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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) represents a global threat, necessitating the development of effec-
tive solutions to combat this emerging superbug. In response to selective pressures within healthcare, community,
and livestock settings, MRSA has evolved increased biofilm formation as a multifaceted virulence and defensive
mechanism, enabling the bacterium to thrive in harsh conditions. This review discusses the molecular mechanisms
contributing to biofilm formation across its developmental stages, hence representing a step forward in developing
promising strategies for impeding or eradicating biofilms. During staphylococcal biofilm development, cell wall-
anchored proteins attach bacterial cells to biotic or abiotic surfaces; extracellular polymeric substances build scaf-
folds for biofilm formation; the cidABC operon controls cell lysis within the biofilm, and proteases facilitate dispersal.
Beside the three main sequential stages of biofilm formation (attachment, maturation, and dispersal), this review
unveils two unique developmental stages in the biofilm formation process for MRSA; multiplication and exodus.

We also highlighted the quorum sensing as a cell-to-cell communication process, allowing distant bacterial cells

to adapt to the conditions surrounding the bacterial biofilm. In S. aureus, the quorum sensing process is mediated

by autoinducing peptides (AIPs) as signaling molecules, with the accessory gene regulator system playing a pivotal
role in orchestrating the production of AlPs and various virulence factors. Several guorum inhibitors showed promis-
ing anti-virulence and antibiofilm effects that vary in type and function according to the targeted molecule. Disrupt-
ing the biofilm architecture and eradicating sessile bacterial cells are crucial steps to prevent colonization on other
surfaces or organs. In this context, nanoparticles emerge as efficient carriers for delivering antimicrobial and antibi-
ofilm agents throughout the biofilm architecture. Although metal-based nanoparticles have been previously used

in combatting biofilms, its non-degradability and toxicity within the human body presents a real challenge. Therefore,
organic nanoparticles in conjunction with quorum inhibitors have been proposed as a promising strategy against bio-
films. As nanotherapeutics continue to gain recognition as an antibiofilm strategy, the development of more antibi-
ofilm nanotherapeutics could offer a promising solution to combat biofilm-mediated resistance.
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Methicillin-resistant Staphylococcus aureus:

the super bug

In 1942, the first instance of penicillin resistance in
hospitalized patients was identified among Staphylo-
coccus aureus (S. aureus) strains. Subsequently, penicil-
lin resistance became prevalent, with reports indicating
its presence in 80% of staphylococcal isolates sourced
from both hospital- or healthcare-associated and
community-acquired cases [1]. After the widespread
emergence of penicillin resistance, methicillin, the first
semisynthetic penicillinase-resistant penicillin, was
introduced; however, shortly thereafter, a new resist-
ant phenotype known as methicillin-resistant Staphylo-
coccus aureus (MRSA) emerged in clinical settings [2].
This resistant phenotype is linked to the production of
penicillin-binding protein 2a (PBP2a), which facilitates
transpeptidase activity, hence, impeding the treatment
of MRSA-mediated infections. MRSA differs geneti-
cally from methicillin-sensitive Staphylococcus aureus
(MSSA) by the presence of the mec gene, encoding a
76 Kda PBP2a [3]. Nowadays, vancomycin can only
be given in some cases because of the emergence of
vancomycin-resistant S. aureus strains (VRSA), which
acquired vanA gene clusters [4].

Over the past two decades, a notable shift in the epi-
demiology of MRSA infections has occurred. Initially
confined to healthcare settings, MRSA infections were
primarily observed among employees and patients with
compromised immune systems, who had been exposed
to hospital settings [5]. Shortly thereafter, community-
acquired strains (CA-MRSA) emerged, predominantly
causing infections in healthy individuals. Due to the
effective adaptation of this clone in the host niche, CA-
MRSA has extensively proliferated, taking the forefront in
generating a rising incidence of unforeseen and invasive
healthcare-associated infections [6]. Livestock-associated
MRSA (LA-MRSA) evolved through human-to-animal
host jumps, via clones that originally infected cattle but
could occasionally adapt to infect human [7].

Biofilm mediated antibiotic resistance in MRSA

Biofilms represent matrix-enclosed sessile communities
formed by adherent microbial cells. The formation of
biofilms is one of the strategies employed by bacteria to
resist the effects of antimicrobial agents, including anti-
biotics, during infections. For instance, S. aureus biofilms
decrease the bacterial susceptibility to vancomycin where
bacterial biofilms require minimum biofilm inhibitory
concentrations; almost 10 times more than the minimum
inhibitory concentration (MIC) of vancomycin on plank-
tonic bacteria [8]. Biofilm-mediated resistance to antibi-
otics is either intrinsic or acquired as detailed below:
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Intrinsic resistance mechanisms

Intrinsic mechanisms of resistance include the biofilm
architecture and phenotype. The biofilm matrix is com-
posed of extracellular polymeric substances (EPS) that
act as a stabilizing scaffold; enhancing cellular attach-
ment to the colonization site [9]. This matrix can block
the access of antibiotics to the vicinity of the biofilm,
either by a chemical reaction with the antibiotic, such as
deactivation of reactive chlorine species, or by decreas-
ing the rate of diffusion as in oxacillin, vancomycin, and
cefotaxime in S. aureus and Staphylococcus epidermidis
(S. epidermidis) biofilms [10].

Another intrinsic mechanism of biofilm-mediated
resistance involves modified phenotypic features, includ-
ing gene transcription and growth rates. Slow growth
reduces metabolism and diminishes the uptake of anti-
biotic molecules, providing protection against certain
classes like fluoroquinolones, which require internaliza-
tion. This protective mechanism was demonstrated in S.
epidermidis biofilms exhibiting resistance to tobramycin
[11].

Acquired resistance mechanisms

Acquired resistance mechanisms involve horizontal gene
transfer (HGT) and exchange of plasmid-mediated resist-
ance genes. Plasmids are transferred from one bacterium
to the other through conjugation, with higher chances
of transfer within bacterial biofilm due to the relatively
closer proximity of the cells and the absence of disturbing
shear forces, as it provides protection against any inter-
ference either in their cell-to-cell contact or their con-
jugation pili. Therefore, the rates of HGT in biofilms are
greater compared to their planktonic counterparts [12].

Biofilm structure and clinical relevance
Biofilms, formed by microbial cells and EPS, consist of
organized architectures with discrete pillar- or mush-
room-shaped structures. Such structures form meticu-
lous channel networks acting as nutrient transport
systems which connect the biofilm core with the exter-
nal environment [13]. Nutrient-deficient conditions may
trigger biofilm formation. The EPS matrix of the biofilm
sequesters any amount of environmental metal nutrients
found in the surrounding such as carbon, phosphates,
and nitrogen [14]. Bacterial cells within a biofilm enter
a quiescent state, known as persister cells, exhibiting
reduced metabolic activity, slow rates of cell division, and
high tolerance to antimicrobial agents [15]. Upon detach-
ment and dispersion, persister cells regain metabolic
activity and antibiotic sensitivity.

Biofilms represent one of the clinically significant viru-
lence factors of S. aureus [9]. Moreover, biofilms facilitate
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the spread of infections by releasing planktonic cells,
which can initiate biofilm formation elsewhere. S. aureus
biofilms can develop inside host tissues or on implanted
medical devices such as catheters, cardiac pacemak-
ers, prosthetic joints, contact lenses, cerebrospinal fluid
shunts, and prosthetic heart valves [16, 17]. These devices
acquire a coating of host matrix proteins before inser-
tion [18]. Since the bacterial cell wall anchors proteins
specifically tailored for host matrix proteins, bacterial
attachment and anchoring to these medical devices is
facilitated. Moreover, S. aureus is associated with several
chronic biofilm-mediated infections such as endocardi-
tis, nasal infections, cystic fibrosis, urinary tract infec-
tions, and skin, and soft tissues infections [19] [18].
Infections mediated by bacterial biofilms pose a seri-
ous health hazard as they confer increased resistance to
therapeutic interventions. Conventional antibiotic treat-
ments primarily target planktonic cells, leaving biofilm
cells capable of detachment and dissemination to other
sites for recolonization. Biofilms are bacterial defensive
mechanism against host immune responses and clear-
ance, including phagocytosis and protease defenses [9].
Pathways implicated in the structuring and development
of biofilms generate protein products with immune-evad-
ing functions, affecting both innate and adaptive immune
responses through the production of hemolysins, nucle-
ases, proteases, lipases, collagenases, and other deg-
radative enzymes [20]. Evasion from innate immunity
includes resistance to phagocytic-mediated killing by
neutrophils, escape from neutrophil extracellular traps,
inhibition of complement activation, and impairment of
macrophage phagocytosis. Conversely, mechanisms of
evasion from adaptive immunity mediated by biofilms
involve the activation of superantigens and exotoxins,
inducing nonspecific T-cell stimulation, and subsequent
production of pro-inflammatory cytokines [20].

Biofilm developmental stages

The development of new and more effective approaches
targeting S. aureus biofilms requires unraveling the devel-
opmental stages underlying the formation of this com-
plex bacterial architecture. Amongst all varying bacterial
species, biofilm formation follows a unified model con-
sisting of three main sequential stages; (1) attachment, (2)
maturation, and (3) detachment and dispersal. The bio-
film is constructed vertically, then it layers and expands
horizontally in later stages as a sign of its maturation.
The first step of biofilm formation is the attachment and
adherence of the bacterial cells to both biotic and abiotic
surfaces [21], depending on the generation of compatible
attraction forces. In case of biotic surfaces, the attrac-
tion force is normally the resultant of a protein-protein
interaction. In case of abiotic surfaces, forces such as
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Van der Waal’s forces, electrostatic forces, or steric inter-
actions mediate attachment of bacteria. As the bacte-
rial cells adhere and proliferate, they form aggregates of
micro-colonies, which give the biofilm its mushroom-
like structure. These micro-colonies establish the three-
dimensional architecture via EPS, which acts as a scaffold
allowing layering of cells. The final stage involves cellular
detachment and dispersal, initiated when a specific cellu-
lar density activates bacterial communication pathways,
ultimately leading to the degradation of the EPS. The cells
within the biofilm have innate ability to “sense” the sur-
rounding cellular density in a process known as quorum
sensing (to be discussed later). This specific density acts
as a marker that signifies initiation of cellular detachment
through production of proteases, phenol soluble modu-
lins, and nucleases to promote recolonization of distal
sites [22].

S. aureus biofilm development, as observed through
microfluidic flow-cell systems and time-lapse micros-
copy, encompasses the same three fundamental stages
found in other bacterial species, with the addition of two
further stages. Yarwood et al. investigated growth and
detachment waves correlating with a specific pattern of
accessory gene regulator (agr) expression [23]. The iden-
tification of the two additional stages in S. aureus biofilm
formation stemmed from their distinction from agr-
mediated dispersal events that occur during maturation
and tower formation. Consequently, these stages, labeled
as “multiplication” and “exodus,” were positioned among
the initial events in the biofilm formation timeline [24].
Detailed information about the molecular mechanisms
involved in each stage of biofilm formation is provided in
Table 1.

Attachment

Attachment and adherence to a surface constitute a cru-
cial initial step that triggers all subsequent stages of bio-
film formation. Multiple factors govern the net balance
of attraction and repulsion forces between bacterial and
polymeric surfaces. These factors encompass the critical
distance between the organism and the surface (approxi-
mately 1nm), the characteristics of the surface, whether
biotic or abiotic, and the nature of the polymeric sub-
stance [47].

Adhesion to biotic surfaces takes place through a group
of cell wall-anchored (CWA) proteins specifically com-
patible with matrix substrates. These include microbial
surface components recognizing adhesive matrix mol-
ecules (MSCRAMMSs) characterized with a common
LPXTG motif, a hydrophobic domain, and a tail of posi-
tively charged amino acids [48]. The LPXTG motif func-
tions as a sorting signal, guiding the anchorage of proteins
into the cell wall [26]. Both the hydrophobic domain and
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Table 1 Genes involved in biofilm development in S. aureus categorized by every developmental stage
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Gene (Bacterial strain)

Product

Role in biofilm development

Reference

A) Attachment
srtA (RN4220, OS2 and Newman strains)

fnBP A/B (8325 strain)

CIf A/B (Newman strain)

SpPA (ISP479r strain)

EbpS (strain 12,598 Cowan)

Pls (1061 strain)

SasG (8325-4 and Newman strains)

IsdA (83254 strain)

Bbp (E514 and 024 strains)

dItABCD operon (Sa113 wild-type strain)

AltA (8325-4 strain)

Sortase A

Fibronectin-binding protein A and B

Clumping-factor A and B

Protein A

Elastin-binding protein

Plasmin-sensitive protein

S. aureus surface protein G

Iron-regulated surface protein A

bone sialoprotein-binding protein

D-alanylation proteins

Peptidoglycan hydrolase

B) Cell-to-cell adhesions and intercellular attachment

icaABCD operon (SA113 strain)

icaR (RN4220 strain)

SasG (8325-4 and Newman strains)
C) Exodus

AltA (8325-4 strain)

cidA (UAMS-1)

Nuc (USA300)

polysaccharide intracellular adhesin (PIA/
PNAG)

intercellular adhesin locus regulator

S. aureus surface protein G

Peptidoglycan hydrolase
Putative holin protein

Degradative nucleases

Extracellular transpeptidases responsible
for anchoring the cell-wall-anchored pro-
teins in S. aureus and Gram-positive bacteria.

Members of the MSCRAMMs group
responsible for binding to components
of the extracellular matrix such as fibrino-
gen, fibronectin, and elastin.

Glycoprotein; members of the MSCRAMMSs
group responsible for clumping bacte-

rial cells prior to recognizing and binding
to host matrix fibrinogen.

A cell wall-anchored protein recognizing
platelet-secreted immunoglobulin G

A cell-wall protein responsible for bind-
ing to the N-terminal region of the elastin
present in host extracellular matrix.

A virulence factor encoded by a gene car-
ried on the staphylococcal cassette chromo-
some (SCC) mec type Iin MRSA. It stimulates
biofilm formation.

Surface protein that allows attachment

to squamous and desquamated epithelial
cells, promotes colonization and stimulates
biofilm formation.

Surface protein; part of the NEAT protein
family, has a role in binding to fibrinogen,
fibronectin, and loricrin.

Part of the MSCRAMM:s; interacts with bone
sialoprotein which is a major component
of dentine extracellular matrix (ECM)

and bones. It plays a significant role

in the colonization of bone tissues.

Encodes proteins that act synergistically

to mediate the D-alanylation of the teichoic
acids; wall-teichoic proteins and lipoteichoic
acids anchored in the cell wall.

An enzyme that has been shown to pro-
mote binding to hydrophilic and hydropho-
bic polystyrene surfaces.

Polymeric carbohydrates form complex
networks with each other and are anchored
to cell surfaces.

Locus responsible for downregulating
the expression of the icaABCD operon.

Surface protein involved in the protein-
mediated ica-independent mechanism
of accumulation and cell-to-cell attachment.

AtlA-mediated lysis of the bacterial cells
is crucial for the development of the biofilm.

The product of this gene mediates cell lysis
during biofilm development.

These nucleases play a role in early dispersal
of biofilm cells through degrading the eDNA
present in the biofilm matrix.

[27]

[32]




Aboelnaga et al. Cell Communication and Signaling (2024) 22:188 Page 5 of 28
Table 1 (continued)
Gene (Bacterial strain) Product Role in biofilm development Reference

SaeS (ISP479 and Newman strain) Sensor histidine kinase

SaeR (ISP479 and Newman strain) Response regulator

D) Maturation

IrgAB (8325-4 strain) Putative antiholin

cidA (UAMS-1) Putative holin protein

E) Dispersal
Aur (USA300 strain)

SspB (RN4220 strain) Cysteine protease
SspA (RN4220 strain) Serine protease

F) Quorum Sensing
agrA (RN4220 strain)

AgrA response regulator
agrC (RN4220 strain)

agrB (RN4220 strain) AgrB secretory protein

agrD (RN4220 strain)

AgrD precursor protein

CCpA (SA113)

Fur (SH1000 and Newman strains) Ferric uptake regulator

Zinc-dependent metalloprotease aureolysin

Transmembrane signal receptor

Catabolite control protein A

This kinase is responsible for phosphoryla- [41]
tion-mediated activation of the SaeR gene
upon recognition of environmental signals.

Upon being activated by the sensor [41]
histidine kinase, it induces transcription
of around 20 virulence genes

Responsible for inhibiting cell death/lysis, [42]
typically those initiated by the cidABC
operon.

The product of this gene mediates cell [39]
lysis and plays a role in biofilm maturation
along with the products of the IrgAB operon.

This protein is crucial for pathogenesis asit  [43]
targets the components of the complement
system inside the infected host. It also tar-

gets CIfB and Bap.

Protease involved in the degradation of col-  [44]

lagen.

Protease involved in the degradation of FnBP  [44]
and Bap.

AgrA is for controlling the genetic adapta- (23]

tion in response to this signal.

AgrCis a histidine kinase responsible
for the detection of environmental signals.

ArgB is responsible for post-translational
modification of AgrD and its secretion
into the biofilm milieu.

This precursor protein is processed

by the AgrB protein to give a mature autoin-
ducing octapeptide.

CcpA is responsible for regulating gene [45]
expression in response to different sugars

used as carbon sources.

Controls iron concentrations inside bacterial ~ [46]
cells and is involved in a complex regulatory
network with both Agr and Sae systems

the positively charged tail contribute to retaining the pro-
tein in the secretory pathway, where LPXTG is eventu-
ally processed and recognized for anchorage. The Sortase
family of extracellular transpeptidases is responsible
for cleaving the LPXTG motif and catalyzing its inser-
tion into the cell wall. In S. aureus and most Gram-pos-
itive bacteria, recognition, and cleavage of the LPXTG
motif are mediated by the srtA gene product, known as
sortase A. Sortase A facilitates anchorage by transpepti-
dation to the peptidoglycan of the cell wall, followed by
LPXTG cleavage and attachment of the protein to the
pentaglycine cross-linker within the peptidoglycan [26].
S. aureus possesses up to 21 different LPXTG-contain-
ing proteins displayed on its surface. These proteins are

processed and cleaved at their LPXTG motif by sortase
A. Unlike their shared motifs, these microbial surface
components have specific binding domains that target
certain components of the matrix. To start, fibronectin-
binding proteins A and B can bind to the y domain of
fibrinogen through their C-terminus, to elastin via their
A domain, or to fibronectin via their fibronectin-binding
domains [49-51]. The clumping factors CIfA and CIfB
are also members of the MSCRAMMs group which can
recognize and bind to host matrix fibrinogen [27]. These
fibrinogen receptors are known as clumping factors due
to the clumping of bacterial cells before interaction with
fibrinogen. CIfA protein binds to the y chain of fibrino-
gen, while CIfB binds to a- and B-chains [52]. There are
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also receptors for collagen protein on the surface of S.
aureus. These collagen binding MSCRAMMs are called
Collagen-binding adhesin (CNA). The collagen-binding
domain of the CNA is found on the A-region of the pro-
tein. The binding mechanism does not depend on the
presence of metal ions. However, it occurs via a “hug-
ging” mechanism in which the two subdomains of the
CNA surround and wrap the collagen monomer. Protein
A (SpA) is also a cell wall-anchored protein recogniz-
ing platelet-secreted immunoglobulin G and von Wille-
brand factor, playing a significant role in infections such
as endocarditis [28]. Other MSCRAMMs include elastin-
binding protein [51], plasmin-sensitive protein [30], SasG
[53], iron regulated surface determinants IsdA/B/C/H
[33], and bone sialoprotein Bbp [54].

There are other CWA-independent mechanisms of
attachment that may contribute to bacterial adherence
to abiotic surfaces. Studies have shown the involvement
of these mechanisms in facilitating the binding of bac-
terial cells to polystyrene. One of these mechanisms is
mediated by the negatively charged teichoic acid poly-
mers integrated into the bacterial cell wall. Teichoic acids
constitute significant components of the Gram-positive
bacterial cell wall, accounting for 60% of the total mass.
They are either stabilized in the plasma membrane as
lipoteichoic acids or anchored in the cell wall through
covalent bonds to the peptidoglycans, forming wall
teichoic acids [55]. The principle of binding depends
on the attraction force between the cell wall and the
attachment surface (polystyrene or glass) [56]. The phys-
icochemical properties of the cell wall depend on the
teichoic acid polymers. Teichoic acids in the S. aureus cell
wall consist of alternating phosphate and ribitol units and
contain a higher number of negatively charged phosphate
groups compared to the D-alanine residues. Teichoic
acids enable bacteria to attach to hydrophobic surfaces or
surfaces that are slightly negatively charged. This adhe-
sion is facilitated by attractive van der Waals forces and
interionic forces, where the latter can be either repulsive
or attractive. The bacterial ability to attach depends on
the resultant net force. This was demonstrated by using
AdltA S. aureus mutants, where the dltA gene is respon-
sible for incorporating the D-alanine in teichoic acids.
These mutants are characterized by increased negativity
of the cell wall, consequently, the repulsive forces over-
come the attraction forces and prevent adherence to the
plastic surface [56]. Another mechanism involves the
autolysin enzyme AtlA. S. aureus strains demonstrating
clustering capabilities exhibited a biofilm-negative phe-
notype upon AtlA deletions [57]. Atl is a wall-anchored
peptidoglycan hydrolase found in staphylococci species,
with AtlA hydrolase specifically identified in S. aureus
strains. This enzyme has been demonstrated to facilitate

Page 6 of 28

binding to both hydrophilic and hydrophobic polysty-
rene surfaces [36, 57]. S. aureus can also employ CWA
proteins in its attachment to abiotic surfaces. In this sce-
nario, it is crucial for the implanted device to be covered
by host matrix proteins before attachment. Several stud-
ies have demonstrated the dependence of MRSA on the
Atl-FnBP biofilm phenotype [36].

Multiplication

The multiplication stage of biofilm development is a sta-
bilization phase that reinforces the initial attachment,
hence protecting the first horizontal layer of cells from
being removed by the shear forces of flowing fluid. The
key players in this phase are factors directed towards
promoting cell-to-cell adhesions and intercellular attach-
ment. In biofilms, the bacterial cells constitute a small
portion (only around 10%) of the dry mass. The remain-
ing portion, totaling about 90%, serves as the stabilizing
scaffold that “fixes” the cells in place to allow intracellular
attachment. This scaffold, known as EPS, is heterogene-
ous, and is composed of various biopolymeric substances
that impart a “sticky” nature suitable for its function [54].
The EPS represents a sophisticated relationship between
composition, structure, and function. Each component
has a specific function, not only during formation but
throughout maturation and dispersal as well. The EPS is
composed of exopolysaccharides, exoproteins, extracellu-
lar DNA, surfactants, lipids, and water, each in a specific
ratio, and it serves various functions, including adhe-
sion, cellular accumulation, sorption of organic and inor-
ganic molecules, and water retention. Moreover, it acts
as a protective barrier, a source of nutrients, an electron
donor/acceptor, and a sink for excess energy [58]. Staphy-
lococcal biofilms are classified according to the major
component of the EPS into either polysaccharide matri-
ces or proteinaceous matrices.

The exopolysaccharides constitute the major compo-
nent of biofilms with polysaccharide matrices. These
polymers can be found in branched or linearized forms,
with molecular masses ranging from 0.5 to 2x10°Da
[58]. These polymeric carbohydrates form complex net-
works with each other and are anchored to cell surfaces.
Exopolysaccharides are not specific to the environment in
which the biofilm is formed, as they are detected in bio-
films isolated from pure cultures, soil, water systems, and
human chronic infections. However, these polysaccha-
rides differ from one bacterial species to another in the
type of monomers involved in polymerization. Homopol-
ysaccharides, such as glucans, fructans, and cellulose, are
found in streptococcal biofilms and biofilms produced by
Pseudomonadaceae and Enterobacterales. EPS are also
found in heteropolysaccharide form, where the mono-
mers are a collection of neutral and charged residues.
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For S. aureus, polysaccharides found in the EPS matrix
are usually polycationic. An example is the polysaccha-
ride intracellular adhesin PIA/PNAG, which is a poly-
mer made up of B-1,6-linked N-acetylglucosamine with
partially deacetylated residues [58]. This polymer facili-
tates colonization of implanted devices and plays a role
in chronic infections. PIA is the major constituent of
the exopolysaccharide staphylococcal biofilm matrix in
strains with activated ica operon. The intercellular adhe-
sion ica locus is the operon responsible for encoding the
PIA. It was initially identified as a detection marker for
the biofilm-formation phenotype in S. epidermidis strains
[59] and was later identified in S. aureus. It is part of the
“accessory-genome” rather than the “core-genome” of the
bacteria, making it more common among clinical strains,
and potentially absent in others. In early studies, the
ica locus was detected in strains isolated from implant-
associated infections [60]. It is composed of four different
genes (icaA, icaB, icaC, and icaD), collectively producing
PIA. The icaA and icaD genes are involved in exopolysac-
charide synthesis. The icaA gene encodes a transmem-
brane transferase enzyme responsible for the production
of the poly-N-acetylglucosamine polymer. The activity of
this enzyme is dependent on its co-expression with the
icaD gene product to produce enzymatically active pep-
tides longer than 20 amino acid residues [61]. The icaC
protein is the ica-system component responsible for
translocating the poly-N-acetylglucosamine polymer to
the cell surface. Finally, the last acting protein is the prod-
uct of the icaB gene, which deacetylates the polymer. The
deacetlyation step is the fixative step signifying develop-
ment of the biofilm exopolysaccharide by anchoring the
polymer to the outer surface of the bacterium [62]. The
expression of the ica locus is negatively regulated by the
intercellular adhesin locus regulator icaR gene, which
acts under the influence of SarA protein (later discussed
in quorum-sensing) and stress sigma o® [63]. The ica
locus can be regulated by the phase-variation property
of virulence factors, where the expression can be turned
on and off depending on the environment, and in cases
of evasion. In S. aureus, phase-variation is carried out by
the expansion or contraction of a 4-nucleotide tandem
“TTTA” repeat in the icaC gene, leading to a frame-shift
mutation and consequently resulting in a truncated, non-
functional icaC protein [64]. The inactivation of PIA/
PNAG production is thought to contribute to infection
and bacterial fitness.

Exoproteins are also present as a core constituent
of the EPS in all types of matrices. These proteins have
functional roles in attachment, structure, and degra-
dation. The role of attachment proteins is particularly
dominant in proteinaceous matrices, and contributes to
strengthening the initial attachment. These matrices are
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more commonly found in MRSA isolates. They are ica-
independent, however, the ica operon is present in the
genome. It is rendered inactive and does not express the
icaABCD genes. Nevertheless, the discovery of the ica-
independent pathways require deletion of the ica locus,
since mutated strains were able to propagate and form
biofilm, regardless of their compromised PIA produc-
tion [65]. For S. aureus, the Bap protein was identified
as the main player in surface attachment and intracellu-
lar adherence [66]. However, it was later discovered that
the ica-independent mechanisms are multifactorial and
involve varying components that allow cell-to-cell adhe-
sion without production of extracellular polysaccharide.
The protein nature of these matrices was concluded upon
observing the effect of proteases on ica-independent bio-
films [67]. Cells in ica-independent biofilms form aggre-
gates with assistance of fibronectin-binding proteins and
other MSCRAMMs proteins, such as FnBPs, CIfB, and
SdrC. The role of these MSCRAMMs proteins extends
beyond initial attachment, as they are implicated in
mechanisms that keep the cells in close proximity with
each other in the absence of an extracellular amorphous
matrix. They have dual function mediating both attach-
ment and accumulation in biofilm development [68].
Several other proteins are also implicated in the process
such as Protein A [28], SasC [69], and SasG [32]. The pro-
tein-mediated ica-independent accumulation mechanism
can be exemplified by the action of the SasG protein; a
surface protein found in S. aureus. SasG protein encom-
passes N-terminal A domain and repeated B domains.
Initially, the SasG is anchored into the cell wall, then it
is cleaved at its B region. Following this, the fragmented
Sas@ is released into the exterior, and acts to dimerize
with exposed B domains on other bacterial cell surfaces
in a non-covalent manner in the presence of Zn>*. The
fragmented and exposed SasG B regions on adjacent
neighboring cells interact with each other leading to
cell accumulation and biofilm formation [32]. The ica-
independent biofilm formation mechanisms indicate that
production of PIA is considerably strain- or condition-
specific. All S. aureus clinical strains harbor the ica locus
[70]. Therefore, the alternative pathways identified can be
interpreted as environmentally induced phenomena, as
they are “switched on” to adapt the biofilm characteristics
to an external stimulus.

Another mode of bacterial cell accumulation involves
utilizing cytoplasmic proteins as matrix components.
These cytoplasmic proteins are released from the cells
during the stationary phase and associate with the cell
surface. This represents a form of “recycling” mechanism
during biofilm accumulation, where cytoplasmic pro-
teins aggregate in the interstitial space between neigh-
boring cells under the influence of biofilm-inducing
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conditions, such as low pH. Enolase and GAPDH are
examples of such “moonlighting” cytoplasmic proteins
that act as matrix components [71]. These proteins lack
signal peptides that dictate their translocation into the
external milieu. However, it has been suggested that they
contribute to biofilm accumulation similarly to extracel-
lular DNA (eDNA). Through regulated autolysis, enolase,
GAPDH, and other proteins such as phenol-soluble mod-
ulin (PSMs), beta-toxin (Hlb), and cytoplasmic nucleoid-
associated proteins bind to eDNA and act externally to
stabilize the extracellular matrix [72-74]. In addition to
the aforementioned proteins, the EPS can also include
degradative enzymes that are released during the disper-
sal stage of biofilm.

eDNA is an integral part of the EPS and was discovered
using S. aureus mutants with a defective autolysin pro-
tein, AtlA. The autolysin AtlA is a bifunctional enzyme
that is cleaved to yield two catalytically active proteins;
amidase and glucosaminidase. AtlA-mediated lysis of
bacterial cells is crucial for the development of the bio-
film, as mutants exhibit a reduced formation pheno-
type [75]. The significance of eDNA and cellular lysis is
emphasized in the subsequent exodus stage.

Exodus

Exodus is the third stage of biofilm formation observed
after 6hours from initiation. This stage is considered an
early dispersal phase independent of agr-mediated dis-
persal, contributing to the reconstruction of the biofilm
structure. It involves a self-regulated nuclease-dependent
degradation of the eDNA found in the matrix. eDNA is
a major component in the structure of the S. aureus bio-
film; released into the milieu from lysed bacterial cells.
Studies have reported the involvement of cidA; a gene
regulated by the CidR regulator acting on the cidABC
operon, in controlling cell lysis during biofilm develop-
ment [76]. The cidA mutants produced biofilms with
altered appearance and more roughness [39]. Further-
more, the significant role of eDNA in the integrity and
structuring of biofilms, specifically those of S. aureus,
was discovered upon treating S. aureus biofilms with
DNase I. DNase I inhibited biofilm formation, resulted
in the detachment of preformed biofilms, and increased
susceptibility to detergents [76]. This further demon-
strates the importance of cidA and eDNA in the for-
mation of biofilms [77]. The function of the nucleases
released prior to the exodus event can be correlated with
the significant reduction in the biomass of the S. aureus
biofilm [78]. Only a subpopulation of cells can express
their nuc gene and produce the nucleases to degrade the
eDNA, allowing the detachment of most of the accumu-
lated population. The expression of the nuc gene and pro-
duction of the degradative nucleases are processes tightly
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regulated by a two-component system known as Sae (S.
aureus exoprotein expression). Two-component systems
are bacterial signal transduction pathways that allow bac-
terial survival and adaptation in the environment. These
pathways mediate processes of signaling, transduction,
and transcriptional activation using only two proteins,
which can detect environmental signals and stimulate the
genetic adaptation of bacteria [79]. The Sae two-compo-
nent system is also composed of two proteins; SaeS sen-
sor histidine kinase and the SaeR response regulator [80].
The Sae$S sensor histidine kinase recognizes environmen-
tal signals, such as human neutrophil peptides, or human
a-defensins, and through a cascade of phosphorylation
events, it activates the effector regulatory molecule, SaeR,
and induces transcription of approximately 20 virulence
genes [80].

The biological significance of the exodus stage can be
attributed to its implication prior to biofilm tower for-
mation. The reduced biomass is suggested to be a pre-
requisite to produce secondary structures in the biofilm
architecture. Studies showed that nuc mutants of S.
aureus do not have an exodus stage during their biofilm
production, and are consequently unable to form micro-
colonies, which are crucial for the subsequent maturation
stage [24].

For the last two stages, maturation and dispersal, the
difference in the biological importance of each stage
must be stressed to compensate for the complexity
resulting from the intertwining mechanisms that are
shared between them. Both stages involve a degree of
dispersal and detachment, where cells are released from
the biofilm structure into the surrounding vicinity. In
the maturation stage, the dispersive processes are com-
plemented with adhesive processes, resulting from the
involvement of these dispersive processes in the archi-
tectural reconstruction of the biofilm, as it is reorganized
into its final “mature” form that ensures stability and via-
bility of the cells within. On the other hand, the disper-
sal stage involves release of cells for distal recolonization
and spreading of the biofilm phenotype. Accordingly, the
detachment process is more pronounced.

Maturation

The maturation stage is a phase of continued cellular
growth that results in the development of bacterial colo-
nies consisting of millions of cells tightly organized into
three-dimensional mushroom-shaped masses [24]. A dis-
tinctive feature of the maturation stage is microcolony
formation. These microcolonies create additional surface
areas that facilitate the exchange of nutrients, which are
crucial for the viability of the three-dimensional tower
structure. During this stage, there is an interplay between
adhesive and disruptive processes that act to restructure
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the biofilm; carving out open water channels for the
exchange of nutrients and waste products. This allows
the biofilm to expand and grow while maintaining the
transport of nutrients to the internalized population of
cells found at a distance from the surface.

There are two models that describe the formation of
biofilm microcolonies (Fig. 1). The initial model explains
the carving out of channels using the functional role of
phenol-soluble modulins (PSMs) in cellular dispersal.
PSMs are amphipathic in nature with surfactant-like
properties; allowing the disruption of non-covalent inter-
actions between matrix components [78, 81]. The model
proposes that biofilm maturation and microcolony for-
mation are subtractive processes, where the thick mat of
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biofilm bacterial cells is produced first, and then PSMs
regulate detachment and dispersal of cells from specific
locations, leading to the emergence of fluid-filled chan-
nels. This model depends on variations in the expression
of PSMs at different locations in the biofilm, controlled
by differences in the activity of the agr quorum-sensing
system [81]. However, the use of time-lapse microscopy
provided insights into the actual mechanisms of the pro-
cess, leading to the development of a different biofilm
maturation model [82].

The second model proposes that microcolonies grow
at different foci of cells that remain at the basal layer
of the biofilm, attached to the surface shortly after the
onset of the exodus stage. The study also demonstrated

e "B
=\
Carving out of channels —

through cell detachment

T IrgAB }
- Rapidly-growing cells
‘: | ciaasc
l IrgAB }
- Slowly-growing cells
T CidABC

Towering of cells at
different loci

Attachment, multiplication,

and exodus
_—

Fig. 1 Models proposed to illustrate biofilm maturation. A PSM-mediated biofilm maturation model. B Growth-mediated biofilm maturation model
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a differential pattern of metabolism among the micro-
colony subtypes present within the same biofilm. This
pattern manifested as variations in growth rates, where
rapidly growing microcolonies extended from slower-
growing cells at the basal layer. Such variations resulted
from differences in the expression of the cidABC and
IrgAB cell death-associated operons, with rapid growth
associated with increased constitutive expression of
IrgAB, and slower growth associated with constitutive
cidABC expression and no detectable [rgAB expression.
These two models are not contradictory, and do not nec-
essarily replace one another. The patterns of PSM expres-
sion potentially play a role in the reconstruction of the
biofilm structure in collaboration with the other pro-
posed mechanism for the formation of microcolonies.
However, the existence of both models can be attributed
to the involvement of PSMs in the dispersal stage, indi-
cating a time-dependent implementation of these models
where PSMs act at a later point. Nevertheless, the obser-
vations made by Moormeier and his group revealed an
additional biological significance to the maturation stage
of biofilm formation. It enables the metabolic diversifica-
tion of the microcolonies within the biofilm, allowing for
its persistence against inevitable environmental stresses
that endanger its existence. This proposed “program-
ming” process gives rise to cells with varying metabolic
activities, despite emerging from a common, genetically
identical background. This diversification reduces the
time needed for adaptation to stressors and enhances
resistance to antimicrobial agents. However, in cases
where the stress becomes intolerable, the biofilm disper-
sal mechanisms ensure survival in other more habitable
sites [83].

Dispersal

EPS is heterogeneous, comprising proteins, eDNA,
and polysaccharides. Degrading the biofilm EPS matrix
necessitates an array of distinct degradative exoenzymes;
each targeting a different component. The proteinaceous
component of biofilms is vulnerable to degradative pro-
teases that play a key role in mediating biofilm disper-
sal. S. aureus has the ability to synthesize and secrete
10 different proteases, each with prominent roles in cel-
lular detachment. Examples of such proteases are the
zinc-dependent metalloprotease aureolysin [84], the two
cysteine proteases SspB and ScpA [20], and seven serine
proteases known as SspA and SplA to -F [44, 85]. Each
protease targets specific proteins involved in cellular
attachment. For instance, the serine protease SspA acts
on FnBP and Bap proteins, which are implicated in ini-
tial attachment and intracellular adhesion [66, 86]. The
Aur protease acts on the Bap protein as well, however,
it also targets the CIfB protein instead of the FnBP [87].
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The expression of these proteases is regulated by various
transcriptional regulators, such as SigB, Rot, SarA, and
SaeRS [78]. These regulation mechanisms of the exoen-
zymes responsible for biofilm dispersal are all agr-inde-
pendent mechanisms. However, the quorum-sensing agr
system plays a central role in the dispersion process by
regulating both exoproteases and PSMs; both contribut-
ing to cell detachment from the matrix. This mechanism
is discussed in the following section.

Role of quorum sensing in S. aureus biofilm
formation

Quorum sensing (QS) is a process in which each bacte-
rium can “sense” the number of surrounding bacterial
cells. This sensing mechanism enables a coordinated
response to the surrounding environment by regulat-
ing gene expression patterns within the community
[88]. Depending on cell density, bacterial cells can pro-
duce, detect, and respond to specific extracellular sign-
aling molecules known as autoinducers, which serve as
mediators of the QS phenomenon. Autoinducers are
self-coded, meaning they are produced and released by
the same bacterium that demonstrates their effect. Addi-
tionally, they are stage-specific, with production and
detection induced by a specific growth stage or abrupt
environmental change. To be considered an autoinducer,
a molecule must accumulate extracellularly and be rec-
ognized by bacterial surface receptors. The extracellular
accumulation must also trigger a cascade of cellular sign-
aling within the cell, not resulting from the metaboliza-
tion or detoxification of the molecule [88].

Autoinducers can either be auto-activators or auto-
crine regulators. Auto-activators promote the expres-
sion of their genes, upregulating their own synthesis in a
positive feedback loop. Accordingly, once the production
of auto-activators is initiated, it prompts an exponential
increase in their concentration. On the other hand, auto-
crine regulators are also signaling molecules involved in
QS and the regulation of gene expression; however, they
do not upregulate their own synthesis [89].

The nature of autoinducers differs between Gram-pos-
itive and Gram-negative bacteria. In Gram-negative bac-
teria, the released autoinducers are N-acyl-l-homoserine
lactones (AHLs), while in Gram-positive bacteria, the
autoinducers are peptides (AIPs). AHLs and AIPs differ
in their mechanism of action, despite causing the same
outcome, which is genetic regulation [89].

AHLs are diffusible molecules that easily traverse the
membrane and enter the cell. Inside the cell, they bind
to specific intracellular receptor proteins. This bind-
ing induces a conformational change in these receptors,
causing allosteric unfolding and leading to the formation
of dimers. These receptor dimers act as transcriptional
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activators, thereby activating the regulated genes. In
contrast, Gram-positive bacteria require polytopic trans-
membrane receptors for AIPs, since they cannot eas-
ily penetrate the cell wall. The binding of AIPs to these
transmembrane receptors initiates signal transduction
pathways that modulate gene expression [89].

S. aureus employs AIPs in a major QS system known as
the accessory gene regulator (agr) system, which encodes
a signaling circuit responsible for the production and
signaling of autoinducers. The sequence of cascades reg-
ulated by the agr system is directly correlated with the
function and role of quorum sensing in the regulation of
virulence factors during S. aureus infection and biofilm
formation [90].

During the early stages of infection, the agr system is
inactive, allowing bacterial cells to colonize host tissues
using the adhesion proteins expressed on their surface.
For biofilm formation, these adhesins are crucial for sur-
face attachment, representing the initial step in biofilm
formation. Upon attachment along with increasing cel-
lular density, the concentration of secreted autoinducers
reaches the activation threshold. These molecules then
bind to components of the agr system on the bacterium’s
surface, leading to the activation of signaling cascades
[90].

The last step of biofilm formation involves cellular
detachment and dispersion to facilitate infection and col-
onization of other sites. Consequently, the incidence of
agr system activation coincides with the need for disper-
sion due to the system’s ability to reduce the production
of adhesion factors [90]. The expression of the genes in
the agr operon regulates bacterial virulence by decreas-
ing the production of adhesion factors and inducing the
production of exotoxins and degradative exoproteins.

The agr locus includes two divergent promoters, P2
and P3. The P2 promoter is part of the agrABCD operon,
which consists of four genes (agrA, agrB, agrC, and agrD)
acting together to modulate the expression of the agr
locus. The agrA and agrC genes encode a “density-sens-
ing cassette,” while the other two genes, agrB and agrD,
encode its inducer. The agrD gene encodes a precur-
sor peptide known as AgrD. This 46-amino acid peptide
chain undergoes post-translational modification and is
exported by the AgrB secretory protein located on the
cytoplasmic membrane [91]. The modification process is
crucial for maturation of the AgrD precursor peptide into
an autoinducing octapeptide which possesses a thiolac-
tone ring that is crucial for its signaling activity [92].

In the presence of sufficient amounts of these autoin-
ducing octapeptides, these molecules bind to a trans-
membrane signal receptor encoded by the agrC gene.
This receptor is part of a classic two-component signal
transduction pathway. The two-component system (TCS)
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pathway associated with the agr system relies on two
proteins; AgrC and AgrA. AgrC detects environmental
signals, while AgrA is responsible for controlling genetic
adaptation in response to these signals. The binding of
the autoinducing octapeptide induces two subsequent
phosphorylation events by AgrC. The AgrC histidine
kinase undergoes autophosphorylation upon binding to
the autoinducing octapeptide, and then it phosphoryl-
ates the AgrA molecule, thereby activating it. The acti-
vated AgrA functions as a response regulator, acting as
a transcription factor by binding to DNA sequences and
promoting the expression of adjacent genes. Similarly,
AgrA binds to sequences in the P2 and P3 promoter
regions. However, the upregulation of the expression of
their genes requires simultaneous binding of AgrA and
another regulator protein known as SarA [93]. Together,
these proteins mediate a positive feedback loop involv-
ing the agrABCD operon [91]. AgrA protein is also tran-
scribed by the weak constitutive promoter P1. The P1
promoter is found inside the agrABCD operon. However,
it transcribes AgrA protein only. This weak promoter P1
is also influenced by the binding of the AgrA protein, as
the expression is relatively upregulated with increased
levels of agrA. Accordingly, agrA can upregulate its own
expression from two different sources, through P1 and
P2. Further implications of the P1 expression in the agr
signaling pathway are yet to be discovered [94].

The Staphylococcal agr system influences over 70 dif-
ferent genes, with 23 identified as virulence factors.
This regulatory mechanism involves a regulatory RNA
molecule that mediates the circuit, specified by the
514-nucleotide transcript of the P3 operon. The P3 pro-
moter guides the transcription of the RNAIII molecule;
the primary effector in the agr signaling pathway, which
modulates the expression of two distinct classes of viru-
lence factors.

The first class encompasses cell wall-associated fac-
tors such as coagulases, oligopeptides, adhesins, and
permeases, controlling attachment to host cells and eva-
sion of the immune system. The second class comprises
secreted exoproteins, including proteases, lipases, alpha-,
beta-, and gamma-hemolysins, toxic shock syndrome
toxins, and superantigens. These are categorized into
degradative enzymes facilitating cell invasion and bacte-
rial toxins causing diseases [95]. The RNAIII molecule
can also act as a transcript for these exoproteins, where it
encodes for §-haemolysin protein [96]. Each class of these
virulence factors is upregulated during different phases of
bacterial growth. During the log and exponential phases,
the production of cell wall-associated factors increases.
However, during the late exponential phase and station-
ary phase, the expression of cell wall-associated factors
decreases while the expression of exoproteins increases,
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which allows bacterial detachment from the initial colo-
nization site. In case of biofilms, discrete patches of bac-
terial cells detach from mature biofilms to spread and
colonize a new site [97].

Examples of virulence factors regulated by the agr sys-
tem include the PSM family of staphylococcal 8-toxin
[98]. PSMs are key factors in S. aureus pathogenicity
and are encoded at three different conserved locations
in the genome in different operons. Each operon codes
for a specific group of PSMs, classified according to the
length of the peptide. PSMa peptides, PSMal-PSMa4,
are transcribed from the psma operon. These a-type
peptides consist of 20-25 amino acids. PSMp1 and 2
peptides, transcribed from the psmf operon, are longer,
consisting of 44 amino acids. Finally, the 5-toxin shares
the same length as the a-type peptides; however, they
are found within the coding sequence of the RNAIII of
the agr system. The AgrA molecule is responsible for
upregulating its own expression, while the actual effector
of this pathway is the RNAIII molecule [99]. Neverthe-
less, expression of the PSMs operons is the only known
and confirmed exception that is influenced by binding
of AgrA. The psma and psmp, and psm-mec gene are all
under the influence of AgrA. This agr-dependent modu-
lation of PSMs allows cytolytic killing of neutrophils
upon phagocytosis of the bacteria [100]. The phagocy-
tosed bacteria exhibit high levels of agr expression, which
is an example of QS induction as a response to environ-
mental stressors. The bacterial cells can “switch on” a
more virulent phenotype inside the host neutrophils to
allow evasion. This behavior is also observed in biofilm
development. PSMs are essential to the structuring of
biofilm through their ability to act as surfactants. They
allow formation of channel-containing biofilm structures
[81], and form fibril-like structures that facilitate biofilm
cell accumulation [72]. Furthermore, the link between
activation of agr system and PSMs expression links the
PSMs with the detachment phase of biofilms [101].

The intraspecies variation of the agr system originates
from the variability in the region controlling the speci-
ficity of signal processing and the ligand-receptor inter-
actions, covering the main body of AgrB, AgrD, and the
sensor domain of AgrC. This variability results from
amino-acid polymorphisms, providing specificity to
the agr molecules involved in the signaling process. It is
demonstrated in variants of AgrD produced, AgrB that
processes the peptide, and AgrC that recognizes this
Autoinducing Peptide (AIP) [102]. S. aureus strains car-
rying variants of the agr locus have been noted to pos-
sess identical conserved and structural genes, excluding
mobile genetic elements, which suggests that the varia-
tion occurs at the subspecies level. Accordingly, strains
with different agr loci are considered different pherotypes
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[103]. Currently, there are four allelic variants of the agr
locus.

Intraspecies variation plays a significant role in bacte-
rial interference. It has been observed that the AIPs pro-
duced by a certain pherotype activating agr transcription
can inhibit another strain from a different subgroup.
For example, AIP-I produced by S. aureus belonging to
group-1 inhibits agr expression in group-II strains. The
same principle applies interchangeably among all groups,
except for interactions between group I and group IV,
which are closely related. These two groups have only one
different amino acid residue out of eight residues, allow-
ing them to activate each other but with relatively weak
efficacy [104]. Consequently, the bacterial interference
phenomenon is particularly prominent during infections
with more than one pherotype. The inhibitory role of
cross-interactions of AIPs translates to group-based pref-
erences for infection sites and distinct disease patterns.
Several studies aimed to establish a relationship between
the agr group and the type of disease Figs. 2, 3. For
instance, using multi-locus enzyme electrophoresis and
pulsed-field gel electrophoresis, the production of toxic
shock syndrome toxin-1 (TSST-1) and manifestations
of menstrual toxic shock were both attributed to strains
harboring group-III agr [104]. Furthermore, the majority
of strains producing exfoliatin toxin causing staphylococ-
cal scalded-skin syndrome belong to group-I1V [105].

Since the agr system is the main modulator of such a
process, it is logical to assume an interactive relation-
ship between the biofilm and the environment in which
the agr system is influenced by surrounding cues. These
cues can be physiochemical factors such as pH and tem-
perature, or simply the nutritional composition of the
environmental niche. Such parameters determine the
subsequent profiles of bacterial gene transcription by
either downregulating or upregulating certain compo-
nents of the agr system [78]. One of the earlier relation-
ships developed was the influence of glucose on the agr
system [106]. Studies revealed that decreasing levels
of pH, as a result of glucose fermentation, significantly
inhibited the expression of the agr genes [107]. Accord-
ingly, reports studying the effect of glucose depletion in
S. aureus biofilm niche delineated the upregulation of
the agr system, and the subsequent detachment of bac-
terial cells to promote dispersal. The linking molecule
that translates the presence or absence of glucose into
patterns of transcription is the catabolite control protein
A (CcpA) [45]. CcpA is responsible for regulating gene
expression in response to different sugars used as carbon
sources. The ccpA gene knockout hindered the ability of
the bacteria to accumulate and aggregate without affect-
ing the initial stages of attachment. Regarding other mol-
ecules involved in biofilm formation, CcpA was shown to
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to biofilm formation

upregulate the expression of cidA, involved in the release
of eDNA, icaA, and the production of PIA. Therefore, it
can be inferred that the presence of glucose upregulates
CcpA, which consequently increases the expression of
genes required for biofilm formation and aggregation.
This justifies the necessity of adding a carbon source
(either glucose or sucrose) in the media used for S. aureus
biofilm formation. Therefore, it can be concluded that the
absence of glucose drives the bacterial biofilm to disperse
via the action of the agr system, to seek another niche
that better supports its growth and metabolism.

In addition to sugars, bacteria depend on metals as
micronutrients, integrated into metabolic processes
as co-factors. Consequently, their concentration in
the surrounding environment can alter the course of
gene expression [78]. Iron is one of the metals required
for bacterial metabolism, and different types of bacte-
ria have developed mechanisms to acquire iron from
the surrounding environment, either in vivo or in vitro.
Accordingly, iron-limiting conditions are known to trig-
ger bacterial virulence and the expression of various viru-
lence factors.

S. aureus has adapted to consider low concentrations
of iron as a major signal cue that induces the expression
of virulence factors for iron acquisition, surface adhesion,
and biofilm formation, which areall responses to threat-
ening stress conditions [106]. The ferric uptake regulator
(Fur) controls iron concentrations inside bacterial cells,
and is involved in a complex regulatory network with
both Agr and Sae systems. Together, they control the
expression of the extracellular adhesion protein (Eap) and
the extracellular matrix protein-binding protein (Emp).
Both Eap and Emp are secreted proteins with roles in
promoting adhesion to host proteins, and Eap addition-
ally functions in immune evasion and bacterial internali-
zation into host cells [46].

As a central component of the regulatory network, Fur
induces the expression of Sae under low iron conditions.
Sae is essential for biofilm formation [108], immune eva-
sion, response to alpha defensins, response to oxidative
stress, and survival in neutrophils [109, 110]. Accord-
ingly, Sae is an important virulence factor of S. aureus.
This provides further justification for choosing low-iron
culture media for culturing S. aureus bacteria in biofilm
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Fig. 3 Schematic illustration of biofilm regulatory networks of S. aureus

formation assays, as opposed to other iron-rich media
such as tryptic soy broth [111]. The first link connect-
ing both Fur and Sae was established by Johnson et al.
in 2010 [108], which expands the role of the Fur system
from iron acquisition to the regulation of virulence. Fur
upregulates the expression of Sae, and it was also dem-
onstrated to upregulate the expression of both Agr and
Rot. Agr, on the other hand, downregulates the expres-
sion of Fur, yet upregulates that of Sae. This sheds light
on the complex regulatory feedback loop involving all
three components, mainly influenced by the surrounding
levels of iron.

There are other physiochemical factors that control
QS on a non-genetic level, such as flow rate. Interest-
ingly, high levels of flow rate promote biofilm formation
through the wide dissemination of AIPs. Shear forces
produced from a high flow rate can transport the signal-
ing molecules in cells found downstream of the biofilm.
Hence, these cells may become activated, and induced to
form biofilms [112] Fig. 4.

Biofilm regulatory networks of S. aureus

The regulatory networks overlapping with the agr QS
system are only some of the networks controlling the
process of biofilm formation. S. aureus fine-tunes biofilm
formation through the integration of several regulatory
molecules to intricately couple its biofilm with chang-
ing environmental conditions. The complexity of such

network allows the bacteria to accommodate any changes
and adapt rapidly and effectively. This review has dis-
cussed several examples of these regulatory networks,
such as the SarA protein family and the Sae two-compo-
nent system, in relevant contexts. The following section
will explore additional examples to provide a full, coher-
ent, and inclusive picture that allows a thorough under-
standing of S. aureus biofilm formation.

GTP-sensing transcription repressor CodY

CodY is a transcriptional repressor that responds to
the availability of nutrients and the metabolic capac-
ity of the cell. Under normal conditions, where the cell
has a sufficient supply of nutrients for survival, CodY is
associated with its effector molecules. This association
increases CodY’s ability to bind to DNA and interfere
with RNA polymerase binding and mRNA transcription.
However, when the level of nutrients decreases, intracel-
lular levels of GTP and branched-chain amino acids (e.g.,
valine, isoleucine, and leucine which promote protein
synthesis) decrease. This decrease in nutrients reduces
CodY DNA-binding affinity, leading to the activation of
CodY-repressed genes. Since nutrient-limiting conditions
constitute a stress factor on bacterial cells, decreased
CodY DNA-binding affinity leads to the activation of
the agr locus [113]. It directly binds to the agrC gene,
which is the signal-sensor component of the Agr-system
[113, 114]. RsaD, encoding a small regulatory RNA, is
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Fig. 4 Proteins implicated in the different stages of S. aureus biofilm development. A Attachment, (B) Multiplication, (C) Exodus, (D) Maturation,

and (E) Dispersal

another gene that is repressed under the action of the
CodY repressor. The rsaD sRNA regulates the process of
cell death under conditions of acidic stress. It eventually
contributes to the release of eDNA and, consequently,
biofilm formation [115]. Therefore, under low concentra-
tions of nutrients, bacteria tend to demonstrate higher
levels of virulence through the expression of the RNAIII
regulatory molecule, transcription of rsaD, and media-
tion of biofilm formation.

CodY is also linked to the repression of polysaccha-
ride intercellular adhesin (PIA) production [38]. Acting
directly on the DNA, the CodY-dependent decrease in
PIA production is attributed to decreased levels of icaA
transcription. As previously mentioned, the icaADBC
operon can be regulated by other regulatory molecules
such as icaR and SarA. However, CodY-mediated repres-
sion is independent of these mechanisms. Moreover,
CodY controls the repressed expression of the nuc gene
and extracellular proteases, both of which are consid-
ered important modulators of biofilm formation [116],
and RNAIII [113]. However, CodY-mediated repression
is independent of these mechanisms. Moreover, CodY
controls the repressed expression of the nuc gene and

extracellular proteases, both of which are considered
important modulators of biofilm formation [117].

Alternative sigma factor SigB

Sigma factors are important modulators of gene tran-
scription, as they are responsible for guiding the RNA
polymerase to specific promoters to initiate expression. S.
aureus possesses four types of distinct sigma factors: A,
0B, oH, and oS [118]. 0A is a housekeeping gene, as it is
a sigma factor involved in regulating gene transcription.
Alternative sigma factors are more associated with the
regulation of genes with a functional role in response to
stress and environmental changes. For instance, the role
of oS is evident in the response to starvation or increased
temperatures.

The alternative sigma factor oB (sigB) is another tran-
scription factor with a significant role in responding to
different environmental stresses [119].

The rsbUVW-sigB operon is the source of oB in S.
aureus. RsbW and RsbV are both anti-oB proteins which
downregulate the sigma factor and render it inactive
when the surrounding conditions are favorable. On the
other hand, RsbU is responsible for dephosphorylating
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RsbV and rendering it inactive, thereby delineating it
as an indirect activator for oB. SarA can also indirectly
regulate 0B through the mazE promoter PmazE, which is
part of a toxin-antitoxin system known as MazEF [120].

oB-mediated biofilm regulation extends from the ini-
tial stages of attachment to the final stages of dispersal.
This sigma factor can regulate over 250 different genes,
including the upregulation of adhesins such as FnbA and
CIfA. It also downregulates genes involved in biofilm
detachment, such as those responsible for the production
of nucleases and proteases [121].

oB also regulates PIA-dependent biofilm formation.
However, studies investigating this effect provide con-
tradictory data. For instance, one study using MRSA
mucosal isolate MA12 revealed that mutations in sigB
led to decreased transcription of ica genes [43]. On the
other hand, a study using CA-MRSA isolates, SH1000
and USA300, revealed that sigB-knockout did not affect
ica-dependent PIA production. The bacterial inability to
produce biofilm was rather associated with increased lev-
els of Agr and subsequent protease enzymes [122]. This
indicates that oB influence on PIA production can be
considered strain-dependent.

LytSR two-component system

The lytSR system is responsible for regulating cell death
and lysis through utilization of certain bacteriophage-like
holins. Holins are small proteins produced during bac-
teriophage infection of bacterial cells. They can induce
cellular death by introducing pores in the cell membrane
and disrupting the structural integrity of the bacterial
cell wall [123]. In S. aureus, bacteriophage-like holins are
produced from the cidA gene [124]. As previously men-
tioned, cidA is crucial for the exodus stage of the biofilm
formation by controlling cell lysis and release of eDNA.
The IlgrA gene; part of the [rgAB operon, encodes for an
anti-holin protein, which counteracts the effect of cidA.
The LytSR two-component system is an important regu-
lator of the cidA/lgr system. It upregulates the expression
of [grAB operon, and thus indirectly antagonizes cidA.
The decrease of the membrane potential (AY¥) induces
the expression of the LytSR system. Like most two-com-
ponent systems (TCS), the LytSR system is composed of a
sensor molecule, LytS, and a cognate response regulator,
LytR [124]. These two components interact together to
activate the IrgAB operon as a response to alteration in V.
This leads to decreased levels of eDNA, and accordingly,
decreases biofilm formation.

The LuxS/Al-2 system

The LuxS/AI-2 is an interspecies QS system, where it
synthesizes and recognizes certain autoinducers in sev-
eral bacterial species. The autoinducer for this system is
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a furanosyl borate diester molecule, released extracel-
lularly to communicate with receptors on the surface of
surrounding bacteria. AI-2 is synthesized through the
conversion of s-adenosylmethionine into s-adenosylho-
mocysteine through the action of multiple methyltrans-
ferases. A specific nucleosidase called Pfs then cleaves
the adenine molecule from the SAH to convert it into
S-ribosylho- mocysteine. The LuxS acts as an AI-2 syn-
thase, where it acts on the resultant product from Pfs,
mainly SRH, and catalyzes its conversion into AI-2 [125].

The LuxS/AI-2 system is conserved in most Gram-
negative and Gram-positive bacteria, including S. aureus.
However, its influence on biofilm formation is still under
investigation. One study showed that LuxS/AI-2 inhib-
its biofilm formation, acting as a negative regulator, and
that AI-2 induced transcription of icaR, hence decreasing
its levels [126]. Another study demonstrated significant
increase in PIA production upon inactivation of the luxS
gene, and that LuxS-negative strains exhibited higher lev-
els of transcription of the biofilm positive regulator Rbf
[127].

A study by Yu and colleagues demonstrated that the
influence of the LuxS/AI-2 system on biofilm is concen-
tration-dependent. They used an AI-2 precursor known
as 4,5-dihydroxy-2,3-pentanedione on S. aureus biofilm,
and discovered that the addition of the DPD molecule in
nanomolar concentrations was responsible for changes in
the biofilm via an icaR-dependent mechanism. Neverthe-
less, this effect disappeared upon increasing the concen-
tration [126].

Exploring the potential of natural and synthetic
compounds as biofilm inhibitors for S. aureus:
promising strategies for managing and treating
biofilms

Understanding the role of natural and synthetic com-
pounds in inhibiting biofilms created by S. awureus is
important for devising effective strategies to control
and treat biofilm-related issues. Numerous studies have
investigated the potential of different compounds to tar-
get and disrupt S. aureus biofilms. This part of the review
presents some key findings regarding the role of natural
and synthetic compounds as biofilm inhibitors.

Natural compounds derived from various sources have
demonstrated promising anti-biofilm activity against S.
aureus. Plant-derived compounds, such as phenolic com-
pounds like curcumin and resveratrol [128], essential oils
including tea tree oil and cinnamon oil [129], and plant
extracts such as cranberry extract [130] and garlic extract
[131], have exhibited inhibitory effects on S. aureus bio-
films. The anti-biofilm properties of these products pri-
marily include inhibition of the biofilm’s polymer matrix
formation, disruption of ECM production, suppression of
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cell adhesion and attachment, and reducing the produc-
tion of virulence factors. These actions ultimately impede
the QS network and interfere with biofilm development
[131].

Phloretin; a natural phenol present on apple tree leaves,
possesses a potent antimicrobial and antibiofilm activ-
ity against Gram-positive bacteria. In this regard, Lopes
et al. found that phloretin had an inhibitory effect on
biofilm formation in S. aureus RN4220 and SA1199B
strains, achieving an inhibitory efficiency of up to 70%
at low concentrations (1-256 pg/ml) [132]. Notably, the
impact of phloretin on biofilm production was found to
be dose-dependent [133]. Specifically, a concentration of
0.5x MIC led to biofilm inhibition in 5 out of 8 strains,
while an increase in biofilm production was observed
when phloretin was used at 0.125X MIC across all tested
strains. Phloretin is suggested to inhibit biofilm via tar-
geting efflux proteins. Baicalein is a flavone compound
that can be isolated from Scutellaria baicalensis roots,
which is a famous herb belonging to the Traditional Chi-
nese Medicines (TCMs), and is used with other herbs to
treat a wide range of disorders [122]. Chen et al. reported
that baicalein at concentrations of 32 ug/mL and 64 pg/
mL effectively inhibited 3- and 7-dayS. aureus biofilm
formation [134]. Furthermore, the combination of van-
comycin and baicalein enhanced biofilm destruction,
whereas vancomycin alone did not. The action of baica-
lein is attributed to the downregulation of the quorum-
sensing system regulators agrA, RNAIIIL and sarA, as well
as gene expression of ica. Ginkgo biloba is another plant
that has been used in TCM for many years. Ginkgo biloba
L. exocarp extract (GBEE) was reported to exhibit a mini-
mum inhibitory concentration (MIC) of 4ug/mL and a
minimum bactericidal concentration (MBC) of 8 ug/mL
against both S. aureus and MRSA [135]. Furthermore,
GBEE demonstrated a dose-dependent inhibition of bio-
film formation by S. aureus and MRSA at concentrations
of 4-12 pg/mL. Interestingly, 6 hours of GREE treatment
was associated with downregulation of the expression of
biofilm-associated factors icaA and sarA, whereas sigB
was downregulated after 12 hours. Additionally, icaR was
upregulated at 12hours. Other natural compounds that
demonstrate an inhibitory effect on S. aureus biofilms
include erianin which inhibits the Sortase A transpepti-
dase and interferes with cell adhesion [136]. Moreover,
wheat-bran was found to downregulate AHL level and
inhibit QS [137] and isovitexin was found to inhibit the
SpA and reduce the biofilm formation [137].

In addition, the development of semisynthetic and
synthetic small organic molecules has provided a prom-
ising approach to address antibiotic tolerance and dis-
rupt S. aureus biofilms. This field has gained significant
interest in recent decades, as multiple semisynthetic and
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synthetic compounds were designed to inhibit S. aureus
biofilms and interfere with crucial molecular targets. For
instance, indolenine-substituted pyrazole derivative pre-
vented biofilm formation and eliminated mature biofilms
of MSSA and MRSA, indicating its potential as a candi-
date for further development as a biofilm inhibitor target-
ing S. aureus [138]. It had a minimum biofilm inhibitory
concentration of 1.56ug/mL and a minimum biofilm
eradication concentration value of 6.25ug/mL. Another
synthetic benzimidazole molecule, known as antibiofilm
compound 1 (ABC-1), has been identified through a
small-molecule screening process [139]. ABC-1 has dem-
onstrated the ability to prevent the formation of bacterial
biofilms caused by S. aureus without impacting bacterial
growth. ABC-1 treatment suppressed the expression of
SpA, resulting in reduced biofilm formation. Moreover,
ABC-1 also hindered the accumulation of PIA and eDNA
on the cell surface. Other synthetic compounds which
exhibited antibiofilm activity on S. aureus include 2-Phe-
nylhydrazineylidene derivatives [140], which inhibit
Sortase A-mediated bacterial adhesion, and halogenated
phenazines that eradicate MRSA biofilms and quiescent
persister cells [15].

Nano-therapeutics as a magic bullet for biofilm
eradication

Biofilm formation poses an increasingly significant threat
as the gap widens between antibiotic resistance and the
development of new antibiotics. To effectively combat
biofilm formation, it is crucial to target both penetration
and antibiotic resistance through a concurrently cou-
pled targeted therapy. The concept of the magic bullet,
introduced by Paul Erlich, emphasizes that drug target-
ing should deliver the drug to the right location, with
the right concentration, and for the right duration [141]
Broadly hypothesized, nanotechnology serves as the
magic bullet for antibiofilm treatment [142].

The use of nanotechnology has emerged as a promis-
ing alternative strategy for treating bacterial and biofilm-
mediated infections [143, 144]. Nanotechnology offers
several advantages compared to traditional treatments.
For instance, materials with greater surface-area-to-
volume ratios exhibit improved reactivity without sus-
ceptibility to enzymatic degradation, drug toxicity, or
untargeted delivery [145].

The merits of nanoparticles (NPs) in fighting bacterial
infections

The size of a nanoparticle is in the range of 1-1000nm
[123-125]. Antibiofilm nano-therapy involves either the
use of nanoparticles as delivery systems or the use of nan-
oparticles as the antibiofilm molecules themselves. Nan-
oparticles are either inorganic or organic particles. NPs
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Fig. 5 The use of nanoparticles such as liposomes and nanoemulsions as antibacterial-delivery systems

can employ multiple bactericidal mechanisms (Fig. 5),
including direct cell wall and/or cell membrane dam-
age, generation of reactive oxygen species (ROS), and/or
binding to intracellular components [146]. Furthermore,
NPs can evade antimicrobial resistance (AMR) mecha-
nisms and are less prone to resistance than conventional
antibiotics [146]. Being nanosized, NPs penetrate tis-
sues, facilitate easy drug uptake by cells, and efficiently
deliver the drug. The uptake of nanostructures by cells is
much higher than that of large particles with sizes rang-
ing between 1 and 10 pm [147]. Furthermore, NPs allow
sustained and controlled drug release with the desired

intracellular therapeutic level of drugs and reduced or
negligible side effects [143, 147].

Enrofloxacin-loaded docosanoic acid solid lipid nano-
particles increased the intracellular accumulation of
enrofloxacin up to ~40-fold, and enhanced Salmonella
killing inside macrophages. In another approach, colis-
tin; a poorly permeable antibiotic, was formulated into
liposomes functionalized with a bacterial-derived pro-
tein to promote internalization into eukaryotic cells and
enhance oral bioavailability [146].

Nanoparticles can also encapsulate nutraceuticals,
which include antioxidants, prebiotics, probiotics, herbal
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products, spices, polyunsaturated fatty acids, and many
other compounds of natural origin [148, 149].

Nano-technological strategies in combatting MRSA
biofilm: breaking new grounds in antimicrobial
advancements

Metal-based nanoparticles

Inorganic metal-based nanoparticles have gained signifi-
cant attention due to their antimicrobial action. These
nanoparticles are renowned for their broad-spectrum
antibacterial activity and intrinsic antibiofilm effects,
presenting a promising treatment option for multidrug-
resistant pathogens [150], [151]. Metal-based nanopar-
ticles employ various mechanisms to eradicate bacterial
biofilms and induce bacterial killing. For example, cati-
onic nanoparticles interact with the EPS of the biofilm
through surface non-covalent interactions [151]. Other
metallic nanoparticles inhibit bacterial adhesion and halt
biofilm formation at an earlier stage [152]. In addition to
the passive impacts of metallic nanoparticles on biofilms,
external stimuli such as photothermal therapy, photody-
namic therapy, and magnetic fields have been utilized to
synergize with metal nanoparticles in biofilm degradation
[152, 153]. Once penetrating the biofilm matrix, metal-
lic nanoparticles exert antibacterial effects by mechani-
cally disrupting cell membranes, generating ROS, and
interfering with cellular structures [144, 154]. Despite
their promising activity, the widespread use of metal-
lic nanoparticles faces multiple challenges. Recent stud-
ies have raised concerns about their safety, as metallic
nanoparticles tend to accumulate in the biological system
with a relatively low elimination rate [155]. This accu-
mulation might be associated with necrosis, apoptosis,
cytotoxicity, and multiple organ damage [156—158]. Fur-
thermore, metallic nanoparticles, particularly the nega-
tively charged ones, are linked to hemolysis and platelet
aggregation, increasing the risk of organ damage [159].
Several studies have revealed that some metallic nano-
particles might cross the cytosol of body cells and inter-
act alarmingly with metabolic enzymes, interfering with
their functions [160]. Although different targeting and
conjugation techniques enhance the selectivity of nano-
particles, the short and long-term toxicities of metal nan-
oparticles require extensive investigation. Additionally,
the elevated cost of using high-throughput nanotechnol-
ogy platforms and the variability and unpredictability of
their physical properties are among the other limitations
of large-scale production of metal-based nanoparticles
[158, 161].

Silver nanoparticles (AgNPs) have garnered extensive
attention recently due to their broad-spectrum anti-
microbial effects and enhanced antibiofilm properties
[162]. Ansari et al. discovered that low concentrations
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of AgNPs-coated surfaces significantly disrupted bio-
film matrices in clinical MRSA isolates [163]. In another
study, colloidal quasi-spherical AgNPs exhibited remark-
able biofilm eradication (97%+1%) in MRSA isolates
[164]. When tested in an infection model of Caenorhab-
ditis elegans, quasi-spherical AgNPs demonstrated a
substantial in vivo antibiofilm activity. Moreover, these
nanoparticles were non-toxic and stable in suspension
form, holding potential as a promising pharmacothera-
peutic option for resistant MRSA [164]. Hamida and
colleagues studied the effect of biogenic silver nanopar-
ticles produced by Desertifilum sp. on clinical MRSA
[165]. Biogenic silver nanoparticles were found to induce
intense oxidative stress, leading to the oxidation of bac-
terial biomolecules and inhibition of biofilm formation.
Unfortunately, while some studies indicated that AgNPs
had no cross-resistance with clinically used antibiotics,
prolonged exposure to these nanoparticles might lead
to silver resistance and diminished efficacy through the
acquisition of silver-resistance genes [166].

Gold-based nanoparticles (AuNPs) can also be used
as antimicrobials; however, when used alone, they pro-
duce insignificant antibacterial and antibiofilm effects.
Thus, AuNPs are used in conjunction with other active
compounds or antibiotics for marked anti-biofilm activ-
ity against multiple resistant pathogens [167]. Hu et al.
reported that pH-responsive gold nanoparticles were able
to aggregate in the acidic microenvironment of MRSA
biofilm [168]. Subsequently, acidic pH (around 5.5)
changed the biofilm surface charge into a positive one,
allowing efficient adherence of AuNPs to the negatively
charged surfaces of the MRSA biofilm. Furthermore,
AuNPs positively impacted photothermal biofilm eradi-
cation as they were able to absorb near-infrared (NIR)
light irradiation and convert it into localized heat, leading
to the thermal destruction of the MRSA biofilm. Since
these nanoparticles were well-dispersed in slightly basic
tissues, no damage to the healthy tissues surrounding
the biofilm was observed. Likewise, protease-conjugated
gold nanorods were able to inhibit exotoxin production
and biofilm formation in S. aureus when subjected to
NIR illumination, taking advantage of both hyperther-
mia produced by gold nanorods and the protease enzyme
function [169]. Another study reported the design of
AuNP-based multivalent aminosaccharides, with struc-
tural similarity to cell wall peptidoglycan, resulting in
cell wall disruption and bacterial death [170]. Yang et al.
reported that aminosaccharide-based gold nanoparticles
exhibited outstanding in vitro and in vivo efficacy and
biocompatibility when tested against MRSA-infected
skin wounds [171].

Copper-based nanoparticles (CuNPs), such as cop-
per and copper oxide NPs, exhibit effective anti-MRSA
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properties. However, high concentrations are needed
to achieve optimum bacterial killing, which might be
associated with toxicities in mammalian cells [172, 173].
Like silver NPs, CuNPs release Cu2+ ions, which dis-
rupt cell membranes and interfere with cellular enzymes
[174]. Kannan and colleagues formulated multilamellar
liposomes encapsulating lipopeptide and CuNPs, which
can efficiently diminish MRSA cells in both planktonic
and biofilm states [175]. It was shown that liposomes
enhanced the pharmacodynamics and pharmacokinetics
of the formulation. Meanwhile, the observed synergistic
effect of CuNPs and lipopeptide led to a 47% inhibition
of EPS production in MRSA as well as a 75% increase in
intracellular ROS generation. Marzban et al. managed to
greenly synthesize CuNPs using water-soluble polysac-
charides (SPs-CuNPs) [176]. These NPs exhibited MIC
value of 250pug/ml against MRSA. Also, they inhibited
MRSA biofilms at 100 g/ml.

Other metal-based NPs include zinc oxide nanoparti-
cles (ZnO NPs), which can damage proteins and lipids
in bacterial cell membranes, leading to the leakage of
cytoplasmic matter and bacterial death. They can also
increase oxidative stress as a result of hydrogen perox-
ide formation [177]. They emit zinc ions, which inhibit
the DapE protein involved in peptidoglycan synthesis,
hence, ZnO suppresses biofilm formation at an initial
stage [155]. In vitro analysis of ZnO NPs’ effect on MRSA
and MSSA indicated that they were less effective than
silver and copper nanoparticles [174—178]. In a recent
study, the activity of ZnO NPs was tested on a collection
of MRSA, VRSA, and linezolid resistant S. aureus [179].
The authors found that ZnO NPs had MIC values rang-
ing from 128 to 2048 pg/ml, and the NPs concentration of
1024 pug/ml achieved 76.47% biofilm inhibition.

Titanium dioxide nanosystems (TiO2) eliminate bio-
film formation mainly by generating ROS and oxidiz-
ing cellular lipids and proteins [180]. Recently, TiO2 has
gained exceptional interest due to its stability and safety.
Furthermore, it was recently revealed that TiO2 nanofib-
ers can be used to coat different objects, such as medical
devices and the surfaces of medical equipment, to pre-
vent biofilm formation by nosocomial MRSA [181].

Organic nanoparticles

Unlike metal-based NPs, organic NPs are prepared from
biopolymers, such as proteins and lipids, or from syn-
thetic organic molecules, such as poly (lactic-co-glycolic
acid) (PLGA) and polycaprolactone (PCL) [182]. One key
advantage of organic NPs over their inorganic counter-
parts is that they are biocompatible and biodegradable;
therefore, they pose no risk of toxicity or provoking an
immune response in the human body [183]. Additionally,
organic NPs are also easy to prepare and are stable [183].
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To fight MRSA, multiple organic NPs were prepared,
loaded, and tested for the inhibition and eradication of
MRSA biofilm. Some organic NPs have intrinsic antibac-
terial properties due to their cationic properties, which
help them bind to bacterial cell membranes and cause
leakage of cellular components that result in bacterial cell
death [184]. Chitosan, for example, may prevent adhesion
of MRSA to surfaces due to its effect on the hydropho-
bicity of bacterial cell membranes, thus inhibiting bio-
film formation by around 30% [185]. It can also be loaded
with different agents, such as antibiotics and inorganic
metals, for synergistic effects. For example, the pho-
tosensitizer methylene blue showed better eradication
of MRSA biofilm via photodynamic inactivation when
combined with low-molecular-weight chitosan NPs
[164]. Quaternized chitosan loaded on titania nanotubes
showed promising results for biofilm inhibition in MRSA
[186], and demonstrated significant biofilm inhibition
activity against MRSA biofilms [187]. While antimicro-
bial peptides (AMP) can be toxic, expensive, and of low
stability, an ultrashort AMP (RBRBR) was successfully
loaded on a chitosan-based nanosystem and proved its
efficacy, safety, and enhanced selectivity to bacterial cells,
with antibiofilm activity [188]. Another AMP is the syn-
thetic antimicrobial octapeptide (IKFQFHFD) that was
formulated as a pH-switchable hydrogel with nanofiber
networks, and both photothermal cypate and collagen
promoter proline were loaded into the hydrogel system.
The biocompatible supramolecules totally eradicated
MRSA biofilm and promoted wound healing [189].

Although nitric oxide (NO) is an effective antibiofilm
with wound healing properties, the pharmaceutical for-
mulation of NO is challenging due to its gaseous nature
and short half-life. Hasan et al. succeeded in loading NO
into PEI/NONOates-doped PLGA nanoparticles and
tested the system in vivo with total eradication of MRSA
biofilm and less bacterial burden [190]. Biguanide-based
polymetformin, together with tannic acid and Pluronic
F-127, are biocompatible NPs that were designed not
only to eradicate MRSA biofilm, but also to have bacteri-
cidal effect on live sessile bacteria to prevent colonization
[191]. Combination therapy, in terms of enzyme modi-
fication and NIR, were applied to both eliminate MRSA
biofilm and accompanying inflammation [192].

Combination antimicrobials loaded in NPs

Combination therapy serves as a promising and easy-
to-implement alternative option. Multiple studies have
investigated the applicability and therapeutic efficacy of
using combinations of different antibiotics or combining
antibiotics with other agents like phages, antimicrobial
peptides, and nanoparticles [193]. Since resistance rates
are higher in bacterial cells within biofilms compared to



Aboelnaga et al. Cell Communication and Signaling (2024) 22:188

their planktonic counterparts, it is critical to examine the
biofilm inhibition properties of these combinations [194].
Although the use of two or more antibiotics is currently
employed in the treatment of biofilm-mediated infec-
tions, the associated toxicity and AMR to these com-
bined antibiotics urge the search for other combinations
[195]. Owing to their properties, NPs are ideal carriers
for the delivery of antibiotics and other active molecules,
which can conquer persistent biofilms and prevent bacte-
rial colonization [144].

Combinations of nano-encapsulated oregano oil
with both ciprofloxacin and gentamicin were evaluated
against MRSA skin infections, and it was reported that
both combinations significantly inhibited biofilm devel-
opment compared to the effects produced by each antibi-
otic alone [196]. Regarding their antibacterial effects, the
gentamicin-containing combination exhibited synergis-
tic anti-staphylococcal activity, whereas a ciprofloxacin-
containing combination had an additive effect. Similarly,
soyaethyl morpholinium ethosulfate cationic nanostruc-
tured lipid carriers were loaded with oxacillin and tested
against MRSA [197]. This combination exhibited a syner-
gistic antibiofilm effect, decreasing MRSA biofilm thick-
ness from 31 to 13 um compared to oxacillin (25pm) or
nanocarriers (18 um) alone. Xiao et al. synthesized dual-
stimuli vancomycin-encapsulated nanoparticles to target
vancomycin-intermediate S. aureus [198], consisting of
zeolitic imidazolate frameworks-8 with polydopamine
on the surface. This combination responded to both pH
and photothermal activation using NIR light illumination
to control the delivery of vancomycin and synergistically
destroy both planktonic and biofilm bacteria. Vanco-
mycin loaded on the dual organic nanosystem, mPEG-
b-PCL and G1-PEA, showed much higher efficiency in
MRSA biofilm destruction compared to vancomycin
alone.

Quorum inhibiting nanomaterials

Anti-virulence therapy is an approach that targets path-
ways contributing to pathogenesis. In S. aureus, QS mod-
ulates the expression of staphylococcal enterotoxin C,
delta-toxin, and Panton-Valentine, all of which contrib-
ute to the virulence of the bacteria [199]. As previously
discussed, QS is a complex signaling cascade involving
several proteins and nucleic acids that collaboratively
regulate the transcription of virulence genes. Targeting
a signaling cascade is a promising treatment approach,
where each component can be regarded as a potential
candidate [200].

Quorum quenchers are molecules targeting the QS
signal, leading to its inactivation. The mode of inacti-
vation varies, as well as the type of quorum quencher
(either enzymes or compounds) and the target. They
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can act through signal cleavage or competitive inhibi-
tion [201]. The quorum inhibitors, however, interfere
with the quorum signaling pathways leading to their
disruption. Therefore, this interference can be at differ-
ent stages of the signaling pathway. For instance, quorum
inhibitors interfere with the synthesis of the autoinduc-
ers, the exchange of the autoinducers between cells, and
the process of perceiving and transducing the signal that
occurs through interactions with transcriptional factors
[201]. For example, savirin (S. aureus virulence inhibitor)
is a small molecule inhibitor with the ability to block the
binding of the AgrA protein to the respective promoter
sites, thus preventing further stimulation of the P2, and
consequently decreasing the expression of the controlled
genes [202]. Another inhibitor is an antisense oligonu-
cleotide that targets the agrA gene and one that targets
the RNAIII molecule. These oligonucleotides are known
as locked nucleic acids (LNA) synthesized by modifying
ribonucleotides with an additional bridge between a car-
bon and an oxygen molecule. LNAs are conjugated with
cell-penetrating peptides to facilitate access to their tar-
gets [203].

Quorum inhibitors can be naturally extracted from
plants and fungi. For example, ambuic acid is a fungal
metabolite that was found to inhibit quorum signaling in
a dose-dependent manner. Intradermal administration
of 25pg of ambuic acid prevented formation of ulcers
in mice with MRSA skin infections [204]. Ambuic acid
targets the agrB and decreases expression of the RNAIII
molecule. Consequently, it inhibits AIP synthesis and
production of alpha-toxin. Another example is baicalein.
Baicalein is a primary flavonoid used in TCM, discov-
ered in the roots of Scutellaria baicalensis It is used as a
quorum sensing inhibitor. It inhibits AgrD signaling mol-
ecule when it is combined with AgrC. It is suggested that
baicalein blocks the RNAIII activating peptide, therefore,
it can suppress the phosphorylation of the downstream
cascade, and inhibit the expression of the genes responsi-
ble for biofilm formation [134].

Nanomaterials are loaded with quorum-sensing inhibi-
tors (QSIs) to allow them to penetrate to the inner lay-
ers of the biofilm. A study in 2019 used graphitic hollow
carbon nitride nanospheres as loading systems and com-
pared the effect of dual cargos; QSIs and antibiotics.
These nanospheres were loaded with luteolin (a natu-
ral falvone extracted from plants) and ampicillin. The
nanospheres were capped with hyaluronic acid, which
is later decomposed by Hyal inside the bacterium to
allow the nanospheres to release its cargo. Treatment
attempted a multistage release to sensitize the bacteria
to the therapeutic effect of ampicillin [205]. The effect of
the antibiotic was complemented with the QSIs, which
were supported by photodynamic therapy to induce
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production of ROS and enhance the QSIs antibiofilm
effect. These nanospheres were tested on mice models
infection with S. aureus [206].

In addition to delivery, nanomaterials can act as quo-
rum quencher intrinsically without the need for loading.
For instance, silver nanoparticles synthesized from Cym-
bopogan citratus leaf extract were able to inhibit QS in
S. aureus biofilms [207]. Another study used pegylated
silver coated carbon nanotubes and showed that treat-
ment of S. aureus biofilms with these nanotubes resulted
in a decrease in the expression of sdiA gene (a quorum
sensing gene), and other subsequently activated virulence
genes such as safC, sseG, sseA, and ychP [208].

QSIs have a broad action spectrum illustrated in Fig. 6.
QSIs can interfere with the synthesis of the AIP (e.g.,
Ambuic acid), or act as degradative enzymes and destroy
produced AIPs (e.g., lactonases). Additionally, QSIs can
act as competitive inhibitors and block binding of the
AIPs to their respective receptors (e.g., Cochinmicin), or
they can prevent the dimerization of the receptor alto-
gether (e.g., 3-Tetradecanoyltetronic acid). QSIs can pre-
vent the activation of AgrA and prevent its binding to the
DNA site (e.g., 2-(4-Methyl-phenyl)-1,3- thiazole-4-car-
boxylic acid) [200].

Despite the vast diversity of QSIs and their mecha-
nisms of action, studies applying nanotechnology for the
targeted quorum quenching therapy on MRSA biofilms
are limited. Therefore, exploring novel nano-therapeutics
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Fig. 6 Mechanism of action of quorum-sensing inhibitors
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together with targeted quorum quenching therapies
against MRSA biofilms presents an innovative approach,
paving the way for enhanced treatment efficacy and
development of promising strategies to combat biofilm-
mediated resistance.

Conclusion and future prospective

Combating biofilm is a crucial strategy in preventing
the dissemination of antimicrobial resistance. The pres-
ence of two additional stages, multiplication and exodus,
in MRSA biofilm formation reveals opportunities for
targeted interventions at various stages of the process.
Quorum sensing emerges as an intriguing mechanism to
inhibit and effectively eliminate biofilms. While disrupt-
ing biofilm architecture is significant, eliminating sessile
bacterial cells is essential to prevent colonization on other
surfaces or within body organs. In this regard, nanopar-
ticles exhibit distinct physicochemical characteristics that
enable the delivery of antimicrobial and antibiofilm agents
throughout the complex biofilm architecture.

Although metal-based nanoparticles have shown effec-
tiveness, their non-degradability and limited elimination
by the human body pose challenges related to accumula-
tion and toxicity. Organic nanoparticles, in conjunction
with quorum quenchers, can be considered a promising
approach against biofilms, representing a potential magic
bullet. With nanoparticles already established in therapy,
the anticipation is for more FDA-approved antibiofilm
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nanotherapeutics to enter the market, addressing chal-
lenges associated with prosthetics, implants, and wound
infections.

In addition, future research for next-generation MRSA
antibiofilm strategies should explore advanced molec-
ular-targeted therapies focusing on specific molecular
mechanisms involved in MRSA biofilm formation. For
instance, identifying novel compounds and developing
innovative quorum inhibitors with the potential to inter-
fere with the quorum sensing system, possibly targeting
autoinducing peptides or their receptors, are promis-
ing avenues for exploration. Developing biocompatible
nanoparticles with enhanced degradability within the
human body is also crucial as a cornerstone of future
research on antibiofilm therapies. This paves the way for
safer and more sustainable nanotherapeutics to combat
MRSA biofilm. Furthermore, exploring the synergistic
effects of combining different antibiofilm agents, includ-
ing nanoparticles and quorum inhibitors, could enhance
the overall efficacy of biofilm eradication. These targeted
therapies could provide innovative avenues for anti-
virulence and antibiofilm strategies to combat MRSA-
mediated infections, mitigate the risk of resistance
development, and improve treatment outcomes.

Abbreviations

AIP Auto-inducing peptide

agr Accessory gene regulator

AMP Antimicrobial peptide

AMR Antimicrobial resistance

CA-MRSA Community-acquired  methicillin-resistant  Staphylococcus
aureus

AgNPs Silver nanoparticles

AuNPs Gold-based nanoparticles

CNA Collagen-binding adhesin

CuNPs Copper-based nanoparticle

CWA Cell wall-anchored protein

ECM extracellular matrix

EPS Extracellular polymeric substances

HGT Horizontal gene transfer

LA-MRSA Livestock-associated  methicillin-resistant  Staphylococcus
aureus

LNA Locked nucleic acid

MFS major facilitator superfamily

MIC Minimum inhibitory concentration

MSCRAMMs  Microbial surface components recognizing adhesive matrix
molecules

HA-MRSA Healthcare-associated methicillin-resistant ~ Staphylococcus
aureus

NIR Near-infrared

NPs Nanoparticles

PBP Penicillin-binding proteins

PCL Polycaprolactone

PIA polysaccharide intracellular adhesin

PLGA Poly (lactic-co-glycolic acid)

PSM Phenol soluble modulin

Qs Quorum sensing

Qsl Quorum-sensing inhibitors

ROS Reactive oxygen species

S.epidermidis  Staphylococcus epidermidis

™M Traditional chinese medicine

Page 23 of 28

TSST-1 Toxic shock syndrome toxin-1
VRSA Vancomycin-resistant Staphylococcus aureus
Zn0O NPs zinc oxide nanoparticles

Acknowledgements
Authors send their gratitude to Ahmed Hosam Shatta for providing license to
create all figures in this review. All figures are created with Biorender.com.

Authors’ contributions

N.A. wrote sections entitled “Biofilm mediated antibiotic resistance in MRSA”
and “Biofilm structure and clinical relevance"Biofilm developmental stages”
“Role of quorum sensing in S. aureus biofilm formation”“Biofilm regulatory
networks of S. aureus""Nanotechnology: the magic bullet"“Quorum inhibiting
nanomaterials”in addition to the preparation of tables and Figs. S.W. wrote the
section entitled “Nanotechnological strategies in combatting MRSA biofilm:
Breaking new grounds in antimicrobial strategies” N.A.S. wrote the section
entitled “The merits of nanoparticles in fighting bacterial infections” S.S. wrote
the section entitled "Methicillin-resistant Staphylococcus aureus (MRSA): the
superbug” M.E.S. wrote paragraphs including examples for quorum inhibitors.
N.A.A. wrote the sections entitled “Organic nanoparticles”and “Conclusion’.
S.A. contributed to the section entitled “Biofilm-mediated antibiotic resistance
in MRSA” M.N. was responsible for revising, and editing the review. M.EH. is
the corresponding author and personal investigator supervising the work. All
authors reviewed the manuscript.

Funding

Funding Open access funding provided by The Science, Technology & Innova-
tion Funding Authority (STDF) in cooperation with The Egyptian Knowledge
Bank (EKB). We extend our gratitude to CRP-ICGEB grant (Project number CRP/
EGY22-03) and Science, Technology & Innovation Funding Authority (Project
number 48072) for their assistance in facilitating research related to this topic.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethical approval and consent to participate
Not Applicable (N/A).

Consent for publication
Not Applicable (N/A).

Competing interests
The authors declare no competing interests.

Author details

'Center for Genomics, Helmy Institute for Medical Sciences, Zewail City of Sci-
ence and Technology, Giza, Egypt. “Biomedical Sciences Program, University
of Science and Technology, Zewail City of Science and Technology, Giza,
Egypt. *Department of Microbiology & Immunology, Faculty of Pharmacy,

Ain Shams University, Cairo, Egypt. “Department of Microbiology and Immu-
nology, Faculty of Pharmacy, Cairo University, Cairo, Egypt. *Department

of Pharmaceutics and Industrial Pharmacy, Faculty of Pharmacy, Ain Shams
University, Cairo, Egypt. °Department of Bacteriology, Mycology and Immunol-
ogy, Faculty of Veterinary Medicine, Mansoura University, Mansoura, Egypt.

Received: 20 November 2023 Accepted: 1 February 2024
Published online: 22 March 2024

References

1. Grossman CM. The first use of penicillin in the United States. Ann Intern
Med. 2008;149(2):135-6.

2. Enright MC, Robinson DA, Randle G, Feil EJ, Grundmann H, Spratt BG.
The evolutionary history of methicillin-resistant Staphylococcus aureus
(MRSA). Proc Natl Acad Sci U S A. 2002;99(11):7687-92.

3. Stapleton PD, Taylor PW. Methicillin resistance in Staphylococcus
aureus: mechanisms and modulation. Sci Prog. 2002;85.


https://www.biorender.com/

Aboelnaga et al. Cell Communication and Signaling

20.

21.

22.
23.

24.

25.

26.

27.

28.

(2024) 22:188

Cong Y, Yang S, Rao X. Vancomycin resistant Staphylococcus aureus
infections: A review of case updating and clinical features. J Adv Res.
2020;21:169-76.

Lakhundi'S, Zhang K. Methicillin-resistant Staphylococcus aureus:
molecular characterization, evolution, and epidemiology. Clin Microbiol
Rev.2018;31(4).

David MZ, Daum RS. Community-associated methicillin-resistant
Staphylococcus aureus: epidemiology and clinical consequences of an
emerging epidemic. Clin Microbiol Rev. 2010;23(3):616-87.

Weinert LA, Welch JJ, Suchard MA, Lemey P, Rambaut A, Fitzgerald JR.
Molecular dating of human-to-bovid host jumps by Staphylococcus
aureus reveals an association with the spread of domestication. Biol
Lett. 2012;8(5):829-32.

Williams |, Venables WA, Lloyd D, Paul F, Critchley I. The effects of adher-
ence to silicone surfaces on antibiotic susceptibility in Staphylococcus
aureus. Microbiology (N'Y). 1997;143(7):2407-13.

Archer NK, Mazaitis MJ, William Costerton J, Leid JG, Powers ME, Shirtliff
ME. Staphylococcus aureus biofilms: properties, regulation and roles in
human disease. Virulence. 2011;2(5):445.

Singh R, Ray P, Das A, Sharma M. Penetration of antibiotics through
Staphylococcus aureus and Staphylococcus epidermidis biofilms. J
Antimicrob Chemother. 2010;65(9):1955-8.

Duguid IG, Evans E, Brown MRW, Gilbert P. Effect of biofilm culture
upon the susceptibility of Staphylococcus epidermidis to tobramycin. J
Antimicrob Chemother. 1992;30(6):803-10.

Hausner M, Wuertz S. High rates of conjugation in bacterial biofilms

as determined by quantitative in situ analysis. Appl Environ Microbiol.
1999,65(8):3710.

Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott
HM. Microbial biofilms. Annu Rev Microbiol. 1995:49:711-45.
Beveridge TJ, Makin SA, Kadurugamuwa JL, Li Z. Interactions

between biofilms and the environment. FEMS Microbiol Rev.
1997,20(3-4):291-303.

Lewis K. Persister cells. Annu Rev Microbiol. 2010;13(64):357-72.
Paharik AE, Horswill AR. The staphylococcal biofilm: Adhesins, regula-
tion, and host response. Microbiol Spectr. 2016;4(2).

Lebeaux D, Chauhan A, Rendueles O, Beloin C. From in vitro to

in vivo Models of Bacterial Biofilm-Related Infections. Pathogens.
2013;2(2):288-356.

Suresh MK, Biswas R, Biswas L. An update on recent developments in
the prevention and treatment of Staphylococcus aureus biofilms. Int J
Med Microbiol. 2019;309(1):1-12.

Jacqueline C, Caillon J. Impact of bacterial biofilm on the treatment of
prosthetic joint infections. J Antimicrob Chemother. 2014;69(SUPPL1).
Lister JL, Horswill AR. Staphylococcus aureus biofilms: recent develop-
ments in biofilm dispersal. Front Cell Infect Microbiol. 2014;4:178.
Ricciardi BF, Muthukrishnan G, Masters E, Ninomiya M, Lee CC, Schwarz
EM. Staphylococcus aureus evasion of host immunity in the setting of
prosthetic joint infection: biofilm and beyond. Curr Rev Musculoskelet
Med. 2018;11(3):389.

Miller MB, Bassler BL. Quorum Sensing in Bacteria. Ann Rev Microbiol.
2003;28(55):165-99. https://doi.org/10.1146/annurev.micro.55.1.165.
Yarwood JM, Bartels DJ, Volper EM, Greenberg EP. Quorum sensing in
Staphylococcus aureus biofilms. J Bacteriol. 2004;186(6):1838.
Moormeier DE, Bose JL, Horswill AR, Bayles KW. Temporal and sto-
chastic control of Staphylococcus aureus biofilm development. mBio.
2014;5(5):1341-55.

Le P, Kunold E, Macsics R, Rox K, Jennings MC, Ugur |, et al. Repurposing
human kinase inhibitors to create an antibiotic active against drug-
resistant Staphylococcus aureus, persisters and biofilms. Nat Chem.
2020;12(2):145-58.

O'Neill E, Pozzi C, Houston P, Humphreys H, Robinson DA, Loughman
A, etal. A novel Staphylococcus aureus biofilm phenotype mediated
by the fibronectin-binding proteins. FNBPA and FnBPB J Bacteriol.
2008;190(11):3835-50.

McDevitt D, Francois P, Vaudaux P, Foster TJ. Molecular characterization
of the clumping factor (fibrinogen receptor) of Staphylococcus aureus.
Mol Microbiol. 1994;11(2):237-48.

Merino N, Toledo-Arana A, Vergara-Irigaray M, Valle J, Solano C, Calvo
E, et al. Protein A-mediated multicellular behavior in Staphylococcus

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 24 of 28

aureus. J Bacteriol [Internet]. 2009;191(3):832-43. https://doi.org/10.
1128/JB.01222-08.

Park PW, Rosenbloom J, Abrams WR, Rosenbloom J, Mecham

RP. Molecular cloning and expression of the gene for elastin-
binding protein (ebpS) in Staphylococcus aureus. J Biol Chem.
1996;271(26):15803-9.

Huesca M, Peralta R, Sauder DN, Simor AE, McGavin MJ. Adhesion
and virulence properties of epidemic Canadian methicillin-resistant
Staphylococcus aureus strain 1: identification of novel adhesion
functions associated with plasmin-sensitive surface protein. J Infect
Dis. 2002;185(9):1285-96.

Bleiziffer I, Eikmeier J, Pohlentz G, McAulay K, Xia G, Hussain M,

et al. The plasmin-sensitive protein Pls in methicillin-resistant
Staphylococcus aureus (MRSA) is a glycoprotein. PLoS Pathog.
2017;13(1):e1006110.

Geoghegan JA, Corrigan RM, Gruszka DT, Speziale P, O'Gara JP, Potts JR,
et al. Role of surface protein SasG in biofilm formation by Staphylococ-
cus aureus. J Bacteriol. 2010;192(21):5663-73.

Dryla A, Gelbmann D, Von Gabain A, Nagy E. Identification of a novel
iron regulated staphylococcal surface protein with haptoglobin-hae-
moglobin binding activity. Mol Microbiol. 2003;49(1):37-53.

Yacoub A, Lindahl P, Rubin K, Wendel M, Heinegard D, Rydén C. Puri-
fication of a bone sialoprotein-binding protein from Staphylococcus
aureus. Eur J Biochem. 1994:222(3):919-25.

Peschel A, Vuong C, Otto M, Gotz F. The D-alanine residues of Staphy-
lococcus aureus teichoic acids alter the susceptibility to vancomycin
and the activity of autolytic enzymes. Antimicrob Agents Chemother.
2000;44(10):2845-7.

Houston P, Rowe SE, Pozzi C, Waters EM, O'Gara JP. Essential role for the
major autolysin in the fibronectin-binding protein-mediated Staphylo-
coccus aureus biofilm phenotype. Infect Immun. 2011;79(3):1153-65.
Cramton SE, Gerke C, Schnell NF, Nichols WW, Gotz F. The intercellular
adhesion (Ica) locus is present in Staphylococcus aureus and is required
for biofilm formation. Infect Immun. 1999;67(10):5427-33.

Conlon KM, Humphreys H, O'Gara JP. icaR encodes a transcriptional
repressor involved in environmental regulation of Ica operon expres-
sion and biofilm formation in Staphylococcus epidermidis. J Bacteriol.
2002;184(16):4400-8.

Rice KC, Mann EE, Endres JL, Weiss EC, Cassat JE, Smeltzer MS, et al.
The cidA murein hydrolase regulator contributes to DNA release and
biofilm development in Staphylococcus aureus. Proc Natl Acad Sci U S
A.2007;104(19):8113-8.

Kiedrowski MR, Kavanaugh JS, Malone CL, Mootz JM, Voyich JM,
Smeltzer MS, et al. Nuclease modulates biofilm formation in commu-
nity-associated methicillin-resistant Staphylococcus aureus. PLoS One.
2011,6(11):26714.

Giraudo AT, Calzolari A, Cataldi AA, Bogni C, Nagel R. The sae locus of
Staphylococcus aureus encodes a two-component regulatory system.
FEMS Microbiol Lett. 1999;177(1):15-22.

Groicher KH, Firek BA, Fujimoto DF, Bayles KW. The Staphylococcus
aureus IrgAB operon modulates murein hydrolase activity and penicillin
tolerance. J Bacteriol. 2000;182(7):1794-801.

Lauderdale KJ, Boles BR, Cheung AL, Horswill AR. Interconnections
between sigma B, agr, and proteolytic activity in Staphylococcus aureus
biofilm maturation. Infect Immun. 2009;77(4):1623-35.

Rice K, Peralta R, Bast D, De Azavedo J, McGavin MJ. Description
ofStaphylococcus serine protease (ssp) operon in Staphylococcus
aureus and nonpolar inactivation of sspA-encoded serine protease.
Infect Immun. 2001;69(1):159.

Seidl K, Goerke C, Wolz C, Mack D, Berger-Bachi B, Bischoff M.
Staphylococcus aureus CcpA affects biofilm formation. Infect Immun.
2008;76(5):2044.

Johnson M, Sengupta M, Purves J, Tarrant E, Williams PH, Cockayne

A, et al. Fur is required for the activation of virulence gene expression
through the induction of the sae regulatory system in Staphylococcus
aureus. Int J Med Microbiol. 2011;301(1):44-52.

Agarwal A, Singh KP, Jain A. Medical significance and manage-

ment of staphylococcal biofilm. FEMS Immunol Med Microbiol.
2010;58(2):147-60.


https://doi.org/10.1146/annurev.micro.55.1.165
https://doi.org/10.1128/JB.01222-08
https://doi.org/10.1128/JB.01222-08

Aboelnaga et al. Cell Communication and Signaling

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

(2024) 22:188

Patti JM, Allen BL, McGavin MJ, Hook M. MSCRAMM-mediated
adherence of microorganisms to host tissues. Annu Rev Microbiol.
1994;48:585-617.

Schwarz-Linek U, Werner JM, Pickford AR, Gurusiddappa S, EwaJHK

PS, et al. Pathogenic bacteria attach to human fibronectin through a
tandem B-zipper. Nature. 2003;423(6936):177-81.

Roche FM, Downer R, Keane F, Speziale P, Park PW, Foster TJ. The
N-terminal a domain of fibronectin-binding proteins a and B pro-
motes adhesion of Staphylococcus aureus to elastin. J Biol Chem.
2004;279(37):38433-40.

Keane FM, Loughman A, Valtulina V, Brennan M, Speziale P, Foster TJ.
Fibrinogen and elastin bind to the same region within the a domain of
fibronectin binding protein a, an MSCRAMM of Staphylococcus aureus.
Mol Microbiol. 2007;63(3):711-23.

Eldhin DN, Perkins S, Francois P, Vaudaux P, H66k M, Foster TJ. Clumping
factor B (CIfB), a new surface-located fibrinogen-binding adhesin of
Staphylococcus aureus. Mol Microbiol. 1998;30(2):245-57.

Roche FM, Meehan M, Foster TJ. The Staphylococcus aureus surface
protein SasG and its homologues promote bacterial adherence

to human desquamated nasal epithelial cells. Microbiology (N'Y).
2003;149(10):2759-67.

Enany S. The rise of virulence and antibiotic resistance in Staphylococ-
cus aureus. InTech; 2017.

van Dalen R, Peschel A, van Sorge NM. Wall teichoic acid in Staphylo-
coccus aureus host interaction. Trends Microbiol. 2020;28(12):985-98.
Gross M, Cramton SE, Gotz F, Peschel A. Key role of teichoic acid net
charge in Staphylococcus aureus colonization of artificial surfaces.
Infect Immun. 2001;69(5):3423.

Biswas R, Voggu L, Simon UK, Hentschel P, Thumm G, Gtz F. Activ-

ity of the major staphylococcal autolysin Atl. FEMS Microbiol Lett.
2006;259(2):260-8.

Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol.
2010;8(9):623-33.

Mack D, Fischer W, Krokotsch A, Leopold K, Hartmann R, Egge H, et al.
The intercellular adhesin involved in biofilm accumulation of Staphy-
lococcus epidermidis is a linear beta-1,6-linked glucosaminoglycan:
purification and structural analysis. J Bacteriol. 1996;178(1):175-83.
Gerke C, Kraft A, SGBmuth R, Schweitzer O, Gotz F. Characterization of
the N-Acetylglucosaminyltransferase activity involved in the biosyn-
thesis of the Staphylococcus epidermidis polysaccharide intercellular
adhesin. J Biol Chem. 1998;273(29):18586-93.

Arciola CR, Baldassarri L, Montanaro L. Presence of icaA and icaD genes
and slime production in a collection of staphylococcal strains from
catheter-associated infections. J Clin Microbiol. 2001;39(6):2151-6.
Vuong C, Voyich JM, Fischer ER, Braughton KR, Whitney AR, Deleo FR,
et al. Polysaccharide intercellular adhesin (PIA) protects Staphylococcus
epidermidis against major components of the human innate immune
system. Cell Microbiol. 2004;6(3):269-75.

Cerca N, Brooks JL, Jefferson KK. Regulation of the intercellular Adhesin
locus regulator (icaR) by SarA, 0B, and IcaR in Staphylococcus aureus. J
Bacteriol. 2008;190(19):6530.

Brooks JL, Jefferson KK. Phase variation of poly-N-Acetylglu-

cosamine expression in Staphylococcus aureus. PLoS Pathog.
2014,10(7):21004292.

O'Gara JP. Ica and beyond: biofilm mechanisms and regulation in
Staphylococcus epidermidis and Staphylococcus aureus. FEMS Microbiol
Lett. 2007;270(2):179-88.

Cucarella C, Solano C, Valle J, Amorena B, Lasa I, Penadés JR. Bap, a
Staphylococcus aureus surface protein involved in biofilm formation. J
Bacteriol. 2001;183(9):2888-96.

Figueiredo AMS, Ferreira FA, Beltrame CO, Cortes MF. The role of bio-
films in persistent infections and factors involved in Ica-independent
biofilm development and gene regulation in Staphylococcus aureus.
Crit Rev Microbiol. 2017;43(5):602-20.

Speziale P, Pietrocola G, Foster TJ, Geoghegan JA. Protein-based biofilm
matrices in staphylococci. Front Cell Infect Microbiol. 2014;4.
Schroeder K, Jularic M, Horsburgh SM, Hirschhausen N, Neumann C,
Bertling A, et al. Molecular characterization of a novel Staphylococcus
aureus surface protein (SasC) involved in cell aggregation and biofilm
accumulation. PLoS One. 2009;4(10).

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

Page 25 of 28

Arciola CR, Campoccia D, Ravaioli S, Montanaro L. Polysaccharide
intercellular adhesin in biofilm: Structural and regulatory aspects.
Front Cell Infect Microbiol. 2015;5:7.

Foulston L, Elsholz AKW, DeFrancesco AS, Losick R. The extracellular
matrix of Staphylococcus aureus biofilms comprises cytoplasmic
proteins that associate with the cell surface in response to decreas-
ing pH. mBio. 2014;5(5).

Schwartz K, Syed AK, Stephenson RE, Rickard AH, Boles BR. Functional
amyloids composed of phenol soluble Modulins stabilize Staphylo-
coccus aureus biofilms. PLoS Pathog. 2012;8(6):e1002744.

Huseby MJ, Kruse AC, Digre J, Kohler PL, Vocke JA, Mann EE, et al. Beta
toxin catalyzes formation of nucleoprotein matrix in staphylococcal
biofilms. Proc Natl Acad Sci U S A. 2010;107(32):14407-12.

Goodman SD, Obergfell KP, Jurcisek JA, Novotny LA, Downey JS, Ayala
EA, et al. Biofilms can be dispersed by focusing the immune system
on a common family of bacterial nucleoid-associated proteins.
Mucosal Immunol. 2011;4(6):625-37.

Bose JL, Lehman MK, Fey PD, Bayles KW. Contribution of the Staphy-
lococcus aureus Atl AM and GL Murein hydrolase activities in cell
division, autolysis, and biofilm formation. PLoS One. 2012;7(7):e42244.
Izano EA, Amarante MA, Kher WB, Kaplan JB. Differential roles of poly-
N-Acetylglucosamine surface polysaccharide and extracellular DNA
in Staphylococcus aureus and Staphylococcus epidermidis biofilms.
Appl Environ Microbiol. 2008;74(2):470.

Mann EE, Rice KC, Boles BR, Endres JL, Ranjit D, Chandramohan L,

et al. Modulation of eDNA release and degradation affects Staphylo-
coccus aureus biofilm maturation. PLoS One. 2009;4(6):e5822.
Schilcher K, Horswill AR. Staphylococcal biofilm development: struc-
ture, regulation, and treatment strategies. Microbiol Mol Biol Rev.
2020;84(3).

Haag AF, Bagnoli F. The role of two-component signal transduction
systems in Staphylococcus aureus virulence regulation. Curr Top
Microbiol Immunol. 2017;409:145-98.

Liu Q, Yeo WS, Bae T. The SaeRS two-component system of Staphylo-
coccus aureus. Genes (Basel). 2016;7(10).

Periasamy S, Joo HS, Duong AC, Bach THL, Tan VY, Chatterjee SS, et al.
How Staphylococcus aureus biofilms develop their characteristic
structure. Proc Natl Acad Sci U S A. 2012;109(4):1281-6.

Moormeier DE, Endres JL, Mann EE, Sadykov MR, Horswill AR, Rice
KC, et al. Use of microfluidic technology to analyze gene expression
during Staphylococcus aureus biofilm formation reveals distinct
physiological niches. Appl Environ Microbiol. 2013;79(11):3413-24.
Moormeier DE, Bayles KW. Staphylococcus aureus biofilm: a complex
developmental organism. Mol Microbiol. 2017;104(3):365.

Banbula A, Potempa J, Travis J, Fernandez-Catalédn C, Mann K, Huber
R, et al. Amino-acid sequence and three-dimensional structure of
the Staphylococcus aureus metalloproteinase at 1.72 a resolution.
Structure. 1998;6(9):1185-93.

Reed SB, Wesson CA, Liou LE, Trumble WR, Schlievert PM, Bohach GA,
et al. Molecular characterization of a novel Staphylococcus aureus
serine protease operon. Infect Immun. 2001;69(3):1521-7.

McGavin MJ, Zahradka C, Rice K, Scott JE. Modification of the Staphy-
lococcus aureus fibronectin binding phenotype by V8 protease.
Infect Immun. 1997,65(7):2621-8.

Marti M, Trotonda MP, Tormo-Méas MA, Vergara-Irigaray M, Cheung
AL, Lasa |, et al. Extracellular proteases inhibit protein-dependent
biofilm formation in Staphylococcus aureus. Microbes Infect.
2010;12(1):55-64.

Mukherjee S, Bassler BL. Bacterial quorum sensing in complex

and dynamically changing environments. Nat Rev Microbiol.
2019;17(6):371-82.

Novick RP, Geisinger E. Quorum sensing in staphylococci. Annu Rev
Genet. 2008;42:541-64.

Otto M. Staphylococcus aureus and Staphylococcus epidermidis
peptide pheromones produced by the accessory gene regulator agr
system. Peptides (NY). 2001;22(10):1603-8.

Koenig RL, Ray JL, Maleki SJ, Smeltzer MS, Hurlburt BK. Staphylococcus
aureus AgrA binding to the RNAIll-agr regulatory region. J Bacteriol.
2004;186(22):7549.

Miller MB, Bassler BL. Quorum sensing in bacteria. Annu Rev Microbiol.
2001;55:165-99.



Aboelnaga et al. Cell Communication and Signaling

93.

94.

95.

9.

97.

98.

99.

100.

102.

103.

104.

105.

106.

107.

109.

12,

114.

115.

(2024) 22:188

Reyes D, Andrey DO, Monod A, Kelley WL, Zhang G, Cheung AL. Coor-
dinated regulation by AgrA, SarA, and SarR to control agr expression in
Staphylococcus aureus. J Bacteriol. 2011;193(21):6020-31.

Rajasree K, Fasim A, Gopal B. Conformational features of the Staphylo-
coccus aureus AgrA-promoter interactions rationalize quorum-sensing
triggered gene expression. Biochem Biophys Rep. 2016;1(6):124-34.
Tan L, Li SR, Jiang B, Hu XM, Li S. Therapeutic targeting of the Staphylo-
COCCUS aureus accessory gene regulator (agr). System Front Microbiol.
2018,9:25.

Janzon L, Lofdahl S, Arvidson S. Identification and nucleotidesequence
of the delta-lysin gene, hld, adjacent to the accessory gene regulator
(agr) of Staphylococcus aureus. Mol Gen Genet. 1989;219(3):480-5.
George EA, Muir TW. Molecular mechanisms of agr quorum sensing in
virulent staphylococci. Chembiochem. 2007;8(8):847-55.

Peschel A, Otto M. Phenol-soluble modulins and staphylococcal infec-
tion. Nat Rev Microbiol. 2013;11(10):667-73.

Jenul C, Horswill AR. Regulation of Staphylococcus aureus virulence.
Microbiol Spectr. 2018;6(1).

Surewaard BGJ, De Haas CJC, Vervoort F, Rigby KM, Deleo FR, Otto M,
et al. Staphylococcal alpha-phenol soluble Modulins contribute to
neutrophil lysis after phagocytosis. Cell Microbiol. 2013;15(8):1427.
Wang R, Braughton KR, Kretschmer D, Bach THL, Queck SY, Li M, et al.
Identification of novel cytolytic peptides as key virulence determinants
for community-associated MRSA. Nat Med. 2007;13(12):1510-4.
Jarraud S, Mougel C, Thioulouse J, Lina G, Meugnier H, Forey F, et al.
Relationships between Staphylococcus aureus genetic background,
virulence factors, agr groups (alleles), and human disease. Infect
Immun. 2002;70(2):631-41.

Wang B, Muir TW. Regulation of virulence in Staphylococcus aureus:
molecular mechanisms and remaining puzzles. Cell Chem Biol.
2016,23(2):214-24.

Ji G, Beavis R, Novick RP. Bacterial interference caused by autoinducing
peptide variants. Science. 1979,276(5321):2027-30.

Jarraud S, Lyon GJ, Figueiredo AMS, Gerard L, Vandenesch F, Etienne J,
et al. Exfoliatin-producing strains define a fourth agr specificity group in
Staphylococcus aureus. J Bacteriol. 2000;182(22):6517-22.

Johnson M, Cockayne A, Williams PH, Morrissey JA. Iron-responsive
regulation of biofilm formation in Staphylococcus aureus involves
fur-dependent and fur-independent mechanisms. J Bacteriol.
2005;187(23):8211-5.

Weinrick B, Dunman PM, McAleese F, Murphy E, Projan SJ, Fang Y, et al.
Effect of mild acid on gene expression in Staphylococcus aureus. J
Bacteriol. 2004;186(24):8407.

Johnson M, Cockayne A, Morrissey JA. Iron-regulated biofilm forma-
tion in Staphylococcus aureus Newman requires Ica and the secreted
protein Emp. Infect Immun. 2008;76(4):1756.

Geiger T, Goerke C, Mainiero M, Kraus D, Wolz C. The virulence regulator
Sae of Staphylococcus aureus: promoter activities and response to
phagocytosis-related signals. J Bacteriol. 2008;190(10):3419.

Voyich JM, Braughton KR, Sturdevant DE, Whitney AR, Said-Salim B,
Porcella SF, et al. Insights into mechanisms used by Staphylococ-

cus aureus to avoid destruction by human neutrophils. J Immunol.
2005;175(6):3907-19.

Voyich JM, Vuong C, DeWald M, Nygaard TK, Kocianova S, Griffith S,

et al. The SaeR/S gene regulatory system is essential for innate immune
evasion by Staphylococcus aureus. J Infect Dis. 2009;199(11):1698-706.
Kim MK, Ingremeau F, Zhao A, Bassler BL, Stone HA. Local and global
consequences of flow on bacterial quorum sensing. Nat Microbiol.
2016;1(1).

Majerczyk CD, Dunman PM, Luong TT, Lee CY, Sadykov MR, Somerville
GA, et al. Direct targets of CodY in Staphylococcus aureus. J Bacteriol.
2010;192(11):2861-77.

Roux A, Todd DA, Velazquez JV, Cech NB, Sonenshein AL. CodY-
mediated regulation of the Staphylococcus aureus Agr system
integrates nutritional and population density signals. J Bacteriol.
2014,196(6):1184-96.

Augagneur Y, King AN, Germain-Amiot N, Sassi M, Fitzgerald JW,
Sahukhal GS, et al. Analysis of the CodY RNome reveals RsaD as a stress-
responsive riboregulator of overflow metabolism in Staphylococcus
aureus. Mol Microbiol. 2020;113(2):309-25.

116.

120.

121.

122.

123.

125.

127.

129.

132.

133.

134.

135.

136.

137.

Page 26 of 28

Majerczyk CD, Sadykov MR, Luong TT, Lee C, Somerville GA, Sonen-
shein AL. Staphylococcus aureus CodY negatively regulates virulence
gene expression. J Bacteriol. 2008;190(7):2257-65.

Rom JS, Atwood DN, Beenken KE, Meeker DG, Loughran AJ, Spencer
HJ, et al. Impact of Staphylococcus aureus regulatory mutations that
modulate biofilm formation in the USA300 strain LAC on virulence in
a murine bacteremia model. Virulence. 2017;8(8):1776-90.

Deora R, Misra TK. Characterization of the primary o factor of Staphy-
lococcus aureus. J Biol Chem. 1996;271(36):21828-34.

Senn MM, Giachino P, Homerova D, Steinhuber A, Strassner J, Kor-
manec J, et al. Molecular analysis and organization of the oB operon
in Staphylococcus aureus. J Bacteriol. 2005;187(23):8006-19.
Donegan NP, Cheung AL. Regulation of the mazEF toxin-antitoxin
module in Staphylococcus aureus and its impact on sigB expression.
J Bacteriol. 2009;191(8):2795.

Rachid S, Ohlsen K, Wallner U, Hacker J, Hecker M, Ziebuhr W. Alterna-
tive transcription factor sigma(B) is involved in regulation of biofilm
expression in a Staphylococcus aureus mucosal isolate. J Bacteriol.
2000;182(23):6824-6.

Zhao Q, Chen XY, Martin C. Scutellaria baicalensis, the golden

herb from the garden of Chinese medicinal plants. Sci Bull.
2016;61(18):1391-8.

Ranjit DK, Endres JL, Bayles KW. Staphylococcus aureus CidA

and LrgA proteins exhibit Holin-like properties. J Bacteriol.
2011;193(10):2468.

Sharma-Kuinkel BK, Mann EE, Ahn JS, Kuechenmeister LJ, Dunman PM,
Bayles KW. The Staphylococcus aureus LytSR two-component regula-
tory system affects biofilm formation. J Bacteriol. 2009;191(15):4767-75.
Schauder S, Shokat K, Surette MG, Bassler BL. The LuxS family of
bacterial autoinducers: biosynthesis of a novel quorum-sensing signal
molecule. Mol Microbiol. 2001;41(2):463-76.

Yu D, Zhao L, Xue T, Sun B. Staphylococcus aureus autoinducer-2
quorum sensing decreases biofilm formation in an icaR-dependent
manner. BMC Microbiol. 2012;12(1):1-12.

Ma R, Qiu'S, Jiang Q, Sun H, Xue T, Cai G, et al. Al-2 quorum sensing
negatively regulates rbf expression and biofilm formation in Staphylo-
coccus aureus. Int J Med Microbiol. 2017;307(4-5):257-67.

Santos CA, Lima EMF, BDGDM F, Pinto UM. Exploring phenolic com-
pounds as quorum sensing inhibitors in foodborne Bacteria. Front
Microbiol. 2021;12:735931.

LiuT, Wang J, Gong X, Wu X, Liu L, Chi F. Rosemary and tea tree essential
oils exert Antibiofilm activities in vitro against Staphylococcus aureus
and Escherichia coli. J Food Prot. 2020;83(7):1261-7.

Severo C, Anjos |, Souza VGL, Canejo JP, Bronze MR, Fernando AL,

et al. Development of cranberry extract films for the enhancement

of food packaging antimicrobial properties. Food Packag Shelf Life.
2021,28:100646.

Mohsenipour Z, Hassanshahian M. The effects of Allium sativum
extracts on biofilm formation and activities of six pathogenic Bacteria.
Jundishapur J Microbiol. 2015;8(8):e18971.

Lopes LAA, Dos Santos Rodrigues JB, Magnani M, de Souza EL, de
Siqueira-Junior JP. Inhibitory effects of flavonoids on biofilm formation
by Staphylococcus aureus that overexpresses efflux protein genes.
Microb Pathog. 2017;107:193-7.

Mandalari G, Minuti A, La Camera E, Barreca D, Romeo O, Nostro A.
Antimicrobial susceptibility of Staphylococcus aureus strains and effect
of Phloretin on biofilm formation. Curr Microbiol. 2023;80(9):303.
ChenY, Liu T, Wang K, Hou C, Cai S, Huang Y, et al. Baicalein inhibits
Staphylococcus aureus biofilm formation and the quorum sensing
system in vitro. PLoS One. 2016;11(4):e0153468.

Wang B, Wei PW, Wan S, Yao Y, Song CR, Song PP, et al. Ginkgo biloba
exocarp extracts inhibit S. Aureus and MRSA by disrupting biofilms and
affecting gene expression. J Ethnopharmacol. 2021;271:113895.
Ouyang P, He X, Yuan ZW, Yin ZQ, Fu H, Lin J, et al. Erianin against Staph-
ylococcus aureus infection via inhibiting Sortase a. Toxins. 2018;10(10).
Lu L, HuW,Tian Z,Yuan D, Yi G, Zhou Y, et al. Developing natural prod-
ucts as potential anti-biofilm agents. Chin Med. 2019;14(1):11.

Yap CH, Ramle AQ, Lim SK, Rames A, Tay ST, Chin SP, et al. Synthesis

and Staphylococcus aureus biofilm inhibitory activity of indolenine-
substituted pyrazole and pyrimidol[1,2-b] indazole derivatives. Bioorg
Med Chem. 2023;95:117485.



Aboelnaga et al. Cell Communication and Signaling

139.

140.

141.
142.

143.

144.

145.

147.

148.

149.

150.

152.

153.

155.

156.

158.

160.

(2024) 22:188

Shrestha L, Kayama S, Sasaki M, Kato F, Hisatsune J, Tsuruda K, et al.
Inhibitory effects of antibiofilm compound 1 against Staphylococcus
aureus biofilms. Microbiol Immunol. 2016;60(3):148-59.

Maggio B, Raffa D, Raimondi MV, Cascioferro S, Plescia F, Schillaci D, et al.
Discovery of a new class of Sortase a Transpeptidase inhibitors to tackle
gram-positive pathogens: 2-(2-Phenylhydrazinylidene) alkanoic acids
and related derivatives. Molecules (Basel, Switzerland). 2016;21(2):241.
Plank C. Silence the target. Nat Nanotechnol. 2009;4(9):544-5.

Meeker DG, Chen J, Smeltzer MS. Could targeted, antibiotic-loaded
gold nanoconstructs be a new magic bullet to fight infection?
Nanomedicine. 2016;11(18):2379-82. https://doi.org/10.2217/
nnm-2016-0260.

Zaidi S, Misba L, Khan AU. Nano-therapeutics: a revolution in infection
control in post antibiotic era. Vol. 13, Nanomedicine: Nanotechnology,
Biology, and Medicine. Elsevier Inc,; 2017. p. 2281-301.

Wang L, Hu C, Shao L. The antimicrobial activity of nanoparticles: Pre-
sent situation and prospects for the future. Vol. 12, International Journal
of Nanomedicine. Dove Medical Press Ltd.; 2017. p. 1227-49.

Kranjec C, Angeles DM, Mérli MT, Fernandez L, Garcia P, Kjos M, et al.
Staphylococcal biofilms: challenges and novel therapeutic perspec-
tives. Antibiotics. 2021;10(2):1-30.

Makabenta JMV, Nabawy A, Li CH, Schmidt-Malan S, Patel R, Rotello VM.
Nanomaterial-based therapeutics for antibiotic-resistant bacterial infec-
tions. Nat Rev Microbiol Nat Res. 2021;19:23-36.

Patra JK, Das G, Fraceto LF, Campos EVR, Rodriguez-Torres MDP, Acosta-
Torres LS, et al. Nano based drug delivery systems: recent develop-
ments and future prospects. Vol. 16, Journal of Nanobiotechnology.
BioMed Central Ltd.; 2018.

Chopade B, Ghosh, Patil, Ahire, Kitture, Jabgunde, et al. Synthesis of
silver nanoparticles using Dioscorea bulbifera tuber extract and evalu-
ation of its synergistic potential in combination with antimicrobial
agents. Int J Nanomedicine 2012;483.

Ansari MA, Albetran HM, Alheshibri MH, Timoumi A, Algarou NA, Akhtar
S, et al. Synthesis of electrospun TiO2 nanofibers and characterization
of their antibacterial and Antibiofilm potential against gram-positive
and gram-negative Bacteria. Antibiotics. 2020;9(9):572.

Raghunath A, Perumal E. Metal oxide nanoparticles as antimi-

crobial agents: a promise for the future. Int J Antimicrob Agents.
2017;49(2):137-52.

Wang LS, Gupta A, Rotello VM. Nanomaterials for the treatment of
bacterial biofilms. ACS Infect Dis. 2016;2(1):3-4.

Lin YK, Yang SC, Hsu CY, Sung JT, Fang JY. The antibiofilm nanosys-
tems for improved infection inhibition of microbes in skin. Molecules.
2021;26(21):1-29.

Li J, Nickel R, Wu J, Lin F, van Lierop J, Liu S. A new tool to attack bio-
films: driving magnetic iron-oxide nanoparticles to disrupt the matrix.
Nanoscale. 2019;11(14):6905-15.

Majumdar M, Kumar Misra T. Chapter 7 - Metal nanoparticles against
growth of microbial biofilm. In: Roy DBTACG on BS. Academic Press;
2022.p. 157-76.

Venkatesh N. Metallic nanoparticle: a review. Biomed J Sci Tech Res.
2018;4(2):3765-75.

Chandrakala V, Aruna V, Angajala G. Review on metal nanoparticles

as nanocarriers: current challenges and perspectives in drug delivery
systems. Emergent Mater. 2022;5(6):1593-615.

Zhang XF, Shen W, Gurunathan S. Silver nanoparticle-mediated cel-
lular responses in various cell lines: an in vitro model. Int J Mol Sci.
2016;17(10):1-26.

Mba IE, Nweze EI. Nanoparticles as therapeutic options for treating
multidrug-resistant bacteria: research progress, challenges, and pros-
pects. World J Microbiol Biotechnol. 2021,37(6):108.

Ajdary M, Moosavi MA, Rahmati M, Falahati M, Mahboubi M, Mande-
gary A, et al. Health concerns of various nanoparticles: a review of their
in vitro and in vivo toxicity. Nanomaterials (Basel). 2018;8(9).

Malik A, Alshehri MA, Alamery SF, Khan JM. Impact of metal nanopar-
ticles on the structure and function of metabolic enzymes. Int J Biol
Macromol. 2021;188:576-85.

Baptista PV, McCusker MP, Carvalho A, Ferreira DA, Mohan NM, Martins
M, et al. Nano-strategies to fight multidrug resistant bacteria-"a Battle of
the titans". Front Microbiol. 2018;9:1-26.

162.

165.

166.

167.

168.

169.

170.

172.

174.

175.

176.

177.

178.

180.

181.

182.

Page 27 of 28

Tran HM, Tran H, Booth MA, Fox KE, Nguyen TH, Tran N, et al. Nanoma-
terials for treating bacterial biofilms on implantable medical devices.
Nanomaterials. 2020;10(11):1-19.

Ansari MA, Khan HM, Khan AA, Cameotra SS, Alzohairy MA. Anti-biofilm
efficacy of silver nanoparticles against MRSA and MRSE isolated

from wounds in a tertiary care hospital. Indian J Med Microbiol.
2015;33(1):101-9.

Richter K, Facal P, Thomas N, Vandecandelaere I, Ramezanpour M, Cook-
sley C, et al. Taking the silver bullet colloidal silver particles for the topi-
cal treatment of biofilm-related infections. ACS Appl Mater Interfaces.
2017,9(26):21631-8.

Hamida RS, Ali MA, Goda DA, Khalil MI, Al-Zaban MI. Novel biogenic
silver nanoparticle-induced reactive oxygen species inhibit the biofilm
formation and virulence activities of methicillin-resistant Staphylococ-
cus aureus (MRSA) strain. Front Bioeng. Biotechnol. 2020;8.

Loh JV, Percival SL, Woods EJ, Williams NJ, Cochrane CA. Silver resist-
ance in MRSA isolated from wound and nasal sources in humans and
animals. Int Wound J. 2009;6(1):32-8.

Yu Q LiJ, Zhang Y, Wang Y, Liu L, Li M. Inhibition of gold nanoparticles
(AuNPs) on pathogenic biofilm formation and invasion to host cells. Sci
Rep. 2016;6(1):26667.

Hu D, Li H, Wang B, Ye Z, Lei W, Jia F, et al. Surface-adaptive gold
nanoparticles with effective adherence and enhanced Photothermal
ablation of methicillin-resistant Staphylococcus aureus biofilm. ACS
Nano. 2017;11(9):9330-9.

LiW, Geng X, Liu D, Li Z. Near-infrared light-enhanced protease-conju-
gated gold nanorods as a photothermal antimicrobial agent for elimi-
nation of exotoxin and biofilms. Int J Nanomedicine. 2019;14:8047-58.
Yang X, Zhang L, Jiang X. Aminosaccharide—-gold nanoparticle
assemblies as narrow-spectrum antibiotics against methicillin-resistant
Staphylococcus aureus. Nano Res. 2018;11(12):6237-43.

Yang X, Wei Q, Shao H, Jiang X. Multivalent Aminosaccharide-based
gold nanoparticles as narrow-Spectrum antibiotics in vivo. ACS Appl
Mater Interfaces. 2019;11(8):7725-30.

Ren G, Hu D, Cheng EWC, Vargas-Reus MA, Reip P, Allaker RP. Characteri-
sation of copper oxide nanoparticles for antimicrobial applications. Int J
Antimicrob Agents. 2009;33(6):587-90.

Ruparelia JP, Chatterjee AK, Duttagupta SP, Mukherji S. Strain specific-
ity in antimicrobial activity of silver and copper nanoparticles. Acta
Biomater. 2008;4(3):707-16.

Labruére R, Sona AJ, Turos E. Anti-methicillin-resistant Staphylococcus
aureus Nanoantibiotics. Front Pharmacol. 2019;10.

Kannan S, Solomon A, Krishnamoorthy G, Marudhamuthu M. Liposome
encapsulated surfactant abetted copper nanoparticles alleviates bio-
film mediated virulence in pathogenic Pseudomonas aeruginosa and
MRSA. Sci Rep. 2021;11(1):1102.

Marzban A, Mirzaei SZ, Karkhane M, Ghotekar SK, Danesh A. Biogenesis
of copper nanoparticles assisted with seaweed polysaccharide with
antibacterial and antibiofilm properties against methicillin-resistant
Staphylococcus aureus. J Drug Deliv Sci Technol. 2022;74:103499.

Khan ST, Ahamed M, Musarrat J, Al-Khedhairy AA. Anti-biofilm and
antibacterial activities of zinc oxide nanoparticles against the oral
opportunistic pathogens Rothia dentocariosa and Rothia mucilaginosa.
Eur J Oral Sci. 2014;122(6):397-403.

Jones N, Ray B, Ranjit KT, Manna AC. Antibacterial activity of ZnO nano-
particle suspensions on a broad spectrum of microorganisms. FEMS
Microbiol Lett. 2008;279(1):71-6.

Abdelraheem WM, Khairy RMM, Zaki Al, Zaki SH. Effect of ZnO nano-
particles on methicillin, vancomycin, linezolid resistance and biofilm
formation in Staphylococcus aureus isolates. Ann Clin Microbiol Antimi-
crob. 2021;20(1):54.

Ohko'Y, Nagao Y, Okano K, Sugiura N, Fukuda A, Yang Y, et al. Preven-
tion of Phormidium tenue biofilm formation by TiO(2) Photocatalysis.
Microbes Environ. 2009;24(3):241-5.

Ansari MA, Albetran HM, Alheshibri MH, Timoumi A, Algarou NA, Akhtar
S, et al. Synthesis of electrospun TiO(2) nanofibers and characterization
of their antibacterial and Antibiofilm potential against gram-positive
and gram-negative Bacteria. Antibiotics (Basel). 2020;9(9).

Romero G, Moya SE. Synthesis of organic nanoparticles. Nanobi-
otechnology-Inorganic Nanoparticles vs Organic Nanoparticles.
2012;4:115-41.


https://doi.org/10.2217/nnm-2016-0260
https://doi.org/10.2217/nnm-2016-0260

Aboelnaga et al. Cell Communication and Signaling

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

198.

199.

200.

201.

202.

203.

(2024) 22:188

Feracci H, Gutierrez BS, Hempel W, Gil IS. Organic Nanoparticles.
Nanobiotechnology-Inorganic Nanoparticles vs Organic Nanoparticles.
2012;4:197-230.

Rabea El, Badawy MET, Stevens CV, Smagghe G, Steurbaut W. Chitosan
as antimicrobial agent: applications and mode of action. Biomacromol-
ecules. 2003;4(6):1457-65.

Costa EM, Silva S, Vicente S, Neto C, Castro PM, Veiga M, et al. Chitosan
nanoparticles as alternative anti-staphylococci agents: bactericidal,
antibiofilm and antiadhesive effects. Mater Sci Eng C. 2017;79:221-6.
Darabpour E, Kashef N, Mashayekhan S. Chitosan nanoparticles
enhance the efficiency of methylene blue-mediated antimicrobial
photodynamic inactivation of bacterial biofilms: an in vitro study.
Photodiagn Photodyn Ther. 2016;14:211-7.

Tao LW, Yuan ZY, Lue TH, Yong AH, Ling DZ, He G, et al. Inhibited bacte-
rial adhesion and biofilm formation on Quaternized chitosan-loaded
Titania nanotubes with various diameters. Materials. 2016;9(3):155.
Almaaytah A, Mohammed G, Abualhaijaa A, Al-Balas Q. Development of
novel ultrashort antimicrobial peptide nanoparticles with potent anti-
microbial and antibiofilm activities against multidrug-resistant bacteria.
Drug Des Devel Ther. 2017;11:3159-70.

Wang J, Chen XY, Zhao Y, Yang Y, Wang W, Wu C, et al. pH-switchable
antimicrobial nanofiber networks of hydrogel eradicate bio-

film and rescue stalled healing in chronic wounds. ACS Nano.
2019;13(10):11686-97.

Hasan N, Cao J, Lee J, Naeem M, Hlaing SP, Kim J, et al. PEI/NONOates-
doped PLGA nanoparticles for eradicating methicillin-resistant Staphy-
lococcus aureus biofilm in diabetic wounds via binding to the biofilm
matrix. Mater Sci Eng C. 2019;103:109741.

LiJ, Zhong W, Zhang K, Wang D, Hu J, Chan-Park MB. Biguanide-derived
polymeric nanoparticles kill MRSA biofilm and suppress infection

in vivo. ACS Appl Mater Interfaces. 2020;12(19):21231-41.

Yuan Z, Lin C, Dai L, He Y, Hu J, Xu K, et al. Near-infrared light-Activat-
able dual-action nanoparticle combats the established biofilms of
methicillin-resistant Staphylococcus aureus and its accompanying
inflammation. Small. 2021;17(13).

Ghosh S, Patil S, Ahire M, Kitture R, Kale S, Pardesi K, et al. Synthesis

of silver nanoparticles using Dioscorea bulbifera tuber extract and
evaluation of its synergistic potential in combination with antimicrobial
agents. Int J Nanomedicine. 2012;7:483-96.

Gaidhani SV, Raskar AV, Poddar S, Gosavi S, Sahu PK, Pardesi KR, et al.
Time dependent enhanced resistance against antibiotics & metal salts
by planktonic & biofilm form of Acinetobacter haemolyticus MMC 8
clinical isolate. Indian J Med Res. 2014;140(5):665-71.

Bi'Y, Xia G, Shi C,Wan J, Liu L, Chen Y, et al. Therapeutic strategies
against bacterial biofilms. Fundam Res. 2021;1(2):193-212.

Zaharieva MM, Kaleva M, Kroumov A, Slavkova M, Benbassat N,
Yoncheva K, et al. Advantageous Combinations of Nanoencapsulated
Oregano Oil with Selected Antibiotics for Skin Treatment. Pharmaceu-
tics. 2022, 14(12).

Alalaiwe A, Wang PW, Lu PL, Chen YP, Fang JY, Yang SC. Synergistic anti-
MRSA activity of cationic nanostructured lipid carriers in combination
with Oxacillin for cutaneous application. Front Microbiol. 2018;9.
XiaoY, Xu M, Lv N, Cheng C, Huang P, Li J, et al. Dual stimuli-responsive
metal-organic framework-based nanosystem for synergistic pho-
tothermal/pharmacological antibacterial therapy. Acta Biomater.
2021;122:291-305.

Le KY, Otto M. Quorum-sensing regulation in staphylococci-an over-
view. Front Microbiol. 2015;6:167362.

Kaur B, Gupta J, Sharma S, et al. DSH of, 2021 undefined. Focused review
on dual inhibition of quorum sensing and efflux pumps: a potential
way to combat multi drug resistant Staphylococcus aureus infections.
Elsevier. 2021;190:33-43.

Grandclément C, Tanniéres M, Moréra S, Dessaux Y, Faure D. Quorum
quenching: role in nature and applied developments. FEMS Microbiol
Rev. 2016;40(1):86-116.

Sully EK, Malachowa N, EImore BO, Alexander SM, Femling JK, Gray

BM, et al. Selective chemical inhibition of agr quorum sensing in
Staphylococcus aureus promotes host defense with minimal impact on
resistance. PLoS Pathog. 2014;10(6):21004174.

DaF, Yao L, SuZ, Hou Z, Li Z, Xue X, et al. Antisense locked nucleic
acids targeting agrA inhibit quorum sensing and pathogenesis of

204.

205.

206.

207.

208.

Page 28 of 28

community-associated methicillin-resistant Staphylococcus aureus. J
Appl Microbiol. 2017;122(1):257-67.

Todd DA, Parlet CP, Crosby HA, Malone CL, Heilmann KP, Horswill AR,

et al. Signal biosynthesis inhibition with ambuic acid as a strategy to
target antibiotic-resistant infections. Antimicrob Agents Chemother.
2017,61(8).

XiuW, Shan J, Yang K, Xiao H, Yuwen L, Wang L. Recent development
of nanomedicine for the treatment of bacterial biofilm infections. View.
2021;2(1):20200065.

SunY, Qin H, Yan Z, Zhao C, Ren J, Qu X, et al. Combating biofilm associ-
ated infection in vivo: integration of quorum sensing inhibition and
photodynamic treatment based on multidrug delivered hollow carbon
nitride sphere. Adv Funct Mater. 2019;29(14):1808222.

Masurkar SA, Chaudhari PR, Shidore VB, Kamble SP. Effect of biologi-
cally synthesised silver nanoparticles on Staphylococcus aureus biofilm
quenching and prevention of biofilm formation. IET Nanobiotechnol.
2012;,6(3):110-4.

Chaudhari AA, Jasper SL, Dosunmu E, Miller ME, Arnold RD, Singh SR,
et al. Novel pegylated silver coated carbon nanotubes kill Salmonella
but they are non-toxic to eukaryotic cells. J Nanobiotechnology.
2015;13(1):1-17.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Deciphering the dynamics of methicillin-resistant Staphylococcus aureus biofilm formation: from molecular signaling to nanotherapeutic advances
	Abstract 
	Methicillin-resistant Staphylococcus aureus: the super bug
	Biofilm mediated antibiotic resistance in MRSA
	Intrinsic resistance mechanisms
	Acquired resistance mechanisms

	Biofilm structure and clinical relevance
	Biofilm developmental stages
	Attachment
	Multiplication
	Exodus
	Maturation
	Dispersal

	Role of quorum sensing in S. aureus biofilm formation
	Biofilm regulatory networks of S. aureus
	GTP-sensing transcription repressor CodY
	Alternative sigma factor SigB
	LytSR two-component system
	The LuxSAI-2 system

	Exploring the potential of natural and synthetic compounds as biofilm inhibitors for S. aureus: promising strategies for managing and treating biofilms
	Nano-therapeutics as a magic bullet for biofilm eradication
	The merits of nanoparticles (NPs) in fighting bacterial infections

	Nano-technological strategies in combatting MRSA biofilm: breaking new grounds in antimicrobial advancements
	Metal-based nanoparticles
	Organic nanoparticles
	Combination antimicrobials loaded in NPs
	Quorum inhibiting nanomaterials

	Conclusion and future prospective
	Acknowledgements
	References


