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ABSTRACT 

Biofilm, a major lifestyle of bacteria, refers to bacterial communities 
surrounded by a self-produced protective slimy matrix. Due to this matrix and 
the reduced metabolic activity of bacteria within them, biofilms usually 
withstand the eradication of conventional antibiotics, leading to recalcitrant and 
recurrent infections. Therefore, there is an immense need for discovering novel 
truly effective anti-biofilm treatment strategies that do not promote the 
development of antibiotic resistance.  

Biofilms colonizing permanently inserted indwelling medical devices are 
particularly challenging as their eradication always requires some kind of 
invasive surgery. Even though a wide variety of biomaterials are used in medical 
devices, the thorough understanding of biofilm characteristics or formation on 
such materials is still limited. In this thesis, a multidimensional orthogonal 
approach was taken to characterize biofilm dynamics on different biomaterials 
(borosilicate glass, plexiglass, hydroxyapatite, titanium, and polystyrene) at 
different maturation points (18, 42, and 66 h) (study I). This study covered (i) 
biomaterial surface properties (and the correlation with material susceptibility 
to biofilm formation), (ii) biofilm matrix structures (via proteosurfaceomics and 
polysaccharide/protein content determinations), and (iii) biofilm functionality 
(antimicrobial tolerance studies). Staphylococcus aureus, which is a major 
pathogen in medical device-associated infections, was chosen as a model 
organism for this study. 

The matrix-associated polysaccharide content was observed to play an 
important role in the initial stages of biofilm formation as its amount decreased 
towards the end of the observation period. In turn, the matrix-associated protein 
content seemed to increase over time. Interestingly, the classical surface proteins 
that have been deemed as the most attractive targets in antibiotic development, 
demonstrated high biomaterial-dependent variability in their amounts. In turn, 
the presence of non-classical surface proteins “moonlighting proteins”, forming 
the major portion of the core proteosurfaceome, did not appear to be strongly 
dependent on the material. It is known that biofilm inhabitants reutilize 
cytoplasmic proteins as moonlighting constituents in the extracellular space, 
offering enhanced bacterial attachment, virulence, and antibiotic tolerance. 
Therefore, inhibiting moonlighting activity would offer a novel target for anti-
biofilm agent/material development. Finally, biofilms formed on hydroxyapatite 
were in many cases more susceptible to antibiotics than titanium-associated 
biofilms. Also, according to our findings, the biofilm age did not always correlate 
with the increased antibiotic tolerance. 

To the best of our knowledge, study I is among the pioneer investigations 
shedding light onto the matrix-associated proteosurfaceomes of S. aureus 
biofilms developed on different biomaterials and at diverse biofilm formation 
points. The study offers further mechanistic insights into biofilm formation and 
the findings may facilitate the development of new anti-biofilm compounds. 
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After focusing on the more fundamental aspects of biofilm formation on 
different materials, the next goal was to study whether one of these biomaterials, 
hydroxyapatite, could be protected from biofilm colonization with a novel non-
antibiotic combination product. This was studied in two in vitro biofilm infection 
models: for prosthetic joint infections (PJIs) (modelled using S. aureus and 
Staphylococcus epidermidis; study II) and periodontitis (using Aggregatibacter 
actinomycetemcomitans; study III). Both diseases cause significant individual 
burden and would benefit from an approach with both biofilm-eradicating and 
bone-preserving capabilities.  

The rise of antibiotic resistance is a top threat to public health, and thus 
innovative treatment options reducing the use of conventional antibiotics are 
desired. Based on this, bioactive glass S53P4 (BAG), a bone-constructing material 
with a completely divergent (i.e. physical-based) bactericidal mechanism, was 
chosen as a focus here. Additionally, it has been previously reported that the bone 
construction ability of other bioactive glasses can be enhanced by combining 
them with anti-osteoporotic drugs, i.e. bisphosphonates (BPs). However, how the 
addition of BPs (alendronate, clodronate, etidronate, risedronate, and 
zoledronate) influences the anti-biofilm effect of BAG has not been previously 
studied, and this was the main research question in studies II and III.  

Etidronate-BAG and risedronate-BAG were found to be the most promising 
combinations from the perspective of both studies (II and III), while clodronate-
BAG was not effective against any of the strains. Risedronate was the only BP that 
had an intrinsic anti-biofilm effect against all the tested strains. Moreover, an 
enhanced anti-biofilm effect was systematically observed in study III, probably 
due to the longer treatment period (48 h) compared to the one used in study II 
(24 h). 

Finally, a possible mechanistic perspective to the anti-biofilm effect of BP-
BAG combinations was undertaken. The observed anti-biofilm effects could not 
be rationalized alone with lowered pH values. Increased osmotic pressure or 
another yet-unknown mechanism seems to contribute to the observed anti-
biofilm effect. In conclusion, the results of studies II and III further support the 
use of the most effective BP-BAG combinations in protecting biomaterials from 
biofilm infections in PJI and periodontal applications. 
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TIIVISTELMÄ 

Biofilmi on bakteerien yleisin kasvutapa, ja sillä tarkoitetaan 
bakteeriyhdyskuntia, joita ympäröi bakteerin tuottama suojaava limamatriisi. 
Tästä limamatriisista ja bakteerien vähäisestä metabolisesta aktiivisuudesta 
johtuen tavanomaiset antibiootit osoittautuvat yleensä tehottomiksi biofilmi-
infektioiden hoidossa. Seurauksena tästä voi syntyä sitkeitä ja toistuvia 
infektioita. Onkin suuri tarve löytää uusia aidosti tehokkaita biofilmien vastaisia 
hoitostrategioita, jotka eivät kuitenkaan edistäisi antibioottiresistenssin 
kehittymistä. 

Biofilmit, jotka muodostuvat elimistön sisään pysyvästi asennetuille 
lääkinnällisille laitteille, ovat erityisen haastavia, koska niiden hävittäminen 
vaatii aina jonkinlaisen invasiivisen leikkauksen. Vaikka lääkinnällisissä 
laitteissa käytetään monenlaisia biomateriaaleja, perusteellinen ymmärrys 
biofilmien ominaisuuksista ja muodostumisesta näille materiaaleille on edelleen 
rajallista. Tässä väitöskirjassa hyödynnettiin moniulotteista ortogonaalista 
lähestymistapaa analysoitaessa eri-ikäisten (18, 42 ja 66 h) biofilmien 
dynamiikkaa eri biomateriaaleilla (borosilikaattilasi, pleksilasi, 
hydroksiapatiitti, titaani ja polystyreeni) (tutkimus I). Tämä tutkimus käsitti (i) 
näiden materiaalin pintaominaisuuksien määrittämisen, sekä analyysin 
ominaisuuksien korrelaatiosta biofilmin muodostumisherkkyyden kanssa. 
Seuraavaksi, (ii) näiden eri materiaaleille muodostettujen ja eri-ikäisten 
biofilmien matriisikoostumukset analysoitiin (käsittäen proteiinisurfaseomien 
ja polysakkaridi-/proteiinipitoisuuksien määritykset). Lopuksi tutkittiin (iii) 
eroavatko eri materiaaleille muodostuneet ja eri-ikäiset biofilmit 
antibioottivastustuskyvyn suhteen. Staphylococcus aureus on merkittävä 
taudinaiheuttaja lääkinnällisiin laitteisiin liittyvissä infektioissa, ja se valittiin 
malliorganismiksi tähän tutkimukseen. 

Matriisin polysakkaridien havaittiin olevan tärkeässä roolissa biofilmin 
muodostumisen alkuvaiheessa, ja niiden määrät vähenivät tarkkailujakson 
edetessä. Matriisiin proteiinipitoisuus puolestaan näytti kasvavan ajan kuluessa. 
Perinteisesti houkuttelevina antibioottikehityskohteina pidettyjen klassisten 
pintaproteiinien määrät osoittautuivat olevan riippuvaisia käytetystä 
biomateriaalista. Ei-klassisten pintaproteiinien, nk. ”monitoimijaproteiinien” 
(eng. moonlighting proteins) määrät eivät puolestaan näyttäneet olevan 
voimakkaasti riippuvaisia käytetystä materiaalista. Nämä monitoimijaproteiinit 
muodostivat myös suurimman osan ydinproteiinisurfaseomista. Tiedetään, että 
biofilmipopulaatio hyödyntää ensin näitä monitoimijaproteiineja sytoplasmassa, 
jonka jälkeen ne siirtyvät uudiskäyttöön solunulkoiseen tilaan. Solunulkoisessa 
tilassa ne edistävät bakteerien kiinnittymis-, taudinaiheuttamis- ja antibioottien 
vastaista puolustautumiskykyä. Tämän monitoimi-ilmiön estäminen voisikin 
toimia uutena kohteena biofilmin vastaisten lääkeaineiden/materiaalien 
kehityksessä. Lopuksi havaittiin, että hydroksiapatiitille muodostuneet biofilmit 
olivat monissa tapauksissa herkempiä antibiooteille kuin titaanille 
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muodostuneet biofilmit. Havaintojemme mukaan myöskään biofilmin ikä ei aina 
korreloinut lisääntyneen antibioottivastustuskyvyn kanssa. 

Parhaan tietomme mukaan tutkimus I toimii edelläkävijänä valaisten S. 
aureus-biofilmimatriisien proteiinisurfaseomien koostumuksia, kun eri ikäisiä 
biofilmejä on muodostettu eri biomateriaaleille. Tutkimus tarjoaa uudenlaisia 
näkemyksiä koskien biofilmin muodostumista, ja nämä havainnot voivat 
helpottaa uusien biofilmien vastaisten yhdisteiden kehitystyötä. 

Näiden perustavanlaatuisten muodostumistutkimusten jälkeen seuraavana 
tavoitteena oli tutkia, voisiko yhtä näistä biomateriaaleista, hydroksiapatiittia, 
suojata biofilmin muodostumiselta uudentyyppisellä antibiootittomalla 
yhdistelmätuotteella. Tätä tutkittiin kahdessa in vitro biofilmi-infektiomallissa: 
nivelproteesi-infektiomallissa (S. aureus- ja Staphylococcus epidermidis-
bakteereja vastaan; tutkimus II) ja parodontiittimallissa (Aggregatibacter 
actinomycetemcomitans-bakteeria vastaan; tutkimus III). Molemmat sairaudet 
aiheuttavat yksilölle merkittävää kuormitusta ja niissä hyödyttäisiin 
hoitomuodosta, jossa yhdistyisivät sekä biofilmejä tuhoavat, että luuta 
ylläpitävät omaisuudet. 

Antibioottiresistenssin nousu on merkittävä uhka kansanterveydelle, ja siksi 
on tarvetta innovatiivisille hoitovaihtoehdoille, jotka vähentävät tavanomaisten 
antibioottien käyttöä. Siksi luunrakennusmateriaali (bioaktiivinen lasi S53P4; 
BAG), jolla on täysin poikkeava fysikaalinen bakteereja tappava mekanismi, 
valittiin näiden tutkimusten keskiöön. Aiempien raporttien mukaan joidenkin 
bioaktiivisten lasilaatujen luurakentamiskykyä voidaan parantaa 
osteoporoosilääkkeillä eli bisfosfonaateilla. Kuitenkaan sitä kuinka 
bisfosfonaattien (alendronaatti, klodronaatti, etidronaatti, risedronaatti ja 
tsoledronaatti) lisääminen vaikuttaa BAG:n biofilmien vastaiseen tehoon, ei ole 
aiemmin tutkittu. Tämä toimikin pääasiallisena tutkimuskysymyksenä 
tutkimuksille II ja III. 

Etidronaatti-BAG ja risedronaatti-BAG todettiin lupaavimmiksi biofilmien 
vastaisiksi yhdistelmiksi molempien tutkimusten (II ja III) näkökulmasta, kun 
taas klodronaatti-BAG ei ollut tehokas mitään tutkittua bakteerikantaa vastaan. 
Risedronaatti oli ainoa bisfosfonaatti, jolla oli biofilmien vastainen vaikutus 
yksinään annosteltuna; vaikutus myös ilmeni kaikkia testattuja bakteerikantoja 
vastaan. Lisäksi biofilmien vastainen teho havaittiin olevan järjestelmällisesti 
parempi tutkimuksessa III, todennäköisesti johtuen pidemmästä hoitojaksosta 
(48 h) verrattuna tutkimuksessa II käytettyyn (24 h). 

Lopuksi annoimme näkökulman selittämään bisfosfonaatti-BAG-
yhdistelmien biofilmien vastaisia vaikutuksia. Havaittuja vaikutuksia ei voitu 
selittää yksinään laskeneilla pH-arvoilla. Kohonnut osmoottinen paine tai muu 
vielä tuntematon mekanismi näyttääkin osallistuvan tähän. Yhteenvetona 
voidaan todeta, että tutkimusten II ja III tulokset tukevat tehokkaimpien 
bisfosfonaatti-BAG-yhdistelmien käyttöä biomateriaalien suojaamisessa 
biofilmi-infektioilta nivelproteesi-infektio- ja parodontiitti-indikaatioissa. 
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1. INTRODUCTION 

Bacteria are now proposed to exist in two lifestyles: (1) freely swimming 
single cells “planktonic bacteria” and (2) bacteria growing as aggregates 
surrounded by a protective slimy matrix, called “biofilms”. Planktonic bacteria 
are nowadays regarded to be responsible for acute infections (e.g. bloodstream 
infections) which can potentially be resolved with antibiotics in a relatively short 
period of time (excl. multi-drug resistant bacteria) (Bjarnsholt et al. 2013b). In 
contrast, bacterial biofilms are associated with persistent and chronic infections. 
These biofilms are responsible not only for high morbidity and mortality but also 
for prolonged hospitalization periods, significant financial losses, and a heavy 
burden on the already limited healthcare resources (Mandakhalikar 2019; 
Bjarnsholt 2013). Bacterial biofilms exhibit a high tolerance towards antibiotics. 
This tolerance causes highly recalcitrant and recurrent chronic infections, often 
reappearing soon after the termination of the antibiotic course (Costerton et al. 
1999). Therefore, there is an immense need for discovering truly effective anti-
biofilm treatment strategies utilizing novel modes of action that can help 
reducing the spread of antibiotic resistance (Grønseth et al. 2020; Bjarnsholt et 
al. 2013b).  

Particularly challenging biofilm infections are encountered when biofilms 
colonize indwelling medical devices, which have been inserted into the human 
body permanently. Eradicating these types of infections always requires some 
kind of invasive surgery. Even though numerous different biomaterials employed 
in medical devices are currently in clinical use, there are only a limited number 
of systematic studies comparing biofilm formation and biofilm characteristics on 
such materials (e.g. Roehling et al. 2017; Drago et al. 2016). In contrast, the recent 
focus of research has been on distinctive approaches for incorporating 
antimicrobial agents on implantation materials (e.g. Reigada et al. 2020a; 2020b; 
Sankar et al. 2017; Jennings et al. 2015; Tran et al. 2015; Drago et al. 2014b). 
However, it is known that the dynamic changes related to biofilm growth (Payne 
and Boles 2016) make biofilm eradication from biomaterials even more 
challenging. As the used biomaterial and the biofilm growth conditions greatly 
affect structural and functional features of biofilms (Roehling et al. 2017; Koseki 
et al. 2014; Patel et al. 2016), there is an evident need for thorough investigations 
on biofilm dynamics on these materials. The biofilm matrix is a key component 
contributing to biofilm dynamics, as it is known that biofilms adjust the matrix 
composition and quantity as a response to prevailing conditions. Changes in the 
biofilm matrix may in turn contribute to increased pathogenesis, antibiotic 
tolerance, and immune evasion (Gupta et al. 2019; Flemming and Wingender 
2010). Hence, in the first part of this thesis (study I), a multidimensional 
orthogonal approach is taken to characterize biofilm dynamics covering (i) 
biomaterial surface properties (correlated with material susceptibility to biofilm 
formation), (ii) biofilm structures (via proteosurfaceomics and 
exopolysaccharide/protein contents), and (iii) biofilm functionality 
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(antimicrobial tolerance studies). This allows performing side-by-side 
comparisons of biofilms formed on different biomaterials (borosilicate glass, 
plexiglass, hydroxyapatite, titanium, and polystyrene) at different maturation 
time points (18, 42, and 66 h). Staphylococcus aureus, a very common causative 
pathogen of foreign body-associated infections, is used as a model organism in 
study I.  

After focusing on the more basic aspects of biofilm formation on different 
biomaterials, the next main objective of this thesis is to study whether one such 
biomaterial, hydroxyapatite, could be protected from biofilm formation with a 
novel combination product. This research question is assayed in two in vitro 
biofilm infection models: first in prosthetic joint infection (PJI) (study II; against 
S. aureus and Staphylococcus epidermidis), and then in a more novel target 
disease, periodontitis (study III; against Aggregatibacter 
actinomycetemcomitans). PJIs are a serious complication of implantation surgery, 
leading to prolonged hospitalization periods, a serious economic burden 
(Davidson et al. 2019), and a decreased quality of life for the patients (Helwig et 
al. 2014). In turn, periodontitis is a significant disease that affects 20–50% of the 
global population (Nazir 2017) and causes destruction of the attachment 
tissues/bone of teeth, leading eventually to tooth loss (Kwon et al. 2020). In both 
conditions, biofilms are a key pathogenic factor (Kwon et al. 2020; Izakovicova et 
al. 2019), and bone defects are ultimately associated with the progress of both 
diseases. Therefore, bone-constructing biodegradable materials with potential 
anti-biofilm properties would be an attractive option for PJI and periodontitis 
management. In addition, the rise of antibiotic resistance is a top threat to public 
health and from that perspective, innovative new treatment options reducing the 
use of conventional antibiotics are also desired (Grønseth et al. 2020).  

Based on this, bioactive glass S53P4 (BAG), a bone-constructing material 
with known anti-biofilm activity is the focus of our investigation here. In contrast 
to conventional antibiotics, it has a completely divergent (i.e. physical) 
bactericidal mechanism, which makes it an attractive option for preventing 
antibiotic resistance (Drago et al. 2015). Moreover, it has been previously 
reported that enhanced bone construction ability of other bioactive glass grades 
can be improved by combination with osteoporotic drugs, bisphosphonates 
(BPs) (Srisubut et al. 2007; Välimäki et al. 2006). However, how the addition of 
BPs affects the anti-biofilm effect of BAG against Staphylococcus spp. and A. 
actinomycetemcomitans has not been previously studied, and this is the main 
objective in studies II and III. 
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2. LITERATURE REVIEW 

2.1 Two bacterial lifestyles 
It is proposed that bacteria exist in two lifeforms: (1) free-floating single cells 

(planktonic bacteria), which are usually responsible for acute infections and (2) 
sessile multicellular bacterial communities, “biofilms”, associated with chronic 
infections. Planktonic cells have been postulated to be essential in colonizing and 
spreading bacteria to new niches in the host. It has been assessed that only <0.1% 
of the total microbial biomass on Earth is in the planktonic form (Bjarnsholt et al. 
2013b). By contrast, biofilms are the predominant bacterial lifestyle and an 
ancient survival strategy utilized by bacteria in every natural ecosystem (Donlan 
and Costerton 2002). It has been estimated that around 99.9% of bacteria can 
form biofilms (Donlan and Costerton 2002), meaning that most, if not all 
medically relevant bacteria, have the capabilities to form biofilms (Bjarnsholt et 
al. 2013b). Alhede et al. (2014) describe biofilms as: “Aggregated, often sessile 
bacteria, which differ from free-floating cells by slow growth and tolerance to 
antibiotics and immune cells”.  

Biofilms offer microorganisms a protective survival strategy in hostile 
environments, such as those encountered at the infection site (Donlan and 
Costerton 2002). It has been estimated that 65% of microbial and 80% of chronic 
infections are caused by biofilms (Jamal et al. 2018). Indeed, biofilms are 
ubiquitous in many chronic pathologies, such as in chronic otitis media, chronic 
rhinosinusitis, chronic otitis media, cystic fibrosis, endocarditis, recurrent 
urinary tract infections, osteomyelitis, chronic wound infections, periodontitis, 
and indwelling medical device-associated infections, including orthopedic 
devices, endotracheal tubes, central venous catheters, urinary catheters, contact 
lenses, cardiac pacemakers, and breast implants (Mandakhalikar 2019; 
Bjarnsholt 2013). Still, significantly much less is currently known about biofilms 
in comparison to planktonic bacteria (Bjarnsholt et al. 2013b).  

Biofilms were first observed by Anthony van Leeuwenhoek already in 1684 
when he observed “animalcules” in his dental plaque. At the same time, 
Leeuwenhoek also demonstrated the extreme ability of such formations to 
tolerate chemicals by using vinegar as a proof-of-concept agent in his 
experiments. Interestingly, medical microbiology did not readily accept the 
concept of bacteria living preferentially in biofilms (Bjarnsholt 2013), and the 
first biofilm-related studies were published as late as the 1970s (Marshall 1976; 
Høiby and Olling 1977; Costerton et al. 1978). Nowadays, research around 
biofilms is very active: the total number of biofilm-focusing publications in 
PubMed is approaching 60,000 (December 2020). One key reason as to why 
biofilms are an intriguing and important topic for ongoing research of the 
medical community is their incredibly challenging eradication. Although 
conventional antibiotics decrease the number of bacteria in biofilms to some 
extent, the eradication remains incomplete. Due to a small population of bacterial 
cells that remain alive after treatment, relapses of biofilm-mediated infections 



2. LITERATURE REVIEW 
 

4 
 

occur frequently. Therefore, biofilm infections are often chronic, recalcitrant, and 
relapsing in nature (Bjarnsholt et al. 2013b; Costerton et al. 1999).  

2.2 Biofilm formation 
Biofilms can be surface-associated (on biotic or abiotic surfaces; e.g. on 

dentine or catheters/implants), tissue-related (e.g. in chronic wounds), or 
mucus-embedded aggregates (without attachment to any surface; e.g. in cystic 
fibrosis) (Bjarnsholt et al. 2013b; Bjarnsholt et al. 2009). Altogether, biofilm 
formation has been commonly described with three main stages, as depicted in 
Figure 1: (1) attachment to a surface, (2) proliferation/maturation, and (3) 
dispersal/detachment (Otto 2018). The mechanisms mediating biofilm 
formation vary from species to species, but this section emphasizes especially 
Staphylococcus aureus, as this is one of the key model bacteria used in this thesis. 
However, many of the processes described here are applicable to other clinically 
relevant bacteria.  

 

Figure 1. Three main stages of biofilm formation. 

2.2.1 Attachment 
First, rapid surface attachment of planktonic bacteria to the abiotic or biotic 

surface occurs (Figure 1). The following factors mediate attachment: bacterial 
motility, (non)-proteinaceous adhesins, Van der Waals interactions, pH of the 
medium, material surface charge and hydrophobicity/hydrophilicity, as well as 
the formation of a conditioning film (Mandakhalikar 2019; Heilmann 2011). S. 
aureus has traditionally been considered as non-motile, but lately, it has been 
demonstrated to move on soft agar by spreading and comet formation (Pollitt 
and Diggle 2017). Examples of non-proteinaceous staphylococcal adhesins are 
positively charged PIA/PNAG (polysaccharide intercellular adhesin/poly-N-
acetyl-β-(1-6)-glucosamine) (described in 2.4.1) and negatively charged wall 
teichoic acid (WTA) and lipoteichoic acid (LTA) (Otto 2018; Joo and Otto 2012; 
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Heilmann 2011). For example, WTA seems to be essential for the adhesion of S. 
aureus to the nasal epithelium (Weidenmaier et al. 2004). S. aureus can also 
attach to host tissue (e.g. epithelium, endothelium, and bones) using specific 
proteinaceous adhesins that bind to a variety of extracellular matrix (ECM) 
components. The ECM is composed of an assortment of (glyco)proteins and 
proteoglycans, which form a structured meshwork surrounding cells in tissues. 
Examples of ECMs are bone-sialoprotein, collagen, elastin, fibronectin, and 
vitronectin. Moreover, indwelling medical devices become coated within 
nanoseconds after insertion with a layer called a conditioning film, which is 
composed of the extracellular matrix proteins, plasma proteins (e.g. fibrinogen 
and von Willebrand factor), and platelets. Hence, all these host components could 
serve as ligands for proteinaceous bacterial adhesin receptors and promote 
bacterial colonization (Geraci et al. 2017; Heilmann 2011). These proteinaceous 
adhesins will be further discussed in 2.4.2. As a result of the attachment phase, 
microcolonies are formed (Otto 2018). 

2.2.2 Proliferation/maturation 
In this second stage, the formed microcolonies start to proliferate and 

maturate. In this phase, the self-produced polymeric biofilm matrix is secreted. 
The matrix offers architectural stability to the bacteria inside the biofilms and it 
protects against external threats, as it will be further described in 2.4. (Otto 2018; 
Flemming and Wingender 2010). As a result, a complex three-dimensional (3D)-
structure is developed (Otto 2018). Because access for oxygen and nutrients 
decreases towards the base of the biofilm, fluid-filled channels are formed, which 
provide better availability of pivotal elements for deeper layers. Surfactant 
molecules (phenol-soluble modulins; PSMs) are responsible for producing such 
channels (Schilcher and Horswill 2020; Otto 2018; Periasamy et al. 2012). Once 
a mature biofilm has formed, the resulting construction is extremely viscoelastic. 
It has been demonstrated that the shear stress encountered during the biofilm 
formation correlates directly with the tensile strength of formed biofilms 
(Donlan and Costerton 2002; Stoodley et al. 1998).  

2.2.3 Dispersal/detachment 
The final stage of the biofilm cycle includes the dispersal of single cells and/or 

detachment of cell clusters from the biofilm. In this phase, bacteria transition 
from the biofilm lifestyle to planktonic form, allowing bacteria to disseminate to 
the bloodstream and spread the infection to other locations (Otto 2018). In this 
phase, a key role has been attributed to PSMs, as they reduce the surface tension 
of the biofilm matrix (Periasamy et al. 2012) as well as to degradative 
exoenzymes, such as proteases and nucleases (Schilcher and Horswill 2020; Otto 
2018). Both PSMs and exoenzymes are regulated via an accessory gene regulator 
(agr) quorum sensing system. In addition to contributing to biofilm 
dispersal/detachment, the agr-system has been suggested to regulate motility 
and pathogenesis of S. aureus. Therein, the growth of the bacterial community 
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increases “autoinducing peptide” (AIP) signal molecule concentrations. When a 
critical AIP concentration “quorum” is reached, a regulatory cascade is initiated 
causing the production of e.g. exoenzymes, PSMs, and toxins. Correspondingly, 
the expression of adhesins is downregulated. Therefore, there is a negative 
correlation between agr induction and the accumulation of biofilm biomass 
(Schilcher and Horswill 2020; Pollitt and Diggle 2017).  

2.3 Biofilm tolerance and resistance 
The biofilm mode of growth is a bacterial survival strategy to withstand 

several human host- or environment-related hostile conditions. These harsh 
conditions may be caused by extreme pH values, anaerobic conditions, salinity, 
the host’s immune cells (such as phagocytes), bacteriophages, amoebae, 
desiccation, UV radiation, metal ions, and administered antibiotics, among 
others. Indeed, antibiotics typically have a significantly lower effect against 
biofilms in comparison to planktonic bacteria and this difference can be even 
1000-fold (de la Fuente-Núñez et al. 2013). Basically, biofilm resilience to 
antimicrobials can be attributed to biofilm tolerance or bacterial resistance, 
which are two completely different concepts. The resistance mechanisms are not 
specifically associated with biofilms but with bacteria in general, and the 
involved mechanisms are illustrated in Figure 2.  

Figure 2. The most commonly described antibiotic resistance mechanisms. The 
figure has been inspired by Alav et al. (2018).  

However, although resistance and tolerance are separate concepts, it has 
been found that biofilms promote the development of resistance. For instance, it 
has been observed that the biofilm growth mode increases dramatically 
horizontal transfer of plasmid-borne antibiotic resistance determinants when 
compared to planktonic bacteria. The close proximity of cells within the biofilm 
and more stabilized contacts between neighboring bacteria due to the biofilm 
matrix have been hypothesized to contribute to this (Savage et al. 2013).  
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With antibiotic tolerance, biofilm-associated bacteria can survive despite the 
presence of an antibiotic. However, if the biofilm is disrupted or naturally 
dispersed, the bacteria return to the antibiotic-susceptible planktonic state, as 
described in Figure 1 (Bjarnsholt et al. 2013b). Antibiotic tolerance can be 
roughly explained with three mechanisms. First, the inner core of biofilm enters 
a slow-growing physiological status owing to depletion of metabolic substances, 
oxygen, and nutrients as well as accumulation of waste products (Bjarnsholt et 
al. 2013b). This leads to the low activity of cellular processes such as cell 
wall/protein biosynthesis or DNA replication. As many antibiotics target those 
processes, certain antibiotics do not have activity against biofilm cells (Ciofu et 
al. 2017). Secondly, ca. 1% of biofilm cells are in a metabolically inactive and non-
dividing state, called “persisters”. These dormant cells are tolerant to multiple 
antibiotics simultaneously even without carrying the antibiotic resistance genes. 
A number of mechanisms have been suggested for the formation of persisters, 
such as induction of the SOS response, overexpressed toxin/antitoxin modules, 
and adenosine triphosphate (ATP) depletion. Persisters are a significant clinical 
problem as antibiotics kill only metabolically active cells and the remaining 
dormant cells can be re-activated later, thus causing an infection relapse 
(Podlesek and Žgur Bertok 2020; Lewis 2010; Lewis 2008). The third mechanism 
associated with biofilm tolerance to antibiotics is the restricted penetration of 
certain antimicrobials through the biofilm matrix (Ciofu et al. 2017), and this 
phenomenon will be further described in the following chapter, and it further 
highlights the importance of the matrix for biofilm persistence (2.4). 

2.4 Biofilm matrix – more than a shield 
Typically, 5–35% (by volume) of the biofilm is composed of bacterial cells, 

while the remaining 65–95% is formed by the biofilm matrix. The biofilm matrix 
is a self-produced gelatinous complex mixture of hydrated extracellular 
polymeric substances, such as proteins (>2%), polysaccharides (1–2%), DNA 
(<1%), RNA (<1%), some ions, and water (Jamal et al. 2018). These components 
may be species-specific, such as in the case of polysaccharides and proteins. 
Others may be common for a large subset of bacteria, such as teichoic acids for 
gram-positive bacteria (Otto 2014a). The biofilm matrix provides architectural 
stability by “gluing” bacteria to each other and the cellular agglomerates to 
surfaces (Flemming and Wingender 2010). Electrostatic interactions between 
oppositely charged matrix polymers are in a key role in maintaining the biofilm 
matrix cohesivity (Gupta et al. 2019).  

In conjunction with shielding bacteria living in the biofilm, the biofilm matrix 
plays a number of roles. First, as it has already been earlier mentioned, it holds 
cells in close proximity enabling cellular communication and horizontal gene 
transfer. Furthermore, it scavenges nutrients and minerals, providing also a 
source of energy, carbon, nitrogen, and phosphorus elements for the biofilm 
community. It also retains water protecting biofilms from desiccation (Flemming 
and Wingender 2010). Additionally, it works as a barrier offering protection from 
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unfavorable environmental conditions (such as UV radiation), predation, 
chemicals/antimicrobials, and host clearance (Gupta et al. 2019; Flemming and 
Wingender 2010). 

Indeed, one of the mechanisms behind the tolerance of biofilms to some 
antibiotics is the matrix-generated diffusion barrier that prevents certain 
antibiotics from reaching their cellular targets. This hindered penetration may 
occur if antibiotics bind to biofilm matrix components or the antibiotics are 
deactivated by matrix enzymes, such as beta-lactamases (Ciofu et al. 2017). For 
example, Singh et al. (2010) demonstrated the reduced penetration of some beta-
lactams and glycopeptides through S. aureus and S. epidermidis biofilms, while 
the permeation of aminoglycosides and fluoroquinolones remained unaffected. 
Additionally, the biofilm matrix aids in evading the host immune system. For 
example, it provides a mechanical shield against neutrophilic phagocytosis (de 
Vor et al. 2020) as neutrophils can engulf only fragments up to their own cell size 
(~ 10 μm) (Herant et al. 2006). As biofilms are typically 4–200 μm in tissues and 
5–1200 μm on medical devices (Bjarnsholt et al. 2013a), biofilms should be 
disintegrated into smaller units. For that purpose, phagocytic lysosomes contain 
e.g. proteases and DNases, but it is not fully understood how these can work 
extracellularly in disintegrating complete biofilms (de Vor et al. 2020). The 
biofilm matrix also shelters bacterial surface-expressed PAMPs (pathogen-
associated molecular patterns) by incorporating fibrin into the biofilm matrix 
with aid of coagulase (de Vor et al. 2020; Zapotoczna et al. 2015). The PAMPs of 
S. aureus are e.g. peptidoglycan, lipoproteins, and LTA (Askarian et al. 2018). 
Because the biofilm matrix protects PAMPs from innate immune cell receptors 
(e.g. Toll-like receptors), the proper activation of the innate immune system is 
hampered (e.g. cytokines that recruit more defensive cells are not released) (de 
Vor et al. 2020; Tortora et al. 2014, p. 470). 

2.4.1 The biofilm matrix-accompanying polysaccharides 
The key staphylococcal biofilm matrix polysaccharide is PIA/PNAG. It is 

responsible for cell-cell adhesion in the initial attachment phase of biofilm 
development (Nguyen et al. 2020; Cramton et al. 1999). It has been observed that 
the synthesis of the PIA/PNAG by S. aureus progresses promptly during the first 
24 hours of biofilm formation (Oja et al. 2014). Its biosynthesis and secretion are 
mediated by gene locus icaADBC (Cramton et al. 1999). It is synthesized inside 
the cell by enzymes (N-acetyl-glucosamine transferases: icaA and icaD) and 
exported by a putative PIA exporter (icaC) (Haghi Ghahremanloi Olia et al. 2020). 
After secretion, ∼15–20% of N-acetyl groups are deacetylated by a PIA 
deacetylase (icaB), which generates a cationic charge (Nguyen et al. 2020). Due 
to its cationic character, it possibly has an important role in promoting the 
biofilm matrix cohesivity by interacting with negatively charged cell surfaces and 
matrix components, such as anionic extracellular DNA (eDNA) and proteins (Otto 
2018; Speziale et al. 2014). The expression of ica-locus is induced by harsh 
environmental conditions (such as low oxygen levels, high NaCl concentration, 
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extreme osmolarity, or temperature (Gupta et al. 2019) and also by sub-
inhibitory concentrations of certain antibiotics (Skogman et al. 2012), 
contributing to increased resistance against antimicrobials and phagocytosis 
(Vuong et al. 2004). It has been observed that S. aureus and S. epidermidis can 
form biofilms without ica-locus (Rohde et al. 2007; Fitzpatrick et al. 2005). 
However, in the case of S. epidermidis, it seems that the absence of ica decreases 
the robustness of biofilms indicating that S. epidermidis relies on PIA/PNAG for 
biofilm formation (Rohde et al. 2007). In contrast, inactivation of the icaADBC 
operon of S. aureus does not affect biofilm formation. In fact, it was observed that 
S. aureus can maintain the biofilm cohesivity without the presence of PIA/PNAG 
by replacing it with various surface proteins, such as the biofilm-associated 
protein (Bap) (Merino et al. 2009).  

The PIA/PNAG also plays several roles in the immunoevasion of S. aureus 
biofilms. First, phagocytic lysosomes do not include PIA/PNAG-degrading 
enzymes, which might explain why PIA/PNAG-dependent S. epidermidis biofilms 
seem to be more tolerant to phagocytosis than S. aureus (Günther et al. 2009a; 
2009b), which can rely more on proteins for matrix formation (de Vor et al. 
2020). The PIA/PNAG also seems to protect S. epidermidis biofilms against 
neutrophilic phagocytosis (Vuong et al. 2004) e.g. via preventing deposition of 
C3b and immunoglobulin G (IgG) opsonins on the biofilm (Kristian et al. 2008). 
Moreover, PIA/PNAG also seems to capture antibodies by preventing them to 
reach the bacterial cell surface impeding opsonic killing of S. epidermidis (Cerca 
et al. 2006). The highly positively charged PIA/PNAG also repels cationic 
antimicrobial peptides (AMPs; such as human β-defensin 3 and LL-37) while 
sequestering negatively charged AMPs (such as dermcidin) (Vuong et al. 2004).  

2.4.2 The biofilm matrix-associated protein fraction 
Adhesion to the ECM of the host tissue is a crucial step in the pathogenesis of 

S. aureus. For that purpose, S. aureus expresses various proteinaceous adherence 
factors. These can be covalently anchored to the bacterial cell wall (i.e. 
peptidoglycan), such as microbial surface components recognizing adhesive 
matrix molecules (MSCRAMMs) and near iron transporter (NEAT) motif family 
members. The MSCRAMMs form the most important staphylococcal protein 
family mediating attachment, and examples of MSCRAMMs utilized by S. aureus 
are clumping factors A and B (ClfA, ClfB), fibronectin-binding proteins A and B 
(FnBPA, FnBPB), bone sialoprotein-binding protein (Bbp), and serine-aspartate 
repeat-containing protein C, D, and E (SdrC, SdrD, and SdrE). To the NEAT family 
belong iron-regulated surface determinants (IsdA, IsdB, IsdC, and IsdH). 
Additionally, non-covalently cell wall-associated (anchorless) proteins exist, 
such as the secretable expanded repertoire adhesive molecules (SERAM). The 
SERAM proteins are secreted but after that, they re-bind to the bacterial cell 
surface via ionic and hydrophobic interactions. Fibrinogen-binding protein 
(FbnBP) is an example of such SERAMs. There are also other non-covalently 
bound adhesins that do not belong to SERAMs, such as a membrane-spanning 
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elastin-binding protein (EbpS). Certain proteins also seem to mediate the 
transition of planktonic S. aureus towards the biofilm lifestyle by promoting 
attachment and intercellular adhesion, such as the already mentioned biofilm-
associated protein (Bap) (Geraci et al. 2017; Ko et al. 2013; Heilmann 2011).  

Other pivotal tasks of the protein fraction in the biofilm matrix are to 
maintain biofilm matrix cohesivity, to enable redox activity, and to participate in 
enzymatic macromolecule degradation for nutritional acquisition (Flemming 
and Wingender 2010). Furthermore, S. aureus has been shown to produce an 
arsenal of proteins with various immunoevasive functions (de Vor et al. 2020). 
Some of these proteins bind antibodies and prevent complement fixation by the 
classical pathway and opsonophagocytosis (Atkins et al. 2008). Some others 
block neutrophil-chemoattractant interaction, thus preventing neutrophilic 
activation (de Vor et al. 2020). Furthermore, a variety of enzymes with different 
functions are included in the matrix with functions associated with immune 
system evasion. These participate e.g. in protection from reactive oxygen species 
(Karavolos et al. 2003), degradation of neutrophil extracellular traps (NETs) 
(Sultan et al. 2019), isolation of the pathogens from the immune responses 
(Thomer et al. 2013; Vanassche et al. 2013; Cheng et al. 2010), and tissue 
degradation for spreading the infection to other locations (Tortora et al. 2014, 
pp. 450–451). Lastly, S. aureus produces an arsenal of host-harming cytolytic 
toxins, such as hemolysins (e.g. α-, β-, and δ-hemolysins) and leukocidins (in 
human-associated strains: LukAB (i.e. LukGH), LukSF (i.e. Panton-Valentine 
leukocidin), LukED, and γ-hemolysins (HlgAB and HlgCB) (de Vor et al. 2020; de 
Jong et al. 2019; Cheung et al. 2015; Otto 2014b).  

Traditionally, every bacterial protein has been considered to have only a 
single function. However, an emerging number of bacterial proteins have been 
recognized as multifunctional. These “moonlighting proteins” refer to proteins 
with pleiotropic functions, which are not caused by gene fusions, RNA splice 
variants, or multiple protein fragments (Kainulainen and Korhonen 2014). In 
fact, the proteinaceous fraction of the S. aureus biofilm matrix has been observed 
to be largely composed of these moonlighting proteins (Foulston et al. 2014). The 
canonical functions of such currently known moonlighting proteins include 
essential cellular processes, such as protein synthesis, glycolysis, chaperone 
activity, and nucleic acid stabilization. Their moonlighting activities contribute 
e.g. in establishing the infection in the host for instance via bacterial attachment 
to host tissues, immunomodulatory and biofilm formation stimulating properties 
(Kainulainen and Korhonen 2014).  

In order to “moonlight”, typical cytoplasmic proteins are excreted into the 
culture supernatant. It has been subjected to debate how moonlighting proteins 
translocate to the extracellular space. It has been generally considered that the 
release of these cytoplasmic proteins into the extracellular milieu is simply 
caused by cell lysis (Kainulainen and Korhonen 2014). However, this explanation 
appears to be too straightforward since numerous lines of evidence suggest the 
existence of a yet undiscovered mechanism regulating active cytoplasmic protein 
excretion. For example, it has been noted that the excretion is augmented when 
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the autolysins are upregulated, and peptidoglycan cross-linking is weakened 
(Ebner et al. 2016). Further, the secretion of proteins has been observed to be 
deterministic. For example, certain sequence motifs such as α-helices, have been 
observed to contribute to this to some extent (Yang et al. 2014). However, it is 
known that moonlighting proteins are “unconventionally/non-classically 
secreted proteins”, as their sequences do not contain known secretion or cell 
surface-anchoring sequence motifs (Jeffery 2018; Kainulainen and Korhonen 
2014). Indeed, none of the classical secretion machinery types seems to be 
involved, such as ESAT-6 secretion system, TAT (twin-arginine transport) 
system, or ATP-binding cassette transporters, all of which are generally utilized 
by S. aureus. One potential excretion mechanism of cytoplasmic proteins has 
been suggested to involve membrane vesicles (Pasztor et al. 2010). Indeed, 
several matrix-associated moonlighting proteins have been earlier recognized 
from membrane vesicles of S. aureus 06ST1048 (Gurung et al. 2011) and S. aureus 
ATCC14458 (Lee et al. 2009), which are also employed in transportation of e.g. 
hemolysins, leukocidins, response regulatory proteins, and antibiotic resistance 
enzymes (Jeon et al. 2016; Lee et al. 2013; Gurung et al. 2011; Lee et al. 2009). 

In any case, it has been observed that cytoplasmic proteins are excreted from 
the cells and aggregated to the interstitial space around cells to be assembled to 
form the biofilm matrix (Foulston et al. 2014). This appears to occur during the 
stationary phase as a response to a decrease in medium pH, which in turn takes 
place due to the accumulation of fermentation products. Indeed, preferably than 
exploiting devoted matrix proteins to form the biofilm matrix, S. aureus seems to 
recycle cytoplasmic proteins as moonlighting constituents in the biofilm matrix. 
This strategy has been suggested to offer enhanced adaptability for biofilms 
when grown in stressful conditions. Selected moonlighting proteins with their 
primary and moonlighting functions are further discussed in this thesis. 

2.4.3 The biofilm matrix-related extracellular DNA  
The last major biofilm matrix component, eDNA, has been reported to 

originate from lysed neutrophils (Alhede et al. 2020). Due to its highly polymeric 
(sticky) nature and anionic charge, it interacts with many other surface matrix 
components, such as cationic exopolysaccharides and proteins, contributing to 
matrix network cohesivity and increasing the overall structural stability of 
biofilms (Otto 2018).  

2.5 Biofilm infections 
The nature of biofilm infections differs considerably from acute infections that 
are caused by planktonic bacteria. Acute infections can be effectively diagnosed 
and treated with antibiotics. On the other hand, several biofilm infections may be 
challenging to diagnose. Moreover, the efficacy of antibiotics is unsatisfactory: 
frequently the clinical signs of infection remain despite the correct completion of 
the antibiotic course (Høiby et al. 2015; Bjarnsholt et al. 2013b; Costerton et al. 
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1999). In a nutshell, the clinical relevance of biofilm infections can be related to 
the following features (Table 1).  
 
Table 1. The clinical importance of biofilms in a nutshell (Mandakhalikar 2019; 
Li et al. 2018; Høiby et al. 2015; Bjarnsholt et al. 2013b; Savage et al. 2013; 
Costerton et al. 1999). 

I. Biofilms are involved in a large number of chronic infections 
II. Diagnosing biofilms is challenging 

III. Biofilms are often impossible to eradicate completely, leading to the recurrence of 
infections  

 in this manner, they can remain a lifelong problem  
IV. Biofilms often cause multiple surgical operations, when involved in medical device-

associated infections (i.e. removal and replacement of the infected medical device) 
V. Biofilms may lead to severe systemic infections (especially in immunocompromised 

individuals) 
VI. Biofilms are often responsible for long hospital stays 

VII. Biofilms are associated with high morbidity and mortality 
VIII. Biofilms cause a heavy burden on healthcare 

IX. Biofilms incur a massive financial cost to society 
X. Biofilms aid in the rapid spread of multidrug-resistant bacteria: the transfer of genetic 

material between bacteria occurs more frequently in biofilms 

 

The presence of biofilms is connected to several chronic infections. Selected 
biofilm infections and their causative pathogens are presented in Table 2. 
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Table 2. Selected biofilm infections and their common causative pathogens. 
References in this table are listed below. 

Biofilm 
infections 

Causative pathogens 

Host tissue-associated infections 
Chronic otitis 
media 

Haemophilus influenzae, Streptococcus pneumonia, Moraxella catarrhalis 1  

Chronic 
rhinosinusitis 

Staphylococcus aureus, Pseudomonas aeruginosa, coagulase-negative 
staphylococci, S. pneumoniae, M. catarrhalis, H. influenzae 2 

Chronic 
wounds  

S. aureus, P. aeruginosa, Enterococcus faecalis, coagulase-negative staphylococci, 
Proteus spp., anaerobic bacteria 3 (often polymicrobial) 

Recurrent 
urinary tract 
infection 

Escherichia coli, E. faecalis, Klebsiella spp., Proteus spp., Staphylococcus 
saprophyticus 4 

Cystic fibrosis 
 

P. aeruginosa, Burkholderia cepacia, S. aureus, H. influenzae 5 

Endocarditis S. aureus, coagulase-negative staphylococci, viridans group streptococci, 
Enterococcus spp. 6 

Periodontitis Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Tannerella 
forsythia, Treponema denticola, Fusobacterium nucleatum, Micromonas micros, 
Prevotella intermedia, Campylobacter rectus, Eikenella corrodens 7 

Dental caries Mutans streptococci (main species: Streptococcus mutans, Streptococcus sobrinus), 
lactobacilli 8 

Osteomyelitis S. aureus, S. epidermidis, P. aeruginosa, Enterococcus spp., Streptococcus spp., 
Enterobacter spp., Mycobacterium spp., Candida spp., anaerobes 9, 10 

Medical device-related infections 
Prosthetic 
joint 

S. aureus, E. coli, Enterobacter spp., Klebsiella spp., P. aeruginosa, coagulase-
negative staphylococci (e.g. S. epidermidis), Cutibacterium spp., Propionibacterium 
11, 12, 13 

Cardiac 
pacemaker 

Coagulase-negative staphylococci, S. aureus, enteric gram-negative bacilli 14 

Mammary 
implant 

Coagulase-negative staphylococci, S. aureus, P. aeruginosa 15 

Dental 
implant 

P. gingivalis, P. intermedia, anaerobic gram-negative cocci such as Veillonella spp. 
and T. denticola 16 

Intravenous 
catheter 

Coagulase-negative staphylococci, S. aureus, Klebsiella pneumonia, E. coli,  
P. aeruginosa, Acinetobacter baumannii, Candida spp. 17 

Urinary 
catheter 

E. coli, K. pneumoniae, P. aeruginosa, S. aureus, Proteus mirabilis, S. epidermidis 18 

Contact lenses Coagulase-negative staphylococci, corynebacteria, bacilli, S. pneumonia,  
P. aeruginosa, Serratia marcescens, Candida albicans, Fusarium ssp. 19 

1 Hall-Stoodley et al. 2006; 2 Leid et al. 2011; 3 Gjødsbøl et al. 2006; 4 Delcaru et al. 2016; 5 Rajan and Saiman 2002; 6 Que 
and Moreillon 2011; 7 Demmer et al. 2008; 8 Hoceini et al. 2016; 9 O’May et al. 2011; 10 Kavanagh et al. 2018; 11 Izakovicova 
et al. 2019; 12 Zimmerli et al. 2004; 13 Li et al. 2018; 14 Chua et al. 2000; 15 Cohen et al. 2015; 16 Pye et al. 2009; 17 

Parameswaran et al. 2011; 18 Cortese et al. 2018; 19 Otto 2014a. 

2.5.1 Prosthetic joint infection 
Many vital body functions can be improved, or pain alleviated with 

transiently or permanently implanted medical devices (Zimmerli and Trampuz 
2011). Transiently inserted devices comprise e.g. endotracheal tubes, central 
venous and urinary catheters (Mandakhalikar 2019). Permanently inserted 
devices can be classified based on their insertion location: they are either 
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intravascular or extravascular devices. Intravascular devices are e.g. artificial 
heart valves, vascular prostheses, and electrophysiologic devices. Extravascular 
devices are e.g. aesthetic implants, neurosurgical devices, dental implants, 
intrauterine devices, and orthopedic implants, such as internal fixation devices 
and prosthetic joints (PJs) (Zimmerli and Trampuz 2011).  

The PJs can be utilized to alleviate pain and movement restrictions caused by 
joint destruction. Joint destruction can be caused by e.g. osteoarthritis, 
rheumatoid arthritis, or a physical injury. In developed countries, the utilization 
of PJs has significantly increased during the last decades (Singh et al. 2019). 
Increasing life span, constantly aging populations, more active elder populations, 
increasing osteoarthritis incidence associated with obesity, evolving medical 
sciences, and more comprehensive health insurances have contributed to this 
(Izakovicova et al. 2019; Singh et al. 2019; Zimmerli and Trampuz 2011). In 2019, 
for instance in Finland, ca. 10,500 hip and 13,500 knee primary replacement 
surgeries were performed. Additionally, in 20 years (1999–2019) the performed 
hip and knee primary replacement surgeries were reported to increase in 
Finland, by a factor of two and three, respectively (National Institute for Health 
and Welfare: Finnish Arthroplasty Register 2020). As a result, this evolving trend 
has contributed to an increasing number of prosthetic joint infections (PJIs) 
(Izakovicova et al. 2019).  

The PJIs are one of the most common and feared complications of joint 
replacement surgeries (Davidson et al. 2019) affecting 1–2% of primary and 4% 
of revision arthroplasty patients (Izakovicova et al. 2019). It has been estimated 
that up to 1.7% of hip, 2% of knee, and 9% of ankle prostheses (Zimmerli 2014) 
as well as 5–10% of internal fixation devices become infected (Zimmerli and 
Trampuz 2011). Predisposing factors for these infections are young age (<60 
years), male gender, high body mass index (≥30 kg/m2), and smoking. 
Furthermore, the presence of certain medical conditions, such as diabetes, 
dementia, renal disease, hemodialysis, and immunomodulatory or steroid-based 
therapy are associated with higher infection risk (Stewart and Bjarnsholt 2020; 
Lenguerrand et al. 2018). Moreover, near-surface body inserts that are poorly 
covered by soft tissue are more prone to get infected (Nymer et al. 2008).  

The PJIs are caused by prosthetic joint material-colonizing biofilms. The most 
common causative pathogens of PJIs are biofilm-forming Staphylococcus aureus 
and Staphylococcus epidermidis (Davidson et al. 2019; Arciola et al. 2018). The 
geographical location influences this trend: while S. epidermidis causes most 
cases in Europe, S. aureus is responsible for most PJIs in the United States 
(Aggarwal et al. 2014).  

The insertion of a PJ causes a locally acquired immune defect by damaging 
the tissues, leading to a decreased blood supply, forming necrotic tissue, and 
frustrated phagocytosis (i.e. the impaired activity of phagocytic cells). In 
frustrated phagocytosis, phagocytes undergo apoptosis when facing an object of 
a size that is outside their phagocytic capability. The consequential release of 
reactive oxygen species (ROS), enzymes, and defensins causes unintentional 
injury to host tissue/vasculature as well as de-activation of other neutrophils 
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(Izakovicova et al. 2019 (Winkler 2012; Nymer et al. 2008). All of these factors 
can promote biofilm formation, and the existence of a medical device has been 
observed to decrease the minimal infecting dose of S. aureus by more than 
100,000-fold (Izakovicova et al. 2019). Moreover, some substrate materials such 
as polymethyl methacrylate (PMMA) hamper the complement system and 
leukocytic activity, which also promotes biofilm formation. Finally, phagocytes 
typically focus on breaking down the medical device itself, hence having a lower 
impact on the actual biofilm (Nymer et al. 2008).  

The PJIs are very difficult to treat solely with antibiotics: the diminished local 
tissue perfusion and the damaged vasculature prevent that satisfactory antibiotic 
concentrations are reached at the biofilm infection site (Gergely et al. 2014). 
Because of this, removal of the infected device, debridement of the necrotic 
tissue, and insertion of a new device are often needed (Izakovicova et al. 2019). 
Overall, PJIs are frequently associated with poor clinical outcomes, high costs, 
and prolonged hospitalization periods (Davidson et al. 2019). Long 
hospitalization periods in turn increase the risk for re-infections (Rosman et al. 
2015). For instance, it has been estimated the average price in the UK for treating 
a knee or hip PJI is £100,000 (per patient), including the revision surgery, a new 
prosthesis, extended hospitalization period, and antibiotics (Davidson et al. 
2019). Classification of PJIs and their preferred treatment protocols are 
presented in Table 3 (Izakovicova et al. 2019; Li et al. 2018; Zimmerli et al. 
2004).  

 
Table 3. The most recent classification of PJIs and suggested treatment protocols. 
Adapted from (Izakovicova et al. 2019; Li et al. 2018; Zimmerli et al. 2004). 

 Acute PJI Chronic PJI 
Perioperative origin Early postoperative 

<4 weeks after surgery a 
Delayed postoperative 
≥4 weeks after surgery 

Typical causative 
pathogens in 

perioperative PJI 

High virulence organisms: S. aureus, 
E. coli, Enterobacter spp., Klebsiella 

spp.,  
P. aeruginosa 

Low virulence organism: coagulase-
negative staphylococci (e.g. S. 

epidermidis), Cutibacterium spp., 
Propionibacterium spp. 

Hematogenous origin <3 weeks duration of symptoms ≥3 weeks duration of symptoms 

Examples of typical 
causative pathogens in 

hematogenous PJI  

S. aureus (from skin/soft tissue infection), S. pneumonia (from 
respiratory tract infection), Bacteroides spp., Salmonella spp., and 
Streptococcus gallolyticus (from gastrointestinal infection), E. coli, 

Klebsiella spp., and Enterobacter spp. (from urinary tract infection), 
viridans group streptococci (from dental procedures)  

Symptoms 
Fever, acute pain, red and swollen 

joint, prolonged postoperative 
discharge (>7‒10 days) 

Chronic pain, sinus tract (fistula), 
loosening of the prosthesis 

General treatment 
protocol 

Debridement, antibiotics, and 
implant retention (DAIR) and 

change of the mobile parts  

Prosthesis removal, debridement, 
antibiotics, and b one- or c two-stage 

exchange of the new device  

Systemic antibiotic 
therapy 

E.g. in staphylococcal infections:  
cefazoline iv. and rifampicin p.o. (oxacillin-/methicillin susceptible) / 

vancomycin iv. and rifampicin p.o. (oxacillin-/methicillin-resistant) for 2 
weeks, then rifampicin + levofloxacin/doxycycline/cotrimoxazole p.o.  

(total antibiotic therapy duration: 12 weeks) 
a According to a new recommendation (Löwik et al. 2020), the DAIR can also be considered with cases that occur later 
than the indicated time, on condition that it is performed within 1 week after the onset of symptoms. b Can be performed 
when the soft tissues are intact or slightly damaged. c Recommended when moderately and severely damaged soft tissues, 
abscess formation, sinus tract, or difficult-to-treat micro-organisms (such as methicillin-resistant S. aureus, other multi-
drug resistant organisms, Enterococcus spp., fungi) are present. iv. = intravenous; p.o. = per oral. 
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2.5.2 Periodontitis 
Periodontitis is a very common oral condition affecting 20–50% of the global 

population (Nazir 2017). In Finland, gingival and dental connective tissue 
diseases are a significant public health problem among the ≥30-year-old 
population. Among that population, the prevalence of gingivitis is 74%, 
periodontitis with recessed (≥ 4 mm) dental pockets is 64% and with deep (≥ 6 
mm) dental pockets is 21%. The prevalence of rapidly progressing periodontitis 
(previously localized aggressive/juvenile periodontitis) located on the cheek or 
anterior teeth in Finland is ca. 0.1% (Current Care Guidelines: Periodontitis 
2019). Periodontitis is initiated by dental biofilms i.e. plaque (Kwon et al. 2020), 
and if not removed, causes gingivitis that may progress further on periodontitis 
(Current Care Guidelines: Periodontitis 2019).  

The dental plaque is generally composed of multi-species bacterial biofilms 
(Peterson et al. 2011b). Oral biofilm formation includes several steps that are 
summarized in Figure 3. In periodontitis, the host immune system responds to 
the dental biofilms (e.g. bacterial lipopolysaccharides or virulence factors) by 
producing proinflammatory cytokines, such as tumor necrosis factor-α, 
interleukin-1β, and prostaglandin E2. As a response to these cytokines and 
virulence factors, matrix metalloproteinases are produced, that mediate the 
destruction of collagen fibers in periodontal attachment tissues (Figure 3). In 
addition, these cytokines induce osteoclast precursors, that mediate alveolar 
bone damage, and all of these contribute to tooth loss (Kwon et al. 2020).  

Figure 3. The structures of the tooth and periodontium are shown on the left. 
Periodontitis-associated structures are indicated with yellow arrows. Oral 
biofilm formation steps are displayed on the right (Peterson et al. 2011b; Sánchez 
et al. 2011; Darveau et al. 1997). The figure has been inspired by Clais (2014). 

Typical symptoms of periodontitis are redness, swelling, and bleeding of the 
gingiva, mobile or migrated teeth, formed dental gaps, and discharge (Current 
Care Guidelines: Periodontitis 2019). Periodontitis has been observed to 
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predispose to several systemic diseases: cancer (oral, pancreatic, head, neck, and 
lung) (Michaud et al. 2017), stroke (Lafon et al. 2014), coronary artery disease 
(Bahekar et al. 2007), respiratory infections (e.g. pneumonia, Gomes-Filho et al. 
2014), Alzheimer's disease (Kamer et al. 2009), type 2 diabetes (Demmer et al. 
2015), and preterm birth (Lin et al. 2007). Moreover, periodontitis affects 
negatively to the glycemic control of diabetic patients (Stanko and Izakovicova 
Holla 2014).  

Good daily oral hygiene including powered toothbrush (Yaacob et al. 2014) 
and interdental brushes is a cornerstone in the prevention of periodontitis (Slot 
et al. 2008). Once diagnosed, the treatment includes quitting smoking, 
mechanical debridement (scaling and root planning), gingival surgery, and 
possible topical chlorhexidine or systemic antibiotic therapy (typically 
metronidazole +/- amoxicillin) (Current Care Guidelines: Periodontitis 2019).  

2.6 Biofilm treatment strategies 
Until recent decades, clinical microbiology research focused primarily on 

diagnosing and finding solutions to acute infections. Thereby characterizing the 
physiology of planktonic bacteria has been the main task. As a result, all drug 
discovery effects resulting in currently available antibiotics have been developed 
to treat infections caused by planktonic bacteria. However, data collected from 
planktonic bacteria, including the discovery of new antibiotics, cannot be 
extrapolated into biofilms (Parsek and Fuqua 2004). 

As mentioned earlier, planktonic bacteria-associated infections can 
potentially be resolved with the right antibiotic within a few days. However, this 
is not the case with biofilms (Bjarnsholt et al. 2013b). In fact, the use of 
conventional antibiotics against biofilms frequently eliminates the symptoms 
caused by the released planktonic bacteria. However, they are not capable of 
eradicating the existing biofilm, which causes recurrence of the symptoms after 
completing the antibiotic course (Costerton et al. 1999). For example, according 
to a case report, a cystic fibrotic patient with a P. aeruginosa biofilm infection 
received 1 kg tobramycin, 1 kg colistin, and 10 kg of beta-lactam antibiotic during 
a 20 year-long treatment period. Still, it was not possible to reach a complete 
eradication of the biofilm (Bjarnsholt et al. 2009). Toxicity is often the main 
limitation when applying high antibiotic concentrations to treat biofilms 
(Winkler 2012). On the other hand, applying sub-inhibitory concentrations of 
antibiotics on biofilms may even promote biofilm formation (Bjarnsholt et al. 
2013b).  

Indeed, to this day, despite extensive research endeavors, established anti-
biofilm therapies exist for a very narrow range of clinical conditions, and even 
for these approaches, deficiencies exist. For example, there are strategies that 
aim in biofilm formation prevention by killing planktonic bacteria before 
aggregation, when they are still in an antibiotic susceptible state (Bjarnsholt et 
al. 2013b). This is performed via coating catheters with antimicrobials 
(Mandakhalikar et al. 2016). For that purpose, there are available central venous 
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catheters coated with chlorhexidine-silver sulfadiazine (Arrowg+ard®, Teleflex, 
Gurnee, US), minocycline-rifampicin (Cook Spectrum®, Cook Medical LLC, 
Bloomington, US), and miconazole-rifampicin (PremistarTM, Vygon, Ecouen, 
France). Also, urinary catheters coated with silver alloy-hydrogel (Bardex® I.C., 
Bard Medical, Sussex, UK) and nitrofurazone (ReleaseNF, Rochester Medical, 
Stewartville, US) are available. However, a drawback of the coating-based 
approach is the quick release of the antimicrobial agents, which provides only 
short-term prevention. Furthermore, the deposition of the conditioning film on 
the device occurs rapidly, which neutralizes the effect of the coating 
(Mandakhalikar 2019). Therefore, antimicrobial coatings do not totally prevent 
biofilm formation on medical devices, but they decelerate it (Otto 2018). 
Moreover, there is a great risk for the emergence of antibiotic resistance when 
antibiotic coatings are used (Mandakhalikar et al. 2016).  

Another applied strategy is to disrupt the existing biofilms to liberate 
planktonic bacteria and eradicate these released single bacteria with systemic 
antibiotics. These approaches include mechanical or surgical removal, but these 
can be performed only on surfaces that are easily accessible. Treating chronic 
wounds with ultrasound is currently in clinical trials (ClinicalTrials.gov ID: 
NCT03516422). Another option is to disrupt biofilm enzymatically: dornase alfa 
is an inhaled recombinant human DNase (Pulmozyme®) that degrades the eDNA 
in the biofilm matrix and is used in the treatment of cystic fibrosis to decrease 
the viscosity of the sputum (Terveysportti: Lääkkeet ja hinnat -database 2021; 
Kaplan 2009). It is used in conjunction with e.g. acetylcysteine, colistin, 
tobramycin, levofloxacin (as inhalation), and ciprofloxacin (p.o.) (Terveysportti: 
Lääkkeet ja hinnat -database 2021). Still, these kinds of combination strategies 
only postpone but are not capable of eradicating the biofilms in cystic fibrosis 
(Bjarnsholt et al. 2009). There is also another enzyme DispersinB® (Kane 
Biotech Inc., Winnipeg, Canada) that hydrolyzes biofilm matrix-associated 
PIA/PNAG (Kaplan 2009), and this enzyme is under 
development/commercialization process against chronic wounds. Additionally, 
small cell clusters and planktonic cells can be dispersed from biofilms with 
different chemical agents. An example of this, nitric oxide, is presently in phase 2 
of clinical trials in the treatment of chronic rhinosinusitis (ClinicalTrials.gov ID: 
NCT04163978).  

Indeed, the eradication of biofilms is a significant but unmet clinical need in 
several biofilm-associated diseases (Baker et al. 2014; Bjarnsholt et al. 2013b). 
There are several reasons why the discovery efforts of anti-biofilm compounds 
have been so scarce. First, the presence of biofilms was neglected by the medical 
community for decades (Bjarnsholt 2013). Moreover, the lack of internationally 
harmonized and accepted anti-biofilm screening methods and metrics (similar to 
methods for antibiotic susceptibility testing provided by e.g. EUCAST “European 
Committee on Antimicrobial Susceptibility Testing”) has in turn negatively 
affected the development of anti-biofilm compounds. Additionally, biofilm-
associated infections are considered extremely problematic to tackle. Therefore, 
insufficient financial incentives offered to pharmaceutical developers remain 
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very limited considering how demanding, risky, and expensive the antimicrobial 
development process is. This is associated with the fact that diseases, where 
medications are taken daily for extended periods (such as high blood pressure or 
diabetes), are more economically attractive targets for the pharmaceutical 
industry than antibiotic courses that are used for a limited period. Therefore, 
bacterial biofilms have unfortunately not been a priority disease area of the 
pharmaceutical industry (Baker et al. 2014; Otto 2014a; Tortora et al. 2014, p. 
531).  

2.7 Relevant biofilm-forming bacteria 
In this thesis, three biofilm-forming bacteria were studied: Staphylococcus 

aureus (I, II), Staphylococcus epidermidis (II), and Aggregatibacter 
actinomycetemcomitans (III). Their clinical relevance is described briefly in this 
chapter. 

2.7.1 Staphylococcus aureus and Staphylococcus epidermidis 
S. aureus and S. epidermidis are major opportunistic pathogens causing a 

wide arsenal of biofilm-associated infections, such as chronic rhinosinusitis (Leid 
et al. 2011), chronic wounds (Gjødsbøl et al. 2006), endocarditis (Que and 
Moreillon 2011), and osteomyelitis (Kavanagh et al. 2018; O’May et al. 2011). 
Furthermore, these pathogens are key pathogens in indwelling medical device-
associated infections (Zimmerli and Trampuz 2011), such as those related to PJs 
(Davidson et al. 2019; Arciola et al. 2018), cardiac pacemakers (Chua et al. 2000), 
mammary implants (Cohen et al. 2015), and intravenous catheters 
(Parameswaran et al. 2011). This is attributed to the staphylococcal presence in 
the normal microbiota: S. epidermidis is a very ubiquitous bacterium of the 
human normal microbiota on the skin and mucous membranes of all individuals, 
while S. aureus colonizes the normal microbiota of ca. 20% and 30% of the adult 
population permanently and transiently, respectively (Otto 2018; Otto 2010). 
Therefore, both species are the most likely pathogens to be introduced as 
contaminants during indwelling medical device insertion operations, either from 
healthcare personnel or the patient (Otto 2014a).  

The incidence of antibiotic resistance of both strains has also increased 
tremendously worldwide during the last decades, such as MRSA and MRSE 
(methicillin-resistant S. aureus and S. epidermidis) (European Centre for Disease 
Prevention and Control 2015; Namvar et al. 2014), to which the biofilm lifestyle 
contributes (Savage et al. 2013). For example, it is estimated in Europe that 75–
90% of nosocomial-associated S. epidermidis infections are currently caused by 
MRSE (Namvar et al. 2014). In Southern and Northern Europe, the predominance 
of MRSA in S. aureus infections is 10–50% and 0–5%, respectively (European 
Centre for Disease Prevention and Control 2015).  
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2.7.2 Aggregatibacter actinomycetemcomitans 
Aggregatibacter actinomycetemcomitans (previously Actinobacillus 

actinomycetemcomitans) is a periodontal pathogen causing the following biofilm-
associated diseases: rapidly progressing periodontitis (i.e. localized 
aggressive/juvenile periodontitis), endocarditis, bacterial arthritis, 
osteomyelitis, and cerebral/brain abscess (Herbert et al. 2016; Rahamat-
Langendoen et al. 2011). Its presence in the human host is also a risk factor for 
certain systemic diseases, such as coronary artery disease (Liljestrand et al. 
2018), type 2 diabetes (Demmer et al. 2015), Alzheimer´s disease (Díaz-Zúñiga 
et al. 2019), and rheumatoid arthritis (Konig et al. 2016). 

2.8 Biofilm investigation methods 
As previously indicated, most of the existing antimicrobial compounds have 

been developed to eradicate planktonic bacteria. Therefore, the existing methods 
utilized in antimicrobial research have also been established to assay planktonic 
bacteria (Mandakhalikar 2019). Hence, standardized and reliable in vitro models 
for studying biofilms are required. These methods should take the unique 
features of biofilms into consideration and at the same time be rapid, simple, 
reasonable cost-efficient, and automation-friendly (Skogman 2012).  

2.8.1 Assays performed in liquid cultures 
Existing in vitro biofilm assays can be divided into liquid or solid cultures. 

The research question and the infection type that are under interest determine 
the choice of the method (Lebeaux et al. 2013). Selected biofilm assay types are 
summarized in Table 4. Four of the presented methods are standardized by 
ASTM International (American Society for Testing and Materials), which is a 
globally recognized leader in developing and delivering standardized methods 
(ASTM International 2020). All of these ASTM-approved methods have been 
standardized for P. aeruginosa.  
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Table 4. Selected in vitro biofilm models (Oja et al. 2014; Lebeaux et al. 2013; 
Peterson et al. 2011a; Coenye and Nelis 2010; Charaf et al. 1999). Modified from 
Blomqvist (2014) and Hiltunen (2015). MBEC = minimum biofilm eradication 
concentration; HTS = high-throughput screening. 

 Biofilm model Culture Fluid 
shear Substratum Advantages 

LIQUID 
CULTURES 

 

CDC 
Biofilm 
Reactor 

Continuous 
culture 

 

High 
 

Various ASTM Standard 
Method (E2562) 

 

Rotating 
Disk 

Reactor 

Continuous 
culture 

Medium Various ASTM Standard 
Method (E2196) 

 

Drip Flow 
Biofilm 
Reactor 

Continuous 
culture 

Low Various ASTM Standard 
Method (E2647) 

 

MBEC Assay 
“Calgary 
device” 

Batch 
culture 

Low Plastic pegs 
(coating 
possible) 

ASTM Standard 
Method (E2799) 

 

Well plate 
assays * 

Batch 
culture 

 

Low Plastic wells 
(coating 
possible) 

HTS, 
fairly cheap 

SOLID 
CULTURES 

 

Static 
Biofilm 

method * 

Batch 
culture 

 

No Various Inexpensive, 
versatile 

Colony 
Biofilm 
model 

Batch 
culture 

No Polycarbonate 
filter paper 

Antibiotic 
penetration 

assays 
* The methods were used in the thesis. 

The Drip Flow Biofilm Reactor, the Rotating Disk Reactor, and the CDC 
Biofilm Reactor are continuous cultures. Therein, consumed medium that 
includes waste, metabolic byproducts, and dead cells, are constantly replaced 
with fresh medium ensuring continuous nutrient availability (Lebeaux et al. 
2013). Once formed, the biofilms can be challenged with different anti-biofilm 
compounds. The disadvantages of these models are their low throughput, the 
requirement for continuous medium flow, and therefore susceptibility to 
contamination and leakage (Peterson et al. 2011a). 

On the other hand, the MBEC Assay and the commonly used well plates are 
batch cultures. Batch cultures have a fixed volume of medium without a constant 
supply of fresh medium. They allow higher throughput for simultaneous testing 
of many compounds, several concentrations, and even different bacterial strains. 
The MBEC method refers to a plate that has a lid with pegs and a receiver plate 
with wells containing the bacterial suspension. Once biofilms are formed on the 
pegs, the peg-containing lid is transferred to a new receiver plate which includes 
compounds for efficacy testing. The well plate format offers a cheap and user-
friendly option that is frequently utilized in the field of biofilm research for rapid 
compound screening (Coenye and Nelis 2010). Typically, in biofilm assays, 96-
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well plates made of polystyrene are utilized. Therein, the bacterial suspension is 
dispensed in the wells and the biofilms are formed on the bottom and the walls 
of the wells. In one variation of this, coupons made of various materials are 
inserted into a well plate with larger wells, e.g. on a 12-well plate (Park et al. 
2014). With this kind of assembly, the formation of biofilms can be studied on 
more clinically relevant materials than on polystyrene. The coupon-based well 
plate assay format was used in study I of this thesis. 

2.8.2 Assays performed in solid-state cultures 
In solid-state methods, biofilms grow in a solid-air interface since the growth 

surfaces are not submerged into liquid (Table 4) (Oja et al. 2014). They are more 
labor-intensive and therefore less frequently used. They encompass the Colony 
Biofilm model and the Static Biofilm method (batch cultures). In the Colony 
Biofilm model, biofilms are grown on polycarbonate membrane filters and these 
filters are transferred regularly onto new agar (Peterson et al. 2011a). On the 
other hand, the Static Biofilm method consists of biofilms grown on a filter paper-
covered agar plate. The biofilms of the Static Biofilm method are grown in the 
absence of fluid shear (Buckingham-Meyer et al. 2007), and therefore the method 
can be considered as proper for simulating certain infections (e.g. skin- or ear-
associated). The Static Biofilm method represents a versatile, robust, simple, and 
cost-effective option, which can be performed without the need for sophisticated 
instrumentation (Oja et al. 2014). More importantly, it allows the possibility to 
test more complex drug formulations (e.g. semisolid pastes) than mere drug 
solutions. This essay type, the Static Biofilm method, was utilized in studies II and 
III. 

2.9 Bisphosphonates 
In this thesis (studies II, III) bisphosphonates and bioactive glass were used 

to form a test combination product under interest, and their properties are 
described in this and the following chapter (2.10). 

2.9.1 Definition and pharmacological indications 
Bisphosphonates (BPs) are analogs to endogenous blood serum 

pyrophosphates that regulate the mineralization of bones and chelate calcium 
(Kuźnik et al. 2020). Owing to the ability of BPs to inhibit the actions of 
osteoclasts, they are employed in various bone diseases that cause excessive 
bone resorption. These are e.g. osteoporosis, Paget’s bone disease, hypercalcemia 
of malignancy as well as prevention of bone cancer-associated osteolytic 
metastases (Hillilä 2007). The BPs used in the experiments of this thesis are 
presented in Table 5. The mechanism of action depends on the structure of BPs: 
the non-nitrogen containing BPs (group 1 in Table 5) incorporate into ATP of the 
osteoclasts and lead to apoptosis, while nitrogen-containing BPs (groups 2 and 
3) inhibit a farnesyl pyrophosphate synthase enzyme resulting in osteoclast 
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cytoskeleton disruption and apoptosis (Kuźnik et al. 2020). Osteoclast apoptosis 
slows the resorption of bone into the bloodstream (Hillilä 2007). This increases 
the total bone mass and the biomechanical strength of the bones. Furthermore, 
some BPs are used to prevent bone metastases: while they prevent the function 
of osteoclasts, the microenvironment of bones is more unfavorable for the 
growth of tumor cells (Terveysportti: Lääkkeet ja hinnat -database 2021). 

 
Table 5. The bisphosphonates (BPs) used in the thesis (Terveysportti: Lääkkeet 
ja hinnat -database 2021; Hillilä 2007). * Pharmacological potency factors 
compared to etidronate (Kuźnik et al. 2020).  

2.9.2 Bisphosphonates in periodontitis 
Beyond their approved indications, BPs have also been observed to improve 

periodontal parameters (increased attachment tissue and/or alveolar bone 
levels) in several animal and human studies (Table 6). The tests have been 
performed against naturally occurring periodontitis (in humans and animals) 
and against experimentally induced periodontitis (in animals), which has been 
generated e.g. by a ligature around a tooth (Weinreb et al. 1994). 

 
 

The general structure of BPs 

 
Group BP R1 

side 
chain 

R2 side  
chain 

Indication and dosing regimen 

1.  
Non-
nitrogen-
containing 
structures 

Etidronate  

(1x)* 
—OH —CH3  Not approved in Finland; 

400 mg/day p.o. for 14 days every 3 
months 

Clodronate  

(1–10x)* 
—Cl —Cl 

 

Cancer-associated osteolytic bone 
metastases and hypercalcemia: 1600–3200 
mg/day p.o. 

2.  
Nitrogen-
containing 
alkyl 
chains 

Alendronate  

(100–1,000x)* 
—OH —(CH2)3—NH2 Osteoporosis in men and postmenopausal 

women:10 mg/day p.o. or 70 mg/week p.o. 

3.  
Nitrogen-
containing 
ring 
structures 

Risedronate 
(1,000–
10,000x)* 

—OH 
 

 

Osteoporosis in men and postmenopausal 
women: 35 mg/week p.o. 

Zoledronate  

(>10,000x)* 
—OH 

 

(1) Paget’s bone disease, osteoporosis in 
men and postmenopausal women, and 
osteoporosis associated with a long-term 
glucocorticoid treatment: 5 mg/year iv.  
(2) In cancer to prevent the bone incidence 
and to treat hypercalcemia: 4 mg every 3.–
4. week iv. 
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Table 6. Systemically and topically tested bisphosphonates (BPs) in 
periodontitis. 

BP Administration 
route Species References 

Alendronate 
Topical Human 

Pradeep et al. 2012; Sharma and Pradeep 2012a; 
Sharma and Pradeep 2012b; Veena and Prasad 
2010; Reddy et al. 2005 

Systemic Human Jeffcoat et al. 2007; Rocha et al. 2004; El-Shinnawi 
and El-Tantawy 2003; Rocha et al. 2001 

Systemic Beagle dogs Reddy et al. 1995 
Systemic Monkey Weinreb et al. 1994; Brunsvold et al. 1992  
Topical Rat Binderman et al. 2000; Yaffe et al. 2000 
Systemic Rat Moreira et al. 2014; Menezes et al. 2005 

Clodronate Topical Rat Liu et al. 2004; Mitsuta et al. 2002  
Systemic Rat Alencar et al. 2002 

Etidronate Systemic Human Takaishi et al. 2003; Takaishi et al. 2001  
Risedronate Topical Rat Igarashi et al. 1996; Adachi et al. 1994  

Systemic Rat Shoji et al. 1995 
Systemic Human Palomo et al. 2005 

Zoledronate Topical Rat Yao et al. 2021 
 

2.10 Bioactive glass 

2.10.1 Definition 
Bioactive glasses are an assembly of synthetic silica-based bioactive 

materials that are employed as bone graft substitutes (Välimäki and Aro 2006). 
The first bioactive glass, called 45S5 Bioglass®, was created by Larry Hench in 
the 1960s (Hench et al. 2010). Bioactive glass S53P4 (BAG), is a III class medical 
device from Bonalive® Biomaterials Ltd. (Turku, Finland) (Figure 4). It is 
composed of 53% silicon dioxide, 23% sodium oxide, 20% calcium oxide, and 4% 
phosphorus pentoxide (Coraça-Huber et al. 2014).  

2.10.2 Bone regeneration 
The BAG is indicated in the filling, reconstruction, and regeneration of bone 

defects with the following official indications: (1) bone cavity filling caused by 
trauma (e.g. Gergely et al. 2011), benign bone tumor (e.g. Syvänen et al. 2018), or 
spine fractures (e.g. Rantakokko et al. 2012); (2) bone cavity filling in chronic 
osteomyelitis (e.g. Malat et al. 2018); (3) mastoid cavity obliteration (e.g. de Veij 
Mestdagh et al. 2017). In general, BAG is regarded as a biocompatible, 
osteoconductive, osteoproductive, and cost-effective material (Geurts et al. 2019; 
Gergely et al. 2014; Välimäki and Aro 2006).  
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Figure 4. BAG granules can be used to fill bone cavities (Bonalive® Biomaterials 
Ltd. 2021). Reprinted with permission from Bonalive Biomaterials Ltd.  

When BAG gets in contact with an aqueous solution or a biological fluid, it 
releases ions (Ca2+, Na+, PO43- and Si4+) into the surrounding medium (Stoor et al. 
1998). Polycondensation of hydrated silica groups forms a silica-gel layer on the 
glass surface. The silica-gel works as a platform for calcium phosphate 
precipitation. This crystallizes into hydroxyapatite, which resembles the mineral 
phase of the natural bone. Hydroxyapatite bonds with the existing bone, resorbs 
slowly, and is replaced by natural bone over several years (Välimäki and Aro 
2006).  

2.10.3 Antibacterial effect 
The antibacterial effect of BAG has been proved in many studies against 

several gram-positive and -negative bacterial strains including S. aureus, MRSA, 
S. epidermidis, MRSE, and A. actinomycetemcomitans (Grønseth et al. 2020; Cunha 
et al. 2018; Stoor and Frantzen 2017; Gergely et al. 2014; Drago et al. 2013; 
Leppäranta et al. 2008; Munukka et al. 2008; Waltimo et al. 2006; Stoor et al. 
1998). The antibacterial results have been observed to be comparable with 
gentamicin/vancomycin-PMMA (the golden standard treatment in 
osteomyelitis) (Cunha et al. 2018). Moreover, the efficacy of BAG has been 
comparable to antibiotic-loaded bone substitutes in the treatment of chronic 
osteomyelitis (Romanò et al. 2014). In addition to its antimicrobial effects, BAG 
has proven to have anti-biofilm activity against various bacterial strains, 
including S. aureus (Grønseth et al. 2020; Höing et al. 2018; Coraça-Huber et al. 
2014; Drago et al. 2014a) and S. epidermidis (Bortolin et al. 2016). 

The antibacterial mechanism of BAG is based on raised pH and osmotic 
pressure (Drago et al. 2014a). This completely divergent (i.e. physical) 
bactericidal mechanism of BAG compared to regular antibiotics makes it an 
attractive option for controlling antibiotic resistance (Drago et al. 2015). First, 
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Na+ -ions are released which elevates pH via NaOH formation. At a slower onset, 
Ca2+, PO4(3-), and Si4+ along with remaining Na+-ions are released sustainably 
(Bonalive® Biomaterials Ltd. 2021), which increases osmotic pressure 
(Munukka et al. 2008). Increased osmotic pressure cause bacteria to plasmolyze 
i.e., the cytoplasm of bacterium collapses as water flows out of the cell in a 
hypertonic environment. This causes inhibition of bacterial growth (Drago et al. 
2015). A reduction in the particle size of BAG has been shown to result in a more 
drastic pH elevation (Zhang et al. 2008). Moreover, sodium-containing bioactive 
glasses have a faster bactericidal effect than sodium-free glasses via more 
aggressive pH elevation (ca. pH 12 vs. 9) (Gubler et al. 2008). 

2.10.4 Bioactive glasses in dental applications 
In dental applications, Biosilicate®-bioactive glass (Federal University of São 

Carlos, São Carlos, Brazil) has been used e.g. to treat hypersensitive teeth owing 
to its ability to mineralize dentine and enamel (Tirapelli et al. 2011). 
Furthermore, due to its bone-augmenting properties, bioactive glass can be used 
in the treatment of periodontitis (Chacko et al. 2014). Indeed, enhanced 
periodontal parameters (increased alveolar bone and attachment tissue levels) 
in humans have been achieved with PerioGlas®-bioactive glass (Chacko et al. 
2014; Mengel et al. 2006; 2003). Indeed, PerioGlas® (NovaBone, Bangalore, 
India) has clinical applications in the management of oral or dental osseous 
defects. 

2.10.5 Combination of bisphosphonates and bioactive glass 
There has been a growing attraction to bioactive glasses (e.g. Grønseth et al. 

2020; Cunha et al. 2018; Höing et al. 2018; Malat et al. 2018). One research theme 
concentrates on the augmentation of bioactive glass bone growth ability with 
other compounds, for instance with BPs. Indeed, the improved bone formation 
has been observed when bioactive glass and BPs have been used as a 
combination therapy in orthopedics: Biogran-glass supplemented with 
alendronate (Orthovita, Malvern, US; Srisubut et al. 2007) and 13-93-glass 
supplemented with zoledronate (Vivoxid Ltd., Turku, Finland; Välimäki et al. 
2006). Therefore, such combinations have also attracted interest in periodontal 
applications (Rosenqvist et al. 2017; 2014). Indeed, locally administered 
clodronate-BAG has been tested in a pilot clinical trial (Rosenqvist et al. 2017). 
Therein, patients suffering from chronic periodontitis received two treatments 
simultaneously: clodronate-BAG (mixture ratio 1:5; granule size of BAG: 0.5–0.8 
mm; based on Rosenqvist et al. (2014)) and mere BAG. As an outcome of the 
study, the patients experienced that the clodronate-BAG diminished the 
sensitivity symptoms slightly more than BAG alone without any safety issues 
(Rosenqvist et al. 2017). Indeed, it has been observed that the pH elevation of 
mere BAG is more aggressive than clodronate-BAG (Rosenqvist et al. 2014), 
which might explain the more prominent sensitivity symptoms of BAG per se. 
Furthermore, during physicochemical property characterization, clodronate-
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BAG showed improved bioactivity via longer-lasting and more extensive ion 
exchange than mere BAG (Rosenqvist et al. 2013). It was also detected that large 
amounts of clodronate caused excessive calcium clodronate precipitation, which 
in turn inhibited hydroxyapatite formation of BAG. Therefore, Rosenqvist et al. 
(2014) concluded that the amount of BP (clodronate) should be enough for ion 
exchange augmentation, but not too much so that hydroxyapatite formation is 
hampered.   
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3. AIMS OF THE STUDY 

In this thesis, the main objectives were (i) to shed light on the dynamics of 
bacterial biofilms formed on clinically relevant materials and (ii) to study how 
such materials could be protected against biofilms by using a new treatment 
strategy composed of bisphosphonates (BPs) and bioactive glass (BAG; S53P4). 
What first distinguishes this project is the pioneer exploration of the matrix-
associated proteosurfaceomes of Staphylococcus aureus biofilms developed on 
different clinically relevant surfaces used in medical devices and at diverse 
biofilm formation points. Gathering relevant mechanistic insights into biofilm 
formation and dynamics is crucial to guide the development of new anti-biofilm 
approaches, particularly applicable to the protection of biomaterials. Beyond a 
basic exploration of biofilm physiology, it is also investigated here the anti-
biofilm effects of a novel (non-antibiotic) BP-BAG combination product in two in 
vitro models, mimicking prosthetic joint infection and periodontitis.  
 
The specific aims of the thesis were to: 

 Study formation of S. aureus biofilms on five different clinically relevant 
materials (borosilicate glass, plexiglass, hydroxyapatite, titanium, and 
polystyrene) at different biofilm maturation points and their correlation 
with the surface properties of those biomaterials, as well to assess 
whether the material and biofilm age affect antibiotic tolerance (study I)   

 Analyze the dynamic changes in exopolysaccharide/protein contents and 
proteosurfaceomes of the S. aureus biofilm matrix when biofilms were 
formed on these materials (study I) 

 Study whether BPs (alendronate, clodronate, etidronate, risedronate, and 
zoledronate) as stand-alone compounds or when combined with BAG can 
protect biomaterial from biofilm formation in a prosthetic joint biofilm 
model (against S. aureus and Staphylococcus epidermidis; study II) and in 
a periodontal biofilm model (against Aggregatibacter 
actinomycetemcomitans; study III) 

 Gain a mechanistic understanding of the possible anti-biofilm effects and 
targets of BPs and BP-BAG combinations (studies I-III)  
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4. MATERIALS AND METHODS 

4.1 Materials (studies I-III) 

4.1.1 Test compounds, antimicrobials, culture media, and reagents 
(studies I-III) 

The used test compounds, antimicrobials, culture media, reagents, buffer 
solutions, and solvents are presented in Table 7.  

 
Table 7. The materials that were utilized in all studies (I-III) and their vendor 
information. 

a, molecular weight (MW) = 325.12 g/mol; b, MW = 360.92 g/mol; c, MW = 224.04 g/mol; d, MW = 301.13 g/mol; e, MW 
= 290.10 g/mol. 

Material Manufacturer 
Test compounds  

Alendronate sodium trihydrate a Cayman Chemical Company (Ann Arbor, US; 
II); Kemprotec Limited (Carnforth, UK; III)  

Clodronate disodium tetrahydrate b PharmaZell GmbH (Raubling, Germany) 
Etidronic acid monohydrate c Sigma-Aldrich (Steinheim, Germany) 

Risedronic acid monohydrate d AK Scientific (Union City, US) 
Zoledronic acid monohydrate e Kemprotec Limited (Carnforth, UK) 

Bioactive glass S53P4 (BAG; granule size:  
500–800 μm) Bonalive® Biomaterials Ltd. (Turku, Finland) 

Inert glass beads (IG; particle size:  
230–320 μm) Jencons Ltd. (Bedfordshire, UK) 

Antimicrobials 
Chlorhexidine dihydrochloride Sigma-Aldrich (Steinheim, Germany) 

Doxycycline hydrochloride Sigma-Aldrich (Steinheim, Germany) 
Levofloxacin Sigma-Aldrich (Steinheim, Germany) 

Penicillin G sodium salt Sigma-Aldrich (Steinheim, Germany) 
Vancomycin hydrochloride hydrate Sigma-Aldrich (Steinheim, Germany) 

Others (culture media, reagents, buffer solutions, and solvents) 

BactoTM Yeast Extract Becton, Dickinson and Company 
(Le Pont de Claix, France) 

Dextrose Sigma-Aldrich (Steinheim, Germany) 

Dimethyl sulphoxide (DMSO) VWR International (Fontenay-sous-Bois, 
France) 

Sheep blood (aseptically collected, defibrinated) Bio Trading (Mijdrecht, The Netherlands) 
Triethylammonium bicarbonate buffer  

(TEAB; 1.0 M, pH 8.5) Sigma-Aldrich (Steinheim, Germany) 

Trifluoroacetic acid (TFA; 99%) Sigma-Aldrich (Steinheim, Germany) 

Tryptic soy agar (TSA) Lab M Limited (Lancashire, UK; I);  
Sigma-Aldrich (Steinheim, Germany; II, III) 

Tryptic soy broth (TSB) Lab M Limited (Lancashire, UK; I); 
Sigma-Aldrich (Steinheim, Germany; II, III) 

Tween® 20 Sigma-Aldrich (Steinheim, Germany) 
Phosphate-buffered saline (PBS) Lonza (Verviers, Belgium) 

Sequencing grade modified trypsin (porcine) Promega Corp. (Madison, US) 
Sodium chloride Sigma-Aldrich (Steinheim, Germany) 

Sucrose Merck (Darmstadt, Germany) 
Wheat germ agglutinin Alexa Fluor® 488 

conjugate (WGA) 
InvitrogenTM, Thermo Fisher Scientific 

(Eugene, US) 
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4.1.2 Bacterial strains (studies I-III) 
The bacterial strain Aggregatibacter actinomycetemcomitans ATCC 33384 

and Staphylococcus aureus Newman were kindly donated by Doctor Pirkko 
Pussinen (Institute of Dentistry, University of Helsinki, Finland) and Docent 
Pekka Varmanen (Faculty of Veterinary Medicine, University of Helsinki, 
Finland), respectively. Staphylococcus aureus ATCC 25923 and Staphylococcus 
epidermidis RP62A (ATCC 35984) were obtained from the Faculty of Pharmacy 
(University of Helsinki, Finland).  

4.2 Methods (studies I-III) 

4.2.1 Bacterial culturing (studies I-III) 
The storing and culturing conditions of the bacteria and the utilized media 

(studies I-III) are summarized in Table 8.  
 

Table 8. The storing and culturing conditions of the used bacteria. 

Bacterial strain Storing 
conditions Agar Medium Growth conditions Study 

Staphylococcus aureus  
ATCC 25923 

-80°C in 20% 
(w/v) glycerol-

TSB 
TSA TSB Aerobic,  

+37⁰C, 220 rpm I, II 

Staphylococcus aureus 
Newman 

-80°C in 20% 
(w/v) glycerol-

TSB 
TSA TSB Aerobic,  

+37⁰C, 220 rpm II 

Staphylococcus 
epidermidis 

RP62A (ATCC 35984) 

-80°C in 20% 
(w/v) glycerol-

TSB 
TSA TSB Aerobic,  

+37⁰C, 220 rpm II 

Aggregatibacter 
actinomycetemcomitans 

ATCC 33384 

-80°C in skim 
milk BA TSB-

YE/Glc 
Microaerophilic, 

+37⁰C, static III 

TSA = tryptic soy agar; TSB = tryptic soy broth; BA = blood agar; TSB-YE/Glc = TSB supplemented with 0.6% (w/v) yeast 
extract and 0.8% (w/v) glucose. 

In study I, a 10-μL sample of Staphylococcus aureus ATCC 25923 was taken 
from the glycerol stock, suspended into 3 mL of TSB, and grown under aerobic 
conditions at 37°C, 220 rpm overnight. Next, this pre-culture was diluted with 
fresh TSB in 1:1000, and grown under aerobic conditions at 37°C, 220 rpm for 4 
h to reach the exponential phase (to a concentration of 108 CFU·mL‒1) as in 
(Skogman et al. 2012).  

In study II, a 10-μL sample of Staphylococcus aureus ATCC 25923, 
Staphylococcus aureus Newman or Staphylococcus epidermidis RP62A (ATCC 
35984) was taken from the glycerol stock, suspended into 100 mL of TSB, and 
grown under aerobic conditions at 37°C, 220 rpm for 20 h to reach a bacterial 
concentration of 109 CFU·mL‒1, as in Oja et al. (2014). 

In study III, a 20-μL sample of the Aggregatibacter actinomycetemcomitans 
ATCC 33384 bacterial suspension in skim milk was spread on the blood agar (BA) 
plates. The BA-plates are TSA-plates that have been supplemented with 5% 
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defibrinated sheep blood. The bacteria were let to grow in microaerophilic 
conditions (3% CO2; 17% O2) at 37°C for 2 days. A sample of the formed bacterial 
colonies was taken (4 full 1-μL inoculation loops) and suspended into 1 mL of 
TSB-YE/Glc. TSB-YE/Glc is TSB supplemented with 0.6% (w/v) yeast extract and 
0.8% (w/v) glucose. The bacterial suspension was adjusted to an optical density 
(OD) of 1 at 595 nm (approximately 109 CFU·mL‒1). The culturing conditions 
were adapted from Paino et al. (2011). 

In all cases, bacterial concentrations were estimated by measuring OD at 595 
nm (VarioskanTM LUX Multimode Reader, Thermo Scientific, Vantaa, Finland), 
and verified by plating serial dilutions of bacterial suspensions on TSA- (I, II) or 
BA-plates (III), which were incubated under aerobic conditions at 37°C for 18 h 
(I, II) or in microaerophilic conditions at 37°C for 2 days (III). The viable colonies 
were counted, and the bacterial concentration (CFU·mL‒1) was determined by 
using Equation 1: 

 

ܷܨܥ · ଵିܮ݉ = (ܮ݉) ݀݁ݐ݈ܽ݌ ݁݉ݑ݈݋ܸ݊݋݅ݐݑ݈݅ܦ1 ݔ ݏ݁݅݊݋݈݋ܿ ݂݋ ݎܾ݁݉ݑ݊ ݂݋ ݁݃ܽݎ݁ݒܣ                                  (1) 

4.2.2 Well plate-based assays (study I) 

4.2.2.1 Biofilm formation on coupons in the well plate-based assay (study I) 

S. aureus ATCC 25923 (bacterial culturing conditions described in 4.2.1) was 
used to form biofilms on 96-well plates (96-WPs) (Nunclon™ Δ surface 
polystyrene plates, Nunc™, Roskilde, Denmark) or on the following commercial 
coupons: borosilicate glass (G), plexiglass (PG), titanium (TI) (the dimensions of 
all three: 0.4 cm height, 1.27 cm diameter) and hydroxyapatite (HA: 0.25 cm 
height, 1.27 cm diameter) (BioSurface Technologies Corp., Bozeman, MT). For the 
assays with coupons, the coupons were incubated in 12-WPs (Costar®, 
polystyrene, well diameter 2.26 cm, flat bottom; Corning Inc., Corning, US). For 
the assays executed in 96-WPs or 12-WPs (with the coupons on them), 200 μL or 
2.5 mL of the bacterial suspension (106 CFU·mL‒1) were applied, respectively. All 
the plates were incubated under aerobic conditions at 37 °C, 150 rpm for 18, 42, 
or 66 h. The selected incubation times were similar to Skogman et al. (2012). The 
media of the 42- and 66-h-old biofilms were refreshed at 18 h, and at 18 and 42 
h, respectively. 

4.2.2.2 Quantification of the biofilm formation on different materials at 
different time points (study I) 

After 18, 42, or 66 h of incubation, S. aureus ATCC 25923 biofilms on PS (in 
96-WPs) or on G, PG, HA, and TI coupons in 12-WPs, were disaggregated for 
quantification. In the case of coupons, the following biofilm quantification 
protocol (4.2.2.3) was used.  
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In the case of biofilms grown on 96-wells, the wells were first washed once 
with 200 μL of TSB to detach planktonic and loosely attached bacteria. Next, 200 
μL of 0.5% (w/v) Tween® 20-TSB solution was added on 96-wells and the 96-
WPs were sonicated as described in 4.2.2.3. Correspondingly, the quantifications 
of biofilms grown on 96-WPs were performed as in 4.2.2.3. The size differences 
between the coupons and 96-wells were taken into account by converting the 
calculated colony forming units (CFU) per volume (mL) into CFU per surface area 
(cm2), based on the bacterial attachment area covered on the diverse materials. 
Those values of CFU·(mL·cm2)–1 were then converted to a log10 scale. 

4.2.2.3 Quantification of the coupon-associated biofilms (studies I-III) 

Following the incubation period, the coupons were immersed into TSB (I, II) 
or TSB-YE/Glc (III) to remove planktonic and loosely attached cells (except in 
4.2.3.3). Next, the coupons were transferred into Falcon tubes (50 mL) holding 1 
mL of 0.5% (w/v) Tween® 20-TSB (I, II) or Tween® 20-TSB-YE/Glc (III) 
solution. Thereafter, the tubes were sonicated in a water bath (Ultrasonic Cleaner 
3800, Branson Ultrasonics, Danbury, US) at 25°C, 35 kHz for 5 min. In addition, 
the tubes were vortexed for 20 sec (Vortex mixer SA8, Stuart, Stone, UK) before 
and after the sonication step, as proposed by Mandakhalikar et al. (2018). The 
resulting bacterial suspensions were serially diluted and plated on TSA- (I, II) or 
BA-plates (III) and incubated under aerobic conditions at 37°C for 18 h (I, II) or 
in microaerophilic conditions at 37°C for 2 days (III). In study I, from these viable 
colonies, CFU·(mL·cm2)–1 values were determined due to the different size areas 
of the materials. In turn, in studies II and III, CFU·mL‒1 values were determined, 
because the biofilm attachment areas (surface areas of the coupon bottoms), 
were the same among all used coupons. In all cases, the bacterial attachment on 
coupons was expressed on the log10 scale.  

4.2.2.4 Quantification of the biofilm matrix component polysaccharide 
intercellular adhesin/poly-N-acetyl-β-(1-6)-glucosamine (study I) 

The main staphylococcal biofilm matrix polysaccharide, polysaccharide 
intercellular adhesin/poly-N-acetyl-β-(1-6)-glucosamine (PIA/PNAG), was 
quantified from S. aureus ATCC 25923 biofilms formed on 96-WPs and on 
coupons (G, PG, HA, and TI) in 12-WPs for 18, 42, and 66 h. Wheat germ agglutinin 
Alexa Fluor® 488 (WGA) conjugate stain was utilized as it recognizes the N-
acetylglucosamine (NAG) component of the PIA/PNAG. In addition to PIA/PNAG, 
WGA may also attach to other NAG-containing components, such as 
peptidoglycan and teichoic acid (Cerca et al. 2006). The biofilms were formed as 
explained in 4.2.2.1. A WGA-staining protocol published by Skogman et al. (2012) 
was utilized with two adjustments: (1) WGA-conjugate was used with a lower 
concentration (2.5 μg·mL–1) based on Hiltunen et al. (2017) and (2) 100% DMSO 
was used to substitute 33% acetic acid, as acetic acid is not compatible with acid-
intolerable materials, such as HA. The election of 100% DMSO was made upon 
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preliminary tests where a lower concentration (10%) of acetic acid, 96% ethanol, 
and 100% DMSO were assayed. 

First, to detach planktonic and loosely attached cells, the coupons were 
shortly immersed once into PBS while the 96-wells were washed once with PBS 
(200 μL). Next, WGA (2.5 μg·mL–1 in PBS) was pipetted into 96-wells (200 μL) or 
onto coupons (500 μL) in 24-WPs (Nunclon™ Δ surface, NuncTM, Roskilde, 
Denmark) and incubated in the darkness, at 4°C, for 2 h. Then, the biofilms were 
washed three times by soaking coupons briefly into PBS or washing 96-wells 
with 200 μL of PBS. Next, they were let dry at room temperature (RT) for 15 min. 
Then, 200 μL of DMSO was pipetted onto the 96-wells. In the case of coupons, 
they were moved into Falcon tubes (50 mL) containing 1.3 mL (for G, PG, and TI) 
or 1.11 mL (for HA coupons; the lower volume owing to the smaller surface area 
of HA coupons) of DMSO. The 96-WPs and the tubes were then sonicated in a 
water bath at 25°C, 35 kHz, for 30 sec and incubated at 37°C for 1 h. After the 
incubation, the sonication step was repeated. Lastly, 200 μL of the remaining 
suspensions from Falcon tubes were pipetted onto a 96-WP and the top 
fluorescence (λexcitation = 495 nm; λemission = 520 nm) with VarioskanTM LUX 
Multimode Reader was measured. In parallel, the resulting suspensions of 96-
well-associated biofilms were diluted 1:10 before measuring the fluorescence 
signal, to be in correspondence with the coupon surface area. The measurements 
of emitted top fluorescence were conducted in the same manner (λexcitation = 495 
nm; λemission = 520 nm).   

4.2.2.5 Trypsin shaving of biofilm matrix-associated proteins (study I) 

Next, proteins present in the biofilm matrix were identified and quantified. 
Before initiating the protein identifications, it was pivotal to assay whether 
trypsin used in the protein analyses would have detrimental effects on biofilm 
integrity. Therefore, biofilm viability with and without the trypsin treatment was 
tested. First, biofilms were formed on G coupons in 12-WPs (as in 4.2.2.1) and 
then moved into Falcon tubes (50 mL) containing 1 mL of acetate buffer (100 
mM, 4°C, pH 4.7), which is a condition that has been shown to prevent the release 
of the adhesive moonlighting proteins (Savijoki et al. 2019). The tubes were 
sonicated at 25°C, 35 kHz, for 5 min and detached bacterial cells were collected 
by centrifugation at 4°C, 4,000g, for 2 min. The collected cells were suspended 
into 110 μL of 100 mM TEAB containing 16% sucrose (TEABS16; pH 8.5) with and 
without trypsin, at a final concentration of 51.9 ng·μL–1. These mixtures were 
incubated at 37°C for 15 min, serially diluted in TSB, and plated onto TSA for CFU-
determinations. There were no statistical differences in the viable counts 
(CFU·(mL·cm2)–1) measured on the trypsin- and the control-treated samples, 
indicating that the trypsin-induced cell lysis did not take place (Figure S1) and 
thus confirming the suitability of the conditions for the trypsin shaving step 
during protein analyses. 

After that, biofilm samples prepared in duplicates for each material and time 
point, were shaved with trypsin. To that end, coupon-associated biofilms were 
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first rinsed with TSB to remove planktonic and loosely attached bacteria and 
transferred onto 12-WPs. With a sterile plastic stick, the bacteria were scraped 
off from the coupon surface into acetate buffer (100 mM, 4°C, pH 4.7). Similarly, 
PS-associated biofilms were also first rinsed with TSB and scraped off from 96-
wells into the acetate buffer. Next, in all cases, bacteria were collected by 
centrifugation at 4°C, 4,000g, for 2 min and suspended into 110 μL of TEABS16 
(Espino et al. 2015) and trypsin, at a final concentration of 51.9 ng·μL–1. 
Following the trypsin treatment at 37°C for 15 min, cells were first removed by 
centrifugation at RT, 4,000g, for 2 min. Next, the digestions were purified through 
membranes (cellulose acetate, pore size: 0.22 μm, Costar® Spin-X Centrifuge 
Tube Filter, Corning Inc., Corning, US) by centrifugation at RT, 16,000g for 2 min. 
The digestions that had been incubated at 37°C for 16 h were blocked by adding 
trifluoroacetic acid (TFA) to reach a final concentration of 0.6% (v/v). 
Concentrations of released proteins/peptides were determined by employing 
low volume photometric quantification at 280 nm using the μDropTM Plate 
(Thermo Scientific, Vantaa, Finland) with a VarioskanTM LUX Multimode Reader.  

4.2.2.6 Identification of trypsin-released proteins/peptides by LC-MS/MS 
(study I) 

Tryptic peptides were first purified and concentrated (ZipTips C18; 
Millipore®, Merck KGaA, Darmstadt, Germany). Next, they were analyzed as 
described in Lorey et al. (2017). In short, an equal amount of the purified tryptic 
peptides was submitted to an Easy-nLC 1000 Nano-LC system (Thermo Scientific, 
Vantaa, Finland) that was paired with a quadrupole Orbitrap mass spectrometer 
(Q ExactiveTM, Thermo Scientific, Bremen, Germany) and a nanoelectrospray ion 
source (Easy-SprayTM, Thermo Scientific). Liquid chromatography separation 
was performed (Easy-SprayTM, C18, 75 μm x 25 cm, 2-μm beads, 100 Å, Thermo 
Scientific) using 60 min LC separation gradient (2–30%; 100% acetonitrile and 
0.1% formic acid) with 300 nL·min–1 flow rate. The resulting MS raw data were 
submitted (MaxQuant version 1.6.2.1, built-in Andromeda search engine) (Cox et 
al. 2011; Cox and Mann 2008), and UniProt (S. aureus protein database, 
https://www.uniprot.org/) was used for database searches. Carbamidomethyl 
(C) and methionine oxidation was set as a fixed and a variable modification, 
respectively. First search peptide tolerance (20 ppm) and main search error (4.5 
ppm) were utilized. Trypsin without proline restriction enzyme option was 
employed with two permitted miscleavages. The minimal unique + razor 
peptides number was adjusted to 1, and the false discovery rate (FDR) to 0.01 
(1%) for peptide/protein identifications. Proteins identified as “reverse” or “only 
identified by site” and known contaminants (provided by MaxQuant), were 
excluded from further data analyses. Only proteins that could be identified in 
both replicates were included for the data set analyses. 
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4.2.3 The Static Biofilm method-based assays (studies II, III) 

4.2.3.1 The biofilm formation in the prosthetic joint infection and dental 
biofilm models (studies II, III)  

The bisphosphonate-bioactive glass (BP-BAG) combinations were 
investigated in the prosthetic joint infection (PJI) (II) and dental (III) biofilm 
models. These models are based on the Static Biofilm method, originally 
developed by Charaf et al. (1999) and further optimized by Oja et al. (2014). Here, 
the method was additionally optimized to meet the special requirements of 
testing two-component semisolid samples (Figure 5). Based on the Static Biofilm 
method (Oja et al. 2014), the protocol was performed as follows. First, a sterile 
filter paper (Whatman, 70-mm diameter, qualitative grade 2, GE Healthcare, 
Little Chalfont, UK) was positioned on TSA- (II) or BA-plate (III). The filter paper, 
which is used to facilitate the even spread of the bacterial suspension, was 
inoculated with 1.5 mL of 108 CFU·mL‒1 suspension in the cases of S. aureus ATCC 
25923 (II), S. aureus Newman (II), or S. epidermidis RP62A (ATCC 35984) (II) or 
1.5 mL of 107 CFU·mL‒1 suspension in the case of A. actinomycetemcomitans ATCC 
33384 (III). Next, sterile coupons without (4.2.3.2) or with treatments (4.2.3.3) 
were added on the filter paper, and this assembly was incubated under 
humidified aerobic (II) or in humidified microaerophilic (III) conditions at 37°C 
for 24 or 48 h (II, III). After the incubation periods, the biofilms were detached 
from the coupon surfaces and quantified as described in 4.2.2.3. 

4.2.3.2 Selecting applicable biofilm formation substrate and time (studies II 
and III) 

Before initiating the susceptibility trials, a suitable biofilm formation time 
and substrate material were chosen. For that purpose, G, PG, HA, and TI coupons 
(the dimensions are described in 4.2.2.1) were tested. The applicable biofilm 
formation time was selected from two tested incubation periods: 24 and 48 h (II, 
III). Biofilms formed for 48 h were refreshed with 1.5 mL of TSB (1:10 diluted) 
(II) or TSB-YE/Glc (III) halfway through the incubation period. The plates were 
incubated in the conditions described in 4.2.3.1. The formed biofilms were 
quantified as described in 4.2.2.3. 

4.2.3.3 Exploring anti-biofilm effects of bisphosphonate-bioactive glass and 
bisphosphonate-inert glass combinations (studies II and III) 

The combination samples of BP and BAG were prepared with a mixture ratio 
(1:10; BP-BAG), similar to Rosenqvist et al. (2014). Furthermore, the grade and 
particle size of BAG were similar to Rosenqvist et al. (2014). To investigate the 
anti-biofilm effects of BP-BAG combinations in study II: 25 mg of BP 
(alendronate, clodronate, etidronate, risedronate, or zoledronate) or vancomycin 
(as a positive control) or inert glass beads (IG; as a negative control) was 
combined with 250 mg of BAG in 225 μL of 0.9% (w/v) saline to form semisolid 
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paste-type samples. In study III, 50 mg of BP (alendronate, clodronate, 
etidronate, risedronate, or zoledronate), chlorhexidine (CHX, as a positive 
control) or (IG; as a negative control) and 500 mg of BAG in 450 μL of 0.9% (w/v) 
saline were combined. In both studies (II and III), IG was utilized as a negative 
control material to simulate BPs, due to its inert nature and similar particle size 
to BPs. 

Second, selected BPs were assayed in terms of their intrinsic anti-biofilm 
activity. Herein, 25 mg of BP (alendronate, etidronate, or risedronate) or 
vancomycin (as a positive control) and 250 mg of IG in 225 μL of 0.9% (w/v) 
saline (II) or 50 mg of BP (alendronate, clodronate, etidronate, risedronate, or 
zoledronate) or CHX (as a positive control) and 500 mg of IG in 450 μL of 0.9% 
(w/v) saline (III) were mixed. A negative control composed of 275 mg of IG in 
225 μL of 0.9% (w/v) saline (II) or 550 mg of IG in 450 μL of 0.9% (w/v) saline 
(III) was used. As earlier, IG was regarded as a suitable component to mimic the 
two-component formulation. 

An additional layer of filter papers (diameter: 25 mm; one per coupon) was 
positioned on the larger filter papers to ease the scraping of the samples into 
Falcon tubes during the detachment phase (4.2.2.3) (Figure 5). The HA coupons, 
with the semisolid test samples applied on their undersides, were then 
transferred on this double layer of filter papers. These assemblies were 
incubated under humidified aerobic conditions at 37°C for 24 h (II) or in 
humidified microaerophilic conditions at 37°C for 48 h (III). The formed biofilms 
were quantified as described in 4.2.2.3. These sample-covered coupons were not 
immersed in the medium (to detach planktonic and loosely attached cells) prior 
to sonication.  

Figure 5. The protocol for assaying the bisphosphonate-bioactive glass (BP-BAG) 
samples in the prosthetic joint infection (study II) and dental biofilm model (III). 
These assemblies were incubated for 24 h on tryptic soy agar plates (II) or for 48 
h on blood agar plates (III). Figure adapted from publication II, with permission 
from Elsevier. 
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4.2.3.4 Quantification of the biofilms (studies II-III) 
The disaggregation of the biofilms grown on coupons was performed as 

described in 4.2.2.3. The anti-biofilm effect of the test compounds is indicated as 
a logarithmic reduction (logR) of the bacterial burden (Equation 2) as in (Pitts et 
al. 2003), where 〈∙〉 depicts averaging over the samples. 

= ܴ݃݋݈  〈௖௢௡௧௥௢௟(ܮ݉/ܷܨܥ)〉 ଵ଴݃݋݈  −  (2)                         〈௖௢௠௣௢௨௡ௗ(ܮ݉/ܷܨܥ)〉 ଵ଴݃݋݈ 

4.2.4 Chemotolerance assays (studies I and III) 
In study I, chemotolerance of S. aureus ATCC 25923 biofilms formed on HA 

and TI coupons on 12-WPs, for 18 and 66 h (the conditions are described in 
4.2.2.1) were studied. In study III, chemotolerance of different aged A. 
actinomycetemcomitans ATCC 33384 biofilms were studied. Biofilms were grown 
on HA coupons in humidified microaerophilic conditions at 37°C for 2, 24, and 48 
h, utilizing the Static Biofilm method as in 4.2.3.1. 

After the incubation steps, the coupons were first immersed into TSB (I) or 
TSB-YE/Glc (III) to remove planktonic and loosely attached cells and then 
transferred onto 12-WPs containing 2.5 mL of 4.0 μM doxycycline (1.92 μg/mL), 
90.0 μM levofloxacin (32.5 μg/mL), 2.0 μM penicillin G (0.71 μg/mL), or 5.0 μM 
vancomycin (7.43 μg/mL) or TSB (as a negative control) (I) or CHX solution (25 
or 50 μM; 14.5 or 28.9 μg/mL) or TSB-YE/Glc (as a negative control) (III) and 
exposed to the indicated antimicrobials under aerobic conditions at 37 °C 150 
rpm for 2 or 24 h (I) or in microaerophilic conditions at 37°C for 2 h (III). After 
the incubation periods, formed biofilms were quantified as described in 4.2.2.3.  

Additional chemotolerance assay was performed (I), where a combination 
treatment involving trypsin (51.9 ng·μL–1) and 90 μM levofloxacin was tested on 
18- and 66-h-old S. aureus ATCC 25923 biofilms formed on HA. As previously, the 
coupons were soaked into TSB after the incubation period. Next, the coupons 
were moved onto a 24-WP and exposed to trypsin in the buffer (35 μL of trypsin 
dissolved into 350 μL of TEABS16) or only buffer (385 μL of TEABS16, as a negative 
control). The 24-WPs were incubated at 37°C for 15 min, as described in 4.2.2.5. 
Subsequently, the coupons were immersed into TSB and moved onto a 12-WP 
containing 2.5 mL of 90 μM levofloxacin. The 12-WPs were incubated under 
aerobic conditions at 37°C 150 rpm for 24 h. As a second control, biofilms were 
exposed only to TSB under similar conditions (for 24 h and 15 min in total). After 
the incubation periods, formed biofilms were quantified as described in 4.2.2.3. 

4.2.5 Imaging of biofilms (studies I and III) 

4.2.5.1 Atomic force microscopy (studies I and III) 

For atomic force microscopy (AFM), images were taken from G, PG, HA, TI, 
and PS surfaces without any attached biofilms (I) and HA surfaces with and 
without A. actinomycetemcomitans ATCC 33384 biofilms grown in humidified 
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microaerophilic conditions at 37°C for 24 and 48 h, as described in 4.2.3.1 (III). 
The topography of the material surfaces with and without attached bacteria was 
captured with a NTegra Prima AFM (NT-MDT, Moscow, Russia) in an intermittent 
contact mode by employing Au-coated NSG10 (NT-MDT, Moscow, Russia) probes 
(a nominal tip curvature radius: 10 nm; a force constant: 3.1–37.6 N/m). Scan 
rates of 0.3–0.5 (I) and 0.39 Hz (III) were utilized. The image analysis was 
performed with the Scanning Probe Image Processor software (SPIP, Image 
Metrology, Hørsholm, Denmark). Gaussian (ISO 11562) filtering was used on the 
captured topographs. 

4.2.5.2 Fluorescence microscopy (study I) 

These images were taken from S. aureus ATCC 25923 biofilms formed on G 
coupons (as described in 4.2.2.1) and stained with WGA (as in 4.2.2.4). After 2 h 
of incubation in the darkness (4°C), the unbound dye was removed, and the 
images of the coupons placed on Petri dishes were obtained with an InvitrogenTM 
EVOS® FL Imaging System (Thermo Scientific, Eugene, US) using the GFP light 
cube (λexcitation = 470/22 nm; λemission = 510/42 nm) and a 20x objective. 

4.2.6 pH measurements (study III) 
The pH values were measured from the following combinations: (1) 50 mg of 

BP (alendronate, clodronate, etidronate, risedronate, or zoledronate) and 500 
mg of IG in 450 μL of 0.9% (w/v) saline; (2) 550 mg of IG in 450 μL of 0.9% (w/v) 
saline); (3) 50 mg of BP/IG and 500 mg of BAG in 450 μL of 0.9% (w/v) saline. 
These combinations were used to mimic the conditions encountered by A. 
actinomycetemcomitans ATCC 33384 in the dental biofilm model. The pH values 
were measured (744 pH Meter Ω, Metrohm AG, Herisau, Switzerland) at several 
time points (0, 30, 60, 90 min, 2, 4, 6, 8, 24, and 48 h) as in Rosenqvist et al. (2013). 
Furthermore, the pH of the used medium (0.9% (w/v) saline) was also measured 
at 0, 24, and 48 h. 

4.2.7 Data processing and statistical analysis (studies I-III) 
In paired comparisons, the unpaired t-test with Welch′s correction was used 

(GraphPad Software, Prism, La Jolla, US, version 7.0 for Windows) (I-III). One-
way analysis of variance comparisons with Games–Howell (for unequal 
variances) or Tukey (for equal variances) post-tests were implemented (IBM 
SPSS Statistics, SPSS Inc., Chicago, US, version 24.0 for Windows) (I).  

In a multivariate statistical analysis, log2-converted averages of the protein 
relative intensity values (from the proteins that were identified in both biological 
replicates) were implemented in a principal component analysis (PCA; based on 
the correlation matrix) (SPSS, Oblimin rotation, Kaiser Normalization) (I).  

Throughout all the studies, p<0.05 was considered statistically significant 
and p<0.001 highly significant.  
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5. RESULTS AND DISCUSSION 

5.1 Characteristics and dynamical changes of Staphylococcus 
aureus biofilms on clinically relevant materials (study I) 

5.1.1 Surface roughness analysis of tested substrate materials (study 
I) 

The recent focus of research has been on different approaches for 
incorporating antimicrobial agents on implantation materials (e.g. Reigada et al. 
2020a; 2020b; Sankar et al. 2017; Jennings et al. 2015; Tran et al. 2015; Drago et 
al. 2014b). In turn, systematic studies concentrating on the correlations between 
the biomaterial and biofilm properties are rare. Furthermore, the most 
commonly utilized in vitro biofilm assays are performed on well plates 
(polystyrene), and this material cannot be considered a relevant material to 
reflect in vivo biofilm formation conditions. For this study, four clinically 
pertinent materials were included: borosilicate glass (G), plexiglass (PG), 
hydroxyapatite (HA), and titanium (TI) coupons along with the control material 
polystyrene (PS; 96-well plate). PJs are commonly constituted of TI alloys owing 
to their corrosion resistance and biocompatibility. In turn, HA represents the 
mineral component of bones, and it is utilized to coat medical devices in order to 
enhance the integration of the implant with the freshly formed bone (Kelly et al. 
2015). On the other hand, G has been traditionally utilized in PJs, bone cement 
materials, dental composites, prosthetic eyes, and breast implants (Hench et al. 
2010; Peters and Fornasier 2009). Finally, PG is typically employed in bone 
cement or used to fixate medical devices onto bone (Winkler 2012).  

First, the structural features of the biofilm substrate materials were 
investigated. Therein, AFM topographical images were captured (Figure 6). 
Based on the AFM-images, the smoothest materials seemed to be G, PS, and TI, 
while PG and HA appeared more heterogeneous and porous surfaces. Performed 
roughness analysis of the AFM images (Table 9; Figure S2) revealed that the 
surfaces of HA and PG had indeed the largest roughness and porosity values, 
while the smoothest surface was G.  

 
Table 9. Selected roughness parameters of the substrate materials. Sdr, the 
relative increase in the surface area compared to the flat surface; Vv, void volume, 
the surface porosity or openness of the surface. Table adapted from publication 
I, with permission from MDPI, to keep consistency of this document. 

Material Sdr (%) Vv (μm3/μm2) 
Borosilicate glass (G) 0.3 ± 0.1 0.0048 ± 0.001 

Plexiglass (PG) 123 ± 20 0.62 ± 0.07 
Hydroxyapatite (HA) 58 ± 10 0.75 ± 0.08 

Titanium (TI) 9.0 ± 1.1 0.19 ± 0.02 
Polystyrene (PS) 3.0 ± 0.4 0.012 ± 0.002 
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Figure 6. The AFM topographical images of borosilicate glass, G; plexiglass, PG; 
hydroxyapatite, HA; titanium, TI; polystyrene, PS (image size: 50 × 50 μm) (A). 
Zoomed images (image size: 20 × 20 μm) (B). Figure originally included in 
publication I and reproduced with permission from MDPI. 



 5. RESULTS AND DISCUSSION 
 

41 
 

 

5.1.2 Bacterial attachment on the materials (study I) 
 The bacterial attachment of S. aureus ATCC 25923 was assessed on all five 

materials at 18, 42, and 66 h. In the assay conditions, the temporal increase of 
viable colonies expressed as log10 of viable CFU·(mL·cm2)−1, was observed solely 
in two situations (HA and PG; from 18 to 42 h) (p<0.05) (Figure 7). In contrast, 
a non-statistically significant temporal decrease in viable colonies was observed 
with G and TI. While biofilm formation on different materials (at identical time 
points) was compared, it was found that S. aureus ATCC 25923 was more prone 
to establishing biofilms on PS than on the other substrate materials (p<0.05). 
Furthermore, biofilm formation on PS was equally high at 18, 42, and 66 h.  

Figure 7. Biofilm formation of S. aureus ATCC 25923 on five substrate materials 
(expressed as log10 values of CFU·(mL·cm2)−1). Differences in bacterial 
attachment were compared with a single material between different time points, 
and at a fixed time point between different materials, employing one-way ANOVA 
with Games–Howell post-test. *, significant difference (p<0.05). Error bars 
indicate the standard error of the mean (SEM) (n=3). G, borosilicate glass; PG, 
plexiglass; HA, hydroxyapatite; TI, titanium; PS, polystyrene. Figure adapted 
from publication I, with permission from MDPI, to keep consistency of this 
document. 

 Based on several previous studies, it could have been assumed that surface 
roughness would have had a positive correlation with bacterial adhesion due to 
the increase in surface area (e.g. Carlén et al. 2001; Kawai et al. 2000). However, 
at the initial stage (at 18 h), it appeared that S. aureus ATCC 25923 was more 
prone to form biofilms on PS and G (the smoothest materials). Instead, the 
attachment was significantly lower on the rougher HA and PG compared to PS 
(p<0.05). It would therefore appear that biofilm formation was at first more 
difficult on rougher materials, but the differences leveled off at 66 h. Of course, 
other physicochemical factors (such as surface charge and/or surface 
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hydrophobicity/hydrophilicity) may have had more influence on the biofilm 
formation. S. aureus (as the majority of bacteria) has a modestly negatively 
charged cell surface at neutral pH, possibly due to the overpowering amount of 
negatively charged phosphate groups in relation to positively charged D-alanine 
residues of teichoic acids (Gross et al. 2001). Therefore, positively charged 
materials promote colonization of S. aureus. PS, the material with the highest 
attachment, is known to be slightly charged in an aqueous solution and generates 
a contact angle to water of ca. 85° (Thormann et al. 2008) (0-90° are regarded as 
hydrophilic surfaces). S. aureus can also attach to slightly negatively charged 
surfaces such as glass because van der Waals forces can overcome interionic 
repulsion (Gross et al. 2001). Altogether, hydrophilic (Lee et al. 2015; Määttänen 
et al. 2014) as well as highly polar surfaces (Määttänen et al. 2014) seem to 
stimulate colonization of S. aureus, while hydrophobic surfaces hinder it 
(Määttänen et al. 2014). 

5.1.3 Quantification of polysaccharide intercellular adhesin/poly-N-
acetyl-β-(1-6)-glucosamine (study I) 

The main staphylococcal biofilm matrix polysaccharide is polysaccharide 
intercellular adhesin/poly-N-acetyl-β-(1-6)-glucosamine (PIA/PNAG) (Nguyen 
et al. 2020; Cramton et al. 1999). The PIA/PNAG is acknowledged to contribute 
to the attachment of staphylococcal biofilms (Costa et al. 2009), pathogenesis 
(Lin et al. 2015), antibiotic tolerance (Costa et al. 2009), and resistance to 
neutrophilic phagocytosis and AMPs (Vuong et al. 2004).  

In this study, PIA/PNAG was quantified by employing a Wheat germ 
agglutinin Alexa Fluor® 488 (WGA) conjugate. S. aureus ATCC 25923 biofilms 
were formed on the five substrate materials for 18, 42, and 66 h, and exposed to 
WGA conjugate with the optimized staining conditions, described in 4.2.2.4. 
Biofilms formed on PS contained more PIA/PNAG-fraction than biofilms on G, PG 
or TI (p<0.05) (Figure 8). The PIA/PNAG-fraction was observed to decline 
temporally (from 18 to 66 h) on all materials, and the deepest decrease was 
found with TI-associated biofilms (p<0.05).  
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Figure 8. Quantification of PIA/PNAG (polysaccharide intercellular 
adhesin/poly-N-acetyl-β-(1-6)-glucosamine) in S. aureus ATCC 25923 biofilms 
utilizing Wheat germ agglutinin Alexa Fluor® 488 conjugate (expressed as 
relative fluorescence units (RFUs). Differences in PIA/PNAG amounts were 
compared for a particular material between different time points, and for a fixed 
time point between different materials, employing one-way ANOVA comparisons 
and Games–Howell post-tests for blank-corrected data points. *, significant 
difference (p<0.05). Error bars depict the standard error of the mean (SEM) 
(n≥2). G, borosilicate glass; PG, plexiglass; HA, hydroxyapatite; TI, titanium; PS, 
polystyrene. Figure adapted from publication I, with permission from MDPI, to 
keep consistency of this document.  

This decreasing trend in PIA/PNAG-content as in vitro biofilm matures differs 
from the results of Oja et al. (2014): in their study the PIA/PNAG production of S. 
aureus ATCC 25923 seemed to be very pronounced from 4 to 24 h, while between 
24‒48 h PIA/PNAG-amount still increased but at a slower pace. However, in that 
study, the biofilms were grown in the Static Biofilm method without any shear 
stress, which may have affected the outcome. However, to the best of our 
knowledge, there are no reports comparing the amounts of PIA/PNAG of 
differently aged S. aureus biofilms grown in different in vitro methods. 
Nevertheless, it is known that the biofilm formation method has a large effect on, 
for example, antibiotic tolerance (Manner et al. 2017; Buckingham-Meyer et al. 
2007). One possible explanation may be that in the Static Biofilm method, 
biofilms are grown in drier conditions compared to well plates where biofilms 
are submerged into the liquid. Thus, biofilms formed in the Static Biofilm method 
may try to protect themselves against potential desiccation by promoting the 
production of PIA/PNAG. On the other hand, the last measuring point of Oja et al. 
(2014) was at 48 h so it cannot be predicted what would have happened to the 
amount of PIA/PNAG after that point. In any case, in study I, this declining trend 
of PIA/PNAG was also observed with the fluorescence microscopy images of 
biofilms formed on G coupons (Figure 9). These images illustrate the 
macrostructural temporal progression from thick, irregular regions (Figure 9A; 
18 h) to a thinner, more cohesive PIA/PNAG network (Figure 9B; 42 h).  
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Figure 9. Fluorescence microscopy images of 18- (A) and 42-h-old (B) S. aureus 
ATCC 25923 biofilm matrix on borosilicate glass coupons stained with the WGA-
Alexa Fluor® 488 fluorescent conjugate. The images were taken with Invitrogen™ 
EVOS® FL Imaging System. Figure originally included in publication I and 
reproduced with permission from MDPI. 

These findings can potentially indicate that PIA/PNAG has a more vital role 
than proteins in managing the initial phase of the biofilm formation during the 
first 18 h. As PIA/PNAG is partially deacetylated by icaB, it has a positive net 
charge (Nguyen et al. 2020). This may contribute to intercellular attachment 
formation by binding to the negatively charged parts of adjacent cells. Moreover, 
the positive charge can also promote adherence to negatively charged surfaces. 
Furthermore, changes in the extracellular pH caused by metabolic fluctuations 
(i.e. accumulation of acidic fermentation products) may also have affected the 
PIA/PNAG-content. Indeed, it has been reported in the literature that pH <7 
decreases the mechanical stability of S. aureus SH1000 biofilm matrix because 
the PIA/PNAG is much less charged at low pH (Stewart et al. 2015). In the same 
study, the S. aureus SH1000 biofilm matrix was in its most stable form within the 
pH range of 7–9. Among the materials explored here, it seems that PS and HA 
represent the materials where PIA/PNAG content of the biofilm matrix is higher.  
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5.1.4 Quantification of the protein fraction in the biofilm matrix 
(study I) 

S. aureus biofilm matrix has been observed to contain a great number of 
proteins – however, the exact composition of the matrix protein fraction is not 
fully understood (Lei et al. 2017; Paharik and Horswill 2016; Speziale et al. 2014). 
Hence, in this study, the protein fraction of biofilm matrix was of interest. The 
total protein concentration, as well as the number of identified proteins of the 
biofilm matrix from biofilms formed on the five materials at 18, 42, and 66 h, 
were quantified. The clearest temporal elevation in the total protein 
concentration was detected with G- and HA-associated biofilms (Figure 10A). 
Biofilms formed on PS and PG had the highest protein concentration already at 
42 h, and it declined at 66 h in both cases.  

 
 

Figure 10. Protein concentrations mg·(mL·cm2)−1 (A) and the number of the 
identified (detected in both replicates) biofilm matrix-associated proteins (B) of 
the S. aureus ATCC 25923 biofilms. Differences in protein concentrations were 
evaluated for a particular material between different time points, and for a fixed 
time point between the different materials, employing one-way ANOVA 
comparisons and Tukey post-tests for blank-corrected data points. *, significant 
difference (p<0.05). Error bars denote the standard error of the mean (SEM) 
(n≥2). G, borosilicate glass; PG, plexiglass; HA, hydroxyapatite; TI, titanium; PS, 
polystyrene. Figure adapted from publication I, with permission from MDPI, to 
keep consistency of this document. 
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In contrast to the temporally declining PIA/PNAG-content, the protein role 
seemed to be more pivotal at the later stages of biofilm formation. Owing to the 
large material-dependent fluctuations in the amounts of exopolysaccharides 
(PIA/PNAG-fraction) and proteins, it seems plausible to assume that 
physicochemical factors, such as surface charge or 
hydrophilicity/hydrophobicity, might have contributed to the biofilm-substrate 
interactions. 

Subsequently, trypsin shaving and LC–MS/MS analyses were carried out to 
identify all the individual proteins from the proteosurfaceomes. 
“Proteosurfaceome” refers to cell surface-exposed proteins that are either (i) 
associated with the plasma membrane (integral or anchored), (ii) anchored to 
the cell wall (via covalent or weak interactions), (iii) released in the extracellular 
milieu (i.e. exoproteins or extracellular proteins) or (iv) part of high molecular 
weight protein structures, such as pili or flagella (Desvaux et al. 2018). Based on 
our results, combined S. aureus proteosurfaceome catalogs were built. In total, 
460 proteins were identified from all the samples, including all materials and 
time points. The highest temporal elevation in the number of proteins was 
observed with HA- and TI-associated biofilms (Figure 10B). At 18 h, the 
uppermost and the lowermost number of proteins were detected from PS- (390 
proteins) and TI-associated biofilms (76 proteins), respectively. The number of 
common proteins at fixed time points (present on every material) were 67, 220, 
and 347 for 18-, 42-, and 66-h-old biofilms, respectively (Figure 11A). The core 
proteosurfaceome, that is the number of proteins that were common to all 
biofilms (i.e. detected on all materials at every time point), was 66 (Figure 11B).  

The highest and lowest number of proteins, shared by all time points on a 
given material, was found with PS- (383 proteins) and TI-associated biofilms (74 
proteins), respectively (Figure 11D). The quantities of uniquely identified 
proteins at different time points were analyzed and it was seen that the largest 
differences were with HA- and TI-related proteosurfaceomes (Figure 11D). 
While these proteosurfaceomes exhibited a moderately high number of specific 
proteins at 66 h (HA, 74 proteins; TI, 169 proteins), the high number of proteins 
shared by 42 and 66 h time points (HA, 142 proteins; TI, 164 proteins) could not 
be detected in the samples of other time points. Notably, TI-associated biofilms 
(at 18 h) lacked numerous proteins that were present on other materials. 
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Figure 11. Venn diagrams denoting the number of proteosurfaceome proteins 
present on all materials at fixed time points (A) and the number of 
proteosurfaceome proteins that were present on all materials and time points 
(B). Outliers and clusters (circled) from a three-dimensional principal 
component analysis (3D PCA) performed on the material- and time point-
dependent biofilm proteosurfaceomes (C). The number of specific and shared 
proteins of biofilms formed on different materials (at 18, 42, and 66 h) presented 
with Venn diagrams (D). G, borosilicate glass; PG, plexiglass; HA, hydroxyapatite; 
TI, titanium; PS, polystyrene. Figure adapted from publication I with permission 
from MDPI. 

Finally, the dynamics of relative protein abundance changes were studied 
with a 3D PCA. Figure 11C shows two major clusters; (1) 66 h: all materials, 42 h: 
PS; (2) 42 h: G, HA, PG, and TI, 18 h: PG and PS. A third group “outliers” (TI-, G- and 
HA-associated biofilms at 18 h) was unconnected from the two main clusters. 
This suggests that TI, G, and HA promote specific proteosurfaceome changes 
during early phases of biofilm formation (i.e. attachment, during 18 h). 

5.1.5 Qualification of the proteins in the biofilm matrix (study I) 
Next, trypsin-released proteins/peptides of the proteosurfaceomes were 

identified with LC-MS/MS. In Table 10, changes in protein quantities in relation 
to the biofilm age and the used substrate material are presented. The following 
key clusters were recognized: virulence factors (5.1.5.1), regulatory proteins 
(5.1.5.2), Clp family proteins (5.1.5.3), and oxidoreductase enzymes (5.1.5.4). In 
addition, cytoplasmic moonlighting proteins with a described primary function 
in protein synthesis (5.1.5.5.1), glycolysis (5.1.5.5.2), or responses to stress 
(5.1.5.5.3) were identified. Known or potential moonlighting proteins 

D
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represented the greatest portion of the core proteosurfaceome. Among the 
moonlighting proteins, the ribosomal proteins (r-proteins) represented the most 
predominant group.  
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5.1.5.1 Virulence factors 

5.1.5.1.1 Adherence factors 

Several adherence factors were identified from the proteosurfaceomes of S. 
aureus ATCC 25923. These have traditionally been appealing in the medical 
context (Otto 2008), as they mediate the initial attachment and invasion of 
bacteria to host tissues (Foster et al. 2014; Speziale et al. 2014). Detected 
adherence factors could be roughly divided into two following groups: (1) cell wall 
(peptidoglycan) covalently anchored proteins: MSCRAMMs (Table 10; in lilac) 
and NEAT motif family (Table 10; in yellow) and (2) non-covalently linked 
surface proteins (Table 10; in brown). Among them, large variations in the 
expression of adherence factors were observed depending on the used substrate 
material (at 18 h). This indicates that the type of material determines which 
adhesins are utilized during the initial biofilm formation phase. Out of 
MSCRAMMs (Table 10; in lilac), bone sialoprotein-binding protein (Bbp) was 
detected on three materials at 18 h and at later time points (42 and 66 h) it was 
present on all materials with reasonably high identification scores. This protein 
Bbp, as the name indicates, binds to bone sialoprotein, which is a pivotal 
component of bone and dentine ECM. It plays a possible role in localizing the 
infection to bone tissue and increased IgG levels to Bbp have been associated 
with osteomyelitis (Persson et al. 2009).  

Clumping factors A and B (ClfA/B) promote attachment to nasal epithelial 
cells (ClfB), bind to fibrinogen, and contribute to immune evasion by degrading 
neutrophil opsonin C3b (ClfA) (Foster et al. 2014). At 18 h, ClfB was present on 
four materials, while ClfA was present only on two materials. At later time points 
(42 and 66 h), both ClfA and ClfB were present on all materials with relatively 
high identification scores.  

Fibronectin-binding protein A (FnBPA) binds to fibronectin, fibrinogen, and 
elastin and promotes intercellular adhesion (Heilmann 2011). Additionally, 
fibronectin-binding proteins facilitate the internalization of bacteria by epithelial 
cells (Dziewanowska et al. 1999), which may contribute to small colony variant 
formation responsible for persistent and recurrent infections (Otto 2018). 
FnBPA was detected on two materials (G and PG) at 18 h and on one material 
(PG) at 42 h. FnBPA was not found on any materials at the last time point (66 h). 
Therefore, it can be hypothesized that FnBPA could be more important in the 
initial phase of biofilm formation.  

From the serine-aspartate repeat-containing protein family, two members 
were identified: SdrC and SdrD. Both promote adhesion to nasal epithelial cells 
(Heilmann 2011). At 18 h, SdrC was present on four materials (at 66 h on all 
materials), while SdrD adhesin was present only on two materials (HA, G) at 
every time point. Prevalence of ClfA, ClfB, FnBPA, and SdrC have been associated 
with strong S. aureus biofilm production ability (Chen et al. 2020a).  
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Next, out of the NEAT motif family (Table 10; in yellow), iron-regulated 
surface determinant protein B (IsdB) was recognized. IsdB was present at 18 and 
42 h on some materials, and it was not observed on any of the materials at 66 h. 
The NEAT motif proteins are utilized to capture heme from hemoglobin, hence 
facilitating bacteria to survive in the host where the limited iron amount is 
available. IsdB also contributes to invasion into non-phagocytic cells (Foster et 
al. 2014). 

Finally, a group of non-covalently linked adherence factors was recognized 
(Table 10; in brown). Elastin-binding protein (EbpS), which is a membrane-
spanning protein binding to elastin of ECM (Heilmann 2011), was identified 
merely on certain materials; EbpS was not present on HA or PG at any of the time 
points. Another non-covalently linked adherence factor, fibrinogen-binding 
protein (FbnBP) belongs to a group of SERAM proteins. FbnBP attaches to 
fibrinogen and impairs C3b opsonization. Furthermore, as FbnBP attracts 
fibrinogen to the bacterial surface, FbnBP has been hypothesized to assist the 
coagulase-dependent fibrin shield formation around the bacteria. This in turn 
would protect from phagocytosis (Ko et al. 2013). This protein, FbnBP, was 
detected on most of the materials at 18 h. In comparison to FnBPA, FbnBP was 
detected on all materials at later time points (42 and 66 h) with reasonably high 
identification scores, implying its crucial role also in the biofilm maturation.  

Lastly, bifunctional autolysin (Atl) that participates in the initial attachment 
phase of biofilm formation by binding to fibrinogen, fibronectin, vitronectin, 
human endothelial cells, and polystyrene (Heilmann 2011), was extremely 
abundant on all materials at every time point and reached the highest level at 66 
h. This autolysin, Atl, is the key peptidoglycan hydrolase in staphylococci that 
maintains the equilibrium of peptidoglycan synthesis/degradation and 
contributes to the separation of the daughter cells during cell division (Porayath 
et al. 2018). Furthermore, Atl seems to participate in the excretion of 
moonlighting cytoplasmic proteins to the cell surface (see 2.4.2) (Pasztor et al. 
2010). Indeed, Atl has been shown to be strongly upregulated in modestly aged 
S. aureus, and contributing to the excretion and accumulation of intracellular 
cytoplasmic proteins in the biofilm matrix (Graf et al. 2019).  

5.1.5.1.2 Proteins contributing to immunoevasion 

Several proteins contributing to immunoevasion with various mechanisms 
were also observed (Table 10; in light blue). A novel virulence-associated 
protein, conserved virulence factor B (CvfB), was detected on every material at 
66 h. CvfB controls the production of hemolysins, DNases, and proteases (Liang 
et al. 2017). Ess extracellular protein A (EsxA) is also an essential virulence factor 
promoting the establishment of infection in the host. First, EsxA is responsible 
for delaying apoptosis of S. aureus-infected host cells allowing intracellular 
bacterial replication. Moreover, after intracellular replication, EsxA contributes 
to the release of S. aureus from the host cells to spread the infection to other 
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locations (Korea et al. 2014). It was found in moderate amounts on all materials 
at 42 and 66 h.  

Ig-binding protein Sbi and IgG-binding protein A (Spa), which bind IgG in a 
wrong orientation hindering complement fixation by the classical pathway and 
opsonophagocytosis (Atkins et al. 2008), were identified with high identification 
scores on every material at every time point. IgG is the most common antibody 
in the human serum (accounts for 80% of the serum antibodies), and responsible 
for enhancing phagocytosis, neutralizing toxins, and activating the complement 
system (Tortora et al. 2014, p. 503). The Spa has also been observed to act as a 
B-cell superantigen, stimulating proliferation and depletion of the B-cell 
repertory (Atkins et al. 2008). Moreover, it has been observed to induce bacterial 
aggregation and biofilm formation (Merino et al. 2009).  

Several antigens were also detected. One of them, immunodominant 
staphylococcal antigen (IsaA) is a major antigen of S. aureus and highly 
immunogenic, and therefore, a potential target for immunization. In addition, it 
is reported to contribute to biofilm stability, peptidoglycan turnover, and cell 
division (Koedijk et al. 2017). Immunodominant staphylococcal antigen B (IsaB) 
is an immunodominant antigen and has been observed to promote the virulence 
and persistence of MRSA by decreasing host autophagic flux (Liu et al. 2015). 
Both (IsaA, IsaB) were highly expressed on all materials at every time point.  

Finally, staphylococcal secretory antigen (SsaA2) was detected on all 
materials (except on TI) at every time point. Elevated antibody levels against 
SsaA2 have been associated specifically with endocarditis (in the case of S. 
epidermidis) (Lang et al. 2000). Altogether, these observations suggest that S. 
aureus can actively control the host immune system, even sheltered within the 
biofilm.  

5.1.5.1.3 Host-damaging proteins 

A few immunoevasive proteins with direct cytolytic properties over 
erythrocytes and leukocytes were identified (Table 10; in red). Among these, 
beta-hemolysin (phospholipase C; Hlb), which is sphingomyelinase that 
degrades the sphingomyelin component of host cell surfaces (Otto 2014b), was 
detected on all materials at later time points (42 and 66 h). The delta-hemolysin 
(Hld), which belongs to a PSM peptide family with erythrocyte- and neutrophil-
lytic activity (Cheung et al. 2015), was mostly detected on PS. The gamma-
hemolysin component B (HlgB), which is a component of the bi-component 
gamma-hemolysins HlgAB or HlgCB, was detected with moderate levels on all 
materials at every time point. These HlgAB and HlgCB have been shown to 
contribute to the lysis of erythrocytes, neutrophils, and monocytes/macrophages 
(Spaan et al. 2017). Leukocidin-like proteins (Luk1 and Luk2) were detected on 
every material and time point, and their abundances reached the highest level at 
66 h. For example, the LukAB and HlgAB have been observed to be efficiently 
secreted in vivo in the chronic animal infection model (Lei et al. 2017). Graf et al. 
(2019) have demonstrated leukocidins and hemolysins to play a crucial role in 
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the biofilm lifestyle as they were more abundant in the S. aureus HG001 biofilm 
matrix compared to its planktonic counterpart. Moreover, especially leukocidin 
and gamma hemolysin genes have been observed to be significantly higher 
expressed when Staphylococcus aureus USA300 was growing in vivo compared to 
its in vitro grown counterpart (Xu et al. 2016). 

5.1.5.1.4 Exoenzymes 

A handful of enzymes contributing to immunoevasion were also identified 
(Table 10; in orange). With the aid of a clotting factor, staphylocoagulase (Coa), 
the infection site can be coated with fibrin clots (Thomer et al. 2013). This 
provides a barrier against the host immune system, such as phagocytosis, and 
promotes abscess formation (Cheng et al. 2010). Furthermore, Coa contributes 
to the adhesion of S. aureus on indwelling medical devices (Vanassche et al. 
2013). This protein, Coa, was detected only at later time points (42 and/or 66 h) 
on certain materials (PS, G, HA). By contrast, another exoenzyme 
(staphylokinase) that contributes to fibrin clot degradation and spreading of the 
infection (Tortora et al. 2014, p. 450), was not detected on any of the samples.  

Another major S. aureus exoenzyme, staphopain A (SspP), was identified here 
in all biofilms (except on HA, at 18 h). The SspP is a cysteine protease that blocks 
neutrophil chemokine receptors and therefore, hampers phagocytosis (Laarman 
et al. 2012). Furthermore, SspP promotes vascular leakage causing septic shock-
related hypotension (Imamura et al. 2005). Additionally, another staphopain (B) 
has been observed to disturb host defenses and enhance biofilm persistence by 
degrading AMP (LL-37) (Sonesson et al. 2017). Finally, thermonuclease (Nuc) 
that evades from killing strategies of neutrophils by degrading neutrophil 
extracellular traps (NETs) (Sultan et al. 2019), was detected on all materials at 
every time point (except on HA) (Table 10; in turquoise).  

5.1.5.1.5 Antimicrobial resistance factors 

As a last group of virulence factors presented here, some antimicrobial 
resistance factors were identified on certain materials (Table 10; in pink). 
Herein, potentially, PG and PS could trigger enzyme-related antibiotic resistance, 
since aminoacyltransferases (FemA and FemB), lysostaphin resistance protein A 
(LyrA), and teichoic acid D-alanine hydrolase (FmtA) were detected on those 
materials already at 18 h. Therefore, biofilms formed on other materials may 
potentially be more susceptible to certain antibiotics. The aminoacyltransferases 
FemA and FemB affect β-lactam antibiotic resistance indirectly via cell wall 
development by catalyzing the formation of interpeptide bridges in 
peptidoglycan (Henze et al. 1993; Maidhof et al. 1991). The LyrA is associated 
with increased resistance to a bacteriocin, lysostaphin (Gründling et al. 2006). 
Finally, FmtA removes D-alanine groups from the teichoic acid, thus regulating 
the electrical charge of the bacterial surface, and increases also greatly 
methicillin resistance (Rahman et al. 2016).  
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5.1.5.2 Regulatory proteins 

Transcriptional regulators control the rate of gene transcription by inducing 
(inducer) or inhibiting (repressor) RNA polymerase binding to DNA (Tortora et 
al. 2014, p. 221). Therefore, these regulatory proteins control various activities 
such as biofilm formation, pathogenesis, and drug resistance (Richardson et al. 
2015). Many regulatory proteins were already present at 18 h at least on one of 
the materials (Table 10; in burgundy). The relative abundances of most of the 
regulators increased over time achieving the highest degree at 66 h. At least 
regulatory proteins CcpA, CodY, and VraR have been observed playing a role and 
in host-pathogen interaction in vivo (Michalik et al. 2017; Richardson et al. 2015). 
Furthermore, regulatory proteins CcpA, CodY, MgrA, Rot, SaeR, SaeS, SarA, Spx, 
and LytR have been detected to contribute to biofilm formation (Graf et al. 2019). 

5.1.5.3 Clp family proteins 

The abundances of the Clp family proteins (ClpC, ClpL, ClpB, and ClpP) had 
material-dependent variation and increased temporally on all materials (Table 
10; in lime green). The Clp proteolytic complexes have a suggested role in 
adaptation to stress conditions by degrading misfolded proteins. In addition, they 
are employed as chaperones refolding proteins denatured by stress (Michel et al. 
2006; Squires and Squires 1992). Furthermore, they have been reported to be 
important in biofilm formation, virulence (Frees et al. 2004) and abundant in 
host-pathogen interaction in vivo (ClpC, ClpL, ClpB; Michalik et al. 2017). 
Interestingly, the Clp proteins were not detected on TI at 18 h. 

5.1.5.4 Cellular oxido-redox state-maintaining enzymes 

Several oxidoreductase enzymes were also identified during the protein 
analysis (Table 10; in grey). They catalyze the transfer of electrons from the 
electron donor (reductant) to the electron acceptor (oxidant) (Tortora et al. 
2014, pp. 110–111). Several of such enzymes were present only on some 
materials at 18 h but reached the highest abundance or prevalence at 66 h. 

5.1.5.5 Cytoplasmic proteins as moonlighters 

Traditionally, classical surface proteins have been considered as one of the 
most attractive targets in drug development against bacterial pathogens. 
However, in this context, assaying non-classical moonlighting proteins should 
also be included, as many of their moonlighting functions include actions that aid 
in infection establishment. As previously indicated, the moonlighting proteins 
refer to proteins, which have two or more separate and physiologically relevant 
functions (Kainulainen and Korhonen 2014). MoonProt, a database for 
moonlighting proteins (MoonProt: A Database for Moonlighting Proteins 2020; 
Chen et al. 2018), includes over 500 proteins with reported canonical and 
moonlighting activities. Moonlighting proteins are not restricted to only bacteria: 
they have also been identified in protists, fungi, plants, and animals (Chen et al. 
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2018). Very recently, a collection of moonlighting proteins was suggested to be 
responsible for a novel molecular mechanism for offering improved stability to 
S. aureus biofilms (Graf et al. 2019). Indeed, reutilizing cytoplasmic proteins as 
moonlighting components may benefit the biofilm population. Therein, proteins 
switch between the functions depending on which function currently benefits the 
cell, e.g. in the cytoplasm in energy metabolism and later on the cell surface 
increasing the cell virulence, stability, immunoevasion, and attachment on host 
tissues (Kainulainen and Korhonen 2014).  

Overall, understanding the mechanism of how moonlighters are directed to 
the cell surface could provide novel antibacterial drug targets that would block 
the secretion or association of moonlighters with the cell surface (Jeffery 2018). 
However, whether the moonlighters participate in the development of S. aureus 
biofilms on various prosthetic materials, has not been evident. 

5.1.5.5.1 Protein synthesis-associated adhesins 

In study I, the cytoplasmic proteins with suggested moonlighting functions 
(Chen et al. 2018; Franco-Serrano et al. 2018) formed a substantial group among 
all identified proteins. Furthermore, e.g. 37 proteins of the core 
proteosurfaceome (out of the 66 proteins) were moonlighting proteins. This is 
aligned with in vivo results by Lei et al. (2017), where substantial amounts of S. 
aureus cytoplasmic proteins compared to extracellular/cell surface-associated 
proteins were observed in a rat PJI model. The abundances of the moonlighters 
were not dependent on the used substrate material. The largest identified 
protein group overall and the most massive group among the moonlighting 
proteins included r-proteins (Table 10; in dark blue). They are employed as 
proteins forming the prokaryotic 70S ribosomes together with ribosomal RNA. 
The 70S ribosomes are composed of two subunits: small 30S and large 50S 
subunits, and both 30S- and 50S-associated r-proteins were identified on all 
materials. Typically, their abundances increased towards the 66-h time point. In 
ribosomes the translation of messenger RNA (mRNA) into proteins by transfer 
RNA (tRNA) molecules takes place. Bacterial cytoplasm includes thousands of 
such ribosomes (Tortora et al. 2014, p. 88). It has been suggested that r-proteins 
also play an important role in the cohesivity of the S. aureus biofilm matrix. 
Herein, oxygen limitation in biofilms causes the release of fermentation end-
products (formate, lactate, and acetate) generating acidic conditions. Therefore, 
alkaline r-proteins and virulence factors get positively charged and form 
electrostatic interactions with anionic cell wall components, eDNA, and 
metabolites. This high affinity between the components mediates the 
stabilization of the biofilm matrix (Graf et al. 2019). It has been implied that 
besides the tasks of r-proteins in the cytoplasm, they could have an extra-
ribosomal role associating with the cell surfaces and operate as a shielding 
mechanism to external threats caused by e.g. antibiotics, the host immune 
system, or changing environmental conditions (Alreshidi et al. 2016). Indeed, in 
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one proteomic study, it was observed that the production of r-proteins increased 
as a response to exposure to an antibacterial agent (Voigt et al. 2016).  

Elongation factors (EF-TU, EF-G, and EF-P) that are responsible for chain 
elongation during protein synthesis at the ribosome, were identified with high 
identification scores on all materials at every time point (Table 10; in light lilac). 
At least elongation factors (EF-Tu and EF-G) have been suggested to have 
moonlighting roles: their moonlighting functions are presented in Table 11. 

5.1.5.5.2 Glycolytic adhesins 

 In carbohydrate catabolism, the chemical energy of glucose is released and 
stored in ATP via cellular respiration or fermentation. Cellular respiration of 
glucose is composed of three steps: glycolysis, the Krebs cycle, and the electron 
transport chain (Tortora et al. 2014, p. 118). Herein, most of the enzymes 
participating in a glycolytic metabolic pathway were identified, forming another 
large group within moonlighting proteins (Table 10; in green). Their 
moonlighting functions are presented in Table 11. All of them (excluding 
phosphoglyceromutase, PGAM) were remarkably abundant on all the materials 
at every time point, and their abundances reached the highest level at 66 h. The 
abundances of these proteins generally exceeded the levels of the r-proteins.  

 
Table 11. Selected moonlighting proteins: their canonical and moonlighting 
functions. References in this table are listed below. 

 

Protein Function 1 Function 2 Species 
Ribosomal 
proteins (r-

proteins) 
Translation Translational repressors 

1, 2, 3 E. coli 1, 2, 3 

Elongation factor 
G, EF-G 

Elongation factor 
activity in 

translation 
Binds to mucin 4 Streptococcus gordonii 4 

Elongation factor 
Tu, EF-Tu 

Elongation factor 
activity in 

translation 

Attaches to human cells, 
mucins 5, fibronectin 6, 

and plasminogen 7 

Lactobacillus johnsonii 5; 
Mycoplasma pneumoniae 6;  

P. aeruginosa 7 
Phosphofructokin

ase, PFK Glycolysis Binds plasminogen 8 Streptococcus oralis 8 

Fructose-
bisphosphate 

aldolase class 1, 
FBA 

Glycolysis Attaches to human cells 9 Neisseria meningitidis 9 

Triosephosphate 
isomerase, TPI Glycolysis 

Adhesin, the contact-
mediated killing of 

Cryptococcus 10 

binds to plasminogen 11 

S. aureus 10, 11 

Glyceraldehyde-3-
phosphate 

dehydrogenase 1, 
GAPDH 1 

Glycolysis 

Binds transferrin in iron 
acquisition 12, binds 

mucin, Caco-2 cells 13, 
fibronectin, laminin, type 

I collagen 14, and 
plasminogen 8, 12 

S. aureus, S. epidermidis 12; 
Lactobacillus plantarum 13; 

Paracoccidioides brasiliensis 
14; 

Streptococcus anginosus,  
S. oralis 8 

Phosphoglycerate 
kinase, PGK Glycolysis Binds plasminogen 8 S. anginosus, S. oralis 8 
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1 Dean et al. 1981; 2 Brot et al. 1980; 3 Yates et al. 1980; 4 Kesimer et al. 2009; 5 Granato et al. 2004; 6 Dallo et al. 2002; 7 
Kunert et al. 2007; 8 Kinnby et al. 2008; 9 Tunio et al. 2010; 10 Yamaguchi et al. 2010; 11 Furuya and Ikeda 2011; 12 Modun 
and Williams 1999; 13 Kinoshita et al. 2008; 14 Barbosa et al. 2006; 15 Candela et al. 2007; 16 Antikainen et al. 2007; 17 
Carneiro et al. 2004; 18 Katakura et al. 2010; 19 Banerjee et al. 2007; 20 Crowe et al. 2003; 21 Yang et al. 1994; 22 Shasmal et 
al. 2016; 23 Wuppermann et al. 2008; 24 Bergonzelli et al. 2006; 25 Xolalpa et al. 2007; 26 Knaust et al. 2007; 27 Reddy and 
Suleman 2004; 28 Wray et al. 2001; 29 Kainulainen et al. 2012; 30 Heilmann et al. 2005. 

5.1.5.5.3 Chaperones and other stress proteins 

Chaperones (GroEL, DnaK, DnaJ, and GroES) and other stress-associated 
proteins (universal stress protein SAV1710, Usp; alkaline shock protein 23, 
Asp23; superoxide dismutase [Mn/Fe] 1, SodA; alkyl hydroperoxide reductases 
C and F, AhpC and AhpF) were among the potential moonlighting proteins (Table 
10; in turquoise). The canonical function of chaperones is to contribute to the 
folding of new proteins and re-folding of misfolded proteins under normal and 
stress conditions. The Usp belongs to a general stress protein family that 
contributes to bacterial adaptation and colonization in the human host 

Phosphoglycerom
utase, PGAM Glycolysis Binds plasminogen 8, 15 

S. anginosus, S. oralis 8; 
Bifidobacterium lactis, 

Bifidobacterium bifidum, 
Bifidobacterium longum 15 

Enolase, ENO Glycolysis Binds plasminogen 8, 16 

and laminin 16, 17 

S. anginosus, S. oralis 8; 
Lactobacillus crispatus,  

L. johnsonii 16; 
S. aureus 16, 17 

Pyruvate kinase, 
PYK Glycolysis Binds to invertase 18 Lactococcus lactis 18 

Pyruvate 
dehydrogenase E1 

subunit β, PDHB 

The link between 
glycolysis and 

Krebs cycle 
Binds fibrinogen 6 M. pneumoniae 6 

Aconitase, Acn Krebs cycle Iron homeostasis 19 Mycobacterium tuberculosis 19 

Alcohol 
dehydrogenase, 

ADH 
Oxidoreductase 

Binds plasminogen 20, 
fibronectin, laminin, type 

II collagen 21, and 
ribosomes affecting 

translation 22 

C. albicans 20; 
Entamoeba histolytica 21; 

E. coli 22 

Chaperone protein 
GroEL Chaperone 

Binds to human cells 23, 
binds to mucins and 

epithelial cells 24 

Chlamydia pneumoniae 23; 
L. johnsonii 24 

Chaperone protein 
DnaK 

Chaperone 
 

Binds plasminogen 15, 25, 

26 

B. lactis, B. bifidum,  
B. longum 15; M. tuberculosis 

25; 
N. meningitidis 26 

Superoxide 
dismutase [Mn/Fe] 

1 – SodA (S) 
Neutralizes ROS Binds to epithelial cells 27 Mycobacterium avium 27 

RNA polymerase 
subunit β 

– RpoC 
RNA-polymerase Binds to salivary mucin 4 S. gordonii 4 

Glutamine 
synthetase, GS 

Glutamine 
synthesis 

Binds to a transcription 
regulator 28, fibronectin, 

collagen I, laminin 29, and 
plasminogen 29, 25 

M. tuberculosis 25; Bacillus 
subtilis 28;  

L. crispatus 29  

N-
acetylmuramoyl-L-

alanine amidase, 
Sle1 

Autolysin, cell 
division, 

peptidoglycan 
hydrolase 

Binds fibronectin 30, 31 S. aureus 30 
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environment by facilitating tolerating e.g. oxidative stress, high temperature, low 
pH, and hypoxia (O'Connor and McClean 2017), while Asp23 provides protection 
against alkaline pH values (Kuroda et al. 1995). The SodA, AhpC and AhpF 
provide cellular defense against ROS and oxidative stress. SodA converts 
superoxide radicals (O2·−) to molecular oxygen (O2) and hydrogen peroxide 
(H2O2) (Tortora et al. 2014, p. 157), while AhpC and AhpF catalyze the reduction 
of hydrogen peroxide to water and alcohols. All of these aforementioned proteins 
were identified on most of the materials at 18 h and on all materials at 42 and 66 
h. Chaperone DnaK and stress proteins (AhpC/F, Usp, SodA) have been observed 
to participate in host-pathogen interaction in vivo (Michalik et al. 2017). On the 
other hand, glutamine synthetase, a multi-tasking protein responsible for 
glutamine synthesis, transcription regulation, and chaperone activity, was 
interestingly identified only in TI-associated biofilms. 

5.1.6 Chemotolerance assays (study I) 
Based on HA and TI being the most clinically significant materials, they were 

chosen for further chemotolerance assays. Herein, 18- and 66-h-old biofilms on 
HA and TI were exposed to various antibiotics: 5.0 μM vancomycin, 4.0 μM 
doxycycline, 90.0 μM levofloxacin, and 2.0 μM penicillin G for 2 or 24 h. The 
antibiotics in this study were selected to cover a wide spectrum of mechanisms 
of action.  

Levofloxacin, vancomycin, and doxycycline are frequently used as a part of 
the treatment regimen in managing staphylococcal PJIs. Usually, vancomycin is 
iv.-administered for 2 weeks after the operation (if methicillin-, oxacillin- or 
rifampicin-resistance has been detected). As previously indicated, vancomycin is 
a bactericidal glycopeptide antibiotic that inhibits the cell wall synthesis 
(Terveysportti: Lääkkeet ja hinnat -database 2021; Tortora et al. 2014, p. 595). 
Doxycycline or levofloxacin are administered p.o. as continuation therapy to 
achieve a total duration of antibiotic treatment of 12 weeks (Li et al. 2018). 
Doxycycline is a semi-synthetic, bacteriostatic broad-spectrum tetracycline-
derivative, which prevents protein synthesis by interfering with the attachment 
of amino acid-carrying tRNA to the mRNA-70S ribosome complex. Levofloxacin 
is a bactericidal synthetic fluoroquinolone antibiotic, which inhibits bacterial 
DNA gyrase enzyme preventing DNA replication. Lastly, penicillin G 
(benzylpenicillin) is a bactericidal beta-lactam antibiotic that inhibits cross-
linking of peptidoglycan, and therefore, the construction of cell walls 
(Terveysportti: Lääkkeet ja hinnat -database 2021; Tortora et al. 2014, pp. 593–
598).  

All of the antibiotics decreased the viable cell counts (CFUs) in a statistically 
significant manner (p<0.05 and p<0.001) with the 24-h-long exposure (in 
comparison to the TSB-treated control biofilms (Figure 12). From the tested 
antibiotics, levofloxacin (90 μM) was observed to be the most competent in 
decreasing the biofilms developed on both materials. The most successful 
treatment outcome was obtained when 18-h-old biofilms were exposed to 
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levofloxacin for 24 h. After levofloxacin, the second most active was penicillin G 
or doxycycline, depending on the used substrate material. The least effective 
compound was vancomycin.  

These results are in accordance with Manner et al. (2017): in their study 
against S. aureus ATCC 25923, levofloxacin was the most efficient, followed by 
doxycycline, penicillin G, and vancomycin. Similarly, in Mandell et al. (2019), 
doxycycline was more effective than vancomycin against different S. aureus 
clinical isolates. 

The biofilm formation material had an impact on the biofilm chemotolerance; 
66-h-old biofilms on HA were more susceptible than TI-associated biofilms to all 
of the antibiotics when exposed to antibiotics for 2 h (Table 12). In most of the 
cases (in 8 out of 11), HA-associated biofilms were more susceptible to 
antibiotics than TI-associated biofilms.  

 
Figure 12. Chemotolerance of 18- and 66-h-old S. aureus ATCC 25923 biofilms 
formed on hydroxyapatite (A) and titanium (B) when treated with diverse 
antibiotics for 2 or 24 h (expressed as log10 values of CFU·(mL·cm2)−1). The 
statistical analysis was conducted by employing unpaired t-tests with Welch’s 
correction by comparing the antibiotic-treated biofilms to TSB-treated biofilms. 
*, significant difference (p<0.05); ***, highly significant difference (p<0.001). 
Error bars signify the standard error of the mean (SEM) (n≥2). Figure adapted 
from publication I, with permission from MDPI, to keep consistency of this 
document. 
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It is generally expected the chemotolerance changes as the biofilm matures 
(Chen et al. 2020b). Therefore, the effect of the biofilm age on chemotolerance 
was assayed next. Interestingly, a direct correlation between the biofilm age and 
the measured chemotolerance was not consistently seen. In 3 out of 10 cases, the 
older (66 h) biofilms were more susceptible than the younger (18 h) biofilms. In 
the remaining cases (7 out of 10), the 18-h-old biofilms were however more 
susceptible than the 66-h-old biofilms. Of course, the situation could have been 
quite different if, for example, 18-h biofilms had been compared to e.g. 2-week-
old biofilms. Unsurprisingly, the increased antibiotic exposure time (from 2 to 24 
h) reduced chemotolerance regardless of the biofilm age or material. 

 
Table 12. The chemotolerance of 18- and 66-h-old S. aureus ATCC 25923 biofilms 
on hydroxyapatite (HA) and titanium (TI) when exposed to several antibiotics. 
Quantification was performed employing the log reduction of viable counts. 
Table adapted from publication I, with permission from MDPI, to keep 
consistency of this document. 

Biofilm 
Age 

Biofilm 
Formed 

on 

Exposure 
Time  

Penicillin G 
(2.0 μM) a 

Levofloxacin 
(90.0 μM) a 

Doxycycline 
(4.0 μM) a 

Vancomycin 
(5.0 μM) a 

18 h HA 2 h 0.10 ± 0.28 
 

0.56 ± 0.06 
 

0.08 ± 0.15 
 

0.03 ± 0.31 
 

18 h TI 2 h 0.01 ± 0.19 1.39 ± 0.05 
***, ⱡ ⱡ ⱡ 

0.59 ± 0.21 
*, ⱡ 

−0.17 ± 0.25 

18 h HA 24 h 2.32 ± 0.18 
***, ⱡ ⱡ ⱡ, Ω 

3.09 ± 0.04 
***, ⱡ ⱡ ⱡ, Ω Ω Ω 

2.00 ± 0.14 
*, ⱡ, Ω Ω Ω 

0.65 ± 0.09  
Ω 

18 h TI 24 h 1.28 ± 0.08  
ⱡ 

2.18 ± 0.15 
ⱡ ⱡ ⱡ, Ω Ω Ω 

1.08 ± 0.20  
Ω 

0.33 ± 0.09 

66 h HA 2 h 0.42 ± 0.04 
* 

0.64 ± 0.24 
*, ⱡ 

0.31 ± 0.08 0.61 ± 0.11 
*, ⱡ 

66 h TI 2 h 0.07 ± 0.15 
 

0.46 ± 0.08 0.39 ± 0.06 0.24 ± 0.12 

66 h HA 24 h 1.82 ± 0.24 
*, Ω Ω Ω 

2.35 ± 0.07 
***, Ω 

1.32 ± 0.20 
Ω 

0.88 ± 0.38 

66 h TI 24 h 0.94 ± 0.18 
Ω 

1.76 ± 0.14 
Ω Ω Ω 

1.62 ± 0.04 
*, ⱡ, Ω Ω Ω 

1.67 ± 0.03 
Ω 

a The values denote logR values demonstrating the difference between medium- and antibiotic-treated biofilms. *, p<0.05 
and ***, p<0.001; differences between the HA- and TI-associated biofilms (when the biofilm age and exposure time are 
constant). ⱡ, p<0.05 and ⱡ ⱡ ⱡ, p<0.001; differences between the 18- and 66-h-old biofilms (when the exposure times and 
the materials are constant). Ω, p<0.05 and Ω Ω Ω, p<0.001; differences between the exposure times: 2 and 24 h (when the 
biofilm ages and the materials are constant). The statistical analyses were executed employing unpaired t-tests with 
Welch’s correction. 

Finally, it was tested whether trypsin has an additional beneficial effect 
supporting levofloxacin therapy. For that purpose, 18- and 66-h-old biofilms 
formed on HA were treated with (1) trypsin (51.9 ng·μL–1) followed by 90 μM 
levofloxacin, (2) 100 mM TEAB followed by 90 μM levofloxacin or (3) TSB (Figure 
13). The results revealed that trypsin did not offer an additional eradication 
effect on levofloxacin. In addition, there was no difference between the 18- and 
66-h-old trypsin- and levofloxacin-treated biofilms, thus it seemed that the 
protein content of the biofilm matrix was already well-established at the 18 h, at 
least from the perspective of tolerating enzymatic treatment. As the protein 
fractions increased in a statistically significant manner from 18 to 66 h in HA-
associated S. aureus biofilms (Figure 10A), it could have been assumed that the 
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protection provided by the 66-h biofilm matrix would have been better than that 
provided by the 18-h biofilm matrix. On the other hand, the penetration of 
levofloxacin through the biofilm matrix seemed to occur without problems, so 
that pre-treatment with trypsin may not necessarily provide an additional 
eradication benefit for levofloxacin. This seemed to be in alignment with the 
report by Singh et al. (2016), where the penetration of antibiotics from several 
mechanistic groups through S. aureus ATCC 25923 biofilm was assayed. The 
antibiotic with the best penetrating capabilities was tetracycline followed by 
ciprofloxacin (which belongs to the same fluoroquinolone group as levofloxacin). 
In retrospect, our results could have been different e.g. with vancomycin, which 
had the worst penetration capability through the S. aureus ATCC 25923 biofilm 
matrix (Singh et al. 2016).  

Figure 13. Viability of 18- and 66-h-old S. aureus ATCC 25923 biofilms on 
hydroxyapatite coupons exposed to (1) trypsin and 90 μM levofloxacin (LVX); (2) 
triethylammonium bicarbonate buffer (TEAB) (trypsin buffer) and 90 μM LVX; 
(3) tryptic soy broth (TSB), expressed as log10 values of CFU (mL·cm2)–1. A highly 
significant difference in viability (p<0.001, using unpaired t-tests with Welch’s 
correction) was observed only when compared to (a) TSB at 18 h and (b) TSB at 
66 h. Error bars denote the standard error of the mean (SEM) (n≥2). Figure 
adapted from publication I, with permission from MDPI, to keep consistency of 
this document. 

5.2 Anti-biofilm effect of bisphosphonate-bioactive glass 
combinations against staphylococcal biofilms in the prosthetic 
joint infection biofilm model (study II) 

5.2.1 Optimization of the prosthetic joint infection biofilm model 
(study II) 

In this study, testing a novel therapeutical alternative in the treatment of 
prosthetic joint infection (PJI) was of interest. For that purpose, constructing an 
in vitro PJI biofilm model was required. Bacterial strains S. aureus (ATCC 25923 
and Newman) and S. epidermidis RP62A (ATCC 35984) were chosen for this 
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study, as these are very common biofilm-forming pathogens in PJIs (Li et al. 
2018). To the best of our knowledge, there are no standardized biofilm testing 
methods available for PJIs. The only existing validated biofilm methods have 
been generated by ASTM and tailored for P. aeruginosa. Furthermore, most of 
these ASTM-validated biofilm methods utilize biofilm reactors (such as CDC 
Biofilm Reactor and Rotating Disk Reactor) where biofilms are formed in large 
growth medium volumes under high shear stress. These would not simulate well 
the PJI conditions. Moreover, such systems require large amounts of the test 
compounds or formulations (Coenye and Nelis 2010) and are not compatible 
with testing semisolid two-component formulations.  

In staphylococcal biofilm research, the most typical approach is to grow 
biofilms directly in 96-well plates. However, polystyrene cannot be regarded as 
a relevant material to reflect in vivo conditions of PJI. To mimic in vivo conditions 
more appropriately, implementation of clinically relevant surfaces is required. 
For that purpose, a user-friendly approach is to grow biofilms on discs made of 
various materials inserted into well plates, as in study I. However, this assembly 
cannot be considered ideal for this study II where semisolid samples composed 
of BPs and BAG were tested. Therefore, a better-suited biofilm model that more 
correctly mimics the conditions encountered by bacteria in a PJI (minor quantity 
of liquid, low shear stress), needed to be introduced. To meet these requirements, 
the Static Biofilm method was chosen. This method has also been used by 
Shaqour et al. (2020) to study anti-biofilm effects of 3D-printed materials against 
S. aureus ATCC 25923, which is one of the strains tested here in study II. The 
advantages of the Static Biofilm are its robustness, simplicity, price-friendliness, 
and the absence of requirements for sophisticated instrumentation. It allows the 
testing of versatile substrate materials, as well as liquid and solid test compounds 
(Oja et al. 2014).  

First, suitable biofilm-forming conditions were optimized by comparing four 
substrate materials and two incubation times. Herein, three clinically relevant 
materials (plexiglass, PG; titanium, TI; hydroxyapatite, HA) were involved using 
the reference material and time point by Buckingham-Meyer et al. (2007) 
(borosilicate glass, G; 48 h). The clinical relevance of the materials is described in 
section 5.1.1. The AFM topographical images and roughness parameters of those 
materials are presented in Figure 6, Table 9, and Figure S2. 

Bacterial attachment of S. aureus ATCC 25923, S. aureus Newman, and S. 
epidermidis RP62A (ATCC 35984) on the three materials was compared to the 
biofilm control, 48-h-old biofilms on G, as used in a crucial publication that 
introduced the optimized Static Biofilm method (Buckingham-Meyer et al. 2007). 
Bacteria were incubated under humidified aerobic conditions at 37°C for 24 and 
48 h and quantified as log10 of viable counts (CFU·mL‒1). The bacterial attachment 
of all strains was significantly higher on HA (24 h) (Figure 14) when compared 
to the control material (G, 48 h) (p<0.05). As a comparison to study I, where 
biofilms were grown in liquid cultures, the viable colonies of HA-associated S. 
aureus ATCC 25923 biofilms increased from 18 to 42 h. In contrast, here in study 
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II, where S. aureus ATCC 25923 biofilms were grown in static cultures, the viable 
colonies on HA seemed to slightly decrease from 24 to 48 h.  

This biologically most relevant material (HA), with a convenient biofilm 
formation time (24 h), was chosen for the susceptibility trials for all the strains. 

 

Figure 14. Biofilm formation of S. aureus ATCC 25923 (A), S. aureus Newman (B), 
and S. epidermidis RP62A (ATCC 35984) (C) for 24 and 48 h on the materials 
(expressed as log10 values of CFU·mL‒1). The bacterial attachment was assessed 
against the control material (borosilicate glass, 48 h) utilizing unpaired t-tests 
with Welch’s correction. *, statistically significant (p<0.05); ns, not significant 
difference. Error bars denote standard deviations (SD) (n=6). Figure adapted 
from publication II, with permission from Elsevier, to keep consistency of this 
document.  

5.2.2 Examination of bisphosphonates in combination with inert 
glass and bioactive glass against staphylococcal biofilms (study II) 

At first, anti-biofilm effects of five BPs (alendronate, clodronate, etidronate, 
risedronate, and zoledronate) combined with BAG were tested against S. aureus 
ATCC 25923, S. aureus Newman, and S. epidermidis RP62A (ATCC 35984) biofilms 
(incubated under humidified aerobic conditions at 37°C for 24 h) using a negative 
control (IG-BAG) (Figure 15; Table 13).  
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Figure 15. Biofilm formation of S. aureus ATCC 25923 (A), S. aureus Newman (B), 
and S. epidermidis RP62A (ATCC 35984) (C) (presented as log10 values) on 
hydroxyapatite coupons covered with BP-BAG samples (n≥4). The elected BPs 
were mixed with IG to examine their genuine anti-biofilm effect (A1, B1, and C1) 
(n≥2). An unpaired t-test with Welch’s correction was used. ***, highly significant 
difference (p<0.001); *, significant difference (p<0.05); ns, not significant 
difference. Error bars denote standard deviations (SD). A, alendronate; C, 
clodronate; E, etidronate; R, risedronate; Z, zoledronate; V, vancomycin; IG, inert 
glass; BAG, bioactive glass. Figure adapted from publication II, with permission 
from Elsevier, to keep consistency of this document. 

The positive control used here, vancomycin-BAG, was shown to reduce viable 
counts of the two S. aureus strains and S. epidermidis (p<0.05 or p<0.001) in a 
statistically significant manner. Vancomycin is a bactericidal glycopeptide 
antibiotic that inhibits cell wall synthesis (Terveysportti: Lääkkeet ja hinnat -
database 2021; Tortora et al. 2014, p. 595). The combinations of risedronate-
BAG, etidronate-BAG, and alendronate-BAG significantly reduced viable counts 



5. RESULTS AND DISCUSSION 
 

68 
 

of all tested bacterial samples (p<0.05 or p<0.001). By contrast, zoledronate- and 
clodronate-BAG were not effective against any of the bacterial strains.  

 
Table 13. The logR-values (expressing the difference between the control and 
the test compound samples) of the BP-BAG and BP-IG combinations. 
Vancomycin-IG and -BAG were included as positive controls. N/A = not available. 
Table adapted from publication II, with permission from Elsevier, to keep 
consistency of this document. 

Bisphosphonate (BP) logR (BP-IG) logR (BP-BAG) 
Staphylococcus aureus ATCC 25923 

Etidronate 1.00 ± 0.07 1.10 ± 0.08 
Risedronate 0.67 ± 0.02 1.00 ± 0.06 
Alendronate 0.93 ± 0.002 0.61 ± 0.13 
Zoledronate N/A 0.06 ± 0.03 
Clodronate N/A -0.12 ± 0.01 

Vancomycin 1.77 ± 0.07 1.44 ± 0.07 
Staphylococcus aureus Newman 

Etidronate 1.20 ± 0.001 1.21 ± 0.05 
Risedronate 0.59 ± 0.005 0.32 ± 0.05 
Alendronate 0.62 ± 0.007 0.81 ± 0.13 
Zoledronate N/A 0.01 ± 0.01 
Clodronate N/A -0.23 ± 0.01 

Vancomycin 1.14 ± 0.09 1.39 ± 0.03 
Staphylococcus epidermidis RP62A (ATCC 35984) 

Etidronate 1.55 ± 0.01 0.75 ± 0.03 
Risedronate 0.91 ± 0.001 0.31 ± 0.01 
Alendronate 1.02 ± 0.001 0.51 ± 0.02 
Zoledronate N/A -0.23 ± 0.04 
Clodronate N/A -0.44 ± 0.01 

Vancomycin 0.79 ± 0.01 0.74 ± 0.08 
 

Second, the BPs of the three most active combinations were analyzed in 
terms of their intrinsic anti-biofilm effect. Etidronate, risedronate, and 
alendronate were combined with inert glass (IG) to physically mimic the two-
component semisolid paste with the BAG (inserts A1, B1, and C1 in Figure 15; 
Table 13) and compared to mere IG (negative control). The positive control 
(vancomycin-IG) reduced viable counts in a significant manner when compared 
to the negative control (p<0.05). Alendronate-, etidronate- and risedronate-IG 
combinations reduced viable counts of all the tested Staphylococcus spp. 
significantly (p<0.05). Antimicrobial effects of risedronate against P. aeruginosa 
and E. coli (minimal inhibitory concentration, MIC = 1.4 mg/mL for both species; 
Kruszewska et al. 2012), and the biofilm inhibitory effect of risedronate against 
E. coli and Salmonella pullorum (>60 %, at 300 μM) (Reshamwala et al. 2016) 
have been reported in the literature. The antimicrobial activities of alendronate 
against E. coli, P. aeruginosa, and C. albicans (MIC = 5, 10, and 5 mg/mL, 
respectively; Kruszewska et al. 2002) have also been described. Moreover, 
clodronate has a reported antibacterial effect against planktonic P. aeruginosa 
with a MIC of 63 mg/mL (Kruszewska et al. 2002). However, in our study 
clodronate was not effective, at least not against biofilms. In contrast, 
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antimicrobial activity for etidronate has not been earlier reported in the 
literature. Mechanistic insight into the actions of BP-BAGs will be further 
discussed in section 5.4.  

5.3 Anti-biofilm effect of bisphosphonate-bioactive glass 
combinations against Aggregatibacter actinomycetemcomitans 
biofilms in the periodontal biofilm model (study III) 

5.3.1 Optimization of the dental biofilm model (study III) 
In this study, similar combinations of BPs and BAG (as those used in study II) 

were tested as a therapeutical alternative against periodontitis. From this 
perspective, periodontitis is a more novel and less studied target disease than 
PJIs: only one BP-BAG has been tested against periodontitis in a pilot clinical trial 
(Rosenqvist et al. 2017), to the best of our knowledge. Moreover, the anti-biofilm 
effects of BP-BAGs have not yet been studied in that application.  

In this study III, a periodontal pathogen and late colonizer in dental biofilms 
Aggregatibacter actinomycetemcomitans ATCC 33384 was chosen to simulate 
periodontal biofilms. This particular organism was selected due to its extensively 
documented role in periodontal tissue damage (e.g. Arirachakaran et al. 2012). 
There are also no standardized biofilm testing methods available for periodontal 
biofilms. For mimicking periodontal biofilms, a number of experimental models 
have been used, such as growing oral biofilms on well plates (Oettinger-Barak et 
al. 2013) or discs made of various materials inserted into well plates (Park et al. 
2014; Sánchez et al. 2011). However, as previously indicated, these commonly 
utilized well plates are not suitable for semisolid sample testing (herein, a 
combination of BPs and BAG). Therefore, a better-suited biofilm model that more 
accurately reflects oral cavity conditions (i.e. a small fluid volume in the absence 
of fluid shear stress) (Lagerlöf and Dawes 1984) needed to be introduced. To 
meet these requirements, the Static Biofilm method was also chosen, as in the 
previous study II.  

Before the anti-biofilm testing was initiated, pertinent substrate material and 
a suitable biofilm formation time were correspondingly determined. For that 
purpose, three clinically relevant materials for dental applications (plexiglass, 
PG; titanium, TI; hydroxyapatite, HA) were compared to the reference material 
used by Buckingham-Meyer et al. (2007) (borosilicate glass, G). HA is the mineral 
component of bones and dentine (Kelly et al. 2015), and the three selected 
materials (HA, in addition to PG and TI) are all used as dental implant materials. 
The AFM topographical images and roughness parameters of the materials are 
represented in Figure 6, Table 9, and Figure S2. 

Bacteria were incubated under humidified microaerophilic conditions at 
37°C for 24 and 48 h and quantified as log10 of viable counts (CFU·mL‒1). In the 
conditions of the assay, bacteria attached on all four surfaces after 24 and 48 h 
without significant statistical differences when compared to the control material 
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(G) (Figure 16). Hence, the most clinically relevant substrate material for dental 
applications – HA – was chosen for further assays.  

Figure 16. Bacterial attachment of A. actinomycetemcomitans ATCC 33384 on 
four substrate materials after 24 and 48 h of incubation (depicted as log10 values 
of CFU·mL‒1). Bacterial attachment of each material was compared to the control 
material (borosilicate glass) at fixed time points using unpaired t-tests with 
Welch’s correction. The differences were not statistically significant (p<0.05 was 
considered statistically significant). Error bars denote standard deviations (SD) 
(n=6). Figure adapted from publication III, with permission from Elsevier, to 
keep consistency of this document. 

Next, the presence of A. actinomycetemcomitans ATCC 33384 biofilms on the 
HA surface was confirmed with imaging. Topographical images taken with AFM 
of HA coupons before and after the bacterial attachment are shown in Figure 
17A and Figure 17B, respectively. Relatively high roughness values were 
measured on the HA surface (Sdr = 63 ± 6%; Sq = 2200 ± 320 nm). The surface 
area ratio (Sdr) expresses the roughness-induced increase of the interfacial 
surface area relative to the area of the projected flat plane. The root-mean-square 
roughness (Sq) indicates the standard deviation of height values. The Sdr value 
was in correspondence to the value measured in study I (Table 9). The AFM 
topographs show the existence of attached bacteria on the HA surface already at 
24 h (Figure 17B and Figure 17C) after the incubation in humidified 
microaerophilic conditions at 37°C. Local clusters of bacteria were observed on 
the surface (blue square; Figure 17B), but also single planktonic bacteria were 
distinguishable (red circle; Figure 17B). The average dimensions of the observed 
rod-shaped bacteria were 1.1 ± 0.2 μm (length) and 0.590 ± 0.035 nm (width), 
and these were in correspondence to the AFM images of A. 
actinomycetemcomitans D7S that were more recently published by Bao et al. 
(2018). 
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Figure 17. AFM topographical image of a hydroxyapatite coupon surface (image 
size: 20 x 20 μm) (A), 24-h-old A. actinomycetemcomitans ATCC 33384 biofilm 
growing on the hydroxyapatite (image size: 20 x 20 μm) (B), and a zoomed 
cluster of A. actinomycetemcomitans ATCC 33384 cells (image size: 4 x 4 μm) (C). 
A local bacterial cluster and a planktonic bacterium are indicated with the blue 
square and red circle, respectively. Figure adapted from publication III with 
permission from Elsevier. 

The chemotolerance of 24- and 48-h-old A. actinomycetemcomitans ATCC 
33384 biofilms on HA were compared. The biofilms were first allowed to form in 
humidified microaerophilic conditions at 37°C for 2, 24, and 48 h. Samples with 
bacteria attached for 2 h were used here as a reference for young biofilms, to 
assess the kinetic course of development of the biofilm tolerance. Next, the 
biofilms were exposed to 25 μM (0.0015% (w/v)) or 50 μM (0.003%) (w/v) CHX, 
or medium (TSB-YE/Glc, as a negative control) in microaerophilic conditions at 
37°C for 2 h. The selected CHX concentrations were based on Wood et al. (2015). 
The compound CHX is a cationic antimicrobial agent that interacts with the 
negatively charged plasma membrane and causes a subsequent leakage of 
cytoplasmic components (Gilbert and Moore 2005). This agent is widely applied 
in mouth rinses in the treatment of gingivitis, caries, and mouth infections at 
concentrations within the range of 0.06–0.2% (Terveysportti: Lääkkeet ja hinnat 
-database 2021). 

The bacterial attachment on coupons (expressed as log10 values of CFU·mL‒

1) and logR-values (denoting the bacterial burden reduction after the CHX 
treatments), are shown Figure 18 and Table 14. In the case of bacteria attached 
for 2 h, the differences in bacterial viability were statistically significant in 
samples exposed to both 25 and 50 μM CHX, when compared to untreated 
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bacteria. The logR values were over 4 for both CHX concentrations (25 and 50 
μM).  

Figure 18. The bacterial attachment (expressed as log10 values of CFU·mL‒1) of 
2-, 24- and 48-h-incubated A. actinomycetemcomitans ATCC 33384 on 
hydroxyapatite coupons, when exposed to chlorhexidine (25 or 50 μM) or 
medium (TSB-YE/Glc). The chlorhexidine (25 and 50 μM) -treated biofilms were 
compared to TSB-YE/Glc-treated biofilms, using an unpaired t-test with Welch’s 
correction (p<0.05). ns, not significant difference. Error bars denote standard 
deviations (SD) (n≥2). Figure adapted from publication III, with permission from 
Elsevier, to keep consistency of this document. 

The effect was more significant with the 50 μM CHX concentration, where the 
viable bacteria were completely eradicated. This situation reflects the known fact 
that 2 h incubated bacteria can be regarded as being rather surface-attached 
proliferating planktonic bacteria than biofilms and that the cells are not yet 
sealed within the protective biofilm matrix.  

 
Table 14. The chemotolerance of different aged biofilms (expressed as logR-
values, representing the difference between chlorhexidine- (CHX) and medium-
treated coupons). Table adapted from publication III, with permission from 
Elsevier, to keep consistency of this document. 

Incubation time logR (25 μM CHX) logR(50 μM CHX) 
2 h 4.25 ± 0.42 5.83 ± 0 

24 h 0.40 ± 0.0005 0.26 ± 0.02 
48 h 0.07 ± 0.003 0.47 ± 0.024 

 
The differences between CHX (25 and 50 μM) treated 24- and 48-h-old 

biofilms were not statistically significant when compared to untreated (TSB-
YE/Glc-exposed) biofilms. The logR values of 24- and 48-h-old biofilms were 
under 0.5 for both CHX concentrations. This indicates that both 24- and 48-h-old 
biofilms can withstand exposure to relatively high CHX concentrations and 
therefore, have already reached a chemotolerant state. This is in agreement with 
results obtained by Park et al. (2014). In their study, 24-h-old A. 
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actinomycetemcomitans ATCC 33384 biofilms were capable to tolerate even CHX 
concentrations of 1110 μM. In the study of Takahashi et al. (2007), 48-h-old A. 
actinomycetemcomitans 310a biofilms were observed to be more tolerant to 
several antibiotics when compared to 24-h-old biofilms. Therefore, the longer 
incubation time (48 h) was chosen for further susceptibility assays. 

5.3.2 Examination of bisphosphonates in combination with inert glass and 
bioactive glass against periodontal biofilms (study III) 

After the optimal material (HA) and incubation time (48 h) were established, 
the compounds were assayed in terms of their anti-biofilm activity. To the best 
of our knowledge, BAG and BPs have not been studied against A. 
actinomycetemcomitans ATCC 33384 biofilms. The BPs alone (i.e. combined with 
inert glass) (Figure 19; Table 15) and combined with BAG (Figure 20; Table 
15) were tested against A. actinomycetemcomitans ATCC 33384 biofilms in 
humidified microaerophilic conditions, at 37°C, for 48 h. As shown in Figure 19, 
biofilms treated with the positive control (CHX-IG) had significantly fewer viable 
counts (p<0.001) than IG-treated biofilms (negative control). In terms of the 
intrinsic effects of the BPs, risedronate-IG was the only BP-IG combination that 
displayed anti-biofilm activity (p<0.05). In line with that finding, risedronate has 
proven antimicrobial and anti-biofilm effect against some gram-negative strains 
(Reshamwala et al. 2016; Kruszewska et al. 2012). On the contrary, the reported 
antimicrobial activities of alendronate and clodronate against some gram-
negative strains (Kruszewska et al. 2002) were not observed with A. 
actinomycetemcomitans ATCC 33384, at least not against biofilms. 
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Figure 19. The bacterial attachment (expressed as log10 values of CFU·mL‒1) of 
A. actinomycetemcomitans ATCC 33384 on hydroxyapatite coupons coated with 
BP-IG samples (composed of 50 mg of BP/CHX and 500 mg of IG). The results 
were compared to the negative control (composed of 550 mg IG), using an 
unpaired t-test with Welch’s correction. ***, statistically highly significant 
difference (p<0.001); *, statistically significant difference (p<0.05); ns, not 
significant difference. Error bars denote standard deviations (SD) (n≥2). Figure 
originally included in publication III and reproduced with permission from 
Elsevier. 

Next, the BP-BAG combinations were assayed (Figure 20; Table 15). Both 
the positive control (CHX-BAG) and all the BP-BAG combinations (except 
clodronate-BAG) significantly reduced biofilm formation (p<0.001). These 
findings are in agreement with the results of study II obtained with S. aureus 
ATCC 25923, S. aureus Newman, and S. epidermidis RP62A (ATCC 35984) 
biofilms, where etidronate-BAG, alendronate-BAG, and risedronate-BAG had 
anti-biofilm activity (Table 13). Clodronate-BAG was similarly non-effective in 
both studies (II and III). However, in contrast to the results of study III, 
zoledronate-BAG was not effective in study II.  

The bacterial attachment was similar on IG-BAG- and IG-coated coupons 
(Figure 19; Figure 20) indicating that BAG alone does not have an inherent anti-
biofilm effect in these assay conditions. The advantageous impact of adding BAG 
on BP was particularly observed with risedronate (Table 15), as its logR 
increased from 0.59 ± 0.03 (risedronate-IG) to 2.25 ± 0.37 (risedronate-BAG). 
Interestingly, this synergistic interaction was not observed with CHX-BAG when 
compared to CHX-IG (Table 15), suggesting that this interaction may be 
somewhat specific to BPs. In next section 5.4, the potential effect of mechanism 
of BP-BAGs and BP-IGs will be discussed based on the data obtained from the pH 
measurements of such combinations.  
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Figure 20. The bacterial attachment (expressed as log10 values of CFU·mL‒1) of 
A. actinomycetemcomitans ATCC 33384 on hydroxyapatite coupons coated with 
BP-BAG samples (composed of 50 mg of BP/CHX/IG and 500 mg of BAG). The 
results were compared to the negative control (50 mg of IG and 500 mg of BAG), 
using an unpaired t-test with Welch’s correction. ***, statistically highly 
significant difference (p<0.001); ns, not significant difference. Error bars denote 
standard deviations (SD) (n≥4). Figure originally included in publication III and 
reproduced with permission from Elsevier. 

Table 15. The logR-values of BP-IG and BP-BAG combinations, expressing the 
difference between the control and the test samples. Chlorhexidine-IG and 
chlorhexidine-BAG were included as positive controls. Table adapted from 
publication III, with permission from Elsevier, to keep consistency of this 
document. 

Bisphosphonate 
(BP) logR (BP-IG) logR (BP-BAG) 

Risedronate 0.59 ± 0.03 2.25 ± 0.37 
Etidronate 0.40 ± 0.07 1.42 ± 0.21 

Alendronate 0.41 ± 0.0003 1.29 ± 0.03 
Zoledronate 0.59 ± 0.04 1.19 ± 0.03 
Clodronate 0.21 ± 0.09 0.43 ± 0.27 

Chlorhexidine 1.57 ± 0.006 1.38 ± 0.06 

5.4 Mechanistic insight and possible targets of bisphosphonates 
and bisphosphonate-bioactive glass combinations on bacterial 
biofilms (studies I-III) 

The changes in pH may hamper bacterial growth and therefore be one 
explanation for the antimicrobial effects of the studied materials. For example, 
drastic pH changes can induce cellular damage in several ways. Both acidic and 
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alkalic conditions may cause protein denaturation, impaired activity of enzymes, 
DNA damage, and malfunctioning of the electron transport chain in cellular 
respiration, which leads to accumulation of ROS (Zhou and Fey 2020; Konermann 
2012). To survive in such unfavorable pH conditions, bacteria have developed 
different coping strategies. For example, S. aureus can protect itself against 
alkaline pH values with alkaline shock protein 23 (Kuroda et al. 1995) and 
against low pH e.g. with enzymatic pathways that produce pH-increasing 
products or systems that pump protons out of the cytoplasm, contribute to ROS 
detoxification, DNA repair, or operate as chaperones (Zhou and Fey 2020). Even 
though S. aureus can protect itself with the aforementioned methods, it is known 
that such protection is effective until pH gets below <2-5 or over 10, as these 
strategies require the optimal functioning of enzymes/proteins (Zhou and Fey 
2020; Konermann 2012). Moreover, decreased initial adhesion has been 
observed to happen with S. aureus and S. epidermidis already in mildly alkaline 
pH (8.5). This is probably the result of the reduced D-alanylation degree of 
teichoic acids, which leads to teichoic acids having more anionic character 
(Nostro et al. 2012). Furthermore, the ability of S. aureus to form biofilms has 
been observed to be inhibited at pH levels 3 and 12 (Zmantar et al. 2010). 

Therefore, pH measurements were carried out on tested combinations 
mimicking the conditions encountered by bacteria in the in vitro biofilm models. 
First, pH values of 50 mg of BPs combined with 500 mg of IG in 450 μL of 0.9% 
(w/v) saline were measured (Figure 21). As a control, 550 mg of IG in 450 μL of 
saline was used, and it showed a tendency to elevate the medium pH. All the BP-
IG combinations behaved in an intrinsically acidic manner, which remained 
relatively steady during the whole measurement. The pH values collected with 
clodronate were similar to Rosenqvist et al. (2014). The pH of the media (0.9% 
(w/v) saline) stayed near the pH value of 7 throughout the entire measurement 
period (Figure 21; Figure 22). 
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Figure 21. Kinetic measurements of pH taken on BP-IG combinations. A-IG, C-IG, 
E-IG, R-IG, Z-IG: 50 mg of BP and 500 mg of IG in 450 μL 0.9% (w/v) saline; IG: 
550 mg of IG in 450 μL 0.9% (w/v) saline; saline: 0.9% (w/v) saline. The 
coefficient of variations of the pH values on replicate samples was below 11% 
(n=2). A, alendronate; C, clodronate; E, etidronate; R, risedronate; Z, zoledronate; 
IG, inert glass. Figure adapted from publication III with permission from Elsevier. 

After that, the pH values of 50 mg of BPs/IG combined with 500 mg of BAG in 
450 μL of 0.9% (w/v) saline were determined (Figure 22). Additionally, the pH 
of BAG as a stand-alone compound in saline was measured. The BAG displayed 
(in the same way as IG) an inherent propensity to raise the pH of saline, as 
similarly reported by Rosenqvist et al. (2014; 2013). Nevertheless, BPs seemed 
to influence this alkaline trend with a distinguishable and transient pH decline. 
After the dive, the climbing pH was observed, and according to Rosenqvist et al. 
(2014; 2013), that indicates the rapid ion exchange taking place. Next, a 
stabilized pH can be detected, which in turn implies hydroxyapatite formation.  
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Figure 22. Kinetic measurements of pH taken on BP-BAG combinations. A-BAG, 
C-BAG, E-BAG, R-BAG, Z-BAG: 50 mg of BP and 500 mg of BAG in 450 μL 0.9% 
(w/v) saline; IG-BAG: 50 mg of IG and 500 mg BAG in 450 μL 0.9% (w/v) saline; 
BAG: 500 mg BAG in 450 μL 0.9% (w/v) saline; saline: 0.9% (w/v) saline. The 
coefficient of variations of the pH values on replicate samples was below 16% 
(n=2). A, alendronate; C, clodronate; E, etidronate; R, risedronate; Z, zoledronate; 
IG, inert glass; BAG, bioactive glass S53P4. Figure adapted from publication III 
with permission from Elsevier. 

The described initial pH decline, however, was found strongly to be 
compound-specific: while the pH drop of etidronate was a short-lived but drastic, 
risedronate produced a modest but much longer-lasting dive. These BP-BAG 
combinations of etidronate-BAG and risedronate-BAG also produced the most 
significant reductions in biofilm viability in studies II and III, respectively. 
Especially, the vulnerability of A. actinomycetemcomitans to acidity has been 
reported in the literature. In one study even a mild reduction of medium pH (from 
7 to 6) decreased bacterial viability with a logR of 2 (Bhattacharjee et al. 2011). 
S. aureus and S. epidermidis, in turn, are more tolerant to acidic pH values 
presumably because their typical growth environment (skin) is naturally acidic 
(ca. pH 4–6) (Zhou and Fey 2020; Störmer et al. 2008). This may have been one 
reason contributing as to why BP-BAGs were less effective against staphylococci 
than A. actinomycetemcomitans. Furthermore, accordingly, the least effective 
combination (clodronate-BAG), caused only a mild and a very short-lived (<2 h) 
decrease in pH.  

It can be hypothesized that with such radically acidic pH values, of 
etidronate-BAG and risedronate-BAG, the detrimental effects of the BP-BAGs 
may extend beyond the bacterial cells to the biofilm matrix. For example, as 
previously indicated, low extracellular pH (<7) has been observed to reduce the 
PIA/PNAG charge of S. aureus SH1000, thereby weakening its matrix stabilizing 
interactions (Stewart et al. 2015). The same study found that the S. aureus 
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SH1000 matrix was most stable at pH 7–9 (Stewart et al. 2015) as PIA/PNAG is 
positively charged in neutral and basic pH (Nguyen et al. 2020). On this basis, 
when reflecting on Figure 22, it can be seen that the pH generated by clodronate-
BAG (the least efficient combination) was most of the time within this pH range. 
Instead, the pH values of the most effective combinations were a majority of the 
time below pH 7: risedronate-BAG (for the whole measurement period) and 
etidronate-BAG (reached neutral pH at 25 hours). With respect to biofilm matrix, 
denaturation of proteins may happen already < pH 5 (Konermann 2012), so it 
can be assumed that negative changes have also occurred in the protein fraction, 
at least in the cases of the most acidic etidronate-BAG and risedronate-BAG. 
Moreover, acidic stress also probably affects eDNA via the protonation of 
nitrogenous bases (Zhou and Fey 2020). 

However, if the anti-biofilm effect would be completely pH-dependent, the 
logR-values of BP-IGs could be assumed to be drastically higher (Table 13; Table 
15) as the pH values of BP-IGs were even lower than with BP-BAGs (Figure 21; 
Figure 22). Therefore, acidity-activity-relationship cannot alone explain the 
measured logR values of BP-BAGs. Thus, it can be hypothesized that other 
mechanisms, e.g. the increased osmotic pressure, may be responsible for the 
detected anti-biofilm effects of BPs and BP-BAG combinations. Of note, the 
upregulation of bacterial proteins that provide protection against acidity can be 
a mechanism possibly compensating the pH changes caused by BP-BAG 
combinations. That would for instance include e.g. urease enzymatic pathways 
(which convert urea to ammonia that can be further protonated to pH-increasing 
ammonium), arginine deiminase pathways (that produce ammonia), F-ATPases 
(which pump out protons from the cytoplasm), ROS detoxification, Clp proteases 
(ClpB, ClpC, ClpP), and DNA repair systems (Zhou and Fey 2020). 

Interactions between BPs and BAG have not been widely explored in the 
literature. However, it has been observed that the combination of clodronate and 
BAG leads to extended and longer-lasting ion exchange, compared to the level 
that BAG would yield alone. According to the hypothesis of Rosenqvist et al. 
(2013), this boosted ion exchange for clodronate-BAG was caused by higher 
calcium ion release from BAG, which occurs in the acidic conditions created by 
clodronate in water solution. This in turn could result in an anti-biofilm effect via 
increased osmotic pressure causing bacterial plasmolysis. Even though 
clodronate-BAG did not have an anti-biofilm effect against any of the strains 
(studies II and III), it could be speculated that this reported accelerated ion 
exchange may also take place in other BP-BAG combinations. This would support 
the results of study III, where more pronounced anti-biofilm effects were 
observed with BP-BAGs than with BP-IGs. In contrast, in study II (Table 13), 
there was no improvement in the anti-biofilm activity of the BP-BAG over BP-IG. 
It can be hypothesized that more dramatic differences in logR values between 
BP-BAGs and BP-IGs would have been obtained in study II if a longer exposure 
time (48 h) would have been used, as in study III. Hence, the delayed onset of this 
accelerated osmotic pressure with BP-BAGs (for which this 24-h-long period is 
too short to take place) might explain the results of this study II. Indeed, 
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according to a recent article (Cunha et al. 2018), BAG needs more time than 24 h 
to convey its effect: inhibition of bacterial growth started only after 48 h of 
incubation and reached zero CFU·mL‒1 after 120–168 h of incubations. 
Therefore, it could be claimed that in study II, with this short incubation time, the 
intrinsic anti-biofilm effects of alendronate, etidronate, and risedronate were 
possibly responsible for the detected anti-biofilm effects of alendronate-, 
etidronate- and risedronate-BAG combinations.  

Furthermore, if increased osmotic pressure would be the predominant 
mechanism, it could explain (along with a longer incubation time) why BP-BAGs 
were more effective against A. actinomycetemcomitans ATCC 33384 than 
staphylococcal strains. The osmotolerance has been found to be a very species-
specific property, and this cannot be attributed to, for example, a particular 
species type (e.g. gram-positive versus gram-negative) (Mille et al. 2005). For 
example, S. aureus is notorious for tolerating high osmotic pressure, likely 
associated with the fact that S. aureus lives in nasal passages where salt levels are 
naturally high (Tortora et al. 2014, p. 163). There is also a specific protein 
channel called the large-conductance mechanosensitive channel (MscL) that 
opens when stretch forces in the plasma membrane are encountered. Therefore, 
MscL likely participates in the regulation of osmotic pressure changes within the 
cell (Carniello et al. 2020). Interestingly, MscL is an integral protein of the plasma 
membrane, and it is likely the reason why it was not detected in any of the 
samples in study I. Integral proteins require a rigid disruption of phospholipids 
(e.g. with a detergent) in order to be assayed in proteomic analysis. Whether 
bacteria would up-regulate MscL, would be an interesting topic for future studies. 
Moreover, S. aureus transport compatible solutes (such as proline, glycine 
betaine, choline, taurine, and glutamic acid) into the intracellular milieu to create 
high intracellular pressure enabling survival in high osmotic environments. S. 
aureus is only capable to synthesize glutamic acid out of these compatible solutes, 
while the rest have to be imported from the external environment via osmolyte 
transporters (Schwan and Wetzel 2016). Assaying the levels of osmolyte 
transporters (e.g. sodium/proline symporter) and enzymes contributing to 
glutamic acid synthesis as a response to BP-BAG exposure, are therefore of 
interest. Likewise, as it is known that S. aureus responds to increased osmotic 
pressure via shortening peptidoglycan interpeptide bridges (Vijaranakul et al. 
1995), analysis of protein levels involved in the synthesis of peptidoglycan 
interpeptide bridges (e.g. aminoacyltransferases FemA and FemB) would be of 
interest. 

Finally, a third possible mechanism could be considered as risedronate has 
been hypothesized to target catabolite repressor/activator protein (Cra), and in 
this fashion, disturb the biofilm formation of E. coli, as proposed by Reshamwala 
et al. (2016). This mechanism may have possibly mediated anti-biofilm activity 
against A. actinomycetemcomitans ATCC 33384, which also possesses this Cra-
protein. Reflecting on study I, S. aureus does not have exactly the same Cra-
protein, but instead it produces a protein called catabolite control protein A 
(CcpA) that is responsible for mediating similar activities. The interactions 
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between risedronate and CcpA have not been studied, to the best of our 
knowledge, and could be a focus of work for future studies. This protein, CcpA, 
was not present in HA-associated S. aureus ATCC 25923 biofilms at 18 h, but it 
was detected at the later time points of 42 and 66 h (Table 10). The later onset 
of CcpA could be one hypothetical explanation as to why BP-BAGs were not as 
active with the 24 h incubation (study II). This possibility further encourages the 
investigation of longer incubation times (at least 48 h) with BP-BAGs in future 
studies. 

Altogether, etidronate-BAG was the most effective combination in study II 
against gram-positive staphylococci, while risedronate-BAG was the most active 
combination in study III against gram-negative A. actinomycetemcomitans ATCC 
33384. Based on the similar logR values of etidronate-BAG and vancomycin-IG 
(commonly employed to resolve PJIs) (study II), etidronate-BAG can be 
considered as an interesting treatment option for vancomycin owing to its 
additional bone constructing properties. On the other hand, based on the higher 
anti-biofilm activity of risedronate-BAG compared to chlorhexidine-IG (study 
III), risedronate-BAG can be considered as a potential therapeutic approach for 
periodontitis, displaying bone-constructing and anti-biofilm actions. In 
conclusion, this data suggests that risedronate-BAG and etidronate-BAG are the 
most promising BP-BAG combinations to be used in future studies. 
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6. CONCLUSIONS AND FUTURE PERSPECTIVES 

Biofilms are responsible for chronic and severe infections, which are 
recalcitrant to the currently available antibiotic approaches. Particularly 
challenging are biofilms infecting indwelling medical devices that have been 
permanently inserted into the human body. Such biofilms cannot be removed 
with antibiotics alone  ‒  some kind of invasive surgery is always necessary. What 
makes this issue even more difficult to tackle, is the dauntingly rapid 
development of resistance towards conventional antibiotics. It is clear that there 
is a great need for novel, non-antibiotic-based and truly effective strategies to 
combat biofilms. Here, the overall aims were to contribute to the understanding 
of biofilm features on different biomaterials used in medical devices and to 
protect these biomaterials from biofilm colonization with a novel non-antibiotic-
based combination strategy.  

With better material-specific understanding, biofilm formation could 
potentially be prevented e.g. by targeted immunotherapy already at the time of 
device installation. We aimed for this understanding with a multidimensional 
orthogonal approach to characterize (i) biofilm dynamics covering biomaterial 
surface properties (correlated with material susceptibility to biofilm formation), 
(ii) biofilm structures (via proteosurfaceomics and exopolysaccharide/protein 
contents), and (iii) biofilm functionality (antimicrobial tolerance studies) (study 
I). This was done in a way that allowed side-by-side comparisons of 
Staphylococcus aureus biofilms formed on different biomaterials (borosilicate 
glass, plexiglass, hydroxyapatite, titanium, and polystyrene) as well as at 
different maturation time points (18, 42, and 66 h).  

The biofilm matrix-associated polysaccharide content seemed to be 
important in the initial stages of biofilm formation, decreasing towards the end 
of the observation period. In turn, the matrix protein content was rising 
throughout the observation period. The core proteosurfaceome was identified, 
which can be used as a platform for future studies related to e.g. immunotherapy 
development. Generally, the classical surface proteins have been deemed as the 
most appealing targets in drug development against bacterial pathogens. 
However, in this study, classical surface proteins demonstrated high biomaterial-
dependent variability in their amounts. In turn, the non-classical surface proteins 
“moonlighters” comprised the major portion of the core proteosurfaceome. It is 
known that reutilization of cytoplasmic proteins as moonlighting constituents 
benefits the biofilm inhabitants via enhanced attachment, virulence, and drug 
tolerance. Consequently, recognizing mechanisms that coordinate the 
moonlighting activity would help offering insight into novel strategies for anti-
biofilm agent/material development. The last part of the study shed light on the 
effect of biomaterial and biofilm age on antibiotic tolerance. Biofilms formed on 
titanium were in many cases more tolerant to antibiotics than biofilms on 
hydroxyapatite. The older, more mature (66 h) biofilms were not always more 
tolerant than the younger (18 h) ones.  
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All this creates more understanding of the fact that material choices in 
medical devices need to be carefully considered. While it is clear the e.g. 
biocompatibility and mechanical durability are key factors in such selections, it 
could also be beneficial to consider biomaterial-dependent properties of 
biofilms. One such example could be biofilm prevention via targeted 
immunotherapy at the time of device installation. An evident next step for the 
present research context would be to assay biofilm and biomaterial interactions 
in the presence of a serum medium. The most fascinating extension for study I 
would undeniably be to examine the actual removed S. aureus-infected medical 
devices made of different biomaterials and subject them to proteomic analysis. 

In the second part of the thesis (studies II and III), it was studied whether 
one of these biomaterials, hydroxyapatite, could be actually protected from 
biofilm colonization utilizing a novel non-antibiotic combination therapy 
consisting of bisphosphates (BPs) and bioactive glass (S53P4; BAG). From the 
perspective of both studies, etidronate-BAG and risedronate-BAG were the most 
promising combinations. Additionally, it was observed that an improved anti-
biofilm effect was systemically obtained in study III, probably due to the longer 
treatment period (48 h) compared to the one used in study II (24 h).  

While the observations of studies (II and III) present aspects of the 
functionality of BP-BAG-combinations in two pertinent clinical applications, 
further investigation on the anti-biofilm mechanism would be of value. The anti-
biofilm effects could not be explained alone with lowered pH values. Increased 
osmotic pressure or another, yet-unknown, mechanism seems to contribute to 
the observed anti-biofilm effect. Hence, studying staphylococcal biofilms and/or 
Aggregatibacter actinomycetemcomitans biofilms from the proteomic 
perspective represents an interesting expansion: this could especially entail BPs 
per se (etidronate and risedronate), mere BAG, and the combinations 
(etidronate-BAG and risedronate-BAG). Therein, the proteomic profiles 
compared to each other would offer a more pinpointed view on the mechanism 
of action of BP-BAGs. Moreover, as mono-species biofilms were used in study III; 
multi-species dental biofilms (comprising pioneer, early, intermediate, and late 
colonizers) could be introduced in future studies to reflect periodontal status 
more realistically. Furthermore, it could be also explored whether the acidic pH 
changes caused by BP-BAG-combinations are not detrimental to oral tissues. 
Finally, since all studies were based on a limited number of bacterial strains, in 
future studies several different clinical strains should be involved. 

In conclusion, the used biomaterial and biofilm age greatly influence the 
characteristics of the biofilm and its antibiotic tolerance. These aspects should be 
taken into account when designing new anti-biofilm 
strategies/immunotherapeutic solutions (study I). The results of studies II and 
III further support the use of the most effective BP-BAG combinations in 
protecting biomaterials from biofilm infections in PJI and dental applications. 
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Figure S1. S. aureus ATCC 25923 biofilms on borosilicate glass coupons exposed 
to trypsin or 100 mM TEAB buffer (control). The number of viable cells is 
conveyed as log10 values of CFU (mL·cm2)–1. The differences in the biofilm 
viabilities between the groups were not statistically significant (unpaired t-test 
with Welch’s correction, p<0.05), demonstrating the absence of cell lysis and 
appropriateness of the trypsin-shaving method. Error bars denote the standard 
error of the mean (SEM) (n=2). Figure adapted from publication I, with 
permission from MDPI, to keep consistency of this document. 

 

Figure S2. Length-scale dependent roughness of the substrate materials. G, 
borosilicate glass; PS, polystyrene; TI, titanium; PG, plexiglass; HA, 
hydroxyapatite. Figure originally included in publication I and reproduced with 
permission from MDPI. 
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