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Abstract 

Nosocomial infections imply a great risk for hospitalized patients, causing around 90 000 deaths per 

year just in the European Union. Bacterial biofilms- microaggregates of bacteria attached to a surface 

and embedded in a self-produced matrix-are often responsible of this kind of infections, especially 

those related to medical device use. Medical devices offer an ideal surface for bacteria to attach and 

form a biofilm and, by switching into this state, bacteria can withstand antibiotic chemotherapy and 

evade the immune system of the host. One of the current problems to tackle biofilm-associated 

infections is the limited number of molecules able to act on them at sufficiently low concentrations. 

For this reason, there is an intense search of biofilm inhibitors, which is often performed via the 

screening of compound libraries utilizing microplate assays. However, the conditions in which these 

assays are carried out often differ from those found in clinical environments, and for compounds to 

be truly effective in translational applications, they ought to be tested in relevant experimental 

models. This doctoral project has been focused on the development of new in vitro models that better 

resemble the conditions in which bacterial biofilms are formed and function in medical device-

related infections (i.e. orthopedic infections and ventilator-associated pneumonia). Moreover, the 

anti-biofilm capacity of three previously identified biofilm inhibitors was re-assessed using the newly 

developed models. These biofilm inhibitors included two dehydroabietic acid derivatives, DHA1 and 

DHA2 and one flavan derivative, FLA1.  

In the clinical environment, biofilms can often be composed of multiple species, whose tolerance to 

antibiotic treatments may be different from those composed of single species. Because of this, in the 

first study, a co-culture model of Staphylococcus aureus and Pseudomonas aeruginosa was 

optimized to create a dual species biofilm. These species were chosen because they have been often 

co-isolated from biofilms related to numerous infections, including medical device-related ones. To 

be able to develop efficient treatments against multi-species biofilms, it is essential to understand 

the different biofilm dynamics. Because of this, as part of this study, we exhaustively characterized 

the variations of the proteomes (specifically the surfaceome and the exoproteome) of S. aureus and 

P. aeruginosa when co-existing in the same biofilm in comparison to the proteomes of these bacteria 

in monoculture. Moreover, the hints of several phenotypical changes derived from the proteome 

analysis were confirmed by a series of follow up studies, which included the analysis of their 

susceptibility to conventional antibiotics and to the studied compounds (DHA1, DHA2 and FLA1). 

Out of the three compounds tested, DHA1 was the only one preserving its activity against the S. 

aureus biofilm formed in co-culture with P. aeruginosa.  

The second and third studies aimed at assessing the applicability of these three biofilm inhibitors as 

part of anti-infective materials, specifically bone implanted devices and endotracheal tubes. In the 

specific case of implantable devices, the prevention of the infection and correct tissue integration are 

equally important for their success. Therefore, we first developed in the second study a model based 



on the co-culture of osteogenic cells (SaOS-2), and bacterial cells, specifically, S. aureus, on titanium 

surfaces. This model allowed assessing the effects of the newly identified biofilm inhibitors on their 

anti-biofilm capability on clinically relevant surfaces while simultaneously assessing their effects on 

tissue integration, apart from providing information on their effects on the interactions between 

these two cell types. The compound DHA1 was shown to display the best results in terms of 

prevention of bacterial adherence and cytocompatibility. Nevertheless, when inserting a medical 

device, not only the cells of the tissue (and possibly bacterial cells) are present, but also immune cells 

of the host. The insertion procedure often triggers an inflammatory response, which might cause an 

inefficient clear out of planktonic bacteria due to the efforts of immune cells being directed to 

degrading the foreign material. Because of this, a third model was developed based on the co-culture 

of bacterial and host immune cells, specifically neutrophils. This assay aimed at predicting the effects 

of biofilm inhibitors on the antimicrobial capacity of neutrophils. From the three compounds tested, 

DHA1 seemed to be the only one increasing the capacity of neutrophils in preventing bacterial 

adherence to the surfaces. 

Based upon the results obtained in the three newly developed models, DHA1 was selected to be 

integrated as part of 3D-printed antimicrobial coating for titanium surfaces. The functionality tests 

performed on the developed material confirmed its capacity in preventing S. aureus biofilm 

formation and its cytocompatibility, as well as its activity favoring the antimicrobial capacity of 

neutrophils. 

This doctoral research attempts to provide the science community dedicated to anti-biofilm research 

with new protocols able to shorten the gap between the in vitro testing and the clinical scenario. The 

results presented here shed some light on the dynamics of a clinically relevant dual-species biofilm, 

which we hope will contribute to the identification and development of new therapeutic strategies. 

Finally, it provides novel biofilm inhibitor candidates to be incorporated as part of medical devices, 

in particular a promising dehydroabietic acid derivative (DHA1) that was successfully incorporated 

in proof-of-concept studies, within a 3D-printed antimicrobial coating for titanium implants. 



Tiivistelmä 

Sairaalainfektiot muodostavat suuren riskin sairaalapotilaille, ja ne aiheuttavat vuosittain noin 90 

000 kuolemaa yksin Euroopan Unionin alueella. Bakteeribiofilmit eli pintaan kiinnittyneet ja itse 

tuottamassaan matriksissa elävät bakteerien mikroaggregaatit ovat usein näiden taustalla, erityisesti 

lääkinnällisten laitteiden käyttöön liittyvissä infektioissa. Lääketieteelliset laitteet tarjoavat 

bakteereille ihanteellisen pinnan kiinnittymiseen ja biofilmin muodostamiseen, ja tähän tilaan 

siirtyessään bakteerit kestävät mikrobilääkehoitoa ja kykenevät välttämään isännän 

immuunipuolustusta. Yksi biofilmi-infektioiden torjuntaan liittyvistä haasteista on rajallinen määrä 

molekyylejä, jotka pystyvät vaikuttamaan biofilmeihin riittävän pieninä pitoisuuksina. Tämän 

vuoksi käynnissä on intensiivinen biofilmiä estävien yhdisteiden etsintä, joka toteutetaan usein 

seulomalla yhdistekirjastoja mikrokuoppalevymenetelmin. Näiden määritysten olosuhteet eroavat 

kuitenkin usein kliinisissä ympäristöissä olevista, ja jotta yhdisteet olisivat tehokkaita käytännön 

sovelluksissa, niitä tulisi testata asiaankuuluvissa kokeellisissa malleissa. Tässä väitöskirjatyössä 

kehitettiin uusia in vitro -malleja, jotka muistuttavat paremmin olosuhteita, joissa bakteeribiofilmit 

muodostuvat ja elävät lääkinnällisiin laitteisiin liittyvissä infektioissa (ortopedisissa infektioissa ja 

hengityskonehoidosta johtuvassa keuhkokuumeessa). Lisäksi kolmen aiemmin tunnistetun 

biofilmiestäjän tehoa arvioitiin uudelleen käyttämällä äskettäin kehitettyjä malleja. Nämä estäjät 

sisälsivät kaksi dehydroabietiinihappojohdannaista, DHA1:n ja DHA2:n, sekä yhden 

flavaanijohdannaisen, FLA1:n. 

Kliinisessä ympäristössä biofilmit voivat usein koostua useista lajeista, joiden sietokyky 

mikrobilääkehoidolle voi yhdessä olla erilainen kuin lajien esiintyessä yksin. Tämän vuoksi 

ensimmäisessä tutkimuksessa optimoitiin Staphylococcus aureus- ja Pseudomonas aeruginosa -

bakteerien yhteisviljelymalli kahden lajin biofilmin luomiseksi. Nämä lajit valittiin, koska niitä on 

usein eristetty lukuisiin eri infektioihin liittyvistä biofilmeistä, mukaan lukien lääkinnällisiin 

laitteisiin liittyvistä infektioista. Jotta monilajisia biofilmejä vastaan voidaan kehittää tehokkaita 

hoitoja, on välttämätöntä ymmärtää biofilmien dynamiikkaa. Tämän vuoksi osana tutkimusta 

verrattiin S. aureus- ja P. aeruginosa -bakteerien proteomeja (erityisesti pinta- ja eksoproteomeja) 

niiden esiintyessä yksin ja rinnakkain samassa biofilmissä. Proteomianalyysistä saadut vihjeet 

useista fenotyyppisistä muutoksista vahvistettiin sarjalla jatkotutkimuksia, jotka sisälsivät 

selvityksen patogeenien herkkyydestä tavanomaisille antibiooteille ja tutkimusyhdisteille (DHA1, 

DHA2 ja FLA1). Kolmesta testatusta yhdisteestä DHA1 oli ainoa, joka säilytti aktiivisuutensa S. 

aureus -biofilmiä vastaan sen muodostettua yhteisviljelmän P. aeruginosa -bakteerin kanssa. 

Toisessa ja kolmannessa tutkimuksessa pyrittiin arvioimaan kolmen biofilmi-inhibiittorin 

soveltuvuutta käytettäväksi infektioita ehkäisevissä materiaaleissa, erityisesti luuhun 

implantoiduissa laitteissa ja endotrakeaalisissa putkissa. Implantoitavien laitteiden kohdalla 

infektion ehkäisy ja oikea kudosintegraatio ovat yhtä tärkeitä hoidon onnistumisen kannalta. Siksi 



kehitimme ensin mallin, joka perustuu osteogeenisten solujen (SaOS-2) ja S. aureus -bakteerisolujen 

yhteisviljelyyn titaanin pinnalla. Tämä malli mahdollisti äskettäin tunnistettujen biofilmiestäjien 

tehon arvioinnin kliinisesti merkityksellisillä pinnoilla samalla, kun tutkittiin niiden vaikutuksia 

kudosten integraatioon. Lisäksi saatiin tietoa yhdisteiden vaikutuksista näiden kahden solutyypin 

välisiin vuorovaikutuksiin. Yhdisteen DHA1 havaittiin toimivan parhaiten sekä bakteerien 

kiinnittymisen ehkäisyn että soluyhteensopivuuden kannalta. Lääkinnällistä laitetta asetettaessa 

läsnä ei kuitenkaan ole vain kudoksen soluja ja mahdollisia bakteerisoluja, vaan myös isännän 

immuunisoluja. Implantaatio laukaisee usein tulehdusvasteen, joka saattaa heikentää irrallisten 

bakteerisolujen tuhoamista, sillä immuunisolujen toiminta kohdistuu patogeenin sijaan vieraan 

materiaalin hajottamiseen. Tämän vuoksi kehitettiin kolmas malli, joka perustuu bakteerien sekä 

isännän immuunisolujen, erityisesti neutrofiilien, yhteisviljelyyn. Tämän määrityksen tarkoituksena 

oli ennustaa biofilmiestäjien vaikutuksia neutrofiilien antimikrobiseen kapasiteettiin. Kolmesta 

testatusta yhdisteestä DHA1 näytti olevan ainoa, joka lisäsi neutrofiilien kykyä estää bakteerien 

kiinnittymistä pintoihin. 

Kolmessa uudessa mallissa saatujen tulosten perusteella yhdiste DHA1 valittiin sisällytettäväksi 3D-

tulostettuun antimikrobiseen pinnoitteeseen titaanipinnoille. Kehitetylle materiaalille suoritetut 

toiminnallisuustestit vahvistivat sen soluyhteensopivuuden sekä kyvyn estää S. aureus -biofilmin 

muodostumista ja edistää neutrofiilien antimikrobikapasiteettia. 

Tämä väitöstutkimus pyrkii tarjoamaan biofilmitutkimusyhteisölle uusia menetelmiä, jotka 

pienentävät in vitro -kokeiden ja kliinisten olosuhteiden välistä kuilua. Työssä esitetyt tulokset myös 

valottavat kliinisesti merkittävän kahden lajin sekabiofilmin dynamiikkaa, minkä toivomme 

edistävän uusien hoitostrategioiden tunnistamista ja kehittämistä. Tutkimus esittelee uusia 

ehdokkaita lääkinnällisiin laitteisiin inkorporoitaviksi biofilmiestäjäyhdisteiksi, joista erityisen 

lupaava dehydroabietiinihappojohdannainen (DHA1) sisällytettiin koetoteutuksessa onnistuneesti 

3D-tulostettuun titaani-implanttien antimikrobipäällysteeseen. 
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1 Introduction 

Hospital-acquired or healthcare-associated or nosocomial infections are defined as those taking 

place while a patient is hospitalized or treated in a health care facility, which was not present at the 

time of admission (1). They often result in prolonged hospitalizations and mortality increase, and 

they are also associated to a significant economic burden (2). At least half of them are associated 

with medical device use, being up to 80% of these infections caused by bacterial biofilms (3). This 

mode of bacterial growth, which consists of sessile communities of adherent cells embed in a self-

produced matrix, has raised the concern of the health-care community given its high correlation with 

chronic infections and antibiotic therapy failure (4). Biofilm development is considered the most 

important non-specific mechanism of antimicrobial resistance (5), which in combination with the 

general increase of antimicrobial resistances (6), poses one of the greatest threats to humanity. For 

this reason, there is intensely active research focused on the identification of new biofilm inhibitors 

that could be utilized as treatments for this kind of infections or incorporated as part of medical 

devices in order to prevent biofilm formation. However, the search for biofilm inhibitors is typically 

performed in the frame of chemical screenings, whose experimental conditions differ significantly 

from the ones of the clinical scenario. The lack of convenient methods that allow recapitulating these 

clinical features makes molecules that initially seemed like promising candidates, fail in the next 

steps of the drug discovery process, which brings the search to the starting point.  

The European training network, PRINT-AID (H2020-MSCA-ITN-2016, No 722467), was conceived 

with the aim of tackling the problem of biofilm-related infections by developing a new generation of 

3D-printed anti-infective medical devices. This multidisciplinary consortium was established in 2017 

and involved several academic and industrial partners. The early stages of the project focused on the 

search of new biofilm inhibitors and it culminated with the in vivo testing of newly developed anti-

infective materials and prototypes incorporating the identified inhibitors. This doctoral thesis was 

performed within this consortium project with the specific role of shortening the gap between the in 

vitro conditions and the clinical scenario. Thus, this thesis work was crucial for PRINT-AID to move 

from the discovery of the best antimicrobials and the preparation of formulations, to the selection of 

the best prototypes to be tested in vivo. 

This was accomplished via the development of three in vitro models that were able to better resemble 

the conditions where biofilms are formed and function in vivo. 

By utilizing these newly developed models, we were able to select a promising candidate (a 

dehydroabietic acid derivative referred here as DHA1) to be incorporated as part of anti-infective 

implantable devices. Thanks to the collaborations established within PRINT-AID, it was possible to 

develop, via 3D printing, an antimicrobial coating for titanium surfaces with DHA1. The functionally 

tests, also carried out as part of this thesis, showed that this prototype material was effective 
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preventing S. aureus attachment to titanium surfaces, additionally favoring the intrinsic capacity of 

neutrophils preventing bacterial adhesion. Besides, it did not show any cytotoxic effects on 

mammalian cells (SaOS-2), therefore it could be taken forward into in vivo models of 

experimentation. 
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2 Review of the literature 

2.1 Bacterial biofilms 

Bacterial infections have always represented a threat for humanity and attempts have been made to 

counteract them since the very early stages of civilization (7). However, it was not until Sir Alexander 

Fleming discovered the penicillin in 1928, that society had access to an effective tool against bacterial 

infections (8). Unfortunately, the rapid emergence of bacteria resistance worldwide has nearly 

brought us to the starting point. Few novel drugs have been introduced in the last decades, and most 

of the newly identified antibiotics have been tested exclusively against planktonic bacteria. However, 

the majority of bacteria is now understood to live in a different growth mode, as biofilms, and 

biofilms can be 10 to 1000 times more tolerant to antibiotics than planktonic bacteria (9).  

Biofilms are defined as matrix-enclosed microbial communities that generally adhere to biological 

or non-biological surfaces (10). It is estimated that this mode of growth appeared about 3.25 billion 

years ago (11, 12) and it is now understood to provide microorganisms with protection against a wide 

range of environmental challenges (13-16). This type of growth has been observed in different species 

of microorganisms (17) and different microorganisms could be embedded in the same biofilm, as is 

the case of the medically relevant fungal-bacterial biofilms or biofilms composed of several bacterial 

species (18). Despite this, microbiological research particularly in drug discovery has mostly focused 

on biofilm composed of single species (19).  

An illustrative picture of the currently accepted life cycle of a biofilm is shown in Figure 1. The first 

stage begins with physicochemical interactions, where freely floating planktonic bacterial cells are 

initially attracted to a surface via chemotaxis, and subsequently reversibly attached to the surface by 

physical forces (Lifshitz–van der Waals, Lewis acid–base and electrostatic forces, Brownian motion, 

gravitational forces and hydrophobic interactions) (20-22). The second stage of interaction, or 

irreversible attachment, involves molecular reactions between the bacteria and the surfaces (21) and 

it occurs thanks to phenotypical bacterial changes conducted through complex processes which are 

highly dependent on the bacterial species (23). This process is also influenced by many 

environmental factors, including hydrodynamic flow and the material surface properties, among 

others (24). Once the bacterium is adhered, it starts dividing and forming microcolonies on the 

surface. During the maturation of the biofilm, the bacteria start producing the so-called biofilm 

matrix or extracellular polymeric substance (EPS), which is usually a mixture of proteins, 

polysaccharides, extracellular DNA (eDNA) and other minor components (25). Similarly to the 

adhesion process, the development of the biofilm matrix depends on a variety of environmental 

factors such as nutrient availability, shear stress, and social competition (26). This is an energy-costly 

procedure. However, it is the structural and physicochemical characteristics of the biofilm matrix 
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that confer protection to the bacteria embedded in it (26). Besides, the biofilm matrix acts as a 

protective scaffold that avoids the wiping of the attached bacteria (27).  

As with the initial development of the biofilm, its dispersal also depends on the variations of the 

environmental conditions, such as pH, oxygen, or the availability of nutrients (28). This process can 

be mediated by the bacteria themselves (active dispersal) or by external forces (passive dispersal) 

and it involves numerous signal transduction and effector pathways (29-31). Small clusters or single 

cells are released in a continuous mode from the biofilm while the sudden detachment of large 

portions of the biofilm usually occurs in the later stages of biofilm formation (32). The cells 

undergoing dispersal from a biofilm seem to be more virulent than planktonic cells, and they have 

been demonstrated to display an increased mobility and adherence capacity (33). This is a transient 

stage, which nevertheless translates into an increased pathogenicity (34). The biofilm dispersion is 

essential for bacteria to move into new territories (31), being the biofilm cycle completed when the 

released bacteria or microaggregates adhere to a new surface, reinitiating the process.  

 

Figure 1 Life cycle of a biofilm. Biofilm formation typically starts with the initial reversible attachment of planktonic 

bacteria to a surface that turns into irreversible due to alterations on the bacterial phenotype. These phenotypical changes 

allow bacteria to transition into a sessile growth mode, by multiplying and producing the biofilm matrix, which surrounds 

the microcolony. The biofilm further matures into a well-structured 3D community, eventually dispersing by releasing 

single planktonic bacteria or microaggregates. In this manner, bacteria are able to colonize other surfaces and develop new 

biofilms. Figure inspired by (35).  
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An essential process for bacteria to be able to form, maintain, and disperse a biofilm is quorum 

sensing (QS), a microbial communication system, that involves the accumulation of small, self-

produced signal molecules that modulate microbial gene expression through complex signaling 

pathways (36). This cell-cell communication process allows bacteria to share information about cell 

density and to adjust gene expression accordingly, regulating essential activities such as biofilm 

formation, adherence, motility, stress response, competence, and virulence (37).  

Biofilms can be beneficial, for example, as normal components of human microbiomes, but they 

often cause major industrial and biomedical problems (25). They can foul surfaces of pipes and clog 

filtration devices in the manufacturing industry or create a persistent source of contamination in 

food production lines (38, 39). Biofilms can also be life-threatening for humans as they can develop 

both in internal tissues and in indwelling medical devices causing chronic and relapsing infections 

(40, 41). Biofilm eradication, whether in industry or in medicine, is remarkably difficult (25). In the 

latter, it is regarded as the most important nonspecific mechanisms of antimicrobial resistance. This 

is not surprising as by switching into the biofilm state, bacterial cells can withstand host immune 

responses and, as previously mentioned, they can show higher tolerance to antibiotics than their 

planktonic counterparts (5, 42).  

The tolerance to antibiotics is partly given by the fact that the biofilm matrix confers physical 

protection to the bacteria embedded in it, also by restricting the diffusion of substances and by 

binding antimicrobials (43). However, it is mostly the variation of the phenotypic characteristics of 

the bacteria that makes biofilms difficult to eradicate (44). In fact, the susceptibility of the cells 

within a biofilm varies depending on their location, and the architecture of the biofilm is of high 

relevance on this matter (Figure 2). Despite the presence of channels that allow the circulation of 

nutrients, there is a significant decrease of resources at the core of the biofilm (45). Similarly, the 

oxygen concentration may be high at the surface, but anaerobic conditions prevail at the center of 

the biofilm (46). This results in the generation of a steep gradient of resources that potentiates a 

metabolic heterogeneity in biofilms, causing a lower protein synthesis and metabolic activity in the 

center of the biofilm (47, 48). The decreased growth rate is one of the reasons explaining the 

increased tolerance to some antibiotics, for instance to penicillin and ampicillin, which do not target 

non-dividing cells. The biofilm environment boosts the development of dormant, non-dividing cells 

(so-called ‘persisters’) (49), so even upon treatment with a cidal antibiotic that can kill slowly and 

fast-growing cells, persisters can survive. In fact, the presence of an antibiotic may paradoxically help 

persisters persevere within a biofilm (44).  
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Figure 2 Proposed architecture of the biofilm. Bacterial cells are embedded in the biofilm matrix. The cells closer to the 

surface display an active metabolism while those closer to the core exhibit a lower metabolic activity or even a persister 

phenotype. This is partly due to the microenvironment of the deep biofilm, which is characterized by a lower pH and lower 

oxygen availability. Figure inspired by (35). 

In contrast to antimicrobial resistance, these phenotypic traits described above are not inherited, 

and once reverted to an active state, bacteria are susceptible to antibiotic therapy again. However, 

genetic variability can also occur in biofilms. Environmental conditions, for instance increased 

oxidative stress can promote recurrent mutations in biofilm bacteria (45). Additionally, the fact that 

bacteria are in close contact within a biofilm facilitates horizontal gene transfer by conjugation in 

some subpopulations of the community (45, 50). Finally, “public goods”, such as antibiotic-

degrading enzymes, released by neighboring cells, can increase the overall higher resilience of 

biofilms against antibiotic therapy (45).  

Another feature that makes biofilms concerning from a medical point of view is their capacity to 

evade the host immune response (Figure 3). The different mechanisms employed by bacteria depend 

on the species and its intensity is very variable. In general, in the case of planktonic bacteria, the host 

immune system can immediately recognize the pathogen-associated molecular patterns (PAMPs). 

The innate immune system is promptly activated when the protein receptors present on the 

membranes of defensive cells, such as Toll-like receptors (TLRs), bind to PAMPs. However, when 

bacterial cells are embedded in a biofilm, these ligands can become inaccessible (51). For instance, 

one of the proposed mechanisms utilized by S. aureus biofilms to evade the host immunity is the 

circumvention of TLR9 recognition (51). Additionally, biofilms are able to eliminate and hamper the 

recruitment of other immune cells by releasing anti-inflammatory and/or cytotoxic compounds that 

can affect the immune cells prowling the biofilm (52, 53). In fact, in some S. aureus in vivo biofilm 

models it has been reported an accumulation of M2 macrophages, which exhibit anti-inflammatory 

and pro-fibrotic properties (51). Nevertheless, in S. aureus biofilms, immune cells are occasionally 

able to infiltrate, but again the architecture of the biofilm can play an important role on the biofilm’s 

resiliency. For instance, macrophages are able to migrate inside the biofilm, but the accumulated 

toxic metabolites, acid pH and poor oxygen availability on the deepest parts of the biofilm, facilitate 
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their death (52). In addition, despite neutrophils exposed to S. aureus biofilms phagocyte bacteria 

and produce neutrophil extracellular traps (NETs), both mechanisms are inefficient clearing out the 

biofilm biomass. This has been attributed to leukocidin AB (LukAB), which allows S. aureus to 

survive during phagocytosis and to the S. aureus nuclease (Nuc), which facilitates the degradation 

of NET DNA (54).  

Alongside, QS plays an essential role in the production of virulence factor against phagocytes. For 

instance, S. aureus produces lytic toxins and antioxidant pigments, which can destroy and impair 

neutrophils (55, 56). In addition, through QS, at a sufficiently high bacterial concentration, other 

bacterial species, such as P. aeruginosa, can coordinate the production and secretion into the biofilm 

of rhamnolipids, which are glycolipid surfactants that efficiently kill neutrophils upon contact (57). 

In some cases, the immune cells are the ones harming themselves. Neutrophils, for instance, attack 

biofilms by generating an oxidative burst, but instead of migrating, they become entangled in the 

biofilm surface, suffering from the effects of their own generation of reactive oxygen species (ROS) 

(58).  

 

Figure 3 Immune evasion strategies of S. aureus (a, b) and P. aeruginosa (c, d) biofilms. (a) Representation of immune 

evasion by the architectural characteristics of the biofilm, where the phagocytes that successfully penetrate the biofilm 

succumb due to the adverse environment (low pH, toxic metabolites and poor oxygen availability) (52). (b) Representation 

of immune evasion by inhibition of NETs, where the Nuc produce by S. aureus biofilm degrades the NET DNA produced 

by neutrophils (54). (c) Representation of immune evasion by neutrophil retention, where neutrophils attempt at solving 

the infection with an oxidative burst, but, unable to migrate, they accumulate on the surface, suffering from their own 

generation of ROS (58). (d) Representation of immune evasion by generation of toxic substances via QS. As a representative 

example, P. aeruginosa generates rhamnolipids in a density-dependent manner. These glycolipid surfactants kill 

neutrophils on contact when they approach the biofilm surface (57).  
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Finally, the components of the biofilm matrix can provide further protection, which, as with the case 

of antimicrobials, limits the diffusion of large molecules needed for an effective immune response, 

such as antimicrobial proteins, lysozyme and complement proteins (44). Additionally, some of the 

polysaccharides present in the biofilm matrix protect from phagocytosis and ROS (59, 60) and 

negatively charged components, such as eDNA, potentiate the loss of activity of the often cationic 

antimicrobial peptides (61).  

2.1.1 Multispecies biofilms  

Typically, bacterial biofilm research, especially in the drug discovery field, has been primarily 

focused on biofilms composed of single species but the biofilms found in clinical environments, are 

commonly composed of more than one species (62). The interactions among species can be 

synergistic, for instance, when the cohabiting bacteria share the synthesized compounds, or when 

their co-existence promotes phenotypes that makes the biofilm more evasive to the host defenses 

(63, 64). On the other hand, these interactions can be antagonistic, for instance when the different 

bacterial species compete for limited resources such as nutrients, ions, or oxygen (65, 66). Either 

way, interspecies interactions have important clinical implications (66), or they impact the course as 

well as the treatment of biofilm-related infections (67, 68).  

As in the case of mono-species biofilms, the first step for the formation of a multi-species biofilm is 

bacterial adhesion. In the case of multi-species biofilms this highly depends on the bacterial species 

and their interactions (69). In clinical settings, it has been observed how some microorganisms, 

usually commensal bacteria, act as initial colonizers by adhering to host-derived receptors (70, 71). 

Subsequently, by a process known as co-adhesion, the secondary and intermediate colonizer species 

bind to the already-adhered cells. Finally this secondary or intermediate colonizers can be utilized 

as substrates for late colonizers to attach (72). For instance, in cystic fibrosis (CF) patients, the lungs 

are often colonized in infancy and early childhood by microorganisms such as S. aureus, which is 

part of the airway microbiome (73). This colonization might damage the epithelial surfaces, which 

can lead to the increased attachment of P. aeruginosa, which is the main proven causative agent of 

mortality in this pathology (73). A similar pattern has been observed in chronic wounds, where S. 

aureus seems to facilitate the colonization and biofilm formation of P. aeruginosa (74). However, 

the relationship between these two pathogens is very complex. For instance, also in CF, it has been 

observed how P. aeruginosa, utilizes the exopolysaccharide Pel to closely associate to S. aureus 

biofilms and another exopolysaccharide, Psl, to generate a biofilm on top of the Gram-positive 

bacteria. S. aureus tries to avoid this co-aggregation by secreting an important virulence factor, the 

protein A (Spa), which inhibits P. aeruginosa biofilm formation (75, 76).  

After irreversible attachment, the maturation of the biofilm begins, a process that is also highly 

dependent on the specific bacterial species forming the mixed-specie biofilm (77). In this process, as 
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in single species biofilms, QS plays an important role, being also essential in inter-species 

communication (78). Once embedded in the same biofilm, the interaction between bacterial species 

can be ambivalent, on one hand benefiting from the coexistence, on the other hand actively 

attempting to thwart one another. This is especially true in the case of the dual-species biofilm of S. 

aureus and P. aeruginosa, which is an important underlining cause of several clinically relevant 

infections (64, 79-81). For instance, despite a biofilm being a community where the nutrients can be 

shared and utilized by all the members (82), there might also be a strong competition for resources. 

Iron is one of the key elements bacterial cells compete for, as the human host employs several 

strategies to sequester it from unwanted pathogens (83). P. aeruginosa can utilize S. aureus as an 

iron source, which is released by the latter via cell lysis. Iron depletion triggers the anti-

staphylococcal activity of P. aeruginosa mediated by the quinolone signals 2-heptyl-4-

hydroxyquinoline-N-oxide (HQNO) and 2-heptyl-4-hydroxyquinoline (HHQ), QS molecules that 

activate the expression of multiple microbicidal factors (84). In addition, P. aeruginosa produces 

pigment molecules such as pyoverdin and phyocyanin. The first one has an important role providing 

sufficient iron for biofilm formation (85, 86) and has been frequently observed in relevant medical-

device associated infections, such as VAP (87). The second one is a phenazine that interferes with 

the regulation of iron transport by penetrating biological membranes (88). These two molecules in 

combination with HQNO have been shown to directly damage S. aureus (89, 90). Finally, other 

exoproducts of the P. aeruginosa, such as the staphylolytic peptidase LasA are utilized to lyse S. 

aureus, and P. aeruginosa can profit from the released iron (91, 92).  

Regardless of whether the relationship between these two bacteria is antagonistic or synergistic, their 

co-existence usually translates into worse disease outcome. In CF patients where tobramycin failed 

to eradicate P. aeruginosa, it has been observed how this higher tolerance might be given to the 

interaction between the previously mentioned S. aureus surface protein, Spa, and the Psl 

exopolysaccharide of the Gram-negative bacteria, which shapes the architecture of P. aeruginosa 

biofilms, increasing the tolerance to tobramycin (75, 93). Additionally, P. aeruginosa increases the 

tolerance of S. aureus to tobramycin and vancomycin. It has been demonstrated that the previously 

mentioned production of HQNO by P. aeruginosa, induces small-colony variants in the Gram-

positive bacteria, which apart from increasing its antibiotic tolerance, facilitates its immune evasion 

(94-96). In a similar manner, the tolerance of P. aeruginosa bacteria to aminoglycosides is increased 

by the presence of S. aureus, given that the exoproteins of this Gram-positive bacterium have been 

shown to induce small-colony variants in the Gram-negative bacteria (97). In other infections, such 

as chronic wounds, where these two pathogens often co-exist (98), it has also been observed how this 

dual-species biofilm is highly virulent and tolerant to antibiotics (74, 99).  

Finally, the tools utilized by bacteria to compete between each other might also affect the host. For 

instance, the type VI secretion system (T6SS) of P. aeruginosa has been shown to be induced when 
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this Gram-negative bacterium competes with other species in the same biofilm and has also been 

related with higher virulence and invasive capacity in chronic pulmonary infections (100).  

2.2 Clinical relevance of biofilms: Medical device- associated infections  

It has been estimated that 65 to 80% chronic infections on humans are associated with biofilms (3). 

The human body provides numerous sites where bacteria can adhere and develop a biofilm, such as 

teeth (dental plaque, caries), bone (osteomyelitis), skin (chronic wounds), lungs (CF), urethra 

(urinary tract infections), or heart (endocarditis) (40). However, other important sources for the 

development of biofilms are the indwelling medical devices (40). In fact, the term biofilm was first 

introduced into medicine in 1982 by Costerton and collaborators after the identification of a S. 

aureus biofilm on a cardiac pacemaker (101).  

The use of medical devices has outstanding benefits, and these devices have become an integral part 

of modern medicine. Some other examples of indispensable medical devices (besides the previously 

mentioned pacemaker) are prosthetic joints, alloplastic orthopedics, intravenous catheters, 

indwelling urinary catheters, endotracheal tubes, cerebrospinal fluid shunts, and contact lenses 

(102). However, the use of medical devices also implies major risks of infection. Infections related to 

medical devices account for about 50 to 70% of the total healthcare-associated infections (HCAIs) 

(103), which only in the European Union represent over 2.6 million cases per year (104). This does 

not only represent a great risk for the patients, given the high mortality rate (105, 106), but it also 

poses a huge economic burden, costing about 7 billion of euros annually (107). The most commonly 

reported HCAIs involve ventilator-associated pneumonia (VAP) (22.8% of cases), catheter-

associated urinary tract infections (17.2 % of cases) and surgical-site infections (15.7 % of cases) (41). 

Inevitably, the incidence of HCAIs have significantly increased during the pandemic caused by 

SARS-CoV-2, not only due to the overall increase of hospitalized people (which up to 50% higher 

compared to pre-pandemic levels), but also because of the experienced organizational challenges, 

which have limited the traditional prevention and control of these kind of infections. During this 

pandemic, the use of mechanical ventilation has become essential to save lives, but it also has 

increased the incidence of VAP. In some hospitals an increase of VAP incidence of up to 38% has 

been reported, in comparison with the cases reported in 2019 (108).  

2.2.1 Orthopedic related infections  

Orthopedic implants are surgically invasive devices that are inserted into the body by breaching the 

skin (22). They include, among others, prosthetic joints, external and internal fixation systems, 

artificial ligaments, and bone cements (109). The materials used for this kind of implants should 

have suitable biological (non-toxic, tissue compatibility, non-allergenic), chemical (corrosion 

resistance, durability) and mechanical properties (hardness, wear resistance) (21). Titanium and 

titanium alloys are one of the most commonly used materials in orthopedics given their excellent 
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properties from a mechanical (tensile strength, light weight, and low density), physical (excellent 

corrosion resistance), and biological (ability to osseointegrate) standpoint (110). Nevertheless, 

titanium has been shown to occasionally cause bone resorption as the orthopedic device take the 

most of the load instead of the bone, leading to implant failure (111). There are several other materials 

used in orthopedics (21, 110, 112), but their selection is always based on their capacity to prevent 

aseptic loosening and infection, the two major causes of implant failure (22, 113, 114).  

While aseptic loosening can affect patients 1o to 20 years after implantation (115), the infection of a 

prosthetic device usually originates from microbial contamination during surgery. Orthopedic 

infections have traditionally been classified according to the time required for their development. 

The early postoperative infections are those developing within 1 to 3 months after surgery while 

delayed and late infections are developed 3-24 months or more than 24 months after surgery, 

respectively (116). Gram-positive cocci of the genus Staphylococcus are the most common causative 

agents of orthopedic infections, being S. aureus the most prevalent (117). Coagulase-negative 

staphylococci, such as Staphylococcus epidermidis, are also common given that the presence of a 

foreign material increases the pathogenicity of low-virulence microorganisms (118). Aerobic Gram-

negative bacilli, like P. aeruginosa or Escherichia coli are less frequent causative agents, while 

anaerobes, such as Propionibacterium acnes are linked to around 4% of the infections (119).  

Therefore, to guarantee the success of an implant, two main goals are: i) to ensure the adhesion of 

the host tissue cells (where the material is being implanted) in order to promote the tissue 

integration, and ii) to prevent the bacterial adhesion to the material in order to avoid infection. These 

two seem like independent goals, but they are highly dependent on each other. In a simplified 

manner, Gristina et al. (120) proposed that once the device is implanted, both the host tissue cells 

and the bacteria cells compete for the colonization of the material, in a so-called “race for the surface” 

(121). If the host tissue cells occupy the available surface first, then the chances of tissue integration 

are higher and the possibility of bacteria to colonize the surface and generate an infection, lower. In 

contrast, if bacterial cells are the ones adhering to the surface first, they can potentially start to 

develop a biofilm, and that may progress into an implant-related infection. A representative image 

of this process is shown in Figure 4.  
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Figure 4 Schematic representation of the so-called ‘Race for the surface’. When implanting a material, both the cells of 

the tissue and bacterial cells are able to colonize the surface (upper part of the figure). The colonization of one cell type 

would make less likely the adherence of the other. If the cells of the tissue colonize the surface first (a), it would promote a 

correct tissue integration, whereas if bacterial colonization would occur first (b), it would very likely result on biofilm 

formation. 

Both tissue integration and bacterial adhesion will highly depend on the material. In the case of host 

tissue cells, a material with any kind of cytotoxicity would prevent the adhesion and may cause 

necrosis in the surrounding tissues. In turn, if the material is highly biocompatible, a chemical bond 

between the implant and the host tissue is formed and the motion between them is minimal, which 

results in an optimal integration. However, in the case of metallic implants, the most common 

outcome is a scenario in between of these two previously described ones, as the development of a 

fibrous tissue takes place at the implant-host interface (21, 122).  

The bacterial adhesion occurs as explained in section 2.1. In the case of adherence to abiotic surfaces, 

bacterial filamentous cell appendages, such as nanofibers, bacterial pili and pilus-like adhesive 

structures, mediate the adhesion. Some species-specific proteins, as the AtlA from S. aureus or the 

autolysin AtlE from S. epidermidis can as well act as moonlighters and mediate the binding to this 

kind of surfaces (123). Nevertheless, the first event that takes place during the implantation is the 

contact of the material with the  blood of the host, what leads to the adsorption of the material surface 

with plasma proteins, including albumin, fibrinogen, and fibronectin, among others (124). 

Therefore, the most likely scenario is bacteria adhering to biologically coated surfaces, which 

primarily occurs through piliated and non-piliated bacterial adhesins (125, 126).  
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During the maturation of the biofilm, bacteria adhere to each other and produce the biofilm matrix. 

In the case of S. aureus and S. epidermidis, the main polysaccharide of the biofilm matrix is the 

polysaccharide intracellular adhesin, which levels are highly dependent on environmental stress 

conditions such as low levels of oxygen, nutrient and iron limitation, high shear, high osmolarity or 

heat (22, 127). In addition, clinical isolates from infected orthopedic implants of S. aureus and S. 

epidermidis biofilms, have been reported to contain a higher concentration eDNA (128).  

Finally, biofilm dispersal has important implications in orthopedic infections as the detaching of 

bacteria can then reach the bloodstream and might cause a systemic infection. In staphylococcal 

biofilms, several enzymes are secreted in order to disrupt the biofilm. For instance, the phenol 

soluble modulins (PSMs), regulated by the Agr system in a density-dependent manner, have been 

shown to have an important role in the dispersal of staphylococcal biofilms in implant-associated 

infections models in vivo (129, 130). 

The bacterial colonization of an implant, as in any other infection, is partly given due to a failure of 

the host defenses. However, in this scenario, the immune response is even more complex as the 

immune defenses not only react to the invading bacteria, but also to the material, which they 

recognize as a foreign body. When implanting a device, there is always local release of damage-

associated molecular patterns (DAMPs) due to the tissue damage caused by the surgical procedure. 

These endogenous danger molecules interact with pattern recognition receptors (PRRs), activating 

the immune system (131). It is hypothesized that this is recognized by host neutrophils, which move 

to the harmed tissue (schematically represented in Figure 5). Usually, neutrophils attempt to 

phagocyte and breakdown the material by releasing lysozymes and proteases among other enzymes, 

generating oxygen- and nitrogen-derived reactive species and forming NETs (132). In addition, 

classically activated (M1) macrophages are also among the first immune cells arriving to the implant 

site, and together with the neutrophils they induce a pro-inflammatory cytokine milieu (133). This 

inflammation eventually predisposes the surface to microbial colonization as given the impossibility 

of breaking down the material, the immune cells weaken and eventually die, generating immune 

suppression in the surroundings of the implant (134). Besides, if this response persists, a chronic 

inflammation follows, leading to damage on the surrounding tissue impairing the integration of the 

material (135).  
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Figure 5 Diagram representing the innate immune response on the implantation site of a medical device. The foreign 

material induces per se an immune reaction (1), being neutrophils and M1 macrophages the first immune cells arriving to 

the damaged tissue (2, 3) and initiating an inflammatory response (4). The failed attempt to break down the foreign 

material (5) generates an immune compromised environment around the implanted device due to the immune cell’s 

exhaustion and death (6). This offers an advantage to bacteria to colonize and eventually form a biofilm on the device’s 

surface (133).  

Alongside the impairment of the innate immunity caused by the presence of a foreign body, bacteria 

benefits from other immune evasion strategies. Some staphylococci are able to invade non-

professional phagocytes, such as osteoblasts, which worsens the pathogenesis of osteomyelitis (136-

139). In addition, internalized bacteria can adopt a small colony variant phenotype, characterized by 

slow growth and low levels of cytotoxicity, which enables bacteria to survive for long periods and 

withstand antibiotic therapy (140-142). Apart from being able to invade host cells (143), S. aureus is 

also able to hide in bone tissue, entering in the canaliculi of live cortical bone, contributing to the 

recalcitrance of orthopedic implant infections to both host defenses and antibiotic treatment (144).  

2.2.2 Ventilator-associated pneumonia 

In contrast with the orthopedic implants, several types of medical devices ought not to be integrated 

in the host tissue and do not need a surgical procedure to be inserted. Despite not needing surgery, 
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these devices remain in contact with mucous membranes of the body and favor the entrance of 

bacteria from the external environment (22).  

Mechanical ventilation is an essential procedure to enable the breathing of critically ill patients as 

part of intensive care, which, as previously mentioned, has spared many lives during the pandemic 

caused by SARS-CoV-2. However, endotracheal intubation is also risky. For instance, the presence 

of the endotracheal tube is an important causal factor in the development of VAP, increasing the risk 

of pulmonary infection by 6 to 10 times (145, 146). This hospital-acquired pneumonia occurs 48 

hours or more after endotracheal intubation (147), and it is reported to affect 5 to 40% of patients 

receiving invasive mechanical ventilation for more than two days (148). Usually, the early-onset VAP 

(occurring within the first 4 days of hospitalization) involves normal oropharyngeal flora (149), 

whereas the late-onset VAP (occurring after at least 5 days of hospitalization) is more likely to be 

caused by multidrug resistant pathogens. S. aureus is the major Gram-positive causative 

microorganism, while P. aeruginosa is among the most usual Gram-negative microorganisms 

involved in VAP (148). This infection is very often polymicrobial (150), being S. aureus and P. 

aeruginosa often co-isolated from VAP patients (151). Not surprisingly, this HCAI has been 

consistently associated with prolonging duration of the stays in intensive care, and the associated 

mortality has been reported to be as high as 50%, even prior to the increased number of 

hospitalizations caused by SARS-CoV-2 (148). 

As it happened with the orthopedic implants, the endotracheal tube (ET) provides an ideal surface 

for bacteria to adhere and develop a biofilm, on both its inner luminal and outer surface (152). This 

is partly because the ET impairs the host local defense mechanisms, keeping the epiglottis open and 

therefore altering the cough reflex and mucociliary clearance. Additionally, the ET placement often 

results in tissue injury, which causes an inflammatory response similar to the one explained (Figure 

5) in the previous section (153, 154).  

The initiation of the colonization and biofilm formation occurs within an hour after the ET insertion 

(155), and it involves a complex combination of bacteria, biofilm matrix, and host cellular debris and 

respiratory secretions (156). The airway mucus is an important defense mechanism in normal 

circumstances as it detoxifies noxious molecules and traps and removes pathogens and particulates 

from the airway via mucociliary clearance. However, in this scenario, the adhesion between bacteria 

and mucus eases the biofilm formation given the incapacity of removing this secretions properly 

(157). Finally, the dispersal of the biofilm, whether active or caused by the gas flow during artificial 

ventilation (154), has an important role in the VAP pathogenesis, as it is the disaggregation of 

microaggregates and passive movement towards the lung what generates the infection.  
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2.3 Methods in anti-biofilm discovery 

As described in previous chapters, biofilms are an immense clinical concern, which has risen the 

awareness of the research community. For this reason, there has been a rapid development of various 

models and platforms aimed at searching for new biofilm inhibitors and for assessing the 

functionality of newly developed anti-infective materials. This chapter summarizes some of the 

traditional as well as newer approaches for the identification and development of new biofilm 

inhibitors and anti-infective materials.  

2.3.1 Search of new compounds: screening platforms on microplates 

In antibacterial and anti-biofilm drug discovery, the so-called phenotypical screenings are the most 

commonly utilized to identify new biofilm inhibitors (158). This type of high-throughput screenings 

is often performed with a static source of nutrients and on polystyrene microtiter plates, which allows 

the testing of a large number of compounds utilizing very low amounts (159). Several anti-biofilm 

screening platforms have been described using 96 and 384 well plates (160-163). As an example, in 

the screening platform developed by Skogman et al. (164), suspensions of growing planktonic 

bacteria adhere to the walls and bottoms of 96 well- microplates and form biofilms in a solid-liquid 

interface, allowing the assessment of biofilm viability and biomass via resazurin and crystal violet 

staining, respectively (164). In addition, biofilms can be harvested separately from planktonic cells, 

for instance by sonication or by the mechanically removal of them, allowing the quantification of the 

colony-forming units (CFU).  

However, biofilm models used for screening are often not highly predictive of the in vivo scenario. 

Consequently, the identified compound candidates might not be useful for the treatments for 

biofilm-related infections in vivo or for development of anti-infective materials. First, they are 

usually performed using polystyrene as the surface, which lacks clinical relevance, and screens are 

also often performed using only well-characterized laboratory strains, whose virulence and 

adherence capability might dramatically differ from clinical ones (165, 166). Second, they are carried 

out in the absence of a fresh flow of nutrients. This is relevant as it has been shown how biofilms 

grown under a continuous flow display higher antimicrobial tolerance than those formed in static 

conditions (167). Finally, they are frequently used to test the efficacy of compounds against single 

species biofilms, which leads to the overestimation of the anti-biofilm capacity of compounds, 

considering that the most commonly found polymicrobial biofilms display higher tolerance to 

antibiotics (168). For this reason, despite the challenging conditions that may be needed to simulate 

these kind of biofilms in vitro, there is a need for the exploration of multi-species biofilms models 

(62, 169, 170). Some of these models have been applied to re-assess the anti-infective capacity of 

known antimicrobials (171). However, systems that allow the high-throughput screening of 

antimicrobial compounds against multi-species biofilms are still currently needed.  
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2.3.2 Testing of anti-infective materials 

The assessment of the anti-biofilm capacity of materials needs to be done in a reliable way, and to do 

so, there are several standardized methods already available (Table 1). The traditional approaches 

are divided in static and dynamic models. In the first ones, the biofilms are grown with a fixed pool 

of nutrients, while in the second ones they are grown with a continuous flux of medium (Table 1). 

Table 1 Conditions and characteristics of approaches for the search of new biofilm inhibitors and the testing of anti-

infective materials  

Model type Method and Reference Conditions Characteristics 

Static 

Static biofilm method (174) 
 Biofilms formed in a solid-

agar interface 

 Allows the testing of different 

materials 

Japanese Industrial 

Standard (JIS) method (172) 

 Biofilms formed in a solid-

solid interface 

 Allows the testing of different 

materials 

Dynamic 

CDC Biofilm Reactors®                

(173) 

 Shear stress 

 Biofilms formed in a solid-

liquid interface 

 Allows the testing of different 

materials 

 Allows the development of 

multi-species biofilms 

 The hydrodynamic conditions 

are easy to control 

 Able to mimic the conditions 

where some indwelling devices 

function 

Drip Flow Reactors (173) 

 Shear stress 

 Biofilms formed in an air-

liquid interface 

 Allows the testing of different 

materials 

 Allows the development of 

multi-species biofilms 

 Allows a non-invasive analysis 

of bacterial adhesion and 

biofilm formation 

 Able to mimic the conditions 

where catheters function 

The Static biofilm method, is a model belonging to the first group (as the name indicates) whose 

simplicity and low cost makes it ideal for the preliminary testing of the anti-biofilm capacity of 

materials (174). In this method, membrane filters inoculated with a bacterial suspension are placed 

on solid agar medium and the tested materials are then placed on top of these filters. The biofilm 

grows on the membrane surface while the nutrients diffuse from the agar (174). After incubation, the 

bacteria attached to the surface of the material can then be detached by sonication and quantified 

(175). A variation of this model is the Japanese Industrial Standard (JIS) method, Z 2801, in which 

the bacterial suspension is placed on the material and covered with an occlusive layer instead of 

being placed on nutrient agar (172). 
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Ideally, the testing conditions should be similar to the biological system where the material aims to 

function in clinical conditions, which is not always the case for static models (173). Dynamic models, 

which supply the biofilms with a continuous flow of nutrients and shear stress, enable a better 

assessment of the anti-biofilm capacity of some materials (173). For instance, the CDC Biofilm 

Reactor®, commercialized by BioSurface Technologies Corporation, has been used to mimic biofilms 

on orthopedic devices, as well as to model biofilms similar to those found on indwelling devices such 

as cardiac implants (173, 176). Another example is the Drip Flow reactor, which is ideal to test 

materials aimed at being used in ET as it better resembles the clinical conditions where these tubes 

function (173, 177). Besides, these systems allow the development of multi-species biofilms (178, 

179), for instance Drip Flow reactors have been used for the development of a dual-species biofilm 

of S. aureus and P. aeruginosa (178).  

Despite the existence of these models, there is still a lack of convenient ones that can recapitulate the 

clinical features of biofilm-related infections in medical devices (180). For instance, a key challenge 

on developing truly effective antimicrobial implants is that their capacity preventing bacterial 

adhesion should be tested in combination with their capacity to correctly integrate with the host 

tissue. Co-culture models have been developed to tackle this challenge, with the aim of not only 

assessing the effects of materials or antimicrobial compounds on the adherence of different cell 

types, but also to provide information on the interactions between bacterial and mammalian cells 

(181, 182). For instance, Pérez-Tanoira et al. (183) have developed competitive adhesion models 

including S. aureus and human osteogenic sarcoma (SaOS-2) or S. aureus and primary osteoblast 

(hOB) cells in different clinically relevant materials. Other authors have utilized these co-culture 

systems to assess the anti-biofilm capacity of newly developed materials (184), as well as to assess 

the biological functionality of materials aiming to promote osteogenesis (185). Nevertheless, not all 

the studies utilizing co-culture systems have obtained results supporting the in vitro modelling of 

the “race for the surface” (186). In fact, some authors have shown how despite the prompt in vitro 

colonization by mammalian cells, bacteria were able to adhere and generate an infection (187, 188). 

This variability is probably due to the different cell lines used, which highlights the importance of 

selecting relevant bacterial strains and cell lines that are relevant to the intended translational 

applications of the materials.  

Although these systems do help bridging between the in vitro and in vivo clinical conditions, it needs 

to be pointed out that there still remains a considerable gap. For instance, most of these models lack 

representation of the immune system, which has a remarkable importance in the prevention or 

development of medical devices-related infections. In order to overcome this, and reduce the burden 

of in vivo experimentation, three-dimensional (3D) cultures and organoids are increasingly being 

used in biofilm research (189). These systems can reproduce in vitro some of the tissues that are 

more frequently affected by biofilm related infections such as skin (180, 190), bone (191), or lung 
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(192). These models allow the assessment of the efficacy and safety of new compounds as well as 

materials, in conditions that better simulate the host-pathogens interactions. However, they are 

technically challenging. Instead, this doctoral thesis has focused in developing in vitro models that 

better represent the clinical conditions, but with settings that are easily reproducible in every 

laboratory dedicated to microbiological research and early drug discovery. These developed models 

mainly focused on infections related to orthopedic implants and endotracheal tubes, as the two main 

goals of PRINT-AID were the development of anti-infective bone implants and endotracheal tubes.  

2.3.3 Proteomics in biofilm research 

Understanding the dynamics of the biofilms in the different scenarios is essential to be able to 

develop efficient treatments in terms of prevention of their formation as well as targeting already 

pre-formed biofilms. “Omics-based” technologies have the potential to significantly accelerate the 

drug discovery and development process of new therapeutic alternatives, as they allow the large-

scale analysis of data (193, 194). In the field of biofilm research, these omics technologies, especially 

proteomics, represent valuable tools for studying virulence, culture dynamics and interactions (195, 

196). 

Proteomics offers the possibility of large-scale identification, characterization, and quantification of 

proteins expressed in a cell line, tissue or organism under given conditions (196). Applying 

proteomics to the study of biofilms gives a direct insight of the proteins utilized by microbes to 

interact with other microorganisms and react to environmental changes, among other things (197-

199). Different sub-compartments of the proteome can also be targeted (Figure 6).  
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Figure 6 Illustrative image of some of the sub-compartments of a Gram-positive bacterium that can be studied using 

proteomics. The secretome includes the set of proteins expressed and actively secreted via the classical secretion pathway 

out of the cells into the culture medium/environment, while the exoproteome consists of both the classically secreted and 

non-classically released proteins. The non-classically secreted proteins are cytoplasmic proteins, which enter the 

extracellular milieu via controlled cell lysis. The surfaceome includes proteins inserted in the cell envelope, which is 

composed of the cell wall and the cytoplasmic membrane (200). Figure inspired by (201).  

The exoproteome represents one of these proteome sub-compartments, which includes proteins 

present in the extracellular milieu, such as secreted proteins (actively exported or of autolytic origin) 

or proteins present in extracellular vesicles. The study of the exoproteome in multi-species biofilms 

allows gathering information on the interactions between the different species and their impact on 

the infectious processes (202). This can help identifying key targets for virulence inhibition as well 

as provide information on the phenotypic changes promoting adaptation to antibiotics (203). 

Besides, the exoproteome allows the identification and study of moonlighting proteins, which are 

cytoplasmic proteins that may have different functions at intracellular and extracellular locations 

(204). These proteins have been proposed to display an important role in bacterial virulence (205) 

and to influence the pathogenicity differences among clinical strains within the same bacterial 

species (206). In addition, some excreted proteins can have an important impact on the immune 

response of the host, either by potentiating the biofilm immune evasion (206-208) or by being highly 

immunogenic, which could be utilized to design vaccines against biofilm-related infections (208). 

Finally, the study of the secreted proteins that bacteria utilize to disperse the biofilm could also lead 

to the discovery of interesting therapeutic targets. Their inhibition could avoid the further 

dissemination of the infection and its potentiation in combination with antibiotic therapy, could 

facilitate biofilm eradication (209, 210). 
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Another proteome sub-compartment worth studying is the surfaceome, which includes the proteins 

associated with the cell surfaces. Its study provides useful information on how microbes react to 

different environments as surface proteins form the first line of molecular interaction. As an 

example, Savijoki et al. (2020) explored the growth mode- and growth stage-dependent surfaceome 

changes in levofloxacin-tolerant S. aureus grown for prolonged times, which shed light onto the 

proteins and pathways responsible for the virulence and tolerance of persistent bacteria (211). The 

study of the conditions that might promote the bacterial change towards this phenotypic variant is 

of high relevance within biofilm research, as persisters that are produced in biofilms might confer 

multidrug tolerance (49). Surfaceomics may also be an interesting tool for designing or choosing the 

best materials to prevent medical device associated infection. As an example, Hiltunen et al. (2019) 

carried out a surfaceome analysis where it was demonstrated how S. aureus surface adhesins, 

resistance- and virulence-associated proteins displayed significant variations depending on the 

clinical material onto which the biofilm was formed (198).  

Overall, proteomics has proven to be a great tool to study biofilms and shed some light on the 

complex interactions occurring within multi-species biofilms (197, 212). However, an extensive 

proteomic characterization of dual-species biofilms with clinical relevance is still missing. Because 

of this, as part of this doctoral thesis, a surfaceome and exoproteome analysis was performed on a S. 

aureus and P. aeruginosa dual biofilm. This allowed to gather in-depth knowledge of the interactions 

of these bacterial species, which are very often co-isolated in biofilm-related infections, such as VAP.  

2.4 Development of anti-infective materials 

As described in the above sections, there is not current treatment that allows rapid and complete 

biofilm eradication. Therefore, one of the best ways to guarantee the safety and success of medical 

devices would be to utilize materials with antimicrobial properties able to prevent biofilm formation. 

Currently, medical devices are still unable to actively resist bacterial adhesion and consequently, 

biofilm formation. However, important progress has been made in recent years. This section will 

focus on briefly summarizing some of the advances made on the development of anti-infective 

materials.  

In general, the avoidance of primary adhesion of planktonic bacteria to the material surface can be 

accomplished by either repelling (anti-fouling) or killing (anti-microbial) the approaching bacterial 

cells. This can be achieved by modifying the interfacial properties of the material, via surface 

modification or by coating (213).  

The modification of the surface can be physical, chemical, or combined (214). One of the surface 

features with high impact on the bacteria-surface interactions is the topography (215, 216).  Thus, 

micro- and nano-scale topography modifications of the surface, for instance smoothening it, are one 



39 
 

of the employed strategies to avoid bacterial adherence (217). However, this approach has shown 

variability in its effectiveness (218, 219) given that it highly depends on the material chemistry and 

the bacterial strains involved (217, 220). For instance, in the particular case of S. aureus, its 

adherence capacity increases with smooth surfaces (221), which is why one of the strategies to 

prevent its adherence has been the creation of rough implant surfaces through nanopatterning using 

for instance titanium oxide (222). Another strategy is based on the modification of the structure 

dimensions and shape, for instance creating micro- and nano-scale patterns on its surface (223-225). 

As an example, Hasan et al. (226) created 23 nm wide ridges on aluminum 6063 alloy surfaces, which 

successfully prevented S. aureus adhesion.  

Another way of modifying the interfacial properties of the material is by coating, which implies the 

forming of an additional layer on the surface by the spreading or apposition of a substance onto the 

material (227). The antimicrobial coatings are divided in two main types, non-releasing and releasing 

coatings (227). The first ones are those able to counteract bacterial adhesion by killing the 

microorganisms when they are in direct contact with the coated surface (227).  The majority of these 

coatings are either polymers with antimicrobial activity per se or photoactive metal-oxide 

nanoparticles (227). For example, chitosan, a well-known antimicrobial cationic polymer (227), has 

been used to coat stainless steels screws in order to avoid the staphylococcal contamination of 

internal fixation devices in bone fractures (228).  

In contrast, the drug releasing-based antimicrobial coatings actively release antibacterial agents, 

which are applied to the materials by impregnation in the polymer matrix (229), conjugation (230), 

physical adsorption (231) or complexation (232). The antimicrobial agents incorporated can be 

antiseptics like chlorhexidine (227), metals like silver (233-237) or antibiotics. This approach has 

been applied for the development of several prototypes of anti-infective catheters and implants, 

which aimed at preventing staphylococcal infections. For instance, Sampath et al. (238) developed 

catheters containing chlorhexidine and silver sulfadiazine on the external surface and catheters 

impregnated with minocycline and rifampicin on its external and luminal surfaces, respectively. 

Both catheters showed effectiveness preventing S. aureus biofilms development on a rat model of 

infection (238). Additionally, there are other existing prototypes of polyurethane catheters 

containing ciprofloxacin, fosfomycin, or flucloxacillin (227). In the case of implants, Stavrakis et al. 

developed a “smart” polymer for titanium that allowed the release over time of vancomycin and 

tigecycline. This enabled the maintenance of therapeutic levels of antibiotics during the perioperative 

period of an open fracture mouse model, thus helping to reduce S. aureus mediated infection (239). 

However, despite there being a wide number of prototype antibacterial coatings that have proven 

efficacy even against resistant strains of S. aureus (240) in vivo, a general concern of this approach 

is the potential increase of the number of bacterial resistances (241). Because of this, one the most 

recent strategies is the development of coatings incorporating antimicrobial peptides (242), low 
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molecular weight proteins with broad range of antimicrobial activities, against which 

microorganisms are unable to develop resistance (243). 

2.4.1 3D printing as a new tool for the development of ant-infective materials 

The additive manufacturing (AM) technique, three-dimensional (3D) printing, has recently gained 

much interest in the medical word given its numerous applications and versatility (244). This 

technique enables the fabrication of 3D constructs from a patient’s own medical images, such as 

magnetic resonance imaging or computed axial tomography, which allows the manufacturing of 

objects individualized to each patient (245, 246) in a relatively cost-effective manner (247). In 

particular, 3D printing has been widely used to fabricate trauma medical implants, orthopedic 

medical devices, and dental parts (246). An added advantage of 3D printing is the possibility of 

creating drug delivery systems. This technology has high reproducibility, control of droplet size and 

dose, as well as the ability of producing complex drug release profiles, which allows to create a 

sustained release of the drug of interest (248).  

The most used technologies applied for the 3D printing of antibiotic-containing devices are inkjet 

printing, fused deposition modelling (FDM, also known as “hot melt extrusion”) and 

stereolithography (249) (Figure 7). The first technique, inkjet printing, has the advantage of not 

requiring heat which allows its use with a variety of antibiotics without the concern of thermal 

degradation. However, the number of base materials are limited as the liquid binder and the powder 

base material must be compatible to form a strong bond and hold shape (249). This technique was 

widely used in the early stages of 3D printing (250, 251). In contrast, FDM  heats the polymers used 

for printing, which enables the use of a wide variety of materials but limits the incorporation of 

thermo-labile drugs, including antibiotics (249). This approach is the most often followed in more 

recent studies where anti-infective medical devices have been developed (252-254). Finally, 

stereolithography, which has been used in fewer studies (255, 256), utilizes photocuring of liquid 

resins by light sources, often ultraviolet (UV) light. Therefore, this technique is limited to materials 

that can be polymerized using light sources and to antibiotics that do not degrade with UV light 

(249).  
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Figure 7 Three of the most used technologies to develop antibiotic-containing materials via 3D printing. Inkjet printing 

allows the printing of inks containing antibiotics at low temperatures, while FDM incorporates the antibiotic in the polymer 

used for printing, which usually requires high temperatures. Stereolithography does not need high temperatures but it 

requires materials that can be polymerized by light sources and antibiotics non-degradable by UV light (249).  

These assets in combination with the mentioned capability of producing individualized medical 

devices, makes 3D printing a key technology for the development of new materials able to prevent 

biofilm-related infections. For instance, Shaqour et al. (254) utilized FDM to manufacture 

thermoplastic polyurethane endotracheal tubes containing ciprofloxacin, which prevented the 

development of VAP in a mouse model. Another example, this time directed towards the protection 

of bone implants, is the 3D printed poly-(lactic-co-glycolic acid) (PLGA) scaffolds developed by 

Martin et al. (257). These scaffolds, which were multi-functionalized with collagen, minocycline, and 

nano-hydroxyapatite, showed efficacy not only in preventing S. aureus biofilm formation, but also 

in promoting osteogenesis. On the other hand, inkjet printing has proven to be a very useful approach 

to develop coatings and to perform micropatterns in metal surfaces. For instance, Gu et al. (258) 

printed micropatterns on titanium alloy surfaces with an ink composed of rifampicin, biphasic 

calcium phosphate and PLGA, which prevented the formation of S. epidermidis biofilms and 

significantly accelerated osteoblast cell differentiation. 

The biggest benefit of implants with antimicrobial coatings is the local administration of antibiotics 

on the implantation site, which enhances the efficacy, enabling the use of high doses, thus avoiding 

the toxic effects in other locations of the body (259). In addition, one potential advantage provided 

by 3D printing technologies when compared to the conventional strategies to develop anti-infective 

materials, is that the drug is present at deep layers that are not exposed to the tissue at the initial 

implantation (249). Besides, 3D printing allows a layer-by-layer fabrication approach, which 

increases the surface area for drug distribution (249). 
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In this thesis, it was not a direct goal to perform 3D printing, but the investigation was guided 

towards the selection of a biofilm inhibitor that could be a good candidate to be integrated as part of 

an anti-infective implantable device, using 3D printing. Therefore, it was important to understand 

the 3D printing method that would be eventually utilized within the project. After the selection and 

characterization of a promising compound in this thesis (DHA1) a collaborator within PRINT-AID 

at the Warsaw University of Technology, carried out its incorporation on an antimicrobial coating 

for titanium surfaces, via inkjet printing. The functionally assessment of this newly developed anti-

infective material was the focus of the last section of this doctoral project. 

 

  



43 
 

3 Aims of the study  

The main objective of this doctoral thesis was to develop meaningful experimental models to better 

assess the effectiveness of novel anti-biofilm compounds ought to be used as treatments for biofilm-

related infections or as protection for medical devices. This study presents three different co-culture 

models that better simulate the conditions where biofilms form and function in vivo. In addition, the 

thesis also focuses on the anti-biofilm characterization of three previously discovered biofilm 

inhibitors, using the developed co-culture models. Finally, it provides the functionality tests results 

of an antimicrobial coating for titanium surfaces, which incorporates a biofilm inhibitor selected 

based upon the results of this investigation.  

This work was based on the following specific aims:  

1. To develop a co-culture model of a dual S. aureus and P. aeruginosa biofilm and to perform 

an in-depth characterization of their interactions and phenotypic changes (I). 

2. To develop a competitive colonization co-culture model of S. aureus and osteogenic cells, 

specifically SaOS-2, to assess the applicability of biofilm inhibitors as part of implantable 

bone devices (II). 

3. To develop a co-culture model of S. aureus and immune cells, specifically neutrophils, to 

assess the applicability of biofilm inhibitors as part of implantable bone devices and 

endotracheal tubes (III). 

4. To further characterize the anti-biofilm capacity of three previously discovered biofilm 

inhibitors against the S. aureus biofilms formed in the developed co-culture models (I-III), 

and to perform the functionality tests of an antimicrobial coating incorporating the most 

promising inhibitor.  
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4 Materials and methods 

This section briefly describes the materials and methods used in this thesis. The different co-culture 

models and the assays applied to each study are summarized in Table 2. A more detailed description 

of the used methodology can be found in the original publications (I-III).  

Table 2 Mammalian cell lines, bacterial species/strains, materials and compounds included in each co-culture model and 

the assays carried out per study. N/A= (Not applicable); Colony-forming units= CFU; Scanning electron microscopy= SEM. 

Model 
Mammalian 

cell lines 

Bacterial 
species and 

strains 
Material 

Compounds 
/control 

antibiotics 
Assays Publication 

Co-culture 
model 

including 
different 
bacterial 
species 

N/A 

S. aureus     
ATCC 25923 

 
P. aeruginosa 

PAO1 

Polystyrene      
(24 well plates) 

DHA1 

DHA2 

FLA1 

Controls: 

POL-B 

VAN 

 Viable cells count: 
CFU 

 

 Bacterial cells 
viability: flow 

cytometry 
 

 

 Analysis of the 
exoproteome and 

surfaceome 
differential 
expression 

I 

Co-culture 
model 

including 
bacterial 

and 
mammalian 

cells 

SaOS-2 

S. aureus      
ATCC 25923 

S. aureus P1 

S. aureus P2 

S. aureus P4 

S. aureus P18 

S. aureus P61 

Titanium 

Titanium pre-
conditioned with 
serum proteins 

Titanium pre-
conditioned with 

SaOS-2 cells 

DHA1 

DHA2 

FLA1 

Controls: 

PEN 

RIF 

 Mammalian cells 
viability: CellTiter-

Glo® 
 

 Viable cells count: 
CFU 

 
 

 Visualization: 
Fluorescence 
microscopy 

II 

HL-60 Cells 

S. aureus     
ATCC 25923 

S. aureus P2 

Titanium 

LDPE 

Titanium pre-
coated with 

DHA1 

DHA1 

DHA2 

FLA1 

Controls: 

RIF 

 Viable cells count: 
CFU 

 

 Visualization: 
SEM 

III 

 

4.1  Studied compounds (I-III) 

The compounds studied in this doctoral thesis include two dehydroabietic acid derivatives (DHA) 

coded DHA1 (I-III) and DHA2 (I-III) (originally coded 11 and 9b, respectively in (260)) and a 
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reported minimum inhibitory concentration (MIC) of 15 and 60 µM, respectively. They were 

synthesized according to (260) in the Division of Pharmaceutical Chemistry and Technology of the 

Faculty of Pharmacy (University of Helsinki). The third studied compound is a flavan derivative, 

coded FLA1 (I-III), originally coded 291 in (261) and a reported MIC of 20 µM. This compound was 

acquired from TimTec (ST075672, www.timtec.net).  All the commercial antibiotics used as control 

compounds throughout this project were purchased from Sigma Aldrich: polymyxin B, POL-B (I) 

(1405-20-5), vancomycin, VAN (I) (123409-00-7), rifampicin, RIF (II, III) (13292-46-1) and, 

penicillin G, PEN (II) (69-57-8). The codes, names, chemical structures, used concentrations and 

publications where these compounds were used are summarized in Table 3. 

All the compound and antibiotics (in II, III) were dissolved in dimethyl sulfoxide (DMSO) as stock 

solutions of 20 mM and diluted to the working concentration in the media used for each assay, 

without exceeding a final DMSO concentration of 0.25% (v/v), in any of the cases. The compounds 

and control antibiotics were dissolved in Miller’s lysogeny broth (LB) when tested against the 

bacterial co-culture model of S. aureus and P. aeruginosa (in I). 

http://www.timtec.net/
https://www.sigmaaldrich.com/FI/en/search/123409-00-7?focus=products&page=1&perPage=30&sort=relevance&term=123409-00-7&type=cas_number
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Table 3 Codes, names, used concentrations (in µM and µg/mL) and chemical structures of the different compounds and 

antibiotics used throughout this thesis and the original publications where they were studied.  

Code Name Structure Used concentrations Publications 

DHA1 
N-(Abiet-8,11,13-trien-18-
oyl)cyclohexyl-L-alanine 

 

50 µM (22.68 µg/mL) 

100 µM (45.36 µg/mL) 

200 µM (90.72 µg/mL) 

I-III 

DHA2 
N-(Abiet-8,11,13-trien-18-

oyl)-D-tryptophan 

 

50 µM (24.33 µg/mL) 

100 µM (48.66 µg/mL) 

200 µM (97.23 µg/mL) 

I-III 

FLA1 

6-Chloro-4-(6-chloro-7-
hydroxy-2,4,4-

trimethylchroman-2-
yl)benzene-1,3-diol 

 
50 µM (18.46 µg/mL) 

100 µM (36.92 µg/mL) 

200 µM (73.84 µg/mL) 

I-III 

POL-B Polymyxin B sulfate 

 

100 µM (138.56 µg/mL) 

200 µM (277.12 µg/mL) 
I 

VAN 
Vancomycin hydrochloride 

hydrate 
 

 

100 µM (148.56 µg/mL) 

200 µM (297.12 µg/mL) 
I 

PEN Penicillin G sodium salt 

 

50 µM (17.82 µg/mL) 
 

II 

RIF 
Rifampicin 

 

 

50 µM (41.15 µg/mL) 
 

II, III 
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4.2 Bacterial strains and culture conditions (I-III) 

The laboratory strains P. aeruginosa PAO1 (I) and S. aureus ATCC 25923 (I-III), originated from 

the Faculty of Pharmacy (University of Helsinki). The clinical strains of S. aureus (II, III) (coded P1, 

P2, P4, P18, and P61) were isolated from patients with diagnosed prosthetic joint infections as 

described in (262), and they were kindly donated by Dr. Ramón Pérez-Tanoira. All the strains were 

stored in -80 C in tryptic soy broth (TSB; Neogen®, Lansing, MI, USA) containing 20% glycerol.  

Tryptone soy agar plates (TSA, Neogen®, Lansing, MI, USA) were used for the routine maintenance 

of S. aureus strains, whereas LB agar (Fisher BioReagents, Pittsburgh, PA, USA) was used for the 

maintenance of P. aeruginosa PAO1. The bacterial suspensions utilized in the different experiments 

(I-III) consisted in mid-exponential cultures grown under aerobic conditions at 37 C with shaking 

(220 rpm). To prepare those cultures, several pure bacterial colonies from agar plates, or 

alternatively 10 µL of an overnight culture (10 µL of a glycerol stock in 5 mL of TSB, incubated for 18 

h at 37 C, 120 rpm) were added to 5 mL of LB (I) or TSB (II-III). For the experiments in II, III the 

bacterial suspensions were centrifuged at 4500× g for 10 min and the obtained pellet was washed 

three times with phosphate buffered saline (PBS; 140 mM NaCl, pH 7.4). The pellet was re-

suspended in PBS and adjusted to a concentration of 1×108 CFU/mL by measuring the bacterial 

suspension’s turbidity (optical density; OD, λ=600 nm) with a Multiskan Sky microplate 

spectrophotometer (Thermo Scientific, Waltham, MA, USA). The bacterial suspension was then 

further diluted to the specific concentrations, depending on the experiments. In I, the mid-

exponential culture was directly diluted in LB.  

4.3 Cell lines and maintenance (II, III) 

The human osteosarcoma cell line, SaOS-2 (89050205, European Collection of Authenticated Cell 

cultures, ECACC) (used in II), was grown and maintained in Minimum Essential Medium (MEM) 

(Sigma-Aldrich, St. Louis, MO, USA) in 72 cm2 culture flasks (VWR, Radnor, PA, USA). The media 

was supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 

penicillin/streptomycin (500 UI/mL and 0.1 mg/mL, respectively) (being the three reagents from 

Sigma-Aldrich, St. Louis, MO, USA) and this is referred to as ‘maintenance media’ in the text. Cells 

were routinely kept at 37 °C in 5% CO2 in a humidified incubator (Heracell™ 240i CO2 Incubator, 

Thermo Scientific, Waltham, MA, USA). The media was refreshed in order to clear out the antibiotics 

present in the maintenance media 24 h prior to the experiments. For the experiments, cells were 

sub-cultured with a 1:10 trypsin:EDTA solution (5.0 g porcine trypsin and 2 g EDTA, Sigma-Aldrich, 

St. Louis, MO, USA) and re-suspended at a concentration of 2  105 cells/mL in MEM supplemented 

only with 10% (v/v) FBS (Sigma-Aldrich, St. Louis, MO, USA). 
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The human promyelocytic leukemia cell line, HL-60 (ATCC CCL-240) (used in III), was grown and 

maintained in in 72 cm2 culture flasks suspended in Roswell Park Memorial Institute (RPMI) 1640 

Medium (R8758, Sigma-Aldrich, St. Louis, MO, USA), within 105–106 cells/mL. The media was 

supplemented with 1% (v/v) penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and 20% 

(v/v) FBS and this is referred to as ‘maintenance media’ in the text. Cells were kept at 37 ºC in 5% 

CO2 in a humidified incubator. The cells were differentiated into polymorphonuclear-like cells after 

being cultured for 6 days in the maintenance medium with N, N-dimethylformamide (DMF) (Sigma-

Aldrich, St. Louis, MO, USA) at a concentration of 100 mM (263). In order to assess the 

differentiation, cells were visualized after Giemsa staining using a Leica DMLS microscope (Leica 

Microsystems, Wetzlar, Germany). The differentiated cells had a multilobar nucleus and a fairly clear 

cytoplasm. The nucleus with multiple lobs is characteristic of certain immune cells, such as 

neutrophils, able to eject their DNA as traps. In order to remove possible traces of antibiotics, the 

media was refreshed 24 h prior to starting the experiments. On the day of the experiment, 2  105 

cells/mL of differentiated HL-60 cells were re-suspended in non-supplemented RPMI 1640. The 

cellular concentration was always estimated with a Countess™ II Automated Cell Counter (Thermo 

Scientific, Waltham, MA, USA). 

4.4 Co-culture model of S. aureus and P. aeruginosa (I) 

The workflow of this bacterial co-culture model is shown in Figure 8. Briefly, S. aureus biofilms were 

pre-formed by adding 1.5 mL/well of a 1×106 CFU/mL suspension in LB on a 24 well plate (24 wp) 

(Nunclon   surface, Nunc, Roskilde, Denmark). After 24 h incubation (37 °C, 220 rpm) planktonic 

suspension were discarded and 1.5 mL/well of a P. aeruginosa suspension in LB (1×103 CFU/ml) 

was added per well. To obtain the monoculture controls of S. aureus and P. aeruginosa, LB was 

added instead of the corresponding bacterial suspension. For the validation of this procedure, at the 

end of the incubation period, the number of viable counts (4.4.1.1) and viability of each bacterial 

species (4.4.1.2) were determined. The number of viable cells in the developing biofilms was 

quantified at 4, 8, 12, 16, and 18 h. This model was utilized to determine the differential protein 

expression of S. aureus and P. aeruginosa when they are co-cultured together (4.4.2), and the results 

obtained were utilized for the design of a series of follow up studies (4.4.3).  
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Figure 8 Workflow of the co-culture model of S. aureus and P. aeruginosa, to enable the development of a dual-species 

biofilm (I). Analysis of the differential protein expressions of these hbacterial species was performed when they were in 

mono- or co-culture conditions. Two follow up studies (antibiotic susceptibility testing and motility) were also performed 

on this dual-biofilm model.  

4.4.1 Validation (I) 

4.4.1.1 Assessment of bacterial viable counts (I) 

After incubation, the supernatants were removed and one washing cycle was performed (with 1.5 mL 

of LB). The biofilms were then scrapped off from the wells, re-suspended in PBS (1 mL) and 

transferred to sterile Eppendorf tubes. To disrupt the possible micro-clusters, the obtained biofilms 

were vortexed (10 s) and sonicated for 5 min at 35 kHz in a water bath sonicator (Ultrasonic Cleaner 

3800 water bath, Branson Ultrasonics, Danbury, CT, USA). The obtained suspensions were serially 

diluted (1:10) in sterile LB, and 10 µL of each dilution were plated in agar plates. For the selective 

culture of P. aeruginosa they were plated on cetrimide agar (Sigma Aldrich, St. Louis, MO, USA) 

while S. aureus was plated on mannitol salt agar (MSA; Lab M, Lancashire, UK).  

4.4.1.2 Assessment of bacterial cells viability: Flow cytometry analysis (I) 

The viability of the cells recovered from the biofilms formed in mono- and in co-culture conditions 

was determined via flow cytometry using a BD Accuri 6 plus (BD Biosciences, Franklin Lakes, NJ, 

USA). After harvesting the biofilms as described in 4.4.1.1, the cells were washed twice with PBS (2 

× 3 min, 7 000 g, 4 ºC). After the two wash cycles, the remaining cells were stained for 15 min at RT 

with propidium iodide (PI) (InvitrogenTM, Thermo Fisher Scientific, Waltham, MA, USA) at a 

concentration of 20 mM and SYTO 9 (InvitrogenTM, Thermo Fisher Scientific, Waltham, MA, USA) 
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at a concentration of 0.1 mM. The former was utilized as a dye for non-viable cells, while the later 

was used to stain viable cells. Two washing steps were performed with PBS after incubation (2 × 3 

min, 7 000 g, 4 ºC). 

4.4.2 Proteome studies (I) 

4.4.2.1 Protein extraction and purification (I) 

Biofilms were formed as in 4.4. To obtain the samples for the exoproteome analysis, the supernatants 

of two technical replicates were combined. For the surfaceome samples, the remaining biofilms were 

scrapped off using 1 mL of 100 mM Tris-HCl (pH 6.8), being four technical replicates combined to 

obtain one sample. All the procedure was conducted at 4 °C or on ice.  

For the exoproteome, the non-adherent planktonic bacteria present on the supernatants were 

pelleted (3 min, 8000 g) and the resulting supernatants sterile-filtered using a 0.22 µm Millex-GV 

PVDF filter (13 mm) (Merck, Darmstadt, Germany). Samples were then precipitated (45 min, with 

trichloroacetic acid at 4%, v/v), centrifuged (21000 g, 30 min, 4 °C), and washed with ice-cold 

acetone (21000 g, 15 min, 4 °C). Subsequently, samples were dried (short evaporation, 57 °C) and 

the extracted proteins were solubilized in RapiGest™ SF at 0.1 % (v/v) (Waters, Milford, MA, USA). 

Triethylammonium bicarbonate buffer (TEAB) (100 mM, pH 8.5) was used to reconstitute the 

samples and the yield of protein extraction was quantified via absorbance (280 nm) with a μDrop 

Plate on a Multiskan Sky Microplate Spectrophotometer. Samples were reduced (45 min, 60 °C) with 

DL-dithiothreitol 10 mM (Sigma-Aldrich, St Louis, MO, USA) and alkylated (60 min, RT, in 

darkness) with iodoacetamide 15 mM (Sigma-Aldrich, St Louis, MO, USA). Equivalents of 15 µg of 

protein per sample were suspended in TEAB (100 mM) and a ratio of 1:50 enzyme to protein of 

sequence-grade modified trypsin (Promega, Madison, WI, USA) was added. The reaction was 

stopped with trifluoroacetic acid at 0.6% (v/v) (Merck, Darmstadt, Germany) after the digestion of 

the samples (20 h, 37 °C) and they were then centrifuged (10 min, 18000 g) to collect the 

supernatants. 

For the surfaceome, the dispersed biofilms were pelleted (2 × 3 min, 7000 g, 4 °C) and re-suspended 

in 100 mM TEAB. To digest the samples trypsin (55 ng/µL) was added and the samples were 

incubated (20 min, 37 °C), after which the samples were pelleted (3 min, 7000 g, 4 °C).  The resulting 

supernatants with released polypeptides were processed as described above.  

The concentration of both, the samples corresponding to the exoproteome and surfaceome, was done 

by using the ZipTip C18 system (Merck, Darmstadt, Germany). Samples were dried and shipped for 

further analysis. The samples were then dissolved in 0.1% (v/v) formic acid and a liquid 

chromatography–tandem mass spectrometry (LC-MS/MS) analysis was performed at the 

Department of Immunology of the University of Oslo, Norway, as described in publication I. 



51 
 

4.4.3 Follow up studies (I) 

4.4.3.1 P. aeruginosa motility assays (I) 

The changes in P. aeruginosa motility were assessed by studying its migration on LB soft agar plates 

(0.5%nutrient agar in LB). Mono- and co-cultured biofilms (formed as in 4.4) were harvested in 

combination with their respective supernatants and sonicated as described in 4.4.1.1 Subsequently, 

50 µL were plated on soft LB agar plates and let to absorb. The diameter of the colony growth was 

assessed after 8 h of incubation at 37 º C.  

4.4.3.2 Antibiotic susceptibility testing (I) 

The biofilms were formed and washed as described in 4.4, and 1.5 mL of compounds (DHA1, DHA2 

and FLA1) or antibiotics (VAN, PEN or POL-B) were added. After an incubation of 4 h (37 °C, 220 

rpm), the biofilms were collected and plated as described in 4.4.1.1. 

4.5 Co-culture models including mammalian and bacterial cell lines (II, III) 

The workflow of these two co-culture models (II, III) is shown in Figure 9. The first one, used in II, 

consisted of the co-culture of SaOS-2 cells and S. aureus, while the second one, used in III, consisted 

of the co-culture of S. aureus with HL-60 cells differentiated into neutrophils.  

 

Figure 9 Workflow of the two different models based upon the co-cultures of bacterial and mammalian cell lines on 

different materials (II, III). After the incubation period, the viable attached bacteria were quantified in both models (II, 

III). Viability of the mammalian cells was only measured in II for the SaOS-2 cells. Additionally, the materials were 

visualized via fluorescence microscopy (II) or SEM (III). 

Co-culture of bacteria and SaOS-2 cells (II) Co-culture of bacteria and HL-60 cells (III)

S. aureus ATCC 25923
104 CFU/mL

SaOS-2
105 cells/mL

Material

HL-60  
105 cells/mL

24 h incubation
37 oC, 5% CO2

24 h incubation
37 oC, 5% CO2

Compound/
control antibiotic

Assessment of SaOS-2 
cells viability

Assessment of bacterial 
viable counts

Visualization of 
the system

Fluorescence 
microscopy

SEM

S. aureus ATCC 25923
107 CFU/mL

Material



52 
 

The co-culture of bacteria and SaOS-2 cells (II) is based on the protocol of Perez-Tanoira et al. (183). 

This model combines the measurement of the mammalian cells (SaOS-2) viability and the 

assessment of the viable cells (S. aureus ATCC 25923 or S. aureus P2) attached to the studied 

material. The specific materials studied with this model were: titanium (4.5.1.1), titanium pre-

conditioned with serum proteins (4.5.1.2) and titanium preconditioned with SaOS-2 cells (4.5.1.3). 

The studied materials were placed on different wells of a 24 wp and incubated in a suspension of 1 

mL of 1:1 MEM:PBS; 5% FBS containing SaOS-2 cells and S. aureus at concentrations of 1×105 

cells/mL and 1×104 CFU/mL, respectively. To this suspension, tested compounds (DHA1, DHA2, 

FLA1), or antibiotics (as reference compounds, see Table 2) were added at 50 µM, to test their effects 

on bacterial attachment and mammalian cell viability. After 24 h incubation at 37 °C, 5% CO2 in a 

humidified incubator, the SaOS-2 viability, and viable attached S. aureus were quantified as 

described further in 4.5.2.1 and 4.5.4, respectively. Representative fluorescence images were 

obtained as described in 4.5.5.1.  

The second model (III) tests the ability of differentiated HL-60 to prevent bacterial attachment in 

different materials and the possible potentiating capacity of added compounds. Compounds and 

materials studied here were: titanium (4.5.1.1), titanium with a DHA1-based antimicrobial coating 

(4.5.1.4) and low density polyethylene (LDPE) tubes (4.5.1.1). The studied materials were placed on 

different wells of a 24 wp and incubated in 1 mL of RPMI 1640 containing 1×105 HL-60 cells/mL and 

1×107 CFU/mL of S. aureus. Compounds (DHA1, DHA2, FLA1), or antibiotics (as reference 

compounds, see Table 2) were added to the system at a concentration of 50 µM. After 24-h incubation 

at 37 °C, 5% CO2 in a humidified incubator the viable attached bacteria was quantified as described 

in 4.5.4 whereas visualization of the co-culture was performed as described in 4.5.5.2. 

In both cases (II, III) a set of control samples (monocultures) needed to be included alongside the 

tested co-cultures, which are described in Table 4. 
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Table 4 Description of the different conditions and controls used in the co-culture model including bacterial and 

mammalian cells lines. The solvent (DMSO) was always used at a concentration of 0.25%. The co-culture of bacteria and 

HL-60 cells (II) did not include a control of HL-60 cells in monoculture, as the effects on the cell line were not quantified. 

Co-culture of bacteria and SaOS-2 cells (II) 

Condition Co-culture Bacteria (monoculture) 
SaOS-2 cells 

(monoculture) 

Sample 

types 
Treated 

Non-treated 

(negative co-

culture 

control) 

Treated 

Non-treated 

(negative 

monoculture 

bacterial 

control) 

Non-treated 

(background 

control) 

Treated 

Non-treated 

(negative 

monoculture 

SaOS-2 

control) 

 Sample 

components 

 SaOS-2 cells 

 S. aureus 

 Compound 

 SaOS-2 cells 

 S. aureus 

 DMSO 

 S. aureus 

 Compound 

 S. aureus 

 DMSO 

 S. aureus 

 DMSO 

 SaOS-2 

cells 

 Compound 

 SaOS-2 

cells 

 DMSO 

Performed 

assay 

(section) 

4.5.2.1 

4.5.4 

4.5.2.1 

4.5.4 
4.5.4 4.5.4 

4.5.2.1 

4.5.4 

4.5.2.1 

 

4.5.2.1 

 

Co-culture of bacteria and HL-60 cells (III) 

Condition Co-culture Bacterial (monoculture) 

Sample 

types 
Treated 

Non-treated 

(negative co-culture 

control) 

Treated 

Non-treated 

(negative monoculture 

bacterial control) 

Sample 

components 

 HL-60 cells 

 S. aureus 

 Compound 

 HL-60 cells 

 S. aureus  

 DMSO 

 S. aureus  

 Compound 

 S. aureus  

 DMSO 

Performed 

assay 

(section) 

4.5.4 4.5.4 4.5.4 4.5.4 

 

4.5.1 Studied materials (II-III) 

4.5.1.1 Bare materials: Titanium (II, III) and Low Density Polyethylene (LPDE) (III) 

The utilized titanium consisted of coupons of 0.4 cm height and 1.27 cm diameter purchased from 

BioSurface Technologies Corp. (Bozeman, MT, USA). All the modifications of titanium surfaces 

described below were performed with this type of coupon.  

The utilized LDPE consisted on sections (1 cm) of a sterilized fine bore LDPE Tubing (Smiths Medical 

ASD, Minneapolis, MN, USA). 
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4.5.1.2 Titanium pre-conditioned with serum proteins (II) 

Titanium coupons, placed on the wells of a 24 wp, were incubated with 1mL of MEM containing 10% 

FBS (Sigma-Aldrich, St. Louis, Missouri, USA) for 30 min at 37 ºC (264). After incubation the 

medium was removed, and coupons were washed once with non-supplemented MEM.  

4.5.1.3 Titanium pre-conditioned with SaOS-2 cells (II) 

Titanium coupons, placed on the wells of a 24 wp, were incubated with 1 mL of MEM (10% FBS) 

containing 1×105 SaOS-2 cells/mL for 24 h (37 °C, 5% CO2) (265). After incubation, the culture 

medium was pipetted out and non-adhered cells were removed by three washing cycles with PBS.  

4.5.1.4 Titanium with a DHA1-based antimicrobial coating  

The coating of the titanium coupons by 3D printing was performed at Warsaw University of 

Technology, Poland. The printable ink formulation was prepared by dissolving poly-(lactic-co-

glycolic acid) (PLGA) (PDLG 5004A, Corbion, Amsterdam, The Netherlands) and polyethylene 

glycol (PEG, 35 KDa, Sigma-Aldrich, St. Louis, MO, USA) in a 3:1 mixture of chloroform and 

methoxybenzene at 10% (w/v) and 10% (w/w), respectively. The compound DHA1 was then added 

to this solvent at concentrations of 10, 20 and 30% (w/v). The formulation was poured into a 3-mL 

syringe and loaded into a Drop-on-Demand (DOD) printer (3D Discovery, regenHU, Villaz-St-

Pierre, Switzerland). For the DOD printing onto the titanium coupons, their surfaces (=12 mm) 

were activated by argon and oxygen plasma for 1 min at 140 W. The coatings were carried out by a 

microvalve-based DOD Printer (3D Discovery, regenHU, Villaz-St-Pierre, Switzerland) at 200 s 

opening valve time (OT), 125 ms closing valve time (CT) and 0.1 MPa. Samples were printed with 1, 

2 or 4 layers. 

4.5.1.4.1 Coating characterization  

The functionality characterization of the DHA1-based antimicrobial coating consisted in the 

assessment of the capacity preventing bacterial attachment to the material surface and the 

antibacterial and cytotoxic effects of the released eluates. For the first one, the coated titanium was 

placed on different wells of a 24 wp and incubated (24 h, 220 rpm, 37 º C) in a 1 mL suspension of 

1×106 CFU/mL of S. aureus ATCC 25923 in TSB. After the incubation period, the viable attached 

bacteria were quantified as in 4.5.4.  

To obtain the released eluates, the coated titanium coupons were placed on a 24 wp and 1 mL of non-

supplemented MEM was added to each coupon. The samples were incubated at 37 ºC, 5% CO2 in a 

humidified incubator, and the entire volume was subtracted at 1, 6, 24, 48 and 72 h and replaced 

with fresh medium. The eluates were kept at -20 ºC until further use. The potential cytotoxic effect 
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of the released eluates were assessed as described in 4.5.2.2, while the antibacterial capacity to 

prevent S. aureus ATCC 25923 planktonic and biofilm growth, was measured as in 4.5.3.  

4.5.2 Assessment of SaOS-2 cells viability (II) 

4.5.2.1 Promega CellTiter-Glo® (II) 

For the initial assessment of the possible toxic effects of the tested compounds (II) 50000 cells/well 

were seeded in 96 wp with white flat bottom (Thermo Scientific, Waltham, MA, USA) in 100 µL and 

exposed to a concentration of 50 µM of each compound or control antibiotic and incubated for 24 h. 

Non-treated cells were used as controls, and the effect of DMSO (0.25%, v/v) were also measured. 

Wells with media alone (MEM) were used as blanks. For the assessment of the viability of SaOS-2 

cells attached to the different materials, after incubation, the coupons were washed once with PBS 

and SaOS-2 cells were detached with a 1:10 trypsin:EDTA solution (5.0 g porcine trypsin and 2 g 

EDTA). After 3 min incubation, to neutralize the trypsin, 500 µL of MEM (containing 10% FBS) were 

added and the resulting (1 mL) suspension was centrifuged at 150× g for 5 min in a Fresco™ 21 

Microcentrifuge (Thermo Scientific, Waltham, MA, USA). The supernatant was then removed, and 

the pellet re-suspended in 100 µL of MEM, which were transferred to the wells of a 96 wp with white 

flat bottom. In both cases, the plates were cooled down for 30 min at room temperature (RT). 

Following that, the CellTiter Glo® substrate mixture (100 µL, prepared according to manufacturer’s 

instructions) was added to each well and mixed in an orbital shaker for 2 min. After 10 min 

incubation at RT, the glow luminescence was measured using Varioskan LUX multimode microplate 

reader (Thermo Scientific, Waltham, MA, USA). 

4.5.2.2 Resazurin staining  

The possible cytotoxicity of the eluates derived from the DHA1-based antimicrobial coating were 

tested by seeding 3  104 cells/mL into a 96 wp and allowed to adhere for 24 h (37 ºC, 5% CO2 in a 

humidified incubator). After this, 200 µL of each eluate were added to each well and incubated for 

24 h. Then, cells were washed with 200 µL per well of PBS followed by the addition of 200 µL per 

well of resazurin 20 µM in PBS. After 2 h incubation, the fluorescence was recorded (λexcitation = 560 

nm and λemission = 590 nm) using a Varioskan LUX multimode microplate reader. 

4.5.3 Assessment of bacterial cells viability and biofilm biomass in 96 wp (II) 

The biofilm quantification assays in the platform previously developed by Skogman et al. (266) were 

utilized to assess the effects of the compounds (II) preventing biofilm growth (pre-exposure) and 

disrupting pre-formed biofilms (post-exposure). In addition, effects on prevention of biofilm and 

planktonic growth were measured for the eluates derived from the DHA1-based antimicrobial 

coating. According to the platform described by (266), the measurement of the planktonic growth 
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was done via turbidity (OD), while changes on the measurements of viability and total biomass of 

bacterial biofilms (via resazurin and crystal violet staining, respectively) was done in the same 96 

wp.  

In study II, to measure effects in pre-exposure, compounds (DHA1, DHA2 and FLA) and two 

control antibiotics (RIF and PEN), all at 50 µM were added to microplates, along with 200 µL of an 

exponentially grown bacterial culture (1×106 CFU/mL in TBS). In the case of the eluates, 180 µL were 

placed per well alongside 20 µL of an exponentially grown bacterial culture (1×107 CFU/mL) in TSB. 

Cultures were incubated 18 h at 37 C, 220 rpm. To measure the effects of the compounds (II) in 

post-exposure, biofilms were first formed during 18 h (37 C, 220 rpm) after which the bacterial 

suspension was removed and replaced with fresh TSB. Subsequently, compounds at 50 µM were 

added, and the plates were further incubated for 24 h at 37 C, 200 rpm. 

4.5.3.1 Planktonic growth 

After incubation, planktonic bacterial suspensions were transferred to a new 96 wp, and the changes 

on turbidity were measured via OD at 595 nm with a Multiskan Sky microplate spectrophotometer. 

4.5.3.2 Resazurin staining (II) 

The viability of the biofilm was measured with the resazurin assay (II and released eluates, 4.5.1.4.1). 

First, planktonic cells were removed, and two washing cycles were done with 200 µL of PBS, after 

which resazurin was added at concentration of 20 µM and incubated for 20 min at RT, 200 rpm. 

Then, the fluorescence was recorded (λexcitation = 560 nm and λemission = 590 nm) using a Varioskan 

LUX multimode microplate reader.  

4.5.3.3 Crystal violet staining (II) 

After the resazurin measurement, 200 µL of 99.8% MeOH were added per well and incubated for 15 

min. After the removal of MeOH, the fixed biofilms were air-dried and crystal violet at a 

concentration of 0.0023% (v/v) was added (190 µL/well). The staining was carried out for 5 min 

(RT), after which the dye was removed, and the wells were washed twice with milliQ-water (200 µL/ 

well). The plates were air-dried (15 min at RT) and 200 µL per well of 96% ethanol was added to 

solubilize the bound stain. After 1 h incubation at RT, the biomass was quantified by absorbance 

measurement (595 nm) using a Multiskan Sky microplate spectrophotometer.  

4.5.4 Quantification of viable attached bacteria: colony-forming-units count (II, III) 

After incubation, the different materials in II and III were submerged twice in 20 mL of sterile TBS. 

Then, the different materials were transferred into tubes pre-filled with 1 mL of 0.5% (w/v) Tween® 

20-TSB solution and sonicated in the water bath sonicator for 5 min (35 kHz, 25 ºC). Prior and after 
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sonication, the tubes were mixed vigorously by vortexing for 20 s. For biofilms formed in 96 wp (III), 

the supernatant was removed, and two washing cycles were performed with 125 µL of PBS per well. 

Later, 150 µL of TSB were added per well and the plate was sealed and placed for 10 min in an 

Ultrasonic Cleaner 3800 water bath sonicator, at 35 kHz. The sonication procedure was shown not 

to affect the viability of the staphylococci (III, Supplementary Figure 1). Serial dilutions were then 

made in TSB and plated onto TSA. 

4.5.5 Imaging (II, III)  

4.5.5.1 Fluorescence microscopy (II) 

The titanium coupons were washed three times with PBS and air-dried. Then, the samples were 

stained with a solution of 0.1 mg/mL of acridine orange (BD Diagnostics, Sparks, MD, USA) in MQ 

water for 2 min. Just prior to imaging, coupons were rinsed with sterile water. The imaging was 

performed with the Invitrogen™ EVOS® FL Imaging System (Thermo Scientific, Waltham, MA, 

USA), using LED cubes for the Green Fluorescent Protein (λexcitation = 470/22 nm; λemission = 510/42 

nm). Between 8–10 fields of each coupon were captured, at 10× and 20× magnifications.  

4.5.5.2 Scanning Electron Microscopy (SEM) (III) 

The imaging using SEM was performed at the Electron Microscopy Center Amsterdam, EMCA 

(Amsterdam UMC). The titanium coupons were fixed for about 18 h (RT) in paraformaldehyde and 

1% glutaraldehyde (Merck, Kenilworth, NJ, USA), at 4 and 1% (v/v), respectively. Samples were then 

washed by rinsing them twice with MQ water (10 min each). The samples were then dehydrated by 

performing the following cycles of incubation with ethanol at different percentages (v/v):  2 cycles of 

15 min at 50%; 2 cycles of 20 min at 70%; 2 cycles of 30 min at 80%; 2 cycles of 30 min at 90% and 

2 cycles of 30 min at 100 %. The samples were then immersed in hexamethyldisilazane (Polysciences 

Inc., Warrington, FL, USA) for 18 h to reduce the sample surface tension. Prior to imaging, the 

samples were air-dried, mounted on aluminum SEM stubs, and a 4 nm platinum–palladium layer 

was used to sputter-coated the samples using a Leica EM ACE600 sputter coater (Leica 

Microsystems, Wetzlar, Germany). The images were acquired with a Zeiss Sigma 300 SEM (Zeiss, 

Oberkochen, Germany) at 2 kV. Of each sample, 8–10 fields were viewed and captured at 500× and 

1000× magnifications. 

4.6 Data processing and statistical analysis (I-III) 

In study I, for the protein identification and label-free quantification, the obtained MS raw files were 

submitted to the MaxQuant software (v.1.6.1.0) using a database composed of P. aeruginosa PAO1 

and S. aureus ATCC 25923 protein sequences in forward and reverse. For the peptide and protein 

identification, the false discovery rate (FDR) was set to 0.01 and the identification minimal unique 
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+ razor peptide number to 1.0. Perseus software v.1.6.2.3 was utilized for the determination of 

differential expressions using the log2-transformed normalized intensities (LFQ) and applying a 

Student’s t-test (FDR=0.15). IBM SPSS Statistics v. 25 (Armonk, NY, USA) was used to perform the 

Cross tabulation and binary logistic regression analyses. The STRING database v. 11 (267) was used 

to study the protein interactions, and based on the network complexity the interaction scores were 

set to medium (0.400) or high (0.700) confidence. A inflation parameter of 4.o was set for the 

clustering of interacting proteins using the Markov clustering (268). The STRING database was also 

utilized to statistically assess the functional enrichment in terms of GO Biological Process (The Gene 

Ontology Consortium, 2017) and KEGG pathway (Kyoto Encyclopedia of Genes and Genomes (269, 

270) annotations, by both rank- and gene set-based approaches (FDR =0.15). 

In studies II-III, the mammalian cells viability was always calculated as percentage of viability with 

respect to the untreated controls, while the inhibition of bacterial growth by the tested compounds 

(II) or released eluates was calculated as follows: 

Inhibition % =
𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐷𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡 𝑓𝑟𝑜𝑚 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑈𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑀𝑒𝑑𝑖𝑎 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 

The different statistical tests were performed using GraphPad Prism v. 8.00 and they are specified 

separately in each presented result as well as the number of replicates included per experiment.  
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5 Results and Discussion  

5.1 Development of co-culture models of S. aureus biofilms (I-III) 

5.1.1 Development and characterization of a dual-species biofilm: co-culture of S. aureus 

and P. aeruginosa (I) 

The assessment of the anti-biofilm capacity of compounds or materials is often done against biofilms 

composed of a single species (271-273). However, in clinical conditions, biofilms are often composed 

of multiple species (62). For instance, the most common type of medical device-related infections, 

ventilator-associated pneumonia (VAP) (274, 275), is increasingly recognized as a polymicrobial 

infection (276), being S. aureus and P. aeruginosa among the most prevalent causative agents (277). 

Additionally, these pathogens have been often co-isolated from other important biofilm-related 

infections such as cystic fibrosis (CF) and chronic wounds (80, 98, 278). The virulence and tolerance 

to antibiotics of multi-species biofilms has been shown to significantly vary from those composed of 

single-species (73, 96). Consequently, the first co-culture model explored within this thesis was a dual 

S. aureus and P. aeruginosa biofilm.  

In the infections where these two bacteria have been reported to co-exist, it has been observed how 

in later stages of the pathology there is a higher prevalence of P. aeruginosa, which is why it is 

commonly assumed that P. aeruginosa replaces S. aureus over time (279-281). A similar scenario 

has been observed in vitro, where S. aureus viability significantly drops when co-cultured with P. 

aeruginosa in incubation periods longer than 48 h (170). Because of this, the first step was to 

optimize the conditions to generate harvestable dual-species biofilms. Thus, the S. aureus biofilm 

was formed prior to the introduction of P. aeruginosa and it was determined that the ideal cell 

density of P. aeruginosa to be added to the pre-established S. aureus biofilm was 1×103 CFU/mL. 

This concentration allowed a constant cell density of S. aureus during the vast majority of the 

incubation period and a high recovery of viable cells of both bacterial species after being incubated 

in co-culture for 18 h (Figure 10). S. aureus underwent a slight reduction of viability (c.a. 1-log) when 

co-cultured for 18 h with P. aeruginosa (Figure 10a). In turn, P. aeruginosa biofilms were not 

affected by the co-culture conditions. The reached P. aeruginosa average density at the end of the 

incubation period (18 h) was around 1  109 CFU/mL for both the biofilms formed in mono- and co-

culture.  
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Figure 10 (a) Time-course changes in the viable S. aureus ATCC 25923 and P. aeruginosa PAO1 cells attached to 

polystyrene surfaces in mono- and co-cultured biofilms. (b-d) Cytographs corresponding to intact cells recovered at the 

endpoint of the experiment (18 h), from S. aureus (b) and P. aeruginosa (c) in monoculture as well as the dual-species 

biofilm (d).  Statistical differences were assessed by comparing the mono- and co-cultured biofilms of each bacterial species 

(Student’s t-test, ** p<0.01). The results are expressed as the mean ± SD of at least two biological replicates. Figure 

modified from I, Figure 2. 

Understanding the dynamics of clinically relevant dual-species biofilms is essential to be able to 

develop efficient treatments, and proteomics technologies represent a valuable tool to study the 

interspecies interactions. Therefore, as part of this study, we used a label-free quantitative (LFQ) 

proteomic approach to analyse the differential expressions of the surfaceome and exoproteome of 

these Gram-positive and -negative bacteria when they are co-existing in a co-cultured biofilm.  

In general, the proteomic profile of S. aureus when co-cultured with P. aeruginosa, suggested the 

lower metabolism and translational activity of this bacterium, which could point towards a persister-

like phenotype. For instance, from co-culture samples, we identified 498 quantified proteins in the 

S. aureus exoproteome, of which a total of 90 proteins displayed lower abundance when compared 

to the S. aureus monoculture samples (I, Supplementary Table 7). These lower-in-abundance 

proteins were found to be involved in different pathways, including glycolysis/gluconeogenesis, 
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aminoacyl-tRNA biosynthesis and microbial metabolism in diverse environments. This could 

indicate a likelihood of a persister-like state of S. aureus when co-cultured with P. aeruginosa, given 

that the lower abundance of proteins involved in carbohydrate metabolism and translation could 

suggest lower metabolic activity. These results were in line with previous reports, where it was 

suggested that P. aeruginosa forced S. aureus to switch into a fermentative growth, which translated 

into a higher tolerance of the Gram-positive bacterium to vancomycin (96).  

Moreover, in the S. aureus surfaceome, a total of 327 proteins had a substantial decrease in co-

culture when compared to monoculture conditions (I, Supplementary Table 9). Among them, several 

proteins involved in cell wall biogenesis (TarI, TarL, TarJ) and cell division (EzrA, FtsZ and the ATP-

dependent metallopeptidase FtsH/Yme1/Tma family protein). This downregulation could be 

attributed to the ability of P. aeruginosa to halt the Gram-positive bacteria growth, as it has earlier 

been demonstrated (282), and it also pointed towards an increased persistence.  

In addition, the lower abundance of proteins involved in carbon metabolism, TCA cycle, ATP 

synthesis and translation provided indirect proof for the reduced metabolism of the Gram-positive 

bacteria in co-culture. Finally, ribosomal proteins were significantly less abundant when S. aureus 

was in co-culture. This could indirectly indicate lower levels of translational activity, but these 

proteins have also been suggested to have functions stabilizing the biofilm matrix (283).  

These data could indicate that it is more difficult to eradicate S. aureus biofilm when in co-culture 

with P. aeruginosa, but, additionally, the virulence of P. aeruginosa seemed to increase when it is 

co-cultured with this Gram-positive bacterium. In the exoproteome of P. aeruginosa, several 

virulence-related proteins were upregulated (I, Supplementary Table 6). For instance, due to the 

presence of S. aureus several anti-staphylococcal proteins, which were found in higher abundance, 

among them the staphylolytic toxin, LasA and another associated aminopeptidase. These proteins 

have been previously reported to have several pathological implications. The staphylolytic toxin has 

been shown to act upon different human proteins, for instance is able to degrade elastin, which has 

been shown to facilitate the invasion of epithelial cells (284). The aminopeptidase, on the other hand, 

has been suggested to have an important role in the colonization of the lungs (285). In addition, an 

abundant ferric enterobactin esterase, MucD was identified among the upregulated P. aeruginosa 

proteins. This protein, MucD, is an immune evasive protease that has been suggested to degrade IL-

8, attenuating IL-8 neutrophil endothelial transmigration and successive bacteria killing in a murine 

lung infection model (286, 287). 

Besides, in both the exoproteome and the surfaceome (I, Supplementary Table 6 and 8), proteins 

associated with P. aeruginosa motility were found to be in higher abundance when co-cultured with 

S. aureus. There was a consistent higher abundance of flagellar proteins and a high presence of 

flagellar hook proteins (FlgE, FlgL, FliD) (288) in the exoproteome, and of proteins involved in 
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twitching motility FimV, PilP and PilJ (289, 290) in the surfaceome, when compared to P. 

aeruginosa in monoculture. Furthermore, in the surfaceome, the thiol:disulfide interchange 

proteins, DsbA and DsbC were also strongly enriched, which as part of the Dsb system facilitate a 

proper protein folding. Such folding is essential for P. aeruginosa motility (291) and pilus-driven 

twitching motility (292). With a motility assay, it was further confirmed that these changes in P. 

aeruginosa proteome translated into a more motile phenotype of the Gram-negative bacterium 

(Figure 11). Panel (a) of Figure 11 shows the development of a colony diameter during an 8 h 

incubation period, where it can be observed how the colonies derived from a P. aeruginosa biofilm 

in combination with its supernatant significantly grew in compare with the respective monoculture 

samples, where no growth was detected. 

 

Figure 11 (a) Increase on the diameter (in mm) after 8 h incubation in soft agar of a 50 μL inoculum obtained from the 

combination of the biofilm and the supernatant of a P. aeruginosa PAO1 biofilm formed in monoculture or in co-culture 

with S. aureus ATCC 25923 (Student’s t-test; ***p<0.001). Results are expressed as the mean and SD of five biological 

replicates. (b) Representative images of the growth of the diameter, the blue circle represents the initial diameter and the 

red circle the grown diameter. Figure from I, Figure 12. 

The differences in P. aeruginosa motility have been earlier associated with a more aggressive 

infection as well as changes in the virulence towards the host (293-295). For instance, the inter-

strain differences on motility have been shown to be a key influential factor on the P. aeruginosa 

biofilm formation on endotracheal tubes and later on VAP development (296). Flagella and type 4 

pili have been shown to be important in the early stages of P. aeruginosa infection as they allow the 

bacterium to attach to and colonize surfaces (293) while facilitating the subsequent biofilm 

formation (297). Moreover, the activation of the type 4 pili is known to facilitate the attachment of 

P. aeruginosa in environments with liquid flow, such as mechanical ventilators (296). These type 4 

pili proteins have also been proposed to help bacteria migrate form surfaces (298) and disseminate 

through the host tissue, further spreading the infection (293).  

Finally, in the exoproteome of P. aeruginosa in co-culture with S. aureus, it was found a decreased 

abundance of several cell wall biosynthesis-related proteins (e.g., UDP-N-acetylmuramoylalanine-
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D-glutamate ligase MurD, MurF, MurA and Tol-Pal system protein TolB). Additionally, in the 

surfaceome, several proteins involved in outer membrane and cell wall biogenesis were also found 

in lower abundance. Specifically, the periplasmic tail-specific protease Prc (tsp) and MurE (UDP-N-

acetylmuramoyl-L-alanyl-D-glutamate-2,6-diaminopimelate ligase), involved in cell division and cell 

wall peptidoglycan biosynthesis, and the modulator protein HflK, the perprotein translocase subunit 

YajC and the signal recognition particle receptor FtsY, which have a role in membrane protein 

trafficking. These findings, in addition to the lower abundance in both the exoproteome and the 

surfaceome of MexS, which is known to contribute to antibiotic efflux (299), provided indications 

towards P. aeruginosa being more tolerant to antibiotics when co-cultured with S. aureus.  

5.1.2 Development of a competitive colonization model on surfaces: co-culture of 

S. aureus and SaOS-2 cells (II) 

As extensively described in the review of the literature (2), implant-related biofilm infections are 

very complex processes that involve not only the materials and bacterial cells but also the cells and 

cell-derived products of the host. Despite it is acknowledged that the success of an implant depends 

on the balance between the prevention of the infection and the correct tissue integration, the 

antimicrobial capacity and the cytocompatibility have traditionally been studied separately (300). 

Only recently new assays have emerged where the mammalian cell adhesion and bacterial infection 

are simultaneously explored (183, 185, 301). However, there is still a lack of methods enabling the 

efficient assessment of the suitability of newly discovered biofilm inhibitors, or materials, as part of 

anti-infective implants. For this reason, the second model developed within this thesis aimed at 

better mimicking the conditions where implantable devices function. 

To do so, we optimized a competitive colonization model based on the protocol of Perez-Tanoira et 

al. (183), which consisted of the co-culture of S. aureus and mammalian cells on titanium surfaces. 

The mammalian cell line chosen was an osteogenic cell line, SaOS-2, which aimed at representing 

the tissue cells that bone implants encounter in clinical settings. S. aureus is, as highlighted earlier, 

the most common causative agent of bone implant-related infections (118). Titanium was chosen as 

this metal and its alloys are the most commonly used materials for permanent bone implants (213). 

The applied mammalian cell concentration, 1×105 cells/mL, was based on the protocol of Perez-

Tanoira et al., (183), while the starting bacterial concentration for these experiments, 1×104 

CFU/mL, was chosen based on a clinical scenario. It has been estimated that 1×102 CFU of S. aureus 

is necessary to establish an infection in a prosthesis, whereas 1×104 CFU/mL is needed to establish 

an infection in a surgery without an implant (81, 302). For the optimization steps, the laboratory 

strain S. aureus ATCC 25923 was selected.  

It has to be taken into account that at the moment of implantation, before the race between bacteria 

and mammalian cells for the colonization of the surface is even started, the device interacts with 
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physiological fluids, resulting in the adsorption of host proteins on the implant’s surface within 

seconds (303). For this reason, we also developed a co-culture variant that included titanium 

surfaces preconditioned with serum proteins. This was done by pre-incubating the material with 

media supplemented with FBS, which includes major proteins present in the blood, like albumin, 

which are adsorbed by titanium (304, 305). During the optimization phase, the effects of pre-

conditioning titanium with fibrinogen at physiological concentrations was also studied (1g/L) (306) 

by following the protocol of Opperman et al. (307). This was done because S. aureus expresses 

fibrinogen-biding proteins, which allows this bacterium to use this plasma glycoprotein as substrate 

for adhesion at damaged tissue sites (125). However, we did not observe differences on bacterial 

adherence to the titanium preconditioned with fibrinogen when compared with the non-

preconditioned titanium (II, Supplementary Figure 2). Thus, we proceeded with the previously 

described preconditioning with FBS.  

Another important consideration is that during surgery, bacteria cells are often the ones in 

advantage, as they can adhere onto an implant even before the integration of the host tissue cells 

starts. Besides, they have a faster replication rate. Therefore, one of the strategies to prevent biofilm 

formation on medical devices has been to give advantage to the cells of the host-tissue by pre-

incubating the material with them (265). This has been shown to not only promote the tissue 

integration but also to diminish the risk of bacterial infection, as it reduces the bacterial living space 

available (182). For this reason, a third co-culture variant was tested, where titanium surfaces were 

preconditioned with SaOS-2 cells.  

Upon studying the adhesion of SaOS-2 cells (Figure 12a-c) and S. aureus ATCC 25923 (Figure 12d-f) 

to the different titanium surfaces, it was observed how the presence of bacterial cells do not hamper 

SaOS-2 attachment to any of the titanium surfaces. A slight increment, yet not significant, on the 

adherence of SaOS-2 was observed when co-cultured with S. aureus. Similarly, Yue et al. (308) 

reported an increase on the attachment of the osteosarcoma cell line U-2 OS, when they were co-

cultured for 24 h with 1×104 CFU/mL of heat-sacrificed S. aureus ATCC 12600. Additionally, in 

Figure 12b, it can be observed how SaOS-2 cells adhered better to the titanium surfaces that were 

preconditioned with FBS-supplemented media (Figure 12b). However, this increase of the adhesion 

was not observed when the SaOS-2 cells were in co-culture with S. aureus on the FBS-preconditioned 

titanium surfaces.  

In contrast, the presence of SaOS-2 seemed to hamper S. aureus ATCC 25923 adherence to the three 

different types of titanium surfaces (Figure 12d-f). This was in agreement with the findings of Perez-

Tanoira et al. (183). These authors reported that SaOS-2 cells were able to significantly reduce the S. 

aureus viability and biofilm formation on titanium surfaces. Finally, similarly to what was observed 

for SaOS-2 cells, S. aureus ATCC 25923 seemed to better adhere to the titanium surfaces that were 
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preconditioned with FBS-supplemented media (Figure 12e), but this increase was not observed when 

the bacteria was co-cultured with SaOS-2 cells.  

 

Figure 12 Effects of the co-culture conditions on the adhesion of SaOS-2 (a-c) and S. aureus ATCC 25923 (d-f) to titanium 

surfaces (untreated (or bare) titanium, titanium preconditioned with FBS and titanium preconditioned with SaOS-2). The 

effects on the adhesion of SaOS-2 were estimated by a luminescence-based quantification of ATP production by the viable 

adhered SaOS-2 cells and is expressed as percentage of viability of adhered SaOS-2, while the effects on S. aureus ATCC 

25923 adherence was estimated by quantification of viable counts (CFU/mL) (Student’s t-test; *p<0.05; **p<0.01;  

***p<0.001). The results are expressed as the mean and SEM of three biological replicates. Figure modified from II, Figure 

4, 6 and 8. 

This model permits the simultaneous assessment of the adherence of mammalian and bacterial cells 

to surfaces, in a simple manner that only requires materials and equipment, commonly found in any 

microbiology lab. The optimization here was performed with a staphylococcal strain and titanium 

surfaces, but other strains or materials could be similarly utilized depending on the potential 

application of the material or compound tested. The mammalian cell line chosen for this model, 

SaOS-2, has the advantage of having relatively consistent and stable phenotypic characteristics, 

which do not drastically vary with passage number or cell density, as it is the case of primary cells 

(309).  
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Other authors have developed similar co-culture systems, such as the one reported by Perez-Tanoira 

et al. (183), which inspired this study, or the one developed by Chu, L. et al. (310). In the second one, 

they utilized three different functionalized versions of PLGA, which is also a very clinically relevant 

material as it is increasingly being used for bone prosthesis, including prosthesis development done 

via 3D printing (311, 312). The ratio of bacteria:mammalian cells was very similar to the one utilized 

in our study (1×104 CFU/well:2×105 cells/well); however, as a mammalian cell line, they utilized be 

the mouse pre-osteoblast cell line MC3T3-E1. The MC3T3-E1 cell line is probably more 

representative of the in vivo scenario, as the behaviour of sarcoma cell lines, such as SaOS-2, might 

significantly vary from the one of primary cells (309). Besides, the MC3T3 cell line is resilient and 

can rapidly proliferate unlike other primary cell lines. Therefore, it could be a good choice to be also 

included as part of this protocol, as it would be biologically relevant and it would avoid the 

methodological drawbacks of the primary human osteoblast that, for instance, Perez-Tanoira et al. 

(183) utilized in one of their co-culture systems.  

Overall, this in vitro model offers an environment that is one step closer to the in vivo scenario in 

terms of substrate materials and host-bacteria interactions. However, it does not take in 

consideration the role of the innate immunity, which is equally relevant in medical device-associated 

infections, and will be discussed in the following section.  

5.1.3 Development of a model to assess the capacity of immune cells preventing biofilm 

formation on surfaces: co-culture of S. aureus and HL-60 cells (III) 

When implanting a foreign material not only is the “race for the surface” immediately started, but 

also, alongside this process, an acute inflammatory response is initiated, which is mediated by 

neutrophils (120). A chronic inflammation might follow, which leads to an inefficient clearance of 

planktonic bacteria, as well as a damage on the surrounding tissue impairing the integration of the 

material (135). Because of this, it is essential to predict the effects of biofilm inhibitors on the 

antimicrobial capacity of neutrophils to further assess their suitability as part of biomaterials. To 

enable this, a third co-culture model was explored consisting of S. aureus and innate immune cells 

on clinically relevant materials. The immune cells selected for the development of this model were 

HL-60 cells differentiated into neutrophils, as these cells are the first arriving to the injured tissue 

(313). Alternatively, fresh extracted neutrophils could have also been used, but that would have 

implied several drawbacks. Among them, lower reproducibility because of differences between 

individual donors, a limited number of cells that can be harvested, a shorter lifespan of the cells and 

the intrinsic disturbances that can take place on the cell physiology due to the isolation procedures 

(314, 315). Titanium was again selected as a model material for implanted devices. In addition, LDPE 

was also tested, as it is a material often utilized in endotracheal tubes. Of note, even if endotracheal 

tubes ought not to be integrated in the host tissue, their insertion provokes an inflammatory 

response. In fact, the placement of endotracheal tubes often results in mechanically-mediated tissue 
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injury that induces an influx of neutrophils (153), increasing up to 10-fold the total number of PMNs 

present in the trachea after intubation (316). This acute inflammatory response contributes to 

ineffectiveness of the innate immune system in clearing out planktonic bacteria. In this model also 

S. aureus was selected as the bacterial cell line  

The first optimization step was to determine the initial concentration of S. aureus ATCC 25923 where 

a set concentration of HL-60 cells (1×105) was able to reduce the biofilm formation (Figure 13). At 

the same time, the effects of the activation of HL-60 cells with phorbol 12-myristate 13-acetate PMA 

(25 nM for 20 min) on the bacterial clearance capability of HL-60 cells was assessed. The presence 

of HL-60 cells reduced the biofilm formation at an initial bacterial concentration of 1×107 CFU/mL 

and below (Figure 13) and no differences were found on the bacterial reduction achieved with 

activated and non-activated HL-60 cells (black striped bars and grey bars, respectively). Given the 

lack of impact of PMA on the antimicrobial capacity of HL-60 cells, the activation was not conducted 

for the rest of the experiments.  

 

Figure 13 Attached bacterial viable counts (CFU/mL) on polystyrene surfaces measured 24 h after addition of different 

concentrations of S. aureus ATCC 25923 co-cultured with HL-60 cells. Black bars represent the bacterial control (viable 

bacterial attached cells in the absence of HL-60 cells). Stripped black bars show the co-culture of S. aureus ATCC 25923 

with HL-60 cells differentiated with DMF. Grey bars show the co-culture culture of S. aureus ATCC 25923 with HL-60 

cells differentiated with DMF and activated with PMA (Tukey’s multiple comparison test; **p<0.01;***p<0.001). The 

results are expressed as mean and SD of three biological replicates. Figure modified from III, Figure 2. 

The final step for the optimization of this model was to explore if the opsonization of S. aureus ATCC 

25923 had an impact on the antibacterial preventive capacity displayed by HL-60 cells. Phagocytosis 

is an essential defense mechanisms against bacteria, and opsonization plays an essential role on the 

phagocytic efficiency (317). To do so, bacteria was first opsonized using 50% (v/v) pooled human 
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serum (from 15 healthy donors) in PBS (30 min, 37 C) (318) and the co-culture with HL-60 cells 

was then performed on titanium surfaces. However, in these settings, no differences were found 

when comparing the bacterial clearance capacity effects of the HL-60 cells on opsonized versus non-

opsonized bacteria (Figure 14). Given that the clearance capacity of HL-60 was equal towards non- 

and opsonized bacteria, it was concluded that opsonization was not needed.  

 

Figure 14 Attached bacterial viable counts (CFU/mL)  of non-opsonized and opsonized S. aureus ATCC 25923  on 

titanium surfaces in mono- (black bars) or co-culture with HL-60 cells (grey bars) for 24 h. The symbol  “*” indicates 

statistical differences with the non-opsonized S. aureus ATCC 25923 in monoculture while “#” represents statistical 

differences with the opsonized S. aureus ATCC 25923 in monoculture with a Welch's unpaired t-test (*** p<0.001)/(## 

p<0.01). The results are expressed as mean and SEM of three biological replicates. Figure modified from III, Figure 3. 

As far as we know this is one of the first in vitro models developed so far that could provide 

information on the effects of compounds on the capacity of neutrophils preventing bacterial 

adherence to surfaces. However, as previously described, the immune response to implanted 

materials is an extremely complex process that has an impact not only on the prevention of the 

infection but also on the correct tissue integration. In fact, neutrophils are increasingly proving to be 

essential players in tissue integration and inflammation resolution (133). For instance, it has been 

observed that the products of biomaterial-induced neutrophil activation can affect macrophage 

polarization (319). Modulating the effects on macrophage polarization would be a key point in 

determining the balance between infection and tissue integration (320, 321). Therefore, as part of 

future work we plan to add macrophages into this model, so the effect of antimicrobial compounds 

on the immune cells could be analyzed not only in terms of prevention of bacterial adherence, but 

also in terms of their impact on inflammation resolution and tissue integration. In addition, an 

interesting alternative would be to develop a model combining the model described in this section 
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with the one described in 5.1.2. In such a way, the impact of antimicrobial compounds on cells of the 

tissue and immune cells could be simultaneously explore along with their effects preventing bacterial 

adhesion. 

In all newly developed systems, the addition of a continuous flow of nutrients would also be an 

important element to mimic the conditions where medical device function. In the case of orthopedic 

devices, this could be achieved by utilizing flow chambers or CDC reactors (322), which allow biofilm 

formation in a solid/liquid interface (173). Additionally, drip flow reactors could be utilized to mimic 

the environmental conditions of endotracheal tubes, as they allow the biofilm formation in an 

air/liquid interface (173). Nevertheless, this would require specialized equipment that are not so 

commonly found in microbiology laboratories. 

Finally, it has to be pointed out that one of the most relevant virulence factors in terms of medical-

device associated infections expressed by S. aureus are adhesins (323). These are a subgroup of cell 

wall anchored proteins, Microbial Surface Components Recognizing Adhesive Matrix Molecules 

(MSCRAMMs), and a subgroup of surface-associated proteins, Secretable Expanded Repertoire 

Adhesive Molecules (SERAMs) that enable the bacterial interaction with Extracellular Matrix 

proteins (324, 325). As part of the model developed in 5.1.2, we studied the impact of pre-

conditioning the materials with serum proteins on S. aureus adhesion. However, it needs to be taken 

into account that other proteins and cell-derived products not included in these systems could have 

a great impact on the invasiveness and biofilm development of this bacterium, for instance, 

coagulation factors. S. aureus produces prothrombin activating proteins such as coagulase and Von 

Willebrand factor binding proteins, which facilitate the conversion of fibrinogen into insoluble fibrin 

fibers (326). This helps S. aureus generating a fibrin pseudo-capsule and a fibrin-rich biofilm, which 

further protects S. aureus biofilms from the immune system and antimicrobial therapy (326). Some 

authors have reproduced this kind of biofilms in vitro. As an example, Guggenberger, C. et al. (327) 

developed a co-culture system of S. aureus and neutrophils, where the bacterial growth occurred in 

a three-dimensional collagen gel supplemented with fibrinogen. These settings allowed them 

studying specific stages of S. aureus abscess formation and the immune response against them, 

offering a good alternative to animal models. However, the experimental complexity and the 

equipment required would not make them suitable for fast screening of biofilm inhibitors. In the 

framework of the models developed within this thesis, one future addition could be utilize a 

percentage of human plasma in the culture media, which has earlier been shown to form robust S. 

aureus biofilms (322).  
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5.2 Effects of selected antimicrobials on co-culture biofilm models (I-III) 

5.2.1 Re-assessment of the antimicrobial capacity of three selected biofilm inhibitors 

against clinical strains (II) 

There is intense ongoing research focused on the search of new biofilm inhibitors (or anti-biofilms), 

as no selective molecules have yet been approved as anti-biofilm drug candidate. Indeed, our 

laboratory has embraced the search for biofilm inhibitors and our earlier work resulted in the 

identification of three potent biofilm inhibitors: two DHA derivatives, DHA1 and DHA2, and a 

flavan derivative, FLA1. Based on our original contributions (260, 261), these compounds seemed 

to be particularly promising candidates to be integrated as part of medical devices, given their 

capacity for both preventing biofilm formation and disrupting a pre-formed biofilms of 

Staphylococcus spp (260, 261). However, the conditions in which these screenings were carried out 

differed from those encountered in the clinical scenario. For this reason, as part of this piece of work, 

we have re-assessed the applicability of these biofilm inhibitors as part of medical devices trying to 

overcome some of the limitations of the screening platforms. 

One of these limitations is the fact that previous assays were performed using laboratory strains 

(260, 261), whose virulence and adherence capability might differ from those of implants-isolated 

strains (328, 329). Thus, we started by re-assessing their activity against five clinical S. aureus 

strains, which were originally isolated from retrieved orthopedic prostheses (262, 330). Their effects 

in pre-and post-exposure were assessed as well as their effects on the total biomass, given the 

relevance of remnant biofilm matrix on the potential re-infection.  

The three compounds (DHA1, DHA2, FLA1) prevented the biofilm formation of all the clinical 

strains (Figure 15a, c), as well as the previously tested laboratory strain, causing over a 90% 

inhibition of the viability and total biomass. In post-exposure (Figure 15b, d), the inhibitory effects 

of the three compounds were not as high (compared to Figure 15a, c). However, the inhibitory effects 

on the biofilm viability and biomass were still significant in all cases and superior than the one 

displayed by PEN. The activity of RIF was constant against all the tested strains in both pre- and 

post-exposure.  
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Figure 15 Biofilm inhibitory activity of DHA1, DHA2, FLA1 and two control antibiotics (RIF and PEN), at a 

concentration of 50 µM, against S. aureus ATCC 25923 and 5 different clinical isolates. (a-b) Effects on biofilm viability in 

(a) pre- and (b) post- exposure. (c-d) Effects on the biofilm biomass in (c) pre- and (d) post- exposure. Statistical differences 

are indicated in comparison to the laboratory strain, S. aureus ATCC 25923 (Student’s t-test, *p<0.05;**p<0.01;***p<0.001). 

The results are expressed as mean and SEM of three biological replicates. Figure modified from II, Figure 2 (the data on 

biofilm biomass is unpublished). 

These results highlighted the relevance of not limiting the initial antimicrobial assessment of 

compounds exclusively against laboratory strains, as the clinical isolates often display a higher 

tolerance to antibiotics. Nevertheless, all the compounds showed a high activity against the different 

strains, both in pre-and post-exposure, being this activity superior in most of the cases to the one 

achieved by the control antibiotic PEN.  

The high activity of these three compounds against the clinical isolates could re-enforce the notion 

of their potential applicability in medical device-related infections. However, the clinical strains 

utilized here were obtained from single-species biofilms, when many of the medical-device related 

infections could be poly-microbial, increasing their tolerance to antibiotics even more. Indeed, the 

proteomic exploration that we performed on the dual-species biofilm (5.1.1) showed a decreased in 

cellular division and metabolism of the bacteria when they co-existed in the same biofilm, hinting 

towards less susceptibility to antibiotics. We also performed a a follow up study that showed how the 

S. aureus biofilm formed in co-culture was significantly more tolerant to VAN treatment than the 
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one formed in monoculture (I, Figure 13A). Similarly, the biofilm of P. aeruginosa formed in co-

culture presented a higher tolerance to POL-B treatment than those formed in monoculture (I, 

Figure 13B). Based upon this, the anti-biofilm capacity of the studied compounds against the dual 

specie biofilm model developed of S. aureus and P. aeruginosa was re-assessed. 

5.2.2 Effect of the three selected compounds on a dual S. aureus and P. aeruginosa 

biofilm co-culture model (I) 

The activity of the compounds against S. aureus biofilms formed in co-culture with P. aeruginosa 

(Figure 16, grey bars) was compared with control S. aureus biofilms formed in monoculture (Figure 

16, black bars). In monoculture conditions, at 200 µM, all the compounds reduced the biofilm by 2-

logs or more, while VAN caused a lower reduction of only 1-log. It is not surprising that even in 

monoculture a high concentration of VAN was required to cause an observable viability reduction. 

This is because the old age of the biofilm (42 h) and the associated lower metabolic activity likely 

contribute to its higher tolerance (331). Interestingly, only in the case of DHA1 the log reduction 

achieved against the biofilm formed in monoculture was not statistically different to the one achieved 

in co-culture at all concentrations, thus indicating the promising effects of DHA1. In turn, the log 

reduction achieved by VAN in co-culture was significantly lower than the ones achieved in 

monoculture. Similarly, compounds DHA2 and FLA1 lost some activity against the co-culture 

biofilm at 200 µM.  

 

Figure 16 Log reduction of the viable counts (CFU/mL) of S. aureus biofilm, formed on mono- or in co-culture with P. 

aeruginosa, after the treatment with different concentrations of VAN, DHA1, DHA2, and FLA (200 and 100 μM). Black 

bars represent the log reduction achieved against S. aureus in monoculture, while the grey bars represent the log reduction 

in co-culture conditions (Student’s t-test; * p<0.05; ** p<0.01). Values are expressed as mean and SD of three biological 

replicates. The data corresponding to VAN is a modification from I, Figure 13, the rest of the data is unpublished.  
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In the case of the control antibiotic (VAN), the lower abundance of cell division proteins identified 

in the surfaceome might be related to the lower reduction achieved against the S. aureus biofilm 

formed in co-culture with P. aeruginosa, as its mechanisms of action (MoA) is the inhibition of the 

cell wall synthesis. Besides, VAN is also known to inhibit the transglycosylase, which was found to 

be downregulated in the surfaceome S. aureus in co-culture (I, Supplementary Table 9). In addition, 

increased tolerance to VAN has been previously associated with decreased autolysis in S. aureus 

(332). Interestingly, several proteins related to this, such as the transglycosylase IsaA, the 

bifunctional autolysin Atl, or the transcriptional regulator proteins WalR, were also found in lower 

abundance in the surfaceome when this Gram-positive bacterium was in co-culture with P. 

aeruginosa (I, Supplementary Table 9).  

The specific therapeutic targets of the two DHA derivatives are not specifically known yet. However, 

it has been previously demonstrated that their MoA might be given by the destabilization of the cell 

membrane and cell wall (260). S. aureus produces D-amino acids in the stationary phase of growth, 

which have been thought to regulate periplasmic enzymes, such as penicillin-biding proteins, and 

the synthesis of the peptidoglycan layer, acting as substrates of the peptidoglycan synthesis and 

causing structural changes on it (333). It has been demonstrated that the treatment of S. aureus with 

these D-amino acids, causes disorganization of several proteins that surround the cell wall (334). The 

DHA2 structure includes one of such amino acids (D-tryptophan), which makes it plausible to 

hypothesize that the MoA of this compound is through a similar disruption of the peptidoglycan 

layer, ultimately compromising the membrane integrity. Consequently, the lower antimicrobial 

effect of this compound against the S. aureus biofilm in co-culture could had been caused by the 

downregulation of the cell-wall synthesis related proteins. At this point though it is more difficult to 

hypothesize why DHA1 preserves its activity on the co-culture model.  

Similarly, the specific MoA through which FLA1 produces antimicrobial and anti- biofilm activity 

remains unknown. However, it has been previously proven that this compound is a potent anti-

biofilm as it showed the same killing against planktonic cells than bacterial cells embedded in a 

biofilm. It was demonstrated that the ratios between the IC50 (concentration needed to reduce 50% 

of the biofilm viability) in pre- and post-exposure (2.7 and 3.4 µM) presented a great advantage when 

compared with the control antibiotic, PEN (261). In fact, in these settings, FLA1 also proved to be a 

potent anti-biofilm agent as it managed the highest reduction against the monocultured S. aureus 

biofilm. Therefore, the loss of activity of almost 1-log of this compound against the S. aureus biofilm 

formed in co-culture re-emphasizes the challenging eradication of this kind of biofilms.  

These data showed how DHA1 did not lose activity against the generally more resilient S. aureus 

biofilm formed in co-culture. Besides, all the three compounds managed a significantly higher 

reduction than the one achieved by the control antibiotic, VAN. Therefore, despite the fact that in 

this context they did not show activity against P. aeruginosa biofilms (data not shown), they could 
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be interesting candidates to form part of combination therapies as the concentration needed is 

significantly lower to the one of  conventional antibiotics.  

5.2.3 Effects of the three compounds preventing S. aureus adhesion to surfaces: co-culture 

model of S. aureus and SaOS-2 cells (II) 

The results obtained in the previous section shed some light on the potential applicability of the 

studied compounds (DHA1, DHA2 and FLA1) as treatments for biofilm-related infections. Our 

next step was to provide new insights on their capacity preventing biofilm formation in clinically 

relevant settings. To do so, the co-culture model described in 5.1.2 was utilized to assess the potential 

applicability of these three biofilm-inhibitors as part of anti-infective implantable devices. For this 

testing, two different S. aureus strains were included, the laboratory strain ATCC 25923 and the 

clinical strain S. aureus P2.  

The first step was to assess the effects of the compounds on SaOS-2 adhesion to the different titanium 

surfaces (bare titanium, titanium preconditioned with FBS, and titanium preconditioned with SaOS-

2). In monoculture conditions, none of the compounds reduced the adherence of SaOS-2 cells to any 

of the titanium surfaces (Figure 17a, d and g). When SaOS-2 cells were in co-culture with the 

laboratory strain, S. aureus ATCC 25923, a slight increase of cell adherence could be observed to all 

the titanium surfaces. This increase was significantly higher on titanium surfaces preconditioned 

with SaOS-2 and treated with DHA1 and DHA2 (Figure 17h). In the specific case of titanium 

preconditioned with FBS, the adhesion of SaOS-2 and both S. aureus strains to these surfaces in co-

culture conditions seemed to be equal to the one to non-preconditioned titanium surfaces. Because 

of this, the results on SaOS-2 adhesion were very similar to those obtained on titanium. The presence 

of S. aureus P2 had a more negative impact on SaOS-2 adherence than the one of the laboratory 

strain. For instance, in the co-culture of SaOS-2 with S. aureus P2 on titanium treated with FLA1, 

there was a surprising drop on the adherence of SaOS-2 cells (Figure 17c). Moreover, on titanium 

surfaces preconditioned with SaOS-2 cells, S. aureus P2 caused a highly significant decrease on the 

adherence of SaOS-2 cells (Figure 17i). Perez-Tanoira et al. (265) also reported a similar drop on the 

adherence of SaOS-2 cells after a 48-h exposure of this cell line to the same bacterial concentration 

of the clinical isolate S. aureus 15981. This effect was also observed in the cells treated with DHA2 

and FLA1. However, the presence of both control antibiotics, RIF and PEN, prevented the bacterial-

induce cytotoxicity and DHA1 even displayed an increase on the adherence of SaOS-2 cells (Figure 

17i). 
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Figure 17 Effect of DHA1, DHA2, FLA1 and two control antibiotics (RIF and PEN), at a concentration of 50 µM, on the 

adherence of SaOS-2 cells to different titanium surfaces (bare titanium (a-c), titanium preconditioned with FBS (d-f) and 

titanium preconditioned with SaOS-2(g-h)) on the co-culture model of SaOS-2 and S. aureus. Results are expressed as 

percentage of viability of adhered SaOS-2 cells when cultured alone (a, d, g), or in co-cultured with S. aureus ATCC 25923 

(b, e, h), or with clinical S. aureus P2 strain (c, f, i) (One-way ANOVA with Bonferroni correction; *p<0.05; p**<0.01; 

***p<0.001). Results are mean and SEM of three biological replicates. Figure modified from II, data on SaOS-2 viability 

of Figure 4, 6 and 8. 
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Fluorescence microscope images (Figure 18) confirmed that the number of adhered SaOS-2 to 

titanium was not reduced by the co-culture with S. aureus ATCC 25923. However, when compared 

with the cells adhered in monoculture (Figure 18a), it seemed like a slight change on the morphology 

of SaOS-2 was produced by the presence of S. aureus ATCC 25923 (Figure 18c). These changes were 

also observed in the samples treated with DHA1, DHA2, and FLA1 but the SaOS-2 cells exposed to 

RIF presented a normal morphology, probably because this control antibiotic eliminated S. aureus 

completely.  
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Figure 18 Representative fluorescence microscope images of titanium surfaces treated under different conditions in the 

co-culture model of S. aureus and SaOS-2 cells. (a-c) Untreated controls: (a) Cell control, SaOS-2 adhered to titanium 

(initial concentration, 1×105 cells/mL); (b) Bacterial control, S. aureus ATCC 25923 adhered to titanium (initial 

concentration, 1×104 CFU/mL), and (c) co-culture control, SaOS-2and S. aureus ATCC 25923 to titanium (initial 

concentrations 1×105 cells/mL and 1×104 CFU/mL, respectively). (d-f) Treated co-culture samples: SaOS-2and S. aureus 

ATCC 25923 adhered to titanium treated with (d) DHA1 and (e) DHA2 and (f) FLA1 at a concentration of 50 µM. (g-h) 

Treated co-culture samples with control antibiotics: SaOS-2and S. aureus ATCC 25923 adhered to titanium treated with 

(g) RIF and (h) PEN, at a concentration of 50 µM. For all treatments the initial concentration of SaOS-2 and S. aureus 

was 1×105 cells/mL and 1×104 CFU/mL, respectively. The samples were stained with acridine orange (BD Diagnostics, 

Sparks, MD, USA). Figure modified from II, Figure 5. 

In the titanium surfaces preconditioned with SaOS-2, the changes in morphology observed in Figure 

18 were not detected (Figure 19). This highlighted the protective effect that pre-coating the materials 
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with mammalian cells displayed against S. aureus ATCC 25923. Additionally, none of the 

compounds appeared to produce any change in the number or morphology of SaOS-2 cells 

 

Figure 19 Representative fluorescence microscope images of titanium surfaces preconditioned with SaOS-2 treated under 

different conditions in the co-culture model of S. aureus and SaOS-2 cells. (a-c) Untreated controls: (a) Cell control, SaOS-

2 adhered to titanium preconditioned with SaOS-2 (initial concentration, 1×105 cells/mL); (b) Bacterial control, S. aureus 

ATCC 25923 adhered to titanium preconditioned with SaOS-2 (initial concentration, 1×104 CFU/mL), and (c) co-culture 

control, SaOS-2and S. aureus ATCC 25923 to titanium preconditioned with SaOS-2 (initial concentrations 1×105 cells/mL 

and 1×104 CFU/mL, respectively). (d-f) Treated co-culture samples: SaOS-2 and S. aureus ATCC 25923 adhered to titanium 

preconditioned with SaOS-2 treated with (d) DHA1 and (e) DHA2 and (f) FLA1 at a concentration of 50 µM. (g-h) Treated 

co-culture samples with control antibiotics: SaOS-2and S. aureus ATCC 25923 adhered to titanium preconditioned with 

SaOS-2 treated with (g) RIF and (h) PEN, at a concentration of 50 µM. For all treatments the initial concentration of 

SaOS-2 and S. aureus was 1×105 cells/mL and 1×104 CFU/mL, respectively. The samples were stained with acridine orange 

(BD Diagnostics, Sparks, MD, USA). Figure modified from II, Figure 7.  
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In terms of prevention of bacterial adherence, all the compounds except DHA2 prevented the 

adhesion of S. aureus ATCC 25923 to all titanium surfaces in monoculture conditions (Figure 20a, c 

and e, grey bars). In the case of the clinical strain, S. aureus P2, neither DHA2 nor FLA1 prevented 

its adhesion to titanium and titanium preconditioned with SaOS-2 cells in monoculture conditions 

(Figure 20b and f, gray bars). In co-culture with S. aureus ATCC 25923, for all titanium surfaces, all 

the compounds increased the reduction of bacterial attachment caused by the presence of SaOS-2 

cells (Figure 20a, c and e, blue bars). In the case of titanium, DHA1 and FLA1 managed more than 

a 2-log reduction while DHA2 managed a slightly smaller but yet significant reduction. The bacterial 

adherence of both strains seemed to increase on titanium preconditioned with FBS, however, DHA1 

reduced the adhesion of both S. aureus ATCC 25923 and S. aureus P2 (Figure 20c and d). By adding 

the compounds to titanium preconditioned with SaOS-2 cells, we aimed at significantly enhancing 

the previously reported protective effect of preconditioning titanium with mammalian cells (265). 

Indeed, DHA1 as well as the two control antibiotics (RIF and PEN), completely prevented the 

adhesion of S. aureus ATCC 25923 to titanium preconditioned with SaOS-2 cells in co-culture 

conditions (Figure 20e, blue bars). In addition, DHA2 and FLA1 also caused a very significant 

reduction of the viable attached S. aureus ATCC 25923 in co-culture (Figure 20e, blue bars). 

In contrast to the laboratory strain, the adherence of S. aureus P2 to any of the titanium surfaces was 

not reduced due to the presence of SaOS-2 cells (Figure 20b, d and f, red bars). Compounds DHA2 

and FLA1 lost their preventive activity against this strain also in co-culture conditions, while DHA1 

significantly reduced bacterial attachment to all types of titanium surfaces (Figure 20b, d and f, red 

bars). 
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Figure 20 Effects of DHA1, DHA2, FLA1 and two control antibiotics (RIF and PEN), at a concentration of 50 µM, on 

S. aureus adhesion to different titanium surfaces (bare titanium (a-b), titanium preconditioned with FBS (c-d) and 

titanium preconditioned with SaOS-2(e-f)) in the co-culture model of SaOS-2 and S. aureus. Results corresponding to the 

effects on attached viable counts (CFU/mL) of S. aureus ATCC 25923 (a, c, e) or S. aureus P2 (b, d, f) alone (gay bars) or 

in co-culture with SaOS-2 (Blue bars for S. aureus ATCC 25923 and red bars for S. aureus P2). The symbol “*” represents 

differences with the corresponding monoculture control and “#” represents differences with the corresponding co-culture 

controls with a one-way ANOVA test with Bonferroni correction (*p<0.05; **p<0.01;***p<0.001)/ (#p<0.05; ##p<0.01; 

###p<0.001). In the case of the titanium preconditioned with FBS, a Student’s t-test was applied (*p<0.05; ***p<0.001)/ 

(#p<0.05). Results are expressed as mean and SEM of three biological replicates. Figure modified from II, data on S. aureus 

attachment of Figure 4, 6 and 8. 

Overall, these results highlighted the variability of the anti-biofilm capacity of compounds depending 

on the testing conditions. First, it is clear the importance of using clinically relevant materials when 

assessing the efficacy of compounds on translational applications, as the bacterial adherence might 

significantly vary depending on the material, as earlier suggested (198). Despite the high activity 

displayed by all the compounds in polystyrene 96 wp, some of them, for instance DHA2, failed at 

preventing S. aureus adherence to titanium surfaces in monoculture. It has to be additionally taken 

into account that this model was performed in MEM supplemented with FBS, which is more similar 
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to the physiological fluids found in vivo (335) than the bacterial broths used for the initial screenings 

(260). Plasma proteins can affect the efficacy of certain molecules (336), so the presence of FBS could 

have also contributed to the decrease of the activity of DHA2. Finally, it was re-emphasized how the 

inter-strain virulence and adherence capacity might significantly affect the effects of antimicrobial 

compounds preventing biofilm formation. In all the variations of this model, the clinical strain S. 

aureus P2 showed a completely different behaviour from the one obtained with the laboratory strain 

S. aureus ATCC 25923, used also in the original screening studies (260). 

According to the obtained results, DHA1 seemed to be the best candidate to be integrated as part of 

anti-infective implantable devices as it proved to effectively prevent the adhesion of both S. aureus 

strains to all tested titanium surfaces. In addition, it did not produce any negative effect on the 

adherence of SaOS-2 cells and even looked like displaying a protective effect when the presence of S. 

aureus P2 affected the adherence of these cells. An optimal cytocompatibility and antimicrobial 

capacity in vitro, often translates into success in vivo. As an example, Nie et al. (337) developed a 

prototype of anti-infective titanium by immobilizing bacitracin in its surface, which first proved to 

be cytocompatible and antimicrobial in vitro, and it later successfully prevented biofilm formation 

in vivo, also promoting a correct tissue integration (338). Nevertheless, in that study, the assessment 

of the antimicrobial capacity and the cytompatibility were separately assessed. In contrast, with our 

model, we not only simultaneously assessed the effects of DHA1 on S. aureus and osteogenic cells, 

but we also gathered information on its effect on the interaction between these two cell types, further 

predicting its promising applicability as part of implanted devices.  

5.2.4 Effects of the three compounds on the capacity of immune cells preventing S. aureus 

adhesion to surfaces: Co-culture of S. aureus and HL-60 cells (III) 

5.2.4.1 Effects preventing S. aureus adherence to titanium (III) 

As previously described in 5.1.3, to be able to assess the suitability of biofilm inhibitors as part of 

biomaterials it is essential to predict their effects on the antimicrobial capacity of neutrophils. Until 

now, there were no previous reports on the effect of any of the studied compounds on these immune 

cells. However, the parent compound of the two DHA derivatives (DHA1 and DHA2) has been 

reported to induce a slight toxicity on neutrophils (339), which made it essential to assess the impact 

of these compounds on the bacterial clearance capacity of this immune cell line. Similarly, the effects 

of other flavan derivatives on neutrophils have been previously reported (340, 341), but there was 

no previous available data on the effects of FLA1. For these reasons, the applicability of the 

compounds as part of anti-infective implantable devices was further estimated by assessing their 

effects on biofilm prevention on titanium surfaces with the model developed in 5.1.3. For this testing, 

S. aureus ATCC 25923 and S. aureus P2 were also included. 
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As observed during the optimization phase, the HL-60 cells managed per se to significantly reduce 

the attached viable S. aureus ATCC 25923 to titanium and, interestingly, DHA1 further increased 

this reduction (Figure 21a). Compound DHA2 displayed the same tendency, but no differences were 

found when comparing the effects of this compound in co-culture with HL-60 cells and in 

monoculture. The third tested compound (FLA1) and the control antibiotic (RIF) prevented the 

bacterial attachment, but they did not potentiate the preventive activity displayed by the HL-60 cells. 

In the case of S. aureus P2, the presence of HL-60 cells did not result in bacterial attachment 

reduction. Although all the compounds also reduced the bacterial adherence when compared to the 

co-culture control, the reduction achieved in monoculture conditions (back bars, Figure 21b) did not 

present any different with the one achieved in co-culture with HL-60 cells (grey bars, Figure 21b).  

 

Figure 21 Effects of DHA1, DHA2, FLA1 and a control antibiotic (RIF), at a concentration of 50 µM, on bacterial 

adhesion to titanium surfaces in mono- (black bars) or in co-culture (grey bars) with HL-60 cells. Results are shown as 

viable counts (CFU/mL) of adhered S. aureus ATCC 25923 (a) or S. aureus P2 (b). The symbol “*” Represents differences 

with the corresponding monoculture control and “#” represents differences with the corresponding co-culture controls 

with a Welch's unpaired t-test (*p<0.05; **p<0.01; *** p<0.001)/ # p<0.05; ## p< 0.01; ###p<0.001). Results are expressed 

as mean and SD of three biological replicates. Figure modified from III, Figure 4. 

Using SEM imaging it was visually confirmed the reduction of number of S. aureus ATCC 25923 

adhered to the titanium surface in the presence of DHA1 and FLA1 (Figure 22). It was observed 

how both compounds efficiently reduced the bacterial attachment, as a significantly lower amount 

of cocci was seen on the images corresponding to DHA1 and FlA1 in monoculture (Figure 22b and 

c, respectively). Moreover, it was additionally confirmed the further reduction achieved when the 

treatment with DHA1 was done in combination with HL-60 cells as hardly any cocci were observed 

in the picture (Figure 22e). In the case of FLA1 the number of cocci observed in co-culture conditions 

was very similar to those remaining when the titanium surfaces were just exposed to the compound 

(Figure 22c compared to f).  
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Figure 22 Representative images acquired by SEM of the co-culture model of S. aureus and HL-60 cells. The first panel 

of images corresponds to coupons incubated with S. aureus ATCC 25923 only (a) and treated with 50 µM of DHA1 (b) and 

FLA1 (c). The second panel correspond to titanium surfaces incubated with S. aureus ATCC 25923 and HL-60 cells 

simultaneously (d) and treated with 50 µM of DHA1 (e) and FLA1 (f). Each condition is shown at two magnifications 500 

and 1000 (upper and lower images, respectively). Figure modified from III, Figure 5. 

These results demonstrated how none of the compounds displayed a negative effect on the 

antimicrobial effect of neutrophils. This is essential for compounds that ought to be integrated as 

part of medical devices, as given the generally impaired antimicrobial capacity of immune cells 

(b) DHA1 (50 µM)

Co-culture: S. aureus ATCC 25923 + HL-60 cells

(c) FLA 1 (50 µM)(a) Control

Mono-culture: S. aureus ATCC 25923 

(e) DHA1 (50 µM) (f) FLA 1 (50 µM)(d) Control
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during the implantation, the toxicity towards them could further increase the risk of infection. As an 

example, the anti-infective titanium implants developed by Croes et al. (342) displayed very good 

antimicrobial results in vitro, but this capacity was lost in the in vivo model, and it even aggravated 

the infection. This occurred because the silver nanoparticles incorporated in the chitosan-based 

coating were toxic to neutrophils, and even at non-toxic concentrations, they diminished the 

phagocytic activity of these immune cells (342).   

In the case of DHA1, its effect was not just limited to not impairing the antimicrobial capacity of the 

neutrophils, but it further potentiated the clearance of S. aureus ATCC 25923 caused by HL-60 cells.  

5.2.4.2 Effects preventing S. aureus adherence to LDPE (III) 

The model developed in 5.1.3 was additionally utilized to assess the applicability of DHA1 as part of 

endotracheal tubes by substituting the titanium surfaces with LDPE. As previously observed, DHA1 

prevented bacterial adhesion in monoculture and it further potentiated the effects of HL-60 cells 

preventing S. aureus ATCC 25923 adhesion (Figure 23).  

 

Figure 23 Effects of DHA1 and a control antibiotic (RIF), at a concentration of 50 µM, on S. aureus ATCC 25923 adhesion 

to LDPE tubes in mono- (black bars) or in co-culture (grey bars) with HL-60 cells after 24 h incubation. Results are shown 

as viable counts (CFU/mL) of adhered S. aureus ATCC 25923. The symbol “*” Represents differences with the 

corresponding monoculture control and “#” represents differences with the corresponding co-culture controls with a 

Welch's unpaired t-test (*p<0.05; ***p<0.001)/ (### p<0.001). Results are expressed as mean and SD of three biological 

repetitions. Figure modified from III, Figure 6. 

These results suggested that DHA1 could avoid S. aureus attachment to endotracheal tubes, 

preventing the subsequent biofilm formation. The development of endotracheal tubes able to prevent 

S. aureus adhesion could have an impact in the reduction of the VAP rates caused by this pathogen 

(343). Besides, as previously described, the early colonization of the lung by S. aureus facilitates 

subsequent P. aeruginosa adherence, so by preventing the VAP caused by the Gram-positive 
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bacteria, the attachment of P. aeruginosa could also be hampered (73, 74). The incorporation of 

DHA1 as part of endotracheal tubes could prevent the development of a lung infection caused by a 

dual-species biofilm, which, as illustrated in 5.2.1, would not only strongly worsen the pathology but 

would also make the treatment significantly more difficult (93). 

Finally, and in combination with the results all of the other co-culture models presented here, DHA1 

also appeared to be the best candidate to be incorporated as part of implantable devices. In addition 

to its intrinsic anti-biofilm capacity also in dual S. aureus and P. aeruginosa biofilms and its 

cytocompatibility, DHA1 seemed to increase the antimicrobial capacity of neutrophils.  

5.3 Development of a DHA1-based antimicrobial coating 

For prevention and treatment of osteomyelitis derived from the use of implanted devices, the 

systemic administration of oral antibiotics is routinely used (344). Given the low vascularization of 

this tissue, the site of infection may be unreachable for systemic antibiotics, which can lead to the 

generation of bacterial resistance and/or adverse effects given the high dosage needed (344). 3D 

printing has proven to be an interesting tool to limit the ravages of these infections as it allows 

producing drug eluting medical devices enabling a more effective and localized treatment (345, 346).  

Among the compounds studied, DHA1 proved to be the best candidate to be utilized as protection 

against biofilm formation on implantable devices. Therefore, this compound was selected to be 

incorporated as part of an antimicrobial coating for titanium surfaces, using 3D printing. This was 

done at Warsaw University of Technology, where the optimization of the printing procedure and the 

physicochemical characterization of the material were also carried out. The functionality testing of 

the developed coating was performed at the University of Helsinki.  

The first test performed on the different coatings consisted on assessing their capacity preventing 

bacterial adherence, specifically of S. aureus ATCC 25923, to titanium surfaces (Figure 24). Titanium 

coated with non-loaded PLGA-PEG was used as control and the bacterial adherence to this surface 

did not show any difference to the adherence to non-coated titanium surfaces. All the titanium 

coupons coated with PLGA-PEG loaded with DHA1 at different concentrations significantly reduced 

S. aureus attachment. Despite no differences being found among the three different concentrations, 

it seemed that the concentration of 30% provided with the most stable results with the lowest data 

dispersion (unpublished results).  



86 
 

 

Figure 24 Viable counts (CFU/mL) of adhered S. aureus ATCC 25923 to titanium coated with PLGA-PEG with no load 

(black bar), non-coated titanium (white-black bar) and titanium coated with PLGA-PEG loaded with DHA1 at different 

concentrations (10, 20 and 30%, grey bars) . The symbol “*” indicates statistical differences with the titanium surfaces 

coated with PLGA-PEG with no load (Student’s t-test; *** p<0.001). Values are expressed as mean and SD of three 

biological replicates.  

To assess if these coatings would guarantee not only the prevention of the biofilm formation onto the 

material but also in the surrounding tissue, the antimicrobial and anti-biofilm capacity of the 

released eluates were measured. During the first 6 h all the eluates significantly inhibited the 

planktonic bacterial growth and the biofilm formation (Figure 25a and b, respectively). However, it 

was only the eluate corresponding to the coating with 30% DHA1, that guaranteed a protection for 

up to 24 h, as it caused a 50% inhibition of the planktonic bacteria growth and above a 50% inhibition 

of the biofilm formation (unpublished results, Figure 25a and b, respectively).  

 

Figure 25 Percentage of inhibition of planktonic bacteria (a) and biofilm formation (b) of the different time point eluates, 

calculated with respect to the biofilm formed by S. aureus ATCC 25923 in the absence of eluate (Student’s t-test; *p<0.05;** 

p<0.01; ***p<0.001). Values are express as mean and SD of two biological replicates. Six technical replicates per eluate 

were included per experiment. 
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The unspecific toxicity of compounds is a common concern when integrating antibiotics as part of 

biomaterials. For this reason, it was tested if the eluates released from the titanium surfaces coated 

with DHA1 had any toxic effect on SaOS-2 cells, and up to 168 h of release, none of the eluates 

produced any drop on the viability of SaOS-2 (unpublished results, Figure 26).  

 

Figure 26 Effects of the eluates of titanium surfaces coated with different concentrations of DHA1 (10, 20 and 30%) on 

the viability of SaOS-2 cells. Percentage of viability was calculated with respect to untreated controls after 24-h incubation 

on 96 wp. Values are express as means and SD of two biological replicates.  

For the last functionality test, the coatings were analyzed within the co-culture model of S. aureus 

and HL-60 developed in 5.1.3. All the coatings significantly prevented the bacterial adherence in 

monoculture (Figure 27), and in agreement with the results previously obtained, the presence of HL-

60 cells produced a reduction on the bacterial attachment. The coatings at 20% and 30% further 

increased this reduction on bacterial attachment, but the previously observed synergistic 

antimicrobial effect of DHA1 and the HL-60 cells was not so clearly observed when the compound 

was integrated as part of a coating.  
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Figure 27 Viable counts (CFU/mL) of adhered S. aureus ATCC 25923 on titanium surfaces coated with PLGA-PEG loaded 

with different percentages of DHA1 (10, 20 and 30 %), titanium surfaces coated with non-loaded PLGA-PEG served as 

controls. The black bars show the attached viable bacteria when the coupons were exposed to S. aureus ATCC 25923 in 

monoculture, while the grey bars shows the results when S. aureus ATCC 25923 was co-cultured with HL-60 cells. The 

symbol “*” indicates statistical differences with the control in monoculture while “#” represents statistical differences with 

the control in co-culture controls with a Student’s t-test (*p<0.05; ** p<0.01; ***p<0.001)/ (##p<0.01; ### p< 0.001). 

Values are expressed as means and SD of three biological repetitions. 

According to all the obtained results, the coating with 30% DHA1 appeared to be the most effective, 

without any detected cytotoxicity, so it would be the best candidate to be taken forward for in vivo 

experimentation. The prototype coating developed here proved to be highly effective in preventing 

S. aureus adhesion to titanium surfaces, causing over 4-logs reduction when compared with the bare 

titanium. Moreover, even the effect potentiating the capacity of HL-60 cells preventive bacterial 

adherence was not as clearly observed when DHA1 is integrated as part of coatings, it did not cause 

any hampering effect in this preventive capacity and it caused a higher reduction of the bacterial 

adherence when in co-culture with HL-60 cells. Besides, the obtained results indicated that the 

compound released from the coating would not hamper the cells of the surrounding tissue; therefore, 

a good integration of the material could be expected. The only potential drawback of this coating was 

the fact that the released eluate was able to provide antimicrobial and anti-biofilm activity only up 

to 24 h. This could mean that this coating would be useful protecting the material at the moment of 

implantation, but additional treatment would be needed in order to achieve a more sustainable 

antimicrobial effect. Nevertheless, this could be solved by tuning the printing procedure as 3D 

printing is an ideal technology to modify the drug release profile of the developed structures (347). 

Other authors have successfully developed coatings and materials via 3D printing, which aimed at 

forming part of implanted devices able to prevent bacterial attachment and ensure a sustained 

release. However, many of them were based on the integration of commercial antibiotics such as 
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vancomycin or gentamicin (345, 348, 349). Utilizing antibiotics that are the first line of treatment 

for orthopedic-related infections (350) could involve a huge risk in the very likely case of the 

emergence of new bacterial resistance types. Another common approach is the incorporation of 

metal nanoparticles, often silver (351-353) as part of antimicrobial coatings. The broad antimicrobial 

spectrum of silver makes it a very attractive alternative, however its biological safety, including 

potential cytotoxicity and possible harmful effects on tissue and organs is still under study (354). 

Besides, there is a concern on the impact of silver residues on the environment (355).  

To the best of our knowledge, this is one of the first developed anti-infective materials incorporating 

a biofilm inhibitor. We demonstrated promising results in terms of preventing S. aureus biofilm 

formation, enabling tissue integration and positively influencing the bacterial clearance capacity of 

neutrophils.  
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6 Conclusions and Future Prospects 

Healthcare-associated infections represent a major healthcare problem given the distress and the 

life-threatening risks that they pose to hospitalized patients and the immense economic burden they 

entail. The majority of nosocomial infections is related to the use of medical devices, whose surfaces 

offer a great opportunity for bacteria to attach and develop biofilms. The immune evasion capacity 

in combination with the high tolerance to antibiotic therapy displayed by biofilms has triggered the 

alarms of the healthcare systems and the research community. In fact, there is an intense ongoing 

search of biofilm inhibitors, which has resulted in the identification of numerous promising 

compounds.  

In one of such investigations, our group identified two DHA derivatives (DHA1 and DHA2) and a 

flavan derivative (FLA1) as effective biofilm inhibitors against Staphylococcus aureus. However, the 

original search had been performed via chemical screening, under conditions that significantly differ 

from the ones found in clinical environments. This thesis succeeded in providing the scientific 

community with three co-culture models that enable the assessment of biofilm inhibitors by better 

simulating the participation of multiple players in the infections. It additionally demonstrated the 

effectiveness of DHA1 on all three models. Based on these findings, a proof-of-concept study was 

perform to incorporate DHA1 as part of an antimicrobial coating for titanium surfaces.  

In Study I, a co-culture of a dual-species biofilm of S. aureus and Pseudomonas aeruginosa was 

developed, followed by an in-depth characterization of the proteomic profile of these two bacteria, 

in comparison with their proteome in monoculture. The results confirmed the notion of the generally 

higher virulence and tolerance to antibiotic treatment of the biofilms composed by more than one 

species. The S. aureus proteome profile pointed towards a lower metabolism, which implied a higher 

tolerance to antibiotic therapy. Besides, the presence of S. aureus produced an enrichment of 

virulence-related proteins of P. aeruginosa, including increased motility, which was further 

confirmed with a phenotypic study. The suspected higher tolerance to antibiotics in co-culture 

conditions was confirmed for both bacterial species utilizing conventional antibiotics and the three 

biofilm inhibitors studied within this thesis. Interestingly, compound DHA1 did not lose activity 

against the S. aureus biofilm formed in co-culture with P. aeruginosa.  

In study II, a competition co-culture model of S. aureus and osteogenic cells (SaOS-2) was developed 

on titanium surfaces in order to better simulate the conditions in which implanted devices function 

in clinical settings. The early colonization of the surface material by cells of the host tissue was shown 

to hinder S. aureus attachment. However, significant differences were observed between laboratory 

and clinical strains of S. aureus. Among the tested compounds, DHA1 showed the strongest activity 

preventing S. aureus attachment, along with a high capacity for favoring mammalian cell adherence. 
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This model overcomes some of the key limitations of chemical screenings, and still further 

improvements could be done such as replacing the SaOS-2 cells by primary osteoblasts.  

In yet one more step forward, it was also developed a co-culture model of differentiated HL-60 cells 

and S. aureus, in order to measure the effects of compounds on the bacterial clearance capacity of 

neutrophils. Compound DHA1 was again proven effective and shown to potentiate the antimicrobial 

activity of HL-60 cells, further increasing their activity in preventing bacterial adhesion to titanium 

and LDPE surfaces. To the best of our knowledge, this is one of the first in vitro models assessing 

the impact of biofilm inhibitors on the antimicrobial capacity of neutrophils.  

Overall, the three newly developed systems managed to move one-step forward to the in vivo 

scenario. Nevertheless, they are susceptible of improvement, for instance adding a continuous flow 

of nutrients or supplementing the culture media with human plasma.  

Upon the promising results obtained in all three co-culture models, DHA1 was selected to be 

incorporated as part of anti-infective implantable materials. This was done in collaboration with 

Warsaw University of Technology, where titanium surfaces were coated via 3D printing with an ink 

consisting on PLGA-PEG with different loads of DHA1. The tested coatings proved to efficiently 

prevent S. aureus adherence, both in mono- and in co-culture with HL-60 cells, and none of them 

showed any toxicity towards SaOS-2 cells. However, it was the coating with 30% load of DHA1 the 

one that guaranteed the longest protection, being able to prevent both planktonic and biofilm growth 

after 24 h release.  

With the work presented here, we aimed to provide new research tools to study the capacity of biofilm 

inhibitors against dual-species biofilms and valuable information on their dynamics, which will help 

accelerating the drug discovery process, turning the battle against bacterial biofilms in our favor. 

Besides, we also hope that the models developed within this thesis will help finding other candidates 

that could be incorporated as part of anti-infective devices. As a matter of fact, the models developed 

here have already been utilized to assess the applicability of other newly identified biofilm inhibitors, 

such as fingolimod, as part of anti-infective materials. This compound was also utilized to produce a 

3D-printed coating for endotracheal tubes, whose successful in vitro results led to its testing in a 

mice model of VAP. In a similar manner, the anti-infective titanium coatings analysed within this 

thesis should now be driven forward in vivo models to further assess their effectiveness and safety. 

Animal experimentation would be still necessary to gather information on the pharmacokinetics and 

pharmacodynamics of the developed coatings, but thanks to the newly developed models, we would 

start with certain guarantees of success, given the promising results in terms of cytocompatibility 

and anti-biofilm activity. In conclusion, this thesis was a humble attempt to shorten distances 

between the in vitro settings and the clinical environment, although further efforts will be needed 

for animal models to be left aside. 
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Bacterial biofilms are an important underlying cause for chronic infections. By switching
into the biofilm state, bacteria can evade host defenses and withstand antibiotic
chemotherapy. Despite the fact that biofilms at clinical and environmental settings
are mostly composed of multiple microbial species, biofilm research has largely been
focused on single-species biofilms. In this study, we investigated the interaction between
two clinically relevant bacterial pathogens (Staphylococcus aureus and Pseudomonas
aeruginosa) by label-free quantitative proteomics focusing on proteins associated
with the bacterial cell surfaces (surfaceome) and proteins exported/released to the
extracellular space (exoproteome). The changes observed in the surfaceome and
exoproteome of P. aeruginosa pointed toward higher motility and lower pigment
production when co-cultured with S. aureus. In S. aureus, lower abundances of proteins
related to cell wall biosynthesis and cell division, suggesting increased persistence, were
observed in the dual-species biofilm. Complementary phenotypic analyses confirmed
the higher motility and the lower pigment production in P. aeruginosa when co-cultured
with S. aureus. Higher antimicrobial tolerance associated with the co-culture setting
was additionally observed in both species. To the best of our knowledge, this study is
among the first systematic explorations providing insights into the dynamics of both the
surfaceome and exoproteome of S. aureus and P. aeruginosa dual-species biofilms.

Keywords: Staphylococcus aureus, Pseudomonas aeruginosa, dual-species biofilm, proteomics, exoproteome,
surfaceome

INTRODUCTION

Biofilms are defined as communities of microbial cells encased within a self-produced matrix
that adhere to biological or non-biological surfaces (Hall-Stoodley et al., 2004; Paharik and
Horswill, 2016). Biofilm formation offers microorganisms with protection from a wide range of
environmental challenges, such as UV exposure, metal toxicity, acid exposure, dehydration, and
salinity (Hall-Stoodley et al., 2004). Biofilms can be beneficial, for example, in the case of biofilms
involved in the maintenance of a healthy human microbiota, but they often cause major problems
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as well (Yan and Bassler, 2019). In clinical settings, they are an
important underlying cause of chronic infections. Switching into
the biofilm state helps pathogenic bacteria to evade host defenses
and withstand antibiotic chemotherapy (Costerton et al., 1999),
which makes this growth mode regarded as the most important
non-specific mechanism of antimicrobial tolerance (Kumar et al.,
2017; Singh et al., 2017). In addition, conditions boosting
the development of dormant, non-dividing cells (persisters)
during biofilm formation are also of high relevance, as such
phenotypic variants are associated with multidrug tolerance
(Lewis, 2007), thereby further complicating the treatment of the
infectious disease.

Typically, biofilm research has focused on single bacterial
species, but in clinical and environmental conditions, biofilms
are mostly composed of multiple species (Røder et al., 2016).
The co-existence of different species within a biofilm can provide
the inhabitants with numerous benefits, such as the availability
of compounds synthesized by the cohabiting bacteria or higher
evasion of the host defenses (Yang et al., 2011; Nguyen and
Oglesby-Sherrouse, 2016). However, the competition between
different co-existing species may also be ferocious, and microbes
display numerous techniques for subverting each other (Elias
and Banin, 2012; Chew et al., 2018). Either way, interspecies
interaction often results in higher virulence and increased
tolerance to antibiotic therapy (Rice et al., 2016; Thet et al., 2019).
Staphylococcus aureus and Pseudomonas aeruginosa, a Gram-
positive and a Gram-negative bacterial species, respectively, are
opportunistic pathogens that have been shown to co-exist in
biofilms related to numerous infections (Yang et al., 2011; Nair
et al., 2014; Tande and Patel, 2014; Limoli et al., 2016). In
cystic fibrosis (CF) patients, lung colonization by S. aureus (a
normal component of the upper airway microbiome) facilitates
P. aeruginosa colonization which, in turn, is strongly linked
to worse disease outcomes (Lyczak et al., 2002). Although
the interaction between these two species is competitive and
especially deleterious to S. aureus, both partially benefit from
it. In clinical isolates from patients in whom tobramycin failed
to eradicate P. aeruginosa, it was observed that the interaction
between a S. aureus surface protein and an exopolysaccharide
component of P. aeruginosa was essential to shaping the
architecture of P. aeruginosa biofilms, resulting in an even higher
tolerance to tobramycin (Armbruster et al., 2016; Beaudoin et al.,
2017). Additionally, the exoproteins of S. aureus have been shown
to induce small-colony variants in P. aeruginosa, which increases
the aminoglycoside tolerance of the pathogen (Michelsen et al.,
2014). In an analogous manner, the production of 4-hydroxy-
2-heptylquinoline-N-oxide by P. aeruginosa induces small-
colony variants in S. aureus, making it more tolerant to
tobramycin and vancomycin, as well as facilitating S. aureus
immune evasion (Hoffman et al., 2006; Mitchell et al., 2010;
Orazi and O’toole, 2017).

Another pathological condition where S. aureus and
P. aeruginosa are the two most prevalent pathogens is chronic
wounds (Serra et al., 2015). Similar to what has been observed in
CF, S. aureus facilitates the attachment and subsequent biofilm
formation by P. aeruginosa. Thus, the co-existence of these
two bacteria increases their virulence and tolerance, making

them more resilient to antibiotics (Deleon et al., 2014; Alves
et al., 2018). The “omics-based” technologies (e.g., genomics,
transcriptomics, and proteomics) present a valuable tool for
studying such interactions in biofilms (He and Chiu, 2003;
Azevedo et al., 2009). The analysis of proteins present in the
extracellular milieu, including secreted proteins or proteins
present in extracellular vesicles (exoproteomics), can help in
identifying key targets for inhibiting virulence and adaptation
to antibiotics (Guendouze et al., 2017), and it also provides
information on the interspecies interactions and infectious
processes (Chagnot et al., 2013). On the other hand, the analysis
of proteins associated with the cell surface (surfaceomics)
complements these analyses, as these proteins form the first line
of molecular interaction with the host and the environment.
Although a number of proteomics analyses have been carried
out on multispecies biofilms (Herschend et al., 2017; Pallett et al.,
2019), there is still a lack of extensive proteomics research of
clinically relevant mixed-species biofilms, particularly in the case
of S. aureus and P. aeruginosa.

In the present study, we established a dual-species biofilm
model community for S. aureus and P. aeruginosa and used
label-free quantitative proteomics for investigating the intra- and
interspecies interactions. We focused on the surfaceome and
the exoproteome in the co-cultured biofilms, and we compared
their corresponding proteomes with those identified from single-
species biofilms. Finally, the most interesting proteomic findings
were further investigated by phenotypic assays.

MATERIALS AND METHODS

Bacterial Strains and Growth Media
Clinical bacterial strains of S. aureus ATCC 25923 and
P. aeruginosa PAO1 were acquired from the HAMBI mBRC—
Microbial Domain Biological Resource Centre at the University
of Helsinki (Helsinki, Finland). S. aureus ATCC 25923 was
routinely maintained on tryptic soy agar plates (Lab M,
Lancashire, United Kingdom), whereas P. aeruginosa PAO1
was maintained on Miller’s lysogeny broth (LB) agar (Fisher
BioReagents, Pittsburgh, PA, United States). The suspension
cultures of both species were prepared in Miller’s LB medium
(VWR Chemicals, Radnor, PA, United States) at 37◦C and
aerated at 220 rpm. Selective nutrient agars, mannitol salt agar
(MSA; Lab M, Lancashire, United Kingdom) and cetrimide
agar supplemented with 10 ml/l molecular-biology-grade glycerol
(Sigma-Aldrich, St. Louis, MO, United States), were also used for
culturing S. aureus and P. aeruginosa strains.

Single- and Dual-Species Biofilm Growth
The culturing protocol used for the dual-species biofilms is
depicted in Figure 1. In the dual-species biofilm growth, S. aureus
biofilms were allowed to grow first, prior to the addition of
P. aeruginosa, to facilitate S. aureus survival in the co-culture
conditions. Thus, S. aureus colonies from an overnight-grown
streak plate were inoculated into 5 ml of LB in duplicate
until reaching a bacterial concentration of approximately 108

colony-forming units (CFU)/ml. Mid-exponential cultures were
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FIGURE 1 | Culturing protocol of dual-species biofilms. Staphylococcus aureus biofilms were allowed to develop for 24 h, after which a low-concentration inoculum
of Pseudomonas aeruginosa was added, and the dual-species biofilm was incubated under the same culture conditions for 18 h. Single-species biofilms were
obtained by adding sterile lysogeny broth in place of the second species during culturing.

diluted to approximately 1 × 106 CFU/ml in LB, and S. aureus
suspension was seeded onto 24-well plates (NuncTM, Thermo
Fisher Scientific, Waltham, MA, United States) at 1.5 ml/well.
In place of S. aureus, 1.5 ml/well of sterile LB was used in
wells intended for P. aeruginosa monocultures. The biofilms of
S. aureus were allowed to mature for 24 h (37◦C, 220 rpm),
after which the planktonic suspensions were discarded, and
1.5 ml/well of P. aeruginosa suspension was added both onto
S. aureus biofilms and to LB-conditioned wells (for obtaining the
single-species biofilm of P. aeruginosa). Similarly, P. aeruginosa
suspensions were obtained by inoculating a colony from an
overnight grown streak plate into 5 ml of LB in duplicate.
On this occasion, the mid-exponential cultures were diluted
to approximately 1 × 103 CFU/ml. To obtain the S. aureus
monocultures, 1.5 ml of sterile LB was added per well in place
of P. aeruginosa. After the biofilms were further incubated for
18 h (37◦C, 220 rpm), the planktonic solutions of both species
were removed, and the wells were washed with 1.5 ml of LB. The
biofilms were then re-suspended in 1 ml of sterile phosphate-
buffered saline (PBS; Lonza, Basel, Switzerland) by vigorously
scraping with a 1-ml tip while pipetting up and down. The
harvested biofilms were vortexed for 10 s and further sonicated
in a water bath in Ultrasonic Cleaner 3800 (Branson Ultrasonics,
Danbury, CT, United States) at 25◦C and 35 kHz for 5 min
to disrupt possible microaggregates. The samples were serially
diluted in sterile LB and plated onto cetrimide or MSA for the
selective culture of P. aeruginosa or S. aureus, respectively. The
number of viable colonies was calculated by counting them after
an overnight incubation.

In order to monitor the bacterial density of S. aureus
ATCC 25923 and P. aeruginosa PAO1 in the mono- and co-
cultured biofilms, we quantified the number of viable cells in the
developing biofilms at different time points (4, 8, 12, 16, and 18 h)
during the 18 h of incubation as described above.

Flow Cytometry Analysis
The flow cytometry analysis was performed using a BD Accuri
6 plus (BD Biosciences, Franklin Lakes, NJ, United States). The
biofilms were harvested as described in Section “Single- and
Dual-Species Biofilm Growth” and were washed twice with PBS
(2 × 3 min, 7,000 g, 4◦C). The remaining cells were stained
with 0.1 µM of SYTO 9 (InvitrogenTM, Thermo Fisher Scientific,
Waltham, MA, United States) and 20 µM of propidium iodide
(PI) (InvitrogenTM, Thermo Fisher Scientific, Waltham, MA,
United States) for 15 min at room temperature (RT). SYTO 9
was used to stain viable cells, while PI was utilized to mark non-
viable cells, as its binding to DNA is excluded from cells with
an intact plasma membrane. After incubation, two washing steps
were performed with PBS (2× 3 min, 7,000 g, 4◦C).

Fluorescence Microscopy
The single- and dual-species biofilms were visualized using two
fluorescent nucleic-acid-binding dyes, hexidium iodide (HI), and
SYTO 9 (InvitrogenTM, Thermo Fisher Scientific, Waltham, MA,
United States). The dye HI is claimed to preferably stain Gram-
positive bacteria by displaying a red fluorescence, while SYTO 9
stains both Gram-positive and Gram-negative bacteria and has
a green fluorescence (Mason et al., 1998). The stock solution of
HI was prepared by dissolving HI (5 mg) in 1 ml of dimethyl
sulfoxide (DMSO) and further diluted to obtain a concentration
of 4.67 mM. The stain SYTO 9 was provided by the manufacturer
at a concentration of 3.34 mM in DMSO. The working solution
of the dye mixture was obtained by combining the stocks (3 µl of
SYTO 9 and 2 µl of HI) in 1 ml of sterile water.

After the biofilms were formed as indicated in Section
“Single- and Dual-Species Biofilm Growth,” they were washed
once using PBS, followed by the addition of 70 µl of the
working solution of the dye mixture. The samples were kept
in the darkness, at RT, and after 15 min the unbound dye was
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removed, and images were acquired using an InvitrogenTM

EVOS R© FL Imaging System (Thermo Fisher Scientific, Waltham,
MA, United States). The filters for the green fluorescent
protein (λexcitation = 470/22 nm; λemission = 510/42 nm)
and red fluorescent protein (λexcitation = 531/40 nm;
λemission = 593/40 nm) with a 60× objective were used. The
representative images of the biofilms were taken in duplicate,
and images were recorded using both filters. The overlapping of
green and red fluorescence was made directly on the microscope
using the multiple-channel function.

Protein Extraction and Purification
Single- and dual-species biofilms were obtained as indicated
above using individually inoculated biological triplicates. The
protein extraction process was performed on ice. Culture
supernatants (two technical replicates for one biological replica)
were separated from biofilms (four technical replicates for one
biological replica) for the exoproteome analyses, while the
remaining biofilms were dispersed by vigorous scraping using
1 ml of 100 mM Tris-HCl, pH 6.8, with a 1-ml tip while pipetting
up and down. The washed cells were collected by centrifugation
(3 min, 8,000 g, 4◦C) for the surfaceome analyses.

Exoproteome Extraction
The culture supernatants containing non-adherent planktonic
bacteria from the dual-species biofilms were pelleted by
centrifugation (3 min, 8,000 g, 4◦C), and the supernatants
were sterile-filtered through a 0.22-µm Millex-GV PVDF filter
(13 mm) (Merck, Darmstadt, Germany). Aliquots (1,000 µl)
of the filtrates were precipitated with 4% trichloroacetic acid
(TCA) for 45 min on ice. The proteins were precipitated by
centrifugation (21,000 g, 30 min, 4◦C), and the precipitates
were washed twice with 1 ml ice-cold acetone (21,000 g,
15 min, 4◦C) and dried by a short evaporation at 57◦C.
Then, proteins were solubilized in 0.1% RapiGest SF (Waters,
Milford, MA, United States) and reconstituted in 100 mM
triethylammonium bicarbonate (TEAB) buffer, pH 8.5 (Thermo
Fisher Scientific, Waltham, MA, United States). For the
protein content estimation, direct absorbance measurements
were done at 280 nm using a µDrop Plate on a Multiskan
Sky Microplate Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States). The samples were reduced by
10 mM DL-dithiothreitol (DTT; Sigma-Aldrich, Saint Louis, MO,
United States) for 45 min at 60◦C and alkylated by 15 mM
iodoacetamide (Sigma-Aldrich, Saint Louis, MO, United States)
for 60 min at RT and protected from light. The extra-
iodoacetamide was quenched with an additional 20 mM DTT.
Aliquots corresponding to 15 µg of protein were taken, and the
volume was adjusted to 90 µl with 100 mM TEAB. Sequence-
grade modified trypsin (Promega, Madison, WI, United States)
was reconstituted in the provided buffer solution and added at
a ratio of 1:50 enzyme-to-protein in a final volume of 100 µl.
The samples were digested for 20 h at 37◦C, after which the
reaction was stopped by acidification with 0.6% trifluoroacetic
acid (TFA; Merck, Darmstadt, Germany). Finally, the samples
were centrifuged (10 min, 18,000 g), and the supernatants were
collected for further analysis.

Surfaceome Extraction
Trypsin shaving was carried out as described previously for
S. aureus biofilms (Hiltunen et al., 2019). The dispersed
biofilms were pelleted (2 × 3 min, 7,000 g, 4◦C) and
resuspended in 100 mM TEAB. Sequence-grade modified trypsin
was added at 55 ng/µl into a final volume of 100 µl,
and the samples were incubated for 20 min at 37◦C. The
digested samples were pelleted (3 min, 7,000 g, 4◦C), and the
supernatants were transferred to Costar Spin-X 0.22-µm filters
(Corning Inc., Corning, NY, United States) and centrifuged
for 2 min at 16,000 g. The filtrates were further incubated
for 20 h at 37◦C to finalize the digestion. The protein
content was estimated by direct absorbance measurements
at 280 nm using a µDrop Plate on a Multiskan Sky
Microplate Spectrophotometer, and the digestions were stopped
by acidification with 0.6% TFA.

The trypsin shaving protocol used here was shown to be
suitable for both S. aureus and P. aeruginosa by carrying out
trypsinization at 55 ng/µl for 20 min on their corresponding
biofilms, which were recovered as described above. The
digested samples were washed once in PBS (3 min, 7,000 g),
serially diluted in PBS, and plated on LB agar. After an
overnight incubation, the viable colonies were counted. No
viability loss was detected in the trypsinized samples as
compared to the non-trypsinized bacteria (Supplementary
Figures 1A,B). In the case of S. aureus, in order to
avoid the misinterpretation of S. aureus viability due to
the break-up of clusters, the integrity of the cell membrane
was further confirmed by flow cytometry (Supplementary
Figures 1C,D).

Finally, all the surfaceome and exoproteome samples were
purified and concentrated using the ZipTip C18 system (Merck,
Darmstadt, Germany) and dried.

Protein Identification and Quantification
The liquid chromatography–tandem mass spectrometry (LC–
MS/MS) analysis of exoproteome and surfaceome samples was
carried out similarly for the exoproteome and surfaceome
samples as described previously (Lorey et al., 2017; Savijoki
et al., 2020). Briefly, samples were dissolved in 0.1% (v/v) formic
acid, and equal volumes of the concentrated and purified tryptic
peptides were loaded to an Easy-nLC 1000 nano-LC system
(Thermo Fisher Scientific, Waltham, MA, United States), coupled
with an Orbitrap QExactive PlusTM mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, United States) equipped with
a nanoelectrospray ion source (Easy-SprayTM, Thermo Fisher
Scientific, Waltham, MA, United States). The LC separation
was performed using a C18 column (25-cm bed length, 2-µm
beads, 100 Å, 75-µm inner diameter) with a flow rate of 300
nl/min. The peptides were eluted with 2–30% solvent gradient
(100% acetonitrile/0.1% formic acid) over 60 min. The MS was
operated in the data-dependent acquisition mode, with the 10
most abundant multiple-charged ions selected for fragmentation.
The obtained MS raw files were submitted to MaxQuant software
(v.1.6.1.0) for protein identification and label-free quantification
using a database composed of S. aureus ATCC 25923 and
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P. aeruginosa PAO1 protein sequences in forward and reverse.
Matching between runs was omitted. The mass tolerances of
20 and 4.5 ppm were applied for the first and main search,
respectively. Trypsin digestion without proline restriction option
was applied, with two missed cleavages allowed. The minimal
unique + razor peptide number was set to one, and false
discovery rate (FDR) was set to 0.01 for peptide and protein
identification. The obtained mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2019) partner repository with the
dataset identifier PXD02344.

Follow-Up Studies
Differences in Pigmentation
The P. aeruginosa PAO1 monocultures and the dual-species
biofilms were grown in 24-well plates as described in Section
“Single- and Dual-Species Biofilm Growth,” after which the
samples were centrifuged for 15 min (10,000 g, 4◦C) and
the supernatants were collected for further analysis. For the
pyoverdine measurement, a fluorescent-based detection method
was used as in Elliott (1958). Briefly, 200-µl samples of
the supernatants were carefully transferred to a 96-well plate
(Thermo Fisher ScientificTM Nunc 96 Well Black/Clear Bottom
Plate, TC Surface), and the top fluorescence was measured
(λexcitation = 360 nm, λemission = 474 nm) in a Varioskan
LUX Multimode microplate reader (Thermo Fisher Scientific,
Waltham, MA, United States). For the pyocyanin quantification,
the method described by Essar et al. (1990); Debritto et al.
(2020) was employed. The supernatants were acidified to pH < 2
with HCl (Riedel De Haen, Thermo Fisher Scientific, Waltham,
MA, United States), and 100-µl samples were transferred to a
96-well plate (NunclonTM 1 surface polystyrene plates, Nunc,
Roskilde, Denmark) to record the absorbance at 520 nm in
a Varioskan LUX Multimode microplate reader. The obtained
relative florescence units in the case of pyoverdine and the
absorbance units in the case of pyocyanin were normalized with
the total CFU count per well of the P. aeruginosa biofilm formed
in mono- or co-culture conditions.

Motility Assay
Pseudomonas aeruginosa PAO1 biofilms were formed as
described in Section “Single- and Dual-Species Biofilm Growth.”
Both the monocultured biofilms and the biofilms co-cultured
with S. aureus ATCC 25923 were harvested in combination with
their respective supernatants. This suspension was vortexed
for 10 s and further sonicated in a water bath in Ultrasonic
Cleaner 3800 at 25◦C, 35 kHz, for 5 min to disrupt possible
microaggregates. Subsequently, 50 µl of this suspension was
plated on soft LB agar plates. The agar was prepared by adding
nutrient agar (Sigma-Aldrich, St. Louis, MO, United States) at
0.5% concentration to LB. The added suspension was allowed
to absorb and set at 37◦C. The growth of the colony diameter
was assessed after 8 h. To verify that the migration zone only
consisted of P. aeruginosa and not of motile S. aureus (Pollitt
et al., 2015), samples of four different locations of the halos
were collected and plated on selective agar plates (MSA and
cetrimide agar).

Antibiotic Susceptibility Testing
Vancomycin was chosen to compare the susceptibility of S. aureus
biofilms in monoculture or co-cultured with P. aeruginosa, while
polymyxin B was used to study the respective susceptibility
of P. aeruginosa biofilms. Both reagents were purchased from
Sigma-Aldrich (St. Louis, MO, United States). Polymyxin B was
tested at 50, 100, and 200 µM, while vancomycin was tested
at 50, 100, and 200 µM. The selection of the concentrations
was based on finding one able to reduce the biofilms formed in
monoculture. The stocks of the antibiotics were prepared in LB.

The biofilms were formed as described in Section “Single-
and Dual-Species Biofilm Growth,” after which the planktonic
solutions were removed, and the wells were washed with 1.5 ml
LB. Subsequently, 1.5 ml of antibiotic solution was added to
the wells and incubated for 4 h at 37◦C. After the incubation,
the biofilms were harvested as described in Section “Single- and
Dual-Species Biofilm Growth.” The samples serially diluted with
sterile LB were plated using cetrimide or MSA for the selective
culture of P. aeruginosa or S. aureus, respectively. Viable colonies
were counted following an overnight incubation. The results are
expressed as the log10 reduction achieved by each concentration
in comparison to the respective untreated biofilm controls in
mono- or co-culture settings.

Proteomic Data Processing and
Bioinformatic Analysis
For the determination of differential expression, missing values
were imputed by random draws from an adjusted normal
distribution using the Perseus software, v.1.6.2.3 (Tyanova et al.,
2016). At least two valid values in at least one group were
required for the protein to be included in the analysis. The
log2-transformed normalized intensities (LFQ) were used for
statistical comparisons of the differential expression in Perseus
using Student’s t-test with a permutation-based FDR adjustment,
applying a FDR of 0.15 due to the small sample size and the
exploratory purpose of this study (Korpela et al., 2016; Neves
et al., 2017). To avoid bias arising from a markedly lower fraction
of staphylococcal vs. P. aeruginosa-derived proteins in the co-
culture surfaceomes, an LFQ cutoff of 1.75 × 108 was applied
for the S. aureus surfaceome dataset. Such threshold value was
selected as it corresponded to the lowest monoculture quantity at
which co-culture quantifications were acquired. Cross-tabulation
and binary logistic regression analyses were carried out in IBM
SPSS Statistics v. 25 (Armonk, NY, United States).

The isoelectric point (pI) and molecular weight (Mw)
predictions were acquired from EMBOSS Pepstats (Rice et al.,
2000; Chojnacki et al., 2017). The secretion modes were
predicted with SignalP 5.0 (Almagro Armenteros et al., 2019)
and SecretomeP 2.0 (Bendtsen et al., 2005). The grand average
of hydropathy (GRAVY) indices were acquired from the GRAVY
calculator by Dr. Stephan Fuchs (http://www.gravy-calculator.
de). Protein interactions were studied using STRING database,
v. 11 (Szklarczyk et al., 2019). The interaction scores were set
to medium (0.400) or high (0.700) confidence based on the
network complexity. The interacting proteins were clustered
using Markov clustering (Brohée and Van Helden, 2006), with
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the inflation parameter set to 4.0. Functional enrichment in
terms of Gene Ontology biological process (The Gene Ontology
Consortium, 2017) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway (Kanehisa and Goto, 2000; Kanehisa
et al., 2019) annotations was statistically assessed in STRING
(Szklarczyk et al., 2019) by both rank- and gene set-based
approaches, with FDR of 0.15.

The comparison of group means for antibiotic susceptibility
and pigmentation test was carried out using independent-
samples Student’s t-tests, which were processed by GraphPad
Prism, v. 8.00 software.

RESULTS AND DISCUSSION

Dual-Species Biofilm Model
The in vitro biofilm model proposed herein allowed the
formation of a considerable biofilm biomass of both S. aureus and
P. aeruginosa on polystyrene 24-well plates. In the pathologies
where these two pathogens have been co-isolated, for instance,
in the case of cystic fibrosis, it has been observed that S. aureus
can be outcompeted by P. aeruginosa and that its survival would
depend on its capacity of forming small colony variants, tilting it
into a more persistent phenotype (Hoffman et al., 2006). In fact,
the increase on the incidence of P. aeruginosa has been shown to
coincide with a decreasing S. aureus incidence in this pathology,
which may indicate an antagonistic relationship between the
two pathogens (Hotterbeekx et al., 2017). Since P. aeruginosa
can promptly overtake or even eradicate S. aureus in co-culture
conditions (Filkins et al., 2015; Woods et al., 2019), the effect of
the inoculum density of P. aeruginosa on its biofilm formation
was evaluated to find an optimal starting cell density. The
inoculum density range of three magnitudes (103 to 105 CFU/ml)
produced comparable P. aeruginosa monoculture biofilms after
18 h in terms of viable counts (Supplementary Figure 2). In
consequence, highly diluted inocula of P. aeruginosa were used
for further experiments to slow down the competitive advantage
of P. aeruginosa over S. aureus.

Thus, in the co-culture model, S. aureus biofilms were grown
for 24 h with a regular 1× 106 CFU/ml starting inoculum density
(Skogman et al., 2012) prior to the introduction of P. aeruginosa
at around 1 × 103 CFU/ml. These co-culture conditions enabled
the high recovery of both bacterial species (Figure 2). Despite
the presence of P. aeruginosa, S. aureus cell density remained
constant for the vast majority of the incubation period. Only
after the 18-h co-culture period did S. aureus experience a c.a.
1-log reduction of viability in co-culture (Figure 2A) when
compared to the biofilm formed in monoculture, which reached
an average density of 1.5 × 108 CFU/ml. In turn, P. aeruginosa
biofilms (slightly below 1 × 109 CFU/ml) were not affected
by the presence of S. aureus in co-culture. Furthermore, the
architecture of the mono- and co-culture biofilms was visualized
by fluorescence microscopy using a dye mixture composed of HI
and SYTO 9 (Figure 3). The images of biofilms formed on the
bottom of 24-well plates showed the co-existence of both bacterial
species and suggested that high bacterial biomass adhered to
the surface.

Surfaceome and Exoproteome
Dynamics: Protein Identification and
Quantification
The surfaceome and exoproteome samples of co-cultured and
monocultured P. aeruginosa and S. aureus biofilms, consisting of
three biological replicates of each condition, were submitted to
LC–MS/MS analysis. More than 2,200 proteins were identified
by LC–MS/MS in both exoproteome and surfaceome samples
after excluding potential contaminants (Supplementary Data
Sheet 1). To avoid misinterpretation arising from potential cross-
contamination in the LC–MS/MS analysis, proteins identified
across both species in any sample (226) were excluded from
further analysis in all conditions. Such cross-identifications were
mostly low-intensity one-peptide identifications.

Most exoproteome identifications were made in both the
mono- and co-culture samples in both species, whereas the
majority of surfaceome proteins had valid identifications only
in the monocultures (Figure 4). This was especially observed
in S. aureus surfaceomes, where over 80% of all identifications
were made solely in monocultures. In P. aeruginosa surfaceomes,
almost equal numbers of proteins were identified either in
monocultures or in mono- and co-cultures.

In the exoproteome and surfaceome datasets, 28 and 43% of
P. aeruginosa and S. aureus theoretical proteomes, respectively,
were covered. The predicted pI and Mw values of the
identifications between the datasets were illustrated in an in silico
two-dimensional gel electrophoresis figure (Supplementary
Figure 3). In both species and conditions, the analysis has favored
the lower end of the pI distribution (the acidic mode). The
higher frequency of identification of proteins with alkaline pI,
especially in the surface-exclusive identifications of S. aureus,
might indicate that trypsin-mediated surface shaving performed
better in S. aureus than in P. aeruginosa. The distribution of
the GRAVY indices of the identifications acted correspondingly
(Supplementary Figure 4). As expected, few proteins with
high hydrophobicity (more positive GRAVY) were recovered
in the analysis.

To further test whether protein localization was reflected onto
their identification, cross-tabulation analyses were carried out
(Supplementary Table 1). In the exoproteomes, an association
between secretion mode and the presence of a protein in the
identifications was observed in both species (Fisher’s exact test,
p < 0.001). The Sec and non-classically secreted proteins were
slightly overrepresented in the exoproteome in P. aeruginosa,
whereas proteins that lack the predicted means of exportation
were considerably overrepresented in S. aureus exoproteome
where only Sec proteins were present in higher-than-expected
numbers. Proteins liberated by cell lysis can also be considered
a part of the exoproteome (Armengaud et al., 2012), and
their typically rapid degradation suggests that the observed
differential patterns are governed by other phenomena than
accumulation, as only the most stable proteins would remain
in abundance in the supernatant. In the surfaceome samples,
no connection between secretion mode and identification was
seen in P. aeruginosa (Fisher’s exact test, p = 0.294). Conversely,
a significant association was observed in S. aureus surfaceomes
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FIGURE 2 | (A) Monitoring of the bacterial density of Staphylococcus aureus ATCC 25923 and Pseudomonas aeruginosa PAO1 in mono- and co-cultured biofilms
at different time points. (B–D) Cytographs corresponding to cells recovered from the biofilm formed by P. aeruginosa (B) and S. aureus (C) in monoculture and the
dual-species biofilm (D). SYTO 9 was used to stain viable cells, while PI was utilized to stain cells with disrupted cell membrane integrity. The results are expressed
as the mean of at least two biological repetitions with their ± SD. Statistical differences were assessed by comparing the mono- and co-cultured biofilms of each
bacterial species (Student’s t-test, ∗∗p < 0.01).

FIGURE 3 | Fluorescence microscopy images of single- and dual-species biofilms stained with a dye mixture of SYTO 9 (green) and hexidium iodide (red). Based on
the growth condition of the co-culture model used, the images of the monoculture biofilms correspond to 42-h Staphylococcus aureus biofilm and 18-h
Pseudomonas aeruginosa biofilm. Representative images were captured at a scale bar of 50 µm.
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FIGURE 4 | Venn diagrams displaying the number of valid identifications (present in at least two out of three replicate samples) in the exoproteomes and
surfaceomes in Staphylococcus aureus and Pseudomonas aeruginosa co-culture samples.

(p < 0.001), which contained significantly more proteins
predicted to be intracellular. The presence of proteins without
any predicted means of exportation, in addition to the high
presence of the bifunctional autolysin Atl, could hint toward
both extensive autolysis and the controlled release of cytoplasmic
proteins into the environment (Pasztor et al., 2010; Ebner
et al., 2015). Remarkably, it has been reported how, in some
staphylococcal strains, the presence of Atl is linked to higher
proportions of extracellular cytoplasmic proteins, but not to
increased cell lysis, suggesting that the cytoplasmic proteins
identified in the surfaceome had reached the cell surface during
culturing (Dreisbach et al., 2020). Additionally, it has been
observed how some cytoplasmic proteins reversibly associates
with the cell surface in a pH-dependent manner, being recycled
by S. aureus and moonlighting as component of the extracellular
matrix (Foulston et al., 2014). Thereby, while cell lysis may largely
contribute to the release of cytoplasmic proteins predicted to
be intracellular, the moonlighting of cytoplasmic proteins via
an unknown exportation pathway may account for the presence
of some of these intracellular proteins on cell surfaces and
extracellular milieu (Bendtsen et al., 2005). Moreover, given the
stable cell density of S. aureus throughout biofilm development
as well as the low percentage of lysed cells at the end of the
incubation period (Figures 2A–D), it might be considered that
the high percentage of such proteins in S. aureus surfaceomes and
exoproteomes is not only due to cell lysis.

Based on non-normalized total peptide intensities, the protein
with the highest intensity in LC–MS/MS analysis in P. aeruginosa
exoproteomes was elastase LasB (Supplementary Table 2). This
metalloprotease has a wide range of virulence-related functions,
including biofilm formation, host cell invasion, and immune
evasion (Cathcart et al., 2011). Redox-related protein azurin
and probable peroxidase PA3529 were additionally included
in the highest-intensity proteins in both mono- and co-
culture exoproteomes of P. aeruginosa. Staphylolytic protease

LasA, flagellar components, and probable phage proteins were
specifically included in the top 10 co-culture exoproteins.
The majority of the exoproteome identifications with highest
intensities were predicted to be secreted via either the Sec-
dependent or the non-classical pathways. In S. aureus, the top
10 most intense proteins were very similar between the two
conditions (mono- and co-culture) (Supplementary Table 3).
Interestingly, despite the lack of predicted secretion for most
of the proteins, many of them have been identified as adhesive
moonlighting proteins (Jeffery, 2018). These included, e.g.,
ArcB (ornithine carbamoyltransferase), GapA (glyceraldehyde-
3-phosphate dehydrogenase), Atl (bifunctional autolysin), PdhB
(pyruvate dehydrogenase E1 component subunit beta), Fba
(fructose-bisphosphate aldolase), and DnaK chaperone.

The corresponding surfaceome catalogs showed a higher
variability between the culture conditions when compared
to the exoproteomes (Supplementary Tables 4, 5). In
P. aeruginosa monoculture surfaceome, the highest-intensity
proteins are involved in nutrient transport, fatty acid and
carbohydrate metabolism, oxidation–reduction, and pigment
biosynthesis (Supplementary Table 4). The most abundant
P. aeruginosa proteins within the co-culture surfaceome
included the membrane-associated ATP-synthase subunit
beta, carbohydrate-metabolic protein SucB, redox proteins
thiol:disulfide interchange proteins DsbA and Dps, as well as
regulator proteins AlgP and DksA. Of these, AlgP and 50S
ribosomal protein L2 (RplB) are predicted to have moonlighting
functions and have been previously discovered on bacterial cell
surfaces (Vecchietti et al., 2012; Wang and Jeffery, 2016).

As with the exoproteomes, the majority of the proteins
identified as most intense in the S. aureus surfaceomes
were cytoplasmic enzymes with reported moonlighting activity
on the cell surface (Supplementary Table 5). In S. aureus
monoculture, these included the arginine deiminase ArcA,
GapA, GlpD (aerobic glycerol-3-phosphate dehydrogenase),
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AtpD (ATP synthase), PdhB (pyruvate dehydrogenase E1), TdcB
(serine/threonine dehydratase), and DnaK, which have been
previously detected in vivo in the biofilm matrix of S. aureus
in a study performed in a rat model of bone implant infection
(Lei et al., 2017). Correspondingly, the most intense proteins
in the co-culture surfaceome also included several which were
identified in the implant-associated S. aureus biofilm matrix
(Lei et al., 2017), namely, ArcA (arginine deiminase), Mqo
(malate:quinone oxidoreductase), RpsA and RpsB (30S ribosomal
proteins), and GapA.

Regarding protein quantification, a total of 762 and 498
proteins were quantified in the P. aeruginosa and S. aureus
exoproteomes, respectively. In the surfaceomes, 495 proteins
were quantified in P. aeruginosa and 348 in S. aureus (with
the threshold LFQ applied, as described in Section “Proteomic
Data Processing and Bioinformatic Analysis”). The complete
dataset of differentially expressed proteins is available as
the Supplementary Tables 6-9. These data were used for a
pathway enrichment analysis to identify putative biological
changes arising from the co-culture condition (presented in
the following sections “Effect of Co-culture Condition on
Exoproteomes” and “Follow-up Studies” for exoproteomes
and surfaceomes, respectively). The representative examples of
differential expression are shown in Figure 5.

Effect of Co-culture Condition on
Exoproteomes
Co-culture-Induced Changes in P. aeruginosa
Exoproteomes
The KEGG pathway enrichment in the culture conditions of
P. aeruginosa (mono- or co-culture) was assessed using the
STRING database (Szklarczyk et al., 2019) using the catalogs
of differentially expressed proteins (FDR, 0.15) that were more
abundant in the given condition. In P. aeruginosa exoproteome,
35 pathways were found to be enriched in monoculture and three
in co-culture conditions (Supplementary Figure 5). Multiple
pathways related to amino acid metabolism were specifically
enriched in the monocultured P. aeruginosa. Other examples of
monoculture-specific enrichments included the biosynthesis of
amino acids, glycolysis/gluconeogenesis, microbial metabolism
in diverse environments, and pyruvate metabolism. Although
all these pathways concern intracellular activities, it is not
uncommon to find such proteins in the exoproteome. Proteins
involved in translation, carbon metabolism, and amino acid
metabolism have been previously identified in P. aeruginosa
exoproteomes (Choi et al., 2011; Couto et al., 2015). The proposed
explanations for the phenomenon include the deliberate non-
classical secretion of these proteins as extracellular moonlighters
and their increased non-specific liberation via the basal levels of
cell lysis (Couto et al., 2015; Turnbull et al., 2016). The latter
interpretation could indicate the monocultured P. aeruginosa as
having an overall increased metabolism.

In the co-culture conditions, the specifically enriched
cellular pathways included flagellar assembly- and ribosome-
mediated activities (Figure 6 and Supplementary Figure 5).
In this setting, 80 proteins were significantly more highly

abundant (FDR, 0.15; Supplementary Table 6), of which the
consistent overabundance of flagellar proteins implies that
P. aeruginosa becomes more motile in the presence of S. aureus.
Detached flagella are well known contaminants in cell-free
supernatants, but the more they are expressed, the more
these proteins can be expected to shed into the supernatant
(Gerstel et al., 2009). On the other hand, the concurrent
increase of flagellar hook proteins (FlgE, FlgL, and FliD) in the
supernatant could point toward the intentional ejection of intact
flagella, which represents a recently described mechanism of
γ-proteobacteria to conserve energy upon starvation (Ferreira
et al., 2019). To shed some light on the effects of the
co-culture conditions on the motility of P. aeruginosa, a
motility assay was carried out, which is further described in
Section “Co-culturing With S. aureus Increases P. aeruginosa
Motility.”

Anti-staphylococcal proteins, such as LasA (the staphylolytic
toxin), and another associated aminopeptidase (Ravichandran
et al., 2015) were more abundant in the co-culture setting.
This is an expected result, given the exposure of P. aeruginosa
to S. aureus peptidoglycan (Korgaonkar et al., 2013). This
might have important pathogenic implications as the peptidase
may act upon human proteins, such as elastin (Spencer
et al., 2010), which has been shown to promote epithelial
cell invasion (Cowell et al., 2003). Another co-culture-
enriched P. aeruginosa protein was Hcp1, a component
of the type VI secretion system (T6SS), which has been
shown to be induced in response to a mixed species
biofilm environment, where it enables the outcompeting
of other species (Cheng et al., 2019). Together with the
anti-staphylococcal proteins, it has been related with a
higher virulence toward the host in the pathogenesis of
chronic pulmonary infection in CF (Mougous et al., 2006).
Correspondingly, the T6SS secretion machinery proteins
ClpV1, ClpB, and TssC were more abundant in the co-cultured
P. aeruginosa surfaceomes. Other pathogenicity-associated
proteins more abundant in the co-culture conditions included
a putative ferric enterobactin esterase, two hemagglutinins,
an immune evasive protease—MucD (Mochizuki et al.,
2014), and two members encoded by the dad operon, which
contribute to biofilm formation and rhamnolipid production
(Oliver and Silo-Suh, 2013).

When comparing the co-culture- and the monoculture-
associated exoproteomes, 300 P. aeruginosa proteins were
identified as less abundant in co-culture conditions (Figure 7).
These proteins are predicted to be involved in oxidative
stress response, cell wall biosynthesis and membrane
translocation, iron–sulfur (Fe–S) cluster assembly, TCA
cycle/carbohydrate metabolism, and amino acid transport
and metabolism (Supplementary Figure 5). Additionally,
proteins related to phenazine pigment biosynthesis (PhzB1,
PhzD, PhzB2_2, PqsD, PqsB, and Dfa3) were significantly
enriched in the monoculture (Supplementary Table 6).
Given the evident change in phenotype, this was further
explored by the follow-up study described in Section
“P. aeruginosa Produces More Pigments in Monoculture
Than in Co-culture.”
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FIGURE 5 | Examples of proteins with statistical differences of abundance in co-culture vs. monoculture. The exoproteome is represented by examples of
Pseudomonas aeruginosa proteins with higher (A) and lower abundance (B) as well as by examples of Staphylococcus aureus proteins with higher (C) and lower
abundance (D) in co-culture vs. monoculture. The surfaceome is represented by examples of P. aeruginosa proteins with higher (E) and lower abundance (F) as well
as by examples of S. aureus proteins with higher (G) and lower abundance (H) in co-culture vs. in monoculture. Student’s t-test q-Values (permutation-based false
discovery rate) are presented for each comparison (see Supplementary Tables 6–9 for the complete dataset).
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FIGURE 6 | A STRING database (Szklarczyk et al., 2019) network of interacting proteins with a significantly higher abundance in Pseudomonas aeruginosa
co-culture versus monoculture exoproteome. Due to the large number of interactors, only high-confidence interactions are displayed.

Among the ones involved in oxidative stress response, the
catalases KatA and KatB, three alkylhydroperoxide reductase
components (AhpD, AhpF, and AhpC/TsaA), the chaperonin
HslO, and three quinone oxidoreductases were significantly
less abundant in P. aeruginosa exoproteomes under co-culture
conditions compared to the monoculture conditions. Although
these proteins are known for their intracellular activities, they
may be distributed to different subcellular locations, including
the extracellular fractions (Ochsner et al., 2000). For example,
KatA can be secreted and is predicted to remain for prolonged
periods in the extracellular milieu, conferring protective effects
against reactive oxygen species (ROS) (Hassett et al., 2000). The
decreased abundance of ROS defense proteins in P. aeruginosa
could indicate that cells are less exposed to oxidative stress in
the presence of S. aureus. This could be attributed either to
the different physicochemical characteristics of the co-culture

environment or the use of the redox stress proteins present in the
S. aureus surfaceomes or exoproteomes as “public goods”. The
downregulation of most of the Fe–S cluster biosynthetic proteins
could also be associated with less oxidative stress (Romsang
et al., 2014). However, this could also imply that there is more
iron available as the increase of Fe–S cluster proteins has been
associated with a response to iron starvation (Nelson et al., 2019),
and it has been previously reported that the iron acquisition-
related genes in P. aeruginosa are downregulated when this
species is co-cultured with S. aureus (Mashburn et al., 2005).
Whether this translates to protein changes outside of the cells
remains to be shown. This also applies to the TCA cycle;
carbohydrate fatty acids and amino acids are not expected in
the exoproteome, but virulence-related moonlighting functions
have been suggested for them (Henderson and Martin, 2013;
Henderson, 2014).
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FIGURE 7 | A STRING database (Szklarczyk et al., 2019) network of interacting proteins with a significantly lower abundance in Pseudomonas aeruginosa co-culture
versus monoculture exoproteome. Due to the large number of interactors, only high-confidence interactions are displayed.

Finally, the decreased abundance of several cell wall
biosynthesis proteins (e.g., UDP-N-acetylmuramoylalanine-D-
glutamate ligase MurD, MurF, MurA, and Tol-Pal system protein
TolB) could point toward more persistent P. aeruginosa in co-
culture. These findings, in addition to the lower abundance
of MexS (anoxidoreductase) and OprD (porin D) with known
contribution to antibiotic efflux (Sobel et al., 2005), could
indicate that P. aeruginosa has a higher tolerance to antibiotics

when co-cultured with S. aureus. Examples of the differentially
expressed proteins of P. aeruginosa exoproteome are presented
in Figures 5A,B.

Co-culture-Induced Changes in S. aureus
Exoproteomes
In the S. aureus exoproteome, 498 proteins were quantified,
of which 39 were significantly more abundant (FDR, 0.15)
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in co-culture than in monoculture conditions (Supplementary
Table 7). The proteins with a slightly higher abundance in
the co-culture exoproteome included a group of ribosomal
proteins (Supplementary Figure 6). Ribosomal proteins have
been proposed to stabilize/strengthen the biofilm matrix
(Graf et al., 2019). A total of 90 proteins were more
abundant in the S. aureus monoculture versus in the co-
culture conditions (Supplementary Table 7). The monoculture-
enriched pathways included aminoacyl-tRNA biosynthesis,
glycolysis/gluconeogenesis, and microbial metabolism in diverse
environments (Supplementary Figure 7).

Although some proteins involved in carbohydrate metabolism
and translation were more highly abundant in the co-culture
exoproteomes, a more significant abundance of such proteins
was observed in monoculture conditions (Figure 8). The
presence of this proteins on the exoproteome is probably
given by non-specific liberation due to cell lysis, and they
suggest a lower metabolic activity and, thus, a higher degree
of a persistence-like-state S. aureus when cultured in the
dual-species biofilm (Orazi and O’toole, 2017). On the other
hand, cytoplasmic proteins are known to be excreted by S. aureus
to enhance invasiveness and tackle host immunity (Ebner et al.,
2016), which, in addition to the observed higher abundance of

pathogenicity proteins (IsaA, ClfB, and Sbi), could provide hints
of higher virulence in monocultured S. aureus. Examples of the
differentially expressed proteins of S. aureus exoproteome are
presented in Figures 5C,D.

Co-culture-Induced Changes in P. aeruginosa
Surfaceomes
In P. aeruginosa surfaceomes, pathways of amino acid
metabolism, glycolysis/gluconeogenesis, and microbial
metabolism in diverse environments were enriched in the co-
cultured biofilms (Supplementary Figure 8 and Supplementary
Table 8). Indeed the outcomes in the surfaceome profile indicated
a generally higher metabolism in co-cultures as opposed to the
corresponding exoproteome samples. Based on the general
nature of these metabolic pathways, the implication of this
disparity may be coincidental, as different proteins contribute to
enrichments in the different datasets.

A total of 204 proteins were altogether significantly more
abundant (FDR, 0.15) in the co-culture samples compared to
the monocultures (Supplementary Figure 9 and Supplementary
Table 8). Among them, the peptidoglycan binding protein FimV
and the motility proteins PilH and PilJ are involved in twitching
motility (Delange et al., 2007; Wehbi et al., 2011), which agrees

FIGURE 8 | A STRING database (Szklarczyk et al., 2019) network of interacting proteins with a significantly lower abundance in Staphylococcus aureus co-culture
versus monoculture exoproteome.
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with the detected increase in motility-related protein abundances
in the exoproteome. Recent studies demonstrated that the type
4 pili are upregulated in mixed-species conditions, which helps
P. aeruginosa to compete with other bacterial species (Cheng
et al., 2019), including S. aureus species, thereby leading to a more
aggressive mixed-species infection (Limoli et al., 2019).

Two alginate regulatory proteins, AlgP and AlgU, were
strongly enriched proteins in the P. aeruginosa surfaceome
with 16- and threefold upregulation, respectively. Besides its
function in the intracellular space, studies have identified AlgP
at the cell surface and in outer membrane vesicles produced by
P. aeruginosa (Toyofuku et al., 2012; Vecchietti et al., 2012).
It has been suggested that such vesicles facilitate intraspecies
communication (Jan, 2017), so it is possible that the export of
these regulators has a role in shaping the mucoid phenotype in
the biofilm community.

DsbA and DsbC, thiol:disulfide interchange proteins, were
also more abundant in co-culture surfaceomes. These proteins
assist in the proper folding of secreted enzymes harboring
disulfide bridges, many of which are recognized as factors
contributing to virulence and immune evasion (Ha et al., 2003;
Heras et al., 2009). The components of the Dsb machinery have
therefore been identified as potential antibacterial drug targets
(Heras et al., 2015). In this study, the increased abundance of
these proteins in the P. aeruginosa surfaceome, in the presence
of S. aureus, could be linked with the increased secretion of lytic

toxins as means for extracting iron and acquiring a competitive
advantage (Ravichandran et al., 2015). Furthermore, the Dsb
system is essential for P. aeruginosa motility (Urban et al., 2001)
and pilus-driven twitching motility by facilitating proper protein
folding (Ha et al., 2003).

In the P. aeruginosa surfaceome, 61 proteins that belong
to diverse functional categories were less abundant in co-
culture conditions compared to the monoculture. From these,
only the aminoacyl-tRNA synthetase-mediated cellular pathways
were dominating (Supplementary Figure 8 and Supplementary
Table 8), implying a lower translational activity and an increased
persistence in co-culture conditions. Several aminoacyl-tRNA
ligases have been detected on previous surfaceome explorations
and have been linked with their membrane association
at membrane protein translation or with so-far-unknown
moonlighting functions (Wang and Jeffery, 2016). In addition,
the interactors include other proteins of interest with putatively
important implications in terms of virulence and tolerance
(Figure 9 and Supplementary Table 8).

The ABC transporter component (drrA) and the co-
expressed oxidoreductase MexS (DR97_5681) were markedly
with lower abundance in the dual-species biofilm surfaceome
(Supplementary Figure 8). Of note is that MexS was also
downregulated in the dual-species biofilm exoproteomes. Since
MexS mediates the repression of T3SS (Jin et al., 2011), its
lower expression here is in harmony with the hints of increased

FIGURE 9 | A STRING database (Szklarczyk et al., 2019) network of interacting proteins with a significantly lower abundance in Pseudomonas aeruginosa co-culture
versus monoculture surfaceome.
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T3SS expression. As mentioned in Section “Co-culture-Induced
Changes in P. aeruginosa Exoproteomes,” this downregulation
may imply phenotypic antimicrobial tolerance in co-culture.

Furthermore, several P. aeruginosa proteins involved
in cell wall and outer membrane biogenesis, as well as
protein translocation into the cell membrane, demonstrated
a lower abundance in co-culture conditions. MurE
(UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-2,6-
diaminopimelate ligase) and the periplasmic tail-specific
protease Prc (tsp) are involved in cell wall peptidoglycan
biosynthesis and cell division, whereas a modulator
protein, HflK, signal recognition particle receptor FtsY,
and preprotein translocase subunit YajC have a role
in membrane protein trafficking. This could altogether
imply decreased cell division as discussed with the
exoproteome findings.

Among the low-abundance proteins, nucleotide sugar
epimerase/dehydratase WbpM and glucose-1-phosphate
thymidylyltransferase (RmlA) have been proposed to participate
in the biosynthesis of O-antigen for the outer membrane
lipopolysaccharide (Rocchetta et al., 1999). Although the lower
abundance of these proteins correlates to the decreased outer
membrane biosynthesis and to halted division (Schäkermann
et al., 2013), the differential O-antigen synthesis may also affect
biofilm architecture and persistence in P. aeruginosa infections
(Huszczynski et al., 2019). In addition, decreased O-antigen
is linked with immune evasiveness and biofilm adaptation
(Maldonado et al., 2016). The reduced abundances of WbpM and
RmlA in co-culture conditions could be linked with increased
T3SS-mediated secretion, virulence, and persistence in infections
(Augustin et al., 2007).

As detected with the P. aeruginosa exoproteome, two proteins
involved in iron acquisition (Fpr, ferredoxin-NADP reductase
and a FecR family protein) were less abundant in the co-cultured
P. aeruginosa biofilm surfaceome. Examples of the differentially
expressed proteins of P. aeruginosa surfaceome are presented in
Figures 5E,F.

Co-culture-Induced Changes in S. aureus
Surfaceomes
In S. aureus, five and 327 proteins demonstrated significant
(FDR, 0.15) up- and downregulation, respectively. Only the
immunoglobulin-binding protein Sbi, an immune evasion factor
(Smith et al., 2012), was increased more than twofold in the
co-culture, whereas most of the downregulated proteins had
a more substantial decrease (Supplementary Figure 10 and
Supplementary Table 9). Of note is that Sbi demonstrated a
contrasting behavior in the S. aureus exoproteomes, which might
be explained by its increased abundance and/or translocation
as an early response to the co-culture condition. On the other
hand, other virulence factors were detected as remarkably less
abundant, which included the MSCRAMM family adhesin SdrC
and the adhesive moonlighting chaperone DnaK.

Among the low-abundance proteins, septation ring formation
regulator EzrA and the ATP-dependent metallopeptidase
FtsH/Yme1/Tma family protein were identified together with the
cell division protein FtsZ (Figure 10). These three proteins are

involved in cell division, and this finding may be related to the
known ability of P. aeruginosa to halt S. aureus growth (Mitchell
et al., 2010), thus indicating increased S. aureus persistence
in the co-culture. Moreover, the downregulation of proteins
involved in TCA cycle, carbon metabolism, ATP synthesis, and
translation (Supplementary Figure 10 and Supplementary
Table 9) also provides indirect evidence for the decreased
S. aureus metabolism in the presence of P. aeruginosa, although
the putative moonlighting functions of these proteins may be
unrelated. Furthermore, ribosomal proteins were markedly
more abundant among the monoculture-enriched proteins of
S. aureus. These proteins contribute to the biofilm biomatrix
stability (Graf et al., 2019) but might also indirectly indicate
lower levels of translational activity in the co-cultured S. aureus.

Finally, ribitol phosphate teichoic acid biosynthesis proteins
(TarI, TarL, and TarJ), which contribute to cell wall biogenesis,
as well as several proteins involved in autolysis were less
abundant in co-culture. These include the bifunctional autolysin
Atl, the transglycosylase IsaA, and the transcriptional regulator
proteins WalR. Examples of the differentially expressed proteins
of S. aureus surfaceome are presented in Figures 5G,H.

Follow-Up Studies
Pseudomonas aeruginosa Produces More Pigments
in Monoculture Than in Co-culture
Many pathogenic strains of P. aeruginosa produce pigment
molecules, such as pyocyanin and pyoverdine, which are
connected to iron acquisition and interspecies interactions. In
our dual-species biofilm model, P. aeruginosa cultures, in the
absence of S. aureus, were visually pigmented. Furthermore, the
proteomics analyses pointed toward the higher abundance of
pigment biosynthesis proteins (such as those from the phz and
pqs operons) and iron acquisition-related proteins (such as Fe–
S cluster assembly, Fpr, ferredoxin-NADP reductase, and a FecR
family protein) when this bacterium is monocultured. To confirm
these findings, the pigmentation phenotype of P. aeruginosa was
quantified in mono- and co-culture biofilms (Figures 11A,B).

The siderophore pyoverdine, a fluorescent yellow-green
pigment, is a high-affinity iron chelator that has an important role
in providing sufficient iron for biofilm formation in P. aeruginosa
(Banin et al., 2005). The biosynthesis of siderophores is also
connected to quorum sensing regulation (Stintzi et al., 1998;
Diggle et al., 2007). In this study, the relative quantification of
pyoverdine revealed significantly lower levels of the pigment
in the co-cultured biofilm supernatants (Figure 11A). Since a
lower expression of iron-acquisition proteins was observed in
the exoproteome and the surfaceome of P. aeruginosa in co-
culture, it possibly indicates a reduced need for these proteins
in this condition. Thus, the reduced production of pyoverdine
could possibly also reflect that iron is more readily available for
P. aeruginosa in the presence of S. aureus, which would warrant
the downregulation of pyoverdine production in co-culture.
This result seems to be in agreement with that of Mashburn
et al. (2005). However, it is not ruled out that the decrease in
pyoverdine in co-cultured P. aeruginosa might result from a
change in quorum sensing signaling or other pathways.
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FIGURE 10 | A STRING database (Szklarczyk et al., 2019) network of interacting proteins with a significantly lower abundance in Staphylococcus aureus co-culture
versus monoculture surfaceome.

In addition, pyocyanin pigment was quantified by acidifying
aliquots of the supernatant to pH < 2, which is expected to
bring the molecule to a charged state with a characteristic red
color, which was measured via changes in A520nm (Essar et al.,
1990; Debritto et al., 2020). It was confirmed that pyocyanin
was significantly less produced by the co-cultured P. aeruginosa
biofilm supernatants (Figure 11B). This outcome is in agreement
with a previous report of pyocyanin expression in P. aeruginosa
being decreased in co-culture with S. aureus (Tognon et al.,
2019). Like pyoverdine, pyocyanin is also involved in the iron
acquisition of P. aeruginosa biofilms (Wang et al., 2011). On
the other hand, it has also been demonstrated that this pigment
is toxic against staphylococci (in vitro) (Biswas et al., 2009)
and mammalian cells (in vivo) (Lau et al., 2004) and may be
induced as a response to S. aureus peptidoglycan (Korgaonkar
and Whiteley, 2011; Yang et al., 2020). This makes the lower

pyocyanin production an exception for the generally higher
virulence (as derived from the proteomics profiles) in co-cultured
P. aeruginosa.

Co-culturing With S. aureus Increases P. aeruginosa
Motility
According to our findings, both the exoproteome and the
surfaceome analyses support that P. aeruginosa demonstrates
higher-motile phenotype when co-cultured with S. aureus.
These findings are in alignment with recent reports (Limoli
et al., 2019). However, the increased presence of flagellar
components in the co-culture supernatant, combined with the
higher observed abundance of flagellar hook proteins, could also
indicate the intentional ejection of intact flagella. This could
support the opposite interpretation that P. aeruginosa actively
reverts the motile phenotype when co-cultured with S. aureus
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FIGURE 11 | Pigment production of Pseudomonas aeruginosa in mono- and dual-species biofilms. Significant differences of both pyoverdine (A) and pyocyanin (B)
pigments were detected between both cultures (Student’s t-test, *p < 0.05). Bars represent the average of two biological repetitions with their SD.

(Ferreira et al., 2019). A motility assay was carried out to study
the phenotypic presentation of the observed phenomena.

Figure 12 shows the development of a colony diameter at 8 h
of incubation, as compared to the initial inoculum diameter, of
P. aeruginosa mono- and co-cultured in the conditions of the
proteomics analysis. The colonies derived from a P. aeruginosa
biofilm co-cultured with S. aureus grew up to 3.9 ± 0.9 mm,
while no growth was observed in the corresponding monoculture
samples (p < 0.001). It was additionally confirmed that this
increase of the bacterial population’s diameter was only due to
P. aeruginosa, as the presence of S. aureus was not detected in the
distal colony parts.

These results offer confirmation for the proteomics-derived
notion of the higher motility of P. aeruginosa in co-culture with
S. aureus. However, in this experimental setting, it cannot be
determined whether the changes in P. aeruginosa motility are
only phenotypical or have arisen from accumulative mutations
promoted by the presence of S. aureus (Tognon et al., 2017).
Additionally, while this assay provides evidence of the increased
motility, further analysis would be needed to distinguish the
specific type of motility increased. The abundance of flagellar
proteins in the supernatant, reflected in the exoproteome, could
mean an increase of the swimming and swarming types of
motility, while the increased expression of peptidoglycan binding
protein FimV and the proteins PilH and PilJ reflects an increase
in twitching motility (Schniederberend et al., 2019). In any
case, differences in motility are associated with changes in the
virulence toward the host (Kazmierczak et al., 2015; Guoqi
et al., 2018). Flagella and type 4 pili are important in the early
stages of infection, as they allow P. aeruginosa to attach and
colonize surfaces (Kazmierczak et al., 2015) while facilitating
the subsequent biofilm formation (Liaqat et al., 2019). The
proteins also help the bacteria escape from surfaces when
desirable (Burrows, 2012) and disperse through host tissue,
further disseminating the infection (Kazmierczak et al., 2015).

Pseudomonas aeruginosa Is Less Susceptible to
Antibiotics in Co-culture Condition
Multi-species biofilms have been associated with a higher
tolerance toward antibiotic therapy in different types of
infections. Evidence of decreased cellular division and, indirectly,
of general metabolism and protein synthesis in the co-cultured
bacteria was acquired in this proteomic exploration as well.
We therefore studied whether such increased tolerance was also
observed in the co-culture developed in this assay.

Figure 13A shows the log reduction achieved by polymyxin B
at different concentrations (200, 100, and 50 µM) in P. aeruginosa
biofilms formed in monoculture (black columns) or in co-culture
with S. aureus (orange columns). The effects of polymyxin B
on the viable counts of P. aeruginosa are additionally presented
in Supplementary Figure 11A as non-normalized log CFU/ml.
At a concentration of 200 µM, polymyxin B managed a
complete eradication of the monoculture biofilm. However, the
same complete inhibitory effect was not observed against the
dual-species biofilm, as a significant difference was observed
between the log reduction in mono- and co-culture (p = 0.018,
black bar vs. orange bar). At a concentration of 100 µM, a
significant biofilm reduction of over four logs was achieved on
the biofilm in co-culture, but this reduction was still lower than
the one achieved against the biofilm developed in monoculture
(p = 0.024, black bar vs. orange bar). No differences were observed
when comparing the log reduction generated by the lowest
concentration tested (50 µM).

The most accepted mechanism of action (MoA) for polymyxin
B is the interaction with the lipopolysaccharides of Gram-
negative bacteria, leading to permeability changes in the
outer membrane (Zavascki et al., 2007). However, alternative
mechanisms have been proposed. Among them, the hydroxyl
radical death pathway (HRDP) theory postulates that the
bactericidal effect is caused by the ROS generated by polymyxin
B via the Fenton reaction (Imlay et al., 1988). Such an
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FIGURE 12 | Increase on the diameter (in mm) of a 50-µl inoculum obtained from the combination of the biofilm and the supernatant of a Pseudomonas aeruginosa
PAO1 biofilm formed in monoculture or in co-culture with Staphylococcus aureus ATCC 25923 after 8 h of incubation in soft agar. In the representative images on
the right, the blue circle represents the initial diameter and the red circle the grown diameter. The results are expressed as the mean of five biological repetitions with
their SD (Student’s t-test, ***p < 0.001).

FIGURE 13 | Log reduction of the viable counts (colony-forming unit/ml) of Pseudomonas aeruginosa PAO1 (A) and Staphylococcus aureus (B) biofilms after the
treatment with different concentrations of polymyxin B (50, 100, and 200 µM) and vancomycin (50, 100, and 200 µM), respectively. The black columns represent the
log reduction achieved in monoculture conditions, while the orange columns represent the log reduction in co-culture conditions. The results are expressed as the
mean of three or more biological repetitions with their SD (Student’s t-test; *p < 0.05 and **p < 0.01).

increase in ROS production after polymyxin B treatment has
been reported in both planktonic and sessile P. aeruginosa
(Lima et al., 2019). It has been speculated that mutants
deficient in iron import and/or reduction might have a higher
tolerance to antibiotics (Yeom et al., 2010). Although our
exoproteome data showed downregulated proteins with roles
in iron acquisition in dual-species biofilm, we cannot conclude
that this is directly caused by a higher abundance of iron or
a decreased level of Fe–S-damaging oxidative stress promoted
by the higher abundance of redox stress proteins in the
S. aureus surfaceome. The other suggested MoA is the interaction
of polymyxin B with the cell division machinery (Trimble
et al., 2016). Our proteome data showed that several proteins
involved in cellular division and cell wall biosynthesis were
downregulated in the mixed dual-species biofilm. Whichever
the underlying mechanism is, our finding altogether suggests
that the environmental changes induced by co-culturing with
S. aureus promote a phenotypic tolerance to polymyxin B in
P. aeruginosa biofilms.

Finally, the decreased expression of MexS and porin D,
among the other proteomic changes pointing toward a less
metabolically active phenotype of co-cultured P. aeruginosa,
suggests that increased unspecific tolerance would likely
be also seen against the various other antibiotics that
require active cell division and metabolism to exert their

effect. In addition, other antibiotic families, including
fluoroquinolones, aminoglycosides, or β-lactams, have
also been reported to act through the HRDP (Dwyer
et al., 2009), so a higher tolerance to those could
also be expected.

Staphylococcus aureus Is Less Susceptible to
Antibiotics in Co-culture Conditions
Consistent with the results seen in P. aeruginosa, co-cultured
S. aureus biofilms were also more resilient to antibiotic treatment
in comparison to monocultures. As shown in Figure 13B, the
log reduction achieved in monoculture with vancomycin at 200
and 100 µM differed significantly from the respective biofilms
formed in co-culture (p = 0.021 and p = 0.004, when comparing
the black and orange columns of 200 and 100 µM, respectively).
The effects of vancomycin on the viable counts of S. aureus are
additionally presented in Supplementary Figure 11B as non-
normalized log CFU/ml.

Of note is that it is not surprising that the log reduction
achieved in S. aureus monoculture is only of 1-log at such a
high concentration (200 µM), as the older age and the associated
lower metabolic activity of this biofilm are probably contributing
to its higher tolerance (Stewart, 2015). The lower anti-biofilm
activity of vancomycin against the co-cultured S. aureus may
be associated with the downregulation of the cell division
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proteins identified in the surfaceome, as its antibacterial activity
is based on the inhibition of cell wall synthesis. Alternatively,
vancomycin is also known to inhibit transglycosylase, which
was also among the lower-abundance proteins identified in the
co-cultured S. aureus surfaceome. Interestingly, several proteins
related with autolysis were also less abundant in the co-cultured
S. aureus surfaceome, pointing toward a decreased autolysis,
which has previously been associated with increased vancomycin
tolerance in S. aureus (Koehl et al., 2004).

These findings align well with previous reports describing an
increased tolerance to antibiotics associated with dual-species
biofilms, involving both Gram-negative and Gram-positive
bacteria (Orazi and O’toole, 2017; Cendra et al., 2019).

CONCLUSION

In this study, the dual-species biofilm formation of two
clinically relevant bacterial species (P. aeruginosa strain PAO1
and S. aureus strain ATCC 25923) was characterized by
label-free proteomic analyses targeting the surfaceomes and
exoproteomes. The proteome analyses between the mono- and
co-cultured biofilms indicated the enrichment of virulence-
related proteins in P. aeruginosa in the presence of S. aureus,
whereas P. aeruginosa produced several stress response
proteins at a lower level under the same condition. Thus,
our findings indicate that S. aureus protects P. aeruginosa
from oxidative stress, thereby contributing to its tolerance and
virulence. Changes in P. aeruginosa proteomes suggest increased
motility, decreased iron acquisition, and the downregulation
of pigment biosynthesis proteins. Pathogenic moonlighting
proteins were differentially abundant in mono- and co-
cultured S. aureus biofilms, and proteomics-based evidence
of lower reproductive activity was obtained. Phenotypic
confirmations indicated a higher production of pyoverdine and
pyocyanin pigments in monocultured P. aeruginosa biofilms,
possibly due to a higher iron availability in the co-culture
environment. A more motile phenotype in the presence
of S. aureus was in line with the increased abundance of
motility-related proteins in co-cultured P. aeruginosa biofilm
exoproteomes and surfaceomes. Finally, the co-cultured biofilms
demonstrated a higher tolerance to antibiotics in both species,
which highlights the importance of assessing the efficacy of
antimicrobial compounds on settings that more faithfully
resemble the ones where biofilms are found in the clinic. The
present study shows the applicability of label-free proteomics
for simultaneous surfaceomic and exoproteomic analyses
of mixed-species biofilms, which is of crucial importance
for developing more effective tools to eradicate biofilms in
clinical settings.
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1 Supplementary Figures 

 

Figure S1. In A-B: Viable colonies recovered from P. aeruginosa PAO1 biofilms (A), and S. 

aureus ATCC 25923 biofilms (B) incubated 20 min with or without 55 ng/µl trypsin. The bars show 

the mean of two individually inoculated and treated biofilms ± SD. In C-D: Representative 

cytographs corresponding to the viable cells within the S. aureus biofilm with (C) and without (D) 

trypsinization (on the same conditions as in A-B). SYTO 9 was used to stain viable cells while PI 

was utilized to stain cells with disrupted cell membrane integrity. 
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Figure S2. The effect of inoculum density on biofilm viable counts in P. aeruginosa monoculture. 

The bars show the mean of two separately harvested biofilms ± SD. 

 

 

 

 

Figure S3. In silico 2DE maps illustrating the predicted isoelectric points (pI) and molar weights 

(Mw) of the identifications. The circle colors indicate the condition in which the protein was 

identified. 
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Figure S4. Grand average of hydropathicity (GRAVY) distribution of the mixed species 

identifications contrasted to the theoretical proteomes. From bottom to top, the stacked histograms 

represent the proteins identified in both the exoproteome and the surfaceome samples (orange), 

exclusively in exoproteomes (green), exclusively in surfaceomes (red), or not at all (blue). The 

vertical reference line separates the negative (hydrophilic) and positive (hydrophobic) values. 
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Figure S5. Geneset-based functional enrichment in monocultured vs. co-cultured P. aeruginosa 

biofilm exoproteomes. The statistical assessment of KEGG pathway enrichment was carried out 

using the STRING database (Szklarczyk et al. 2019). FDR: false discovery rate. 
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Figure S6. A STRING database (Szklarczyk et al., 2019) network of interacting proteins with 

significantly higher abundances in S. aureus co-culture versus monoculture exoproteome.  

 

 

 

 

Figure S7. Geneset-based functional enrichment in monocultured vs co-cultured S. aureus biofilms 

exoproteome. The statistical assessment of KEGG pathway enrichment was carried out using the 

STRING database (Szklarczyk et al. 2019). FDR: false discovery rate. 
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Figure S8. Geneset-based functional enrichment in monocultured vs. co-cultured P. aeruginosa 

biofilm surfaceomes. The statistical assessment of KEGG pathway enrichment was carried out 

using the STRING database (Szklarczyk et al. 2019).  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. A STRING database (Szklarczyk et al., 2019) network of interacting proteins with 

significantly higher abundances in P. aeruginosa co-culture versus monoculture surfaceome.  
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Figure S10. Geneset-based functional enrichment in monocultured vs. co-cultured S. aureus 

biofilm surfaceomes. The statistical assessment of KEGG pathway enrichment was carried out 

using the STRING database (Szklarczyk et al. 2019).  

 

Figure S11. Viable counts of P. aeruginosa PAO1 (A) and S. aureus ATCC 25923 (B) biofilms 

after the treatment with different concentrations (50, 100 and µM) of polymyxin B (A) and 

vancomycin (B). Grey bars shows the viable counts (Log CFU/mL) of treated biofilms formed in 

monoculture, while orange bars presents corresponding data on biofilms formed in co-culture. “*” 

indicates statistical difference to the control in monoculture (Student’s t-test; * p < 0.05, 

**p<0.01;*** p < 0.001), while “#” represents statistical difference to the control in co-culture 

(Student’s t-test; ### p < 0.001). Results are expressed as the mean of three or more biological 

repetitions with their SD. 
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2 Supplementary Tables 

Table S1. Cross-tabulation analysis of the association between predicted secretion mode* and 

identification in the exoproteome or the surfaceome. The signal peptide-guided secretion pathways 

include the general secretory pathway (Sec), the twin-arginine translocation pathway (Tat) and the 

lipoprotein secretory pathway (Lipo). Non-classical secretion is additionally considered. The rows 

in the table represent the observed and expected counts of proteins in each category. Each subscript 

letter denotes a subset of secretion categories whose column proportions do not differ significantly 

from each other at the p 0.05 level. *Predicted secretion modes were obtained from SignalP 5.0 and 

SecretomeP 2.0 (Bendtsen et al., 2005;Almagro Armenteros et al., 2019) 
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Identified Count 833a 116a 10a 38a 64a 

Exp. 

count 

819 126 12 47 57 

Total count 4284 661 65 245 298 

S
. 
a
u

re
u

s 

Not 

identified 

Count 663b 96a, c < 5a, b, c 44a, b 735c 

Exp. 

count 

835 85 n < 5 44 574 

Identified Count 768b 50a, c < 5a, b, c 32a, b 250c 

Exp. 

count 

597 61 n < 5 32 411 

Total count 1431 146 < 5 76 985 

 

 

 

 

 

 



Table S2. The 10 most abundant protein species in P. aeruginosa mono- and co-culture 

exoproteomes. For the Gene Ontology (GO) annotations (The Gene Ontology Consortium 2017), 

only singe function and cellular component are displayed where several are available. Predicted 

secretion modes* include the general secretory pathway (Sec), the twin-arginine translocation 

pathway (Tat), the lipoprotein secretory pathway (Lipo) and non-classical (NC) secretion (O: none 

predicted). *Predicted secretion modes were obtained from SignalP 5.0 and SecretomeP 2.0 

(Bendtsen et al., 2005;Almagro Armenteros et al., 2019). 

 

Entry name Function Gene GO biological process GO cellular 
component 

Secretio
n 

P
. 

a
e

ru
g

in
o

s
a

 m
o

n
o

c
u

lt
u

re
 e

x
o

p
ro

te
o

m
e

 

ELAS_PSEA
E 

Elastase LasB lasB bacterial-type flagellum-
dependent swarming 
motility  

extracellular region  Sec 

Q9HY81_PSE
AE 

Probable peroxidase PA3529 cell redox homeostasis  cytosol  O 

ETFB_PSEA
E 

Electron transfer 
flavoprotein subunit beta 

etfB 
 

cytosol  NC 

Q9HUD3_PS
EAE 

Malic enzyme PA5046 
  

O 

DLDH2_PSE
AE 

Dihydrolipoyl 
dehydrogenase 

lpdG cell redox homeostasis  cytoplasm  O 

AZUR_PSEA
E 

Azurin azu oxidation-reduction 
process  

periplasmic space  Sec 

SUCD_PSEA
E 

Succinate--CoA ligase 
[ADP-forming] subunit 
alpha 

sucD nucleoside triphosphate 
biosynthetic process  

cytosol  O 

BRAC_PSEA
E 

Leucine-, isoleucine-, 
valine-, threonine-, and 
alanine-binding protein 

braC branched-chain amino 
acid transport  

periplasmic space  Sec 

ETFA_PSEA
E 

Electron transfer 
flavoprotein subunit alpha 

etfA fatty acid beta-oxidation 
using acyl-CoA 
dehydrogenase  

 
NC 

G3XD47_PSE
AE 

Arginine/ornithine binding 
protein AotJ 

aotJ L-arginine import across 
plasma membrane  

extracellular space  Sec 

P
. 

a
e

ru
g

in
o

s
a

 c
o

-c
u

lt
u

re
 e

x
o

p
ro

te
o

m
e
 

ELAS_PSEA
E 

Elastase LasB lasB bacterial-type flagellum-
dependent swarming 
motility  

extracellular region  Sec 

FLID2_PSEA
E 

B-type flagellar hook-
associated protein 2 

fliD bacterial-type flagellum-
dependent cell motility  

bacterial-type 
flagellum filament 
cap  

NC 

AZUR_PSEA
E 

Azurin azu oxidation-reduction 
process  

periplasmic space  Sec 

FLICB_PSEA
E 

B-type flagellin fliC bacterial-type flagellum-
dependent cell motility  

bacterial-type 
flagellum filament  

NC 

LASA_PSEA
E 

Staphylolytic protease 
LasA 

lasA pathogenesis  extracellular space  Sec 

Q9HY81_PSE
AE 

Probable peroxidase PA3529 cell redox homeostasis  cytosol  O 

G3XD39_PSE
AE 

Probable bacteriophage 
protein 

PA0622 
  

NC 

Q9I5S9_PSE
AE 

Probable bacteriophage 
protein 

PA0623 
  

NC 

Q9I4N7_PSE
AE 

Flagellar protein FlaG PA1093 
  

NC 

SUCD_PSEA
E 

Succinate--CoA ligase 
[ADP-forming] subunit 
alpha 

sucD nucleoside triphosphate 
biosynthetic process  

cytosol  O 
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Table S3. The 10 most abundant protein species in S. aureus mono- and co-culture exoproteomes. 

For the Gene Ontology (GO) annotations (The Gene Ontology Consortium 2017), only singe 

function and cellular component are displayed where several are available. Predicted secretion 

modes include the general secretory pathway (Sec), the twin-arginine translocation pathway (Tat), 

the lipoprotein secretory pathway (Lipo) and non-classical (NC) secretion (O: none available). 

*Predicted secretion modes were obtained from SignalP 5.0 and SecretomeP 2.0 (Bendtsen et al., 

2005;Almagro Armenteros et al., 2019). 

 

Entry name Function Gene GO biological process GO cellular 
component 

Secretio
n 

S
. 

a
u

re
u

s
 m

o
n

o
c

u
lt

u
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 e
x

o
p

ro
te

o
m

e
 

WP_00012941
3.1 

arginine deiminase arcA arginine catabolic process 
to ornithine  

cytoplasm  O 

WP_00013615
9.1 

ornithine carbamoyltransferase 
ArcB 

arcB arginine biosynthetic 
process  

cytoplasm  O 

WP_00075126
5.1 

transglycosylase IsaA isaA metabolic process  extracellular 
region  

Sec 

WP_00027941
4.1 

glyceraldehyde-3-phosphate 
dehydrogenase 1 

gapA glycolytic process  cell wall  O 

WP_00063417
5.1 

universal stress protein UspA uspA_
2 

response to stress  cytoplasm  O 

WP_00107452
1.1 

bifunctional autolysin Atl atl peptidoglycan catabolic 
process  

 
Sec 

WP_00006817
6.1 

pyruvate dehydrogenase E1 
component subunit beta 

pdhB glycolytic process  
 

O 

WP_00079256
7.1 

immunoglobulin-binding protein 
sbi 

sbi pathogenesis  extracellular 
region  

Sec 

WP_00048143
8.1 

transketolase tkt pentose-phosphate shunt  
 

NC 

WP_00103140
7.1 

class I fructose-bisphosphate 
aldolase 

fda glycolytic process  
 

O 

S
. 

a
u

re
u

s
 c

o
-c

u
lt

u
re

 e
x

o
p

ro
te

o
m

e
 

WP_00013615
9.1 

ornithine carbamoyltransferase 
ArcB 

arcB arginine biosynthetic 
process  

cytoplasm  O 

WP_00012941
3.1 

arginine deiminase arcA arginine catabolic process 
to ornithine  

cytoplasm  O 

WP_00027941
4.1 

glyceraldehyde-3-phosphate 
dehydrogenase 1 

gapA NADH regeneration  cell wall  O 

WP_00003471
6.1 

molecular chaperone DnaK dnaK chaperone cofactor-
dependent protein 
refolding  

cytoplasm  NC 

WP_00113184
1.1 

fructose-bisphosphate aldolase fba glycolytic process  
 

O 

WP_00126146
0.1 

30S ribosomal protein S6 rpsF translation  ribosome  O 

WP_00048143
8.1 

transketolase tkt pentose-phosphate shunt  
 

NC 

WP_00107452
1.1 

bifunctional autolysin Atl atl peptidoglycan catabolic 
process  

 
Sec 

WP_00063417
5.1 

universal stress protein UspA uspA_
2 

response to stress  cytoplasm  O 

WP_00157455
6.1 

Thermonuclease Nuc nuc pathogenesis  integral 
component of 
membrane  

Sec 

 

 

 

 

 



Table S4. The 10 most abundant protein species in P. aeruginosa mono- and co-culture 

surfaceomes. For the Gene Ontology (GO) annotations (The Gene Ontology Consortium 2017), 

only singe function and cellular component are displayed where several are available. Predicted 

secretion modes include the general secretory pathway (Sec), the twin-arginine translocation 

pathway (Tat), the lipoprotein secretory pathway (Lipo) and non-classical (NC) secretion (O: none 

available). *Predicted secretion modes were obtained from SignalP 5.0 and SecretomeP 2. 

(Bendtsen et al., 2005;Almagro Armenteros et al., 2019). 

 

Entry name Function Gene GO biological process GO cellular 
component 

Secretio
n 

P
. 

a
e

ru
g

in
o

s
a

 m
o

n
o

c
u
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u

re
 s

u
rf

a
c

e
o

m
e

 

Q9HUC3_PS
EAE 

Polyhydroxyalkanoate synthesis 
protein PhaF 

phaF 
  

NC 

Q9I4Z7_PSE
AE 

DNA-binding protein from 
starved cells Dps 

PA0962 cellular iron ion 
homeostasis  

cell  O 

Q9I031_PSE
AE 

Probable ATP-binding 
component of ABC transporter 

PA2812 
  

O 

Q9HUY5_PS
EAE 

Mg(2+) transport ATPase, P-
type 2 

mgtA 
 

integral component 
of plasma 
membrane  

O 

Q9I5U9_PSE
AE 

PrkA AAA domain protein PA0588 
  

O 

Q9I2R2_PSE
AE 

Probable oxidoreductase PA1833 
  

O 

MASZ_PSEA
E 

Malate synthase G glcB glyoxylate catabolic 
process  

cytosol  O 

G3XD52_PS
EAE 

(R)-specific enoyl-CoA 
hydratase 

PA3302 fatty acid biosynthetic 
process  

fatty acid synthase 
complex  

O 

PHZM_PSEA
E 

Phenazine-1-carboxylate N-
methyltransferase 

phzM 
  

O 

Q9HTL9_PSE
AE 

Enamine/imine deaminase PA5339 organonitrogen 
compound catabolic 
process  

cytosol  O 

P
. 

a
e

ru
g

in
o

s
a

 c
o

-c
u

lt
u

re
 s

u
rf

a
c

e
o

m
e
 

ATPB_PSEA
E 

ATP synthase subunit beta atpD ATP synthesis coupled 
proton transport  

plasma membrane  O 

RL2_PSEAE 50S ribosomal protein L2 rplB cytoplasmic translation  cytosolic large 
ribosomal subunit  

NC 

ODO2_PSEA
E 

Dihydrolipoyllysine-residue 
succinyltransferase component 
of 2-oxoglutarate 
dehydrogenase complex 

sucB L-lysine catabolic 
process to acetyl-CoA via 
saccharopine  

oxoglutarate 
dehydrogenase 
complex  

O 

DSBA_PSEA
E 

Thiol:disulfide interchange 
protein DsbA 

dsbA cell redox homeostasis  periplasmic space  Sec 

ALGP_PSEA
E 

Transcriptional regulatory 
protein AlgP 

algP alginic acid biosynthetic 
process  

 
NC 

Q9I4Z7_PSE
AE 

DNA-binding protein from 
starved cells Dps 

PA0962 cellular iron ion 
homeostasis  

cell  O 

Q9HX76_PS
EAE 

Probable DNA binding protein PA3940 
 

cytosol  O 

G3XD14_PS
EAE 

RNA polymerase-binding 
transcription factor DksA 

dksA negative regulation of 
lipid biosynthetic process  

cytoplasm  O 

Q9I4I2_PSEA
E 

Ribonucleoside-diphosphate 
reductase subunit beta 

nrdB deoxyribonucleotide 
biosynthetic process  

integral component 
of membrane  

O 

Q9I0H9_PSE
AE 

Peptidase PA2659 
  

Sec 
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Table S5. The 10 most abundant protein species in S. aureus mono- and co-culture surfaceomes. 

For the Gene Ontology (GO) annotations (The Gene Ontology Consortium 2017), only singe 

function and cellular component are displayed where several are available. Predicted secretion 

modes include the general secretory pathway (Sec), the twin-arginine translocation pathway (Tat), 

the lipoprotein secretory pathway (Lipo) and non-classical (NC) secretion (O: none available). 

*Predicted secretion modes were obtained from SignalP 5.0 and SecretomeP 2.0 (Bendtsen et al., 

2005;Almagro Armenteros et al., 2019). 

 

Entry name Function Gene GO biological 
process 

GO cellular 
component 

Secretion 

S
. 

a
u

re
u

s
 m

o
n

o
c

u
lt

u
re

 s
u

rf
a
c

e
o

m
e

 

WP_000825534.1 methionine ABC 
transporter substrate-
binding protein 

gmpC 
  

Lipo 

WP_000129413.1 arginine deiminase arcA arginine catabolic 
process to ornithine  

cytoplasm  O 

WP_000279414.1 glyceraldehyde-3-
phosphate 
dehydrogenase 1 

gapA NADH regeneration  cell wall  O 

WP_001218603.1 aerobic glycerol-3-
phosphate 
dehydrogenase 

glpD glycerol catabolic 
process  

glycerol-3-
phosphate 
dehydrogenase 
complex  

NC 

WP_001131841.1 fructose-bisphosphate 
aldolase 

fba glycolytic process  
 

O 

WP_000511135.1 ATP synthase subunit 
beta 

atpD ATP synthesis 
coupled proton 
transport  

plasma 
membrane  

O 

WP_000068176.1 pyruvate dehydrogenase 
E1 component subunit 
beta 

pdhB glycolytic process  
 

O 

WP_000210828.1 serine/threonine 
dehydratase 

tdcB L-serine catabolic 
process  

 
O 

WP_000034716.1 molecular chaperone 
DnaK 

dnaK cellular response to 
unfolded protein 

cytoplasm  NC 

WP_001043863.1 DNA-binding protein HU hup chromosome 
condensation  

 
O 

S
. 

a
u

re
u

s
 c

o
-c

u
lt

u
re

 s
u

rf
a

c
e
o

m
e
 

WP_000863437.1 dihydrolipoyllysine-residue 
acetyltransferase 
component of pyruvate 
dehydrogenase complex 

pdhC glycolytic process  
 

O 

WP_000129413.1 arginine deiminase arcA arginine catabolic 
process to ornithine  

cytoplasm  O 

WP_001130051.1 malate:quinone 
oxidoreductase 

mqo tricarboxylic acid 
cycle  

cytoplasm  O 

WP_000268484.1 30S ribosomal protein S2 rpsB translation  small 
ribosomal 
subunit  

O 

WP_000127572.1 trigger factor tig cell cycle  cytoplasm  O 

WP_000279414.1 glyceraldehyde-3-
phosphate 
dehydrogenase 1 

gapA NADH regeneration  cell wall  O 

WP_000133953.1 30S ribosomal protein S1 rpsA 
 

ribosome  O 

WP_000858795.1 asparagine--tRNA ligase asnS asparaginyl-tRNA 
aminoacylation  

cytoplasm  O 

WP_000457386.1 50S ribosomal protein L21 rplU translation  ribosome  O 

WP_000035325.1 pyruvate dehydrogenase 
E1 component subunit 
alpha 

pdhA glycolytic process  
 

O 

 

 



Table S6: Differences in P. aeruginosa protein abundance (Student's t-test, FDR 0.15) in co-culture 

vs. monoculture exoproteome. 

Entry name Protein function STRING ID Log2 
ΔLFQ 

q 
value 

Q9I4N7_PSEAE Flagellar protein FlaG flaG 5.2 0.0108 

G3XCX2_PSEAE Phage tail assembly protein DR97_3594 4.8 0.0280 

Q9HYP5_PSEAE FlgM flgM 4.5 0.0296 

Q9I5S9_PSEAE Probable bacteriophage protein gpFII 4.5 0.0475 

Q9HUD6_PSEAE Putative secreted protein DR97_2388 4.3 0.0312 

G3XD39_PSEAE Probable bacteriophage protein gpFI 3.9 0.0286 

Q9I613_PSEAE Uncharacterized protein DR97_3473 3.6 0.0279 

G3XD68_PSEAE Phage_TAC_13 domain-containing protein #N/A 3.6 0.0264 

Q9I5F6_PSEAE Bifunctional protein PutA putA 3.6 0.0702 

HCP1_PSEAE Protein hcp1 hcp1 3.5 0.0980 

Q9HXV6_PSEAE Uncharacterized protein DR97_4193 3.5 0.0330 

G3XCX5_PSEAE Probable bacteriophage protein J 3.4 0.0165 

RECA_PSEAE Protein RecA (Recombinase A) recA 3.4 0.0335 

G3XD38_PSEAE Putative major tail protein V #N/A 3.2 0.1283 

ODO2_PSEAE Dihydrolipoamide succinyltransferase component of 2-oxoglutarate dehydrogenase 
complex 

sucB 3.1 0.0303 

RL2_PSEAE 50S ribosomal protein L2 rplB 2.9 0.0381 

Q9HUA1_PSEAE Probable binding protein component of ABC transporter gltI1 2.9 0.0114 

G3XD71_PSEAE Probable bacteriophage protein DR97_3590 2.9 0.0295 

FLID2_PSEAE B-type flagellar hook-associated protein 2 fliD 2.9 0.0412 

Q9I4P3_PSEAE Flagellar hook-associated protein 1 FlgK flgK 2.8 0.0524 

Q9I130_PSEAE Putative ferric enterobactin esterase DR97_5981 2.8 0.0298 

G3XDA6_PSEAE Repressor, PtrB DR97_3582 2.6 0.0272 

FLICB_PSEAE B-type flagellin fliC 2.6 0.1034 

Q9I4P2_PSEAE Flagellar hook-associated protein type 3 FlgL flgL 2.6 0.0938 

PILY1_PSEAE Type IV pilus biogenesis factor PilY1 pilY1 2.6 0.0901 

Q9I3D3_PSEAE 2-oxoglutarate dehydrogenase (E1 subunit) sucA 2.5 0.0394 

Q9I5D1_PSEAE AmpDh3 amiD_2 2.5 0.0000 

Q9I129_PSEAE Lipoprotein DR97_5980 2.5 0.0987 

LASA_PSEAE Staphylolytic protease LasA lasA 2.4 0.0458 

CARB_PSEAE Carbamoyl-phosphate synthase large chain carB 2.3 0.0155 

RL20_PSEAE 50S ribosomal protein L20 rplT 2.3 0.0686 

RL5_PSEAE 50S ribosomal protein L5 rplE 2.3 0.0806 

Q9HYZ6_PSEAE Site-determining protein minD 2.2 0.0287 

G3XD55_PSEAE Type 4 fimbrial biogenesis protein PilY2 pilY2 2.2 0.0311 

RL31_PSEAE 50S ribosomal protein L31 DR97_2404 2.1 0.1141 

RL29_PSEAE 50S ribosomal protein L29 rpmC 2.1 0.0991 

RS8_PSEAE 30S ribosomal protein S8 rpsH 2.0 0.1443 

Q9I131_PSEAE Uncharacterized protein DR97_5981 2.0 0.0299 

Q9I4I1_PSEAE Ribonucleoside-diphosphate reductase nrdA 1.9 0.0829 

Q9I3Q6_PSEAE Flagellar hook-length control protein FliK DR97_582 1.8 0.0373 

RHO_PSEAE Transcription termination factor Rho rho 1.8 0.1433 

RISB_PSEAE 6,7-dimethyl-8-ribityllumazine synthase ribH 1.7 0.0165 

Q9HYU8_PSEAE Probable HIT family protein DR97_4635 1.7 0.0162 

Q9I4P9_PSEAE Flagellar hook protein FlgE flgE 1.7 0.0332 

ATPD_PSEAE ATP synthase subunit delta atpH 1.7 0.0721 

Q9HXM5_PSEAE Inosine-5'-monophosphate dehydrogenase guaB 1.6 0.0456 

KDSB_PSEAE 3-deoxy-manno-octulosonate cytidylyltransferase kdsB 1.5 0.0282 

Q9HZM8_PSEAE Ribonuclease E rne 1.5 0.0218 

Q9HYJ2_PSEAE DNA damage-inducible protein YebG DR97_4509 1.5 0.0419 

GLN1B_PSEAE Glutamine synthetase glnA 1.5 0.0321 

ATPE_PSEAE ATP synthase epsilon chain atpC 1.5 0.0333 

Q9HW32_PSEAE Insulin-cleaving metalloproteinase outer membrane protein icmP 1.5 0.0387 

Q9I4I2_PSEAE Ribonucleoside-diphosphate reductase subunit beta nrdB 1.4 0.1165 

RS16_PSEAE 30S ribosomal protein S16 rpsP 1.3 0.0997 

RL4_PSEAE 50S ribosomal protein L4 rplD 1.3 0.0282 

Q9I5S8_PSEAE Probable bacteriophage protein #N/A 1.3 0.0746 

Q9HW15_PSEAE Probable short-chain dehydrogenase speA3 1.2 0.1037 

Q9HV16_PSEAE Glycerophosphodiester phosphodiesterase DR97_2136 1.2 0.0705 

MAO1_PSEAE NAD-dependent malic enzyme maeA 1.2 0.0209 

Q9I5E2_PSEAE 2-methylisocitrate lyase prpB 1.2 0.0377 

G3XD20_PSEAE Periplasmic serine endoprotease DegP-like mucD 1.2 0.1240 

ALR2_PSEAE Alanine racemase, catabolic dadX 1.2 0.0269 

Q9I5E4_PSEAE Probable aconitate hydratase acnD 1.1 0.0980 

ODBB_PSEAE 2-oxoisovalerate dehydrogenase subunit beta bkdA2 1.1 0.0300 

STHA_PSEAE Soluble pyridine nucleotide transhydrogenase sthA 1.1 0.0373 

ILVC_PSEAE Ketol-acid reductoisomerase (NADP(+)) ilvC 1.0 0.0267 

ATPB_PSEAE ATP synthase subunit beta atpD 1.0 0.0397 

Q9HX39_PSEAE Uncharacterized protein conserved in bacteria DR97_3886 1.0 0.0309 

HLDE_PSEAE Bifunctional protein HldE hldE 1.0 0.0696 

Q9I6H5_PSEAE D-3-phosphoglycerate dehydrogenase serA 0.9 0.0842 

Q9I5V9_PSEAE Glutamyl-tRNA amidotransferase DR97_3547 0.9 0.1490 

LAP_PSEAE Leucine aminopeptidase DR97_5001 0.8 0.0431 

RIBB_PSEAE 3,4-dihydroxy-2-butanone 4-phosphate synthase ribB 0.8 0.1323 

HIS7_PSEAE Imidazoleglycerol-phosphate dehydratase hisB 0.8 0.1295 

DADA1_PSEAE D-amino acid dehydrogenase 1 dadA1 0.8 0.0293 

Y3453_PSEAE UPF0502 protein PA3453 DR97_4468 0.6 0.1078 
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Entry name Protein function STRING ID Log2 
ΔLFQ 

q 
value 

FABV_PSEAE Enoyl-[acyl-carrier-protein] reductase [NADH] fabV 0.5 0.1299 

Q9HY50_PSEAE Zinc-type alcohol dehydrogenase-like protein DR97_4372 0.5 0.1483 

Q9HVA8_PSEAE Ferric iron-binding periplasmic protein HitA fbpA 0.4 0.1293 

SYM_PSEAE Methionine--tRNA ligase  metG 0.4 0.1426 

Q9HT52_PSEAE Probable short-chain dehydrogenase tsaC1 -0.5 0.1152 

PQSE_PSEAE 2-aminobenzoylacetyl-CoA thioesterase dfa3 -0.5 0.1297 

DAPD_PSEAE 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-succinyltransferase dapD -0.6 0.1318 

Q9HW72_PSEAE Pyruvate kinase  pykA -0.6 0.0135 

DHOM_PSEAE Homoserine dehydrogenase hom -0.6 0.0830 

Y1579_PSEAE Uncharacterized protein PA1579 DR97_355 -0.6 0.0806 

Q9HVA1_PSEAE Acetolactate synthase isozyme III small subunit ilvN -0.6 0.0366 

MURA_PSEAE UDP-N-acetylglucosamine 1-carboxyvinyltransferase murA -0.6 0.1058 

T23O_PSEAE Tryptophan 2,3-dioxygenase kynA -0.6 0.1167 

SUCD_PSEAE Succinate--CoA ligase [ADP-forming] subunit alpha sucD -0.7 0.0663 

Q9I2R7_PSEAE Probable short-chain dehydrogenase fabG_17 -0.7 0.0369 

Q9HX51_PSEAE Probable transcriptional regulator DR97_3901 -0.7 0.1317 

Q9HXR8_PSEAE Probable FMN oxidoreductase namA -0.7 0.0560 

P5217_PSEAE Probable binding protein component of ABC iron transporter PA5217 DR97_2586 -0.7 0.0664 

Q9I3W1_PSEAE Putative secreted protein DR97_640 -0.7 0.0309 

Q9HW87_PSEAE Formyltetrahydrofolate deformylase purU -0.7 0.1290 

ASTD_PSEAE N-succinylglutamate 5-semialdehyde dehydrogenase astD -0.8 0.0284 

Q9I2W9_PSEAE Phosphoenolpyruvate synthase ppsA -0.8 0.0501 

Q9I0T2_PSEAE Probable acyl-CoA dehydrogenase mmgC3 -0.8 0.1428 

Q9HT66_PSEAE Cysteine hydrolase DR97_2885 -0.8 0.0270 

ALR1_PSEAE Alanine racemase, biosynthetic  DR97_2281 -0.8 0.0775 

Q9HYR6_PSEAE Condensation domain protein DR97_4598 -0.8 0.1323 

GLYA2_PSEAE Serine hydroxymethyltransferase 2 glyA3 -0.8 0.1486 

Q9HTD1_PSEAE Probable transcarboxylase subunit oadA -0.9 0.0666 

Q9I067_PSEAE Putative oxidoreductase puuB1 -0.9 0.1421 

SYV_PSEAE Valine--tRNA ligase valS -0.9 0.0588 

NUOCD_PSEAE NADH-quinone oxidoreductase subunit C/D nuoD -0.9 0.0994 

G3XDA5_PSEAE Anaerobically-induced outer membrane porin OprE oprE -0.9 0.0424 

PCKA_PSEAE Phosphoenolpyruvate carboxykinase (ATP) pckA -0.9 0.0395 

NADA_PSEAE Quinolinate synthase A  nadA -0.9 0.1403 

AROB_PSEAE 3-dehydroquinate synthase aroB -0.9 0.1020 

FABA_PSEAE 3-hydroxydecanoyl-[acyl-carrier-protein] dehydratase FabA fabA -0.9 0.0691 

Q9I4Z7_PSEAE Probable dna-binding stress protein dps2 -0.9 0.0300 

LEU1_PSEAE 2-isopropylmalate synthase  leuA -1.0 0.0403 

RECR_PSEAE Recombination protein RecR recR -1.0 0.1000 

Q9I1S0_PSEAE NADP-dependent oxidoreductase curA -1.0 0.0966 

AAT_PSEAE Aspartate aminotransferase (AspAT) aspC -1.0 0.0526 

Q9HZH0_PSEAE Probable porin opdQ -1.0 0.0624 

Y329_PSEAE UPF0339 protein PA0329 DR97_3294 -1.0 0.0450 

AROE_PSEAE Shikimate dehydrogenase (NADP(+)) aroE -1.0 0.1492 

Q9HVV9_PSEAE 3-deoxy-D-manno-octulosonate 8-phosphate phosphatase KdsC DR97_1637 -1.0 0.1164 

Y3808_PSEAE Uncharacterized protein PA3808 iscX -1.0 0.1198 

Q9HXG8_PSEAE ABC transporter substrate-binding protein DR97_4030 -1.0 0.0267 

METH_PSEAE Methionine synthase metH -1.0 0.0410 

GLO2_PSEAE Hydroxyacylglutathione hydrolase  (Glyoxalase II) gloB -1.0 0.0951 

Q9HY81_PSEAE Probable peroxidase tsaA -1.0 0.0304 

Q9I5A7_PSEAE Inner membrane lipoprotein YiaD yiaD_1 -1.0 0.0473 

Q9I5A8_PSEAE Beta-lactamase ycbL -1.0 0.1490 

DAPB_PSEAE 4-hydroxy-tetrahydrodipicolinate reductase dapB -1.0 0.0325 

Q9HZ15_PSEAE Probable transcriptional regulator DR97_4710 -1.1 0.0602 

Q9I2F4_PSEAE Ribokinase rbsK -1.1 0.0689 

Q9I083_PSEAE Probable outer membrane protein oprD3 -1.1 0.0566 

HCNB_PSEAE Hydrogen cyanide synthase subunit HcnB DR97_6236 -1.1 0.0730 

Q9I348_PSEAE Cysteine hydrolase DR97_211 -1.1 0.0301 

PGK_PSEAE Phosphoglycerate kinase  pgk -1.1 0.0411 

ARGC_PSEAE N-acetyl-gamma-glutamyl-phosphate reductase argC -1.1 0.0285 

ETFB_PSEAE Electron transfer flavoprotein subunit beta etfB -1.1 0.0364 

ASPQ_PSEAE Glutaminase-asparaginase ansB -1.1 0.0345 

TPIS_PSEAE Triosephosphate isomerase tpiA -1.1 0.1212 

Q9HVW4_PSEAE ABC transporter periplasmic binding protein MlaC ttg2D -1.1 0.1320 

Q9I746_PSEAE Putative secretion protein DR97_3043 -1.1 0.1021 

Q9I765_PSEAE Oligopeptidase A prlC -1.1 0.0278 

Q9HVS3_PSEAE Probable metallopeptidase pepQ -1.2 0.1316 

Q9HXY0_PSEAE Probable aminotransferase dapC -1.2 0.0405 

ETFA_PSEAE Electron transfer flavoprotein subunit alpha etfA -1.2 0.0126 

DAVT_PSEAE 5-aminovalerate aminotransferase DavT gabT -1.2 0.0325 

OADC_PSEAE Oxaloacetate decarboxylase  bcpA -1.2 0.0077 

GSHB_PSEAE Glutathione synthetase gshB -1.2 0.0311 

Q9HVU6_PSEAE (R)-stereoselective amidase DR97_1654 -1.2 0.0582 

DLDH2_PSEAE Dihydrolipoyl dehydrogenase lpd -1.2 0.0291 

Q9I3L9_PSEAE Sulfate-binding protein of ABC transporter sbp3 -1.2 0.0379 

ILVE_PSEAE Branched-chain-amino-acid aminotransferase ilvE -1.2 0.0434 

Q9I4C2_PSEAE Class I SAM-dependent methyltransferase DR97_718 -1.2 0.0758 

Q9HW68_PSEAE Fumarate hydratase class I  fumA -1.2 0.0692 

SPUD_PSEAE Putrescine-binding periplasmic protein SpuD potF1 -1.2 0.0274 

Q14T74_PSEAE Putative NAD(P) transhydrogenase, subunit alpha part 1 pntAA -1.2 0.0281 
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Q9HUD3_PSEAE Malic enzyme maeB -1.2 0.0302 

AROQ1_PSEAE 3-dehydroquinate dehydratase 1 aroQ1 -1.2 0.0300 

PDXA_PSEAE 4-hydroxythreonine-4-phosphate dehydrogenase pdxA -1.3 0.0778 

Q9HTM3_PSEAE UPF0701 protein yicC -1.3 0.1438 

Q9HZH7_PSEAE Molybdenum cofactor biosynthesis protein B moaB_1 -1.3 0.1247 

HUTI_PSEAE Imidazolonepropionase hutI -1.3 0.0789 

GCH1L_PSEAE GTP cyclohydrolase 1 type 2 homolog DR97_1622 -1.3 0.0277 

Q9HU31_PSEAE Amino acid (Lysine/arginine/ornithine/histidine/octopine) ABC transporter periplasmic 
binding protein 

artJ -1.3 0.0281 

Q9HZI9_PSEAE Universal stress protein DR97_4920 -1.3 0.0120 

THRC_PSEAE Threonine synthase thrC -1.3 0.1385 

Q9HWZ2_PSEAE FecR protein DR97_3832 -1.3 0.1296 

G3XD47_PSEAE Arginine/ornithine binding protein AotJ argT3 -1.3 0.0129 

Q9HY51_PSEAE Antibiotic biosynthesis monooxygenase ycnE -1.3 0.0285 

Q9I4S7_PSEAE Probable esterase DR97_897 -1.3 0.0876 

HISZ_PSEAE ATP phosphoribosyltransferase regulatory subunit hisZ -1.4 0.0950 

ILVD_PSEAE Dihydroxy-acid dehydratase (DAD)  ilvD -1.4 0.0302 

GATB_PSEAE Aspartyl/glutamyl-tRNA(Asn/Gln) amidotransferase subunit B gatB -1.4 0.0991 

Q9HY22_PSEAE Response regulator ErdR erdR -1.4 0.1262 

Q9HTU9_PSEAE Glyoxalase elbB -1.4 0.0958 

Q9I0R1_PSEAE Nitroreductase DR97_5594 -1.4 0.0323 

Q9I2A6_PSEAE 3-hydroxybutyrate dehydrogenase bdhA -1.4 0.1166 

CBPD_PSEAE Chitin-binding protein CbpD (Protease LasD) cbpD -1.4 0.1499 

GLMU_PSEAE Bifunctional protein GlmU glmU -1.4 0.0295 

Q9I6K7_PSEAE Sulfate-binding protein sbp1 -1.4 0.0675 

GATA_PSEAE Glutamyl-tRNA(Gln) amidotransferase subunit  gatA -1.4 0.0708 

NADC_PSEAE Nicotinate-nucleotide pyrophosphorylase [carboxylating] nadC -1.4 0.1439 

Q9HU22_PSEAE Glucose-1-phosphate thymidylyltransferase  rfbA -1.4 0.0984 

NQOR_PSEAE NAD(P)H dehydrogenase (quinone) / Flavoprotein WrbA wrbA -1.4 0.0977 

HIS3_PSEAE Phosphoribosyl-AMP cyclohydrolase hisI -1.4 0.1421 

CATA_PSEAE Catalase  katA -1.4 0.0270 

PURA_PSEAE Adenylosuccinate synthetase purA -1.4 0.0147 

RS18_PSEAE 30S ribosomal protein S18 rpsR -1.5 0.0407 

G3XD52_PSEAE (R)-specific enoyl-CoA hydratase phaJ -1.5 0.0274 

Q9HTR6_PSEAE Nitrogen regulatory protein P-II 2 glnK -1.5 0.0481 

ACKA_PSEAE Acetate kinase  ackA1 -1.5 0.0980 

Q9HY11_PSEAE Cytochrome D ubiquinol oxidase subunit II DR97_4324 -1.5 0.1152 

Q9HW45_PSEAE Xenobiotic reductase nemA3 -1.5 0.0086 

TRPB_PSEAE Tryptophan synthase beta chain  trpB -1.5 0.0214 

G3XDA2_PSEAE 3-oxoacyl-[acyl-carrier-protein] synthase 2  fabF1 -1.5 0.0274 

DEF_PSEAE Peptide deformylase def_1 -1.5 0.0371 

Y3435_PSEAE Uncharacterized protein PA3435 cinC -1.5 0.0622 

Q9HXR0_PSEAE Uncharacterized protein DR97_4146 -1.5 0.0362 

DAPA_PSEAE 4-hydroxy-tetrahydrodipicolinate synthase dapA_1 -1.5 0.0366 

PYRE_PSEAE Orotate phosphoribosyltransferase pyrE -1.5 0.0308 

CYSNC_PSEAE Bifunctional enzyme CysN/CysC cysN/C -1.5 0.0445 

MTIP_PSEAE S-methyl-5'-thioinosine phosphorylase mtnP -1.5 0.0300 

SPUE_PSEAE Spermidine-binding periplasmic protein SpuE potF3 -1.6 0.0200 

Q9HVU7_PSEAE Metalloprotease TldD tldD -1.6 0.0732 

LOLA_PSEAE Outer-membrane lipoprotein carrier protein lolA -1.6 0.1266 

CHMU_PSEAE Monofunctional chorismate mutase  DR97_2554 -1.6 0.0283 

PROA_PSEAE Gamma-glutamyl phosphate reductase proA -1.6 0.0611 

GCH12_PSEAE GTP cyclohydrolase 1 2 folE3 -1.6 0.0994 

Q9I338_PSEAE LTA synthase family protein DR97_198 -1.6 0.0436 

UBIC_PSEAE Probable chorismate pyruvate-lyase ubiC -1.6 0.0949 

Q9I2D5_PSEAE Lipoprotein DR97_5879 -1.6 0.0293 

SAHH_PSEAE Adenosylhomocysteinase ahcY -1.6 0.0098 

Q9I0Z1_PSEAE Oxidoreductase MexS DR97_5681 -1.6 0.0460 

Q9I296_PSEAE Putative isovaleryl-CoA dehydrogenase IVD1 -1.6 0.0294 

Y4667_PSEAE TPR repeat-containing protein PA4667 DR97_1976 -1.6 0.1251 

Q9HTN7_PSEAE Probable binding protein component of ABC dipeptide transporter dppA1 -1.6 0.0337 

Q9I3D5_PSEAE Succinate dehydrogenase flavoprotein subunit  sdhA -1.6 0.0218 

Q9HX07_PSEAE Murein peptide ligase mpl -1.7 0.0763 

Q9I610_PSEAE Probable acyl-CoA dehydrogenase DR97_3476 -1.7 0.0321 

FUR_PSEAE Ferric uptake regulation protein fur -1.7 0.0222 

Q9HXS8_PSEAE Spermidine dehydrogenase, SpdH DR97_4164 -1.7 0.0289 

Q9I0D3_PSEAE Cysteine synthase  cysK -1.7 0.0355 

Q9HZ93_PSEAE Probable aldolase eda_1 -1.7 0.0299 

Y2980_PSEAE UPF0434 protein PA2980 DR97_4959 -1.7 0.0665 

TOLB_PSEAE Tol-Pal system protein TolB tolB -1.7 0.1398 

PDXJ_PSEAE Pyridoxine 5'-phosphate synthase pdxJ -1.7 0.0276 

BIOB_PSEAE Biotin synthase  bioB -1.7 0.0403 

METK_PSEAE S-adenosylmethionine synthase metK -1.7 0.0327 

AK_PSEAE Aspartokinase lysC -1.7 0.0302 

Q9I2R2_PSEAE Probable oxidoreductase yhfP -1.7 0.0148 

Q9HWI2_PSEAE Probable acyl-CoA dehydrogenase DR97_3476 -1.7 0.0415 

QOR_PSEAE Quinone oxidoreductase qor -1.8 0.0667 

SUHB_PSEAE Inositol-1-monophosphatase suhB -1.8 0.1402 

G3XCZ6_PSEAE Malonyl CoA-acyl carrier protein transacylase  fabD -1.8 0.0269 

Q9I2C4_PSEAE NAD+ dependent aldehyde dehydrogenase ExaC aldA3 -1.8 0.0304 

Q9HX05_PSEAE Probable aldehyde dehydrogenase aldA1 -1.8 0.0306 

Q9HTF4_PSEAE GbcA gbcA -1.8 0.1320 
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ARCA_PSEAE Arginine deiminase arcA -1.8 0.0274 

Q9I500_PSEAE HIT domain-containing protein DR97_978 -1.8 0.1013 

CSRA_PSEAE Translational regulator CsrA DR97_1038 -1.8 0.0489 

PURE_PSEAE N5-carboxyaminoimidazole ribonucleotide mutase purE -1.8 0.0997 

Q9HUP7_PSEAE Putative ADP-ribose pyrophosphatase DR97_2267 -1.8 0.0272 

Q9I6Q7_PSEAE Beta-ketoadipate enol-lactone hydrolase catD -1.8 0.0298 

FADB_PSEAE Fatty acid oxidation complex subunit alpha fadB -1.8 0.1171 

Q9HTL9_PSEAE Enamine/imine deaminase yabJ_5 -1.8 0.0597 

Y3998_PSEAE UPF0250 protein PA3998 DR97_3869 -1.8 0.0272 

LDC_PSEAE Murein tetrapeptide carboxypeptidase DR97_2567 -1.9 0.0373 

Q9I0T0_PSEAE Probable short-chain dehydrogenase linC_1 -1.9 0.0226 

Q9I6C3_PSEAE Insulinase family protein DR97_3338 -1.9 0.1300 

NMO_PSEAE Nitronate monooxygenase DR97_920 -1.9 0.0269 

6PGL_PSEAE 6-phosphogluconolactonase (6PGL)  pgl -1.9 0.1264 

GLMS_PSEAE Glutamine--fructose-6-phosphate aminotransferase [isomerizing] glmS -1.9 0.0458 

Q9I0V4_PSEAE Metalloprotease TldD DR97_5642 -1.9 0.0364 

Q9I584_PSEAE Morphogene protein BolA bolA -1.9 0.0290 

Q9HUQ0_PSEAE Probable binding protein component of ABC transporter livJ -1.9 0.0335 

Q9I4W2_PSEAE Lipoprotein DR97_936 -1.9 0.0299 

Q9I3C4_PSEAE Dienelactone hydrolase DR97_292 -1.9 0.0562 

GATC_PSEAE Glutamyl-tRNA(Gln) amidotransferase subunit C gatC -2.0 0.1180 

Q9HTW6_PSEAE Aminopeptidase P pepP -2.0 0.0778 

HGD_PSEAE Homogentisate 1,2-dioxygenase hmgA -2.0 0.0291 

TAL_PSEAE Transaldolase  tal -2.0 0.1212 

Q9I4D6_PSEAE Probable hydrolase ycaC -2.0 0.0520 

Q9I3D4_PSEAE Succinate dehydrogenase (B subunit) sdhB -2.0 0.0323 

RL28_PSEAE 50S ribosomal protein L28 rpmB -2.0 0.0673 

PYRR_PSEAE Bifunctional protein PyrR pyrR -2.0 0.0375 

MURD_PSEAE UDP-N-acetylmuramoylalanine--D-glutamate ligase murD -2.0 0.0669 

Q9I766_PSEAE Gamma carbonic anhydrase family protein yrdA -2.0 0.0399 

GGT_PSEAE Glutathione hydrolase proenzyme DR97_456 -2.0 0.0151 

PHHC_PSEAE Aromatic-amino-acid aminotransferase  phhC -2.0 0.0140 

HISX_PSEAE Histidinol dehydrogenase hisD -2.0 0.0407 

GMHA_PSEAE Phosphoheptose isomerase gmhA -2.0 0.0432 

Q9I015_PSEAE Probable aminotransferase alaA -2.1 0.1495 

Q9HVY1_PSEAE Probable oxidoreductase tas -2.1 0.1268 

Q9I5T1_PSEAE Ribulose-phosphate 3-epimerase  rpe -2.1 0.0672 

Q9HYP8_PSEAE STAS-domain containing protein PA14_20770 DR97_4580 -2.1 0.0286 

Q9HXJ0_PSEAE Iron-binding protein IscA iscA -2.1 0.0274 

Q9HXK0_PSEAE (R)-stereoselective amidase yafV -2.1 0.0266 

Q9I1R3_PSEAE Probable binding protein component of ABC transporter DR97_6226 -2.1 0.0302 

Q9HYB3_PSEAE Leucyl-tRNA synthetase DR97_4428 -2.1 0.0452 

Q9I6W2_PSEAE Uncharacterized protein PA14_02130 DR97_3126 -2.1 0.0594 

Q9I2T8_PSEAE Peptidylprolyl isomerase  ppiD -2.1 0.0483 

Q9I5I4_PSEAE Probable enoyl-CoA hydratase/isomerase DR97_1239 -2.1 0.0127 

BAUA_PSEAE Beta-alanine--pyruvate aminotransferase  aptA -2.1 0.0897 

Q9I078_PSEAE Putative peroxidase DR97_5186 -2.1 0.0427 

METZ_PSEAE O-succinylhomoserine sulfhydrylase metZ -2.2 0.0308 

Q9I1R8_PSEAE Probable dehydrogenase yfjR -2.2 0.0077 

RNPH_PSEAE Ribonuclease PH rph -2.2 0.0298 

NUOG_PSEAE NADH-quinone oxidoreductase subunit G nuoG -2.2 0.0875 

Q9I6Y9_PSEAE Nonspecific ribonucleoside hydrolase nuh -2.2 0.0295 

IMM2_PSEAE Pyocin-S2 immunity protein imm1 -2.2 0.0715 

GPMI_PSEAE 2,3-bisphosphoglycerate-independent phosphoglycerate mutase gpmI -2.2 0.0357 

ISCS_PSEAE Cysteine desulfurase IscS  iscS1 -2.2 0.1261 

HUTH_PSEAE Histidine ammonia-lyase hutH -2.3 0.0090 

ASTE_PSEAE Succinylglutamate desuccinylase  astE -2.3 0.0397 

G3XD40_PSEAE Probable acyl-CoA thiolase thlA -2.3 0.0370 

Q9I1E8_PSEAE Acyl-CoA dehydrogenase DR97_6102 -2.3 0.1242 

HEM3_PSEAE Porphobilinogen deaminase hemC -2.3 0.0314 

ISPF_PSEAE 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase ispF -2.3 0.0000 

HSLO_PSEAE 33 kDa chaperonin (Heat shock protein 33 homolog) hslO -2.3 0.0869 

Q9I612_PSEAE Probable acyl-CoA dehydrogenase DR97_3474 -2.3 0.1165 

HEM6_PSEAE Oxygen-dependent coproporphyrinogen-III oxidase hemF -2.4 0.0429 

Q9HYK7_PSEAE Ferredoxin--NADP+ reductase fpr -2.4 0.0160 

Q9HVS6_PSEAE DUF541 domain-containing protein DR97_1674 -2.4 0.0590 

Q9I5I3_PSEAE Probable acyl-CoA dehydrogenase Acad8 -2.4 0.0522 

Q820A5_PSEAE Probable pyridoxamine 5'-phosphate oxidase phzD -2.4 0.1208 

Q9HUA7_PSEAE Probable binding protein component of ABC transporter fliY_1 -2.5 0.0264 

G3XDB0_PSEAE Catabolite repression control protein crc -2.5 0.0998 

BRAC_PSEAE Leucine-, isoleucine-, valine-, threonine-, and alanine-binding protein braC -2.5 0.0367 

Y2116_PSEAE Putative hydro-lyase PA2116  DR97_5736 -2.5 0.0298 

MTNA_PSEAE Methylthioribose-1-phosphate isomerase mtnA -2.5 0.0604 

Q9I298_PSEAE Putative 3-methylglutaconyl-CoA hydratase liuC -2.5 0.0417 

FUMC1_PSEAE Fumarate hydratase class II 1 fumC -2.5 0.0494 

Q9HU92_PSEAE N-formylglutamate amidohydrolase hutG3 -2.5 0.0285 

FABY_PSEAE Beta-ketoacyl-[acyl-carrier-protein] synthase FabY DR97_2542 -2.5 0.0286 

Q9HZC5_PSEAE Aminopeptidase N pepN -2.5 0.0369 

FABI_PSEAE Enoyl-[acyl-carrier-protein] reductase [NADH] FabI fabI -2.5 0.0169 

MTND_PSEAE Acireductone dioxygenase mtnD -2.6 0.0277 
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ARUC_PSEAE Succinylornithine transaminase/acetylornithine aminotransferase aruC -2.6 0.0094 

Q9HW65_PSEAE Protease yfkM_1 -2.6 0.0998 

DNAJ_PSEAE Chaperone protein DnaJ dnaJ -2.6 0.0454 

TGT_PSEAE Queuine tRNA-ribosyltransferase  tgt -2.7 0.0487 

Q9HVZ7_PSEAE UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase murF -2.7 0.0135 

PYRC_PSEAE Dihydroorotase DR97_4415 -2.7 0.0280 

ASTB_PSEAE N-succinylarginine dihydrolase  astB -2.7 0.0377 

PUR2_PSEAE Phosphoribosylamine--glycine ligase purD -2.7 0.0409 

PORD_PSEAE Porin D oprD5 -2.7 0.0301 

Q9HUE4_PSEAE Homocysteine synthase cysD1 -2.7 0.0143 

CYSM_PSEAE Cysteine synthase B cysM -2.7 0.0305 

Q9I5I5_PSEAE Probable enoyl-CoA hydratase/isomerase DR97_1240 -2.7 0.0302 

ALKD_PSEAE 2-dehydro-3-deoxy-phosphogluconate aldolase eda_4 -2.7 0.0083 

SKPL_PSEAE Skp-like protein skp -2.8 0.0666 

Q9HX85_PSEAE ABC transporter substrate-binding protein metQ1 -2.8 0.0307 

G3XCV4_PSEAE Probable pyridoxamine 5'-phosphate oxidase phzD -2.8 0.0874 

AROC_PSEAE Chorismate synthase  aroC -2.8 0.0305 

PQSD_PSEAE Anthraniloyl-CoA anthraniloyltransferase pqsD -2.8 0.0298 

KYNB_PSEAE Kynurenine formamidase kynB -2.9 0.1429 

Q9HVX5_PSEAE Alpha/beta hydrolase DR97_1618 -2.9 0.0365 

RS19_PSEAE 30S ribosomal protein S19 rpsS -2.9 0.0303 

Q9HTI6_PSEAE Choline ABC transporter substrate-binding protein gbuC_2 -2.9 0.0405 

EFG2_PSEAE Elongation factor G 2 fusB -3.0 0.0292 

SECB_PSEAE Protein-export protein SecB secB -3.0 0.0761 

PHZB2_PSEAE Phenazine biosynthesis protein PhzB2 phzB2_2 -3.0 0.0271 

LIUE_PSEAE 3-hydroxy-3-isohexenylglutaryl-CoA/hydroxy-methylglutaryl-CoA lyase HMGCL -3.0 0.0072 

Q9I6G0_PSEAE L-threonine dehydratase ilvA1 -3.1 0.0297 

CLPP2_PSEAE ATP-dependent Clp protease proteolytic subunit 2 clpP2 -3.1 0.0663 

Q9I659_PSEAE Probable ClpA/B protease ATP binding subunit clpB1 -3.1 0.0413 

CATB_PSEAE Catalase  (Paraquat-inducible catalase isozyme B) katB -3.1 0.0274 

Q9HT28_PSEAE Class I SAM-dependent methyltransferase DR97_2925 -3.2 0.0319 

Q9HX12_PSEAE Aldehyde dehydrogenase, PaaZ phaJ4 -3.2 0.0277 

RMLC_PSEAE dTDP-4-dehydrorhamnose 3,5-epimerase rfbC -3.3 0.0302 

PUR8_PSEAE Adenylosuccinate lyase DR97_5333 -3.3 0.0139 

Q9HY02_PSEAE S-formylglutathione hydrolase  fghA -3.3 0.0108 

Q9HZ04_PSEAE Probable glycine betaine-binding protein gbuC_3 -3.4 0.0158 

NUOF_PSEAE NADH-quinone oxidoreductase subunit F nuoF -3.4 0.0368 

PHZD1_PSEAE Phenazine biosynthesis protein PhzD1 DR97_3698 -3.4 0.0135 

Q9HZA1_PSEAE Enamine deaminase RidA DR97_4810 -3.4 0.0271 

EDD_PSEAE Phosphogluconate dehydratase edd -3.5 0.0098 

PQSB_PSEAE 2-heptyl-4(1H)-quinolone synthase subunit PqsB pqsB -3.6 0.0353 

AHPF_PSEAE Alkyl hydroperoxide reductase subunit F  ahpF -3.6 0.0090 

Q9HTG8_PSEAE Peptidase M19 DR97_2772 -3.6 0.0275 

FADH_PSEAE Glutathione-independent formaldehyde dehydrogenase fdhA -3.7 0.0536 

GSHR_PSEAE Glutathione reductase gor -3.7 0.0661 

G3P_PSEAE Glyceraldehyde-3-phosphate dehydrogenase gap1 -3.8 0.0000 

Q9I2F8_PSEAE Binding protein component of ABC ribose transporter rbsB -3.8 0.0000 

Q9I6H4_PSEAE FAD-binding oxidoreductase DR97_3281 -3.8 0.0132 

Q9HZI4_PSEAE MOSC domain-containing protein DR97_4915 -3.9 0.0135 

Q9I081_PSEAE Cupin DR97_5191 -3.9 0.0272 

Q9HVR9_PSEAE Probable binding protein component of ABC transporter dppA3 -3.9 0.0000 

PHZD2_PSEAE Phenazine biosynthesis protein PhzD2 DR97_3698 -4.0 0.0000 

Y3922_PSEAE Uncharacterized protein PA3922 DR97_3944 -4.1 0.0280 

Q9I593_PSEAE Probable alkyl hydroperoxide reductase DR97_1096 -4.1 0.0108 

Q9HVS5_PSEAE Probable binding protein component of ABC transporter dppA9 -4.3 0.0120 

Q9I1E7_PSEAE Alkyl hydroperoxide reductase AhpD  DR97_6101 -4.5 0.0310 

Q9HVS1_PSEAE Probable binding protein component of ABC transporter dppA5 -4.5 0.0278 

Y3332_PSEAE Uncharacterized PhzA/B-like protein PA3332 DR97_4595 -4.6 0.0294 

MMSA_PSEAE Methylmalonate-semialdehyde dehydrogenase [acylating] mmsA1 -4.7 0.0103 

HUTU_PSEAE Urocanate hydratase hutU -4.8 0.0080 

Q9HZ48_PSEAE Probable binding protein component of ABC sugar transporter DR97_4746 -5.4 0.0083 

PHZB1_PSEAE Phenazine biosynthesis protein PhzB1 phzB1 -5.7 0.0289 

PHZM_PSEAE Phenazine-1-carboxylate N-methyltransferase  phzM -5.8 0.0000 

 

Table S7: Differences in S. aureus protein abundance (Student’s t-test, FDR 0.15) in co-culture 

vs. monoculture exoproteome.  

Entry name Protein function STRING ID Log2 
ΔLF
Q 

q 
value 

WP_000752917.1 CsbD family protein AID39348.1 3.7 0.0634 

WP_000401377.1 phosphopantetheine adenylyltransferase coaD 2.0 0.0480 

WP_000447678.1 beta-hydroxyacyl-ACP dehydratase fabZ 2.0 0.0873 

WP_000228670.1 protein-tyrosine-phosphatase ptpA 1.9 0.0000 

WP_000180460.1 DUF1128 domain-containing protein AID40418.1 1.8 0.0489 

WP_000818278.1 succinate dehydrogenase flavoprotein subunit sdhA 1.5 0.0704 

WP_000181127.1 polyisoprenoid-binding protein AID41402.1 1.4 0.0733 
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Entry name Protein function STRING ID Log2 
ΔLF
Q 

q 
value 

WP_000018608.1 cell division protein SepF sepF 1.4 0.1032 

WP_000848351.1 phosphoribosylformylglycinamidine synthase subunit PurS purS 1.2 0.0680 

WP_001231458.1 diacylglycerol kinase dagK 1.2 0.0886 

WP_001123276.1 tautomerase AID39820.1 1.1 0.0853 

WP_000214898.1 DUF2187 domain-containing protein AID39466.1 1.0 0.1477 

WP_000277983.1 formimidoylglutamase hutG 1.0 0.1327 

WP_000457386.1 50S ribosomal protein L21 rplU 1.0 0.0484 

WP_000075713.1 heme-dependent peroxidase AID39084.1 0.9 0.0000 

WP_000781946.1 zinc-binding alcohol dehydrogenase AID40879.1 0.9 0.0843 

WP_000811163.1 thioredoxin AID40215.1 0.8 0.0535 

WP_000446724.1 7-cyano-7-deazaguanine synthase QueC queC 0.8 0.0725 

WP_000934799.1 single-stranded DNA-binding protein ssb 0.8 0.1487 

WP_000249652.1 tRNA uridine-5-carboxymethylaminomethyl(34) synthesis enzyme 
MnmG 

gidA 0.8 0.0476 

WP_000668339.1 cell-wall-binding lipoprotein AID39529.1 0.8 0.0367 

WP_000640738.1 1-phosphofructokinase fruB 0.8 0.0511 

WP_000148605.1 redox-regulated molecular chaperone Hsp33 hslO 0.7 0.0966 

WP_000032653.1 NUDIX domain-containing protein AID40145.1 0.7 0.0904 

WP_001793983.1 aminopeptidase PepS AID40417.1 0.6 0.0681 

WP_000197806.1 phosphopentomutase deoB 0.6 0.0564 

WP_001261460.1 30S ribosomal protein S6 rpsF 0.6 0.1468 

WP_001096577.1 50S ribosomal protein L30 rpmD 0.6 0.1022 

WP_000985618.1 bacillithiol system redox-active protein YtxJ AID39249.1 0.5 0.1490 

WP_000193707.1 phosphogluconate dehydrogenase (NADP(+)-dependent, 
decarboxylating) 

gnd 0.5 0.0564 

WP_000631982.1 cysteine--tRNA ligase cysS 0.5 0.1474 

WP_000160304.1 purine-nucleoside phosphorylase AID40824.1 0.5 0.0881 

WP_000514375.1 nitrate reductase subunit alpha narG 0.4 0.0532 

WP_000863437.1 dihydrolipoyllysine-residue acetyltransferase component of 
pyruvate dehydrogenase complex 

pdhC 0.4 0.0569 

WP_000918664.1 DNA-directed RNA polymerase subunit beta rpoB 0.4 0.0871 

WP_000734077.1 alanine--tRNA ligase alaS 0.4 0.0708 

WP_001260089.1 triose-phosphate isomerase tpiA 0.4 0.1029 

WP_000626504.1 elongation factor P efp 0.3 0.1456 

WP_000035325.1 pyruvate dehydrogenase E1 component subunit alpha pdhA 0.3 0.1208 

WP_000081181.1 beta-ketoacyl-[acyl-carrier-protein] synthase II fabF -0.2 0.1218 

WP_000424963.1 GMP synthase (glutamine-hydrolyzing) guaA -0.3 0.0931 

WP_000842032.1 lipase AID41384.1 -0.3 0.0966 

WP_000933774.1 ribose-phosphate pyrophosphokinase prs -0.3 0.1130 

WP_000057594.1 cysteine synthase cysK -0.3 0.0700 

WP_000068176.1 pyruvate dehydrogenase E1 component subunit beta pdhB -0.3 0.0863 

WP_000186043.1 tyrosine--tRNA ligase tyrS -0.4 0.0715 

WP_000473654.1 glucose-specific phosphotransferase enzyme IIA component crr -0.4 0.1110 

WP_000277602.1 universal stress protein AID40175.1 -0.4 0.0843 

WP_000082722.1 oligoendopeptidase F AID39438.1 -0.4 0.0603 

WP_000048712.1 uracil phosphoribosyltransferase upp -0.5 0.0704 

WP_001251219.1 glucosamine-6-phosphate isomerase AID40324.1 -0.5 0.0892 

WP_000098285.1 lipoteichoic acid synthase ltaS -0.5 0.1277 

WP_001185462.1 hydroxymethylpyrimidine/phosphomethylpyrimidine kinase AID39077.1 -0.5 0.0691 

WP_000863474.1 signal recognition particle protein ffh -0.5 0.1045 

WP_000157650.1 50S ribosomal protein L25 ctc -0.5 0.0873 

WP_000959426.1 alanine dehydrogenase ald1 -0.5 0.0668 

WP_001130051.1 malate:quinone oxidoreductase AID41318.1 -0.5 0.0541 

WP_001074749.1 phosphoglycerate kinase pgk -0.5 0.0693 

WP_000034728.1 pyridoxal 5'-phosphate synthase lyase subunit PdxS pdxS -0.5 0.0714 

WP_000358009.1 UDP-N-acetylglucosamine 1-carboxyvinyltransferase murA1 -0.5 0.1316 

WP_000532966.1 YebC/PmpR family DNA-binding transcriptional regulator AID39177.1 -0.5 0.1221 

WP_000908974.1 phenylalanine--tRNA ligase subunit beta pheT -0.6 0.0440 

WP_000169223.1 6-phospho-beta-galactosidase lacG -0.6 0.1409 

WP_000185311.1 glycerophosphodiester phosphodiesterase glpQ -0.6 0.0613 

WP_000955797.1 bifunctional acetaldehyde-CoA/alcohol dehydrogenase adhE -0.6 0.0499 

WP_000210828.1 serine/threonine dehydratase tdcB -0.7 0.0523 

WP_000116227.1 class II fumarate hydratase fumC -0.7 0.0644 

WP_000279414.1 Glyceraldehyde-3-phosphate dehydrogenase 1 gapA1 -0.7 0.0501 

WP_000858795.1 asparagine--tRNA ligase asnS -0.7 0.0706 

WP_000670755.1 FAA hydrolase family protein AID39404.1 -0.7 0.0469 

WP_001230225.1 hydroxymethylbilane synthase hemC -0.7 0.1326 

WP_000257888.1 DUF1447 family protein AID39527.1 -0.7 0.0885 

WP_001218603.1 aerobic glycerol-3-phosphate dehydrogenase glpD -0.7 0.1176 

WP_000958522.1 chromosome partitioning protein ParA AID40854.1 -0.7 0.0703 

WP_000813536.1 pyruvate decarboxylase AID38614.1 -0.7 0.0518 

WP_000290401.1 aldehyde dehydrogenase aldA -0.8 0.1416 

WP_000166055.1 fatty acid-binding protein DegV AID39887.1 -0.8 0.0694 

WP_000138487.1 NAD-specific glutamate dehydrogenase gluD -0.8 0.0720 

WP_001043863.1 DNA-binding protein HU AID39935.1 -0.8 0.0752 

WP_000202178.1 glycine dehydrogenase gcvPB -0.8 0.0884 

WP_000219068.1 catabolite control protein A ccpA -0.8 0.0852 

WP_001118708.1 nitrite reductase large subunit nasD -0.8 0.1120 

WP_000872486.1 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase tarI -0.8 0.0656 

WP_000136257.1 thiol peroxidase Tpx tpx -0.9 0.0498 



Entry name Protein function STRING ID Log2 
ΔLF
Q 

q 
value 

WP_000860045.1 3-methyl-2-oxobutanoate hydroxymethyltransferase panB -0.9 0.0575 

WP_000178881.1 30S ribosomal protein S8 rpsH -0.9 0.0524 

WP_001274017.1 30S ribosomal protein S20 rpsT -0.9 0.0711 

WP_001074353.1 carbamate kinase 1 arcC1 -0.9 0.0684 

WP_000503824.1 molybdenum cofactor biosynthesis protein moaB -1.0 0.0547 

WP_001279341.1 PDZ domain-containing protein AID40197.1 -1.0 0.0931 

WP_000867193.1 dihydroxyacetone kinase subunit L AID39159.1 -1.1 0.0833 

WP_000902175.1 hypothetical protein AID39870.1 -1.1 0.0547 

WP_000163281.1 type 1 glutamine amidotransferase AID40346.1 -1.1 0.1177 

WP_001172340.1 acetyl-CoA synthetase AID41319.1 -1.1 0.0505 

WP_000737654.1 manganese transport protein C (MntC) AID39138.1 -1.2 0.1210 

WP_000660054.1 argininosuccinate synthase argG -1.2 0.0588 

WP_000167269.1 3-oxoacyl-[acyl-carrier-protein] reductase fabG -1.2 0.0603 

WP_000437472.1 phosphocarrier protein HPr AID39520.1 -1.2 0.0484 

WP_001124985.1 arginine repressor AID39985.1 -1.2 0.0590 

WP_000792567.1 immunoglobulin-binding protein sbi sbi -1.2 0.1414 

WP_001283444.1 MarR family transcriptional regulator rat -1.3 0.1475 

WP_000163995.1 6-phospho-beta-glucosidase bglA -1.3 0.0491 

WP_000036076.1 HTH-type transcriptional regulator SarR sarR -1.3 0.0657 

WP_000186306.1 Cof-type HAD-IIB family hydrolase AID39789.1 -1.3 0.0562 

WP_001051856.1 YtxH domain-containing protein AID40224.1 -1.3 0.0714 

WP_000649898.1 glutamate ABC transporter permease AID40328.1 -1.3 0.0692 

WP_001270861.1 glutamate-1-semialdehyde 2,1-aminomutase hemL1 -1.3 0.0551 

WP_001018677.1 transcriptional regulator SarA sarA -1.3 0.1165 

WP_001030080.1 glycine--tRNA ligase glyQS -1.5 0.0693 

WP_000690439.1 pyridoxal 5'-phosphate synthase glutaminase subunit PdxT pdxT -1.5 0.0573 

WP_000942303.1 ABC transporter ATP-binding protein AID39848.1 -1.5 0.1493 

WP_000717560.1 ATP-dependent 6-phosphofructokinase pfkA -1.5 0.1047 

AIO22395.1 p_multicopper oxidase #N/A -1.5 0.0981 

WP_000277155.1 hypothetical multicopper oxidase protein #N/A -1.5 0.0991 

WP_000545373.1 Asp-tRNA(Asn)/Glu-tRNA(Gln) amidotransferase GatCAB subunit 
B 

gatB -1.5 0.0510 

WP_000751265.1 transglycosylase IsaA isaA -1.6 0.1188 

WP_000019697.1 aminomethyl-transferring glycine dehydrogenase gcvPA -1.6 0.0718 

WP_000745926.1 clumping factor B (ClfB) clfB -1.6 0.0881 

WP_001283612.1 redox-sensing transcriptional repressor Rex rex -1.7 0.0488 

WP_000735554.1 putative exported protein AID39120.1 -1.7 0.0360 

WP_000876758.1 HTH-type transcriptional regulator SarS sarS -1.7 0.0524 

WP_000057330.1 UMP kinase pyrH -1.7 0.0862 

WP_000134231.1 GTP cyclohydrolase I FolE2 folE2 -1.8 0.0400 

WP_000088195.1 cysteine hydrolase entB2 -1.9 0.0430 

WP_000097322.1 ribosome-binding factor A rbfA -2.0 0.0892 

WP_001174260.1 YpdA family putative bacillithiol disulfide reductase AID39942.1 -2.2 0.0270 

WP_000027924.1 Asp-tRNA(Asn)/Glu-tRNA(Gln) amidotransferase GatCAB subunit 
A 

gatA -2.4 0.0522 

WP_000617735.1 ribosomal subunit interface protein hpf -3.4 0.0510 

WP_000976253.1 dihydroxyacetone kinase subunit DhaK AID39158.1 -3.5 0.0432 

 

Table S8: Differentially expressed P. aeruginosa proteins (Student’s t-test, FDR 0.15) in co-culture 

vs. monoculture surfaceome. 

Entry name Protein function STRING ID Log2 
ΔLFQ 

q 
value 

ODO2_PSEAE Dihydrolipoyllysine-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex   

sucB 6.7 0.0000 

ETFB_PSEAE Electron transfer flavoprotein subunit beta  etfB 5.5 0.0048 

RL2_PSEAE 50S ribosomal protein L2 rplB 5.4 0.0057 

Q9HTQ4_PSEAE Cytochrome c5 cycB 5.3 0.0000 

Q9HX76_PSEAE Probable DNA binding protein hupA 5.2 0.0045 

EFP_PSEAE Elongation factor P  efp 5.0 0.0037 

RL9_PSEAE 50S ribosomal protein L9 rplI 4.9 0.0000 

AZUR_PSEAE Azurin azu 4.9 0.0049 

METK_PSEAE S-adenosylmethionine synthase  metK 4.7 0.0040 

ILVC_PSEAE Ketol-acid reductoisomerase (NADP(+)) ilvC 4.5 0.0059 

Q9HTD1_PSEAE Probable transcarboxylase subunit oadA 4.4 0.0036 

Q9HW68_PSEAE Fumarate hydratase class I  fumA 4.3 0.0000 

Q9HV96_PSEAE Polynucleotide kinase DR97_2043 4.3 0.0000 

Q9HVU0_PSEAE Rod shape-determining protein MreB mreB 4.3 0.0000 

Q9HVA3_PSEAE Phosphatidylserine synthase pssA 4.2 0.0000 

CATA_PSEAE Catalase  katA 4.2 0.0150 

P5217_PSEAE Probable binding protein component of ABC iron transporter 
PA5217 

DR97_2586 4.1 0.0052 

Q9I5I4_PSEAE Probable enoyl-CoA hydratase/isomerase DR97_1239 4.0 0.0136 

ALGP_PSEAE Transcriptional regulatory protein AlgP  algP 4.0 0.0055 

GLN1B_PSEAE Glutamine synthetase  glnA 4.0 0.0164 

RL16_PSEAE 50S ribosomal protein L16 rplP 3.9 0.0000 

NUSG_PSEAE Transcription termination/antitermination protein NusG nusG 3.9 0.0039 
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Entry name Protein function STRING ID Log2 
ΔLFQ 

q 
value 

RF3_PSEAE Peptide chain release factor 3  prfC 3.8 0.0073 

Q9I3D3_PSEAE 2-oxoglutarate dehydrogenase (E1 subunit) sucA 3.8 0.0000 

SPUE_PSEAE Spermidine-binding periplasmic protein SpuE potF3 3.8 0.0050 

PQSD_PSEAE Anthraniloyl-CoA anthraniloyltransferase   pqsD 3.8 0.0133 

SYC_PSEAE Cysteine--tRNA ligase   cysS 3.8 0.0000 

IPYR_PSEAE Inorganic pyrophosphatase   ppa 3.8 0.0000 

RL11_PSEAE 50S ribosomal protein L11 rplK 3.7 0.0042 

ENO_PSEAE Enolase   eno 3.7 0.0162 

Q9HUT3_PSEAE Probable bacterioferritin DR97_2231 3.6 0.0057 

Q9HVF9_PSEAE M48 family peptidase DR97_1939 3.6 0.0045 

Q9I4I1_PSEAE Ribonucleoside-diphosphate reductase  nrdA 3.5 0.0041 

NUOB_PSEAE NADH-quinone oxidoreductase subunit B   nuoB 3.4 0.0000 

Q9I5E5_PSEAE 2-methylaconitate cis-trans isomerase PrpF prpF 3.4 0.0281 

Q9HVW4_PSEAE ABC transporter periplasmic binding protein MlaC ttg2D 3.4 0.0000 

Q9HW72_PSEAE Pyruvate kinase  pykA 3.4 0.0728 

PYRX_PSEAE Dihydroorotase-like protein  pyrC' 3.4 0.0000 

Q9HW45_PSEAE Xenobiotic reductase nemA3 3.3 0.0077 

SYI_PSEAE Isoleucine--tRNA ligase   ileS 3.3 0.0163 

FABY_PSEAE Beta-ketoacyl-[acyl-carrier-protein] synthase FabY  DR97_2542 3.3 0.0163 

CBPD_PSEAE Chitin-binding protein CbpD (Protease LasD)  cbpD 3.3 0.0193 

GLMU_PSEAE Bifunctional protein GlmU glmU 3.3 0.0165 

Q9I5F6_PSEAE Bifunctional protein PutA putA 3.3 0.0073 

PYRB_PSEAE Aspartate carbamoyltransferase   pyrB 3.2 0.0043 

CLPV1_PSEAE Protein ClpV1 clpV1-1 3.2 0.0137 

MQO2_PSEAE Probable malate:quinone oxidoreductase 2   mqo2 3.2 0.0056 

GATB_PSEAE Aspartyl/glutamyl-tRNA gatB 3.1 0.0075 

PILH_PSEAE Protein PilH pilH 3.1 0.0109 

GALU_PSEAE UTP--glucose-1-phosphate uridylyltransferase   galU 3.1 0.0055 

PPK1_PSEAE Polyphosphate kinase   ppk1 3.1 0.0135 

Q9HV83_PSEAE Probable aminotransferase alaC 3.0 0.0115 

Q9HVJ1_PSEAE Probable ATP-binding component of ABC transporter DR97_1900 3.0 0.0053 

IF3_PSEAE Translation initiation factor IF-3 infC 3.0 0.1142 

BAMD_PSEAE Outer membrane protein assembly factor BamD yfiO 3.0 0.0061 

PHZM_PSEAE Phenazine-1-carboxylate N-methyltransferase  phzM 3.0 0.0161 

ISPG_PSEAE 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase  ispG 3.0 0.0158 

Q9I5A3_PSEAE Peptidyl-prolyl cis-trans isomerase  slyD 3.0 0.0033 

Q9HTP2_PSEAE Probable aldehyde dehydrogenase puuC5 2.9 0.0045 

ATPB_PSEAE ATP synthase subunit beta   atpD 2.9 0.0000 

SECA_PSEAE Protein translocase subunit SecA secA 2.9 0.0048 

Q9HW32_PSEAE Insulin-cleaving metalloproteinase outer membrane protein icmP 2.9 0.0113 

Q9I2W9_PSEAE Phosphoenolpyruvate synthase  ppsA 2.9 0.0032 

Q9HXP8_PSEAE Signal recognition particle protein  ffh 2.9 0.0000 

Q9HVA8_PSEAE Ferric iron-binding periplasmic protein HitA fbpA 2.9 0.0047 

PHZD1_PSEAE Phenazine biosynthesis protein PhzD1  DR97_3698 2.9 0.0131 

RS19_PSEAE 30S ribosomal protein S19 rpsS 2.9 0.0035 

G6PI_PSEAE Glucose-6-phosphate isomerase  pgi 2.9 0.0041 

Q9I765_PSEAE Oligopeptidase A prlC 2.8 0.0046 

SYK_PSEAE Lysine--tRNA ligase   lysS 2.8 0.0283 

Q9I4I2_PSEAE Ribonucleoside-diphosphate reductase subunit beta  nrdB 2.8 0.0708 

PHZD2_PSEAE Phenazine biosynthesis protein PhzD2  DR97_3698 2.8 0.0163 

ALR2_PSEAE Alanine racemase, catabolic  dadX 2.8 0.0030 

SAHH_PSEAE Adenosylhomocysteinase   ahcY 2.8 0.0130 

SYR_PSEAE Arginine--tRNA ligase   argS 2.7 0.0061 

Q9HW49_PSEAE Universal stress protein DR97_1527 2.7 0.0167 

PVDA_PSEAE L-ornithine N(5)-monooxygenase pvdA 2.7 0.0067 

CATB_PSEAE Catalase B katB 2.6 0.0035 

Q9HTD9_PSEAE Alcohol dehydrogenase adhA 2.6 0.0159 

Q9HVX4_PSEAE Cytochrome D ubiquinol oxidase subunit III DR97_1619 2.6 0.0034 

STHA_PSEAE Soluble pyridine nucleotide transhydrogenase  sthA 2.6 0.0111 

Q9I4S1_PSEAE 17 kDa surface antigen slyB 2.6 0.0039 

LEU1_PSEAE 2-isopropylmalate synthase   leuA 2.5 0.0063 

Q9I5E2_PSEAE 2-methylisocitrate lyase  prpB 2.5 0.0036 

DAPA_PSEAE 4-hydroxy-tetrahydrodipicolinate synthase  dapA_1 2.5 0.0129 

PARE_PSEAE DNA topoisomerase 4 subunit B   parE 2.5 0.0058 

SYFB_PSEAE Phenylalanine--tRNA ligase beta subunit   pheT 2.5 0.0145 

BFR_PSEAE Bacterioferritin  bfr1 2.4 0.0161 

TOP1_PSEAE DNA topoisomerase 1   DR97_4926 2.4 0.0054 

BAUA_PSEAE Beta-alanine--pyruvate aminotransferase  aptA 2.4 0.0170 

PROA_PSEAE Gamma-glutamyl phosphate reductase  proA 2.4 0.0136 

Q9HUA1_PSEAE Probable binding protein component of ABC transporter gltI1 2.4 0.0156 

SURA_PSEAE Chaperone SurA  surA 2.4 0.0061 

PILJ_PSEAE Protein PilJ pilJ 2.4 0.0163 

ATPG_PSEAE ATP synthase gamma chain  atpG 2.4 0.0162 

PK21A_PSEAE Polyphosphate:ADP/GDP phosphotransferase   DR97_3098 2.3 0.0132 

Q9HUE1_PSEAE ATPase nvolved in chromosome partitioning DR97_2383 2.3 0.0038 

G3XCT6_PSEAE Probable two-component sensor DR97_565 2.3 0.0196 

Q9HT76_PSEAE Vitamin B12-dependent ribonucleotide reductase  nrdZ 2.2 0.0279 

Q9I659_PSEAE Probable ClpA/B protease ATP binding subunit clpB1 2.2 0.0165 

RDGC_PSEAE Recombination-associated protein RdgC rdgC 2.2 0.0195 

RS9_PSEAE 30S ribosomal protein S9 rpsI 2.2 0.0882 

Q9HZP1_PSEAE Probable transcriptional regulator icaR 2.2 0.0060 



Entry name Protein function STRING ID Log2 
ΔLFQ 

q 
value 

Q9I2C4_PSEAE NAD+ dependent aldehyde dehydrogenase ExaC aldA3 2.2 0.0243 

Q9I2T4_PSEAE Probable binding protein component of ABC transporter DR97_69 2.2 0.0130 

Q9HU13_PSEAE ADP compounds hydrolase NudE nudE 2.2 0.0037 

ASPA_PSEAE Aspartate ammonia-lyase  aspA 2.2 0.0112 

Q9HX05_PSEAE Probable aldehyde dehydrogenase aldA1 2.2 0.0161 

Q9I5E4_PSEAE Probable aconitate hydratase acnD 2.2 0.0210 

Q9I500_PSEAE HIT domain-containing protein DR97_978 2.1 0.0766 

Q9HZ32_PSEAE NAD(P)H nitroreductase YdjA ydjA_2 2.1 0.0039 

CYSM_PSEAE Cysteine synthase B  cysM 2.1 0.0244 

PROB_PSEAE Glutamate 5-kinase   proB 2.1 0.0166 

Q9HV73_PSEAE Two-component response regulator CbrB zraR1 2.1 0.0967 

ARLY_PSEAE Argininosuccinate lyase  argH 2.1 0.0285 

PUR7_PSEAE Phosphoribosylaminoimidazole-succinocarboxamide synthase   purC 2.1 0.0386 

GSHB_PSEAE Glutathione synthetase   gshB 2.1 0.0043 

DAPB_PSEAE 4-hydroxy-tetrahydrodipicolinate reductase  dapB 2.0 0.1209 

AROB_PSEAE 3-dehydroquinate synthase  aroB 2.0 0.0181 

Q9I2T8_PSEAE Peptidylprolyl isomerase  ppiD 2.0 0.0000 

Q9HYR6_PSEAE Condensation domain protein DR97_4598 2.0 0.0054 

DSBA_PSEAE Thiol:disulfide interchange protein DsbA dsbA 2.0 0.0158 

PDXJ_PSEAE Pyridoxine 5'-phosphate synthase  pdxJ 2.0 0.0040 

Q9HVV5_PSEAE Ribosomal subunit interface protein raiA 1.9 0.0139 

A2MGH_PSEAE Alpha-2-macroglobulin homolog DR97_1668 1.9 0.0159 

Q9I649_PSEAE Protein phosphatase 2C domain-containing protein DR97_3437 1.9 0.0155 

ZIPA_PSEAE Cell division protein ZipA zipA 1.9 0.0319 

Q9I3X2_PSEAE DNA helicase  #N/A 1.9 0.0074 

GYRB_PSEAE DNA gyrase subunit B  gyrB 1.9 0.0042 

Q9HVS1_PSEAE Probable binding protein component of ABC transporter dppA5 1.9 0.0057 

Q9I171_PSEAE Metal ABC transporter substrate-binding protein DR97_6023 1.9 0.0226 

Q9I0D5_PSEAE AAA ATPase DR97_5252 1.8 0.0211 

ILVE_PSEAE Branched-chain-amino-acid aminotransferase  ilvE 1.8 0.0110 

ARCC_PSEAE Carbamate kinase  arcC 1.8 0.1213 

GSA_PSEAE Glutamate-1-semialdehyde 2,1-aminomutase  hemL 1.8 0.0165 

Q9HVK8_PSEAE Endopeptidase La  DR97_1880 1.8 0.0168 

OBG_PSEAE GTPase Obg   cgtA 1.8 0.0844 

Q9I338_PSEAE LTA synthase family protein DR97_198 1.8 0.0152 

PUR5_PSEAE Phosphoribosylformylglycinamidine cyclo-ligase   purM 1.7 0.0164 

PYRG_PSEAE CTP synthase   pyrG 1.7 0.0157 

Y3998_PSEAE UPF0250 protein PA3998 DR97_3869 1.7 0.0076 

COBW_PSEAE Protein CobW cobW 1.7 0.0355 

Q9HXK0_PSEAE (R)-stereoselective amidase yafV 1.7 0.0157 

Q9I2N2_PSEAE Molybdate-binding periplasmic protein ModA modA 1.7 0.0135 

Q9HTI6_PSEAE Choline ABC transporter substrate-binding protein gbuC_2 1.6 0.0044 

LOLA_PSEAE Outer-membrane lipoprotein carrier protein lolA 1.6 0.0149 

BAUC_PSEAE Putative 3-oxopropanoate dehydrogenase  iolA2 1.6 0.1390 

E1JGJ8_PSEAE Peptide chain release factor 2  prfB 1.6 0.0162 

ARGB_PSEAE Acetylglutamate kinase   argB 1.6 0.0384 

Q9I508_PSEAE Arsenate reductase  DR97_988 1.6 0.0140 

MURA_PSEAE UDP-N-acetylglucosamine 1-carboxyvinyltransferase   murA 1.6 0.0161 

MTNA_PSEAE Methylthioribose-1-phosphate isomerase  mtnA 1.6 0.0058 

PURA_PSEAE Adenylosuccinate synthetase  purA 1.6 0.0831 

Q7DC81_PSEAE Phenazine biosynthesis protein PhzE DR97_3697 1.6 0.0424 

CLPP2_PSEAE ATP-dependent Clp protease proteolytic subunit 2   clpP2 1.5 0.1218 

G3XD17_PSEAE Thiol:disulfide interchange protein dsbC 1.5 0.1166 

HISZ_PSEAE ATP phosphoribosyltransferase regulatory subunit hisZ 1.5 0.0078 

RPSH_PSEAE RNA polymerase sigma-H factor  algU 1.5 0.0427 

TOLR_PSEAE Tol-Pal system protein TolR tolR 1.5 0.0353 

Q9HWW7_PSEAE Probable thioredoxin trx-1 1.4 0.0172 

DPO1_PSEAE DNA polymerase I  polA 1.4 0.1137 

Q9HZI4_PSEAE MOSC domain-containing protein DR97_4915 1.4 0.0147 

PCTC_PSEAE Methyl-accepting chemotaxis protein PctC pctC 1.4 0.0778 

RIBB_PSEAE 3,4-dihydroxy-2-butanone 4-phosphate synthase  ribB 1.4 0.1137 

Q9HXJ3_PSEAE Cro/Cl family transcriptional regulator DR97_4065 1.4 0.1213 

GCSH2_PSEAE Glycine cleavage system H protein 2 DR97_2583 1.4 0.0614 

TAL_PSEAE Transaldolase  tal 1.4 0.0380 

Q9I6G0_PSEAE L-threonine dehydratase   ilvA1 1.3 0.0184 

Q9I2S7_PSEAE Lysine-specific pyridoxal 5'-phosphate-dependent carboxylase, 
LdcA 

adiA 1.3 0.0388 

HEM6_PSEAE Oxygen-dependent coproporphyrinogen-III oxidase  hemF 1.3 0.0347 

COAD_PSEAE Phosphopantetheine adenylyltransferase   coaD 1.3 0.0163 

Q9I748_PSEAE EvpB family type VI secretion protein TssC DR97_3041 1.3 0.0357 

HIS7_PSEAE Imidazoleglycerol-phosphate dehydratase  hisB 1.3 0.0253 

G3XD54_PSEAE DNA polymerase III subunit epsilon  dnaQ 1.2 0.0727 

PCTA_PSEAE Methyl-accepting chemotaxis protein PctA pctA 1.2 0.1263 

Q9I0T0_PSEAE Probable short-chain dehydrogenase linC_1 1.2 0.0201 

Q9I6J5_PSEAE Probable glutamine synthetase puuA 1.2 0.1391 

Q9HVL5_PSEAE Octaprenyl-diphosphate synthase ispB 1.2 0.0295 

SYT_PSEAE Threonine--tRNA ligase   thrS 1.1 0.0213 

Q9I5V9_PSEAE Glutamyl-tRNA amidotransferase DR97_3547 1.1 0.0657 

Q9HW65_PSEAE Protease yfkM_1 1.1 0.1338 

Q9I348_PSEAE Cysteine hydrolase DR97_211 1.1 0.0477 

Q9I157_PSEAE PvdL pvdL 1.0 0.0564 

Q9I704_PSEAE Alkylphosphonate utilization protein DR97_3085 1.0 0.0182 
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GCH1L_PSEAE GTP cyclohydrolase 1 type 2 homolog DR97_1622 1.0 0.0283 

Q9HV81_PSEAE Neutral zinc metallopeptidase ypfJ 1.0 0.0457 

HIS3_PSEAE Phosphoribosyl-AMP cyclohydrolase  hisI 1.0 0.0445 

PCTB_PSEAE Methyl-accepting chemotaxis protein PctB pctB 1.0 0.1185 

Q9HV64_PSEAE DUF748 domain-containing protein DR97_2078 1.0 0.0474 

Q9HW07_PSEAE ATP:cob DR97_1577 0.9 0.0314 

THIG_PSEAE Thiazole synthase  thiG 0.9 0.1368 

ILVD_PSEAE Dihydroxy-acid dehydratase  ilvD 0.9 0.1385 

GPDA_PSEAE Glycerol-3-phosphate dehydrogenase [NAD(P)+] gpsA 0.9 0.1223 

Q9HZA6_PSEAE Motility protein FimV DR97_4818 0.9 0.0169 

Q9HUA3_PSEAE Proline iminopeptidase  pip 0.9 0.0430 

TRMB_PSEAE tRNA (guanine-N(7)-)-methyltransferase trmB 0.8 0.0059 

RSMH_PSEAE Ribosomal RNA small subunit methyltransferase H   rsmH 0.8 0.0698 

Q9HZ19_PSEAE CsaA protein csaA 0.8 0.1440 

Q9I067_PSEAE Putative oxidoreductase puuB1 0.8 0.1138 

Q9HY13_PSEAE D-xylulose 5-phosphate DR97_4326 0.6 0.0148 

SPUD_PSEAE Putrescine-binding periplasmic protein SpuD potF1 0.6 0.0338 

Q9HUD3_PSEAE Malic enzyme maeB 0.5 0.0617 

Q9HV74_PSEAE Two-component sensor CbrA cbrA 0.5 0.0716 

SYGB_PSEAE Glycine--tRNA ligase beta subunit   glyS 0.4 0.1218 

HIS61_PSEAE Imidazole glycerol phosphate synthase subunit hisF1   hisF -0.4 0.1362 

Q9HWI2_PSEAE Probable acyl-CoA dehydrogenase DR97_3476 -0.4 0.0382 

Q9HX44_PSEAE Probable acyl-CoA dehydrogenase aidB -0.6 0.1433 

Q9HWZ2_PSEAE FecR protein DR97_3832 -0.6 0.0848 

PILS_PSEAE Sensor protein PilS  pilS -0.7 0.1365 

Q9I4V1_PSEAE Probable short-chain dehydrogenase DR97_921 -0.7 0.0727 

MURE_PSEAE UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--2,6-diaminopimelate 
ligase   

murE -0.8 0.0190 

PUR4_PSEAE Phosphoribosylformylglycinamidine synthase  purL -0.8 0.0928 

Q9HZ86_PSEAE Nucleotide sugar epimerase/dehydratase WbpM wbpM -0.8 0.0944 

Q9HUM2_PSEAE Protein HflK hflK -0.8 0.1264 

SYM_PSEAE Methionine--tRNA ligase   metG -0.8 0.0336 

Q9HZM8_PSEAE Ribonuclease E  rne -0.9 0.0180 

Q9HYR8_PSEAE Probable non-ribosomal peptide synthetase DR97_4600 -0.9 0.0610 

SYQ_PSEAE Glutamine--tRNA ligase   glnS -0.9 0.0579 

Q9HUG4_PSEAE Glycosyltransferase DR97_2356 -1.0 0.1034 

Q9HVV6_PSEAE Probable ATP-binding component of ABC transporter lptB -1.0 0.1185 

Q9I6C1_PSEAE Signal recognition particle receptor FtsY  ftsY -1.0 0.0167 

Q9HXY1_PSEAE Methionine aminopeptidase  map1 -1.0 0.0596 

Q9I0Y8_PSEAE Efflux pump membrane transporter bepE -1.0 0.0084 

G3XD52_PSEAE (R)-specific enoyl-CoA hydratase phaJ -1.1 0.0179 

MASZ_PSEAE Malate synthase G  glcB -1.1 0.1213 

Q9HXM5_PSEAE Inosine-5'-monophosphate dehydrogenase  guaB -1.1 0.1190 

Q9I520_PSEAE Chain-length determining protein DR97_1001 -1.1 0.0349 

MUTL_PSEAE DNA mismatch repair protein MutL mutL -1.1 0.0197 

NUOG_PSEAE NADH-quinone oxidoreductase subunit G   nuoG -1.2 0.0279 

Q9I031_PSEAE Probable ATP-binding component of ABC transporter drrA -1.3 0.0706 

Q9I1U6_PSEAE Aldehyde dehydrogenase DR97_6257 -1.3 0.0568 

Q9HXI0_PSEAE Preprotein translocase subunit YajC yajC -1.3 0.0459 

Q9HYB3_PSEAE Leucyl-tRNA synthetase DR97_4428 -1.3 0.0160 

Q9I755_PSEAE IcmF1 DR97_3034 -1.4 0.0248 

Q9I0A7_PSEAE Probable restriction-modification system protein #N/A -1.4 0.0000 

Q9HZ04_PSEAE Probable glycine betaine-binding protein gbuC_3 -1.4 0.0191 

AMGK_PSEAE N-acetylmuramate/N-acetylglucosamine kinase  DR97_3565 -1.4 0.0037 

Q9HU31_PSEAE Amino acid (Lysine/arginine/ornithine/histidine/octopine) ABC 
transporter periplasmic binding protein 

artJ -1.4 0.0137 

PUR1_PSEAE Amidophosphoribosyltransferase  purF -1.5 0.0345 

Q9HYY3_PSEAE Periplasmic tail-specific protease tsp -1.5 0.0483 

Q9HU22_PSEAE Glucose-1-phosphate thymidylyltransferase  rfbA -1.5 0.0215 

RLUB_PSEAE Ribosomal large subunit pseudouridine synthase B   rluB -1.7 0.0160 

Q9HTL9_PSEAE Enamine/imine deaminase yabJ_5 -1.8 0.0134 

Q9HUG0_PSEAE Probable carbamoyl transferase novN_1 -1.9 0.0724 

Q9I0Z1_PSEAE Oxidoreductase MexS DR97_5681 -2.2 0.0108 

ACSA2_PSEAE Acetyl-coenzyme A synthetase 2  acsB -2.2 0.0351 

Q9HTT1_PSEAE Uncharacterized protein DR97_2640 -2.3 0.0317 

Q9HTY1_PSEAE Inorganic triphosphatase DR97_2578 -2.3 0.0316 

Y587_PSEAE UPF0229 protein PA0587 DR97_3556 -2.3 0.0035 

Q9I179_PSEAE Probable non-ribosomal peptide synthetase pvdI -2.4 0.0000 

COQ7_PSEAE 2-nonaprenyl-3-methyl-6-methoxy-1,4-benzoquinol hydroxylase   coq7 -2.4 0.0335 

DCTP_PSEAE C4-dicarboxylate-binding periplasmic protein DctP dctP1 -2.5 0.0848 

Q9I5F9_PSEAE Lon protease   lon2 -2.6 0.0502 

Q9I246_PSEAE Probable carbamoyl transferase DR97_5777 -2.6 0.0178 

ALGR_PSEAE Positive alginate biosynthesis regulatory protein algR -2.7 0.0829 

Q9I2F8_PSEAE Binding protein component of ABC ribose transporter rbsB -3.1 0.0388 

Q9HU89_PSEAE Probable ATP-binding component of ABC transporter opuAA -3.3 0.0036 

Q9HTT8_PSEAE Heme biosynthesis protein HemY hemY -3.4 0.0192 

Q9HTF4_PSEAE GbcA gbcA -3.4 0.0031 

SYFA_PSEAE Phenylalanine--tRNA ligase alpha subunit   pheS -3.8 0.0106 

HUTU_PSEAE Urocanate hydratase  hutU -4.7 0.0000 

Q9I612_PSEAE Probable acyl-CoA dehydrogenase DR97_3474 -5.1 0.0000 

Q9HUY5_PSEAE Mg(2+) transport ATPase, P-type 2 mgtA -5.2 0.0116 
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Q9I5U9_PSEAE PrkA AAA domain protein yeaG -5.7 0.0000 

Q9I2R2_PSEAE Probable oxidoreductase yhfP -5.7 0.0000 

 

Table S9: Differentially express S. aureus proteins (Student’s t-test, FDR 0.15) in co-culture vs. 

monoculture surfaceome. 

Entry name Protein function STRING ID Log2 
ΔLFQ 

q 
value 

WP_000792567.1 immunoglobulin-binding protein sbi sbi 1.3 0.0099 

WP_000133953.1 30S ribosomal protein S1 rpsA 0.6 0.0199 

WP_000863437.1 dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase complex 

pdhC 0.3 0.0564 

WP_000391030.1 cell division protein FtsA ftsA 0.2 0.0481 

WP_000808968.1 50S ribosomal protein L31 type B rpmE2 0.2 0.0793 

WP_000035325.1 pyruvate dehydrogenase E1 component subunit alpha pdhA -0.2 0.0401 

WP_001083335.1 2-deoxyribose-5-phosphate aldolase deoC2 -0.3 0.0525 

WP_000723304.1 UDP-glucose 4-epimerase AID39048.1 -0.4 0.0071 

WP_001130051.1 malate:quinone oxidoreductase AID41318.1 -0.4 0.0027 

WP_000863556.1 superoxide dismutase [Mn/Fe] 1 SodA sodA -0.5 0.0026 

WP_001074619.1 50S ribosomal protein L1 rplA -0.6 0.0025 

WP_000460244.1 peptide chain release factor 1 prfA -0.6 0.0025 

WP_000002746.1 3-oxoacyl-ACP reductase butA -0.7 0.0026 

WP_001206107.1 aldehyde dehydrogenase family protein AID40808.1 -0.7 0.0009 

WP_000888997.1 cell division protein FtsZ ftsZ -0.8 0.0094 

WP_000457386.1 50S ribosomal protein L21 rplU -0.8 0.0000 

WP_000116227.1 class II fumarate hydratase fumC -0.8 0.1111 

WP_001137495.1 30S ribosomal protein S7 rpsG -0.9 0.0046 

WP_000911041.1 rod shape-determining protein MreC AID40117.1 -0.9 0.0013 

WP_000057594.1 cysteine synthase cysK -0.9 0.0019 

WP_000737711.1 hypothetical membrane lipoprotein AID41063.1 -1.0 0.0419 

WP_000091975.1 50S ribosomal protein L6 rplF -1.0 0.0000 

WP_001033875.1 5'-nucleotidase, lipoprotein e(P4) family AID38732.1 -1.0 0.0299 

WP_000161314.1 glucokinase glcK -1.0 0.0016 

WP_000975347.1 glycosyltransferase family 2 protein AID38679.1 -1.0 0.0112 

WP_000044796.1 aspartate--tRNA ligase aspS -1.0 0.0009 

WP_000572877.1 adenylosuccinate lyase purB -1.0 0.0093 

WP_000095328.1 adenylosuccinate synthetase purA -1.0 0.0038 

WP_000836472.1 rhodanese-like domain-containing protein AID40229.1 -1.0 0.0026 

WP_001115431.1 dihydrolipoyllysine-residue succinyltransferase component of 2-
oxoglutarate dehydrogenase complex 

odhB -1.0 0.0071 

WP_000933956.1 DNA-directed RNA polymerase subunit omega rpoZ -1.0 0.0059 

WP_000255583.1 DNA gyrase subunit B gyrB -1.1 0.0016 

WP_000811375.1 ribonuclease J 1 rnj1 -1.2 0.0000 

WP_000129413.1 arginine deiminase arcA -1.2 0.0000 

WP_000670755.1 FAA hydrolase family protein AID39404.1 -1.2 0.0000 

WP_000492114.1 UPF0365 family protein AID40039.1 -1.2 0.0005 

WP_001049957.1 peptide chain release factor 3 prfC -1.2 0.0439 

WP_000769416.1 D-alanyl-lipoteichoic acid biosynthesis protein DltD dltD -1.2 0.0026 

WP_000722165.1 bifunctional phosphopantothenoylcysteine 
decarboxylase/phosphopantothenate--cysteine ligase CoaBC 

AID39651.1 -1.2 0.0032 

WP_000105070.1 glucose-6-phosphate dehydrogenase zwf -1.2 0.0000 

AIO22395.1 p_multicopper oxidase #N/A -1.2 0.0000 

WP_001006454.1 cysteine desulfurase AID39352.1 -1.2 0.0016 

WP_001021468.1 adenylate kinase adk -1.3 0.0122 

WP_000064078.1 DNA-binding response regulator srrA -1.3 0.0208 

WP_000690439.1 pyridoxal 5'-phosphate synthase glutaminase subunit PdxT pdxT -1.3 0.0000 

WP_000240920.1 hypothetical membrane protein tarL -1.3 0.0019 

WP_001010762.1 cytochrome ubiquinol oxidase subunit I qoxB -1.3 0.0000 

WP_000673317.1 glycine glycyltransferase FemA femA -1.3 0.0017 

WP_000514375.1 nitrate reductase subunit alpha narG -1.3 0.0019 

WP_001289711.1 uncharacterized N-acetyltransferase protein AID39615.1 -1.3 0.0000 

WP_001074405.1 Fe-S cluster assembly protein SufB AID39354.1 -1.3 0.0063 

WP_000808894.1 aldo/keto reductase AID39107.1 -1.4 0.0000 

WP_001180212.1 NADP-dependent oxidoreductase AID40881.1 -1.4 0.0000 

WP_000956150.1 SMC family protein AID38875.1 -1.4 0.0205 

WP_000136257.1 thiol peroxidase Tpx tpx -1.4 0.0016 

WP_001147955.1 thioredoxin AID39315.1 -1.4 0.0013 

WP_000684568.1 octopine dehydrogenase AID40990.1 -1.4 0.0006 

WP_000217452.1 SDR family oxidoreductase AID41172.1 -1.4 0.0000 

WP_000757543.1 MarR family transcriptional regulator rot -1.4 0.0035 

WP_000648118.1 YtxH domain-containing protein AID40309.1 -1.4 0.0019 

WP_000066379.1 3-deoxy-7-phosphoheptulonate synthase AID40207.1 -1.4 0.0000 

WP_000711897.1 signal peptidase IB (spsB) spsB -1.4 0.0016 

WP_001117071.1 cell division protein DivIVA AID39631.1 -1.4 0.0000 

WP_001794472.1 quinone oxidoreductase AID41065.1 -1.4 0.0000 

WP_001227718.1 PTS glucose EIICBA component ptsG -1.4 0.0000 

WP_001185462.1 hydroxymethylpyrimidine/phosphomethylpyrimidine kinase AID39077.1 -1.4 0.0081 

WP_000390829.1 sigma-B regulation protein serine phosphatase RsbU AID40753.1 -1.5 0.0000 
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WP_000150173.1 UDP-N-acetylmuramate--L-alanine ligase murC -1.5 0.0016 

WP_000897132.1 ATP-dependent Clp protease ATP-binding subunit ClpC clpC -1.5 0.0000 

WP_000701483.1 DNA-directed RNA polymerase subunit delta rpoE -1.5 0.0000 

WP_001048374.1 DUF4479 and tRNA_bind_bactPheRS domain-containing protein AID40213.1 -1.5 0.0000 

WP_000610203.1 ribitol-5-phosphate dehydrogenase tarJ -1.5 0.0009 

WP_000040067.1 acetate kinase ackA -1.5 0.0000 

WP_000259736.1 molybdopterin molybdenumtransferase moeA -1.5 0.0005 

WP_000240651.1 molecular chaperone GroEL groL -1.5 0.0000 

WP_001118708.1 nitrite reductase large subunit nasD -1.6 0.0026 

WP_000110252.1 succinyl-CoA ligase subunit alpha sucD -1.6 0.0000 

WP_000754458.1 hypothetical membrane Fe-trasport lipoprotein AID39244.1 -1.6 0.0006 

WP_000199080.1 acetyl-CoA acyltransferase AID38845.1 -1.6 0.0009 

WP_001250339.1 Mur ligase family protein AID40431.1 -1.6 0.0000 

WP_001068529.1 aminotransferase class I/II-fold pyridoxal phosphate-dependent 
enzyme  

AID40480.1 -1.6 0.0009 

WP_000181322.1 6-phosphogluconolactonase  AID40465.1 -1.6 0.0000 

WP_000257888.1 DUF1447 family protein  AID39527.1 -1.6 0.0000 

WP_000011827.1 Putative N-acetyltransferase YedL/Putative exported protein AID39783.1 -1.6 0.0000 

WP_000426914.1 acyl carrier protein acpP -1.6 0.0771 

WP_000047355.1 malonyl CoA-ACP transacylase fabD -1.6 0.0000 

WP_001050913.1 ribonuclease Y rny -1.6 0.0000 

WP_038413163.1 collagen adhesin  AID41408.1 -1.6 0.0013 

WP_000367420.1 BrxA/BrxB family bacilliredoxin AID39979.1 -1.6 0.0000 

WP_000411087.1 D-alanine aminotransferase dat -1.6 0.0025 

WP_000751265.1 transglycosylase IsaA isaA -1.6 0.0000 

WP_000866426.1 glucosamine-6-phosphate deaminase nagB -1.6 0.0009 

WP_000969811.1 DNA polymerase III subunit beta dnaN -1.6 0.0000 

WP_000004981.1 Adenosine 5'-monophosphoramidase  AID40308.1 -1.7 0.0000 

WP_001138360.1 50S ribosomal protein L20 rplT -1.7 0.0063 

WP_000677261.1 FMN-dependent NADPH-azoreductase azo1 -1.7 0.0000 

WP_001059082.1 cold-shock protein CspC AID39302.1 -1.7 0.0000 

WP_000134779.1 DUF1292 domain-containing protein AID40084.1 -1.7 0.0009 

WP_000818278.1 succinate dehydrogenase flavoprotein subunit sdhA -1.7 0.0000 

WP_000134963.1 thioredoxin reductase TrxB trxB -1.7 0.0000 

WP_000277155.1 hypothetical multicopper oxidase protein #N/A -1.7 0.0016 

WP_000623906.1 DAK2 domain-containing protein AID39667.1 -1.7 0.0026 

WP_000448898.1 alpha/beta hydrolase AID41272.1 -1.7 0.0009 

WP_000532966.1 YebC/PmpR family DNA-binding transcriptional regulator AID39177.1 -1.7 0.0084 

WP_000138342.1 penicillin-binding protein 2  pbp2 -1.8 0.0084 

WP_000611456.1 UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase murF -1.8 0.0013 

WP_001041575.1 heme uptake protein IsdB isdB -1.8 0.0013 

WP_000884337.1 serine--tRNA ligase serS -1.8 0.0079 

WP_000673098.1 glycine glycyltransferase FemB femB -1.8 0.0016 

WP_000129645.1 D-alanine--poly(phosphoribitol) ligase dltA -1.8 0.0000 

WP_001055897.1 XRE family transcriptional regulator AID38865.1 -1.8 0.0009 

WP_001792529.1 LytR-Cps2A-Psr (LCP) family transcriptional regulator  AID40999.1 -1.8 0.0006 

WP_000058389.1 NAD-dependent malic enzyme 4 AID40171.1 -1.8 0.0009 

WP_001018928.1 thioredoxin TrxA trxA -1.8 0.0000 

WP_000547687.1 50S ribosomal protein L24 rplX -1.8 0.0192 

WP_000631982.1 cysteine--tRNA ligase cysS -1.8 0.0000 

WP_001125210.1 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase gpmA -1.8 0.0000 

WP_000197806.1 phosphopentomutase deoB -1.8 0.0016 

WP_000551283.1 hypoxanthine-guanine phosphoribosyltransferase hpt -1.8 0.0000 

WP_001286320.1 cell division regulator GpsB gpsB -1.9 0.0000 

WP_001085498.1 2,3-bisphosphoglycerate-independent phosphoglycerate mutase gpmI -1.9 0.0000 

WP_000786119.1 YhgE/Pip domain-containing protein AID41355.1 -1.9 0.0000 

WP_000160304.1 purine-nucleoside phosphorylase AID40824.1 -1.9 0.0000 

WP_000201875.1 lipoyl synthase AID39361.1 -1.9 0.0000 

WP_000569649.1 DNA-directed RNA polymerase subunit alpha rpoA -1.9 0.0400 

WP_000290401.1 aldehyde dehydrogenase aldA -1.9 0.0400 

WP_000334506.1 VOC family protein  AID39871.1 -1.9 0.0000 

WP_000172190.1 hydroxymethylglutaryl-CoA synthase mvaS -1.9 0.0078 

WP_000120494.1 serine hydroxymethyltransferase glyA -2.0 0.0000 

WP_000649898.1 glutamate ABC transporter permease AID40328.1 -2.0 0.0000 

WP_001801513.1 anti-sigma B factor RsbW rsbW -2.0 0.0009 

WP_000035058.1 peptidyl-prolyl cis-trans isomerase AID39390.1 -2.0 0.0000 

WP_001031407.1 class I fructose-bisphosphate aldolase fda -2.0 0.0000 

WP_001093552.1 hypothetical membrane lipoprotein AID39217.1 -2.0 0.0000 

WP_000066056.1 argininosuccinate lyase argH -2.0 0.0005 

WP_001557601.1 HIRAN-domain-containing restriction endonuclease AID38752.1 -2.0 0.0009 

WP_000819098.1 DNA gyrase subunit A gyrA -2.0 0.0000 

WP_001283055.1 RNA polymerase sigma factor SigA rpoD -2.0 0.0026 

WP_000159960.1 CTP synthetase pyrG -2.0 0.0000 

WP_000170162.1 Asp-tRNA(Asn)/Glu-tRNA(Gln) amidotransferase GatCAB subunit C gatC -2.0 0.0000 

WP_000782130.1 foldase protein PrsA  prsA -2.0 0.0016 

WP_000825817.1 alkaline shock response membrane anchor protein AmaP AID40877.1 -2.0 0.0009 

WP_000589549.1 arsenate reductase family protein AID39316.1 -2.0 0.0000 

WP_001266540.1 PTS fructose transporter subunit IIC fruA -2.0 0.0000 

WP_000863474.1 signal recognition particle protein ffh -2.0 0.0000 

WP_000669728.1 protein MAP AID40482.1 -2.1 0.0000 

WP_000976253.1 dihydroxyacetone kinase subunit DhaK AID39158.1 -2.1 0.0000 
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WP_000277421.1 dihydroorotate dehydrogenase (quinone) AID41301.1 -2.1 0.0000 

WP_000241346.1 ATP synthase subunit delta atpH -2.1 0.0025 

WP_000279414.1 Glyceraldehyde-3-phosphate dehydrogenase 1  gapA1 -2.1 0.0000 

WP_000913317.1 peptide-methionine (R)-S-oxide reductase msrB -2.1 0.0000 

WP_000496092.1 GTPase ObgE obg -2.1 0.0000 

WP_001791219.1 translation initiation factor IF-3 infC -2.1 0.0000 

WP_001155271.1 formate dehydrogenase subunit alpha fdhF -2.1 0.0000 

WP_000067112.1 N-acetyltransferase AID41211.1 -2.1 0.0000 

WP_000413875.1 lipid II:glycine glycyltransferase FemX femX -2.1 0.0000 

WP_000521495.1 phosphoglucosamine mutase glmM -2.1 0.0000 

WP_000192183.1 fructose 1,6-bisphosphatase fbp -2.1 0.0000 

WP_001280006.1 ribosome-recycling factor frr -2.1 0.0000 

WP_000138487.1 NAD-specific glutamate dehydrogenase gluD -2.1 0.0000 

WP_000974881.1 ATP synthase subunit alpha atpA -2.1 0.0000 

WP_000259692.1 L-glutamate gamma-semialdehyde dehydrogenase rocA -2.1 0.0000 

WP_000481438.1 transketolase tkt -2.1 0.0000 

WP_001213992.1 YbaB/EbfC family nucleoid-associated protein AID38970.1 -2.1 0.0035 

WP_000867193.1 dihydroxyacetone kinase subunit L AID39159.1 -2.2 0.0000 

WP_001140871.1 manganese-dependent inorganic pyrophosphatase ppaC -2.2 0.0000 

WP_000334466.1 glutamine--fructose-6-phosphate aminotransferase glmS -2.2 0.0000 

WP_000911657.1 pyruvate formate-lyase-activating enzyme pflA -2.2 0.0000 

WP_001240826.1 ESAT-6 secretion system extracellular protein A  esxA -2.2 0.0063 

WP_000093347.1 aminomethyltransferase gcvT -2.2 0.0000 

WP_000382892.1 lantibiotic ABC transporter ATP-binding protein AID41204.1 -2.2 0.0000 

WP_000157603.1 ATP synthase subunit gamma atpG -2.2 0.0000 

WP_001283784.1 glutamate--tRNA ligase gltX -2.2 0.0000 

WP_000608835.1 iron-sulfur cluster repair di-iron protein ScdA scdA -2.2 0.0000 

WP_000034716.1 molecular chaperone DnaK dnaK -2.2 0.0000 

WP_000431312.1 transcription elongation factor GreA greA -2.2 0.0000 

WP_000169223.1 6-phospho-beta-galactosidase lacG -2.2 0.0016 

WP_000958522.1 chromosome partitioning protein ParA AID40854.1 -2.2 0.0000 

WP_001279341.1 PDZ domain-containing protein AID40197.1 -2.2 0.0000 

WP_000101976.1 DNA-binding response regulator walR -2.2 0.0000 

WP_000626504.1 elongation factor P efp -2.2 0.0000 

WP_000379051.1 HslU--HslV peptidase ATPase subunit hslU -2.3 0.0000 

WP_000734077.1 alanine--tRNA ligase alaS -2.3 0.0000 

WP_000813536.1 pyruvate decarboxylase AID38614.1 -2.3 0.0017 

WP_001261460.1 30S ribosomal protein S6 rpsF -2.3 0.0000 

WP_001228158.1 alpha/beta hydrolase AID41225.1 -2.3 0.0000 

WP_000219068.1 catabolite control protein A ccpA -2.3 0.0000 

WP_000729731.1 aconitate hydratase acnA -2.3 0.0000 

WP_000250820.1 2-amino-3-ketobutyrate CoA ligase AID39045.1 -2.3 0.0000 

WP_000205576.1 Fe-S cluster assembly protein SufD AID39351.1 -2.3 0.0000 

WP_000872486.1 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase tarI -2.3 0.0000 

WP_000163281.1 type 1 glutamine amidotransferase AID40346.1 -2.4 0.0000 

WP_000160914.1 undecaprenyldiphospho-muramoylpentapeptide beta-N- 
acetylglucosaminyltransferase 

murG -2.4 0.0000 

WP_001051856.1 YtxH domain-containing protein AID40224.1 -2.4 0.0000 

WP_000265408.1 dipeptidase PepV AID40223.1 -2.4 0.0000 

WP_000545373.1 Asp-tRNA(Asn)/Glu-tRNA(Gln) amidotransferase GatCAB subunit B gatB -2.4 0.0016 

WP_000019697.1 aminomethyl-transferring glycine dehydrogenase gcvPA -2.4 0.0019 

WP_000167269.1 3-oxoacyl-[acyl-carrier-protein] reductase fabG -2.4 0.0000 

WP_000782741.1 molybdate ABC transporter substrate-binding protein modA -2.4 0.0000 

WP_001011603.1 glutamate-1-semialdehyde 2,1-aminomutase hemL2 -2.4 0.0006 

WP_001274017.1 30S ribosomal protein S20 rpsT -2.4 0.0000 

WP_000182215.1 nucleotide exchange factor GrpE grpE -2.4 0.0000 

WP_001051120.1 methionine--tRNA ligase metG -2.5 0.0000 

WP_000184947.1 1,4-dihydroxy-2-naphthoyl-CoA synthase menB -2.5 0.0000 

WP_000668822.1 lipoate--protein ligase A AID39465.1 -2.5 0.0000 

WP_000277602.1 universal stress protein AID40175.1 -2.5 0.0097 

WP_001062173.1 DEAD/DEAH box family ATP-dependent RNA helicase CshB  cshB -2.5 0.0000 

WP_000717560.1 ATP-dependent 6-phosphofructokinase pfkA -2.5 0.0000 

WP_000933774.1 ribose-phosphate pyrophosphokinase prs -2.5 0.0009 

WP_001269643.1 pur operon repressor purR -2.6 0.0000 

WP_000154506.1 3-hydroxyacyl-CoA dehydrogenase AID38649.1 -2.6 0.0000 

WP_001096494.1 transaldolase AID40252.1 -2.6 0.0000 

WP_001062662.1 pyruvate oxidase CidC  AID41229.1 -2.6 0.0000 

WP_000689997.1 alanine dehydrogenase ald2 -2.6 0.0000 

WP_000425358.1 valine--tRNA ligase valS -2.6 0.0000 

WP_000395692.1 D-alanine--poly(phosphoribitol) ligase subunit 2 dltC -2.6 0.0000 

WP_000916187.1 50S ribosomal protein L27 rpmA -2.6 0.0026 

WP_000825937.1 amino acid ABC transporter substrate-binding protein AID41110.1 -2.6 0.0000 

WP_001038301.1 DNA polymerase I polA -2.6 0.0000 

WP_000140675.1 ATP synthase subunit B atpF -2.6 0.0000 

WP_000082722.1 oligoendopeptidase F AID39438.1 -2.6 0.0000 

WP_000422864.1 3-hexulose-6-phosphate synthase AID39068.1 -2.6 0.0000 

WP_000166055.1 fatty acid-binding protein DegV AID39887.1 -2.7 0.0000 

WP_001226833.1 urocanate hydratase hutU -2.7 0.0000 

WP_001791353.1 putative heat induced stress protein  AID38877.1 -2.7 0.0000 

WP_000004086.1 30S ribosomal protein S17 rpsQ -2.7 0.0000 

WP_000562498.1 class 1b ribonucleoside-diphosphate reductase subunit beta nrdF -2.7 0.0000 

WP_000290491.1 glycine cleavage system protein H gcvH -2.7 0.0000 
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WP_001196351.1 proline dehydrogenase AID40238.1 -2.7 0.0000 

WP_000584639.1 DNA double-strand break repair Rad50 ATPase AID40313.1 -2.8 0.0000 

WP_000193707.1 phosphogluconate dehydrogenase (NADP(+)-dependent, 
decarboxylating) 

gnd -2.8 0.0000 

WP_000244860.1 septation ring formation regulator EzrA ezrA -2.8 0.0000 

WP_000081181.1 beta-ketoacyl-[acyl-carrier-protein] synthase II fabF -2.8 0.0000 

WP_000186043.1 tyrosine--tRNA ligase tyrS -2.8 0.0000 

WP_000930503.1 alkyl hydroperoxide reductase subunit F ahpF -2.8 0.0000 

WP_000791398.1 uncharacterized leukocidin-like protein 2  AID40551.1 -2.8 0.0000 

WP_000076025.1 branched chain amino acid aminotransferase ilvE -2.8 0.0000 

WP_000159638.1 D-alanine--D-alanine ligase ddl -2.9 0.0000 

WP_000491755.1 DUF47 domain-containing protein AID39171.1 -2.9 0.0000 

WP_000109909.1 phosphoenolpyruvate carboxykinase (ATP) pckA -2.9 0.0009 

WP_077670284.1 MSCRAMM family adhesin SdrC  sdrC -2.9 0.0017 

WP_001232655.1 pyruvate kinase pyk -2.9 0.0000 

WP_000942303.1 ABC transporter ATP-binding protein AID39848.1 -2.9 0.0000 

WP_000985472.1 50S ribosomal protein L2 rplB -2.9 0.0381 

WP_000435132.1 threonine--tRNA ligase thrS -2.9 0.0000 

WP_001283444.1 MarR family transcriptional regulator rat -3.0 0.0000 

WP_000473654.1 glucose-specific phosphotransferase enzyme IIA component crr -3.0 0.0000 

WP_000043642.1 translation initiation factor IF-2 infB -3.0 0.0000 

WP_000814087.1 proline--tRNA ligase proS -3.0 0.0017 

WP_000057330.1 UMP kinase pyrH -3.0 0.0000 

WP_001108721.1 leucine--tRNA ligase leuS -3.0 0.0000 

WP_000202178.1 glycine dehydrogenase gcvPB -3.0 0.0000 

WP_001115101.1 transcription termination factor Rho rho -3.1 0.0000 

WP_000090796.1 30S ribosomal protein S13 rpsM -3.1 0.0000 

WP_000160848.1 iron-regulated surface determinant protein A (IsdA) isdA -3.1 0.0000 

WP_000046076.1 NADH dehydrogenase AID39377.1 -3.1 0.0000 

WP_000027924.1 Asp-tRNA(Asn)/Glu-tRNA(Gln) amidotransferase GatCAB subunit A gatA -3.1 0.0026 

WP_000955797.1 bifunctional acetaldehyde-CoA/alcohol dehydrogenase adhE -3.1 0.0000 

WP_000182648.1 translational GTPase TypA AID39546.1 -3.1 0.0000 

WP_001273085.1 50S ribosomal protein L10 rplJ -3.1 0.0026 

WP_000048712.1 uracil phosphoribosyltransferase upp -3.1 0.0000 

WP_000180655.1 2-oxoglutarate dehydrogenase E1 component odhA -3.2 0.0000 

WP_000472293.1 ATP-dependent Clp protease ATP-binding subunit ClpX clpX -3.2 0.0000 

WP_000745926.1 clumping factor B (ClfB) clfB -3.2 0.0027 

WP_000358009.1 UDP-N-acetylglucosamine 1-carboxyvinyltransferase murA1 -3.2 0.0017 

WP_001218603.1 aerobic glycerol-3-phosphate dehydrogenase glpD -3.2 0.0027 

WP_000168845.1 Fe-S cluster assembly ATPase SufC AID39350.1 -3.2 0.0000 

WP_000040043.1 phosphoenolpyruvate--protein phosphotransferase ptsI -3.3 0.0000 

WP_001063330.1 ATP-dependent Clp protease ATP-binding subunit clpL -3.3 0.0016 

WP_001167888.1 ATP-dependent metallopeptidase FtsH/Yme1/Tma family protein ftsH -3.3 0.0000 

WP_000417008.1 2-hydroxyacid dehydrogenase AID40993.1 -3.3 0.0000 

WP_001049165.1 ATP-dependent Clp protease proteolytic subunit ClpP (subunit 
specified manually) 

clpP -3.3 0.0000 

WP_001251219.1 glucosamine-6-phosphate isomerase AID40324.1 -3.4 0.0000 

WP_000368166.1 DNA recombination/repair protein RecA recA -3.4 0.0000 

WP_000024830.1 50S ribosomal protein L4 rplD -3.5 0.0000 

WP_001288196.1 lysine--tRNA ligase lysS -3.5 0.0000 

WP_000727325.1 DUF4889 domain-containing protein AID41078.1 -3.5 0.0000 

WP_001270861.1 glutamate-1-semialdehyde 2,1-aminomutase hemL1 -3.5 0.0000 

WP_000055337.1 GTP-sensing pleiotropic transcriptional regulator CodY codY -3.5 0.0000 

WP_000268754.1 30S ribosomal protein S16 rpsP -3.6 0.0105 

WP_000225845.1 bifunctional methylenetetrahydrofolate 
dehydrogenase/methenyltetrahydrofolate cyclohydrolase 

folD -3.6 0.0000 

WP_000926310.1 50S ribosomal protein L16 rplP -3.6 0.0000 

WP_001031880.1 L-lactate dehydrogenase ldh1 -3.6 0.0000 

WP_001020801.1 succinyl-CoA ligase subunit beta sucC -3.6 0.0000 

WP_000506536.1 protein translocase subunit SecA 1 secA1 -3.6 0.0000 

WP_001096577.1 50S ribosomal protein L30 rpmD -3.7 0.0000 

WP_001126603.1 glutamine synthetase glnA -3.7 0.0000 

WP_000149412.1 formate--tetrahydrofolate ligase fhs -3.7 0.0000 

WP_000178881.1 30S ribosomal protein S8 rpsH -3.7 0.0000 

WP_001018328.1 30S ribosomal protein S15 rpsO -3.7 0.0000 

WP_000160212.1 50S ribosomal protein L3 rplC -3.7 0.0000 

WP_000542274.1 50S ribosomal protein L17 rplQ -3.7 0.0000 

WP_000954802.1 nitric oxide dioxygenase AID38659.1 -3.7 0.0000 

WP_001074521.1 bifunctional autolysin Atl  atl -3.8 0.0019 

WP_000766074.1 50S ribosomal protein L15 rplO -3.9 0.0000 

WP_000918664.1 DNA-directed RNA polymerase subunit beta rpoB -3.9 0.0000 

WP_000388082.1 50S ribosomal protein L23 rplW -3.9 0.0000 

WP_001030080.1 glycine--tRNA ligase glyQS -3.9 0.0000 

WP_001790547.1 30S ribosomal protein S9 rpsI -3.9 0.0000 

WP_000644737.1 50S ribosomal protein L29 rpmC -4.0 0.0000 

WP_000424963.1 GMP synthase (glutamine-hydrolyzing) guaA -4.0 0.0000 

WP_000383814.1 DUF948 domain-containing protein AID40210.1 -4.1 0.0000 

WP_000855505.1 class 1b ribonucleoside-diphosphate reductase subunit alpha nrdE -4.1 0.0000 

WP_000167322.1 ornithine--oxo-acid transaminase AID39393.1 -4.1 0.0000 

WP_000034728.1 pyridoxal 5'-phosphate synthase lyase subunit PdxS pdxS -4.1 0.0000 

WP_000124353.1 30S ribosomal protein S19 rpsS -4.2 0.0000 



Entry name Protein function STRING ID Log2 
ΔLFQ 

q 
value 

WP_000090514.1 30S ribosomal protein S4 rpsD -4.2 0.0000 

WP_001260089.1 triose-phosphate isomerase tpiA -4.2 0.0000 

WP_000511135.1 ATP synthase subunit beta atpD -4.2 0.0017 

WP_001085792.1 50S ribosomal protein L11 rplK -4.2 0.0000 

WP_000437472.1 phosphocarrier protein HPr AID39520.1 -4.3 0.0000 

WP_000101625.1 30S ribosomal protein S11 rpsK -4.3 0.0000 

WP_001074353.1 carbamate kinase 1 arcC1 -4.3 0.0000 

WP_001178940.1 DEAD/DEAH box family ATP-dependent RNA helicase cshA -4.4 0.0000 

WP_077670278.1 clumping factor A (ClfA) clfA -4.4 0.0000 

WP_000181404.1 50S ribosomal protein L19 rplS -4.4 0.0000 

WP_000774286.1 phosphate acetyltransferase pta -4.5 0.0000 

WP_000660054.1 argininosuccinate synthase argG -4.5 0.0000 

WP_000387527.1 50S ribosomal protein L22 rplV -4.6 0.0000 

WP_000157650.1 50S ribosomal protein L25 ctc -4.7 0.0000 

WP_000136159.1 ornithine carbamoyltransferase ArcB arcB -4.7 0.0000 

WP_000068176.1 pyruvate dehydrogenase E1 component subunit beta pdhB -4.7 0.0026 

WP_000617735.1 ribosomal subunit interface protein hpf -4.8 0.0000 

WP_001074749.1 phosphoglycerate kinase pgk -4.8 0.0000 

WP_000442480.1 nucleoside-diphosphate kinase ndk -5.0 0.0000 

WP_000959426.1 alanine dehydrogenase ald1 -5.1 0.0000 

WP_000825534.1 methionine ABC transporter substrate-binding protein (aka NLPA 
lipoprotein) 

AID38955.1 -5.6 0.0173 

WP_000210828.1 serine/threonine dehydratase tdcB -5.6 0.0000 

WP_001043863.1 DNA-binding protein HU AID39935.1 -6.3 0.0000 

WP_001242307.1 pyrimidine-nucleoside phosphorylase pdp -6.3 0.0000 

WP_000634175.1 universal stress protein UspA AID40179.1 -6.4 0.0000 

WP_001131841.1 fructose-bisphosphate aldolase fba -6.7 0.0000 
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Abstract: Biofilm-mediated infection is a major cause of bone prosthesis failure. The lack of molecules
able to act in biofilms has driven research aimed at identifying new anti-biofilm agents via chemical
screens. However, to be able to accommodate a large number of compounds, the testing conditions
of these screenings end up being typically far from the clinical scenario. In this study, we assess
the potential applicability of three previously discovered anti-biofilm compounds to be part of
implanted medical devices by testing them on in vitro systems that more closely resemble the
clinical scenario. To that end, we used a competition model based on the co-culture of SaOS-2
mammalian cells and Staphylococcus aureus (collection and clinical strains) on a titanium surface, as
well as titanium pre-conditioned with high serum protein concentration. Additionally, we studied
whether these compounds enhance the previously proven protective effect of pre-incubating titanium
with SaOS-2 cells. Out of the three, DHA1 was the one with the highest potential, showing a
preventive effect on bacterial adherence in all tested conditions, making it the most promising agent
for incorporation into bone implants. This study emphasizes and demonstrates the importance of
using meaningful experimental models, where potential antimicrobials ought to be tested for the
protection of biomaterials in translational applications.

Keywords: biofilm; co-culture; Staphylococcus aureus; SaOS-2; biomaterials; implanted devices

1. Introduction

Antimicrobial resistance is one of the major healthcare challenges that is currently faced by
humanity. By switching into the biofilm state, bacteria can withstand antibiotic chemotherapy, and this
is increasingly regarded as the most important nonspecific mechanism of antimicrobial resistance [1,2].
Biofilms are defined as a community of cells encased within a self-produced matrix that adheres to
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biological or non-biological surfaces [3,4]. Because implanted medical devices can be ideal substrates for
bacteria to attach, biofilm-mediated infections are one of the leading causes of prosthesis implantation
failures. Biomaterial-associated infections (BAIs) represent a great clinical concern because they
cause increased morbidity and distress in patients, along with high economic costs due to increased
hospitalizations [5].

When implanting a biomaterial, the desired outcome is the correct integration of such material
with the host tissue. However, this ideal outcome is often impacted by the presence of bacterial cells at
the moment of implantation. According to the concept of “race for the surface” [6], if host cells are able
to colonize the surface of the device first, the chances of bacterial cells to adhere to such surface are
lower, therefore lowering the risk of implant infection [7]. A frequent route of infection for implants
occurs during surgery [8], as microorganisms can be introduced on the implant surface, providing
them with an advantage to colonize the unprotected surface and create a biofilm [9]. Taking this into
consideration, a reasonable approach would be to design an antimicrobial material or coating that
promotes tissue integration. In that direction, based on the earlier results by Perez-Tanoira et al. [10],
it seems that the pre-conditioning of the material with host cells is advantageous to protect against
bacterial colonization. Staphylococcus aureus is found asymptomatically on the skin [11] and its presence
there enhances the risk of infection in the surgical site, which is why it is regarded as a frequent
causative agent of implant-related infections, especially in orthopedics [12].

Thus far, there is a limited repertoire of compounds that are able to act on biofilms at sufficiently
low concentrations, especially in the case of S. aureus [13]. In order to tackle this problem, several
strategies have been proposed, which include, among others, (i) the screening of compounds libraries to
identify new small molecules able to inhibit or disassemble biofilms [14], (ii) medicinal chemistry-driven
approaches directed towards synthetic modifications of known antibiotics to increase their effectivity
on biofilms [15], and (iii) development of novel nano-formulations to improve antibiotic penetration
on biofilms [16]. Our laboratory has embraced the exploration of natural compound sources and those
studies have resulted in the identification of three promising anti-biofilm leads [17–19], which are
shown in Figure 1.
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Figure 1. Chemical structures of the two dehydroabietic acid (DHA) derivatives, (a) N-(abiet-8,11,13-
trien-18-oyl)cyclohexyl-L-alanine and (b) N-(abiet-8,11,13-trien-18-oyl)-D-tryptophan, coded
DHA1 and DHA2, as well as the flavan derivative (c), 6-chloro-4-(6-chloro-7-hydroxy-2,4,4-
trimethylchroman-2-yl)benzene-1,3-diol, coded FLA1.

The first two compounds are dehydroabietic acid (DHA) derivatives, N-(abiet-8,11,13-trien-18-oyl)
cyclohexyl-L-alanine and N-(abiet-8,11,13-trien-18-oyl)-D-tryptophan, coded DHA1 (shown in
Figure 1a) and DHA2 (shown in Figure 1b), respectively. These two compounds were
synthetically developed in [20] (coded 11 and 9b, respectively, in [20]), by combining the
abietane moiety with amino acids, which had separately been shown to display anti-biofilm
properties [17,21–23]. Compounds DHA1 and DHA2 were both demonstrated to prevent
biofilm formation as well as to effectively disassemble pre-formed S. aureus biofilms [20],
and they represent the most potent abietane-type anti-biofilm agents that have been reported
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thus far. The third antimicrobial candidate (show in Figure 1c) is a flavan derivative:
6-chloro-4-(6-chloro-7-hydroxy-2,4,4-trimethylchroman-2-yl)benzene-1,3-diol, coded FLA1, that has
also been earlier shown to prevent bacterial colonization and decrease the viability of existing S. aureus
biofilms [18] (coded 291 in [18]).

These three lead compounds are good candidates to protect medical devices from biofilm infections.
Among the strategies used to protect implants are the modification of the material surfaces to inhibit
bacterial adhesion [24,25] and the application of passive coatings to enhance tissue integration or
compatibility. Altogether, these strategies aim at diminishing the rate of implant infection [26], which
is essential not only to prevent biofilm formation per se but also to avoid aseptic loosening, which is
also an important cause of prosthesis failure [27]. It is conceivable that these three lead compounds
could be used to develop new materials loaded with them, or that they could be incorporated into
antimicrobial coating solutions.

However, moving from in vitro to translational studies can be highly challenging. Often,
antimicrobial screening is carried out on materials like polystyrene, which might provide dramatically
different results from those obtained in more clinically-relevant surfaces, such as titanium. Similarly,
in antibacterial screens, collection strains are often used, whose virulence and adherence capability
might differ from those found in wild-type strains isolated from implants [28,29]. In addition, the
promotion of tissue integration is not often tested on antimicrobial screens, and, if it happens to be
included, the testing is done separately from the antibacterial properties [30–34]. This is less than
ideal as anti-biofilm/antibacterial capability and tissue integration should be preferably tested together.
In vitro co-culture, models (involving both bacterial and mammalian cells) have been applied to better
mimic the clinical situation. These models do not only assess the effects of the leads or materials on
bacterial and mammalian cells at the same time but they also provide information on their effect in the
interaction between these two cell types [9,35].

Our goal in this investigation is to study the applicability of these naturally compound-derived
anti-biofilm leads (DHA1, DHA2, and FLA1) on the antimicrobial protection of biomaterials. Biofilm
inhibiting effects of these leads were first studied using the collection and clinical bacterial strains. The
anti-biofilm effects were then measured on a competitive colonization model of titanium surfaces, based
on the protocol developed by Perez-Tanoira et al. [36], exposed simultaneously to Staphylococcus aureus
strains and human osteosarcoma cells (SaOS-2), as well as with titanium pre-conditioned with media
supplemented with serum proteins. Furthermore, as it has been previously shown that the incubation
of biomaterials with SaOS-2 cells before implantation can be an effective strategy to prevent bacterial
adhesion and biofilm formation [10], we additionally tested if the naturally-derived anti-biofilm leads
would enhance this preventive effect given by cellular pre-exposure.

2. Materials and Methods

2.1. Compounds

Two dehydroabietic acid derivatives (DHA2 and DHA1) were synthesized according to [20].
Their spectral data were identical to those reported in [23]. The flavan derivative coded FLA1,
6-chloro-4-(6-chloro-7-hydroxy-2,4,4-trimethylchroman-2-yl)benzene-1,3-diol, was purchased from
TimTec (product code: ST075672, www.timtec.net). Control antibiotics were purchased from
Sigma-Aldrich: rifampicin (13292-46-1) and penicillin G (69-57-8) (coded RIF and PEN, respectively).

2.2. Bacterial Strains

Bacterial studies were performed with the collection strain S. aureus ATCC 25923 (American
Type Culture Collection, Manassas, Virginia) and five clinical strains isolated from hip prostheses and
osteosynthesis implants at the Hospital Fundación Jiménez Díaz (Madrid, Spain) [37] (S. aureus P1, P2,
P4, P18, and P61).

www.timtec.net
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2.3. Effects of Compounds on Biofilm Viability in 96-Wells Microplates

Bacteria (S. aureus ATCC 25923 and the five clinical strains) were cultured in 30 g/L tryptic soy
broth (TSB, Neogen®, Lansing, Michigan, USA) under aerobic conditions at 37 ◦C, 220 rpm for 4 h
to reach exponential phase. For forming biofilms, these exponentially grown cultures (106 CFU/mL)
were added into flat bottomed 96-well microplates (Nunclon ∆ surface, Nunc, Roskilde, Denmark).
The anti-biofilm effects of the compounds were assessed prior to biofilm formation and post-biofilm
formation. This was carried out as described earlier [17]. Briefly, compounds (at a concentration
of 50 µM, 0.25% DMSO) were added simultaneously with the bacterial suspension and effects were
examined after incubation at 37 ◦C, 200 rpm for 18 h, to assess the prevention of biofilm formation. For
the post-biofilm formation testing, biofilms were first formed during 18 h (37 ◦C, 200 rpm), compounds
were added, and plates were incubated for 24 h at 37 ◦C, 200 rpm. Untreated biofilms (only exposed to
culture media and 0.25% DMSO), cell-free wells containing only TSB and wells containing biofilms,
and 0.25% of DMSO were included as solvent controls. Antibiotics RIF and PEN were used as positive
controls, at the same concentration of the studied compounds. The effects on the biofilm viability were
assessed following the protocol of [38] by resazurin staining. Briefly, the biofilms were washed twice
(200 µL per well) with phosphate buffered saline (PBS) and stained with 20 µM resazurin for 20 min
at room temperature (RT), 200 rpm. The top fluorescence of the reduced resazurin was measured
at λexcitation = 560 nm and λemission = 590 nm using a Thermo Scientific Varioskan LUX Multimode
microplate reader.

2.4. Selection of The Best Biomass-Producer from the Clinical Strains

In order to assess the differences in biomass production between the clinical strains and select
the best strain for the co-culture studies, the biofilm biomass was quantified by crystal violet staining.
To do so, after the resazurin measurement, biofilms were fixed with 99.8% MeOH (200 µL per well) for
15 min. After removal of MeOH, wells were allowed to dry and 190 µL of crystal violet (0.0023%, v/v)
was added and cells were stained for 5 min at room temperature (RT), followed by 2 cycles of manual
washing (200 µL per well) with milliQ-water. Wells were let dry for 15 min at RT. After this, the crystal
violet-bound stain was solubilized in 96% ethanol (200 µL per well). The plates were incubated for 1 h
at RT, and the stained biofilm biomass was then quantitated by measuring the absorbance values at
595 nm using a Thermo Scientific Multiskan Sky microplate spectrophotometer.

2.5. Competition Model on A Titanium Surface

2.5.1. Culture of Human Cells

Human osteosarcoma SaOS-2 cells (89050205, European Collection of Authenticated Cell cultures,
ECACC) were grown in minimal essential medium (MEM) (Sigma Aldrich, St. Louis, Missouri, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Sigma Aldrich, St. Louis, Missouri,
USA) containing 500 UI/mL penicillin and 0.1 mg/mL streptomycin (Sigma Aldrich, St. Louis, Missouri,
USA). Cells were maintained at 37 ◦C in 5% CO2 in a humidified incubator.

2.5.2. Cytotoxicity of Compounds in 96-Well Plates

Before proceeding with the co-culture studies, the possible cytotoxicity of the compounds to
SaOS-2 cells was assessed in opaque-walled well plates, using the Promega CellTiter-Glo® luminescent
cell viability assay. This assay is based on the quantification of the ATP present, which signals the
presence of metabolically active cells, and therefore allows the calculation of the number of viable cells.
To do this, 50,000 cells per well were seeded. They were exposed to a concentration of 50 µM of each
compound (0.25% DMSO); cells without treatment were used as control, and effects of DMSO (0.25%)
were also measured. Media alone wells (with MEM) were used as blanks, and in the case of RIF, a
blank containing only this compound was also included, to exclude possible interference related to its
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red color. After 24 h incubation, Promega CellTiter-Glo® assay was carried out, and the luminescence
was measured using a Thermo Scientific Varioskan LUX Multimode microplate reader.

2.5.3. Culture of Staphylococci and Human Cells

The bacteria S. aureus (25923 or the clinical strains) was pre-cultured overnight at 37 ◦C in 5 mL of
TSB medium [39]. It was later centrifuged at 4500× g for 10 min, the supernatant was discarded, and
the pellet washed three times with PBS. The optical density of the bacterial suspension was measured
at λ of 600 nm with a Thermo Scientific Multiskan Sky microplate spectrophotometer according
to the McFarland standard. The final concentration of the S. aureus suspension was 104 CFU/mL.
This suspension was then added to titanium coupons (0.4 cm height, 1.27 cm diameter, BioSurface
Technologies Corp., Bozeman, MT, USA), onto which the different tested compounds or the control
antibiotics had been added at a concentration of 50 µM and inserted in the different wells of a 24-well
plate (Nunclon ∆ surface, Nunc, Roskilde, Denmark).

On the other hand, for the SaOS-2 cells, the media was refreshed 24 h before the experiment
started with MEM 10% FBS (without antibiotics), in order to clear out possible traces of antibiotics on
the maintenance media. On the day of the experiment the cells were detached with a Trypsin:EDTA
solution and re-suspended in MEM 10% FBS; afterwards, they were seeded at a concentration of
105 cells/mL on the titanium coupons, onto which the bacterial suspension had been added as well as
the studied compounds and control antibiotics (as described in the previous paragraph). The well
plates containing the coupons were maintained in co-culture with a solution containing 104 CFU of
S. aureus and 105 SaOS-2 cells in a total volume of 1 mL of MEM:PBS 5% FBS for 24 h, as originally
described in [36]. Titanium with added RIF or PEN (both, 50 µM) were used as positive (antibiotic)
controls. As co-culture controls, titanium coupons without the addition of the tested compounds
or the control antibiotics were exposed to both cellular systems (S. aureus and SaOS-2 cells) at the
concentrations previously described. In addition, bacterial controls (exposed or not to the compounds,
without SaOS-2 cells), SaOS-2 cells controls (exposed or not to the compounds, without bacterial
cells), and a DMSO control (0.25 % DMSO coating titanium coupon in 105 SaOS-2 cells/mL), were
also included. Furthermore, an additional bacterial control (104 CFU/mL of S. aureus on 1 mL of
MEM:PBS 5% FBS) was set in order to assess the possible background caused by S.aureus in the viability
measurement of SaOS-2 cells by luminescence.

2.6. Competition Model on a Titanium Surface Pre-Incubated with SaOS-2 Cells

Following the protocol of Perez-Tanoira et al. [10], a concentration of 105 SaOS-2 cells/mL was
seeded on titanium coupons and incubated for 24 h. After the end of the incubation period, the
cell medium was removed and samples were washed three times with sterile PBS to remove any
non-adherent human cells. The different tested compounds (DHA1, DHA2, FLA1, RIF, and PEN)
were added to the coupons at a concentration of 50 µM. A suspension containing 10 4 CFU/mL of S.
aureus and 105 SaOS-2 cells/mL on 1 mL of MEM:PBS 5% FBS was added to each coupon and incubated
for 24 h. As a co-culture control, a titanium coupon that had been pre-incubated with the SaOS-2
cells and later added bacterial and SaOS-2 cells (as described before) but not exposed to compounds,
was used. As a bacterial control, a suspension of 104 CFU/mL of S. aureus on 1 mL of MEM:PBS 5%
FBS was added to a titanium coupon without pre-incubation with SaOS-2 cells. As a cellular control,
titanium was incubated with 105 SaOS-2 cells/mL on 1 mL of MEM:PBS 5% FBS, without the addition
of bacterial cells. Additionally, another bacterial control (104 CFU/mL of S. aureus on 1 mL of MEM:PBS
5% FBS ) was set in order to assess the possible background caused by S.aureus in the measurement of
SaOS-2 cellular viability by luminescence.

2.7. Competition Model on a Titanium Surface Pre-Conditioned with Serum-Containing Media

Following the protocol of Campoccia et al. [40], the titanium coupons were exposed to MEM
containing 10% of FBS for 30 min. After the incubation period, the medium was removed and
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samples were washed once with serum-free MEM. Compound DHA1 was added to the coupons at a
concentration of 50 µM. A suspension containing 104 CFU/mL of S. aureus and 105 SaOS-2 cells/mL
on 1 mL of MEM:PBS 5% FBS was added to each coupon and incubated for 24 h. As a co-culture
control, a titanium coupon that had been pre-conditioned with the 10% FBS MEM and added bacterial
cells (as described before) but not exposed to compounds, was used. In addition, a co-culture control
with titanium without pre-conditioning with 10% FBS MEM was included. As bacterial controls, a
suspension of 104 CFU/mL of S. aureus on 1 mL of MEM:PBS 5% FBS was added to a titanium coupon,
both non-preconditioned and pre-conditioned with 10% FBS MEM. As cellular controls, titanium was
incubated with 105 SaOS-2 cells/mL on 1 mL of MEM:PBS 5% FBS, without the addition of bacterial
cells, both non-preconditioned and pre-conditioned with 10% FBS MEM, as in the case of the bacterial
controls. Additionally, another bacterial control (104 CFU/mL of S. aureus on 1 mL of MEM:PBS 5%
FBS) was set in order to assess the possible background caused by S. aureus in the measurement of
SaOS-2 viability by luminescence.

2.8. Measurement of SaOS-2 Cells Viability

Coupons were washed once with PBS and cells detached with 500 µL of a 1:10 trypsin:EDTA
solution. Then, 500 µL of MEM (containing 10% FBS) was added to neutralize the trypsin:EDTA
solution. The resulting (1 mL) suspension was centrifuged at 150× g. The supernatant was discarded
and 100 µL of MEM containing the cellular pellet was transferred to an opaque-walled well plate and
the Promega CellTiter-Glo® luminescent cell viability assay was carried out. The possible background
signal corresponding to S. aureus was subtracted from the co-culture wells

2.9. Bacterial Adherence and Biofilm Formation

Titanium coupons were washed with TBS to remove remaining planktonic cells and then they
were transferred into Falcon tubes containing 1 mL of 0.5% (w/v) Tween® 20-TSB solution. After that,
the tubes were sonicated in an Ultrasonic Cleaner 3800 water sonicator (Branson Ultrasonics, Danbury,
CT, USA) at 25 ◦C, for 5 min at 35 kHz. The tubes were mixed vigorously for 20 s prior to and after the
sonication step. Serial dilutions were performed from the resulting bacterial suspensions and plated
on Tryptic Soy Agar (TSA, Neogen®, Lansing, MI, USA) plates.

2.10. Fluorescence Imaging

Titanium coupons were incubated in the same exact conditions as described in Sections 2.5.3
and 2.6. After incubation with the different compounds, coupons were manually washed three times
with PBS. The dried coupons were stained for 2 min with a rapid fluorescence staining method
using acridine orange (BD Diagnostics, Sparks, MD, USA) at a concentration of 0.1 mg/mL. After
the staining, coupons were rinsed with sterile water to remove the excess of dye. Images were
taken with an Invitrogen EVOS M5000 imaging system (Thermo Scientific, Waltham, Massachusetts,
USA). On each coupon, 8–10 fields were viewed and photographed at magnifications of 10x and 20x.
Representative images are shown in the results. All imaging experiments were performed in duplicates
and experiments were repeated three times.

2.11. Statistical Analysis

The quantitative data are reported as mean of at least 3 technical replicates ± SEM, and
all experiments were repeated 3 times. Data were analyzed using GraphPad Prism 8 for
Windows. Non-parametric tests were used. For statistical comparisons, Welch’s unpaired t-test
and one-way ANOVA with Bonferroni correction were applied, and p < 0.05 was always considered as
statistically significant.
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3. Results

3.1. Effect on the Prevention and Killing of Biofilms Formed by S. aureus Clinical Strains in 96-well microplates

The three anti-biofilm leads studied here had been earlier tested only using collection strains [18,20].
Thus, prior to starting their effects on biomaterials, we set out to test their anti-biofilm efficacy using
five different clinical S. aureus strains, isolated from hip prostheses and osteosynthesis implants [37].
These results were compared to the effect of the compounds on S. aureus ATCC 25923, the collection
strain previously used as a reference. The effects on the biofilm viability were measured using a redox
staining assay (resazurin-based) on biofilms grown on the polystyrene surface of 96-well microplates.

As can be seen in Figure 2a, all three compounds caused over 90% prevention of biofilm formation
by all clinical strains, as well as the previously tested reference strain, with an effect fairly similar
to RIF, one of the used control antibiotics. In contrast, PEN (the other control antibiotic tested here)
was only efficient against the collection strain and one of the clinical strains (P61). When the effect
was measured on pre-formed biofilms of the clinical strains (Figure 2b), the inhibitory effects of the
three compounds was reduced (compared to Figure 2a), but, still, a significant inhibitory effect was
measured in all cases and it was higher than the one displayed by PEN. The second control antibiotic,
RIF, remained effective and able to cause over 60% inhibition of the viability of the clinical pre-formed
biofilms (Figure 2b).
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Figure 2. Effect of the two dehydroabietic acid (DHA) derivatives (DHA1 and DHA2), the
flavonoid-derivative (FLA1), and two control antibiotics (RIF and PEN), at a concentration of 50 µM,
when exposed before biofilm are formed (a) or on pre-formed S. aureus biofilms (b). Biofilms formed by
one collection strain (ATCC 25923) and 5 different clinical isolates were tested. Statistical differences
are indicated in comparison to the collection strain, *** p < 0.001. Results are expressed as mean ± SEM
of three technical replicates in experiments repeated three times.

For the rest of the studies, one of the S. aureus clinical strains, P2, was selected and compared to
the effect on the reference collection strain (S. aureus ATCC 25923). This decision was based on the fact
that this clinical S. aureus strain P2 was the one with the highest biomass-containing biofilm when
compared to the collection strain S. aureus 25923 (Figure 3).



Microorganisms 2020, 8, 345 8 of 20

Microorganisms 2020, 8, 345 7 of 20 

 

[37]. These results were compared to the effect of the compounds on S. aureus ATCC 25923, the 

collection strain previously used as a reference. The effects on the biofilm viability were measured 

using a redox staining assay (resazurin-based) on biofilms grown on the polystyrene surface of 96-

well microplates.  

As can be seen in Figure 2a, all three compounds caused over 90% prevention of biofilm 

formation by all clinical strains, as well as the previously tested reference strain, with an effect fairly 

similar to RIF, one of the used control antibiotics. In contrast, PEN (the other control antibiotic tested 

here) was only efficient against the collection strain and one of the clinical strains (P61). When the 

effect was measured on pre-formed biofilms of the clinical strains (Figure 2b), the inhibitory effects 

of the three compounds was reduced (compared to Figure 2a), but, still, a significant inhibitory effect 

was measured in all cases and it was higher than the one displayed by PEN. The second control 

antibiotic, RIF, remained effective and able to cause over 60% inhibition of the viability of the clinical 

pre-formed biofilms (Figure 2b). 

 

Figure 2. Effect of the two dehydroabietic acid (DHA) derivatives (DHA1 and DHA2), the flavonoid-

derivative (FLA1), and two control antibiotics (RIF and PEN), at a concentration of 50 µM, when 

exposed before biofilm are formed (a) or on pre-formed S. aureus biofilms (b). Biofilms formed by one 

collection strain (ATCC 25923) and 5 different clinical isolates were tested. Statistical differences are 

indicated in comparison to the collection strain, *** p < 0.001. Results are expressed as mean ± SEM of 

three technical replicates in experiments repeated three times.  

For the rest of the studies, one of the S. aureus clinical strains, P2, was selected and compared to 

the effect on the reference collection strain (S. aureus ATCC 25923). This decision was based on the 

fact that this clinical S. aureus strain P2 was the one with the highest biomass-containing biofilm when 

compared to the collection strain S. aureus 25923 (Figure 3). 

 

Figure 3. Biofilm biomass produced by S. aureus ATCC 25923 in comparison with five clinical strains 

resulting after 18 h incubation (a) and 42 h incubation (b). Statistical differences are indicated in 

comparison to the collection strain, ** p < 0.01. Results are expressed as mean ± SEM of three technical 

replicates in experiments repeated three times. 

Figure 3. Biofilm biomass produced by S. aureus ATCC 25923 in comparison with five clinical strains
resulting after 18 h incubation (a) and 42 h incubation (b). Statistical differences are indicated in
comparison to the collection strain, ** p < 0.01. Results are expressed as mean ± SEM of three technical
replicates in experiments repeated three times.

3.2. Effect on the prevention of S. aureus Adhesion in a Competitive Colonization Model on Titanium Coupons

Prior to testing the capacity of the compounds on the competitive colonization model, their
possible cytotoxic effects towards SaOS-2 cells were assessed on polystyrene 96-well microplates
(Figure S1). None of the compounds showed cytotoxicity at a concentration of 50 µM on either of
the materials.

Next, the effects of the compounds on SaOS-2 viability, as well as on the S. aureus 25923 and P2
viable attached cells were measured, when bacteria and human cells were simultaneously co-cultured
(Figure 4). The first part of Figure 4a (to the left) shows how none of the compounds caused any
inhibition of the SaOS-2 adherence to titanium, in the absence of bacterial cells. The rest of Figure 4a
(middle and right panels) show the effects of the compounds on SaOS-2 viability when bacteria and
human cells are simultaneously co-cultured. The presence of either the collection (SaOS-2 + S. aureus
25923, blue bars) or the clinical (SaOS-2 + S. aureus P2, red bars) S. aureus strain induced a slight
proliferative effect on the SaOS-2 cells, but with no statistical relevance in any of the cases. Only
compound FLA1 significantly diminished SaOS-2 viability in the presence of the clinical strain P2
(Figure 4a; SaOS-2 + S. aureus P2).

On the other hand, the presence of SaOS-2 cells caused a significant reduction of the attached
viable S. aureus ATCC 25923 when compared with the material incubated only with bacteria (blue
control bar versus black control bar in Figure 4b, p = 0.007). In addition, all three compounds reduced
the number of viable S. aureus ATCC 25923 cells in co-cultured with SaOS-2 cells (blue bars), compared
to the bacterial control (Figure 4b). Compound DHA1 managed to cause a 4-log reduction when
compared to the bacteria grown in monoculture, and more than a 2-log reduction when compared to
the corresponding co-culture control (Figure 4b). The reduction of bacterial adhesion obtained after
treatment with compound DHA2 is slightly smaller but yet significant (p = 0.0247), being the number
of S. aureus ATCC 25923 attached in DHA2-treated samples about 1-log less than in the corresponding
co-culture control. Compound FLA1 caused a reduction of the viable S. aureus ATCC 25923 comparable
to the one obtained with DHA1 (p < 0.001). Both controls antibiotics caused a very significant reduction
in the number of viable S. aureus ATCC 25923 cells. In fact, RIF completely prevented the adherence of
this collection strain.

With respect to the clinical S. aureus strain P2, the mere presence of mammalian cells did not
cause a reduction of the attached viable bacteria when compared to the bacterial monoculture controls
(red control bar versus black control bar in Figure 4c). Compound DHA1 significantly reduced
(p < 0.001) the viable attached S. aureus P2 by almost 2-log when compared to corresponding bacterial
(monoculture and co-culture) controls. Compounds DHA2 and FLA1 did not cause any significant
reduction of the viable clinical bacteria in this competitive colonization assay. Antibiotics RIF and
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PEN significantly reduced the viable attached clinical bacterial strain when compared to both bacterial
controls, but PEN lost activity, as it was the case with compound DHA1.
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Figure 4. Effect of the two DHA derivatives (DHA1 and DHA2), the flavonoid-derivative (FLA1), and
two control antibiotics (RIF and PEN) on the competitive colonization assay performed in titanium
coupons. (a) Results corresponding to the viability of SaOS-2 cells when cultured on titanium coupons
alone (SaOS-2, grey bars), or co-cultured with S. aureus ATCC 25923 (SaOS-2 + S. aureus 25923, blue
bars), or P2 clinical S. aureus strain (SaOS-2 + S. aureus P2, red bars); (b,c) Results corresponding to the
effects on attached viable S. aureus measured when the ATCC 25923 (b) or P2 clinical S. aureus strain (c)
was used. Percentage of viability of SaOS-2 cells was calculated with respect to untreated controls after
24-h incubation on titanium coupons, using glow luminescence signal resulting from ATP production
by viable SaOS-2 cells. Viable counts (log of CFU/mL) of S. aureus ATCC 25923 or the clinical strain P2
were also measured after 24-h incubation on titanium coupons when co-cultured with SaOS-2 cells.
“*” represents differences with the corresponding monoculture control and “#” represents differences
with the corresponding co-culture controls (* p < 0.05; ** p < 0.01; *** p < 0.001)/(# p < 0.05; ## p < 0.01;
### p < 0.001). Results are expressed as mean± SEM of three technical replicates in experiments repeated
three times.

Figure 5 shows fluorescence microscope images of the titanium coupons in the competitive
colonization model, using the reference collection strain (S. aureus ATCC 25923). Figure 5 confirms that
the presence of S. aureus ATCC 25923 does not cause a reduction in the number of SaOS-2 cells. A slight
change in SaOS-2 cell morphology can be noticed when comparing the SaOS-2 monoculture control
(Figure 5a) with the co-culture control (Figure 5c). The presence of bacteria seems to cause a slight
reduction in the size of the cells and a loosening on its adhesive shape. This change in morphology is
not observed in the samples treated with the control antibiotics, given its high antibacterial activity,
but it can be noticed in the samples treated with DHA1, DHA2, and FLA1 as they do not completely
prevent the adherence of bacterial cells. The S. aureus ATCC 25923 remaining on those samples might
be responsible for these changes observed in SaOS-2 cell morphology.
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Figure 5. Representative fluorescence microscope images of titanium coupons treated under different
conditions in the competitive colonization model. Upper row of the images (Figure 5a–c) correspond
to the controls: (a) titanium covered by 105 human cells/mL (cell control); (b) titanium covered by
104 CFU/mL of S. aureus ATCC 25923 (bacterial control), and (c) 104 CFU/mL of S. aureus ATCC 25923
and 105 human SaOS-2 cells/mL (co-culture control). Middle row of images (Figure 5d–f) correspond to
titanium coupons with the two DHA derivatives (d) DHA1 and (e) DHA2, and the flavonoid-derivative
(f) FLA1, all added at a concentration of 50 µM and co-cultured with S. aureus ATCC 25923 and
105 human SaOS-2 cells/mL. The bottom row of images (Figure 5g,h) are representative images of
titanium coupons with the two control antibiotics (g) RIF and (h) PEN, all added at a concentration of
50 µM and co-cultured with 104 CFU/mL of S. aureus ATCC 25923 and 105 human SaOS-2 cells/mL. The
samples were stained with acridine orange (BD Diagnostics, Sparks, MD, USA).

3.3. Effect on the Prevention of S. aureus Adhesion in a Competitive Colonization Model on Titanium Coupons
Pre-Incubated with SaOS-2 Cells

Figure 6 shows the effects of the compounds in coupons pre-incubated with SaOS-2 cells when
using both the reference S. aureus collection (ATCC 25923, blue bars) or the clinical strain (P2, red bars).

With respect to the effect on the SaOS-2 cells, only when S. aureus ATCC 25923 and SaOS-2 cells
were simultaneously incubated with compounds DHA1 or DHA2, a proliferative effect was seen
(p = 0.004 and 0.037, respectively) compared to the corresponding control (Figure 6a, middle panel,
SaOS-2 + S. aureus 25923). In contrast, co-culture of the clinical isolate P2 caused a highly significant
decrease (p < 0.001) on mammalian cell viability (Figure 6a, SaOS-2 + S. aureus P2). In the controls,
mammalian cells did not survive when co-cultured in the presence of S. aureus P2 strain, neither did the
SaOS-2 cells treated with the compounds DHA2 and FLA1. However, a significant proliferative effect
of SaOS-2 cells was found in the presence of compound DHA1. Exposure to both control antibiotics also
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prevented the bacterial-induced cytotoxicity and resulted in the protection of SaOS-2 cells, similarly to
compound DHA1 (Figure 6b, red bars, SaOS-2 + S. aureus P2).
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Figure 6. Effect of the two DHA derivatives (DHA1 and DHA2), the flavonoid derivative (FLA1) and
two control antibiotics (RIF and PEN) on competitive colonization on titanium coupons pre-incubated
for 24 h with SaOS-2 cells. (a) Results corresponding to the viability of SaOS-2 cells when cultured on
titanium coupons alone (SaOS-2, grey bars), or co-cultured with S. aureus ATCC 25923 (SaOS-2 + S.
aureus 25923, blue bars), or P2 clinical S. aureus strain (SaOS-2 + S. aureus P2, red bars); (b,c) Results
corresponding to the effects on attached viable S. aureus measured when the ATCC 25923 (b) or P2
clinical S. aureus strain (c) was used. Percentage of viability of SaOS-2 cells was calculated with respect
to untreated controls after 24-h incubation on titanium coupons, using glow luminescence signal
resulting from ATP production by viable SaOS-2 cells. Viable counts (log of CFU/mL) of S. aureus ATCC
25923 or the clinical strain P2 were also measured after 24-h incubation on titanium coupons when
co-cultured with SaOS-2 cells. “*” represents differences with the corresponding monoculture control
and “#” represents differences with the corresponding co-culture controls (* p < 0.05; ** p < 0.01; *** p <

0.001)/(# p < 0.05; ## p < 0.01; ### p < 0.001). Results are expressed as mean ± SEM of three technical
replicates in experiments repeated three times.

Figure 6b,c shows the effects of the compounds on the viable attached bacteria when using
coupons pre-incubated with SaOS-2 cells. The pre-incubation of titanium with SaOS-2 cells significantly
reduced the number of attached ATCC 25923 S. aureus strain (blue control bar versus gray control bar
in Figure 6b, p < 0.001). Exposure to compound DHA1 as well as the control antibiotics caused a total
reduction of S. aureus ATCC 25923 attachment (Figure 6b, p < 0.001 in all cases). Compounds DHA2
and FLA1 caused a reduction of the viable attached bacteria, when compared to the bacterial (ATCC
25923) control (p < 0.001, in both cases), and the reduction was also significant when compared to the
cellular pre-coated coupons (control of S. aureus 25923 + SaOS-2, Figure 6b) (p < 0.001 and p = 0.035,
respectively).

In contrast, the results of Figure 6c show how the positive impact of cellular pre-conditioning was
not detected for the clinical S. aureus strain P2. Interestingly, exposure to compound DHA1 significantly
reduced 1-log the viable attached P2 strain when compared to both the bacteria control and the control
corresponding to the pre-coating of titanium with SaOS-2 cells (SaOS-2 + S. aureus P2 strain) (p < 0.001).
The activity of RIF was preserved against the clinical strain, while PEN, despite losing some activity
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when compared to its effect against the collection strain, also significantly reduced the viable bacteria
(P2 strain) attached (p < 0.001 in both cases).

Figure 7 shows fluorescence microscope images of the titanium coupons in the competitive
colonization model using titanium coupons that had been pre-coated with SaOS-2 cells. The protective
effect of the pre-coating with SaOS-2 cells is visible, as the cells do not show the morphology change
that was observed when the SaOS-2 cells were directly co-cultured with S. aureus ATCC 25923 (Figure 5c
versus Figure 7c). When compared to the cellular monoculture control (Figure 7a), the different
treatments (Figure 7d–h) do not appear to affect the morphology or the number of SaOS-2 cells.
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Figure 7. Representative fluorescence microscope images of titanium coupons treated under different
conditions in a competitive colonization model with cellular pre-coating. Upper row of the images
(Figure 7a–c) correspond to the controls: (a) titanium covered by 105 human cells/mL (cell control);
(b) titanium covered by 104 CFU/mL of S. aureus ATCC 25923 (bacterial control), and (c) 104 CFU/mL
of S. aureus ATCC 25923 and 105 human SaOS-2 cells/mL (co-culture control). Middle row of images
(Figure 7d–f) correspond to titanium coupons with the two DHA derivatives (d) DHA1 and (e) DHA2,
and the flavonoid derivative (f) FLA1, all added at a concentration of 50 µM and co-cultured with
S. aureus ATCC 25923 and 105 human SaOS-2 cells/mL. The bottom row of images (Figure 7g,h) are
representative images of titanium coupons coated with the two control antibiotics (g) RIF and (h) PEN,
all added at a concentration of 50 µM and co-cultured with 104 CFU/mL of S. aureus ATCC 25923 and
105 human SaOS-2 cells/mL. The samples were stained with acridine orange (BD Diagnostics, Sparks,
MD, USA).
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3.4. Effect on the Prevention of S. aureus Adhesion in a Competitive Colonization Model on Titanium Coupons
Pre-Conditioned with Media Containing High Serum Concentration

Figure 8 shows the effects of DHA1 on SaOS-2 viability, as well as on the attachment of S. aureus
ATCC 25923 and P2 viable cells when bacteria and human cells are simultaneously co-cultured in
titanium that has been pre-conditioned with media containing 10% FBS. In parts (a) and (b) of Figure 8,
it can be seen how SaOS-2 adheres better to the titanium surface when it is pre-conditioned with media
containing 10% FBS (p = 0.0387). However, this enhanced adherence is not observed when SaOS-2 cells
are co-cultured with bacteria, nor with the collection strain (Figure 8a) or the clinical strain (Figure 8b).
In turn, in Figure 8c,d, it can also be observed how both bacterial of strains adhere significantly more to
the titanium surface pre-conditioned with media containing 10% FBS. (Figure 8c, p = 0.0063; Figure 8d,
p = 0.0313).
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Figure 8. Effect of the DHA derivative DHA1 on the competitive colonization assay performed in
titanium coupons pre-conditioned with media supplemented with FBS. (a,b) Results corresponding to
the viability of SaOS-2 cells when ATCC 25923 (a, blue bars) or P2 clinical S. aureus strain (b, red bars)
were used. (c,d) Results corresponding to the effects of attached viable S. aureus measured when ATCC
25923 (c, blue bars) or P2 clinical strain (d, red bars) were used. The percentage of viability of SaOS-2
cells was calculated with respect to untreated controls after 24-h incubation on titanium coupons,
using glow luminescence signal resulting from ATP production by viable SaOS-2 cells. Viable counts
(log of CFU/mL) of S. aureus 25923 and the clinical strain P2, respectively, were also measured after
24-h incubation on titanium coupons when co-cultured with SaOS-2 cells. “*” represents differences
with the control in mono-culture exposed to the non-preconditioned titanium coupon (SaOS-2 non-
preconditioned with FBS/ S. aureus 25923 non-preconditioned/S. aureus P2 non-preconditioned). “#”
represents differences with the control of the subgroups (* p < 0.05; ** p < 0.01; *** p < 0.001)/(# p <

0.05; ## p < 0.01; ### p < 0.001). Results are expressed as mean ± SEM of three technical replicates;
experiments repeated three times.

In the case of the collection strain (Figure 8c), it can be again observed how the presence of SaOS-2
cells decreased the attachment of S. aureus (p < 0.001). The pre-conditioning with FBS does not make
a difference in bacterial adherence when bacterial cells are co-cultured with SaOS-2 cells (Figure 8c).
Exposure to the compound DHA1 significantly reduced the attached S. aureus ATCC 25923 when
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compared to the corresponding controls of the subgroups: S. aureus 25923 non-preconditioned FBS;
S. aureus 25923 preconditioned FBS; S. aureus 25923 + SaOS-2 non-preconditioned FBS, and S. aureus
25923 + SaOS-2 preconditioned FBS (p < 0.001; p < 0.001; p = 0.026, and p = 0.019, respectively). As for
the clinical P2 strain (Figure 8d), the effect observed in Figure 4c is repeated, the presence of SaOS-2 cells
does not decrease the adherence of the S. aureus P2 strain. The pre-conditioning with media containing
10% FBS does not influence the adherence of S. aureus P2 when co-cultured with SaOS-2 cells (Figure 8d).
Once more, the compound DHA1 significantly reduced the attached S. aureus P2 strain when compared
to the corresponding controls of the different subgroups: S. aureus P2 non-preconditioned FBS; S. aureus
P2 preconditioned FBS; S. aureus P2 + SaOS-2 non-preconditioned FBS, and S. aureus P2 + SaOS-2
preconditioned FBS (p = 0.017; p = 0.0011; p = 0.027, and p = 0.025, respectively).

4. Discussion

In this study, the applicability of three previously discovered antimicrobial compounds to be
incorporated into implanted medical devices that would prevent the formation of S. aureus biofilms
was studied. To examine such effects, a competitive model was utilized, allowing us to investigate,
in a more realistic scenario, the implantation of a biomaterial, which provides a substratum to
host either tissue–cell integration or bacterial colonization. These two phenomena are in conflict
because, after the adherence of either one, the surface is less prone to colonization by the other.
Tissue integration and bacterial contamination of medical devices have been extensively studied as
independent phenomena [41]. However, only recently, experimental assays have been established
in which fair competition can be investigated during the development of new biomaterial-coating
strategies [36,42]. Using such tools, it has been recently shown that the incubation of typical implant
materials with human SaOS-2 cells before implantation represents an innovative and effective way to
reduce the bacterial living space available and prevent S. aureus adhesion, thus protecting biomaterials
against biofilm formation [10]. Such an approach would offer an attractive concept that could be
further enhanced by the presence of antimicrobial compounds.

In the current study, we hypothesized that two DHA derivatives (DHA1 and DHA2) and a flavan
derivative (FLA1), which our group had previously reported as promising anti-biofilm leads [18,20],
could find applicability in the protection of medical devices against infections. Here, we started by
evaluating their antimicrobial efficacy against clinical bacterial strains [37]. In the case of S. aureus, its
origin is particularly relevant. Besides being a causative agent of implant infections, S. aureus is part of
the normal bacterial flora of human skin and mucosal surfaces. One of the most relevant virulence
factors expressed by S. aureus is the cell wall-anchored (CWA) protein, surface proteins covalently
attached to peptidoglycan that significantly influence the colonization ability and posterior survival of
the bacteria in the host, which is particularly relevant in medical devices infections [43]. Among these,
the microbial surface component recognizing adhesive matrix molecules (MSCRAMM) facilitates the
adherence of the bacteria to the host tissue; in the case of bone implants, the capacity of S. aureus to
interact with collagenous proteins might be important in the pathogenesis of possible osteomyelitis [44].
This makes it obvious that the inter-strain virulence, and as a consequence, the efficacy of the tested
compounds, may drastically change [28]. Our results show how that, despite being very efficient at
both preventing and killing biofilms formed by the reference S. aureus ATCC 25923 strain, the antibiotic
PEN loses a great part of its activity when tested against most of the clinical strains (all except P61,
Figure 2a,b). On the contrary, compounds DHA1, DHA2, FLA1, as well as the control RIF, kept their
preventive activity against all the clinical strains (Figure 2a). All of the tested compounds were also
able to inhibit at least 30% of the viability of already formed biofilms by both the reference collection
and the clinical strains. It was also observed differences in the biomass quantity produced by different
clinical strains, which could represent an additional virulence factor that varies depending on the strain.
In Figure 3, it can be seen how S. aureus P2 produces more biomass than the collection strain. This can
influence the treatment and clearance of these clinical biofilms, in comparison with the collection strain.
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Moreover, efficacy in preventing biofilm formation of the different compounds was tested on
titanium, given its relevance as biomaterial used for orthopedic implants. In Figure 4, it can be seen that
compound DHA1 preserved its antimicrobial activity when tested on titanium. However, compound
DHA2 was shown to lose its prevention capability on this material. This change is even more evident
with the clinical strain, where neither the compound DHA2 nor FLA1 managed to prevent biofilm
formation (Figure 4c).

Titanium treated with DHA1, DHA2, or FLA1 was studied in a competitive colonization model
with both bacteria and human cells. We used an S. aureus concentration of 104 CFU/mL as more
than 102 CFU of S. aureus is necessary to establish a prosthesis infection and 104 CFU/mL in surgery
without an implant. On the other hand, it has been proposed that using concentrations higher than
106 CFU/mL might be questionable and not relevant from a clinical perspective [45,46]. According to
present results, and in concordance with the ones reported by [36], the presence of S. aureus did not
significantly affect the viability of SaOS-2 cells (Figure 4a). Previously, Yue et al. [47] have shown that
low bacterial concentrations increase cellular adhesion, likely as a result of the stress response caused
by bacteria on the mammalian cells, which are then forced to compete more effectively and withstand
cellular detachment. This effect was observed in both the collection strain and the clinical strain. None
of the compounds produced a negative effect on SaOS-2 cellular viability, but surprisingly, the cells
treated with the compound FLA1 died when exposed to the clinical S. aureus P2 strain (Figure 4a).
From fluorescence imaging (Figure 5), it can be seen how the presence of bacteria had an effect on the
morphology of SaOS-2, despite not affecting the number of attached cells. It can be observed that
this change in morphology is reduced in presence of RIF (Figure 5g), likely due to the fact that this
antibiotic reduces practically to zero the presence of S. aureus ATCC 25923 viable cells.

As mentioned before, the success of an anti-infective prosthesis relies not only on the efficacy
to eradicate bacteria but also in its ability to promote bone-implant osseointegration. Titanium is
an inert material that does not accelerate this process, which is why many approaches towards
implant development aim at bio-functionalizing titanium to improve its bioactivity. The difficulty
remains in modifying the titanium in such a way that it promotes osseointegration while being
antimicrobial, as on many occasions, the antimicrobial agents incorporated are cytotoxic to the
osteoblasts. Nie et al. [48] developed a biofunctionalized titanium with bacitracin that proved to
be antimicrobial and cytocompatible in vitro. The efficacy of such titanium on preventing infection
and improving osteoinductivity was later proven in vivo [49]. This is a good example of how an
antimicrobial that is intended to form part of a prosthesis has not only to be proven in vitro as
antimicrobial but also cytocompatible, as both qualities are essential for correct integration of the
prosthesis. The in vitro system described in this study not only assess both qualities in the same assay,
but it also gives information on the effect that the antimicrobial has on the adherence of the material of
each cell type, mammalian and bacterial, when they are present together.

The second part of this study aimed at assessing the utility of the compounds in enhancing the
positive effect of pre-incubating materials with human SaOS-2 cells [10]. As previously demonstrated,
the development of an infection would highly depend on what type of cells colonize the surface of
an implant first, the cells of the host or the invading bacteria cells. Unfortunately, during surgery,
bacterial cells frequently are in advantage as they can be introduced onto an implant before integration
with host tissue even starts, and they have a faster replication rate. Giving advantage to the host
cells would facilitate tissue integration and diminish the risk of bacterial infection [9]. By combining
the protective effect of pre-conditioning titanium with mammalian cells with the previously reported
anti-biofilm capability of the studied compounds, it was expected to accomplish a drastic reduction of
the biofilm formation.

The pre-exposure of SaOS-2 to S. aureus 25923 generates the same slight proliferation effect on
the mammalian cells at 24 h (Figure 6 in comparison to Figure 4). This proliferation is less acute in
the case of RIF and PEN, probably due to their high efficacy of killing the bacterial cells. None of the
compounds appeared to affect the morphology of the cells. Perez-Tanoira et al. [10] reported a drop
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in the proliferation of SaOS-2 cells at 48 h exposed to the same concentration of the clinical isolate S.
aureus 15981. In our study, the presence of the clinical S. aureus strain P2 dramatically decreases SaOS-2
cell viability in co-culture, which may be explained by a higher virulence of this strain. This drop on
the cell viability can also be observed in the groups treated with DHA2 and FLA1, probably due to the
lack of antibacterial activity (Figure 6a).

It has to be taken into account, that when implanting a medical device, the first event occurring,
before the race for the surface starts, is the interaction of the implant’s surface with physiological
fluids and the subsequent adsorption of host proteins. The adhesion of contaminating bacteria usually
occurs once the implant is protein-coated. The adhesive glycoprotein fibrinogen is a major plasma
glycoprotein. At sites of trauma and injury, fibrinogen serves as a major host substrate for S. aureus
adhesion, as this bacterium expresses fibrinogen-biding proteins [44]. For this reason, we tested the
pre-conditioning of titanium with fibrinogen at a physiological concentration (1g/L) [50], following the
protocol of Opperman et al. [51]. There were no differences in the adherence of S. aureus to a titanium
surface pre-conditioned with fibrinogen when compared to the non-conditioned surface (Figure S2).
These results are in line with the ones obtained by Rao et al. [52] that showed how the pre-conditioning
of titanium with fibrinogen and fibrinogen clotted with thrombin promoted osseointegration, but the
biofilm formation by Enterococcus faecalis in these bio-functionalized materials did not show significant
differences with the titanium control.

Next, we also tested the influence of pre-conditioning the titanium surface with media
supplemented with a higher concentration of FBS, in the same competition model, as it contains other
major proteins present in the blood, such as albumin, which can also be adsorbed by titanium [53,54].
We demonstrated that the adherence of bacteria is higher when the surface is pre-conditioned in this
manner, and this bacterial enhancement occurs in both bacterial strains (Figure 8c,d). Nevertheless,
mammalian cell adhesion to the preconditioned surface seemed also to increase, which is the reason
why the results obtained in this part of the study are very similar to the ones obtained in the competition
model without pre-conditioning. The compound DHA1 prevented bacterial adherence of both the
collection and clinical S. aureus strains also on pre-conditioned titanium (Figure 8c,d).

In this study, we analyzed three compounds that, based on our earlier results, were regarded as
promising candidates to prevent S. aureus biofilms related infections. However, out of the three, we
demonstrated here that only compound DHA1 remains effective in conditions that are more likely
to be encountered during an in vivo bacterial infection in an orthopedic implant. In the case of the
compound DHA2, its lack of activity might be given by the fact that the concentration used here is
slightly below its MIC [20]. As with most antimicrobials, a common concern is unspecific cytotoxicity.
Both DHA derivatives had already been tested on mammalian cells, specifically HL cells (originating
from the human respiratory tract). Compound DHA1 did not cause any reduction in the viability
of this cell line, but with a concentration of 100 µM of DHA2, only 23% of the cells remained viable.
This is why a concentration of 50 µM was chosen, as in a 96-well microplate system, it did not show
cytotoxic effect but kept a considerably strong anti-biofilm capability. An increase of the concentration
on the co-culture system would have probably shown a higher antimicrobial effect, but also a cytotoxic
one, so it would have anyway limited the efficacy of DHA2 as a possible implant coating. On the
contrary, the compound FLA1 was used in a dosage that was expected to be effective [18], and despite
the effectiveness shown in 96-well microplates, the lack of activity in the competitive colonization
system indicates that it is most likely not suitable for protection of implants.

In this study, the compound DHA1 was shown to be a promising candidate to form part of a
bone implant, based on the results of the competitive colonization model. However, this co-culture
system used here is not meant to replace in vivo experimentation, and it can still be further improved,
for instance, by utilizing primary osteoblast cells. It has been shown how the results obtained in a
co-culture system utilizing osteoblast cells differ from the ones obtained with SaOS-2 cells [36]. The
co-culture using SaOS-2 is very convenient (methodologically-wise), but it is to be kept in mind that
because SaOS-2 is a sarcoma cell line, it has a faster division rate, and can be in general more resilient
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to adverse conditions. Utilizing autologous osteoblasts of the patient would be the ideal scenario to
avoid possible rejection of the prosthesis. The co-culture model could also be further enriched by the
addition of immune cells, such as neutrophils, which are also present at the moment of implantation.
In any case, as it stands, the co-culture model of S. aureus and SaOS-2 cells does offer a deeper insight
into the protective capacity of investigational antimicrobial compounds, particularly those intended
for the protection of bone implants.

These results highlight the importance of developing new protocols in vitro that would more
effectively select the best antimicrobial candidates for biomedical applications, and that would minimize
the translational gap between in vitro screening data and the in vivo clinical scenario.

5. Conclusions

We concluded that one DHA derivative, DHA1, would be a promising candidate for the coating
of biomaterials in order to prevent biofilm formation. This compound shows a preventive activity of S.
aureus biofilm formation by both collection and clinical strains, and it prevents S. aureus adhesion to
titanium surfaces, while also favoring the adhesion of mammalian cells to titanium.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/3/345/s1,
Figure S1: Effect of the two DHA derivatives (DHA1 and DHA2), the flavonoid derivative (FLA1) and two control
antibiotics (RIF and PEN) on SaOS-2 viability when cultured in 96 wells polystyrene plates. Figure S2. Viable
counts of S. aureus (ATCC 25923 and clinical strain P2) after 24 h incubation on titanium coupons and titanium
coupons pre-conditioned with 1 g/L of fibrinogen.
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Abstract: Nosocomial diseases represent a huge health and economic burden. A significant portion
is associated with the use of medical devices, with 80% of these infections being caused by a bacterial
biofilm. The insertion of a foreign material usually elicits inflammation, which can result in hampered
antimicrobial capacity of the host immunity due to the effort of immune cells being directed to
degrade the material. The ineffective clearance by immune cells is a perfect opportunity for bacteria
to attach and form a biofilm. In this study, we analyzed the antibiofilm capacity of three naturally
derived biofilm inhibitors when combined with immune cells in order to assess their applicability
in implantable titanium devices and low-density polyethylene (LDPE) endotracheal tubes. To this
end, we used a system based on the coculture of HL-60 cells differentiated into polymorphonuclear
leukocytes (PMNs) and Staphylococcus aureus (laboratory and clinical strains) on titanium, as well as
LDPE surfaces. Out of the three inhibitors, the one coded DHA1 showed the highest potential to be
incorporated into implantable devices, as it displayed a combined activity with the immune cells,
preventing bacterial attachment on the titanium and LDPE. The other two inhibitors seemed to also
be good candidates for incorporation into LDPE endotracheal tubes.

Keywords: Staphylococcus aureus; biomaterials; medical devices; HL-60 cells; PMNs; biofilm;
endotracheal tube; titanium; implantable devices; nosocomial diseases

1. Introduction

Over 2.6 million new cases of healthcare-associated infections are annually reported just in
the European Union [1], and over 33,000 result in death [2] due to the increasing number of
antimicrobial-resistance cases [3]. At least 25% of these infections are associated with the use of
medical devices, and 80% of them are estimated to be caused by bacterial biofilms [4,5]. Biofilms are
defined as a community of microorganisms encased within a self-produced matrix that adheres to
biological or nonbiological surfaces [6,7]. They are currently regarded as the most important nonspecific
mechanism of antimicrobial resistance [8,9].
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During the worldwide crisis of SARS-CoV-2, as well as in many other pathological conditions,
mechanical ventilation is used to assist or replace spontaneous breathing as a life-saving procedure
in intensive care. However, the use of endotracheal intubation also poses major risks in prolonged
ventilation. The endotracheal tube provides an ideal opportunity for bacteria to form biofilms on
both the outer and luminal surface of the tube, increasing the risk of pulmonary infection by 6 to
10 times [10–12], with Staphylococcus spp. and Pseudomonas aeruginosa among the most frequent
colonizing agents [13]. Colonization by microorganisms and the subsequent formation of a biofilm
can happen within hours [13], but these kinds of devices are relatively easy to replace. On the other
hand, infection of orthopedic implants is particularly problematic, as these devices remain in the
body, often causing chronic and/or recurring infections mediated by biofilms. These infections also
frequently require removal of the infected implant, thereby causing implant failure [14–16]. Given the
rising number of implantations, the absolute number of complications is inevitably increasing at the
same pace, causing not only distress for the patients but also an increasing economic burden [15,16].

The most common causative agents of infection in orthopedic implants are Gram-positive cocci of
the genus Staphylococcus, e.g., Staphylococcus aureus and Staphylococcus epidermidis [17]. In the absence
of a foreign body, contaminations caused by these opportunistic pathogens are usually cleared by
the immune system. In contrast, the placement of an implant per se represents a risk factor for
the development of a chronic infection. This is due to the fact that the surgical procedure causes
tissue damage resulting in the local generation of damage-associated molecular patterns (DAMPs),
endogenous danger molecules that are released from damaged or dying cells and activate the innate
immune system by interacting with pattern recognition receptors (PRRs) [18]. This is sensed by
host neutrophils, which migrate to the injured tissue sites, activating defense mechanisms, such as
the generation of oxygen-derived and nitrogen-derived reactive species as well as phagocytosis,
to unsuccessfully attempt to clear the foreign material. These events lead to immune cell exhaustion
and death, and tissue damage caused by the triggered inflammation eventually leads to a niche
of immune suppression around the implant [19]. Under these specific conditions, the clearance of
planktonic bacteria by immune cells becomes impaired [14], which predisposes the implant to microbial
colonization and biofilm-mediated infection.

However, it is possible that not only host immune cells and bacterial cells can be present at
the moment of implantation, but also the cells of the tissue where the material is being implanted.
The “race for the surface” concept describes the competition between bacteria and the host cells of the
tissue where the device is implanted to colonize the surface of the material [20]. The rapid integration
of the material into the host tissue is a key component in the success of an implant, as the colonization
of the surface by the cells of the host not only ensures correct integration, but also prevents bacterial
colonization [21]. However, if bacterial adhesion occurs first, the host defense system is unable to
prevent the colonization and subsequent biofilm formation [22].

One of the current challenges to prevent and resolve biofilm-mediated infections is the limited
repertoire of compounds that are able to act on them at sufficiently low concentrations [23].
Because of this, there is intense ongoing research focused on the search for new biofilm
inhibitors by means of chemical screenings. However, for compounds to be truly effective
when used for the protection of biomaterials in translational applications, they must be tested
in meaningful experimental models. Based on this, we previously optimized an in vitro system
based on the coculture of SaOS-2, osteogenic cells, and S. aureus (laboratory and clinical strains)
on a titanium surface (Reigada; et al. [24]), and studied the effect of three naturally derived
biofilm inhibitors (Figure 1). Two of them were dehydroabietic acid (DHA) derivatives, namely,
N-(abiet-8,11,13-trien-18-oyl)cyclohexyl-L-alanine and N-(abiet-8,11,13-trien-18-oyl)-D-tryptophan,
coded DHA1 (Figure 1a) and DHA2 (Figure 1b), respectively. The third one was a flavan derivative,
6-chloro-4-(6-chloro-7-hydroxy-2,4,4-trimethylchroman-2-yl)benzene-1,3-diol, coded FLA1 (Figure 1c).
All of them were previously reported by our group and demonstrated to display activity in preventing
biofilm formation, as well as disrupting preformed S. aureus biofilms on 96-well plates [25,26], but the
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testing in the coculture model with osteogenic cells provided with new insights into their applicability
as part of anti-infective implantable devices.

The coculture model developed previously [24] involving SaOS-2 cells and S. aureus strains offered
an in vitro environment that was closer in terms of host–bacteria interactions and substrate materials to
the in vivo scenario of the implanted device. Moreover, in terms of antimicrobial evaluation, it provided
information not only regarding the antibiofilm activity but also about the effects on tissue integration.
However, this model did not assess the effect of the antimicrobials on immune cells. As mentioned
earlier, chronic inflammation not only lowers the antimicrobial efficacy, but also complicates the
integration of the implant material as a consequence of maintained inflammation and tissue damage.
Therefore, it is essential to assess the effect that antimicrobials might have in the presence of immune
cells, particularly for those intended to be used in medical devices. Endotracheal tubes significantly
differ from orthopedic implants in material, function, and implantation procedure, but they both cause
impairment of the host immune antimicrobial capacity.

Because of this, in this contribution, we move one step forward toward emulating in vivo
conditions encountered by medical devices in an in vitro setting. In this case, we introduce immune
cells, specifically neutrophils, in a coculture model with bacterial cells. Neutrophils were selected as
immune cells as they are the first cell types to migrate toward damaged tissue cells [27]. Our aim
was to develop cocultures of S. aureus and differentiated HL-60 cells, grown on titanium coupons
or low-density polyethylene (LDPE) tubes, to simulate biofilm formation on orthopedic implants or
endotracheal tubes, respectively. As a proof-of-concept, we also study the possible antimicrobial effects
of naturally derived antibiofilm inhibitors DHA1, DHA2, and FLA1, and their possible applicability
as part of medical devices.

2. Materials and Methods

2.1. Compounds

The dehydroabietic acid derivatives coded DHA1 and DHA2 (previously coded 11 and 9b,
respectively) were synthesized according to [25]. Their spectral data were identical to those reported
in [28]. The flavan derivative coded FLA1 (previously coded 291 in [26]), was purchased from TimTec
(product code: ST075672, www.timtec.net). These compounds were selected given their low minimum
inhibitory concentrations (MICs) and the low concentrations needed in order to prevent S. aureus
biofilm formation (Table S1). The control antibiotic rifampicin was purchased from Sigma-Aldrich
(CAS number 13292-46-1) and coded RIF. Molecular structures are shown in Figure 1.
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Figure 1. Chemical structures of the two dehydroabietic acid (DHA) derivatives, (a) N-(abiet-8,11,13-trien-
18-oyl)cyclohexyl-L-alanine, (b) N-(abiet-8,11,13-trien-18-oyl)-D-tryptophan, coded DHA1 and DHA2,
the flavan derivative, (c) 6-chloro-4-(6-chloro-7-hydroxy-2,4,4-trimethylchroman-2-yl)benzene-1,3-diol,
coded FLA1, and (d) rifampicin, coded RIF.

2.2. Bacterial Strains

Bacterial studies were performed using the laboratory strain S. aureus ATCC 25923 (American Type
Culture Collection, Manassas, VA, USA) and one clinical strain isolated from hip prostheses and
osteosynthesis implants at the Hospital Fundación Jiménez Díaz (Madrid, Spain) [29] (coded S. aureus P2).

www.timtec.net
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2.3. HL-60 Cell Culture and Differentiation

HL-60 (ATCC CCL-240) cells were grown and maintained in Roswell Park Memorial Institute
(RPMI) 1640 Medium (R8758, Sigma Aldrich, St. Louis, MO, USA), supplemented with 20% (v/v)
heat-inactivated fetal bovine serum (FBS) (Sigma Aldrich, St. Louis, MO, USA) and 1% (v/v)
penicillin/streptomycin (Sigma Aldrich, St. Louis, MO, USA). Cells were maintained in suspension at a
concentration between 105–106 cells/mL in 72 cm2 culture flasks (VWR, Radnor, PA, USA) at 37 ◦C in 5%
CO2 in a humidified incubator. N,N–Dimethylformamide (DMF)(Sigma Aldrich, St. Louis, MO, USA)
was utilized in order to differentiate the cells into polymorphonuclear-like cells [30]. In order to carry
out the differentiation, cells were cultured for 6 days in the maintenance medium at a concentration of
100 mM DMF. The success of the differentiation was assessed visually after Giemsa staining using a
Leica DMLS microscope (Leica, Wetzlar, Germany). Differentiated cells were neutrophil-like, with a
multilobar nucleus and a fairly clear cytoplasm.

2.4. Biofilm Prevention Efficacy of Differentiated HL-60 Cells against Different Bacterial Concentrations of
S. aureus ATCC 25923

2.4.1. Bacterial Inoculum Preparation

Pure colonies (2–3) of S. aureus ATCC 25923 were added to 5 mL of tryptic soy broth (TSB, Neogen®,
Lansing, MI, USA) and incubated overnight at 37 ◦C, 120 rpm. After incubation, 10 µL of the preculture
was added to 5 mL fresh TSB and incubated for 3–4 h (37 ◦C, 120 rpm), in order to obtain a midlogarithmic
growth phase of bacteria. Bacterial cultures were washed twice with sterile phosphate-buffered saline
(PBS; 140 mM NaCl, pH 7.4) and the concentration was adjusted to 2 × 108 in RPMI 1640 based on the
optical density of the suspension at 600 nm. From this stock, serial dilutions were made in RPMI 1640
between 2 × 108 and 2 × 102 CFU/mL.

2.4.2. Immune Cell (HL-60) Preparation

Twenty-four hours prior to starting the experiments, the media of the differentiated HL-60 cells
were refreshed with nonsupplemented RPMI 1640 in order to remove possible traces of antibiotics
from the maintenance media. Differentiated HL-60 cells (after 6 days exposure to a concentration
of 100 mM DMF) were counted with a Countess™ II automated cell counter (Thermo Scientific,
Waltham, MA, USA) and adjusted to a concentration of 2 × 105 cells/mL. In order to test the influence
of activating the cells with phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich, St. Louis, MO, USA)
on the antimicrobial capacity, half of the suspension of differentiated HL-60 cells was incubated for
20 min in RPMI 1640 supplemented with 25 nM PMA. PMA-activated and nonactivated HL-60 cells
were separately added (100 µL) to flat-bottomed, 96-well microplates (Nunclon ∆ surface, Nunc,
Roskilde, Denmark).

2.4.3. Coculture of S. aureus ATCC 25923 and HL-60 Cells

S. aureus ATCC 25923 suspensions at the different concentrations (100 µL) were added to the wells
of the 96-well microplate already containing 100 µL of one of the two different HL-60 cell suspensions
(activated or nonactivated). In the bacterial control wells, 100 µL of the S. aureus ATCC 25923 suspension
at different concentrations were added to wells containing 100 µL of RPMI 1640 alone. The wells
corresponding to the HL-60 cell control consisting of a suspension of HL-60 cells at a concentration
105 cells/mL in RPMI 1640 were used to observe the cell morphology after 18 h of incubation, but no
quantitative viability test was carried out. The 96-well microplates were incubated for 18 h at 37 ◦C
and 5% CO2 in a humidified incubator.

2.4.4. Biofilm Quantification in 96-Well Microplates

After S. aureus ATCC 25923 biofilms were grown, the media were carefully removed and each
well was washed twice with 125 µL sterile PBS, followed by the addition of 150 µL of TSB. Each 96-well



Microorganisms 2020, 8, 1757 5 of 15

microplate was closed with a plastic seal and parafilm and placed in a plastic bag, which was sealed
with heat in order to prevent leakage. The plate was sonicated for 10 min at 35 kHz in an Ultrasonic
Cleaner 3800 water bath sonicator (Branson Ultrasonics, Danbury, CT, USA) at 25 ◦C. This procedure
did not affect the viability of the staphylococci (Figure S1).

S. aureus ATCC 25923 was then resuspended in RPMI 1640 using 3 pipetting cycles (up/down).
Samples (10 µL) from each tested condition were transfer to 90 µL of TSB and serial dilutions were
made from 10−1 up to 10−7. Aliquots (10 µL) of all dilutions were transferred to sheep blood agar plates
(Amsterdam UMC, Amsterdam, The Netherlands) and incubated at 37 ◦C overnight. Viable plate
colonies were counted the next day.

2.5. Influence of Opsonizing S. aureus ATCC 25923 on the Efficacy of HL-60 Cells in Preventing Bacterial
Attachment on Titanium Coupons

S. aureus ATCC 25923 suspensions were prepared as described in Section 2.4.1. The inoculum was
adjusted to 2 × 107 CFU/mL and opsonized using 50% (v/v) pooled human serum in PBS (pooled from
15 healthy blood donors) by incubating at 37 ◦C for 30 min with gentle agitation, washing twice with
PBS, and resuspending in RPMI 1640 [31]. As a control, a nonopsonized suspension of S. aureus
ATCC 25923 was used. The two different suspensions (opsonized and nonopsonized), were then
added to sterilized titanium coupons (0.4 cm height, 1.27 cm diameter, BioSurface Technologies Corp.,
Bozeman, MT, USA).

On the other hand, HL-60 cells were prepared as described in Section 2.4.2 and added to the
titanium coupons, to which the bacterial suspension was previously added. The final volume covering
each coupon was 1 mL, made up of 500 µL of a suspension of 2 × 107 CFU/mL S. aureus ATCC 25923,
and 500 µL of a suspension of 2 × 105 HL-60 cells/mL in RPMI 1640.

2.6. Effect of the Antimicrobial Compounds on the Prevention of S. aureus ATCC 25923 and S. aureus P2
Adhesion in Coculture with Differentiated HL-60 Cells on Titanium Coupons

2.6.1. Culture of Staphylococci and HL-60 Cells

Bacterial inocula of S. aureus ATCC 25923 and S. aureus P2 were prepared as described in
Section 2.4.1. The concentration was adjusted to 2 × 107 CFU/mL in RPMI 1640. For the differentiated
HL-60 cells, the media were refreshed with RPMI 1640 24 h before the experiments started in order
to remove possible traces of antibiotics from the maintenance media. On the day of the experiment,
cells were counted with a Countess™ II automated cell counter (Thermo Scientific, Waltham, MA, USA)
and adjusted to a concentration of 2 × 105 cells/mL in RPMI 1640. Each suspension (bacterial and
HL-60 cells suspensions, 500 µL of each) was added to sterilized titanium coupons that were inserted
in the different wells of a 24-well plate (Nunclon ∆ surface, Nunc, Roskilde, Denmark) and to which
the different tested compounds or the control antibiotics were added at a concentration of 50 µM
(0.25% DMSO).

The 24-well plates containing the titanium coupons were maintained in cocultures with a solution
containing 107 CFU of S. aureus ATCC 25923 or S. aureus P2 and 105 HL-60 cells in a total volume of
1 mL of RPMI 1640 for 24 h. Titanium coupons with added RIF (50 µM, 0.25% DMSO) were used as
positive antibiotic controls. As coculture controls, titanium coupons without the addition of the tested
antimicrobial compounds or control antibiotics were exposed simultaneously to both cellular systems
(S. aureus and HL-60 cells) at the concentrations previously described. In addition, bacterial controls
(exposed or not to the antimicrobial compounds in the absence of differentiated HL-60 cells) were
also included.

2.6.2. Bacterial Adherence on Titanium Coupons

Titanium coupons were gently washed with TSB to remove remaining adhering planktonic cells
and transferred to Falcon tubes containing 1 mL of 0.5% (w/v) Tween® 20-TSB solution. Next, the tubes
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were sonicated in an Ultrasonic Cleaner 3800 water bath sonicator (Branson Ultrasonics, Danbury,
CT, USA) at 25 ◦C for 5 min at 35 kHz. The tubes were vortexed for 20 s prior to and after the sonication
step. Serial dilutions of the resulting bacterial suspensions were made from 10-1 up to 10−7 and plated
on tryptic soy agar (Neogen®, Lansing, MI, USA) plates.

2.7. Effect of the Antimicrobial Compounds on the Prevention of S. aureus ATCC 25923 Adhesion in Coculture
with Differentiated HL-60 Cells on LDPE Tubes

The assay was carried out as described in Section 2.6 but instead of titanium coupons the materials
added to the 24-well plates were 1 cm long sections of a sterilized fine bore LDPE tubing (Smiths Medical
ASD, Minneapolis, MN, USA).

2.8. Scanning Electron Microscopy (SEM)

In order to visualize the effect of the antimicrobial compounds on the prevention of S. aureus
ATCC 25923 adhesion in coculture with immune cells on titanium coupons, S. aureus ATCC 25923 was
cocultured with differentiated HL-60 cells on titanium coupons, as described in Section 2.6. Prior to SEM,
samples were fixed in 4% (v/v) paraformaldehyde and 1% (v/v) glutaraldehyde (Merck, Kenilworth,
NJ, USA) overnight at room temperature. Samples were rinsed twice with distilled water, with the
duration of each cycle being 10 min. The dehydration procedure consisted of 2 cycles of incubation for
15 min in 50% (v/v) ethanol, 2 cycles of incubation for 20 min in 70% (v/v) ethanol, 2 cycles of incubation
for 30 min in 80% (v/v) ethanol, 2 cycles of incubation for 30 min in 90% (v/v) ethanol, and 2 cycles of
incubation for 30 min in 100% (v/v) ethanol. In order to reduce the sample surface tension, samples were
immersed in hexamethyldisilazane (Polysciences Inc., Warrington, FL, USA) overnight and air-dried.
Before imaging, samples were mounted on aluminum SEM stubs and sputter-coated with a 4 nm
platinum–palladium layer using a Leica EM ACE600 sputter coater (Leica Microsystems, Wetzlar,
Germany). Images were acquired at 2 kV using a Zeiss Sigma 300 SEM (Zeiss, Oberkochen, Germany)
at the Electron Microscopy Center Amsterdam (Amsterdam UMC).

Of each coupon, 8–10 fields were viewed and photographed at magnifications of 250×, 500×,
1000×, and 3000×. Representative images are shown in the results.

2.9. Statistical Analysis

The quantitative data are reported as the mean and standard deviation (SD) of at least three
independent experiments. Data were analyzed using GraphPad Prism 8 for Windows. For statistical
comparisons, Tukey’s multiple comparison test and Welch’s unpaired t-test were applied, and p < 0.05
was always considered as statistically significant.

3. Results

3.1. Effect of PMA Activation of Differentiated HL-60 Cells on Prevention of S. aureus ATCC 25923
Biofilm Formation

Before performing the experiments with the titanium coupons and the antimicrobial compounds,
the initial concentration of S. aureus ATCC 25923 was determined where the bacteria were able to form
a biofilm in absence of the HL-60 cells, but were prevented from forming a biofilm when cocultured
with 105 HL-60 cells. At the same time, it was assessed whether the activation of the HL-60 cells
with PMA enhanced their bacterial clearance capability (Figure 2). At an initial S. aureus ATCC 25923
concentration of 108 CFU/mL, HL-60 cells did not significantly affect the bacterial attachment in 96-well
microplates. A reduction on the adhered S. aureus ATCC 25923 viable cell counts was observed at an
S. aureus ATCC 25923 concentration of 107 CFU/mL and below (p < 0.001 in all cases when comparing
the bacterial control with bacteria cocultured with HL-60 cells, and p = 0.001 for cells activated with
PMA and a starting inoculum of 103 CFU/Ml), with the exception of the lowest bacterial concentration
tested, i.e., 102 CFU/mL, where no difference was found. Both PMA-activated and nonactivated
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HL-60 cells (gray and green columns, respectively) showed similarly reduced numbers of adherent
S. aureus ATCC 25923 viable cell counts at 24 h, so it was concluded that activation with PMA does not
significantly enhance S. aureus ATCC 25923 clearance.
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Figure 2. Viable counts of 24-hour-old biofilms formed by different concentrations of S. aureus
ATCC 25923 cocultured with HL-60 cells on 96-well microplates. Black columns represent the bacterial
control (viable attached cells in the absence of HL-60 cells). Green columns show the coculture of S. aureus
ATCC 25923 with HL-60 cells differentiated with N,N-dimethylformamide (DMF). Gray columns show
the coculture of S. aureus ATCC 25923 with HL-60 cells differentiated with DMF and activated with
phorbol 12-myristate 13-acetate (PMA). Values are means and SD of three independent experiments
(*** p < 0.001; ** p < 0.01).

Based upon these results, the optimal initial S. aureus ATCC 25923 concentration was found to
be 107 CFU/mL, which was then selected for the rest of the experiments. Since PMA activation of
the HL-60 cells did not influence their phagocytic activity, no PMA stimulation was performed in
subsequent experiments.

3.2. Influence of Opsonizing S. aureus ATCC 25923 on the Efficacy of HL-60 Cells in Preventing Bacterial
Attachment on Titanium Coupons

One of the most relevant mechanisms of the host defense against Staphylococcus spp. is phagocytosis.
Given that opsonization of S. aureus is important for neutrophils to be able to clear planktonic
S. aureus [32], the phagocytic efficacy of HL-60 cells, as well as the impact of opsonization of
S. aureus ATCC 25923, in preventing S. aureus ATCC 25923 biofilm formation on titanium coupons
was simultaneously explored (Figure 3). The left part of Figure 3 shows how the preventive
capability of HL-60 cells was preserved when tested on titanium surfaces (p < 0.001, when comparing
S. aureus + HL-60 (gray column) with the bacterial control (black column)). This bacterial clearance
activity was also observed when S. aureus ATCC 25923 was opsonized (p = 0.007), but no significant
differences were found when comparing the effects of the HL-60 cells on opsonized versus nonopsonized
S. aureus ATCC 25923 (p = 0.260). The antibacterial effects of PMA-activated HL-60 cells against
opsonized S. aureus ATCC 25923 was additionally explored, but no differences were found with the
antimicrobial activity of nonactivated HL-60 against nonopsonized S. aureus ATCC 25923 (Figure S2).
Because opsonization did not enhance the bacterial clearance capacity of HL-60, the use of opsonized
S. aureus during the rest of the experiments was decided against.
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Figure 3. Viable counts of adhered opsonized and nonopsonized S. aureus ATCC 25923 on titanium
coupons after coculture with HL-60 cells for 24 h. The left half of the graph includes the nonopsonized
S. aureus ATCC 25923 biofilm formation, in absence (black column) or cocultured with HL-60 cells
(green column). The right half includes the opsonized S. aureus ATCC 25923 biofilm formation,
in absence (white/black column) or cocultured with HL-60 cells (green/black column). “*” indicates
statistical differences with the nonopsonized S. aureus ATCC 25923 in monoculture, while “#” represents
statistical differences with the opsonized S. aureus ATCC 25923 in monoculture with Welch’s unpaired
t-test (*** p < 0.001; ## p < 0.01). Values are means and SD of three independent experiments.

3.3. Effect of the Antimicrobial Compounds on the Prevention of S. aureus Adhesion in Coculture with
Differentiated HL-60 Cells on Titanium Coupons

The effects of the three biofilm inhibitors DHA1, DHA2, and FLA1 and one control antibiotic, RIF,
on the prevention of S. aureus attachment on titanium coupons were investigated using two strains,
the laboratory strain ATCC 25923 (Figure 4a) and the clinical isolate P2 (Figure 4b), either in the absence
(gray bars) or presence of HL-60 cells (green bars). In the absence of HL-60 cells, all of the tested
antimicrobial compounds, as well as the control antibiotic, significantly reduced the attachment of
S. aureus ATCC 25923 (p < 0.001, p = 0.040, p < 0.001, and p < 0.001, for DHA1, DHA2, FLA1, and RIF
versus the control, respectively). In the case of the clinical strain (Figure 4b), all the antimicrobial
compounds, except DHA2, also showed antimicrobial activity in the absence of HL-60 cells (p = 0.0067,
p < 0.001, and p = 0.0087 versus control for DHA1, FLA1, and RIF, respectively).Microorganisms 2020, 8, x FOR PEER REVIEW 9 of 15 
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Figure 4. Viable counts of adhered S. aureus ATCC 25923 (a) and S. aureus P2 (b) on titanium coupons
exposed to different antimicrobial compounds (tested at 50 µM) after 24 h of incubation. The gray bars
show the attached viable bacteria when exposed just to the antimicrobial compounds, while the green
bars show the results when S. aureus strains were cocultured with HL-60 cells. “*” indicates statistical
differences with the control in monoculture while “#” represents statistical differences with the control
in cocultured controls with Welch’s unpaired t-test (* p < 0.05; ** p < 0.01; *** p < 0.001)/ # p < 0.05;
## p < 0.01; ### p< 0.001). Values are means and SD of three independent experiments.

The right part of Figure 4a (green bars) corresponds to the same experiments performed in
the presence of HL-60 cells. Under such conditions, there was also a significant reduction of the
attached viable S. aureus ATCC 25923 when compared with the material incubated without HL-60 cells
(green control bar versus black control bar, p < 0.001). Moreover, this reduction was further increased
by compound DHA1 (p = 0.025 when comparing the coculture control column with the DHA1 column
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in the HL-60 cells + S. aureus ATCC 25923 section of Figure 4, and p < 0.001 when comparing the DHA1
gray column with the DHA1 green column). The same tendency was observed for DHA2, but no
statistical differences were found when comparing this to the control (dark green control: HL-60 cells +

S. aureus ATCC 25923 section of Figure 4). Despite the fact that FLA1 and the model antibiotic (RIF)
successfully prevented the adhesion of S. aureus ATCC 25923, they did not cause a further increase in
the bacterial clearance activity of the HL-60 cells. In contrast, the mere presence of HL-60 cells did
not result in a significant reduction of S. aureus P2 attachment (Figure 4b), since no differences were
found between the S. aureus P2 control in monoculture and in coculture with HL-60 cells. In this case,
no differences were found between the antibacterial effects of the compounds in monoculture when
compared with the same treatment in coculture with HL-60 cells (DHA1, DHA2, FLA1, and RIF gray
columns versus their corresponding green columns).

Using SEM imaging, it was visually confirmed that DHA1 reduced the number of S. aureus
ATCC 25923 adherent to the titanium surface (Figure 5). In fact, almost no cocci were observed on the
DHA1-treated titanium across the entire coupon. In addition, the presence of HL-60 cells also reduced
the bacterial attachment, which was further enhanced by the treatment of DHA1. Adherent HL-60
cells were observed, as seen in the last row of images.

BACTERIAL CONTROL: S. aureus ATCC 25923 

S. aureus ATCC 25923 + DHA1 (50 µm)

S. aureus ATCC 25923 + HL-60 cells + DHA1 (50 µm)

CO-CULTURE CONTROL: S. aureus ATCC 25923 + HL-60 cells

Figure 5. Representative images acquired by SEM. From left to right the same section of the titanium
coupon is shown with different magnification, 500, 1000 and 3000×. Upper row of images, bacterial
control, i.e., coupons incubated with S. aureus ATCC 25923 only. Second row, titanium coupons
incubated with S. aureus ATCC 25923 and treated with DHA1. Third row, cocultured control, titanium
coupons incubated with S. aureus ATCC 25923 and HL-60 cells simultaneously. Fourth row, titanium
coupons cocultured with S. aureus ATCC 25923 and HL-60 and treated with DHA1.
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3.4. Effect of the Antimicrobial Compounds on the Prevention of S. aureus ATCC 25923 Adhesion in Coculture
with Differentiated HL-60 Cells on LDPE tubes

The adhesive capacity of S. aureus, as well as the antimicrobial effect of different compounds,
is known to significantly differ depending on the material [33]. For this reason, the applicability of the
compounds as part of endotracheal tubes was tested on a clinically relevant material, LDPE. Figure 6
shows the effects of the tested compounds and the control antibiotic (RIF) on the prevention of S. aureus
ATCC 25923 attachment on LDPE tubes. The left part of the figure shows that all the antimicrobial
compounds significantly reduced the numbers of attached viable S. aureus ATCC 25923 cells, in the
absence of HL-60 (p < 0.001, p = 0.0035, p < 0.001, and p < 0.001, when comparing, respectively, DHA1,
DHA2, FLA1, and RIF with the control). Adding HL-60 cells resulted in significant prevention of
S. aureus ATCC 25923 attachment to LDPE tubes (p < 0.001 when comparing the coculture control
(dark green column) with the bacterial control (black column)). In this case, all the antimicrobial
compounds looked to be able to further potentiate this bacterial clearance capability (p < 0.001, p = 0.023,
p = 0.002, and p < 0.001, when comparing, respectively, DHA1, DHA2, FLA1, and RIF light green
columns with the control dark green column). However, similarly to what was observed on the
titanium model, it was only the DHA1 treatment that further potentiated the action of HL-60 cells
against S. aureus ATCC 25923 (p = 0.015, when comparing the DHA1 gray column with the DHA1
green column). No differences were found between the viable cells (CFU/mL) attached on the LDPE
exposed to S. aureus ATCC 25923 and treated with DHA2, FLA1, and RIF in monoculture and those
exposed to both S. aureus ATCC 25923 and HL-60 with the same treatments (gray columns versus
green columns). Full bacterial clearance was detected in LDPE tubes in the presence of DHA1 and RIF
(i.e., no viable bacterial counts measured), where cocultures of S. aureus ATCC 25923 with differentiated
HL-60 cells were formed. These findings further highlight the relevance of DHA1 as an antimicrobial
candidate for incorporation into medical devices.
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Figure 6. Viable counts of adhered S. aureus ATCC 25923 on LDPE tubes exposed to different
antimicrobial compounds (tested at 50 µM) after 24 h of incubation. The gray bars show the attached
viable bacteria when exposed just to the antimicrobial compounds, while the green bars show the
results when S. aureus strains were cocultured with HL-60 cells. “*” indicates statistical differences with
the control in monoculture, while “#” represents statistical differences with the control in cocultured
controls with Welch’s unpaired t-test (** p < 0.01; *** p < 0.001)/(# p < 0.05; ## p < 0.01; ### p < 0.001).
Values are means and SD of three independent experiments.

4. Discussion

In this study, we explored the potential of incorporation of three previously identified naturally
derived biofilm inhibitors into medical devices, particularly for titanium implantable devices and
LDPE endotracheal tubes. From the three tested antimicrobial compounds, in line with previous
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findings [24], DHA1 appeared to be the best candidate for incorporation as part of implantable medical
devices. All of the compounds proved to be interesting candidates to include into anti-infective
endotracheal tubes, but it was DHA1 that again showed itself to be the most promising candidate, as it
was the only one that significantly increased the bacterial clearance capacity of HL-60 cells against
S. aureus ATCC 25923.

For compounds to be truly effective when used for protection of biomaterials in translational
applications, they must be tested in meaningful experimental models. The insertion of any device
provokes an acute inflammatory response that may cause ineffectiveness of innate immune cells such
as neutrophils in cleaning planktonic bacteria, since these cells are directed to degrade the material.
For this reason, it is vitally important to study the effects of antimicrobial compounds on neutrophils
to assess their suitability as part of medical devices.

Before this investigation, no published reports existed on the effect of the two DHA derivatives
(DHA1 and DHA2) on neutrophils, however, the parent compound (dehydroabietic acid, DHA)
was previously reported to have slight toxicity toward this cell type [34]. This prior knowledge further
justified the need for an assessment of the effects of DHA1 and DHA2 on the bacterial clearance
capacity of neutrophils. Similarly, no data existed on effects of FLA1 on neutrophils, but other flavan
derivatives were studied. Out of 10 different flavan-3-ol derivatives tested on human neutrophils,
only two presented a slight toxic effect toward the neutrophils, but all of them reduced reactive oxygen
species (ROS) and interleukin-8 production [35]. On the other hand, flavan-3-ol derivatives extracted
from Bistorta officinalis (Delarbre) were reported to inhibit tumor necrosis factor-α (TNF-α) release from
neutrophils [36]. These earlier findings were promising in terms of applying the flavan derivative FLA1
as part of medical devices, since its antimicrobial capacity in combination with its anti-inflammatory
effects could result in prevention of infection while providing ideal cues toward material integration
and resolution of inflammation.

In this study, we utilized HL-60 cells differentiated to polymorphonuclear-like cells in order
to study the effects of the antimicrobial compounds in the presence of neutrophils. Alternatively,
freshly extracted neutrophils could also have been used, but in such case differences would be
encountered between individual donors in terms of reproducibility, the total number of cells that
can be harvested, their short lifespan, or the disturbances in their physiology due to isolation
procedures [37,38].

The three tested antimicrobial compounds and the control antibiotic (RIF) reduced S. aureus
ATCC 25923 adhesion to titanium in the absence of HL-60 at the tested concentration of 50 µM. In the
case of the clinical S. aureus strain, all compounds, except DHA2, significantly reduced S. aureus
P2 biofilm formation on titanium in the absence of HL-60. The prevention of biofilm formation by
DHA1 and FLA1 was as expected, as the compounds were used at concentrations higher than their
MIC values [25,26]. Compound DHA2 showed some prevention activity, despite being tested at a
concentration slightly below its MIC (i.e., 60 µM) [26]. As with most antimicrobials, cytotoxicity
is a concern, and DHA2 was shown to reduce viability of HL cells (originating from the human
respiratory tract) at a concentration of 100 µM [25].

The mere presence of HL-60 cells significantly reduced the bacterial attachment of S. aureus
ATCC 25923. In contrast, this effect was not observed for the clinical S. aureus strain P2. This was
also observed in our previous study, with the results obtained with the laboratory strain S. aureus
ATCC 25923 significantly differing from the ones obtained with S. aureus P2 under the same experimental
conditions. The latter has a key relevance in assessing the applicability of biofilm inhibitors as part of
titanium implantable devices, as it was isolated from patients with orthopedic device-related infections.
For this reason, the additional measurement of the preventive capacity of the biofilm inhibitors against
the clinical S. aureus P2 strain is of great relevance.

Compound DHA1 was shown to further potentiate S. aureus ATCC 25923 clearance caused by
HL-60, and this effect was further confirmed by SEM. This compound also managed to effectively
prevent the adherence of the clinical strain (S. aureus P2), but in this case it was difficult to establish
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if the reduction in bacterial attachment caused by DHA1 (as well as FLA1 and RIF) was due to a
combined antimicrobial effect with the HL-60 cells or if it was due to their intrinsic antimicrobial
capacity, as their effects in monoculture were equal to those observed in coculture with the HL-60 cells.
These results emphasized the importance of not limiting the in vitro experimentation to laboratory
strains, especially in cases aimed at finding compounds effective against medical device-associated
infections, as the results obtained with laboratory strains may overestimate the efficacy of the compound.

These results demonstrate that DHA1 seems to further increase S. aureus ATCC 25923 clearance by
HL-60, while none of the other compounds negatively affect the antimicrobial effect of these immune
cells. This is also of high relevance, as adverse effects on the immune response could be detrimental,
and even increase the risk of infection. As an example, Croes et al. [39] biofunctionalized the surface of
titanium implants with chitosan-based coatings that were incorporated with different concentrations of
silver nanoparticles. Despite the good antimicrobial results obtained in the in vitro tests, these coatings
did not demonstrate antibacterial effects in vivo. Due to the toxicity of the silver nanoparticles on the
immune cells, these coatings aggravated infection-mediated bone remodeling, including increased
osteoclast formation and inflammation-induced new bone formation.

Similar results were obtained in LDPE tubes, with the bacterial clearance capacity of the HL-60 cells
against S. aureus ATCC 25923 also observed, and DHA1 further potentiated this activity. The prevention
of S. aureus adherence on the surface of endotracheal tubes may have potential to significantly reduce
the rates of ventilator-associated pneumonia caused by these bacteria [40]. Additionally, by preventing
the attachment of S. aureus, the attachment of P. aeruginosa may also be hampered, as several
infection models demonstrated how early colonization by S. aureus facilitated subsequent P. aeruginosa
colonization [41,42]. The development of a dual-species biofilm is expected to not only strongly worsen
the pathology but significantly complicate the treatment [43].

In this study, and in concordance with our previous findings, DHA1 was identified as the best
candidate to be incorporated into implantable devices. This is because, in addition to its intrinsic
antibiofilm capacity against both laboratory and clinical strains of S. aureus, it also seems to be able
to enhance S. aureus ATCC 25923 clearance by HL-60 cells. Further mechanistic studies should be
performed in order to elucidate if DHA1 has a direct effect on the antimicrobial activity of PMNs. In the
near future, we plan to assess the effects of DHA1 on phagocytosis, ROS production, and formation of
neutrophil extracellular traps (NETs).

Given the promising results that DHA1 showed, both in our previous publications and in
the current one, this biofilm inhibitor is involved in plans to be integrated as part of a titanium
coating by means of 3D printing, with the coating formulation consisting of DHA1-loaded
poly(lactic-co-glycolic acid) micro particles that suspended in a gelatine–methacrylate gel inkjet-printed
onto titanium coupons [44]. The printing procedure is already validated and the prototype materials
are currently being tested. In the case of endotracheal tubes, our current results suggest that all of
the tested antimicrobial compounds would be beneficial for the prevention of S. aureus adhesion and
subsequent biofilm formation, but DHA1 appears to be the best candidate.

To the best of our knowledge, this is one of the first studies showing a positive effect of novel
antimicrobials on the antibiofilm-clearing capacity of immune cells. This is of particular relevance
because it does not only provide new alternatives to fight against the immense burden of bacterial
biofilms, but it also sets the basis for a new in vitro system to accelerate the drug discovery process,
thereby enabling better selection of antimicrobial incorporation into medical devices.

5. Conclusions

We showed the suitability of a coculture of S. aureus and differentiated HL-60 cells as an in vitro
assay to assess the applicability of antimicrobial compounds for the protection of medical devices.
As a proof-of-concept, we tested three antimicrobials, concluding that the DHA derivative DHA1
is the best candidate for incorporation into implantable devices, as it does not only prevent biofilm
formation on titanium but also seems to enhance the antibacterial capability of immune cells. On the
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other hand, according to our results, all of the antimicrobial compounds studied here, i.e., the two
DHA derivatives, DHA1 and DHA2, and the flavan derivative, FLA1, can tentatively be regarded as
promising candidates to form part of anti-infective endotracheal tubes.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2076-2607/8/11/1757/
s1.
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Table S1 previously reported antimicrobial activity and anti-biofilm potencies of the biofilm inhibitors. DHA1 
and DHA2 are coded 11 and 9b, respectively in [1] while FLA1 is coded 291 in [2]. 

 Biofilms IC50  (µM) Planktonic bacteria 
 Pre-exposure Post-exposure MIC (µM) 
DHA1 9.4 27.9 15 
DHA2 33.2 86.1 60 
FLA1 10.2 27.9 20 

 

 

Figure S1 Comparison between viable S. aureus ATCC 25923 after exposing an inoculum of 108 CFU/mL to 10 
min sonication at 35 kHz. Results expressed as mean + SD (n=3), experiment repeated twice. 

 

Figure S2 Viable counts of 24 h old biofilms formed by different concentrations of S. aureus ATCC 25923 co-
cultured with HL-60 cells on 96-well microplates. Black columns represent the bacterial control (viable attached 
cells in the absence of HL-60 cells). Green columns show the co-culture of S. aureus ATCC 25923 with HL-60 



cells differentiated with DMF. Grey columns show the co-culture of S. aureus ATCC 25923 with HL-60 cells 
differentiated with DMF and activated with PMA. Orange columns represent the co-culture of opsonized S. 
aureus with HL-60 cells differentiated with DMF and activated with PMA. Values are means and SD of two or 
more independent experiments (*** p < 0.001; ** p < 0.01; p* < 0.05) 
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