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ABSTRACT

The infamous opportunistic pathogen Pseudomonas aeruginosa poses
a serious threat to public health because of its ability to form biofilms
that greatly worsen antimicrobial resistance (AMR). Through physical
obstacles, physiological adaptations, and genetic exchanges, biofilms
structured communities protected in extracellular polymeric
substances, or EPS provide resistance. The molecular processes of P.
aeruginosa biofilm formation, such as quorum sensing and genetic
regulation, are thoroughly examined in this review along with their
connection to AMR. It assesses the clinical burden; meta-analyses
show that the treatment failure rate for infections linked to biofilms is
30 to 40% higher than that of planktonic infections. Case studies
highlight outbreaks linked to medical devices and chronic infections
in people with cystic fibrosis. Together with existing and new
approaches like novel antibiotics, anti-biofilm agents, and
bacteriophage therapies, the public health impact which includes
elevated morbidity, mortality, and healthcare costs is examined.
Future directions focus on synthetic biology, AI-driven AMR
prediction, and One Health approaches, while diagnostic and
therapeutic challenges are discussed. This review emphasizes how
urgently creative solutions and international cooperation are needed to
fight P. aeruginosa biofilms and lessen the growing threat of AMR.

Ajab Khan1, Noor-Ul-Ain2, Aiman Majeed3, Faiqa Shakeel4, Umar Farooq5,
Syed Muhammad Abrar Ul Haq6

mailto:noorraouf8@gmail.com


5209

1. Introduction to Biofilms and
Antimicrobial Resistance
Comprising proteins, polysaccharides, and
extracellular DNA (eDNA), biofilms are
intricate microbial communities embedded in
an EPS matrix that they produce on their own
[1]. Bacteria can stick to surfaces, withstand
antibiotics, and get past host immunity thanks
to these structures. Gram-negative
opportunistic pathogen Pseudomonas
aeruginosa is known for its ability to form
strong biofilms, which helps explain why it
persists in clinical settings [2]. Biofilms are
linked to up to 80% of chronic infections, and
they cause serious infections in
immunocompromised patients, people with
cystic fibrosis (CF), and people with
indwelling medical devices [3].
Biofilms render antibiotics less effective
through biological, physiological, and genetic
mechanisms [5], contributing to the global
antimicrobial resistance (AMR) crisis, which
claims the lives of 1.27 million people
annually and is projected to result in 10
million deaths by 2050 [4]. Biofilms of P.
aeruginosa are the cause of nosocomial
outbreaks, treatment failures, and higher
medical expenses [6]. The objectives of this
review are to: (1) clarify the mechanisms
underlying P. aeruginosa biofilm formation;
(2) investigate their function in AMR; (3)
evaluate the implications for public health;
and (4) assess treatment and prevention
approaches.
2. Biological and Ecological Profile of
Pseudomonas aeruginosa
2.1 Taxonomic and Physiological
Characteristics
The rod-shaped, Gram-negative bacillus
Pseudomonas aeruginosa belongs to the
Pseudomonadaceae family and is well-known
for its metabolic adaptability [7]. It can
survive in microaerophilic, aerobic, or
anaerobic conditions and uses more than 75
carbon sources [8]. Many virulence and

resistance factors are encoded in its genome,
which is 6.3 Mbp on average [9].
2.2 Clinical Relevance
Worldwide, P. aeruginosa is responsible for
10–15% of hospital-acquired infections, such
as urinary tract infections (UTIs, 7–10%),
ventilator-associated pneumonia (VAP, 13–
22%), and bloodstream infections caused by
catheters (CRBSI, 8–12%) [10]. By adulthood,
60–80% of CF patients will have chronic lung
infections, making it a major cause of
morbidity [11]. Treatment is complicated by
intrinsic resistance, which is mediated by
beta-lactamases (like AmpC), efflux pumps
(like MexAB-OprM), and low outer
membrane permeability [12].
2.3 Intrinsic Resistance Mechanisms
By eliminating aminoglycosides, beta-lactams,
and fluoroquinolones through efflux systems
(MexAB-OprM, MexXY-OprM), P.
aeruginosa demonstrates intrinsic resistance
[13]. Porin mutations and chromosomal beta-
lactamases also lessen antibiotic susceptibility
[14]. Thirty percent of P. aeruginosa clinical
isolates were resistant to at least three
antibiotic classes, according to data from a
2020 study [15].
3. Mechanisms of Biofilm Formation in
Pseudomonas aeruginosa
3.1 Structural Components of Biofilms
The EPS matrix offers protection and
structural integrity and is made up of proteins,
eDNA, and polysaccharides (Pel, PSL, and
alginate) [16]. Alginate is essential in CF-
associated biofilms, whereas PSL improves
cell-to-surface adhesion [17]. Cell lysis
produces eDNA, which promotes matrix
stability and HGT [18].
3.2 Stages of Biofilm Development
The process of biofilm formation involves the
following steps:
1. Initial Attachment: Within minutes,
planktonic cells attach to surfaces using
flagella and type IV pili [19].
2. Microcolony Formation: Within hours,
cells group together and produce extracellular
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polysaccharides (EPS) to form microcolonies
[20].
3. Maturation: It takes two to five days for
biofilms to form three-dimensional structures
with water channels [21].
4. Dispersion: In response to QS signals or
nutritional stress, cells release to colonize new
locations [22].
3.3 Quorum Sensing and Genetic
Regulation
Through acyl-homoserine lactones (AHLs),
quorum sensing (QS) controls the formation
of biofilms. RhlR/RhlI regulates rhamnolipid
synthesis, while the LasR/LasI system
governs virulence and EPS production [23].
EPS is produced by genes such as algD
(alginate), pel, and psl, while rpoS controls
stress reactions [24]. QS-deficient mutants
produced 50% less biofilm biomass,
according to a 2019 study [25].
3.4 Environmental and Host Factors
Low iron, high phosphate, which and mucin-
rich environments, like those found in CF
lungs, promote the formation of biofilms [26].
Adhesion is also enhanced by surface
roughness and hydrophobicity [27].
According to data, CF patients' biofilms
generate two to three times as much alginate
as environmental isolates [28].
4. Biofilms as Drivers of Antimicrobial
Resistance
4.1 Physical and Physiological Barriers
Antibiotic penetration is restricted by the EPS
matrix, which can result in a 100-fold
reduction in drug concentrations [29].
Because of their metabolic dormancy, slow-
growing cells in biofilms are resistant to
antibiotics such as ciprofloxacin [30].
4.2 Cells That Persist
Because they are dormant, persister cells,
which make up 0.1–1% of biofilm
populations, can withstand high antibiotic
dosages [31]. Persisters that are abundant in
hypoxic zones in P. aeruginosa biofilms
increase tolerance by a factor of 1000 [32].

4.3 Gene Transfer Horizontally
Through conjugation, transformation, and
transduction, biofilms promote horizontal
gene transfer (HGT), dispersing resistance
genes such as blaNDM-1 [33]. According to a
2021 study, biofilms have a conjugation rate
that is ten times higher than that of planktonic
cells [34].
4.4 Resistance Mechanisms Particular to P.
aeruginosa
Beta-lactamases and efflux pumps (MexAB-
OprM) are overexpressed in biofilms, and
40% of clinical isolates exhibit multidrug
resistance [35]. Resistance evolution is driven
by mutational hypermutability, which is seen
in 20% of CF isolates [36].
First Meta-Analysis:
P. aeruginosa biofilm infections had a 38%
greater treatment failure rate compared to
planktonic infections (odds ratio: 2.3, 95% CI:
1.9–2.7), according to a meta-analysis of 20
studies (n=3,200 patients) [37]. According to
subgroup analysis, CF patients had a failure
rate of 45% while non-CF patients had a
failure rate of 30% [37].
5. Public Health Impact of P. aeruginosa
Biofilm-Associated Infections
5.1 Epidemiology
Biofilms are implicated in 65–80% of
nosocomial infections caused by P.
aeruginosa, accounting for 12–18% of cases
[38]. 15–22% of ICU infections, 8–12% of
CRBSI, and 7–10% of UTIs are caused by
VAP [39]. In the United States alone, P.
aeruginosa was connected to 32,600 hospital
infections in 2022 [40].
5.2 Chronic Infections in High-Risk
Populations
By the age of 20, 60–80% of CF patients
suffer from chronic lung infections brought on
by P. aeruginosa biofilms [41]. Despite six
months of combination therapy, a 28-year-old
CF patient's case study revealed persistent
biofilms, which resulted in a 60% decrease in
FEV1 (forced expiratory volume) [42]. A 3-
month treatment failure requiring surgical
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debridement was reported in another case
study of someone suffering from burns with a
biofilm-infected wound [43].
5.3 Contribution to MDR and XDR Strains
MDR (30–40% of isolates) or XDR (10–15%)
phenotypes are frequently developed by
biofilm-associated P. aeruginosa strains [44].
Carbapenem-resistant P. aeruginosa is listed
as a critical priority pathogen by the WHO
[45].
5.4 Economic and Societal Burden
Hospital stays are prolonged by 7–10 days
and expenses are increased by $10,000–
$20,000 per patient due to biofilm infections
[46]. Because they have less access to cutting-
edge treatments, low-resource settings have
higher mortality rates [47].
Meta-Analysis 2: A meta-analysis of 12
studies with 2,800 patients revealed that P.
aeruginosa infections linked to biofilms
increased mortality by 25% when compared
to infections not related to biofilms (relative
risk: 1.25, 95% CI: 1.1–1.4) [48].
6. Nosocomial and Community
Transmission
6.1 Biofilm Persistence on Medical Devices
As infection reservoirs, biofilms on
ventilators, implants, and catheters are
resistant to sterilization [49]. P. aeruginosa
biofilms on hemodialysis catheters were
connected to 15 CRBSI cases over an 8-
month period in a 2020 case study [50].
Biofilms on bronchoscopes were linked to 18
infections in another outbreak [51].
6.2 Dynamics of Transmission
Biofilms on hospital surfaces, such as
ventilators and sinks, make it easier for the
disease to spread through contact or aerosols
[52]. Twenty to thirty percent of nosocomial
outbreaks are caused by environmental
persistence [53]. According to a 2023 study, P.
aeruginosa biofilms were present in 40% of
hospital sink drains [54].
Table 1: Computational Data on Biofilm-
Associated P. aeruginosa Infections. Source
of Ventilator-Associated Pneumonia [38, 40,

55], Catheter-Related Bloodstream Infection
[39, 50, 56], Urinary Tract Infection [57],
Wound Infection [58], and Burn Infections
[43, 59]

Infection
Type

Prevalence
(% of
Nosocomial
Infections)

Treatment
Failure
Rate (%)

Average
Hospital
Stay
(Days)

Mortality
Rate (%)

Annual
U.S.
Cases
(2022)

Ventilator-
Associated
Pneumonia

15–22 35–45 12–15 20–30 10,500

Catheter-
Related
Bloodstream
Infection

8–12 28–40 9–12 15–25 8,200

Urinary
Tract
Infection

7–10 25–35 7–10 10–15 6,800

Wound
Infection

5–8 20–30 6–9 8–12 4,500

Burn
Infections

3–6 30–50 10–14 25–35 2,600

Note: Data compiled from referenced studies
(2015–2023), reflecting global and U.S.-
specific trends. Prevalence and outcomes vary
by region and healthcare setting.

7. Current and Emerging Strategies to
Combat Biofilm-Associated AMR
7.1 Antimicrobial Therapies
Combination treatments, such as ceftazidime
and tobramycin, are 50–60% effective against
planktonic P. aeruginosa, but only 20–30%
effective against biofilms [60]. Azithromycin
and other quorum-sensing inhibitors cut
biofilm biomass by 40% [61].
7.2 Anti-Biofilm Innovations
Dispersin B and other enzymes break down
EPS, which increases antibiotic penetration by
two to three times [62]. In vitro, silver
nanoparticles reduce the bacterial load by
60% by breaking up biofilms [63].
Polyethylene glycol and other anti-fouling
coatings reduce adhesion by 70% [64].
7.3 Alternative Therapies
In clinical trials, bacteriophage therapy
decreases biofilm the biomass by 40–50%
[65]. Early trials have shown that vaccines
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that target P. aeruginosa OprF/I antigens are
30% effective [66].
7.4 Management of Infections
Antimicrobial stewardship and sterilization
procedures cut biofilm infections by 25–30%
[67]. UV-C disinfection decreased P.
aeruginosa biofilm contamination by 50%,
according to a 2022 case study conducted in a
U.S. hospital [68].
Table 2: Conceptual Data on Anti-Biofilm
Strategies
Strategy Mechanism Advantages Limitations

Efficacy (%
Reduction in
Biofilm)

Quorum-
Sensing
Inhibitors

Disrupt
AHL
signaling

Prevent
biofilm
formation

Limited in
vivo data 30–40

Dispersin B Degrades
EPS matrix

Enhances
antibiotic
penetration

High
production
costs

50–60

Silver
Nanoparticles

Disrupt cell
membranes

Broad-
spectrum
activity

Potential
toxicity 50–70

Bacteriophage
Therapy

Lyses
bacterial
cells

High
specificity

Regulatory
challenges 40–50

Anti-Fouling
Coatings

Prevent
adhesion

Long-term
prevention

Limited to
device
surfaces

60–70

Note: Efficacy data derived from referenced
studies (2015–2023), based on in vitro and
clinical trial results [62-65].

8. Diagnostic and Therapeutic Challenges
8.1 Diagnostic Limitations
Only 50–60% of biofilm infections are
detected by culture-based diagnostics [69].
Although they are expensive, sophisticated
methods like confocal microscopy and PCR-
based gene detection (e.g., algD) increase
sensitivity to 80% [70].
8.2 Barriers to Therapy
Persister cells and biofilm heterogeneity
reduce antibiotic efficacy by 70–80% [71].
Only two new anti-biofilm agents have been

approved since 2015 due to regulatory
obstacles [72].
Third Meta-Analysis: Biofilm-targeted
treatments (e.g., dispersin B, phages)
decreased recurrence by 30% when compared
to standard antibiotics (relative risk: 0.70,
95% CI: 0.62–0.78), according to a meta-
analysis of 15 trials (n=2,500 patients) [73].
9. Future Directions in Biofilm Research
and Public Health Interventions
9.1 Developments in Diagnostics
Ninety percent of biofilm-specific genes can
be found using next-generation sequencing
[74]. Biofilms can be detected in real time
with 85% sensitivity using AI-driven imaging
[75].
9.2 Methods of Microbiome and Synthetic
Biology
In preclinical models, QS-disrupting peptides
created by synthetic biology reduce biofilm
formation by 50% [76]. According to animal
studies, microbiome modification has a 40%
success rate in preventing P. aeruginosa
colonization [77].
9.3 Predicting AI and AMR
In 70% of cases, therapy is guided by
machine learning, which has an 88% accuracy
rate in predicting AMR patterns [78]. AI was
used in a 2023 case study in a Canadian
intensive care unit to cut P. aeruginosa
biofilm infections by 25% [79].
9.4 Multidisciplinary Approaches
In pilot programs, the One Health framework,
which combines environmental, animal, and
human health, reduced the spread of AMR by
20–30% [80].
10. Conclusion and Call to Action
AMR is caused by P. aeruginosa biofilms,
which also raise treatment failure rates,
nosocomial infections, and medical expenses.
Their clinical and financial burden is
highlighted by improved data from case
studies and meta-analyses. Although there is
hope thanks to novel approaches like phages,
anti-biofilm agents, and AI-driven diagnostics,
international cooperation and more funding
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are crucial. We can lessen the threat that P.
aeruginosa biofilms and AMR pose to public
health by giving priority to interdisciplinary
approaches and fair access to treatments.
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