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ABSTRACT 

Background: Biofilm formation is a defining survival strategy among ESKAPE pathogens - Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. 
whose collective capacity for multidrug resistance and chronic infection has elevated them to the forefront of global 
antimicrobial concern. Within biofilm architecture, these organisms exploit quorum sensing (QS), extracellular matrix 
production, and phenotypic plasticity to resist conventional antibiotics, evade host immunity, and persist on medical 
devices and wound surfaces. 

Objective: This systematic review synthesizes current evidence on biofilm-associated virulence mechanisms in ESKAPE 
pathogens and evaluates the efficacy, limitations, and translational potential of emerging therapeutic strategies targeting 
these communities. 

Methods: A structured literature search was conducted across PubMed, Scopus, Web of Science, and EMBASE using 
PRISMA 2020 guidelines. Studies published between 2013 and 2024 reporting on biofilm biology, virulence determinants, 
or anti-biofilm interventions in one or more ESKAPE species were eligible for inclusion. Data extraction and quality 
assessment were performed independently by two reviewers using standardized tools. 

Results: Forty-seven studies met inclusion criteria. Across all six ESKAPE genera, biofilm formation was tightly coupled 
with upregulated virulence gene clusters, altered metabolic states, and horizontal gene transfer facilitating resistance 
dissemination. Anti-biofilm strategies with documented efficacy included bacteriophage therapy, QS inhibitors, 
nanoparticle-based delivery systems, and antimicrobial peptides. Combination approaches particularly phage-antibiotic 
synergy and nanoparticle-encapsulated antibiotics showed the most promising in vitro and in vivo outcomes. 

Conclusion: Biofilm virulence in ESKAPE pathogens represents a multi-layered clinical challenge that demands 
mechanistically informed therapeutic design. While several novel strategies demonstrate compelling proof-of-concept, a 
critical gap persists between laboratory efficacy and clinical translation. Coordinated research investment in standardized 
biofilm models, robust preclinical pipelines, and regulatory frameworks for combination therapies is urgently needed. 

Keywords: ESKAPE pathogens, biofilm, quorum sensing, antimicrobial resistance, anti-biofilm therapy, virulence 
mechanisms. 
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1. Introduction  
With an anticipated 1.27 million deaths directly 
related to resistant illnesses in 2019 and far 
higher mortality loads predicted for the ensuing 
decades, antimicrobial resistance has evolved 
from a predicted threat to an active worldwide 
emergency [1–4]. In this environment, most 
nosocomial infections that do not respond to 
conventional antimicrobial treatments are 
caused by a distinct group of bacterial species 
known as ESKAPE (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, 
Pseudomonas aeruginosa, and Enterobacter 
spp.) [5]. In addition to being a taxonomic 
convenience, Rice's 2008 acronym ESKAPE 
highlighted the concerning ability of these 
pathogens to "escape" the effects of antibiotics 
through both inherent and acquired 
mechanisms [6–8]. 
The combination of structured community 
living and resistance is what sets ESKAPE 
species apart from other resistant bacteria. 
These pathogens have a powerful array of 
survival benefits because to biofilm formation, 
which is the arrangement of bacterial cells 
within a self-produced extracellular matrix 
adhering to surfaces [9–11]. Antibiotic 
resistance levels in biofilm-embedded bacteria 
are 100–1,000 times higher than in their 
planktonic counterparts. This is primarily due 
to decreased metabolic activity, limited drug 
diffusion through the matrix, and the 
development of highly tolerant persister 
subpopulations [12]. ESKAPE biofilms are 
now known to be the direct source of some of 
the most challenging infections in 
contemporary medicine, ranging from 
endotracheal tubes to prosthetic joints, central 
venous catheters to chronic wounds [13]. 
Therefore, rational therapy design requires an 
understanding of the molecular architecture of 
ESKAPE biofilms, including the regulatory 
circuits that control their initiation, maturation, 

and dissemination as well as the virulence 
mechanisms they amplify. In the last ten years, 
a growing amount of research has gone beyond 
characterising biofilms as passive barriers to 
examine their active role in pathogenesis, 
including how metabolic heterogeneity within 
mature biofilms allows phenotypic variants 
capable of spreading infection, how quorum 
sensing (QS) coordinates population-level 
behaviours, and how the biofilm matrix acts as 
a reservoir of mobile genetic elements [14]. 
Concurrently, the ineffectiveness of traditional 
antibiotics against illnesses linked to biofilms 
has given rise to a wave of novel therapeutic 
strategies. These include CRISPR-Cas 
systems, metallic nanoparticles, bacteriophage 
therapy, QS inhibitors, antimicrobial peptides, 
and surface-modifying coatings that prevent 
biofilm colonisation at the site of device 
implantation. The lack of defined regulatory 
pathways for phage-drug or nanoparticle-drug 
combination products, variable in vitro-to-in-
vivo translation, and poor standardisation of 
biofilm models are all obstacles to clinical 
adoption, despite the potential of many of these 
approaches [15]. 
This systematic review aims to provide a 
comprehensive, critically appraised synthesis 
of what is currently known about biofilm-
associated virulence across the ESKAPE genus 
group, and to evaluate the evidentiary basis for 
therapeutic approaches targeting these 
communities. By integrating findings from 
mechanistic studies, in vivo infection models, 
and early-phase clinical investigations, we 
identify the most promising translational 
directions and delineate priority areas for future 
research. 
2. Materials and Methods 
2.1. Search Strategy and Information 

Sources 
The Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA 2020) 
standards were used in conducting this 
systematic review [16, 17]. Three important 
biological databases—PubMed, Scopus and 



Page: 8 8 3  

Understanding Biofilm-Associated Virulence in ESKAPE Pathogens and Therapeutic Approaches to Combat Infections: 
- A Systematic Review 

 IJDDT, Volume 16 Issue 47s, 2026 
  
 

Web of Science (Core Collection) were 
subjected to a thorough and repeatable 
electronic search. Since the most 
mechanistically instructive and therapeutically 
pertinent literature on ESKAPE biofilm 
biology has gathered significantly during this 
time, the search was limited to publications 
published between January 2020 and February 
2026 [18]. A survey was also conducted, such 
as WHO technical papers, conference abstracts 
from the American Society for Microbiology 
(ASM), and proceedings from the European 
Congress of Clinical Microbiology and 
Infectious Diseases (ECCMID) [19]. 
ESKAPE pathogen nomenclature (e.g., 
'Acinetobacter baumannii', 'Pseudomonas 
aeruginosa', 'MRSA', 'Klebsiella pneumoniae', 
'Enterococcus faecium', 'Enterobacter 
species'), biofilm-related terminology (e.g., 
'biofilm formation', 'biofilm virulence', 
'quorum sensing', 'extracellular polymeric 
substance', 'persister cells', 'biofilm-associated 
infection), and therapeutic approaches (e.g., 
'bacteriophage therapy', 'nanoparticle', 
'CRISPR', 'quorum quenching', 'combination 
therapy') [20]. 
2.2. Eligibility Criteria and Study Selection 

Process 
Research that specifically examined biofilm 
formation, biofilm-associated virulence 
mechanisms, or anti-biofilm therapeutic 
interventions; used in vitro, in vivo, ex vivo, or 
clinical study designs; and was published in 
peer-reviewed English-language journals was 
deemed eligible for inclusion [21]. Excluded 
were case reports, editorials, letters, narrative 
reviews without a clear search strategy, and 
studies that only looked at non-ESKAPE 
species. Additionally, studies that did not use 
biofilm as a primary or secondary end measure 
were disqualified [22]. 
Duplicate entries were eliminated after all 
citations obtained from the database search 
were input into the systematic review program. 
The inclusion/exclusion criteria were applied 
to all titles and abstracts by two separate 

reviewers. Potentially eligible studies were 
next subjected to full-text evaluation; 
differences at each stage were settled by 
consensus discussion. A PRISMA flow 
diagram was used to record the study selection 
procedure [23]. 
 
 
2.3. Data extraction and synthesis Approach 
Each included study's pertinent data, such as 
pathogen species examined, infection model or 
study type, biofilm assessment methodology, 
important virulence findings, tested therapeutic 
interventions, outcome measures, and major 
conclusions, were recorded using standardised 
data extraction forms [24]. A narrative 
synthesis was carried out instead of a 
quantitative meta-analysis due of the variation 
in study designs, pathogen species, and 
outcome measures among the included studies. 
The main biofilm virulence mechanisms found 
in all ESKAPE species were used to organise 
the findings topically. A systematic assessment 
of the treatment categories came next. The 
results of several research that examined the 
same mechanism or intervention were 
combined, and areas of convergence and 
divergence were emphasised [25]. 
3. Results 
3.1. Study Selection and Characteristics 
3,214 entries were found in the first electronic 
search; 1,187 duplicates were eliminated, 
leaving 2,027 unique citations for title and 
abstract screening. After this stage, 186 studies 
were left for full-text review after 1,841 records 
were eliminated due to irrelevance. The most 
frequent grounds for the exclusion of 139 of 
these were non-ESKAPE pathogen emphasis 
(n = 41), lack of biofilm as an end measure (n 
= 38), narrative reviews without systematic 
methodology (n = 27), and insufficient method 
reporting (n = 33). The qualitative synthesis 
contained a final corpus of 47 studies. 
The included papers covered a variety of 
designs, including systematic reviews of 
therapeutic interventions (n = 4), clinical 
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observational studies (n = 8), animal infection 
models (n = 13), and in vitro experimental 
investigations (n = 22). A. baumannii (n=18), 
K. pneumoniae (n=26), E. faecium (n=9), and 
Enterobacter spp. (n=7) were the next most 
commonly researched pathogens, after P. 
aeruginosa and S. aureus (represented in 26 
and 24 studies, respectively). Fifteen research 
used the same experimental setup to study 
several ESKAPE species (Table 1). 
 
 
Table 1: Summary of Included Studies by 
ESKAPE Species and Study Type 
ESKAPE 
Pathogen 

In 
Vit
ro 
(n) 

In 
Vi
vo 
(n) 

Clini
cal 
(n) 

Key 
Biofilm 
Themes 
Investigate
d 

Enterococ
cus 
faecium 

5 2 2 VanA/VanB 
resistance, 
eDNA 
matrix, 
surface 
adhesins 

Staphyloc
occus 
aureus 

10 8 6 agr QS, 
icaADBC 
operon, 
MRSA 
device 
biofilms 

Klebsiella 
pneumoni
ae 

10 4 2 Capsule, 
type VI 
secretion, 
hypermucov
iscous 
strains 

Acinetoba
cter 
baumanni
i 

10 5 3 BfmRS 
TCS, 
OMPs, Bap 
protein, dry-
surface 
persistence 

Pseudomo
nas 

12 9 5 las/rhl QS, 
pel/psl EPS, 
T3SS, 

aeruginos
a 

alginate 
overproduct
ion 

Enterobac
ter spp. 

4 2 1 Fimbriae, 
NDM 
carbapenem
ase, EPS 
production 

  
3.2.Biofilm-Associated Virulence 

Mechanisms Across ESKAPE Pathogens 
3.2.1. Quorum Sensing as a Master 

Regulator of Biofilm Virulence 
The most thoroughly studied regulatory 
framework controlling biofilm virulence in 
ESKAPE pathogens was found to be QS, the 
density-dependent bacterial communication 
system mediated by diffusible signalling 
molecules. The Pseudomonas quinolone signal 
(PQS) and iqs circuits, along with the 
hierarchical las and rhl QS systems in 
Pseudomonas aeruginosa, coordinate the 
temporal expression of a biofilm virulence 
program that includes exopolysaccharide 
synthesis, type III and VI secretion, 
rhamnolipid synthesis, and ultimately 
dispersal-phase protease release. Research 
confirmed that QS is a non-redundant biofilm 
organiser rather than an additional regulator by 
showing that las-deficient mutants produced 
architecturally abnormal biofilms with 
degraded matrix architecture and reduced 
pathogenicity in murine lung infection models. 
The accessory gene regulator (agr) locus, a 
two-component autoinducing peptide (AIP)-
based QS system, is used by S. aureus. During 
early colonisation, low agr activity promotes 
surface adhesion and biofilm formation; as 
population density increases and AIP builds up, 
agr upregulation drives RNAIII expression, 
suppressing biofilm-promoting adhesins and 
activating dispersal-phase proteases (including 
TSST-1, Hla, and aerolysin). This regulatory 
switch guarantees that established biofilms 
function as launchpads for systemic 
dissemination, a virulence strategy of 
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significant clinical significance in MRSA 
bacteremia resulting from catheter-associated 
infections. 
The AbaI/AbaR QS system, which is based on 
N-acyl homoserine lactones (AHLs), controls 
surface motility, biofilm thickness, and stress 
tolerance in A. baumannii. QS-deficient A. 
baumannii strains consistently showed 
decreased biofilm biomass and lower 
pathogenicity in Galleria mellonella and 
murine pneumonia models, despite structural 
variations from Pseudomonas and 
Enterobacterial QS systems. Although QS 
regulation for K. pneumoniae is less well 
understood, recent transcriptomic analyses of 
hypermucoviscous strains (hvKP) revealed 
density-responsive regulation of the type VI 
secretion system (T6SS) and capsule 
biosynthesis genes, connecting biofilm 
persistence with active competitive fitness 
against other microorganisms in polymicrobial 
wound environments. 
3.2.2. Extracellular Matrix Composition 

and Structural Virulence 
In addition to being a mechanical scaffold, the 
extracellular polymeric substance (EPS) matrix 
that surrounds ESKAPE biofilm communities 
actively contributes to virulence, 
immunological evasion, and resistance. 
Divergent evolutionary strategies for host 
colonisation were reflected in the significant 
differences in the composition and functional 
characteristics of the EPS matrix between 
species across the evaluated studies. 
Pel and Psl exopolysaccharides are the main 
structural elements of P. aeruginosa, while 
alginate takes center stage in the mucoid 
phenotype typical of lung infections caused by 
persistent cystic fibrosis. Specifically, Psl was 
found to be an essential adhesin for starting 
surface attachment and to trigger complement 
avoidance mechanisms. By chelating cationic 
antimicrobials, such as aminoglycosides, and 
preventing them from penetrating biofilm-
embedded cells, Pel leads to antibiotic 
resistance. All ESKAPE species have 

extracellular DNA (eDNA), which serves as a 
structural crosslinker and a DNA-based barrier 
to cationic antimicrobials. Its negative charge 
repels positively charged medications before 
they can penetrate the bacterial membrane. 
Polysaccharide intercellular adhesin (PIA), 
which is expressed by the icaADBC operon, 
and surface proteins (fibronectin-binding 
proteins, protein A, clumping factors A and B) 
that facilitate host matrix attachment and 
immunological camouflage make up the 
majority of S. aureus biofilm matrices. 
Interestingly, icaADBC-independent biofilm 
programs depending on surface protein-
mediated aggregation are often present in 
MRSA clinical isolates; this adaptability makes 
it more difficult to target any one matrix 
component therapeutically. The biofilm-
associated protein (Bap) and outer membrane 
protein A (OmpA) are important biofilm 
virulence determinants in A. baumannii; OmpA 
is found in the outer leaflet, mediates host cell 
invasion, and has been demonstrated to cause 
mitochondrial dysfunction in epithelial cells, 
connecting matrix-surface interactions with 
cellular cytotoxicity (Figure 1). 

 
Figure 1: Schematic representation of the 
multi-layered biofilm virulence architecture of 
ESKAPE pathogens. 
3.2.3. Persister Cells and Phenotypic 

Tolerance 
A unique and therapeutically important aspect 
of ESKAPE biofilm pathogenicity is 
represented by persister cells, a metabolically 
dormant subpopulation that may withstand 
antibiotic exposure without developing 
traditional resistance mechanisms. Persister 
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fractions, which make up 0.001% to 1% of 
biofilm populations, have been shown in 
several included studies to survive antibiotic 
regimens long enough to eliminate the actively 
developing majority. Persisters resume normal 
growth after antibiotic removal, repopulating 
the biofilm and re-establishing infection. The 
most thorough documentation of this persister-
based relapse mechanism was found for P. 
aeruginosa in ventilator-associated pneumonia 
and MRSA in catheter-associated bloodstream 
infection settings. 
Toxin-antitoxin (TA) modules, particularly 
HipAB and MazEF in Gram-negative 
ESKAPE species, provide the molecular basis 
for persister development. Their dysregulated 
activity causes growth arrest without having 
bactericidal effects. The persister state is 
defined by the accumulation of reactive oxygen 
species (ROS), induction of the SOS response, 
and activation of the stringent response (by 
RelA/SpoT-mediated (p)ppGpp synthesis). 
Remarkably, persister production rates are 
increased by around an order of magnitude in 
biofilm environments when compared to 
planktonic cultures, highlighting the structural 
role of the biofilm community in this tolerance 
trait. 
3.3.Therapeutic Strategies Against 

ESKAPE Biofilms 
3.3.1. Bacteriophage Therapy and Phage-

Antibiotic Synergy 
As anti-biofilm agents, bacteriophages viruses 
with obligatory bacterial hosts—have seen a 
notable scientific and therapeutic comeback. In 
contrast to conventional antibiotics, lytic 
phages exert a significantly different selective 
pressure on bacterial populations by 
penetrating the biofilm matrix using phage-
encoded depolymerases that break down 
certain EPS components. Phage-antibiotic 
synergy (PAS), which combines targeted phage 
preparations with sublethal antibiotic doses, 
emerged as the most effective anti-biofilm 
method overall in thirteen of the 47 included 

studies that reported phage-based interventions 
(Table 2). 
 
Table 2: Species-Specific Biofilm Virulence 
Determinants and Therapeutic Profiles 
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PAS combined a Psl-depolymerase-encoding 
phage with ciprofloxacin in P. aeruginosa 
biofilm models, resulting in 4–5 log decreases 
in biofilm survival as opposed to 1-2 log 
reductions for each drug alone. In a rat implant 
infection model, a combination of three S. 
aureus-targeting phages plus rifampin 
decreased biofilm burden by 99.9% against 
MRSA biofilms on titanium implant surfaces, 
exceeding single-phage and antibiotic-alone 
arms. Although systematic clinical trial data 
are still restricted to early-phase studies, 
clinical case reports, such as the historic UC 
San Diego compassionate use instances, 
showed phage therapy efficacy in disseminated 
A. baumannii infections resistant to all known 
antibiotics. Immune neutralisation, phage 
resistance evolution, and limited host range 
were frequently identified as translational 
hurdles that call for modified phage or adaptive 
cocktail techniques. 
3.3.2. Quorum Sensing Inhibition 
Targeting QS regulatory circuits, also known 
as quorum quenching (QQ), is an anti-
virulence technique that is thought to be less 
likely to cause resistance than traditional 
antibiotics since it does not impose deadly 
selective pressure. Natural compounds 
(furanones, ajoene, curcumin, quercetin), 
synthetic small molecules (meta-bromo-
thiolactone analogues, virstatin), and 
enzymatic QQ agents (lactonases, acylases) are 
among the QS inhibitors (QSIs) investigated 
against ESKAPE viruses. In vitro, a number of 
QSIs showed strong anti-biofilm activity, 
decreasing biofilm biomass, suppressing the 
expression of virulence genes, and reducing the 
synthesis of proteases and EPS. 
In a mouse lung model, furanone C-30, a 
synthetic halogenated furanone that 
competitively inhibits AHL receptors, 
decreased las gene expression and P. 
aeruginosa biofilm formation. Curcumin-
based nanoparticle formulations dramatically 
decreased biofilm biomass in catheter infection 
models by blocking agr-mediated QS in MRSA 

Path
ogen 

QS 
Syst
em 

Key 
Virule
nce 
Factors 

Resi
stan
ce 
Gen
es 

Anti-
Biofi
lm 
Strat
egy 

Cli
nic
al 
Evi
den
ce 

E. 
faeci
um 

Fsr VanA/
B 
adhesin
s, 
AggA, 
eDNA 

van
A/B
, 
pbp
5 

Dapt
omyc
in + 
phag
e; 
vanc
omyc
in 
NPs 

Lo
w 

S. 
aure
us 

agr 
(AIP
) 

PIA, 
Bap, 
FnBPA/
B, 
clumpi
ng 
factors 

mec
A, 
van
A, 
erm
C 

Phag
e + 
rifam
pin 
(PAS
); 
LL-
37 
AMP 

Mo
der
ate 

K. 
pneu
moni
ae 

LuxI
R 
hom
olog 

Hyper
mucovi
scous 
capsule
, T6SS, 
type 3 
fimbria
e 

bla
KP
C, 
bla
ND
M, 
mcr-
1 

Phag
e 
depol
ymer
ase + 
mero
pene
m; 
ZnO 
NPs 

Lo
w 

A. 
bau
man
nii 

AbaI
/Aba
R 
(AH
L) 

Bap, 
OmpA, 
CsuA/B 
fimbria
e, 
PNAG 

bla
OX
A-
23, 
bla
ND
M-
1, 
Ade
AB
C 

Phag
e 
thera
py; 
colist
in-
loade
d 
NPs 

Mo
der
ate 

P. 
aeru
ginos
a 

las/r
hl/P
QS 

Pel/Psl, 
alginate
, T3SS, 
rhamno
lipids 

bla
VI
M, 
mex
AB-
opr
M, 
gyr
A 

Furan
one 
C-30 
QSI; 
phag
e + 
cipro
floxa
cin 

Mo
der
ate 

Ente
roba
cter 
spp. 

Lux
RI 
hom
olog 

Type 
1/3 
fimbria
e, 

bla
KP
C, 
acr

Phag
e + 
carba
pene

Lo
w 
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without producing detectable resistance. 
However, the reviewed evidence also revealed 
significant limitations: many natural QSIs have 
poor stability under physiological conditions; 
pathway redundancy, especially in P. 
aeruginosa with its four overlapping QS 
circuits, limits the impact of inhibiting any one 
system; and QSI efficacy has frequently not 
been replicated in vivo or in complex 
polymicrobial infection environments. 
3.3.3. Nanoparticle-based Anti-Biofilm 

Platforms 
One of the fastest-growing fields in anti-
biofilm research is nanoparticle (NP)-based 
drug delivery systems; included studies assess 
metallic NPs (silver, zinc oxide, copper, gold), 
polymeric NPs (PLGA, chitosan), lipid-based 
nanocarriers, and hybrid formulations. The 
basic idea is to avoid EPS-mediated drug 
exclusion by encasing antibiotics in nanoscale 
carriers that release their payloads close to 
implanted bacteria by penetrating biofilm 
architecture through size- and charge-mediated 
mechanisms. 
With minimal biofilm eradication 
concentrations (MBECs) significantly lower 
than those of bulk silver or traditional 
antibiotics, silver nanoparticles (AgNPs) 
showed strong anti-biofilm efficacy against 
both Gram-positive ESKAPE pathogens (S. 
aureus, E. faecium) and Gram-negative 
species. AgNP's anti-biofilm effect was 
mechanistically explained by direct membrane 
disruption, ROS production, and silver ion 
release that interferes with the activity of thiol-
containing enzymes. When compared to free 
drug, PLGA-encapsulated ciprofloxacin NPs 
greatly increased biofilm penetration and killed 
P. aeruginosa and K. pneumoniae biofilms in 
flow cell models. Vancomycin was 
successfully administered to MRSA biofilms 
on polystyrene surfaces using chitosan-based 
NPs by taking advantage of electrostatic 
interaction with negatively charged biofilm 
matrix components. Concerns regarding 
accumulating and environmental impact, as 

well as cytotoxicity at effective concentrations, 
especially for AgNPs at higher doses, were 
identified as development hurdles in numerous 
research. 
3.3.4. Antimicrobial Peptides 
Because of their quick bactericidal kinetics, 
membrane-targeting mechanisms that are hard 
to develop resistance against, and proven 
effectiveness against biofilm-protected 
organisms, antimicrobial peptides (AMPs) 
short, cationic, amphipathic sequences derived 
from natural host defence systems or rationally 
designed have drawn interest for anti-ESKAPE 
biofilm applications. The included research 
assessed synthetic analogues (lipopeptides, 
beta-peptides, cyclic peptides) and natural 
AMPs (LL-37, defensins, colistin-derived 
sequences) against a variety of ESKAPE 
biofilm models. 
By blocking PQS signalling and 
downregulating pel expression, the cathelicidin 
LL-37 dispersed pre-formed P. aeruginosa 
biofilms while also directly killing scattered 
cells. On heart valve tissue explants, synthetic 
lipopeptides based on daptomycin significantly 
killed E. faecium biofilms and showed better 
biofilm penetration than the parent drug. The 
biofilm matrix-associated serine proteases and 
metalloproteases of P. aeruginosa and A. 
baumannii, however, destroyed a number of 
AMPs before they could have a therapeutic 
effect, which was a recurrent restriction 
throughout AMP studies. A logical path for the 
creation of next-generation AMPs is 
represented by D-amino acid-substituted 
AMPs and PEGylated formulations, which 
showed improved stability in these settings 
(Figure 2). 
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Figure 2: Comparative Therapeutic Efficacy 
Profile 
4. Discussion 
This review's synthesis highlights a common 
theme in biofilm-mediated pathogenesis across 
ESKAPE genera: the combination of structural 
defence, sophisticated regulation, and 
population-level adaptability that makes these 
organisms exceptionally resistant to both host 
immune responses and traditional antibiotics 
[26, 27]. The overall virulence logic is 
conserved even if each ESKAPE species 
displays genus-specific biofilm characteristics, 
such as P. aeruginosa's multilayer QS 
hierarchy, S. aureus's agr-mediated 
pathogenicity switch, and A. baumannii's 
exceptional desiccation resistance within 
biofilm architecture [28, 29]. Biofilms are 
actively controlled community states that 
coordinate host exploitation, resistance gene 
amplification, and controlled diffusion; they 
are not passive defensive structures. Ignoring 
this regulatory expertise in therapeutic 
approaches is likely to result in, at most, 
temporary suppression rather than eradication 
[30, 31]. 

The therapeutic environment under 
examination is sobering in its translational 
shortcomings but encouraging in its diversity. 
For ESKAPE biofilm infections linked to 
wounds and devices, phage-antibiotic synergy 
may be the most immediately applicable 
development [32, 33]. The mechanism 
underlying synergy is well understood: phage-
encoded EPS depolymerases penetrate the 
biofilm matrix, exposing previously protected 
bacteria to antibiotics while also lowering 
tolerance by reviving metabolic activity in 
persisters that have been disturbed by phage 
predation. Early-phase trials are in progress, 
and the clinical case series arising from 
compassionate use programs show proof-of-
concept in an actual infection environment [34, 
35]. Through designed phage platforms and 
adaptive phage banking procedures, the main 
challenges—host immune response to phage 
proteins, phage resistance emergence, and the 
practical difficulty of matching phage host 
range to patient-specific isolates—are being 
addressed. 
Though empirically inconsistent, quorum 
sensing inhibition is nonetheless an attractive 
notion. The metabolic complexity of the in vivo 
infection environment, QS pathway 
redundancy, especially in P. aeruginosa, and 
the failure to take into consideration 
polymicrobial biofilm communities in which 
interspecies QS cross-talk may compensate for 
inhibited autoinduction in the target pathogen 
are at least three systemic problems that 
contribute to the discrepancy between in vitro 
QSI efficacy and in vivo performance [36, 37]. 
Multi-pathway inhibitors should be given 
priority in future QSI development, species-
specific signal analogues for focused activity 
should be the main focus, and polymicrobial 
biofilm models should be used instead of 
monoculture biofilm models as a mandatory 
requirement [38]. 
The drug delivery issue is directly and 
creatively addressed by nanoparticle-based 
anti-biofilm strategies. However, their clinical 
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translation necessitates the resolution of 
cytotoxicity profiles at bactericidal 
concentrations, standardisation of synthesis 
methods to ensure batch-to-batch 
reproducibility, and pharmacokinetic studies 
appropriate to biofilm infection contexts—
none of which are currently established for any 
NP formulation in clinical anti-biofilm use 
[39]. The same problem exists for AMPs: 
remarkable in vitro effectiveness against 
biofilm-embedded ESKAPE infections has not 
yet been transferred into clinical trials, mostly 
due to the lack of large-scale stability under 
physiological settings. The next essential step 
is to create protease-stable AMP scaffolds with 
a rational architecture [40]. 
The almost uniform use of static or flow-cell in 
vitro biofilm models and mouse infection 
models, which inadequately replicate the 
human biofilm infection niche, is a major 
drawback of the evaluated data base. 
Compared to a polystyrene plate or a catheter 
segment immersed in tryptic soy broth, the 
biofilm microenvironment in a chronic wound, 
an infected prosthetic joint, or a mucus-clogged 
airway is far more complex. Future research 
should give priority to organoid-based and ex 
vivo tissue infection models as part of 
preclinical pipelines before moving candidate 
medicines to clinical review, as these platforms 
are becoming more physiologically relevant 
[41]. 
5. Conclusion 
Underpinned by virulence mechanisms that are 
simultaneously diverse across genera and 
convergent in their outcome the development 
of nearly incurable infections in susceptible 
patient populations—biofilm-associated 
infections caused by ESKAPE pathogens 
represent a clinical and public health challenge 
of the highest magnitude. From QS-regulated 
virulence gene expression and EPS-based 
immune camouflage to persister biology and 
biofilm-accelerated resistance gene transfer, 
this systematic review shows that substantial 
progress has been made in understanding the 

molecular architecture of ESKAPE biofilm 
virulence and in creating therapeutic 
approaches that target these mechanisms with 
increasing mechanistic specificity. 
However, this synthesis reveals a clear and 
pressing priority: the translational pathway 
from laboratory discovery to clinical 
application is broken. The most promising 
approaches—CRISPR-based sensitisation, 
phage-antibiotic synergy, and nanoparticle 
drug delivery—all have strong mechanistic 
justifications and in vitro evidence bases, but 
they are hampered by the lack of standardised 
biofilm infection models, inadequate in vivo 
pharmacokinetic and pharmacodynamic 
characterisation, and unclear regulatory 
frameworks for novel combination products. In 
addition to scientific innovation, coordinated 
infrastructure investment is needed to close this 
translational gap. This includes established 
biofilm model standards, cross-institutional 
preclinical testing networks, and regulatory 
science programs that can assess phage-
antibiotic or nanoparticle-antibiotic 
combinations as integrated therapeutic entities. 
Through unrelenting evolutionary pragmatism, 
the ESKAPE pathogens managed to escape the 
antibiotic era. Effectively combating them will 
necessitate a similar degree of strategic 
flexibility in the development, assessment, and 
application of anti-biofilm treatments. The 
science is there, but translation is currently the 
problem. 
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