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Abst act
Biolilns play a crucial rolc in plysistcnt inlcctions and antihir)tic rcsistancc owing to thcir structural complcxity and protcctivc
maEices. This review tbcuses on current antihiotilm techniques to a\.oiil or inhihit micrcbial colonisation. Key approaches
involve the employing of antimicrobial peptides, quorum sensing inhibitors, quorum quenching agenrs. matrix degrading
enzymes, nanoparticles- and bacteriophages. These techniques inhibit biotilm tirrmation, increase antimicrobial peneration,
and impcr.lc biolilnt intcArity. Thc lircus is r)n P.rcrdornonus aeruginosu rnd Stuphylococcus aareas, two clinically relevant
biotilm-fi[ming bacteria. Quorum quenching, which interrupts microbial communication networks, has emerged as a viable
tcchniquc lirr inhibiting pathogcncsis and biolilm growth. Elli,rts havc bccn madc to idcntily rarious eumpounds uscd lbr
inttibitng quorum Sensing. Various plant extracts and enzymes have been proven to all-ect quorum sensing prolbundly.
Anothcr str.rtcgy is to inhihit thc gcncs rcsponsiblc lirr biolilm li)rmation. Ccrtain gcncs can trc uprcgulatcd 0r dou nrcgulatcd

to prevent bi0film lormation, or component production can be minimised. A mdtidisciplinary stategy that incorporates these

tactics can givc cllcctivc approachcs lbr trcating biolilm-rclatcd illncsscs rn hcalthcare and inr.lustrial scttings.

lntroduction eliminate hazardous metabolic wastes [2]. The EPS matrix
performs both physical and biochemical activities, actirg
as a barrier that prevents antibiotic penetration and pmtects
mrr;robial cclls lrom imnlunc systcm clcarancc. Thc biolilm
framework includes microenvironrrents and nutrition routes,
which pn)nrotc nicruhial divcrsity anrl rcsilicncc. Biolilnl
formation nornrally occurs io stages: initial reversible adher

ence of planktonic cells, irrevocable attachment helped by
EPS production, maturation into organised communities,
and cellular dispersion to colonise new surfaces [3].

Biolilms have signiticant srgnilicance in !^linical settings
as they are linked ro nearly 80% of nosocomial (hospital-

acquired) infections, of which S. aarers is the most notori-
ous on the list, particularly those caused by indwelling medi-
cal equipment [4. 51. The ESI(APE bacteria, which include
Enteroutccus fbcciunt, Staph;locot t'us aureus, Klehsie lla
pneumoniue, Acinetobecter bautiqnttii, Pseudotnnuti aer
rrginosa, atad Enterobater species, constitute some of the
most challenging biolilm-tb.rming pathogens. These organ-
isnrs arc wcll-knou,n li)r thcir capaci(y to "cseapc" thc cllccts
of standard antibiotics and host immunological responses.

Thcir abilily to build pcrsistcnt hiolilms conaitlutcs grcatly

to nrultidrug resistance and pathogenicity, posing consider-
able hurdles in infection control [6]. Recognising and reat-
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is crucial lbr developing ellective

A widespread misperception is that bacteria are mostly
lountl as isola[cd, licc-lloating (planktonic) cclls. Whcrcas,

bacteria tend to live a sessile lifesryle, aggregating on both
biotic and abiotic surlaces, which include medical implants,
contact lenses, and industrial pipelines. These surlace-asso-

ciatcd microbial populal.ions cbtablish hirrlilms, which arc

conrplex multicelluliu aggregates encased inside a self-pro-
duced extracellular polymeric substance (EPS) matrix. I I l.
Biotilms are made up of dilierenl bacterial and fungal com-
muoities that ttfive in a variety of environments, from sub-

merged surlaces to floating mats on liq[id interfaces. This
communal lilcstylc cnablgs critical survival activitics, such

as increased resilience to external stressors and the ability to
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antibiolilm medicines and infection control techruques [7].
Although hiotihns ha|e heen known tirr over six decades,
their architecrural and functional complexity is only now
beginning to be entirely understood [81. Particularly, ios-
silised biotilms dating hack 3.5-billion yeus iodicate that
biolilnr developnent is an ancient and evolution-conserved
surviving strategy [91. Biotilm shuclure cleates a delbnsive

environment that allows bacteria to tolerate a variety o1

environmental challenges, such as antimicrobial exposure,

nutrition constraints, and UV radiation [0]. This review
aims to provide a thorough undeniranding of how micro-
bialhiotilnrs originate, tunction, and give rise k) intecti(ms,
particularly those produced by S aureus and P. auuginosa.
It also investigates dillerent currenl and neu' ways of pre-
venting or hrealiing down bi(,lilms, including the applicadon

of plant-based chemicals, enzymes, and tactics that disrupt
bacterial interactions and gene expression. The purpose is to
hiBhlight etiective techniques tbr contlrlling hiofi hn-relatcd

illnesses in medical and industrial settings.

Architectural organisation of biofi lms

Biohlnrs are the aggregation of hacleria ror)tcd in ao exra-
cellular matrix of exopolysaccharides or extracellular poly-

meric substances (EPSs), proteins, glycolipids, and some

micro molecules [ike extacellular DNA. They can be tbund
on both biotic and abiotic surfaces. They are complex and

3-dimensional structures. It can be delined as a microbi-
ally derived sessile community that exhibits a transformed
phenotype tbr growth I t I ]. Even though biohlms arise liom

a srngle cell, dillerent environmental conditions !:an poten-

tiate the development of distinct subpopulations. Oxygen.
nutrients, clcctron acceptors, etc., can cause diverse gene

expression in a hiolilnr, The result of these characteristics
Ieads to maj0r problems in industries like tliotilm lbrmxtion
by multi-species, which teads to high costs and the medical
field, lilie the spread ofinlec(ions. sepsis shock, and the risk
of removal of surgical implants l3l. Beyond environmental
impact, hiohlms also play a critical role ia meclical con-
texts. Figure I illustrates the step\.,, ise tirrmati()n {rf hiofilms,
staning with the reversible adherence of planktonic bacte
rial cells to a surthce. The staltes r)f hiofilm growth include
the initial adhesion of planktonic bacteria and progressing

to nricrocolony developnrent. matumtion into a structured
community, and eveutual dispersion. Understanding these

stages is crucial for determining the intervention phases of
biolilm lbrmati()n. Analysing the EPS coating, it was found
to behave technically as hydrogels exhibiting viscoelastic
hehaviour, which allows the biohlrns to withstand mechani-

cal sress. The bacteria will use nutrieots and water trapped
in the matrLr of EPS. ,{nother important biolitm tunction is

QS (ce[[-cell communication) and horizontal gene transter
of genetic naterial u2l.

Biochemical and structural components
of biofilms

Biofilms are mainly composed of exopolysaccharides, extla
cellular pnleins, and eDNA. These exopolysaccharides may

be synthesised either inuacellularly or extracellularly and
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later will be secreted to the outside in the form of linear or
branched long strands forming large networks. They serve

as the framework for other biomotecules for adherence [31.
EPS are critical components in the formation and matura-
tion of bacterial biolilms and play various structural ald
functional roles within biolilms- Bacteria retease these high-
molecular-weight polysaccharides and play a crucial role
in the adhesion of cells to both biotic and abiotic surfaces,

thereby promoting the irreversible connexion required for
biofilm lbrmation. EPS generates a cohesive and protective

extracellular matrix that helps the bioliln maintain its struc-
tural integrity, allowing complex, multilayered communi-
ties of microbes to develop [4]. This matrix also serves as

a physical barrier, protecting the embedded bacteria from
environmenhl pressuresr such as antimicrobial chemicals.
immunological reactions, and mechanical shear forces.

Furthermore, EPS play an important role in nutrient
retention and ditbsion, which promotes baclerial longev-
ity and netabolic activity irside the biohtm. In addition,
they strengtheo iutercellular communication through QS
and horizontal gene transfer, both of which are necessary

for biolilm matura(ion and the emergence of antimicrobial
resistance. Because of their multifaceted activities, EPS

are regarded as essential lactols tbr bioilm resilience and

potential targets lbr anti-biolilm treannent methods I l5].
Dillerent exopolysaccharides have difterent components
and structural properties. Glucose, galactose, and man-
nose are the most abundant saccharides in the EPS matrix.
followed by galacturonic acid, fucose, and arabinose [6].

Exopolysaccharides are not specihc liu hiolilms atrd tend

to increase due to stress. such as alginate synthesis in P
eeruBinos.t, which is conrposed of d-mannuronic acid resi-
dues interspersed with l-guluronic acid residues. Another
example is colonic acid (M antigen) it Escherichia coli.
which is a repeated unit of l-fucose. d galactose, d-glucu-
ronate, and d-glucose. and decks with O-acetyl and pyru-
vate side chains I l7l.

Staphylococcus contains PIA or polysacchar ide inter-
cellular adhesin, composed of poly N-acetyl glucosamine,
a linear polymer consisting of l}-l,6-linked €rlucosamine
residues. The exopolysaccharide in Bacillus subtilis is poly

D-glutamate, which also depends on the strain and cordi-
tions. Figure 2 depicts the structural components of the
mature biolihrs. The essential structural comporrerrts of
a biofilm, particularly EPS, proYide mechadcal stability,
antibiotic resistance, and immunological responses. Extra-
cellular proteins are an important component of biohlms.
Some of these were attached to the cell surface. At the
same time, others may be connected to polysaccharides

to aid in biofiln lbmration and stabilisatiotr, lbr exan)ple,
glucan binding proteins (Cbps) [ l8]. S. ,tx u/an.r bioiilms
play a[ importar)t role in maintaininEr the biofilm archi-
tecture. Another example is amyloids, which ar.e librous
proteins produced by Pseudomonas spp. that lead to cell
aggegation and increasetl biolilm lbrma(ion. An impor-
taot example of extracellular proteils is the BaP-biolilm-
associated protein fanrily. which includes proteins from
S. aureus and Esp proteins front Enterococcas faecolis,
whrch are involyed in biofilm tbrmation ard infectiDn I l9l.
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Bioti lnr-ti)rminEr microbcs participalc in thc production
and degradation of organic matter and the bioremediation
of rccalcitrants. Biotilm-s arc involvcd in scwagc Iurifica-
tion. Biofilms are important for the treatment and nitri-
hcation of pctr{r lcum-contami natcd groundwatcr [201.
Biolilms in rhizospheric soil help increase soil tbrtility
and promote plant growth [21]. Another study showed that
polymer degradat.ion was efficiently promoted by mlcro-
hial biolilms in thc polymcr, and a higher titncss was
achieved in terms of reproductive competency. Biolilms
are important for sulphur cycling in acid mine drainages

[22]. EPS is an important component that helps detoxify
heavy metals by precipirating after transformation under
the extracellular activities of enzymes. The microbes pre-

scnt in thc hiotilm havc highcr mclah{)lic divcrsiry in rcrnrs
of their function [231. This is the reason for phenotypic
plasticity and enhanced merabolic diversity in improving
polymer degradation. Marine snow, an unusual structur€,
c{)ntains a biolilm of organic and inorganic matcrials capa-

ble of traursforming particulate orgaoic ca|bon into rnix'ine
ecosystems [24].

In arldition to theil bereficial ellects, biofilms have

unadorncd pathogcnic cllccts. Thcsc bactcrial communi-
ties olien exhitrit antibiotic resistance, virulence factor
production, and slower growth rates [25]. Biotilms play
an important role in the evolution of virulent and antihi
otic-resistant strains by allowing horizontal gene transfer
between the micmbial communities. This genetic exchange
promotes the spread of resistance amongst species. In
addition, the EPS matrir generated by biolilms acts as a

physical barrier, limiting antibiotic penetration and pro-
tecting embedded bacteria from the host immune response.

These elements work together to increase the persistence

and durability against biofilm-associated infections. Bio-
tilms also rcsist substanccs othcr than antihiotics such as

amoebae, bacteriophages, and biocides.. Another mani-
tcstation of hiotilm that harns thc body is thc sccrcti()n
of cytokines, which may cause wounds to the suflounding
tissucs rathcr than dcstroy thc biotilm [26].

Some biolilms may be bilayers, whilst others may be mon-
olayers based on the interactiol between cells, and it is
observed that in monolayers, the interaction between the
cells is low compared to the interaction between the cell

and the surface. For monolayer attachment, the main adhe-
sive structure observed is the flagellum or pilirs, which
helps ircrease attachment aDd accelerate biofilm fbrma-
tion. The other category is adhesin synthesis and synchro-
nised transitiort to aid permanent attachment. Microbes
develop mulrilayers when they adhere to each olher and
the surface; in addition, repulsion is observed depending
on the surtace characteristics [27]. For example, the cell
wall properties of Gram-negative bacteria are determited
by the negative charge of the O-antigen. Thus, a multi-
layered biohlm is possible ody if the repulsive lbrce is
neutralised. To neutralise the repulsive force. O antigen
synthesising genes rlust be silenced, downregulated or
murated [281.

Mechanisms of biofilm formation

Biolilms ha!-e hoth positive and negative el1'ects on human

hcalth. A possiblc positivc impact is that of S. epid€rntidis,
which obstructs the colonisation of other pathogenic bacteria

by stimulating host cell immune det'ences and preventing

adhesion. However, biolilms are also associated with both
plant and human diseases [32]. An example is cystic librosis
of CF caused by P. aerltginosa. After entering the lungs,
this organi
pathogen t
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Bioflm dynamics: advantages and adverse
impacts

Structural and ecological classifi cation
of biofilms

Cells that attach to the surlaces begin their cell drvision.
forming microcolonies that produce extracellular polymers
or EPS, which provide structure to the biotilm, which is
highty hydrated and later forms water channels that allow the
transport of nutrients and oxygen to the cellr [29]. Biolilms
progrcss via a livc-stagc proecss: (i.) nrigration ol plank-
tonic cells and adherence to a surface. These cells will stan
biolilnt pnrduction slowlv, providcd thc conditions arc apt;
(ii) cetl aggregation and matrix formation ta.ke place soon

alicr thc li)rmation oI EPS and altach to thc surlacc lirn'rlyi
(iii) development of microcoionies by the maturation of
hir)lilms and laycr lirrn]ation lakcs placc: (ir ) a 3-D com-
mur t-y is tbrmed after the biofi1m reaches a milximum cell
density: and v) once maturation is attained, microcolonies
are release.d which migrate to other surfaces and spread to
othcr placcs [301. Orlranisms associatcd u ith bioiilm s grow
slowly because the cells have limited amounts of nutrients
and oxygen. Certain cells detach either due to cell growth
or division, and these cells then cause a systemic infection,
relirmt on various lacto$, including the host response [31].

lmpact of biofilm formation on host
infection dynamics
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is caused by the overproduction of alginate, which forms a

biolilm rhat can resist phagocytosis and antibiotics.
As a result. a distinct antibody response was developed,

which stimulated granulocyte-medialed chronic hflamma-
tion, leading to severe damage to the lung tissues, as illus-
trated ln Fig. l. Flgure 3 shows the physiological distinc-
tions between a healthy lung and one infected with bacteria

[33]. Biotilms play an important role in the persis(ence of
chronic lung infections, because they prole!'t bacteria ffilm
both drugs and the host immune system. They are trequendy

linked to respiratory disorders such as cystic fibrosis, chro,ric
obsructive pulmonary disease (COPD), and bronchiectasis

f341. Biulilm tbrmatiofl causes excess mucus ploductiol,
airway obstruction, and decrea.sed clearance of the muco-
ciliary system, all of which lead to respiratory dysfunction.
The presetrce of biolilms also causes ongoing inllammation,
which carses epithelial tissue damage and a gradual reduc-

tion in lung functionality. This disturbance to normal gas

exchange worsens respiratory symptoms and increases the

risk ol consequences. To enhance clinical results, etective
trealne[t regin]ens must target and eradicate biofilms []-51.

Antibiotic resistance mechanisms in biofilms

Resistance to antibiotics and the host immune system arc

inlportant bactelial characteristics. Biofilms are approxi-
nately 10,(D0 times nrore resistant to antibiotics than their
counterparts. However. the cause ol antibiotic resislance

has not yet been completely studied. This may be because
of the activity of multiple factors that aid io the protection
of biolikns. The possible mechanisms of antibiotis resist-
ance may be due to any or all ofthese factors [361. Limited
penetration of antibiotics, horizontal gene transfer, pro-
tection of the EPS matrix. reduced growth rate. persister

cells, efllur pumps, and reduced growth rate. The limited
penetration of antibiotics may be due to the strong resist-
ance of the EPS matrix, which contains charged polysac-
charides and eDNA that prevents the entry of antibiotics.
Studies have shown that the penetration of ampicillin is
Iower tha[ cipr0floxacin [37].

Biotilms produced by S. aurer.o exhibiL plasnritl-borne
antibiotic resistance genes by conjugation/mobilisation.
Plasmids bearing antibiotic-resistant genes can be easily
transferred via horizontal gene transfer at higher ransfer
frequencies. Aggregated biohlm cells are protected physi-
calty by EPS. such as alginate of P cerrlginosc biolilms,
which protecls them from the attack of human leukocytes.
There is a certain subpopuladon of cells known as per-

sister cells whose growth rate is zero. These cells are later
converted to virulent cells because the persisting antibiof
ics ooly target cell division or growth [38]. Effiux pumps
help to pump out toxins, antibiotics. etc.. whilst some

pump gcncs arc uprcgulatcd, contributing to antibiotic
resistance. Certain antibiotics target only dividing cells,
but since oxygen availability and nutrients are lower, the
metabolic growth and division rate are very slow, thus
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becoming antibiotic-resistant. A good example is the sen-

sirivity ofE- cali {o $Jactam drugs [39].

Biofilm production by S. aureus

S. aureus is a Glam-positive. ubiquitous, opportudstic
pathogen considered the most common agent of skin and

soft tissue infections and can be found in the nasopharynx,
skin, eye, intestine, and urogenital tfact as normal flora, It
can crack skin barriers th-rough the wound or surgical inci-
sion, causing infection. When infections caused by S. arrrzas

become cluonic, it will result iu biolilm lbrmation o€culs.
S. aureus at fust adheres to a solid substrate. after which a
cell-+ell adhesion occuni further, resulting in the multiplica-
rion of the bacteria to tbrm a multi-layered biofiln encased

in EPS. Numerous surface pmteins are involved in the hio-
Iilrn lbrmation process, together with biofilm-associaterl
proteins, S. ourcrs surthce lrolein G, Iibronectin-hilldinsr
proteins, and staphylococcal protein A [401.

S. aareus has been the major organism lbrmilg biofilms
in the food industry, especially in the dairy process, and they

are resistant to sanitizers. It is also the most frequent bio-
tilln tbrmer since lhey are commensals on human skin and

mucosa, and thus arc an importa rcscrvoir of disscmination

to other sites of the body. In addition, Methicillin-Resistant
S. aureus (lvIRSA) suains folm hiolilms that requir irten-
sive treatment and medical device replacement. The struc-

tual components of EPS in blohtms depend on the type ot
microorganism present, and variation can be observed even

amonsst the same species. Dilleretrt biotlms produce dif-
ferent quantities of EPS [41].

Role of quorum sensing in biofilm formation
ln S. aureus

Biofilms can control their population hy syncbronising gene

expression and Quorum sensing (QS). Quorum Sensing is

the ability of an organism to perceive and respond to cell
density by secreting specialised signal molecules called
autoinducers that are specific to each species. Almost all
bacteria, including S. curezs,' speak of using chemicals for
words. When the cell density was low, the concentration

of autoinducers was very low; as the density increased, the

conccntmtion also incrcascd. A critical thrcshold fbr auto

inducers is reached at a specilic cell density, leading to the

activation or repression of target genes. This variation helps

bacteria i[ a combined response, benelittinS the entire com-
munity by maintaining the biofilm size [42, 43]. The mol-
ecule responsible for QS in S. aureus is a peptide derived
ftonr the agr D gene, which regulateri ranscriptiofl and cfiles
proteases involved in biolilm dispersal. S. nrreas has two

QS systefls: (i) The presence of 'd8l"- an accessory gene
regulator capable ofcontrolling the cxpression oftoxins and

virulence factors and (ii) the presence of the /arS gene that
induces cell division in the initial stages of infection [44].
Figurc 4 shows the QS mechanisn of QS in bacterial inter-
mtions. The QS mechanism is a bacterial communication
system controlled by autoinducers lhat coordinate collec-
tive activities. such as pathogenicrty and biolilm mamra-
tion. Quorum quenching disrupts this signalling pathway
and off'ers a yiable therapeutic strategy.

Research has proved that the Agr system-induced pep-

tides (AIP) sense population and. thus QS system can be
triggeretl by the depletion of glucose and the atldition of
AIP This system has t\ryo promoters: P2, which codes for
the autoinducing ligand AIP, and P3. which codes fbr RNA
Itr- In the bionlm forma(ion process, rhe Aer- QS sysrem is
repressed so that lhe expression of .5. arrcsr colonisation
factors is halted, and lurther activated during dispersion.
Agr QS is necessary lbr communicating inside a mature hio-
tilm ro establish 3D, which requhes PSMs- phenol-soluble

modules [.151.

Polysaccharidc intcrccllular antigcn or PIA is produccd from
UDP- N- acetylgtucosamine through intercellular adhesion
(ica) locus invitro icaR and icaADBC, the two products of
the ica locus are essential lor biofilm lirrmation. SrrAB, a

staphylococcal respiratory response regulator, induces PIA
in anaerobic environments. Various environmental factors,
such as temperalure, ethanol, and glucose, also control Ica.

Strong negative regulation was provided by icalt by binding
ica [46]. Biofilms can be der€loped in aD ica-irdependent
manner. However, biotilm formation was unaft'ected, even

wher, th( ica ADBC operon was deleted. Research has shown

that biofllm tbnnation in MRSA strains is unali'ected e\en if
the ica locus is deleted. FlBP-librolectin-bindiflg pruteins

were also tbund to mediate the lbrmation ofbiotilrns by the

regulation oi Atl-autolysin alld sigB. Bap biofil$-associated
proteins hetp develop biolilms independently without PIA
production under cell-<ell aggregation [47]. Autolysin is an

enzyme capable of hydrolysing Staphylococcus cells and

phage genes when there is a shift from lysogenic to lytic and

is gtobally regulated [481.

Approaches for inhibiting microbial biofilm
development

Snrdies exploring the physiology of biofitms are important,

al1d the search for new approaches to control biolilms is

ent-rrnrously challelging. Healthcare-associated inlections
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is susceptible to nearly all antibiotics. Unfortunately. it has

the exclusive abiliry to develop antibiotic resistance, espe-

cially beta-lactams such as methicillin, and transmission
of antibiotic resistance gems Dakes this organism dillicult
to treat. The discovery of new drugs for the treatment of
S. aureus infections is of prime importance. One of the
reasr)ns ti)r the (lifiicnlty in predicring and lreating infec-
tions is the ability to form biofilms, which cortdbutes to
therapeutic failure [49]. Biolilms are a clinical challenge
because of their antimicrobial resistance and the persis-
tence of these organisms in inaccessible sites. Owing to
this great antimicrobial resistance. the development of
novcl altemativer is recessary. Developing ellbctive tools
to eradicate biohlms wrL[ provide insights into improving
the treatment of biofilo{elated intbtjtions and slowing the

spread of antibiotic resistance. Some strategies that can

be adopted to prevent biotilms are preventing antiadhe-
sivc or anti-communication molcculcs, wcakcning or dis
rupting biolilms, and killing them [50]. Figure 5 outlines
the various approaches employed to eliminate or disrupt
the biotilm developnent. Antibiofilm techniqoes include
enzymatic EPS breakdown and the use of antimicrobial
peptides, nanoparticles, bacteriophages, and QS inhibitors,
all ol which target dill'erenr aspecrs of biolilm integriry
and resistance.

Inhibition or prevention is considered to be the best

appruach tbr combating btrhlm lbrmation- This technique
can be used as a prophylactic mode during implantation to
prevent bacterial adhesion, which should be develope.rl dur-

ing nanufacturing. Bacterial adhesion can be prevented by

targetiog the molecules responsible for the initial attachment.
Another inhibition technique may he enzymes that degrade

biolilln matrix components, like DNase. If the prerention of
biolilrn misses the ma*, olher approac'hes lilie wea-kening,

i.e. avoiding biofitrn, can b€ chosen. VirBlence-causin8 lactors

or communication nrolecules can be targeted [51]. Another
example ir the inhibition of microdomains using zarapozic

acitl [521. Triggering the disruption is another important str.rt-

egy tbr biotitm disruptiul. Molecules such as cis-2- decenoic

acid, D Darnino acids havc bcen sho$n to disperse biohlms
produced by S. 4rtrar.r. The last approach is to eliminate the

biolilms. AMPS or animal antimicrobial peptides have been

shown to havc alti-inflarnmator) cfi-ccts, a d thus dcsEoy

bacteria at low concentrations. These substances can tunction
synergistically [531.
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Antibiofilm strategies
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Fig.s Apptooches Jor biafiltlt ditraption.'t\e Iiglrrc sunlmar,es
various antibiofiIm strategies, qludfug enzymatic degradarioD of rhe

EPS matrix. use of antimicrobial peptides, quorum sensing inhibiton,

naDoparhclcs. and bactcriophaBes. These approaches targer diliircu
stages of biofilm developnreot aDd rntclrtty to eohance treamrefl( efii-
cacy agafust biofilm-associated iillclions

Phytorhemical approaches to combatS. auteus
Biofilm formation

A substance can act by diverse mechanisms, such as interfer,
iug with the kev enzymes that help lbrm biolilms. enzymes
that target the malrix, and the biosynthesis of proteins
tnportant t'or thrmilg hiolilnN and their maturation. Another
challenge is that the traditional antibiotics developed to
kilt plankto c bacteria do orrt signifuanrly allect biotiln-
encased bacteria because they are sessile [54]. Therefore,
it is important to develop alternative lreatment \rategies.
Mediciual plants are considered one ofthe principal sources

ot bioacti!'c molccolcs that can prcvcnt biolilm tbnnation.
The World Heatth Organization (WHO) also distinguishes

plants as the backbone of primary health for over half of the
world. Bioactive plant-based products can benelit health
when included as feed and food components [551. Several
plant extracts have been found to synthesise biomole,cules
such as phenolic compounds. with great antimicmbial and

antioxidant et'ects. Myrrenol, a phymconstituent ol Mlrrrrs

communisL. (Myrtaceae) esse[tial oil is used in tblk medi-
cine [56]. Myrtenol has been identitied as a potential anti-
hiofiln agent that acts at suboptimal conceotr atiotrs. PilrcI
regnellii (Miq.), an herbaceous plfit tbund in tropieal and
subtropical arcas, is crucial tbr reducing biofilm tbrmation.
Leaves, roots, and infusions are used to treat wounds and
skin irritatiol. I-eal extracts l)fP rcgnc1lii have been proven

to have good antibacterial activity against S. atreus, and
neolignrur eupomatenoid-5 is ellectiye against methiciltin-
resistant S. aureus Eucaltptus glohulus, rnrJ Juglans regiu
was ellicient agairst all S. ariza,r strains tested.

Stndies have shown that h€xane extracts of Salyinia
quriculats Aubl and H,t r/rr.rc/r,r's n-''mpltoides xrd cthanol
extract of Buchenax could inhibit biotiln lbrmation hy 5.

aarcrs by approximately 5()% [551. Researcheis have shown

that the inhibitory effect of elhanolic extracts of Senna mac-
ranthera, Baccharis dracunculifolia, and dichloromethane
extract of Artemisia absinthium was 80% [571. Polyphenols
that are et-ecti irst bacterial int-ectio[s calr inhibit
hiotilnr nal of hiolilms that haYe alrea
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formed. Sr';.rgiull ,gerrardii and essential oil tiom Sr;rlgiarrr

arontctticunt s\owed g0od activity against biofilm lbrmation
by S. arreus. In addition, S. gerardii cal be used to derelop
anti-staphylococcal products that can be used as sanitisers

to clean surfaces 151)- Krumeria, Aesa us hippcastururm
extracls and Chelidonium majus yrelded tbur compounds

that inhibiled biolilm tbrmatiotr i S. aHre s Vaccinium
mot ro.'urpon- Amefl cilD cranberry extracts contain active
constituent proanlhocyanins (PAC) that were reported to
inhibit the growth and biotitm production of Cram-posilive
bacteria, including Staphylococcus sp f58).

Reseiuchers have shown that tatrnic acid inhibits hinfilm
lormation by 5. nareas- without inhibiting bacterial growth
in multiple biolilm models [59]. Tea trce oil extracted from
thetea ljee Melaleuca alternifolia can eradicate bbfihu tbr-
mation in S. aureus, including MRSA variants, by causing

dnmage to the extracellular matrix (ECM). which in turn
removes biofilm tiom a Judace, and is also thoughr to dis-
rupt the tactors promoting adherence of the hiolilm k) the

substratum [601. Cinnamaldehyde, found in cinnamon, has

pro!'en to be emcient in preve[tin[r bioElm tbrmation irr a

dose-dependent manner. Derivatives from Rubu s ulmiJol iu s.

such as ellaSic acid, si8trifica[tly lirnit film tirrmation and

enhance susceptibility to aotitriotics, such as oxacillin and

daptomycin [6] l.

Enzymatic disruplion ol Staphylococcus oureus
biofilms

Biolilm lbrmation can also be controlled by preventing EPS

matrix secretion by bacteria or by treating the established

biolilm with other pniducts, such as enrymes [621. Enzymes

8re triological catalysts, mainly proteins. that accelerate bio-
chemical reactions without being consumed or altered or
will increase the rate ofreaction without changing the chem-

ical equilibrium of the reactants and products. All e8zymatic

lu[ctions depend on diff-erent environmental tactors, such

as the activity or specilicity of the enzymes [63]. Cram-
posidve bacteria contain cyroplasm, cytoplasmic membrane,

and cell wall. whereas Gram-negative bacteria contain an

outer membrane also in addition to this. Cell walls contain

a peptidoglycdn layer, with a specilic ch acteristic of alter-
nating L and D amino acids, playing an important role in
protecting the cell from osmotic disruption [64].

Cram-negative bacteria possess an additional feature

of thc prcscncc of a laycr of lipoprotcin that is covalcntly
bound to the peptidogtycan layer. This layel is the major
barrier that prevents the entry of bile salts rnd aids in
protection against digestive enzymes. The EPS provides

additional safety by acting as a barrier. The heterogene-

ous nature of EPS indicates the need for a heterogeneous

ctrnrbirration of enzynres [651. Researchers have alreltly
proven the activity of errzynle mixtures for the degmdation

of EPS. The matrix of a biofilm is composed mainly of
PIA or polysaccharide intercellular adhesin, which is
also known as PNAC or poly-N-acetyl-D-glucosamine,
eDNA, and extracellular proteins, and can be degraded by
the required concentration of polysaccharide hydrolase,
proteolytic hydrolase. or DNase [661.

Polysaccharides hydrolyse polysaccharides into mono-
or oligosacchalides by targeting a-|, +, lJ-|,4-, ot lJ-|,3-
glycosidic linlages. Dispersion B, another polysaccharide
hydrolyzer. can hydrolyse PNAC. an imporlant component
of dre biotitm matrix. The peptide bonds of proteins, itrclud-
ing EPS and the cell wall, can be cleaved with the help of
lysustaphin. Finally, DNase can denal.urc eDNA and prevertt

conjugation and horizontal gene transfer by the bacteria.
Adhesions can also be prevented [671.

Enzynres play an important role in EPS degradation in
hiolilms. Applving enzymes lilr the degradation of EPS is

an ellective oprion lbr industries requiring complete biolilm
removat [68]. EPS has a fillerent array (rf macromolecules,
and because the enzymadc lunctions are dill'erenl, combin-
ing enzymes with assoned subsuates or other physicochemi-

cal treatment methods is essential for the complete removal

0f EPS. Allother strategy tbr eliminating biofilns includes
excluding QS molecules by QQ or quenching the Quorum
Scnsing systcm, thcrcby rcducing pathogcnic cxprcssion

[691. Various techniques inhibit the QS mechanism, prevent

signal synthesis and degradation of QS molecules, and do
not prevent the receptors or the cascade of signa.l fansduc-
tion from binding to QS molecules. These lactors highlight
the importance of the QQ enzymes, c-Amylase is an impor-

ta[t potent biofiln rnhrbit0r rnvolved in the hydrolysis of
<r- 1,4 gtycosidic linkage. The marine bacterium Bacil/ur
t erels produces amylase in the presence ofa 96.1% calcium
chloride enzyme capable of inhibiting S. aureus l7O).

This enzyme also disrupts the EPS ol mature biolilms.
B. subtilis can also inhibit and reduce biofilm tbrmation
by 90% and disrupt the EPS nratrix by 82% ia a tempera-

ture range of 3?-60t [69]. Ano&er marine bacterium, 8.

.srDrilr.r Stt- 18, produces exracellular a-amylase, which
exhibits nolable activity against MRSA hiolilm formation
(approximately 73.0796). Other Bacillus spp., such as.Bacil-
I us am;'loliquefociens. Bacillus lichenilormis. ar.d Becil lus

ste qrotlrcrmophilus, produce amyl;rse enzymes at high tem-

peratures. Studies have shown that the amylase enzyme also

shows excellent activity against S. aareas of marine origin.
Protcins arc anothcr imponant factor in an EPS matrix [71].
The brolilm of 5. aareal contains an enormous amount of
surface associated and extracellular protei[s. Of dl the pro-

teins, adhesion iritiatiotr and biotilm lbrmation were pro-
moted hy BaP biolilm-associated surface proteins. Biolilm
formation can be controlled by breaking the protein barrier
by ein enzyrtres, also Lnown as proteolytic
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This lfoup ofenzymes hydrolyres the peptide tlonds that
connect to amino acids. An innovative sulfhydryl plant pro-
tease, ficiu, has beel effcaciously used to prcvent S. axrcu.t

biofilms. Proteases are hydrolytic products of bacterial
rnerabolism that allect host cell proteins, thereby licilitat-
ing bacterial invasion and growth l'i 31. Subtilisin is abroad-
spectrum serine protease obtained from many .Bacil}rs .l2.

strains that breaks the peptide bonds in the protein structure.

Biolilms attach to suriaces through protei[aceous adbesins.
Subtilisin breaks adhesin, resulting in the separation and

dispersiol of hiotilms. Researchers have shown that immo-
bilised enzymes possess greater competetrcy against bi()lilms

l7 41.

Earlier studies have also shown that the entrapment of
subtilisin in ceramics reduced the bioliln co[tent of S.

aureus, S. \,plimurium, etc. Under opdmised conditions.
immohilised subtilisin reduced hiotilm formation by 3-<l
times in several bacleria, and the highest of eightfold was

forrnd in S. aureus 1751. Metall{)protease, specitically ser-

ratiopeptidase (Spep), produced by Serratia nturcescens,

inhibired the adhesion and invasion of dill'erent species ol
Stapltylococcus. Spep eliminated S. aarzus more ell'ectively
than the other proteases. Another metalloprotease, Serra-
tiir sinlulans, is lysostaphin (Lst), which is zinc depend€nt

[76]. Lst hydrolyscs thc pcntaglycinc intcrpcptidc tonds of
the peptidoglycan layer, which forms the cell wall and is a

primary defence mechanism of a cell against antimicrobial
agents 0.-1 pg/ml of Lst was tound to cause cell death and

detachrng ol biohlns in S. aarcas. Reconbinant Lst was

ellectile against MRSA md was 2-+ightlbld setrsidve and

eff'ective against biotilms. Immobilised Lst was also use-

lul tbr eliminadng biofilms lirrmed by S. aar<,as on coated

surfaces [771. Cysteine proteases, especially papain and

bromelain, have been found to eliminate biofilms. Papain is

known to control S. rrlre[s both in the free and immobilised
fornrs and was found to decrease both the protein and car-

bohydrate contelt of biofilns [781.

Gene inhibition strategier against S. oureur biofilm
development

Biohlm lbrmation is an intricale process thal is divided
into various phases, such as attachment, accumulation,
maturation, and dispersal. Of the various phases, pri-
mary emphasis was given to attachment and accumula-
tion. arbitratcd spccincauy by a group of protcins knorvn
as microbial surlace components that recognise adhesive

mauix molecules (MSCR MMS) [79]. PIA or polysac

charide intercellular adhesin depends on genes within the
icdADBC operor. and studies have shown that it consisls
of PNAG- polymeric N-acetylglucosamine. Mechanisms
tbr coorolling biolilm lilrmation in S. nrirzu.r include QS,
pH changes, and proteases [80]. Researchers have proved

that if 4gr QS is activated and protease treatment is done,
S. aarca.r will inhibit its biolilm and disperse the already
lbrmed tliofllms l7 y/y cultue supenlatant ot P. aerugi-
noso could in-hibit biotilm ibrmalion of S. dure6 to about
90%.

The supematant induced the expression oi aur, clp. aspA,

.rplA. and rsp.A, which are endogenous protease genes, and

saeS, hla, and agrA, which are regulatory genes. ln addi
tion to reducing rhe hydrophobicity of the cell surface and
cell charges. the icaAB gene is downregulated, thus leading
to a low amount of adhesin as a function of the ita locus,
leading to reduced intracellulnr adhesion between cells
[8i]. Vitexir siglilieautly aff'ects S-mediated nowmert
and protease secretion via agrAC downregulating [82]. A
two-compoaent signal transduction sysaem encoded by ,he
agr [ocus, an accessory gene regulator of S. cureus, results
in the upregulation ofsecreted proteins and downregulation
of surface proteins.

The inhibitory activity of agr groups-agrB (secretion

of autoinducitrg pheromones). a-erD (binding and activa
tion of histidine kinase receptor). and agrc (activation of
response regulator agrA) will ultimately all'ect virulence
gene expression. Quercetin and tannic acid arc two of the
chief components lbund in AInur Toponica, which repress

thc intcrccllular adhcsion gcncs icaA atl.d icaD, inhibitinB
biolilm lirrmation by over 70V,, [83l. Crystal violet staining
i[dicated biolilm reducti0r i-o the preseuce of shikimic acid
by br€akdown of ttre biofilrn sEucture. Shiliimic acid down
regulates the transcription of sarA and upregulates agrA,
thercby inhibiting biolilm tormatiotr by S. arrreus by interfer-

ing wlth the initial steps of bfutilm tbrmatior. Lr response to
nisin, a bacteriocin, 601 genes of S. aurezs were regulated.

327 were upregulated, and 214 were downregulated. Dif-
ferent transporter genes showed high antimicrobial activity
against S, azrcas.

The sliding moyement of S. aureus results in its rapid
translocation from one place to another. and adherence to
surfoces promotes colonisation, resulting in the formation
of a biofilm network. Research on S. orrers has established

that the regulation .rl ica expression and hi()lilm lbrma-
tiotr ilvotves regulak)ry elements other thal oB and IcaR

[84]. The additional regulatory locus is agr. thc accessory

geoe regulator, which encodes a two-component QS system

that controls the regulatory RNA molecule (RNA III) that

encodes toxios and their expression. leading to reduced bio-
tilm formation- .\nothcr rcgulatory bcus is sar sarA-S(aphy-

lococcal accessory regulator A. a DNA-binding protein that
enhances biofilm productt)n. Mutations in this locus rcdnce

biofilm tbrmatir-n. Sar A is a global viruleDce regulator eveu

in MRSA. This proves that both agr and sarA act as molecu-
lar switches to regulate biofiln ti)rnation [85]. Researchers

have shown that thymol reduces the expression of sarA by
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agrA and agrc. Thymol inhibits the synthesis of virulence
factors such as PIA and haemolysin [861.

Recent anti-biofi lm approaches
in controlling microbial colonization

Incorporating advanced post-harvest strategies is critical
for maintaining microbial safety and the quality of fresh
produce. Recent studies have emphasised the eliicacy of
edible coatings and natural antimicrobials for sustainable
posth vest management. For instance, the application of
edible coatings enrished with calciunr chloride has been

shown to positively influence physiological ald biochemi-
cal responses in mango fruit during cold storage, thereby
protonging shelf life and minimising spoilage [871. Simi-
larly. nanoemulsion-hased edihle coatings provide promising
results for protecting the freshness of fruits and vegetables

by forming protective barriers that limit bacterial growth
and water loss [88]. Antimicrobial strategies, such as the

use of beeswax combined with lemongrass oil, have shown
substantial inhibitory ellects onA/ternaria altemata, a key
post-harvest pathogen of bitter gourd. demonstraling the
potential of natural products to minimise microbial growth
and maintain quality during storagc [89]. Thcsc hndings arc

consistent with broader sustainable food system aims, which
highlight the use of environmentally friendly post-harvest
measures to minimise waste and increase food safety. Col-
lectively, these studies highhght the importance ofanti-bio-
lilm terhniques, particllady when [sing nrtual biodegrad-
able coatings to reduce microbial colonisation and preserve
postharvest quality in fresh fruit.

Conclusion

This review examines microbial biohlrns thoroughly and

meticulously, concentrating orl their structural complexity,
resistance mechanisms, and clinical importance, particu-
larly in infections caused by S. aureus and P. aeruginosa-
It discusses the stages of biofilm development and the
involvement of EPS. quorum sensing systems. and genetic

regulation in biofilm resilience and pathogenesis. This
study discusses a wide range of current antibiofilm meth-
ods, including the applicarion ofquorum quenching agents,

antimicrobial pcptidcs, cnzymatic dcgradation, nanoparti-
cles, and bioactive plant extracts. The tbcus is on molocu-
lar interventions and nature-derived compounds, rlhich are

intriguing alternarives to traditional antibiotics. This review
emphasises the crirical need for novel, multi ta.rgeted, and

long-term antibioliln techniques, especially fu the light of
the dcvelopment o[ antimicrobial resistancc. Futurt resea-rch

should focus on designing syoergistic medications that use

physical, chemical. and biological techniques to undermine
biofilm integriry. Natural componnds and enzyme-based
treatments should also be highlighted for their translational
potential. assisted by enhanced drug delivery technologies
aod nanotechnology. Furthermore, consistent testing meth-
odologies and interdisciplinary research are necessary to
address the gap between laboratory tindiflgs ard clinical or
industrial application.
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