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INTRODUCTION

Biofilms are an aggregation of bacterial commu-
nities covered by a protective exopolysaccharide
layer. Inside this layer, the bacterial colonies com-
municate through a quorum-sensing mechanism.
Biofilms aid infectious condition persistence. Be-
cause of its protection against germs from host de-
fense mechanisms, toxins, and antibiotics, biofilm
formation during infection is hazardous. Exopoly-
saccharides in the biofilm are essential because they
determine its architecture and safeguard the interi-
or colonies from degradation. Gene transfers also
occur within the biofilm environment via conjuga-
tion, forming F conjugative pilus. About 15% of bio-
film consists of different microorganisms; the other
85% comprises exopolysaccharides, proteins, DNA,
RNA, and some ions [1,2].

The formation of biofilm involves several stages;
Attachment of the cell to the surface, production of
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extracellular exopolysaccharide matrix, bacterial
growth and attachment, biofilm maturation, and
dispersion to form new biofilms. The phenotype of
the biofilm is mainly described by the genes ex-
pressed by the cells associated with biofilm forma-
tion [3]. The rise in the antimicrobial resistance by
the ESKAPE pathogens, a subset of bacteria linked to
nosocomial infections, places a considerable strain
on the healthcare system and has significant global
economic repercussions. As a result, there is high-
rate morbidity in the human population, rising
healthcare expenses, and imprecise diagnostic out-
comes [4]. One of the most considerable difficulties
in combating infectious diseases worldwide is the
development of antibiotic resistance in pathologi-
cally deadly microorganisms. Nosocomial infections
caused by antibiotic resistant organisms raise the
possibility of patients in post-operative wards, burn
units, and critical care units developing life-threat-
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ening diseases. Hospitals are the primary multidrug
resistance organisms (MDROs) colonization sites, al-
though hospital settings are not the only ones where
these occur [5]. Community locations, including ani-
mal farms, biohazard waste disposal sites, freshwa-
ter habitats, etc., serve as substantial breeding
grounds for MDROs. The risk of MDROSs spreading in
communal settings is rising due to a lack of aseptic
techniques used in patient care, such as the use of
one non-sterilized stethoscope or thermometer, the
use of ungloved or single-gloved hands in multiple
patients in hospital wards, unethical and improper
use of antibiotics in animal farms, and the disposal
of unsterilized hospital waste in dumping sites and
freshwater sources. It also hastens the horizontal
transfer of resistance genes into nearby bacteria.
Various processes can be used to develop antibiotic
resistance, depending on the nature of the microbes
[6,71.

There are multiple broad categories in which an-
tibiotic resistance is classified, such as drug inacti-
vation, drug binding site alteration, cell permeability
change that reduces intracellular drug accumula-
tion, and the formation of biofilms [8]. Low 02, low
pH, high CO2, and little water availability, for in-
stance, are situations where medications have less
effect due to the mechanical and biochemical pro-
tection provided by the biofilm matrix [9]. The use
of antibiotics alone, in combination, or with adju-
vants, bacteriophage therapy, antimicrobial pep-
tides, photodynamic therapy, antibacterial antibodies,
phytochemicals, and nanoparticles as antibacterial
agents are all part of the general treatment for bio-
film infections [10]. An antibiotic’s high spectrum
coverage makes it helpful in treating severe symp-
toms brought on by various bacteria [11,12].

Some compounds increase the uptake of antibi-
otics across bacterial membranes, obstruct efflux
pumps, and alter the physiology of resistant cells to
make antibiotics more effective when paired with
adjuvants. These ineffectual medications have mod-
erate antibacterial activity of their own [13]. The
most popularly known adjuvants are p lactamase
inhibitors (vaborbactam, avibactam, nacubactam,
and tazobactam). In combination with antibiotics,
metal chelators like EDTA, deferasirox, and deferox-
amine also inhibit B lactamase and quorum quench-
ers (inhibit biofilm formation by inhibiting quorum
sensing) [14,15]. In both planktonic and biofilm
1-[2,4-Dichlorophenethyl)  amino]-3-Phenoxypro-
pan-2-ol is the most potent antibacterial agent
against ESKAPE infections [16].

Enterococcus faecium

The typical gut flora of humans and animals
comprises enterococci, Gram-positive facultative
bacteria. Endocarditis and other nosocomial infec-
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tions, including bacteremia, meningitis, and urinary
tract infections, are known to be brought on by
these [17]. Enterococci are the usual residents of the
GI tract, present in the microbiota of humans and
other animals in small portions along with other
beneficial bacteria. These bacteria tend to form col-
onies, which is how biofilm is created [18].

Patients’ exposure to antibiotics alters the micro-
biota of the human gut forming colonization of van-
comycin resistance enterococci (VRE). As there is a
surplus of VRE in the microbiota, the lipopolysac-
charide and flagellin of Gram-Negative bacteria and
anaerobes induce the generation of protein Regen-
erating islet derived protein III gamma (REGIIIy) by
paneth cells via stimulation of toll-like receptors
(TLRs) by pathogen-associated molecular patterns
(PAMPs). A C-type lectin called REGIIIy has antibac-
terial action against VRE and other Gram-positive
bacteria. Reductions in the production of REGIIIy, a
C-type lectin with antibacterial activity against
Gram-positive bacteria, including VRE, are caused
by antibiotics’ drops in the Gram-Negative microbi-
ota. As a result of this decrease in REGIIly produc-
tion, enterococci acquire control of the gut microbi-
ota. Forming biofilm has been recognized as an
essential element in developing antimicrobial toler-
ance and resistance. The gene mainly involved are
fsrA, fsrB, and frsC, which function as quorum sens-
ing and autolysis (release of eDNA), esp as an attach-
ment, and epa (orfde5) as an attachment of biofilm
accumulation. [19].

Treating E. faecium is very difficult as the strain
develops multiple antibiotic resistance capacities.
Following are some of the antibiotics showing resist-
ance against this strain. Hospital-associated infec-
tions causing E. faecium show high resistance to am-
picillin. The difference between penicillin-binding
protein 5 (PBP5) of E. faecium and PBP5R, which has
a lower affinity for B-lactams than PBP5S of other
community strains, is the mechanism of ampicillin
resistance [20]. The hospital-associated infection strains
show resistance to ampicillin with MICs >64mg/L,
with ampicillin concentration MIC <64mg/L; this
strain has high resistance if the ampicillin concen-
tration is higher in combination with aminoglyco-
sides. Vancomycin was the substitute if ampicillin
developed resistance to E. faecium in the past days.
For instance, the recently isolated E. faecium of hos-
pital-acquired infections showed resistance to van-
comycin antibiotics, making it inadequate to treat
infective endocarditis [17].

Vancomycin-resistant E. faecium can also be
treated with the combination drug quinupristin-dal-
fopristin (Q/D), with 30% quinupristin (strepto-
gramin B) and 70% dalfopristin (streptogramin)
[21]. A bacteriostatic substance, linezolid, prevents
the production of proteins by interacting with the A
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TABLE 1. The genes/proteins responsible for the formation of biofilm
Microorganism Genes/proteins responsible for biofilm formation References
Enterococci faecium fsrA, fsrB, fsrC, esp, epa Arias etal. [19]
Klebsiella pneumoniae alls, iutA, fimA, fimH, mrkA, mrkD, pgaA, pgaB, pgaC, Meng et al. [29]
bcsA, wzc, cpsD, treC, wcaG, wabG, rmpA,magA k2a, Bethny et al. [31]

wzyk2, luxS, wcal, mrkABCDEF cluster

Acinetobacter baumannii | CsuA/B, CsuA, CsuB, CsuE

Tomaras et al. [42]

Pseudomonas aeruginosa | Psl, Pel

Cynthia et al. [52]

Staphylococcus aureus
nuc, Sae

Bap, SasG, FnBPA, FnBPB, AtlA, icaADE

Cucarella etal. [75]
Matthias etal. [79]
Derek et al. [94]
Michael et al. [95]

Enterobacter spp. csgBA(C), csgDEFG

Hammar et al. [107]

site of bacterial ribosomes. It has been FDA-ap-
proved for treating VRE infections and exhibits ac-
tivity against various Gram-positive bacteria [22].

A cyclic lipopeptide known as daptomycin exhib-
its a bactericidal effect against enterococci resistant
to vancomycin. Daptomycin was recently licensed
by the US Food and Drug Administration to treat
complex skin and skin-structure infections [23]. An-
tibiotic rifampicin shows resistance against many
species. Rifampicin is effective against S. aureus, but
it could act against E. faecium only when in combi-
nation with ciprofloxacin, linezolid, daptomycin, or
tigecycline [24]. Numerous terpenoid derivatives
can eradicate bacteria and prevent the formation of
biofilms. Rhodethrin and rubrivivaxin, two new ter-
penoid derivatives, were discovered to be efficient
antibiofilm agents against E. faecalis. Vancomycin-
resistant Enterococcus faecium is resistant to the
anti-biofilm effects of phage S2 [25,26].

Klebsiella pneumonia

Klebsiella pneumoniae is a Gram-negative, oppor-
tunistic, encapsulated bacterium that causes many
diseases, including pneumonia, bacteremia, menin-
gitis, and liver abscesses. Newborns, the elderly, and
those with impaired immune systems are at risk for
contracting K. pneumoniae infections. However,
bacteria are also a growing source of community-

Ditachment and reversion 1o plankionic phase

Biofilm formation

acquired diseases. The bacterium can be found in
the environment (soil and shallow waterways) and
on abiotic surfaces like medical equipment. It in-
vades human mucosal surfaces, particularly those
of the gastrointestinal system and oropharynx, from
which it can spread to other tissues. The prevalence
of K. pneumoniae that is multidrug-resistant has sig-
nificantly increased over the past ten years, under-
scoring the significance of better understanding K.
pneumoniae pathophysiology [27,28].

K. pneumoniae biofilm formation methods are
mediated by several genetic elements, including al-
lantoin (allS), aerobactin (iutA), type I (fimA and
fimH), and type III (mrkA and mrkD) fimbriae, poly-
saccharides, and adhesins (pgaA, pgaB, pgaC, bcsA),
capsular polysaccharide (CPS) (wzc, cpsD, treC,
wcaG, wabG, rmpA/A2, magA, k2a, wzyk2), quorum
sensing (QS) (luxS) and colonic acid (wcaj) [29].

Duguid and coworkers were the first to identify
and characterize the genetic element Type 3 fimbri-
ae in the biofilm formation of Pneumoniae [30]. K.
pneumonia fimbriae structures measure 0.5-2 nm in
length and 2-4 nm in width. The mrk gene cluster
(mrkABCDF), linked to five genes that code for the
structural and assembly elements of the fimbriae, is
responsible for encoding the fimbriae [31]. At least
six mrk genes in Klebsiella mediate the production
of type 3 fimbriae. MrkD promotes the production of

' FIGURE 1. The life cycle of biofilm
formation involves: 1. reversible
attachment of cells to the surface.
2. irreversible attachment of the
biofilm

3. colony formation

4. Maturation of the biofilm

5. cell death and dispersal of single
cell that return to planktonic phase
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TABLE 2. The characteristics and treatment options for pathogéns involved in biofilm formation.

Pathogen Characteristics Infection Caused Treatment
Enterococci Gram-positive, facultative Endocarditis, Urinary tract Antibiotics- Ampicillin, Vancomycin,
faecium anaerobic bacteria, resident of infections, Bacteremia, Meningitis. | Quinupristin Dalfopristin, Linezolid,
the human intestinal tract Muita et al. [17] Daptomycin, Rifampicin, Rhodethrin, and
Muita et al. [17] Rubrivivaxin,

Carpenter et al. [23]
Anna et al. [24]
Eswara Rao et al. [25]

Phage S2
Forough et al. [26]
Staphylococcus | Gram-positive, commensal Endocarditis, Osteomyelitis, Antibiotics- Rifampicin, Linezolid,
aureus bacteria, resident of the human | Septicemia, cystic fibrosis, abscesses | Vancomycin, a combination of oxacillin,
nasal mucosa of different organs, skin, and soft linezolid, and tigecycline
Christian et al. [71] tissues infections, central nervous Mohini et al. [97]

system infections, lung infections, — - -
infections caused by medical devices | Antimicrobial peptide Ba49, LL-37,

Christian et al. [71] Pleurocidin
Ramita et al. [98]

Su et al. [99]
Mehmet et al. [102]

Phage SB-1 alone and in combination
with Fosfomycin, Rifamycin, Vancomycin,
Daptomycin, or Ciprofloxacin

Tamta et al. [100]

Chimeolysin (ClyF).

Hang et al. [101]

Klebsiella Gram-negative, opportunistic Pneumonia, Meningitis, liver ZCKP1 phage, Siphoviridae phage Z,
Pneumoniae bacteria, resident of the abscesses, bacteremia. vBKpnS_Kp13 phage

gastrointestinal tract and Guerra et al. [28] Veronica et al. [38]

oropharynx of humans. Antimicrobial peptides like WLBU2 with

Paczosa et al. [27] amoxicillin clavulanate or ciprofloxacin.

Samer et al. [40]

Acinetobacter | Gram-negative, non-motile, non- | Pneumonia, Meningitis, Blood Antibiotics- Ampicillin/Subactam,
baumannii fastidious, aerobic, opportunistic | stream infection, Surgical site Ceftazidime/Avibactam
pathogen, resident of the urinary | infection Emmanuel et al. [49]
tract and lungs. Gedefie et al. [39] Phage vBAbaM ISTD, phage vB_AbaM-
Gedefie et al. [39] IME-AB2 -

Veronica et al. [38]

Antimicrobial peptide - cecropin A(CA)-
melittin (ME), magainin2(MA), and HP
(2-20) peptides

Ramamourthy et al. [50]

Pseudomonas | Gram-negative, opportunistic Urinary tract infections, Septicemia, | Antibiotics- Azithromycin, Gentamycin,
aeruginosa pathogen resident of the urinary |Respiratory infection tobramycin
tract and lungs. Denissen et al. [51] Antimicrobial peptide Defensin, IDR-

Denissen et al. [51] 1018,6K-F17
Daniel et al. [66]

Phage M1, phiKz, LUZ24, AZ1
Adanan et al. [67]
Tigabu et al. [68]

Photodynamic therapy with RLP068/C1
photosensitiser
Zahra et al. [70]

Gram-negative, encapsulated

Enterobacter ba.cteria, resident of bI.ood, Urinary tra.ct. infection, Endocarditis, Phage N5822
spp urinary tract, and respiratory Osteomyelitis Veronica et al. [109]
. tract. Vivas et al. [103] .
Vivas et al. [103]

type 3 fimbria-mediated biofilms by K. pneumoniae ture biofilms were dramatically reduced. Type 3
on surfaces covered with extracellular matrices fimbrial productions are a vital factor in the devel-
from humans. In these circumstances, compared to opment of biofilms on both biotic and abiotic sur-
bacteria-producing fimbriae containing the MrkD faces for strains of K. pneumoniae. The primary fim-
adhesin molecule, the capacity of fimbriae but non- brial subunit (MrkA) of K. pneumoniae, separate
adhesive mutants of K. pneumoniae to produce ma- from the MrkD adhesin that gives binding charac-
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teristics and permits biofilm formation on biotic
surfaces, is the immune-dominant structural pro-
tein [32,33].

MrkD, related to adhesion to the basement mem-
branes of tissues and the basolateral surfaces of re-
nal and pulmonary epithelia, is involved in the bio-
film development in K. pneumoniae mediated by
fimbriae. The MrkD adhesion in K. pneumoniae fa-
cilitates binding to collagen types IV and V and is
housed within a chromosomally transmitted gene
cluster. The chromosomally borne gene mrkD and
the plasmid-borne determinant mrkD are not genet-
ically related. Type 3 fimbriae are produced by nu-
merous members of the Enterobacteriaceae, includ-
ing Klebsiella, Enterobacter, Proteus, Providencia,
and Serratia species. Some strains of enterobacteria
have the amrkD allele, which is linked to hemagglu-
tinating activity. This fimbrial type can be identified
by the in-vitro agglutination of erythrocytes exposed
to tannic acid; hemagglutination can occur with or
without D-mannose. The accompanying adherence
phenotype is sometimes called the mannose-resist-
ant Klebsiella-like hemagglutination (MR/KHA) re-
action. This distinctive trait was first identified in
Klebsiella. The MrkD adhesin polypeptide of the
type 3 fimbrial gene cluster mediates the activity of
MR/KHA, and the adhesin enhances adherence to
the basement membranes of human tissues [34,35].

Tannic acid-treated erythrocytes with and with-
out D-mannose are agglutinated by type 3 fimbriae,
also known as mannose-resistant Klebsiella-like he-
magglutinins. Tracheal epithelial cells and elements
of the basement membrane are attached to these
surfaces through type 3 fimbriae. From a clinical
isolate of K. pneumoniae, the genes encoding to pro-
duce type 3 fimbriae have been cloned. The pheno-
typic expression of these organelles on the surface
of E. coli transformants was revealed to require at
least four gene products. Physical mapping and mi-
ni-cell investigations were used to identify the size
of these four proteins and the relationship between
each gene and its corresponding protein. The nucle-
otide sequence of the mrkA gene, encoding the ma-
jor fimbrial subunit, has been determined, and the
transcription initiation site has been identified. It
was demonstrated that a specific mrkD gene prod-
uct mediates the mannose-resistant Klebsiella-like
hemagglutinin-specific adhesin activity, and the nu-
cleotide sequence of this gene has also been estab-
lished [36,37].

Type 3 and type 1 fimbriae are two morphologi-
cally and functionally distinct filaments expressed
by various K. pneumoniae strains. Trans-comple-
mentation investigation with the pap fimbrial gene
cluster of E. coli allowed the identification of the
gene (mrkD) encoding the adhesion of K. pneumoni-
ae type 3 fimbriae. It was discovered that the mrkD
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gene’s nucleotide sequence was also discovered,
and its sequence determined was the determinant
coding for the K. pneumoniae type 1 fimbrial adhe-
sion. Comparing the projected amino acid sequenc-
es of the K. pneumoniae adhesion proteins, similari-
ties with the two main structural proteins of the
fimbria (Mrk A and Fim A) are found [34]. The type
1 fimbriae, which are closely linked to the type 1
fimbriae of E. coli, and the type 3 fimbriae, which
are morphologically comparable to the K88 and K99
fimbriae, are the two fimbrial types that are most
frequently expressed by strains of K. pneumoniae.
Fresh guinea pig erythrocytes without mannose and
tannic acid-treated erythrocytes in both the pres-
ence and absence of mannose are attached by type 1
and type 3 fimbriae [36].

Bacteriophage treatment: The exopolysaccha-
ride depolymerase ZCKP1 phage that can disrupt
Klebsiella reduces biofilm biomass rendering it
more susceptible to antibacterial agents. Another
phage, Siphoviridae phage Z and Phage vBKpnS_
Kp13, also reduce the biofilm biomass of Klebsiella
[38]. The treatment with an antibiotic is effective
against planktonic culture, but it is inefficient
against the biofilm of Klebsiella. When biofilm was
treated with bacteriophage with antibiotic amoxicil-
lin, there was a significant reduction in the biofilm
formation by Klebsiella spp [39]. When combined
with ciprofloxacin or amoxicillin-clavulanate, the
cationic antimicrobial peptide WLBU2 inhibits the
growth of multidrug-resistant (MDR) K. pneumoniae
biofilms [40].

Acinetobacter baumannii

Acinetobacter baumannii is gram-negative,
non-motile, non-fastidious, non-fermentative, cata-
lase-positive, and oxidative-negative bacteria. It is
an aerobic opportunistic pathogen that invades the
urinary tract and lungs. A. baumannii is a low-grade
pathogen that can be found in a range of habitats,
including soil, water, and food. It is frequently iso-
lated from medical equipment. It causes severe in-
fections in individuals with impaired immune sys-
tems due to colonization and surviving on numerous
pieces of medical equipment. It causes pneumonia,
meningitis, and bloodstream infections in patients.
A. baumannii account for 2-10% of overall nosoco-
mial infections. It is a significant nosocomial patho-
gen due to invasive procedures, regular antibiotic
usage, and immunocompromised hosts [41].

Csu pili is a mediator of Acinetobacter baumannii
biofilm development on abiotic surfaces. CsuA/B,
CsuA, CsuB, and CsuE are the four protein compo-
nents that comprise the Csu pilus. Fibrous adhesive
organelles are necessary for Gram-negative bacte-
ria to adhere to their targets and spread infection.
The primary class of these sticky pili (or fimbriae) is
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assembled by the traditional chaperone-usher (CU)
pathways as well as alternate and antiquated ones
[42]. The linear polymers known as CU pili are
formed of subunits that can either self-polymerize
or assemble with other subunits. A periplasmic
chaperone and an outer membrane assembly plat-
form known as the usher are required to synthesize
CU fibers [43].

The crystal structure of the CsuC-CsuA/B chaper-
one-subunit complex involved in preassembly gave
researchers their first high-resolution understand-
ing of how archaic pili are put together. The chaper-
one-bound CsuA/B possesses an extremely flexible
partial Ig-like fold in a six-stranded beta-sandwich,
where the missing seventh strand (G) leaves a sig-
nificant hydrophobic cleft. Donor strand comple-
mentation is used in the polymer to link the CsuA/B
subunits (DSC) [42-46]. One subunit’s N-terminal se-
quence is inserted into the hydrophobic cleft of a
different subunit next to it. Unlike CsuA/B, CsuE is
not able to assemble itself. This subunit is projected
to have a different domain in place of the donor se-
quence; CsuE is found at the tip of the pilus. Since
numerous two-domain tip subunits have been dem-
onstrated in classical systems to serve as host cell-
binding adhesins (TDAs) [47].

Treatment of biofilm by A. baumannii Phage vBA-
baM_ISTD reduces the biofilm-associated viable
bacteria in a time-dependent manner; vB_AbaM-
IME-AB2 phage disrupts the biofilm [38]. Antimicro-
bial peptide Cec4 is also effective against the A. bau-
mannii biofilm [48]. According to the British
infection, the association recommended ampicillin/
sulbactam has potent activity in treating MDR and
biofilm-associated infection of A. baumanni. Simi-
larly, ceftazidime/avibactam has shown inhibitory
activity against isolated from ICUs MDR A. bauman-
ni [49]. A chimeric AMPS, cecropin A (CA)-melittin
(ME) peptides, magainin 2 (MA), and HP (2-20) has
potent activity against the elucidation of biofilm of
MDR Acinetobacter [50].

Pseudomonas aeruginosa

Pseudomonas aeruginosa is a gram-negative
opportunistic human pathogen in urinary tract in-
fections associated with respiratory ailments in im-
munocompromised patients. P. aeruginosa is re-
sponsible for 10% of all nosocomial infections. It
causes urinary tract infection, septicemia respirato-
ry infection. Pseudomonas aeruginosa grows in soil
and water settings and often colonizes the surfaces
of plants, humans, and animals. P. aeruginosa has
managed to persist in both hospital and community
settings due to its capacity to live in habitats with
limited nutrients and a range of physical conditions
and its resistance to several medical disinfection
techniques [51].
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An opportunistic human pathogen called Pseu-
domonas aeruginosa comprises a minimum of three
exopolysaccharides: alginate, Ps], and Pel. These ex-
opolysaccharides are all implicated in the develop-
ment of biofilms [52]. Alginates are linear poly-
anionic exopolysaccharides made of B-D-mannuronic
acid and a-L-glucuronic acid and have essential
structural stability and protection against biofilm. P,
aeruginosa overproduces alginates following pa-
tient infection [53,54]. In contrast to wild-type
strains, mutant organisms that manufacture exces-
sive amounts of alginate form enormous finger-like
microcolonies. A key indicator of immunological re-
sistance is the elaboration of the extracellular, O-
acetylated mucoid exopolysaccharide or alginate.
The resistance of mucoid P. aeruginosa to immune
defense is increased by O acetylation of alginate
[55]. The production of mature biofilms and initial
adhesion are both facilitated by the mannose- and
galactose-rich Psl polysaccharide [56]. A cellulose-
and glucose-rich pel is necessary to develop a pelli-
cle at the air-liquid interface [57].

Extracellular DNA (eDNA) and exopolysaccha-
rides have been demonstrated to be a crucial part of
the biofilm matrix. eDNA mediates cell-cell interac-
tions in biofilms. Most eDNA was discovered in the
microcolonies stalk region [58]. According to a study,
Psl and eDNA are spatially apart, with Psl at the bio-
film’s edge and eDNA predominantly present in the
Psl-free matrixi [59]. The secondary messenger
guanosine-5'-monophosphate phosphate is an es-
sential regulator of the biofilm lifecycle in pseu-
domonas (c-di-GMP) [60].

Contrary to low c-di-GMP levels, which down-
regulate the synthesis of adhesins and extracellular
matrix components and cause biofilm dispersal,
high cellular levels of c-di-GMP promote the devel-
opment of adhesins and extracellular matrix com-
ponents, which result in the formation of biofilm.
Diguanylate cyclases (DGCs) and c-di-GMP phospho-
diesterase, which function in opposition to one an-
other, are responsible for the synthesis and break-
down of c-di-GMP in bacteria (PDEs). The presence
of sensory domains in many DGCs and PDEs is hy-
pothesized to allow bacteria to react to environmen-
tal stimuli and modify the production of biofilm ma-
trix components [61,62].

P ageruginosa’s two-component signaling systems
control the synthesis of extracellular matrix constitu-
ents. It has been demonstrated that the two compo-
nents GacA/GacS interact with c-di-GMP signaling to
regulate the expression of several genes and the
genes responsible for Pel and Psl exopolysaccharide
synthesis [63]. Additionally, P. aeruginosa biofilm de-
velopment is influenced by quorum sensing (QS) [64].

Treatment modality for P. aeruginosa biofilm in-
cludes an insect-derived peptide defensin from rab-
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FIGURE 2. Treatment of Biofilm in ESKAPE organism

bit neutrophils exerting bactericidal activity against
P. aeruginosa [65]. The antimicrobial peptide IDR-
1018 and 6K-F17 have shown efficacy against MDR
P. aeruginosa biofilm-producing isolates [66]. Phage
M-1 has shown inhibiting biofilms caused by MDR
isolates of P. aeruginosa. [Adana et al]. PB-like,
phiKZ-like, and LUZ24- -like phage have an effect
against MDR P. aeruginosa under variable growth
conditions; the results indicated that each phage
alone was able to suppress planktonic and biofilm
from MDR isolates [67]. Both planktonic and biofilm
cells are susceptible to the anti-biofilm effects of
bacteriophage AZ1 against P. aeruginosa [68].
Azithromyecin effectively inhibited the development
of biofilms, the synthesis of quorum-sensing signal-
ing molecules, and the motility of clinical isolates of
P. aeruginosa. Tobramycin and the antibiotic genta-
mycin both promoted the growth of P. aeruginosa
isolates biofilms [69]. Antimicrobial photodynamic
therapy (APDT) with RLP068/C], a novel photosensi-
tizer, has shown a valuable approach to treating
prosthetic joint infections (P]Is) associated with bio-
film formed by P. aeruginosa [70].

Staphylococcus aureus

Staphylococcus aureus is an extracellular grow-
ing, gram-positive, commensal bacteria present in
the nasal mucosa of humans. It is a significant cause

of mortality in hospitals. It can cause a variety of
infections, from skin infections to life-threatening
conditions like chronic lung infections linked to
cystic fibrosis, abscesses of different organs, infec-
tions of the skin and soft tissues, infections of the
central nervous system, infections of the lungs, in-
fections caused by medical devices, pneumonia, os-
teomyelitis, endocarditis, arthritis, and sepsis.
Staphylococcus aureus can develop resistance to
most antimicrobial agent types, including penicil-
lins, macrolides, aminoglycosides, chlorampheni-
col, and tetracycline. Methicillin-resistant Staphylo-
coccus aureus (MRSA) originated due to the
widespread usage of methicillin and other semisyn-
thetic penicillins in the late 1960s. MRSA is still pre-
sent in both healthcare and community settings
[71].

Biofilm formation is initiated by surface-attached
cells that may be biotic or abiotic [72]. Surface pro-
teins of S. aureus are attached to their cell wall by
sortase, an enzyme that cleaves polypeptides at a
conserved LPXTG motif [73]. The early phases of at-
tachment and biofilm formation are influenced by
the surface elements that recognize the adhesive
molecules and microbial surface components iden-
tifying adhesive matrix molecules (MSCRAMMsS)
[74]. S. aureus expresses the proteins Bap, SasC, Fn-
BPA, and FnBPB during the development of biofilms
[75-78]. Teichoic acids have been proven to impact
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staphylococcal biofilm development in studies [63].
Hydrolases such as AtlA were initially engaged in
the attachment of S. aureus [79]. AtlA sticks to the
wall and breaks down the cell wall, releasing DNA
that aids in producing sticky EPS [80-82].

The extracellular polysaccharide intercellular
adhesin  (PIA)-1,6-N-acetyl  glycosaminoglycan
(PNAG) in the polysaccharide-dependent pathway
was the first molecule shown to be in charge of in-
tercellular adhesion [83]. The four gene locus
icaADBC (intercellular adhesion) in S. aureus, under
transcriptional control of IcaR, was initially identi-
fied in S. epidermis and later found present in other
staphylococcus spp. [63, 84-86]. It is responsible for
managing the synthesis of PIA/PNAG in the polysac-
charide-dependent EPS. The genes icaA and icaD en-
code to produce the polysaccharide PIA/PNAG [80].
For polysaccharides to remain on the bacterial cell
surface, the PIA/PNAG must be exported by IcaC and
deacetylated by the icaB gene product [83,87,88].
The pathway mediators on which the protein-medi-
ated intercellular adhesion of the independent poly-
saccharide pathway is dependent are S. aureus sur-
face protein G (SasG), biofilm-associated protein
(Bap), and fibronectin-binding protein A (FnBPA)
[89-91]. Extracellular DNA (eDNA) can also be found
in S. aureus biofilms in addition to polysaccharide
PIA and EPS. eDNA is an electrostatic polymer that
binds cells to surfaces, host factors, and other cells
because it has a negative electric charge [92].

Recent research has revealed that S. aureus con-
tains the extra biofilm cycle Exodus. When sessile
bacterial cells proliferate and accumulate, the sub-
set of biofilm-associated cells enters this exodus
stage and begins to migrate. The enzyme produced
by the nuc gene, a nuclease, which is governed by
the Sae regulatory system, controls the exodus stage.
Some cells are liberated from the biofilm due to the
staphylococcal nuclease being secreted from the
bacteria. Because only a small portion of the popula-
tion has the nuc promoter activated, nuc expression
is controlled stochastically [93- 96].

The treatment of biofilm formation for S. aureus
infections has been demonstrated using in combina-
tion. S. aureus shows resistance to vancomycin, so
there developed the strategy to use antibiotics ri-
fampicin and linezolid, and vancomycin combined
with oxacillin, linezolid, and tigecycline is also effec-
tive [97]. The antimicrobial peptide Ba49 isolated
from B. substitutes subsp, Spizizenii, is also effective
against S. aureus [98]. Peptide LL-37 inhibits biofilm-
forming S. aureus strains isolated from chronic
wound infections [99]. Pleurocidin derived from
winter flounder has inhibited and eradicated bio-
film-related infection caused by S. aureus [100].
When used alone or in conjunction with several an-
tibiotic classes, the bacteriophage SB-1 destroys the
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extracellular matrix and targets persistent cells,
eradicating the biofilm. Methicillin-resistant S. au-
reus (MRSA) ATCC 43300 biofilms were successfully
treated with Sb-1 alone or in conjunction with fosfo-
mycin, rifamycin, vancomycin, daptomycin, or cip-
rofloxacin (simultaneously or staggered) [101]. In-
vitro and in vivo testing of a new chimeolysin (ClyF)
against planktonic and biofilm MRSA showed good
bactericidal activity [102].

Enterobacter spp

The intestinal system of humans and animals is
the natural habitat of the diverse family of Gram-
negative Enterobacteriaceae. Urinary tract infec-
tions (UTIs), lower respiratory tract infections, and
bloodstream infections are the fatal Enterobacte-
riaceae infections acquired in hospitals. UTIs are the
most prevalent. 8-10. Different adhesins, hemolysin
production, serum resistance, and biofilm forma-
tion are virulence factors in the Enterobacteriaceae
family. These elements, particularly the capacity of
the human intestine to produce biofilms, may pro-
mote gut colonization and significantly affect the
operation of the intestinal microbiome and its inter-
actions with the host [103].

More often than not, isolates of E. aerogenes, E.
cloacae, and E. hormaechei are found in clinical in-
fections, particularly in immune-compromised pa-
tients and those admitted to an intensive care unit
(ICU). These viruses are linked to a multidrug resist-
ance phenotype due to their capacity to adapt to the
hospital environment and their ease in acquiring
multiple genetic mobile elements encoding resistant
and virulence genes. Two divergently distinct oper-
ons are necessary for the expression of the curli
gene, which codes for the highly proteinaceous, ag-
gregated extracellular fibers known as curli fimbri-
ae (csgBA(C) and csgDEFG) [104-106].

The primary subunit protein of the fiber, CsgA, is
encoded by the csgBA operon. CsgB is related to csgA
in sequence, and the csgDEFG operon encodes [107].
CsgE, CsgF, and CsgG are three potential curli assem-
bly factors, while CsgD is a positive transcriptional
activator of the csgBA operon [108]. It has been hy-
pothesized that the curli fimbriae are an essential
part of the extracellular matrix of E. cloacae bio-
films [106].

The treatment of Enterobacter spp. Biofilm in-
cludes the treatment by bacteriophage N5822 iso-
lated from a highly virulent environment that re-
duces the preformed static host biofilm and inhibits
the formation of new biofilm up to 90% [109].

CONCLUSIONS

Nosocomial infections are the most common in-
fections affecting hospitalized patients associated
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with prolonged hospitalization having health issues
leading to death. The ESKAPE pathogens (Enterococ-
cus faecium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, Pseudomonas aer-
uginosa, and Enterobacter species) are the major
pathogens causing these infections. Biofilms are an
aggregation of bacterial communities covered by a
protective layer that protects inside colonies from
deterioration. The antimicrobial agents introduced
to combat these bacteria would not act against them
effectively. This increases the difficulty of treatment
and slows the treatment process, making it urgent
to develop novel antibacterial drugs. By studying
and understanding the mechanism of biofilm for-
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