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λ – Lag phase 
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AST – Antimicrobial susceptibility testing 
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IMC – Isothermal microcalorimetry 

k – Growth rate constant 

LEV – Levofloxacin 

MBBC – Minimum biofilm bactericidal concentration 

MBEC – Minimum biofilm eradication concentration 

MHIC – Minimum heat inhibiting concentration 

MIC – Minimal inhibitory concentration 

min – Minutes 

NG – Negative control 

NVS – Nutritionally variant streptococci 

PEN – Benzylpenicillin 

PJI – Prosthetic joint infection 

PK/PD – Pharmacokinetic/Pharmacodynamic 

ProtK – Proteinase K 

R – Resistant 

RIF – Rifampicin 

SA – Streptococcus agalactiae 

sec – Seconds 

SEM – Scanning electron microscopy 

SO – Streptococcus oralis 

SP – Streptococcus pyogenes 

spp - Species 

TSA/TSB – Tryptic soy agar / Tryptic soy broth 
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Zusammenfassung  
 

Der zunehmende Einsatz von Implantaten ist in der modernen klinischen Praxis unerlässlich geworden 

und hat einen enorm positiven Einfluss auf die menschliche Gesundheit. Als Folge davon nimmt auch die 

Prävalenz von implantatassoziierten Infektionen, insbesondere von Infektionen der Gelenkprothesen, zu und bleibt 

eine der größten Komplikationen, mit denen Wissenschaftlern und Ärzte heutzutage in der Orthopädie konfrontiert 

sind. 

Die Biofilmbildung spielt eine zentrale Rolle bei implantatassoziierten Infektionen. Aufgrund der 

erhöhten Resistenz von Biofilmen in der Antibiotikatherapie ist die Behandlung von Biofilm-Infektionen 

besonders anspruchsvoll und führt zu einer weltweiten Morbidität. Während die Infektionshäufigkeit nach 

orthopädischen Eingriffen gering ist, sind die Reinfektionsraten nach einer Infektion hoch. Zur Vermeidung eines 

Infektionsrückfalls ist die vollständige Beseitigung des Biofilms von größter Wichtigkeit, was ein evidenz-

basiertes, umfangreiches Wissen zur richtigen Antibiotikaauswahl voraussetzt. Routinemäßige 

Suszeptibilitätstests zur Bestimmung der Antibiotikasuszeptibilität spiegeln jedoch nicht die Fähigkeit des 

Antibiotikums wider, Bakterien abzutöten, wenn diese in einem Biofilm wachsen. Viele in vitro Biofilm-Modelle, 

die auf Färbe-, Molekular- oder Mikroskopie-Techniken basieren, wurden im letzten Jahrzehnt zur Bewertung von 

Anti-Biofilm-Strategien entwickelt, jedoch hat sich noch keine Standardmethode etabliert. 

Grampositive Bakterien im Mundraum, wie Streptokokken, Abiotrophia und Granulicatella Spezies, sind 

meist für hämatogene implantatassoziierte Infektionen verantwortlich, die durch Zahnmanipulation oder 

Ferninfektionen ausgelöst werden. Obwohl diese Infektionen seltener sind, stellt ihre Behandlung eine große 

Herausforderung dar. Die geringere Wirksamkeit der derzeitigen Therapien gegen diese Bakterienarten gibt der 

Forschung den Anstoß zur Identifizierung optimierter Therapien mit Antibiofilmwirkung.  

Ziel dieser Arbeit war es, neue Erkenntnisse über die aktivsten Antibiotika gegen Biofilme von 

Streptococcus, Abiotrophia und Granulicatella Spezies durch die Etablierung einer zuverlässigen und 

hochsensiblen in vitro Methode auf der Basis der isothermen Mikrokalorimetrie (IMC) zu erlangen. 

Unter Verwendung von porösen Glasperlen als Oberfläche für das Biofilmwachstum, konnten wir zeigen 

das die IMC als ein geeignetes analytisches Verfahren, zur Untersuchung von biofilmbildenden Stämmen, 

einschließlich anspruchsvoller Spezies, und ihrer Empfindlichkeit gegenüber antimikrobiellen Substanzen, ist. Die 

Auswertung der antimikrobiellen Aktivität gegen Streptokokken-Biofilme ergab eine schlechte 

Antibiofilmaktivität von Benzylpenicillin und Rifampicin (als Monotherapie oder in Kombination), was die 

Hypothese widerlegt, dass die Zugabe von Rifampicin zu einem β-Lactam-Antibiotikum eine synergistische 

Wirkung bei Streptokokken-Biofilmen hat. Ein besseres Ergebnis wurde bei Zwei-Paar-Antibiotika-

Kombinationen gefunden, bei denen eines der Antibiotika einen mutmaßlich tödlichen Effekt auf „Persisters“ hat, 

wie z. B. Daptomycin oder Gentamicin. Unsere Ergebnisse deuten auch darauf hin, dass die Kombination eines 

Dispersionsmittels mit herkömmlichen Antibiotika den Zugang zu den Bakterien innerhalb des Biofilms 

erleichtern kann. 

Insgesamt stellt diese Arbeit ein zuverlässiges in vitro Modell für die Biofilmprüfung dar und liefert neue 

– bisher unbekannte – Daten, die für die Behandlung von implantatassoziierten Infektionen durch Streptokokken 

und verwandten Spezies relevant sind, wobei vor allem auch betont wird, wie wichtig die Wahl der bestmöglichen 

Therapie für jede Art von bakterieller Infektion ist.
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Abstract 

The increasing use of indwelling foreign bodies has become essential in modern day clinical practice and 

it entails an enormously positive impact on human health. In consequence, the development of device-related 

infection, in particular prosthetic join infections, is also increasing and remains one of the major complications 

that scientists and clinicians face within orthopaedics nowadays. 

Biofilm formation play a pivotal role in implant-associated infections. Due to the increased tolerability of 

biofilms to antibiotic therapy, the treatment of biofilm infections is particularly challenging causing worldwide 

morbidity. While the frequency of infection following orthopaedic surgery is low, once infection occurs, the rates 

of reinfection are high. To avoid infection relapse, the complete eradication of the biofilm is of paramount 

importance, which requires high-quality evidence on the choice of antibiotics. However, routine susceptibility tests 

to determine antibiotic susceptibility do not reflect the ability of the antibiotic to kill bacteria when growing in a 

biofilm. Many in vitro biofilm models based on staining, molecular or microscopy techniques have been developed 

during the last decade for the evaluation of antibiofilm strategies, however no standard method have been 

established yet. 

Gram-positive bacteria present in the oral cavity, such as streptococci, Abiotrophia and Granulicatella 

species are mostly responsible for haematogenous device-infections, triggered by dental manipulation and remote 

infections. While these infections are rarer, their treatment presents a major challenge. The reduced effectiveness 

of current therapies against these bacterial species spurs research for the identification of optimized therapies with 

antibiofilm action.  

The aim of this work was to gain new insights about the most active antibiotics against biofilms from 

Streptococcus, Abiotrophia and Granulicatella species through the establishment of a reliable and highly sensitive 

in vitro method based on isothermal microcalorimetry (IMC). 

Using porous glass beads as a surface to grow biofilm on, we presented IMC as a suitable analytical tool 

for the investigation of biofilm-forming strains, including fastidious species, and their susceptibility to 

antimicrobials. Evaluation of the antimicrobial activity on streptococcal biofilms revealed a poor antibiofilm 

activity of benzylpenicillin and rifampicin (as monotherapy or in combination), rejecting the hypothesis that the 

addition of rifampicin to a β-lactam-antibiotic has a synergistic effect on streptococcal biofilms. A better outcome 

was found with two-pair antibiotic combinations where one of the antibiotics presented a putative killing effect on 

persiters, such as daptomycin or gentamicin. Our results also suggest that coupling a dispersal agent with 

conventional antibiotics may facilitate their access to the bacteria within the biofilm. 

Overall, this work provides a reliable in vitro model for biofilm testing and generates new data – 

previously unknown – relevant for the treatment of implant-associated infections caused by Streptococcus and 

related species, emphasizing the importance of choosing the best possible therapy for each type of bacterial 

infection. 
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1. Introduction 

1.1 Streptococci and related species 

Streptococci were first described in Germany in 1868 by Billroth, being in the successive years associated 

to a variety of diseases.1 They are members of the normal flora – predominantly in the oral and upper respiratory 

tract flora or the urogenital flora2 – and opportunistic pathogens able to cause diverse clinical disease 

manifestations that range from subacute to acute or even chronic.3 Significant human diseases are pneumonia, 

endocarditis, osteomyelitis, meningoencephalitis or urinary tract infections, along with severe infections, such as 

necrotizing fasciitis and streptococcal toxic shock syndrome.4 The genus Streptococcus is constituted by a 

heterogeneous group of bacteria with more than 50 species and ongoing adjustments in their nomenclature and 

taxonomy.5 Indeed, one of the most recent changes was the establishment of two new genera, Abiotrophia and 

Granulicatella, split off the Streptococcus genus by genetic and phenotypic information.6 

Abiotrophia and Granulicatella species were first described in 1961 by Frenkel & Hirsch as a new type 

of viridans group streptococcus and later on referred as nutritionally variant streptococci (NVS) due to their 

fastidious nutritional requirements.7 These organisms hardly grow in sheep blood agar where streptococci usually 

grow, but require from supplementation with L-cysteine or pyridoxal hydrochloride.8 They are found as normal 

inhabitants of the oral cavity, the throat flora and the urogenital and intestinal flora9, 10 and alike some streptococci, 

they are frequently found as opportunistic agents of infection.11, 12  Abiotrophia and Granulicatella species have 

emerged as causative pathogens for serious systemic infections such as infective endocarditis13 and other infections 

including those associated to indwelling medical devices.14-16 

1.2 Bacterial biofilms and clinical implications 

Bacterial biofilms are built of planktonic cells (single-cells) attached to each other and/or a surface and 

frequently embedded in a self-produced matrix of extracellular polymeric substances (EPS), which generally 

consist of lipopolysaccharides, proteins, lipids, glycolipids, and nucleic acids.17 Biofilm formation is a protected 

mode of growth for bacteria to survive in diverse environments and disperse to colonize new niches.18  

Generally, biofilm formation involve a complex process that begins with a first step called reversible 

attachment, in which planktonic cells have transient interactions with a surface, leading eventually to an 

irreversible attachment stage.19 Following irreversible attachment, the adhered cells multiply and start secreting 

the EPS that encloses the cells and conforms the biofilm matrix, allowing the formation of small aggregates of 

bacteria called microcolonies.20 As the biofilm matures, these microcolonies develop into large cellular aggregates 

encased by the matrix. Finally, in response to changing environmental conditions, bacteria within biofilms can 

escape the biofilm and disseminate to new locations.21  

The process of biofilm formation typically results in an alteration in the bacterial phenotype in terms of 

growth rate and gene transcription of biofilm-embedded cells compared with that of their planktonic counterparts.22 

Biofilm-associated bacteria exhibit dramatically decreased susceptibility to antimicrobial agents and to the host 

immune system.23 There are several mechanisms that have been proposed to contribute to biofilm phenotypic 

resistance such as a reduced diffusion of polar and charged antibiotics through the exopolysaccharide matrix, a 

more effective horizontal gene transfer between bacteria within biofilms supporting the development of resistance 

to antibiotics or an intrinsically increased mutagenesis in biofilms that contributes to adaptation processes 

including antibiotic resistance.24 Besides, the existence of a subpopulation of antibiotic tolerant phenotype in the 

biofilm called “persisters” seems to be a significant factor in the resistance of biofilms to antimicrobials.18 
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Unlike resistant bacterial cells, where resistance mechanisms arise from genetic changes that block antibiotic 

activity, persisters present a transient non-heritable phenotype that is thought to be less sensitive to antibiotics 

because the cells are not undergoing cellular activities that antibiotics can corrupt, which results in tolerance. In 

contrast to resistant cells, persisters do not lead to an increase in the MIC compared with susceptible bacteria and 

cannot replicate in the presence of the antibiotic, but they are able to survive the antibiotic treatment and regrow 

once the level of antibiotics drops.25  

Bacterial biofilms have become a crucial speciality in medicine and medical science due to its impact in 

the development and treatment of chronic infections. Researchers have estimated that 60 to 80 percent of microbial 

infections in the human body are caused by bacteria growing as a biofilm, including those related to endocarditis, 

cystic fibrosis, periodontitis, rhinosinusitis, osteomyelitis, non-healing chronic wounds, meningitis, urinary tract 

infections or prosthesis and implantable device- related infections.26-28 Due to the increased tolerability of biofilms 

to antibiotic therapy, the treatment of biofilm infections is particularly challenging causing worldwide morbidity.20  

1.3 Prosthetic joint infections 

The increasing use of indwelling foreign bodies has become essential in modern day clinical practice 

and it entails an enormously positive impact on human health. Joint replacement is a life-enhancing procedure for 

millions of people worldwide each year.29 However, the development of device-related infection by bacterial 

pathogens leads to delayed healing, compromised function, pain, prolonged treatment and great socio-economic 

costs.30 

Prosthetic joint infection (PJI) is a rare but devastating surgical complication, which occurs in 

approximately 1-2% of all hip, shoulder or knee arthroplasties31 and in between 1.9-10.3% of elbow 

replacements.32 Most PJI cases are caused through intra-operative inoculation of microbes. Nevertheless, there is 

a risk for a haematogenous infection from a distant primary focus at any time after implantation.33 PJI can manifest 

either as an early infection (within 4 weeks after implantation), predominantly caused by high-virulent pathogens 

(e.g. Staphylococcus aureus, streptococci, enterococci), or as a delayed infection (typically between 3 and 72 

months after implantation) caused by low-virulent pathogens (e.g. coagulase-negative staphylococci or 

Cutibacterium species).33 

Current treatment of implant-associated infections includes the delivery of a high dose of antibiotics 

according to the severity of the infection, and if symptoms persist, then surgical removal of the infected implant 

must take place.20 Nevertheless, debridement, antibiotics, and implant retention may be attempted in some acute 

cases, especially in PJI. Although prophylactic administration of antibiotics prior to surgery has been shown to be 

highly successful in reducing infection rate, it has minimal or no protective effects in surgeries involving prosthetic 

implants.34 

Over the last years, extensive work has been done in order to find new treatment procedures and 

therapeutic solutions with the focus on PJIs caused by staphylococcal species, the most common pathogen for 

these infections.29 However, little has been published about other Gram positive bacteria causing prosthetic 

infections such as Streptococcus, Abiotrophia or Granulicatella species, while being less common, their treatment 

presents a major challenge. The reduced effectiveness of current therapies against these bacterial species spurs 

research for the identification of optimized therapies with antimicrobial activities of antibiofilm action. Indeed, 

even with surgical approach, the use of antibiofilm active agents remains of utmost importance and therapeutic 

decisions requires careful consideration.35
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Streptococcus species are the second most frequent microorganisms isolated from indwelling medical 

devices, accounting for between 4% and 12% of the cases of PJI.36 The optimal antimicrobial treatment for 

streptococcal PJI is unknown. Current guidelines recommend the use of intravenous benzylpenicillin or ceftriaxone 

(often for 2 weeks) before a shift to a high dose of oral amoxicillin,37 but these antibiotics may not be good 

antibiofilm agents.38, 39 Some authors recommend addition of rifampicin to amoxicillin for the treatment of 

rifampicin-susceptible streptococcal PJI.37 The role of other antibiotics with a better antibiofilm profile has not 

been consistently explored in clinical studies. 

Abiotrophia and Granulicatella species are mostly responsible for haematogenous infections, triggered 

by dental manipulation and remote infections (Figure 1). Infections by these species lead to high rates of 

complications and treatment failure.40 These are mainly due to the difficulty to recover and identify isolates from 

clinical specimens, determining a delay in the beginning of the appropriate antimicrobial therapeutic regimen.41, 42 

There is no standardized therapeutic approach for the non-endocarditis infections caused by Abiotrophia and 

Granulicatella species. Moreover, only a few studies have investigated the antimicrobial susceptibilities of these 

species in planktonic bacteria43-45 and, prior our study, no experimental data were available regarding the activity 

of antibiotics against biofilms. 

 

Figure 1. Schematic illustration of the most typical route 

of infection for NVS causing prosthetic joint infections. 

Oral bacteria gain access into the bloodstream through the 

tooth-tissue interface, causing transient bacteraemia, and 

finally reaching and colonizing indwelling medical devices. 

Following colonization, the biofilm formation on the 

implant surface takes place. Mature biofilms become highly 

tolerant to antibiotics and to the host immune system.   

 

Limited evidence derived from clinical case reports shows favourable results in certain subgroups of 

patients when treated with certain antibiotic combinations.46 Based on experimental studies, rifampicin 

combination treatment has been established for staphylococcal implant-associated infections, whereas an optimal 

treatment for species, such as streptococci, has not yet been determined.35 

Emerging treatment approaches targeting the EPS of biofilms are getting increasing attention in the 

treatment of biofilm infections.47 Despite the fact that the EPS composition varies among different bacterial species 

and environmental conditions, essential components including exopolysaccharides, proteins and extracellular 

DNA are part of virtually all biofilm structures.48 Thus, a proposed strategy is to target specifically the protein 

fraction of the biofilm matrix by applying proteases, a class of enzymes that catalyse the cleavage of the peptide 

bonds in proteins.49 The application of proteases to bacterial cultures have been shown to reduce the formation of 

biofilm50  or to disperse established biofilms.51  

1.4 Clinical relevance of antimicrobial susceptibility testing 

Antimicrobial susceptibility testing (AST) is a laboratory procedure to identify which antimicrobial 

regimen is specifically effective against the corresponding microorganism being tested. The currently available 

international standard methods for AST have been developed by the Clinical Laboratory Standards Institute (CLSI)
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and the European Committee on Antimicrobial Susceptibility Testing (EUCAST), providing also breakpoints for 

reporting the results of these methods. Several other commercial test assays have been developed to facilitate AST, 

such as Etest and disk diffusion testing, providing easy-to-read zones of inhibition, but presenting different degrees 

of agreement compared to the reference methods.52-54 Besides, at present, there are no specific recommendations 

on susceptibility testing and interpretation of the minimal inhibitory concentration (MIC) for Abiotrophia and 

Granulicatella species provided by EUCAST, whereas the CLSI guidelines give indications on susceptibility 

testing and suggest interpretative criteria for this class of microorganisms, being therefore the representative 

guideline in most of the current available data.8 

The aim of any AST is to accurately estimate the activity of single or combined antimicrobial agents 

against the pathogen of interest, allowing also the detection of resistance development. However, classic AST 

methods providing the susceptibility breakpoints and the PK/PD parameters that predict therapeutic success are 

performed with planktonically growing bacteria. Since biofilm-growing microorganisms are significantly more 

tolerant to antibiotics than planktonic cells, the classic susceptibility tests cannot be used to predict the therapeutic 

success for biofilm infections.46 Indeed, a poor correlation between in vitro susceptibility data and clinical outcome 

in patients with biofilm-related infections after antibiotic therapy has been demonstrated.41, 55, 56 

There is a lack of standard methods for AST of microbial biofilms that could help guide decisions about 

treatment in the clinical practice. Numerous approaches have been developed in the past years to evaluate the 

efficacy of antibiofilm strategies based on assays that identify the minimum biofilm eradication concentrations 

(MBEC) through in vitro models.57 Some examples of these alternative techniques are based on the assessment of 

biofilm biomass, most typically in 96-well microtiter plates, such as the Calgary biofilm device, using staining 

methods (e.g. crystal violet or Syto9 staining) and a detection system like optical density (OD) or confocal laser 

scanning microscopy (CLSM) to detect live/dead cells.58 Enumeration of viable cells through plate counts to 

calculate antimicrobial efficacy have also been described. 59, 60 

The biggest challenge of all these in vitro methods to analyse biofilms is to provide results that are highly 

representative of the antimicrobial efficacy against biofilms in vivo. There is no evidence yet that the introduction 

of standard biofilm susceptibility tests in clinical practice would improve the patient outcome, but such methods 

represent a valuable tool for research purposes and in the process of regulatory approval.57 

1.5 Isothermal microcalorimetry  

Isothermal microcalorimetry (IMC) is a sensitive technique used to monitor in the microwatt range any 

exothermic or endothermic reaction related to physical and chemical process in the tested samples. In the field of 

clinical microbiology, IMC enables a precise real-time monitoring of the heat flow related to the microbial 

metabolism, allowing the evaluation of microbial viability in the presence or absence of antimicrobial compounds 

at any time point. Quantitative data regarding the antimicrobial effect against different bacterial species can be 

collected by monitoring the thermokinetic parameters related to microbial cell replication and by measuring 

deviations in the heat flow of the treated samples compared to control samples.61  

Measurements are performed at a constant temperature and the heat production is detected with a 

sensitivity on the order of 0.2 μW, which makes it possible for a small concentration of active microorganisms 

(between 2.5 × 104 and 1 × 105 CFU/mL) to produce a detectable signal.62 

In contrast to other methods for the analysis of antibiofilm treatments, IMC is quite simple and does not 

require the use of dying reagents or time-consuming procedures for sample preparation and allows the use of the



2. Objectives of the work and working hypotheses 7 

samples after measurement for further analysis with other techniques. In IMC, generally, samples are placed in 

glass ampoules, which are sealed for air tightness, and introduced into one of the measuring channels, where heat 

flow can be measured for the desired time period (e.g. from hours to days).63 

IMC has been extensively used for the evaluation of metabolism and growth of living cells in culture in 

medical and environmental microbiology and it appears as a useful tool as well for the study of different approaches 

related to biofilms, such as biofilm co-aggregation,64 investigation of multispecies biofilms,65 antimicrobial 

efficacy against biofilms66 or more recently, for the detection of the presence of persisters in biofilms.67 

2. Objectives of the work and working hypotheses 

Globally, the aim of the study was to investigate the antimicrobial susceptibility of Streptococcus and the 

fastidious Abiotrophia and Granulicatella (formerly NVS) species to different classes of antibiotics – typically 

used for implant-associated infections – with a special focus on the antimicrobial activity towards biofilms. 

Due to the lack of a universally accepted standardized measure of antimicrobial susceptibility in bacterial 

biofilms, the objective of the first original paper included in this cumulative dissertation was to determine the 

reliability and accuracy of isothermal microcalorimetry for the in vitro assessment of biofilm susceptibility to 

antimicrobials. To this end, Streptococcus pyogenes ATCC 19615 was used as reference bacteria. Additionally, 

the capability of both Abiotrophia defectiva and Granulicatella elegans to form biofilm in vitro using porous glass 

beads was investigated by scanning electron microscopy. 

The objective of the second original work was to determine the antimicrobial susceptibilities of 

streptococcal species most frequently found in PJI. Through the antimicrobial analysis of different classes of 

antibiotics, alone and in combination against planktonic and biofilm-growing bacteria, we aimed to elucidate the 

most promising therapeutic approach against streptococcal biofilms. The null hypothesis (H0) to be tested stated 

that the addition of rifampicin to a β-lactam-antibiotic has a synergistic effect in eradicating the biofilm of the 

three tested streptococcal species. 

In addition, the effect of protease activity on streptococcal biofilms was investigated. The self-produced 

extracellular polymeric matrix of biofilms is believed to limit the penetration of antimicrobials to cells deeply 

embedded within the biofilm. Thus, disruption of such essential components could revert the physical tolerance of 

the bacteria in the biofilm to antimicrobials. To test this hypothesis, biofilms of S. oralis, S. agalactiae and S. 

pyogenes were exposed to different concentrations of proteinase K and then, the susceptibility to antibiotics was 

evaluated. 

The third original paper had as objective the evaluation of the efficacy of single and combined antibiotics 

on A. defectiva and G. elegans biofilms, and to investigate the antibiofilm activity of gentamicin towards blood 

culture isolates from both species. The H0 to be investigated – based on the results obtained with the ATCC 

standard laboratory strains – stated that biofilms from A. defectiva strains are more tolerant to the activity of 

gentamicin compared to G. elegans strains. 

Overall, from a clinical point of view, the objective of this work was to provide the first insights for the 

best treatment strategy in terms of optimizing antimicrobial therapy to the narrowest and most active agents against 

Streptococcus, Abiotrophia and Granulicatella species mostly involved in haematogenous device-infections.
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3. Material and Methods 

3.1 Bacterial strains and antimicrobial agents 

Five ATCC laboratory standard strains, namely Streptococcus agalactiae (ATCC 13813), Streptococcus 

oralis (ATCC 35037), Streptococcus pyogenes (ATCC 19615), Abiotrophia defectiva (ATCC 49176) and 

Granulicatella elegans (ATCC 700633) were used in this work. Moreover, ten A. defectiva and six G. elegans 

blood culture isolates, provided by the UCLA Department of Pathology and Laboratory Medicine, were employed 

for gentamicin testing. Bacteria were stored on a cryovial bead preservation system at -80 °C. 

Fosfomycin was provided as purified powder by the manufacturer (InfectoPharm, Heppenheim, 

Germany). Daptomycin for injection was supplied by the manufacturer (Novartis Pharma Schweiz, Bern, 

Switzerland). Benzylpenicillin (Penicillin G 1 Mega) was purchased from Grünenthal Pharma AG (Mitlödi, 

Switzerland). Levofloxacin hemihydrate injectable solution (5 mg/mL; Sanofi Aventis Pharma AG, Zurich, 

Switzerland), gentamicin injectable solution (40 mg/mL; Ratiopharm GmbH, Ulm, Germany), clindamycin 

injectable solution (150 mg/mL; Fresenius Kabi GmbH, Bad Homburg, Germany) and rifampicin powder (Sandoz 

AG, Steinhausen, Switzerland) were purchased from the respective manufacturers. Stocks from each antibiotic at 

the desired concentration were prepared, aliquoted and stored at -20 °C until further use. 

Proteinase K was purchased (P8107S, New England Biolabs, Ipswich, MA) and stored at -20 °C. 

3.2 Culture media 

Bacteria were cultivated on solid medium by using Tryptic Soy Agar (TSA) supplemented with 5% v/v 

defibrinated sheep blood and, in the case of A. defectiva and G. elegans strains, 10 mg/L pyridoxal hydrochloride 

were incorporated to the medium. Liquid bacterial cultures were prepared in Tryptic Soy Broth (supplemented 

TSB) and Mueller Hinton II Broth cation adjusted (supplemented CAMH), both supplemented with 2.5% v/v lysed 

horse blood and, if applicable, 10 mg/L pyridoxal hydrochloride.  

The growth medium for testing daptomycin and fosfomycin was supplemented with 50 mg/mL calcium 

chloride and 25 mg/L glucose 6-phosphate (G6P), respectively. To exert its bactericidal activity, fosfomycin must 

reach the bacterial cytoplasm via the hexose monophosphate transport system, which is induced by G6P,68 whereas 

in the case of daptomycin, it undergoes a structural transition to insert into the cell membrane, a process that 

appears to be facilitated by calcium ions.69 

3.3 In vitro model for biofilm formation 

Current in vitro standardized antimicrobial testing protocols employ predominantly planktonic bacteria. 

However, such microbiological tests cannot predict treatment outcome in device-related infections.56 To overcome 

this limitation, in this study we applied an optimized in vitro assay using porous sintered glass beads. 

In 1992, a study by Vergères and Blaser described a complex in vitro method to determine bactericidal 

activity of antibiotics on biofilms of bacteria adhering to glass beads.70 Subsequently, Zimmerli and co-authors 

simplified the assay by using only selected antibiotic concentrations instead of the pharmacokinetic model and 

showed the capability of this in vitro model to predict the cure rate in an experimental device-related infections 

model in guinea pigs.56  

For our study, we followed the assay described by Zimmerli et al.56 with some modifications. The porous 

glass beads (diameter, 4 mm; pore size, 60 μm; porosity, 0.2 m2/g) in this model served as support material for
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bacterial adhesion. In order to allow biofilm formation on the glass beads, a microbial inoculum was prepared in 

a 50 mL polypropylene tube according to a McFarland standard turbidity of 1.0 and subsequently diluted 1:10 in 

supplemented TSB. The tube containing 1 mL medium per incubated bead (with a maximum of 10 beads per tube) 

was incubated for 24 h at 37 °C. After incubation, the medium was aspirated, and beads were washed three times 

with saline in order to avoid a carry-over of bacteria suspended in the incubation medium. The number of bacteria 

adhering on the glass beads was determined by sonication and colony counting (see section 3.5.4). Moreover, the 

biofilm formed in the beads was visualized by scanning electron microscopy (SEM).   

3.4 Scanning Electron Microscopy 

Direct observation of the bacterial adhesion and biofilm formation on abiotic surfaces represents a highly 

informative approach to better understand the development of biofilms.  

SEM has been shown to be a suitable tool for detailed observation of individual cells and their morphology 

in the biofilm.71 Thanks to its level of magnification and resolution, it enables the observation of the overall shape 

of microorganisms composing the biofilm, as well as their spatial organization within the extracellular polymeric 

matrix and/or the interface with the abiotic surface. 

For SEM imaging, biofilms formed on porous glass beads as previously described (see section 3.3) were 

chemically fixed, dehydrated in ethanol percent series and then dried at the critical point. Samples were mounted 

on aluminium stubs, coated with 20 nm layer of gold-palladium, and then observed in the microscope. 

3.5 Antimicrobial Assays 

A total of seven antibiotics from different classes were selected to be tested against the bacterial species 

under study. The antibiotic selection was based on inclusion of different mechanisms of action, as depicted in 

figure 2, as well as on the affordability of the selected antibiotics in the clinical setting. Benzylpenicillin and 

rifampicin, as the current recommended antibiotic treatment in the management of streptococcal PJI (see “1.3 

Prosthetic joint infections” at the introduction section), were included in our study and compared to the activity of 

fosfomycin, daptomycin, gentamicin, clindamycin or levofloxacin. 

 

Figure 2. Cellular targets within the bacterial cell of the antibiotics under study. Image adapted from Medicine, 

Published 2016, DOI:10.5772/61327. Available from: https://www.intechopen.com/books/smart-drug-delivery-

system/antibiotic-drug-delivery-systems-for-the-intracellular-targeting-of-bacterial-pathogens
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3.5.1 Etest 

The susceptibility of the bacterial strains to the action of each antibiotic in vitro was determined by Etest, 

a common test used by laboratories to determine the MIC. Etest was performed following the manufacturer’s 

instructions. MICEtest was determined as the concentration value where the inhibition ellipse intersected the scale 

of the strip. 

3.5.2 Broth microdilution assay 

Antimicrobial susceptibility testing was performed using the standard broth microdilution assay (BMD) 

in supplemented CAMH according to the CLSI.72 MICBMD was defined as the lowest concentration of antibiotic 

that prevented visible growth of bacteria in a broth dilution susceptibility test. The EUCAST and CLSI breakpoint 

recommendations were used to categorize the tested strains as susceptible, intermediate or resistant to each 

antibiotic. According to this criterion, a bacterial strain is said to be (a) “susceptible” to a given antibiotic when it 

is inhibited in vitro by a concentration of the drug that is associated with a high likelihood of therapeutic success, 

or (b) “intermediate” when it is inhibited in vitro by a concentration of the drug that is associated with an uncertain 

therapeutic effect or (c) “resistant” when it is inhibited in vitro by a concentration of this drug that is associated 

with a high likelihood of therapeutic failure.73 

3.5.3 Isothermal Microcalorimetry 

The in vitro activities of different classes of antibiotics against planktonic and biofilm-embedded cells 

was determined by IMC, using a TAM III-48 microcalorimeter with a detection limit of heat production of 0.2 µW 

and equipped with 48 minicalorimeter channels. 

IMC is able to measure the heat flow of biological processes, allowing the real-time monitoring of heat 

produced by metabolically active bacterial cells in culture.74 Hence, IMC was applied in our study to assess the 

effect of antimicrobials on bacterial growth by evaluating the impact caused on the heat-flow curve, such as 

reduction and/or delay of the heat production, compared to the growth control (not exposed to antimicrobials). 

IMC data were converted into microbiologically relevant information such as growth rate constant (k, h-1) and lag 

phase (λ, h) by applying mathematical growth models, as previously reported.75-77 

The effect of antibiotics on planktonic bacteria was evaluated co-incubating the antibiotic with the tested 

strain and measuring the inhibition of heat production. Bactericidal activity on biofilms was examined by 

monitoring the heat production related to the presence of viable/replicating bacteria in treated samples after 

removal of the antimicrobial agent. 

According to this, the minimum heat inhibiting concentration (MHIC) was defined as the minimum 

concentration of antibiotic able to suppress the metabolic heat production of planktonic bacteria and the minimum 

biofilm bactericidal concentration (MBBC) as the lowest concentration that strongly reduced the cell viability 

within the biofilm leading to undetectable heat flow values. 

3.5.4 Sonication and colony counting 

To evaluate the reduction/eradication of biofilm-embedded cells after antibiotic treatment, samples were 

subjected to sonication. Sonication acts applying sound energy to agitate particles in a sample, in this study with 

the purpose of disaggregating the extracellular polymeric matrix of the biofilms and extract the embedded cells 

from the glass beads for colony counting of viable bacteria. 
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The number of bacteria cells adhering on the glass beads was determined by transferring washed beads 

to Eppendorf tubes filled with 1 mL Phosphate Buffered Saline (PBS; pH 7.4, 10mM). Bacteria adhering to the 

beads were removed by vortexed for 30 sec, followed by 1 min sonication in a bath sonication instrument at 40 

kHz and 0.2 W/cm2 and finally vortexed for 30 sec. Fifty microlitres of ten-fold serial dilutions of the sonication 

fluid were plated on supplemented TSA and colonies were counted after 18-24 h incubation at 37 °C under 5% 

CO2 atmosphere and expressed as CFUs/mL.  

The minimum biofilm eradicating concentration (MBEC) was defined as the lowest concentration of 

antibiotic required to kill all sessile cells resulting in the appearance of no colony after plating the sonication fluid 

(detection limit: < 20 CFU/mL). 

3.5.5 Fractional inhibitory concentration index (FICI) 

The FICI was used in our study to evaluate the potential synergistic effects of two-pair antibiotic 

combinations tested against planktonic cells or biofilms. The two antibiotics in combination exerted a synergistic 

effect if FICI was ≤0.5, an indifferent effect when FICI was >0.5 – 4 or an antagonistic effect if FICI was >4.78  

Thus, the obtained MHICs, MBBC and MBEC values in our study were used to calculate the FICI of 

antibiotic combinations related to: (i) inhibition of planktonic bacteria (FICI); (ii) bactericidal activity against 

biofilms (FICIMBBC); and (iii) eradicating activity against biofilms (FICIMBEC). 

FICI for all the combinations was determined as [(minimum concentration of drug A in combination) / 

(minimum concentration of drug A alone)] + [(minimum concentration of drug B in combination) / (minimum 

concentration of drug B alone)].  

3.5.6 Biofilm treatment with proteinase K 

The effect of proteinase-mediated biofilm disruption by proteinase K and the subsequent exposure to 

antibiotics against different streptococcal species was investigated. The aim was to enhance the microbial 

susceptibility of already established bacterial biofilms towards antibiotics. 

To emphasize the effect of proteinase K, protease pre-treated biofilms were exposed to those antibiotics 

having poor antibiofilm activity against the tested bacterial species, namely fosfomycin, rifampicin, 

benzylpenicillin and levofloxacin. 

Twenty-four hours old biofilms were incubated first with proteinase K. Following 1 h of incubation, 

increasing concentrations of antibiotics were added and the samples were incubated for a further 24 h. Then 

microbial viability was monitored during 48 h by IMC. Additionally, S. oralis biofilms were incubated with  the 

highest tested concentration of proteinase K  (100 mg/L) as control to ensure that the enzymatic treatment does 

not affect bacterial viability but acts in essence on the biofilm matrix. 

4. Results 

4.1 Validation of the in vitro experimental testing model 

The effect of levofloxacin on planktonic and biofilm growing S. pyogenes cells, along with the 

determination of the concentration of antibiotic needed to prevent biofilm formation on the glass beads, was 

efficiently determined by IMC. 
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Exposure of S. pyogenes to levofloxacin (from 0.125 to 1 mg/L) resulted in a dose-dependent reduction 

of the heat produced by planktonic cells, where increasing antibiotic concentrations leaded to lower values in the 

heat flow and to a gradual decrease of the growth rate constants (k). The inhibitory ratios of levofloxacin against 

planktonic S. pyogenes ranged from a 24.72% inhibition, when exposed to 0.125 mg/L of antibiotic, to a 100% 

inhibition after exposure to 1 mg/L of antibiotic.  

 Similarly, the treatment of biofilms with increasing concentrations of levofloxacin (from 128 to 512 

mg/L) caused a gradual increase in the lag phases (λ) of the treated samples compared to the untreated biofilm 

(Fig. 3), possibly due to a gradual decrease in viable bacteria on treated samples. Indeed, longer lag phases – 

obtained by the analysis of IMC data – were associated with a higher bactericidal effect of the drug – determined 

by a decreased number of bacterial colonies counted after plating of the sonication fluids – showing a good 

correlation between both methods, IMC and sonication and colony counting. 

 

Figure 3. Microcalorimetric analysis of S. pyogenes (ATCC 19615) biofilm treated with different 

concentrations of levofloxacin. Plot A shows the heat flow (µW) produced by viable bacteria present in the 

biofilm after 24 h of antibiotic treatment at increasing doses (128 – 1024 mg/L) or no treatment (GC). Plot B shows 

the cumulative amount of heat (J) produced by each sample at any time point of the experiment. Numbers represent 

concentrations of levofloxacin (mg/L). Circled value represents the MBBC. GC growth control, NC negative 

control. Image adapted from https://doi.org/10.1007/5584_2018_291 

The eradication of biofilm was achieved at a considerable higher concentration of antibiotic (1024 mg/L) 

compared to the inhibition of planktonic cells (1 mg/L). Furthermore, a concentration of levofloxacin up to 256 

mg/L was not able to prevent biofilm formation. Hence, based on these results, levofloxacin does not seem suitable 

for the treatment of S. pyogenes biofilms despite its showed efficacy against planktonic cells. 

As outcome from our study, we were able to define three parameters, namely MHICb, MBBC and MBEC, 

related to the antibiofilm activity of an antimicrobial compound. These parameters were implemented in our study 

for the examination of the antibiofilm activities of different antibiotics against other Streptococcus species, as well 

as against A. defectiva and G. elegans strains. 

4.2 Visualization of biofilms by SEM 

Ideally, many in vitro biofilm models aim to predict the performance of novel antimicrobials or 

antimicrobial materials in vivo as accurate as possible.79 Our model, based on the growth on a three-dimensional 

abiotic surface, aims to simulate biofilm formation on surfaces of medical devices. Using this setup, we obtained 

dense and well-structured biofilms encased in extracellular matrix with high tolerance to antibiotic treatment.



4. Results  13 

A. defectiva and G. elegans showed the capability to adhere and form biofilm on porous glass beads after 

24 h of incubation, as observed by SEM. In the microscopy images (Fig. 4), differences in the biofilm composition 

between both species could be visualized, where lower abundance of EPS was observed on G. elegans biofilm 

(Fig. 4B) compared to A. defectiva (Fig. 4D). The biofilms observed at the higher magnification showed 

organization of bacteria into clusters with presence of empty spaces, which most likely might become water 

channels.80 

Figure 4. Biofilm formation of G. elegans 

ATCC 700633 (A and B) and A. defectiva ATCC 

49176 (C and D) grown on porous glass beads. 

Images B and D are close-ups from A and C. 

Image A, arrows 1 and 2 indicate the biofilm and 

the sintered glass particles respectively. Image D, 

the arrows 1 and 2 point out a bacterium and the 

extracellular polymeric matrix of the biofilm 

respectively. The latter is significantly more 

abundant in the A. defectiva biofilm.  

4.3 Activity of antibiotics against planktonic bacteria 

4.3.1 Standard laboratory strains 

Analogous susceptibility patterns towards most tested antibiotics were observed between the five ATCC 

strains used in this study. Rifampicin was the most active antibiotic against planktonic bacteria from all species 

followed by benzylpenicillin and levofloxacin, whereas fosfomycin was, with difference, the less active one. No 

antibiotic resistance was observed, except for S. oralis, which resulted resistant to daptomycin (assuming a 

susceptibility breakpoint of 1 mg/L) when tested with IMC, as well as A. defectiva and G. elegans strains, which 

both resulted resistant to clindamycin according to the CLSI breakpoints. 

A scarce consistency was observed between Etest and microcalorimetry/BMD techniques when testing 

either clindamycin or daptomycin against A. defectiva and G. elegans strains. Low-level of agreement between 

BMD and Etest has being previously reported for other microorganism as well,81 where lower MIC values for 

clindamycin were observed by Etest compared to BMD. Similarly, in the case of daptomycin, discrepancies in the 

results were also shown by Riedel et al.82 who found that daptomycin MICs were 1–2 log concentrations lower by 

Etest compared with BMD in enterococcal isolates. In the case of Abiotrophia and Granulicatella species, Etest 

has been shown to be a poor measure of antimicrobial susceptibility.54  

In our study, we present isothermal microcalorimetry as a reliable alternative, and consistent with the 

standard methods (BMD), also when testing fastidious microorganisms. 

4.3.2 Blood culture isolates 

In table 1, the results for the susceptibility of planktonic cells to gentamicin from all the tested blood 

culture isolates are shown. MIC/MHIC values ranged from 0.125 mg/L to 4 mg/L, correlating with data reported 

in other study, where gentamicin MIC > 4 mg/L was not observed.45 
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Table 1. Gentamicin susceptibilities of A. defectiva and G. elegans blood culture isolates evaluated by Etest, broth 

microdilution, microcalorimetry and sonication. Concentration values are expressed in mg/L. 

Isolate Identification 
Gentamicin 

MICEtest MICBMD MHIC MBEC 

A_01  (PEN-R) A. defectiva 1.5 0.5 0.5 1 

A_02  (PEN-R) A. defectiva 1.5 1 1 4 

A_03  (PEN-R) A. defectiva 1 1 1 1 

A_04  (PEN-R) A. defectiva 8 2 2 8 

A_05  (ERY-R) A. defectiva 6 4 4 16 

A_06 A. defectiva 6 2 2 2 

A_07  (ERY-R) A. defectiva 6 4 4 16 

A_08  (ERY-R, CLI-R) A. defectiva 2 2 2 8 

A_09 A. defectiva 4 2 2 2 

A_10 A. defectiva 6 2 1 4 

G_01 G. elegans 1 0.125 0.25 0.25 

G_02 G. elegans 4 1 1 0.5 

G_03 G. elegans 1 0.125 0.125 0.125 

G_04 G. elegans 1 1 1 1 

G_05 G. elegans 2 0.5 0.5 0.5 

G_06 G. elegans 0.75 0.5 0.25 1 

PEN= benzylpenicillin; ERY= erythromycin; CLI= clindamycin; R= resistant; MIC, minimal inhibitory concentration BMD, 

broth microdilution assay; MHIC, minimal heat inhibitory concentration; MBEC, minimum biofilm eradicating concentration. 

Source: https://doi.org/10.1093/jac/dkz174 (Table 2) 

A. defectiva strains presented generally higher MIC/MHIC values compared to G. elegans strains. Here 

as well, the MIC values obtained by Etest usually resulted higher than the ones obtained by BMD and calorimeter. 

4.4 Activity of antibiotics against bacterial biofilms 

4.4.1 Standard laboratory strains 

The antimicrobial activity of different antibiotics against biofilms was evaluated by IMC and by colony 

counting of sonicated fluids (as described in sections 3.5.3 and 3.5.4). 

The three streptococcal strains were susceptible only to higher concentrations of the tested antibiotics 

(mostly ranging from 16 to 1024 mg/L) when grown as biofilms if compared with the MHIC value obtained for 

planktonic bacteria (Table 2), except for gentamicin, where the MBBC values were within ± 1 doubling dilution 

of the MHIC. Hence, gentamicin represented the most active antibiotic against streptococcal biofilms. 

Similarly, A. defectiva was susceptible to higher concentrations of most of the tested antibiotics (ranging 

from 8 to 1024 mg/L) when grown as biofilm compared to planktonic cells, whereas the biofilm formed by G. 

elegans resulted more susceptible to benzylpenicillin, clindamycin, daptomycin, gentamicin and levofloxacin 

compared to A. defectiva (Table 2). Notably, rifampicin was the most active antibiotic against A. defectiva biofilm, 

whereas G. elegans biofilm was susceptible in equal concentrations to benzylpenicillin and gentamicin.
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Table 2. Antimicrobial susceptibility of planktonic (MHIC) and biofilm (MBBC) ATCC strains from Streptococcus 

spp., A. defectiva and G. elegans evaluated by microcalorimetry. 

Antibiotic 
MHIC (mg/L)  MBBC (mg/L) 

SA SP SO AD GE  SA SP SO AD GE 

FOF 64 128 128 64 32  >1024 >1024 >1024 >1024 >1024 

RIF 0.128 0.064 0.128 0.016 0.016  1024 256 512 8 8 

PEN 0.064 0.016 0.064 0.032 0.256  64 32 64 32 1 

DAP 0.5 0.125 2 4 2  64 16 1024 16 4 

GEN 4 4 8 4 1  8 4 16 32 1 

LEV 1 0.5 2 0.256 0.256  1024 1024 1024 512 64 

MHIC, minimum heat inhibitory concentration; MBBC, minimum biofilm bactericidal concentration; SA, Streptococcus agalactiae ATCC 

13813; SP, Streptococcus pyogenes ATCC 19615; SO, Streptococcus oralis ATCC 35037; AD, Abiotrophia defectiva ATCC 49176; GE, 

Granulicatella elegans ATCC 700633; FOF, fosfomycin; RIF, rifampicin; PEN, benzylpenicillin; DAP, daptomycin; GEN, gentamicin; 

LEV, levofloxacin. Table adapted from Table 1 in https://doi.org/10.1093/jac/dkx265 and Table 1 in https://doi.org/10.1093/jac/dkz174  

4.4.2 Blood culture isolates 

As shown in Table 2, the MBBC of gentamicin for A. defectiva ATCC 49176 was 32 times higher than 

that for G. elegans ATCC 700633. To elucidate whether this difference in the activity of gentamicin observed 

between the two ATCC strains is shared by other strains, gentamicin was tested against the biofilm formed by 16 

different blood culture isolates and assessed by plating of the sonication fluid after treatment. 

Gentamicin tested against G. elegans clinical strains resulted in rather low MBEC values, ranging from 

0.125 to 1 mg/L. Higher MBEC values of gentamicin, ranging from 1 to 16 mg/L, were observed when the 

antibiotic activity was assayed against A. defectiva strains (Table 1). 6 out of 10 A. defectiva strains had MBEC 

values 4–128 times greater compared with the MBEC values determined for G. elegans strains. These results seem 

to confirm our H0. 

4.5 Synergistic effect of different combinations of antibiotics 

Due to the increased tolerability of biofilms to antibiotics, combinatorial therapies using more than one 

antibiotic for the treatment of biofilm infections are recommended.46 The aim of a combinatorial therapy is to join 

the action of synergistic antibiotics to combat biofilms more efficiently while reducing the risk of antibiotic 

resistance. For instance, in vitro studies in Pseudomonas aeruginosa biofilms have revealed that antibiotics such 

as ciprofloxacin or β‐lactams are effective only against metabolically active biofilm cells in outer layers, whereas 

colistin preferentially kill biofilm cells less metabolically active present in the inner layers,83 thus supporting the 

use of a combined antimicrobial treatment. In our study, different classes of antibiotics with distinct mechanisms 

of action were tested in two-paired combinations against the biofilm of the five ATCC strains by IMC and by 

sonication and plating. 

Gentamicin in combination with either benzylpenicillin or rifampicin showed a synergistic effect against 

the biofilm of all three tested streptococcal species, where a complete eradication of the biofilm could be achieved 

at a FICIMBEC ≤ 0.258, corresponding to concentrations of antibiotics 4 to 512 times lower compared to the 

monotherapy. In contrast, benzylpenicillin/rifampicin combination was synergistic against planktonic cells but not 

against biofilms, rejecting our null hypothesis. 

The addition of daptomycin to either benzylpenicillin, rifampicin or gentamicin against A. defectiva 

biofilm resulted in a synergistic effect and a complete eradication of the biofilm (FICIMBEC = 0.5) at a concentration 

of the antibiotics at least twice as low as those required by single antibiotics. A different combination of antibiotics, 
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namely gentamicin in combination with rifampicin or levofloxacin, lead to a synergistic effect against the biofilm 

of G. elegans, where biofilm eradication could be achieved at a FICIMBEC = 0.375. 

4.6 Antibiotic activity after treatment with proteinase K 

Several enzymes such as glycosidases, proteases and DNases have the potential to degrade the 

extracellular matrix of biofilms and, as consequence, the released planktonic cells become more accessible to 

antimicrobials.84 A major constituent of biofilms are proteins, which make proteases to be considered the most 

potential enzymes for biofilm removal.84 In our study, we explored the potential of proteinase K in degrading 

streptococcal biofilms and determined the combinatorial effect with antibiotics. 

The exposure of biofilms for 1 h to 25, 50 and 100 mg/L proteinase K resulted in an increased 

susceptibility of the biofilms to antibiotics. As depicted in figure 4, pre-treating biofilms with 100 mg/L of 

proteinase K enable a complete suppression of heat production after exposure to fosfomycin, rifampicin, 

benzylpenicillin and levofloxacin at concentrations as low as 32, 0.256, 0.064 and 2 mg/L, respectively. Antibiotics 

at these concentrations displayed a minor effect against biofilms not treated with proteinase K (Fig. 4, continuous 

lines). Control experiments performed by incubating biofilms with proteinase K at the maximum tested 

concentration (100 mg/L) showed no effect on bacterial viability. 

A much lower concentration of proteinase K (25 mg/L) led also to a total inhibition of heat production 

after treatment with 128 mg/L fosfomycin and 4 mg/L levofloxacin, concentrations similar to those found 

inhibiting planktonic cells (Table 2).  

 

Figure 4. Evaluation of antimicrobial activity on enzymatically treated S. oralis biofilms by 

microcalorimetry. Plots show heat flow curves corresponding to biofilms pre-treated with proteinase K (protK) 

at different concentrations (25 mg/L, 50 mg/L and 100 mg/L) (dashed lines) or to biofilms not pre-treated 

enzymatically (continuous line) after treatment with sub-inhibitory concentrations of (a) fosfomycin, FOF; (b) 

rifampicin, RIF; (c) benzylpenicillin, PEN; or (d) levofloxacin, LEV. Numbers represent concentrations (in mg/L). 

Source: https://doi.org/10.1093/jac/dkx265
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5. Discussion 

A correct antibiotic regimen in implant-associated infections is a critical part of therapy. Tornero et al.85 

ratified suboptimal antibiotic choice as the most important predictor of treatment failure in cases of implant 

retention. The lack of evidence for an effective antimicrobial therapy against biofilms formed by streptococci, 

Abiotrophia or Granulicatella species makes more challenging the management of implant-associated infections 

caused by these microorganisms and spurs more research on this issue.  

Conventionally, the parameters that predict the therapeutic success of antibiotics are determined using 

planktonic bacteria, thus failing to consider important factors that modulate antibiotic activity in biofilms.57 

Furthermore, some standard test, such as Etest, has been shown to be a poor measure of antimicrobial susceptibility 

concerning A. defectiva and Granulicatella species,54 as shown also in our study. The analysis of antimicrobial 

susceptibility in biofilm-growing cells is a crucial step to establish an effective therapy.86 Therefore, a high-

throughput system for either screening the antimicrobial efficacy of different molecules or evaluating the minimal 

concentration able to kill or reduce biofilms is desirable. Many in vitro biofilm models based on staining, molecular 

or microscopy techniques have been developed during the last decade. Most of these techniques are destructive 

and only provide endpoint measurements.87 

In our study, we investigated the suitability of IMC as an analytical tool for a fast and reliable investigation 

of biofilm-forming strains and their susceptibility to antimicrobials. Combined with an optimized in vitro biofilm 

model using porous glass beads as a surface to grow biofilm on, IMC allowed the evaluation of the metabolism 

and the dynamic behaviour of biofilm-growing cells during or after antimicrobial exposure for all bacterial species 

under study, including fastidious strains. Specifically, our study showed the scarce efficacy of levofloxacin against 

S. pyogenes biofilm despite its good performance against planktonic cells, supporting the idea that outcomes 

obtained on planktonic cells cannot be transferred to biofilms. The ability of IMC to precisely monitor in real-time 

the heat flow produced by a sample enables an easier identification – to some extent – of sample contamination 

based on the shape of the heat-flow “fingerprint”, characteristic for each bacterial species, on the one hand and, on 

the other hand, through the fast detection of the metabolic heat of bacteria in negative samples.88 Detection of the 

presence of a contaminant microorganism with other susceptibility tests is more difficult,89 which might ultimately 

alter the assay results. However, IMC has also some limitations, since the measurement of the growth of surviving 

biofilm cells in liquid medium is rather indirect as the calorimeter cannot distinguish on these surviving cells 

growing as biofilm or as planktonic cells. Furthermore, IMC does not allow a direct quantification of non-

replicating cells in the biofilm or of the total biomass, but as a non-destructive method, IMC-samples can be further 

analysed with other techniques, such as sonication or SEM, obtaining additional information complementary to 

calorimetric data. In our study, we could quantify the decrease of viable bacteria cells within treated biofilms by 

subjecting the samples to sonication.    

Alternatively, flow-through-systems, where biofilms grow on tubes, slides, or membranes inside 

chambers under the flow of medium, have been established for the study of biofilms.87 The medium flowing 

through the system flushes the non-adherent (i.e., planktonic) cells out of the system, so that the effect of specific 

carbon sources, antimicrobials or other compounds of interest can be directly observed on the biofilm and does 

not rely on the ability of biofilm cell regrowth, as is the case in our model. Besides, these systems can overcome 

limitations such as oxygen depletion and accumulation of metabolic waste products that occur in sealed ampoules, 

especially after long incubation times.90 Unfortunately, common drawbacks of flow-through-systems are low 

throughput and the difficulties to sterilize some of these systems.
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In the context of PJI, where not only the evaluation of antimicrobial compounds against biofilm is relevant 

but also to study the ability of different biomaterials or (coated) surfaces with antimicrobial properties in biofilm 

prevention, IMC might be of advantage as analytical tool over other popular techniques such as microscopy, mostly 

usable on flat and/or transparent materials. Braissant et al., attested the use of IMC for the assessment of the 

antimicrobial properties of implant coatings obtaining good results at a minimal workload.91 They presented a new  

experimental setting where the biofilm could develop within a solid media and in direct contact with the surface 

of interest, so that biofilm development could be continuously monitored, and the antimicrobial effect of the coated 

materials could be measured in terms of growth delay or growth inhibition. 

Despite all the progress made in developing laboratory biofilm models, there is still a lack of 

standardization to assess the efficacy of antimicrobials against biofilms, as well as limited evidence regarding the 

ability of these in vitro tests to predict the in vivo situation and help guide clinical therapy.57 Typically, the 

minimum biofilm inhibitory concentration (MBIC) and the minimum biofilm eradication concentration (MBEC) 

are used to evaluate antibiofilm activity. In our study, we adapted these parameters (MHICb, MBBC and MBEC) 

to the applied tools (microcalorimetry and sonication/colony-counting) for the evaluation of the antibiofilm 

activity of different antibiotics in an attempt to provide results comparable to those obtained with other frequently 

used in vitro methods. 

β-Lactams are the first choice antibiotics to treat streptococcal-PJI,92 whereas in the case of A. defectiva 

or G. elegans there are no guidelines for managing PJI but the recommended treatment for endocarditis infections 

caused by these microorganisms is usually ampicillin or penicillin plus gentamicin.93 The outcome of our study 

revealed a poor antibiofilm activity of benzylpenicillin and rifampicin, tested as monotherapy or in combination, 

against streptococcal biofilms showing consistency with the retrospective study of Akgün et al.,94 in which the 

treatment outcome of biofilm-related PJIs caused by streptococci showed no differences when the patient’s 

treatment regimen either included or did not include rifampicin. Although the use of rifampicin-based 

combinations was described in a few case reports related to PJIs caused by streptococci,95, 96 with no clinical 

evidence, the effect of the use of this antibiotic in combination remains unclear. Translate into the clinical practice, 

the lack of antibiofilm activity observed with benzylpenicillin and rifampicin against streptococci could also 

explain infection relapses leading to higher failure rates in PJI caused by these microorganisms.36, 95 As preferred 

therapy for streptococcal infections, β-lactams might be effective antibiotics for the initial planktonic phase of 

these infections, but their application in later phases or when biofilm formation is suspected should be questioned. 

Antibiotics with a mechanism of action dependent on cell wall synthesis, like β-lactams, might become less 

effective against biofilm-embedded bacteria or might even promote biofilm formation when administered at 

subinhibitory concentrations.97 Furthermore, the high frequency of β-lactam resistance among Abiotrophia and 

Granulicatella species makes it imperative to search for alternative antibiotics with antibiofilm activity in order to 

find more effective combinatorial treatments.43-45 

Persisters can remain viable over the course of drug exposure and repopulate the biofilm when the levels 

of antibiotic drop, causing the relapse of the infection.98  In order to avoid infection relapse, treatment including 

antibiotics capable to target persisters appears as a promising approach. Lipopeptides such as daptomycin are able 

to cause bacterial cell death by permeabilization and depolarization of the bacterial cell membrane,99 so that its 

bactericidal action is independent of the metabolic state of the bacteria, supporting its potential as anti-persisters 

therapy. Daptomycin have shown good antimicrobial activity against planktonic cells from a broad spectrum of 

Gram-positive bacteria, including most streptococci,100 as well as Abiotrophia and Granulicatella species.45 
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To the best of our knowledge, our work provides the first insights on the antibiofilm activity of daptomycin – alone 

or in combinations – against the bacterial species under study. A synergistic effect was observed when daptomycin 

was combined with benzylpenicillin or rifampicin against A. defectiva biofilms but not against G. elegans or S. 

oralis. A possible synergistic effect of daptomycin combinations on S. agalactiae and S. pyogenes remains to be 

investigated. The synergism between daptomycin and benzylpenicillin could be explained by a mechanistic effect, 

where the initial repulsion of daptomycin by the cell net positive surface charge could be reduced by the β-lactam 

(mostly negatively charged),101 favouring the binding of daptomycin to the cell surface. On the other hand, 

synergism between daptomycin and rifampicin has been associated in various in vitro and in vivo 

pharmacodynamic models of biofilm infection with preventing the emergence of daptomycin-non-susceptible 

strains.102 

The ability of aminoglycosides to kill persisters has been previously demonstrated in Escherichia coli and 

S. aureus.103 Moreover, some authors proposed an additional lethal effect of gentamicin, besides the inhibition of 

protein synthesis, by surface perturbation on P. aeruginosa.104 Gentamicin has been also shown to present 

synergistic effect in combination with other antibiotics against biofilm from numerous bacterial species.60, 105 In 

our study, gentamicin combinations showed an improved antibiofilm activity against all three streptococcal species 

as well as against G. elegans. The exact mechanism underlying the synergism of gentamicin with benzylpenicillin 

or rifampicin against streptococci, in addition to gentamicin/levofloxacin on G. elegans, remains to be elucidated. 

Taken into consideration that gentamicin acts mainly by inhibiting the bacterial protein synthesis, in order to be 

able to handle otherwise sublethal doses of the other antibiotic, the bacteria must induce certain stress responses 

through de novo protein biosynthesis.106 Thus, the failure in timely synthesis of those stress-defence proteins could 

be the cause of the significant loss in cell viability observed in biofilms exposed to antibiotics in combination with 

gentamicin in our study. In enterococci, for instance, the gentamicin/benzylpenicillin synergistic combination has 

been proposed to be due to an easier intracellular uptake of the aminoglycoside facilitated by the β-lactam.107 

A combinatorial therapy including antibiotics and dispersal agents seems a promising strategy to treat 

biofilm-forming infections. As seen with other enzymes,108-110 our results showed an increased susceptibility of 

enzymatically treated biofilm to the subsequent action of four different antibiotics, decreasing the MBBCs to 

values that were comparable to the MHICs obtained for planktonic bacteria. This outcome seems to confirm the 

hypothesis that bacteria detached from the matrix re-enter in a planktonic state and regain normal antibiotic 

susceptibility. Even though the use of proteinase K as an adjuvant in the treatment of biofilm-related infections 

remains to be evaluated, especially in terms of safeness and effectiveness, our results could be seen as a proof of 

concept encouraging the use of this experimental setting to further expand studies to different potential dispersal 

agents, in order to find a combination treatment that could be effective and safe at the same time. The selection of 

the most appropriate enzyme will depend on the strain-specific composition of the biofilm matrix.20    

From our study testing different blood-isolated bacterial strains, we could observe higher divergence in 

susceptibility to gentamicin among A. defectiva strains in comparison with G. elegans strains. Most A. defectiva 

strains had greater MBEC values compared to G. elegans strains, supporting our hypothesis that biofilms from A. 

defectiva strains are generally more tolerant to gentamicin. However, a higher number of clinical isolates would 

be necessary to validate our hypothesis. Considering the widespread use of gentamicin in both endocarditis41 and 

non-endocarditis111 infections and the higher frequency of A. defectiva causing endocarditis112 in relation to 

Granulicatella spp., our results might suggest the need to review the current guidelines for the treatment of 

infections caused by A. defectiva.
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In summary, this dissertation emphasizes the significance of biofilms in the development and treatment 

of implant-associated infections and underlines the importance of finding the most suitable therapy for each type 

of bacterial infection. As outcomes from our study, we provided potential antibiotic combinations with antibiofilm 

activity against the different bacterial species under investigation, including alternatives to the use of β-lactams if 

antibiotic resistance is suspected. Despite our efforts to expand the current knowledge regarding the antibiotic 

activity against biofilms of Streptococcus, Abiotrophia and Granulicatella species, when trying to draw 

conclusions or make clinical extrapolations, it is important to consider that the majority of the analysis in our study 

were performed using ATCC laboratory standard strains. Future studies including clinical isolates from PJI 

patients would certainly be much more informative and could reveal differences in the outcome between the 

laboratory ATCC strains and the clinical isolates, as shown in a recent study.60 

Given the relatively high treatment failure rates and the difficulties in treating biofilm-related infections, 

alternative strategies to prevent and treat these infections should be considered. Current promising approaches 

include the development of coating implants with antibacterial and antibiofilm agents to inhibit the initial 

attachment of planktonic cells on the implant surface.113 Bacteriophages – viruses that infect and replicate within 

bacteria – are also re-emerging as therapeutic agents, particularly in difficult-to-treat infections where successful 

outcomes have been recently published in patients with severe musculoskeletal infections.114  

In the past years, several studies have been performed to demonstrate the potential and benefits of IMC 

for clinical applications. However, calorimetry methods are not yet fully integrated into microbiological routine 

procedures. The current cost of the instrument is still quite high for cost-efficient clinical laboratory tests. However, 

the non-invasive and non-destructive character of calorimetry, as well as the simplicity in sample preparation, 

qualifies it as a valuable tool for the evaluation of antimicrobial inhibitory profiles, including the evaluation of 

biofilm growth on surfaces. 
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