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ARTICLEINFO ABSTRACT

Keywords: Enterococcus faecalis is a Gram-positive gut-associated microbe that commenly inhabits the human intestine and

E“‘e‘m“’_m poses an immense threat to individuals with a compromised immune system, particularly in healthcare settings.

g“;mmns It is also delineated for its various virulent factors, such as strong biofilm formation and resistance to multiple
1o0lm tuon

medications, which in turn challenge the current treatment strategies. Quorum sensing systems, particularly the
Fsr and LuxS systems, play an important role in its virulence by regulating the synthesis of enzymes like
gelatinase and serine protease, which help maintain biofilm stability and host tissue encroachment.

E. faecalis biofilms are resistant to antimicrobial medications, making the bacteria challenging to eliminate.
This review explores E. faecalis quorum sensing systems and their role in biofilm formation, emphasizing these
pathways as prospective targets for therapeutic intervention. Emerging techniques, which include the application
of phages, probiotics, nanoparticles, and phytochemicals, can inhibit quorum sensing, disrupt biofilm growth and
reduce E. faecalis pathogenicity. Targeting these processes may provide beneficial substitutes or complements to
standard antibiotics, especially for antibiotic-resistant bacteria. These strategies aid in improving infection
control and therapeutic effectiveness toward E. faecalis in healthcare settings.

Therapeutic strategies

1. Introduction maintain intestinal balance. In patients with immune-compromised

situations or whenever it spreads to sterile places, it may trigger a va-

Enrerococcus faecalis is a Gram-positive bacterium that thrives in the
presence and absence of oxygen which is frequently identified in the
human gut microbiota. It is classified as a member of the Firmicutes
phylum, specifically the Enterococcaceae family [ 1, -]. It is recognized for
its persistence and ability to grow in severe settings (e.g., high amounts
of salt, bile, temperature fluctuations), which makes it simultaneously a
symbiotic organism and a pathogenic species [ ]. In individuals with
good health, E. faecalis acts as an innocuous commensal, helping to

riety of illnesses [ ‘]. Virulence proteins facilitate its pathogenesis, lilke
adhesins, cytolysin, and gelatinase (GelE) and the development of bio-
film, which increases its potential for invasion into tissues and health-
care equipment [ ]. On a clinical level, E. faecalis is a major contributor
to nosocomial illnesses such as urinary tract infections (UTIs), infectious
endocarditis, wound-related infections, and the presence of bacteria in
the blood, as shown in = [-]. The Enterococcus species has been
reported to induce ailments in dental roots, and the development of
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biofilm can exacerbate the condition [ ].

In healthcare facilities, it is linked to catheter-related UTIs and
reconstructive valve endocarditis, which contribute to significant mor-
tality rates []. Various Enterococcus genera can be isolated from root
canals with the ability to produce biofilms, which also brings up a
concern about infections [-]. Endocarditis constitutes a big problem if
infected by the Enterococcus genus, which might worsen the patient’s
condition. In addition, early bacterial infection induced by enterococci
can eventually end up in biofilm-associated endocarditis [ ].

Despite E. faecalis not being specifically identified on the World
Health Organization's (WHO) 2017 Priority Pathogens List, the closely
related Enterococcus faecium is classified as a high-priority pathogen due
to its resistance to vancomycin-a characteristic frequently seen in
E. faecalis strains. Global monitoring programns, such as WHO's GLASS
and the CDC’s Antibiotic Resistance Threats report, have highlighted the
clinical significance of vancomycin-resistant enterococci (VRE),
emphasizing the critical need to enhance antimicrobial management,
prevention of infection, and biofilm-targeted treatments for combating
E. faecalis in healthcare settings [ ']. A critical challenge in treating
E. faecalis infections is its intrinsic and acquired antibiotic resistance,
particularly to aminoglycosides, cephalosporins, and the emergence of
VRE.

This resistance, coupled with its biofilm-forming capacity, compli-
cates treatment and infection control in healthcare settings [ ]. The
most significant characteristics of E. faecalis are their outstanding
versatility in severe environmental circumstances and their potential for
resistance to antibiotics. In order to combat this opportunistic infectious
agent, different anti-virulence treatment methods, such as inhibiting
quorum sensing (QS) systems, should be considered [ -, ]. This article
provides a comprehensive review of strategies and mechanisms target-
ing E. faecalis biofilms and QS inhibition.

Emerging techniques, such as the use of bacteriophages, probiotics,
nanoparticles (NPs), and phytochemicals, have the potential to suppress
QS, destabilize biofilm formation, and reduce the pathogenicity of
E. faecalis. These techniques, which target important biological pro-
cesses, could function as effective replacements or alfernatives to
existing antibiotic therapy, especially against antibiotic-resistant strains.
Such approaches could considerably optimize preventative techniques
and clinical outcomes for E. faecalis infections.

2. Fsr assisted quorum-sensing

The fsr locus in E. faecalis encodes a two-part regulatory mechanism
that regulates virulence by detecting cell density. This 2.8-kb location
contains four genes: fsrA, fsrB, fsrD, and fsrC [ :]. The system controls
genes including gelE, sprE, ef1097, and ef1097b. The fsrA gene codes
FsrA, a LytTR-family response regulator with a DNA-adhering domain
that attaches to regulating areas upstream of targeted genes such as
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ef1097, fsrB, and gelE [ 1. Particularly, fsrA transcription is constitu-
tively a functioning component of the QS mechanism. The fsrB gene
encodes FsrB, a transmembrane protein that converts the propeptide
FstD into GBAP, a QS peptide. Ultimately, fsrC codes FsrC, a trans-
membrane histidine kinase that functions as a sensor transmitter for the
fsr operon, as shown in [iz].

The FsrD propeptide (fsrD-coded) is transferred and converted to
produce smaller lactone gelatinase biosyntliesis-activated pheromone
(GBAP) through FsrB. FsrC forms a portion of a two-component regu-
lation system that reacts to extracellular GBAP by phosphorylating the
intracellular response regulator, FsrA, which subsequently stimulates
the transcription of ef1097, ef1097b, the fsr locus, gelE (which codes for
gelatinase), and sprE (which encodes a serine protease) [ - ].

The &f1097-encoded pre-proprotein (170 amino acids) has been
trimmed (the N-terminus 34 amino acids) and transferred via a Sec-
assisted process, where GelE subsequently trims the precursor to
generate enterocin 016 (68 C-terminus amino acids). ZBzl-YAAS5911 (in
a competitive manner) and NaCl (concentration-dependently) block the
association of GBAP and FsrC. Ambuic acid suppresses FsrB function.
Slamyein I, Sviceucin, and WS9326A all block FsirC phosphorylation
[ 1. In E faecalis, the fsr system regulates factors associated with
virulence and interaction between cells. As the overall population of
E. faecalis rises, so does the level of GBAP in the extracellular setting,
which is recognized by the sensor kinase FsrC. It phosphorylates the
response regulator FsrA, activating it [ ].

Phosphorylated FsrA then controls the transcription of the fsrBCD,
gelE-sprE operons, and the ef1097 gene, situated 800 kb upstream. Mu-
tations or removal from one of the fsr genes (fsrA, fsrB, or fsrC) entirely
inhibits the transcription of the downstream genes gelE and sprE, which
are required for GelE and SprE synthesis [ ' ]. These genes are strongly
expressed in the wild-type varieties. E.facecalis strain OG1RF, with
ef1097 exhibiting a large increase through the late logarithmic and
initial stationary phases of growth [ - ]. Ef1097 codes for enterocin 016
(EntV), which is secreted and processed via the Sec system and GelE.
This bacteriocin-resembling peptide has antibacterial and antifungal
properties, but E. faecalis is resistant, indicating a self-defensive strategy
[ 1. The fsr mechanism additionally regulates genes involved in surface
adherence, self-destruction, and biofilm formation, demonstrating its
importance not just in pathogenicity but also in metabolic and
biofilm-related activities. More research must be conducted to under-
stand better the framework and function of enterocin 016, as well as the
mechanisms that protect E. faecalis from its potentially detrimental ef-
fects [ 1.

2.1. Virulence of fsr-assisted QS

The Fsr quorum-sensing system in E. faecalis modulates critical
virulence components, such as GelE and SprE, which are coded by gelE

' Wound infections =
Cellulitis ; :
Enterococcal meningitis E

Catheter-associated UTls
Urinary tract infections (UTls) |

Fig. 1. Nosocomial infections contributed by E. faecalis.
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Fig. 2. The Fsr QS mechanism and its regulation in F.faecalis (Copyright ©

and sprE, accordingly. These genes are situated next to the fsr genes and
have a shared promoter, which contributes to tissue degradation, bio-
film development, and pathogenicity [ ~]. GelE is a 34.5 kDa metal-
loprotease that disintegrates collagen, fibrin, hemoglobin, and
complementary components (C3, C3a, C5a), as well as biofilm formation
and modulating the immune response through protease-initiated re-
ceptor-2 [ ]. This enzyme has been linked to long-term intestine
inflammation and promotes E. faecalis migration into human cancer
cells. GelE action is detected in 13-70 % of E. faecalis strains from the
oral cavity and more than 78 % of clinical isolates resulting from in-
fections [ ].

SprE, a 25 kDa glutamyl endopeptidase, can also be an infectious
factor in E. faecalis, although its mode for functioning in different hosts is
uncertain [ ]. The involvement of the Fsr system in pathogenesis has
been investigated in a variety of animals, spanning rodents, rabbits,
Arabidopsis thaliana, Caenorhabditis elegans, and Drosophila melanogaster.
Genetic variation investigations of the gelE, sprE, and fsr genes revealed
lower pathogenicity in these rodents, especially when GelE and SprE
were interrupted [ -, ]. Transcriptome research indicated that the Fsr
system controls more than 75 genes, particularly those involved in
surface proteins (e.g., EbpR), biofilm formation (BopD), and metabolic
processes. GelE and SprE also have a role in controlling autolysin action,
notably AtlA, which is responsible for cell death and extracellular DNA
release in biofilm development [ :]. GelE elimination promotes autol-
ysis, whereas sprE deletion promotes fratricide, indicating a regulatory
function in cell death. GelE also degrades collagen-adhering proteins,
influencing bacterial attachment to collagen fibers, and the Fsr system
encourages the buildup of biofilm via glycosyl transferases (GTFs),
which may modify cell wall polysaccharides to impede antibiotic uptake
[52).

In general, tackling the Fst QS system may result in the development
of innovative antivirulence medications for E. faecalis infections. Other

© MDPI 2017. All rights reserved, reprinted with permission) [ /].

regulatory mechanisms are probably involved as well, though they have
not been fully discovered. The Fsr system is crucial to the pathogenesis
of E.faecalis.

3. Regulation of cytolysin

E. faecalis Cytolysin, a pore formation toxin and Type-A lantibiotic, is
classed as a two-component Class I lantibiotic (enterocin) that trans-
forms after production. It is composed of precursor peptides coded by
two genes, cylL; and cylLs, situated in the cytolysin operon. When the
level of CylLs exceeds a particular threshold, it activates the operon viaa
QS system [ ]. Cytolysin can affect a variety of organisms, including
prokaryote-eukaryote cells. The cytolysin operon, which can be found
on the chromosome (located in a pathogenic island) or on a plasmid
(pAD1), possesses eight genes [ -]. The genes cylR1 and cylR2 encode
regulatory proteins that are transcribed independently of the additional
architectural and active genes: cylLy, cylLs, cylM, cylB, cylA, and cyll, as
shown in -. The genes cylL; and cylLs produce peptides with leading
and core portions. Lanthionine synthetase (CyIM) modifies these pep-
tides by changing serine and threonine residues in the core peptides,
resulting in uncommon amino acids such as methyllanthionine and
lanthionine [ ].

Cytolysin has a unique architecture, with one bridging in CylLs and
two in Cyll;, forming an uncommon LL arrangement defined by the
peptides instead of CylM. CylM removes water from serine and threo-
nine residuals, transforming them into other molecules (Dha and Dhb),
and generates structural crosslinks. CylB manufactures and releases
peptides, removing the majority of the leading sections [ ~]. CylA, a
SprE, stimulates peptides by eliminating six amino acids from their
terminus and converting them into functional toxins. On the host cell
surface, cytolysin monomers form a non-aetive-esmplex. Cylly attaches
to the cell membrane, whereas fre F@fﬂ a
~
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Fig. 3. The cytolysin QS system in E. faecalis (Copyright © MDPI 2017. All rights reserved, reprinted with permission)
(A) The cylL; and cylLs encode the toxin architectural components CylL;, (bigger subunit) and CylLs (small subunit), respectively. CylM, by post-translation, modifies
CylL;, and CylLg central peptides before CylB processes and transports them beyond. CylA, an extracellular protease, eliminates six amino acid residuals (leading

peptides) from CylL; and CylLs, converting them into functional toxin monomers.

The signal transduction process that links extracellular CylLg adherence to CylR1 at the membrane and CylR2 detachment from the PL promoter is yet unclear. Cyll
produces self-immunity against cytolysin. (B) Morphology of CylLL and CylLs matured cytolysin monomers. Clinical proof shows that cytolysin-favorable microbes in
bacteremia are as much as five more likely to cause death than non-cytolytic pathogens.

molecule [ ].

When CylLS approaches a sufficient level, it adheres to the mem-
brane protein CylR1, breaking its connection with the repressive CylR2
and inducing the replication of the cytolysin operon. The specific
mechanism by which CylR1 conveys this signal remains uncertain [~ ].
The final gene in the operon, cyll, encodes the defense protein Cyll,
which defends the bacterium from its unique cytolysin. Despite Cyll
certainly adheres to zinc and has transmembrane regions, its specific
involvement in safeguarding is still unclear.

3.1. Pathogenesis of cytolysin

Around 30 % of E. faecalis strains and 60 % of clinical strains syn-
thesize cytolysin, a toxin with toxic effects that have been investigated in
vivo, In vitro, and clinical contexts. Cytolysin has antibacterial properties
towards a wide range of Gram-positive bacteria, including Clostridia,
Lactobacillales, and Staphylococcus [ ']. Whereas the particular mecha-
nism of action is undetermined, cytolysin monomers CylL; and CylLg are
structurally comparable to bacteriocin lacticin 3147 synthesized by
Lactococcus lactis. Lacticin 3147 generates pores in membranes of bac-
teria in three steps, including lipid IT attachment and complex formation;
however, it is unclear whether cytolysin employs a similar method [+ ].
Cytolysin has been demonstrated to break down human erythrocytes,

polymorphonuclear leukocytes, retinal cells, and intestine epithelial
cells, indicating a function in hemolysis, endophthalmia, immunological
suppression, and intestinal disorders [ ]. In the mouse model, organ-
isms carrying the cytolysin operon were more virulent than identical
genes non-cytolysin microbes, and sterile rat fecal extract (SREF) was
reported to worsen inflammation of the peritoneum [ ].
Furthermore, bacteremia strains produce more cytolysin than
endocarditis or healthier isolates [ ]. Additional investigations
revealed that the Fsr quorum-sensing system regulates cytolysin and gelE
expression, which is controlled by host environmental parameters.
While strains producing cytolysin or GelE boosted pathogenicity in
infecting scenarios, the combined action of two of them failed to
significantly enhance infectiousness, suggesting a potentially antago-
nistic association or a saturated effect [ <]. GelE has been linked to the
proteolytic breakdown of host substrates and sex pheromone-related
peptides, and it may inhibit cytolysin function In vitro. However,
simultaneous expression may aggravate disease in vivo [~ ]. Assessing
these associations is crucial for innovating methods of therapy to combat
cytolysin-mediated virulence, as cytolysin is involved in hemolysis,
bacterial lysis, endophthalmia, inflammation of the heart valve, and
other infectious characteristics i
target cell membranes [
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4. Luxs system

The LuxS gene is identified in various bacterial strains, including
E. faecalis. It codes the LuxS enzyme, which stimulates the formation of
4,5-dihydroxy-2,3-pentanedione (DPD), a precursor to the messenger
molecule autoinducer-2 (AI-2) [ ]. AI-2 is considered to improve
interspecies interaction in luxS-containing bacteria with a high density
of cells.

The LuxP receptor recognizes Al-2 in Vibrio harveyi, a Gram-negative
bacteria; nevertheless, other bacteria that lack LuxP continue to react to
Al-2, implying the existence of additional receptors such as LsrB or RbsB
[=]. Nonetheless, no Al-2 receptors have been detected in
Gram=positive bacteria such as E. faecalis.In E. faecalis, LuxS regulates
genes associated with energy synthesis, cell wall formation, and meta-
bolic processes. In spite of this, the process behind LuxS-mediated gene
regulation remained unknown. Furthermore, LuxS has been connected
to biofilm production; luxS elimination promotes biofilm formation and
cell-surface hydrophobic properties [ ]. Exogenous AI-2 can be
employed to determine if this action is LuxS-dependent or solely meta-
bolic, as resetting the methionine cycle without producing DPD could
shed light on its involvement [ ]. Al-2 signaling has also been linked to
biofilm growth and secretion of protein toxins in Streptococcus pneu-
moniae, a closely related strain of E. faecalis, implying a more general
role for AI-2 [ ' ]. However, in E. faecalis, the precise involvement of
Al-2 in communication between cells and biofilm development is un-
clear. Additional research is required to identify whether the LuxS sys-
tem in E. faecalis is mainly metabolic or associated with QS [ -.].

5. Enterococcus faecalis biofilm formation

E. faecalis biofilms vary in physico-chemical attributes based on
ecological and nutritional circumstances. In a nutritious environment,
they formed conventional biofilm architectures characterized by bac-
terial surface cell aggregation and water passages. On the contrary, in
nutrient-limited circumstances, adhering cell clumping develops irreg-
ularly []. During impoverishment, cells growing in biofilms demon-
strated enhanced production of proteins and reduced nucleic acid levels.

E. faecalis biofilms are formed through complex interactions of
released infectious factors, surface proteins, QS molecules, and extra-
cellular DNA (eDNA) releasing regulators. They are responsible for the
attachment of bacteria, biofilm development, resistance to mortality,
and tissue injury [ ]. Biofilms have various advantages for E. faecalis.

Emsrococcus faecals
.

€

1 Planklonic bactena attach to
an appropriate substrate.

Extracellular Pelymenc Subslance (EPS)
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2 Cell acoumuiation gives rise to
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They form a protective barrier that safeguards against external risks like
drugs and immune system attacks. Furthermore, biofilms stimulate
bacterial development and proliferation, increase the survival of bac-
teria by enabling the exchange of nutrients and messenger molecules,
aid in bacterial adherence and localization in particular conditions, and
enhance bacterial consumption of resources and adaptability [ ].
Biofilms can considerably raise the required dosages of specific antibi-
otics by as much as 1000 times to battle illnesses caused by this pathogen
L4l

Biofilm formation involves four major stages, as shown in ~ = . 1)
Planktonic bacteria stick to an appropriate substrate; 2) Because
adherent cells are permanently attached to the surface, they construct
micro=colonies and release an extracellular polymeric substance (EPS)
matrix. This irrevocable adhesion is critical because it signals the change
from a changeable to a stable state, tightly attaching the cells to the
surface [ 1; 3) The biofilm grows via the formation of microcolonies
and the building of water passageways framework. It endures a signif-
icant rise in layering, and when achieving full development, it obtains
the optimum density of cells, eventually changing into 3-D communities
partially controlled by QS; 4) Established bicfilms liberate miniature
colonies of cells from the main group, enabling them to migrate without
restriction to new substrates and spread the illness to other sites
[55-00].

Several genes are active in biofilm development, especially those
responsible for surface adherence, accumulation, extracellular poly-
morphism, and the generation of toxins [ ]. As a result, those gene
products promote biofilm formation and invasion, leading to increased
adherence to host tissues. Biofilm production is mainly regulated
genetically by the following processes: QS, cyclic dinucleotide signaling,
and smaller non-coding RNAs (sRNAs) [ /]

GelE, a critical pathogenic component produced by the gelE gene,
degrades collagen and additional proteins, besides enabling eDNA
release by stimulating the main autolysin AtlA. Cytolysin, a substantial
further element, aids in biofilm development by breaking down other
bacterial cells and producing eDNA, which promotes bacterial agglom-
eration and stabilization in the biofilm matrix. Surface proteins or
adhesins, which include pili and surface components of microbes that
recognize adhesion matrix molecules, like Ace, play crucial functions in
bacterial attachment to their host tissues and abiotic surfaces [ ].

E. faecalis encodes adhesins like aggregation substances and biofilm-
associated pili, both of which aid in biofilm formation on nutrient-rich
surfaces and in endocarditis [ 1. The QS mechanism in E. faecalis,

4 Biofilm disperses, releasing
planktonic hactena

» Signal Melecuies

= e <= —p Quorum Sensing Receptor
3 Matured 3-D bicfilm

dispersal and release

of planktonic bacteria

Principal companents of the
EPS mamx ir biohims.

microcolonies, followed by
secretion of CFS matrix

Fig. 4. Various stages of E. faecalis biofilm development (Copyright € Frontiers 2024.
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specifically the fsr operon, mediates the transcriptional controlling of
GelE and SprE, therefore exhibiting considerable impact on biofilm
development [ ' ]. Understanding these pathways paves the way for the
development of specific anti-biofilm medications. E. faecalis interacts
with a variety of bacteria to form and maintain biofilms. As an illus-
tration, E. faecalis GelE increases the cross-feeding of heme derived from
Staphylococcus aureus hemoproteins, increasing the formation of binary
species biofilms [+ -]. In the early phases of biofilm development, AI-2
generated by E. faecalis, which functions as a chemoattractant, sup-
ports accelerated auto-accumulation and proliferation of Escherichia coli,
hence increasing the robustness of combined-species biofilms towards
antagonistic stressors [ ]. E. faecalis enhances the formation of exo-
polysaccharides (EPS) in Pseudomonas aeruginosa, which promotes bio-
filin development and bicmass via stimulating the expression of Pel and
Psl[-].

The development of E. faecalis biofilms increases bacterial resistance
to drugs and evades human immunological responses [--,]. Antibi-
otics like ampicillin and vancomycin applied at highly concentrated
levels (1000 x MIC (minimum inhibitory concentration)) were unable to
eliminate E. faecalis biofilms, regardless of the amount of biofilms pro-
duced [ +]. However, the synergistic therapy using antibiotics was
determined to be ineffectual towards E. faecalis biofilms [ ' ]. E. faecalis
biofilms exhibit antimicrobial resistance due to their biofilm matrix,
which can limit antibacterial dispersion and efficiency [ ]. Moreover,
E. faecalis biofilms with lower eDNA levels are more vulnerable to the
lethal adverse effects of antimicrobial peptides and traditional dis-
infecting agents, which include sodium hypochlorite (NaOCI) [ ]. The
likelihood of propagating antibiotic resistance is increased in biofilms
owing to a closer association of cells and a greater rate of horizontal
transmission of genes,

Furthermore, the vancomycin-treated group had higher levels of the
penicillin-adhering proteins that cause resistance to [-lactam antibiotics
[74].

5.1. Various mechanisms targeted towards E. faecalis biofilms

Biofilms can be effectively eliminated by either hindering their
development or disrupting and destroying established biofilm forma-
tion. These techniques can generally be categorized into the following
categories: targeting enzymes related to biofilm development, regu-
lating QS and transmitting signals systems, and destroying architectural

Microbial Pathogenesis 207 (2025) 107876

components associated with biofilm, as illustrated in [73].

5.1.1. Targeting enzymes involved in biofilm development

Biofilm development requires multiple synthetic enzymes, notably c-
di-AMP synthase and ClpP protease. C-di-AMP synthase synthesizes c-di-
AMP, a key messenger chemical in cells. This molecule has a major
impact on numerous key cell processes, which include bacterial spread,
pathogeunicity, biofilm development, regulation of cellular arrangement,
the production of fatty acids, and regulation of the host immunological
response [ ]. Chenetal. [ ] used sequence alignment and molecular
docking approaches to evaluate the effect of ST056083 on c-di-AMP
synthase in E. faecalis. They also performed a variety of phenotypic
studies to verify ST056083 s inhibiting effect on E. faecalis growth and
the development of biofilm.

The results of the experiment reveal that STO56083 preferentially
targets the function of c-di-AMP synthase, thus efficiently reducing
E. faecalis biofilm growth. The lack of ClpP protease alters the E. faecalis
development pattern and lessens the polysaccharide matrix, limiting its
capability to produce biofilms. It proposes a possible therapeutical
pathway targeting ClpP protease for the therapy of E. faecalis infections
[7s].

Mabanglo etal. [ -] discovered acyldepsipeptides, a new category of
antibiotics with antibacterial capabilities toward ClpP targets. There-
fore, the utilization of acyldepsipeptides offers the potential for effi-
ciently treating antibiotic-resistant infections that result from E. faecalis
biofilms.

Sortase A plays a crucial role in the longevity of E. faecalis, thus
rendering it an attractive treatment option for infections. This enzyme
catalyzes the interaction between surface proteins and cell wall pepti-
doglycan, which facilitates biofilm formation []. Sortase A is closely
associated with the earliest phases of biofilm formation in E. faecalis, and
its absence has significant effects on the attaching phase, resulting in
insubstantial biofilm development [ ']. Berberine hydrochloride has
been demonstrated to efficiently prevent E. faecalis biofilm development
by reducing mRNA expression related to Sortase A and EPS [ ].

5.1.2. Inhibiting the growth of E. faecalis biofilm by modifying bacterial
interaction and signaling routes

QS is a bacterial interaction system that generates and detects
signaling molecules called autoinducers (AI). When approaching a given
threshold, these chemicals cause changes in bacterial behavior,

Mechanisms targeting Enterococcus faecalis biofilms
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involving modification of EPS generation, bacterial surface adherence,
expressing virulence proteins, and eventual biofilm development [ -,
~]. Targeting bacterial QS is a promising approach to reduce E. faecalis
biofilm development and persistence. QS inhibitors could target QS at
many phases, including signal production, degradation of signaling
molecules, competition for signal adhering to cognate receptors, and
inhibition of QS-assisted gene transcription [ ].

Trans-cinnamaldehyde (TC) suppresses QS systems and alters gene
expression related to biofilm development. Inhibiting QS has been
shown to limit the invasion of bacteria and breakdown of host tissue
constituents by restricting the generation of hydrolytic enzymes, which
include proteases and GelE [ ', 7]. The LuxS gene synthesizes
Autoinducer-2 (Al-2), a messenger molecule that enables inter-bacterial
interaction. When bacterial community density approaches a threshold,
the messenger molecule Al-2 becomes released into the surroundings,
causing bacteria to exhibit QS behavior [~ ]. Knocking down the LuxS
gene alters Al-2 expression, which affects the E. faecalis buildup of
biofilm. Particularly, loss of LuxS gene expression limits biofilm size and
distinctness while also creating inadequacies in secretions and fibrous
interactions, hence drastically limiting E. faecali’s potential to prodice
biofilm [ ]. One possible method is to prevent E. faecalis from forming
biofilms by interfering with the production or transfer of Al-2 signaling
molecules.

The Fsr QS system plays a vital role in forming biofilm by producing
GelE, which forms one of the primary stages in biofilm formation [ /1.
Cinnamaldehyde decreases the growth of biofilm by altering gene
expression inside the E. faecalis Fsr QS system [ ]. QS antagonists
reduce GelE synthesis, which is regarded as vital in averting the
breakdown of host tissue constituents resulting from the colonization of
bacteria [ ]. Cinnamaldehyde, in particular, inhibits the transcription
of the fsrB and fsrC genes in E. faecalis biofilms. This downregulation
lowers response regulatory phosphorylation, which inhibits gelE-sprE
operon transcription. As a result, this inhibition additionally decreases
gelE action, eventually inhibiting biofilm formation [ ':]. Tea tree oil
contains o-pinene, which may interfere with QS mechanisms and so
inhibit the development of E. faecalis biofilms [ ]. Furthermore, pro-
biotics may exhibit an anti-biofilm effect by interrupting QS through
gene control [ ]. :

Bacteria's signal transduction system (TCS) works in conjunction
with the QS system to detect and react to surrounding signals. It regu-
lates bacterial physiological activities such as biofilm growth and
maturity by controlling gene expression and enzyme activity [ 1.
E. faecalis has 17 two-component, with walRK recognized as the single
important TCS that is critical to assessing the strain’s survival [ ].
WalRK in E. faecalis exerts regulatory dominance over a variety of
metabolic activities, including synthesizing cell walls, survival from
extreme osmotic stress, and biofilm development. In addition, WalRK
has been established as a critical target in fighting E. faecalis biofilm. By
intervening with the auto-phosphorylation mechanism of WalkK, it effi-
ciently inhibits the functioning of the WalRK system, reducing E. faecalis
biofilm formation.

5.1.3. Degrading structural components of matured biofilm

Biofilms, composed of EPS, can be targeted on disintegration by
breaking down specified structural constituents such as proteins, eDNA,
and polysaccharides. The eDNA structure within EPS is deemed signif-
icant [ ]. It has been identified that eDNA perfornis an important role
in the development, stability of structure, and development of E. faecalis
biofilm [ ~]. Yu et al. [ ] employed deoxyribonuclease (DNase) as an
enzymatic agent to successfully disintegrate eDNA molecules, reducing
its function in both E. faecalis cells and biofilms. The action drastically
lowered the biofilm's stability. In addition, they discovered that sup-
pressing eDNA increased the vulnerability of E. faecalis biofilms to
NaOCI treatment.

Earlier studies have shown that silver nanoparticles (AgNPs) and
graphene oxide (GO) can produce oxidative stress and generate reactive
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oxygen species (ROS) [ ]. These ROS molecules can efficiently asso-
ciate with proteins and eDNA in the EPS, destroying the biofilm archi-
tecture [, ]. Furthermore, the phage-based polysaccharide
depolymerase shows remarkable promise in disrupting biofilm con-
struction by targeting bacterium polysaccharides in capsular form and
destroying the EPS matrix [ -, 1.

6. Emerging strategies to Disrupt E. faecalis Biofilm and quorum
sensing systems

In recent years, novel tactics have been employed to attack E. faecalis
biofilms, which pose a considerable issue in healthcare facilities due to
their persistence. NPs, phytochemicals, phages, and probiotics are used
in the current approaches, as illustrated in . NPs, displayed as
poriferous frameworks, are used because they can break through bio-
films and provide antimicrobial drugs directly to bacterial cells. Plant-
derived treatments, such as phytochemicals, include biologically
active substances such as alkaloids, vital oils, and polyphenols that can
inhibit biofilm growth, attachment and QS system [ ' ].

Bacteriophages, which appear as virus-resembling fragments, are
viruses that attack and lyse E. faecalis by attacking biofilm-associated
cells [ 1. Finally, probiotics, also known as good bacteria, are
employed to compete with or suppress infectious bacteria by competi-
tive exclusion, antibacterial agent synthesis, or biofilm destruction
RAL

6.1. Phytochemicals

The application of biological compounds, especially phytochemicals,
as supplements or substitutes for conventional antimicrobial medicines
has gained popularity in recent times. Bioactive substances called phy-
tochemicals originate from plants, and several of them have shown
antibacterial, anti-inflammatory, and antibiofilm capabilities. These
substances, which include alkaloids, flavonoids, polyphenols and ter-
penoids, have demonstrated potential in preventing the emergence of
biofilms, lowering bacterial attachment, and increasing the sensitivity of
bacteria enclosed within biofilms to antimicrobial agents.

The antibiofilm actions of phytochemicals on E. faecalis are espe-

cially important in periodontal therapies and nosocomial illness [,
yusl.
Research has demonstrated that phytochemicals can alter biofilm
growth at several phases, including the initial attachment, development,
and dispersal, as shown in . Phytochemicals disrupt QS signaling
by reducing the synthesis of autoinducing peptides (AIPs), preventing
signal receptor binding, or degrading signal molecules. This disruption
interrupts the coordinated expression of biofilm-promoting genes,
which leads to attenuated biofilm development that is more susceptible
to medications. Furthermore, certain phytochemicals alter bacterial
membrane permeability and efflux pump activity, hence increasing
antibiotic intake and retention [ 1.

Phytochemicals lessen the risk of chronic infections and recurrence
by inhibiting QS-mediated resistance mechanisms and boosting bacte-
rial susceptibility. The capability to target numerous bacterial activities
at the same time makes them beneficial alternatives to conventional
medications for treating recurring E. faecalis infections [ ].

6.1.1. Trans-cinnamaldehyde

Trans-cinnamaldehyde (TC) is derived from the bark of the cinna-
mon tree, containing a substantial amount of TC (65 %80 %). Signifi-
cant research has concentrated on TC and its related compounds,
demonstrating their considerable antibacterial activity against many
infectious yeastsand molds [ ©, ' ‘]. Alietal. [* - '] found that TC was
as effective as 1 % NaOCl and 2 % CHX (chlorhexidine) in removing
E. faecalis biofilms from dental discs within 15 min. In particular, TC had
long-lasting antimicrobial activity op-&: is biofilms, limiting
regeneration in spite of ideal growd & In contrast, live
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Recent approaches harnessed to fight against
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Fig. 7. Antibiofilm beneficial effects of phytochemicals towards E. faecalis (Copyright €

E. faecalis was found ten days after treatment with CHX. These outcomes
emphasize the possibility of it as a successful therapy for treating
E. faecalis infection throughout root canal procedures. The phytochem-
ical TC's biological function is constrained by its lipophilicity, which
reduces its ability to dissolve in watery settings, including the hydrate
EPS matrix. This drawback could decrease TC's efficacy in facilitating
the development of biofilm [ ‘-, ' <].

TC disintegrates bacterial cell membranes, enhances permeability,
and leaks essential contents, resulting in cell death. It also inhibits bio-
film development by preventing initial attachment, degrading the
shielding EPS matrix, and inhibiting quorum sensing, which is required
for bacterial interaction and pathogenicity. Furthermore, TC causes
oxidative stress and affects essential metabolic pathways, reducing
bacteria’s survival.

Despite its efficiency, TC's lipophilicity limits its ability to dissolve in
aqueous conditions, lowering its bicavailability in biofilm-rich loca-
tions. Thus, novel delivery techniques are required to improve clinical
effectiveness [ - ].

Huetal. [ ' -] used acidic sophorolipids (ASL) as a type of surfactant
to encompass TC molecules and build a complex that enhanced the
antibacterial and anti-biofilm characteristics of hydrophobic
trans-cinnamaldehyde. Their investigations revealed that the TC-ASL
complex substantially enhanced antibacterial activity, resulting in a
dramatic reduction in both the production and quantity of E. faecalis

Plant derived
agents

Probiotics

/' (B) Biofilm elimination

(D} Inhibiting recovery of biofilm

Wiley 2022. All rights reserved, reprinted with permission) [. ~].

biofilms when compared to employing TC alone. When exposed to air or
blood vessels, TC degrades and converts into cinnamic acid, reducing its
antibacterial activity. This breakdown raises questions regarding its
clinical importance, prompting additional research into its in vivo ac-
tivities and therapeutic properties. Subsequent investigations should
concentrate on identifving or manufacturing stable TC variants, owing
to the compound’s intrinsic volatility and poor biological action.

The TC-ASL combination improves the antibacterial and anti-biofilm
characteristics of TC by increasing its solubility, stability, and transport.
ASL, a bioswfactant, encases hydrophobic TC molecules, improving
dispersion in aqueous conditions and preventing TC breakdown into
cinnamic acid, which decreases its action [ ]. This compound facili-
tates synergistic membrane disruption, enabling TC to penetrate and
harm bacterial cells efficiently. It also increases biofilm entry and de-
stroys the extracellular matrix, resulting in a substantial decrease in
E. faecalis biofilm production and bulk, Furthermore, the TC-ASL com-
plex increases TC’s QS inhibition, which reduces bacterial interaction
and pathogenicity. In general, the TC-ASL complex addresses TC's
intrinsic shortcomings and offers a promising path to better clinical
performance.

Fuwthermore, investigating the app].tcatlon of additives, which
include surfactants, nanomaterials, and tenal substitutes, may be
critical to enhancing TC's dissolut 3
its therapeutic efficacy [ ].
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6.1.2. Quercetin

Quercetin, a flavonoid that occurs in fruits and vegetables, is known
for its anti-inflammation, antioxidant, and anti-aging capabilities [ = ].
Quercetin’'s mechanism of action against E. faecalis biofilms involves
inhibiting S, which is required for bacterial interaction and biofilm
formation [ ' ]. The fsr QS system in E. faecalis regulates GBAP syn-
thesis, which initiates the FsrC-FsrA signaling cascade, resulting in the
development of crucial virulence proteins such as gelE and sprE. Quer-
cetin disrupts this process by downregulating the fsr operon, resulting in
reduced GBAP synthesis and QS system initiation. This suppression in-
hibits the expression of QS-regulated genes such as gelE and sprE, which
are required for biofilm formation and virulence. It also interferes with
glycolysis and protein folding, which further destabilizes the biofilm
architecture.

It further impairs signal transduction by disrupting the membrane-
bound sensor protein FsrC, as well as suppressing QS-regulated gene
expression, which limits the synthesis of enzymes required for biofilm
formation [ ]. In addition, quercetin may function as a QS inhibitor,
inhibiting signal receptors and preventing bacterial transmission. These
combined actions hinder biofilm formation and diminish virulence in
E. faecalis. Particularly, quercetin was discovered to suppress biofilm
generation by up to 95 % at sub-MIC levels by interference with critical
metabolic processes such as glycolysis and folding of protein [ ' ].

This disturbance destabilizes the biofilm framework, rendering
E. faecalis more vulnerable to antimicrobial treatments. Qayyum et al.
[ -] reported that quercetin has substantial inhibitory activity against
E. faecalis, with MIC recorded at 512 mg/L. The compound'’s efficiency
was demonstrated using modern techniques such as scanning electron
microscopy (SEM) and confocal laser scanning microscopy (CLSM),
which provided visual evidence of biofilm decline. Furthermore, pro-
teomic and real-time PCR investigations demonstrated that quercetin
interfered with key bacterial proteins, limiting their activity and hence
suppressing biofilm development [ = ].

6.1.3. Grape seed extract (GSE)

Grape seed extract (GSE) has cancer-fighting, antioxidant, anti-
inflammation, and antibacterial properties, making it useful for regu-
lating and eliminating oral microbes [' = ].GSE, produced from Vitis
vinifera, has shown remarkable potential for suppressing E. faecalis
biofilms and inhibiting QS. Studies have shown that the polyphenols in
GSE have strong anti-biofilm action. They limit biofilm adherence and
development by targeting surface proteins and releasing virulence in-
dicators such as GelE, which is essential for E. faecalis biofilm stability.
GSE also affects E. faecalis” QS system, namely the fsr operon, which
controls the expression of genes involved in biofilm development and
persistence. By inhibiting QS, GSE reduces the generation of messenger
molecules required for bacterial interaction and biofilm growth,
lowering biofilm strength and pathogenicity [ = ]. Soetantoetal. [ ]
used the CLSM technique to investigate the antibacterial impact of 6.5 %
of GSE on the E. faecalis biofilm [ - ]. Investigations suggested that GSE
demonstrates greater antibacterial efficiency towards E. faecalis biofilms
than 2 % CHX and saline solution.GSE can improve tissue stabilization
towards collagenase breakdown in the course of therapy of demineral-
ized dentin while also displaying minimal harmful effects on human
cells [ ].

These findings make GSE a promising candidate for more investi-
gation as an additional therapy for targeting E. faecalis biofilms in dental
infections, probably boosting the effectiveness of standard antimicrobial
therapies.

6.1.4. Tea tree oil

Tea tree oil (TTO) is sourced from Melaleuca alternifolia leaves. TTO
is widely utilized as a secure, organic, and effective antioxidant with
powerful antibacterial and antifungal characteristics, which encompass
a wide spectrum of biological activity and safety [,  ~]. In the
scenario of battling E. faecalis biofilms, Qi et al. [ ] evaluated the
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effect of different TTO dosages on biofilm development. The results
revealed that TTO levels beyond 0.25 % significantly inhibited biofilm
growth and eliminated existing E. faecalis biofilm. TTO has been found
to prevent biofilm development and QS in E. faecalis [ ]. TTO's
crucial phytochemicals, including terpinen-4-ol and a-terpineol, disrupt
biofilm construction by lowering bacterial adhesion and EPS synthesis
[~ '] TTO also disrupts QS pathways, specifically the fsr system and
luxS-assisted signaling, reducing the synthesis of virulent factors such as
GelE and cytolysin. These acts weaken the biofilm and reduce the bac-
teria’s capacity to trigger illnesses [ - ].

6.1.5. Berberine hydrochloride

Berberine hydrochloride (BBH), an alkaloid produced from Rhizoma
Coptidis, has antibacterial and anticancer activities [0, 1. It im-
pedes biofilm stability by lowering the adherence of bacteria and
degrading the extracellular matrix, which is essential for biofilm
longevity. Furthermore, BBH interacts with the QS system, notably the
fsr pathway, which modulates virulence factors like gelE [ ' ]. BBH
inhibits these QS signals, reducing biofilm development and the bacte-
ria’s capacity to cause illnesses.

BBH's combined effect makes it an intriguing treatment for reducing
antibiotic-resistant illnesses caused by biofilms. Chen et al. [ -]
discovered that BBH reduces the production of E. faecalis biofilms and
facilitates their dissemination by decreasing the mRNA expression of
Sortase A and EPS.

6.1.6. Propolis

Propolis, a resin that is naturally made by bees, comprises bioactive
components, including esters, flavonoids and phenolic acids that have
been investigated for their antibacterial effects, specifically against
E. faecalis [ - ]. Propolis possesses key therapeutically active compo-
nents such as flavonoids, which may interact on bacteria microbial
membranes or cell walls, causing operative and structural impairment
[ ]. The bioactive components in propolis, particularly flavonoids
such as caffeic acid phenethyl ester (CAPE),galangin and pinocembrin,
distupt the early stages of the formation of biofilm. Propolis lowers
bacterial attachment to surfaces, weakens the EPS matrix, and impairs
the structural strength of formed biofilms [ ]. Propolis additionally
attacks E. faecalis QS processes that control virulent factors, including
GelE and cytolysin, which are required for biofilm development and
pathogenesis. The functional components in propolis may suppress the
expression of QS-related genes, culminating in reduced synthesis of
these virulent factors [ 1.

6.1.7. Aloe vera

Aloe vera originated from the Liliaceae family and has a cactus-like
appearance. Aloe vera has considerable therapeutic, antibacterial,
antiviral, and anti-fungal capabilities, in addition to favorable hypo-
glycemia effects [' ' ]. In vitro investigations have demonstrated that
Aloe vera has antibacterial powers towards E. faecalis that are greater or
equivalent to the effects of saline and calcium hydroxide (Ca(OH)2)
compared to CHX, NaOCl, and propolis.

Moreover, Ghasemi etal. [ ' ] discovered In vitro that Aloe vera has
more considerable antibacterial effects on E. faecalis biofilms than Ca
(OH)2. Aloe vera gel possesses phenolic chemicals, glvcoproteins, and
anthraquinones, which can help to prevent E. faecalis biofilm develop-
ment. Aloe vera extract dramatically reduced E. faecalis biofilm devel-
opment. It disturbed the biofilm matrix, reducing bacterial adherence to
surfaces. Aloe-emodin, a constituent of Aloe vera, was recognized for its
antibacterial activity against biofilm-forming bacteria. Aloe vera can
enter the biofilm matrix, interfere with QS signals, and decrease EPS
formation, all of which are necessary for biofilm persistence [, *=].
Saponins found in aloe vera are identified for their detergent-like
characteristics, which aid in disrupting biofilma-stability.
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signaling molecules like AI-2 in Gram-positive bacteria such as E. faecalis
[:++]. Aloe vera gel hindered E. faecalis cellular communication by
decreasing the synthesis of QS-controlled virulence determinants. Aloe
vera can prevent the formation of signaling molecules required for QS,
reducing biofilm development and pathogenicity without damaging the
bacteria and lowering selective pressure for resistance [: i7].

6.1.8. Triphala

Triphala, an ancestral Ayurvedic compound made of three thera-
peutic fruits (Emblica officinalis, Terminalia bellirica and Terminalia
chebula), has demonstrated great potential for antibacterial action,
especially toward E. faecalis biofilms and QS. It possesses tannins,
polyphenols, and vitamin C, which provide considerable antioxidant,
anti-inflammatory, and antibacterial characteristics [ -]

Triphala mouthwash substantially decreased E. faecalis biofilm pro-
duction in clinical conditions, indicating its potential application in
endodontic treatments. Triphala's active constituents disrupt the EPS
matrix, inhibiting bacteria from establishing stable biofilms and
increasing the effectiveness of other antimicrobial therapies [+ 1.

Triphala’s substantial polyphenol content inhibits QS by interfering
with signaling molecules like Als. Gallic acid is present in Triphala and
recognized for its antibacterial and antioxidant characteristics, it has
been linked to biofilm suppression and QS disruption [* *~]. Chebulagic
Acid and Chebulinic Acid found in Terminalia chebula are excellent at
interrupting QS pathways while inhibiting bacterial biofilm formation.
The ellagic Acid present in Emblica officinalis has demonstrated prom-
ising action toward biofilms by reducing bacterial attachment and QS
signals [ -~].

Triphala has antibacterial efficiency towards E. faecalis biofilm, with
decreased toxic effects, ease of accessibility, cost-efficiency, and other
health advantages such as antioxidants and anti-inflammation charac-
teristics [154]. 7= @ summarizes the potential of several phyto-
chemicals to inhibit E. faecalis biofilm.

6.2. Nanoparticles

Biofilms are well-structured bacterial communities that encapsulate
themselves within a self-secreted matrix of EPS, mainly composed of
different polysaccharides, proteins, lipids, and nucleic acids ['+:].
Heterogeneity in biofilm properties of E. faecalis serves as an extraor-
dinary protective shield with enhanced bacterial resistance to antibac-
terial agents and antibiotics and also shields them from immune
responses [ =:].

Such biofilms are mostly associated with infections, and it is chal-
lenging to eradicate using conventional antibacterial treatments, often
leading to chronic diseases and augmented bacterial resistance [::7].
NPs, measuring 1-100 nm, have distinctive physico-chemical features
owing to their small dimensions, substantial surface area-to-mass ratio,
and increased chemical response, offer a promising solution to combat
these resilient biofilms, making them particularly effective in biomed-
ical applications [:++,”>%]. NPs lower than 5 nm tend to be more
biocompatible and beneficial to biological processes, causing minimal
disruption of biological and physiological processes [, "' ].

Additionally, they have a distinctive ability to enter tissues and
penetrate through bacterial cell walls and biofilm matrices via electro-
static interactions [i.]. NPs, especially metal-based silver (Ag), zinc
oxide (ZnO), gold (Au), copper oxide (CuO), titanium dioxide (TiO) and
carbon-based (graphene oxide (GO)) and their nanocomposites, are
being fabricated to improve interaction with biological systems at
cellular and molecular levels, allowing them to perform specialized tasks
like targeted drug delivery and antimicrobial action with minimal
disturbance to biological processes [ 7=].

NPs have unique qualities such as high surface area-to-volume ratios
and improved reactivity, enabling them to penetrate and break
E. faecalis biofilms and are readily known for their potent antimicrobial
properties [ 7+, ! 77]. NPs could break into the EPS layer and have direct
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Table 1
Phytochemicals towards E.faecalis biofilm inhibition.

Bicactive Compound  Class Performance References

Proanthocyanidins Flavanol 50 % inhibition in [i5i,i5¢]
biofilm growth at 62.5

pe/ml

Reduced biofilm [
formation by 95 % at

256 ig/ml

BEC.,; (Biofil [
eradication

concentration) — 418

pg/ml

Suppression of biofilm [ ]
development and

bacterial cell count at

0.75 x MIC.

BA-succinyl ester (25 B3 |
1IM) and BA-ketone

derivates (100 pM)

significantly reduce

biofilm development

Reduced buildup of {15
biofilm by over 50 %

at 62.5 pg/ml

Suppression of biofilm [ 1./]
formadon at 100 pM

Reduced biofilm [RRERI
survivability (72-h

old) at 0.5, 0.75, and 1

% wt/vol

Biofilm generation is [ 243
reduced by more than

60 % at 250 ug/ml

Reduced biofilm [:os]
metabolic action by

11 % at 25 pg/ml.

Reduced biefilm [i%4]
development by 31.6

% at MIC — 1.56 pg/

mi.

Hindrance of biofilm Liciti04]
formation by 23 % at

5 mg/ml.

The percentage of

damaged cells at 20

pmol/L is 47.5 %.

Destruction of biofilm [+ -]
cells {1 week eld) at

10 wit%

Quercetin Flavanol

¢-Terpinene Hydrocarbon

monoterpene

Asiatie acid Pentacyclic

triterpene

Betulinic acid Pentacyclic

triterpene

Oleanolic acid Pentacyclic

triterpene
Ursolic acid Pentacyclic
triterpene

Cinnamaldehyde Cinnamaldehydes

Myricitrin Flavonol
(myricetin-3-0-
rhamnoside)

Glabridin Isoflavonoid

Licoricidin Isoflavonoid

Curcumin Curcuminoid

Urushiol Alk(en)yl catechol

antibacterial effects on the biofilm’s bacterial cells [} “=].

6.2.1. Metallic NPs

Metal NPs can penetrate biological barriers and biofilm structures,
bypassing the EPS matrix that protects bacterial cells. Especially their
nanoscale size and high reactivity enable them to interact and disrupt
biofilm integrity producing antimicrobial effects to the bacterial cells
within the biofilms. Scientists have proposed various surface-
functionalized nanocomposite materials to increase the specificity and
efficacy of engineered nanomaterials against biofilm [~ ].

Functionalization involves modifying the NP surfaces with chemical
or biological ligands that enhance targeting to bacterial cells, reduce
cytotoxicity to human cells, and enable controlled release of antimi-
crobial agents [ '=]. Awmong the most extensively studied metal-based
NPs, AgNPs are well-known for their intrinsic antibacterial effects
from ancient times [ */]. AgNPs release Ag” ions that interact with
bacterial cells, producing ROS that induce oxidative stress, damaging
cell membranes, DNA, proteins, and metabolic processes [1::].

This multifaceted mechanism is particularly effective against
antibiotic-resistant biofilms like those formed by E. faecalis, a common
pathogen in dental infections [ - ]. Additionally, AgNPs can interfere
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gene expression and biofilm stability in E. faecalis [ =]. AgNPs inter-
rupt the fsr regulatory-mechanism in E. faecalis, which reduces factors
associated with virulence and inhibits biofilm formation. AgNPs reduce
GBAP formation, degrade or adhere to signal molecules, disrupt signal
reception by destroying sensor proteins, and suppress QS-regulated
genes [ :.]. Furthermore, AgNPs cause oxidative stress, which further
distupts signaling within cells. AgNPs significantly inhibit the
QS-mediated control, lowering biofilm stability and virulence in
E. faecalis. Au@Ag core-shell NPs have been proposed for controlling
E. faecalis infection with reduced cytotoxicity and prolonging antibac-
terial effects [ 5 :].

The ability of these metal oxides to generate ROS and release anti-
microbial ions makes them promising for biofilm-targeted applications.
Ag-chitosan NPs, for example, are AgNPs coated with chitosan, an
antibacterial polymer that improves adhesion to biofilms. This syner-
gistic effect enhances the NP’s binding to biofilms while contributing to
its antimicrobial effects, proving particularly effective against E. faecalis
biofilms [: - <]. Studies have also demonstrated the synergistic effects of
combining NPs with other antimicrobial agents. For instance, Balto et al.
[ 2] showed that combining AgNPs with calcium hydroxide (Ca(OH)2)
led to a biofilm prevention rate of over 90 %. Doxycycline-loaded
polymeric NPs have proven effective against E. faecalis biofilms, espe-
cially in dental applications, as these particles can penetrate biofilms on
dentin, eradicating existing biofilms, inhibiting bacterial colonization,
and disrupting biofilm architecture [ »]. AgNPs have been shown to
interfere with QS-regulated gene expression, reducing the synthesis of
enzymes required for biofilm stabilization.

6.2.2. Carbon-based NPs

GO, a carbon-based nanoparticle, has unique structural and elec-
tronic properties that allow it to interfere with QS in bacteria. GO ad-
sorbs QS molecules, preventing their accumulation in biofilms and
disrupting the QS signaling essential for biofilm stability. It is combined
with GO's inherent antibiofilm properties, making it an effective tool
against E. faecalis [ 1] and chronic wound pathogens [ 7:]. Reduced
graphene oxide (RGO), a derivative of GO, has also shown excellent
antibiofilm effects with reduced cytotoxicity, making it safer for
biomedical applications [*:]. Lee et al. [ “¢] demonstrated that
combining electric currents with GO improved the effectiveness of so-
dium hypochlorite (NaOCl), a commonly used disinfectant in root canal
treatments. Similarly, GO-NPs can adsorb QS mwolecules, avoiding
buildup and inhibiting QS action. This combined action of biofilm
breakdown and QS suppression makes NPs a strong tool for targeting
E. faecalis biofilms [~ ].

6.2.3. Hybrid and functionalized NPs

Functionalization can increase NP targeting to biofilms or bacterial
cells, minimize toxic effects on human cells, and allow for monitored
distribution of antimicrobial chemicals. For instance, ZnO-NPs have
shown antibacterial efficacy against E. faecalis and other bacterial
pathogens, Serratia marcescens [+ :]. ZnO-NPs effectively combat bio-
films by creating ROS and Zn*" ions that disrupt bacterial cell wall
stability and metabolism. These particles have exhibited excellent
antibiofilm action towards E. faecalis, even at low doses, suggesting a
potential treatment for antibiotic-resistant biofilm-associated infections
[: 1. Similarly, CuO-NPs also release Cu®* ions that disrupt bacterial
metabolic pathways and cell membrane integrity, destabilizing biofilms
[ =~]. Engineered nanomaterials like QDs are gaining popularity for
their photocatalytic and redox-active properties, which generate ROS
and offer unique mechanisms for antimicrobial action [ ~"].

Cerium oxide (CeO,) also emerged as promising as it can switch
between Ce®" and Ce*' oxidation states, allowing them to scavenge or
generate ROS as needed, adapting to various biological environments
[ +5,1 ©7]. Whereas, TiOp NPs, when exposed to UV light, also generate
ROS, which is valuable for non-invasive biofilm disruption on medical
devices and other surfaces prone to biofilm formation [ ~-]. In addition,
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these NPs were found to inhibit bacterial colonization of obstructed
dentinal tubules by combating bacteria for that particular site.
Furthermore, it has been proven that these materials can attach to the
exterior EPS within E. faecalis biofilms, severely affecting their archi-
tecture organization and overall stability.

Parolia A et al. [] examined the antibacterial impact of
chitosan-propolis NPs as an intracanal medication toward E. faecalis
biofilm in root canals and determined that NPs were more efficient in
lowering E. faecalis colony formation.

The potential of novel engineered nanomaterials (ENMs) extends
beyond dental applications, showing promise in treating a range of
biofilm-associated infections. Despite the promise of innovative ENMs-
enabled biofilm disruption approaches, significant limitations remain
in improving disinfection outcomes and controlling biofilm formation
[2].

Metal-based NPs, drug-loaded NPs, and naturally derived NPs can
target infections that resist conventional therapies. However, realizing
the full therapeutic potential of nanotechnology requires extensive
preclinical and clinical testing to ensure safety, efficacy, and compati-
bility with human biology [+ :]. Key considerations include under-
standing ENM cytotoxicity, optimizing dosing protocols to avoid adverse
effects, and evaluating the long-term impact of exposure [::-]. Addi-
tionally, given the increased use of NPs, researchers are investigating
whether bacteria might develop resistance mechanisms to NPs, as they
have with traditional antibiotics [ ’]. However, in order to demon-
strate how effective they are in treating biofilm illnesses, they must
undergo extensive testing and assessment in clinical settings [ <],

6.3. Phages (bacteriophages)

Phages are viruses that can infect and destroy bacteria. They have a
distinctive capability to penetrate bacterial biofilms and cause destruc-
tion. Phage treatment has been shown to be more effective than tradi-
tional antibiotics, especially when infections are triggered by multi-drug
resistant (MDR) biofilms [ :~]. Phages have specificity to certain bac-
terial species or even distinct strains, rendering them an excellent
treatinent alternative for specifically targeting and eradicating in-
fections [2i+].

Phages usually have a highly positive, safe profile and therapy using
phages is linked with a minimal risk for negative responses and adverse
effects [ °]. Phages destroy bacterial biofilms using a variety of
complicated methods, as shown in - ¢, The phages reproduce within
bacterial cells, causing cell lysis followed by the expulsion of offspring
phages that eventually break down biofilms. Certain phages attack
inactive cells, stay dormant until they reactivate, and then lyse them
[-#]. Endolysins and holins are enzymes encoded by phages that
disintegrate bacterial cell walls, allowing infectious particles to be
released and biofilm formations to break down. Furthermore,
phage-produced depolymerases break down the EPS matrix in biofilms,
weakening them and enabling a deeper entry and miore efficient elimi-
nation. Phages impair bacterial communication systems, such as QS, and
interfere with the control mechanisms necessary for biofilm sustaining
and stabilization [ ].

Phage-assisted breakdown of bacterial biofilms and QS suppression
need a complex interaction between bacteriophages and their bacterial
hosts. Phages can successfully destroy preexisting biofilms by many
mechanisms: they produce lytic enzymes, such as tail-associated depo-
lymerases and peptidoglycan hydrolases, that degrade the EPS required
for biofilm integrity [':!]. Furthermore, some phages activate host
bacterial enzymes, which leads to biofilm destruction. Certain phages
use hydrophobic channels inside biofilms to penetrate and lyse bacteria
from within, whereas other types disrupt QS-regulated interaction by
releasing inhibitors such as lactonases, which impair biofilm develop-
ment and promote structural collapse [.: ]. These activities can be
considerably improved when phages-are caupled with antimicrobials
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Fig. 8. Phage-assisted biofilm disruption and QS inhibition {(Copyright © Frontiers 2024. All rights reserved, reprinted with permission) [ ].

synergistic biofilm elimination [ ' ]. Phages also affect bacterial QS
systems to aid in infection and proliferation. QS systems control the
development of surface appendages (e.g., flagella, pili) and membrane
proteins that act as phage receptors; phages can change these QS path-
ways to promote or prevent adsorption [ ']. Furthermore, phages like
VP882 encode QS-responsive proteins, which identify bacterial com-
munity density and induce rupture rather than lysogeny under
high-density conditions [ | *].

Phage treatment is frequently used in conjunction with antibiotics to
improve activity towards biofilms. This strategy combines phages’
ability to destroy biofilms with antibiotics™ ability to eradicate bacteria.
Phages and antibiotics work better together to destroy Enterococcus
biofilms, according to research. The combinatorial effect of phage and
gentamicin resulted in a considerable reduction in E. faecalis biofilm
biomass when compared to either treatment alone [ | ]. Integrating
phages with QS inhibitors is a potential method. QS inhibitors that block
the fsr QS system in E. faecalis hinder bacteria from forming biofilms or
producing virulence proteins and make the bacterium more susceptible
to phage attacks.

The synergistic effect of QS inhibitors with phages towards targeting
biofilm-forming Enterococcus resulted in a considerable reduction in
biofilm stability and increased phage effectiveness [/ ~]. Shlezinger
et al. [ 7] discovered that treatment with EFLK1 phage at concentra-
tion 1.2 x 10® PFU/well significantly disrupts and decreases 72 h bio-
film development in the E. faecalis V583 strain, resulting in a
considerable reduction of around 81 %.

E. faecalis phage SHEF2, derived from the oral cavity of a patient
with an infected root canal, was able to eliminate the biofilm produced
on the surface of polystyrene In vitro and treat an E. faecalis infection in a
zebrafish model. It can cure antibiotic-resistant E. faecalis infections
[ ]. Investigations in the model of mice have shown that combining
phage treatment with ampicillin significantly improves effectiveness
towards Vancomycin-resistant E. faecalis [ ']. The combined action of
vancomycin with phages reduced E. faecalis biofilm biomass by 87 %,
demonstrating their efficiency in disrupting and suppressing biofilm
formation [~ 1.

Furthermore, Song et al. [-..:] investigated the bacteriophage
vB_EfaM _LG1 (LG1), derived from medical facility sewage, and identi-
fied that when combined with an antibiotic, it greatly suppressed and
disintegrated the E. faecalis biofilm. Phages play a key role in horizontal
gene exchange amongst communities of bacteria, which may result in
the propagation of antibiotic-resistant genes [ ' ]. This process allows

genetic material to migrate between bacteria through methods other
than usual reproduction, frequently via a technique known as trans-
duction, in which phages mistakenly bundle bacterial DNA and trans-
port it to new host cells. One of the most significant implications is the
propagation of antibiotic-resistant genes [ ']. When phages spread
these genes across bacteria, they can lead to the creation of
multidrug-resistant species, also known as superbugs.

This not only increases bacterial adaptation but also creates signifi-
cant challenges for infection treatment, making phage-driven transfer of
genes a major concern in both microbiology and medicine [ ].
Phage-derived defensive systems allow them to keep up with other
phages, which eventually benefits the host bacteria [~ <]. A variety of
tactics are used to improve phage treatment and combat bacterial
resistance. These include boosting phage dose and employing highly
lytic phages to eradicate microbes quickly, in addition to adopting
wide-spectrum or highly effective phages, sometimes known as phage
cocktails, for targeting varied strains while minimizing resistance [~ ].
Most bacteriophages have a limited host range, so phage cocktails must
be precisely customized to specific bacterial strains. This precision tar-
geting enables phages to target pathogens despite disturbing beneficial
microbiota; however, mismatched phages may result in inadequate
biofilm elimination or therapy failure, particularly in polymicrobial or
strain-diverse diseases [ ~]. Resistance to therapeutic phages in
E. faecalis can emerge through processes such as receptor alteration or
CRISPR-Cas systems; however, the use of varied phage cocktails and
phage-antibiotic combinations can help limit this risk [ 1.

Integrating phages and antibiotics can improve antimicrobial effec-
tiveness while lowering the risk of resistance. Furthermore, exploratory
phage development by laboratory-assisted mutual evolution with bac-
teria can result in "trained" phages that are more efficient toward
resistance strains [ ]. Phage treatment holds great potential as a
substitute for antibiotics for the treatment of E. faecaiis infections.
However, its clinical implementation involves overcoming significant
difficulties, including regulatory vagueness, the requirement for tailored
and quickly adaptive phage formulations, scalability manufacturing
challenges, potential host immune system neutralization, and the
continual evolution of bacterial resistance [ ]. These concerns
emphasize the significance of ongoing research and infrastructure
development to facilitate the incorporation of phages into mainstream
medical practice.

Prospective studies should concen
of phage-bacteria associations,

expanding our knowledge




K. Vadakkan et al.

distribution systems, and creating regulatory systems to ensure both
safety and effectiveness [ < ']. Furthermore, integrating phage therapies
with antibiotics or new antimicrobials may aid in resistance reduction.
By addressing these limitations, phage therapy has the potential to
change the approach to MDR and biofilm-dependent illnesses [ ' ].

6.4. Probiotics

Probiotics are live bacteria that, when consumed in sufficient
quantities, can offer health advantages. Probiotic compositions often
contain species such as Lactobacillus and Bifidobacteria taken from
healthier people’s gut microbiota [ ]. Research has shown that they
have medicinal promise, especially in terms of gut health and digestive
diseases. Furthermore, probiotics have shown potential in treating
chronic inflammation-related conditions, resulting in a fascinating area
of research in microbiology and therapeutic approaches [ ].

Probiotics have shown promise in fighting E. faecalis infections,
notably by dealing with biofilm development and QS, which are crucial
components in the bacteria’s pathogenesis and capacity to resist ther-
apy. Probiotics fight E. faecalis biofilms by specific mechanisms that
impair biofilm integrity and diminish bacterial pathogenicity. One
major technique is to degrade the EPS matrix, which is required for
biofilm stability. Probiotic-derived enzymes, such as proteases and
DNases, degrade essential EPS components, particularly eDNA and
surface-associated proteins like biofilm-associated protein (Bap),
degrading the biofilm framework [ ].

Furthermore, probiotics block QS, specifically the fsr signaling sys-
tem in E. faecalis—which regulates the development of virulent factors
such as GelE and SprE. Probiotics interfere with these signaling path-
ways, preventing the synchronized behavior essential for successful
biofilm development [ "]. Probiotics modulate host immune responses
by increasing anti-inflammatory cytokine production (e.g., IL-10) and
suppressing pro-inflammatory mediators (e.g., IL-6, TNF-«) by associa-
tion with TLRs on epithelial and immune cells. Due to their dual function
of disrupting biofilms and modulating immunity, probiotics are prom-
ising adjuncts in controlling persisting E. faecalis infections, particularly
in the setting of antibiotic resistance [ ].

Probiotics such as Lactobacillus species may be competing with
E. faecalis for surface adherence areas in the gastrointestinal or mouth
mucosa, therefore reducing biofilm development in its early stages
[ -7]. Some probiotics synthesize bactericides (e.g., Lactobacillus and
Bifidobacterium species), organic acids, and hydrogen peroxide, all of
which may readily hinder E. faecalis development and disrupt the bio-
film framework [ ]. Certain probiotics release enzymes such as pro-
teases and DNases, which destroy the EPS in the biofilm matrix, affecting
the biofilm’s structural integrity.

Probiotics can improve the host’s immune response by increasing the
development of antimicrobial peptides and immune cell types that fight
biofilm-forming bacteria like E. faecalis [ *]. Some probiotics can
inhibit the Als employed in E. faecalis QS systems. Lactobacillus reuteri
has been demonstrated to synthesize components that inhibit infectious
bacteria’s QS, preventing the coordination necessary for biofilm devel-
opment and pathogenicity [ ].

Several probiotic strains may deteriorate or sequester messenger
molecules utilized in QS, such as AHLs (acyl-homoserine lactones),
limiting the bacterial interaction essential for biofilm formation and
stability. Probiotics may reduce the expression of critical genes con-
nected with QS processes, restricting bacteria from initiating biofilm-
related processes or producing virulent factors [. ' ]. E. faecalis uses a
peptide-based QS system, specifically the fsr system, to regulate
important virulence genes, such as gelE and sprE, which are required for
biofilm formation and tissue invasion. Probiotics may interfere with this
interaction by degrading signal peptides or decreasing the production of
QS-related genes [ /]. Lactobacillus plantarum, for example, has been
demonstrated to severely impede E. faecalis biofilm formation by
inhibiting the fsr system and reducing gelatinase activity, resulting in
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inadequate biofilm architecture and pathogenicity. Furthermore, pro-
biotics may release antimicrobial compounds, such as bacteriocins and
organic acids, which inhibit E. faecalis proliferation and QS activity.
Probiotics show promise in preventing or controlling infections trig-
gered by biofilm-forming, antibiotic-resistant bacteria such as E. faecalis
[2435]).

Lactobacillus plantarum is known for its ability to prevent biofilms
and have antimicrobial action against a variety of diseases [ -]
Lactobacillus rhamnosus GG has been shown to inhibit biofilm develop-
ment and modify host immune responses for combating E. faecalis [ -+ ].
Bifidobacterium strains can prevent E. faecalis biofilm development and
synthesize metabolites that impair QS signals [+ ]. Jung etal. [+ ]
discovered that lipoteichoic acid (LTA) synthesized by Lactobacillus can
suppress E. faecalis biofilm development, with a persistent inhibiting
impact at the earliest stages. Furthermore, LTA produced by various
Lactobacillus species, including Lactobacillus acidophilus, Lactobacillus
casei, and Lactobacillus rhamnosus, showed a comparable capacity to
suppress the formation of E. faecalis biofilms.

Thus, LTA generated from Lactobacillus species serves as a potential
anti-biofilm agent, providing prospective uses in the prevention o
treatment of illnesses linked with E. faecalis. Bohora et al. [ -] exam-
ined three probiotics: Lactobacillus plantarum, Lactobacillus rhamnosus,
and Bifidobacterium bifidumn. The study investigated how these probiotics
inhibited bacterial growth in both planktonic and biofilm phases. All
probiotics inhibited growth during the planktonic stage. In the biofilm
phase, adding 30 % poloxamer 407 (Pluronic F-127) to the De Man,
Rogosa, and Sharpe media with probiotics resulted in various degrees of
suppression of E. faecalis biofilm development. The study also identifies
poloxamer 407 as a possible technique for delivering probiotics into the
root canal system. Shaaban et al. [ -] investigated the influence of
multi-strain probiotic supernatants combining Lactobacillus plantarum,
Lactobacillus acidophilus, and Lactobacillus rhamnosus on E. faecalis bio-
films. After 24 h, multi-strain probiotics effectively lowered biofilm
development compared to Ca(OH),. After 7 days, both probiotics and Ca
(OH); showed comparable antibacterial actions, drastically lowering
biofilm populations. The data imply that an extended contact period
may improve antimicrobial benefits, but further investigation is neces-
sary to discover the most efficient concentration of multi-species
probiotics.

Safadi et al. [ ] studied the effectiveness of probiotics as a
replacement irrigant for removing E. faecalis biofilms. The study inves-
tigated the effects of three probiotic strains (Lactobacillus casei, Lacto-
bacillus plantarum, and Bacillus coagulans) on pre-existing E. faecalis
biofilms. The data revealed that both L. casei and Lactobacillus plantarum
effectively destroyed developed E. faecalis biofilms and reduced their
regeneration, whereas Bacillus coagulans failed to demonstrate equal
efficiency. The advantageous effects of probiotics on host health are well
known.

Still, the investigation has aroused worries concerning potential
hazards in immune-weakened or severely unwell individuals, such as
malfunctioning various organs or shock. While the research continues to
be in the beginning stages, further in vivo investigations are required to
corroborate these conclusions [ ']. These investigations must first
begin with rigorous experimental designs and detailed biosafety evalu-
ations to assure both effectiveness and safety. Furthermore, subsequent
studies should look into novel administration mechanisms, such as
biocompatible transporters and sustained-release compositions, to
improve the potential for therapy as well as the safety of probiotics for
widespread clinical use [ ' '].

7. QS-based regulation and biofilm dispersion

The fsr QS system in Enterococcus modulates pathogenesis and gene
expression, notably biofilm formation. The fsr operon regulates QS-
related genes; however, its influence on biofilm development may be
indirect by affecting other bie e
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promotes the production of fsr genes, whereas fsrD codes a pro-peptide
that is converted into GBAP, the messenger molecule produced by FsrB.
FsrC activates a phosphorylated sequence that additionally regulates the
fsr system. Its major function is to induce GelE synthesis, which may
influence biofilm growth [ ~-].

The fsr QS system in Enterococcus may control the development of
biofilm, but its role varies by variety and strain. Enhanced GelE action
has been associated with the discharge of eDNA, which is an essential
component of Enterococcus biofilms [~ ]. Some investigations have
found that inhibiting the fsr system reduces biofilm development.
Furthermore, the fsr system regulates the production of adhesive pro-
teins and surface proteins, which are required for surface attachment, a
fundamental stage in biofilm growth on both host tissues and non-living
surfaces like healthcare equipment [-7].

The major product of the fsr system, GelE, is involved in the break-
down of proteins, which aids in invading tissue and infection. Whereas
the biofilm dispersal process in Enterococcus is not entirely compre-
hended, phage-assisted dispersal has been observed in P. aeruginosa
[:56].

Recent research has highlighted the capability of phage-antibiotic
combined action to break biofilms. E. faecalis genome contains
roughly 7 prophages, and AI-2 signaling can activate prophage expres-
sion, resulting in self-destruction. This forms voids in the biofilm, which
aids in the dissemination of non-infected cells; however, the exact mo-
lecular pathways remain unknown [.© ],

Phage therapy has emerged as a promising approach. The phage
EFDGI, isolated from sewage, effectively targets biofilms formed by
clinical strains of Enterococcus, including vancomycin-resistant strains
[~ ]. Phage therapy demonstrated efficacy in both In vitro and in vivo
infection models. However, more research is needed to investigate the
differential gene expression in dispersed cells from Enterococcus bio-
films, as has been studied in other bacterial species [ : ]. Several drugs,
namely synerazol, phenalinolactones A-D, and BU-4664LMe, have been
found to be prospective AgrA and Fsr QS inhibitors. Moreover, ace-
tylsalicylic acid and trifluoperazine were investigated for their associa-
tion with StrA, showing significant amino acid residues and bonds at the
site of action. The results indicate that the determined compounds could
efficiently suppress QS, providing viable techniques to reduce the
infectiousness of the E. faecalis bacterium [, ].

8. Conclusion and future Perspectives

E. faecalis is a powerful invasive pathogen due to its adaptability in
protecting biofilms, expressing virulent factors, and developing immu-
nity to numerous antibiotic classes, including VRE. The QS processes,
especially the Fsr and LuxS systems, are critical in controlling the
expression of genes involved in biofilm formation and pathogenicity,
such as GelE and SprE. These QS-regulated mechanisms are vital to
E. faecalis pathogenesis because they allow the bacteria to establish
colonies, survive, and hinder host immunological responses and anti-
microbial treatments, particularly to healthcare equipment and
wounded tissues. Prospective therapeutic techniques addressing
E. faecalis QS systems offer a potential replacement to conventional
antibiotics, particularly given biofilms’ increased capacity to resist
common antimicrobial drugs. Innovations in QS inhibitors, including
TC, plant-based medicines, and biofabricated NPs, have the potential to
reduce biofilm growth and pathogenicity [ ].

When used with traditional antibiotics, these techniques may
improve treatment success by disrupting biofilm stability and reducing
bacterial resistance processes. Furthermore, phage therapy and modi-
fied bacteriophage-sourced enzymes suited to destroying the biofilm
extracellular matrix provide an additional strategy for addressing
E. faecalis biofilms. For the advancement of multi-target, combinatorial
medicines, further investigations should target understanding the mo-
lecular processes driving QS-regulated biofilm propagation, stress con-
trol, and antibiotic resistance. Genomic and proteomic investigations
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may uncover innovative targets within QS mechanisms that can be used
to limit the establishment and dissemination of E. faecalis biofilms.

Expanding their knowledge of these regulatory networks can help
researchers design more accurate antivirulence and antibiofilm thera-
pies, resulting in better healthcare administration and lowering the
incidence of E. faecalis-related illnesses in hospital settings.
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