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Efiencoc.us foecolit b t Glam-p6itive gut-a3sociated microbe that commonly in-habits the humclr intestine and
po6€s an immelroe threat to iodividuds with a comptotrrised imou.le syste$, particld.rly ir he.ltlcare s€ttia$.
It it al6o deliDear€d for its varior6 viruleDt factoE, sud as stroD8 bio6l& formatiotr ilrd r€3i6tcDce to multiple
m€dications, which in tum chdlenge the current tleatment s&.t.gies- Quorum sensing s]'ste$r, pirtifllarly ttre
Fsr aDd LurS sFteos, play an importa role irl its viruleNe by leSulatirS ttre sFtt€sis of.Dz,'Dca li&e
gel.thase ard s€rine prcterse, which help mai.otaitr biofilm stability and b6t tirsue encoachrBe .

f. /a€calir biofiLEs cr€ !€sistant to altimisobial m€dications. Ea}iDg the baderia challergiDg to Flimi"ate.
This revie$r explor€6 I- /drcoL quorum s€rBir8 slEterr5 a.rd tneir role in bioElm fc,rmatio& emphasizina the.e
path\!.al:, ns Fospectil'e targets for therapeutic inte.-etrtion. EEer8ing techdque, ivhich iudude the application
of phag€6, pFbiotics, naropanicl€6, aad pb)'tocheoricals, caD iDlibit quorua seDAing, diaupt biofilDl grolvth i-od
Educe X. /o"colt pathodericiq. Ta{etiry these procgs€s may provide beneffcial substitutes or compleseDb to
standaid ortibiotics, €rpecially for artibiotic-rerist.nt bact€ria, These strategies aid h inPIoviDS infectioD
conuol and thaap€utic effectiveoeis toward E faetdlir i.E hedthcaE settin$.

1. tntroduction

Entalxoccus fazcal* is a cmDr-positive bactedum tllat thives io the
presence and abceDcr of oxySeo ivhich is hquetrdy idertified in dre

hunratr tut Eicrobiota. It is classiied as a arernber of the Firdrurej
phytuDf s?ecificaly the Fihrococctceac faldily [ , ].Itisrecopizedfor
its persist@c€ and ability to Srow itr se!'erc settitrp (e-8.. hith amorEts
of salt bile, tempemture fluctuations), \ ,trich tr)akes it simultafleously a
symbiotic organism aod , parhoSeaic s?ecies [ ]. lo iDdiliduals rvith
Sood heald\ tr laacoliJ acts aa an iuocuou6 cotrrm@sal, helpitrS to

oEiDtaiD iotestitral balaacr. la patieDts with ifi.ounecoDprouised
situations or hrhenever it spreads to sterile places, it Dray trigSer a va-
riety of illDesse6 [ l. virulence prcteios faciltate its pathoSeoeris, like
adhesiN, cytolysia, and gelatiDase (celE) aDd dre developmeot of bic
filnr, vrthich iacreases its poteDtial for itrvasioo iDto tissues asd hea.lth-

care equipEreDt [ ]. On a dinical level" E raemiir is a trlajor conhibrtc,r
to nosoconrial illnesses sudr a6 rrinary tract infectio$ (UTts). iDfectious
eodocotditis, wound-related iDfections, ind the prEsetrce of b.lcteria itr
the blood, os shown itr [ ]. The Edrrococcrx ryeciG har been

reported to ioduc€ ailnreDts itr d€[tal roots, a.Dd th€ develop$etrt of

ihducer-Z aPs, Exopol).saccharid6j MIc, Minieum inhibitory concertration; Naocl" sodiue hypoc[lolite; ENI[6, En8heere<l oarDmat€rialq TC, Trals{irlna-
na.ldebyde; TCS, SiSral tra$duction sy*em; ROS, Reactive oxySer sFcie.; ASNpr, Silve! traropaiticles; GO, GrapheDe oxidq CHX Chlorbeidin€r C$14 Confocat
la6er scardtrS mi<ro€copyi GSE, Grape s€cd extmct; fTO, Tea tlee oit BBH, Berberirc h,'drochloddq Ca(OH)z Calcium hydroxide; BBqr' ,jofilD eradi.dion
conceDtration; RGo, Reduc€d graph€oe oxide; LTA, Lipoteichoic acid.
l ConEspoodiDg authoi.
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biodlm can exacerbate the corditior [ ]
Itr healdrcare facilities, it is liDked to caheter-r€lated UTIS aod

rcconsEuctive valwe erdocarditir, rrhich co(tribute to si&trifcalrt IIroI-
tality mtes [ ]. Various E &rccoccus teDem can be isoloted ftotrr rcot
camls with the ability to produce biofilos, whidr also britr8s W a
coocero about iofectioDs I l. Etrdocaditis constituteB a bi8 probletrr if
i ected by the Entrrococoi EeDus, lrhich &itht irolser! dre patietrt's
(rrrditio[ h additiou, errty bactcrial ixfectiou i duced by eDteroc]ocri

ca-D er-eotually etrd up iD biofilm-associated eadocarditis [ ].
Dqite E fsecolit trot beinS specifically ideotiEed oa the Wolld

Health Orgadzatiotr s (WHO) 20t7 Ptio.ity PathogeN Lisg fte dosely
relatd E|tdococcus foEciuar is classified as a hiSh-priority pathoSen due
to its rcsistauc! to vancomyciD.a charactcristic ftlquendy sccn in
E /aa.dlir staaiDs. Clobal uonitorilt protr.ur$, $rdr as WHO s G]-ASS

ard the CDC'S A.otibiotic Resista.oce Threats report, ha!€ hitt{ighted dle
ditrical sigaifrcmce of vancomycio-resistant enterococci (vRE),

e&phasizitrS the (titicd oeed to etrha-Dce aotitrdcrobial DarateDeot,
pEvetrtiotr of infectio& a.od biofiltrltaryeted treabteDts for coarbatioS
E /a€cdlt b heafthcare settiDgs I l. A ditical chalerye itr treatiot
E ,a€col& hfecdotrs ts lts tntdnslc atrd acqdred atrdblodc reslstatrcg
particulady to adtr lr_cosidB, cephalospoaiD.s, atrd the emertetrce of
VRE.

This resistance, corpled with its bioilm-formirS capacity, .!mpli-
cateo treatorent and itrfection cotrAol itr healthcare settitrts [ ]. The
nrost sigaificatrt chalacteJistics of E. fae&lis ate their outstandiDt
vetmtility itr sevef,e eDviroDmeatal citcumstqncd 6nd rhei! potertial for
rcbistanc€ to antibiotics. tn order to conrbat this opporhBirtic infectiors
ateot, differcnt atrti-lirulence tr€atnre[t Dethods, suci as itrhibitiot
qt@nrm seNiry (QS) syste.rs, should be coNidered [ , I. This article
provides a coDrprehe[sive review of sbateSies and l1echa4imrs target-
iot E /oecalir biofrlDrs a.ud QS hhibitioD.

Eoer8itr8 tedmiques, sudr as the use of bacteriophages, probiotict,
mnopartides (NP6), atrd phltocieEicals, have the poteotial to suppress

QS, destabilize biofilar forrration, aDd reduce the pathog€Dicity of
E /ae.alJ. These tecbniques, whidr target iuportant bioloSical pro-
cesses, could fu.actiotr as effective rcplacetueDts or allematives to
existitrS atrtibiotic *Erapy, e+ecialy agai$t aDtibiotic-resistart straift .
sucb approadrea cor d coosiderably optinrize prevetrtative teclDiques
aod clinical outcomes for E laecdlit iDfectiotrs.

2. Fsr assist€d quorum-s€nsing

The^r tocus in E /oecdtJ encodes a two-part rctliatory mecha.uisN
ttlat reSdates viruleDce by detecthg cell d€nsi9-. This 2.8-lb locatioD

coDtaias four teler: In?4,ItrB, fstD, o$d fstc I .1. The rysteor cotrtrols
genes induding gelE, sprE, ef1o97, an,d eflO97b. The fsr{ Sene codes

FsrAe a LytTR-fasnly rerpo$e regulator with a DNA-adheri[8 dorrrai!
drat attadr€s ro reSulatht areas upsteam of targeted Senea such al

Eactsremia
CNS lnfuctions
cfstitis
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ef1o97, JsrB, and gdE t l. Iarticularly, l".e transqiptios is @mtitu-
tively a fwctioDitr8 compore!! of tlre QS EreclranisD- The fsrB Sene
encode6 Fsrg, a tiarsmembmae protejr that corvertr the prop€ptide
FsrD itrto GBAP, a QS p€ptide. tltinrately, /irc code6 FsrC, a tralls-
Ilr€{rrbratre histidile kitrase that fulctiolrs as a seDsor tralrsoritt€r for the

tsr operco, a6 6hown io t l.
The FslD prDpeptide (frrDroded) is trardered atrd cooveated to

prcdr.rce sur:rller Inctouc 8elatiuare biosFdr6iJ-activated plxiroupue
(GBAP) through FsrB. FsrC forErs o portioD of a twG€oDrpoDent r€l!
latiotr system th.t rcacts to er.tracellular GBAP by phoEphorylattut the
iEtracellular respoDse regulator, FsrA, rl'ttich sub$equeody stisulateo
the tra-osr-ription of efr 097, ef1o97b, trc ftr l<x-11s, gelE (which codes for
tdatioase), and iprE (u,trich eacodes a serine proteasc) [ l.

Tlrc ef1o97-ercded pr-e-proprotei! (170 trufno ocid6) tu6 beer
td,rnred ($e N-terorinus 34 aDino acids] alld transferred via a Sec-

assisted pocess. where GelE subsequently trims the precursot to

teaoate eoterod-o 016 (68 C-terminus anrioo aci&). AZLYAA591 t (in
a coopetitive mantrer) aad NaCl (cotrc€trhtioniep€nderldy) block the
associatio! of GBAp aDd FsrC. Ambuic acid suppresses lsrB fir[ctiotr.
SlanlydD I, S\,{ceuciE, aod WS9326A all btock FsaC phocphoryladoD

t 1. In E faeralis,6e fu slsteD regulares factors assodated widl
!'irDlence and intemctioB between cells- As the o!_eiall populatiotr of
E. /oecalis rises, so does the level of GBAP itr the extracelhrlar settin&
which is recognized by the seffor kitrase F$C. It phos?horylates drc
respoDse reSulator FsrA activatiry it [ ].

Phosphorylated FsrA theD contok the Fa.oscriptioo of rhe /srBcD,
telE ipr, operoDs, a.Dd the efl 097 tetre, situated 80O kb rpslleam. MrF
tations or reDoval frotrr oae of the /3r geoes (isrA, fsrB, or fsvc) etErely
inhibits dI€ transcriptioo of the dowDstream teoes gelE aItd ryrE, whidr
cre required for GelE and SprE s,'trthesis [ ]. Th€se teDes are stro!8ly
expressed iD the wild-q?e larieties. E/d.e.olir straio oG1RF, with
ef1o97 e*nbntiry a larSe iacrease through the late lotarithmic a.trd

iDitial statiooary phase6 of growth I I . Efl 097 codes for entef,ocin 01 6
(Ebtv), which is seseted and procesred via tk Sec system and CelE.
This bacteriocin-resembling peptide has a.otibacteria.l and atrtilunSal
properties, but E, /o"calis is resistaot, itrdicati$ a self{efeNive sEatety

[ ]. The/sr urechanisar additiotrally reSulater te[es iN-olved in Nrface
adherence, self{ettructioD, atrd biofilm fornlatio,r, demoDsFatitrg its
iEportarce trot just in pathofiiciLv but also itr metabolic and
bioihr-retated actiriti€6. More Iesearlh must be cooducted to uDder-

statrd better the fra.olework and function of estercch 016, as well as the
Erechaoislrs that protect E- Jd".dlir from its potentially detriEre8tal ef-
fectr t l.

2.1. Vinlatce of fst-ostistcd QS

The Fsr quonrDr-s€osltrg systeor h E de.dlit nodulatG ctldcal
\iruleoce componetra6, tuch as CelE and sprE, which ate coded by SeIE

Wound infections
Cettutitis
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and sprn, accorditrtlt. These tenes are situated next to the fsr genes and
have a dlar€d prooroter, which cotrtibutes to tissue degnrdatioa, bio-
ilo de\-e-lopmeot, and pathotenicity [ - ]. GelE is a 34.5 kDa oretal-
loprotease that disitrte8rates collateD, 6bdn, henroglobin, and
clmpleoentary cotrrpotretrts (C3, C34 C5a), ar well ar biofilm fomratiotr
and nrodr atiag the itrrnrlme reJpoase tlEoush proteaseidtiated re.
ceptor-2 [ l. This @zyme has been linked to lont-term intestiae
iofltro! atioo and proorotes E /{lu^dlt origatioo iuto huua[ crncer
c€lls. GelE actiotr is detected i! l}7o qo of E fcerair.s straios froar tlre
oral cavity a[d DDre ttratr 78 yo of ditrical isolates resu.ltiog ftotu ia-
f€ctious [ ].

Sprg a 25 kDa SlutaDyl eodopeptidase, can also be ar infectious
factor b E lo€salir, althouStr its node for tutrctiodn8 itr differelt hosts is
lmcertaitr [ ]. The itrr'olveDeot of the Fsr systeD iD paAr ercris has
br-rr irvestiSated ix a vadet) of a$i al6, spanuiry rudexts, rabbit,
Arobidop:is dmliana, Caatodufi*is elegota, a!,d Droaplda ndatagoser.
G€netic variation iDvestiSations of the 8€lE, rprE, and ,rr Senes rEvealed
lower palhog€aicity iD the.e rode'rB, erpecialy when 6elE a.ad SprE

wexe iste-rrupted [ , ]. TraNcripton€ res€ardr indicated drat dre Fsr
systeD coBbols Bore tha.u 75 genes, paricdarly tho6e iovolved iD
$rfuce proteiN (e.t., EbpR), biofilm formatioB (BopD), a-ud Detnbolic
processes. GelE and SprE ako ha!'e a role itr coatollio8 autolysitr actioa,
notably AdA, whidr is responsible for cell deah and extracelular DNA
release in biofihr developnrent I l. GelE eliDiDatiotr proarotes autol-

,'si6, utrercas sprE deletiotr proDrotes fr:ataicide, hdicatin8 a reSulatory
ftuctiotr itr cell death. GelE also detmdes cdlateo-adheritrg proteiff,
influencirg bacterial attactEEDt to cdlag€o 6bers, and the Fsr system

€ucoumge. the buiidup of biofilm via tlycosyl i-a$feras€5 (CTFS),

wtrich ,ra, modiry cell wall polysacctlatid€s to itrpede a.otibiotic rptake
I l.

I-D tenel.l, tacklitr8 the Fsr QS systen trray le6ult i! the developmetrt
of iolo1'ative altivr$lelce ardications for E /aecolir infections. other

*
Gelatinas€ Entergcin 016 Serine proteas€

fi8. 2. The Fsr Qs oechanism ard its resdatiotr in rldrcali, (Copyright c MDPI 2017. All riglts reserved, r€printed with perrnission) t ]

re8ulator, mechads[ls ate probably itr!'oh'ed as well, rhough they have
oot be€o frlly dircovecd- The Fsr systes is (:'rrcial to dte padroFoesit
ot E.faecolis.

3. Regulatiod of cltolysin

E /oecali' Cytolysin, a pore formation toxiD ard Type-A latrtibiodc, is
dassed ru a two-coorponeot Class I lantibiotic (eoterodo) drat traar-
fotors aJte,r prodrctiotr. tt is cotrrposed of precusor p€ptidB coded by
two getres. CylZr and cylf,J, situated itr the Otolyrin operoa. Whetr the
level of Cylls exc€eds a particular dEesllold, it ac-ti!?t€s the op€ron lia a

Qs systenr I l. C]tolysitr catr afrecr a variety of orSanisfirs, itrdudinS
prokaryote€ukaryote cdls. The cltolysitr opero!, r'hich can be found
on the chromooome (loaad ia a pathoSedc islatrd) or otr a plasmid

OAIrI), possJs*s eiSht t€oe6 [ .]. Tlre geles cyiRl a-od .ylRz eD@de

rEgulato4 protei$ tbat are tlaoscriH idep€{deody of the additioaal
a(hitectuml aod active genes: ryUa, cylL$ cylM, cytB, cylA, aJ|,cl cyll, as

showtr itr . The 6e!e. cyltrr a8d (y1tr5 produce peptider with leadiog
and core portioos. ta.DthiooiDe s,aothetase (CyM Drodifies these pep
tidei by chantiry se oe and threodne lesidtres in the core peptidec,

resultitrt i! uacotnnro! amioo acids sutfi as methyllanthionioe and
latrthioaioe [ ]-

Cytolysin has a unique aldritecturg with oDe bridgiry in Cytls ad
tlro ia CyILL fomriD8 atr uacotrlmotr LL a$atr8enretrt defioed by the
peptides i-Estead of CylM. CylM Ie[rover wat€r ftoE serire atrd drleo-
nine residuals, transfomritrt thetrr ioto other Dolecdes (Dha atrd Dhb),
and telerates struct ral crosslinks. q{B maoufactures and rcleases

p€ptide6, reEovitrS the majority of the leadhg sections I l. C/4 a
SprE, stiDulates peptides by eliminating six anritro acids ftotu thejr
temritrus atrd coDvertint them itrto futrctional loxiDs. OD the h6t cell
stuface, cytolysitr uotroorers fomr a CylL ottaches
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Whea CyltS appmadres a suffidetrt level, it adhflrs to tlrc mem-

brane prcteil CylRl, bEakiDt its coD.oectiotr with the .eFessive CylR2
aad itrducitrg the replicatioD of dE cltotysitr operoq. The speciEc
olechioisB bl, which C,ytRl conveyr this sitral rersahs urcrrtaia [ ].
The final gene itr *re operos, c)'ll, eocodes the defease proteitr CylI,
whidr defends the b.:rcteduDl ftotrr its uniqrr cytol]'sitr. DeQite Cyll
certaiDly adher€s to ziDc and has tlansmembrane regioDs, its specilic
iDvolverDent in safeguardiat is still undear.

3.1. Padroge,lesis of cytolystt

Aroutrd 30 yo of & Jro€co]]J sEaiD$ ard 60 % of diDical shaim s}!
thesize crtolysiq a toxio with toxic effects that have beetr investitated in
vivo, In vitro, atrd dinical contexts. Cytolysitr has antibacteda.l properties
towards a wide rarge of crao-po6itive bqcteria, induditrt clortridta
ktctobacilllies, and stophylococcu.r I I. Whereas the p$ticr ar lrectra-
Distrr ofactioa is undete$itre4 cytolycia moooDer6 CyILL aad CylL5 are
structual) colopamble to bacteriocin lacticj! 3147 +.ndre6ized by
lacto!:uaB laclis. l,acticiu 3147 8e[emtes pores itr lreurbranes of bac-
teda itr three step6, ircludiry lipid II attachmeot ald complex formatioa;
howeve!, it is uodear vrhether c,'tolysir eoploys a similar Erethod [ ] .

qaolysin has be€f, dehotrstrated to break dolvn hunraa erydrroqtes,

--..'.,-.

polyDroryholudear leukoc,'tetr, retinal c€lls, aad htesriae epibelial
cells, indicatiog a fulctiol iu bemolysis, endophhalmia, itrrEuDological
suppEssioq aDd htestiaal disorders [ : l. lo the mouse Drodel, orya.u-

isors carry'int the c)tolysitr operoo were aore vin elt tban identical

8e!es ,1otr-c,ytol!,sitr ,Dicrobes, and sterile r'at fecal extract rSRE) was
reported to wo$etr iDflanrnatiotr of ttre peritoreun [ ].

FurthernDlq bactereDia st'aitrs prcduce Drore cltol],sitr thatr
endocarditis or healthier isolates [ ]. Additiotral iDvestiSations
revealed thrt the Fsr quorum-selsi ot s]'stem le$lates crtolysin a,ld telE'
expressioE, whicl is cotrtrolled by host €o!'iroaoreotal pararuete$.
While straios producirg cytolysitr or G€lE boosted padroSeaiciq itr
infectint sc€narios, the combrned action of trvo of tfiem fail€d to
significantly enhaace infectioruaess, suggestiog a poteDtially artato-
,ristic associatioo or a saturated effect [ ]1. GelE has beeD linked to the
proteolltic breakdowo of host substates and sex pheromone-reiated
peptides, ald it alay ilhibit cytolysin function In vito. Howev6,
siDrtiltaneorB expression omy ag8mvate disetrse i[ vtvo I I. Ass6si[t
these associotiotrs is cnrcial for ionovating methods of therapy to combat
cytol,'siD mediated .tituleDc:e, :rs q-.tolysiD is iD1'oh'ed itr herDol)tis,
bacterial lysis, eldr-rphduluri4 iDIl. np,tiolr oI dle lEart valvg arrd

other itrfectiorrs

(
()

CylL, Cyfrt Cytg Cy'A Cytt

fi8. 3. Tbe cytolsio QS systeD itr E /occa& (Copyright e MDPI 2017. AI righls r€6cr1'ed, rcprtuted $irh p€naissioD)

CylL[ rtrd cylla c€nEal peptide6 befor€ cyIB ptoc€ss€s ard tra[sports th.m beyond. CllA ar exuacellular pDters€, elimitrates six o.mi,to acid !€riduolr 0eadillg
peptidcs) ftoqr Cyllr 3!d CyU,$ coovcftiag theD i,rto ftmctioDal toxir monomers.
The si$al traEduction proceas that linls dtracr}dar C]'I6 adhenerce to CrlRl at the o€mbrane atrd C,'tR2 d€ta.hment from tle PL promoter b yct uodea!. Cyl

bacteremia are ns louch a3 fwc ,oote likcly to carEc death than no!-cltolytic pathoSeos.
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4, Luxs systedl

The Lus geoe is ideoti.fled io vadous bact€rial straitrs, ioduditrg
E Jaecdrt. lt codes dte LruS enzynre, which stimulates dre fomratioa of
4,Hihydroxy-2,3-peotatediotre (DPD), a precursor to the Dte6reD8er

nolecule autoirduc€r-2 (AI-2) t ]. Al-2 ie coosideted to imprcve
iotelspecies intemctio! itr lurd contiiDins bacteria $ith a hiEh deNity
of cr:lls.

The LffiP receptor rccoEtriz 6 Al-2 n Vbno horee!1" a GaaD-oetatile
bacteda; oeverthelees, other bacteda tllat lack LuxP cootitrue to rcact to
AI-2, i plyitrS the exist€oc€ of additioqal receptors ruch as LsrB or RbsB

[ ]. Notretheless, no AI-2 rcceptors har.e beeo detected itr
cram.positivc bactcda eudr as E Fecal&.ln E decdiir, LuxS rc8ulate.
gcAes associated n'idr eDej$i sy[dr$iq cdl rrall foroutiou, arld ureLa

bolic processes. b spite of this, the process bdrirld Lus-nrediated gene

re& atioD reDained uDLoowtr, Ftlltlerlnote, LuxS has beeo cotrDected

to biofiltrr FoductioD; luxs elilrioqtior prlcmores bioElor forDration aod
cell-surface hydrophobic propertiB [ ]. Exo8etrous AI-2 caD be
eoployed to detetmile if this actioo is Lu*depetrdent o! solely oreta-
bollg os reretdtrB drc rEd{odne cycle wlfiout produdtrg DPD could
6hed light otr it6 iovoh-€nent t I. AI-2 si8tralint ha6 ako b€etr litrked to
biofihl go1^,lfi a.od secretioo of protein torairs in Sheptocooars poeu-

modae, a closely related rtr:ri[ of E /dptdlis, implyirS a more 8eneftJ
role for AI-2 [ ]. However, in E. faecalis, tre precise itrvolverrent of
AI-2 in coar.orunicatioa benveeo cells and biofihr developorcnt is utr-
de6r. Additio@l research iB rEquired to idetrtiry whethel ttre Luxs sys-

teEr iD E faerdlii is trraialy metabotic or associated widl QS [ ..].

5. Enterococcut Jazcolir biofilm formation

E /aacdlii biofihlr vary itr physico{heDica.l attributes based oo
ecolotical and trutritional ciEua$taoces- lo a Dutritioxs elviroDlretrt,
they forDred coavetrtional biofhr architectuaes characterized by bac-
terial suface cell aggegatiotr atrd water passager. otr tlrc contra-rr_, in
trutrient-liDrited cirdr&stance*, adhering cell dumpiry develops irreS-

ularly I I. Duriot itrrpov€dsh.m.nq cells trowitrt ia biofiIos deoon-
strat€d eshanced prodrrction ofproteins aad reduced trudeic acid lelels.

E fderali.r bioEtos afe fomred tfuough complex intemctio$ of
Ieleased idectiols factors, su ace proteins, QS orolecule-s, atrd extra-
celltrlar DI{-A (eDNA) releasing rcgulators. They are rcsponsible for the
attactEreot of bacteriq biofilm developnEDt, resista.oc€ to uortality,
and tissue idury [ ]l. Biofih$ ha!'e valious a&artates for E faecdli.
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They foro a protectit-e barrier that safegtards agairct extemol rists like
dnr5s aad inrntllle s)stellr attacks. Furthemrore, biofil-m.s stinrulate
bactefial developnetrt and FolifemtioD, ioeease the surviva.l of bac-
t€fia by eDabliDg the errchaDge of lutrieot6 alrd De66elger nolecules,
aid iq bacteria.l adhereDce ald localizatiou ia particular cooditiom, aad
etrhance bact€rial coffutrrption of reGources atrd adaptability I l.
Biofil-ms caa masidembly raise the reqdred dorcges of speciffc antibi
otics by ds Druch as 10OO tirrr6 to ba tde illot5:res (:rusd by dfs patk derr
t l,

Biofilo fomutioo iovohes foru major ctagec, ds strou,D itr .. . l)
Plalktotric bacteda stick to a! appropriate substnte; 2) B€cause

adhereot cflls are peturaneody attached to dte surface, drey co$truct
micro.colonies aod n{eaca atr extracdlula! pol}'nEric subctanc. (EPs)

ulaal\. Tlis irevqrable.rdhesiol is Gitical becrus€ it sittrnls dle dra[ge
from a chaageable to a stable state, tighdy attachitrt drc c€lls to dre
strface [ ]i 3) The biofilm gows via the fomratiotr of miqocolodes
and the buildiot of water pass.lEeways fraErework. Ir €DdEes 4 sig[if-
icant rise io layerio& and who adrieling full developoretrt, it obtains
the optiDum de$ity of cells, evetrtually cha.aging ioto 3-D coDmroities
padally comolled by Qsi 4) Establshed blo0l s Uberate nll.datur€
colo es of cells ftotrl the Draiq gioup, erablitrg them to Digrate wiArort
restictioo to Bew substrates aad spread fhe iltress tD other sites

t I.
Several genec are active io bioihr developareng especially those

respoosible for surfac€ adheretrcq accurulatiou, exrac€lular poly-
morphisD, ard the ten€ration of toxios [ ]. A5 a rcsult, those teDe
prcduc$ proalote bio6lD fonration ard iDvasio!" leadinS to itrcrea6ed

adh€rence to host tissues. BioEtnr pmductiotr is air y re$.lated
genetica.lly by the followiDg processes: QS, cyclic diDucleotide Eipaliry,
ard s&aller Don-codinS RNAS GRNA5) t l.

GelE, a critical parhoSesic coupoDetrt prodoced by tlE trr.lE Sere'
degrades collageu atrd additioual protejas, besides enablio8 eDNA

release by stinrulatiry the maio autolysin AtlA. Cytolysin, a subrta.otial
ftlrdrer eleoletrt, aidr itr bioitm de\.etopDelt by breatirg dol/vn other
bacterial c€Is a prcduciDt eDNA, &'lich promotes hlcterial aStlom-
er:ation rrtrd stabilizatio{ itr the biofilm matrix. Surface proteios or
adhesins, utrich itdude pfi aDd aurface corrponests of tricrobei that
recltniz€ adhesioo nratrix molecules, like Ace, play crucial fuactioDs itr
bactedal attachmetrt to their ho6t tissuB and abiotic surfaces [ ].

E ,a€.alii eDcod€s adheshs like a8gregatioo substa[ces and bioilm-
associated pili, both of which aid is biofilm fororation otr nutrietrt-rich
snrfaces and in etrdocarditis t l. The QS nrechauusru it E. faecalis,
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specificaly tlre fsr operon, mediater the EaDscriptiooal controlliag of
GdE aod SprE, therefore exhibitiog comideable irrpact on biodlm
developEeat I l. Uderstaoding these pathways paves the way for the
develop eot of specific aati-biofilm BEdicatioDs. E /da.dir iDtemctt
with a yariery of bact€ria tq forD alrd Erailtail biofihrs. As al illug
tratio& E /dedd.lir GelE ir6eo6e6 the do6s-feedidE ofheEe dedved &om
Stqhylococcds ao?x herrroprotei$, iDcreasint the fomratiotr of bitra.ry
species biohhrr I J. Iu the early pluses of liofflor developurelt, AI-2

teue,rated by E fderal6, which futrctiotrs ar a cheDo:rttractaDt, sup
ports accrl€rated auto-aclumu.latiotr and prcliferatioo of &chericfu o coli,
h€uce itrcteaiiot the robustuess of coDbined-rpecies bio6-hrs torvards
atrtatodstic aE€ssors I 1, E, faecdis edutrces the fomratioo of exo^

poly8accharidcd (EPS) ia. Pr,Jido aiat deflgilord, $,hich prDmotes bio-
6hr developrnelt ald triourss via stiuu:latiug dle expr€ssioD of Pel nud
PrI [ ].

The deve{opoeDt ofE fueralfu biofilms increases bactedal rcsisra-oce

to dru$ a.nd evades huDrn iouruolotlical rerpoGes t: , l. A[tibi-
otica like ampicillio atrd vancomycia applied at hiSttly cotrcentmtd
levels (1000 x MIc (mhisrum bhibitorycooctountiotr)) wete uoable to
€{tr trate E ,oe.olir blofllDs, re8[dl€.s of dre aDouot of bloilns prc-
duced t l- Howel_d, the sytrertigtic therapy usht antitriotics was
determircd to be iDeffectual towards E raecalir biofiIEs I 7. E faecd*
biofilmr eihibit antimicrbbial rcsista[ce dre to their bioilm matrix,
&'hidl ca! lidt a.trtibacteria.l dis?ersiotr atrd efficietrcy [. ]. Moreover,
E faecolis biofilors with lower erDNA levels are orore vulnerable to the
letha.l adverse effects of atrtimicrobial peptides and haditiona.l dis-
i.fecritr8 a$ots, whidr itrdude sodium hypochlorite (Naocl) [ ].The
like-lihood of propatarint antibiotic resistatrc€ is iD6eas€d itr biofilnrs
owitrg to o doser assodatiotr of cells aod a geater rate of horizootal
Fanstrrissioir of getre5.

Furthernnrq the vaacoarycio-treated goup had hi6her levels of the
penici[iD-adheriDS proteitrs dlat cause resistaoce to l acta.m aatibiotics

t 't.

5.7. various tnechanisnE tawted towrds E- faecolis biofilna

Biofihrs catr be effectir.ely alimiMted by either hinderiog their
developmetrt or disrupting aod de6troyhS established biofilfl fomla-
tiolt. These tedEiques ca.E teoemllt be cateSorized iato the louowins
caregodes: tiryetiat enz}'Eres related to bioflm developnre[q re$r-
lating QS aDd transmittiDg sigDals systems, aDd destroyint architechfal
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courponents associated r,tith biofilnr, as itlusnated iu t l

5.1.1. Tary?ring enzytes involved i^ biofiln developmnt
Bio6l$ developDretrt requires nrrdtiple cFdretic etrzyne., Dotably c-

di-AMP sirthase and ClpP protease. C{i-AMP s}athare qTthesizes c{i-
AMP, a key Ee66€o8€f, dleEical in cell6. Tt!i6 Dolecule ha6 a m4ior
iorpact on numerous key cetl process?s, which inct[de bacteric-t spEad,
padrogeuidty, lrioElrr developueug regulatiou of cellular analgeurelt,
the prcductioa of fatr, acidi atrd .eSulatioo of ttle host immuoological
rcspoose [ ]. CheD et al. I I used sequenc! alignnr€trt and arolecdar
doc-kint approaclrcs to evaluate the effect of 5T056083 o! cAi-AMP
srlduse ia E. faaalis, They also perfomred a l,adety of phetrotypic
studies to !'erify 5T056083 6 iohibitinS effcct otr E raecdlt gro&,li and
dre devdoprueut of bi<-r6hu.

The resl tJ of fie experi8etrt reveal drat STOSO83 preferetrtialy
tartets the firnctioo of cdi-AMP synthase, thus effrciendy reducing
E /oecolir biofilrn gowth. The lad( of ClpP proteae alteIs the E loecalis
developm€lt pattem atrd lesse$ the polysaccharide aratrix, liDrititrt its
capability to produce biofilnx. It proposes a possible therapeutical
pathway tarSedng ClpP protease for dte thd:dpy of E /decoli! lDfecdoDc

tl.
Maba.oSlo et al. I I discovered ac]-ldepsipeptid€q a trew category of

rmtibiotics with aDtibacterial capabilities toward ClpP tarSets- There
forc, the rtilization of acyldepsipeptides offeis t}re poteDtial for efE-
cietrdy treatiq atrtibiotic-resistart itrfectiols that result frcm E faecdlit
biofilms.

Sonase.{ pla}s a ciucial role itr d€ loryevit} ofE /oecoiit, thus
reodering it aa attractil'e treataretrt optior for itrfection . This enz,'Dre

catalyzes the iDteraction b€trveetr surface proteiDs a.Dd c€ll wall p€pti-
doSlycaq \r'hich facilitates biofilE fomratioD [ .]. Soltase A is dosrly
associated with the earliest phases of biofiLar fomration itr E /arcarir, and
its absence ha, si8Biffca[t effects oo the attachitrg phase, reaulting itr
iDsubstatrtial biofilm dg'elopmetrt [ ]. B€rb€dtre h]'drocl{oride ha6

beeD de[Efftrated to el6ci@d] pEl'€nt E loeca& biofilfl developmeut
by Educitrg nRNA erpr€.sion related to SorLlse A and EPS [ ].

5.1.2. bth;biting &e growth of E. faecalis biofibn by nadifying bacurial
ittaractio and sig aling rcutes

QS is a bad€xial interactiotr system that teaerates a[d detects
signaling nrolecules called autoinduc€rs (AI). wheo apprcachiDt a dr'€n
duedpld, these dEtrricals cause chaoges ia bactgial Hlador,
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iDvolving Erodincatiotr of EPS getreratioq bacterial surface adhereBce,
expressitrt virulence proteioq a.trd eveottral bioflor development [ ,

l. Ta4etinS bocte{ial QS is a ptomiJrtrt apwoach to rcduc€ E foecai;
biofilm developDre[t a.trd Frsistence. QS inhibitors could tarSet QS ar
Dany phas€s, irduditrt siSDal prdEtio& degmdatioa of siSDalhg
moleculee, competitiotr for 6igal adheriDa to cograte rcceptorE, and
iDhibition ofQS arsisted 6eoe uaoocripriou [ ].

Trai$cioraut delryde (TC) supptrrsses QS systeoB arrd alters geue
exprcssioa rclated to bio8ltrl developnrent bhibitiot QS has bee!
showtr to linit the itrvasioD of bacteria and breakdowD of ho6t ti$$e
colstihreots by Eskictitrt the Setreratio! of hydrolytic ea4rre6, whidr
indude proteases aad GelE [ , ]. The Lu.xS getre s]Ethesizes
Autoinduccr-2 (At-2), a mcs6ctrger nrolecule that cnablcs irlt r-bactcrial
irrtl5ac'tio,r. Yvheu bacteial colnDrlAiq deDsit) approncLes tr dueshol4
the nreasetrSer lrolect e AI-2 becomes released into dre surroundil8s,
causint bacteda to exhibit qS beluvior [ ]. Kaocking down the LurS

tene alteE AI-2 eryressioo, which affectr tlle E. fdecol* buildup of
bio6lor. Particularly, loss ofluf 8etre expressioo liDits biofilnr size and
distitrctness while also creating inadequacies ia secretions aad fibrous
toteracdotrs, heoce dEsdcaly li.rldng A ru&oliS poretrdal to produce
biofrlfl [ ]. orc posrible oEthod is to preveot E JrorcaL frool forofrS
biofrlEs by hterferiry wirh the productioo or transfet of AI-2 siSnaling
moled e6,

The Fsr Qs cystefi plalE a \ital role i.o formiDt bio6lm by producitrS

GelE rvhich forars one of ttie prisrary stages itr biofilor fornatiotr [ :,].
Cinn,tulddryde decreases the growih of biofiltrr by altedry 8eoe
eapressioD inside trc E. faecalis Fsr QS tysteor [ ]. QS antatotrists
reduc€ GelE 3r,trthesis, which is teSarded as vital in avertitrg the
heakdowu of host Ussue coostitueDts rEfl titrt ftom the coloDizatioD of
bacteda I l. Citr.Da$.dd€tlyde, in partio ar, iohibits the ranscriptiotr
of the /yB ad 15rc 8etre. i\ E. faccolis bio$lms. This domregulation
lowels re+oDse re$ atory phcphorylatioa which iuhibits gelE-s?rE

op€ron transciiption. As a re3rd! this hhibitioo additioully decr€ases

gdE actioo, eventually inhibiting biofilo foturatiotr [ ]. Tea tree oil
c!trtaios q-pinere, wtic-h may iltefere with QS mechanisDs a.od so

iahibit the development of E lcecolir biofilos [ ]. FurtherDore, p(o-
biotics trray exhibit an aDti-biofl!1 effect by ioterdptinS Qs trorth
teoe coDtrol [ ].

Bacteria s $ipal Eansduttion cystem (TCS) work itr conjurction
with the QS rysteD to detect a.trd react to flrrcuIrdidg siSnals. It retlr-
lat€6 bacte,rial physiological activities such a. biofiLol 8rolr$ and

trrrtudty by coitrolling gele opressioa arld etrzyme actii'ity [ ].
E fae.olir has 17 tworoDlpoDetrt, with walRK rc.ogtrized a5 the siode
iDportant TCS tllat ir citical to assessitrt the strain s nrrvival [ ].
f IalRl( io E /decdlir exerts regulatory domitra.trce ol'er a variety of
metabolic activitieE ioduditrS syDthesinry cell walls, survival ftoo
exts€o1e oonlotic stre$, arrd biofiIor devdopm€ot. In additioq walRx
has bem e6tablish€d as a critical target iD fi8htitra E foecoliJ biofilor. By
itrterveain8 with the ruto-phos?horylntiotr oecbadsm o{ WalK, it effi-
cietrtly ilhibits dre fuactio ng of the wctRR systeD, reduciry E faercoltr
biofilnl lbrDratioa-

5.1-3. Degrading sd7!.can)dl compnens of nwatnd biofilnr

BiofltrE, coElpoced of EPS, car be t ryeted on disbteSratiotr by
breakinS down specifie<l stnrhlral coDstihrents s(lch as proteins, eDNA,

and polysacdurides. The eDNA sttucture withiD EPS is deened siSDif-

icatrt [ ]. It has beetr idetrtified dtat eDNA perfomE an inrport LEt role
iD the devdoprletrt, stability of structure, a{d developDerlt ofE foe.olis
biofilm [ ]. Yu et al. [ .:.] employed deoxyribonudease (DNase) as a,
enzrmatic ageot to rrccessfully dkintetrate eDNA lroleo{es, rcducitr8
its fu.D3tio! itr bodr E /oecal! cells ad bioil,ors. The action drasticdly
lowered th€ biofiIu s stability. In additioD, they discovered that sup-
pr€ssi-ot eDNA ia(teosed rhe n n€{abitity of E, fo.rab bio6lnE to
NaOCI treatnetrt.

Earlier shrdies hal'e show! that siher aaaopartid€s (A8M6) and

grapheoe oxide (Go) ctr-D prodrrc€ oxidative sEess ard ten€rate rcactive
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oxyger species (ROS) [ l. There ROS moleqdes ca! efhcietrdy asso-
ciate widr proteiDs aod eDNA in the EPS, destroyinS the biofilm ardd-
tecture [ , ]. Furthsmore, the phage-based polysacdEride
depoly emse showE reDerkable prouise ia disruptiag bioilm coo-
sbuction by tartetin8 bacteriu8 polysaccharides in capsular fonr atrd
de6toyia8 Ele EPS Eatrix [ , ]-

6. Emeryint rtr"utetied to Disrupt E. faecslis Biofilm aad quorum
sensidg systems

Io tEcellt years, Dotel tactics h ve beeo emplor'€d to attack E /oe.oli,
biofilms, which pose a coasiderable issue in healthcarE facilities due to
their pc*istcoce. NPs, phytochcnrica.ls, phagc6, a[d probiotics arE us€d

io the cunetrt approaches, ns illustrated iu . NPs, displayed as
poriferous haarework, are used becar*e ihey cal breali Ouough bio.
filnrs aad provide antiEicrobial druts direcdy to bacteria.l cells. Plant-
derived Eeatmetrts, such as phytocheeicals, iaclude biologicaly
active ruharces suci as alkaloids, vitnl oils, ond pollptreools ftat cao
inhibit bioflo trowltL attachmeot and QS sFtem [ ].

Bacrerlopba8ctr, whldr appe as !'lrus-t6etrbllng fra8Dr€t$, arc
vinrses that attack and lyse E /oecai: by atta&int biofrlBr-ossociated
cells [ ]. FiMlly, probiotics, also loowr as tood bacteria, ale
employed to (Dmp€te with or suppreBs infectio{s bacteria by comped-
tive exclusioo, &tibacterial e8e!t rFthesis, or biofle destrrrctioa

t t.

6.1. Phyoehentuab

The application of biolodcal coDpoutrds, especially phytocheEicals,
as suppleoents or substitutes for co[ventioDa.l altimisobial mediciD€d

has 8ai&d populadty ir r€cetrt tises. Eioactive slbstanc€s called phy-
tochemicals oriSitrate ftom platrts, aDd sevetal of them have *rown
atrtibacterial, aoti-isllanroatory, and artibiofilm capabilities. Thee
srbstatrcrs, ivhidr indude alkaloidq flavotroids, polypherols atrd ter-
petroids, have demoDsEated potential in pr€veDtilg the emerfience of
bio6lnrs, lowerin8 bacterial attachnen! and inoeasiry the seNirivity of
bacteda elldoced widiu bionlsrs to alrtiurioobial ageDts.

The aotibiofilD octions of phytochemicals on E /aero.lir are espe-

cioly iDportatrt in p€riodoltal therapies a.trd trosocoDrial illDe6s [ ,

l.
Resqrrch has de&ons$ated tlat ph,'tocheDicals car alter bioElo

growth at seveml phaJes, induding the initial attadEreot, developmeDt,
atrd dicpersal, as shown itr . Phytoch€Dnca-ls disrupt Qs si$aliDt
by reducinS dle sr:trthesis of autoindtciag pegddes (AIPS), preveotitrt
sitnal receptor bitrditr& or d€Eraditrg si8lal molecrrles. This d.isruptioD

iDternrpts lhe coorditrated eryrcssioo of biofilm-ptomotiDs tenes,
whidr leads to attetruated bioilnr developnetrt that is trrore susc€ptible

to trtedicatiotrs. Furthemrore. certah phvtochemicals a.lter bacterial
nrembrane pemreabilig atrd emux pump activig_, hoce iucrensiag
antibiotic iata.ke a[d retetrtiotr [ ].

Phytoclrcnicals lesseD the dsk of chrotric infectioos aad r€flfr€trce
by iDhibititrt Q$.ol€diad r€sista.oce nrectanisu6 otrd boostint bacte-

rial susceptibiliq. The capability to tartet uurerous bacterial activities
at the sa.ore tiare ElaLes thes betre6cial altematir-es to cofiveotiotral
medications for rleating r€{:urring E fd?ral r infections [ ].

6. 1. 1. Ttans- cbnw)nodehyde
Trans-cinoamaldeiJ'de (TC) is derived ftom the barl of the cinna-

Droo t!ee, cootaidnt a s'ubstaatial aDrouot of TC (65 s4-80 %). Si$ifi-
calt r€seardr has coac€otrated otr TC aDd its rclated conrpoutrds,

deDDAstratiDg their considerable antibacteriol activity a8aiost Elaly
idfe'ctiors ,'easts a.trd aolds [ , l.Alietal. [ ] found that TC ]{'as

a.s effe.ctive as I % NaOCl aDd 2 ryo cr (dtlorlrexidiN) io rerrx)vitrt
A /d"cdlt biofiLurs froDl desLd discs within 1 5 dtr. ID particular, TC had

long-lastiag antimicrobial activily biofilms, limiting
I! cotrtrast, live
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E /aecalis was found tetr days a.fts treahretrt rvith Cllt. These outcones
emphasize fie possibility of it as a suctessful therapy for treating
E roe.dlir iofection tfuouthout root ca[al proc€durer. The ph]tochen-
ical Tc s biologcal ftmctiotr is coNtraioed by its tipophilicity, whidr
reduces its ability to dissolve itr lvatery settiDgs, inctudiry the hyd.ate
EPS matrix. This drawbsc-L could deqease TC s efficacr- itr facilitatitrt
the del.e]opeetrt of biofilor [ ].

TC disiategrates bacterial cell lrembtares, etrhasc€s perBeability,
atrd leaks esseDtial conteots, iesultin8 in cell death. lt also iohibits bio-
film developuretrt by preventiry idtial attadrrent, degradiry the
shieldiDg EPs DraEi& atrd itrhibiting quoruar selsitrg, which is required
for bacterial iDte.actioD and pathogetricity. Furthermorq TC causes

oxidative strFfs and affects essential Dretabolic pathways. reducint
lracte.ia's $rvi!'al.

Des?ite ils efEci€rcy, TC's lipoplilicity liurit$ its ability [, dis$lve iD

aqueour colditioas, loweriDt its bioavailability in biofilar-rich loca-
tiotrs. Thus, Dovel delivery techDiqu6 are rcquircd to inprove cliniq
effectivetress [ ].

Hu et al. [ ] used acidic sophorolipids (ASL) as a typ€ of surfactaDt
to eocol1llmss TC Dolefldes ald buitd a coBrplex that enh:lDced the
artibacterial and anti-biofiln charactedstic: of hydrophobic
trans-.iuEmaldetryde. Their itrvestitations revealed that the TC-ASL

cooplex suhrtartially enhanced antibactEial activity, resu.lting itr a
dranratic ,€ductioB itr both the prodKtion ard quastity of E fde.olit

'p

lcl Olaiupthg blofflm atEhttectuiD (Dl hhlutlng t'covBty of biotilm

fia. 7. A ibioElo b€leficial effeds of phltoch€nicals to$'ard. e Ja.coli' (CopyriSht O \.ley 2022. A]t riShts resqv€4 reprift€d with p€fmissior) t l

bioFlEJ wheo canrparcd to errrployiag TC aloDe. Wher erpos€d to air or
blood vessels, TC degades atrd conYerts iDto cimamic acid, r€duciDt its
antibacterial activity. This brcakdown mise. questioDs r ardiDt its
clinical iDpottafte, pro[rptilt additiotral research iDto its in vtvo ac-
tivities and therapeutic properties. subrequent itrvertitations should
cotrceDFate oD identili'itr8 or Dra.DufacturiDt shble TC variants, owiDg
to the c!tupouad s tulr:hsic rolatility aBd pooI biol(Eical actiotr.

The TC-ASL coBbinatioo itrrprovB the a.otibacteria.l aad a.oti-bioflur
characteristics of TC by ircreasinS its solubility, srabitty, atrd eaff?orL
AsI. a biorurfacta{l escases hyd$phobic TC Dolecules, i,lrproliDg
dispersiou iD aqueous coaditions atrd p.evertitrg TC breakdow[ itrto
cinnamic acid, t'trich decreas€s its actioD [ ]. This compound faciti-
tates s.vnertistic nreolbmne dismption, enabliDg TC to peoetmte and
hamr bacteJial ells efEcicudy. II nlso ilrcrersljs biofilxr eutr)' ard de-

$troys dre extracellulal ulatri]i, !e51 ti[8 io a substaltial derxease itr
E. /aecolir biofilm production ard bulk. Furtiermore, the TC-ASL co!r-
plex incre{ses TC s QS inhibitiotr, rhich reduce6 bactEiol interactioo
aad padDseoicity. ID teierat the TGASL corDgler addresses TC's
iDtnDsic shortcominSs aod offers a promisiry path to better dinical
perfomraDce.

Fruthermore, iaYestigating the application of additives, rvhich
ioclude surfactants, nanomaterialq substi tutes, may be

critical to elhafting TC s
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6.1.2. QtErceti
Querc€tiD, a flavoDoid 6lat ocrurs itr fruits and vetetables, is koowD

for its anti-inflamoatioq a.Dtioxidalt, a-od alti-a8iry capabilities [ ].
QuqcetiD s DrechanisDr of action ataiNt A /aecalir bio6l$r iovolves
inhibitinS QS, b'hich is requircd for bacterial itrteraction aad bio6lm
formatioa [ ]. The fsr QS sy6tem io [. Joecalir r€6ulate6 GBAP syo-
the6is, wNch initiates the FsrC FsrA sipalitrg ea.cade, re$ tiry in the
del'e-loplrreut of <rrcial vi.ulelce pflrteius sudr as 3elE irud sPrE Qucr-
cetin di$upts this Focess by dowuegulatiDs the fsr opero4 rcsulting in
reduced GBAP syothesis aod QS systeDr itritiatiot. Ihir suppressioD itr-
hibits the expt€ssios of Qs-r€ulated getres &rdr as gelE and slzE, whidr
are required for biofilor foroatioo aad virutreoce. tt olso interferes $,ith
glyco$sic and proteio folding; which firrdrr destabilizcs thc biofilm
ardritecttlrc.

It furdrcr itrrpairs sigal tra.osdrctiotr by dismptint the Dreo$ra.oe.
bolmd seNor proteitr FsrC, as weil as suppEssiEg Qs-regdated tene
expr€ssio& which limits the s,trtheris of etrzyEes requir€d for biofLEr
fororatioo I J- Io additioo, quetcetio trray fiuctioD as a QS itrhibitor,
iohibitirg cigaal receptots aod Fevetrtitr8 bacted l bar$)issiotr. These
coDbined acdotrs hltrder blofll,r fomradon arld dlDrlDlsh tlnrletrce lo
E faecalir. Particulariy, quercetir was discoi,-€red to sqrpre+s biofiln
Seneatioo by q, to 95 95 at sub-.I{IC levels by interferenc€ t^irh ditical
metabolic pro(esses flrch as tlycolysis and foldinS of protein [ ].

This distutatrce deJtabilizes the biofilm framework, roderiog
E foecolt arote !,ulnerable to atrtinricrobial t eatoreotr. Qa}J'u,r et al.

I i reported that quercetin has flrbstartial inhibitory activity ataitrst
E fde.dlt, with MIC recoded at 512 DE/L. The coDrpound s efficiency
was denrotrsEated usitr8 D)odera td).oiques sudr as scaIxDiD8 elecaoa
microscopy (SEvt) aad coDfocal la6er scaming microscopy (CISM),
whidr provided visua.l evideDce of biofilm de.fire. Furthernote, pro-
teoDic and r€al-tiDe PCR itrr'estitatioos deootrstrated ttlat quercetitr
itrtedered with key bacterial proteiDs, liEititrt their acti\ity trd hetrc€
flppre6sitr8 biofilm developdeot I l.

6.1.3. Aap sEzL zxn1act (GSE)

GraF seed extact (GSE) has carc -fightiry, antioxida{t, atrti-
irflanluatiotr, ard atrtibactedal properties, trlahiog it useful for retrL
latiry ard elilrimtiDg oral micf,obes [ ].cSE, productd ftom yitit
vinifem, tvt6 6hown reEtaileble poteotial for suppressiEt E. /oecalir
biofilnrs and bhibiting QS. Shdies have shoia?tr that dle polrphetrols iD

GSE lrave stotrt anti-bioflar action. Tlrey liarit biofilor adherctrce aod
de!'elopmeot by taryetiDg slrrface protei$ atrd releasint viruleDce in-
dicotor$ such as celE, which is essetrtiol forE /ae.oli biofiltr) stability.
GSE also affects E /oecolt QS systellr, tramely the fsr operon, which
€ontIols tle erpressiotr of genes involved il biofilnr development a-od

pe$istetrce. By inhibitiot QS, GSE Educes the SeneEtion of Eesseoter
moleclde. r€quiied for bactedal iiteractioa and biofilm Srowt\
l,owerinS bioil.Irl sftD8th and pathoSe city [: I. Soetanto et al. I I
used the CLSM re.itrique to investitate the :rntibccted.l imF.tct of 6.5 o/o

of csE o! the E raecalis biofiLDr [ ]. LovestiSatiotrs sw8ested t]nt cSE
denotrstrates 8reater atrtibacterial etlicietrcy towards E /o"coirJ biotiLors
thar 2 % CtD( atrd sa.tiBe rolutioB,GsE catr imprcve tissue stabilization
towards collateDase brcakdown iD the couse of tha:apy of demineral-
ized dentio while also dieplayiry mininal harmful effects otr hutrla.o

cels [ 1.

These fiDdings sralie GsE a promising candidate for more iDvesti-

tatioB as ao additioDal therapy for targetiEs E faerats biofitnrs in denal
hfectioDs, p.obably boostirS the effectiveDess of staodard antiqiclobial
therapies.

6.1.4. Tea cz. o
Tea Eee oil ('ITo) is sourced ftonr Meldlzuro o&errurolid l€aves. TTo

is widely utilized as a secure, organic, and effective atrtioxida.ot with
powerful aDtibacterial aDd atrtifungal characteristics, vu*ridl €sc.onrpass

a wide +€ctrutrr of biological activity ard safety [ , ]- Io the
sceqado of batditrg E fa".dn biofilnE, Qi et a.l. [ ] eval[ated the
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effect of differetrt TTO dosates otr bio6l[1 deve-lopDreDL The re,su.lts

revealed that lTO levels beyoDd 0.25 % siS ifica-otly itrhibited bioElm
8rowh and eliDi-oat€d e-xistiat E. /aeco.liir biofiIm. TTO has been found
to prcvetrt biofilnl developDeot aDd QS itr E. Jaealis I l. T'tO s

emcial phytocheanicalq induding terpineo-4-ol 6nd u-terpiteol, disrupt
biofitm coDstructioo by low€{iry bacterial odhesiotr atrd ES rFtheri6
t 1. ffo abo &snrpts QS pcthlvays, specifica[]. the fs, rystem a.od

l{xs-arsisted siSnaliug, reduciry tlE s}lrdresis of virulelt factors such a$

GelE and c-vtolysin. Th€se acts \ireaken the biofilm a-ud reduce the bac-
teria s capacity lo trigger i-uoeEses [ '1.

6.1.5. BaberitE hydtocl oride
Bdbcritrc hydrocl oridc (BBH), an alkaloid produc.d ftom RhizrrrE

CopridiJ, lta artibactedirl aDd iiurticancer activitjes [. , ]. It i,ri-
pedes biofiLn stability by loweriag the adheretrce of bacteria and
d%radiot the eatncellular ortrix. which is esseotial for biofilm
lootevity. Purdr€rEote, BBH interacts with the QS systeo, Dotably the
fsl pathway, lvhidr orodulate. 1irul€rce factors like tetE I I. BBH
iuhibits these QS signab, reduciag biofilm development and the bacte.
da's capadty to caui€ llhesses.

BBH s combircd effeat Dakes it an intriSuitrg EeatDeot for reducitrg
antibiotic-tesistatrt ill-uesses caused by biofilms. Cheu et al. [ .l
discovered dlrrt BBH Fduces the pruluction of E /deftlis biofilnN and
facilitates dleit dissemioatiotr by deseasitrt the nrRNA expressioD of
Sortase A aod EjPS.

6.1.6. Pl?polis
Propolis, a re3in that is Daturally ade by bees, corrprisea bioactive

compooefis, i[dudioS sters, 0avonoid.6 a[d pheDolc acids thflt have
beetr iove&i8ated for their antibacterial effects, sp€cifical) i8aitrst
E. faaol* I l. Ptopolis posse.ses key ttErapeutically actil'e cotrrpo-
tretrts such as flavouoidq uhich nray iit€ract otr bactqia Dicxobial
m€mbmle6 or cell walls, causiog opemth'e and sm.rctuml iDpaimrelrt
[ ]. The bioactive compotreDts itr propolis, particdarly flar'otroids
such as caffeic acid pheoe6yl ester (CAPE),ta.langiD atrd piaocenbrio,
disrupt tle early sta&s of the formatioE of biofilm" Prcpolis lowers
bacterial attachnretrt to suiface6, $'ealieas the EPS oratri& and iopairs
lhe strucftral streotth of forDred bio6lnrs [ ]. Propolis additiomlly
attacks E /aecolii QS process€s that conEol viruletrt factors, iucludidg
GelE and cltolysitr, which are requir€d for biofilnr developm€ot a.Ed

pathoteDesis. The functiotra.l conrpoDetrts in propolis nray suppress the
expressioo of Qs-related getres. culniDatin8 in reduced s,ynthesis of
lhere vimletrt factorr [ ].

6.1.7. AIoe vqa
Aloe vera oridDted ftDm the lfia.eae family and bar a cactus-like

appeara[ce. Aloe !'era ha6 coDsiderable thefapeutig atrtibacteiiat
artivital. atrd atrti-f'.m8al capabilities, ia addition to favorable h}?o-

8ly.emi:l efus [ ]. In ?r'fo investisitiotrs tl^,rve demonstmted that
Aloe vera has atrtibactedial pow€rs tors ds E /a€6alt that arc gealer oI
equivaleDt to the efiects of salitre and calcirmr hydronde (Ca(OH.),
co[rpared to CHX, Naocl, and propolis.

Moreove!, chaseni et d. [ ] discover€d In vito that Aloe vem bas

nrore corsiderable antibacteria.l effectr oE E daadlii biofili$ Oun Ca
(oH)::. Alc vera 8el possesses phenolic cherricnls, glycoproteioq and

o.ottlraquiaotres, which cln help to prevetrt E /o.cdir biofiID develoP.
meot. Aloe vera exuact dra.Datically reduced E faecob biofilor del-el-
opnretrt It dishlrH the biofilm natix, reduciDg bacterial adhereace to
surface6. Aloe€oroditr, a constituent of Aloe v€t4 was recotlized for its
atrtibacterial activity against biofitm-formiDt bacteda- Aloe vem catr
eoter ttte biofrlar oBtriq i erfere with QS dtDaL, atrd decrease EPS

formatioD, all of which are necesss-ry for bioflm persistence [ ] .

sapotritrs fouod in aloe vera ore identiied for their deterS€ft-lilie
duracteristics, lvhich aid itr disflrpting

Aloe vera has anti-Qs actiotr, buted to
iopede
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EiSEIing lblect{es lile AI-2 in Gram-positive bacteria mch as E fcecaiu
[. ]- Aloe l'era gel hitrdered E -faecaf,b cellular comrnunication by
de<aeasinS the sytrthesis of Qs-controtled viruleace detemriaants- A.loe
vera car prcveot the fomutioD of siSmlitrg trDlecr{es required for QS,
reducing biofilm developDrert ard pathotenicity without damatiry the
bacteda aad loivedat selective prerflre for resistaqce [ ].

6.1.8. Triplnla
Triphala, tu atrcestral A],urvedic compound made of three thera-

peutic fruits (Enrblica offcinali.s, Terminalia bellbba aud Inniaql.io
chebuld), has demoastrated Sreat poteotial for a[tibacteria.l actiotr,
especially toward E faecalis biofrlets a[d QS. It possesees taoDins,
polyphenols, and vitamir C, which provide coosiderable antioxidarq
$rti-inflalulator), arrd astibnctedal du.racteristics [ ].

Triphala nrorthwash substaotially decreased E ,aecalir biofilnr pre
duction ia clinical conditions, indicatint its poteltia.l applicatioD io
endodontic treahrellts. Triphala's active coDstituetrts disupt the EPS

atrix, iDhibitirg bactefia froar Btablishitrg stable biofilms aod
iDcreasio8 the effeetiveless of other antimicrobial thempies [, ].

Trlphala's subsrandal pol]?henol couetrt ltrhlbirs QS by itrterfering
with siqmliog trDlecules like AIs. callic acid is Fesent in Triphala and
recogaized for its atrtibacttial alld antioxidant drar:acteristics, it has
been tinked to biofilm srppr€ssion and QS dismption [ '. I, Chebulagic
Acid ald Chebulhic Acid fotud itr fendrdiria chsruia are excelleot at
itrte{ftptia8 QS pathways while itrhibitiry bacterial bioElm fomEtion.
The ellatic Acid present in Efibli.a ofrcinalit has deDonsEated PIofl-
isiDt actiotr toward biofflors bl: rcducitrt bacterial attadureDt and QS
sipats [ . :].

Triphala has antibacterial elficieocy torvards E faecaLr biofilm, with
decreased toric effects, ease of accejsibiliry, cost-efficiency, and other
health advantates such as a.otioxidatrts asd a[ti-i lanuratiotr chaiac-
tedstics [, ' ]1. .,;. ' srrmmarizes the potential of seveml phyto-
chemicals to iohibit E fdecolis biofiltxt.

BiofiloE are well-structued bacterial couuuuuities that e[c'apsolate
themselves within a self-secreted matrix of EPS, trraiDly couposed of
different polysacclmlides, proteios, lipids, atrd oucleic acids [ ..].
HeteloSetreig in biofilor properties of E- fo"roliJ serves as a.E extraor-
dioary protective shield wi& etha[ced bacterial resistance to arltibac-
terial ateDts and antibiotics and also shields them ftool ialllune
respomes [ : ].

such biofrlors aJe mosdy associated 'rith iofectioDs, a.od it is chal-
lelgitrg to eradicate usiog coDvertional atrtibactelial tr€atrnents, often
leading to chroDic diseases and augBrented bacteriat reristalc€ [ . . .. I .

NPs, ileasurinS 1-100 nn! llave distinctive physicccheoical features
owing to their small dimetsioos, substantial $rface area-to-mass mtio,
and iuseased ctrenrical response, offer a pronrisilt solutiotr to coorbat
rhese .esilieDt biofiIols, lra-kitr8 therr palticr arly effecti!'e ir bioDred-
ical applications t . , . l. NPs lowei tlLr 5 nnr tend to be trrore
bioconrpatible and beneficial to bioloSical processes, cauritrt miDiual
disnrptioa of biological and physiological processes I i , . ].

Additionally, they have a distinctive ability to etrter tissres aad
penetrate throuth bacterial cell walls and biofilm matrjces via elecbo-
static itrteractioBs [. .]1. NPs, especially metal-based silver (At), ziac
oxide (ZnO), gold (Au), copper oxide (CuO), titaniun dioxide CfiOz) and
c.lrboa-based ftrapheae oxide (co)) and their trarocoDrposites, :ire
beisg fabricated to improve iatemction with biologica.l systents at
celhilar aod nrolecular lei'els, allowing fiem to perform specialized tasks

tike tarSeted drlr8 deliver,- a[d aDtimicrobial action with miaiaral
disturbatrce to biological plocesses [. '].

NPs l]Ave udque qualities such aB high surl-ace area-to-vollurrc rati(x
and ifrproved rcactivity, eru$ling thef, to peqetrate atrd brea]
E laecalis biofilnrs aod are readily ktrown fo! their potent aDtimicrobial
properties [ ,., .. ]. NPs could breakinto the EPS layeratrd hale direct

Table I
Phyt4'henicab towards rJd.rolir biofiln idribition.
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antibacterial effects on the biofilm's bacterial cells t. l

6.2,1. Metabc NPs

Metal NPs catr peoetrate biological barriers and biofilDr structureq
bypassinS the EpS matrix that protect$ bacterial cells. Especially rheir
DaDoscale size aqd hith reactivity eBable thenr to ioteract atrd disftpt
biofihr iateErity producin8 artimicrobial effe.ts to drc bacterial cells
within the biofiIms. Scie[tists have proposed various surface-
fi[ctionalized nanocomposite lraterials to incease the specificity atrd
efncacy of etrgitreered [anonEterials agaiost biofilu I l.

Functiotralization invok e3 $odifyiag the NP surfaces wift ctte$ical
or biological ligalds that enhance tarSeting to bacterial cells, reduce
c.vtotoxici$ to huuan cells, and enable contolled release of antin -
ctobial agerB [ ,]. A oDg dE rl()st exteusivdy studied urenrl-based
NPs, AtNPs are well-loowa for their intdnsic antibacterial effecls
froDr atrcietrt tiEes t ,1. AgtIPs release Ag+ ions that itrteract with
bactelial cells, prodflcing ROS filat iaduce oxidative stless, datrra8itrg
cell trreulblatref, DNA, proteiN, and metabolic prcce$ses [ ] : . l.

This multifaceted mechanism is particularly efective agaiDst
aDtibiotic-resistatrt bio6l$s like those Iomred by E foecali, a comnron
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tetre expressiotr atrd biofilql stabilit, itr E raecahr [, :.]1. AgNPs irter-
rupt the fsr rcgrlatory-rnechani-smrin E ,oecdfu, which rcduces factors
associated with viruleace and iuhibit6 biofilm formation. AgNPs reduce
GBAP fomutioD" deSrade or adhere to si8tral moleer es, dismpt signal
reception by desuoyiag seusor proteins, and suppress QgregUlated
Seres [ ].'1. Furthernore, ASNPS caqse oxidative stres6, irhich further
disftpts sigoa-ling withiD cells. fuNPs significa-ndy inhibit the

Qs-uediated coltrol, lowedl8 biofihr stability lurd viruleoce ir
E laecolir. Au@At core.shell NPs ha!'e beerl proposed rbr cotrtrollirg
E foecoU' itrfectiotr wilh rcduced cytotoxicity and prolongiug antibac-
terial effects [, .].

The ability of these metal oxides to gelerate ROS aod release anti-
nricrobial ioos makcs thenr promisirg for biofilm-taryctcd applicatioDs.

Ag-chitosa[ l\tPs, foI e)aarnple, arc A€NPS coated ltidr chitomq an
antibacterial polr_ner that inrproves adhesioo to biofilnrs. This syner-

dstic effect etrhaoces the l.IP s biuditrt to biofilms while cootrib(tia8 to
irs antimioobial effects, proving particularly effectiye agaiost .8. faerdirJ
biofilnrs [: : 1]. Shrdies have also dearoNtrated the s].nergistic efects of
combioi[g Nps with other antiBdcaobial agents. For instance, Balto et al.

[ , ] . I showed drat coo$ttrItr8 AStNPs wlti calclutrl hydroxlde (Ga(OtDr)
led to a biofilfl prevmtiorl rate of ovel 90 %. Doxycldine-loaded
polyareric NPs have pto1,'etr ef,fective agaitrst E ,rcalie biofiIaB, espe.

cially in dental applications, as these p.rticles can peoetmte biofilms on
deutiq eradicatiag existilg bio6lor', iDhibitiog bacterial colotrizatioa,
aod disruptiog biofilm architecture [,.' .]. ASNPS have beeD shown to
ioterfere with Qs-re8ulated teoe expressioD, reducint the synthesis of
eozynes required for biofil stabilizatioD.

6.2.2. Corbon-bosed NPs

GO, a carbon-based DaDoparticle, has unique structuml a.ud elec-
troBic properties that allow it to iDterfere wifi QS in tlacteria. GO ad-
sorbs QS arolecules, pEvetrtio8 thefu accuarulatioa io biofrlns aod
disrupting the QS si8laling essetrtial for biofilrn stabiliq/. It is cotrlbioed
with GO's inheretrt antibioflm prcpertier, omking it a.o effective tool
atainst E /cecatr [,;: ] and chronic wound pathoSeos [i .]. Reduced

Smpheoe oxide (RGO), a deivative of co, has also shown excelleot
antibiofilor effectB ivith reduced cltotoxicig', maliisS it saJer for
biomedical applicatioDs t . I. Lee et al. [ ], 1 demo$trated that
coEbiDitrS electric drrreots with co improved the effectiveness of so-

diurn hlrpochlodte (NaoO), a commonly used disi ectant in root catral
t eahreots. Siorilarty, Go-NPs can adsorb QS nrolecules, avoidiog
buildup and iDhibitins Qs actiotr. This combi{ed actiou of bio6l-m

bleakdown aod Qs suppression nrakes NPs a saotrt tool for tartetiat
E fcerclt biofilms [ ,1.

6.2.3. Hybrid and iovtionolizzd NPs

Fulctiotralizatiotr can ino€ase NP targeting to biofilfls or bacterial
cells, niniorize toxic effects on human cells, and allow for lbnitored
distributiotr of aatimicrobial che.Bricnls. For iD$tntrce, ZtrO NPs have
shown aDtibactedal efficacy ataiNt E. faecalis a!.d otlrcr bacterial
pathogeN, Se.ratin marc€rceDr [ ]. ZtrO-NPs effectively conbat bio-
fitms by (aeatitrt RoS and Zo2+ ioos that disrupt bacterial cell wall
stability atrd metabolisar. These partides har€ e!fiibited etcellent
atrtibiofilDr actior torvards E. faecolis, evea at low doses, swgestiDg a
poteDtial treatment for a[tibiotic-resistant biofilm-associated infections
I ..,1. Similarly, Cuo-NPs also release Cu2+ ioas that disrupt bacterial
,Detabolic pathways a.Bd crll Dretrrbratre itrteSrit]-, destabilizitrS biofiIors

t l. Eryineered D:rtrooEterials like QDs are gaioiog popularit, fo!
their photocatalytic and redox-active properties, which teoerate ROS

aod offer uoique orechanistos for antimioobial action [' . ].
Cerirmr oxide (CeO:, also enrergd as pronrisiD8 as it €an switeh

betneen C,e3+ and Cea+ oddatiotr states, allowirS the to scevenSe or
generate ROS as Beeded, adaptiDg to various biological envi$onetrts
[. ,. , ]. Wher€ae, Tio2 NPE whetr exposed to try ]i8ht, a.lso geEerate
Ros, which is laluable ftr aoa-ioyasive biofilD disruption on nrdical
delices ard othe! flufaces protre to biofilnr forDlatios [ ] l.Inadditioo,

Minbiol Pdlb9d6it 207 (2025) 107876

these NPs were forud to iohibit bacterial coloaization of obstructed
detrtinnl tubules by conrbating bacteria for that particular site.
Furthermore, it has beetr proven that these matexials carr attach to the
extedor EPS withio E /aecdl$ biofilnB, severely affectiog their archi-
tecture ortaiizatioD a-Dd overall stability.

Parolia A et al. [] I exatrritred the atrtibacterial impact of
chitosaa propolis NPs a6 an iotrccanal medicatiou to\.7dd E /ae.dtJ
Liofil]rl ir rd)t canals aud detefi[iled dt,dt NPs wete more efncielt iu
loweriot E ,a"c6L colo[y forrEatiotr.

The poteatial of trovel engitreered Danomatedals (ENMS) qxtellG
beJ ond detrtal applicatiotrs, showhg pronise ill treatiat a ratrte of
biofiInr-associated inJectioas. Despite the promise of i lovative ENMS-
enabled biofilm dismptioo approaches, si8nficant limitatious r€$aitr
ilr ilDprovilt disiDfeetiol ontcoues iud c\)1rtr,ol]iDg biofiLul foratitiolr
t.1.

Metrl-based NPs, drug-loaded NPs. and naturally derived NPs can
target iDfections tllat resist coovetrtiotral therapies. However, realizint
the fi]ll therapeutic poteDtial of nalotechr]olo8y requires edetrsive
peclinical acd clioical testitr8 to etrsure safety, efEcacy, and conrpati-
blliq with huaran blolo8y t. l. Key eoDsideladons lsdud€ uoder-
standint EN{vt c}totoxicity, optinizin8 dositr8 protocrrl6 to avoid adverse
effects, :md eval(atitrt the lonS-tem1 inrpact of exposure I I, Addi-
tionally, given the incrENed use of NPs, researrhers nre investiEatiB8
whether bacteria mitht develop rcsistance nredradmls to NPs, a6 they
have with traditional atrtibiotics [ '1. However, in order to denoD-
strate how effective they are itr tre.1titr8 biofilo illnesses, they must
uder8o er.te[sive te.tiDt and assessmetrt iD diuical seftings [ , '].

6.3. PhagPJ (bactetiopha{es)

Phages are viruses that can infect and destroy bacteiia. They have a
distinctive capability to p€netate bacteyial biofilms aIld cause desauc-
tiotr. Phate Aeahrent has been shown to te more effective dratr hadi-
tioflal antibiotics, especially whell infectiom are triSgered by nldtiirug
rcsistant (MDR) biofilns [. .]. Phages hare specifi.-ity to cr-rtain bac-
tedal species or even distinct strains, renderint therD an axcelletrt
h-eitlrreDt alteiHtivc for speeifically targetiDs and eradi€ti t irr-
fections [ ] l.

Phages usually have a hi6trly positivg saie profile and th€f,apy using
phates is liDked with a trridtrral risk for Eetative respotrseJ and ad1'erse

effects [ . ]. Pha8es deitroy bacterial biofilos usitrg a va.riety of
codplicated methods, as showtr irl . . The phages reproduce within
bactelial cells, causiaS cell lysis folou'ed by the e.ypulsiotr of offspritrg
phages that evetrtually break down biofilars. Certain pha8es attack
iDactive cells, stay dornaDt uDtrl they reactivatg atrd th€n lr_se them

[] ,. l. Endolysitrs and holins are enzyDes encoded by phage6 lhat
disitrtegr"ate ttactedal cel walls, allowitrg infectious partides to be

rele,serl and biofilm formations to br€rk down- Furthermor€.
phage-prod(ced depolyoreases break down the EPS Datrix ir biofiknr,
rveakedtrg theJ1r ard erablitrg a deeper entry and more ef6cient eliai-
natior. Phages impair bacterial conmlrmication systems, su.tr as QS, and
hterfere $rith the cotrEol nechanisnN [ecessa-ry for biofil-or sustaidtrg
and stabitizatioo [.. ]:.l.

Phage.assisted breakdowD of bactedal biofilors atrd QS supplBsioa
need a compler. int€raction between bacteriophates and their tacterial
hosts. Phates caD succesri ly destroy pree.xisting biofilns by nrany
nrechaoisnrs: they produce lytic enzymes, such as tail-associated depo-

lymerases aod peptidoglycan hydrolases, that detrade the EPS required
for bioEtm iat%rity t . .1. Further:Drore, sone phates activate host
bacterial enz),nres, hich leads to biofiln destruction. Certaio phaSes

use hydrophobic charoels iffide bio6hrs to petretrate a.od lyse bacte-ria

fronx r.dthia, whereas other t)?es disrupt Qs reSulated htemctioD by
relersiot fuhititor$ 6ndr as lactdra$es, wl1icb ilrpair biofilor devdolF
meat a.Ird promote st:uctural collapse [. ,]. These activities ca[ be

considerably improved when
such as atrtibioticd, xylitol, or
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syoe8istic bioitm elilrioatiotr [ ]. Phates also affect bactedat QS
systears to aid itr ilfectio! and proliferatioo. QS systeors cootrol *le
deteloprreot of surface appe[dages (e.9., flagelta, pili) and nenrbrane
proteins that act as pha8e rF-ceptors; phates can change these Qs path-
ways to promote or prevert adsorptioE [ ]. FrEthermore, phages liLe
VPa82 encode Qs-respollst'e proteins, which ideotify bacterial conr-
munit, deosity and induce rupture rather than lysogeny ulder
hiShdeo6ity conditioos I l.

Phate treatueDt is ftequeody used i-o corjutrctiotr with antibiotics to
imPlove activity towards biofilms. Thic gtratety coEbines phates'
abilit: to destro)' biofilms with aDtibiotics ability to et'adicate bacteria.
Phagts arld a[tibiotics work befter totedrer to d€stroy E fedco.clrr
biofilEl3, accorditrS to reaearch. Ihe cotrrbitratorial effect of phage aDd

tetrtanicitr Esulted iD a coNiderable Eduction itr E decoliJ biofiln
bionass whetr corDparcd to either treatD€ot a.loDe [ ]. Integatint
phages with QS iDhibitors is a poteotial Erethod. Qs iohibitors fiat block
the fsr QS gystem in E /oecafu hird.lr bactclia from fonnirg biofrIms or
prldtciat Yirrdeuce prtotei[6 aod ourlie dre bactef,iulr lrlor€ fll&eptiblc
to phate attacks.

The syaeryistic effect of Qs inhibitors with phates towards ta$etiDt
biofilm-fomi{g Entooaoc.us Esulted in a c,orsiderable reductiotr io
biofihr stability and iuoeased phage effectiveness [ ]. SNeziaSer
et d. [ ] dis.lveted Orat treaheot wifi EFLK1 phate at cotrcentra-
doD 1.2 x 1oB PFUlwe[ stS flcatrtly dtsrupts and decrcases 72 h bio-
6lm developmetrt in tF E. faecolis !5a3 sraiD, resulth8 in a
considerable reductioa of arousd 81 .

E f(Ier(Its phate SHEF2, derived from the oral cavi9 of a pati€nt
with an iDJected root catral, i\ias able to elinrinate the biofilm produced
oa the su.rface of polysB.retre In vitro ald beat aD E /deadftr itfectiotr iD a
zebrafish nodel. It can c\u€ antibiotic-resistatrt E decdlis iDfectioDs

[ ]. InvestitatioDs itr the E]ode] of srice have showtr that coDrbidns
phate trEataxst with aDlpicillin si8trificatrdy inrptoves effectir.eless
towards Vanclmycin-resistatrt E ,a€calis [ ] . The combired action of
'lancomycin with phages rcduced E ,ae.dL biofilm bionass by 87 %,
deDrotrsEath8 their efficierc, iD disruptitrt and suppressing biohlor
fornratiol [ , l.

Furttremrore, Song et aI. [ - I itrrestigated the tacteriopha&
'!-B-EfaM-LGl (LGl), deril'ed ftofl nedical facility sewage, and identi-
tied tlEt &tleD combitred with a[ antibiotic, it &eady $]ppressed and
disintegEted the E /decolir biofiIE. PhaSes play o tey role iu horizootal

teEe exclra[te anotrSst cosrDutrities of bacteria, whidl Eray re5t t in
the propaSatioo of aatibiotic-reristatrt getrer I l. This process allows
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genetic naterial to ndgate betweeD bact€da thrcqh Dredrods other
th:rn usual reproduction, frequady ria a tedEique koown as traas-
duction, in r,r'trich phages ldstakeDly buidle bacterial DNA and trars-
port it to Irew host cells. One of the most sitnificant iDplications is thc
propagatiou of atrtibiotic-resi6tatrt teDes [ ]. \4trc1 phagec spread
these geaes across bacteri:r, they cao lead to dre creatioD of
multidnS-resistatrt species, also ktrowD as superbuts.

This troi oDly ircreases bacteiia.l adaptation but also q€ates rigtli6-
cart challengea for iDfectioD teattr]€ot, Draliitrt phate.drir.es t'a.Dder of
teoes a Dajor coqcet! io borh microbiolqy ard Dedicine I l.
phagededved defeosive rystms allo\r' theor to ke€p up widr other
pltages, which e\,eutually bcue6ts dE hoJt bacteria I l. A variety of
tactics are us€d to idrprove phate treatment a.trd cstrrbat bacterial
resistarce. The6e indude booctiry phaSe dose dnd eDrployitrs highly
lytic phates to eradicate microbes quicldy, in addition to adoptitrg
wide-rpectnr.D or higl y effectft-e phates, soEretines kaowD as phaSe

coclcaik, for tatSctiBt vaicd stlaiBs whil. minini,ir8 r€ristarce [ 1.

lvlost bacteJioplllses lLr\.c a li[rited host tnu8c, so pluge codit rils urust
be precisely custooriz€d to s?ecific bacterial straitrs. This precisio! tar-
geting enables phages to taryet pathoseDs despite dishrbiry beneficial
DicrobioEq however, misnratdred phates oray rcsult itr itradequate
biofil,r e-linrioatior or therapy failure, partictdatly itr pollEricrobial or
stsaiadiverse diseaes [ ]. Resistanc€ to therapeutic phagea io
E ,oeddlti can eruerSe trough plocca6e6 6uch a6 r€ceptot alteradon or
CRISPR-CaS s) stetrrl; howe!e{, dre ule of vari€d phage cocktails and
phage-antibiotic coDibioatioDs catr help liDit fiis risk [ ].

lnt(=ratitrg phates and antibiotics caD inrpmve atrtimicrobial eff€c-
tir€tress while loweritrt th€ risk of resistanc€. Furthemrore, exploratory
phate development by laboratory-assisted nruhral evolutior with bac-
teria can rcsult phates that are more efEcieot toward
rerirtalce stlails t l. phage tleatDmt holds geat potestial as a
suhstitute for a[tibiotics for the treatuefit of E. Jirccolis idectiotr,.
Howev€r, ita cli-dcal irplenentatiotr iDvolves overcomiog sittrfica.ut
difficrdties, itrdudinS retulatory r'aguerers, the rc{uircmeot for tailoEd
a.trd quickly adaptive phaSe fomrulationg scalabitity manufactutitrg
challeoges, poteltial ho6t iBmune system treutalizatioa, aod the
clotinual evolution of bactelial resista.uce [ ]. These cotrc€rDs

emphasize the siStrificance of otrgoitrg rcsearch and infrastnrcture
de\.elopment to facilitate the iacorporatioo of phates into maiDstream

medical practice.
Prosp€cti1'e shdies shordd laowledge
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diskibution systenrs, a[d creatiDt re81 atory syste$s to ensrue both
safety and effectiveqess I J. Furthermore, inte$atiot phate therapie6
with aatibiotics o[ oew aDtiEicrobials may aid iu resista.Dce redudion.
By addressis8 the6e linitatioDs, phote therapy ha6 the poteotial to
char8e the approach to MDR atrd biofihrdepetrdent ilherses [ 1.

6.4. Probiotics

Probiotics arc live bacte a dlAt, wheo consu$ed io sufficielt
$lartitieq can offer health advaotages, Pmbiodc compositiotrs oftetr
coatai! species sudr as lactobacifl r a\d Bifidoboctqin takeo ftom
healthier people s gut miqobiota [ ]. Researdt has shoraE ttEt they
have Eedicioal promise, esp€cialy i! terEs of 8ut health aItd digertive
diseases. Furtherorore, probiotics have sholvs poteotia.l io tleatitrt
dlrodc i.fl.mm,tion-rclaH coDditiotrs, r€sultitrg io a fasciaatiDg area
of researdr fu oriGobiolog5r and thaapeutic approaches [ 1.

Probiotics have shown promise itr 68htiog E ,a€.ol& infecrioos,
notably by dealiry with biofilm developnre[t atrd QS, which are Gucial
coDpoDetrts itr the bacteria's pathogercsis a.od capaciq to Esist dl€r-
apy. Probiotics fitbt E faecali biofluu by rpecific arechaDiErs that
iDpair biofrlm ioteSrity a[d dimidsh bacterial patho8edcity. One
major technique is to degade the E.PS matrix, which is requircd for
biofilD stabfity. Probioticdqived etrzr.lres, such as protears aIrd
DNases, degmde essential mS cotrtpotretrts, particularly eDNA atrd
surfaca-associated proteim like biofilm-associated protein (Bap),

d mdiry rhe biofiln fiamework [ ).
Furdrernrore, probiotics block QS, speciically the,fsr sfunaliag sys-

tedr in E /oedlir-vfiich nzulates the de!'eloptD€ot of vin lent factors
srch as GelE and SprE. Probiotics itrtdf€re with these sigraliot path-
rsays, pre!'atin8 the sr"ochrodzed betrarior essmtiol for successhrl
biofilD developEeat [ ]. Probiotics modrrlate hoct imnrrme responses
by increasing aDti-iDfla.rnmatory cytokhe prod[ctioD (e.9., IL-1O) atrd
srppt€ssiry pro-inflammatory mediators (e.g., IL-6, TNF-q) by a.scia-
tioD with TLRS otr epirhelial ald iorattue cdls. Dtre to their dral hrtrctioo
of di$uptitrg biofil.r$ aad modulating immunity, probiotics ar€ prDnr-

ising adjrmcts in contmUint persistitrS E ra€catii infectiotrs, partic1 arly
ir dre settint of artibiotic rdistalce I I .

Probiotics such as Lortr$acilhts specier trray be competiot lvith
E foeca.lir for rurfac€ adherelce areas in the tasuoiotestioal o! orouth
mucosa, drelelorc reduciag biofilm developmeot i! its eady stagea

I l. Some probiotics sFthesize bactericides (e.t , Id.ctcDacillLls alid
Bifidobdetertutn s?ecies), oryadc acjds, aod hydrcFn p€rDxide, sll of
rvtidr may readily hinds E /aecdlir developmert a.Dd disrupt the bio-
frlm franework I l. Certaia probiotics rdease €oz)rnes suc-h rs ptl)-
tcrt* and DNas€s, whici destloy the EPS itr $e biofiln rrratdx, affecti Dt
the biofrlDr's structu al iDtegitr.

Prcbiotics catr irDprove dre host's immrme res?oose by increasing the
developm€Dt of antimiqobial p€ptides atrd imoutre cell typ€s that fithr
bioilm-formiag bacteria like E. f@e.olis t l. So[re probiotics clD
ifibit the AIs enrployed itr -E la€calir qS systelrs. Loct&ocilhs reuteri
has be€! deDoastrated to s]-trthesize compoDents drat hhibit iDlectious
bacteria s QS, preveDtiag the coordiaatioa nececsarr. for biofilD devel-
opmert altd pathogedcig I l.

SeverEl probiotic strains Eay deteriorate or sequester nresseDger
moledJes utilized iD QS, such as AHLs (acyl-homoserine lactones),
limitiug the tlacterial iDteractiotr esseutial for biofilo fornntiou oad
stability. Probiotics trlay redoce the expressioD of crirical geaes cou-
nected with QS processes, rcstrictitrt bacteria from initiatiDs bio6lm-
related prcce6aea or producitrt viI. eot factors [ ]. E faecalir tues a
peptide-based QS systeDr, specifically the ,rr systen, to r ulate
iorportatrt vinleflcr tene6, sudr as geIE aad sprE, ntich arc rcquired fo!
biofiLon fornration and tissue itr\'asioD. Probiotica trlAy itrterfere with this
iltemctio[ by degadint si$ral peptides or decreariuS dte productioD of
QS-related geoes { 1..). LaclDbacilllts plantun0r\ for exaorple, has b€eo
demoflstrated to severcly imFEde E. faecolis biofilm formatioD by
iDhibitiry the & s,'stem ard reducitrS Selatimre actiiity, I€sultint itr

inadeqrute bioilm architectrue and pathogeniciry. Furthermore, pro-
biotics rnay release aotiltri(robial co&poutrds, such as bactedocios aDd
or8aDic acids, which iDhibit E, /oecdlt prolf€ratioa and QS activity.
Probiotics show proorise itr prevetrtiD8 or coDEollitrt iDfectioDs trig-
gered by biofilor-fomiDg, aDtibiotic-resistart bacteria srrch as E- Jfoecolttt.

Lactobadlhls pl$tt@unr is ktroK.o for its ability to prevetrt biofilors
arld have autiui<robial actiou atain$t a varicty of disease. [ ].
Lactobdcilhrs rh@nnosl.rr GG has beetr show! to iahibit bioEtm develop-
meot orrd orodify host iourutre respoNe. forconbatingE fazcoi* I l.
Bifddacteriun stat,6 can pre!'edt E foecaiir biofilor developnetrr and
sytrthesize m€tabolites ttlat iElPair QS si$als t l. Juog et al. t I
discov.cd that lipoteichoic acid (LTA) synth€fizcd by ld.tobdcttlur catr
srppre6s E ,ie.alir Liofihr devdopulcot, with :r peJsistEut iuLibitirt
iupact at the earliest stages. Futherarore, LTA produced by various
Lactobociuus sp€cies, indudin8 Lartobacillus acidophillit, l,actobodlus
casei, and lactobaci lts rfidrrrrofi6, showed a coEpamble capacity to
s[ppress the forlratiotr of E /a€.alir biofilars.

Tht s, LTA geoeiated ftotrl lactobdcilfu5 s?€cies se$.es as a potetrtial
a,od-bloihr a8€rt, provld,ng proe€ctlve lrs€r ln dre prevetrdoo or
tIeao eflt of illoe6res lhked wid! A fd€6olir. Bohora et al. [ ] exaD-
iaed duee probiotics: lact&ocilbts planwtn, Laca,Daxilhts fian]d],osus,
ard B4Qdobacte.ri(Dr bfdurr. The strdy investitated how rhese pmbiotics
inhibited bactoial groilIfi itr both platktoDic atrd biofiLDr phas6. A.[
probiotics idibited 8ro!r{r druiqg the plaokodc stage. In the bio6lm
phase, addiDt 30 96 poloxdroer.toT (PturoDic F-127) to the De Ma.u,

Rogosa, aDd Sharpe Dedia wi0r probiotics Esulted in various degr€ed of
flrpprBsioo ofr..Jaoeadli biofrlar development. The study also ideotifies
poloxamet 407 a6 a po6sible techaique for deliv€ritr8 probiotic6 irto the
root caoal s)'stetrr. Shaaban et ol. [ ] ioteatigqted the inllueace of
Drulti-sEaiD probiotic suFEataetJ <pntbi\r\S l,o.docilhrs plrtttortst\
Lactobdcilhts acidophil s, ard lactoboc bu rharll,]@ss on E fa.faliJ bio-
films. After 24 h, Dulti-rtroilr probiotics effecti!'ely lowered bio6lm
developDert compared to Ca(OH)2. After 7 days, both probiotics and Ca
(OH)u showed comparable antibacte.in-l actions, d!'astically loweritrg
bioflnl populatioos. The dota iElPly drat a-o exteoded cottact p€rid
nray inrptove altioicrobial betrefits, but furdEr iDlertigatioD is oeces-
saly to disclver the orost efficiett conceoEation of Drulti-rpeciea
prcbiotics.

Safadi et al. I I rtudied the effectivetre6s of probiotics as a
replacaneDt iriitant foi rE$ovitrg E /d"calir biohlr s. The srudy inv6-
titated the etfects of th!€e probiotic straiN (tra(obacill,]s cosei, l1.eto-
bacilhts platltarwt, and BaciIrlJ 6oq8uro,J) otr pre€xirtiry A /o..dlt
biofrlnx. The data revealed that both I- cor€l and Lactobacillw plmrtorun
efectively destoyed dere-loped E ldecdliJ bio6lmr ald reduced their
I%eoemtioD, whqras Boci[lA coqSuloru failed to deoonsFate equal
ef6cielcy. The advartageous effects of probiotics on host lFalth are well
laown.

Still, the investi8ntioD has nrorEed rvorries coDcerdDt poteDtial
hazards io irEruoe-lreokened or severely uowell iDdilidua.la sudl as
fialfutrctiolril8 variotB orSaDs or shock. While the researEh coDtinu8 to
be io the begin4i!8 stater, firrther in vito itrv€stiSatioDs are required to
clrrobomte these cooclusions [ ]. These investigatioN lrust 6rst
begh with riSorous opetimeatal desitns and delailed biosafet, evalu-
ations to a6slue both effectiv€ness aIld s.1fety. Fl[themroir, slbseqrent
sntdies should look itrto nol'el adnrinistration mechanisms, such as

bioconrpatible traEporters ard s{stai{ed-re-lease cosrpositioos, to
improve the poteotial for therapy as well a! the safety ofprobiotics for
widespread diaical ure I l.

7. Qs-ba6ed re$lation and biofilm dispersion

The /ir QS systclrl irr &[e^rcoccuJ urod(rlir(es patlDteleris arrd teue
expressiotr, Dotably bio6l-ol fomratiotr. The fsr operon rcBJates QS-
rclated 8enes; howe!'er, iG influerce on biofilm developnrent may be
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protrrotes the prcdrrctiotr of/'r te&6, whereasJtrD codei a pro-p€ptide
dEt is @rverted into CBAP, tte reseoga molclle produced by FsrB.

F$C activates a pho6phorylated sequeoce that additiooally re8ulater the

fr systeor- Its Dajor tutrctiotr is to idtrce GdE syndresis, which nray

iDflu€tlc:e biofilrn Srovi'ltl [ . ].
The ri. Qs rystem in En -o.oc..6 rray control the developmedt of

biofilnf but iB rcte raries by varieg' and ttraiu. EDh!.aced 6elE actioD
lras beel associated widr dre disdrarge of eDNd wLidr is al esreutial
cornpoletrt of Ente.ococcui biofilnu [ ]. SoDe iD!'e6ti8atioos hat€
found drat iohibitiag 0le Fr systen rcduces biofiln deyeloparetrt.
FurthemDrg the Fr syste$ rcgulates tlre p.oductiotr of adhesive pro-
teiDs and surfac€ Eoteios, u'hich are required for surface attadurent, a
fuodam€otal 6ta8e iB bioitro gt]rA.tlr oo both ho6t tissuc6 and ootr liriDg
surfac'ts like healdtuc qtuipuijut [ ].

The Bajor product of drcfrr systenr GelE, is itr!-oh-ed itr th€ break-
down of proteias, which aids in iavadiag ti*sue atrd bfectioD. Whet€as
the biofiIm dispersal process it Eftetaetui i$ not eDtirely colrpre.
heoded, pha8e-assisted dispe$af has beeo observed iD P dtruginoso

tt.
Recetrt Erearch har hi8hli8trled me capablltty of phaSe-atrdblotic

cpDrbined actioo to break bio6.lD6. E ,orcolit teDotrre c!trtaiDs
roughly 7 prophat€., a[d AI-2 siFaliry catr actilate prophate €f,pree
sioD, r€s ting in self<lesmrction. This forms voids iD the biofih\ which
aidr itr Sle dissemiDatiotr of trotr-itrfect€d c€lls; however, the exact trre
lecular pathways teoraio unknown [ 1.

PhaSe the.apy has errerted as a prcmisitrg approach. The phage

EFDG!, isolated ftolr sewase, elfectively ta4ets bio6iars formed by
dinical strains of Eruarococfln, indudiag !'atrcoDrycitr-resista.ot siains
t 1. Phage th€r'apy denoostrated effic{cy io both In vi"D atrd m vi},o

infectioa models. Horvever, Dore Ese.rth is rceded to iDrestiSate the
differeatial tetre erprelsion in dispersed celb froDr 8nt6o.occr6 bic
frlms, as has beeo st{died itr oth€r bacterial species [ ', ], several drqs,
oaarely synerazol, pheoalioolactoaB A-D, and BU-zl664L!vIe, have beea
formd to be prodpective AgrA and Fsr QS iohibitorE. Mor@1'er, ace.

tylglicylic acid and trifluoperaziae were iavestigated for tkit associa-

tioo with sE& showirt sigtriEcatrt amirro acid r€6idue6 ard botrdJ at dte
site of actiotr. The re{lts hdicate that the deteroined conrpoMds cor d

elficietrtly suppress QS, providitrS viable techdque. to ledrc.e the
infectiousne$. of the E foecolir bacterirm [ , ].

8. conclusion and future Perspectives

E lcecalis is a powerfirl invasive pathogen due to its adaptabiliq ir
protecti-nt bioilms, erF63ing lirulent factors, and developing iuraru-
Dity to nlmrercus antibiotic dasseq iDduditrt VRE. The Qs processes,

ecpecially the Fsr atrd LurS syst€nrs, ar€ ctitical itr cotrtrollitr8 the
exprcssioa of t€oea iovolved in biofilar fomutioa aad pathogeoicity,
srch as GelE and SprB, These Qs-re$rlated nrechanisms are lital to
E fdeadli. pathqgeoesis because they allow the bacteda to establidl
colodes, suflivg atrd hirder host iorDrmological responses aod anti-
oricrobial tre2hreots, particularty to hea.lthcare equipErest aod
woraded tis8re6. Prospective therapeutic techaiquea oddressitrt
E, faecolis QS ryrteu.6 offer a poteDtifll reglacemeot to cotri'€otional
aotibiotics, pa-rticulady giveo biohltts' ilcreas€d capacity to rcsist
comnron antimicrobial drugs- Innovations in QS inh;bttors, includiDt
TC, plaEt-bared Dredicitre\ and biofabricated NPs, ha!€ the potertial to
reduce biofilar growth aad pathosetricjg t I.

When used with Eaditional a.Dtibiotic., these tec-haiques may
imprcve treatstretrt succe6s by dis.uptiDt biofrlm stability atrd reducitrS

bact€rial resistatrc€ proce$es. Furthenuore, ghage thcapy and arodi-
6ed bscteiophate-souced eozyqre6 s[ited to destoyiDt the biofrlor
extracellular natrix pro\ide a.D ddditioral stmtegy for addressitrt
E ldecdlir biofib$. Fur thc ird\ratctueut of {rulti-tnr8et, combilatorial
Dediches, further ia\.eftigrtiorN should tartet utrderctaadinS the ole
lecular Foc€sses drivitrt Qs-re$rlated biofilm ptEpagation, sbess coo-

trol, atrd antibiotic r€sista.8c€. C@otuic ard proteoDric itrvestiSatiooa

Dr.
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Elay ntrcover i rolati\,e targets within QS trredlalisnu that can be used
to liEit *!e establr-stime.t aBd diss€rtratioo of E. foecol* biofrbr.s.

Expaadiog their knowledge of these reSulatory tretworks cao help
researchers design nore accruate artiviruleoce aItd aDtibiofilnr them-
pies, r€sultitrg in better healthcare admhistratiotr and lowering the
incideoce of E /aecaltu-related iUresses in hospital 6eniq66.
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