 

mammalian cells did not demonstrate synergic outcomes and higher concentrations 

needed for double-species biofilm treatment demonstrated toxicity. Despite, the less 

effective but non-toxic concentrations could be of use when taking into account the 

combined action of these AMP with the host immune system. 

The hereby tested AMP combinations were effective against reference and CI 

strains, as well as achieved synergic outcomes against biofilms of MDR and MRSA 

strains, including double-species biofilms. These findings pointed out the potential of 

combining AMP with established antibiotics (CST) for increasing treatment efficacy for 

biofilm-associated infections. CST showed to be non-toxic in all the range of 

concentrations tested, which emphasises its potential to be used in antimicrobial 

combinations. In order to overcome the issue of cytotoxicity of the AMP, several 

strategies are being addressed: the use of a matrix disrupting enzymes (MDE), such 
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as DNAse I, dispersin B and alginate lysase, in order to allow AMP to more readily 

reach the biofilm cells; treatment regimens encompassing consecutive AMP doses in 

order to achieve biofilm eradication with lower AMP concentrations; finally, 

immobilization of the AMP, which has been proven to lower cytotoxicity [30]. Also, the 

study of the underlying mechanisms of these AMP interactions would be relevant to 

further infer about resistance evolution control and to strengthen the use of 

combinatorial AMP approaches. 
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APPENDIX 4.1  – PRELIMINARY PLANKTONIC STUDIES 

 

Appendix Table 4.1. Antibacterial activity of G10KHc, Lactoferricin B Magainin II, Pexiganan and 

Omiganan against planktonic P. aeruginosa and S. aureus. 

Strain 
G10KHc Lactoferricin B Magainin II Pexiganan Omiganan 

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

P. aeruginosa 

PAO1 4* 16* NT NT NT NT NT NT NT NT 

ATCC 10145 32 32 > 64* > 64* > 64* > 64* 16 NT 64 NT 

CI 16 32 > 64* > 64* > 64* > 64* 16 NT 64* NT 

S. aureus 
ATCC 25923 8* 32* > 64* > 64* > 64* > 64* NT NT NT NT 

CI 8* 16* > 64* > 64* > 64* > 64* NT NT NT NT 

Note: NT – not tested; * data from 1 experiment. 
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Appendix Table4.2. Best outcomes for the activities of some preliminary AMP combinations against planktonic P. aeruginosa and S. 

aureus. 

Strain 

CST + G10KHc + Pexiganan + CIT-1.1 + 

G10KHc Lactoferricin B Magainin II Pexiganan Omiganan Omiganan TEMP-A 

FICI FBCI FICI FBCI FICI FBCI FICI FICI FICI FICI 

P. aeruginosa 

PAO1 

Ad S 

NT NT NT NT NT NT NT NT 0.75 0.32 

0.5 + 2 0.25 + 4 

ATCC 10145 

S* 

NT ND* ND* ND* ND* 

Ad Ad* S* 

ND* 0.25 0.63 0.53 0.19 

0.25 + 4 4 + 8 1 + 32 1 + 4 

CI 

S S 

ND* ND* ND* ND* 

Ad 

NT NT ND* 0.32 0.25 0.53 

1 + 1 0.5 + 4 1 + 8 

S. aureus 

ATCC 25923 ND ND ND* ND* ND* ND* 

Ad 

NT NT 

S 

0.63 0.38 

8 + 4 8 + 1 

CI ND ND ND* ND* ND* ND* 

Ad 

NT NT 

Ad 

0.63 0.75 

8 + 2 4 + 1 

Note: NT – not tested; * data from 1 experiment. 
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APPENDIX 4.2  – CHECKERBOARD DATA 

 
Appendix Figure4.1. Heatmaps for the checkerboard data of P. aeruginosa for the CST + TP-I-L combination. The FICI / 

FBCI values are shown for the combinations demonstrating an inhibition ≥ 99 %.
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Appendix Figure 4.2. Heatmaps for the checkerboard data of P. aeruginosa for the CST + TEMP-A combination. The FICI / FBCI values are 

shown for the combinations demonstrating an inhibition ≥ 99 %.
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Appendix Figure 4.3. Heatmaps for the checkerboard data of P. aeruginosa for the CST + CIT-1.1 combination. The FICI / FBCI values are 

shown for the combinations demonstrating an inhibition ≥ 99 %.
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Appendix Figure 4.4. Heatmaps for the checkerboard data of S. aureus for the CST + TP-I-L combination. The FICI / FBCI values are shown for the 

combinations demonstrating an inhibition ≥ 99 %.
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Appendix Figure 4.5. Heatmaps for the checkerboard data of S. aureus for the CST + TEMP-A combination. The FICI / FBCI values are shown for the 

combinations demonstrating an inhibition ≥ 99 %.
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Appendix Figure 4.6. Heatmaps for the checkerboard data of S. aureus for the CST + CIT-1.1 combination. The FICI / FBCI values are shown for the 
combinations demonstrating an inhibition ≥ 99 %.
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APPENDIX 4.3  – BIOFILM INHIBITION DATA 

 
Appendix Figure 4.7. Overview of the AMP combination results for the inhibition of P. aeruginosa biofilm growth. Outcomes are shown as their statistical / biological 

significance. The more positive outcomes (S and Ad) are shown in bold.
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Appendix Figure 4.8. Overview of the AMP combination results for the inhibition of S. aureus biofilm growth. Outcomes are shown as their statistical / biological significance. 
The more positive outcomes (S and Ad) are shown in bold. The outcomes marked with an asterisk were assessed in only one experiment.
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APPENDIX 4.4  – DOUBLE-SPECIES BIOFILM TREATMENT DATA 

 
Appendix Figure 4.9. Overview of the AMP combination results for the treatment of P. aeruginosa PAO1 and S. aureus ATCC 25923 

double-species biofilm. Outcomes are shown as their statistical / biological significance. The more positive outcomes (S and Ad) are shown in bold.
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Appendix Figure 4.10. Overview of the AMP combination results for the treatment of P. aeruginosa CI and S. aureus CI double-species 

biofilm. Outcomes are shown as their statistical / biological significance. The more positive outcomes (S and Ad) are shown in bold.



SEA RCHI NG F OR NEW STRA TEGI ES  A GA I NST  B I OF I LM  I NF ECTI ONS:  COLI ST I N -A NTI M I CROBI A L  P EP TI DE  COM BI NA TI ONS A GA I NST  P .  A ERUGINOSA  A ND S.  A URE US  

S I NGLE -  A ND DOUBL E -SP ECI ES  B I OF I LM S  

130 

 
Appendix Figure 4.11. Overview of the AMP combination results for the treatment of P. aeruginosa CI MDR and S. aureus CI MRSA 

double-species biofilm. Outcomes are shown as their statistical / biological significance. The more positive outcomes (S and Ad) are shown in bold. 



  

 

5 CHAPTER  

A NETWORK PERSPECTIVE ON ANTIMICROBIAL 

PEPTIDE COMBINATION THERAPIES: THE 

POTENTIAL OF COLISTIN, POLYMYXIN B AND NISIN 

In this chapter, a review of the available scientific literature on the effects of antimicrobial 

combinations involving colistin, polymyxin B, and nisin is performed. A bioinformatics approach based 

on literature mining and manual expert curation supported the reconstruction of experimental 

evidences on the potential of these AMP combinations, as described in the literature. Network analysis 

enabled further characterisation of the retrieved antimicrobial agents, targets and combinatory effects. 

This systematic analysis was able to output valuable information on these studies and the 

reconstructed networks enable the traversal and browsing of a large number of agent combinations, 

providing comprehensive details on the organisms, modes of growth and methodologies used in the 

studies. Therefore, network analysis enables a bird's-eye view of current research trends as well as in-

depth analysis of specific drugs, organisms and combinatory effects, according to particular user 

interests. The reconstructed knowledge networks are publicly accessible at 

http://sing.ei.uvigo.es/antimicrobialCombination/. Hopefully, this resource will help researchers to 

look into antimicrobial combinations more easily and systematically. User-customised queries may 

help identify missing and less studied links, and generate new research hypothesis. 
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5.1 INTRODUCTION 

Antimicrobial agents have significantly improved the well-being and life-

expectancy of humans and animals, but their overuse has accelerated the emergence 

of multidrug-resistant microorganisms and has raised an urgent need for novel 

antibiotics [1]. The repurposing of natural compounds, such as AMP, and the creation 

of synergic antimicrobial combinations are two attractive and increasingly explored 

research approaches [2]. 

Most of the research AMP-related outcomes are scattered across the ever 

growing scientific literature, which impedes their systematic comparison. However, 

the development of computational workflows to integrate and analyse such textual 

information has the potential to automate compilation and enable comprehensive 

data analysis. In chapter 3, a database of AMP combinations was created by 

implementing a semi-automatic workflow for the reconstruction of species-specific 

networks based on text-mining and manual expert curation methodologies [8,9]. 

In this chapter, the semi-automatic workflow is applied to the study of 

polymyxins and bacteriocins, two families of AMP widely used in healthcare and food 

related studies. In particular, this chapter discusses experimental findings retrieved 

from scientific literature on antimicrobial combinations involving CST (polymyxin E), 

polymyxin B (POL-B), and nisin (NIS), which are FDA-approved AMP broadly tested 

against prominent multi-drug resistant pathogens, such as P. aeruginosa, S. aureus, 

E. coli, Listeria monocytogenes and Candida albicans [10–12]. 

CST, also known as polymyxin E, and POL-B belong to the polymyxin group of 

cationic polypeptides, i.e. cyclic, positively charged decapeptides bound to a fatty acid 

and derived from various species of Paenibacillus (Bacillus) polymyxa [11], and differ 

in structure by only one amino acid, i.e. -Leu in CST and -Phe in POL-B [13]. The basic 

mechanism of action consists in the disruption of the cell membrane by binding to 

the anionic part of the LPS. This causes a detergent effect with permeability changes 

in the cell envelope, leakage of cell contents, and cell death [13,14]. They are mainly 

active against Gram-negative pathogens, including major nosocomial pathogens, such 

as E. coli, Klebsiella spp., Enterobacter spp., P. aeruginosa, and Acinetobacter spp. 
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[11]. Historically, CST was widely used in clinical practice, but its routine use was 

discontinued in the 1970s due to the associated nephrotoxicity and neurotoxicity 

effects [15]. Nevertheless, CST and POL-B are still used as a last resource treatment 

for infections caused by MDR Gram-negative bacteria, such as P. aeruginosa 

infections in the respiratory tract of cystic fibrosis patients [16,17]. 

NIS is the main representative of the AMP class of lantibiotics (lanthionine-

containing antibiotics) or class I bacteriocins. These small peptides (< 5 kDa) are 

characterised by their unusual post-translationally modified residues (e.g. lanthionine 

or 3-methyllanthionine), which result in the formation of rings by covalent bonding 

with other amino acids [18]. NIS was first isolated from Lactococcus lactis [19], and 

remains the only FDA-approved and commercially available bacteriocin, being 

normally used as a food additive [20]. In recent years, NIS has been increasingly 

studied in biomedical scenarios, exploring its ability to form poration complexes in cell 

membranes, mainly against Gram-positive bacteria [10,21]. Its antimicrobial activity 

has been convincingly demonstrated for major Gram-positive pathogens such as L. 

monocytogenes and S. aureus [22]. 

The three AMP-centric knowledge network reconstructions describe 

experimental results in an intuitive and user customised way, enabling various 

analysis perspectives. AMP-drug combinations are described in terms of reported 

effects and experimental settings, e.g. strains, mode of growth and methodologies of 

analysis found in the literature. By focusing on various network features, different 

questions about the role of these AMP in antimicrobial combinational therapy are 

addressed. 

The reconstructed knowledge networks are publicly available at http://sing-

group.org/antimicrobialCombination/. 

5.2 MATERIALS AND METHODS 

5.2.1 Information Retrieval 

Information extracted from literature using text mining methods was integrated 

with data from curated databases to reconstruct experimental evidences on the 

antimicrobial combination of CST, POL-B, and NIS in a comprehensive way. This was 

http://sing-group.org/antimicrobialCombination/
http://sing-group.org/antimicrobialCombination/
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performed according to chapter 2.2, with a single modification regarding the query 

used for NIS, which was as follows: “(Nisin OR Nisaplin) AND (synerg* OR antagon* 

OR addictive OR indifferent OR FIC OR checkerboard OR time+kill)”. 

5.2.2 Data Organisation and Presentation 

The annotated combinations were categorised as “synergy”; “additiveness”, 

“indifference”, and “antagonism as described in sub-chapter 2.2.5. The 

reconstructed knowledge networks are publicly accessible at 

http://sing.ei.uvigo.es/antimicrobialCombination/. Network web visualisation is 

supported by Cytoscape Web (version 2.6.1) [23] and advanced analyses were 

conducted in Cytoscape (version 3.4.0) [24]. 

5.2.3 Data analysis 

Data was analysed in relation to different types of totals, namely: the number 

of total combinations (TC), the number of combinations across documents and 

species (CDS) and the number of combinations across documents (CD). TC 

represents all the combinations that are presently annotated in our knowledgebase, 

encompassing all documents, species and respective strains tested. This number is 

used, for example, to calculate the % of synergy or other type of outcome for a given 

organism or drug. CDS counts antimicrobial combinations by unique species targets, 

i.e. it ignores tests of the same combination on multiple strains of the same species. 

This figure is important to calculate statistics such as the most tested organisms. 

Finally, CD computes unique antimicrobial combinations in order to assess the most 

used drugs. Other totals are used to present relative data and are described in the 

corresponding table caption/footnote. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Overview 

The number of documents retrieved from the literature was higher for CST, 

followed by the ones found for POL-B and NIS, with an approximate difference of 100 

documents from one another (Table 5.1). The number of relevant documents was 

also greater for CST, followed by NIS and POL-B. Interestingly, the TC was much 
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higher for CST than for the other two AMP. However, when analysing the CDS, CST 

has the lowest figure, which indicates that studies using CST tend to test susceptibility 

over more strains. 

Table 5.1. General statistics on retrieved and annotated documents. 

AMP Documents in query Relevant documents (%) 1 TC CDS CD 

CST 374 187 (50) 2829 352 231 

POL-B 278 100 (36) 993 367 220 

NIS 184 130 (71) 900 464 263 

Note: 1 The % is relative to the total number of documents in query. 

Historically, the number of combination studies involving CST, POL-B or NIS 

has grown exponentially (Figure 5.1), reflecting the interest that these studies have 

been receiving from researchers. The majority of the documents retrieved from the 

literature are dated after 2000. It is also clear that the present tendency is still of 

growth, since the number of documents in the last 5 years is close (POL-B) or already 

higher (CST and NIS) than the total achieved in the previous decade. 

 
Figure 5.1. Historical view of the evolving of antimicrobial combination studies for CST, 

POL-B and NIS. 



CHAPTER 5  

137 

Given the fact that CST is already used as an antibiotic in clinical settings, it 

was expected that the great majority of studies included a varied array of clinical 

isolated strains. In fact, 90 % of the strains used in the annotated CST combinations 

are clinical isolates. Similarly, 67 % of the strains used for testing POL-B combinations 

are also clinical isolates (data not shown). In turn, only 40 % of the strains used for 

testing NIS combinations are clinical isolates, a fact that may be justified by the recent 

application of this food additive to biomedical scenarios [10]. 

In general, AMP are mainly combined with antibiotics and antifungals (77 %, 

66 % and 32 % for each of the three AMP, respectively), and AMP-AMP combinations 

represent just a small fraction of all the combinations tested (Table 5.2). Current 

interest on the repurposing of antibiotics by combination with other antimicrobials or 

antimicrobial adjuvants can explain these percentages [7]. AMP are known to disrupt 

the bacterial membrane [5], which makes them excellent partners for antibiotics 

whose antimicrobial action affects intracellular targets, by facilitating their entrance 

into the cell. In contrast with the other two AMP, the combinations of NIS with 

biomedical associated drugs, such as antibiotics and antifungals, do not yet represent 

the main focus of the tests (< 50 %). This may relate with the fact that NIS is mainly 

used as a food additive and its biomedical application has only been explored in recent 

years [10]. 

Table 5.2. Percentage of annotated combinations, modes of growth and 

combination effects. 

AMP 

Combination of AMP + 1 Mode of growth 1 Combination effect 2 

AMP Anti(B/F) P B S Ad I A 

CST 13 77 96 2.6 34 31 30 5 

POL-B 7.3 66 97 0.9 51 25 23 1 

NIS 7.6 32 82 5.7 46 26 23 5 

Note: Inconclusive outcomes, namely S/Ad, Ad/I and I/A, are included in the S, Ad and I categories, 

respectively. 1 % relative to CD. 2 % relative to TC. Anti(B/F) – antibiotics and antifungals; P – planktonic; 

B – biofilm. 
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Another interesting data is that AMP combinations are still primarily tested on 

planktonic cultures (82-97 %). That is, experimental results are somewhat limited in 

terms of describing effects on real-world scenarios, namely over microbial biofilms 

(0.9-5.7 %). Most bacteria are naturally present in a biofilm mode of growth and these 

consortia are related to persistent and chronic infections [25] and possess multiple 

resistance mechanisms that challenges eradication [26]. Therefore, testing AMP 

combinations over these microbial growth scenarios is an urgent necessity. In fact, 

AMP have some characteristics that make them promising for treating biofilms, 

namely the fact that their main mechanism of action is independent of the cell’s 

metabolic state (i.e. they are directed towards the membrane). This makes them 

effective against active and dormant cells, which are common types of cell populations 

in mature biofilms [27]. 

Moreover, the majority of the reported combinations have a synergic effect, 

which may reflect both the predisposition of AMP to be good adjuvants in antibiotic 

therapy [2] and the fact that scientific papers often tend to report only/majorly positive 

outcomes.  

5.3.2 Web Search and Visualisation 

The reconstructed networks are publicly accessible at 

http://sing.ei.uvigo.es/antimicrobialCombination. The web interface supports user 

customised network visualisation, search and navigation (Figure 5.2). Network 

presentation was made simple and intuitive: the antimicrobials agents are displayed 

as nodes and the antimicrobial combinations are represented by the edges linking 

those nodes. The user may search combinations using different filter levels, namely 

find information by organism, antimicrobial agent or type of combination. 

Furthermore, different filters may be combined in more advanced searches. For 

example, this approach can be used to identify direct and indirect relations between 

two antimicrobial agents, or to find all combinations that produced a given effect in a 

specific organism. 

For visualisation simplicity, the shape of the nodes stands for the type/family 

of the antimicrobial agents, and edges are coloured according to the effect of the 

combinations. Moreover, the interface takes advantage of topological metrics to  
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Figure 5.2.  Web visualisation of the antimicrobial combination networks of CST, POL-B and NIS (B). Node shape corresponds to 
antimicrobial agent type (C). Edges are coloured according to the effect of the reported combination (D). Networks may be searched by organism, 
antimicrobial agent or combination effect (A). Both nodes and edges are clickable and enable the display of additional information, e.g. alternative 
agent names, chemical activity, cross-links to chemical and other external data sources (E). 



A  NETWORK P E RSP ECTI VE O N A NTI M I CROBI A L  P EP TI DE COM BI NA TI ON THERA P I ES:  

THE P OTENTI A L  OF  COLI ST I N,  P OLYM YXI N B  A ND NI S I N  

140 

highlight the representativeness and interconnection of antimicrobial agents. 

Specifically, node size is dependent of the node degree, i.e. node size is scaled 

according to the number of combinations that support its presence in the network. 

5.3.3 Network Content Analysis 

Table 5.3 presents the most annotated agents for each of the AMP. The 

following subsections make an in-depth analysis of these annotations for each of the 

AMP networks. 

Table 5.3. Top 3 antimicrobials, organisms and methods co-annotated with CST, POL-

B, and NIS. 

AMP Combined AMP/Drug 1 Organism 2 Experimental Method 1 

CST 

Rifampicin (7.8 %) 

Tigecycline (4.8 %) 

Meropenem (4.3%) 

P. aeruginosa (32 %) 

A. baumannii (15 %) 

K. pneumoniae (8.2 %) 

Checkerboard assay (53 %) 

Time-kill curve (31 %) 

Etest (14 %) 

POL-B 

Rifampicin (5.0 %) 

Erythromycin (4.6 %) 

Novobiocin (4.1 %) 

P. aeruginosa (29 %) 

E. coli (14 %) 

K. pneumoniae (12 %) 

Checkerboard assay (37 %) 

MIC (28 %) 

Time-kill curve (20 %) 

NIS 

EDTA (3.8 %) 

Vancomycin (2.3 %) 

NaCl (2.3 %) 

L. monocytogenes (16 %) 

S. aureus (14 %) 

E. coli (9.9 %) 

Cell viability (41 %) 

Checkerboard assay (24 %) 

Cell growth (11 %) 

Note: 1 % relative to CD; 2 % relative to CDS. 

5.3.3.1 CST Combinations 

CST is predominantly combined with the antibiotics rifampicin, tigecycline, and 

meropenem (Table 5.3), which represent three distinct classes of antibiotics: 

rifamycins, glycylcyclines and carbapenems, respectively. All these antibiotics 

possess intracellular targets, such as the bacterial DNA-dependent RNA polymerase, 

causing inhibition of RNA synthesis [28], the 30S ribosomal subunit, causing 

inhibition of protein synthesis [29] and the penicillin binding proteins, causing 

inhibition of cell wall synthesis [30], respectively. The combination of CST with 

intracellular acting antibiotics was somewhat expected, since the action of this AMP, 

i.e. membrane disruption, can help other antibiotics enter the cell more easily. 

Checkerboard assays and time-kill curves are the most used test methods in these 
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studies (Table 5.3), which is in accordance with the most used standardise 

methodologies for synergy testing [31]. 

Currently, the network reconstructed for CST (Figure 5.3) includes a total of 

2829 antimicrobial combinations, which were extracted from 187 documents. Most 

of the combinations involving CST are tested against Gram-negative bacteria (Table 

5.4). This was somewhat expected given that the mechanism of action of CST is more 

specific for this type of bacteria by targeting LPS, which is a major constituent of the 

outer membrane of these bacteria [11,13]. Infections by fungi and Gram-positive 

bacteria are addressed by a small fraction of the combinations (17 %). P. aeruginosa 

is the most represented Gram-negative bacteria with 743 CST combinations across 

59 documents, 33 % of which with synergic effects. At the top of CST combinations 

against P. aeruginosa is the combination with rifampicin (7.2 % of the number of 

combinations across documents for that species). 

Table 5.4. Distribution of organisms and S and A combinations in the antimicrobial 

combination network of CST. 

Type of 

Organism 1 
Top 3 1 S / A 2 No. documents 3 

Gram-negative 

bacteria (83 %) 

P. aeruginosa (32 %) 33 % / 1.1 % 59 % 

A. baumannii (15 %) 45 % / 1.0 % 29 % 

K. pneumoniae (8.2 %) 34 % / 11 % 18 % 

Gram-positive 

bacteria (7.5 %) 

S. aureus (1.7 %) 57 % / 0 % 4 % 

L. monocytogenes (0.6 %) 88 % / 0 % 1 % 

Actinomyces spp., Bacillus cereus, 

Bifidobacterium adolescentes, 

Clostridimn spp., Enterococcus 

faecium, Eubacterium llmosum, 

Lactobacillus spp., Peptococcus 

spp., Peptostreptococcus spp., 
Streptococcus spp. (0.28 %) 

5 % / 0 % 2 % 

Fungi (9.5 %) 

C. albicans (2.3 %) 75 % / 0 % 2 % 

Pseudallescheria boydii, 

Pseudallescheria apiosperma, 

Scedosporium prolificans, 

Geosmithia argillacea, Exophiala 

dermatitidis (0.9 %) 

9.0 % / 14 % 1 % 

Batrachochytrium salamandrivorans 

(0.6 %) 
100 % / 0 % 1 % 

Note: % relative to: 1 CDS; 2 TC for that species; 3 the number of relevant documents. 



A  NETWORK P E RSP ECTI VE O N A NTI M I CROBI A L  P EP TI DE COM BI NA TI ON THERA P I ES:  THE P OTENTI A L  OF  COLI ST I N,  P OLYM YXI N B  A ND NI S I N  

142 

 
Figure 5.3. The antimicrobial combination network reconstructed for CST.



CHAPTER 5  

143 

S. aureus is the most Gram-positive bacteria used in these tests. Specifically, 

4 documents describe the testing of 7 combinations, with 57 % of them resulting in 

synergy. These combinations involved 6 different drugs, namely 3 antibiotics (namely, 

ciprofloxacin, sodium sulfadiazine and erythromycin). In turn, C. albicans is the most 

tested fungi, with 12 CST combinations annotated across 2 documents, with 75 % of 

them resulting in synergy. CST was mainly combined with the antifungal caspofungin 

(38 % of the number of combinations across documents for that species). 

Apparently, there is no obvious correlation between the type of organism and 

the % of synergy or antagonism results obtained. Some of the less tested organisms 

showed more positive outcomes; however, the number of documents was 

substantially lower, which impairs the establishment of a statistically significant 

correlation. It is known that AMP are able to enlarge the antimicrobial spectrum of 

certain antibiotics [2], which could explain the high % of synergy seen with CST 

combinations for both Gram-positive bacteria and fungi. 

The analysis of the targets of the more and less successful combinations with 

CST is presented in Table 5.5. Apparently, the specific targets of the combined agents 

do not correlate with the four different combination categories since the top 3 targets 

are equal and/or similar amongst them. In the case of synergic combinations, all the 

targets are also reported for the other combination categories. This might suggest that 

the synergy among CST and other agents is not dependent on the target of the latter 

but rather on their mechanism of entering the cell and the efficacy of CST to facilitate 

that entrance depending on the selected organism/conditions. 

Table 5.5. Top 3 reported targets for the agents combined with CST grouped by the 

combination category. 

Combination 

category 
Top 3 targets 

S 

16S rRNA; penicillin-binding protein 3 (5.14 %) 

Penicillin-binding protein 1B (4.57 %) 

Penicillin-binding protein 1A (4.00 %) 

Ad 

Penicillin-binding protein 1B; penicillin-binding protein 3; 16S rRNA (5.62 %) 

Penicillin-binding protein 1A (4.49 %) 

30S ribosomal protein S12; protein-arginine deiminase type-4 (3.37 %) 
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Combination 

category 
Top 3 targets 

I 

16S rRNA (5.51 %) 

30S ribosomal protein S12; penicillin-binding protein 1B; penicillin-binding protein 

3 (4.72 %) 

Penicillin-binding protein 1A; penicillin-binding protein 2 (3.94 %) 

A 

16S rRNA; 30S ribosomal protein S12 (11.43 %) 

Protein S100-B; penicillin-binding protein 1A; UDP-N-acetylglucosamine 1-

carboxyvinyltransferase; ergosterol; NH(3)-dependent NAD(+) synthetase; 30S 

ribosomal protein S13; penicillin-binding protein 2; 30S ribosomal protein S14; 

troponin C, skeletal muscle; 30S ribosomal protein S19; 1,3-beta-glucan synthase 

component FKS1; 30S ribosomal protein S9; low-density lipoprotein receptor-related 

protein 2; beta-lactamase; penicillin-binding protein; bifunctional protein FolC; 

penicillin-binding protein 1B; calcium-transporting ATPase type 2C member 1; 

penicillin-binding protein 3; calmodulin; spectrin beta chain, non-erythrocytic 1; 

calpastatin; troponin C, slow skeletal and cardiac muscles; cartilage oligomeric 

matrix protein; voltage-dependent l-type calcium channel subunit alpha-1C; 

dihydrofolate reductase; dihydropteroate synthase (2.86 %) 

Note: % is relative to the total number of different targets for that combination outcome. Synergic targets also 

reported for other combination outcomes are underlined. 

5.3.3.2 POL-B Combinations 

POL-B is mainly combined with antibiotics belonging to three different classes: 

rifamycins (rifampicin), macrolides (erythromycin) and aminocoumarins (novobiocin) 

(Table 5.3). Apparently, combinations that use polymyxins tend to use rifampicin, as 

seen in the case of CST. These antibiotics act intracellularly, namely on the bacterial 

DNA-dependent RNA polymerase, causing inhibition of RNA synthesis [28], the 23S 

rRNA molecule in the 50S ribosomal subunit, causing inhibition of protein synthesis 

[32], and the bacterial DNA gyrase, causing inhibition of DNA supercoiling [33], 

respectively. The use of intracellular acting antibiotics in these combinations follows 

the same line of reasoning as in the case of CST, as previously explained. POL-B 

combinations are tested mainly through checkerboard assay and MIC (Table 5.3). 

Currently, the network reconstructed for POL-B (Figure 5.4) has 993 

antimicrobial combinations, which were extracted from 100 documents. POL-B 

combinations are mainly tested on Gram-negative bacteria (Table 5.6), probably due 

to its mechanism of action, which is similar to CST and affects the outer-membrane 

Table 5.5. Top 3 reported targets for the agents combined with CST grouped by the 

combination category. (continuation) 
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Figure 5.4. The antimicrobial combination network reconstructed for POL-B.
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of Gram-negative bacteria [11,13]. Testing in Gram-positive and fungi represent only 

20 % of the targeted organisms. Similarly to CST, the most tested Gram-negative and 

Gram-positive bacteria and fungi were P. aeruginosa, S. aureus and C. albicans, 

respectively. 

Table 5.6. Distribution of organisms and S and A combinations in the antimicrobial 

combination network of POL-B. 

Type of Organism 1 Top 3 1 S / A 2 No. documents 3 

Gram-negative 

bacteria (80 %) 

P. aeruginosa (30 %) 54 % / 3.2 % 43 % 

E. coli (14 %) 70 % / 2.4 % 30 % 

K. pneumoniae (12 %) 60 % / 0 % 13 % 

Gram-positive bacteria 

(12 %) 

S. aureus (5.7 %) 50 % / 0 % 14 % 

Bacillus subtilis (1.6 %) 33 % / 0 % 4 % 

Staphylococcus epidermidis 

(0.8 %) 
67 % / 0 % 2 % 

Fungi (8.0 %) 

C. albicans (2.2 %) 100 % / 0 % 5 % 

Saccharomyces cerevisiae (1.6 %) 100 % / 0 % 5 % 

Aspergillus niger (0.8 %) 67 % / 0 % 2 % 

Note: % relative to: 1 CDS; 2 TC for that species; 3 the number of relevant documents. 

For P. aeruginosa, 317 POL-B combinations were annotated across 43 

documents, with 54 % of them showing synergy. Here, POL-B was mostly combined 

with novobiocin (3.7 % of the number of combinations across documents for that 

species). S. aureus was used to test 24 POL-B combinations across 14 documents 

and 50 % of them showed synergy. The most combined drugs were the antibiotic 

neomycin, the AMP bacitracin, the protein lysostaphin and the antifungal miconazole, 

each of which representing 9.5 % of the number of combinations across documents 

for that species. A total of 8 POL-B combinations, belonging to 5 different documents, 

were tested against C. albicans, and all demonstrated synergic outcomes. These 

combinations involved 8 different drugs, 4 of which are antifungals, i.e. amphotericin 

B, ketoconazole, miconazole and fluconazole. The majority of the outcomes for all 

organisms were positive, which further illustrates the potential of the AMP 

combinations. 
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The analysis of the targets of the more and less successful combinations with 

POL-B is presented in Table 5.7. Similarly to CST, all top 3 targets for synergic 

combinations are also reported for the other combination categories, namely 

indifference. Since the mechanism of action of CST and POL-B are similar, this was 

somewhat expected. Notably, synergy between POL-B and other agents seems 

independent on the target but might be correlated with other agent features, such as 

the mechanism of cell entrance and the efficacy of POL-B to facilitate that entrance. 

Table 5.7. Top 3 reported targets for the agents combined with POL-B grouped by the 

combination category. 

Combination 

category 
Top 3 targets 

S 

Penicillin-binding protein 3 (6.33 %) 

Penicillin-binding protein 1A (5.43 %) 

Penicillin-binding protein 1B (4.52 %) 

Ad 

16S rRNA (5.38 %) 

Lanosterol 14-alpha demethylase (4.30 %) 

Serum albumin; 30S ribosomal protein S12; 30S ribosomal protein S9 (3.23 %) 

I 

Penicillin-binding protein 3 (3.03 %) 

Serum albumin; penicillin-binding protein 2; penicillin-binding protein 1A; penicillin-

binding protein 1B; lanosterol 14-alpha demethylase (2.42 %) 

30S ribosomal protein S12; peptidoglycan synthase FtsI; 16S rRNA (1.82 %) 

A 

Bifunctional protein FolC; calcium-transporting ATPase type 2C member 1; 

calmodulin; calpastatin; cartilage oligomeric matrix protein; dihydropteroate 

synthase; penicillin-binding protein; protein S100-B; sodium/potassium-

transporting ATPase subunit alpha-1; spectrin beta chain, non-erythrocytic 1; 

troponin C, skeletal muscle; troponin C, slow skeletal and cardiac muscles; voltage-

dependent L-type calcium channel subunit alpha-1C (7.69 %) 

Note: % is relative to the total number of different targets for that combination outcome. Synergic targets also 

reported for other combination outcomes are underlined. 

5.3.3.3 NIS Combinations 

NIS was primarily combined with three different types of compounds: a 

surfactant (EDTA), an antibiotic (vancomycin) and a salt (NaCl) (Table 5.3). This is 

probably due to the role of NIS as a food addictive [22], which changes the types of 

agents that this AMP can be combined with in comparison with the polymyxins. 

Nevertheless, combination with antibiotics for application in biomedical scenarios is 

attracting increasing attention [10]. The salts are used to test the stability of NIS in 
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different ionic concentrations, which obviously varies among foods and can dictate 

the effectiveness of the AMP [34]. Finally, ethylenediaminetetraacetic acid (EDTA) is 

a chelating agent and a FDA-approved food additive used to prevent oxidation and 

other deteriorations. It also has antimicrobial activity and it is known to potentiate the 

activity of NIS and other antimicrobials against gram-negative microorganisms [35]. 

For NIS, the checkerboard assay was also one of the most used methods, alongside 

cell viability analysis. 

Currently, the network reconstructed for NIS (Figure 5.5) encompasses 900 

antimicrobial combinations, which were extracted from 130 documents. In contrast 

with the polymyxins, the combinations involving NIS were tested in their majority 

against Gram-positive bacteria (Table 5.8), which is the main target of this peptide 

[21]. Still, the testing of combinations against Gram-negative bacteria represented a 

sizable proportion (32 %), with fungi being the least tested organisms. E. coli, L. 

monocytogenes and S. cerevisiae were the most used Gram-negative and Gram-

positive bacteria and fungi, respectively, and all of them are considered food 

pathogens [36]. A total of 50 NIS combinations were tested against E. coli across 25 

documents, and 44 % of them demonstrated synergy. NIS is mainly combined with 3 

different compounds, namely EDTA, lactoferrin and CST, each of which representing 

6.5 % of the number of combinations across documents for that species. L. 

monocytogenes is used in 107 combination tests across 41 documents and 62 % of 

the outcomes were of synergy. Here, NIS was combined more frequently with the 

lactoperoxidase system and EDTA (5.5 % of the number of combinations across 

documents for that species).  

Finally, for S. cerevisiae, there are 3 combinations across 2 documents, and 

67 % of them were synergic. NIS was combined with 2 formulations of a drug, namely 

D-Limonene and D-Limonene nanoemulsion, and was also combined with a method, 

namely ultrahigh pressure. In contrast with the polymyxins, NIS was frequently tested 

alongside physical methods like high pressure or pulsed electric fields in order to 

improve food preservation [34]. 

The analysis of the targets of the more and less successful combinations with 

NIS is presented in Table 5.9. Unlike the case for CST and POL-B combinations, some 
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Figure 5.5. The antimicrobial combination network reconstructed for NIS.
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Table 5.8. Distribution of organisms and S and A combinations in the antimicrobial 

combination network of NIS. 

Type of Organism 1 Top 3 1 S / A 2 No. documents 3 

Gram-negative 

bacteria (32 %) 

E. coli (9.9 %) 44 % / 8.0 % 25 % 

Salmonella enterica (6.7 %) 24 % / 8.8 % 15 % 

P. aeruginosa (3.7 %) 31 % / 0 % 4 % 

Gram-positive bacteria 

(66 %) 

L. monocytogenes (16 %) 62 % / 0 % 41 % 

S. aureus (14 %) 32 % / 9.1 % 31 % 

Enterococcus faecalis (5.8 %) 42 % / 0 % 3 % 

Fungi (1.7 %) 

S. cerevisiae (0.6 %) 67 % / 0 % 2 % 

Mesophiles, Aspergillus 

parasiticus, Zygosaccharomyces 

bailii, Fusarium moniliforme, 

Aspergillus ochraceus (0.2 %) 

80 % / 20 % 3 % 

- - - 

Note: % relative to: 1 CDS; 2 TC for that species; 3 the number of relevant documents. “-“ means there were no more 

combinations. 

of top targets are unique of synergic combinations, i.e. they are not repeated on the 

other combination category’s targets. These unique targets, namely the 50S 

ribosomal protein L10, the DNA-directed RNA polymerase subunit beta and the DNA-

directed RNA polymerase subunit beta', could be used as “guidance” to test other 

agents with equal or similar targets and validate the possibility of additional synergic 

combinations with NIS. This type of directed approach has more probability of success 

and reduces costs in terms of time and resources, which are often significant in 

combination studies. 

5.4 CONCLUSIONS 

This work presented an integrative knowledge methodology for the 

reconstruction of relevant experimental results on antimicrobial combination tests, 

based on text mining and network mining methods and techniques. This methodology 

enabled the reconstruction of antimicrobial combinations involving CST, POL-B, and 

NIS and supports its periodical update, i.e. the curation of new publications on these 

topics. 
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Table 5.9. Top 3 reported targets for the agents combined with NIS grouped by the combination category. 

Combination 

category 
Top 3 targets 

S 

Serum albumin; penicillin-binding protein 3; 16S rRNA (2.00 %) 

30S ribosomal protein S12; penicillin-binding protein 1A (1.60 %) 

Lanosterol 14-alpha demethylase; 50S ribosomal protein L10; penicillin-binding protein 1B; 23S rRNA; bacterial outer membrane; penicillin-binding protein 2B; DNA-directed 

RNA polymerase subunit beta; potassium voltage-gated channel subfamily H member 2; protein-arginine deiminase type-4; DNA-directed RNA polymerase subunit beta' 
(1.20 %) 

Ad 

23S rRNA; penicillin-binding protein 1B; penicillin-binding protein 3 (4.69 %) 

Serum albumin; penicillin-binding protein 2A; penicillin-binding protein 1A; bacterial outer membrane; potassium voltage-gated channel subfamily H member 2; D-ALA-D-ALA moiety 
of NAM/NAG peptide subunits of peptidoglycan; 16S rRNA; DNA gyrase subunit A; 50S ribosomal protein l22;; 50S ribosomal protein l4; DNA topoisomerase 4 subunit A; DNA 
penicillin-binding protein 2B; topoisomerase 2-alpha; protein-arginine deiminase type-4 (3.13 %) 

30S ribosomal protein S12; manganese cation; D-alanyl-D-alanine endopeptidase; angiopoietin-1 receptor; multidrug and toxin extrusion protein 1; 30S ribosomal protein S9; 
penicillin-binding protein 2; beta-2-microglobulin; peptidoglycan synthase FtsI; C55-isoprenyl pyrophosphate; motilin receptor; gyrase A; multidrug resistance protein MdtK; insulin-
degrading enzyme; D-alanyl-D-alanine carboxypeptidase DacB; iron; D-alanyl-D-alanine dipeptidase; lanosterol 14-alpha demethylase; 30S ribosomal protein S4; lead; alpha-2-
macroglobulin; lipoteichoic acid synthesis; DNA topoisomerase 4 subunit B; Dr hemagglutinin structural subunit; 50S ribosomal protein l16; complement decay-accelerating factor; 
glycosyltransferase GtfA (1.56 %) 

I 

Penicillin-binding protein 1A (4.23 %) 

23S rRNA; penicillin-binding protein 3; penicillin-binding protein 1B; bacterial outer membrane (2.82 %) 

50S ribosomal protein l16; 50S ribosomal protein l4; proton-coupled amino acid transporter 1; 5-aminolevulinate synthase, nonspecific, mitochondrial; glycine--tRNA ligase; alanine-
-glyoxylate aminotransferase 2, mitochondrial; 50S ribosomal protein l22; angiopoietin-1 receptor; serine--pyruvate aminotransferase; iron; glycine receptor subunit alpha-3; 
lanosterol 14-alpha demethylase; 5-aminolevulinate synthase, erythroid-specific, mitochondrial; multidrug resistance protein MdtK; lipoteichoic acid synthesis; beta-lactamase; 
NIMA-related protein; bifunctional protein puta; penicillin-binding protein 2A; bile acid-CoA:amino acid N-acyltransferase; potassium voltage-gated channel subfamily H member 2; 
complement decay-accelerating factor; serine hydroxymethyltransferase, cytosolic; dihydropteroate synthase type-1; sodium- and chloride-dependent glycine transporter 2; DNA; 
glycine receptor subunit alpha-2; DNAa gyrase subunit A; glycine receptor subunit beta; DNA topoisomerase 2-alpha; gyrase A; DNA topoisomerase 4 subunit A; iron hydrogenase 
1; DNA topoisomerase 4 subunit B; lead; Dr hemagglutinin structural subunit; manganese cation; glutamate receptor ionotropic, NMDA 2a; N-arachidonyl glycine receptor; glutamate 
receptor ionotropic, NMDA 2C; 2-amino-3-ketobutyrate coenzyme A ligase, mitochondrial; oxygen-insensitive NADPH nitroreductase; glutamate receptor ionotropic, NMDA 3B; 
penicillin-binding protein 2; glutathione synthetase; penicillin-binding protein 2B; glycine amidinotransferase, mitochondrial; peroxisomal sarcosine oxidase; glycine cleavage system 
H protein, mitochondrial; protein-arginine deiminase type-4; glycine dehydrogenase [decarboxylating], mitochondrial; serine hydroxymethyltransferase; glycine N-acyltransferase; 
serine hydroxymethyltransferase, mitochondrial; glycine N-acyltransferase-like protein 1; sodium- and chloride-dependent glycine transporter 1; glycine N-acyltransferase-like protein 
2; vesicular inhibitory amino acid transporter; glycine N-methyltransferase; glycine receptor subunit alpha-1 (1.41 %) 

A 
50S ribosomal protein l16; alpha-2-macroglobulin; C55-isoprenyl pyrophosphate; complement decay-accelerating factor; Dr hemagglutinin structural subunit; insulin-degrading 
enzyme (16.67 %) 

Note: % is relative to the total number of different targets for that combination outcome. Repeated synergic targets on other combination outcomes are underlined. Unique synergic targets are shown in bold.



A  NETWORK P E RSP ECTI VE O N A NTI M I CROBI A L  P EP TI DE COM BI NA TI ON THERA P I ES:  

THE P OTENTI A L  OF  COLI ST I N,  P OLYM YXI N B  A ND NI S I N  

152 

This methodology holds great potential in mining combination networks for 

other AMP. The aim would be to retrieve documents with similar text “profiles”, i.e. 

with similar core contents and semantics. So, the only adjustment would be changing 

the name of the AMP in question, alongside any possible synonyms or name variants, 

in the PubMed query and thus, retrieve new pools of potentially relevant articles (i.e. 

describing experimental testing of combinations involving that AMP). Therefore, in the 

near future, the database will cover combination networks for a broader scope of AMP.  

Both the continuous update and broader scope of the database will be 

invaluable for exploring the possibility of building mathematical models capable of 

inferring other novel combinations that could be further experimentally validated. Such 

mathematical modelling will likely incorporate various pharmacological/biochemical 

features on both the agents and the reported combinations and will emerge from the 

testing of multiple data mining algorithms. 
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6 CHAPTER  

FINAL REMARKS 

This chapter presents the main conclusions drawn from the work described in the previous 

chapters and points out ongoing and future lines of work. 
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6.1 CONCLUSIONS 

Antimicrobial therapy is currently losing the war against the ever increasing 

number of drug resistant microorganisms, which are rendering most of the 

conventional antibiotics ineffective. The development of infections associated to these 

microorganisms is very often concomitant to their growth as a biofilm, which carries 

several antimicrobial resistance traits on its own; as so, such infections rapidly 

become life-threatening ones. In the last years, there has been a huge research 

commitment to the study of these phenomena and, therefore, antimicrobial and 

resistance studies are being published at a rapid and exponential rate. Two of the 

rising topics amongst microbiologists are the antimicrobial potential of natural 

compounds, such as AMP, and the use of antimicrobial combinations to repurpose 

old antibiotics and increase their effectiveness, while lowering associated toxicity and 

side effects. 

Within this scope, this work focused on the study of AMP combinations against 

major pathogenic bacteria (and fungi) known for their role in the development of 

antimicrobial resistance and biofilm-associated infections. To do so, two approaches 

were selected and integrated: an in silico approach, i.e. application of bioinformatics 

resources and tools to the systematic retrieval of information on AMP combinations 

from the scientific literature, and an in vitro, i.e. laboratorial analysis of the 

effectiveness of selected AMP combinations. 

Briefly, in Chapter 3, the semi-automated workflow developed for the retrieval 

of AMP combination information from scientific literature and enabled the 

construction of a new database on experimentally tested AMP combinations was 

presented. This novel workflow integrates state-of-the-art text mining technologies, 

expert manual curation, and network reconstruction as means to enable query and 

visualisation of the gathered information at a large and systematic scale. 

Combinations are described in terms of experimentally validated effect and 

experimental settings, namely strains, testing methodology, mode of growth, and 

additional expert observations. This workflow enabled the construction of the first 

public database on AMP combinations 

(http://sing.ei.uvigo.es/antimicrobialCombination/), which aims to facilitate the 

http://sing.ei.uvigo.es/antimicrobialCombination/
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design of more effective antimicrobial treatments, for example by helping users to 

explore direct and indirect associations within the networks. 

In Chapter 4, the AMP antibiotic CST was combined with three other AMP, i.e. 

TEMP-A, CIT-1.1 and TP-I-L, and tested in vitro against planktonic and biofilm cultures 

of P. aeruginosa and S. aureus reference and isolated strains, including MDR ones. 

The relevance of these combinations was confirmed by the CST data in the AMP 

combinations database (Chapter 3). Prophylactic ad therapeutic approaches were 

investigated and biofilms were grown in a single- and double-species format. Overall, 

synergic or additive actions were obtained in the prevention of planktonic growth, 

biofilm formation and treatment of pre-established single and double-species biofilms. 

CST had higher effectiveness against P. aeruginosa in detriment of S. aureus; still, 

positive results were achieved for the latter. Treatment of 24 h-old biofilms vs 

prevention of biofilm growth was more challenging, most probably due to the specific 

resistant traits of biofilms, such as the presence of the extra polymeric matrix. The 

AMP combination concentrations required to achieve positive outcomes in the 

treatment of double-species biofilms were higher in comparison with the single-

species biofilms, which might be related to the enhanced virulence associated with 

the co-existence of these two bacteria in biofilms. Also, the most effective 

combinations were deemed cytotoxic, but the lower and less toxic concentrations 

could still be of use if the combined action with the host’s immune system is taken 

into account. Furthermore, CST was non-toxic in all the range of concentrations tested, 

which emphasises its potential as member of antimicrobial combinations. In 

summary, results showed the potential of combining AMP with established antibiotics 

(CST) for increasing treatment efficacy in biofilm-associated infections. 

In Chapter 5, the workflow established in Chapter 3 was adapted to retrieve 

information on antimicrobial combinations for specific AMP (i.e. CST, POL-B and NIS) 

instead of specific species. This proved the adaptability of the developed workflow to 

different investigation purposes and allowed the creation of AMP-centric networks, 

describing experimental results in an intuitive and customised way. This AMP-centred 

combination analysis allowed a more in-depth look into the effect of the selected AMP 

and the assessment of their combination success across different species, strains 

and other experimental conditions. All information is publicly available at the site of 
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the AMP combination database. Currently, the database contains 3111 combinations, 

encompassing 350 AMP and 337 drugs. 

6.2 ONGOING AND FUTURE WORK 

In this PhD project, the great potential of using AMP-related combinations 

against major pathogenic and biofilm-forming bacteria was validated using a 

combination of in vitro and in silico approaches. The obtained results pave the way 

for new routes of investigation that are detailed next. 

Concerning the in silico approach, the developed workflow, shown in Chapters 

3 and 5, sustains the continuous update of the AMP combination database. This 

workflow can be applied to a broader mining of combination networks, for other 

relevant pathogenic species and other AMP. Therefore, in the near future, the 

database will cover combination networks for a broader scope of species and AMP. 

Another useful application for the developed workflow will be the construction 

of mathematical models capable of inferring novel combinations that could be further 

experimentally validated. Such mathematical modelling will need both the continuous 

update and broader scope of the database and will likely incorporate various 

pharmacological/biochemical features on both the agents and the reported 

combinations, and will emerge from the testing of multiple data mining algorithms. 

Concerning the in vitro approach, despite the effectiveness of some CST-AMP 

combinations in eradicating 24 h-old biofilms, including double-species ones, some 

cytotoxicity was verified for the most effective/higher concentrations. In order to 

overcome this issue, some strategies will be investigated in the near future. More 

precisely, the combination of AMP with MDE, such as DNAse, dispersin B and alginate 

lysase, will be issued. Microorganisms in biofilms live in a self-produced matrix of 

hydrated extracellular polymeric substances that acts as shield from external 

aggressive factors. Therefore, the use of compounds that dissolve the biofilm matrix, 

such as MDE, may increase biofilm susceptibility to AMP. Also, the testing of other 

AMP would be interesting and the constructed database would be of service in 

choosing the most promising ones. 
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Treatment regimens encompassing consecutive AMP doses applied to the 

biofilms with the purpose of achieving biofilm eradication with repeated but lower AMP 

concentrations would also be of valour. Another interesting route of investigation 

would be the immobilization of the AMP, which would refocus the AMP combinations 

application to a more prophylactic scenarios and has been proven to lower AMP 

related cytotoxicity. Finally, the study of the architecture of the double-species biofilm 

of P. aeruginosa and S. aureus and the relative special organization of both species 

would be of value, namely before and after treatment. Methods such as LIVE/DEAD 

staining and PNA FISH would allow such an investigation in order to assess any 

changes provided by the AMP combination treatments. Finally, the best working AMP 

combinations will be tested in more real-like scenarios of infection, such as the cystic 

fibrosis lung infection or the urinary catheter infection, recurring to specific media 

(artificial sputum or urine) and also specific mammalian cell lines (e.g. lung epithelia). 
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