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Biofilm is a complicated bacterial structure that was first recognized by the Dutch microscopist Anton Van
Leeuwenhoek in dental plaque during the 1670s. Until around 50 years ago, very few studies had been performed
on biofilm properties. Following the invention of the electron microscopy, it was revealed that biofilm is a microbial
community composed of bacteria that is protected by the barrier of an exopolysaccharide matrix. Within this unique
structure, microorganisms possess multicellular behavior that is distinct from that of simple planktonic cells, and
they are typically at least 500 times more resistant to antibacterial agents. The enclosed environment is beneficial
to bacterial survival for extended periods and is thus considered a self-defense measure to safeguard against
unfavorable conditions. This drives chronic infection by opportunistic pathogens in which the bacterial community is
resistant to antibacterial agents and to host immunity. For instance, the prevalence of methicillin-resistant

Staphylococcus aureus (MRSA) in clinical specimens is closely associated with a potent ability to produce biofilm.

Biofilm Microbial Surface Pathogen Bacteria Antibiotic Antimicrobial resistance

Staphylococcus MRSA

| 1. Introduction

Staphylococcus aureus is the most common cause of biofilm formation of public health relevance
and that which is the most studied. This typically commensal Gram-positive bacterium is a leading
source of opportunistic infections, including those relating to skin, osteoarticular pathology,
endocarditis, and contaminated introduced devices [9]. Medical implants and host tissues can be
covered by this bacterium, when the biofilm so formed plays a pivotal role in chronic, difficult-to-treat
infections. The principles of biofilm formation by S. aureus, as described here, apply to other
pathogenic biofilm-forming bacteria that contribute to the increasing global challenge of antimicrobial
resistance. These include, but are not restricted to, Bacillus subtilis, Enterococcus faecalis,
Escherichia coli, Helicobacter pylori, Klebsiella pneumoniae, Listeria monocytogenes, Pseudomonas
aeruginosa, Salmonella enterica serovars and Streptococcus mutans.

Surface attachment by bacteria to a substrate triggers the formation of biofilm, which provides a physical barrier
that is difficult to penetrate. The complex structure of biofilm promotes long-term bacterial infections via various
pathways. There are several prerequisites to form biofilm, the most crucial of which is a suitable substrate. The
nature and condition of the surface are key determinants. Bacterial colonization occurs more frequently and at a

greater rate on rough surfaces. This means that distinctive materials such as metal, glass and Teflon have different
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potential for biofilm development. Similarly, the rate and extent of adherence vary dependent upon the composition
of chemicals that coat the biofilm 1.

A major influence on biofilm formation is the environment in which bacteria exist. A pivotal factor is the oxygen and
nutrient gradient. Nutrient-deficient conditions can trigger stressed bacteria to form this complex structure, within
which they are able to withstand the hostile surroundings. By responding to a given stress level by forming biofilm
or not, cells determine their own fate. They do this by producing an extracellular matrix (ECM) by which to cover
the multicellular aggregation, whereupon they can survive much longer when exposed to the host immune system
or to antibiotics [ZIEIA4IE],

While the structural complexity of biofilm enables bacterial growth on numerous surfaces, from a medical
perspective, artificial devices can provide fertile ground for it to become established. Based on studies over several
years, different stages of biofilm formation are defined, including attachment, maturation and detachment/dispersal
[BITEIRIL0 |n order to target biofilm for effective treatment an in-depth knowledge is required of the stages of its
formation, as well as an understanding of the unique structure of the ECM and of quorum sensing, the ability of

bacteria to detect and to respond to changes in cell population density through gene regulation 111,

| 2. Microbial Surface Adhesion

Initial steps towards biofilm formation involve attachment to uncoated or coated surfaces, utilizing cell wall anchors
as required by the nature of the underlying biotic or abiotic substrate 12 (Figure 1). Bacteria can adhere to each
other or to solid surfaces as well as to interfaces of either solid/liquid, liquid/air, liquid/liquid or solid/air. They
perform this action using their flagella, pili, or fimbriae 131241 Non-motile bacteria, exemplified by staphylococci,

can attach to abiotic surfaces passively.
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Figure 1. Schematic representation of Staphylococcus aureus biofilm development. This is divided chronologically
into a four-step progression: (1) attachment; (2) multiplication; (3) maturation; and (4) detachment. First, bacteria
adhere to different substrates, including biomaterial surfaces and host tissues, by using cell—cell interactions and

their virulence factors such as surface proteins. Gradually, attached bacteria start to divide and proliferate. Many
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antimicrobial agents target this metabolically active multiplication stage. Among these, nanoparticles,
bacteriophages, antibodies, phytochemicals, and enzymes are noteworthy (Table 1). The maturation stage follows,
during which a mature biofilm is formed. At this point, a mass of accumulated bacteria is surrounded by an
exopolysaccharide matrix. Laser shock or photodynamic therapy can attack this outer surface (Table 1). Finally,
during the detachment stage, physical forces, and enzymes such as proteases, as well as quorum sensing system,

promote the release of daughter bacterial cells (5). This stage is targeted by most classes of antibiotic.

Microbial surface components recognizing adhesive matrix molecules (MSCRAMMS), adhesin proteins that are
utilized by staphylococci, mediate attachment to medical devices 12, Members of the MSCRAMM family include
protein A, as well as fibronectin-binding, serine-aspartate repeat, clumping factor and collagen adhesion proteins,
biofilm-associated protein, and S. aureus surface proteins (FNBP, Sdr, CIfB, Bap and SasG) [18[17I[18][19][20][21][22]
Under specific circumstances electrostatic and hydrophobic interactions may also play a significant role. In
addition, negatively charged teichoic acids (TAs) and major autolysin enable attachment 23241231 Dyring this
multiplication stage, bacteria may not be sufficiently stable, so, in order to survive, the immature biofilm adopts
strategies such as producing different factors — including S. aureus surface proteins — which help biofilm
formation and its accumulation (28],

Several strategies aim to prevent development of biofilm at this early stage. Potential targets include bacterial
interactions with surfaces and their receptors such as fibrinogen and fibronectin. Preventing attachment can either
inhibit adhesion or bacterial growth. As TAs contain D-alanine residues, the surface of S. aureus is negatively
charged, which is a pivotal point in the initial adhesion process. Negatively charged implant devices provide

repulsive forces, thereby disabling adhesion.

| 3. Development to Mature Biofilm

What are the main features required for a biofilm to mature? Prior to microcolony formation, S. aureus cell
attachment is followed by a dispersal stage that is independent of final detachment. The initial proliferation that
takes place during biofilm formation requires strengthening intercellular binding, which involves various virulence
factors including MSCRAMMSs, SasG, Bap and protein A. Once cells multiply, they start to disseminate, a stage that
is defined as “early dispersal”, in order to restructure the biofilm. This process is aided by nucleases.
Microcolonies, which are characteristic of “mature biofilm”, form only after biomass reduction. Bacterial vulnerability

results in multiplication as a strategy to enhance cell interactions prior to the “exodus” stage, the role of which is not
yet elucidated [27128][29][30][31][32][33]

The most notable structural component of biofilm is ECM, in which bacterial cells embed. This comprises polymeric
molecules secreted from daughter cells composed of proteins, polysaccharide-intercellular adhesins (PIA) and/or
extracellular DNA (eDNA). During multiplication, cells are protease-sensitive, indicative of the fact that ECM is
composed mostly of protein components like those that bind to eDNA to stabilize this “early biofilm”. These proteins
are degraded by nuclease enzymes secreted from bacterial cells at the early dispersal stage. At this time, a
protein/DNA-based ECM is predominant [27134],
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Among polymeric molecules involved in ECM, PIA (also known as poly-N-acetylglucosamine; PNAG), is
characteristic of Staphylococcus and has a cationic nature that can facilitate attachment 283035 Enzymes
encoded by the ica operon catalyze production of PIA. While this operon exists in most S. aureus isolates, its
expression is affected by levels of glucose, anaerobicity, osmotic stress and CO,. PIA increases biofilm retention
and its resistance to antimicrobial peptides (AMPs) through deacetylation. Additionally, it is believed that the ica
operon is under phase variation, which has a role in slipped strand mispairing and leads to an on/off switch for
expression of the products 2813711381,

In the subsequent stage, a three-dimensional “mature biofilm” forms. This has two towers either side of a central
channel B9, Different models are described for “microcolony” formation, which is a cue for maturation. Mature
biofilm has a diverse and metabolically distinct structure that makes it resistant to unwanted environmental and
stressful drivers. Interestingly, distinct gene patterns are responsible for coding these microcolonies at different
rates (2840141 EPS, which contain several components including polysaccharides, glycolipids, protein,
glycoproteins, PIA and eDNA, are thought to constitute around 90% of the microcolony structure 2214311441 ' |nside
this, not only can bacteria exchange nutrients and waste but they can also be dispersed over far distances [ZI43],
Through phenol-soluble modulin (PSM)-mediated dispersal, alpha-helical peptides can break up channels from
thick biofilm cells or from those cells belonging to different foci in the basal layer that have remained after the so-
called ‘exodus’ 29 (Figure 1).

Treatment of an infected individual during this mature stage is extremely challenging, as it is the most stable form
of biofilm 13, |t presents several recognized barriers to the effective action of antibiotics. The EPS matrix can
reduce antibiotic efficiency by providing an obstacle to diffusion and a storage for enzymes. This natural defense
can lessen phage recognition that depends on EPS. This is an important consideration when determining treatment
targets. Similarly, eDNA can diminish antibiotic performance by bolstering the cellular structure. Quorum sensing, a
distinctive feature of biofilm, controls production of virulence factors and thereby promotes antimicrobial resistance.
Persister cells offer another potential therapeutic target 484714811491 Antibodies can either target MSCRAMMS to
prevent attachment, or cover host cell surfaces to heighten clearance of bacteria. Regarding vaccine design
against biofilm-producing bacteria, PIA is a potential target B2, CIfA, CIfB, FnBPA and FnBPB are also good

candidate antigens as their expression is ubiquitous among S. aureus strains and each participates in biofilm
formation [51152],

Physical removal by surgery and debridement for currently embedded bacteria, antibiotic regimens and application
of ECM-degrading enzymes are notable therapies B3IB4I551, Although justified experimentally, these methods are
not entirely practical to translate to large-scale clinical use. In some cases, antibiotic therapy should follow physical

approaches to enhance efficacy because bacteria embedded in biofilm are more resistant than planktonic cells 28
5],

| 4. Detachment
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There are several proposals to explain how biofilm is dispersed (Figure 1), including isolating new cells from
growing ones, reducing biofilm mass, quorum sensing and triggering by insufficient nutrient levels 8!, It is thought
that matrix composition determines physical forces that can propel this stage through erosion, sloughing or
abrasion . Different enzymes, typically proteases, can weaken protein-dependent biofilm and thereby facilitate its
degradation. S. aureus and S. epidermidis produce various proteases including serine/cysteine protease and
metalloprotease 2. Similarly, nuclease and nuclease 2 (NUC and NUC?2) play important roles by disrupting
neutrophils and altering biofilm formation as well as targeting eDNA in the matrix 296961 Fyrthermore, P3
promoter expression in accessory gene regulator (agr) quorum sensing has a function in detachment of cells,
which can initiate dispersal by autoinducer peptide addition or through glucose depletion. Production of proteases
is under the control of the agr quorum sensing system, following activation of which autoinducing peptides (AIPs)

are detectable, implicating the next stage as dispersal [621[631(64](65]

Regarding treatment, antibiotic efficacies have increased by using enzymes as dispersal agents. In terms of
prevention, utilizing dispersal agents for pretreatment of medical devices not only suppresses proliferation, but also
facilitates biofilm purgation. While these appear to be promising therapeutic advances, some concerns have been
expressed. For instance, a chronic infection occurs if the administered dose of some antibiotics is unable to
permeate the biofilm as sub-inhibitory concentrations can drive agr activation or eDNA release. Moreover,

embolism as a consequence of degrading matrix components is a possible adverse reaction 68,

| 5. Quorum Sensing

Quorum sensing plays a substantial role during different stages of biofilm formation including attachment and
detachment. This cell-to-cell signaling is under the control of agr quorum sensing or an accessory gene regulator
[40J[671(68](69]  There are four loci, namely agr D, agr B, agr C and agr A, which encode the central system and
between each of which there is a close relationship. S. aureus has only one copy of each locus, but this is not
proven for other species. Via this system, bacteria communicate by producing hormone-like AlIPs. Once the rate of
signal generation reaches a threshold level signal transduction is activated. The fluctuation in cell density provides
the main stimulus for this gene regulation. Bacterial AIPs are responsible for such key activities as biofilm
formation, antibiotic resistance, conjugation, and virulence. Therefore, quorum sensing is considered a potential
target for therapy and infection control BZ9 Different types of quorum sensing are used by Gram-positive and

Gram-negative bacteria or are common to both Z272],

Although results from in vitro studies are not altogether consistent the consensus view is that quorum sensing is a
requirement for biofilm formation and that detachment is controlled at the AIP level. Not only does the agr system
propel detachment of S. aureus by adding AIP or glucose to a mature biofilm, it is also necessary to suppress
biofilm. In one study, 78% of S. aureus that formed biofilm was agr-negative. Such findings strengthen the
argument that the quorum sensing system may be harnessed as a biofilm blocker. Moreover, it seems that

proteases, an important propeller in biofilm dispersal, are under agr regulation [62I[631(68](73](74]
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