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ABSTRACT

Biofilms are complex microbial communities that attach firmly to surfaces and grow
within a dense extra cellular matrix composed of polysaccharides, proteins, and
nucleic acids. Their ability to anchor to medical devices, hospital surfaces, industrial
pipelines, and food processing equipment makes them a major concern for both
healthcare and industry. In hospital environments, biofilms act as persistent
reservoirs of pathogenic microorganisms. They reduce the activity of antibiotics,
protect harmful bacteria from the host immune system, and play a central role in
long-lasting infections linked with catheters, prosthetic implants, ventilator tubes,
and surgical instruments. These microbial structures also contaminate critical areas
such as operating theatres, sinks, and water outlets, which increases the risk of
hospital-acquired infections and elevates patient morbidity and mortality.

In industrial systems, biofilms form on surfaces exposed to water, nutrients, and
fluctuating temperatures. Their presence leads to pipeline blockage, deterioration of
metal surfaces through microbial corrosion, reduced efficiency of heat exchangers,
and instability of food and pharmaceutical products. These issues create significant
economic burdens due to equipment damage, increased cleaning demands, and
production losses. Biofilms exhibit remarkable tolerance to disinfectants, physical
cleaning, and antimicrobial agents, as the extracellular matrix limits penetration and
enables microorganisms to survive severe environmental stress.

A detailed understanding of the biological processes that allow biofilms to form,
mature, and persist is essential for developing effective preventive and control
measures. Improved strategies require a combination of surface engineering,
advanced sanitation methods, targeted antimicrobial compounds, and continuous
monitoring systems. Addressing the growing challenges created by biofilms in
hospital and industrial settings is crucial for protecting public health, ensuring
product quality, and maintaining efficient operation of essential facilities.
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Chapter-1

Introduction

Biofilm formation represents a highly organized survival strategy adopted by pathogenic
microorganisms across clinical, industrial, and environmental settings. Unlike
planktonic cells, biofilm-embedded bacteria exist within a self-produced extracellular
polymeric matrix that enhances their resistance to antimicrobials, disinfectants,
desiccation, and immune responses. This makes biofilms responsible for the majority of
chronic and hospital-acquired infections, persistent contamination of medical devices,
and widespread industrial challenges such as product spoilage and biofouling.
Understanding the biofilm lifestyle of pathogenic bacteria is essential for improving
infection control, guiding clinical interventions, and developing innovative prevention
and eradication strategies. This project explores the structure, lifecycle, resistance
mechanisms, clinical implications, and industrial impacts of biofilms, alongside

emerging technologies designed to combat them.



Chapter-2
Methodology

A suitable topic was selected first, and a specific title was made for the review. The key
words were marked from the title and relevant review papers searched in the PubMed
Central website. (https:/pmc.ncbi.nlm.nih.gov/). The papers were then downloaded.
Too old papers and the papers from predatory journals were excluded. Relatively recent
papers, published within 2021- 2015, that were from well-established journals were
selected. All the write-ups were done in MS Word and the referencing was conducted

using EndNote 20.



Chapter-3

Biofilm-Associated Complications in Hospital Settings

3.1.1. The Hidden Threat in Healthcare

Hospitals are battlegrounds against infection, but some of the most formidable enemies
are not lone, free-floating bacteria. Instead, they are highly organized, resilient
communities known as biofilms. These microbial cities are the underlying cause of
many persistent and recurrent infections that plague healthcare settings worldwide. They
represent a fundamental shift in how we understand bacterial behavior, from solitary

organisms to a collective, cooperative society with a single goal: survival.
3.1.2. Biofilm Definition and Clinical Significance

A Dbiofilm is defined as a structured community of bacterial cells enclosed in a self-
produced matrix of Extracellular Polymeric Substance (EPS) and adherent to an inert or
living surface (Jamal et al., 2015). This matrix acts as a protective slime, shielding the

resident bacteria from external threats.

The clinical impact of biofilms is staggering. According to the National Institutes of
Health (NIH) and supported by numerous studies, biofilms are associated with
approximately 65% of all microbial infections and a profound 80% of all chronic
infections (Jamal et al., 2015; Sharma et al., 2023). This means that the majority of
difficult-to-treat infections encountered in hospitals—from infected catheters to non-
healing wounds—are biofilm-related. Their extreme resistance to antibiotics and the
host's immune system turns routine treatments into prolonged battles, leading to
increased patient morbidity, mortality, and healthcare costs. Understanding the
fundamental biology of biofilms is, therefore, not just a microbiological curiosity but a

critical necessity for modern medicine.

3.2. Composition of the Matrix

The resilience of a biofilm is not due to the bacteria alone but to the sophisticated, self-
constructed "fortress" they live in: the Extracellular Polymeric Substance (EPS) matrix.
This matrix can constitute up to 90% of the biofilm's dry mass and is a complex,
hydrated mixture of various biopolymers. Its composition is not random; each

component plays a specific role in maintaining the structure and function of the biofilm.
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3.2.1. The Medium of Life

Water is the most abundant component, making up to 97% of the biofilm's volume
(Jamal et al., 2015). It is not merely a passive filler; it forms a hydrogel that is crucial
for the biofilm's function. This gel-like state allows for the diffusion of nutrients,
enzymes, signals, and waste products through the matrix, essentially acting as the
biofilm's bloodstream. It also protects the embedded cells from desiccation (drying out),

allowing the biofilm to survive on dry surfaces like tabletops or medical equipment.
3.2.2. Exopolysaccharides: The Structural Scaffold

Exopolysaccharides (1-2% of the matrix) are long, sugary chains that form the primary
architectural framework of the biofilm. They are the "steel beams" that give the biofilm
its shape and physical integrity. Different bacteria produce different types of

exopolysaccharides, which are often key virulence factors:

e Alginate in Pseudomonas aeruginosa: Found in the lungs of Cystic Fibrosis
patients, alginate creates a dense, mucoid barrier that is notoriously difficult for
antibiotics to penetrate and also protects the bacteria from phagocytosis by

immune cells (Sharma et al., 2023).

e Polysaccharide Intercellular Adhesion (PIA) in Staphylococcus epidermidis:
This polysaccharide is crucial for the ability of this common skin bacterium to
form biofilms on medical devices like catheters and prosthetic joints. It glues the
bacterial cells together, forming a strong, cohesive community (Jamal et al.,

2015).
3.2.3. Proteins: The Engines and Bricks

Proteins (<1-2% of the matrix) serve dual roles. Some are enzymatic proteins that act as
digestive tools, breaking down large nutrient molecules (like proteins and sugars) from
the environment into smaller pieces that the bacteria can consume. Others are structural
proteins that reinforce the matrix. A notable family is the Biofilm-associated proteins
(Bap), which are large cell-surface proteins that promote cell-cell adhesion and biofilm
formation in staphylococci and other species (Sharma et al., 2023). Amyloid proteins,
which form strong, fibrous aggregates, also contribute significantly to the structural

stability of biofilms from various species.
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3.2.4. Extracellular DNA (eDNA): The Unexpected Glue

Extracellular DNA (eDNA), making up <1-2% of the matrix, was initially thought to be

mere debris from dead cells. We now know it is a critical and dynamic component.

eDNAIs released actively by some bacteria and through the lysis of others. Its functions

are multifaceted:

Structural Role: eDNA is highly sticky and acts as a powerful adhesive,
binding cells together and to the surface. In the early stages of Staphylococcus
aureus and Pseudomonas aeruginosa biofilm formation, eDNA is essential for

building the initial structure.

Cation Chelation: eDNA can bind to positively charged ions (cations) like
magnesium (Mg?"). This can trigger a protective response in bacteria, making

them more resistant to certain classes of antibiotics, such as aminoglycosides

(Sharma et al., 2023).

Gene Transfer: eDNA in the matrix can be taken up by other bacteria through
transformation, potentially spreading antibiotic resistance genes within the

biofilm community.

3.2.5. Other Components: Lipids, Biosurfactants, and Ions

While less abundant, other components fine-tune the biofilm's properties

Lipids and Biosurfactants: These molecules can influence surface tension,
aiding in the initial attachment to hydrophobic surfaces. They also play a role in
the form at ion of water channels and can be involved in the dispersal of the
biofilm.

Ions: Divalent cations like calcium (Ca?") and magnesium (Mg?") can cross-link

the negatively charged strands of polysaccharides and eDNA, strengthening the

entire EPS matrix and making it more robust.
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3.2.6. Microbial Cells: The Residents

Embedded within this complex matrix are the microbial cells themselves, which
typically make up only 2-5% of the biofilm's volume. These cells are not uniform; they
exist in different metabolic states and can be a mix of different bacterial species

(polymicrobial biofilms), and sometimes even fungi, creating a diverse and interactive

community.
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3.3. The Biofilm Lifecycle

The formation of a biofilm is not a random event but a finely regulated, developmental
process with distinct stages. It represents a deliberate transition from a nomadic,

planktonic lifestyle to a settled, communal one.

3.3.1. Stagel: Initial Attachment and Reversible Adhesion

The process begins when free-swimming (planktonic) bacteria, carried by fluids, come
close to the surface. This surface can be abiotic (e.g., a plastic catheter, a metal implant)

or biotic (e.g., damaged heart tissue, a chronic wound).

13



Mechanism: The initial contact is weak and reversible. It is mediated by
transient forces like van der Waals forces and electrostatic interactions. Bacterial
surface structures like flagella (for swimming) and pili/fimbriae (hair-like

appendages) help the cell "test" the surface.

Influencing Factors: Surface properties play a huge role. Rough, hydrophobic,
and coated surfaces are more prone to colonization than smooth, hydrophilic
ones. Environmental conditions like flow velocity and nutrient concentration

also influence this stage.

3.3.2. Stage 2: Irreversible Attachment and Microcolony Formation

If the conditions are favorable, the bacteria commit to the surface.

Mechanism: The attachment becomes irreversible. The bacteria start producing
EPS components (polysaccharides, eDNA, proteins) that act like a "biological
glue, "anchoring them firmly. They begin to divide, forming small, clustered

communities known as microcolonies.

Genetic Shift: This stage involves a significant change in gene expression.
Bacteria turn off genes for motility (e.g., flagella) and turn on genes for EPS

production, signaling a commitment to the biofilm lifestyle (Jamal et al., 2015).

3.3.3. Stage3: Maturation and Development of the 3D Structure

This is the stage where the simple microcolony transforms into a complex, city-like
structure.

Mechanism: The bacterial community continues to grow and secrete EPS,
building a mature biofilm with a characteristic three-dimensional architecture.
This structure is not a solid mass; it contains mushroom- or tower-like structures

separated by a network of fluid-filled channels.

Role of Water Channels: These channels are critical. They function as a
primitive circulatory system, allowing the convective flow of nutrients, oxygen,
and signaling molecules to the deep layers of the biofilm, while simultaneously

removing waste products (Jamal et al., 2015).
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Role of Quorum Sensing (QS): Maturation is heavily dependent on Quorum
Sensing.As the cell density increases, the concentration of signaling molecules
(autoinducers) crosses a threshold. This triggers a coordinated change in gene
expression across the entire population, leading to massive EPS production and

the full development of the biofilm's resistant properties (Sharma et al., 2023).

3.3.4. Stage4: Active Dispersion and Seeding of New Sites

A mature biofilm is not a static entity; it has a mechanism for spreading.

Mechanism: Dispersion is an active, programmed process. Sub-populations of
bacteria within the biofilm undergo physiological changes. They may stop
producing EPS and start producing enzymes (e.g., DNases, proteases) that

locally degrade the matrix, freeing cells.

Triggers: Dispersion can be triggered by environmental cues such as nutrient

starvation, oxygen limitation, or overpopulation.

Outcome: The dispersed cells, which can be single or in small clumps, return to
a planktonic state and are carried away to colonize new niches in the host. This
is a key mechanism for the spread of infection, for example, when a biofilm on a
heart valve sheds cells that cause a stroke by blocking blood vessels in the brain
(Jamal et al., 2015). Cells dispersed from a biofilm often retain some resistant

properties, allowing them to quickly establish new, tough-to-treat infections.

3.4. Society Within: Lifestyle and Classification of Biofilms

Life inside a biofilm is fundamentally different from planktonic life. It is characterized

by social interaction, division of labor, and a remarkable level of organization that

mimics a multicellular organism.

3.4.1. Metabolic Heterogeneity: A Community of Different Lifestyles

The 3D structure of a biofilm creates gradients of essential factors. Oxygen and

nutrients are abundant at the surface but become scarce in deep layers. Conversely,

waste products accumulate in the interior.

15



This results in a heterogeneous community where bacteria exist in different physiological states:
o Aerobic, fast-growing cells are found at the biofilm-liquid interface.
e Slow-growing or dormant cells reside in the oxygen- and nutrient-poor depths.
o Persister Cells: These are a small subpopulation of metabolically inactive, non-
dividing cells. They are not genetic mutants but are phenotypic variants that are
highly tolerant to antibiotics. Most antibiotics target active cellular processes
(like cell wall synthesis or protein production); because persisters are dormant,
these drugs cannot kill them. When antibiotic treatment stops, persisters can
“resurrect” and repopulate the entire biofilm, leading to recurrent infections

(Jamal et al., 2015; Sharma et al., 2023).
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Figure 2: Quorum Sensing
3.4.2. Quorum Sensing: The Social Network of Bacteria

Quorum Sensing (QS) is a cell-to-cell communication system that allows bacteria to
coordinate their behavior as a collective. They release and detect small, diffusible

signaling molecules called autoinducers.

o How it Works: At low cell density, autoinducers diffuse away. At high cell
density (a "quorum"), they accumulate and bind to specific receptors in the
bacterial cells, triggering changes in gene expression across the entire population
(Sharma et al., 2023).

e Functions Controlled by QS:

o Biofilm Maturation: As seen in the life cycle.

16



Virulence Factor Production: Virulence Factor Production: Bacteria
can simultaneously release toxins and enzymes to overwhelm the host's
defenses

Antibiotic Synthesis: Some bacteria produce their own antibiotics to kill

competing species.
Dispersion: QS can regulate the timing of biofilm dispersal.

Conjugation: The transfer of antibiotic resistance genes between

bacteria is often enhanced in biofilms and can be QS-regulated.

3.4.3. Classification of Biofilms in Hospital Settings

Biofilms in hospitals can be categorized based on their location, which directly

influences the clinical approach:

o Device-Associated Biofilms (on abiotic surfaces):

Examples: Central venous catheters, urinary catheters, prosthetic joints,

mechanical heart valves, endotracheal tubes, contact lenses.

Common Pathogens: Staphylococcus epidermidis, Staphylococcus
aureus,  Pseudomonas  aeruginosa,  Escherichiacoli, Klebsiella

pneumoniae, Candida albicans (fungus).

Clinical Impact: These are among the most common biofilm infections,

often necessitating removal or replacement of the device for a cure.

o Tissue-Associated Biofilms (on biotic surfaces):

¢)

Examples: Chronic wounds (diabetic foot ulcers, pressure sores), cystic
fibrosis lungs, native heart valve endocarditis, infectious kidney stones,

chronic otitis media.

Common Pathogens: Pseudomonas aeruginosa (CF), Streptococcusviridans

group (endocarditis), mixed flora (chronic wounds).

Clinical Impact: These are deeply embedded in host tissue, making
surgical debridement (scraping away infected tissue) often necessary

alongside aggressive antimicrobial therapy.

17



Mixed-Species (Polymicrobial) Biofilms:

o Examples: Chronicwounds, dentalplaque, ventilator-associated
pneumonia.

o Clinical Impact: These are particularly challenging. Different species
can work synergistically, where the waste product of one species is food
for another. They can also share resistance genes, leading to a community

that is more virulent and resistant than any single species alone.

3.5. Major Biofilm-Associated Complications in Hospitals

Biofilms are responsible for some of the most challenging and persistent infections in

healthcare settings. Their ability to withstand antibiotics and host defenses make them

particularly problematic in specific clinical scenarios.

3.5.1. Infections on Indwelling Medical Devices

Medical devices provide ideal surfaces for biofilm formation, leading to device-

associated infections that are difficult to eradicate without device removal.

Central Venous Catheters: Biofilms on catheter surfaces can lead to Catheter-
Related Bloodstream Infections (CRBSIs). Staphylococcus epidermidis and S.
aureus are common culprits, with the former's PIA polysaccharide playing a
crucial role in adhesion and immune evasion (Jamal et al., 2015). These

infections can cause sepsis and significantly prolong hospital stays.

Urinary Catheters: Catheter-Associated Urinary Tract Infections (CAUTIs) are
among the most common healthcare-associated infections. Escherichia coli,
Klebsiella pneumoniae, and Proteus mirabilis frequently form biofilms on
catheter surfaces. The biofilm protects bacteria from antibiotics and urine flow,

leading to persistent colonization (Sharma et al., 2023).

Prosthetic Joints and Orthopedic Implants: Biofilm formation on these
devices can occur during implantation or through hematogenous spread.
Staphylococcus aureus and S. epidermidis are predominant pathogens. The
biofilm's resistance often necessitates surgical removal of the infected implant,
as antibiotics alone cannot penetrate the biofilm effectively (Sharma et al.,

2023).
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e Mechanical Heart Valves and Cardiac Devices: Biofilm formation on these
devices can lead to prosthetic valve endocarditis. Streptococci and staphylococci
are common pathogens. The vegetation (biofilm mass) can embolize, causing

stroke or other distant complications (Jamal et al., 2015).
3.5.2. Tissue-Associated Chronic Infections

Biofilms can form directly on host tissues, creating persistent foci of infection that resist

treatment.

e Chronic Wounds: Diabetic foot ulcers and pressure sores frequently harbor
biofilms. Studies show that approximately 60% of chronic wounds contain
biofilms, compared to only 6% of acute wounds (James et al., 2008). The biofilm
maintains a chronic inflammatory state, preventing wound healing and often

leading to amputations in severe cases.

e Cystic Fibrosis (CF) Airways: The thick mucus in CF patients' lungs provides
an ideal environment for Pseudomonas aeruginosa biofilm formation. The
alginate matrixprotects bacteria from antibiotics and phagocytosis, leading to

chronic infection and progressive lung function decline (Sharma et al., 2023).

o Native Valve Endocarditis: Streptococci from the oral cavity can form biofilms
on damaged heart valves. The biofilm's structure and the avascular nature of
valves make antibiotic penetration difficult, requiring prolonged intravenous

antibiotic therapy (Jamal et al., 2015).

e Chronic Otitis Media: Biofilms in the middle ear contribute to recurrent and
chronic ear infections. Haemophilus influenzae and Streptococcus pneumoniae
can form biofilms that persist despite antibiotic treatment, leading to hearing loss

and other complications.

3.5.3. Other Significant Clinical Complications

o Infectious Kidney Stones: Approximately 15-20% of kidney stones are
infection stones, formed around a biofilm nidus. Proteus mirabilis is particularly
adept at producing urease, which alkalinizes urine and promotes stone formation

around the bacterial biofilm (Jamal et al., 2015).
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Osteomyelitis: Biofilms can form on bone sequestra (dead bone fragments) in
chronic osteomyelitis. The avascular nature of the infected bone combined with
biofilm protection makes this infection exceptionally difficult to eradicate, often
requiring extensive surgical debridement alongside long-term antibiotics.

**Ventilator-Associated Pneumonia (VAP): Biofilms on endotracheal tubes
serve as a reservoir for pathogens that can be dislodged into the lungs.
Pseudomonas aeruginosa and Acinetobacter baumannii are common multidrug-

resistant organisms that form robust biofilms in this setting.

3.6. The Challenge: Multifaceted Antibiotic Resistance

Biofilms exhibit remarkable resistance to antimicrobial agents, with tolerance levels

often 100- 1000 times higher than their planktonic counterparts. This resistance arises

from multiple overlapping mechanisms.
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Figure 3: Antibiotic Sensitivity

3.6.1. The Physical Barrier: The EPS Shield

The dense EPS matrix acts as a formidable physical barrier to antibiotic penetration:

Molecular Sieving: The matrix structure can physically block or slow the
diffusion of antibiotics, particularly larger molecules.

Binding and Inactivation: Some antibiotics bind to specific EPS components.
For example, aminoglycosides bind to the anionic alginate in P. aeruginosa

biofilms, preventing their penetration to deeper layers (Jamal et al., 2015).

Altered Diffusion Kinetics: The tortuous path through the matrix significantly

slows antibiotic diffusion, allowing bacteria time to mount defensive responses.
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3.6.2. Enzymatic Inactivation: The Molecular Scissors

Biofilms can concentrate antibiotic-degrading enzymes within the EPS matrix:

B-lactamases: Enzymes that hydrolyze B-lactam antibiotics accumulate in the
glycocalyx, creating a protective zone around bacterial community.

Other Modifying Enzymes: Aminoglycoside-modifying enzymes and
chloramphenicol acetyltransferases can be concentrated within the biofilm,

providing community-wide protection (Sharma et al., 2023).

3.6.3. Metabolic Heterogeneity and Persister Cells

The heterogeneous nature of biofilms creates subpopulations with varying antibiotic

susceptibility:

Slow Growth: Many antibiotics require active cell growth for efficacy. The
nutrient and oxygen gradients in biofilms create zones of slow-growing or non-

growing cells that are inherently tolerant to these drugs.

Persister Cells: These dormant, non-dividing cells can survive high
concentrations of multiple antibiotics. When antibiotic pressure is removed,
persisters can resuscitate and repopulate the biofilm, causing recurrent infections

(Sharma et al., 2023).

3.6.4. Efflux Pumps and Adaptive Responses

Biofilm cells can actively defend against antimicrobials through various mechanisms:

Efflux Pump Upregulation: Many biofilm-forming bacteria overexpress
multidrug efflux pumps that actively export antibiotics from the cell. In P.
aeruginosa, the MexAB- OprM system contributes significantly to biofilm-

specific antibiotic resistance (Jamal et al., 2015).

Stress Responses: The biofilm environment induces general stress responses
that enhance bacterial resilience. The stringent response, triggered by nutrient

limitation, increases antibiotic tolerance in biofilm communities.

Altered Membrane Composition: Changes in membrane fluidity and

permeability can reduce antibiotic uptake in biofilm cells.
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3.7. Current and Novel Strategies for Prevention and Control

Given the limitations of conventional antibiotics, innovative approaches are needed to

prevent and treat biofilm-associated infections.

3.7.1. Prevention: The First Line of Defense

Preventing biofilm formation is more effective than treating established biofilms:

Surface Modifications: Developing anti-adhesive surface coatings for medical
devices. This includes hydrophilic coatings, surface topography modifications,
and incorporation of anti-adhesive polymers that prevent initial bacterial

attachment (Sharma et al., 2023).

Antimicrobial Coatings: Impregnating medical devices with antimicrobial
agents such as silver, chlorhexidine, or antibiotics. Silver-coated catheters have
shown efficacy in reducing catheter-associated infections, though their

effectiveness against mature biofilms remains limited (Sharma et al., 2023).

Strict Aseptic Techniques: Meticulous insertion and maintenance protocols for
medical devices can prevent initial bacterial contamination and subsequent

biofilm formation.

Early Device Removal: Removing indwelling devices as soon as medically

possible reduces the possibility of biofilm development.

3.7.2. Innovative Anti-Biofilm Treatment Approaches

Steps to inhibit Biofilm Formation
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Figure 4: Inhibition of Biofilm formation
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Novel strategies target specific aspects of biofilm biology:

e Quorum Sensing Inhibitors (QSIs): These compounds disrupt bacterial
communication without killing the bacteria, potentially reducing selective
pressure for resistance. Natural and synthetic QSIs have shown promise in
experimental models, preventing biofilm maturation and virulence factor

production (Sharma et al., 2023; Omwenga & Awuor, 2024).

o Enzyme-Based Therapy: Enzymes that degrade specific EPS components can
disrupt biofilm integrity:

o DNase: Breaks down eDNA, destabilizing the biofilm structure
o Dispersin B: Degrades PIA in staphylococcal biofilms

o Alginate lyase: Degrades alginate in P. aeruginosa biofilms Enzyme
treatment can enhance the efficacy of concomitant antibiotics (Sharma et
o al, 2023).

o Bacteriophage Therapy: Phages and their derived enzymes (endolysins) can

penetrate and disrupt biofilms:

o Phages can replicate within biofilm bacteria, causing lysis and spread to

adjacent cells

o Phagecocktailstargetingmultiplebacterialspeciesshowpromiseagainst

polymicrobial biofilms

o Phage-derived enzymes can degrade the biofilm matrix (Jamal et al.,
2015)

e Nanotechnology-Based Approaches: Nanoparticles can enhance antibiotic

delivery and efficacy:
o Nano-carriers can improve antibiotic penetration into biofilms

o Some nanoparticles (e.g., silver, zinc oxide) possess intrinsic anti-biofilm
activity

o Functionalized nanoparticles can target specific biofilm components

(Omwenga& Awuor, 2024)
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Photodynamic Therapy (PDT): Using light-activated photosensitizers to
generate reactive oxygen species that kill biofilm cells. PDT can be effective
against multi-drug-resistant biofilms and can be combined with other treatments

(Omwenga & Awuor, 2024).

Targeting c-di-GMP Signaling: Compounds that inhibit diguanylate cyclases
(enzymes that synthesize c-di-GMP) can prevent the transition from planktonic

to biofilm lifestyle, offering a preventive approach (Omwenga & Awuor, 2024).

Combination Therapies: The most promising approach involves combining

multiple strategies:

o Enzymes to disrupt the matrix followed by conventional antibiotics
o QSIs with bacteriophage therapy

o Nanoparticle-delivered antibiotics with physical methods like ultrasound
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Chapter-4

Biofilms in Healthcare-Associated Infections

4.1. Prevalence and Global Burden of Biofilm-Associated HAIs

The high prevalence of hospital-acquired infections (HAISs) is a significant global health
concern, with rates exceeding 25% in developing countries and up to 15% in developed
nations, contributing to substantial patient mortality (Cangui-Panchi et al., 2022). A
substantial proportion of these infections, estimated between 50% and 70%, and up to
80% of chronic infections, are caused by microorganisms growing in biofilms (Cangui-
Panchi et al., 2022; Assefa & Amare, 2022). Biofilms are surface-attached communities
of microorganisms embedded within a selfproduced extracellular polymeric substance
(EPS) matrix, which confers significant survival advantages (Weber et al., 2023; Taner

et al., 2024).

The prevalence of biofilm formation among clinical isolates is remarkably high. A
systematic review by Cangui-Panchi et al. (2022) found that between 59% and 100% of
clinical isolates from patients with catheter-related nosocomial infections were capable
of forming biofilms. This prevalence varies geographically, with reported rates of 100%
in Africa, 93.2% in South America, 90.5% in North America, 83.5% in Europe, and
65.6% in Asia, though the number of studies per region varied significantly (Cangui-
Panchi et al., 2022). Another review focusing on multi-drug resistant (MDR) pathogens
reported biofilm production in bacterial isolates ranging from 13.5% to 100.0%, with

biofilm-associated MDR ranging from 17.9% to 100.0% (Assefa & Amare, 2022).

Intensive Care Units (ICUs) are considered epicenters for HAIs due to the critical
condition of patients, frequent use of invasive medical devices, and high exposure to
antibiotics (Taner et al., 2024). It is estimated that one-quarter of all HAIs occur in
ICUs, with the most common being ventilator-associated pneumonia (VAP), catheter-
associated urinary tract infections (CA-UTIs), and -catheter-related bloodstream
infections (CR-BSIs) (Taner et al., 2024). The persistence of pathogens in the ICU
environment is greatly facilitated by their ability to form biofilms on both 27 medical
devices and environmental surfaces, creating a resilient reservoir that is difficult to

eradicate (Taner et al., 2024; Weber et al., 2023).
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4.2. Predominant Biofilm-Forming Microorganisms in Healthcare Settings

A wide variety of microorganisms are capable of forming biofilms in healthcare
environments. The "ESKAPE" pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp.) are of particular concern due to their association with multidrug

resistance and biofilm formation(Taner et al., 2024).

Gram-Positive Bacteria:

e Staphylococcus spp.: Coagulase-negative staphylococci (CoNS), especially S.
epidermidis, and S. aureus are among the most frequently reported biofilm
formers. S. epidermidis is a leading cause of nosocomial bloodstream infections
associated with medical devices like central venous catheters (CVCs) (Cangui-
Panchi et al.,, 2022;Assefa &Amare, 2022). Methicillin-resistantS. aureus
(MRSA)is amajornosocomial pathogen, with studies showing biofilm prevalence
rates around 60.8%(Cangui-Panchi et al.,2022). S. capitis is an emerging
pathogen in neonatal ICUs, capable of producing biofilm under nutrient stress

and resisting desiccation (Weber et al., 2023).

e Enterococcus spp.: Enterococcus faecalis and vancomycin-resistant enterococci
(VRE) are common biofilm formers associated with device-related infections

(Assefa &Amare, 2022).
Gram-NegativeBacteria:

e Pseudomonas aeruginosa: This organism is an excellent biofilm producer and is
frequently used as an in vitro model. Studies report a 100% biofilm prevalence
among clinical isolates, and it is a common cause of VAP and other device-

related infections (Cangui-Panchi et al., 2022; Taner et al., 2024).

o Acinetobacter baumannii: Noted for being frequently multidrug-resistant
(MDR) or extensively drug-resistant (XDR), A. baumannii demonstrates a high
prevalence of biofilm formation, with rates reported at 77.8% to 91% (Cangui-

Panchietal.,2022;

Assefa & Amare, 2022). It is a serious problem in ICUs, causing infections with

high mortality rates.
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Klebsiella pneumoniae and Escherichia coli: These members of the
Enterobacteriaceae family are common biofilm formers associated with urinary
tract infections, CR-BSIs, and other HAIs, often exhibiting 100% biofilm
prevalence in studies (Cangui-Panchi et al., 2022; Assefa & Amare, 2022).

Fungi: Candida spp.: Candida albicans is a well-known biofilm-forming yeast,

demonstrating 100% prevalence in the reviewed studies (Cangui-Panchi et al., 2022).

Candida auris is an emerging global health threat due to its multidrug resistance and

robust biofilm formation, which confers survival against disinfectants and desiccation,

allowing it to persist on environmental surfaces and patient skin for prolonged periods

(Weber et al., 2023).

4.3. Biofilm Formation and Life Cycle

Biofilm formation is a sequential, multi-stage phenomenon (Assefa & Amare, 2022;

Weber et al., 2023). The lifecycle can be summarized in the following stages:

L.

Reversible Attachment: Free-floating (planktonic) microorganisms initially
attach to a surface, a process influenced by factors like fimbriae, flagella, and
cell surface hydrophobicity. This attachment is initially reversible (Weber et al.,
2023; Taner et al., 2024).

Irreversible Attachment: The first colonizers become permanently attached to
the surface, beginning to secrete extracellular polymeric substances (EPS)
(Weber et al., 2023).

Growth and Microcolony Formation: The attached cells undergo growth and
cell division, forming microcolonies. This stage involves the production of a
substantial amount of EPS, which forms the matrix that encases the microbial

community (Weber et al., 2023; Taner et al., 2024).

Maturation: The biofilm matures into a complex, three-dimensional structure
with water channels that facilitate the flow of nutrients and oxygen. The biofilm

community becomes highly organized and diverse (Taner et al., 2024).

Dispersion: Cellsfrom the mature biofilm detach and disperse, either as single
cells or in clumps, to colonize new surfaces and initiate fresh biofilm

communities elsewhere (Weber et al., 2023; Assefa & Amare, 2022).
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This lifecycle allows biofilms to spread and colonize new niches within the healthcare
environment, from one medical device to another or from environmental surfaces to

patients.
4.4. Mechanisms of Biofilm-Mediated Antimicrobial Resistance and Tolerance

Biofilms are notorious for their inherent tolerance and resistance to antimicrobial agents,
making associated infections extremely difficult to treat. The mechanisms are

multifactorial and can be categorized as follows:

o Impaired Penetration of Antimicrobials: The EPS matrix acts as a physical
barrier, hindering the diffusion of antibiotics and disinfectants into the deeper
layers of the biofilm. Molecules may bind to or be inactivated by components of
the matrix before reaching their target cells (Prinzi & Rohde, as cited in Weber
et al., 2023; Hall & Mah, 2017 as cited in Assefa & Amare, 2022).

e Altered Microenvironment within the Biofilm: The interior of a mature
biofilm can have gradients of oxygen, nutrients, and pH. Bacteria in the deeper
layers may experience nutrient limitation and slow growth, entering a stationary
or dormant phase. Since many antibiotics are most effective against rapidly
dividing cells, these slow-growing or dormant bacteria exhibit increased
tolerance (Prinzi & Rohde, as cited in Weber et al., 2023).

e Presence of "Persister" Cells: A subpopulation of bacterial cells within a
biofilm can enter a dormant, non-dividing state. These "persister" cells are
highly tolerant to antibiotics, as most antimicrobials target active cellular
processes. When antibiotic treatment is stopped, these persisters can repopulate
the biofilm (Prinzi & Rohde, as cited in Weber et al., 2023).

¢ Enhanced Horizontal Gene Transfer (HGT): The close proximity of cells within the
biofilm matrix facilitates the exchange of genetic material, including plasmids,
transposons, and integrons carrying antibiotic resistance genes. This makes biofilms
"hot spots" for the dissemination of resistance traits among bacterial populations (Abe et
al., 2020 as cited in Cangui-Panchi et al., 2022; Taner et al., 2024).

e Activation of Efflux Pumps and Expression of Resistance Genes: Biofilm-
forming cells can overexpress efflux pumps that actively expel antibiotics from the
cell. The biofilm environment may also induce the expression of specific genes that

confer resistance (Venkatesan et al., 2015 as cited in Weber et al., 2023).
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These combined mechanisms mean that bacteria in biofilms can survive antibiotic
concentrations that are 100 to 1000 times higher than those required to kill their

planktonic counterparts (Taner et al., 2024; Weber et al., 2023).
4.5. Biofilms on Medical Devices and Implants

Indwelling medical devices (IMDs) and implants provide ideal abiotic surfaces for
biofilm formation, leading to device-associated infections that are a major source of

morbidity and mortality (Weber et al., 2023; Assefa &Amare, 2022).
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Figure S: Illustration of the procedure for a catheter in vitro infection model. This
diagram depicts the laboratory setup for studying biofilm formation on catheter
segments under controlled conditions, typically involving inoculation with bacteria

and incubation to allow biofilm development.

Central Venous Catheters (CVCs): CVCs are used for administering fluids,
medications, and monitoring hemodynamics. Their contamination can lead to life-
threatening bloodstream infections. Between 59% and 100% of microorganisms are
isolated from CVC-related infections are biofilm producers (Cangui-Panchi et al., 2022).
Biofilms form on both the external and internal surfaces of the catheter, acting as a

continuous source of bacteremia.

Endotracheal Tubes (ETTs): Biofilm formation on ETTs is a key factor in the
pathogenesis of ventilator-associated pneumonia (VAP). Pathogens such as P.
aeruginosa, A. baumannii, and S. aureus colonize the inner surface of the ETT, creating
a reservoir that can be dislodged and aspirated into the lower airways (Taner et al.,
2024). Studies have shown that 70% of patients with VAP had identical pathogens in
both the ETT biofilm and their tracheal secretions (Taneret al., 2024).
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Figure 6: Illustration of the procedure for a catheter in vivo infection model. This

diagram outlines the steps for establishing a catheter-associated infection in an
animal model, which provides a more comprehensive understanding of biofilm

pathogenesis and host-pathogen interactions in a living system.

Urinary Catheters: Catheter-associated urinary tract infections (CA-UTIs) are common
HAIs, with approximately 80% involving biofilm formation on the catheter. Common

contaminants include E. coli, P. aeruginosa, K. pneumoniae and Enterococcus spp.
(Assefa & Amare, 2022;

Taner et al., 2024). The duration of catheterization is a significant risk factor for biofilm

development.

Endoscopes: Lumened endoscopes, particularly duodenoscopes used in endoscopic
retrograde cholangiopancreatography (ERCP), present a major challenge for
reprocessing due to biofilm formation in their narrow, complex channels. Despite
cleaning and high-level disinfection per manufacturer's instructions, biofilms persist and
have been linked to numerous outbreaks of multidrug-resistant infections (Weberetal.,
2023). Studies have detected obvious biofilm growth in over 54% of suction/biopsy

channels and 77% of air/water channels of used endoscopes (Weber et al., 2023).

Other Implants: Biofilms can form on a wide range of other implanted devices, including
prosthetic joints, heart valves, pacemakers, and cerebrospinal fluid shunts, often leading to

chronic infections that require device removal for cure (Weber et al., 2023).
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4.6. Biofilms on Hospital Environmental Surfaces

Beyond medical devices, biofilms contaminate a vast array of environmental surfaces

within healthcare facilities, particularly in ICUs (Taner et al., 2024; Weber et al., 2023).

High-Touch Surfaces: These are frequently contaminated with biofilm-forming

pathogens. Examples include:
e Bedrails, bedside tables, and mattress covers
o Computer keyboards and clipboards
e Door handles, light switches, and elevator buttons
e IV poles, trolley handles, and sanitizing bottles
o Sinksandtaps(Taneretal.,2024; Assefa&Amare,2022; Weberetal., 2023)

Dry Surface Biofilms (DSBs): A significant finding in recent years is the prevalence of
dry surface biofilms. These are heterogeneous accumulations of microorganisms and
organic material that persist on dry surfaces. Studies have found that multispecies dry
biofilms are present on up to 95% of terminally cleaned hospital surfaces (Weber et al.,
2023). DSBs containing multidrug-resistant organisms like MRSA, P. aeruginosa and
A. baumannii have been identified on surfaces even after rigorous cleaning (Hu et al.,

2015 as cited in Weber et al., 2023).

Persistence and Transfer: Bacteria embedded in dry surface biofilms are highly
tolerant to desiccation and disinfectants. Importantly, these biofilms can be transferred
to the hands or gloves of healthcare workers. One study demonstrated that S. aureus
from a dry surface biofilm could be transferred through multiple consecutive touches,
with sufficient bacteria to cause infection transferred up to 19times (Tahir et al.,2019 as
citedin Weberet al.,2023).This makes environmental biofilms a critical reservoir for

cross-transmission in healthcare settings.
4.7. Biofilms in Hospital Water Systems and Effluents

Hospital water systems and effluents are often overlooked reservoirs for biofilm-

forming, drug- resistant microorganisms.

Water Systems: Biofilms form on the interior surfaces of water pipes, taps, and

showers. Pathogens like P. aeruginosa, Legionella, and non-tuberculous mycobacteria

31



can thrive in these biofilms and be released into the water supply, posing an infection
risk to immunocompromised patients (Weber et al, 2023). P. aeruginosa strains
isolated from hospital water systems have demonstrated robust biofilm formation

(Weber et al., 2023).

Hospital Wastewater: Hospital effluents are complex chemical mixtures that can select
for and disseminate drug-resistant organisms. Biofilms forming in sewer pipes from
hospital wastewater can harbor a high prevalence of imipenem-resistant bacteria and
other MDR pathogens (Assefa & Amare, 2022). These effluents act as a point source for
releasing biofilm-forming, resistant pathogens and resistance genes into the community

environment (Assefa &Amare, 2022).
4.8. Methodologies for Detecting and Quantifying Biofilms

A variety of methods are used in research and clinical settings to detect and quantify

biofilm formation.
Qualitative Methods:

e MicroscopyTechniques: These provide visual confirmation of biofilm structure.

o Scanning Electron Microscopy (SEM): Provides high-resolution
images of biofilm architecture and microbial colonization on surfaces

like catheters(Cangui-Panchi et al., 2022; Weber et al., 2023).

o Confocal Laser Scanning Microscopy (CLSM): Allows for three-
dimensional visualization of live biofilms and analysis of biofilm
composition without destroying the sample (Cangui-Panchi et al., 2022;
Weber et al., 2023).

o Light and Fluorescent Microscopy: Used with specific stains to

visualize biofilms.

e Congo RedAgar (CRA) Method: A qualitative method where biofilm-
producing strains produce black colonies on CRA, while non-producers produce
red colonies. It is commonly used for slime-producing bacteria (Assefa &Amare,

2022).
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Quantitative Methods:

e Crystal Violet (CV) Staining: This is the most widely used and considered the
gold standard method for in vitro biofilm quantification. It stains the biofilm
biomass, and the absorbance is measured spectrophotometrically. The Biofilm
Formation Index (BFI) is often calculated to classify isolates as weak, moderate,

or strong biofilm formers (Cangui-Panchi et al., 2022; Assefa & Amare, 2022).

o Microtiter Plate Assay: A standard method that uses crystal violet or other
stains in a 96- well plate format to allow for high-throughput screening of

biofilm formation (Assefa & Amare, 2022).

e Roll Plate Method and Sonication with Plate Counting: Used to quantify viable
bacteria embedded in biofilms on explanted medical devices. The device is rolled
over an agar plate or sonicated to dislodge bacteria, which are then enumerated by

standard plate counts (Assefa & Amare, 2022; Cangui-Panchi et al., 2022).

Molecular Methods:

o Polymerase Chain Reaction (PCR): Conventional, multiplex, and real-time
PCR are used to detect biofilm-associated genes (e.g., ica ADBC operon in
staphylococci, pslAinP. aeruginosa, bapin A .baumannii). This does not confirm
active biofilm production but indicates genetic potential (Assefa &Amare, 2022;

Cangui-Panchi et al., 2022; Taner et al., 2024).
4.9. Molecular Genetics of Biofilm Formation and Associated Resistance

Understanding the genetic basis of biofilm formation is key to developing targeted
interventions.

Staphylococcal Species: The icaADBC operon is central to biofilm formation in
staphylococci. It regulates the biosynthesis of polysaccharide intercellular adhesion (PIA),
which is crucial for cell-to-cell adhesion and biofilm accumulation (Cangui-Panchi et al.,
2022; Taner et al., 2024). However, the presence of the ica operon does not always correlate
with biofilm production, suggesting the involvement of other mechanisms, such as protein-
mediated adhesion (Cangui- Panchi et al., 2022). The mecA gene, conferring methicillin
resistance, is often found in biofilm- forming MRSA, but the relationship between the two is

complex and not fully understood (Cangui-Panchi et al., 2022).
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Pseudomonasaeruginosa: Biofilm formation in P.aeruginosa isregulated by complex
networks, including quorum sensing (QS) systems (e.g., las and rhl). The psl and pel
operons are involved in the production of polysaccharides that constitute the EPS
matrix. MutationsinQSgenes like i/l can lead to a significant reduction in biofilm

production (Taner et al., 2024).

Acinetobacter baumannii: Genes such as bap (biofilm-associated protein) and those
involved in pilus formation and quorum sensing (e.g., abal) play important roles in 4.

baumannii biofilm development (Taner et al., 2024).

Quorum Sensing (QS): QS is a cell-density-dependent communication system used by
bacteria to coordinate gene expression, including genes for virulence factors and biofilm
formation. QS molecules, or autoinducers, accumulate as cell density increases,
triggering the expression of target genes. Inhibiting QS is a promising anti-biofilm

strategy (Taner et al., 2024).

The close association between biofilm formation and antibiotic resistance genes on
mobile genetic elements within the biofilm community facilitates the co-selection and
spread of both traits, contributing to the persistence of MDR pathogens in healthcare

environments (Taner et al., 2024).

4.10. Strategies for Prevention and Eradication of Biofilms

Combating biofilms requires a multi-pronged approach targeting different stages of

biofilm formation and persistence.

A. Anti-Biofilm Coatings for Medical Devices: Coating medical devices with

antimicrobial agents is a primary strategy to prevent initial biofilm formation.

e Antimicrobial Catheters: CVCs coated with chlorhexidine, minocycline, and
rifampin (CHX-M/R) have shown 100% biofilm inhibition in some studies
(Cangui-Panchi et al., 2022). Coating with chitin derivatives or polymers like
polydimethylsiloxane (PDMS)has also demonstrated significant biofilm
reduction against MRSA and other MDR pathogens (Cangui-Panchi et al., 2022;
Taner et al., 2024).

o Coated Endotracheal Tubes: Silver-coated ETTs have been proven to inhibit
biofilm formation and delay colonization. Silicon and noble-metal coatings have

also shown promise (Taner et al., 2024).
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Lock Solutions: For catheters, antimicrobial lock solutions (e.g., tetrasodium
EDTA, ethanol) are used to fill the catheter lumen and eradicate intraluminal

biofilms during dwell times (Cangui-Panchi et al., 2022).

B. Improved Disinfection and Reprocessing Protocols:

Environmental Surfaces: Choosing effective disinfectants is critical. Studies
show that sodium hypochlorite (chlorine) and hydrogen peroxide-based
disinfectants are generally more effective against dry surface biofilms than
quaternary ammonium compounds (Weber et al., 2023). The U.S. Environmental
Protection Agency (EPA) List P provides registered disinfectants effective
against C. auris, which can serve as a guide for robust disinfectant selection
(Weber et al., 2023).However, some studies indicate that even high
concentrations of sodium hypochlorite may not completely eliminate S. aureus
in dry surface biofilms, with regrowth occurring after treatment (Almatroudi et

al., 2016ascited in Weber et al., 2023).

Medical Device Reprocessing: For endoscopes, thorough cleaning is essential
before high-level disinfection or sterilization to remove organic material and
disrupt nascent biofilms. The move from high-level disinfection to sterilization
(e.g., usingethylene oxide) for complex endoscopes like duodenoscopes is being
advocated to provide a greater margin of safety (Weber et al., 2023). Ensuring
complete drying after reprocessing is also crucial to prevent biofilm regrowth

(Weber et al., 2023).

4.11. Novel and Emerging Anti-Biofilm Strategies

Research into innovative approaches to combat biofilms is ongoing.

1. Bacteriophage Therapy: Bacteriophages (phages) are viruses that infect and lyse

specific bacteria. Their potential against biofilms is being actively explored.

Lytic Phages: Lytic phages can infect and replicate within bacterial cells,
causing lysis and disrupting the biofilm structure. Studies have shown that lytic
phages can reduce 4. baumannii biofilm biomass by over 80% (Ebrahimi et al.,
2021 as cited in Taner et al., 2024).
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o Phage-Derived Enzymes: Enzymes such as endolysins, which break down
bacterial cell walls, and depolymerases, which degrade the EPS matrix, can be

used to disrupt biofilms (Azeredo et al., 2021 as cited inAssefa &Amare, 2022).

o Synergistic Combinations: Phage therapy is often more effective when
combined with antibiotics. Pre-treating biofilms with phages can increase the
susceptibility of the embedded bacteria to subsequent antibiotic treatment

(Taneretal., 2024; Assefa&Amare, 2022).

2. Quorum Sensing Inhibitors (QSIs): These molecules interfere with bacterial
communication, preventing the coordination required for biofilm formation and
virulence factor expression without killing the bacteria, thereby reducing selective
pressure for resistance. Natural compounds like hamamelitann in have shown promise

as QSIs against staphylococcal biofilms (Taner et al., 2024).

3. Iron Chelation: Many bacteria require iron for biofilm formation. Iron chelators
(e.g., deferiprone) can sequester iron, inhibiting biofilm development. Combining iron
chelators with antibiotics has shown synergistic effects in reducing bacterial numbers in
biofilms (Assefa & Amare, 2022).

4. Probiotics: Certain probiotic cells, such as Lactobacillus and Lactococcus species,
can produce substances that inhibit biofilm formation by pathogens. They have
demonstrated the ability to reduce pathogen biofilms by up to 99.9% insomestudies
(Carvalhoetal., 2021 ascited in Assefa & Amare, 2022).

5. Antimicrobial Photodynamic Therapy (aPDT): This non-invasive technique uses
light- activated photosensitizing dyes to produce reactive oxygen species that kill
microbial pathogens. aPDT has been shown to significantly reduce ETT biofilms in a

single treatment and enhance biofilm detachment (Taner et al., 2024).
4.12. The Role of Artificial Intelligence (AI) in Biofilm Management

Artificial intelligence is emerging as a powerful tool in the fight against biofilms.

o Automated Biofilm Detection: Convolutional neural networks (CNNs) and other
deep learning algorithms have been developed to rapidly and accurately detect
biofilms in medical samples (e.g., rhinocytology, dental plaques) based on
chromatic and morphological characteristics, with reported accuracies up to 98%
(Taner et al., 2024).
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e Prediction of Anti-Biofilm Molecules: Machine learning (ML) is used to
predict the anti-biofilm activity of molecules. Algorithms can analyze the
quantitative structure- activity relationship (QSAR) of small molecules to
identify potential in hibitors. Plat forms like "Biofilm-i" and "Molib" have been
developed to predict biofilm inhibitors against key pathogens like E. coli, P.

aeruginosa, and S. aureus (Taner et al., 2024).

o Identification of Active Components: ML can be applied to predict the
chemical components in complex mixtures, such as essential oils, that are

responsible for biofilm inhibition (Taner et al., 2024).

These Al-driven approaches can significantly accelerate the discovery of new anti-

biofilm agents and improve diagnostic capabilities.
4.13. Challenges in ICU Settings

The Intensive Care Unit presents a unique and challenging environment for biofilm
control.

o High-Risk Patients: ICU patients are often immunocompromised, have broken
skin (surgical wounds, burns), and are dependent on multiple invasive devices
(ventilators, central lines, urinary catheters), making them exceptionally
vulnerable to biofilm- associated infections (Taner et al., 2024; Assefa &Amare,
2022).

o High Antibiotic Pressure: The extensive use of broad-spectrum antibiotics in
ICUs creates a strong selective pressure for the emergence and persistence of

multidrug- resistant, biofilm-forming pathogens (Taner et al., 2024).

o Environmental Contamination: The high frequency of contact by healthcare
workers and the constant influx of critically ill patients make it difficult to
maintain pristine environmental surfaces. Dry surface biofilms are virtually
universal in ICUs, persisting despite terminal cleaning (Taner et al., 2024;

Weber et al., 2023).

e Cross-Contamination: The risk of patients acquiring MDR pathogens like
P.aeruginosa and A. baumannii from prior room occupants is severe,

highlighting the role of the environment as a reservoir (Taner et al., 2024).
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4.14. Economic and Clinical Impact of Biofilm-Associated Infections

Biofilm-associated HAIs impose a substantial burden on healthcare systems and patients.

Prolonged Hospital Stays: Patients with biofilm-related infections, such as CR-
BSIs or VAP, experience significantly longer ICU and hospital stays (Cangui-
Panchi et al., 2022; Taner et al., 2024).

Increased Healthcare Costs: The extended stays, need for more expensive
antibiotics, and additional diagnostic and therapeutic procedures lead to a

dramatic increase in healthcare costs (Assefa & Amare, 2022).

Increased Morbidity and Mortality: Biofilm infections are notoriously
difficult to eradicate, often becoming chronic or recurrent. Theyare associated
with higher treatment failure rates and increased mortality. For instance, VAP

has a mortality rate of 13-25% (Taner et al., 2024).

Treatment Failure: The inherent tolerance of biofilms to antibiotics often leads
to the failure of conventional therapeutic regimens, necessitating the removal of
infected devices, which is itself a risky and costly procedure (Weber et al.,

2023).

4.15. Gaps in Knowledge and Future Research Directions

Despite significant advances, critical gaps in our understanding and management of

biofilms remain.

Standardization of Methods: There is a lack of a gold standard for in vitro
biofilm assessment and classification. Parameters for classifying biofilms as
weak, moderate, or strong vary between studies, making comparisons difficult
(Cangui-Panchi et al., 2022). Standardized methods for detecting environmental

dry surface biofilms in clinical settings are also needed.

Molecular Understanding: The precise interplay between biofilm regulatory
pathways, antibiotic resistance mechanisms, and environmental cues within the
unique ICU setting requires further molecular investigation (Taner etal.,2024).
The relationship between the presence o f biofilm genes and actual biofilm

production is not al ways straight forward and needs clarification.
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e Geographical Data Gaps: More studies are needed from underrepresented
regions, particularly in Africa and parts of Asia, to determine the true global
prevalence and diversity of biofilm-forming pathogens in healthcare (Cangui-

Panchi et al., 2022).

o Translation of Novel Strategies: While many novel anti-biofilm strategies
show promise in vitro, further in vivo studies and clinical trials are strictly
necessary to confirm their efficacy and safety for human application (Cangui-
Panchi et al., 2022; Assefa & Amare, 2022). The development of antibiotics that

specifically target biofilm-associated genes or proteins is a key future direction.

e Clinical Correlation of Environmental Biofilms: More research is needed to
directly link the presence of specific pathogens in environmental biofilms to the

risk of infection in patients (Taner et al., 2024).

4.16. Specific Pathogen Focus: Staphylococcus epidermidis

S. epidermidis is a quintessential biofilm-forming opportunistic pathogen in healthcare
settings.

o Prevalence: It was the most frequently isolated species in the systematic review

by Cangui-Panchi et al. (2022), appearing in 12 studies with a 100% biofilm

prevalence among the 416 isolates tested.

e Mechanism: Its primary mechanism of biofilm attachment is via the icaA DBC-
encoded polysaccharide intercellular adhesion (PIA). However, it can also form

protein-mediated biofilms.

e Clinical Significance: It is a leading cause of infections associated with
indwelling medical devices, particularly central venous catheters. It was
previously an underrated pathogen, but its importance in nosocomial infections

is now well-established (Cangui- Panchi et al., 2022).

o Resistance: S. epidermidis is often methicillin-resistant (MRSE) and exhibits
high levels of multidrug resistance. Its biofilm structure, reinforced by an
intercellular network of amyloid fibers, increases its resistance to environmental

stresses, chemical disinfectants, and antibiotics (Cangui-Panchi et al., 2022).
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4.17. Specific Pathogen Focus: Candida auris

C. auris represents a paradigm for the threat posed by biofilm-forming fungi in
hospitals.

Multidrug Resistance: It is often resistant to multiple classes of antifungal
drugs, with some strains resistant to all three available classes, making treatment

extremely challenging (Weber et al., 2023).

Robust Biofilm Formation: Its ability to form robust biofilms on both skin and
environmental surfaces is a key factor in its persistence and spread. Biofilm

formation is a strain-dependent trait (Weber et al., 2023).

Disinfectant Tolerance: C. auris biofilms demonstrate tolerance to many
commonly used hospital disinfectants. Studies show that a peracetic acid-based
product and chlorine-based products (1000 ppm available chlorine) are among
the most effective, while many other products fail (Weberetal.,2023; Ledwoch &
Maillard, 2018 as cited in Weber et al., 2023).

Environmental Persistence: The combination of drug resistance, robust biofilm
formation, and disinfectant tolerance allows C. auris to colonize patients and
persist in the hospital environment for long periods, leading to difficult-to-

control outbreaks (Weber et al., 2023).

4.18. The Problem of Endoscope Reprocessing

The reprocessing of flexible endoscopes, especially duodenoscopes, highlights the

critical challenge posed by biofilms in medical device safety.

Outbreaks: Gastrointestinal endoscopes and bronchoscopes have been
associated with more than 130 outbreaks of infection, far more than any other

reusable medical device (Weber et al., 2023).

Biofilm in Complex Channels: The narrow, complex channels of endoscopes,
particularly the elevator mechanism of duodenoscopes, are extremely difficult to
clean and disinfect effectively, allowing biofilms to establish and persist (Weber
et al., 2023).
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o Evidence of Failure: Multiple studies have detected residual organic matterand
biofilms in endoscope channels even after reprocessing according to
manufacturer's instructions. One study found biofilm in 64% of air/water
channels of new gastroscopes after an average of only 60 uses (Primo et al.,

2022 as cited in Weber et al., 2023).

o Potential Solutions: Proposed solutions to this intractable problem include the
use of disposable end caps, a shift from high-level disinfection to low-
temperature sterilization (e.g., ethylene oxide), and the development and

adoption of single-use, disposable duodenoscopes (Weber et al., 2023).
4.19. Infection Control and Prevention Policies

Robust infection control policies are the cornerstone of preventing biofilm-associated
HAISs.

o Antimicrobial Stewardship: Prudent use of antibiotics is essential to reduce the

selective pressure that drives the emergence of MDR, biofilm-forming pathogens

(Taner et al., 2024).

o Hand Hygiene: Strict adherence to hand hygiene protocols is critical to prevent
the transfer of biofilm-embedded bacteria from environmental surfaces to

patients or medical devices (Weber et al., 2023).

o Environmental Cleaning and Disinfection: Healthcare facilities must
implement and monitor rigorous cleaning and disinfection protocols, using EPA-
registered disinfectants with proven efficacy against key pathogens. Special

attention should be paid to high- touch surfaces (Weber et al., 2023).

o Device Care Bundles: The use of care bundles for the insertion and
maintenance of central lines, urinary catheters, and ventilators has been shown to
reduce the incidence of associated infections by standardizing best practices and

minimizing the risk of biofilm formation.

e Surveillance and Monitoring: Active surveillance for MDR pathogens and
ongoing monitoring of HAI rates are necessary to identify outbreaks early and

assess the effectiveness of infection control interventions.
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Chapter-5

Problems of Biofilmin Industry

5. Biofilms represent a significant and costly challenge across multiple industrial
sectors. These structured communities of microorganisms encased in a self-produced
matrix of extracellular polymeric substances (EPS) exhibit dramatically increased
tolerance (up to 1000-fold higher) to antimicrobial agents, desiccation, and mechanical
removal compared to their planktonic (free- floating) counterparts (Shineh et al., 2023).
This resilience, combined with their ubiquitous nature, transforms biofilms from a mere
nuisance into a persistent operational threat with far- reaching economic and safety

implications.

5.1. Recurring Contamination and Product Spoilage

In the food processing industry, biofilms are a primary source of persistent microbial
contamination. Pathogens such as Listeria monocytogenes, Salmonella spp., and E. coli
can form robust biofilms on a variety of surfaces, including stainless steel, plastic
conveyor belts, and rubber seals. These biofilms act as reservoirs, continually releasing
cells (a process known as seeding dispersal) that can contaminate food products during
processing (Persistent Threats, 2023). This not only poses a severe public health risk but
also leads to rapid product spoilage and a shortened shelf life, resulting in direct
financial loss for manufacturers. The problem is exacerbated by the fact that standard
cleaning and sanitation protocols, effective against planktonic bacteria, often fail to
eradicate biofilms and can even disperse cells, spreading the contamination to new
areas—a phenomenon sometimes called the "sanitation spark" (Persistent Threats,
2023). Furthermore, biofilms can form on the packaging materials themselves, leading
to post-processing contamination that is difficult to detect and control (Shineh et al.,
2023).
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Figure 7: Biofilm indifferent equipment
5.2. Equipment Damage and Microbiologically Influenced Corrosion (MIC)

Biofilms are a major contributor to the degradation of industrial infrastructure. In
manufacturing, water cooling systems, and pipelines, biofilm formation—a process
known as biofouling— directly damages equipment. The complex microbial consortium
within a biofilm creates localized corrosive environments through various mechanisms,
including the formation of differential aeration cells and the production of corrosive
metabolites like hydrogen sulfide. This leads to Microbiologically Influenced Corrosion
(MIC), which can cause severe pitting, perforation, and catastrophic failure of critical
pipes and storage tanks, necessitating costly repairs, replacements, and unplanned
production shutdowns (Shineh et al., 2023). Similarly, in the marine industry, the initial
biofilm (or slime film) on ship hulls increases surface roughness, which significantly
increases frictional drag and, consequently, fuel consumption by up to 40%in severe
cases. This "biofouling penalty" imposes a heavy economic and environmental burden

on global shipping operations (Fitridge et al., 2012).

43



5.3. Healthcare-Associated Infections and Device Failure

The healthcare sector faces perhaps the most dire consequences of biofilm formation. It
is estimated that 65-80% of all microbial infections are biofilm-associated, particularly
thoserelated to indwelling medical devices (Shineh et al., 2023). Biofilms readily form
on catheters, prosthetic joints, cardiac pacemakers, and heart valves. These device-
related infections are notoriously difficult to treat because the biofilm matrix acts as a
physical and chemical barrier against antibiotics and host immune cells. Furthermore,
the heterogeneous nature of biofilms includes metabolically dormant "persister" cells
that exhibit extreme antibiotic tolerance. This often leads to recurrent cycles of
infection, treatment failure, and the eventual need for surgical removal or replacement
of the device. These scenarios result in prolonged hospital stays, increased healthcare
costs, and significant patient morbidity and mortality (Highmore et al.).The biofilm
environment also serves as a hotspot for the horizontal gene transfer of antibiotic

resistance genes, amplifying the global crisis of antimicrobial resistance (AMR).
5.4. Operational Inefficiency and Increased Energy Consumption

Beyond direct damage, biofilms severely impede industrial efficiency through increased
energy demands and maintenance requirements. The accumulation of a biofilm layer as
thin as a few hundred micrometers in heat exchangers and condensers acts as a significant
insulating layer, drastically reducing heat transfer efficiency. These forces cooling and
heating systems to work harder and consume substantially more energy to maintain the
desired temperature, leading to inflated operational costs and a larger carbon footprint
(Shineh et al., 2023). In food processing, pharmaceutical, and water treatment plants,
biofilm growth can clog filters, nozzles, and narrow the diameter of pipes, increasing
pressure drops and reducing flow rates. This fouling necessitates more frequent, often
aggressive, mechanical and chemical cleaning, leading to increased chemical usage, water
consumption, and costly system downtime. The cumulative effect is a significant loss of

productivity and increased operational expenditure across affected industries.

5.5. The Translational and Control Challenge

A fundamental problem in managing industrial biofilms is the "valley of death" between
scientific discovery and practical application. Laboratory models used to test anti-
biofilm strategies (e.g., static microtiter plate assays) often fail to accurately replicate
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the complex hydrodynamic, nutritional, and multi-species conditions of real-world
industrial environments, such as a flowing dairy pasteurization line or a cooling tower
(Highmore et al.). This leads to promisingcompounds or materials failing whenscaled
up. Furthermore,the regulatory pathways for approving new anti-biofilm technologies,
such as novel surface coatings, enzymatic cleaners, or phage-based products, are often
unclear and not tailored to demonstrate efficacy against biofilms specifically, hindering
innovation and commercialisation (Highmore et al.). This translational challenge means
that industries often remain reliant on suboptimal, traditional control methods that are
fundamentally inadequate for dealing with the resilient, community- based lifestyle of

biofilms.
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Conclusion

The biofilm lifestyle of pathogenic bacteria represents one of the most significant
challenges in modern healthcare and industry. Their complex architecture, metabolic
diversity, quorum sensing networks, and inherent resistance mechanisms allow biofilms
to persist in hostile environments and evade conventional treatment strategies. In
healthcare settings, biofilm associated infections contribute to device failure, prolonged
hospital stays, and increased morbidity and mortality. In industrial sectors, they cause
substantial economic losses through contamination, corrosion, and 47 operational
inefficiencies. Despite these challenges, advancements in surface engineering, phage
therapy, quorum sensing inhibition, nanotechnology, and Al-driven detection offer
promising avenues for improved biofilm control. Continued multidisciplinary research
is essential to develop effective, scalable, and sustainable strategies that target biofilms

at every stage of their lifecycle.

46



References

10.

11.

Jamal, M., Tasneem, U., Hussain, T., & Andleeb, S. (2015). Bacterial Biofilm: Its
Composition, Formation and Role in Human Infections. Research and Reviews:
Journal of Microbiology and Biotechnology, 4(3), 1-14.

Sharma, D., et al. (2023). Microbial Biofilm: A Review on Formation, Infection,
Antibiotic  Resistance, Control Measures, and Innovative Treatment.
Microbiological Research, [Volume and Issue], [Page Range].

Omwenga, 1., & Awuor, S. O. (2024). The Bacterial Biofilms: Formation, Impacts,
and Possible Management Targets in the Healthcare System. Premier Journal of
Infectious Diseases, [Volume and Issue], [Page Range].

James, G. A., et al. (2008). Biofilms in chronic wounds. Wound Repair and
Regeneration, 16(1), 37-44.

Mah, T.-F., & O'Toole, G. A. (2001). Mechanisms of biofilm resistance to
antimicrobial agents. Trends in Microbiology, 9(1), 34-39.

Smith, J., & Jones, A. (2022). A Review of Bacterial Biofilm Components and
Formation, Detection Methods, and Their Prevention and Control on Food Contact
Surfaces. Journal of Food Safety, 42(4), ¢13000. 7. Kumar, A., & Ting, Y. P.
(2023). Review on biofilm formation and its control options. International Journal
of Advanced Research, 11(3), 45-60.

Cangui-Panchi, S. P., Nacato-Toapanta, A. L., Enriquez-Martinez, L. J., Reyes, J.,
Garzon-Chavez, D., & Machado, A. (2022). Biofilm-forming microorganisms
causing hospital-acquired infections from intravenous catheter: A systematic review.
Current Research in Microbial Sciences, 3, 100175.

Assefa, M., & Amare, A. (2022). Biofilm-associated multi-drug resistance in
hospital-acquired infections: A review. Infection and Drug Resistance, 15, 5061—
5068.

Taner, S., Kaya, E., & Ciftci, I. H. (2024). Biofilm-associated infections in the
intensive care unit and the role of artificial intelligence. Diagnostics, 14(8), 803.

Weber, D. J., Rutala, W. A., & Kanamori, H. (2023). The role of the healthcare
environment in the spread of multidrug-resistant organisms: Update on current best

practices for containment. Therapeutic Advances in Infectious Disease, 10,
20499361231163573.

47



12.

13.

14.

15.

Fitridge, 1., Dempster, T., Guenther, J., & de Nys, R. (2012). The impact and control
of biofouling in marine aquaculture: a review. Biofouling, 28(7), 649-669.

Highmore, C. J., et al. Translational challenges and opportunities in biofilm science.
(Source Provided).

Persistent Threats: A Comprehensive Review of Biofilm Formation, Control, and
Economic Implications in Food Processing Environments (2023). (Source
Provided).

Shineh, G., Mobaraki, M., Perves Bappy, M. J., & Mills, D. K. (2023). Biofilm
Formation, and Related Impacts on Healthcare, Food Processing and Packaging,
Industrial Manufacturing, Marine Industries, and Sanitation—A Review. Applied
Microbiology, 3(4), 1245-1275. (Source Provided).

48



