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Abstract: Staphylococcus aureus is a microorganism frequently associated with implant-related infec-
tions, owing to its ability to produce biofilms. These infections are difficult to treat because antimi-
crobials must cross the biofilm to effectively inhibit bacterial growth. Although some antibiotics can
penetrate the biofilm and reduce the bacterial load, it is important to understand that the results of
routine sensitivity tests are not always valid for interpreting the activity of different drugs. In this
review, a broad discussion on the genes involved in biofilm formation, quorum sensing, and anti-
microbial activity in monotherapy and combination therapy is presented that should benefit re-
searchers engaged in optimizing the treatment of infections associated with S. aureus biofilms.
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1. Introduction

Staphylococcus aureus is a gram-positive bacterium associated with several diseases in
community- and hospital-acquired settings. It is among the most common opportunistic
human pathogens, and is associated with a high rate of morbidity and mortality [1]. The
colonization rate of the bacterial population is approximately 30%, in general, in the skin
and nasal mucosa [2]. S. aureus infects almost all tissues of the body; the infections include
bacteremia, infective endocarditis, skin and soft tissue infections, osteomyelitis, arthritis,
pneumonia, empyema, meningitis, and urinary tract infections. S. aureus can also cause
toxin-mediated clinical syndrome, which includes gastroenteritis and toxic shock syn-
drome (figure 1) [3,4]. Hospitalizations related to staphylococcal infections are frequent,
and commonly associated with high mortality rates and increasing health costs [5,6]. In
this setting, surgical site infections and biofilm-associated infections (those associated
with implantation of medical devices) are common.

S. aureus is associated with several virulence factors, including surface proteins involved
in bacterial adherence, extracellular enzymes and toxins that promote tissue necrosis, and
factors that interfere with the immune system [7]. S. aureus can synthesize some enzymes
to enhance its pathogenicity and dissemination within the host; these include coagulase,
hyaluronidase, deoxyribonuclease, and lipase [8]. Extracellular protein toxins, including
enterotoxins, toxic shock syndrome toxin 1 (TSST-1), exfoliative toxins (ETs), hemolysins,
epidermal cell differentiation inhibitors (EDINs), and Panton—Valentine leukocidin (PVL),
can also enhance the pathogenicity [9]. The process of S. aureus infections can involve the
following progressive stages: (1) colonization, (2) local infection, (3) systemic dissemina-
tion and/or sepsis, (4) metastatic infections, and (5) toxinosis. S. aureus biofilm formation,
toxin production, and immune evasion strategies limit antibacterial immune responses of
the host [10].
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S. aureus is among the most difficult-to-treat bacteria, which include Enterococcus fae-
cium, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobac-
ter species. These bacteria belong to the ESKAPE pathogen group that warrants urgent
development of new therapies in view of multidrug resistance [11]. Overall, staphylococci
are the leading causes of device-related infections [12]. Among staphylococci, S. aureus is
of most clinical concern because it is commonly associated with more severe and aggres-
sive infections. The higher severity of S. aureus infections is due to its biofilm-forming abil-

ity and production of several toxins [13,14].

Medical devices particularly prone to infection include intravascular (central venous
catheters, mechanical heart valves, pacemakers) and extravascular (endotracheal tubes, in-
trauterine devices, peritoneal dialysis catheters, prostheticjoints, and others) implants [15].
After the insertion of a device, S. aureus can colonize it during implantation or during an
asymptomatic or symptomatic bacteremia. With colonization, there is a biofilm formation
through attachment of bacterial cells to human matrix proteins, including fibronectin and
fibrinogen. These human proteins commonly cover the devices soon after insertion [16].
The biofilm enables persistence of the microorganism, and renders the bacteria with in-
creased antibiotic tolerance and immune evasion properties. A variety of factors contribute

to this critical process and are discussed in the following topics.

Staphylococcus aureus types of infection
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Figure 1. Schematic examples of the types of Staphylococcus aureus infections.

ey

2. Virulence factors


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

30f33

Several virulence factors that help in colonization, dissemination, and immune eva-
sion are involved in S. aureus infection. These factors are used for attachment of bacteria to
host cells, breakdown of the host immunity, tissue invasion, which may lead to sepsis, and
for eliciting toxin-mediated syndromes. This is the basis for persistent staphylococcal in-
fections without a strong host immune response [17,18]. Virulence factors of S. aureus in-
clude those that aid attachment of bacterial cells to host tissues [19], breaking/evading the

host immunity [20], tissue invasion [21], and induction of toxicosis [22,23].

3. Antibiotic resistance

According to the 2022 World Health Organization (WHO) report, antimicrobial re-
sistance (AMR) is prevalent and can impact individuals of any age, in any country of the
world. The consequences of unchecked AMR are wide-ranging and extremely costly, not
only financially but also in terms of global health, food security, environmental well-being,
and socioeconomic development. Enzymatic hydrolysis, enzymatic modification of antibi-
otics by group transfer and redox process, modification of antibiotic targets, reduced per-
meability to antibiotics by modification of porins, and active extrusion of antibiotics by
membrane efflux pumps are the most common cellular mechanisms underlying antibiotic

resistance [24,25].

S. aureus acquired resistance to several antibiotics rapidly. This resistance poses a
significant problem in the treatment of S. aureus infections in humans. Moreover, S. aureus
produces antibiotic-neutralizing enzymes, resulting in numerous mechanisms of re-
sistance to therapeutic drugs [26]. Enzymes involved in antibiotic resistance play a signif-
icant role in bacterial resistance to antibiotic pressure regarding diversity, evolution, and
spread. Antibiotic-producing bacteria need strategies to counteract the deadly effects of
chemicals by producing degradative enzymes. However, the selection pressure caused by
the widespread use of antibiotics in humans, animals, and the environment has resulted

in the propagation of resistant bacterial clones [27].

The ability to acquire resistance to multiple antibiotics makes S. aureus a challenging
pathogen to treat. Methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. au-
reus (VRSA) are the most common types of antibiotic-resistant S. aureus strains. Currently,
only MRSA is categorized as an agent of high significance with the potential to cause con-
siderable worldwide mortality in the absence of effective containment and treatment op-
tions [28,29]. The increased prevalence of multidrug-resistant forms, which include VRSA,
is a major problem. The annual mortality from diseases caused by antibiotic-resistant bac-

teria has surpassed 10 million and is expected to outnumber cancer deaths by 2050 [30].

Mobile genetic elements (MGEs) play an integral part in the adaptation of S. aureus
to environmental stresses, which include antibiotic exposure. MGEs are the primary means
by which genetic information is exchanged between bacteria via horizontal gene transfer.

S. aureus strains, in general, contain a relatively large variety of MGEs, including plasmids,
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transposons, bacteriophages, pathogenicity islands, and staphylococcal cassette chromo-
somes. Staphylococcal cassette chromosomes have played a central role in conferring re-

sistance to 3-lactam antibiotics and vancomycin [31].

4. Toxins

S. aureus produces several secreted and surface-bound proteins that enable it to at-
tach to host tissues as well as toxins. The pathogenicity of S. aureus is attributed to its vir-
ulence factors, and toxins play an important role in the process [14]. These toxins are cate-
gorized into the following three major groups: 1) the pore-forming toxins (PFTs), 2) exfo-
liative toxins (ETs), and 3) superantigens (Sags). PFTs are divided into the following four
types: 1) hemolysin-a, 2) hemolysin-3, 3) leukotoxins, and 4) phenol-soluble modulins
(PSMs) [32].

The agr quorum-sensing system regulates the S. aureus toxins through a variety of
metabolic adaptations [33]. PSMs, which are the most-produced PFTs, are exceptionally
regulated by direct binding of the AgrA response regulator to psm operon promoters [34].

PSMs are completely absent in mutants with a dysfunctional agr system [35].

S. aureus toxins are related to the pathogenesis of some diseases, such as toxic shock
syndrome (TSS), staphylococcal scalded skin syndrome, necrotizing pneumonia, and
deep-seated skin infections [36]. The toxins can damage the cell membranes of the host,
either by degrading intercellular connections or by modulating immune responses [32].
Toxins are attractive key targets for innovative therapeutics. Among the possible thera-
peutic strategies, the use of neutralizing antibodies and vaccines are the most promising
ones [37].

5. Biofilms

The presence of a suitable substrate is the most crucial prerequisites for biofilm for-
mation. The condition and type of the surface are the key determinants. Bacteria frequently
colonize rough surfaces. For this reason, the potential for biofilm development is different
for distinct materials, such as glass, metals, and plastic polymers. The rate and extent of
adherence of bacteria to the surface vary depending upon the chemical composition that
coat the biofilm [38].

The notorious ability of S. aureus to form biofilm needs to be highlighted [39]. This
structure, comprised of an extracellular polymeric substance (EPS), not only helps bacteria
resist the environment but is also important from the perspective of the action of antimi-
crobials because it hinders the penetration of drugs and allows for host immune evasion

[40], contributing to bacterial virulence [41].

The biofilm development is a complex process, which can be didactically divided
into the following steps: (i) attachment, (ii) extracellular matrix synthesis with bacterial

proliferation, (iii) biofilm structuring, and (iv) cell detachment (figure 2). S. aureus attaches
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to a surface (biotic or abiotic) using different mechanisms, involving adhesins [42,43],
teichoic acids [44,45], changes in hydrophobicity of bacterial cell surface [46], and extra-
cellular DNA production [47]. After the attachment, the bacterial cells proliferate on the
surface forming microcolonies. In the next stage, the biofilm is established with the devel-
opment of microcolonies. During proliferation and biofilm maturation, the bacterial cells
are held together by adhesive factors in the new matrix. Remodeling of the biofilm occurs
through disruptive factors, which include surfactants and nucleases, essential for the three-
dimensional structure of the mature biofilm with its distinctive towers and channels. Dur-
ing biofilm disassembly, cell detachment is mainly caused by a protease-driven degrada-

tion of the biofilm matrix and disruption of the biofilm by PSMs [48,49].

The EPS matrix that remains after the death of bacteria caused by an antibiotic treat-
ment or the immune system can promote recolonization of the surface, either by the same
or other bacterial species, causing recurrence of infection and further complications [50].
Consequently, for effective management of biofilm infections, removal of the residual EPS
matrix can be as crucial as killing the bacteria. Additionally, considering the variability in
the composition of S. aureus EPS matrix and interaction between its multiple components,
strategies to disrupt the matrix should ideally target several constituents of the matrix sim-
ultaneously [51]. In S. aureus biofilms, poly-N-acetyl--(1-6)-glucosamine (PNAG), pro-
teins, and extracellular DNA are the main components of the EPS matrix. PNAG helps in
the formation of biofilms and protects bacteria from the host immune system [52]. Adhe-
sion to the surface and initiation of biofilm formation are also related to the expression of
numerous proteins, such as cell wall-anchored proteins, phenol soluble modulins, and re-
cycled cytoplasmic proteins found in both MSSA and MRSA [42].

Bacteria Regulatory
attachment - genes

@ Dispersal @ Microcolony

Orthopedic Surgery Pr jures

Central Venous Catheters

& =,
ﬁ\h J ﬁ \@ Maturation
- = M

and Mechanical
Valves

Figure 2. Development of staphylococcal biofilm.

6. Biofilm formation on medical devices
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The structural complexity of biofilm enables bacterial growth on numerous surfaces.
Artificial devices provide a fertile ground for the establishment of bacteria. The biofilms
formed by S. aureus on medical devices, such as prosthetics, contact lenses, urinary and
central venous catheters, endotracheal tubes, and artificial heart valves, pose a great chal-
lenge as they are associated with chronic infections [28]. Usually, an indwelling device or
implant readily becomes coated with the host matrix, which eventually allows initial at-
tachment of bacteria and subsequent formation of a biofilm [53]. Cross-contamination dur-
ing surgery is a major source of device-related infections [54]. Not surprisingly, immuno-
compromised patients, such as AIDS patients, patients receiving immunosuppressive ther-
apy, or premature newborns, are at higher risk of developing biofilm-associated infections
on indwelling devices [55]. These populations are also at increased risk of serious compli-
cations arising from infected devices. Notably, this structure is associated with increasing
rates of antimicrobial drug resistance and serious clinical implications [56], warranting
novel therapeutic strategies. The adhesion of S. aureus biofilm on a medical device, as vis-
ualized using scanning electronic microscopy (SEM), is shown in figure 3. Implant-associ-
ated staphylococcal biofilm infections normally require surgical debridement and pro-

longed antimicrobial therapy [57].

Figure 3. Development of Staphylococcus aureus biofilm on medical devices (orthopedic titanium

screw).

7. Quorum sensing

Quorum sensing (QS) bacteria produce signaling molecules called autoinducers,
which at stimulatory concentrations, play a role in gene alteration [58]. Biofilm formation
is a behavior of the social group, and is segregated into different processes of composi-
tion—each stage, from the initial fixation to the final process of dissemination of the mature
biofilm, is under strict regulation [59]. The QS system stands out among the main regula-

tors of biofilm development. In strains of S. aureus, the QS system is responsible for the
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switch from biofilm formation to its disassembly [60]. Besides QS, there are several envi-
ronmental influences, most notably the effects of nutrient availability, pH levels, and fluid
flow, as well as regulatory systems (e.g., Sae, SarA, Rot), which are involved in the regula-

tion of biofilm formation (figure 4) [61].

QS allows bacteria to coordinate their behavior in a population density-dependent
manner through production and accumulation of signaling molecules in the extracellular
space. At a threshold concentration, these signals are recognized by bacteria and translated
into changes in their profile and transcriptional behavior. Therefore, QS is responsible for
bacterial synchronization, allowing for the adjustment of behavior at the population scale,
akin to that in a multicellular organism. Although the basic principles of QS are conserved
among a wide variety of bacteria, the signaling molecules employed for sensing differ in
their structure. The acyl homoserine and lactone (AHL) QS systems represent the most-
studied groups of gram-negative bacteria and the peptide (cyclic) QS system is the repre-
sentative system in gram-positive bacteria [62]. S. aureus strains utilize a QS system with
autoinductive peptides (AIPs) as signaling molecules to regulate the expression of various
virulence factors as well as the biosynthesis of AIPs as a function of cell population density
[63].

The staphylococcal QS system, also known as the Agr system, is encoded by a 3.5 kb
chromosomal locus. The locus is composed of two major transcriptional units, namely
RNAII and RNAIIIL, which are driven by a P2 and P3 promoter, respectively. The RNAII
transcript comprises the agrBDCA genes, which are responsible for encoding proteins in-
volved in the biosynthesis, transport, signal perception and subsequent regulation of AIP
target genes [64]. The signaling process occurs through a signaling cascade, starting with
the transcription and translation of AgrD, the propeptide precursor of AIPs. AgrD is se-
creted and post-translationally modified into the final peptide by AgrB, an integral mem-
brane endopeptidase, and further processed by SpsB type I signal peptidase [65]. At
threshold concentration in the environment, known as the quorum, AIPs trigger the bind-
ing process to the membrane-bound AgrC histidine kinase, which culminates in autophos-
phorylation and initiation of the signal transduction cascade [66]. Thereafter, AgrC phos-
phorylates the AgrA response regulator, which in turn induces the expression of RNAIII
from the P3 promoter [67]. RNAIII plays a crucial role as an effector of the QS system that
acts by controlling the upregulation of genes encoding secreted proteins, such as toxins
and exoenzymes; it is also responsible for the downregulation of several genes that encode

surface-associated adhesins [33].

A sudden increase in RNAIII levels prevents the translation of the toxin repressor
(Rot) [68], which is one of the main effector molecules involved in the regulation of the QS
system. Although most QS-regulated genes are regulated via RNAIIL some genes are di-
rectly regulated by AgrA. Most prominent among these is the direct regulation of RNAII
from the P2 promoter, leading to elevated AIP production and a positive-feedback loop

[69]. Furthermore, the two main transcripts, psma and psmp, in strains of S. aureus and S.
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epidermidis are directly regulated by AgrA, as is the hld gene for the 0 toxin, which is en-
coded in RNAIII [70].

Host cell

Staphylococcus
aureus

 AgrA

Figure 4. Genes associated involved in the regulation of S. aureus biofilm formation

8. Regulatory genes

The formation of microbial biofilm is encoded by several biofilm-associated genes
[71]. In S. aureus, biofilm formation is commonly encoded by 12 different genes listed in
table 1. The genes mentioned above encode different surface proteins that are involved in
the adhesion of S. aureus cells and their penetration into the host and subsequent coloniza-
tion, ultimately leading to biofilm formation and virulence. For example, in S. aureus, the
fib gene is responsible for facilitating and encoding the recognition of surface fibrinogen
binding proteins, whereas the collagen binding proteins encoded by their corresponding
cna genes promote adhesion to the surface [72]. Autolysins are molecules responsible for
adhesion, as well as cell growth and pathogenicity. In S. aureus isolates, AtlA, which is
encoded by the atlA gene, is the major autolysin [73].

Intercellular adhesion can occur via an intercellular polysaccharide adhesin (IAP)
through an ica-dependent (encoded by the icaADBC locus) or an ica-independent (other
proteins, such as a surface protein, SasG, are involved) pathway [74,75]. The coexpression
of fnbAB genes optimizes the penetration of S. aureus in the host cells, directly facilitating
the formation of S. aureus biofilm. The fnbA and fubB genes play the same role; however,
they are not involved in the adhesion process [76].

The clfA and clfB genes are responsible for the aggregation factor, as encode proteins
anchored in the cell wall that bind fibrinogen on the host surface [77]. This binding of clus-

tering factors A and B encoded by cIfAB genes optimizes host colonization by S. aureus,
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promotes biofilm formation, and causes virulence through immune system evasion via the
binding of soluble fibrinogen [78]. Serine-aspartate repeat factors C and D (SdrCD) facili-
tate attachment to desquamated epithelial cells and nasal colonization, whereas SdrE
causes immune evasion by binding to complement factor H [42]. All these proteins are
encoded for specific roles by the corresponding sdr genes. The elastin- and laminin-binding
proteins encoded by their respective genes, ebps and eno, facilitate colonization of the host
and biofilm formation [79].

After complete maturation, the biofilm undergoes a dispersion process, releasing the
sessile cells, which can repopulate their primary site or spread to a new location, colonizing
a secondary site. This dispersal of an S. aureus biofilm is regulated by four different genes
of the Agr system [80]. The Agr genes encoding the dispersal of biofilm include AgrA, AgrB,
AgrC, and AgrD [60]. Agr-regulated dispersal of biofilm occurs by the induction of differ-
ent PSMs and proteases, which disperse the biofilm by acting as surfactants [81].

As its main dispersion strategy, S. aureus produces exoenzymes and surfactants,
which play a role in the degradation of the extracellular polymeric matrix. The composi-
tion of the matrix directly reflects the effectiveness of the individual mechanisms present
in the S. aureus strains [82]. The mechanisms that present enzymatic self-destruction path-
ways for proteins and/or eDNA in the matrix are less efficient in the dispersion of depend-
ent biofilms of polysaccharides. In contrast, the mechanisms specifically targeting PIA are
ineffective against polysaccharide-independent biofilms.

The secondary biofilm dispersal strategy is closely linked to the Agr quorum sensing
system, involved in biofilm formation, and extracellular protease activity is required for
the control of biofilm dispersal molecules [83]. Agr is expressed through bacteria present
on the surface of the outer layer of the biofilm leading to detachment and regrowth, but it
is also expressed in deeper layers where it is required for channel formation [83]. This dis-
persion effect, linked to the Agr system, may be due to the involvement of PSMs, the ex-
pression of which is controlled by Agr quorum sensing.

Finally, nucleases, the extracellular enzymes that degrade DNA, also play an im-
portant role. Human DNasel acts against staphylococcal biofilms, and is responsible for
the degradation of cellular matrices with adhered bacterial cells [84]. Staphylococcal ther-
monuclease nuc2 promotes dispersal in biofilm development [82]. Other nucleases, such
as nucl nuclease, also show dispersive effects; it was reported to exhibit nuc2-like disper-
sion effect on biofilm in vitro [85]. The process of dispersion is complex and depends on
several factors, such as bacteriophages, which have been proved to be important agents in
the development of biofilm, mainly during the dispersion phase [86]. Proteases, such as
Aur metalloprotease and Slp serine protease, have also been shown to be responsible for

the dispersal movement.
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Gene(s) Mechanism
fibrinogen-binding proteins (fib) recognition of surface-fibrinogen binding
proteins
c fibronectin-binding proteins (fnbA and Invasion of host cells
g fnbB)
g intercellular adhesion (icaA, B, C and adherence / intracellular atachment
E D)
E clumping fator A and B (clfA and clfB) adherence / intracellular atachment
- elastin binding protein (ebps) colonization
laminin binding protein (eno) colonization
collagen binding protein (cna) adherence / intracellular atachment
accessory gene regulatory A (AgrA) triggering the intracellular
o communication
'% accessory gene regulatory B (AgrB) regulate the expression and
-E transportation of autoinducing peptide
é accessory gene regulatory C (AgrC) regulate the expression and
i"é transportation of autoinducing peptide
- accessory gene regulatory D (AgrD) triggering the intracellular
communication

Table 1. Different genes and their corresponding encoding in Staphylococcus aureus biofilm formation

and maturation.

9. Minimum inhibitory concentrations, minimum biofilm inhibitory concentrations and
biofilm eradication concentrations

Before discussing the treatment of the biofilm, it is important to understand some
key concepts. The biofilm-associated infections usually require a high dose long-term an-

tibiotic treatment, and therefore, an understanding of the antibiotic activity is important.

A specific feature of bacteria in the biofilm is their ability to survive in the presence
of high doses of antibiotics [87]. Minimum inhibitory concentration (MIC) can be used as
a quantitative measure of antibiotic resistance in planktonic cells [88]. The MIC and mini-
mum bactericidal concentration (MBC) are the lowest levels of an antimicrobial agent re-
quired to inhibit growth and to kill a particular bacterium, respectively [89]. Minimal bio-
film inhibition concentration (MBIC) and minimal biofilm eradication concentration
(MBEC) are based on the same premise, but refer to the concentrations relevant for cells in
a biofilm [90]. MIC is much higher for bacteria that form biofilm compared to that for bac-
teria that do not [91]. This concurs with the observation that biofilms are resistant to anti-

biotic concentrations up to 1000x greater than those required to kill free-living bacteria [92],
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and signifies a pressing need for combination therapy instead of monotherapy. The emer-
gence of S. aureus isolates that are resistant to multiple antibiotics is a real concern, espe-

cially as it is exaggerated among MRSA strains [93].

Sensitivity tests are necessary for an appropriate choice and dose of antimicrobial
therapy. MIC and MBEC of bacteria are variables that help in reducing the spread of re-
sistant strains and direct the treatment. Staphylococcal isolates from biofilm show a much
higher breakpoint for MBEC than for MIC, indicating the importance of applying both the
biofilm susceptibility tests [94]. Although the MBEC and MIC of vancomycin (VAN) in
planktonic cells are similar, they are markedly different for biofilm-producing isolates;
therefore, from a clinical perspective MBEC is the preferred measure [95]. Despite the
availability of standardized methods to treat biofilm, most successful approaches were
tested on planktonic cells. Although MBEC and MBIC values are proposed, this is con-
founded by limited evidence and complexity of correlation between innate activity toward
planktonic cells and those in a biofilm [96]. A summary of the main conventional antibiotic

treatment of S. aureus biofilms is presented in Table 2.

Class Compound Principle Aplication

Cephalosporins Cefazolin Cell wall synthesis inhibition Osteomyelitis

skin and soft tissue infections

Cephalexin Simple, uncomplicated skin
infections
Osteomyelitis
Cefaclor skin infections
Cefotaxime skin infections
Ceftriaxone bloodstream infections
Fluoroquinolones | Moxifloxacin DNA synthesis inhibitors endocarditis
Ciprofloxacin endocarditis
Delafloxacin skin and soft tissue infections
Glycopeptides Vancomycin Cell wall synthesis inhibition Complex skin and soft-tissue
infections
Bacteremia

Catheter-related infections

Osteomyelitis
Pneumonia
Teicoplanin endocarditis
Lincosamide Clindamycin Protein synthesis inhibitors Simple, uncomplicated skin
infections

Osteomyelitis
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Lipopeptides Daptomycin disrupts  the  cytoplasmic Bacteremia and Endocarditis
membrane of bacteria,
resulting in rapid
depolarization and cessation of
DNA, RNA and protein
synthesis
Macrolides Erythromycin Protein synthesis inhibitors skin infections
Miscellaneous Fosfomycin Cell wall synthesis inhibition diabetic patients presenting with
agents bacterial foot infection
inhibiting an essential step in | endocarditis
Trimethoprim/s | the synthesis of bacterial | bone and joint infections
ulfamethoxazole | nucleic acids and proteins meningitis
Penicillins Nafcillin, Cell wall synthesis inhibition Complex skin and soft-tissue
Dicloxacillin, infections
Amoxicillin- Bacteremia
clavulanate, Catheter-related infections
Ampicillin-
sulbactam Osteomyelitis
Pneumonia
Rifamycin Rifampin RNA synthesis inhibitors orthopedic implant
Tetracyclines Doxycycline Protein synthesis inhibition.
Anti-30S ribosomal subunit
Glycylcycline Tigecycline Protein synthesis inhibition.
Anti-30S ribosomal subunit
Aminoglycosides | Amikacin Protein synthesis inhibitors in combination with fosfomycin

Table 2. Conventional antibiotic treatment of Staphylococcus aureus biofilms

10. Biofilm treatment

Ineffectiveness of antibiotics against infections caused by bacterial biofilms pose a
major challenge in infection microbiology [97]. S. aureus infections associated with biofilms
are difficult to eradicate because of the high tolerance of this bacterium to antibacterial
agents and to host immune defenses [98]. The treatment of such infections using conven-
tional antibiotic therapy is challenging as only doses that are sublethal to the biofilm can
be administered safely to patients [99]. The eradication of these biofilm infections is com-
plicated because in biofilms bacteria cells are encased in a self-produced extracellular ma-
trix composed of proteins, polysaccharides, and extracellular DNA, which protects them
against the host immune system and antimicrobial agents. Moreover, bacteria in biofilms

may enter a low metabolic state, which dramatically increases their tolerance to antibiotics
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[100]. Consequently, bacterial cells in biofilms may tolerate up to 1,000-times higher con-
centrations of antibiotics than their planktonic counterparts [101]. Thus, antibiotics cannot
be dosed at a concentration sufficient to eradicate the biofilm without causing detrimental
side effects to the patient. The only recourse is surgical removal of the biofilm, which is

costly and, in some cases, not feasible [102].

A significant problem often associated with S. aureus infections is the rapid develop-
ment of antibiotic resistance. In S. aureus biofilm infections, this may be compounded by
an increase in MICs compared with that for planktonic isogenic bacteria, indicating anti-
biotic tolerance [91]. In addition, exposure of increased numbers of S. aureus cells in a bio-
film to the antibiotic selection pressure is also associated with the potential development
of antibiotic resistance. Antibiotic treatment of biofilm-associated infection may also result
in the development of dormant “persister” populations of cells that can withstand the
treatment. Therefore, biofilm-related infection (a chronic infection) is now defined as one
that persists despite antibiotic treatment and innate and adaptive immune responses of the
host and is characterized by a persistent pathology. Once the administration of antibiotics

is stopped, most patients (>80%) have a recurrence of infection [102].

The clinical implications of microorganisms growing as biofilms are that they may
be more difficult to recover from clinical samples, and that they are physiologically much
more resistant to the effects of antibiotics and disinfectants [101]. Moreover, antibiotic ther-
apy based on susceptibility testing of planktonic (nonaggregated) microorganisms may be
associated with treatment failure or recurrence of the infection [102]. Antibiofilm strategies
are mainly of two types—those involving the inhibition or prevention of new biofilm for-

mation and those based on dispersal or eradication of existing biofilms [98].

S. aureus cells within a complex biofilm matrix are refractory to both systemic anti-
microbial agents and host immune responses [103,104]. Treatment of biofilm infection re-
quires sensitive and well-penetrating antibiotics to ensure a sufficient concentration of ef-
fective antibiotics at the site of biofilm infection. Hence, tetracyclines, macrolides, ri-
famycins, lincosamides, quinolones, fusidic acid, oxazolidinones, sulfonamides, and ni-
troimidazole are preferred to glycopeptides, aminoglycosides, polymyxins, and (-
lactamases because they can penetrate deeper [105]. In addition to the biofilm age and level
of resistance to a given antibiotic, broader considerations for treatment include appropriate
duration of antibiotic regimen and dosage optimization [106]. Bacteria within a biofilm
can exhibit resistance to multiple treatments, even in the presence of high concentrations
of bactericidal and bacteriostatic antibiotics and toxic compounds, in stark contrast to those
in their planktonic form. Among the various mechanisms by which this complex phenom-
enon may occur, those involving antibiotic efflux, enzyme activity, and reduced permea-
bility are noteworthy. The mechanisms by which antibiotics inhibit and or disrupt S. aureus
biofilm are not fully known and have not been reported, as yet. Therefore, the antibiofilm
mechanisms of antibiotics remain an area that needs to be explored for devising effective

therapeutic strategies against S. aureus biofilm-related infections.
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10.1. Glycopeptides

VAN is the most commonly administered drug for treating S. aureus biofilm-associ-
ated infections [98]. However, prolonged, persistent, or recurrent bacteremia during ther-
apy, high rates of microbiological and clinical failures, nephrotoxicity, and increasing
prevalence of nonsusceptible strains limit its use in several infections [107,108]. Previous
studies have also found that VAN does not fully penetrate staphylococcal biofilms
[109,110]. Considering that VAN is still the drug of choice for MRSA infections, it is the
most studied drug in biofilm-associated infections in this pathogen, as well as for MSSA
[111]. VAN has been extensively studied in MSSA because the low activity of beta-lactams

in biofilms is known, regardless of their diffusion [112].

VAN can inhibit biofilm production, presenting a low MBIC, but an extremely high
MBEC. Douthit et al. suggested that VAN can effectively eradicate biofilm, but only at
concentrations greater than 6000 mg/L, which are impossible to achieve via the systemic
route [113]. The high MBEC for VAN has been confirmed in other studies, and has always
been found to be 1000- to 4000-times above the MIC [114,115]. The variability in the re-
sponse of VAN to antibiofilm activity is dependent on biofilm maturation, with the activity
being higher in younger than in mature biofilms. Moreover, in in vitro studies, the activity
is better than in in vivo studies, suggesting that variants related to pharmacokinetics are
important for the success of therapy [114,115]. In in vitro studies, the exposure time is an-

other fact that interferes with the response of S. aureus biofilm to VAN [116].

Data on VAN present in the literature should not be extrapolated to other glycopep-
tides because telavancin, for example, has better antibiofilm activity [117]. A study with
dalbavancin also showed better antibiofilm activity than VAN [118].

10.2. Penicillins

MSSA bacteremia is generally treated with a beta-lactam agent, such as nafcillin, oxa-
cillin, flucloxacillin, or cefazolin. Currently, antistaphylococcal penicillins, such as nafcillin
and oxacillin, are recommended as first-line agents in the treatment of MSSA infections,
with cefazolin reserved as an alternative for patients intolerant to these agents or for dos-

ing convenience (e.g., for outpatient parenteral antibiotic therapy or hemodialysis) [119].

Oxacillin, like other beta-lactam antibiotics, binds penicillin-binding proteins (PBPs)
that weaken or interfere with cell wall formation. After binding to PBPs, the cell wall weak-
ens or undergoes lysis. This drug acts in a time-dependent manner (i.e., it is more effective
when drug concentrations are maintained above the MIC during the dose interval). Oxa-
cillin has a limited spectrum of activity that primarily includes gram-positive bacteria.
Staphylococci are susceptible to oxacillin because it is resistant to the beta-lactamase pro-
duced by Staphylococcus spp. Data on the effect of oxacillin administered during the early
stage of on biofilm formation or on preformed mature biofilm are scarce. Mirani et al.

demonstrated the effect of this antibiotic on S. aureus reference strains [120]. The mecha-
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nism underlying the observed effect could be the modulation of the icaA and agr expres-
sion, the two major regulator genes in biofilm formation. Manner et al. confirmed the effi-

cacy of oxacillin on mature biofilm [121].

In MSSA biofilms, the MBEC increases 4- to 100-times. This concentration is impos-
sible to achieve pharmacologically, considering the need for systemic infusion of the drug,
suggesting poor drug efficacy against biofilm-associated infections [122]. In MBEC tests
with oxacillin, using isolates with MIC = 0.25 mg/L, MBEC reached 128 mg/L, which is an
extremely high concentration, proving that oxacillin is an inadequate antibiotic for the

treatment of infections associated with biofilms [123].
10.3. Rifampin

Rifampin (RIF) is the main drug for treatment of infections of mycobacterial origin,
such as those caused by Mycobacterium bovis and Mycobacterium leprae; however, it can also
be used in gram-positive infections, as well as in MRSA strains [124]. The antibiotic acts by
inhibiting the synthesis of DNA-dependent RNA polymerase [125]. Its effect has been in-
vestigated in models of orthopedic device-related infections. In osteoblast infection mod-
els, two specific RIFs, rifapentine and rifabutin, consistently reduced biofilm-embedded
bacteria for all S. aureus isolates [126]. On a cautionary note, RIF should be considered for
enhanced antistaphylococcal activity but should not be used alone [127]. Despite the over-
whelming evidence for the antibiofilm activity of RIF, there are a few studies, in which no
beneficial effect of RIF was observed [128-130]. RIF is the only traditionally administered
antibiotic with high and reliable antibiofilm activity against S. aureus [131]. However, RIF
monotreatment is avoided clinically because S. aureus can develop rapid resistance to this
drug. In periprosthetic joint infections, RIF is only used in combination with another anti-
biotic, such as cefazolin or VAN [132,133]. Nevertheless, RIF remains the only antibiotic
that is highly efficacy against biofilm-associated staphylococci, and when used in combi-
nation with other antibiotics, it represents the best currently available treatment along with

surgical debridement with retention for treating prosthetic joint infections [131].

The guidelines' recommendation to combine RIF with other antibiotics is based on
several in vitro studies. RIF is capable of reducing the MBEC of different antibiotics, which
would not have any antimicrobial activity and which do not cross the polysaccharide bar-
rier of S. aureus biofilms. RIF can reduce the MBEC of gentamicin, VAN, and cefazolin
[114]. However, studies on monotherapy with RIF have shown failure in eradicating bio-
films [123].

10.4. Aminoglycosides

Amikacin (AMK) and gentamicin are the most important antibiotics representing the
group of aminoglycosides, and are characterized by their effect on most gram-negative
bacteria [134]. The mechanism of action of these antibiotics involves binding to specific
proteins of the 30S and 16S rRNA subunit, thereby, inhibiting protein synthesis, and as-
sembly of the initiation complex related to mRNA [135]. They are effective against both
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MSSA and MRSA. Although clinical data are lacking, aminoglycosides, used either in a
monotherapy or in combination with rifampicin, have better antibiofilm activity than other
antibiotics, for example, beta-lactams, at least in vitro. When used in combination with
rifampicin, the MBEC of aminoglycosides can be brought to therapeutic concentrations,
and they can potentially be used for treatment of catheter biofilms, endocarditis, and in-
fections related to orthopedic implants [114]. In another study, same benefits of aminogly-
cosides were not observed for MRSA and MSSA isolates, indicating the dependence on the
tested strain [136].

In an in vivo model of implant biofilm, gentamicin showed improved activity when
compared with that of VAN; the activity reached 100% in 48 h [137]. In the same study,
considering the low efficacy of ceftriaxone against biofilms, this drug was combined with
tobramycin (another aminoglycoside). This combination exhibited greater antibiofilm ac-
tivity than that of the antibiotics, when used alone. In another static biofilm model, mono-
therapy with gentamicin was proven to be the best compared with monotherapies with
clindamycin, linezolid, and VAN. The combination of bacteriostatic antibiotics with gen-
tamicin appeared to have antagonistic effects. When compared with daptomycin (DAP),

gentamicin showed antibiofilm activity, but required higher concentrations [138].
10.5. Cephalosporins

Cephalosporins are antimicrobials belonging to the class of beta-lactams. They are
widely applicable, and are active against both gram-positive and gram-negative bacteria.
In clinical practice, cephalosporins have wide applicability, mainly against resistant bacte-
ria, central nervous system infections, and skin infections [139]. The antimicrobial action
of cephalosporins involves binding to and inactivation of PBPs; however, owing to the
diversity of classes, different cephalosporins have a different affinity for these proteins
[140]. These antimicrobials are frequently used alone or in combination with an amino-
glycoside for empiric therapy of nosocomial infections. The effect of protein binding on
antimicrobial efficacy has been a subject of intense debate. Nonetheless, there is consider-
able evidence from in vitro studies and in vivo animal models indicating that the presence
of serum proteins significantly impairs the activity of highly protein-bound beta-lactams
against S. aureus [141-143]. Two cephalosporins, ceftobiprole and ceftaroline, have been

shown to be clinically effective in the treatment of MRSA skin and soft infections [144].

In vitro data indicate that cefazolin may sometimes be subject to an inoculum effect,
where it can be hydrolyzed by increased production of beta-lactamases [145]. This effect is
defined as a significant increase in the cefazolin MIC at high inoculum (107 colony-forming
units [CFU]/mL) compared with that at standard inoculum (10> CFU/mL) [146,147]. The
clinical significance of this phenomenon for biofilms is uncertain; studies examining the
significance of this effect have produced conflicting results [148]. In addition, a study on
the use of cefazolin in biofilms demonstrated a very large increase in MIC, generating
MBEC 1000- to 2000-times greater, making it an ineffective drug for use against biofilms
[114].
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Although S. aureus isolates from patients with endocarditis, were reported to be sus-
ceptible to ceftriaxone in vitro, this antibiotic had no antibiofilm activity [149]. This could
also be demonstrated when the drug was used as a systemic monotherapy in an in vivo
model of implant-related infection. However, when used in combination with aminogly-

cosides, the effect was improved, although 100% success was not achieved [137].
10.6. Clindamycin

Owing to its effects against anaerobic germs, clindamycin can be used in intra-ab-
dominal infections and uncomplicated skin infections under several scenarios; the antibi-
otic also exhibits potential prophylactic effects [150]. Clindamycin has also been reported
to be effective in MRSA infections [151]. It acts as a protein synthesis inhibitor that binds
to the 50S subunit of the bacterial ribosome [152]. Previous in vitro studies highlight the
need to adjust the antibiotic dose, given that subinhibitory concentrations modulate the
composition of the biofilm matrix, impacting the autolysis of matrix component cells and
the release of extracellular DNA, PSMs and FnbBs, which are closely linked to cell adhe-
sion factors and ensure a biofilm with greater stability [153]. The applicability of clindamy-
cin extends to orthopedic infections, especially biofilm osteomyelitis, because it has good
bone penetration and shows a rapid bacteriological response. Besides being a cheap op-
tion, it allows a quick oral switch with few side effects and is also safe for the pediatric

population [151].

Clindamycin has been widely used in the treatment of orthopedic infections owing
to its penetration into bone and soft tissues. On the contrary, in an in vitro study, it was
shown to have scant antibiofilm activity, even when combined with the activities of other

antibiotics, such as linezolid, gentamicin, and VAN [138].

10.7. Daptomycin

DAP, a cyclic lipopeptide molecule, is a novel antibiotic that has been used for VAN-
unresponsive S. aureus infections. It disrupts the cytoplasmic membrane of bacteria, result-
ing in rapid depolarization and cessation of DNA, RNA, and protein synthesis. Among
four drugs tested (linezolid, clindamycin, VAN, tigecycline), DAP was found to be the
most effective in clearing S. aureus from an existing biofilm, and it provides an alternative
treatment option for MRSA and VRSA, effectively targeting biofilm [154]. This antibiotic
has been shown to be highly effective against biofilms of a panel of MRSA clinical isolates
[154,155]. However, a small population of biofilm bacteria remained tolerant to DAP, and
ambiguous results were obtained when this drug was used in combination with other an-
tibiotics [156,157].

Randomized clinical trials of alternative agents, such as DAP, show that it is compa-
rable, or more precisely, non-inferior, but not superior, to standard therapy [107,158-160].

Quantitative in vitro studies using biofilms of MRSA strains demonstrated the effect of
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DAP as a bactericidal agent against resistant bacteria, both in suspended form and in ad-
herent biofilm organizations. Even in a resistant strain scenario, the MBEC values of DAP
were lower than those of the other antibiotics tested, and the antibiotic was better than
gentamicin and tigecycline [161]. There is evidence confirming a model of action, in which
lower concentrations to reach the MBEC were obtained, being up to 4-times lower com-
pared with those of tigecycline and other antibiotics, with DAP and RIF performing better
in different sensitivity and eradication tests [162]. In studies aimed at evaluating bacteri-
cidal effects in comparison models of cell survival associated with biofilms in MRSA
strains, DAP showed a rapid bactericidal effect and better performance compared with
other drugs, such as tigecycline, linezolid, VAN, and clindamycin. In cell survival compar-
ison studies, DAP could eliminate an average of 96% of cells from the formed films, and
the proportion of surviving cells was a smaller in case of exposure to DAP compared with
that in the case of all the other antibiotics used [154,161,162].

10.8. Doxycycline

Recently, suppressive doxycycline therapy for S. aureus was reported in a small and
high-risk prosthetic joint infection group. The cohort showed reasonable effectiveness and
tolerability of the antibiotic for successful treatment [163]. Reports on the use of doxycy-
cline for S. aureus biofilms are scarce, although it is part of endeavors studying multiple
schemes. Although doxycycline has a role in modifying the QS of gram-negative bacilli,
this activity is speculated to be exerted on gram-positive bacilli, as well [164]. Doxycycline
has an inhibitory effect on biofilms, both in respect of biomass and the production of sur-
face polysaccharides, which are the main components of biofilms [165]. Monotherapy may

not be effective and even combinations with other antibiotics have discreet effect [166].
10.9. Linezolid

Linezolid acts by inhibition of bacterial protein synthesis by binding to 235 rRNA in
the catalytic site of the 50S ribosome [167]. Parra-Ruiz et al. (2012) reported that linezolid,
when used alone, was ineffective in reducing the S. aureus biofilm [168]. Gander et al. ob-
served an effect of 1x MIC on the early stage of biofilm formation, but they used a classic

microbiological medium and static conditions [169].

The ica gene of S. aureus is vital for its growth and biofilm formation. IcaA and IcaB
are critical proteins in the synthesis of extracellular polysaccharides and in the formation
of S. aureus biofilms [170]. Linezolid causes invagination of the S. aureus cell surface and

inhibits the production of biofilms.

Linezolid exhibits interesting penetration and antibiofilm activity, in in vitro studies
as well as in molecular studies performed to elucidate its mechanism of action. A study
comparing the efficacy of antibiofilm drugs against MRSA revealed that linezolid has rea-

sonable activity against biofilms, although the activity was lower than that of DAP. The
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penetration of linezolid was as high as that of daptomycin, but the latter had better inhib-
itory activity [109].

10.10. Ertapenem

Ertapenem is a once-a-day parenteral (3-lactam antimicrobial that can be used in
monotherapy for the treatment of various community-acquired infections, including com-
munity-acquired pneumonia, acute pelvic infection, and complicated intra-abdominal,
skin and urinary tract infections. There is a correlation between exposure duration and
penetration time. Jefferson et al. found that the penetration time of antibiotics in biofilms
ranges from a few minutes to almost 24 hours [110]. Oxacillin, cefotaxime, VAN, and
delafloxacin are antibiotics with limited penetration in staphylococcal biofilms whereas
other antibiotics, such as amikacin and ciprofloxacin, are unaffected by the presence of
these biofilms [171]. For all antibiotics, concentrations around bacterial cells in deeper lay-
ers are gradually increasing and an early exposure to subinhibitory concentrations can fa-
vor the entrance in persister state, thereby, making these bacteria survive subsequent lethal
concentrations [172]. S. aureus biofilms have been shown to become more susceptible to
antibiotics with increased exposure time from 1 to 5 days [116]. The molecular weight of
antimicrobial agents has been suggested to have a low impact on biofilm permeability.
VAN, teicoplanin, DAP, and arbekacin are positively charged under physiological condi-
tions, and DAP and arbekacin show high biofilm permeability. Therefore, factors other
than the charge of antimicrobial agents, such as polarity, may also affect biofilm permea-
bility [173].

11. Combination antibiotic therapy for S. aureus biofilms

VAN is the most commonly administered drug for S. aureus biofilm-associated in-
fections; however, increased tolerance of biofilms to VAN (planktonic MIC ~2 pg/mL, bio-
film MIC ~20 pg/mL) warrants the use of a combination of other drugs. VAN and RIF
combinations have been studied, particularly in the context of biofilm infections. The effi-
cacy of the combination of VAN and RIF is due to a reduction in bacterial adhesion [174].
However, conflicting results have been reported for this combination. Multiple studies in-
dicate that although this combination might be effective against MSSA it may not hold
promise for the treatment of MRSA biofilm infections [131,175]. Rose and Poppens (2009)
demonstrated that the reduced bacterial killing in high-biofilm-producing S. aureus by
VAN was overcome with the addition of tigecycline or RIF. Utilizing these agents at 4x
MIC, in combination with 15 mg/L VAN, bactericidal activity was achieved by 24 h against
all isolates with similar activity. A combination of RIF and VAN caused an average reduc-
tion of 4.6 CFU/mL from the initial inoculum, whereas a reduction of 4.3 CFU/mL was

observed with tigecycline plus VAN [176].
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A recent in vitro study proved the effectiveness of the combination of VAN and AMK
against planktonic cells, however, without any effect on bacteria incorporated in the bio-
film. The synergism occurs through the action of VAN as a reducing factor in the selection
of bacteria with lower susceptibility to AMK [177].

Recently, several studies have confirmed synergistic bactericidal effects of combi-
nations of VAN and FOS on S. aureus in vitro [178,179], or in multiple MRSA strains em-

bedded in biofilms [180,181]. However, these results have not been confirmed in vivo [182].

Combinations of RIF with other antibiotics represent the best treatment currently
available besides surgical debridement with retention for treating prosthetic joint infec-
tions [127,131,183]. RIF also reportedly shows antibiofilm activity in combination with an-
other antibiotic, ciprofloxacin, against S. aureus biofilm [184]. Yang et al. demonstrated that
a combination of RIF with ceftiofur and that of RIF with doxycycline had an interactive
effect against S. aureus. However, kanamycin and lincomycin showed antagonistic activi-

ties when used in combination with RIF [185].

Ambiguous results have been reported for combinations of DAP with other antibi-
otics [157]. To assess its therapeutic synergism with FOS, a randomized clinical trial was
performed, wherein outcomes were evaluated after 6 weeks of successful clinical treatment
against MRSA strains in patients with endocarditis. A combination of the antibiotics re-
sulted in a 12% higher success rate when compared to a single DAP therapy, although the
results were not statistically significant. In addition, the preventive association was higher
against microbiological failure and bacteremia, but was associated with a higher frequency
of side effects leading to the discontinuation of therapy [186]. FOS also has synergistic ef-
fects with other antibiotics in the treatment of MRSA, Streptococcus, Enterococcus, and En-

terobacteriaceae species [186-188].

Parra-Ruiz et al. (2012) demonstrated that a combination therapy of linezolid plus
DAP significantly improved the bacterial killing effect of both the agents against the bio-
films of MRSA with sustained bactericidal activity and absolute bacterial count reductions
>51og10 CFU/mL [168]. Hu et al. (2019) reported the use of azithromycin and clindamycin
for the inhibition and dispersal S. aureus biofilm. The antibiofilm mechanism of azithro-

mycin is based on its ability to disrupt bacterial QS [189].

12. Conclusion

Treatment guidelines are specific for the type of infection, and for S. aureus, they de-
pend upon antibiotic susceptibility. These clinical practice guidelines are based on ran-
domized controlled clinical trials, comparing existing and novel treatments, to determine
optimal antibiotic regimens and are often debated within the clinical community; however,
not all include guidelines for biofilm infections. A majority of chronic staphylococcal in-
fections are now recognized to be due to biofilms, particularly those associated with an
indwelling medical device. However, most therapeutic strategies are applicable only to
planktonic or acute S. aureus infections. In the first published guideline for biofilm infec-
tions, the use of frequent, appropriate, empiric antibiotic therapy is recommended for S.
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aureus, especially in institutions with recurring MRSA infections. Therefore, there is an ur-
gent unmet need for new therapeutic strategies that target S. aureus in biofilms.

Author Contributions: Conceptualization, F.F.T.; Writing —original draft preparation: P.H.S. and
V.S.T.R,; Writing —review and editing, F.F.T., ].P.T. and N.H.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: none.
Informed Consent Statement: none.

Data Availability Statement: none.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Abbasian, S.; Farahani, N.N.; Mir, Z.; Alinejad, F.; Haeili, M.; Dahmardehei, M.; Mirzaii, M.; Khoramrooz, S.S.;
Nasiri, M.J.; Darban-Sarokhalil, D. Genotypic characterization of Staphylococcus aureus isolated from a burn
centre by using agr, spa and SCCmec typing methods. New Microbes New Infect 2018, 26, 15-19,
doi:10.1016/j.nmni.2018.08.001.

2. Monaco, M.; Pimentel de Araujo, F.; Cruciani, M.; Coccia, E.M.; Pantosti, A. Worldwide Epidemiology and
Antibiotic Resistance of Staphylococcus aureus. Curr Top Microbiol Immunol 2017, 409, 21-56,
doi:10.1007/82_2016_3.

3. Tong, S.Y.; Davis, ].S.; Eichenberger, E.; Holland, T.L.; Fowler, V.G., Jr. Staphylococcus aureus infections:
epidemiology, pathophysiology, clinical manifestations, and management. Clin Microbiol Rev 2015, 28, 603-661,
doi:10.1128/CMR.00134-14.

4. Archer, G.L. Staphylococcus aureus: a well-armed pathogen. Clin Infect Dis 1998, 26, 1179-1181,
doi:10.1086/520289.
5. Suaya, J.A.; Mera, R.M.; Cassidy, A.; O'Hara, P.; Amrine-Madsen, H.; Burstin, S.; Miller, L.G. Incidence and cost

of hospitalizations associated with Staphylococcus aureus skin and soft tissue infections in the United States
from 2001 through 2009. BMC Infect Dis 2014, 14, 296, doi:10.1186/1471-2334-14-296.

6. Zhen, X.; Lundborg, C.S.; Zhang, M.; Sun, X,; Li, Y.; Hu, X,; Gu, S.; Gu, Y.; Wei, J.; Dong, H. Clinical and
economic impact of methicillin-resistant Staphylococcus aureus: a multicentre study in China. Sci Rep 2020, 10,
3900, doi:10.1038/s41598-020-60825-6.

7. Lowy, FED. Staphylococcus aureus infections. N Engl | Med 1998, 339, 520-532,
doi:10.1056/NEJM199808203390806.

8. Tam, K.; Torres, V.J. Staphylococcus aureus Secreted Toxins and Extracellular Enzymes. Microbiol Spectr 2019,
7, doi:10.1128/microbiolspec. GPP3-0039-2018.

9. Oliveira, D.; Borges, A.; Simoes, M. Staphylococcus aureus Toxins and Their Molecular Activity in Infectious

Diseases. Toxins (Basel) 2018, 10, d0i:10.3390/toxins10060252.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

22 0f 33

10. Muthukrishnan, G.; Masters, E.A.; Daiss, J.L.; Schwarz, E.M. Mechanisms of Immune Evasion and Bone Tissue
Colonization That Make Staphylococcus aureus the Primary Pathogen in Osteomyelitis. Curr Osteoporos Rep
2019, 17, 395-404, doi:10.1007/511914-019-00548-4.

11. Boucher, H.W.; Talbot, G.H.; Bradley, ].S.; Edwards, J.E.; Gilbert, D.; Rice, L.B.; Scheld, M.; Spellberg, B.; Bartlett,
J. Bad bugs, no drugs: no ESKAPE! An update from the Infectious Diseases Society of America. Clin Infect Dis
2009, 48, 1-12, doi:10.1086/595011.

12. Darouiche, R.O. Device-associated infections: a macroproblem that starts with microadherence. Clin Infect Dis
2001, 33, 1567-1572, doi:10.1086/323130.

13. Otto, M. Staphylococcus aureus toxins. Curr Opin Microbiol 2014, 17, 32-37, d0i:10.1016/j.mib.2013.11.004.

14. Otto, M. Basis of virulence in community-associated methicillin-resistant Staphylococcus aureus. Annu Rev
Microbiol 2010, 64, 143-162, d0i:10.1146/annurev.micro.112408.134309.

15. Darouiche, R.O. Treatment of infections associated with surgical implants. N Engl ] Med 2004, 350, 1422-1429,
doi:10.1056/NEJMra(035415.

16. Hogan, S.; Zapotoczna, M.; Stevens, N.T.; Humphreys, H.; O'Gara, ]J.P.; O'Neill, E. In Vitro Approach for
Identification of the Most Effective Agents for Antimicrobial Lock Therapy in the Treatment of Intravascular
Catheter-Related Infections Caused by Staphylococcus aureus. Antimicrob Agents Chemother 2016, 60, 2923-2931,
doi:10.1128/AAC.02885-15.

17. Kim, HK,; Falugi, F.; Missiakas, D.M.; Schneewind, O. Peptidoglycan-linked protein A promotes T cell-
dependent antibody expansion during Staphylococcus aureus infection. Proc Natl Acad Sci U S A 2016, 113, 5718-
5723, doi:10.1073/pnas.1524267113.

18. Dickey, S.W.; Cheung, G.Y.C.; Otto, M. Different drugs for bad bugs: antivirulence strategies in the age of
antibiotic resistance. Nat Rev Drug Discov 2017, 16, 457-471, doi:10.1038/nrd.2017.23.

19. Vazquez, V.; Liang, X.; Horndahl, ] K.; Ganesh, V.K,; Smeds, E.; Foster, T.J.; Hook, M. Fibrinogen is a ligand for
the Staphylococcus aureus microbial surface components recognizing adhesive matrix molecules (MSCRAMM)
bone sialoprotein-binding protein (Bbp). | Biol Chem 2011, 286, 29797-29805, doi:10.1074/jbc.M110.214981.

20. Genestier, A.L.; Michallet, M.C.; Prevost, G.; Bellot, G.; Chalabreysse, L.; Peyrol, S.; Thivolet, F.; Etienne, J.; Lina,
G.; Vallette, F.M.; et al. Staphylococcus aureus Panton-Valentine leukocidin directly targets mitochondria and
induces Bax-independent apoptosis of human neutrophils. | Clin Invest 2005, 115, 3117-3127,
doi:10.1172/JCI22684.

21. Edwards, A.M.; Bowden, M.G.; Brown, E.L.; Laabei, M.; Massey, R.C. Staphylococcus aureus extracellular
adherence protein triggers TNFalpha release, promoting attachment to endothelial cells via protein A. PLoS One
2012, 7, e43046, doi:10.1371/journal. pone.0043046.

22. Argudin, M.A_; Mendoza, M.C.; Rodicio, M.R. Food poisoning and Staphylococcus aureus enterotoxins. Toxins
(Basel) 2010, 2, 1751-1773, d0i:10.3390/toxins2071751.

23. Bukowski, M.; Wladyka, B.; Dubin, G. Exfoliative toxins of Staphylococcus aureus. Toxins (Basel) 2010, 2, 1148-
1165, d0i:10.3390/toxins2051148.

24. Cox, G.; Wright, G.D. Intrinsic antibiotic resistance: mechanisms, origins, challenges and solutions. Int | Med
Microbiol 2013, 303, 287-292, d0i:10.1016/j.ijmm.2013.02.009.

25. Fajardo, A.; Martinez-Martin, N.; Mercadillo, M.; Galan, ]J.C.; Ghysels, B.; Matthijs, S.; Cornelis, P.; Wiehlmann,
L.; Tummler, B.; Baquero, F.; et al. The neglected intrinsic resistome of bacterial pathogens. PLoS One 2008, 3,
e1619, doi:10.1371/journal.pone.0001619.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

23 0of 33

26. Egorov, A.M.; Ulyashova, M.M.; Rubtsova, M.Y. Bacterial Enzymes and Antibiotic Resistance. Acta Naturae
2018, 10, 33-48.

27. Larsson, D.G.J.; Flach, C.F. Antibiotic resistance in the environment. Nat Rev Microbiol 2022, 20, 257-269,
doi:10.1038/s41579-021-00649-x.

28. Purrello, S.M.; Garau, J.; Giamarellos, E.; Mazzei, T.; Pea, F.; Soriano, A.; Stefani, S. Methicillin-resistant
Staphylococcus aureus infections: A review of the currently available treatment options. | Glob Antimicrob Resist
2016, 7, 178-186, doi:10.1016/j.jgar.2016.07.010.

29. Khan, A.; Wilson, B.; Gould, LM. Current and future treatment options for community-associated MRSA
infection. Expert Opin Pharmacother 2018, 19, 457-470, d0i:10.1080/14656566.2018.1442826.

30. Walsh, C. Molecular mechanisms that confer antibacterial drug resistance. Nature 2000, 406, 775-781,
doi:10.1038/35021219.

31. Lindsay, J.A. Genomic variation and evolution of Staphylococcus aureus. Int ] Med Microbiol 2010, 300, 98-103,
doi:10.1016/j.jmm.2009.08.013.

32. Grumann, D.; Nubel, U.; Broker, B.M. Staphylococcus aureus toxins--their functions and genetics. Infect Genet
Evol 2014, 21, 583-592, d0i:10.1016/j.meegid.2013.03.013.

33. Cheung, G.Y.; Wang, R.; Khan, B.A.; Sturdevant, D.E.; Otto, M. Role of the accessory gene regulator agr in
community-associated methicillin-resistant Staphylococcus aureus pathogenesis. Infect Immun 2011, 79, 1927-
1935, doi:10.1128/IA1.00046-11.

34. Queck, S.Y.; Jameson-Lee, M.; Villaruz, A.E.; Bach, T.H.; Khan, B.A.; Sturdevant, D.E.; Ricklefs, S.M.; Li, M.;
Otto, M. RNAIll-independent target gene control by the agr quorum-sensing system: insight into the evolution
of virulence regulation in Staphylococcus aureus. Mol Cell 2008, 32, 150-158, doi:10.1016/j.molcel.2008.08.005.

35. Wang, R.; Braughton, K.R.; Kretschmer, D.; Bach, T.H.; Queck, S.Y.; Li, M.; Kennedy, A.D.; Dorward, D.W.;
Klebanoff, S.J.; Peschel, A.; et al. Identification of novel cytolytic peptides as key virulence determinants for
community-associated MRSA. Nat Med 2007, 13, 1510-1514, doi:10.1038/nm1656.

36. Holtfreter, S.; Broker, B.M. Staphylococcal superantigens: do they play a role in sepsis? Arch Immunol Ther Exp
(Warsz) 2005, 53, 13-27.

37. Ragle, B.E.; Karginov, V.A.; Bubeck Wardenburg, J. Prevention and treatment of Staphylococcus aureus
pneumonia with a beta-cyclodextrin derivative. Antimicrob Agents Chemother 2010, 54, 298-304,
doi:10.1128/AAC.00973-09.

38. Donlan, R.M. Biofilms: microbial life on surfaces. Emerg Infect Dis 2002, 8, 881-890, d0i:10.3201/eid0809.020063.

39. da Rocha, L.; Ribeiro, V.S.T.; de Andrade, A.P.; Goncalves, G.A.; Kraft, L.; Cieslinski, J.; Suss, P.H.; Tuon, F.F.
Evaluation of Staphylococcus aureus and Candida albicans biofilms adherence to PEEK and titanium-alloy
prosthetic spine devices. Eur | Orthop Surg Traumatol 2022, 32, 981-989, d0i:10.1007/s00590-021-03069-y.

40. Kaplan, J.B.; Mlynek, K.D.; Hettiarachchi, H.; Alamneh, Y.A ; Biggemann, L.; Zurawski, D.V; Black, C.C.; Bane,
CE,; Kim, RK. Granick, M.S. Extracellular polymeric substance (EPS)-degrading enzymes reduce
staphylococcal surface attachment and biocide resistance on pig skin in vivo. PLoS One 2018, 13, e0205526,
doi:10.1371/journal.pone.0205526.

41. Tuon, F.F,; Dantas, L.R.; Suss, P.H.; Tasca Ribeiro, V.S. Pathogenesis of the Pseudomonas aeruginosa Biofilm:
A Review. Pathogens 2022, 11, doi:10.3390/pathogens11030300.
42. Foster, T.].; Geoghegan, ]J.A.; Ganesh, V.K.; Hook, M. Adhesion, invasion and evasion: the many functions of

the surface proteins of Staphylococcus aureus. Nat Rev Microbiol 2014, 12, 49-62, d0i:10.1038/nrmicro3161.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

24 of 33

43. Foster, T.]. The MSCRAMM Family of Cell-Wall-Anchored Surface Proteins of Gram-Positive Cocci. Trends
Microbiol 2019, 27, 927-941, d0i:10.1016/j.tim.2019.06.007.

44. Gross, M.; Cramton, S.E.; Gotz, F.; Peschel, A. Key role of teichoic acid net charge in Staphylococcus aureus
colonization of artificial surfaces. Infect Immun 2001, 69, 3423-3426, doi:10.1128/IA1.69.5.3423-3426.2001.
45. Holland, L.M.; Conlon, B.; O'Gara, ]J.P. Mutation of tagO reveals an essential role for wall teichoic acids in

Staphylococcus  epidermidis biofilm development. Microbiology (Reading) 2011, 157, 408-418,
d0i:10.1099/mic.0.042234-0.

46. Otto, M. Physical stress and bacterial colonization. FEMS Microbiol Rev 2014, 38, 1250-1270, doi:10.1111/1574-
6976.12088.

47. Qin, Z.; Ou, Y,; Yang, L.; Zhu, Y.; Tolker-Nielsen, T.; Molin, S.; Qu, D. Role of autolysin-mediated DNA release
in biofilm formation of Staphylococcus epidermidis. Microbiology (Reading) 2007, 153, 2083-2092,
do0i:10.1099/mic.0.2007/006031-0.

48. Lister, J.L.; Horswill, A.R. Staphylococcus aureus biofilms: recent developments in biofilm dispersal. Front Cell
Infect Microbiol 2014, 4, 178, d0i:10.3389/fcimb.2014.00178.

49. Joo, H.S.; Otto, M. Molecular basis of in vivo biofilm formation by bacterial pathogens. Chem Biol 2012, 19, 1503-
1513, d0i:10.1016/j.chembiol.2012.10.022.

50. Maya, I.D.; Carlton, D.; Estrada, E.; Allon, M. Treatment of dialysis catheter-related Staphylococcus aureus
bacteremia with an antibiotic lock: a quality improvement report. Am | Kidney Dis 2007, 50, 289-295,
doi:10.1053/;.ajkd.2007.04.014.

51. Hobley, L.; Harkins, C.; MacPhee, C.E.; Stanley-Wall, N.R. Giving structure to the biofilm matrix: an overview
of individual strategies and emerging common themes. FEMS Microbiol Rev 2015, 39, 649-669,
doi:10.1093/femsre/fuv015.

52. Maira-Litran, T.; Kropec, A.; Abeygunawardana, C.; Joyce, J.; Mark, G., 3rd; Goldmann, D.A.; Pier, G.B.
Immunochemical properties of the staphylococcal poly-N-acetylglucosamine surface polysaccharide. Infect
Immun 2002, 70, 4433-4440, doi:10.1128/1A1.70.8.4433-4440.2002.

53. Herrmann, M.; Vaudaux, P.E.; Pittet, D.; Auckenthaler, R.; Lew, P.D.; Schumacher-Perdreau, F.; Peters, G.;
Waldvogel, F.A. Fibronectin, fibrinogen, and laminin act as mediators of adherence of clinical staphylococcal
isolates to foreign material. | Infect Dis 1988, 158, 693-701, doi:10.1093/infdis/158.4.693.

54. Kwiecinski, J.; Kahlmeter, G.; Jin, T. Biofilm formation by Staphylococcus aureus isolates from skin and soft
tissue infections. Curr Microbiol 2015, 70, 698-703, doi:10.1007/s00284-014-0770-x.

55. Donlan, R.M. Biofilms and device-associated infections. Emerg Infect Dis 2001, 7, 277-281,
doi:10.3201/eid0702.700277.

56. Otto, M. Staphylococcal Biofilms. Microbiol Spectr 2018, 6, doi:10.1128/microbiolspec. GPP3-0023-2018.

57. Zimmerli, W.; Moser, C. Pathogenesis and treatment concepts of orthopaedic biofilm infections. FEMS Immunol
Med Microbiol 2012, 65, 158-168, doi:10.1111/j.1574-695X.2012.00938.x.

58. Miller, M.B.; Bassler, B.L. Quorum sensing in bacteria. Annu Rev Microbiol 2001, 55, 165-199,
doi:10.1146/annurev.micro.55.1.165.

59. Parsek, M.R.; Greenberg, E.P. Sociomicrobiology: the connections between quorum sensing and biofilms. Trends
Microbiol 2005, 13, 27-33, d0i:10.1016/j.tim.2004.11.007.
60. Le, KY.; Otto, M. Quorum-sensing regulation in staphylococci-an overview. Front Microbiol 2015, 6, 1174,

d0i:10.3389/fmicb.2015.01174.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

25 of 33

6l. Kavanaugh, J.S.; Horswill, A.R. Impact of Environmental Cues on Staphylococcal Quorum Sensing and Biofilm
Development. | Biol Chem 2016, 291, 12556-12564, doi:10.1074/jbc.R116.722710.

62. Waters, C.M.; Bassler, B.L. Quorum sensing: cell-to-cell communication in bacteria. Annu Rev Cell Dev Biol 2005,

21, 319-346, doi:10.1146/annurev.cellbio.21.012704.131001.

63. Thoendel, M.; Kavanaugh, ].S.; Flack, C.E.; Horswill, A.R. Peptide signaling in the staphylococci. Chem Rev 2011,
111,117-151, doi:10.1021/cr100370n.

64. Ji, G.; Beavis, R.; Novick, R.P. Bacterial interference caused by autoinducing peptide variants. Science 1997, 276,
2027-2030, doi:10.1126/science.276.5321.2027.

65. Kavanaugh, J.S.; Thoendel, M.; Horswill, A.R. A role for type I signal peptidase in Staphylococcus aureus
quorum sensing. Mol Microbiol 2007, 65, 780-798, doi:10.1111/j.1365-2958.2007.05830.x.

66. Novick, R.P.; Geisinger, E. Quorum sensing in staphylococci. Annu Rev Genet 2008, 42, 541-564,
doi:10.1146/annurev.genet.42.110807.091640.

67. Novick, R.P.; Ross, H.F.; Projan, S.J.; Kornblum, J.; Kreiswirth, B.; Moghazeh, S. Synthesis of staphylococcal
virulence factors is controlled by a regulatory RNA molecule. EMBO | 1993, 12, 3967-3975, doi:10.1002/j.1460-
2075.1993.tb06074.x.

68. Mootz, ].M.; Benson, M.A.; Heim, C.E.; Crosby, H.A.; Kavanaugh, ].S.; Dunman, P.M.; Kielian, T.; Torres, V.]J.;
Horswill, A.R. Rot is a key regulator of Staphylococcus aureus biofilm formation. Mol Microbiol 2015, 96, 388-
404, do0i:10.1111/mmi.12943.

69. Koenig, R.L.; Ray, J.L.; Maleki, S.J.; Smeltzer, M.S.; Hurlburt, B.K. Staphylococcus aureus AgrA binding to the
RNAIII-agr regulatory region. | Bacteriol 2004, 186, 7549-7555, doi:10.1128/]B.186.22.7549-7555.2004.

70. Le, K.Y,; Villaruz, A.E.; Zheng, Y.; He, L.; Fisher, E.L.; Nguyen, T.H.; Ho, T.V.; Yeh, A.].; Joo, H.S.; Cheung,
G.Y.C;; et al. Role of Phenol-Soluble Modulins in Staphylococcus epidermidis Biofilm Formation and Infection
of Indwelling Medical Devices. | Mol Biol 2019, 431, 3015-3027, d0i:10.1016/j.jmb.2019.03.030.

71. Sauer, K. The genomics and proteomics of biofilm formation. Genome Biol 2003, 4, 219, d0i:10.1186/gb-2003-4-6-
219.

72. Paharik, A.E.; Horswill, A.R. The Staphylococcal Biofilm: Adhesins, Regulation, and Host Response. Microbiol
Spectr 2016, 4, doi:10.1128/microbiolspec. VMBF-0022-2015.

73. Biswas, R.; Voggu, L.; Simon, U.K,; Hentschel, P.; Thumm, G.; Gotz, F. Activity of the major staphylococcal
autolysin Atl. FEMS Microbiol Lett 2006, 259, 260-268, doi:10.1111/j.1574-6968.2006.00281.x.

74. Chen, Q.; Xie, S.; Lou, X,; Cheng, S.; Liu, X.; Zheng, W.; Zheng, Z.; Wang, H. Biofilm formation and prevalence
of adhesion genes among Staphylococcus aureus isolates from different food sources. Microbiologyopen 2020, 9,
00946, doi:10.1002/mbo3.946.

75. Montanaro, L.; Speziale, P.; Campoccia, D.; Ravaioli, S.; Cangini, I.; Pietrocola, G.; Giannini, S.; Arciola, C.R.
Scenery of Staphylococcus implant infections in orthopedics. Future Microbiol 2011, 6, 1329-1349,
doi:10.2217/fmb.11.117.

76. O'Neill, E.; Pozzi, C.; Houston, P.; Humphreys, H.; Robinson, D.A.; Loughman, A.; Foster, T.J.; O'Gara, J.P. A
novel Staphylococcus aureus biofilm phenotype mediated by the fibronectin-binding proteins, FnBPA and
FnBPB. ] Bacteriol 2008, 190, 3835-3850, doi:10.1128/JB.00167-08.

77. Wolz, C.; Goerke, C.; Landmann, R.; Zimmerli, W.; Fluckiger, U. Transcription of clumping factor A in attached
and unattached Staphylococcus aureus in vitro and during device-related infection. Infect Immun 2002, 70, 2758-
2762, doi:10.1128/1A1.70.6.2758-2762.2002.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

26 of 33

78. Herman-Bausier, P.; Labate, C.; Towell, A.M.; Derclaye, S.; Geoghegan, J.A.; Dufrene, Y.F. Staphylococcus
aureus clumping factor A is a force-sensitive molecular switch that activates bacterial adhesion. Proc Natl Acad
Sci U S A 2018, 115, 5564-5569, doi:10.1073/pnas.1718104115.

79. Kot, B.; Sytykiewicz, H.; Sprawka, 1. Expression of the Biofilm-Associated Genes in Methicillin-Resistant
Staphylococcus aureus in Biofilm and Planktonic Conditions. Int | Mol Sci 2018, 19, d0i:10.3390/ijms19113487.
80. Moormeier, D.E.; Bayles, K.W. Staphylococcus aureus biofilm: a complex developmental organism. Mol

Microbiol 2017, 104, 365-376, d0i:10.1111/mmi.13634.

81. Saggu, S.K; Jha, G.; Mishra, P.C. Enzymatic Degradation of Biofilm by Metalloprotease From Microbacterium
sp. SKS10. Front Bioeng Biotechnol 2019, 7, 192, doi:10.3389/fbioe.2019.00192.

82. Kiedrowski, M.R.; Kavanaugh, ].S.; Malone, C.L.; Mootz, J.M.; Voyich, ].M.; Smeltzer, M.S.; Bayles, K.W.;
Horswill, A.R. Nuclease modulates biofilm formation in community-associated methicillin-resistant
Staphylococcus aureus. PLoS One 2011, 6, €26714, doi:10.1371/journal.pone.0026714.

83. Periasamy, S.; Joo, H.S.; Duong, A.C.; Bach, T.H.; Tan, V.Y.; Chatterjee, S.S.; Cheung, G.Y.; Otto, M. How
Staphylococcus aureus biofilms develop their characteristic structure. Proc Natl Acad Sci U S A 2012, 109, 1281-
1286, d0i:10.1073/pnas.1115006109.

84. Kaplan, ].B.; LoVetri, K.; Cardona, S.T.; Madhyastha, S.; Sadovskaya, I.; Jabbouri, S.; Izano, E.A. Recombinant
human DNase I decreases biofilm and increases antimicrobial susceptibility in staphylococci. | Antibiot (Tokyo)
2012, 65, 73-77, doi:10.1038/ja.2011.113.

85. Beenken, K.E.; Spencer, H.; Griffin, L.M.; Smeltzer, M.S. Impact of extracellular nuclease production on the
biofilm phenotype of Staphylococcus aureus under in vitro and in vivo conditions. Infect Immun 2012, 80, 1634-
1638, doi:10.1128/IAI1.06134-11.

86. McDougald, D.; Rice, S.A.; Barraud, N.; Steinberg, P.D.; Kjelleberg, S. Should we stay or should we go:
mechanisms and ecological consequences for biofilm dispersal. Nat Rev Microbiol 2011, 10, 39-50,
doi:10.1038/nrmicro2695.

87. Lebeaux, D.; Ghigo, ].M.; Beloin, C. Biofilm-related infections: bridging the gap between clinical management
and fundamental aspects of recalcitrance toward antibiotics. Microbiol Mol Biol Rev 2014, 78, 510-543,
doi:10.1128/MMBR.00013-14.

88. Stewart, P.S.; Costerton, J.W. Antibiotic resistance of bacteria in biofilms. Lancet 2001, 358, 135-138,
doi:10.1016/s0140-6736(01)05321-1.

89. Wise, R.; Andrews, ].M.; Ashby, J.P. Activity of daptomycin against Gram-positive pathogens: a comparison
with other agents and the determination of a tentative breakpoint. | Antimicrob Chemother 2001, 48, 563-567,
doi:10.1093/jac/48.4.563.

90. Thieme, L.; Hartung, A.; Tramm, K.; Klinger-Strobel, M.; Jandt, K.D.; Makarewicz, O.; Pletz, M.W. MBEC Versus
MBIC: the Lack of Differentiation between Biofilm Reducing and Inhibitory Effects as a Current Problem in
Biofilm Methodology. Biol Proced Online 2019, 21, 18, doi:10.1186/s12575-019-0106-0.

91. Howlin, R.P.; Brayford, M.].; Webb, ].S.; Cooper, J.J.; Aiken, S.S.; Stoodley, P. Antibiotic-loaded synthetic
calcium sulfate beads for prevention of bacterial colonization and biofilm formation in periprosthetic infections.
Antimicrob Agents Chemother 2015, 59, 111-120, doi:10.1128/AAC.03676-14.

92. Suresh, M.K.; Biswas, R.; Biswas, L. An update on recent developments in the prevention and treatment of
Staphylococcus aureus biofilms. Int ] Med Microbiol 2019, 309, 1-12, doi:10.1016/j.ijmm.2018.11.002.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

27 of 33

93. Kot, B.; Wierzchowska, K.; Piechota, M.; Gruzewska, A. Antimicrobial Resistance Patterns in Methicillin-
Resistant Staphylococcus aureus from Patients Hospitalized during 2015-2017 in Hospitals in Poland. Med Princ
Pract 2020, 29, 61-68, doi:10.1159/000501788.

94, Brady, A.J.; Laverty, G.; Gilpin, D.F.; Kearney, P.; Tunney, M. Antibiotic susceptibility of planktonic- and
biofilm-grown staphylococci isolated from implant-associated infections: should MBEC and nature of biofilm
formation replace MIC? | Med Microbiol 2017, 66, 461-469, doi:10.1099/jmm.0.000466.

95. Antunes, A.L.; Trentin, D.S.; Bonfanti, ].W.; Pinto, C.C.; Perez, L.R.; Macedo, A.].; Barth, A.L. Application of a
feasible method for determination of biofilm antimicrobial susceptibility in staphylococci. APMIS 2010, 118,
873-877, doi:10.1111/j.1600-0463.2010.02681.x.

96. Coenye, T.; Goeres, D.; Van Bambeke, F.; Bjarnsholt, T. Should standardized susceptibility testing for microbial
biofilms be introduced in clinical practice? Clin Microbiol Infect 2018, 24, 570-572, d0i:10.1016/j.cmi.2018.01.003.

97. Bjarnsholt, T. The role of bacterial biofilms in chronic infections. APMIS Suppl 2013, 1-51, d0i:10.1111/apm.12099.

98. Bhattacharya, M.; Wozniak, D.]J.; Stoodley, P.; Hall-Stoodley, L. Prevention and treatment of Staphylococcus
aureus biofilms. Expert Rev Anti Infect Ther 2015, 13, 1499-1516, d0i:10.1586/14787210.2015.1100533.

99. Ommen, P.; Hansen, L.; Hansen, B.K,; Vu-Quang, H.; Kjems, J.; Meyer, R.L. Aptamer-Targeted Drug Delivery
for Staphylococcus aureus Biofilm. Front Cell Infect Microbiol 2022, 12, 814340, doi:10.3389/fcimb.2022.814340.

100. Otto, M. Staphylococcal biofilms. Curr Top Microbiol Immunol 2008, 322, 207-228, doi:10.1007/978-3-540-75418-
3_10.

101. Hoiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. Antibiotic resistance of bacterial biofilms. Int |
Antimicrob Agents 2010, 35, 322-332, d0i:10.1016/j.ijjantimicag.2009.12.011.

102. Hoiby, N.; Bjarnsholt, T.; Moser, C.; Bassi, G.L.; Coenye, T.; Donelli, G.; Hall-Stoodley, L.; Hola, V.; Imbert, C,;
Kirketerp-Moller, K.; et al. ESCMID guideline for the diagnosis and treatment of biofilm infections 2014. Clin
Microbiol Infect 2015, 21 Suppl 1, S1-25, d0i:10.1016/j.cmi.2014.10.024.

103. Melchior, M.B.; Fink-Gremmels, J.; Gaastra, W. Comparative assessment of the antimicrobial susceptibility of
Staphylococcus aureus isolates from bovine mastitis in biofilm versus planktonic culture. | Vet Med B Infect Dis
Vet Public Health 2006, 53, 326-332, doi:10.1111/j.1439-0450.2006.00962.x.

104. Kania, R.E.; Lamers, G.E.; Vonk, M.].; Dorpmans, E.; Struik, J.; Tran Ba Huy, P.; Hiemstra, P.; Bloemberg, G.V ;
Grote, ].J. Characterization of mucosal biofilms on human adenoid tissues. Laryngoscope 2008, 118, 128-134,
doi:10.1097/MLG.0b013e318155a464.

105. Wu, H.; Moser, C.; Wang, H.Z.; Hoiby, N.; Song, Z.]. Strategies for combating bacterial biofilm infections. Int |
Oral Sci 2015, 7, 1-7, doi:10.1038/ijos.2014.65.

106.  Hoiby, N. Recent advances in the treatment of Pseudomonas aeruginosa infections in cystic fibrosis. BMC Med
2011, 9, 32, doi:10.1186/1741-7015-9-32.

107. Tuon, F.F.; Rocha, J.L.; Morales, HM.; Sakumoto, M.H.; Miksza, K.F.; Pecoit-Filho, R. Modulation of
inflammatory mediators during treatment of cellulitis with daptomycin or vancomycin/oxacillin. Int |
Antimicrob Agents 2015, 46, 476-478, doi:10.1016/j.jjantimicag.2015.05.018.

108. Tuon, F.F.; Romero, R.; Gasparetto, ].; Cieslinski, ]. Vancomycin trough level and loading dose. Infect Drug Resist
2018, 11, 2393-2396, d0i:10.2147/IDR.S184897.

109. Kaneko, H.; Nakaminami, H.; Ozawa, K.; Wajima, T.; Noguchi, N. In vitro anti-biofilm effect of anti-methicillin-
resistant Staphylococcus aureus (anti-MRSA) agents against the USA300 clone. | Glob Antimicrob Resist 2021, 24,
63-71, doi:10.1016/j.jgar.2020.11.026.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

28 of 33

110. Jefferson, K.K.; Goldmann, D.A.; Pier, G.B. Use of confocal microscopy to analyze the rate of vancomycin
penetration through Staphylococcus aureus biofilms. Antimicrob Agents Chemother 2005, 49, 2467-2473,
doi:10.1128/AAC.49.6.2467-2473.2005.

111. Liu, C.; Bayer, A.; Cosgrove, S.E.; Daum, R.S,; Fridkin, S.K.; Gorwitz, R.J.; Kaplan, S.L.; Karchmer, A.W.; Levine,
D.P.; Murray, B.E.; et al. Clinical practice guidelines by the infectious diseases society of america for the
treatment of methicillin-resistant Staphylococcus aureus infections in adults and children. Clin Infect Dis 2011,
52, €18-55, doi:10.1093/cid/ciq146.

112. Singh, R.; Sahore, S.; Kaur, P.; Rani, A.; Ray, P. Penetration barrier contributes to bacterial biofilm-associated
resistance against only select antibiotics, and exhibits genus-, strain- and antibiotic-specific differences. Pathog
Dis 2016, 74, doi:10.1093/femspd/ftw056.

113. Douthit, C.; Gudenkauf, B.; Hamood, A.; Mudaliar, N.; Caroom, C.; Jenkins, M. Effects of powdered rifampin
and vancomycin solutions on biofilm production of staphylococcus aureus on orthopedic implants. | Clin
Orthop Trauma 2020, 11, S113-S117, d0i:10.1016/j.jcot.2019.10.002.

114. Okae, Y.; Nishitani, K.; Sakamoto, A.; Kawai, T.; Tomizawa, T.; Saito, M.; Kuroda, Y.; Matsuda, S. Estimation of
Minimum Biofilm Eradication Concentration (MBEC) on In Vivo Biofilm on Orthopedic Implants in a Rodent
Femoral Infection Model. Front Cell Infect Microbiol 2022, 12, 896978, doi:10.3389/fcimb.2022.896978.

115. Chen, X.; Thomsen, T.R.; Winkler, H.; Xu, Y. Influence of biofilm growth age, media, antibiotic concentration
and exposure time on Staphylococcus aureus and Pseudomonas aeruginosa biofilm removal in vitro. BMC
Microbiol 2020, 20, 264, doi:10.1186/512866-020-01947-9.

116. Castaneda, P.; McLaren, A.; Tavaziva, G.; Overstreet, D. Biofilm Antimicrobial Susceptibility Increases With
Antimicrobial Exposure Time. Clin Orthop Relat Res 2016, 474, 1659-1664, doi:10.1007/s11999-016-4700-z.

117.  LaPlante, K.L.; Mermel, L.A. In vitro activities of telavancin and vancomycin against biofilm-producing
Staphylococcus aureus, S. epidermidis, and Enterococcus faecalis strains. Antimicrob Agents Chemother 2009, 53,
3166-3169, doi:10.1128/AAC.01642-08.

118. Sivori, F.; Cavallo, I.; Kovacs, D.; Guembe, M.; Sperduti, I, Truglio, M.; Pasqua, M.; Prignano, G
Mastrofrancesco, A.; Toma, L.; et al. Role of Extracellular DNA in Dalbavancin Activity against Methicillin-
Resistant Staphylococcus aureus (MRSA) Biofilms in Patients with Skin and Soft Tissue Infections. Microbiol
Spectr 2022, 10, e0035122, d0i:10.1128/spectrum.00351-22.

119. Baddour, L.M.; Wilson, W.R; Bayer, A.S.; Fowler, V.G,, Jr.; Bolger, A.F.; Levison, M.E,; Ferrieri, P.; Gerber, M.A ;
Tani, L.Y.; Gewitz, M.H.; et al. Infective endocarditis: diagnosis, antimicrobial therapy, and management of
complications: a statement for healthcare professionals from the Committee on Rheumatic Fever, Endocarditis,
and Kawasaki Disease, Council on Cardiovascular Disease in the Young, and the Councils on Clinical
Cardiology, Stroke, and Cardiovascular Surgery and Anesthesia, American Heart Association: endorsed by the
Infectious Diseases Society of America. Circulation 2005, 111, e394-434,
doi:10.1161/CIRCULATIONAHA.105.165564.

120. Mirani, Z.A.; Aziz, M.; Khan, M.N.; Lal, I; Hassan, N.U.; Khan, S.I. Biofilm formation and dispersal of
Staphylococcus aureus wunder the influence of oxacillin. Microb Pathog 2013, 61-62, 66-72,
doi:10.1016/j.micpath.2013.05.002.

121. Manner, S.; Goeres, D.M.; Skogman, M.; Vuorela, P.; Fallarero, A. Prevention of Staphylococcus aureus biofilm
formation by antibiotics in 96-Microtiter Well Plates and Drip Flow Reactors: critical factors influencing
outcomes. Sci Rep 2017, 7, 43854, doi:10.1038/srep43854.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

29 of 33

122. Girard, L.P.; Ceri, H.; Gibb, A.P.; Olson, M.; Sepandj, F. MIC versus MBEC to determine the antibiotic sensitivity
of Staphylococcus aureus in peritoneal dialysis peritonitis. Perit Dial Int 2010, 30, 652-656,
doi:10.3747/pdi.2010.00010.

123. Reiter, K.C.; Villa, B.; da Silva Paim, T.G.; Sambrano, G.E.; de Oliveira, C.F.; d'Azevedo, P.A. Enhancement of
antistaphylococcal activities of six antimicrobials against sasG-negative methicillin-susceptible Staphylococcus
aureus: an in vitro biofilm model. Diagn  Microbiol Infect Dis 2012, 74, 101-105,
doi:10.1016/j.diagmicrobio.2012.05.034.

124. Beloor Suresh, A.; Rosani, A.; Wadhwa, R. Rifampin. In StatPearls; Treasure Island (FL), 2022.

125. Campbell, E.A,; Korzheva, N.; Mustaev, A.; Murakami, K,; Nair, S.; Goldfarb, A.; Darst, S.A. Structural
mechanism for rifampicin inhibition of bacterial rna polymerase. Cell 2001, 104, 901-912, doi:10.1016/s0092-
8674(01)00286-0.

126. Abad, L.; Josse, ].; Tasse, J.; Lustig, S.; Ferry, T.; Diot, A.; Laurent, F.; Valour, F. Antibiofilm and intraosteoblastic
activities of rifamycins against Staphylococcus aureus: promising in vitro profile of rifabutin. | Antimicrob
Chemother 2020, 75, 1466-1473, doi:10.1093/jac/dkaa061.

127. Raad, I.; Hanna, H.; Jiang, Y.; Dvorak, T.; Reitzel, R.; Chaiban, G.; Sherertz, R.; Hachem, R. Comparative
activities of daptomycin, linezolid, and tigecycline against catheter-related methicillin-resistant Staphylococcus
bacteremic isolates embedded in biofilm. Antimicrob Agents Chemother 2007, 51, 1656-1660,
doi:10.1128/A AC.00350-06.

128. Bouaziz, A.; Uckay, I; Lustig, S.; Boibieux, A.; Lew, D.; Hoffmeyer, P.; Neyret, P.; Chidiac, C.; Ferry, T. Non-
compliance with IDSA guidelines for patients presenting with methicillin-susceptible Staphylococcus aureus
prosthetic joint infection is a risk factor for treatment failure. Med Mal Infect 2018, 48, 207-211,
doi:10.1016/j.medmal.2017.09.016.

129. Morata, L.; Senneville, E.; Bernard, L.; Nguyen, S.; Buzele, R.; Druon, J.; Tornero, E.; Mensa, ].; Soriano, A. A
Retrospective Review of the Clinical Experience of Linezolid with or Without Rifampicin in Prosthetic Joint
Infections Treated with Debridement and Implant Retention. Infect Dis Ther 2014, 3, 235-243, d0i:10.1007/s40121-
014-0032-z.

130. Reiter, K.C.; Sambrano, G.E.; Villa, B.; Paim, T.G.; de Oliveira, C.F.; d'Azevedo, P.A. Rifampicin fails to eradicate
mature biofilm formed by methicillin-resistant Staphylococcus aureus. Rev Soc Bras Med Trop 2012, 45, 471-474,
doi:10.1590/s0037-86822012000400011.

131.  Zimmerli, W. Clinical presentation and treatment of orthopaedic implant-associated infection. | Intern Med 2014,
276,111-119, doi:10.1111/joim.12233.
132.  Eisen, D.P.; Denholm, J.S. Recommendations for rifampicin therapy of staphylococcal infection in Infectious

Diseases Society of America prosthetic Joint Infection Guidelines are not supported by available literature. Clin
Infect Dis 2013, 57, 159-160, doi:10.1093/cid/cit183.

133. Osmon, D.R.; Berbari, E.F.; Berendt, A.R.; Lew, D.; Zimmerli, W.; Steckelberg, ].M.; Rao, N.; Hanssen, A;
Wilson, W.R.; Infectious Diseases Society of, A. Diagnosis and management of prosthetic joint infection: clinical
practice guidelines by the Infectious Diseases Society of America. Clin Infect Dis 2013, 56, el-e25,
do0i:10.1093/cid/cis803.

134. Gasparetto, J.; Pitta, R.; Cordova, K.; Kaczam, K.G.; Takara, C.M.A.; Zanini, G.L.; Abujamra, M.; Cieslinski, J.;
de Moraes, T.P.; Tuon, F.F. Acute Kidney Injury in Patients Using Amikacin in Intensive Care Unit-A Paired
Case-Control Study With Meropenem. Am | Ther 2020, doi:10.1097/MJT.0000000000000955.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

30 of 33

135. Martins, A.F.; Bail, L.; Ito, C.A.S.; da Silva Nogueira, K.; Dalmolin, T.V.; Martins, A.S.; Rocha, J.L.L.; Serio, A.W;
Tuon, F.F. Antimicrobial activity of plazomicin against Enterobacteriaceae-producing carbapenemases from 50
Brazilian medical centers. Diagn Microbiol Infect Dis 2018, 90, 228-232, doi:10.1016/j.diagmicrobio.2017.11.004.

136. Wang, L.; Tkhilaishvili, T.; Trampuz, A.; Gonzalez Moreno, M. Evaluation of Staphylococcal Bacteriophage Sb-
1 as an Adjunctive Agent to Antibiotics Against Rifampin-Resistant Staphylococcus aureus Biofilms. Front
Microbiol 2020, 11, 602057, doi:10.3389/fmicb.2020.602057.

137. van der Horst, A.S.; Medda, S.; Ledbetter, E.; Liu, A.; Weinhold, P.; Del Gaizo, D.].; Dahners, L. Combined local
and systemic antibiotic treatment is effective against experimental Staphylococcus aureus peri-implant biofilm
infection. | Orthop Res 2015, 33, 1320-1326, d0i:10.1002/jor.22910.

138. Dall, G.F,; Tsang, S.J.; Gwynne, P.J.; MacKenzie, S.P.; Simpson, A.; Breusch, S.J.; Gallagher, M.P. Unexpected
synergistic and antagonistic antibiotic activity against Staphylococcus biofilms. | Antimicrob Chemother 2018, 73,
1830-1840, doi:10.1093/jac/dky087.

139.  Marshall, W.F,; Blair, J.E. The cephalosporins. Mayo Clin Proc 1999, 74, 187-195, doi:10.4065/74.2.187.

140.  Livermore, D.M. Mechanisms of resistance to cephalosporin antibiotics. Drugs 1987, 34 Suppl 2, 64-88,
doi:10.2165/00003495-198700342-00007.

141.  Drusano, G.L. Role of pharmacokinetics in the outcome of infections. Antimicrob Agents Chemother 1988, 32, 289-
297, doi:10.1128/AAC.32.3.289.

142.  Wise, R. The clinical relevance of protein binding and tissue concentrations in antimicrobial therapy. Clin
Pharmacokinet 1986, 11, 470-482, doi:10.2165/00003088-198611060-00004.

143. Dudley, M.N.; Blaser, J.; Gilbert, D.; Zinner, S.H. Significance of "extravascular" protein binding for
antimicrobial pharmacodynamics in an in vitro capillary model of infection. Antimicrob Agents Chemother 1990,
34, 98-101, doi:10.1128/AAC.34.1.98.

144. Parish, D.; Scheinfeld, N. Ceftaroline fosamil, a cephalosporin derivative for the potential treatment of MRSA
infection. Curr Opin Investig Drugs 2008, 9, 201-209.

145.  Fernandez-Guerrero, M.L.; de Gorgolas, M. Cefazolin therapy for Staphylococcus aureus bacteremia. Clin Infect
Dis 2005, 41, 127, doi:10.1086/430833.

146. Miller, W.R; Seas, C.; Carvajal, L.P.; Diaz, L.; Echeverri, A.M.; Ferro, C.; Rios, R.; Porras, P.; Luna, C.; Gotuzzo,
E.; et al. The Cefazolin Inoculum Effect Is Associated With Increased Mortality in Methicillin-Susceptible
Staphylococcus aureus Bacteremia. Open Forum Infect Dis 2018, 5, ofy123, doi:10.1093/ofid/ofy123.

147. Wang, S.K,; Gilchrist, A.; Loukitcheva, A.; Plotkin, B.J.; Sigar, LM.; Gross, A.E.; O'Donnell, J.N.; Pettit, N.; Buros,
A.; ODiriscoll, T.; et al. Prevalence of a Cefazolin Inoculum Effect Associated with blaZ Gene Types among
Methicillin-Susceptible Staphylococcus aureus Isolates from Four Major Medical Centers in Chicago. Antimicrob
Agents Chemother 2018, 62, doi:10.1128/AAC.00382-18.

148. Loubet, P.; Burdet, C.; Vindrios, W.; Grall, N.; Wolff, M.; Yazdanpanah, Y.; Andremont, A.; Duval, X.; Lescure,
F.X. Cefazolin versus anti-staphylococcal penicillins for treatment of methicillin-susceptible Staphylococcus
aureus bacteraemia: a narrative review. Clin Microbiol Infect 2018, 24, 125-132, doi:10.1016/j.cmi.2017.07.003.

149. Di Domenico, E.G.; Rimoldi, S.G.; Cavallo, I.; D'Agosto, G.; Trento, E.; Cagnoni, G.; Palazzin, A.; Pagani, C,;
Romeri, F.; De Vecchi, E.; et al. Microbial biofilm correlates with an increased antibiotic tolerance and poor
therapeutic outcome in infective endocarditis. BMC Microbiol 2019, 19, 228, d0i:10.1186/s12866-019-1596-2.

150. Smieja, M. Current indications for the use of clindamycin: A critical review. Can | Infect Dis 1998, 9, 22-28,
doi:10.1155/1998/538090.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

31 0f33

151. Frank, A.L.; Marcinak, J.F.; Mangat, P.D.; Schreckenberger, P.C. Community-acquired and clindamycin-
susceptible methicillin-resistant Staphylococcus aureus in children. Pediatr Infect Dis | 1999, 18, 993-1000,
doi:10.1097/00006454-199911000-00012.

152.  Champney, W.S.; Tober, C.L. Specific inhibition of 50S ribosomal subunit formation in Staphylococcus aureus
cells by 16-membered macrolide, lincosamide, and streptogramin B antibiotics. Curr Microbiol 2000, 41, 126-135,
doi:10.1007/s002840010106.

153. Schilcher, K.; Andreoni, F.; Dengler Haunreiter, V.; Seidl, K.; Hasse, B.; Zinkernagel, A.S. Modulation of
Staphylococcus aureus Biofilm Matrix by Subinhibitory Concentrations of Clindamycin. Antimicrob Agents
Chemother 2016, 60, 5957-5967, doi:10.1128/AAC.00463-16.

154. Smith, K.; Perez, A.; Ramage, G.; Gemmell, C.G.; Lang, S. Comparison of biofilm-associated cell survival
following in vitro exposure of meticillin-resistant Staphylococcus aureus biofilms to the antibiotics clindamycin,
daptomycin, linezolid, tigecycline and vancomycin. Int | Antimicrob Agents 2009, 33, 374-378,
doi:10.1016/j.jjantimicag.2008.08.029.

155. Meeker, D.G.; Beenken, K.E.; Mills, W.B.; Loughran, A.].; Spencer, H.J.; Lynn, W.B.; Smeltzer, M.S. Evaluation
of Antibiotics Active against Methicillin-Resistant Staphylococcus aureus Based on Activity in an Established
Biofilm. Antimicrob Agents Chemother 2016, 60, 5688-5694, doi:10.1128/AAC.01251-16.

156. Olson, M.E,; Slater, S.R.; Rupp, M.E.; Fey, P.D. Rifampicin enhances activity of daptomycin and vancomycin
against both a polysaccharide intercellular adhesin (PIA)-dependent and -independent Staphylococcus
epidermidis biofilm. | Antimicrob Chemother 2010, 65, 2164-2171, doi:10.1093/jac/dkq314.

157. Fischer, A.; Yang, S.J.; Bayer, A.S.; Vaezzadeh, A.R.; Herzig, S.; Stenz, L.; Girard, M.; Sakoulas, G.; Scherl, A,;
Yeaman, M.R;; et al. Daptomycin resistance mechanisms in clinically derived Staphylococcus aureus strains
assessed by a combined transcriptomics and proteomics approach. | Antimicrob Chemother 2011, 66, 1696-1711,
doi:10.1093/jac/dkr195.

158. Fowler, V.G, Jr.; Boucher, HW.; Corey, G.R.; Abrutyn, E.; Karchmer, A\W.; Rupp, M.E.; Levine, D.P,;
Chambers, H.F.; Tally, F.P.; Vigliani, G.A.; et al. Daptomycin versus standard therapy for bacteremia and
endocarditis caused by Staphylococcus aureus. N Engl | Med 2006, 355, 653-665, d0i:10.1056/NEJMo0a053783.

159. Arbeit, R.D.; Maki, D.; Tally, F.P.; Campanaro, E.; Eisenstein, B.I.; Daptomycin; Investigators. The safety and
efficacy of daptomycin for the treatment of complicated skin and skin-structure infections. Clin Infect Dis 2004,
38, 1673-1681, doi:10.1086/420818.

160. Telles, J.P.; Cieslinski, J.; Tuon, F.F. Daptomycin to bone and joint infections and prosthesis joint infections: a
systematic review. Braz | Infect Dis 2019, 23, 191-196, doi:10.1016/j.bjid.2019.05.006.

161. Cha, J.O,; Park, Y.K;; Lee, Y.S.; Chung, G.T. In vitro biofilm formation and bactericidal activities of methicillin-
resistant Staphylococcus aureus clones prevalent in Korea. Diagn Microbiol Infect Dis 2011, 70, 112-118,
doi:10.1016/j.diagmicrobio.2010.11.018.

162. Cafiso, V.; Bertuccio, T.; Spina, D.; Purrello, S.; Stefani, S. Tigecycline inhibition of a mature biofilm in clinical
isolates of Staphylococcus aureus : comparison with other drugs. FEMS Immunol Med Microbiol 2010, 59, 466-
469, doi:10.1111/j.1574-695X.2010.00701 ..

163. Pradier, M.; Nguyen, S.; Robineau, O.; Titecat, M.; Blondiaux, N.; Valette, M.; Loiez, C.; Beltrand, E.; Dezeque,
H.; Migaud, H.; et al. Suppressive antibiotic therapy with oral doxycycline for Staphylococcus aureus prosthetic
joint infection: a retrospective study of 39 patients. Int | Antimicrob Agents 2017, 50, 447-452,
doi:10.1016/j.jjantimicag.2017.04.019.


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

32 of 33
164. Husain, F.M.; Ahmad, I. Doxycycline interferes with quorum sensing-mediated virulence factors and biofilm
formation in gram-negative bacteria. World | Microbiol Biotechnol 2013, 29, 949-957, doi:10.1007/5s11274-013-1252-
1.
165. Rosman, C.W.K,; van der Mei, H.C.; Sjollema, J. Influence of sub-inhibitory concentrations of antimicrobials on

micrococcal nuclease and biofilm formation in Staphylococcus aureus. Sci Rep 2021, 11, 13241,
do0i:10.1038/s41598-021-92619-9.

166. Yee, R.; Yuan, Y.; Tarff, A,; Brayton, C.; Gour, N.; Feng, J.; Zhang, Y. Eradication of Staphylococcus aureus
Biofilm Infection by Persister Drug Combination. Antibiotics (Basel) 2022, 11, doi:10.3390/antibiotics11101278.

167. Fung, H.B.; Kirschenbaum, H.L.; Ojofeitimi, B.O. Linezolid: an oxazolidinone antimicrobial agent. Clin Ther
2001, 23, 356-391, d0i:10.1016/s0149-2918(01)80043-6.

168. Parra-Ruiz, J.; Bravo-Molina, A.; Pena-Monje, A.; Hernandez-Quero, J. Activity of linezolid and high-dose
daptomycin, alone or in combination, in an in vitro model of Staphylococcus aureus biofilm. | Antimicrob
Chemother 2012, 67, 2682-2685, doi:10.1093/jac/dks272.

169. Gander, S.; Hayward, K; Finch, R. An investigation of the antimicrobial effects of linezolid on bacterial biofilms
utilizing an in vitro pharmacokinetic model. ] Antimicrob Chemother 2002, 49, 301-308, do0i:10.1093/jac/49.2.301.

170.  Bi, H.; Deng, R.; Liu, Y. Linezolid decreases Staphylococcus aureus biofilm formation by affecting the IcaA and
IcaB proteins. Acta Microbiol Immunol Hung 2022, doi:10.1556/030.2022.01689.

171. Hall, C.W.; Mah, T.F. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic
bacteria. FEMS Microbiol Rev 2017, 41, 276-301, doi:10.1093/femsre/fux010.

172. Rowe, S.E.; Conlon, B.P.; Keren, I.; Lewis, K. Persisters: Methods for Isolation and Identifying Contributing
Factors--A Review. Methods Mol Biol 2016, 1333, 17-28, d0i:10.1007/978-1-4939-2854-5_2.

173. Rani, S.A.; Pitts, B.; Stewart, P.S. Rapid diffusion of fluorescent tracers into Staphylococcus epidermidis biofilms
visualized by time lapse microscopy. Antimicrob Agents Chemother 2005, 49, 728-732, doi:10.1128/AAC.49.2.728-
732.2005.

174. Saginur, R.; Stdenis, M.; Ferris, W.; Aaron, S.D.; Chan, F.; Lee, C.; Ramotar, K. Multiple combination bactericidal
testing of staphylococcal biofilms from implant-associated infections. Antimicrob Agents Chemother 2006, 50, 55-
61, doi:10.1128/AAC.50.1.55-61.2006.

175. Salem, A.H. Elkhatib, W.F.; Noreddin, A.M. Pharmacodynamic assessment of vancomycin-rifampicin
combination against methicillin resistant Staphylococcus aureus biofilm: a parametric response surface
analysis. | Pharm Pharmacol 2011, 63, 73-79, d0i:10.1111/§.2042-7158.2010.01183.x.

176. Rose, W.E.; Poppens, P.T. Impact of biofilm on the in vitro activity of vancomycin alone and in combination
with tigecycline and rifampicin against Staphylococcus aureus. | Antimicrob Chemother 2009, 63, 485-488,
d0i:10.1093/jac/dkn513.

177. Broussou, D.C.; Lacroix, M.Z.; Toutain, P.L.; Woehrle, F.; El Garch, F.; Bousquet-Melou, A.; Ferran, A.A.
Differential Activity of the Combination of Vancomycin and Amikacin on Planktonic vs. Biofilm-Growing
Staphylococcus aureus Bacteria in a Hollow Fiber Infection Model. Front Microbiol 2018, 9, 572,
d0i:10.3389/fmicb.2018.00572.

178. Pistella, E.; Falcone, M.; Baiocchi, P.; Pompeo, M.E.; Pierciaccante, A.; Penni, A.; Venditti, M. In vitro activity of
fosfomycin in combination with vancomycin or teicoplanin against Staphylococcus aureus isolated from
device-associated infections unresponsive to glycopeptide therapy. Infez Med 2005, 13, 97-102.

179. Pachon-lbanez, M.E.; Ribes, S.; Dominguez, M.A.; Fernandez, R.; Tubau, F.; Ariza, J.; Gudiol, F.; Cabellos, C.

Efficacy of fosfomycin and its combination with linezolid, vancomycin and imipenem in an experimental


https://doi.org/10.20944/preprints202212.0348.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2022 d0i:10.20944/preprints202212.0348.v1

33 of 33

peritonitis model caused by a Staphylococcus aureus strain with reduced susceptibility to vancomycin. Eur |
Clin Microbiol Infect Dis 2011, 30, 89-95, doi:10.1007/s10096-010-1058-0.

180. Tang, H.]J.; Chen, C.C,; Cheng, K.C,; Toh, H.S.; Su, B.A.; Chiang, S.R.; Ko, W.C.; Chuang, Y.C. In vitro efficacy
of fosfomycin-containing regimens against methicillin-resistant Staphylococcus aureus in biofilms. | Antimicrob
Chemother 2012, 67, 944-950, doi:10.1093/jac/dkr535.

181. Tang, H.J.; Chen, C.C.; Ko, W.C,; Yu, W.L,; Chiang, S.R.; Chuang, Y.C. In vitro efficacy of antimicrobial agents
against high-inoculum or biofilm-embedded meticillin-resistant Staphylococcus aureus with vancomycin
minimal inhibitory concentrations equal to 2 mug/mL (VA2-MRSA). Int | Antimicrob Agents 2011, 38, 46-51,
doi:10.1016/j.jjantimicag.2011.02.013.

182. Roussos, N.; Karageorgopoulos, D.E.; Samonis, G.; Falagas, M.E. Clinical significance of the pharmacokinetic
and pharmacodynamic characteristics of fosfomycin for the treatment of patients with systemic infections. Int |
Antimicrob Agents 2009, 34, 506-515, d0i:10.1016/j.jjantimicag.2009.08.013.

183. Zimmerli, W.; Sendi, P. Role of Rifampin against Staphylococcal Biofilm Infections In Vitro, in Animal Models,
and in Orthopedic-Device-Related Infections. Antimicrob Agents Chemother 2019, 63, doi:10.1128/AAC.01746-18.

184. Wells, C.M.; Beenken, K.E.; Smeltzer, M.S.; Courtney, H.S.; Jennings, J.A.; Haggard, W.O. Ciprofloxacin and
Rifampin Dual Antibiotic-Loaded Biopolymer Chitosan Sponge for Bacterial Inhibition. Mil Med 2018, 183, 433-
444, doi:10.1093/milmed/usx150.

185. Yang, B.; Lei, Z.; Zhao, Y.; Ahmed, S.; Wang, C.; Zhang, S.; Fu, S.; Cao, J.; Qiu, Y. Combination Susceptibility
Testing of Common Antimicrobials in Vitro and the Effects of Sub-MIC of Antimicrobials on Staphylococcus
aureus Biofilm Formation. Front Microbiol 2017, 8, 2125, d0i:10.3389/fmicb.2017.02125.

186. Pujol, M.; Miro, ].M.; Shaw, E.; Aguado, ] M.; San-Juan, R; Puig-Asensio, M.; Pigrau, C.; Calbo, E.; Montejo, M.;
Rodriguez-Alvarez, R.; et al. Daptomycin Plus Fosfomycin Versus Daptomycin Alone for Methicillin-resistant
Staphylococcus aureus Bacteremia and Endocarditis: A Randomized Clinical Trial. Clin Infect Dis 2021, 72, 1517-
1525, do0i:10.1093/cid/ciaal081.

187. Kastoris, A.C.; Rafailidis, P.I,; Vouloumanou, E.K.; Gkegkes, I.D.; Falagas, M.E. Synergy of fosfomycin with
other antibiotics for Gram-positive and Gram-negative bacteria. Eur | Clin Pharmacol 2010, 66, 359-368,
doi:10.1007/s00228-010-0794-5.

188. Samonis, G.; Maraki, S.; Karageorgopoulos, D.E.; Vouloumanou, E.K,; Falagas, M.E. Synergy of fosfomycin with
carbapenems, colistin, netilmicin, and tigecycline against multidrug-resistant Klebsiella pneumoniae,
Escherichia coli, and Pseudomonas aeruginosa clinical isolates. Eur | Clin Microbiol Infect Dis 2012, 31, 695-701,
doi:10.1007/s10096-011-1360-5.

189. Hu, H.; Ramezanpour, M.; Hayes, A.J.; Liu, S.; Psaltis, A.J.; Wormald, P.J.; Vreugde, S. Sub-Inhibitory
Clindamycin and Azithromycin reduce S. aureus Exoprotein Induced Toxicity, Inflammation, Barrier
Disruption and Invasion. | Clin Med 2019, 8, d0i:10.3390/jcm8101617.


https://doi.org/10.20944/preprints202212.0348.v1

	1. Introduction
	2. Virulence factors
	3. Antibiotic resistance
	4. Toxins
	5. Biofilms
	6. Biofilm formation on medical devices
	7. Quorum sensing
	8. Regulatory genes
	9. Minimum inhibitory concentrations, minimum biofilm inhibitory concentrations and biofilm eradication concentrations
	10. Biofilm treatment
	10.1. Glycopeptides
	10.2. Penicillins
	10.3. Rifampin
	10.4. Aminoglycosides
	10.5. Cephalosporins
	10.6. Clindamycin
	10.7. Daptomycin
	10.8. Doxycycline
	10.9. Linezolid
	10.10. Ertapenem
	11. Combination antibiotic therapy for S. aureus biofilms
	12. Conclusion
	Treatment guidelines are specific for the type of infection, and for S. aureus, they depend upon antibiotic susceptibility. These clinical practice guidelines are based on randomized controlled clinical trials, comparing existing and novel treatments,...
	References

