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Preface

Biofilms and their allied infections have an enormous negative influence on multiple
sectors, including human health, by increasing morbidity and mortality rate, hospital
admission, and associated treatment cost. Disease in livestock and plants and bacterial
contamination leads to billions of dollars in losses for food, meat, dairy, and agriculture
industries. Bacterial biofilms also damage the environment by contaminating water
bodies via corroding pipelines (water, oil, and gas), ship hulls, and medical equipment.
Bacterial biofilms have a detrimental impact on the global economy, accounting for
billions of dollars in losses annually. It is paramount for everybody, including scientists,
medical professionals, health care workers, and the public, to learn about this recurring
issue and do everything possible to mitigate the damaging impacts of biofilms.

Focus on Bacterial Biofilms covers a wide array of subjects relevant to bacterial bio-
films, focusing on the fundamentals of bacterial biofilms, the mechanism of biofilm
formation, biofilm-associated infections, and allied catastrophic loss to both human
health and economics. In addition, this book also addresses bacterial virulence factors,
quorum sensing in bacteria, antimicrobial resistance in bacteria, and strategies to
develop new antibacterial agents. The principal objective is to provide readers with a
clear and comprehensive overview of biofilm formation and its detrimental impacts.
At the end of the book, some chapters also highlight the application of bacteria for
beneficial and industrial applications.

Research on bacterial biofilms has attracted interest for many decades, as evidenced by
the thousands of journals, conferences, and projects cultivated in this field. In recent
years, published research papers, conferences, and opinions from expert scientists,
clinicians, and healthcare workers have undoubtedly enhanced the scientific basis for
bacterial biofilms’ pros and cons.

To this end, I would like to express my appreciation to all the scientists and researchers
from different research institutes and universities around the world who put forth an
enormous effort and contributed their chapters to the completion of this book. I am
also thankful to IntechOpen for the opportunity to serve as editor of this project.

Theerthankar Das, Ph.D.

Infection, Immunity and Inflammation Theme,
Sydney Institute for Infectious Diseases,
Charles Perkins Centre,

School of Medical Sciences,

The University of Sydney,

Sydney, Australia
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Chapter1

Introductory Chapter: Highlighting
Pros and Cons of Bacterial Biofilms

Theerthankar Das and Brandon C. Young

1. Introduction

Bacteria are unicellular microorganisms that belong to the classification of
prokaryotes (other prokaryotic organisms are Archaea) that lack a membrane-bound
nucleus (genetic material DNA is present in the cytoplasm) and other organelles such
as mitochondria [1, 2]. Bacteria are generally classified in three shapes: rod, sphere/
cocci and spiral. They can divide/multiply/grow and metabolise either in the presence
of oxygen (aerobic) or in the absence of oxygen (anaerobic). In addition, they can be
facultative and survive under aerobic, anoxic (low oxygen) or anaerobic conditions.
Bacteria get energy by making adenosine triphosphate (ATP) through glycolysis,
pyruvate oxidation, citric acid cycle and the electron transport chain in the presence of
oxygen (aerobic respiration), whereas in the absence of oxygen, ATP is produced via
fermentation of glycolysis derived products (anaerobic respiration) [1, 3, 4]. In micro-
biology, bacteria are differentiated into two groups: (i) Gram-positive and (ii) Gram-
negative depending upon bacterial ability to retain Gram stain or crystal violet stain.
Gram-positive bacteria have thick peptidoglycan cell walls that strongly bind and retain
crystal violet stain. In contrast, Gram-negative bacteria have a thinner peptidoglycan
cell wall that cannot retain crystal violet stain and hence is washed easily when washed
with ethanol. Gram-positive bacteria appear purple or blue after staining, whereas
Gram-negative bacteria appear pink when observed under a microscope [1].

2. Introducing bacterial biofilms

Bacteria exist in abundance in almost all corners of the Earth, including marine and
freshwater, rocks and soil, in man-made/engineered surfaces such as ships, pipelines and
living organisms, including humans, animals, birds and plants. Bacteria are either free-
living/planktonic or exist in communities embedded in their self-produced extracellular
matrix called “Biofilm”. It has been projected that on Earth, up to 80% of bacterial
cells live the biofilm mode of lifestyle [5]. The biofilm stage is the preferred stage in
bacterial lifestyles, principally for species with a pathogenic nature, as the biofilm stage
provides resistance against physical, chemical and environmental challenges [6]. Biofilm
formation is a complex process with multiple steps starting with the initial adhesion of
planktonic bacteria to the surface, aggregation, micro-colony formation and prolifera-
tion into the mature biofilm and finally, active disruption of biofilms to release plank-
tonic bacterial cells to progress adhesion at new sites [7]. The biofilm formation process
involves various biomolecular pathways; the most prominent one is the cell-to-cell
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signalling pathway in bacteria and is commonly acknowledged as the Quorum Sensing
(QS) system [8]. The QS system in bacteria activates in response to the fluctuations in
the bacterial population. As the bacterial cell density increases, bacteria produce chemi-
cal signals called “autoinducers” that are recognised by the local population to facilitate
communication between their own and different bacterial species [8]. The QS system
regulates genes essential for the biosynthesis of various products by bacteria, including
biopolymers (polysaccharides, DNA and protein—that are essential for biofilm matrix
formation and integrity), virulence factors, biofilm formation and protection against
physical (hydrodynamic shear stress), chemical, host immune response and antimi-
crobial challenges [9-11]. The role of bacteria and its biofilm stage can be beneficial

or devastating. Both biofilm applications for beneficial use and biofilm eradication to
protect the environment and the health of patients account for a multi-billion-dollar
industry annually. Below are the highlights of the pro and cons of bacteria/biofilms.

3. Application of beneficial bacteria in ecosystem and industry

In terms of beneficial bacteria, their applications in the environment and indus-
try are diverse, including maintaining biological balance in natural aquatic and soil
ecosystems by remineralisation and restoring nutrients [12]. Rhodococcus spp. of
bacterial biofilm has significant application in bioremediation, including cleaning
industrial and domestic pollutants in the environment by decaying organic pollutants
such as polycyclic aromatic hydrocarbons (e.g. petroleum products) and chlorinated
organic compounds from soil and water bodies [13]. Soil bacteria (e.g. Bacillus subtilis,
Pseudomonas putida and Rhizobium spp.) that maintain a symbiotic relationship with
the plant also promote plant growth by fixing nitrogen in the plant roots, which then
converts nitrogen into ammonia essential for plant fitness and development [14]. The
use of bacterial secreted by-products in the food and pharmaceuticals industry for com-
mercial use has existed for many decades, such as lipase (e.g. phospholipase) enzyme in
making bread (baking) and winemaking brewing) industries, vegetable oil refinement,
in the dairy industry to hydrolysis milk fat for cheese production and biodegradation of
petroleum products [15]. Microbial amylase is another industrial application enzyme
mainly used in the hydrolysing of complex carbohydrates (e.g. starch saccharification)
into smaller sugar (glucose and fructose) units in the manufacture of corn syrups [16].

Bacterial biofilms have a more extensive application in biomining, such as
the recovery of copper metal and the generation of biogas/coal gas. Some bacte-
rial species, Leptospirillum ferviphilum, Sulfobacillus thermosulfidooxidans and
Acidithiobacillus, are used to recover copper from chalcopyrite (CuFeS2); these
bacteria catalyse the transformation of solid metal sulfide dissolution to soluble metal
sulfates [17]. Methanobacteria is used to produce biogas (methane, carbon dioxide
and hydrogen) from organic waste, including cattle and human waste. Biogas’s
predominant application is used for cooking and water heating in rural India and is
also used in the production of electricity [18, 19].

4. The catastrophic impact of biofilms on the health care sector and the
environment

Bacterial biofilms cause catastrophic impacts in terms of infection, antimicro-
bial resistance and associated morbidity and mortality. Statistics show that more
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than 80% of chronic infections are associated with biofilm-forming microbes [20].
Some of the common infections associated with bacterial biofilms include urinary
tract infection, wound infection, infection in diabetic leg ulcers, medical implant-
associated infections including surgical site infection and catheter-associated infec-
tions, microbial keratitis mainly in people wearing contact lenses, chronic sinusitis,
bacterial pneumonia in chronic obstructive pulmonary patients, cystic fibrosis, HIV
patients, COVID-19 patients, infective endocarditis, stomach ulcers, tooth decay and
periodontitis infection etc. The burden of biofilm-associated infections is respon-
sible for a global economic loss of hundreds and thousands of billions annually [21].
Some of the common bacterial species that are responsible for the above-mentioned
health-associated infections include P. aeruginosa, Acinetobacter baumannii, Klebsiella
pneumoniae, Protease mivabilis, and Escherichia coli, Helicobacter pylori, Porphyromonas
gingivalis, Staphylococcus aureus, Streptococcus pyogenes, S. pneumoniae and others. In
addition, to being directly detrimental to human health, biofilms are also accountable
for an economic loss in agriculture, dairy, livestock and the meat industry. Statistical
analysis reveals that biofilm infections in plants (fruits and vegetables) account for up
to 10% of the world’s food supply loss and are unswervingly responsible for food-
borne illnesses [22]. Similarly, a bacterial (e.g., Streptococcus agalactiae) infection in
cows (bovine mastitis—inflammation of the mammary glands) contributes to an 11%
decrease in US total milk production alongside a two billion dollars monetary loss to
the US dairy industry [22].

Biofilm-associated corrosion is an enormous problem in multiple sectors, includ-
ing the marine and shipping industry (damages to the ships) and chemical processing
and water treatment industries (water pipelines, heat exchangers and stainless steel
tanks). These bacteria can withstand a wide range of pH 4—9 and temperatures
10-50°C [23]. For example, sulphate-reducing bacteria (grow in anoxic conditions)
are a prime culprit in the marine industry corrosion; these bacteria influence changes
in the physicochemical parameters such as pH of the local environment and redox
potential of the metal [24]. It reduces sulfate to metal sulfide, and the production
of hydrogen sulfide gas triggers metal corrosion [25]. Microbial-induced corrosion
attributes to a negative impact on the man-made infrastructure and loss of billions of
dollars annually [25].

This book “Bacterial Biofilms” collected the chapters written by prominent and
expert scientists from their respective areas of research and highlighted the pros and
cons of bacterial biofilms in different sectors. The content in this book will educate
people from different backgrounds, including but not limited to scientists, doctors,
infectious diseases specialities, high school and university students and the public.
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Chapter?2

Bacterial Biofilm and the Medical
Impact

Norzawani Jaffar

Abstract

Most pathogenic bacteria species form biofilm as their protective mode of growth,
which helps them survive from the bactericidal effect of the antimicrobials or the
killing activity of the host immune cells. The bacteria cells’ survivability via biofilm
formation creates challenges in the medical field in terms of the device and also
disease-related to biofilm. The impact of the bacterial biofilm issue is worsening over
time, and the association to the high tolerance to the antimicrobial agents leads to
increased morbidity and mortality worldwide. This review will highlight the main
characteristics of the biofilm, the issue of biofilm in clinical practice, which also cov-
ered the pertinence of the biofilm in clinical practice, device-related biofilm disease,
oral disease, and the significant bacterial species involved in the biofilm-related infec-
tions. Knowledge about the vital role of bacterial biofilm in related disorders will give
new insight into the best approaches and alternative treatments for biofilm-related
disease.

Keywords: antibiotic resistance, medical device, chronic infections, oral disease

1. Introduction

Microbial biofilm is a microscopic entity that significantly affects human health. It
is composed of bacterial colonies within a matrix of extracellular polymeric substances,
which protect them from environmental stress, shear stress, detergents, antimicrobial
agents, and the host’s immune cells. According to the National Institute of Health
(NIH), 65% of microbial diseases and 80% of chronic infection is related to biofilm
formation [1]. Antibiotics cannot treat several conditions related to biofilm formation
due to the high level of biofilm resistance activity. An antibiotic concentration killing
effect toward a biofilm might require 1000 times greater than those required to kill
the planktonic bacteria cells [2]. In addition, bacterial biofilm causes several diseases
in response to both device-related and non-device-related infections. This situation
creates challenges for the medical team to provide the best solution or treatment.

Broad heterogeneity of phenotypes developed within a biofilm contributes to the
recalcitrance of the sessile bacteria. This condition evolves the bacteria cells inside
the biofilm to coordinate and differentiate through the communication system and
the releasing of quorum sensing small signaling molecules called autoinducers.
Interbacterial communication allows the decision of their density and regulation of the
virulence gene expression. This is also the indicator of antibiotic susceptibility profiles of
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a biofilm. Due to biofilm-cell physiological states, biofilm usually shows high resistance
toward most antibiotics. Antibiotics might be effective against the active cells located at
the top of the biofilm, in contrast to nutrient-depleted zones at the middle and bottom of
the biofilm in which the cell is in the state of dormancy and lack of metabolic activity [3].
The emergence of antibiotic resistance toward biofilm leads to various chronic
diseases and is very difficult to treat with efficacy. Most of the recently available
antibiotics are not able to resolve the infection. In addition, higher values of minimum
bactericidal concentration (MBC) and minimum inhibitory concentration (MIC)
used to treat biofilm may result in in-vivo toxicity and other complications. Thus, bio-
film formation issues significantly impact human health and the health care industry.

2. Biofilm in clinical practice

A meta-analysis study by Malone et al. (20017) reported the prevalence of biofilms in
chronic wounds was 78.2% [4]. This finding supports the clinical assumptions that bio-
films appear and are significant in human chronic non-healing wounds. Besides, one of
the most prominent clinical-level species is Staphylococcus aureus affecting both hospital-
acquired and community-acquired infection. The biofilm production of S. aureus cells
isolated from clinical samples shows the association of the biofilm with methicillin and
inducible clindamycin resistance [4]. In addition, MRSA strains showed a higher biofilm
production than MSSA strains. Suggesting strong biofilm formation increases the pos-
sibility of antibiotic resistance and leads to treatment failures in MRSA infections [4].

Other than that, Escherichia coli is reported to lead the urinary tract infection
(UTI), contributing to 80 to 90% of all community-acquired and 30 to 50% of all
hospital-acquired cases of UTIs [5]. The study of the uropathogenic E. coli revealed
a high prevalence of biofilm-forming strains of this group of bacteria that are also
highly associated with the multi-drug resistant (MDR) phenotype. Out of 200 E.
coli clinical isolates, 62.5% can produce biofilm, with 93% of the isolates showing
varied resistance with amoxicillin and co-trimoxazole, followed by gentamycin
(87%), cefuroxime (84%), Nalidixic acid (79%), Amoxicillin clavulanic acid (62.5%),
Ciprofloxacin (62%), ceftriaxone (55%), Ceftazidime (54%), chloramphenicol
(28%), Nitrofurantoin (25.5%) and Imipenem (0.5%) [5].

This finding represents the burden of the biofilm formation issues, which are
highly associated with increased antibiotic resistance. In addition, another meta-
analysis study concludes that biofilm formation production by microbial species
impacts the blood system infection leads to resistance, persistence, and mortality.
Staphylococci biofilm producer shows significantly higher prevalence in the resistant
strain, whereas Candida species biofilm production highly impacted mortality [6].
High cell density within the biofilm facilitates high rates of horizontal gene transfer
between microorganisms through the conjugation process, more frequent within the
community inside biofilm than the planktonic bacteria [7].

3. The main characteristic of bacterial biofilm and their resistance to
antimicrobial agents

In general, bacterial biofilm shows resistance against antibiotics and human immune
systems. The process of biofilm formation initiates with the attachment of the plank-
tonic bacterial cells on the living or non-living surfaces. The attachment will lead to the
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construction of the micro-colony of the bacteria cells and rise to a three-dimensional
structure, followed by biofilm maturation and detachment. The process of biofilm
formation until a detachment of the cells is regulated by the cell-to-cell communication
known as the quorum-sensing system. Extracellular polymeric substance (EPS) is one
of the main components in a biofilm, strengthening the interaction of the microor-
ganism in the biofilm [8]. Typically 65% of the biofilm volume is constituted by the
extracellular matrix, partially or mainly composed of polysaccharides, proteins, and
nucleic acid [9]. The EPS protects bacteria from environmental stress such as salinity,
UV exposure, dehydration, antimicrobial, and phagocytes [10]. Besides, some channels
separate the microcolonies inside the biofilm structure to be attached to new niches [1].

There are studies on the resistant mechanism of the bacterial biofilm toward
antibiotics. Most of the studies suggest that the production of glycocalyx or EPS
matrix and other functions play a prominent role that prevents the penetration of the
antimicrobial agents inside the biofilm. Common disinfectant such as chlorine is only
20% or less of the total concentration in the bulk liquid measured inside the biofilm
of P. aeruginosa and Klebsiella pneumoniae. Interestingly, a complete equilibrium with
the bulk liquid did not reach even after 1 to 2 hour incubation time [11]. Another
study also showed the same finding when the biofilm production of P. aeruginosa on a
dialysis membrane showed retarded piperacillin diffusion [12].

In contrast, evaluation on Staphylococcus epidermidis biofilm that were grown in
the same manner show diffusion of rifampicin and vancomycin across the membrane
[13]. Thus, this finding might suggest that inhibition of antibiotic absorption cannot
be explained by antimicrobial resistance. Other pathways and mechanisms might be
occurring inside the biofilm.

In addition, the difference between thin and thick biofilm formation toward anti-
biotic resistance has been explored. Penetration of the hydrogen peroxide in the thin
biofilm of P. aeruginosa was observed compared to a viscous biofilm, which shows no
penetration of that chemical compound inside the biofilm [14, 15]. Interestingly, the
penetration of the hydrogen peroxide in the thick biofilm was observed in the mutant
strains of P. aeruginosa without katA gene, which is the calatase gene that functions to
neutralize the hydrogen peroxide [14].

Furthermore, depletion of the nutrient level inside the biofilm will influence the
interaction of the bacteria cells against antimicrobials. Generally, during bacterial
growth, the transition from exponential to stationary or no growth leads the bacteria
to resistance to antibiotics [3]. Due to low nutrient level and high cell density, the
planktonic cell of the bacteria starts to aggregate and initiate attachment and biofilm
formation. In the biofilm community, bacteria begin to change their mode to slow-
growing. These physiological changes might play a role in the insensitivity of the
bacterial cells inside the biofilm toward antibiotics.

Biofilm disease includes device-related infection, chronic infection with the
absence of a foreign body, and malfunction of medical devices. Biofilm-related
disease or infection is complicated to treat and detect at early stages by microbiologi-
cal analyses. Thus, characterization of the chemical composition of the EPS might
expedite the development of new therapies against biofilm related-infection.

4, Biofilm and device-related infection (DRI)

The emergence of device-related infections is highly associated with biofilm-
producing bacteria among critical patients in the intensive-care units. DRI is defined
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as an infection that occurs in a patient with any device (for example, endotracheal
tube, intravascular catheter, or indwelling urinary catheter) for at least 48 hours in
use before the onset of infection [16]. Most of the DRI reported in the developed
country is led by catheter-related bloodstream infections (CRBSI), followed by cathe-
ter-associated urinary tract infections (CAUTI) and ventilator-associated pneumonia
(VAP) [17]. In addition, another study of the biofilm formation on or in the medical
devices that were examined upon removal from the patients or were tested in animal
or laboratory systems. Several medical devices may involve biofilm formation, such
as central venous catheters, central venous catheter needleless connectors, contact
lenses, mechanical heart valves, pacemakers, peritoneal dialysis catheters, prosthetic
joints, tympanostomy tubes, and voice prostheses (Table1) [18].

Biofilm formation on medical devices is related to the substratum and cell surface
properties. For instance, the characters of glass and various metals that are highly
charged hydrophilic materials, water pipes, and environmental surfaces are pretty
rough or textured. Some materials might be coated with antimicrobial, such as
antibiotic-impregnated catheters [24]. The characteristic of the substratum might
have a significant effect on the rate of bacterial adhesion and biofilm formation. The
rougher and more hydrophobic materials will develop rapid biofilm formation.

Hydrophobicity of both bacteria and material surfaces may influence the adher-
ence capacity of bacterial cells. Hydrophilic material surfaces are usually more
resistant to bacterial attachment than hydrophobic materials [25]. Fletcher and Loeb’s
(1978) study reported that many marine Pseudomonas sp. are attached to hydrophobic
plastics with little or surface charge-free like Teflon, polyethylene, polystyrene, poly
(ethylene terephthalate). At the same time, very few are attached to hydrophilic and
negatively charged substrata like glass, mica, and oxidized plastics [26]. However,

Devices Causative microorganisms Burden of References
illness
Contact lenses P, aeruginosa, Staphylococcus aureus, E. Keratitis Jamal et al. 2018
coli, Staphylococcus epidermidis, species of [1]
Candida spp., Servatia spp., Proteus spp.
Central venous Pseudomonas aeruginosa, S. aureus, coagulase- Bloodstream Gahlot et al. 2014
catheter negative staphylococci, Klebsiella pneumoniae, infections (BSI) [19]
E. coli, Acinetobacter baumanii
Urinary Escherichia coli, Enterococci spp, coagulase Urinary tract Nicolle et al. 2015
catheters negative Staphylococcus, P. aeruginosa, infection [20]
Candida spp., Proteus mirabilis, K.
pneumoniae, Morganella morganii.
Mechanical Streptococcus spp., S. aureus, S. epidermidis, Prosthetic valve Jamal et al. 2018,
heart valves gram-negative Bacillus, Enterococcus, endocarditis Gomes et al. 2018
Candida spp. Haemophilus parainfluenzae, [1,21]
Propionibacterium acnes.
Implantable S. aureus, S. epidermidis, Streptococcus Prosthetic joints Benito et al. 2016
prosthetic agalactiae, P aeruginosa, E. coli, P. acnes, infection [22]
device Enterococcus faecalis
Endotracheal P, aeruginosa, S. aureus, Candida albicans, Ventilator- Fernandez-barat
tube Streptococcus spp. associated etal. 2016 [23]
pneumonia
Table 1.

Common devices related diseases and the microbial etiology.
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dental plaque formation in the human oral cavity is reported as far less on hydropho-
bic compared to hydrophilic surfaces, even after nine days without oral hygiene [27].
In addition, another study by Everaert et al. (1997) showed less biofilm formation on
hydrophobic silicone rubber voice prosthesis of laryngectomized patients compared
to the hydrophilic surfaces after six weeks in the human body [28]. Thus, the role of
hydrophobic material surfaces toward rapid biofilm formation is still unclear.

5. Biofilm in chronic infections

Chronic infections are a significant burden to patients and the healthcare systems.
Besides, the economy is also impacted and varies depending on chronic infection due
to several treatments failure. It is expected that there will be an increase in chronic
infection cases in the future due to an aging population concurrent with the rise in
lifestyle diseases such as diabetes which is a significant cause of chronic wounds [29].
Bacterial biofilm has been recognized as responsible for most chronic infections,
including otitis, diabetic foot ulcer, rhinosinusitis, chronic pneumonia in cystic fibro-
sis patients, osteomyelitis, and infective endocarditis [30]. These infections affect
millions of people each year, with high mortality and morbidity rate as a consequence.
The worse issue of biofilm involvement in infection is due to undetectable species
responsible as swabs and scrapes of biofilm samples often show culture-negative.
This might be due to the strong association of bacteria within the biofilm or their
uncultivability. The same problems occur for implant and catheter-related infections;
identifying the bacteria has been almost impossible. Up to this date, bacteria species
from a biofilm were considered unculturable. In addition, some pathogenic bacteria
that cannot grow the culture media are believed to be activated when present in the
host system or environment, and later they can initiate infection [31]. The biofilm
infection often finalizes as untreatable, leading to the chronic state of bacterial infec-
tions. However, chronic infection will lead to an adaptive inflammatory response,
characterized by a high level of mononuclear leucocytes and IgG antibodies [32]. In
some cases, such as the cystic fibrosis patient suffering chronic lung infection, the
inflammatory response shows the chronic response with continued recruitment of

Diseases Pathogenesis

Cystic Fibrosis P, aeruginosa biofilm induces the infiltration PMNSs, subsequent tissue damage, and loss of
(CF) lung function [33].

Infective Bacterial biofilm diminishes the heart valve function and triggers persistent infection to the
endocarditis circulatory system. Detachment of the biofilm might spread to the other systemic system

contributes to kidney, brain, and extremities, particularly risk to emboli [34].

Diabetic foot Hyperglycemic conditions cause deleterious effects on the innate immune system

ulcer associated with altered PMNs, impaired phagocytosis, and bactericidal activity against the
infections. Thus, bacterial biofilm in the diabetic foot ulcer implicates the failure of the
healing process [35].

Chronic Biofilms contribute to the destruction of the epithelial layer and the absence of ciliaand

rhinosinusitis continuous local inflammatory response [36].

Osteomyelitis Biofilm formation and proliferations lead to an inflammatory bone disorder characterized

by increased local cytokines and osteoclastogenesis [37].

Table 2.
Examples of biofilm-related chronic infections and suggestive pathogenesis.
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polymorphonuclear neutrophils (PMNs) [32]. PMN are the leukocytes critical to the
innate immune response against invading pathogens (Table 2).

6. Oral diseases

An oral disease associated with bacterial biofilm is periodontal disease.
Periodontal disease has been reported by Global Burden of Disease (GBD) 2010 as a
global prevalence of 35% for all ages combined and the sixth-most prevalent condi-
tion in the world [38]. Initiating biofilm formation at the periodontal area by various
pathogenic species of oral bacteria may lead to severe inflammatory disorders that
reduce the gum line, bleeding of the gum, and tooth loss. The issue of periodontal
disease is not limited to the antibiotic resistance properties of the biofilm but also
the aggressive pro-inflammatory response toward the virulence activities of the
pathogenic species that reside in the biofilm. In addition, there are associations
between periodontal disease and other systemic diseases such as respiratory tract
infection, cardiovascular disease, Alzheimer’s disease, gastrointestinal and colon-
rectal cancer, diabetes and insulin resistance, and adverse pregnancy outcomes [39].
The association of periodontal disease with systemic disease is possible when the
progressive inflammatory activity releases toxins or leakage of microbial products
enter the bloodstream thru the blood vessel in the pulp chamber of an infected tooth.
This agrees with a meta-analysis of 5 prospective cohort studies (86,092 patients)
that indicates that individuals with periodontal disease had 1.14 times higher risk
of developing coronary heart disease [40]. Whereas for the case of respiratory tract
infection and pneumonia, the lung infection might occur due to the accumulation of
the pathogens from saliva or oral cavity at the lower airways. Genetically identical
respiratory pathogens isolated from dental plaque and bronchoalveolar lavage fluid
from the same patient in the ICU indicate that respiratory pathogens’ significant
reservoir might be associated with dental plaque [41].

7. Significant bacterial species related to a biofilm infection

Biofilm-producing bacteria play a significant role in biofilm-related diseases. The
biofilm’s high resistance against antimicrobial agents and the host immune system
contribute to considerable treatment challenges. Generally, the ability of a microor-
ganism to form biofilms on the human tissue or related medical devices will lead to
the association of chronic infection. The most common bacterial species related to
biofilm formation in hospital settings are Enterococcus faecalis, S. aureus, S. epider-
midis, Streptococcus viridans, E. coli, K. pnewmoniae, Proteus mivabilis, Acinetobacter
bauwmannii, and Pseudomonas aeruginosa [42]. These species may originate from the
skin of healthcare workers or patients or might be from the surrounding as simple as
tap water to which entry ports are exposed or other sources in the environment. For
instance, Staphylococcus species mainly colonize humans’ skin and mucous mem-
brane. S. aureus and S. epidermidis are the prominent aetiologic agents for nosocomial
infection, surgical site, and bloodstream infection [43, 44]. The persistence of S.
aureus biofilm formation is related to antibiotic pressure. This species own the ability
to stay in the viable state but is not culturable [45]. Recently, daptomycin has been
used as the last resort for treating Gram-positive bacterial infections, including MRSA
and Vancomycin-resistant Enterococcus. This is due to its bactericidal activity against
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these bacteria [46, 47]. Enterococci cause a wide variety of infections in humans,
including infection of the endocardium, urinary tract, bloodstream, biliary tract,
abdomen, burn wounds, and medical devices [48]. However, the most prevalent is
E. faecalis due to its biofilm formation ability and several virulence factors related to
the persistence of biofilm formation and heterogeneity in antimicrobial resistance
acquiring activity [49].

On the other hand, a study of attributable mortality dan morbidity caused by
carbapenem-resistant K. pneumonia showed that 50% of the 391 patients ended with
mortality, with 12.2% of the case being bloodstream infections [50]. In addition, K.
pneumonia is responsible for many cases of nosocomial infection related to a pyogenic
liver abscess or endophthalmitis [51]. Besides that, P. aeruginosa and E. coli are most
prevalent for medical device-associated pathogens. P. aeruginosa contributes to 10 to
20% of all nosocomial infections, whereas E.coli contributes to 50% of the infections
associated with urinary catheters [52, 53]. At the same time, A. baumannii emerges with
significant pathogenicity due to its multi-drug resistant capacity and the ability to form
biofilm on several biotic and abiotic surfaces [54]. This species is rapidly spread in the
health care facilities and can stay months on the dry surface on insensate objects [55].

8. Conclusion

Biofilm formation is a natural process employed by several bacteria species. This is
part of the adaptation process and survival mechanism in response to their environ-
ment. Unfortunately, bacterial biofilm formation develops to impact human health
and industries. Evolution to adapt toward the surroundings triggered by an antimi-
crobial substance during a treatment intervention leads the bacteria cell to manage
their survival by acquiring the resistant genes thru several pathways and mechanisms.
Applying antibiotics to treat bacteria’s biofilm-related infection will lead to another
level of resistance activity in the biofilm community as well as toxic effects to the host
system. A comprehensive understanding of the biofilm structure organization and
the prominent chemical involved might help the researcher elucidate a potent com-
pound or chemical that can degrade or interact with the bacterial biofilm. Alternative
methods or therapies other than antibiotics application must be explored to reduce
the impact of the bacterial biofilm on human health and the health care industry.
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Abstract

Pathogenic bacteria cause infectious diseases, mainly when the host (humans,
animals, and plants) are colonised by bacteria, especially in its biofilm stage, where
it is known to cause chronic infections. Biofilms are associated with resistance
to antimicrobial agents, including antibiotics, antiseptics, detergents, and other
therapeutic approaches. Antimicrobial resistance (AMR) is one of the biggest public
health challenges of our time and is termed a ‘silent pandemic’ by the United Nations.
Biofilm formation, pathogenicity and the associated AMR are regulated through
a bacterial cell-to-cell communication system termed “Quorum Sensing (QS)’. As
the bacterial cells sense the fluctuations in their population, they biosynthesise and
secrete the signalling molecules called autoinducers (AI). In gram-negative, the
signalling molecules are primarily homoserine lactones (AHL) whereas in gram-
positive the signalling molecules are autoinducing peptides. The AI binds to receptor
and regulator proteins in the bacterial cells to activate the complete QS system, which
controls the regulations of various genes that are essential for the biosynthesis of
virulence factors, extracellular biopolymers (EPS) production, biofilm formation and
bacterial fitness.

Keywords: bacterial biofilms, antibiotic resistance, quorum sensing, Pseudomonas
aeruginosa, Staphylococcus aureus, pyocyanin

1. Introduction

Infectious diseases of humans, animals and plants are caused by the spread
of microorganisms, including bacteria, fungi, viruses, protozoa and parasites.
Microorganisms that cause disease are called pathogens. Our body (gastrointestinal
tract, skin, mucosa of mouth, nose and vagina) is inhabited by numerous bacterial
species that form part of the host commensal microflora [1]. However, under certain
circumstances, when the host immune system is compromised due to diseases such as
HIV, cancer, COVID-19, cystic fibrosis or when the individual has burn injuries, blunt
trauma or penetrating trauma (such as through surgery), bacteria can breach the
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host barriers and colonise to cause infection. Such bacteria are called opportunistic
pathogens. Pathogenic bacteria cause infectious diseases, often when they colonise
and form biofilms. Biofilms significantly impact human health; it is estimated that
65% of all microbial infections and more than 80% of chronic infections involve
biofilm-associated microorganisms [2]. In this chapter, we have discussed a few of the
clinically important biofilm-associated infections.

Urinary tract infections (UTIs) are infections involving any part of the urinary
tract. They are one of the most common infections, resulting in an estimated
7 million office visits, 1 million emergency department visits and over 100,000
hospitalisations annually in the United States [3]. UTIs are caused by both gram-
negative and gram-positive bacteria, with the most common causative agent for both
complicated and uncomplicated UTIs being uropathogenic Escherichia coli (UPEC),
causing approximately 75% and 65% of these cases, respectively, with other notable
contributors including Staphylococcus saprophyticus, Enterococcus faecalis, Group B
Streptococcus (GBS), Proteus mirabilis and P. aeruginosa [4]. UPEC, as well as many of
the other common uropathogens, establish biofilms on the bladder wall and surfaces
of indwelling urinary catheters as a strategy to protect the encased bacteria from the
host immune response and intervention with antimicrobial therapy [5, 6].

Microbial keratitis is an infection of the cornea; when mismanaged, this infection
can result in scarring of the cornea, permanent loss of vision and even total loss of the
eye [7]. In the United States alone, there are nearly 1 million clinical visits for keratitis
annually at an estimated cost of US$175 million in direct health care expenditures [8].
Biofilms play an essential role in bacterial keratitis as their presence on contact lenses
as well as their storage cases can allow bacteria to survive and eventually spread to
corneal epithelium [9]. Biofilm populations have increased resistance to antibiotics
and host immune response [10]. Bacterial keratitis is significantly more prevalent
than fungal keratitis in the United States and other developed countries and is com-
monly caused by S. aureus and P. aeruginosa.

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory lung
disease characterised by poorly reversible airway obstruction and is currently the
third leading cause of death worldwide [11]. The lower respiratory tract of COPD
patients is often colonised by bacteria, such as P. aeruginosa, Haemophilus influenzae
and Streptococcus pneumoniae [12, 13]. Chronic bacterial colonisation is a major factor
driving chronic inflammation in COPD patients [14]. Exacerbations are one of the
most important manifestations of COPD and are defined as an increase in the inflam-
mation present above the stable state of COPD, and COPD patients are estimated
to suffer 1-4 exacerbations annually [15]. Exacerbations are thought to worsen the
decline in lung function with increasing exacerbation frequency, are responsible for
much of the morbidity and mortality of COPD [16], account for 50%—75% of the
total economic burden due to COPD [17] and estimated to be US$32 billion annually
in the United States alone [18]. Respiratory infections are the most common cause of
severe exacerbations in COPD, with P. aeruginosa being one of the most frequently
isolated causative microorganisms in severe COPD patients [19, 20].

Seasonal respiratory viruses such as influenza virus and respiratory syncytial
virus (RSV) as well as respiratory viruses that have spread in major outbreaks such
as SARS-CoV, HjN; Influenza, MERS-CoV and SARS-CoV-2 are a significant cause of
morbidity and mortality worldwide. Following the primary viral infection, disruption
of the airway epithelium barrier and dysregulation of immune responses promote
the colonisation of various bacteria to establish secondary bacterial infections, also
known as superinfections, which can have significantly worse clinical outcomes
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when compared to the initial primary infection [21, 22]. Among COVID-19 patients,
secondary bacterial infections can arise due to subsequent colonisation by Klebsiella
pneumoniae, Acinetobacter baumannii, P. aeruginosa and other bacteria [23], and it has
been observed that patients with these superinfections are seen to have mortality rates
twice as high as those without secondary bacterial infections [24].

2. Multiple stages in biofilm formation

Biofilm formation is the most complex stage in the bacterial lifestyle [25].
Compared to the planktonic stage or free-living bacterial cells, bacterial cells encased
within biofilms are highly resistant to antimicrobial agents, detergents, host immune
responses and environmental and physical stress [26, 27]. Researchers in many publi-
cations have widely described the mechanism of biofilm formation [28]. Figure 1, in
brief, represents schematically bacterial biofilm formation in a hierarchical process.

i. To begin with, motile planktonic bacterial cells travel towards the substratum
surface (e.g., mucosal, skin, biomaterials and other non-biotic surfaces) and
reversibly adhere. In this step, the motility and adhesion are facilitated by
flagella, fimbriae, pili, outer membrane proteins (OMPs) and lipopolysac-
charides (LPS). These cell appendages and biomolecules drive non-specific
physical-chemical forces (e.g., Lifshitz-van der Waals and electrostatic
interactions) [29].

—

ii. In the second step, bacterial irreversible/strong adhesion to the surface is also
driven by bacterial cell appendages, OMPs and LPS. Again, the physicochemi-
cal forces drive these interactions (van der Waals, electrostatic interactions,
acid-base interactions and hydrophobic forces). These interaction forces
promote the transition from initial reversible bacterial adhesion to the irre-
versible phase, over several minutes by progressive removal of interface water
between the bacterial cell surface and substratum or another bacterial cell
surface. In addition, bacterial cell surface biopolymers such as proteins and
eDNA undergo conformation changes that suit bacterial attachment to the
surfaces [29].

Bacterial cells — planktonic stage

% Q—:_;?_\ 3- C'?"“"“”‘_”‘ and 4- Biofilm maturation - bacterial cells
microcolony formation embedded in the biofilm matrix
I- Motility and initial

reversible adhesion
Substratum %
2- Transition to ? < g
irreversible adhesion

-
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Figure 1.

Schematic showing the five major steps involved in the biofilm formation cycle. The cycle begins with mobility and
initial adhesion to the substratum and eventually results in a mature biofilm in which bacteria can disperse as
planktonic cells to colonise new sites and repeat the cycle.
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iii. In the next step, bacterial cells secrete signalling molecules with increasing
bacterial population (e.g., Homoserine lactone, auto-inducing peptides and
competence stimulating peptides). These signalling molecules bind with the
bacterial cell membrane-bound receptors or/and transcriptional regulatory
proteins to initiate the quorum sensing (QS) system in bacteria [29]. QS is
essential to trigger bacterial aggregation and microcolony formation.

iv.In the fourth stage, the QS-mediated biosynthesis and secretion of virulence
factors and other extracellular compounds, including polysaccharides, eDNA,
proteins and metabolites, occur and dictates robust biofilm matrix and matu-
ration of biofilms. The robust biofilm matrix hinders antibiotic penetration
into biofilms and can provide resistance against antibiotics for the encased
bacteria up to 1000-fold [30]. The biofilm matrix is termed a “house of
biofilms’ [31].

In the final stage, biofilm ageing and dispersion of mature biofilm as planktonic
bacterial cells occur, allowing for bacterial attachment and biofilm formation at
new sites through a repeat of the biofilm cycle. The dispersion stage is essential for
expanding bacterial colonisation and survival and is triggered through active and
passive mechanisms. In the active mechanism, bacteria produce various enzymes/
proteins (e.g., DNase I, Alginate lyase, Dispersin B, Exopolysaccharide lyase, prote-
ase, surface-protein-releasing enzyme, etc.). These enzymes cleave the biofilm matrix
and trigger the release of bacterial cells. The passive dispersal mechanism is mainly
the external environment, including nutrient deficiency, QS signals, phagocytosis
and antimicrobial agents [32].

3. Physical: Chemical forces influence bacterial adhesion and program
biofilm formation

Many studies have acknowledged that the fundamental physical-chemical interac-
tion forces observed throughout the biofilm formation cycle are essential for mature
biofilm formation. The physical-chemical interaction forces mediated by bacterial
cells or substratum surfaces are purely dependent on the presence of chemical
functional groups and the charge of molecules on surfaces. For instance, Das et al.
2012 showed that removing eDNA from Streptococcus mutans cell surface via DNase
I treatment significantly decreases short-range acid-base interaction forces between
bacteria and surface and consequently impaired S. mutans adhesion to the glass
substratum surface [33, 34]. In another study, Swartjes et al. 2015 showed similar
inhibition of P. aeruginosa and S. aureus adhesion and biofilm formation on DNase I
immobilised surfaces [35].

Thermodynamics and extended Derjaguin—Landau—Verwey—Overbeek (DLVO)-
analyses theoretically revealed that long-distance van der Waals interaction forces are
always favourable or attractive due to the induced dipole interactions. These forces
are weak and can range up to hundreds of nanometres and are essential to initially
bringing bacteria closer to the substratum [29].

Electrostatic interactions are purely dependent upon the surface charge of bac-
teria and substratum. Bacterial cell surfaces are generally negatively charged due to
the presence of negatively charged biopolymers and cell appendages. Electrostatic
interactions would predict repulsion between bacteria and surfaces if the substratum
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surface also exhibits a negative charge [29, 34], whereas bacteria should rapidly

attach to positively charged substratum surface. It is to be noted that many antibiotics
(e.g., Gentamicin, tobramycin, etc.) or antimicrobial peptides (bacitracin, colistin/
polymyxin E and B) are naturally or engineered to be cationic charged to enhance
their interactions with bacterial cells [36]. Also, antimicrobial surfaces are made by
immobilising cationic antimicrobial polymers to attract bacterial adhesion and kill
without inducing biofilm formation [37]. Electrostatic forces are also influenced by
the presence of nutrients such as divalent cations (Ca** and Mg*"), which promote
bacterial interactions, aggregation and biofilm matrix stability by interacting between
negatively charged biopolymers within the matrix [38, 39].

Short, ranged acid-base interactions come into action when bacteria are at very
close range to the substratum (below 5 nanometres). These forces are influenced
by the presence of polar moieties in the molecules; polar groups promote electron-
accepting or electron-donating parameters that are essential for bond-strengthening
and transition from reversible bacterial adhesion to irreversible adhesion stage. An
atomic force microscopic study performed by Das et al. 2011 revealed that bacterial
cell surfaces containing eDNA had more vital adhesion forces, multiple minor peaks
(due to bond breakage) and a more significant separation distance than DNase I
treated bacterial cells [34]. This means eDNA favours bond-strengthening mediated
by close-range acid-base interactions (triggers by electron donation and accepting
moieties in the eDNA) [29, 34].

Hydrophobic forces are also one significant factor determining bacterial adhesion
to the surface and biofilm formation. Studies have shown that hydrophobicity of
surfaces (bacteria or substratum) promotes bacterial adhesion and biofilm forma-
tion [34, 40, 41]. Hydrophobic forces are strong interactive solid forces compared
to van der Waals and hydrogen forces. Garcia-Fernandez et al. 2021 showed that
EPS-producing strains of Streptococcus thermophilus and Lactococcus lactis spp. have
a higher water contact angle (hydrophobicity) than EPS-negative mutants [42]. EPS
production by these strains is directly related to its robust biofilm formation ability
[42]. Contact angle analysis has also revealed a significant change in bacterial cell
surface hydrophobicity when subjected to DNase I treatment: P. aeruginosa PAO1
strain water contact angle is 65° when exposed to exogenous DNA whereas, when
not exposed to exogenous DNA the water contact angle is 44° [34]. Hydrophobic and
van der Waals interactions are essential for maintaining biofilm stability by interact-
ing with different biopolymers within the matrix, e.g., carbohydrates and proteins
[43]. A study revealed that in Burkholderia multivorans, EPS component polysac-
charide (EpolC1576) holds many non-polar rhamnoses (6-deoxy sugar) units in its
primary structure; these non-polar units influence rhamnose binding with many
hydrophobic molecules and are essential for the architecture of three-dimensional
biofilm matrix [44].

Mirani et al. 2016 have shown that bacteria can change their cell surface phe-
notype i.e., hydrophilic to hydrophobic and vice versa when exposed to antibiot-
ics [45]. Their study showed that when S. aureus is exposed to a sub-inhibitory
concentration of oxacillin, S. aureus changes to biofilm mode and its cell surface
hydrophobicity increases in contrast to its planktonic phase characterised by more
hydrophilic character [45]. Another interesting finding is that in S. aureus and
P, aeruginosa biofilms, the small colony variants (SCVs), which are metabolically
inactive (but viable and non-culturable bacterial cells), exhibited hydrophobic
properties [46]. These SCVs play a critical role in the persistence of infection and
pathogenicity [47, 48].
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4. QS mechanism in bacteria

Through the decades of research, it has been well acknowledged that the QS
system is an essential phenomenon for the bacterial biofilm lifestyle. The principal
purpose of bacterial QS is to control the regulation of gene expression related to
bacterial biosynthesis of numerous endo and exogenous molecules critical for neces-
sary bacterial fitness, survival, virulence production, biofilm formation, infection of
the host, evading host immune response and antimicrobial agents. QS is a step-by-
step mechanism that begins with bacterial population density fluctuations triggering
the release of signalling chemical molecules called “autoinducers’ Studies suggest
that autoinducers influence bacterial communication (i.e., ‘calling distance’) at
ranges between 5 and 200 pm [49, 50]. Autoinducers could be of different types and
classes [51]. For example, most gram-negative bacteria (e.g., P aeruginosa, E. coli, A.
baumannii, Vibrio Cholera, etc.) produces homoserine lactone molecules of different
molecular weight and carbon length. At the same time, gram-positive bacteria (e.g.,
Staphylococcus sp. and Streptococcus sp.) produce autoinducing peptides and compe-
tence stimulating peptides as their signalling molecules. Once secreted, autoinduc-
ers get recognised by bacterial cell membrane-associated or intracellular receptor
proteins. In addition to population-based naturally secreting autoinducers/signalling
molecules, many other environmental factors, including oxidative stress, antibiotics
or antimicrobial chemicals or nutrients, trigger QS in bacteria.

The typical gram-negative and gram-positive QS mechanisms have been illustrated
in Figure 2.

4.1P. aeruginosa is a classic example of a hierarchical QS system

In most gram-negative bacterial species, luxI-luxR genes or homologous genes
regulate the QS system. In P. aeruginosa, there are four principal QS systems.

QS mechanism in Gram-negative bacteria

‘ QS mechanism in Gram-positive bacteria

Acyl-homoserine lactones (AHLs) Auto inducing peptides (AIPs)
te 0 * k%
® -
e @ @ * X % ** Histigyy

Response
/ regulator

= Target QS gene
>0 lagrABCD

QS controlled
genes

Regulates virulence factor production, biofilm formation | Regulates virulence factor production, biofilm formation

Figure 2.

Sc%ematic showing the quorum sensing (QS) mechanism in gram-negative and gram-positive bacteria. In
gram-negative bacteria, the signalling molecule is primarily AHLs, whereas in Gram-positive bacterial species,
signalling molecule is primarily by AIPs, followed by bindings of signalling molecules to the receptors in a
bacterial cell and triggering activation of QS-contvolled genes. Regulation of Qs genes influences virulence factor
production and biofilm formation.
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First, lasI/lasR genes are homologous to the lux system and are responsible for the
biosynthesis of the chief lactone-based signalling molecule/autoinducer N-(3-oxo-
dodecanoyl)-L-homoserine lactone (30C;,-HL). The gene lasI encodes the autoin-
ducer enzyme Lasl, which acts to catalyse the synthesis of the lactone autoinducer
(also called AI-1) from substrates 3-oxo-Cyp-acyl-carrier protein (acyl-ACP) and
S-adenosyl-L-methionine [52, 53]. The homoserine lactone molecules are generally
lipophilic and freely diffuse through the lipopolysaccharides in the P, aeruginosa cell
membrane out to the immediate external microenvironment. The Al-1 then binds
with the intracellular transcriptional LasR protein (in this case, LasR functions as
both Al binding protein and regulatory protein) to activate various virulence factors
genes, including exoprotease (lasA), elastase (lasB), alkaline protease (aprA) and endo-
toxin A (toxA), Phospholipase C, heat-labile hemolysin (pIC), and lasI (for positive
autoregulation) [54, 55].

Next in the QS hierarchy is the RhIl-RhIR system. The RhlI (encoded by rhlI)
autoinducer synthase enzyme synthesises N-butyryl homoserine lactone (C,-HSL)
binds with transcriptional regulatory protein RhIR. RhIR- C,-HSL interactions lead to
the activation of several other virulence genes, including 742/AB (rhamnolipids) and
lasB (elastase B) in Pseudomonas species [53-55].

The PQS-PgsR QS system is a late QS system responsible for producing a
phenazine-based cytotoxic metabolite 1-hydroxy-N-methylphenazine (pyocyanin)
[54]. Operons pgsABCDEHR and phnAB and genes outside these operons are respon-
sible for synthesising the pseudomonas quinolone signal (PQS) autoinducer in a
complex multistep process [56]. The receptor for PQS is the PqsR protein (pgsR),
which is regulated through the AHL-LasR QS system [54, 57-59]. The binding of the
PQS autoinducer to the PqsR receptor/regulator protein activates the expression of
virulence factors, including phz (pyocyanin), which are critical for causing infection.
PQS signalling molecules also act as siderophores in chelating ferric ion (Fe**) and
activate the production of siderophore genes pvd (pyoverdine) and pch (pyochelin)
[57-62].

A newly identified class of autoinducer, termed IQS (2-(2-hydroxyphenyl)-
thiazole-4-carbaldehyde), has been recognised in P, aeruginosa and categorised into
a fourth QS system known as the AmbBCDE/IqsR system [63, 64]. This system can
integrate environmental stress cues such as phosphate depletion into QS signalling to
activate PQS-PqsR signalling in the absence of LasI-LasR activity [65].

QS-mediated toxin biosynthesis induces a severely detrimental effect on the host
body. For instance, endotoxin A constrains protein synthesis in the host by imped-
ing protein elongation factor 2 [66]. Exoenzyme S quests on low molecular weight
proteins in the host, consequently hindering DNA synthesis and cell morphology
[67]. Elastase from P, aeruginosa cleaves human leukocyte elastase, human neutrophil
elastase and collagens, destroying host tissue elastic properties and impairing wound
healing [68, 69]. Production of hemolytic phospholipase C (PIcHR) by P. aerugi-
nosa directly interferes with the host protein kinase C signalling pathway (PKC),
thus restraining neutrophil burst activity and superoxide (O, ) production [70].
Neutrophil assembly and production of superoxides at the infection site are essential
to fight against P. aeruginosa pathogenicity. Thus, PIcHR promotes P. aeruginosa sur-
vival in host tissue by evading host inflammatory response by restraining neutrophil
burst activity [70].

Pyocyanin, a hallmark metabolite of P. aeruginosa, gives a unique greenish-blue
colour when grown in the lab and is also visible at the infection site. For instance,
Green Nail Syndrome (GNS) is a nail infection caused by P. aeruginosa, and the
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presence of pyocyanin (also siderophore pyoverdine) causes the greenish colourisa-
tion of nails (chloronychia) [71]. Pyocyanin diffuses into host cells and reduces
intracellular thiol antioxidant (glutathione) levels in mammalian cells [72]. In vitro
study showed pyocyanin induces oxidative stress in cells, hinders human nasal ciliary
beat frequency, declines intracellular cyclic AMP and damages epithelium [73].
Pyocyanin has been found in burn wound exudates; from burn wound patients and is
known to impair wound healing by triggering cell-cycle arrest and premature senes-
cence (ageing of cells) [74, 75]. Pyocyanin is essential for biofilm matrix stability via
intercalation with eDNA [76]. Pyocyanin-DNA binding is necessary to prevent the
loss of pyocyanin to the external environment and supports P. aeruginosa cells in inner
biofilm layers that lack oxygen [77].

4.2 Highlighting QS regulation in gram-positive bacteria

In gram-positive bacteria, the peptide-based QS system is critical in virulence
factor production and biofilm formation. For instance, in Streptococcus species
(Streptococcus pneumoniae and S. mutans), competence stimulating peptide (CSP)
is the primary autoinducer whose synthesis is regulated by comE [78]. The CSP gets
released extracellularly via the transporter protein ComAB. In the extracellular
microenvironment, CSP autoinducers bind with bacterial membrane-bound recep-
tor ComD (transmembrane histidine kinase), causing the phosphorylation (i.e.,
transfer of phosphate group) of the regulatory protein ComE [78]. ComE undergoes
structural modulation and binds with the promoter region of DNA to promote QS
regulation genes and virulence factors [79]. CSP-Com mediated QS induces bacte-
rial cell lysis proteins, including murein hydrolases autolysin A and C (LytA and
LytC) and Choline-Binding Protein D (CbpD) [80]. These proteins trigger fratricide
in the pneumococcal population and trigger virulence factors pneumolysin and
Streptococcus cell wall constituent lipoteichoic acid (LTA) into the host cell to trigger
an immune response [80]. CSP is essential for Streptococcus-mediated DNA binding,
uptake and transformation from the microenvironment [81] and eDNA-mediated
biofilm formation [81]. Other receptors and transcriptional regulatory proteins
have also been identified that bind signalling peptides or activate through external
environmental factors (oxygen, acid, oxidative stress) and coordinate QS systems in
the Streptococcus species, including BlpABCSRH, CiaRH, HK11/RR11, VicK/VicR and
LytST [82, 83]. This QS system is essential for other virulence factor synthesis such
as capsular polysaccharides to evade the host immune response (phagocytosis) in
S. pneumoniae, antibiotic resistance, acid and oxidative stress tolerance and biofilm
integrity [84-87].

In S. aureus, multiple QS systems have been reported. The primary QS system
is coordinated by the global regulatory QS system called accessory gene regulator
(agr). Through agr QS system this bacterium deploys a wide collection of virulence
factors to establish biofilms and infections [88]. One of the crucial roles of the agr QS
system is to encode a signalling circuit that biosynthesis and sense the autoinducers
(Al and AIP) and the intracellular effector RNAIII [89]. The autoinducing peptides
and agrABCD proteins coordinate the QS system and are essential for expressing
exotoxin hemolysin (hla and hlb), toxic shock syndrome toxins (tsst) and controlling
biofilm formation and dispersion [90-93]. Other autoinducer binding proteins in
S. aureus include KdpD/E, KdpD being a receptor protein that binds with autoin-
ducer-2, whereas KdpE is a regulatory protein triggered via phosphorylation [94].
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Autoinducer-KdpD/E system regulates capsular polysaccharide biosynthesis in

S. aureus. VraSR is another two-component signalling system that gets activated via
environmental factors, i.e., by sensing the presence of bacterial cell wall inhibitor
compounds such as antibiotics [95]. This system’ primary role is to regulate cell wall
biosynthesis, impair antibiotic effects and develop resistance [95, 96].

5. Anti-QS strategy to encounter bacterial biofilms and their pathogenicity

The introduction of antibiotics (e.g., discovery of penicillin in 1928) into clinical
medicine has drastically improved human health, allowing for effective treatment
of life-threatening infectious diseases and the ability to perform medical procedures
previously avoided due to the high risk of postoperative infections [97, 98]. However,
with the immense rise of AMR, existing antibiotics show less effectiveness in treating
microbial infections. Developing novel antimicrobial agents and new strategies are
critical to overcome biofilms and associated AMR in the medical arena. Antibiotic
resistance is rapidly spreading and a major concern, with estimates that by the mid-
21st century, antimicrobial resistance could contribute to 10 million deaths each year
and cost the global economy US$100 trillion [98].

Widespread antibiotic resistance is driving an intense search for novel therapeutic
approaches. Interfering with QS, termed quorum quenching (QQ ), has been an area
of interest in this space with the aim of inhibiting bacterial virulence and biofilm
formation [99]. QS inhibitors can reduce bacterial virulence and alleviate symptoms

Type of Quorum Bacteria target Mechanism of action References
Sensing Inhibitors

Halogenated furanone from P. aeruginosa, P. mirabilis and Competitive antagonist [102-105]
marine alga Delisea pulchva. E.coli of LasR receptor

Ascorbic Acid (Vitamin C)
Synthetic furanone (C30

and C56)
Quercetin P, aeruginosa, C. violaceum Competitive antagonist [106, 107]
of LasR receptor
Curcumin C. violaceum, Salmonella Competitive [108-111]
enterica, S. marcescens and P antagonist of LuxR
aeruginosa type receptors
Dominant-negative S. pneumoniae dnCSP competes with [81,112]
competence-stimulating CSP for ComD binding
peptide (dnCSP) analog
Lactonase (SsoPox-W263I) P, aeruginosa Enzymatic degradation [113]
of AHL molecules
QQ antibodies generated P, aeruginosa and S. aureus Antibodies bind AHL [114, 115]
with Al-carrier protein and autoinducing
immunisation peptides to block their
binding to cognate
receptors
Table 1.

Highlighting the anti-QS molecules and their mechanism of action against various bacterial pathogens.
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of microbial infections in a non-bactericidal or bacteriostatic manner, hence relaxing
selection pressure for resistance to these molecules while also not affecting beneficial
bacteria [100, 101]. Table 1 summarises a few examples of QS inhibiting molecules
and their mechanism of action against different pathogenic bacteria.

One historic discovery in QS inhibition was halogenated furanones derived
from red alga Delisea pulchra [116] and early work demonstrating their impact on
QS behaviours such as inducing irregular non-coordinated swarming in P. mirabilis
[102]. Many furanones are now known to act as competitive inhibitors of LuxR-type
receptors in gram-negative bacteria by competing with AHL for binding to reduce
QS signalling [103]. Following the discovery of halogenated furanones impact on QS,
much research was carried out to test synthetic furanones as a potential treatment
for microbial infections and it has shown success within mouse models to reduce P
aeruginosa pathogenicity and enhance bacterial clearance within lungs [104].

Ascorbic acid (vitamin C) is a natural furanone relevant to human health.
Ascorbic acid has long been known as an important molecule for normal physiologi-
cal functions, playing important roles as an antioxidant to protect the body from free
radicals and improving immune system function by increasing lymphocyte prolif-
eration, natural killer activity and aiding in chemotaxis [117]. Ascorbic acid is now
known to be a potent inhibitor of QS within P. aeruginosa. It has been shown to inhibit
pyocyanin production and attenuate biofilm formation [105].

Flavonoids are a class of polyphenolic secondary metabolites found in plants.
Quercetin is a flavonol ubiquitous in vegetables, fruits and plant-derived drinks such
as tea and wine [118]. Flavonoids such as quercetin have been extensively studied for
their cardioprotective, anticarcinogenic, antioxidant and anti-inflammatory effects
[119-121]. Additionally, quercetin is an effective QS inhibitor in P. aeruginosa, with
research showing it can inhibit biofilm formation and initial bacterial adherence
and reduce virulence factor expression [106]. Evidence suggests that quercetin acts
as a competitive inhibitor of the LasR receptor, competing with AHL for binding to
reduce QS signalling in P. aeruginosa [107].

Curcumin is another polyphenol and is the distinctive yellow pigment and a
major constituent of turmeric derived from the Curcuma longa plant. Curcumin
has a rich history in traditional medicine for its use in anti-inflammatory and
antimicrobial roles. Recent research has proven curcumin anti-QS in numerous
pathogens. In Chromobacterium violacewm, curcumin inhibits violacein pigment
production controlled by QS [108]. In Salmonella serovar Montevideo, curcumin is
seen to inhibit biofilm formation, and in Serratia marcescens, it can completely inhibit
swarming motility [109]. In P. aeruginosa, curcumin attenuates biofilm formation
and down-regulates virulence factors such as pyocyanin and elastase [110]. Silico
analysis suggests that curcumin also acts as a competitive antagonist of LuxR-type
receptors [111].

Gram-positive bacteria such as S. pneumoniae participate in QS through secreting
oligopeptides as autoinducers. The competence regulon is a QS circuit present within
S. pneumoniae and is centred on the competence stimulating peptide (CSP), the Al
oligopeptide [122]. Two main CSP variants exist, CSP1 and CSP2, which bind to their
corresponding histidine kinase receptors ComD1 and ComD?2 to drive virulence factor
production and biofilm formation [123, 124]. Synthetic peptide analogues have been
explored to inhibit QS in peptide-based QS systems. Dominant-negative competence-
stimulating peptides (dnCSPs) are one such example. They can reduce virulence
factor expression iz vitro and attenuate pneumococcus infections in mice by compet-
ing with CSP for ComD binding [81, 112].
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QS inhibition can also be achieved by enzymatic degradation of Als. This mecha-
nism has been a major focus within QS inhibition research for gram-negative bacteria,
and many QQ enzymes from prokaryotic and eukaryotic origins have been discovered
[125]. QQ enzymes targeting AHL in gram-negative principally involve four types
of enzymes, AHL-lactonases and decarboxylases hydrolyse the lactone ring, whilst
AHL-acylase and deaminase cleave the acyl side chain, ultimately leading to reduced
AHL-Lux receptor binding and decay of the QS signalling [125]. Many research
examples of QQ enzymes show success in QS inhibition within many different
bacteria; in one example, an engineered lactonase originally isolated from Sulfolobus
solfataricus was seen to reduce virulence in clinical isolates of P. aeruginosa with
pyocyanin production, protease secretion and biofilm formation all inhibited [113].

QQ antibodies are a novel approach to QS inhibition. AHLs and autoinducing
peptides have low molecular weights; consequently, they are poorly immunogenic and
not expected to elicit an antibody-based immune response [125]. However, hap-
ten—carrier strategies can overcome this lack of immunogenicity by attaching AHL
molecules to carrier proteins before immunisation. Miyairi et al. synthesised a carrier
protein-conjugated 3-oxo-C12-HSL (P, aeruginosa HSL) and immunised mice prior to
intranasal challenge with P. aeruginosa [114]. Immunisation generated high titres of
specific antibodies to 3-oxo-C12-HSL, which was strongly associated with a survival
benefit in mice [114]. Bacterial numbers in the lungs did not differ between control
and immunised groups, and the increased survival of immunised mice was suggested
to be through blocking an excessive pro-inflammatory host response through sup-
pression of virulence factors under QS control [114]. In a similar approach, antibodies
targeting Staphylococcal autoinducing peptides (AIPs) show potent QQ abilities and
increasing protection of mice challenged with S. aureus [115].

6. Concluding remarks

Biofilm formation by opportunistic pathogens and its associated AMR has a
catastrophic effect on society. Despite extensive research on bacterial biofilms carried
out over the past century and AMR in the past few decades, we are yet to fully under-
stand bacterial biofilms and the bacterial strategy to evade host immune responses
and antibiotic therapy. The discovery of the QS mechanism in bacterial lifestyle is
ground-breaking research that has revealed various behaviours and processes under
its control, including adaption to physical and chemical stress, expression of genes
that regulate extracellular polymeric substances, metabolite production, the integrity
of biofilm matrix, efflux pumps to reduce intracellular antibiotic concentration and
various antibiotic cleaving enzymes such as beta-lactamase and macrolide esterases,
etc. The discovery and use of natural QS inhibiting molecules such as plant-based cur-
cumin, vitamin C, polyphenols (flavonoids) from green tea and furanone from red
algae, as well as the subsequent development of synthetic molecules have provided an
innovative strategy to tackle bacterial infection and AMR and may play a critical role
in the future to address to the continual spread of AMR in many clinically important
bacteria and their increasing burden on human health.

There is a multitude of factors that influence the rise of bacterial-associated
infections, AMR and consequently mortality. In developing countries, the burden
is disproportionately high due to various factors, including high population density,
inadequate and unaffordable healthcare, poor education leading to inappropriate
use of antibiotics (e.g., prescribing antibiotics against common cold and seasonal
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viral infections), political factors including poor governance that does not provide
the necessary infrastructure and policies related to healthcare, sanitation, hygiene,
etc. Tangible measures are essential for governments and corporate sectors to ensure
the availability of basic facilities to circumvent the increase in bacterial-associated
infections, AMR and its associated mortality and morbidity. Developing innovative
ideas, new drugs or improving existing drugs through increased financial support to
research institutes, universities and the pharmaceutical industry is critical to address-
ing AMR and ultimately improving global health.
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Abstract

Helicobacter pylori (H. pylori) is a gram-negative bacterium living in the human
gastrointestinal tract considered as the most common cause of gastritis. H. pylori was
listed as the main risk factor for gastric cancer. Triple therapy consisting of a proton
pump inhibitor and combinations of antibiotics is the main treatment used. However,
this line of therapy has proven less effective mainly due to biofilm formation. Bacteria
can regulate and synchronize the expression of multiple genes involved in virulence,
toxin production, motility, chemotaxis, and biofilm formation by quorum sensing
(QS), thus contributing to antimicrobial resistance. Henceforth, the inhibition of
QS called quorum quenching (QQ) is a promising target and alternative to fight
H. pylori resistance to antimicrobials. Many phytochemicals as well as synthetic com-
pounds acting as quorum quenchers in H. pylori were described in vitro and in vivo.
Otherwise, many other compounds known as quorum quenchers in other species
and inhibitors of biofilm formation in H. pylori could act as quorum quenchers in
H. pylori. Here, we summarize and discuss the latest findings on H. pylori’s biofilm
formation, QS sensing, and QQ mechanisms.

Keywords: biofilm, Helicobacter pylori, quorum sensing, bacterial resistance,
chemoreceptor, quorum quenching

1. Introduction

Helicobacter pylori (H. pylori) is a microaerophilic, spiral-shaped, gram-negative
bacterium that belongs to Epsilonproteobacteria [1]. H. pylori establishes about
50% life-long infections. While it is asymptomatic in 85% of cases, individuals with
chronic gastritis linked to H. pylori have a 10-20% chance to develop peptic ulcers
and 1% chance to develop gastric carcinoma [2]. Barry Marshall and Robin Warren
were the first to successfully isolate and culture H. pylori from the human stomach
in 1983 [3]. The pair later conducted self-ingestion experiments that confirmed
H. pylori’s colonization of the human stomach, thereby inducing inflammation of
the gastric mucosa. Marshall first reported the development of persistent gastritis
after ingestion, which was treated with doxycycline and bismuth subsalicylate [4].
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These findings promoted more research, which ended up showing that high amount
of H. pylori in the stomach promotes multiple gastrointestinal troubles, including
chronic gastritis, peptic ulcer disease, gastric mucosa-associated lymphoid tissue
(MALT) lymphoma, and gastric cancer [3].

In the early 1980s, Robin Warren and Barry Marshall showed for the first time that
a bacterium named H. pylori could be associated with cancer development. In 2005,
the Nobel Prize in Physiology or Medicine was awarded to R. Warren and B. Marshall
for the “discovery of the bacterium H. pylori and its role in gastritis and peptic ulcer
disease”

Furthermore, the International Agency for Research on Cancer classified H. pylori
in group 1 of carcinogens [5]. It has been shown that H. pylori infection may as well
be correlated with insulin resistance, the increase of total and low-density lipoprotein
cholesterol, and the decrease of high-density lipoprotein [6]. Due to differences in
socioeconomic and hygienic conditions, H. pylori prevalence varies between and
within countries. In general, it is estimated to range from 85-95% in developing
countries and between 30% and 50% in developed countries [7]. The prevalence of
the infection cannot be summarized in a single figure due to unreliable diagnostic
methods in some regions, poor representation of some countries, and differences in
data quality [8].

Currently, the first line therapy used to treat H. pylori infection is a combination
of proton pump inhibitors (PPIs) with amoxicillin or metronidazole and
clarithromycin. This triple therapy fails in about 20-30% of cases, requiring the use
of a quadruple therapy consisting of a PPI, bismuth, tetracycline, and metronidazole
[9, 10]. Nevertheless, an alarming increase in multidrug-resistant strains of H. pylori
to ampicillin, penicillin, co-amoxiclav, amoxicillin, clarithromycin, metronidazole,
tetracycline, doxycycline, erythromycin, and doxycycline has been reported [11-13].
This is ascribed to antibiotic abuse, therapeutic failures, and phenotypical mecha-
nisms promoting resistance and/or tolerance to antimicrobials, notably, biofilm
formation [14, 15]. Biofilm formation is a process in which organisms firmly adhere to
abiotic, and/or biotic surfaces then grow together to form a complex community that
often forms a special structure through four stages: (i) reversible bacterial adhesion;
(ii) irreversible adhesion; (iii) formation and maturation of matrix; and (iv) dispersal
of cells [16]. Biofilms mainly consist of extracellular polymeric substances composed
of polysaccharides, proteins, nucleic acids, and lipids forming a protective barrier
against adverse conditions and decreasing the penetration of antibiotics [17]. In H.
pylori, flagella play a major role in biofilm formation in the gastrointestinal tract [18].

Most bacteria use quorum sensing (QS) as a communication system, relying on
the secretion and perception of small molecules called auto-inducers (Als) [19, 20].
The QS system can activate and/or regulate gene expression of many phenotypes
that can be problematic for humans, i.e., biofilm formation, so that bacteria as a
group can jointly cope with changes in the surrounding environment, resulting in
adverse consequences such as drug resistance and virulence [21, 22]. A new tactic
for outsmarting bacteria called quorum quenching (QQ) is currently explored
to reduce their virulence without interfering with their growth, causing less
Darwinian selection pressure for bacterial resistance [23]. This paradigm shift has
become a promising antibacterial strategy, which not only prevents the develop-
ment of antimicrobial resistance but also the disturbance of human gastrointestinal
microflora, as well as the prevention of adverse side effects commonly associated
with the available treatment [24]. Since the main steps of QS are the production
and detection of signal molecules, QQ can interfere with this system in different
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ways, either intracellularly or extracellularly by application of inhibitors of Al
biosynthesis and perception [25], application of Al antagonists (mimicking Als),
chemical inactivation of Al, sequestering antibodies [26] or macromolecules such
as cyclodextrins [27], and degrading enzymes [28]. This strategy showed promising
effect in vitro and in vivo, as well as synergistic effects with antibiotics by increasing
bacterial susceptibility to antibiotics [29].

Here, we summarize the biofilm formation regulated by the QS system involved
in the antimicrobial resistance in H. pylori. Meanwhile, we also provide the latest
development of QS inhibitors (QSIs) or QQ enzymes (QQEs) as a potential strategy
for the design of new antimicrobial agents to manage H. pylori infections.

2. Biofilm formation in H. pylori

Biofilms have been recognized as a microbial sessile community, irreversibly
attached to either animate and inanimate objects [30]. Biofilms are contained in a
self-produced extracellular polysaccharide (EPS) layer. This matrix is commonly rich
in proteins including enzymes, polysaccharides (1-2%), nucleic acids (<1%), and
water (up to 97%) [31]. Temperature, pH, osmolarity, UV radiation, desiccation,
oxygen tension, and nutrient availability are all environmental stressors that directly
affect the phenotype of biofilms [16, 32]. In vitro analyses have further confirmed that
H. pylori biofilms reduce drug permeability and decrease the susceptibility to anti-
biotics. In fact, cells in the bacterial biofilm are 10-100 times more resistant toward
antimicrobial agents than cells in a planktonic state [33, 34]. H. pylori colonizing
the stomach has developed three patterns of drug resistance, including single drug
resistance (SDR), heteroresistance (HR), and multidrug resistance (MDR), which
probably overlap and are linked in their molecular mechanisms and their clinical
implications [35-42].

Factors References
Flagella and pili [18]
Outer membrane vesicles (OMV) [43]
Extracellular DNA (e-ADN) [43]
Adhesin (outer membrane proteins namely Hop & Hom) [51]
Lipopolysaccharides (LPS) [52]
Flagellar proteins (52]
Efflux pumps [53]
Enzymes regulating pH (urease and arginase) [54]
luxS gene [54]
Chemoreceptors [54]
Toxin-antitoxin system proteins [55]

H. pylori neutrophil-activating protein (HP-NAP) [55, 56]
Mannose-related proteoglycans (proteomannans) [57]

Table 1.

Factors involved in the formation of biofilms in Helicobacter pylori.
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In the human stomach, H. pylori biofilms are found on the surface of gastric
mucosa. Once introduced into the stomach, H. pylori appears in a spiral form,
which is very mobile and associated with the colonization of new niches [43-46].
Subsequently, it comes into contact with the mucin layer that covers the epithelial
cells, resulting in tension-dependent adhesion between the mucin and H. pylori
[47]. After an efficient adhesion and multiplication, a morphological transformation
occurs, which is accompanied by the creation of multiple shapes (spiral, rod, curved,
coccoid, and filamentous forms) to establish a biofilm [48]. However, in the case of
prolonged colonization, all biofilm cells eventually transform into a coccoid form
involved in survival and greater tolerance to adverse environmental factors [49, 50].
Biofilm formation in H. pylori involves many factors shown in Table 1.

3. Biofilm formation and QS in H. pylori

The discovery of QS in Vibrio fischeri and Vibrio harveyi, two species that achieve
bioluminescence using QS signaling molecules, sparked research into this complex
signaling system [58]. The regulation of gene expression under QS control was inves-
tigated in multiple gram-negative bacteria species, including H. pylori [52, 59, 60]. For
H. pylori, QS is involved in motility, biofilm development, and antibiotic resistance
[32, 47, 59, 61]. Once biofilm formation is elicited from planktonic cells, the aggregated
cells surrounded with extracellular polymeric substances (EPS) modify their pheno-
type, exchange genetic material, produce Al, and provide physical protection [33].
Owing to the formation of biofilms, H. pylori infections became typically persistent
and rarely resolved by traditional antimicrobial therapies [34].

Overall, the QS system includes the following steps: (i) AI production; (ii) excre-
tion of Al to the surrounding environment; (iii) sensing and binding of the Al to
receptors at high cell density; (iv) retrieval of the receptor-signal complex from
the cell and its binding to the promoter region; and (v) activation of genes expres-
sion [62, 63]. There are four different signals involved in QS. The most common are
N-acyl homoserine lactones (AHLs), also known as autoinducer-1 (Al-1), which
are fatty acid derivatives produced and used by gram-negative bacteria [64], while
gram-positive bacteria use peptides or modified peptides. Furanosyl borate diesters or
autoinducer-2 (AI-2) are derived from the recycling of S-adenosyl-homocysteine and
used by both gram-positive and gram-negative bacteria [64]. There is also the autoin-
ducer-3 (AI-3), which allows the cross-talking with mammalian epinephrine host cell
signaling systems [65].

H. pylori, when located in the gastric mucosa, responds to several specific
chemical signals. The chemotactic response is mediated by chemoreceptors called
chemotaxis proteins [59]. H. pylori genome encodes four chemoreceptors: TIpA
(effector; arginine, bicarbonate), TlpB (effector; Al2, urea, hydroxyurea, formamide
acetamide.), TlpC (effector; unknown), and TlpD (effector; hydrogen peroxide)
[66]. The H. pylori QS network involves the chemoreceptor TlpB responding to the
AI-2 signaling molecule, a class of furanosyl borate diesters synthesized by the LuxS
protein [59, 66] (Figure 1). The 4,5-dihydroxy-2,3-pentanedione (DPD), which is the
precursor of AI-2 in H. pylori, is produced by LuxS protein [67]. First, LuxS produces
the homocysteine through the cleavage of S-ribosylhomocysteine (SRH), which is a
part of the S-adenosylmethionine (SAM) pathway. The process involves two main
enzymes, i.e., 5’-methylthioadenosine/adenosylhomocysteine nucleosidase (MTAN)
and metalloenzyme [68]. The DPD generated is rearranged into an assortment of
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chemically related molecules known as AI-2 through a process of dehydration and
cyclization [69]. Usually, there are two types of chemoreceptor binding to their

Als, either through direct binding with Al or through interactions with Al binding
proteins that transduce signals to the chemoreceptor [70]. In H. pylori, TlpB does not
bind to AI-2 in vitro with high affinity and requires two periplasmic binding proteins,
AibA and AibB, which bind to Al-2 independently. AibA and AibB are conserved at
greater than 95% identity at the amino acid sequence level in all species of H. pylori
[32]. The structures of AibA and AibB are not yet elucidated. However, protein
sequence homology identifies AibA as homologous to dipeptide binding proteins
(39% identity to E. coli dipeptide binding protein (PDB ID: 1DPP) and AibB as
homologous to proteins of E. coli molybdate binding (36% identity to the periplasmic
molybdate binding protein of Azotobacter vinelandii (PDB ID: 1ATG) [32].

The QS system regulates several mechanisms to assure H. pylori colonization in
the harsh conditions of the stomach. These include flagellar motility, chemotaxis,
and the cag pathogenicity island (Cag PAI) expression, which are all involved in bio-
film formation [18, 32, 60]. This indicates that the QS system regulates the various
stages of biofilm development from the initial adhesion to the final detachment of
the cells [46, 69]. The deletion of luxS gene altered the expression of flagellar genes,
i.e., flaA, flaE, flhA, and flil [69]. Otherwise, the addition of AI-2 or DPD restored
the altered phenotype and transcription of these genes. This evidenced that AI-2 is
involved in flagellar morphology in H. pylori as it influences the first steps of the
flagellar gene expression (Figure 1) [69]. The presence of flagella provides motility
that enhances the recruitment of planktonic cells to the biofilm, a crucial step in
biofilm formation [18].
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CagA protein, encoded by cag PAI, has been identified to be induced in H. pylori
biofilms [54]. A significant decrease in biofilm biomass was observed following muta-
tions in cagA and cag PAI, confirming its important role in biofilm formation [52]. The
QS system regulates the cag PAI through its repression by AI-2, which, in turn, attenu-
ates inflammatory response [60]. The type IV secretion system (T4SS), also encoded by
cag PAI, is essential in direct cell-cell contact [71]. It is believed that this direct cell-cell
contact can also control the biofilm behavior in H. pylori [33]. While cag PAI is involved
in bacteria-host interaction, it could also be involved in H. pylori bacteria-bacteria inter-
action, as well as biofilm formation. Besides, bacterial outer membrane proteins (OMPs)
are crucial for ion transport, osmotic stability, bacterial virulence, and adherence.
Adhesion to gastric cell mediated by Omp18, a peptidoglycan-associated lipoprotein
precursor, was reported in H. pylori [72]. After adhesion, the cell envelope gene (IpxD)
is upregulated [73]. H. pylori urease enzyme (ureA) is important for pH regulation; it
prevents the acidification of the biofilm, increasing its stability [74, 75]. Thus, omp18,
IpxD, and ureA genes could be directly involved in H. pylori biofilm formation [76].

4.QQin H. pylori

In H. pylori, AI-2 has been involved in the regulation of motility, type IV secretion,
and, most importantly, biofilm formation [32]. The QS plays a critical role in multi-
drug resistance of H. pylori by upregulating both biofilm-associated matrix and efflux
pump genes to improve bacterial resistance [77]. Cells in the bacterial biofilm are
100-1000 times more resistant toward antimicrobials than cells in a planktonic state
[34]. The inhibition of QS results in a decrease in biofilm formation, making bacteria
more susceptible [78].

Since the main component of QS is the production and detection of signal mol-
ecules, QQ can interfere with this system in different ways, either intracellularly or
extracellularly. It includes: (i) the inhibition of signal synthesis; (ii) the inhibition of
signal transmission; (iii) the enzymatic degradation of AlI; and (iv) the inhibition of
signal detection [25, 28] (Figure 2). These strategies showed promising effect in vitro
and in vivo, as well as synergistic effects with traditional antibacterial treatments by
increasing bacterial susceptibility to antibiotics [79].

To date, few H. pylori QSIs were described, whether synthetic or produced by living
organisms, such as plants, animals, and bacteria [80-82]. Flavonoids, i.e., naringenin,
quercetin, myricetin, baicalein, catechin, flavone, and turmeric, exhibited promising
antibiofilm and antiadhesive properties against H. pylori [83-88] (Table 2). Notably,

a study conducted to assess the effect of Acorus calamus on H. pylori cultures dem-
onstrated strong antibiofilm and antiadhesive properties [89]. Molecular interaction
studies were later performed by the same group of researchers through molecular
docking of B-sitosterol, a phytobioactive component of A. calamus, toward QS proteins
ToxB, DnaA, PhnB, and Sip. Exceptionally high binding affinity and molecular inter-
action were exhibited, linking the antibiofilm properties of A. calamus to the inhibition
of QS proteins by p-sitosterol [89]. The most direct and effective way to inhibit the QS
system is the enzymatic degradation of the QS molecules, which stops signal transduc-
tion [93]. In gram-negative bacteria, two types of hydrolases were described, namely,
AHL-lactonase and AHL-acylase. Today, few studies investigated the enzymatic lysis
of QS signals in H. pylori. By degrading AHL produced by H. pylori, N-acylhomoserine
lactonase produced by Bacillus licheniformis inhibited the biofilm formation and
attenuate virulence [90].
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Different ways to inhibit QS in Helicobacter pylori.
Quencher Effect on H. pylori Test Mechanismof QQ  Reference
B-sitosterol (Acorus calamus) Antibiofilm, in silico & Al-2 antagonist [89]
Antibacterial in vitro
N-acylhomoserine lactonase Antibiofilm & in vitro Degradation of AHL  [90]
(Bacillus licheniformis) antibacterial (Ais)
Methylthio-DADMe-immucillin-A ~ MTAN inhibitor in silico Binding to the [91]
MTAN target
Parachlorophenylthio-DADMe- MTAN inhibitor in silico Binding to the [91]
immucillin-A MTAN target
-SH Furanosyl Borate Diester Antibiofilm, in silico Al-2 antagonist [92]
Antibacterial®

Table 2.
QSIs and QQE:s in Helicobacter pylori.

Another effective way to inhibit QS is the blockage of signaling cascade through the
inactivation of downstream response regulators. The precursor SRH of AI-2 results
from the action of MTAN on SAH. The inhibition of MTAN induces an accumulation
of 5-methylthioadenosine (MTA) and SAH, which, in turn, inhibits AI-2 production
[91, 94]. In silico testing of DADMe-ImmA derivatives further confirmed this as a
viable QQ technique, since it displayed MTAN inhibition by tight binding to the recep-
tor [95]. More in silico studies investigated the possibility of designing furanosyl borate
diester derivatives from its pharmacophore modeling by substituting the ~-OH groups
of AI-2 and DPD by -SH making it a potent competitive inhibitor to AI-2 [92].

Based on previous studies, various phytochemicals from medicinal plants with
known antibiofilm activity could act via inhibition of QS in H. pylori (Table 3). Baicalin
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Molecule Effect on H. pylori Test Possible mechanism Reference
Baicalin Antibiofilm in vivo Reduction of binding [83, 88]
Adhesion inhibition and colonization
Bactericidal Suppression urease and
Virulence reduction blockade of sulfhydryl
Urease inhibition group.
Quercetin Antibiofilm in vitro QSIin P, aeruginosa [84]
(V. rotundifolia) Growth inhibition
Catechin Antibiofilm in vivo QSIin P fluorescens [86]
(Chamomilla Growth inhibition Urease
recutita) inhibition Membrane
disruption
Naringenin Antibiofilm Bactericidal in vitro QSIin P, aeruginosa [96]
(H. rosa
sinensis)
Turmeric Antibiofilm Antiadhesive in vitro Inhibition of AHL [97,98]
(C. longa) Immunostimulant (igG toward production in A. sobria
H. pylori) Interaction with LuxI
Down-regulation of
LuxI-type & LuxR
Proantho- Antibiofilm, Bacteriostatic, in vitro Inhibition of AHL [98]
cyanidins Inhibits siallylactose-specific &in production
(Vaccinium (S-fimbriae) vivo Anti-QS regulators in
oxycoccus) P, aeruginosa
Emodin Antibiofilm in vitro Inhibition of the HefA [99]
(A. vera) Antiadhesion gene
Affects n-acetyl transferase
Niclosamide Antibiofilm in vitro QSIin P, aeruginosa [100]
Bacteriostatic, Decreasing the & Affects transcription of
secretion of IL-8, in vivo QS genes in P. aeruginosa
Disruption of H. pylori proton
motive force.
Table 3.

Inhibitors of biofilm formation potentially via inhibition of QS in Helicobacter pylori.

from medicinal plants exhibited, iz vivo, bactericidal and antiadhesive activities as well
as limited urease production and reduced vacA gene expression, leading to virulence
reduction. Baicalin limited the bacterial adhesion and colonization and enhanced
bacterial sensitivity via suppression of urease and blockage of the sulfhydryl group.
This makes Baicalin a potential quorum quencher in H. pylori [83, 88]. Quercetin from
Vitis votundifolia inhibited the growth of H. pylori [84], while in P, aeruginosa, quercetin
inhibited AHL production suggesting its action through QQ against H. pylori. In paral-
lel, catechin was described as a quorum quencher in P, fluorescens suggesting its potential
inhibition of QS in H. pylori. Catechin from Chamomilla recutita inhibited the growth
of H. pylori and urease production in H. pylori (which increases bacterial sensitivity) as
well as caused membrane disruption [86]. Naringenin produced by Hibiscus rosa sinensis
showed a potent bactericidal effect to MDR bacteria and also the inhibition of growth
and biofilm formation in H. pylori [96]. Moreover, naringenin exhibited a potent com-
petition with AHL for binding in P, aeruginosa. Taken together, it seems that naringenin

52



Biofilm and Quorum Sensing in Helicobacter pylori
DOI: http://dx.doi.org/10.5772/intechopen.104568

inhibits biofilm formation in H. pylori by acting as quorum quencher. Turmeric
(Curcuma longa) exhibited a good antibiofilm effect toward H. pylori [97, 101]. Besides,
turmeric decreased AHL production in Aeromonas sobria and limited interaction with
LuxI-type synthases and downregulated LuxI-type and LuxR-type genes in various
bacterial species. This makes turmeric a potential quencher toward H. pylori. Vaccinium
oxycoccus produces proanthocyanidins with antibiofilm and bacteriostatic activi-

ties against H. pylori [98]. Proanthocyanidins also limited the siallylactose-specific
(S-fimbriae) adhesion of H. pylori to human mucus, erythrocytes, and gastric epithelial
cells. In P. aeruginosa, proanthocyanidins was shown to inhibit AI production and to
limit the activation of QS transcriptional regulators. Taken together, proanthocyanidins
could be considered as a potent quorum quencher in H. pylori.

5. Conclusion

Despite the advancements in the medical field, the treatment of H. pylori infec-
tions has lost its efficacy. H. pylori QS-mediated behavior is the main contributor to
bacterial survival and pathogenicity. The significance of bacterial communication in
the expression of pathogenic factors makes QS a great target to treat H. pylori infec-
tion or increase antibiotic efficacy by synergy. In the past two decades, researchers
have discovered plenty of QSI agents that can prevent biofilm formation and decrease
virulence. The development of new QSI/QQE that can be combined with antibiotics
has been a hot topic in the antibacterial research field. More studies are required to
demonstrate their mechanisms of action and the optimal doses of the QS inhibitory
compounds that are safe and effective.
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Abstract

Enterococci are commensal bacteria in the gastrointestinal flora of animals and
humans. These are an important global cause of nosocomial infections. A Biofilm
formation constitutes an alternative lifestyle in which microorganisms adopt a
multi-cellular behavior that facilitates and prolongs survival in diverse environmental
niches. The species of enterococcus forms the biofilm on biotic and abiotic surfaces
both in the environment and in the healthcare settings. The ability to form biofilms
is among the prominent virulence properties of enterococcus. The present chapter
highlights the mechanisms underlying in the biofilm formation by enterococcus
species, which influences in causing development of the diseases.

Keywords: biofilm, Enterococcus faecalis, pathogenesis, microcolony, quorum sensing

1. Introduction

Gram Positive bacterium has been renowned as a pathogen of hospitals acquired
infectious. One among these bacteria is Enterococcus species. Enterococcus species
are ubiquitous, commensally inhabitants of the gastrointestinal tract of humans
and animals. These can be frequently isolated from the environmental sources such
as soil, surface water, raw plant and animal products. Even these can screen from
female genital tract, oropharynx and skin. Enterococcus sps belongs to the gram
positive, facultative anaerobic cocci with an optimum growth temperature of 35°C
[1]. There are around 36 species of enterococci have been reported; conversely 26
species are associated with human infection. The most predominant human pathogen
is Enterococcus faecalis, even Enterococcus faecium is one of the important pathogen
which is prevalent increasing as hospital acquired infections. The other remaining
enterococci species only accounts 5% of infections [2-4]. Some few examples
of enterococcus species which are associated with human infections, E. avium,

E. cecorum, E. cassseliflavus, E. durans, E. gallinavum, E. vaffinosus [5, 6].

E. faecalis has now become the most common nosocomial pathogen and its
virulence is increasing in clinical isolates. The presence and function of different
suggested characteristics related virulence have been reported [7, 8]. The factor
which influences the virulence is mediated through gelatinase production, enterococ-
cus surface protein (ESP), aggregation substance (AS), and biofilm formation [9].
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It cause the following infections such as pelvic and abdominal infections, infections
in the mouth especially after root canal surgery, infections in open wounds, a lesser
known form of meningitis called enterococcal meningitis, infections in the blood
called bacteremia and urinary tract infections.

Biofilms are surface attached, organized microbial communities made up of sessile
cells (bacteria and /or fungi) embedded in an extracellular matrix composed of
polysaccharides, DNA and other components.

2. Chronological background on biofilm

Generally bacterial cell grow in two modes; biofilm formation through aggregate
and planktonic cell. It associated with microorganism in which cells stick to each other
on a surface encased within matrix of extracellular polymeric substance produced by
bacteria itself [10]. Antoni van Leeuwenhoek, the Dutch research, who discovered
the simple microscope and observed ‘animalcule’ on surfaces of tooth and this event
is known as discovery of biofilm. Characklis, in the year 1973 phrase that biofilms are
not only tenacious but even resist to disinfectants (e.g. chlorine). In 1978, Costerton,
defined the term biofilm and explained the importance of biofilm. Biofilms can be
found in nature in all places like waste water, labs, and hospital settings. It forms as
floating mat on the surface of liquid on both living and non-living surfaces [11].

3. Components of biofilm

Biofilm are produced from different group of organisms, the microbes cells produces
the extracellular polymeric substances (EPS) such as DNA <1%, Polysaccharides 1-2%,
proteins(includes enzymes) with <1-2%, RNA <1% and water with 97% are the major
part of biofilm which is responsible for the flow of nutrients inside biofilm matrix [12].
The main two components of the biofilm that is water channel for nutrients transport and
aregion of densely packed cells having no prominent pores in it [12]. Another way micro-
bial cells in which biofilms are arranged with significant different physiology and physical
properties. They will access of antibiotics and human immune system. The organism that
produces biofilm has capability to bear and neutralize antimicrobial agents and result in
prolonged treatment. The bacteria which produces the biofilm, switch on the genes that
can activate the expression of stress genes which in turn switch to resistant phenotypes
due to certain changes examples are as follows cell density, nutritional, temperature, pH
and osmolarity. When the biofilm water channels are compared with system of circula-
tions showed that biofilms are considered primitive multi-cellular organism [13, 14]. The
compositions of biofilms like DNA, proteins, polysaccharides and water will signify the
biofilm integrity and making it resistant against different environmental factors [15].

4. Epidemiology of biofilm formation by Enterococcus faecalis

In the worldwide, the prevalence of production of biofilm varies to different part.
The study reported in Rome, Italy, 80% of E. faecalis isolates have ability to form
biofilms in the infected patients [16]. In India, a study has showed that 52% of E.

faecalis isolated screened from clinical samples has showed the biofilm formation [17].
In China, Shenzhen Nanshan Hospital, the prevalence of E. faecalis biofilm formation
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has showed 50.4% (57/113) in urinary tract infection isolates [18]. The biofilm forma-
tion in case of food isolates were less with 60% non-biofilm producers. The major
ability in formation of biofilm was endodontic isolates with 73.7% was observed in
the Department of Operative Dentistry and Periodontology, University of Freiburg
Medical Center, Germany [19].

A study carried out Ahvaz teaching hospital, Iran demonstrated that high
frequency 63% of biofilm formation in clinical isolates [20]. The E. faecalis bacterial
isolated from patient with complicated UTI from department of Urology, Okayama
University, Japan has showed the biofilm formation 64 (18.2%) and 156 (44.3%)
exhibited strong and medium respectively [21]. A study reported at Malaysia, the
E. faecalis isolates has showed the biofilm formation of 49% [22]. In the United
Kingdom, 100% E. faecalis isolates produced biofilms, these isolates were from
intravascular catheter-related bloodstream infections (CRBI) found to produce
more biofilm than enterococcal isolates that cause non-CRBI [23]. A 93% of E.

faecalis strains isolated from clinical samples especially fecal isolates have showed
more biofilm formation in the United States [24]. In Spain, 57% of E. faecalis clini-
cal isolates represent the biofilm production [25]. Tertiary care hospital in India
showed 26% isolates of E. faecalis having capability in forming biofilm [26].

5. Pathogenesis of biofilm in causing disease

Generally infectious is connected with biofilm primarily confine to particular
location and though time detachment may occur. Further, the detached biofilms may
result in bloodstream or urinary tract infections or in the production of blockage of
blood flow [26]. In another side cells in biofilms are mostly resistant to antimicrobial
agents and the host immune system. E. faecalis isolates which produces biofilms
is 1000 times more resistant to antibodies, antimicrobial agents and phagocytosis
process than non-biofilm producers. Consequently, infections caused from E. faecalis
associated with biofilm aggravated in this case [27, 28].

In endocarditis infection a complex biofilm formed by E. faecalis and host
components will be formed on cardiac valve. These biofilms causes disease is through
three basic mechanisms. Firstly, the biofilms physically disrupts valve function and
may cause leakage. Second, detachment of biofilm can be carried to a terminal point
in the circulation and formation of emboli (blockage of the blood vessel). Finally,
the biofilm provides continuous infection of the bloodstream even during antibiotic
treatment. These can cause recurrent fever, chronic systemic inflammation and lead
to other infection also [27, 29].

6. Mechanism steps involved in E. faecalis biofilm formation
It comprises of four stages; initial attachment, microcolony formation, biofilm
maturation (which is in part governed by quorum sensing) and dispersal.

7. Initial attachment

A surface adhesion is the first step in establishing a biofilm, and a number
of surface adhesions, proteases, and lipids are involved. The endocarditis and
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biofilm-associated pilus (Ebp), which is composed of subunits A, B, and C, medi-
ates the adherence of biofilms on surface in-vitro and in-vivo [30-35]. The deletion
of ebpABC attenuates binding to platelets, fibrinogen and collagen, reduces initial
attachment, and thus impairs biofilm formation in-vitro [30, 32, 33].

In addition, Ebp contributed to early biofilm formation in in-vivo models of
urinary tract infection (UTI), catheter associated UTI (CAUTI), and infectious
endocarditis, in which bacteria with deletions of pilus components were substantially
attenuated [30, 32, 33, 36]. Additionally, the absence of surface adhesions, such as
aggregation substance (Agg), enterococcol surface protein (ESP), and adhesion
to collagen from E. faecalis (Ace), reduced adhesion to cultured human cells and
prevented biofilm formation in-vivo [37-41]. Bacteria deficient for Esp showed
reduced initial attachment and decreased bladder colonization in a UTT ascending
model, which is not unexpected since Esp binds fibrinogen and collagen, and these
ligands are present in the bladder because Esp binds fibrinogen and collagen, and
these ligands are present in the bladder [41, 42].

Ace is also involved in interacting with collagen, laminin, and dentin and deletion
of Ace resulted in reduced colonization in rat endocarditis and UTI models [43-47].
Asaresult, Ace deletion in the peritonitis model did not reduce bacterial burden
suggesting Ace-mediated biofilm formation is not relevant to peritoneal infection. By
disparity, deletion of Agg reduced adherence to renal epithelial cells [38, 39], bind-
ing to lipoteichoic acid (LTA) of other E. faecalis cells (and therefore inter-bacterial
clumping) and bacterial titers recovered from endocarditis vegetation on aortic heart
valves. Agg cannot colonize the urinary tract, suggesting that Agg-mediated biofilms
aren’t necessary for ascending UTTI’s [48, 49].

In-vitro, biofilm associated glycolipid synthesis A (BgsA) contributes to initial
adhesion and biofilm development, but its role in-vivo is unknown [50]. The
extracellular secreted protein encoded by salB (Saga-Like Protein B) increased
fibronectin and collagen binding but decreased biofilm formation paradoxically,
which has hypothesized to be owing to the salB mutant cells decreased
hydrophobicity. These investigations suggest that a variety of variables play a role
in the initial attachment of bacteria, and that their contribution is likely to vary
depending on the surface to which the bacteria adhere. As a result, focusing on a
single component as anti-adherence or anti-biofilm strategy is unlikely to totally
prevent enterococcal biofilm formation [37].

8. Microcolony formation

Bacteria proliferate and produce modest amounts of biofilm matrix to form
aggregates known as microcolonies after first adhesion [51]. However, the enterococ-
cal mechanisms that drive the establishment of microcolonies are unknown, and no
transcriptome data from early-stage biofilms or microcolonies is available. The impor-
tance of microcolonies for gut colonization has been demonstrated. E. faecalis coloni-
zation of the stomach of germ free mice resulted in discrete microcolonies covered in
a fibrous sweater-like matrix within a week, rather than the largely 2D biofilm sheets
(2-3 cells high) that are normally observed in biofilm models in-vitro [52].

Despite the fact that microcolonies are commonly assumed to be a temporary
stage of early biofilm production, these data imply that microcolonies may represent
a mature biofilm stage in this niche that is particularly crucial for gut colonization.
In addition, in-vitro enterococcal microcolonies emerge in response to antibiotic
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therapy [53, 54]. Biofilms treated with sub-inhibitory levels of daptomycin began to
restructure extensively into microcolonies as early as 8 hours after drug exposure, in
contrast to typical biofilm sheets. Even in the absence of antibiotics, deletion mutants
of eapOX, which encodes a glycosyl-transferase involved in the formation of cell wall
associated rhamnopolysaccharide (Epa), developed microcolonies in-vitro. In contrast
to the monolayer biofilms, these epaOX microcolonies had lower structural integrity,
as shown by their facile separation following washing.

9. Biofilm growth and maturation

Active growth and synthesis of extracellular matrix components such as
extracellular DNA (eDNA), polysaccharides, LTA, and extracellular proteases are
required for biofilm development. eDNA is the best studied matrix component
of enterococcal biofilms:eDNA can be found at the bacterial septum, as part of
intercellular filamentous structures, and as part of the larger biofilm matrix, and its
release from cells is controlled by autolysin Atla [55-57].

eDNA-associated cells showed no significant cell lysis and had a membrane
potential [55], implying that eDNA is liberated from metabolically active cells. As
aresult, DNase treatment decreased biofilm stability and increased detachment
[58, 59], whereas atlA deletion decreased eDNA release and biofilm formation
[56]. Despite the lack of evidence that eDNA influences the spatial organization of
enterococcal biofilms (as has been postulated for other bacterial species), eDNA
remains a potential therapeutic target.

Biofilm production is also aided by non-proteinaceous cell surface components
such as glycoproteins, polysaccharides, and modified lipids. The dItABCD operons are
involved in the production of D-alanine esters of LTA, which are an important compo-
nent of Gram-positive bacteria’s cell wall, and deletion of this operons decreased biofilm
formation in-vitro, decreased adherence to epithelial cells, and increased susceptibility
to antimicrobial peptides [60]. Biofilm on plastic D (BopD), a potential sugar-binding
transcriptional regulator, also promotes to biofilm development in-vitro [61].

The deletion of bopABC, which is located upstream of bopD, boosted biofilm
growth in glucose but decreased biofilm growth and colonization levels in the murine
gut, implying that the ability to utilize maltose is required for biofilm growth in the
gut. MprF2, a paralogue of multiple peptide resistance factor (MprF), was likewise
found to promote eDNA release and biofilm formation [61-63]. MprF2 reduces the
net positive charge of the membrane via aminoacylating phosphatidylglyceroal to
mediate electrostatic repulsion of cationic antimicrobial peptides.

While deletion of MprF2 had no effect on biofilm persistence in a mouse
bacteremia model, deletion of both MprF1 and MprF2 reduced biofilm persistence
in a wound infection model, suggesting that cell membrane charge may play a role
in biofilm formation and pathogenicity in-vivo [63, 64]. These findings back up
the theory that cell surface glycoproteins, membrane phosphatidylglycerol, and
polysaccharides all play a role in biofilm development.

The quorum sensing response regulator FsrA regulates matrix remodeling by
upregulating the expression of gelE, SprE, and altA [57, 58, 65-67]. The proteases
gelE and sprE were found to diminish biofilm formation iz-vitro and bacterial load
in numerous iz-vivo models [68—71]. However, in a rabbit endocarditis model, loss
of gelE alone increased fibrinous matrix formation in aotic vegetation, leading to
endocarditis as shown in the Table 1 [70].
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Name of the Gene Gene code Role

D-alanine- d-alanine ddl It involved in metabolism process (d-ala) especially for bacterial

ligase peptidoglycan biosynthesis. Its role in cell wall integrity and biofilm
formation.

Cytolysin cyl It a secreted toxin expressed in response to pheromones, contributes

to the pathogenicity of E. faecalis by causing blood hemolysis.

Gelatinase gelE It hydrolyzes the gelatin and ability to damage host tissues plays a
vital role in spreading of enterococci in their host. It promotes the
aggregation of the cells in microcolonies which constitutes the initial
step of biofilm formation.

Serine protease sprE It hydrolyzes the casein, quorum sensing and autolysis (release of
eDNA)

Fecal streptococci fsrA, fsrB, It the major quorum sensing in E. faecalis, the fsr regulator locus, is

regulator locus genes fsrC encoded by fs#A, fsrB and fsrC genes which regulate the expression of

both gelatinase and serine protease. It controls biofilm development
through regulating the production of gelatinase.

Biofilm associated pili ebp It is the protein organelles, anchored to the surface of the bacterium,
that interact with the external environment. It role in biofilm
formation, initial attachment and IE.

Adhesion to collagen ace A surface protein that facilitates the bacterial adherence to collagen

of E. faecalis is the adhesion to collagen of E. faecalis. It play key role in adherence
and colonization process.

Aggregation agg A surface protein expressed in response to pheromone induction that

substance mediates the adherence of E. faecalis to renal epithelial cells. It plays

important role in adherence to and colonization of host tissues.

Enterococcal efbA It is an adhesin, localized on the outer surface of E. faecalis that
fibronectin-binding confers adhesion to immobilized fibronectin.

protein A

Enterococcal surface esp It promotes primary attachment and biofilm formation.

protein

LuxS/autoincuder luxS It plays role in interspecies communication and involved in bacterial
—2 (AI-2) quorum virulence, persistence infections and biofilms

sensing system

Table 1.
Different quorum sensing genes signaling molecules involved in Enterococcus quorum sensing system and virulence
factors production.

In-vitro, sprE deletion increased autolysis and eDNA release and accelerated
biofilm development, but gelE deletion inhibited eDNA releaseand elevated ace
expression, which may increase surface attachment but make the biofilm
detachable [71, 72].

10. Quorum sensing

Population density-dependent signaling influences biofilm formation [73, 74].
Despite the fact that quorum sensing and peptide pheromone signaling are known
to coordinate gene expression and direct enterococcus biofilm growth, there have
been few research on these tiny signaling molecules and secondary messengers in
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enterococci. The cCF10 peptide pheromone, which facilitates the transfer of the
conjugative plasmid pCF10, is an exception. This plasmid has the ability to transfer
antibiotic resistance genes as well as virulence determinants like Agg across cells
[75-79]. The buildup of cCF10, which stimulates conjugation proteins, is required
for pCF10 transfer. The mechanism underpinning peptide pheromone-mediated
gene regulation and plasmid transfer has been well documented, and it was recently
demonstrated in mice to promote pCF10 transmission between E. faecalis cells in the
gut [79, 80]. The immature peptide pheromones cAD1 and c¢CF10 are processed by
the membrane protease Eep. Eep also facilities the proteolytic processing of RsiV,
the anti-sigma factor for sigV, resulting in improved stress resistance. A sigV mutant
showed similar symptoms, indicating that Eep is involved in the regulation of sigV
production [81-83].

In-vitro, Eep, together with AhrC and the ArgR family transcriptional regula-
tors, leads to biofilm formation, and deletion of the genes encoding either protein
lowered bacterial burden in UTI and endocarditis models [84-86]. Furthermore,
eep deletion mutants develop tiny aggregates unlike wild-type biofilms. FsrABC
is another quorum-sensing system. FsrC is a membrane sensor kinase that detects
density-dependent accumulation of the FsrB peptide and triggers a signal to the
FsrA response regulator [87]. Because this system controls multiple biofilm-related
genes and operons (such as bopABCD, ebpABC, GelE, and SprE), knocking
down fsrABC entirely eliminates biofilm formation [88]. FsrD, a precursor for
the cyclic peptide gelatinase biosynthesis activating pheromone (GBAP), is also
controlled by the Fsr quorum sensing system as shown in the Table 1 [89]. Finally,
autoinducer 2 (Al-2) is involved in E. faecalis biofilm formation and is produced
by S-ribosylhomocysteinelyase (LuxS). In-vitro biofilm development of E. faecalis
is increased by Al-2 supplementation, while luxS deletion causes aberrant biofilm
production with aggregation a dense structure, in contrast to the confluent mono-
layers of wild type in-vitro biofilms [90, 91].

11. Factors influencing for the formation of biofilms in E. faecalis
11.1 DIt gene

A Lipoteichoic Acid, component of E. faecalis, the most common organism in
root canals, develops colonies on the dentin surface (LTA). LTA is a biofilm-forming
component of E. faecalis that functions as a receptor molecule on receptor cells during
the aggregation process. E. faecalis antigen recognizes immune cells via pattern rec-
ognition receptors (PRRs) and induces the release of proinflammatory cytokines like
TNF alpha (TNFa), interleukin 1 beta (IL-1p), IL-6, and IL-8 [92]. LTA causes cells to
produce cytokines, which is followed by the activation of Nuclear Factors kf (NF-kp),
which promotes cytokines release as shown in the Table 2 [93].

The release of these cytokines causes the dlt gene in LTA to fabricate D-alanine
instantly, causing other bacteria to assist in the formation of biofilms [94, 95].
The D-Ala-LTA gene is triggered by the surface protein of Gram-Positive bacteria.
Cationic homeostasis and autolytic activity are controlled by this gene. Additionally,
it is involved in the assimilation of metal cations as well as the electromechanical
repair of bacterial cell walls [94]. These capabilities will enhance bacterial cell system
transfer while even increasing autolytic activity. The host’s defense system will be
weakened by the modified tick.
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Factors Function

dlt gene It as acts biofilm forming component during aggregation process. It causes cells to
produce cytokines. It controls cationic homeostasis and autolytic activity

Cytolysin lytic It is the virulence factors, play role in lysing erythrocytes and collagen fragmentation. The
enzymes cylLL and cyILS genes on cytolysin promoted for longer survive of E. faecalis.
Hyaluronidase It acts as toxin protein for the progression of host tissue increase damage and

inflammation. It beneficial protein for the development of E. faecalis.

Dentine Matrix It increases the enhancement of biofilm formation through dentin. It also resists the
antimicrobial treatment by delay penetration of the drug through the biofilm matrix by
altering/changing the physiological shaper of biofilm growth in dentin.

Nutrients Glucose is the major determinate in the formation of E. faecalis. It utilizes as the carbon
source and hydrolyzes the substrate for its survival.

Environmental Physicochemical properties of the surface may exert a strong influence on the rate
and extent of attachment. Temperature, cations, and presence of antimicrobial agents
influence the attachment. The optimum temperature 37°C, pH -8.5 increase the
production biofilm formation.

Table 2.
Factors influencing for the formation of biofilms in E. faecalis.

11.2 Cytolisin lytic enzymes

A lytic enzyme operated on by cytolysin is the one of E. faecalis bacteria’s viru-
lence factors. Apart from lysing erythrocytes, collagen fragmentation caused by this
enzyme can cause tissue injury at the site of inflammation. The cylLL and cylLs genes
on cytolysin promote this role, allowing E. faecalis to survive longer. E. faecalis is the
most common microbe found in root canals [92, 96]. Other bacteria will be inhibited
by E. faecalis cytolysin. The cylLL and cylLS genes in E. faecalis cytolysin encode
structural cytolysin subunits. They create cytolysin in anaerobic circumstances and
respond to oxygen depletion in root canals by producing cytolysin as shown in the
Table 2.

11.3 Hyaluronidase

Hyaluronidase is a protein to be found in E. faecalis that helps the bacteria and
toxins progress to the host tissue. Other bacteria will continue to migrate from the
root canal to the periapical lesions as a result of hyaluronidase. Furthermore, hyal-
uronidase stimulates the production of toxins by other bacteria, which increases
damage and inflammation. This stipulation is very beneficial for the development of
E. faecalis [97, 98].

11.4 Dentine matrix structurization

E. faecalis will increase resistance to antimicrobial treatments by increasing the bio-
film structural characteristics at the primary site of E. faecalis invasion, notably dentin.
As aresult, E. faecalis is known to delay antimicrobial agent penetration through the
biofilm matrix by altering the growth rate of other microbes in biofilm development
and encouraging changes in the physiological shape of biofilm growth in dentin.

When E. faecalis is cultivated in nutrient-poor media, it forms thicker biofilms
than when cultured in nutrient-rich media [99]. Under stress inducing mechanism in
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other bacteria that can cause a more resilient E. faecalis biofilm. Besides E. faecalis bio-
films profitably renew themselves. Furthermore, E. faecalis will receive vital carbon
by hydrolyzing the substrate required for survival [23].

E. faecalis will continue to grow and develop in environments with or without
oxygen with extreme alkaline pH by penetrating cell membrane ions and increas-
ing the cytoplasmic’s buffer capacity [100]. The pH balance of the biofilm is always
maintained by bacteria by assimilation of protons into the cell, resulting in a lower
internal cell pH. As a result, the dentin buffer capacity is unable to keep the pH in the
dentinal tubule constant, and E. faecalis survives [101].

Other investigations found in E. faecalis that the ability to promote apatite
re-deposition in the forming biofilm is responsible for its persistence after root
canal therapy. Besides this, the dentin matrix is composed of chlorapatite Cas
(PO,)3 [102]. Different varieties of apatite have different dissolving tolerances. Till
date, chlorapatite has been considered as a weaker apatite than hydroxyapatite and
fluorapatite in terms of nanostructure [102, 103]. Although it is known that calcium
hydroxide can stimulate the formation of hard tissue by raising the Ca®* ion to
increase defense through dentin mineralization, the type of apatite that makes up the
host dentin will influence the results [104, 105].

However, no further research into the drug resistance of this inorganic dentin
material’s nanostructures has been done. Furthermore, dentin deterioration is not
solely dependent on inorganic elements. Collagen makes up 20% of the organic
dentin, which accounts for 85% of the total [103]. Gelatinase, an E. faecalis virulence
component, is required for hydrolyzing host collagen, High gelatinase levels have
been linked to dentin organic matrix degradation [106, 107].

11.5 Tolerance for antimicrobial therapy

Antimicrobial therapy is known to be limited to eliminating free microbes but not
to remove cells bound to the biofilm so that re-infection can occur [100]. As a root
canal medication, calcium hydroxide is currently the most popular option among
dentists. E. faecalis is known to be resistant to calcium hydroxide. This is a serious
clinical problem. Every root canal treatment failure, which is documented widely, has
linked to E. faecalis [101]. Calcium hydroxide is known to prevent the acid reaction
that happens as a result of the inflammatory response. This lactic acid generated by
osteoclasts to absorb hard tissue will be neutralized by the alkaline pH [102, 103].

12. Conclusion

Enterococcus faecalis is one of the most predominant organism in nosocomial infec-
tion and also developed the drug resistance. The intrinsic virulence factors E. faecalis
are associated in biofilm formation and other environmental factor and signals are
alarming the biofilm formation. A genome wide study is required to know the role
of genetic and environmental factors in development of biofilm and mounting the
superior strategies for biofilm control in E. faecalis isolates.
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Chapter 6

Biofilm Development in
Gram-Positive and Gram-Negative
Bacteria

Deepak Dwivedi and Trishla Sehgal

Abstract

Biofilms are the communities of microorganisms, especially bacteria attached
to a biotic or abiotic surface. These biofilms live in a self-sustained matrix and
produce different substances called extracellular polymeric substances (EPS) which
are responsible for the pathogenicity of a number of bacteria such as Pseudomonas
aeruginosa, Staphylococcus aureus, Vibrio cholerae, Klebsiella pneumoniae, Escherichia
coli, etc. These EPS substance makes it difficult to eradicate the biofilm present on
the surface. Biofilm formation is a five-step process. Biofilms can be monospecies
or multispecies. In biofilms, cells communicate via Quorum Sensing (QS). QS is the
regulation of gene expression in bacteria with respect to changes in cell population
density. In QS, bacteria produce various signaling molecules called Auto-inducers
(AI). Al concentration increases as the bacterial population increases. Bacteria
respond to these Als results in an alteration of gene expression, which results in
the release of various virulence factors. QS involves a two-component signaling
process which is different for both Gram-positive and Gram-negative bacteria. QS
and EPS make the bacteria resistant to various antibiotics, which make the eradica-
tion difficult and hence requires more effective treatment. This article discusses the
biofilm structure, phenomenon of biofilm formation, signaling, and pathogenicity to
highlight the understanding of processes involved in biofilm formation.
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1. Introduction

Microorganisms exist in nature primarily attached to biotic and abiotic surfaces.
This is possible due to the development of biofilm. Biofilms are the group of micro-
organisms living within a self-produced matrix of polymeric substances which get
attached to several surfaces [1]. Biofilms are different from the planktonic form of
bacteria. Planktonic forms are the free-living forms of bacteria. Bacteria try to switch
this planktonic form to biofilm due to a number of advantages which includes protec-
tion against environmental stresses such as extreme pH, oxygen, osmotic shock,
heat, freezing, UV radiation, predators, etc [2]. Biofilm contains a group of micro-
organisms irreversibly attached to and grow on a surface. The substances produced
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by these microbes are known as extracellular polymeric substances (EPS) result in
the alteration in the phenotype of the organism with respect to growth rate and gene
transcription [3].

Biofilms are found to be present on liquid surfaces as floating mat and in a sub-
merged state as well [4]. Biofilms appear either beneficial or detrimental. Biofilms are
considered beneficial as these degrade hazardous substances which are present in the
soil, but are detrimental to food and slaughterhouse equipment and are also found
responsible for the pathogenesis of a number of diseases [5]. Biofilm has been used for
the remediation of heavy metals for a long time. EPS as being poly-anionic in nature,
forms complexes with positively charged metals (cations) result in metal immobiliza-
tion within the exopolymeric network. Extracellular enzymatic activities in EPS assist
the detoxification of heavy metals by transforming and subsequently participating
in exopolymeric mass [6]. Microorganisms in biofilm help in the production and
degradation of organic matter, remediation of environmental pollutants, nitrogen
cycle, sulfur, and many metals. Some of the literature revealed that microbial biofilms
are involved in sewage purification also [7].

Biofilms can grow on surfaces of many medical implants such as sutures, cathe-
ters, dental implants, etc [8]. Biofilm formation is an important virulence mechanism
in the pathogenesis of many medically important organisms such as Pseudomonas
aeruginosa, Staphylococcus aureus, Escherichia coli, etc [9-11] infections including
biofilm formation such as vaginitis, colitis, gingivitis, otitis, urethritis, etc [12-14]

Biofilms are communities of bacteria embedded in the EPS matrix. EPS is com-
posed mainly of a complex mixture of proteins, lipids, nucleic acids i.e. extracellular
DNA (e-DNA) and polysaccharides [15]. EPS helps the biofilm to withstand mechani-
cal stress. Biofilms are viscoelastic in nature and EPS provides physical support
against mechanical and chemical stresses [16].

Depending on the interaction between surface and constituent cells, biofilms can
be categorized as monolayer or multilayer [17]. Flagellum and pilus present on the
surface of cells increase the attachment of bacteria to the surface which accelerates the
formation of biofilm monolayer. In another type, the microbial adhesion is synthe-
sized with the simultaneous transition to the permanent attachment [17]. When
microorganisms are able to adhere to a surface and also to each other, they often
develop multilayer biofilm. It has been noted in many cases that the bacterial surface
characteristics lead to repulsion [17].

2. Biofilm structure

The structure of biofilm consists of matrix of EPS which comprises e-DNA, poly-
saccharides, and proteins [18]. Channels in this biofilm allow water, air, and nutrients
transport to all parts of the biofilm [19].

Exopolysaccharides: These are the high molecular-weight sugar polymers that are
secreted outside the matrix act as a scaffold for proteins, nucleic acids, carbohydrates,
and lipids to adhere to the surface [20]. Mannose, galactose, and glucose are the
most abundant carbohydrates in EPS. Most of the exopolysaccharides are not biofilm
specific but their production increases as an environmental stress response.

Extracellular Proteins: This is another major class of EPS. These are found attached
to the surface and polysaccharides to help with biofilm formation and stabilization.
E.g. Amyloids play a supportive role in biofilm formation. Fap amyloids in P. aerugi-
nosa lead to cell aggregation and increased biofilm formation [21]. The dispersal and
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Components of EPS matrix.

detachment of biofilm also require some enzymes which release biofilm cells and
initiate a new biofilm lifecycle. For E.g. Dsp B protein is responsible for the detach-
ment of Actinobacillus pleuropneumoniae biofilms [22].

e-DNA: It comes from both lyzed cells and also actively secreted [23]. It plays an
important role in biofilm formation critical for attachment. It interacts with receptors
present on the substratum surface to facilitate adhesion [24]. It also coordinates with
the cell movement in twitching motility mediated P. aeruginosa biofilm expansion
[25]. It also inhibits the transportation of antibiotics within biofilm thus protects
the bacteria within the biofilm. E.g. In Staphylococcus epidermis, e-DNA inhibits
the transportation of vancomycin and thus protect the biofilm [26]. Vancomycin is
a glycopeptide antibiotic that penetrates the biofilm and kills the growing biofilm
including gram-positive bacteria. Figure 1 shows components of the EPS matrix.

3. Steps of biofilm formation

Biofilms are three-dimensional communities of microorganisms that adhere to
a surface and form a matrix of EPS. Both gram-positive and gram-negative bacteria
develop biofilm but the most common species are E. faecalis, S. aureus, S. epidermi-
dis, S. viridans, E. coli, K. pneumoniae, P. mivabilis, and P. aeruginosa [27]. Biofilm
formation takes place over five main stages including: 1. Initial reversible attach-
ment; 2. Irreversible attachment; 3. Maturation Stage I; 4. Maturation Stage II and 5.
Dispersion [28, 29].

1. Initial veversible attachment: Bacteria generally adhere to a surface that is rich
in organic molecules (e.g. nutrients, salivary proteins, large macromolecules).
These molecules promote the adherence of bacteria to the surface. Initial attach-
ment is mediated through weak van der Waals force which later turns to stronger
dipole-dipole interaction, hydrogen, ionic or hydrophobic interactions. There is
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a stronger adhesin-receptor mediated attachment. It is an attachment between
adhesins, adhesive structures present on the surface of microorganisms and
receptors, complementary adhesive structures present on the surface of host
cells [6]. These interactions are mediated through the surface structures present
on the bacterial cell such as fimbriae, flagella, lipopolysaccharides (LPS), outer
membrane proteins (OMPs), and exopolysaccharides [30].

2. Irreversible attachment: Initial reversible attachment further changes to the irrevers-

ible attachment. In this stage, the forces of attraction are greater than the forces
of repulsion. Initially immobilized bacterial cells attach to the surface irreversibly
[31]. The structures present on the surface overcome the physical repulsive forces
of the electrical double layer of the cell and consolidate the interaction between
bacteria and the surface [32]. The hydrophobic interactions between the surface
and bacteria also reduce the repulsive forces between them [4].

In the first and second stages, bacteria reversibly adhere to the surface which is

further replaced by irreversible interaction.

3. Maturation Stage I: The bacterial cells start communicating in this stage by the

production of Al signals which results in the expression of biofilm-specific genes
[33]. The bacteria start producing EPS which stabilizes the biofilm. In this stage,
the thickness of biofilm increases up to 10 pm.

4. Maturation Stage II: In this stage, the thickness of biofilm further increases to

100pm. Multispecies microconsortia develops on the surface which results in

1. Initial Reversible Attachment: Adherence of bacteria to a surface is mediated by its
surface appendages like, flagella, pili, curli and OMPs.

|l

A
2. Irreversible Attachment: Motility factor inhibited after formation of micro-colony

consequence of inhibitian of swimming matility.

|

T\/

3. Maturation Stage I: EPS and Quorum sensing melecule help in maturation of

binfilm. ‘

e

4. Maturation Stage Il Increasein the thickness of biofilm and changes in the
structure.

\.u/'/
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Figure 2.
Stages of biofilm formation.
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increase in substrate exchange between bacteria, distribution of metabolic
products, and removal of toxic end-products produced by the bacteria [34].
Syntrophic association develops between distinct bacteria in which these utilize
certain substrates as energy sources [34]. In this stage, biofilm adapts with the
external conditions by manipulating its structure, physiology, and metabolism.

5. Dispersion: In this stage, dispersion of bacteria takes place and bacteria return
to motile form [35]. In this stage, the microbial community produces different
saccharolytic enzymes which break the biofilm stabilizing polysaccharides that
releases the bacteria present on the top of the biofilm and colonize to the new
surface. The microorganism upregulates the expression of flagella proteins and
bacteria return to motile form to translocate to the new site. Figure 2 shows the
process of biofilm formation.

4. Quorum sensing

QS in bacteria is the regulation of gene expression with respect to the fluctuations
in the cell-population density. In QS, bacteria produce chemical signal molecules
called Al which increase in concentration as a function of cell density [36]. Bacterial
populations coordinate their gene expression by producing and responding to a vari-
ety of intra and inter-cellular signals called Als [37]. Microorganisms communicate
by producing and responding to small diffusible molecules Als that acts as signals.
When a single bacterium releases Als into the environment, the concentration is too
low to be detected but when mass bacteria releases Als, the concentration reaches a
threshold level which allows the bacteria to sense a critical cell mass, and in response
to this it activates or represses target genes. Many classes of Als have been described to
date and N-acyl homoserine lactones (AHLs) are most studied Als of gram-negative
bacteria. A class of Als termed AI-2 with unknown structure in most cases and the
peptides of gram-positive bacteria are most studied [38].

5. Quorum sensing in gram-negative bacteria

In gram-negative bacteria, the QS circuit involves at least two regulatory proteins
called LuxR and LuxlI. These proteins bind with the protein receptor bound to the
bacterial cell membrane/wall. The signaling molecules bind with the receptor pro-
teins then enter the cell. The LuxI protein is responsible for the biosynthesis of AHL,
which is utilized as signaling molecules. The AHL concentration increases with the
increase in cell population density. The LuxR protein is responsible for binding to
cognate AHL Als that have achieved a threshold concentration; these complexes also
activate target gene transcription. The following Figure 3 shows protein involved in
QS and signaling pathway in gram-negative bacteria.

6. Quorum sensing in Pseudomonas aeruginosa

P, aeruginosa can be best understood in terms of the virulence factors regulated
and the role of QS plays in pathogenicity. P. aeruginosa is found to be an opportunistic
pathogen as it primarily infects individuals who are immune-compromised, such as
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Figure 1: Transcription is not activated at low cell density.

Figure 2: Transcription is activated at high cell density.

Target Genes

Figure 3.
Proteins € two-component signaling pathway in gram-negative bacteria.

patients with cancer or AIDS or those having breaches in normal barriers caused by
burns, indwelling medical devices, or prolonged use of broad-spectrum antibiotics
[39]. P. aeruginosa is an impressive armament of both cell-associated and extracellular
virulence factors. P. aeruginosa involves two intertwined QS systems in virulence, bio-
film development, and many other processes. Iglewski and colleagues discovered the
first system (Las) consists of Lasl encoded acyl-HSL synthase and the LasR encoded
transcriptional activator. Lasl is homologous to LuxI. A number of investigators
found the second system (Rhl) consists of an rhll-encoded acyl-HSL synthase and an
rhlR-encoded transcriptional activator. In the respective QS systems, each produces
and responds to a specific acyl-HSL; Lasl directs the synthesis of 3-oxo-dodecamoyl-
HSL (3-0x0-C12-HSL) and RhlI directs the synthesis of butyryl-HSL (C4-HSL) [40].
Using P. aeruginosa, lasl, and rhll double mutant recently, Whiteley et al identi-
fied nearly 40 QSc genes that showed a fivefold or greater response to exogenously
added acyl-HSL signals. On the basis of the pattern of the responses to cells grown in
presence of Las signal, 3-oxo-C12-HSL and/or the Rhl signal, CH-HSL, the QSc genes
were classified. A number of early QSc genes were found that responded immediately
to exogenously added signals suggesting that these genes behave like the Lux genes
of V. fischeri and the carbapenem biosynthesis genes of Ervinia. By seminal observa-
tions, a number of proteins have been found that support this hypothesis including
the stationary phase sigma factors RpoS, RsmA, a third LuxR homolog (QScR), and
stringent response proteins RelA, all of them are involved in modulating the expres-
sion of genes. QScR gene was found to be the negative regulator of both rhll and
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Quovum sensing in P. aeruginosa.

lasl genes. In P. aeruginosa, early activation of QSc genes and premature synthesis

of signals like C4-HSL and 3-oxo0-C12-HSL were found in QScR mutant varieties.
Overexpression of rsmA gene product resulted in decreased production of QSc
virulence factors and acyl-HSLs whereas rsmA deletion led to early activation of LaslI
and thus the early synthesis of 3-oxo-C12-HSL [41].

Expression of a number of virulence factors is regulated by QS in P. aeruginosa
and QS plays an important role in the pathogenicity of this organism. This presump-
tion has been confirmed by using a number of different animal models. A lasR
deficient strain of P. aeruginosa was found to have decreased virulence compared to
that of the parent in a neonatal mouse model of pneumonia. Analysis of the P. aerugi-
nosa mutant varieties such as lasI mutant, rhll mutant, and a lasI, rhlI double mutant
in the same model revealed markedly decreased virulence and the most remarkable
reduction was found in the double I mutant variety [42]. Figure 4 shows the QSin P
aeruginosa.

7. Quorum sensing in gram-positive bacteria

QS systems are found to be involved in the pathogenicity and biofilm formation of
anumber of gram-positive bacteria and these systems use different signal molecules
from those of gram-negative bacteria which produce AHLs as Als. In gram-positive
bacteria, no AHL production has been observed in biofilm. Small post-translationally
processed peptide signal molecules are used by the gram-positive bacteria QS sys-
tem. These peptide signals interact with the sensor element of a histidine kinase
two-component signal transduction system. Development of bacterial competence
in B. subtilis and S. pneumoniae, conjugation in E. faecalis, and virulence in S. aureus
is regulated by using QS system. A wide variety of disease states caused by S. aureus
ranges from mild skin infections to life-threatening endocarditis. The virulence of
this organism is dependent on the temporal expression of a diverse array of virulence
factors which include cell-associated products, such as collagen and fibronectin-
binding protein A, and secreted products including lipases, proteases, alpha-toxin,
toxin-1, beta-hemolysin, and enterotoxin [43]. Figure 5 shows the signaling pathway
in gram-positive bacteria.
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Figures.
Signaling pathway in gram-positive bacteria.

8. Quorum sensing in Staphylococcus aureus

Surface proteins involved in attachment during the early stages of S. aureus
infection (collagen and fibronectin-binding protein) and defense protein (protein
A) predominate. Expression of S. aureus surface proteins is decreased and secreted
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Figure 6.
Quorum sensing in S. aureus.
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proteins are preferentially expressed when once a high cell density is achieved at the
infection site. Two pleiotropic regulatory gene loci called agr (accessory gene regula-
tor) and sar (staphylococcus accessory gene regulator) determine the genetic basis for
this temporal gene expression [44].

The agr locus of S. aureus consists of two promoters P2 and P3 with two divergent
operons, RNAII and RNAIII. The RNAII operon contains the agr BDCA genes which
encode the response regulator (AgrA) and signal transducer (AgrC), and AgrB
and AgrD which are involved in generating the QS signal molecule. §-hemolysin
is encoded by the RNAIII and is itself a regulatory RNA that plays a key role in agr
response. In response to the octapeptide signal molecule, the AgrC signal transducer
is autophosphorylated during S. aureus QS, which in turn leads to the phosphoryla-
tion of the AgrA response regulator. The transcription of RNAIII is stimulated by
phosphorylated AgrA and in turn RNAIII upregulates the expression of numerous
S. aureus exoproteins as well as the agr BDCA locus. The latter leads to a rapid increase
in the synthesis and the export of the octapeptide signal molecules. The AgrA gene
product (AgrA) functions as a regulatory DNA-binding protein to induce the expres-
sion of both RNAII and RNAIII operons of the agr locus at the second regulatory locus
[45, 46]. Figure 6: Showing the QS in S. aureus.

9. Role of biofilm in pathogenesis

Biofilms play a major role in the pathogenesis of many diseases [47]. A large
number of nosocomial infections result due to the colonization of bacteria on the
surface. Almost 95% of urinary tract infections are associated with urinary catheters
which include S. aureus infections. S. aureus and P. aeruginosa are responsible for
frequent biofilm infections.

10. Pseudomonas aeruginosa pathogenicity

P, aeruginosa is a gram-negative bacterium that is found to be responsible for a
number of infections. It is an opportunistic human pathogen capable of causing
both acute and chronic infections [48]. The lungs are one of the common niches for
its colonization. It is found to be associated with respiratory infections like cystic
fibrosis, lung infections [49]. Its greater adaptability and opportunistic sense enable
its association with other infections also like wounds, burns, etc. [50]. Multidrug-
resistant P. aeruginosa is emerging nowadays which makes the treatment more
difficult. P aeruginosa shows resistance to a number of antibiotics like p-lactams,
aminoglycosides, quinolones, etc due to mechanisms such as low outer membrane
permeability, efflux system, inactivating enzymes like f-lactamases [51]. It can also
acquire resistance genes from other micro-organisms by horizontal gene transfer such
as in the case of biofilm [52].

P, aeruginosa shows adaptation which is related to complex mechanisms. A number
of factors are found to be responsible for the pathogenic potential of bacteria which
play a key role in biofilm formation and dispersion. These include flagella, pili,
enzymes like proteases, siderophores like pyoverdine, surfactants like rhamnolipids
and toxins like exotoxin A and pyocyanin, etc. [53].
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11. Staphylococcus aureus pathogenicity

Both gram-positive and gram-negative bacteria are found to be pathogenic in nature.
S. aureus is a gram-positive bacteria frequently found on the mucosal surface of the nose
and respiratory tract and skin [51]. It is easily transmitted by direct contact. It is also
found to be methicillin-resistant which makes it difficult to treat. Methicillin is a nar-
row-spectrum B-lactam antibiotic of the penicillin family. S. aureus is very often found
to be associated with nosocomial infections. Multidrug-resistant S. aureus (MRSA) has
the ability to evolve and adapt easily which is being considered as a threat according to
W.H.O [54]. In addition to this, MRSA is also developing resistance to other antibiotics
via mutations and horizontal gene transfer [55]. It has been reported that the presence
of S. aureus in heterogeneous biofilms increases the rate of plasmid horizontal transfer
which increases the resistance of antibiotics in biofilm [56]. S. aureus shows the ability
to survive host-defense mechanisms through different factors such as cell wall-anchored
proteins like clumping factors, fibronectin-binding protein A, collagen adhesion which
enables tissue attachment, evasion, and biofilm formation [57]. Extracellular toxins
(including hemolysin, leukotoxin, entero-toxin) and enzymes (including coagulase,
proteases, staphylokinase) help in tissue penetration and host invasion [58]. Surface-
associated factors are down-regulated and surfactants are also expressed in the later
stages which lead to biofilm dispersion and the spread of infection [59].

12. Conclusion

Biofilms are made up of bacteria that consist of monospecies or multispecies.
Bacterial biofilms are found to be present on a number of surfaces and for this pur-
pose, bacteria secrete and produce EPS matrix which makes adherence easier. Biofilm
formation has become a ubiquitous phenomenon found on both living and non-living
surfaces. In this biofilm, bacteria interact by producing various toxins, virulence
factors that are pathogenic in nature. Both gram-positive and gram-negative bacteria
show different QS systems. QS leads the bacteria to evade the immune response and
increase cell density. QS is found to be responsible for the virulence shown by the
bacteria. Many bacteria show virulence characteristics such as S. aureus, P. aeruginosa,
E. faecalis, V. cholevae, S. pneumoniae, etc. S. aureus produces alpha-hemolysin, toxins,
various proteases whereas P. aeruginosa is found to produce exoenzymes, cell-cell
spacing and sis also resistant to chloramphenicol. S. aureus and P, aeruginosa are two
of the most common bacteria which show biofilm formation. These bacterial biofilms
are difficult to eradicate from the surface due to strong adhesive forces and resistance
against a number of antibiotics. Current therapeutic approaches are not effective
to prevent biofilm formation and thus there is a requirement for new strategies and
drugs for the treatment of biofilm infection.

Abbreviations

EPS Extracellular polymeric substances
Al Auto-inducers

AHL N-acyl homoserine lactones

MRSA Multidrug resistant S.aureus

QS Quorum sensing
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Chapter7

Molecular Pathogenesis and
Clinical Impact of Biofilms in
Surgery

Roger Bayston

Abstract

Biofilms are responsible for chronic persistent infections and are a major problem
in implant surgery. The microbial pathogenesis, treatment and prevention of biofilm
infections is reviewed.

Keywords: biofilm infections, biofilm phenotype, small colony variants, prevention of
biofilm infections

1. Introduction

Though the “discovery” of biofilms is ascribed to Anton van Leeuwenhoek in
1676 using a novel magnifying device, and possibly to Robert Hooke two decades
earlier, and biofilms were recognised in a marine setting about a century ago, they
were of no medical interest until two studies described them in a medical device and
in sputum in 1972 and 1974 respectively. The latter was a description of aggregates
of Pseudomonas aeruginosa in secretions from the lungs of people with cystic fibrosis
[1], and led to a burgeoning of research into Ps aeruginosa infection in that field.

Two components of knee replacement
Hydrocephalus shunt

Femoral component of hip replacement
Urinary catheter

Peritoneal dialysis catheter

External fixation screw for fractures

Figure 1.
Examples of implantable devices.
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Figure 2.
Anatomical sites of common implantable devices.

Through a meeting with Costerton, Hajby studied these aggregates and the term
“Biofilm” was made popular by Costerton in 1987 [2], though the term was originally
used by Mack et al. [3] to describe “biofilm” on a water filter. However, many biofilm
infections occur in association with implanted materials and devices, and their use
has become much more common since the middle 1900’s. The first biofilm reported
in a medical device was found in a shunt to treat hydrocephalus in 1972 [4]. This
discovery explained the difficulty in successfully treating these infections non-sur-
gically with antibiotics alone, and the report demonstrated the extracellular matrix
of the biofilm in vitro and in vivo and carried out investigations to suggest that it
was a glycosaminoglycan. This was later confirmed by important studies in 1996 [5].
Implantable biomaterials and devices are now widely used in modern surgery, and
the list is extensive (Figures 1 and 2).

2. Biofilm definitions

Many definitions of “biofilm” are found in the literature, and they can be based
on either structure or function. Many of the definitions and their accompanying
images are derived from in vitro models, and the appearance of mushroom-like
structures and water-channels are not seen in biofilms occurring in vivo [6]. A
definition based on functional aspects of biofilms is more useful in a medical con-
text. This could be reduced to a population of bacteria or other micro-organisms,
often associated with a surface, and enveloped in an extracellular matrix, showing
insusceptibility to antimicrobials and to the host immune system, and ability to
persist for long periods.
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2.1 Biofilm phenotypes

The basis of this functional definition is the paucity of nutrients, including iron,
and oxygen in the depths of the biofilm leading to a bacterial stress response caused
by a crisis in energy generation and transport [7]. The bacterial stress response is
mediated by the intracellular signal sigma-B. The bacterial response to this is to
downregulate all synthetic functions not needed in biofilm mode, such as cell wall
material, toxin and other non-essential protein synthesis, and DNA replication. These
are the targets for common antibiotics, and beta-lactams, glycopeptides, aminoglyco-
sides, macrolides and fluoroquinolones all become significantly less effective against
biofilm bacteria. Other factors contribute to the lack of effect of antibiotics, including
a slowing of their penetration into the biofilm, though this is rarely a major factor.
The bacterial stress response results in significantly reduced cell metabolic activity
and loss of some synthetic activities leading to auxotrophy for heme and menadione,
and sometimes other substances such as thymidine. This biofilm phenotype is crucial
to the clinical impact of biofilm infections; the colonies of biofilm bacteria when
grown from clinical samples in the laboratory are typically less than ten times the
size of their planktonic counterparts, and are known as small colony variants or SCV.
The molecular control and regulation of biofilm phenotype has been described in
detail by Proctor et al. [8]. SCV are important in biofilm infections not only because
their metabolism leads to antibiotic insusceptibility, but because, though they can
be internalised by professional and non-professional phagocytes, they are not killed
and survive inside the phagocytic cells. Auxotrophic SCV of Staphylococcus aureus
for heme and menadione, that do not produce alpha-toxin, are more able to survive
intracellularly, and supplementation of intracellular populations of S aureus in vitro
with menadione resulted in restoration of alpha-toxin production and reduced
intracellular survival [9, 10]. SCV are not always auxotrophic and considerable varia-
tion occurs, but intracellular survival is a common feature. Many also show reduced
susceptibility to aminoglycosides, and exposure to gentamicin can induce SCV forma-
tion [11]. Some SCV are the result of mutations in the genes concerned with electron
transport, and these do not revert to parent forms whereas other forms of SCV appear
to be phenotypic variants that revert to parent forms when the stress factor is with-
drawn [8, 12]. SCV of gram negative bacteria have been known for decades, having
been produced in the laboratory from exposure to antibacterial chemicals [13, 14].
However, more recently capnophilic (carbon dioxide—dependent) SCV of Escherichia
coli have been isolated from a patient with a urinary tract infection, though no infor-
mation on biofilm involvement was given [15]. A report of septic shock in a patient
from whose urine capnophilic Proteus mirabilis SCV were isolated again did not state
that biofilms were involved [16] but the patient had chronic renal stones, known to be
associated with biofilms [17]. P mirabilis is an important uropathogen as it is highly
motile and is capable of enzymatically hydrolysing urea into ammonia, thus being
highly inflammatory as well as alkalinising the urine. The rising pH causes crystallisa-
tion of calcium and magnesium phosphates [18], and the P mirabilis biofilm typically
consists of a mesh of bacteria, their extracellular matrix and phosphate crystals.
These biofilms are obviously different in composition from those consisting mainly
of bacteria and their products, and another example of such complex biofilms is the
vegetations found in native valve endocarditis. Here the lesion consists largely of a
matrix of platelets and fibrin, with bacteria, usually viridans streptococci, embedded
in it. The lesion usually begins as a response to damage to the endocardium, which is
then colonised by bacteria from the bloodstream, becoming progressively built up
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of fibrin and platelets with rafts of bacteria interspersed [19, 20]. A similar situation
arises with prosthetic heart valves. In both cases, SCVs have been reported [21, 22] as
well as other auxotrophic variants [23].

The biofilm phenotype, and SCV in particular, are important in treatment of
biofilm infections. Surviving intracellular bacteria are protected from further immune
assault and from most therapeutic antibiotics, which do not accumulate inside host
cells sufficiently to kill SCV [24]. These factors mean that the amount of antibiotic
required to kill bacteria in biofilm mode is typically 500-1000 times the minimum
inhibitory concentration as measured in the clinical laboratory. Such concentrations are
not achievable by intravenous or oral therapy, and eradication of biofilm infection usu-
ally requires extensive surgery to debride the site and to remove all surgical hardware.

2.2 Biofilm development

Development of biofilms in surgery depends on a sequence of events. Initially,
the causative bacteria must be able to gain access to the site of biofilm formation,
usually an implantable device. In modern surgery most device pathogens originate
on the patient’s skin or mucous membranes, consisting mainly of coagulase-negative
staphylococci (CoNS), typically Staphylococcus epidermidis, and Cutibacterium acnes.
Conventional pre-operative skin preparation reduces but does not eradicate these
bacteria, and the importance of relatively small numbers of bacteria in the operation
field has been shown by an experiment in human volunteers, where various “doses”
of S aureus were inoculated into incisions to determine how many bacteria were
necessary to produce an abscess [25]. In one group, “foreign” material in the form of
sutures were also introduced into the incision, and the number of bacteria required to
form an abscess in those cases was 10,000 times fewer. This study, which is unlikely to
be repeated in a modern setting, is extremely important in illustrating the role played
by implantable materials and devices in infection in modern surgery.

The sequence of events involved in development of a biofilm infection involving a
surgically implanted device are (Figure 3):

Access to the device from the source. Though heavy contamination of the air in the
operating environment has historically been associated with surgical infection, mod-
ern operating room design and ventilation has meant that this source has declined in
importance, and most surgical infections are caused by bacteria originating on the
patient’s skin or mucous membranes. Bacteria reach the incision from the cut edges of

Antimicrobial coating
washed off

Conditioning film

o [
- A
\ X #
Antimicrobial o L 8

surface == NeNs —

) ) minutes hours weeks
Biomaterial
Time scale

Figure 3.

Sequence of events in development of biofilm infection. Here implant has an antimicrobial coating, but within
minutes this is covered by a glycoprotein conditioning film produced by the patient. This usually prevents the
activity of the coating and bacteria now adhere to the conditioning film. Within a few hours the attached bacteria
begin to produce an extracellular matrix and to multiply. Powerful antibacterial activity is essential now, as after
this point, it is almost inevitable that a biofilm will develop, within a few weeks.
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the skin, or from contamination from surrounding skin surfaces, during surgery. The
causative bacteria are therefore often present when the device is implanted.

Attachment to the device. Many bacteria possess adhesins on their surfaces that
allow them to attach to biomaterials (vitronectin—binding protein etc) but more often
they employ specific adhesins for the glycoproteins, platelets and other host-derived
materials that rapidly coat all implanted materials [26, 27]. S aureus possesses specific
adhesins for fibrinogen, fibronectin, laminin, thrombospondin, bone sialoprotein
and other host-derived components of the conditioning film. These bacterial surface
adhesins are known as MSCRAMMs (Microbial Surface Component Recognising
Adhesive Matrix Molecules) [28] and they can be found in other organisms such as
S epidermidis and enterococci [29]. Gram negative bacteria often attach by means
of swarming or twitching motility over the new surface [30], some using twitching
motility by Type IV pili [31, 32], and this might be particularly important in biofilm
formation on urinary catheters. In addition, Ps aeruginosa uses a von Willebrand
Factor-like surface factor in twitching motility over biomaterial surfaces [33].

Once bacteria have attached to the surface or conditioning film, they begin to
proliferate and to develop intercellular adhesins such as polysaccharide intercellular
adhesin (PIA) in staphylococci. This substance is integral to further development of
biofilm, and is encoded by the ABDC operon, and regulated by icaR. At this stage,
bacterial stress responses are operating in response to limitation of nutrients and
oxygen and the biofilm phenotype is appearing [34]. It is important to note that the
bacterial stress response, mediated by Sigma B, downregulatesicaR and increases PIA
production, and the stress response can be provoked by external factors such as anti-
biotics as well as nutrient starvation. Once the biofilm phenotype has developed, the
biofilm is stable and is not susceptible to host immune activity or to antimicrobials.
There is often a lag phase of about 14-28 days before the biofilm reaches functional
maturity, during which it might be more susceptible to antimicrobials [35].

Clear understanding of the sequence of events and periods of risk is essential for
effective planning of preventative measures.

3. Prevention of biofilm infections
3.1 Surgical considerations

Since the days of Semmelweis, Lister and others in the mid-to late 1800s,
personal hygiene of the surgeon, aseptic technique and antisepsis have become
accepted norms. Since the 1950s, when bacteria-laden operating room air was
identified as a major factor in surgical infection [36], greatly improved practices
and ventilation systems have made this a minor source. Two main forms of ventila-
tion are in use in modern operating rooms: plenum, and laminar flow with high
efficiency particulate air (HEPA) filtration. While it is clear that the numbers of
airborne bacteria are significantly reduced when laminar flow is used [37] there has
never been a clear causative link between either this reduction or the actual bacteria
and surgical infection, leading the USA CDC to downgrade their initial recom-
mendation [38]. More recently, reports have appeared of small but significantly
increased infection rates when laminar flow is used [39, 40] and this appears to be
due to flaws in its design and manner of use [41]. For most types of implant sur-
gery, plenum (conventional) ventilation appears to be satisfactory so long as other
precautions are taken (Figure 4).
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Figure 4: Sequence of surgical preventative events

Figure 4.
Sequence of surgical preventative events.

Care bundles have been proposed for infection reduction in various healthcare
settings. A bundle is a collection of interventions that are expected to contribute to
reduced risk of infection, but which singly might have weak or no evidence base. A
measure such as ensuring that only three people are present in the operating room
during a procedure is not supported by any clear evidence but it is intuitively likely
to be beneficial if only in reinforcing operating room discipline. A bundle must be
directed towards behaviour change on the part of relevant staff members, and it
works best if they contribute to its content, and formally agree to abide by it. Some
bundles insist on contents being evidence-based, but the quality of evidence is usually
very weak for individual components. However, when bundles are properly applied,
they are often very effective in reducing surgical infection [42, 43] and in any case
they and their contents should form part of a well-managed surgical discipline.
Usually no single component can be identified to explain their success, but clinical
trial evidence has shown that violations of the bundle are associated with re-emer-
gence of infection [43].

As the major source of pathogens is the patient’s skin, attention has been directed
towards the effectiveness of preoperative skin preparation. Two main antiseptics are
in use: chlorhexidine and povidone iodine. Each can be formulated in water or 70%
alcohol. A report by the World Health Organisation (WHO) favouring chlorhexidine
[44] has been called into question on the basis of quality of evidence [45]. However,
sampling is usually by swabbing of the skin surface, and almost none of the many
studies on surgical skin preparation explore the effectiveness of any agent on bacteria
resident in the dermis, though an early study showed that full thickness skin biopsy
was necessary [46]. This has since been confirmed [47, 48]. When skin biopsy is
used, neither antiseptic in alcohol is able to eradicate resident skin bacteria, and
though reduced, the remaining numbers are often sufficient to cause a biomaterial-
associated infection [25]. Two studies on the penetration of both aqueous and
alcoholic chlorhexidine into human skin using full thickness biopsy have found it
to be minimal [49, 50]. Further measures are therefore necessary. Some researchers
have investigated the effect of antiseptic-soaked material to protect the incision from
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the skin edges during surgery, and while this is commonly used, there have been no
quantitative studies to show benefit. Intravenous antibiotics are almost universally
used in surgery, ideally as a single dose 30-60 min before incision, but extra doses are
commonly used postoperatively though they offer no benefit over that of the single
pre-operative dose. Antibiotic prophylaxis is undoubtedly highly effective in reducing
infection risk in many types of surgery, including colorectal surgery [51] and ortho-
paedic surgery [52] but probably less so in neurosurgery due to limited penetration

of systemic antibiotics intracranially. However, it is probably inevitable that a small
number of bacteria will reach the implant during operation, and further measures
have been directed to attempts to eradicate these. As knowledge of attached bacteria
and biofilms has shown that very high concentrations of antibiotics are necessary,
some surgeons have used either antiseptic or antibiotic irrigation [53, 54], or have
simply added antibiotic powder to the incision before closure [55-57] with successful
reduction in infection rates and complications. This intervention gives extremely high
local antibiotic levels not reachable by systemic administration, yet avoids most of the
complications associated with the latter method.

3.2 Antimicrobial biomaterials

Other methods of prevention accept that despite efforts, bacteria will reach the
implant, and aim to prevent their attachment or to kill them when attached. Various
“anti-fouling” surfaces have been investigated with the aim of allowing host cell and
tissue proliferation but preventing bacterial attachment [58, 59] but none of these has
yet reached clinical application, largely because of the complex relationship between
implant surface, host tissue environment, and bacterial surface adhesins. Biomaterials
designed to kill bacteria that do attach to them have generally included coatings of
silver, antiseptic or antibiotic and combinations of these, often with a vehicle to bind
the antimicrobial to the biomaterial surface. Such coatings have several disadvantages.
The normal host reaction to the implant of deposition of plasma proteins [26, 27]
also obliterates the antimicrobial coating in many cases, making it ineffective. Silver
is susceptible to this due its avidity for proteins [60], and it can also be inactivated
by chloride [61] which is abundant in the human body. Silver ions have also been
shown to be cytotoxic in certain conditions [62]. Clinical studies on silver-processed
devices give very variable results, and there is doubt about their cost-effectiveness
in wound dressings [63]. A recent randomised controlled trial of silver-containing
catheters intended to reduce ventriculitis in people with hydrocephalus shunts found
no difference from plain catheters [64]. Another randomised controlled trial of silver-
processed urinary catheters again found no significant difference from plain catheters
[65]. In both of these clinical settings, biofilms play a key role, and the goal is to
prevent bacterial proliferation and biofilm development on the catheters. Both have
fluid containing proteins and chloride flowing through them.

Another approach has been impregnation of catheter material with antimicrobi-
als. Though the impregnation processes differ, two catheter types can be considered:
those containing rifampicin and minocycline, and those containing rifampicin and
clindamycin. The first type has been used in central venous catheters [66] and exter-
nal ventricular drains [67]. The second type has been used in hydrocephalus shunts
and external ventricular drains. In all cases they have shown effectiveness in reducing
device -related infection. The advantage of impregnation over coatings is that they
give along duration of activity: coatings are usually washed away by fluid after a few
days, whereas the surface of an impregnated material is continually replenished by
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Principle of impregnated biomaterial. Antimicrobial molecules are motile within the device matrix and can
migrate to the surface to replace those removed by fluid flow.

migrating antimicrobials until the depot in the material is depleted, usually several
weeks later (Figure 5). This is important when the implantable device is at risk of
contamination for an extended period.

3.3 Importance of source of infection and period of risk

In order to formulate an effective preventive strategy, knowledge of the source and
nature of device pathogens and the period during which the device is at risk is essen-
tial (Table 1). As many biofilm infections are caused by micro-organisms originating
in or on the patient, a knowledge of the distribution of these is useful. The normal
bacterial flora of the skin differs according to age and sex, but particularly depending
on the anatomical site. The most common bacteria found on the skin are staphylo-
cocci, particularly members of the CoNS. These are typified by S epidermidis which
is broadly distributed over the body surfaces, but other species such as Staphylococcus

Implant/device Duration of Main source of Period of risk
use pathogens At During
insertion use
Hydrocephalus shunt indefinite Patient’s skin +t —
External ventricular drain Few Patient’s skin/ E: ++
days-weeks environment
Joint replacement Indefinite Patient’s skin ++ +
Urinary catheter 1 <28 days Patient/environment + ++
Urinary catheter 2 ~90 days Patient/environment + ++
Peritoneal dialysis catheter Indefinite Patient/environment + ++
Vascular graft Indefinite Patient ++ +
Prosthetic heart valve Indefinite Patient + ++
Spinal instrumentation Indefinite Patient ++ +
Venous access device Days— Patient/environment + ++
months
Sutures Days Patient/healthcare worker + +
Table 1.

Periods of risk of infection of common implantable devices.
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capitis have preferred sites such as the head and neck. C acnes is an important patho-
gen in the context of implant infections, but it is a good example of the importance
of specific topographical distribution in determining the important pathogens in
particular implants. C acnes is found on the upper body and head (Figure 6) [68], and
it is therefore not surprising that devices implanted in these areas show a significantly
higher incidence of C acnes infection. Examples are neurosurgical shunts and drains
[69, 70], spine instrumentation [71], breast implants [72] and shoulder arthroplasty
[73, 74]. Implants in other sites such as urinary catheters are at risk from a differ-
ent microbial profile, as the pathogens originate in the large intestine, and E coli,
Klebsiella pneumoniae and P mivabilis are the most common.

The time at which the implant is at risk of microbial contamination also varies.
While there is always a risk at the time of implantation, in some implants this is
the main time, and the risk of subsequent contamination is proportionally small.
Examples of this are hydrocephalus shunts and joint replacements. In other implants
the risk at insertion is significantly outweighed by that during use. Examples are
external ventricular drains (EVD) for raised intracranial pressure, urinary catheters,
venous access catheters and peritoneal dialysis catheters, all of which can be con-
taminated from environmental sources or from the hands of staff or users during use.
Other examples are vascular grafts and prosthetic heart valves, which are at risk from
hematogenous seeding from bacteria entering the bloodstream at a distant site.

When planning strategies for prevention of biofilm infections involving anti-
microbials, it is therefore important to match the antimicrobial to the most likely
pathogen(s). If systemic antimicrobial prophylaxis is contemplated, then the adverse
effects of this must be taken into consideration if there is a need for prolonged

I:I Cutibacterium acnes

I:I Coagulase-negative staphylococci

- Enterobacteria,
eg Escherichia coli, Proteus mirabilis

Figure 6.
Topographical distribution of common biofilm pathogens (after Grice et al. [68]).
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administration due to extended period of risk. If antimicrobial materials or devices
are to be used, these must address not only the likely pathogen(s) but also the dura-
tion of protective activity required.

International guidelines indicate that for most surgical procedures, any systemic
antimicrobial prophylaxis should be administered as one dose 30-60 min before start
of surgery [75, 76]. Extension of this prophylaxis beyond 24 hours does not reduce
surgical infection further, but it does increase the incidence of acute kidney injury
and Clostridioides difficile infection [77], which is a life-threatening colitis associated
with over-use of antibiotics. Where the period of risk extends beyond the insertion
procedure, such as in EVD, long courses of systemic antibiotics are often given until
the drain is removed. This has been shown in some cases to reduce brain infections,
but at a cost. A randomised study comparing the use of plain catheters and prolonged
systemic antibiotics with antimicrobial-impregnated catheters and one dose of antibi-
otic at insertion found no difference in the brain infection rate, which was low in each
group, but there were three cases of C difficile infection in the prolonged antibiotics
group, one patient requiring total colectomy [78].

4, Treatment of biofilm infections

The difficulty in treating biofilm infections in surgery emphasises the importance
of effective prevention. However, this is not always possible. The nature of the biofilm
phenotype and its implications for antibiotic treatment mean that further surgery
is almost inevitable, and this usually involves removal of the device. This might be
relatively simple, as in the case of a venous access catheter or a urinary catheter, but it
can be both surgically complicated and hazardous, as in the case of spinal instrumen-
tation or prosthetic heart valves.

Attempts to eradicate established biofilm with antibiotics usually fail. A compari-
son of treatment regimens for hydrocephalus shunt infections showed that results
with shunt removal and antibiotics were significantly superior to those with antibiot-
ics alone [79]. Successful treatment of joint replacement infections relies on device
removal and extensive debridement of infected tissue, with prolonged antibiotic
therapy. However, understanding of biofilm biology has led to advances in this area.
The biofilm phenotype takes a few weeks to “mature” to the point where full insus-
ceptibility to antibiotics is expressed, and this has been exploited in development
of a regimen for treatment of prosthetic joint infection when the diagnosis can be
made within 3—-4 weeks of insertion [80]. In this regimen, known as Debridement,
Antibiotics and Implant Retention (DAIR), surgical treatment of the infected joint
prosthesis is carried out on a planned basis after careful investigation to establish the
causative micro-organism and its antimicrobial susceptibilities, to allow consultation
with specialists including Microbiology/Infectious Diseases, and to determine that
the implant is stable (Figure 7). Infections due to multi-drug-resistant bacteria, fungi
or multiple bacteria are not suitable for this approach. During the operation, the
prosthetic components are exposed and the acetabular module is removed, leaving
the main metal prosthesis in place. All infected tissue is removed and samples are sent
for microbiological examination. Copious irrigation with antiseptic is applied, and
biodegradable antibiotic—eluting beads can be inserted to provide high local con-
centrations. The choice of antibiotic in the beads should be made in consultation with
a microbiologist. The joint is then closed and a long postoperative course of suitable
antibiotics is then started [81]. The success rate of DAIR compared to conventional
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Presents within 3-4 Presents more
weeks of operation than 4 weeks

\ after operation
| Implant unstable obstructed

or significant tissue damage

Implant stable, minimal
tissue involvement

Multi-resistant bacteria
or fungi grown

Chance of cure with l
surgical debridement and
long term antibiotics

Implant must be completely removed,
Extensive debridement and antibiotics

Figure 7.
Possibility of retention of infected implant based on knowledge of biofilm phenotype maturation (based on
Zimmerli and Trampuz, 2004) [80].

full implant removal and replacement is slightly lower. Moreover, despite the very
thorough surgical debridement and long courses of antibiotics, often for over a year,
relapse can occur [82], illustrating the difficulty in eradication of biofilms. DAIR
spares the patient the much more extensive surgical removal of the main implant
components, and the second surgery to inert fresh implants a few weeks later.

5. Diagnosis of biofilm infections
5.1 Clinical features

Most biofilm infections in surgery are chronic and persistent, sometimes for many
years [83]. It is important to distinguish between “late infection,” implying an infec-
tion contracted long after surgery, such as hematogenously, and “delayed infection,”
meaning that the infection appears long after surgery even though it was contracted
at the operation. Delayed infection in spine instrumentation is usually due to infection
with CoNS or C acnes [84, 85]. A similar situation is found in shoulder arthroplasty
[86]. Generally, more virulent bacteria such as S aureus are associated with either
early-presenting or with hematogenous infections. The delay of months or years
between initial surgical implantation and appearance of symptoms [84] hasled to
doubt about the surgical origins of some infections but this has now been largely dis-
pelled. However, the need for prolonged follow-up and vigilance must be emphasised.

Acute postoperative biofilm infections usually appear within days or weeks of
surgery, with failure of wound healing, drainage of pus or other fluid from the wound,
local pain and swelling, fever and general illness. Delayed or chronic infections of joint
prostheses present with persistent pain and restricted mobility, local swelling and
sometimes a sinus. In the absence of a sinus, diagnosis might be delayed as it is often
difficult to distinguish infective from mechanical complications. Aspiration of syno-
vial fluid often gives a diagnosis but sensitivity is low [87, 88]. Delayed infection in
spine instrumentation similarly presents with persistent pain, tenderness and possibly
a draining sinus. Delayed infections in hydrocephalus shunts are very uncommon now
that the preferred route of drainage is to the abdomen (ventriculoperitoneal, VP), but
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the ventriculo-atrial (VA) route is still used in some cases. In VP shunts infection usu-
ally presents within a few months as it leads to obstruction, but this does not happen
in VA shunts and symptoms might not appear, or at least become recognisable, for
several years. During this time, bacteria are being discharged from the biofilm in the
shunt into the bloodstream, and this might give rise to periods of ill-health or sporadic
fevers. It also provokes production of antibodies to the bacteria, and eventually the
concentrations of circulating antigen and antibody, and therefore immune complexes,
become so high that they precipitate on basement membranes of joints, renal glom-
eruli, alveoli and microvascular system. The presenting clinical picture can therefore
be a confusing array of disorders from hematuria, hemorrhagic skin rashes, arthropa-
thy, and chronic cough [89, 90]. Clinical diagnosis can therefore be very difficult, and
a high level of suspicion is needed. Aspiration of cerebrospinal fluid from the shunt
often gives the diagnosis, but blood cultures can be negative in the later stages.

5.2 Laboratory methods

Depending on the site of the infection and presence of an implant, sometimes
blood cultures are positive, indicating systemic spread of the infection, and risk of
sepsis. Blood inflammatory markers such as erythrocyte sedimentation rate (ESR)
and C-reactive protein (CRP) levels are usually raised. Swab cultures from the wound
might yield the infecting pathogen, but they might be misleading due to contamina-
tion [91]. Surgical exploration of the incision and deeper layers allows tissue samples
to be taken and these are more likely to yield the pathogen(s). Such samples should
always be taken during debridement surgery [92], using fresh instruments for each of
up to six separate samples [81, 93]. In view of the anaerobic preference of C acnes and
its slow growth, cultures should be incubated anaerobically for up to 10 days [94]. The
way in which tissue samples are processed in the laboratory is important. Simply rub-
bing them on a culture plate or incubating them in a fluid culture is prone to contami-
nation and gives poor yield, leading to under-diagnosis of infection. Tissue should
be homogenised but the method of doing this is also important [95]. When hardware
such as joint replacement or spinal instrumentation components are removed, these
should be seen as valuable samples. Sonication to remove the biofilm has been shown
to significantly increase the culture positivity rate [96, 97]. A further aid to labora-
tory diagnosis has been PCR [98] especially when applied to tissue homogenates or
hardware sonicates. However, if PCR is used in an attempt to certify eradication of
infection before re-insertion of a prosthesis, residual DNA from bacteria successfully
killed by antibiotic therapy can give false positive results suggesting ongoing active
infection. This can be overcome by use of a modified PCR method that detects DNA
only from live bacteria [99].

6. Conclusions

The impact of biofilm infections in surgery on healthcare systems, economies and
personal lives of patients is immense. The financial cost can only be estimated and pub-
lished figures do not usually take into account “unseen” costs such as loss of earnings
due to disability, increased dependency, and financial burden on carers.

The physical and mental trauma of surgery such as joint replacement, reconstruc-
tive breast implant or hydrocephalus treatment can be made unimaginably worse by
postoperative biofilm infection.
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The significant difficulty in successfully treating biofilm infections with antibiot-
ics, due largely to the biofilm phenotype, is now well recognised, and the importance
of commensal bacteria previously thought to be harmless, such as S epidermidis
and C acnes, is becoming more widely known. However, surgical device removal
remains the mainstay of treatment, and new approaches that allow implant retention
are needed. Prevention of biofilm infections is crucial, and biomaterials that either
reduce bacterial attachment, such as those coated with novel synthetic polymers
[100] or those designed to kill bacteria on contact [66, 67] are now in clinical use.
Many other biomaterials approaches are in development, and considerable strides
have been made in this direction but further progress is being slowed by unrealistic
commercial and regulatory barriers [101].
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Abstract

The brisk emergence of resistant microbes is occurring worldwide, endangering
the efficacy of various antimicrobial agents. The overprescription of antimicrobial
drugs results in the emergence of mutant strains of drug-resistant pathogens chal-
lenging the existing antimicrobial regime. Moreover, the outbreak of the pandemic
has emphasized the necessity to consider the coinfections and antimicrobial resistance
crisis as a vital motive of morbidity and mortality. Therefore, the prevention of such
infections is much better than the eradication of the same. Thus, herein, we aim at
providing a comprehensive list that can be used as an alternative class of antibacterial
agents by exploiting the activity of various phytochemicals. The antibiofilm activity of
various classes of phytochemicals would be projected for both the eradication and the
prevention of biofilm formation in the presence of selected compounds. This chapter
visualizes antimicrobial resistance as a matter of grave concern and one of the greatest
threats to global health, food security, and development today.

Keywords: biofilm, antimicrobial resistance, phytochemicals, antibacterial resistance

1. Introduction

Antimicrobials can be synthetic or natural molecules that have the efficacy to kill
microorganisms effectively. The tolerance toward antimicrobials has emerged as a
major challenge for scientists and doctors across healthcare sectors, and it is becoming
a serious threat worldwide. Since the late 1960s, the situation is intensified by decline
in the search of novel drugs, as testing new drugs and finally its acceptance requires
long time periods by the authorities for commercialization [1]. Antimicrobial resis-
tance (AMR) in pathogenic microbes is the threatening global health problem with the
biggest threat to human health, and the world is suffering without any significant and
effective antibiotics [2]. It occurs when bacteria, viruses, fungi, and parasites change
over time and, now, no longer respond to antibiotics.

In other words, microbes become resistant to antibiotics and cause reinfection.
Sometimes, it is impossible to treat such infection, and it ultimately increases the risk
of disease spread, severe illness, and even becomes fatal day by day. According to
recent studies and World Health Organization (WHO)’s reference, the antimicrobial
resistant microbes are also referred to as “superbugs” sometimes. According to 2014
World Health Organization (WHO) report, “Antimicrobial Resistance: Global Report
on Surveillance,” the problem is “so serious that it threatens the achievements of
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Figure 1.
The number of deaths per year (in millions) as per data provided by the report on the AMR review by Hala Audi
in2014.

modern medicine. A post-antibiotic era—in which common infections and minor
injuries can kill—is a very real possibility for the 21st century” [3]. Figure 1, based on
the report presented by Hala Audi in 2014 [3], shows the number of deaths (in
million) versus various causes of death in the present age, and the number of deaths
due to AMR is estimated to be increased from 700,000 at present to 10 million deaths
per year in 2050 [4].

One of the major reasons contributing to the emergence of AMR is the overuse of
antibiotics. At present, most of the antimicrobial compounds target the necessary
microbial physiological processes, thereby exerting strong selection pressure on
microbes that promote the emergence and spread of drug-resistant strains. Recently,
researchers have targeted their research toward finding novel solutions to overcome
AMR by targeting the cause of resistance. Phytochemicals, such as alkaloids, flavo-
noids, quinones, tannins, coumarins, terpenes, lectins, and saponins, have exerted
potential antibacterial activities against sensitive as well as resistant pathogens [5, 6].
In this chapter, we have focused on AMR in bacteria, their mechanism of action
specifically biofilm formation, and the probable ways to tackle them with emphasis on
phytochemicals.

2. Antibacterial resistance

With the discovery of new antibiotics, resistance closely follows and develops
continuously. The first antibiotic, penicillin (discovered in 1928), was soon followed
by the identification of penicillinase, which led to the discovery of new p-lactams.
Similarly, the discovery of sulfonamides, in 1937, led to the resistance in late 1930s.
Therefore, each and every new discovery of antibiotics led to the emergence of
resistance, leading to decreased treatment options and ultimately rise in morbidity
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and mortality [7]. The antibacterial resistance is an ever-evolving genetic phenome-
non that may be due to genetic mutations or horizontal gene transfer.

The multidrug resistance (MDR) in bacteria is increasing rapidly (Table 1), and in
2017, the WHO has categorized and prioritized the drug-resistant bacteria as “critical,

high, and medium” for research of new antibiotics. The list includes carbapenem

Bacteria name Resistant antibiotics Illnesses caused References
Gram-negative bacteria
Acinetobacter Carbapenem-resistant Severe pneumonia, urinary tract [8, 9]
baumannii infection (UTI), bloodstream infections.
Pseudomonas Fluoroquinolone-resistant Generalized inflammation and sepsis [10]
aeruginosa . neumonia, septic shock, skin and soft
3 p-Lactams resistance P . 0. P o, .
tissue infections, UTI, gastrointestinal
infections.
Enterobacteriaceae Carbapenem-resistant Multiple enteric problems [11, 12]
Third-generation
cephalosporin-resistant
Helicobacter Clarithromycin-resistant Stomach inflammation and ulcers may [13, 14]
pylori lead to stomach cancer.
Campylobacter Fluoroquinolone-resistant Diarrhea, dysentery [15]
Salmonella spp. Fluoroquinolone-resistant Enteritis, osteomyelitis, meningitis, and  [16, 17]
osteitis.
Neisseria Fluoroquinolone-resistant Gonorrhea [18, 19]
onorrhea . .
& Third generation
cephalosporin-resistant
Haemophilus Ampicillin-resistant Pneumonia, bloodstream infection, [20]
influenzae meningitis, epiglottitis, cellulitis, and
infectious arthritis
Shigella spp. Fluoroquinolone-resistant Dysentery [21]
Klebsiella Ceftazidime-avibactam Pneumonia, urinary tract infections, [22]
pneumoniae bacteremia, and liver abscesses.
Gram-positive bacteria
Enterococcus spp.  Vancomycin-resistant UTI, bacterial endocarditis, diverticulitis, [23-27]
L N and meningitis.
Ampicillin-penicillin and &
cephalosporin-resistant
Fluoroquinolone-resistant
Other resistance to
aminoglycoside like
tobramycin, kanamycin, and
gentamicin
Staphylococcus Methicillin-resistant Pneumonia, meningitis, osteomyelitis, [28, 29]
aureus endocarditis, bacteremia, sepsis, toxic

Vancomycin intermediate
and resistant

Other antibiotics resistance
like linezolid and
daptomycin

shock syndrome
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Bacteria name Resistant antibiotics Illnesses caused References
Clostridium Fluoroquinolone-resistant Severe diarrhea and other intestinal [30]
difficile diarrhea.
Clostridium Streptomycin Food poisoning (gastroenteritis) and [31, 32]
erfringens clostridial myonecrosis.

perfring Lincomycin Y

Trimethoprim-

sulfamethoxazole
Streptococcus Penicillin non susceptible Pneumonia, meningitis, bacteremia, [33-35]
pneumoniae otitis media, sinusitis

Macrolide resistance

B-Lactams resistance

Fluoroquinolone-resistant

MDR pneumococcus

Resistance to other
antibiotics like tetracycline
and doxycycline

Streptococcus spp.  Penicillin Bacteremia, sepsis, pneumonia, and [36-38]
meningitis

B-Lactams resistance

Macrolides

Fluoroquinolone-resistant

Streptogramins

Erythromycin

Bacillus spp. Penicillin resistance Anthrax, food poisoning syndromes, [39]

septicemia, endocarditis, meningitis, and

Ampicillin resistance . .
P infections of wounds, the ears, eyes, RT,

Cephalosporins resistance urinary tract, and gastrointestinal tract

Trimethoprim resistance

Corynebacterium  Chloramphenicol Diphtheria and pharyngitis [40-42]
diphtheria

Sulfonamides

Tetracyclines resistance

Listeria Tetracyclines resistance Listeriosis, diarrhea, muscle aches, etc. [43]
monocytogenes

Fluoroquinolones resistance

Table 1.
List of bacteria showing antibacterial vesistance and the illness caused by them.

resistant (Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacteriaceae, ESBL-
producing) as critical priority; Enterococcus faecium (vancomycin-resistant), Staphylo-
coccus aureus (methicillin-resistant and vancomycin-intermediate and resistant),
Helicobacter pylori (clarithromycin-resistant), Campylobacter spp. (fluoroquinolone-
resistant), Salmonellae (fluoroquinolone-resistant), and Neisseria gonorrhoeae
(cephalosporin-resistant, fluoroquinolone-resistant) as high priority; and Streptococcus
pneumoniae (penicillin nonsusceptible), Haemophilus influenzae (ampicillin-resistant),
Shigella spp. (fluoroquinolone-resistant) as medium priority drug-resistant bacteria.
The antibiotics have a specific site of action in the bacterial cells, as shown in
Figure 2. The antibiotic can cause defect in cell wall synthesis, inhibition of DNA
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Different classes of antibiotics and their site of action in the bacterial cell.

gyrase, topoisomerase IV, and translocation inhibition (via 30S ribosome subunit)
leading to formation of nonfunctional proteins or protein synthesis inhibition (via 50S
ribosome subunit) [44].

3. Mechanism of antibacterial resistance

Antibacterial resistance means that the bacterial cell is capable of escaping the effects
of drugs by various mechanisms. These resistant mechanisms can be general like mod-
ification in structure, which results in the hindrance of drug attachment to bacterial
cells, attainment of aminoglycoside modifying enzyme, neutralizing or pumping the
antibodies outside by efflux pumps, mutation of DNA gyrase, decrease in the affinity to
antibiotics, methylation and/or mutation of 23S rRNA, alteration of target sites like
penicillin-binding proteins (PBPs), and inactivation of antibiotics. The specific mecha-
nisms, such as the production of lactamases for the enzymatic degradation of lactam
antibodies and affecting the susceptibility and affinity of the target sites as in gram-
positive bacteria [45, 46], are also present. The mechanism can be either intrinsic or
extrinsic resistance, which helps bacteria to acquire new resistant genes. Apart from
these well-known genetic mechanisms, biofilm-formation- and quorum sensing (QS)-
related responses are other important features that help bacteria to gain resistance. In
this chapter, we will discuss about the role of biofilm and its formation in detail.

3.1 Biofilm

Biofilms are a complex three-dimensional densely packed architectural network of
microbes residing inside the polymeric matter secreted by them on several biotic and
abiotic surfaces. The biofilm concept was given in 1971 by Marshall et al. [47], and later,

125



Focus on Bacterial Biofilms

Fletcher, Characklis, and Costerton described it as follows: “Biofilm is the unique
pattern of growth in the life cycle of microbes that provides specific properties, advan-
tages, and a higher level of organization to the free-living bacterial cells during coloni-
zation” [48]. According to the National Institutes of Health (NIH), 65% of microbial
and 80% of chronic infections are linked to biofilm forming bacteria as compared to
planktonic cells. The biofilm formation gives bacteria protection from antibiotics, dis-
infectants, and host defense system, thus showing resistance to them. For biofilm
production, some bacteria adjust their gene expression and some use quorum-sensing
systems. In both the gram-negative and gram-positive bacteria, quorum-sensing (QS)
mechanisms exist, but the signal molecules used by them to transmit information are
different. The QS signals of bacteria participate in various physiological processes such
as motility, plasmid conjugation, biofilm formation, and antibiotic resistance to help
them cope in the adverse environmental situations. The QS system comprises
autoinducing peptides (AIPs), autoinducer-2 (Al-2), and acyl-homoserine lactones
(AHLs) [49]. The presence of glycocalyx, outer membrane structure, efflux pumps,
heterogeneity in growth rate, genetic adaptation, metabolic state, and metabolism of
cells within a biofilm are the leading causes of biofilm that acquire resistance against
antimicrobials [50]. As biofilms have extracellular polymeric substances (EPSs) that
surround the cells, they provide protection to the microbial cells against harsh growth
conditions [51]. EPSs are constituted of lipids, proteins, extracellular DNA, and poly-
saccharides. The biofilm formation is a multistep process, starting with attachment to
the biotic or abiotic surface, forming a microcolony and then finally forming a three-
dimensional structure, which, after maturation, starts the detachment of bacterial cells
for another cycle of biofilm formation via attachment (Figure 3).

3.1.1 Attachment to the surfaces

The first initial step is the attachment step, which is further divided into a two-
stage process: initial reversible attachment and irreversible attachment [52]. Biofilm

\/ )

N L
ab y a S

J ' J
Reversibly attached ibly attachad Mono-layar and exopoly Multi-layered micro-
coll to the surface cells to the surface matrix formation colonies formation

Dispersion of cells to
the environment

Figure 3.

Smg;m of biofilm formation: the formation begins with a veversible attachment of the planktonic cells (dark brown
ovals) followed by the adhesion to the surface (light brown). The bacteria then form a monolayer and irreversibly
attach by producing an extracellular matrix. Next, a microcolony is formed where multilayers appear. During
later stages, the biofilm matuves, and finally, some cells start to detach and the biofilm (shown in yellow) disperses,
releasing planktonic cells for ve-attachment.
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formation begins by the preliminary reversible attachment of the planktonic microbial
cells to the biotic or abiotic surface followed by adhesion. Bacteria will then start to
form a monolayer and will produce an extracellular matrix (also known as slime) for
protection. In this stage, the formation of microcolonies takes place, which shows
significant growth and cell-cell communication for example quorum sensing. Now,
the biofilm grows and the attachment is irreversible.

3.1.2 Maturation

This step initiates the cell growth that results in small colonies of microorganisms
forming a characteristic “toadstool”-like structure. Bacteria within biofilm communi-
ties perform specialized functions after communicating via QS to each other. As the
biofilm matures, more DNA, proteins, polysaccharides, etc., also known as biofilm
scaffolds, are secreted by the bacteria residing within the biofilm. As the stage pro-
gresses, a heterogeneous physicochemical environment—mediated by van der Waals
forces and hydrophobic and electrostatic interactions—is developed via the cell-to-cell
interaction, which provides the embedded-cell-specialized physiological features. This
environment inside the biofilm leads to specialized characters to the residing microbes
for differentiation into the mature bacterial community for the final dispersion of the
planktonic form [53].

3.1.3 Dispersion

After the biofilm maturation, some cells of mature biofilm start detaching and
disperse into the environment as planktonic cells; this planktonic stage is considered as
more sensitive to antimicrobials and immune responses. Therefore, dispersion is a very
promising path for biofilm control. This mechanism is cyclic as the released microbial
planktonic cells have the potential to again start a new biofilm formation cycle.

4. Approaches to tackle

The resistance of pathogenic microbes against the known drug is becoming a global
problem. These pathogens also acquire resistance toward various drugs and, thus,
termed as multidrug resistance (MDR). These MDR bacteria pose a major threat to
community and health care as hospital-acquired secondary infections lead to longer stay
in hospitals and complications. The common examples are S. pneumoniae, E. faecium,
and S. aureus. Thus, active research for novel antibiotics or novel targets such as dodecyl
deoxy glycosides, teixobactin, 2-((3-(3,6-dichloro-9H-carbazol-9-yl)-2-hydroxypropyl)
amino)-2 (hydroxymethyl)propanel,3-diol (DCAP), and malacidins to combat such
bacterial infections is the need of an hour. Moreover, natural compounds of either plant
origin or microbial by-products as antimicrobials, such as cannabinoids, antimicrobial
peptides, and odilorhabdins, are promising aspects of this research. The combinatorial
strategy giving synergistic effect is also being used to tackle AMR such as probiotics and
bacteriophages. Of these various strategies, this chapter will focus on plant products or
phytochemicals that are being researched for their use to combat AMR by targeting
various resistance mechanisms such as biofilm, quorum sensing, etc. (Figure 4).

Many present studies focus on the strategy for screening various phytochemicals,
the method in the identification of their bioactive components, their further
investigations, and various approaches that could be adopted to prevent the lethal
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Different types of phytochemicals and their site of action in the bacterial cell.

consequences of multidrug resistance. Phytochemicals have an immense potential to
combat bacterial infections by disrupting the bacterial membrane, inhibition of cell
wall or protein synthesis, interference with intermediary metabolism, damage to the
synthesis and function of DNA/RNA, and normal cell communication interruption
and induction of coagulated cytoplasmic constituents without any pronounced side
effect. Major phytochemical classes studied are alkaloids, flavonoids, quinones, tan-
nins, coumarins, terpenes, lectins, and saponins [5, 6]. Table 2 depicts in detail the
structure and common name of phytochemicals with their known mechanism of
action.

4.1 Phenolics and polyphenols

These is a diverse group of aromatic secondary metabolites consisting of flavo-
noids, quinones, tannins, and coumarins involved in plant defense mechanisms. They
exhibit antibacterial properties against various bacteria. Among all flavonols, phenolic
acids show maximum activities because they can interact with the cytoplasmic mem-
brane, inhibit bacterial virulence factors including enzymes and toxins, suppress
biofilm formation, reduce the pH values, reduce the extracellular polysaccharide
activity, exert synergistic effects with conventional antibiotics, and finally can act as
EP inhibitors [77].

4.1.1 Flavonoids

Flavonoids are the main constituent of common edible part of plant, such as fruits,
vegetables, nuts, and seeds. These are known to possess various biological activities,
such as anti-inflammatory, antioxidant, and antitumor activity, which is now a new
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therapeutic interest. Flavonoids are the pigments that are responsible for colors in
fruits, leaves, and flowers and belong to the polyphenol family. Flavonoids show
interesting properties in controlling plant growth and development by interacting in a
complex manner with the various plant growth hormones [78].

Flavonoid can be classified on the basis of biosynthesis such as chalcones, flava-
nones, flavan-3-ols, and flavan-3,4-diols, which are both intermediates in biosynthesis
and end products that can accumulate in plant tissues. Other classes are only known as
end products of biosynthesis such as anthocyanidins, proanthocyanins, flavones, and
flavanols. Two additional classes of flavonoids are those in which the 2-phenyl side
chain of flavanone isomerizes to the third position, giving rise to isoflavones and
related isoflavonoids. Flavonoids have many medicinal activities; therefore, they have
been reported to have many useful properties including anti-inflammatory activity,
enzyme inhibition, and antimicrobial activity [79, 80].

4.1.2 Quinones

Quinones are aromatic ring compounds with two ketone substitutions. The
major targets of quinones in the microbial cells are cell wall polypeptides, surface-
exposed adhesin proteins, and membrane-bound enzymes. Naphthoquinones is one
of the largest groups of plant secondary metabolites that exhibit many biological
activities.

4.1.3 Tannins

Tannins are found in almost all plant parts, and they possess different antibacterial
and antifungal activities. The possible mechanism of antimicrobial efficiency is due to
the inactivation of cell envelope transport proteins and microbial adhesins [5].

4.2 Alkaloids

Alkaloids contain variable chemical structures and generally are heterocyclic
nitrogen compounds. They tend to exhibit different biological activities, including
analgesic effects and antibacterial properties. Therefore, they play a significant
role in treating many infectious diseases. The most critical alkaloid groups are
aporphines, isoquinolines, quinolones, and phenanthrenes exhibiting suitable
antibacterial activities [81]. Their mode of action might be due to the inhibition of
repair mechanisms and DNA synthesis, the enzymatic alterations affecting physiolog-
ical processes, the inhibition of the bacterial nucleic acid and protein synthesis, the
modification of the bacterial cell membrane permeability, the damage of the cell
membrane and cell wall, the inhibition of bacterial metabolism, and the inhibition of
efflux pumps [82-84]. The alkaloids, such as harmane and berberine, results in
impaired cell division and ultimately cell death as they possess the ability to intercalate
with DNA [85].

4.3 Coumarins

Coumarins are produced naturally by many plants as well as microorganisms, and
chemically, they are aromatic benzopyrones, benzene fused with alpha pyrone rings.
Some recent studies also have suggested that coumarins are capable of suppressing
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quorum-sensing meshwork of bacterial pathogens and affect their ability to form
biofilm and virulence factor formations.

4.4 Terpenes

Terpenes are naturally occurring hydrocarbons of either cyclic or open-chain
structure, such as sesquiterpenes and monoterpenes. Their oils and compounds
have several pharmacological activities, such as antitumor, antiviral, antibacterial,
antifungal, anti-inflammatory, antiparasitic, and antioxidant properties [86]. Essen-
tial oils (EOs) from medicinal plants have shown anti-QS effects, and EOs produced
by aromatic plants have been observed to be effective against biofilms. Preferentially,
monoterpenes could impact the membrane structures via increasing the permeability
and fluidity, thereby changing the topology of proteins leading to the disturbances in
the respiratory chain [87].

5. Conclusion

AMR is becoming a primary cause of morbidity and mortality worldwide, and the
resistant microbes are mounting and phenomenal according to the geographic area
and the extent of resistance [88]. The infectious agents and diseases that were thought
to be controlled by drugs are again emerging with more force against these treatments.
The recurrence of resistant microbes, importantly in developing countries, is due to
the accessibility of drugs without valid prescription. The golden example is the
re-emergence of tuberculosis (in 1980s), which has emerged as multidrug resistant
and escalated by HIV infection [89, 90]. The trouble and seriousness in treating MDR
strains requires the utilization of a few, some of the time six to seven distinct, drugs.
Few mechanisms leading to resistance are the modification of drug targets, the limit-
ing uptake of drug, the active efflux of drug, or the inactivation of drug. Another
major well-known resistance mechanism is the biofilm formation.

The protective layers build in the biofilm are a major setback in the treatment of
biofilm-related infections, which leads to the ineffectiveness of the existing antibi-
otics. These layers limit the antibiotic penetration, and thus, the community of sed-
entary cells survives even in the presence of antibiotics effective against their motile
counterparts [53]. Many pieces of evidence suggest that the medicinal plants hold
great promise in search of novel antimicrobial agents, and the phytochemicals
obtained are very effective in the treatment of infections. Moreover, the plants are
cheap, readily available, and almost have minimum side effects. These properties of
medicinal plants have gained attention in recent years, for the herbal-based medicines
as therapeutics. However, studies are still needed to ensure the safety of antimicrobial
phytochemicals and its mechanism of action. Till date, the mechanism of action and
the activity related to the structure of phytochemicals have been largely elusive and
need further attention [91].

To overcome AMR effectively, all combating new strategies should be practically
delivered at all levels, such as community, national, and global levels. Active research
to investigate the AMR, its mechanism, strategies to overcome resistance, and leading
the novel antimicrobial candidates to clinical practice should be continued. It is
important to understand that the distribution, driving force, and the solutions for
AMR are different in different countries. Therefore, different approaches are required
in high-income countries as compared with low-income countries.
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Chapter 9

The Mechanisms of Bacterial
Biofilm Inhibition and Eradication:
The Search for Alternative
Antibiofilm Agents

Zeuko’O Menkem Elisabeth

Abstract

Biofilms are a community of microorganisms with accretions of their extracellular
matrix that attach both to biological or non-biological surfaces, conferring a signifi-
cant and incompletely understood mode of growth for bacteria. Biofilm formation
represents a protected mode of growth of bacteria that allows cells to survive in
hostile environments, facilitating the colonization of new areas. This biofilm forma-
tion appears to be produced by microorganisms to resist drug action, causing them to
become resistant. Therefore, the search for alternative agents is necessary to counter-
act and reduce this production, creating suitable drugs against these biofilms. Natural
products from medicinal plants possess an array of secondary metabolites and
bioactive compounds that could have bioactive potentials that inhibit and eradicate
biofilms.

Keywords: biofilms, inhibition, eradication

1. Introduction

Biofilms are complex communities of microbes found attached to a surface or may
form aggregates without adhering to a surface. Biofilms also display unique proper-
ties, such as multidrug tolerance and resistance to both opsonization and phagocyto-
sis, enabling them to survive in hostile environmental conditions by resisting selective
pressures [1]. Sometimes, the host immune system is immunocompromised, making
it ineffective in clearing biofilms with evidence that immune cells are paralyzed
with disrupted phagocytosis capacities or decreased burst responses, lowering the
production of reactive oxygen species [2, 3]. Moreso, these communities of micro-
organisms are unique since they involve several species in a cooperative. The biofilm
thus constitutes a microbial society, with its own set of social rules and patterns of
behavior, including altruism and cooperation, both of which favor the success of the
group with task-sharing behavior. All of these characteristic patterns are orchestrated
by chemical or genetic communication. The biofilm thus constitutes a unique way
to stabilize interactions between species, inducing marked changes in the symbiotic
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relationships [3, 4]. Moreover, biofilms protect invading bacteria against the host’s
immune system via impaired activation of phagocytes and the complement system
[5]. The use of antibiotics such as imipenem and colistin mostly reduces biofilms but
does not eliminate the entire biofilm in most cases [6]. Due to their toxicity and side
effects, it is not possible to reach the minimal concentration of antibiotics in vive. This
chapter describes the mechanisms of bacterial biofilm inhibition and eradication with
the search for alternative antibiofilm agents.

2. Stages of biofilm formation

Bacteria form complex multicellular structures called biofilms. Biofilm formation is
commonly considered to occur in four main stages [7]: (1) adhesion of planktonic cells,
(2) microcolony formation, (3) biofilm maturation and (4) detachment (also termed
dispersal) of bacteria, which may then colonize new areas (Figure 1). Sessile bacterial
cells exist in the stationary or dormant growth phase, exhibiting phenotypes distinct
from planktonic bacteria [8]. In biofilms, bacteria display exceptional resistance to
environmental stresses, especially antibiotics. This makes biofilms a major public health
problem, as they account for 60-80% of human microbial infections [9]. The different
stages in biofilm formation involve different environments, as shown in Figure 1.

2.1 Attachment of planktonic cells

Biofilm formation starts with the attachment of microbial cells to abiotic or biotic
surfaces. These biotic surfaces are living tissues such as endothelial lesions, mucosae,
and nervous tissues, while abiotic surfaces are non-living cells including indwelling
devices, prostheses, clinical environment surfaces, vascular and urinary catheters
[10]. This initial attachment depends on the motility and adhesins expression

EPS Matrix

Biofilm Formation

Conrditioning Film Growth Space . ‘
&, C 4 ..‘
E @ - Adsorption - - .
Substratum D ) ’

Figure 1.
Stages of biofilm development.
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(microbial factors). The extension is influenced by the planktonic strains migrating
to specific sites to either adhere to existing lesion or surface or directly cause tissue
infection [11]. The physiology of the cell’s changes affecting the surface membrane
proteins making the removal of the attached cells laborious, necessitating the action
of specific enzymes, sanitisers and detergent. The physicochemical properties of the
surfaces (biotic and abiotic) controls microbial adherence making biofilms indepen-
dent of surface extension [12].

2.2 The extracellular polymeric substance (EPS) matrix

The genes responsible for attachment and matrix assembly are activated when
stimulated by factors such as population density and nutrient limitation [7]. The EPS
matrix is composed of a mixture of biopolymers. The matrix produced is different
and is surface- or medium-specific and differs between in vivo and in vitro conditions
[11]. EPS is produced by planktonic cells, resulting in enhanced extension [13, 14].

2.3 Accumulation of multi-layered clusters of microbial cells

The microbial assembly development process results in simultaneous bacterial
aggregation and growth. This disposition is entrenched as a distinct model with the
aid of a confocal laser microscopy. The distinct model indicates that active metabo-
lism is exhibited by the cells in the outer biofilm layers while those deeper inside the
biofilm downregulate their metabolism, making them inactive in a persistent state
[12, 15, 16]. This accumulation mostly involves intercellular adhesion. Specific genes
and polysaccharide intercellular adhesin (PIA) are responsible for their accumula-
tion on a polymer surface. However, the purification and structural analysis of
these clustered microbial cells indicate the presence of two forms of that PIA, major
polysaccharide I (>80%) and a minor polysaccharide II [17].

2.4 Biofilm maturation

In the biofilm maturation phase, the canals are created in the biofilm structure,
allowing gradient-based passage of nutrients and signaling molecules based on their
metabolic state, favoring the organized agglomeration and differentiation of cells
[7, 12, 18]. These gradient passages are necessary for nutrients to enter the cells inside
the biofilm layers. Biofilm structuring is a disruptive process causing the detachment
of cell clusters controlling the biofilm invasion during in vivo biofilm infection leading
to systemic dissemination [19].

2.5 The disentanglement and scattering of planktonic bacteria

The biofilms grow more thicker and compact on the interior, while external layers
begin separating. The disentanglement and scattering occurs as a results of nutritional
imbalance with insufficient carbon accessibility, increasing the synthesis of extracel-
lular polymeric substances [20]. The scattered cells or clusters travel as septic emboli
colonizing new sites, causing infection with possibly novel biofilms [2]. The dispersed
cells form biofilms as a result of growth and may return quickly to their normal
planktonic phenotype.
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3. Bacterial biofilm structure, characteristics and chemical composition
3.1 Bacterial biofilm structure and characteristics

The basic structural units of a biofilm are microcolonies and separate communi-
ties of bacterial cells embedded into the EPS matrix. These microcolonies are in most
cases mushroom-shaped or rod-like and can consist of one or more types of bacteria.
The microcolonies consist of 10-25% cells and 79-90% EPS matrix depending on the
bacterial type. This EPS matrix protects biofilm cells from various environmental
conditions, such as UV radiation, changes in pH values, draining and temperature.
There are channels through which water flows between microcolonies. These water
channels function in distributing nutrients to microcolonies and receiving harmful
metabolites as a simple circulatory system. Biofilms under different hydrodynamic
conditions, such as laminar and turbulent flow, show changes in biofilm structure
depending on the flow type. In laminar flow, bacterial microcolonies become round,
and in turbulent flow, they extend in the downstream direction [21].

3.2 Chemical composition

The matrix of extracellular polymeric substances (EPSs) are self-secreted sub-
stances that keep bacterial cells in a compact structure attaching them to surfaces
which makes the physical aspect of a biofilm [16]. The major constituent of the
biomass of the biofilm is the hydrated EPS ranging between 2-15% of the total biofilm
mass [4]. The EPS contains mostly extracellular DNA (eDNA), polysaccharides, pro-
teins and lipids (Table 1) [22]. The EPS matrix exhibit three important characteristic
features which are enhancing antimicrobial resistance, nutrient capture and social
cooperation [14]. The tissues of higher organisms are similar to biofilms structures
which are architecturally different and extremely heterogeneous in gene expression,
all participating to the resistance mechanisms of biofilms [5, 23].

i. Polysaccharides is one of the major constituents of the EPS matrix adhering
to cell surfaces forming a compact network. The majority of these molecules
are heteropolysaccharides constituted of a mixture of neutral, charged sugar
residues, organic and inorganic substituents contributing to their charged
(polyanionic or polycationic) nature [24, 25]. The exopolysaccharide composi-
tion differ between microorganisms of the same species [26, 27]. These exopoly-
saccharides are indispensable to biofilm formation and constitute the protective
barrier of the EPS matrix despite the heterogeneity among biofilms [21].
Additionally, they are also responsible for water retention within the biofilm.
The high amount of water in the biofilm provides a highly hydrated environment
that protects cells from fluctuations in water potential. The presence of water
confers the biofilm to a nonrigid structure with different viscosities that allow
movement of the cells within the matrix [28].

—.

ii. Extracellular proteins: structural proteins and enzymes. These are also critical
components of the matrix and are present in higher amounts than polysac-
charides. The structural proteins are mainly involved in the stabilization of
the biofilm architecture by connecting cells to the EPS [29]. The enzymes are
essentially involved in the degradation of other matrix components, such as

polysaccharides (dispersin B), matrix proteins (proteases), and eDNA (DNases).
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Components

Percentage of
matrix

Functions in biofilm

References

Microbial cells

2-5%

Cohesion of the structure

[5]

DNA and RNA

<1-2%

Cohesion of the structure
Nutrient source
Exchange of genetic information

[22]

Polysaccharides

1-2%

Cohesion of the structure
Nutrient source
Water retention
Protective barrier
Sorption of organic compounds and
inorganic ions

(22]

Structural Proteins

<1-2%

Cohesion of the structure
Nutrient source
Protective barrier
Sorption of organic compounds and
inorganic ions
Electron donor and acceptor

[5]

Enzymes

<1-2%

Enzymatic activity,
Nutrient Source

(22]

Lipids and

biosurfactants

<1-2%

Nutrient source

[22]

Water

Up to 97%

Lubricates the environment, simple
circulatory system distributing
nutrients to microcolonies

(22]

Table 1.

Chemical composition of biofilms.

Thus, the enzymatic activity within the biofilm provides nutrients to bacterial
cells and promotes biofilm reorganization and dispersal [29]. In addition to
polysaccharides and proteins, eDNA also contributes to the structural integrity
of the matrix. The contribution of this component to the three-dimensional
structure of the biofilm differs greatly among species [29]. The EPS matrix has
an important role in biofilm formation, progression and durability as a result to
its multiplex constitution and organization. It is also a protective barrier against
external factors, a source of nutrients, enzymes and an intercellular connector.
These unique features of the matrix participate in the high antimicrobial for-
bearance and/or recalcitrance of biofilms [15, 29].

4. Factors influencing bacterial biofilm formation and development

The formation of biofilms is a dynamic and complex process that includes the
initial attachment of bacterial cells to the substratum, physiological changes within
the microbe, multiplication of adhered cells to form microcolonies and finally biofilm
maturation [30]. Biofilm-associated bacteria demonstrate distinct features from their
free-living planktonic counterparts, such as different physiologies and high resistance
to immune systems and antibiotics that render biofilms a source of chronic and
persistent infections [2, 31]. It is known that the change in phenotype from planktonic
to the sessile form occurs in response to changes in environmental conditions [3].
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Figure 2.
Factors affecting biofilm formation.

Environmental factors, such as nutrient level, temperature, pH, and ionic
strength, can influence biofilm formation, as shown in Figure 2 [30]. These factors
influence bacterial adhesion; cell surface properties, such as hydrophobicity, flagel-
lation, and motility; surface properties, such as hydrophobicity and roughness; and
environmental factors, such as temperature, pH, availability of nutrients and hydro-
dynamic conditions [21, 30, 32]. The cell surface properties, specifically the presence
of extracellular appendages, such as fimbriae and flagella, the interactions involved
in cell-to-cell communication and EPS production, such as surface-associated poly-
saccharides or proteins, possibly provide a competitive advantage for one organism
in a mixed microbial community [3, 12]. Bacteria with hydrophobic properties are
more likely to attach to surfaces than hydrophilic bacteria; however, the attachment
of biofilms will occur readily on surfaces that are rough, hydrophobic, and coated by
surface conditioning films.

The physicochemical properties of the substratum, such as texture (rough or
smooth), hydrophobicity and charge, can also be modified by environmental condi-
tions, such as pH, temperature, and nutrient levels [4, 10, 30]. In aquatic environ-
ments, the rate of microbial attachment can be increased by increasing the velocity of
the flow, water temperature or nutrient concentration, providing that these factors do
not exceed critical levels [6, 15].

Quorum Sensing: This is a bacterial cell-cell communication process that involves
the production, detection, and response to extracellular signaling molecules called
autoinducers (Als) [33]. In Gram-positive bacteria, oligopeptides are used as signal-
ing molecules to form biofilms, and quorum sensing is used for intraspecies commu-
nication. Quorum sensing controls processes such as bioluminescence, sporulation,
competence, antibiotic production, biofilm formation, and virulence factor secretion
[34]. Three main types of quorum sensing systems exist:

* Acyl-homoserine lactone quorum sensing system (AHL) in Gram-negative bacteria,

* Autoinducing peptide (AIP) quorum sensing system in Gram-positive bacteria
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* Autoinducer-2 (AI-2) system in both gram-negative and positive bacteria [34].

The acyl homoserine lactone-dependent QS system is a prominent cellular signal-
ing molecules of homoserine lactones involved in quorum sensing regulation used
primarily by Gram-negative bacteria. The AHL molecules have the homoserine
lactone ring in common varying in length and substituents, synthesized by a spe-
cific AHL synthetase. The concentration of AHL contributes to bacterial growth.
Autoinducing peptide (AIPs) are signal molecules secreted by membrane transporters
and synthesized by Gram-positive bacteria. The AIPs bind to the histidine kinase
sensor phosphorylating, consequently altering gene expression as the environmental
concentration of AIPs augments [32, 35, 36]. These genes control the formation of
innumerable toxins and decomposable exoenzymes [21, 36, 37]. The microorgan-
isms can sense and translate the signals from distinct strains in AI-2 or autoinducer-2
interspecific signals, catalyzed by LuxS synthase as part of their cooperation and
communication strategies [6, 25, 38]. Moreover, LuxS is involved in the activation of
the methylation cycle and has been demonstrated to control the expression of hun-
dreds of genes associated with the microbial processes of surface adhesion, detach-
ment, and toxin production [24, 39, 40]. The QS system is a paramount target for the
treatment of biofilm-associated infections [12].

5. Biofilm-producing bacteria and infections

Biofilm formation is present in approximately 65% of all bacterial infections and
approximately 80% of all chronic infections according to the statistics of the National
Institute of Health (NIH) (Table 2) [12]. Indwelling devices by bacteria settlement
was associated with infections in 4% of the cases when pacemakers and inhaler were
utilized and 2% in breast implant cases [35]. The device-related infections were esti-
mated to be about 40% in ventricular-assisted devices, 2% in joint prostheses, 4% in
mechanical heart valves and 6% in ventricular shunts [12, 25]. The heart infection
(infective valve endocarditis) occurs as a result of the adherence of bacteria cells to
the endothelium. The most frequent microbes being staphylococci and streptococci,
members of the HACEK group, gram-negative bacteria and fungal strains [42]. The
implanting of the endothelium generally occurs from colonization or the infection of
different tracts (the genitourinary and gastrointestinal tract) or through the direct
crossing of the skin barrier, either due to wounds or through injecting drugs [41].
Some biofilm-driven infections are chronic wounds, diabetic foot infections, and
pulmonary infections in patients with cystic fibrosis and specific bacterial species
(Table 2) [21, 37, 43].

6. Mechanisms of biofilm inhibition and eradication
i. Antibiofilm molecules and their mechanism of action:

The material matrix of implanted medical devices and biomaterials provides an
ideal site for bacterial adhesion promoting mature biofilm formation [3]. Methods
that prevent bacterial attachment to these materials represent a preventative strategy.
The most common method for preventing bacterial extension is a surface modifica-
tion (Table 3). The exterior surface of the implanted medical device or biomaterial
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Bacterial strain Gram stain Types of infections References
Staphylococcus Gram-positive  Chronic biofilm infections: chronic wound infection, [20]
aureus right valve endocarditis, lung infections in patients with

cystic fibrosis
Staphylococcus Gram-positive ~ Endocarditis: catheter-related infection, joint prosthesis ~ [20]
epidermidis infection
Streptococcus Gram-positive  Lung infections, bacterial meningitis, acute or chronic [36]
‘pneumoniae otitis
Listeria Gram-positive ~ Coculture interactions with Pseudomonas, Vibrio strains, [36]
monocytogenes listeriosis, contamination of food products
Burkholderia Gram-negative ~ Opportunistic infections in patients with blood cancer [41]
cepacia
Escherichia coli Gram-negative ~Hemolytic uremic syndrome, acute diarrheic syndrome,  [36]

urinary tract infections

Klebsiella Gram-negative  Bacteremia, liver abscess, urinary tract infections [20]
‘preumoniae
Pseudomonas putida ~ Gram-negative ~ Urinary tract infection [36]
Pseudomonas Gram-negative ~ Osteomyelitis, ventilator-associated pneumonia, lung [41]
aeruginosa infections in patients with cystic fibrosis, opportunistic
infections in neutropenic patients, nosocomial
infections.
Pseudomonas Gram-negative ~ Bioremediation, biocontrol- Pythium, Fusarium, [20]
fluorescens antimicrobial properties —
Rhizobium Gram-negative  Biocontrol properties — Pythium [36]
leguminosarum
Lactobacillus Gram-positive ~ Salmonella infection [41]
plantarum
Lactococcus lactis Gram-positive ~ Gastrointestinal tract infections [20]
Table 2.

Examples of bacterial species involved in biofilm formation with their biological effects.

is altered, either directly or with the aid of a cover-producing barrier that is hostile to
bacteria [45, 46]. This strategy has shown significant promise for preventing biofilm-
related infections resulting from orthopedic implants. Thus, the area of surface
modification to prevent biofilm formation is a large field [46-48]. The use of small
molecule biofilm inhibitors is another approach used to prevent biofilm formation
(Figure 3). The antibiofilm properties of a biofilm inhibitor are often employed to
passivate the surface of an implanted medical device or biomaterial [41, 49, 50]. The
use of biofilm inhibitors is one of the largest areas in biofilm remediation research,
with a plethora of unique biofilm inhibitors currently described (phenols, imidazoles,
furanone, indole, bromopyrrole) [51].

Anti-biofilm molecules are diverse compounds that inhibit biofilm formation.
The identified anti-biofilm compounds are mainly isolated from natural sources,
and some synthetic compounds, chelating agents, and antibiotics possess antibiofilm
activity. The different antibiofilm molecules along with their target microorganisms
are listed in Table 2. These antibiofilm molecules follow different mechanisms to
inhibit biofilm formation in different bacteria, as listed in Table 3.

152



The Mechanisms of Bacterial Biofilm Inhibition and Eradication: The Search for Alternative...
DOI: http://dx.doi.org/10.5772/intechopen.104772

 Steps to inhibit Biofilm Formation

Disruption of
formed Biofilm
Prevent the adhesion of Disrupting the formed
bacteria Disrupting the survival of biofilm
@@® bacteria and the formation
00¢p of biofilm

Prevention of
adhesion

@ ;
(O] )
® a©@ @00900999

)
ﬁ . %@ 0 ‘“’@ioﬁ 0o

Use of adhesion disruption Use of Cu/Ag nanoparticles, Use of compounds like
agents antibiotics and antimicrobials  Dispersin, DNase | etc

e

(6]
o}

Figure 3.
The different steps in biofilm formation.

Resistance Characteristics References
mechanism
Glycocalyx The capsule is an important part of the biofilm in both Gram positive [6, 44]

and negative bacteria. Its contribution to the maturation step relies on
the electrostatic and hydrogen bonds established on the matrix and the
abiotic surface. The composition in glycoprotein and polysaccharides
varies with biofilm progression, permitting pathogens to live in

difficult environment. The antimicrobial resistance is supported by the
glycocalyx with the external layer acquiring antimicrobial compounds,
serving as adherent for exoenzymes and protecting against antibacterial

activity.
Enzyme The presence of heavy metals, such as cadmium, nickel, silver, zinc, [30]
mediated copper, cobalt, and induces diversity of resistant phenotypes. This
resistance causes the enzymatic reduction of ionic particles mediating the

transformation of toxic molecules to nontoxic or inactive.

Metabolism The bacterial metabolic activity and growth rate are influenced by [31,32]
and growth rate the nutrients and oxygen concentrations within biofilms. This limits
heterogeneity the metabolic activity inside the biofilm resulting in the reduction of

the growing rate of strains. The enzymatic process inside biofilms is
controlled by the changes in cell growth cycle regulating the metabolic
and growth rate variations. These microbial communities increase the
level of antimicrobial resistance inducing the expression of certain
genes in different conditions.

Cellular The infections’ chronicity become tolerant to antibacterial agents with [33-35]
persistence the persistent strains being responsible eliciting multidrug forbearance.
The glycocalyx improves protection of the immune system inducing
the growth of bacterial biofilm competing for antibiotic targets with
multi-medicament resistance (MDR) protein synthesis.
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Resistance Characteristics References
mechanism
Metabolic state The inaccessibility of nutrients due the exposition to bactericidal agent’s [38, 39]

inhibitory concentration affects the constitution of the prokaryotic
envelope modifying it and conditioning the resistant cell population to
exhibit phenotypic adjustment.

The genetic profile. The mar operons are involved in the control of
various genes’ expression in E. coli assisting the MDR phenotype. The
stress response cells display increase resistance to impaired factors
within hours of exposure. The exposition of bacterial strains to
molecular oxidants causes the diversified regulatory genes (oxyR and
soxR) to exhibit persistence of the intracellular redox potential and the
activation of stress response.

Quorum sensing QS regulates the heterogeneous organization with nutrient supply [40, 42]
(QS) during the cell migration procedure. QS deficiency is linked with

thinner microbial biofilm growth consequently lowering the EPS

production.
Stress response The stress response acts as a preventive factor for cell damage more [41, 43, 45]

than repair. The causes of stress induction include starvation, decrease
or increase temperature, high osmolality and low pH. The altered gene
expression due to the stress response in immobilized strains result in
increased resistance to antibiotics.

External The lipopolysaccharide layer prevents hydrophilic antimicrobials from [46, 47]
membrane entering through the outer membrane while the external membrane
structure proteins reject hydrophobic molecules. Most antibacterial agents must

penetrate the bacterial cells to target a specific site, modifying the
cellular membrane that control antibiotic resistance.

Efflux systems The efflux pumps facilitate bacterial endurance under utmost [48-52]
environmental conditions exerting inherent and gained resistance to
diverse antimicrobials of similar or divergent classes. The combination
of similar recalcitrance processes leads to the overproduction of efflux
pumps regulating the multi-medicament non-compliances. The efflux
pumps are major player in the MDR of Gram-negative bacteria due
to their clear mechanisms provided in drug discovery platforms of
targeted bacterial pathogens.

Table 3.
Mechanism of biofilm-mediated antimicrobial resistance.

ii. Using Natural Products:

The formation and development of biofilms is a complicated procedure involving
different stages that can be the target of natural antibiofilm agents for the prevention
of biofilm development. Natural anti-biofilm agents either act solely or synergistically
by diverse mechanisms.

There are five broad classes of natural compounds that have high antibiofilm prop-
erties, including phenolics, essential oils, terpenoids, lectins, alkaloids, polypeptides,
and polyacetylenes [52]. Phenolics are a group of compounds. It has seven subclasses,
which include phenolic acids, quinones, flavonoids, flavones, flavonols, tannins, and
coumarins, out of which tannins, specifically condensed tannins, have anti-biofilm
activity. These compounds act on biofilms by six main mechanisms, such as substrate
deprivation, membrane disruption, binding to the adhesin complex and cell wall, bind-
ing to proteins, interacting with eukaryotic DNA, and blocking viral fusion [52, 53].
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Many bioactive compounds from medicinal plants for the discovery of novel natural
antibiofilm compounds are ongoing. The antibiofilm properties of Indian medicinal
plants were studied with Cinnamomum glaucescens (Nees) Hand.-Mazz, Syzygium
praecox Roxb. Rathakr. ¢ N. C. Nair, Bischofia javanica Blume, Elaeocarpus servatus L.,
Smilax zeylanica L., Acacia pennata (L.) Willd., Trema orientalis (L.) Blume, Acacia
pennata (L.) Willd., Holigarna caustica (Dennst.) Oken, Murvaya paniculata (L.) Jack,
and Pterygota alata (Roxb.) R. Br. extracts have promising antibiofilm activity against
S. aureus [36, 53, 54]. Phytochemicals inhibit the quorum sensing mechanism mainly
by blocking quorum sensing inducers such as AHL, autoinducers, and autoinducer
type 2. Garlic extracts play a vital role in the inhibition of quorum sensing signaling
molecules of Pseudomonas and Vibrio spp. Biofilms [5, 36, 52, 55]. Phytochemicals also
play a significant role in inhibiting bacterial adhesion and suppressing genes related
to biofilm formation. Biofilm development at the initial stages can be outlined by
interfering with the forces (van der Waals force of attraction, electrostatic attraction,
sedimentation and Brownian movements) that are responsible for the support of bac-
terial attachment to various surfaces [56]. Some phytocompounds have the potential
to interfere with the extension along with the capability to stop the accessibility to
nutrients essential for adhesion and bacterial growth. An alkaloid (norbgugaine) had
a significant effect on P. aeruginosa biofilms by preventing adhesion due to loss of cell
motility [9, 24, 55, 57]. A very recent study on Adiantum philippense L. crude extract
showed a promising role in decreasing the content of biofilm exopolysaccharides

[44, 58, 59]. It was reported that A. philippense L. crude extract restrained biofilms

at the initial stages by targeting adhesin proteins, destroying the preformed biofilms
inhibiting EPS assembly. Diverse group of phytocompounds especially polyphenols
such as 7-epiclusianone, tannic acid, and casbane, have been identified and proved to
protect cell surface. Members of Enterobacteriaceae express curli, an amyloid fiber
on the cell surface that helps in attachment to characteristics and cell aggregation
and enhances biofilm formation as well as a cellular invasion [41, 49, 60]. The phyto-
compounds of curlicide and pilicide nature can be exploited in therapeutic strategies
of Enterobacteriaceae biofilm prevention [57, 61, 62]. These phytocompounds with
fewer side effects are better therapeutic agents for biofilm-related infections, but
recent reports suggest a combined approach that is always better than the individual-
istic approach [24, 44, 50, 51]. A few plant-based antimicrobials with the potential of
anti-biofilm activity are summarized in Table 4 [53].

7. Conclusion

Biofilm infections are highly resistant to antibiotics and physical treatments.
Many strategies support biofilm antibiotic resistance and tolerance, such as persistent
cells, adaptive responses, and limited antibiotic penetration. Thus, the underlying
mechanisms of antibiotic forbearance and recalcitrance in biofilms are controlled by
genes. In human infections, most organized bacterial cells gradually induce immune
responses to form biofilms causing chronic infections leading to tissue destruction
with permanent pathology. Therefore, biofilms arrangement is a vital perturbation in
medical care environment. The exploration of alternative treatment procedures for
biofilm-associated infections is of utmost importance. There are little novel and effi-
cient antibiotic strategies which are scattering of biofilms, merging of antimicrobials
with quorum sensing inhibitors, and a mixture of these procedures. Although the
mentioned anti-biofilm strategies are key research areas, they are still in their infancy
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and has to be improved to upgrade and implement the strategies. The administration
of a single antibiotic is often not enough to eradicate bacterial invasions, and a high
concentration of the antibiotic can be extremely toxic. Also, some natural compounds
as well as quorum sensing inhibitors, may be toxic and less effective. A possible solu-
tion might be the coadministration of antibiotics with antibiofilm peptides that allow
the use of low antibiotic concentrations. New anti-biofilm molecules from natural
substances with low or no harmful effects and synergistic effects with commonly
used antibiotics are necessary. Moreso, natural products from medicinal plants and
quorum sensing inhibiting compounds with little or no toxic effects will be of great
importance in the fight against biofilms.
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Chapter 10

Approaches to Enhance
Therapeutic Activity of Drugs
against Bacterial Biofilms

Sankar Veintramuthu and Selliamman Ravi Mahipriya

Abstract

Biofilm may be a consortium of microbial species where the cells of microbes
attach to both life form and inanimate surfaces inside a self-made matrix of extracel-
lular polymeric substance (EPS). Biofilm matrix surrounding the polymicrobial
environment makes them highly resistant to harsh conditions and antibacterial treat-
ments. The two significant factors that differentiate planktonic from biofilm resident
microbes are EPS containing a variety of macromolecules and a diffusible molecule
for transferring signals known as quorum sensing (QS). Against this backdrop of
microbial resistance and cell signaling, different approaches have been developed to
interfere with the specific mechanisms of intracellular and extracellular targets that
include herbal active compounds and synthetic nanoparticles. This chapter outlines
the features of biofilm development and the approaches with the evidence that can be
incorporated into clinical usage.

Keywords: biofilm, antimicrobial resistance, quorum sensing, herbal compounds,
nanoparticles

1. Introduction

In seventeenth century, Antonie von Leeuwenhoek saw microbial aggregates
on the scrapings of the plaque from his teeth that was termed as “biofilm” by Bill
Costerton in 1978 [1]. The biofilms were not characterized for their physical and
chemical properties until the end of 1960 [2]. The evolution of scanning electron
microscopy and transmission electron microscopy allowed for identifying the biofilm
from wastewater treatment plant [3] after when Heukelekian and Heller identified
the “Bottle effect” on marine microbes where there is a significant difference in the
microbial population between iz situ and in vitro due to environmental or man-made
changes. Biofilm is an aggregation of microbially derived sessile communities hav-
ing various bacterial colonies or individual cells in the group, which adheres to the
surface. This group of cells attaches on an extracellular polymeric substance (EPS),
a matrix that is mostly comprised of environmental DNA (eDNA), proteins, and
polysaccharides, which provides significantly excessive resistance to antibiotics
[4]. Bacterial biofilm can be formed in response to various factors such as high salt
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Figure 1.

Bi(f;}ilm life process. (1) Planktonic bacteria attaches to the exterior face. (2) Adhesion, irreversible attachment
occurs at this phase. (3) EPS is secreted and vesults in a matrix that forms the basis for biofilm’s structure and
initiates the onset of biofilm maturation. (4) The biofilm becomes completely matured, with the tower-like
structures dispersed with water channels for the movement of oxygen, nutrients, and for discharging waste
products.

concentration, restricted nutrients, high pH and pressure, and UV radiation. Biofilm
life process is depicted in Figure 1.
The biofilm formation can be described in three steps:

A. Flexible attachment of bacteria to the surface subsequently irreversible attach-
ment with the help of adhesive structures of bacteria.

B. Production of EPS and development of an organized structure entrapped inside
an EPS matrix.

C. Finally, bacterial cell starts to break out from the biofilm and spread into the
habitat through chemical signaling [5].

2. Biofilm: a threat to antibiotics and infections caused by biofilm

Around 80% of chronic and periodic microbial infections in the human bodies
are caused by bacterial biofilm. Bacteria’s present inside the biofilm aids to the
chronic phase of infection, when released from the biofilm can cause an acute
phase of infection [6]. The infections caused by bacterial biofilm can be placed in
two broad categories such as device and non-device-associated infections. They
can develop on or inside medical devices that are built in body such as central
venous catheters, mechanical heart valves, pacemakers, urinary catheters, which
cover both Gram-positive and Gram-negative bacteria or yeasts. These organisms
on the medical devices may cause blood stream and urinary tract infections in the
patient [7]. Table 1 shows the microbial species that colonizes the devices based on
the type of medical device and time taken for their action.

Microbial biofilm show 10-1000 times more antibiotic resistance than the
planktonic species [12]. Bacterial biofilm offers huge evolutionary advantage for the
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S.No Medical device Microbial organisms

1. Contact lenses Escherichia coli, Staphylococcus epidermidis, Pseudomonas. aeruginosa, species
of Candida, Serratia and Proteus, Staphylococcus aureus. [8]

2. Central venous Klebsiella species, P. aeruginosa, and Enterobacter species [9]
catheters

3. Mechanical heart Enterococcus and Candida spp, Streptococcus species, S. aureus, S. epidermidis,
valve Bacillus [10]

4, Urinary catheters E. coli, Enterococcus faecalis, S. epidermidis, P. aeruginosa, Proteus mirabilis,

Klebsiella pneumonia [11]

Table 1.
Medical devices and associated biofilm organisms.

bacteria including changes in environmental pH, resistance to antimicrobial agents,
and phagocytic attack [13].

3. Quorum sensing (QS) and interaction

The bacterial cells have intercellular communication that is delivered through the
extracellular signaling molecules known as autoinducers. The collection of signaling
molecules enables individual bacterial cells to analyze the total number of bacteria,
that is, cell density known as quorum sensing. In low-density planktonic populations,
bacteria releases low-molecular-weight, highly diffusible, signal molecules (auto-
inducers, such as oligopeptides in Gram-positive bacteria and N-acyl-L-homoserine
lactones in Gram-negative bacteria) at very low levels to produce changes in gene
expression. When critical mass of bacterial population becomes high, the concentra-
tion of autoinducer molecules increases in the EPS followed by allowing individual
bacteria to sense the presence of other bacterial species [14].

4, Conventional treatments and antimicrobial resistance

Biofilms are considered to be important owing to their potency in showing
resistance toward antibiotics and antifungals. Once routed within the wound infec-
tion, biofilm shows enhanced tolerance to conventional treatments. Antibiotics work
by deranging the cell wall of bacteria and affecting the DNA replication, repair, and
protein synthesis. Apparently biofilm has various mechanisms through which they
resist the effectiveness of antibiotics [15]. The primary defense mechanism involves
EPS, which is capable of restricting the permeability of antibiotics into the cell
thereby trapping them in the pores, followed by acidic internal environment and lack
of oxygen. Ultimately, the lysis of genetic component can be carried between the cells
to extend antimicrobial resistance.

The persister cells within the biofilm have the potency to restrict the effects of
antibiotics targeting the cell division [16]. Figure 2 illustrates the mechanism through
which biofilm develops resistance to conventional antibiotics [17].

The resistance can be developed through persistent cells, phenotype of the
biofilm, inhibition in antibiotics penetration, production of enzymes that resist the
action of antimicrobial agents.
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limited penctration of
Biofilm antibiotics
phenotype

Persistent cells
non replicative

Figure 2.
Antibiotic vesistance associated with biofilm.

5. Nanoparticles (NPs) as antibiofilm agents

Nanotechnology is fascinating, which likely benefited the field of biomedical and
became widely conceded for the treatment of various diseases. Numerous resistance
mechanisms set biofilm as one of the major disputes in infection treatment, which can
be addressed by the strategy of using nanoparticles. NPs have two or three dimensions
in the size range of 1 to 100 nm. They are of various types based on their size, shape,
and composition [18]. Their higher surface area built them as suitable drug career,
which has the capability to immobilize the compounds on their surface to increase
their solubility and targeted delivery [19]. They can be of two types, polymer NPs
and metallic NPs. Polymer NPs also possess the advantage of retaining the drug inside
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Figure 3.
Depiction of various mechanisms involved in combating biofilm through NPs.
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the cavity and delivers the drug at the target area in either entangled or immobilized
form. Reports suggest that NPs disrupt the integrity of biofilm by interacting with
EPS, eDNA, proteins, lipids, and biofilm release reactive oxygen species (ROS) on
interaction with NPs that can damage the cell envelope, cell membranes, cell struc-
tures, and biomolecules of the microbes. Figure 3 represents the general mechanism
involved in combating biofilm through NPs [20].

The nanoparticles can restrict biofilm by disruption electron transport between
cell membrane, damaging the peptidoglycan layer, breaking through the cell mem-
brane, denaturation of proteins, and DNA damage.

6. Synthesis of nanoparticles

Nanoparticles can be synthesized in laboratory broadly using two different
approaches, that is, bottom-up and top-down techniques. The top-down approach
implies breaking the bulk material into nanosized structures, which is based on
miniaturizing the bulk substance through fabrication process and produces the NPs
of appropriate properties. Bottom-up technique is an alternative approach because it
creates less waste and involves building up of a material from the bottom [21].

7. Types of nanoparticles

Polymeric NPs can be engineered to release antibiotics, antibacterial agents, and
bacteriostatic peptides or by modifying their chemical surface. The antibacterial
activity of these organic NPs is due to polycationic groups accountable for cell damage
through ion exchange interaction between bacteria and polymer surface with charges
[22]. Metals are used in the synthesis of nanoparticles because of their antibacterial
property broadly used in managing infections. Metallic nanoparticles can exert physi-
cal disruption to bacterial biofilms. Table 2 enlists the types of metallic nanoparticles
and their potential antimicrobial property [23].

The pH of micro-environment, magnetic field, or light can be used to turn on
the nanomaterials or transform it to more active species enhancing their antibio-
film activity. These are often metallic nanoparticles due to their broad-spectrum

S.No Metallic nanoparticles Properties

1. Zinc oxide These NPs gets accumulated inside the cell releasing H,0, and zinc
ions thereby causing cell wall disruption.

2. Titanium dioxide Generation of reactive oxygen species.

3. Copper oxide Lipid oxidation takes place through reactive oxygen species and
hydroxyl free radicals.

4. Carbon nanotube Reactive oxygen species results in cell wall disruptionthereby

oxidizing lipids and proteins.

5. Gold They produce strong electrostatic effects and reacts with cell
membrane.
6. Silver Releases silver ions and causes electron impairment DNA damage.
Table 2.

Metallic nanoparticles and their antimicrobial property.
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antimicrobial activity and rich surface chemistry [24]. For negatively charged bacte-
ria, the adhesion property rises because of the positively charged surface of NPs and
the binding takes place through electrostatic interactions and Van der Waals interac-
tion especially to cell membrane proteins [25].

8. Metal NPs against biofilm

CuO NPs inhibit formation of biofilm that was studied by Agarwal et al. that con-
cluded eradication of biofilm formed by MRSA and E. coli with the exposure period of
4 days to CuO NPs at the concentration of 50 pg/ml [26]. ZnO NPs can exhibit antibac-
terial action between the concentration of 20-500 pg/ml for E. coli and S. aureus that
can be enhanced by additional physical exposure and amplified by ultrasound [27].
MgO NPs can act against Gram-positive and Gram-negative bacteria, bacterial spores,
and viruses at higher concentration of 100-1200 pg/ml. TiO, NPs can destroy biofilms
of both Gram-positive and Gram-negative bacteria but the latter being more sensitive
due to the sturdy layer of peptidoglycan that increases the absorption of reactive radi-
cals [28]. However, their toxicity to humans and environment outweighs their advan-
tages. Gold and silver NPs offer huge advantages such as higher surface area to volume
ratio, small size, amenability, cheaper method of synthesis. Extensive research studies
have been accomplished over the recent areas involving AgNPs and AuNPs. Three
important steps involved in their antimicrobial action are a) interaction with biofilm
when it comes into contact with the surface, b) subsequent penetration of NPs into the
cell based on this interaction, and c) NPs as a whole or ions (Au” and Ag") reacts with
cellular and biofilm components. The factor that plays significant role in penetration
includes particle size, surface chemistry, surface charge, and concentration.

8.1 Silver nanoparticles: a biofilm buster

Silver has been used since remote time because of their therapeutic properties and
their antibacterial activity and also explored through extensive research in medical field.
Topical ointments and creams contain silver for treating burn wound infection. Several
approaches are involved in synthesis of AgNPs, which include the use of microorganisms
and plants but one of the easiest and convenient methods is through chemical synthesis
[29]. Table 3 enlists some of the sources that can be used for the synthesis of AgNP.

The synthesis of AgNPs can also be done by utilizing other physical methods such
as evaporation-condensation and laser ablation, UV-initiated photo reduction, elec-
trochemical synthetic method, irradiation methods [35]. Studies concluded that geo-
metric mean diameter, shape, pH, and source for synthesis of AgNPs influence their
efficiency. The synthesized AgNP can be characterized using UV-visible spectroscopy,
X-ray diffraction, scanning electron microscopy, transmission electron microscopy for
their structural properties. Although AgNPs were remarkably noted for their potential
in pathogenic control, their effect on EPS has not been given sufficient attention [36].

8.2 Natural compounds as antibiofilm agents

Herbal compound aids the determination of novel constituents with interesting
structures and biological activity. The antibiofilm properties of natural products rely
on the inhibition of polymer matrix formation, resisting cell adhesion and attach-
ment, breaking in ECM generation, and reducing virulence factors generation,
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S.No Approaches Sources for synthesis
1. Microbial Cedecea sp., Pseudomonas sp., Lactobacillus plantarum, Aspergillus fumigatus,
approach Aeromonas sp., Klebsiella pneumonia, Corynbacterium sp., Enterobacter cloacae,

Verticillium sp., Fusarium semitectum, Fusarium oxysporium. [30-32]

2. Plant Aloe vera leaf extract, Azadirachta indica, Cinnamomum camphora, Emblica
synthesis officinalis, Pinus eldarica, Cassia auriculata leaf extract, Geranium leaf extract,
Ficus benghalensis leaf extract, Aqueous fruit extract of Syzygium alternifolium,
fruit extract of Sambucus nigra [33, 34]

3. Chemical DMEF, NaBH,, Trisodium citrate, ascorbic acid, dextrose,
reduction ethylene glycol, glucose.

Table 3.
Sources used for synthesis of AgNP,

thereby obstructing QS network and biofilm development [37]. The natural com-
pounds that possess antibiofilm properties can be broadly classified into phenolics,
essential oils, terpenoids, lectins, alkaloids, polypeptides, and polyacetylenes [38].
They either act merely or synergistically by different mechanisms. Various researches
have been carried out with natural products that are discussed below:

8.2.1 Garlic

Allium sativum L has been extensively used in treating numerous diseases such as
wound infection, malaria, common cold, sexually transmitted diseases [39]. Garlic
possibly has a QS-interfering compound. DNA microarray analysis disclosed that
Ajoene, a garlic-derived sulfur-containing compound, restricted QS-regulated gene
expression in P. aeruginosa. Reasonable designing and biological screening of all
compounds from garlic was carried out, resulting in the identification of a potent QS
inhibitor N- (heptylsulfanylacetyl)-l-homoserine lactone. This element was found
to disrupt the QS signaling by inhibiting transcriptional regulators LuxR and LasR.
Recent studies have proved the antiswarming, anti-adherence, and antibiofilm activ-
ity of the aquatic extracts of garlic [40]. Ethanolic and methanolic extracts of garlic
against six different bacterial species (Escherichia coli, Staphylococcus aureus, Bacillus
cereus, Streptococcus pnewmoniae, Pseudomonas aeruginosa, and Klebsiella pneumonia)
show antibacterial activity at the concentration of 125-500 mg/mL through disc dif-
fusion, and the A. sativum L extracts were potent enough restrict biofilm structures
and the concentrations of each extract depend on the inhibitory effect [41].

8.2.2 Onion

Extracts of onion contains pharmaceutical properties that can be used as one of the
promising therapies for the treatment of neoplastic, metabolic, and immunological
diseases, which also involves bacterial, viral, and other fungal infections [42]. The
anti-adherence, antibacterial, antibiofilm, and antimotility role of aqueous extracts of
fresh or powdered onion and onion oil were studied from which the aqueous extracts
of fresh and powdered onion showed more powerful inhibitory effects on biofilm
than onion oil on the growth of both Gram-positive and Gram-negative bacteria [43].
Systematic assessment of quercetin, total phenolics, flavonoids, antioxidants, antibac-
terial, and antibiofilm or antibiofouling properties of methanolic extracts of fresh and
aging onions of six varieties was studied by Kavitha et al., which concluded that the
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onions that had been stored for 3 months showed the best antibiofilm effects. The red
variety of Allium cepa extract was found to have higher antimicrobial activity when
compared with the white and yellow varieties. At the range of about 50 pg mL ™, the
extracts were observed to reduce the biofilm growth of P. aeruginosa and S. aureus [44].

8.2.3 Rhubarb

Rhubarb is one of the most traditionally available medicinal materials included in
Pharmacpoeia due it its bacteriostatic and anti-inflammatory properties. Emodin is
the bioactive compound that has the ability to reverse multi-drug resistance. Natural
emodin is obtained from Rheum palmatum L., Rheum tanguticum Maxim ex Balf,
and Rheum ocinale [44]. Yan et al. studied the activity of emodin against S. aureus
biofilm and confirmed the molecular mechanism that they decrease the release
of eDNA and represses the biofilm-forming genes such as cidA, icaA, ditB, agrA,
sortaseA, and sarA [45].

8.2.4 Banana

Studies concluded the antibacterial properties of banana in traditional medicine
across the world. Generally, stem juice, flowers, and fruits of the banana plant are
utilized for treating diarrhea and dysentery [46]. Vijayakumar et al. studied the
antibiofilm properties of Musa acuminata Colla. against P. aeruginosa and described
the mechanism of inhibiting the secretion of biofilm proteins and cell surface hydro-
phobicity productions [47].

8.2.5 Ginger

Ginger had been used in food and medicine for thousand years with the evidence
demonstrating that it has antibacterial activity against the commercially available

S.No Source Active compound Mechanism of action

1 Origanum Carvacrol Post-translational inhibition againstlasI, which
vulgare effects N- acyl-homoserine lactone secretion. It
(oregano) mostly acts on QS machinery against P. aeruginosa

[51].

2. Apis mellifera Defensin-1 Manuka and Honey dew significantly reduce cell
(Honey) viability of S. aureus, P. aeruginosa, S. agalactia [52]

3. Curcuma longa Curcumin Restricts pellicle formation, Pilli motility and ring
L (Turmeric) biofilm formation by interaction with biofilm

response regulator BfinR [53].

4. Camellia sinesis Epigallocatechin-3- Reduce the curli production and expression of
(L) gallate curli-related proteins csgA, csgB, and csgD increases
the degradation of sigma factor (RpoS) by ClpXP
protease [54].

5. Capsicum Capsicum storage Inhibited the formation and development of
annum (Bell peptide 37 (CSP37) biofilm in common pathogenic strains at the
pepper) concentration of 5 and 10 mg/ml through CSP [55].
Table 4.

Natural compounds with antibiofilm activity.
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antibiotics by inhibiting QS signaling pathway [48]. Kim et al. initially investigated
the inhibition of biofilm with ginger extract in P. aeruginosa. The biofilm assay
demonstrated that the ginger extract decreased the biofilm development by 39-56%
by reducing the formation of extracellular polymeric substances (EPS), which was
associated with the suppression in secondary messenger, bis-(3c-5¢)-cyclic dimeric-
guagranosine [49]. Studies have shown that ginger essential oil at the biofilm inhibi-
tory concentration (BIC) of 1.56 pL mL%, S. aureus had 94% inhibition of biofilm,
and at BIC 0.78 uL. mL ! Enterococcus faecalis, K. pneumonia, and E. coli showed 91, 89,
and 83% inhibition of biofilm [50].

Table 4 enlists the natural compounds with antibiofilm activity.

9. Conclusion

In recent times, the concept of biofilm has influenced almost every treatment
step of infection due to high level of protection against antibiotics and antimicrobial
agents, being the thrust to human medical management. Hence, there is a crucial
demand to develop novel strategies to surpass the antibiotic resistance after under-
standing the clear mechanisms behind it. The plant compounds, phytochemicals, and
nanoparticles can be fused with antimicrobial agents, which have substantial research
evidence for their antibiofilm effects through their synergism. In spite of the clinical
trials being done on such compounds, further study is required to prove their safety
and effectiveness to support the clinical systems.
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Abstract

The growing antimicrobial resistance and persistence of pathogenic microorganisms in
infections—particularly in nosocomial infections—have become a major problem for public
health worldwide. One of the main causes of these issues is the formation of biofilms,
which are microbial communities associated with extracellular polymeric substances
(EPS) that form a slimy extracellular matrix, causing the bacteria to become more toler-
ant to usual drugs in these structures. Thus, the search for new antibiofilm compounds is
part of a strategy to deal with this problem. Endophytic microorganisms such as bacteria
and fungi, mutualistically associated with plants, are sources of compounds with biologi-
cal properties, including antimicrobials, and can be important allies in the synthesis of
antibiofilm. These secondary metabolites can interfere with cell-to-cell communication
and cell adhesion ability, promoting the dispersal of bacterial colonies and affecting bio-
film. Since endophytes are cultivable in laboratory conditions, these microorganisms are
environmentally friendly, as they do not contribute to pollution, are easy to handle and are
produced on a large scale. Furthermore, metabolites from endophytes are of natural origin
and may contribute to the reduced use of synthetic drugs. Considering these aspects, this
chapter will focus on the characterization of endophytic microorganisms as potential
active sources of antibiofilm and antimicrobial compounds with applications in medicine.

Keywords: endophytes, biofilms, antimicrobial resistance, antibiofilm activity,
anti-quorum sensing activity

1. Introduction

One of the most worrisome problems in public health nowadays is antimicrobial
resistance and multi-resistance (AMR and MDR). This natural process has been
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accelerated by the unrestrained and irrational use of antimicrobials, such as antibiot-
ics and antifungals [1]. One of the biggest challenges to overcome this problem is to
equate the speed of development of new drugs with the adaptation of pathogens to
current drugs, since the development of new compounds does not follow the grow-
ing resistance of microorganisms [2]. In addition, there is a large number of resistant
pathogens involved in healthcare-related infections (HAI), making the treatment

of diseases more difficult and expensive as well as increasing mortality and mor-
bidity rates [3, 4]. Among the most common pathogens in nosocomial infections,
bacteria from the ESKAPE group-an acronym used to refer to Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bawmannii, Pseudomonas
aeruginosa, and Enterobacter are the most problematic, as they have mechanisms
potentially involved in antimicrobial resistance [5]. Nevertheless, it is argued that the
main cause of resistance may not be related to the classic mechanisms of microbial
adaptation, but to the formation of a structure called biofilm [6].

Biofilms are organized, complex and dynamic communities of microorganisms
adhered to a biotic or abiotic surface and protected by a polymeric extracellular matrix,
which is composed of nucleic acids, polysaccharides, lipids, and proteins, generally
called polymeric extracellular substances (EPS) [7]. This characteristic of adhering to
different surfaces makes biofilms well disseminated in nature and easily found in dif-
ferent environments, including hospitals [8]. What makes biofilms so problematic for
health is the fact that they allow the microorganisms inside them to thrive and persist in
their environment. When related to infections, these structures tend to increase the tol-
erance of pathogens to treatments with conventional antimicrobial drugs, as they often
prevent these compounds from reaching target cells [9]. Additionally, biofilms harbor
different species of microorganisms that when acting together can lead to the develop-
ment of chronic diseases [10] as well as to antimicrobial resistance due to horizontal
gene transfer [11]. Another important point is the form of communication within bio-
films. Through the so-called quorum sensing (QS), an intra and extracellular communi-
cation channel of microorganisms, they are able to coordinately regulate their activities
in biofilms [12, 13]. Based on these considerations, the search for new compounds with
antibiofilm activity becomes essential for combating resistant microorganisms.

A niche that has been gaining space because of its diversified production of bio-
molecules is endophytic microorganisms. By definition, endophytic microorganisms
are bacteria and fungi that live symbiotically associated with healthy plant tissues
without causing any apparent damage to their host [14]. Endophytes are a source of
several secondary metabolites with, for example, antimicrobial [15], antitumor [16],
enzymatic [17], anti-COVID [18], and antibiofilm activities. The main antibiofilm
compounds currently sought are those capable of i) preventing or inhibiting micro-
bial adhesion to avoid biofilm formation, ii) dispersing the already formed biofilm,
and iii) interfering with intra/extracellular communication for biofilm formation
(anti-QS) [19]. It is already known that natural products, such as those produced by
endophytes, have advantages over synthetic compounds [20], for instance, rigidity,
which provides better protein-protein interactions [21], and the possibility of being
structurally shaped by evolution to be used by/in living beings [22]. Endophytic
microorganisms can also be used in the synthesis of nanoparticles with antibiofilm
activity. Nanoparticles can be defined as particles ranging from 1 to 100 nm and
with size-related properties [23], being important allies in public health, as they can
be applied in medicine [24]. Thus, the eco-friendliest method for the production of
nanoparticles is precisely through the so-called green synthesis, which uses products
from biological sources for the biosynthesis of nanoparticles [25].
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This book chapter discusses the use of endophytic microorganisms and their com-
pounds as potential tools for controlling and combating pathogenic biofilms, which
are closely linked to antimicrobial resistance.

2. Natural antibiofilm and anti-quorum sensing products synthesized by
endophytic microorganisms

Several studies have reported antibiofilm and anti-QS compounds produced by
endophytes, reinforcing and highlighting the potential application of these microor-
ganisms in various areas of health. Some of these studies are presented in Table 1 and
will be fully discussed throughout this chapter.

2.1 Natural antibiofilm agents from endophytic bacteria

Endophytic bacteria play a significant role in the production of a variety of
secondary metabolites with potential applications in medicine [45], opening up new
perspectives for the prospection of different bacterial species towards the discovery
of novel antibiofilm agents against pathogenic microorganisms.

El-Gendy et al. [46] isolated 51 Streptomyces strains from the inner healthy tis-
sue of Sarcophyton convolutum and determined the antibiofilm activity of ethyl
acetate extracts of these endophytes onto 96-well polystyrene plates against seven
methicillin-resistant S. aureus (MRSA) strains and nine multidrug-resistant
Pseudomonas species (MRD). The Streptomyces strain MORSY 22 showed destructive
activity of the biofilm produced by all S. aureus strains (MRSA1 to MRSA7), with
values ranging from 87.46 to 95.75%, and all Pseudomonas species (MRD 1 to MRD9),
with values ranging from 96.58 to 70.38%. These results revealed the potential of the
strain MORSY 22 to prevent biofilm formation by bacterial pathogens and to develop
antibiotic resistance.

Theodora et al. [47] screened the antibiofilm activity of endophytic bacte-
ria against the pathogenic bacteria Bacillus cereus ATCC 14579, S. aureus ATCC
29213, Enterococcus faecalis ATCC 33186, P. aeruginosa ATCC 27853, Salmonella
typhimurium and Vibrio cholerae. Crude extracts of isolates JB 19B and JB 18B
showed the highest biofilm inhibition activity (90%) and biofilm destruction
(76%), respectively, against S. aureus. Through scanning electron microscopy
(SEM) analysis it was possible to verify a reduction in the extracellular matrix of
the biofilms of B. cereus and S. typhimurium after treatment with extracts of isolates
JB 18B and JB 19 B. The isolate JB 3B also showed inhibition activity against biofilm
formation by all pathogenic bacteria. These findings confirmed the potential use
of antibiofilm inhibitors from endophytic bacteria as a strategy for the control of
bacterial infections.

Sabu et al. [48] isolated 14 endophytic actinomycetes from the rhizomes of Zingiber
officinale. The crude extract of Nocardiopsis sp. ZoAl at 200 pg/mL caused a reduc-
tion of more than 90% biofilm formation by multidrug-resistant coagulase-negative
Staphylococcus capitis 267 and Staphylococcus haemolyticus 41 strains. GC-MS/MS
analysis of Nocardiopsis sp. also revealed the presence of various compounds with
antimicrobial activity, such as phenol, 2,4-bis (1,1-dimethylethyl), and trans-cinnamic
acid. These results pointed to the inhibition of the synthesis of exopolysaccharide and
proteinaceous factors by tested crude extracts and their potential to prevent biofilm
formation by multidrug-resistant biofilm-forming strains.

181



Focus on Bacterial Biofilms

[1¥] 1oenIXy 9pnI) 9TOAD WNIVJOIQ WNLAIIIVGOULOLYT) “ds wniavsn,g vs031.415 v140]di(]
UNUDLIDUL

[o¥] sauoumbenyuedxorpAyLog snaanw ‘S YN WANIOLAIS24 WATII[LOIUI] wngdqis
9Z0AD ds vipojdiprsvy vuvipdsvapvus

[6£] JoenIXy 9pnI) wnaowjola ) UANADIUTUADAT UATLADS L] 03pIUIN
¢-1hzuaq-g v1j0fip109

[8€] ‘ojozerpexo [ ‘¢ ‘7] pue arereyyd [£1o0osnq ULYTL DDLV wanavjoia "5 T'8TEEY0dD Psourdnion vAIPIUUY
(€] 10enXy 21e10Y Ay 1OVd vsowdniov g +9-SO T 2vuosqoay1opnasd T WNIIUDS NI
[9g] aseuenX(] 10OVd vsousnion g ds saoduoavyyy, v1324 X1UOJI(T
[s€] 1oenIXy 9pnID 1OVd vsowrdniov s421 sisdouroy g vivdpd vorv)
€] 10enxy 218190y [Aag SuvInuL s120203da43 +¥9-SO Td] 2vuioiqoayiopnasd ] WNIIUVS WNULI0)

(80£STTIIN)
[€€] urne(domeorpAyrq 1]02 5 Snany °g WD POLaISUD SN]JL3A2dSTy T snlvws 1wy
[zg] v ursadiae], SHaANDY °§ 8TIV sadiavyf snypduadsty snijofiorr snyIuvay
¥9-SO TddI
[1€] JoenIXy 21e190Y Ay 165€€ DDLV snaanv s YN avwosqoayiopnasdvipojdiporsvy WNIIUVS WNULI0)
sueuou

[0°€"¥] o1pAd1q [AINqOSI-g-0XO0Ip-G ‘C-BZBIP-§ ‘T VSOUIIDA

[o€] JoeIIXy 9pNID avruouwnaud v]jarsqap] 7 SINQ “ds sisdowpavoop vdaanvy)
wngpvassoudf

[62] aseuo}oe[-THY urajoid-o[[erdopy vpydospdy svuoutosdyy “ds uagovqoasguzy WNIULIS0D)
vuvivdspapvus

[82] 3SBU0]OP[-2U0)IB] SULISSOWOY [AdB-N 10OVd vsourdniov g 99LA SUIZ0IV 4I1IVGOAJUT 03V
Vid 1oenIXy €120y A “ds svuowopnasg “ds vprpuvy 20-ASNA( FVULADTSYI DIYUDL] -dds vuravnsvy

796 snaanw "§ JIN ‘00€EY DDLV snaanv

[92] 10BIIX N[O ‘SUIN €1T6T DDV $124np °S ‘€265 DDLV Shonw °g AV snotuiofipo sookuiordass 119U DAMIDT
SouaIayey punoduio) 1981e], a1fydopuy jue[q IS0

182



‘squp]d 3501y Jua4aff1p uiosf pagpiost viiagovg puv 13unf sydydopus Aq paonposd spunoduios [pangpu Jo s313101300 SO-1IUY puv wagLforqLauy

“TaIqeL,

V uLreualy ‘uorirjueifd

syugns q
/]
SN2ANY °S

Development of Antibiofilm Substances by Endophytic Microorganisms with an Emphasis...

DOI: http://dx.doi.org/10.5772/intechopen.104522

[#¥] ‘uoyoejorfing ‘oprureuedLdg ‘UIUS[RLINISY DSOULINAIY ] THYVY $na4431 snjjdaadsy DIUADI DIOWLOA]
[e¥] 10BIXH 2pNID) 10OVd vsourdniov g 1dSS wnaiojoasvyd sygiodviq vlvdpd 0
[+ sapnredoueu IATISOIAN vSOULINAID J vIA1504 D142VY 5039 WNASIU WUNUD]OS
JouaIayey punoduro) 198xe], e[ 3soy

183



Focus on Bacterial Biofilms

Biosurfactants are an important class of natural antibiofilm agents produced by
microorganisms. They comprise a structural and heterogeneous group of amphipathic
molecules, which include glycolipids, lipopeptides, phospholipids, fatty acids and
neutral lipids, polymeric and particulate biosurfactants [49, 50]. These microbial
molecules can interfere with cell-to-cell communication mediated by QS and cell
adhesion ability, promoting the dispersal of bacterial colonies and affecting biofilm
formation through distinct mechanisms, such as cell membrane damage, inhibition
of electron transport chain and energy restriction [51, 52]. Additionally, microbial
surfactants have been considered an eco-friendly alternative with low toxicity and
high biodegradability, selectivity and compatibility when compared to chemically
synthesized surfactants [53].

Recently, Ashitha et al. [54] studied the endophyte Burkholderia sp. WYAT7 was
isolated from the medicinal plant Artemisia nilagirica (Clarke) Pamp. in order to
evaluate its antibiofilm activity. The biosurfactant present in the culture superna-
tant was identified and characterized as a glycolipid, and an inhibitory effect on the
S. aureus (MTCC 1430) biofilm formation was observed. The percentage of biofilm
formation suppression by MTCC 1430 was 41.79% and 79.22% when treated with
1 mg/ml and 2 mg/ml, respectively. These results suggested that the surfactant
produced by Burkholderia sp. WYAT7 could be explored as a therapeutic agent for
the control of pathogenic bacteria.

Ceresa et al. [55] reported that lipopeptide biosurfactants produced by the endo-
phytic B. subtilis AC7 (AC7BS) isolated from Robinia pseudoacacia efficiently reduced
Candida albicans adhesion to and biofilm formation on medical-grade silicone elasto-
meric disks (SEDs) by 57-62% and 46-47%, respectively. Chemical analysis of the crude
extract revealed the presence of surfactin and fengycin. Since the fungus C. albicans is
considered responsible for colonizing medical implants and causing a high mortality
rate, the authors suggested the potential use of these biosurfactants to coat silicone
medical devices in order to limit colonization of the pathogen and prevent infections.
Later, Ceresa et al. [56] studied the synergistic effect of lipopeptides of B. subtilis AC7
(AC7BS) combined with the QS molecule farnesol to counteract C. albicans biofilms
on silicone elastomer in simulated physiological conditions. There was a significant
reduction of up to 74% in the pathogen adhesion within 1.5 hours and up to 93% and
60% in the biofilm formation within 24 and 48 hours, respectively. These effects were
confirmed by scanning electron microscopy (SEM) and confocal laser scanning micros-
copy (CLSM). According to the authors, these findings opened up new perspectives for
the combination of biosurfactants and farnesol to counteract C. albicans adhesion to and
biofilm formation on materials for medical use.

Cochis et al. [57] evaluated the preventive anti-adhesion activity of biosurfac-
tants extracted from endophytes from R. pseudoacacia (AC5 and AC7) and Nerium
oleander (OCS) against C. albicans biofilm on acrylic resin and disks of silicon. The
effective concentrations for C. candida biofilm inhibition without cytotoxic effects
on mouse fibroblasts (ATCC L929) and human keratinocytes (ATCC HeLa S3) were
156.3 g/ml and 78.1 g/ml, respectively. These results demonstrated the potential use
of these biosurfactants for the prevention of C. albicans biofilm adhesion to catheter
and prosthesis materials.

2.2 Natural antibiofilm agents from endophytic fungi

Several recent studies have shown the potential of endophytic fungi as producers
of biomolecules with antimicrobial activity [58]. Historically, fungi are known for
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their diverse production, including penicillin-the first antibiotic discovered [59]. For
such reason, over the years researchers have focused on the discovery of new fungal
antimicrobials, such as clavatol, sordaricin, jesterone, and javanicin [60]. Based on
this, it is evident how interesting endophytic fungi can be in terms of the production
of antimicrobial compounds.

May Zin et al. [61] obtained several bioactive metabolites from the endophytic
fungus Eurotium chevalieri KUFA 0006 isolated from Rhigophora mucronata. The new
compounds were tested to verify their antibiofilm activity against E. coli ATCC 25922,
E. faecalis ATCC 29212, and S. aureus ATCC 25923. Thirteen metabolites effectively
inhibited the growth of biofilms, whereas eight inhibited the biofilm formation by
E. coli ATCC 25922, six by S. aureus ATCC 25923 and only one by E. faecalis ATCC
29212. This work also highlighted compound 3, which showed antibiofilm activity
against E. coli ATCC 25922 and S. aureus ATCC 25923, causing a reduction of about
80% in the staphylococcal biofilm. The authors also performed tests to evaluate the
antibiotic activity of these metabolites against the same pathogenic strains and found
a positive result in only one compound. This is a very interesting finding, because
even though certain compounds did not present an inhibitory effect against the
pathogen alone, they had an inhibitory activity against the biofilm.

Narmani et al. [62] isolated the fungus Chaetosphaeronema achilleae from Taxus bac-
cata and reported the production of seven compounds from the endophyte. In general,
the metabolites were tested at different concentrations against S. aureus DSM 1104
biofilms and all of them presented some inhibitory activity even at lower concentrations.
Among them, compound 4 stood out, showing strong biofilm inhibitory activity of
about 96.82% at a concentration of 256 pg/mL and approximately 91.95% at 128 pg/mL.
In addition, compound 7 was able to inhibit about 96.18% at 256 pg/mL of the biofilm,
which represents a quite positive result. In the same work, it was observed that not all
compounds exhibited antimicrobial activity against S. aureus DSM 1104 alone, as only
metabolites 2 and 7 were positive.

Kaur et al. [63] isolated the fungus Alternaria destruens (AKL-3) from Calotropis
gigantea and observed antibiofilm activity of the active fractions AF1 and AF2 during
biofilm formation and in the preformed biofilm. The test microorganisms were
P, aeruginosa, C. albicans, E. coli and Salmonella enterica, and two different concentra-
tions of each active fraction were tested. In the case of AF1, all biofilms had their
formation relatively inhibited, in addition to having been moderately reduced in the
preformed biofilm. With regard to AF2, the same could be observed, that is, all bio-
films were inhibited in the initial phase and in the preformed biofilm. Nonetheless,
according to the authors AF1 was more promising and showed significantly greater
activity than AF2 in all tests with the pathogenic strains.

Kaur et al. [64] evaluated the antibiofilm activity of the chloroform extract of
the endophytic Aspergillus fumigatus isolated from Moringa oleifera against S. aureus
MTCC 740, K. pneumoniae MTCC 109, and C. albicans MTCC 227. In this study, the
authors performed tests at different stages of the biofilm, namely, the initial cell fixa-
tion phase and the preformed biofilm. In the initial fixation tests, the fungal extract
was able to inhibit the formation of S. aureus, K. pneumoniae, and C. albicans biofilms
by 69.2%, 57.66%, and 55%, respectively, with the standard antimicrobials showing
similar results. The authors also argued that the inhibition of the initial fixation of the
C. albicans biofilm by the fungal extract was better than that of the standard antifun-
gal (amphotericin B) since the value obtained was approximately 53.3%. Regarding
the tests against preformed biofilms, the extract reduced by about 51%, 53.4% and
47.6% of the S. aureus, K. pneumoniae and C. albicans biofilms.
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Elkhouly et al. [65] studied the metabolism of the endophytic fungus Aspergillus
Tubenginses ASH4 isolated from Hyoscyamus muticus in order to understand the pro-
duction of antibiofilm compounds. During the study, pathogenic biofilms of S. aureus
ATCC6538-P, Bacillus subtilis, P. aeruginosa ATCC27853 and E. coli were bioindicators
of the extract as well as of the pure compound. The endophytic extract was able to
suppress the formation of the S. aureus, B. subtilis, P. aeruginosa, and E. coli biofilms by
60.8%, 50.06%, 28.44%, and 37.68%, respectively. Subsequently, the pure compound
identified as anophinic acid was tested against the same strains, reaching an inhibi-
tion of 61.39%, 54.93%, 69.51%, and 34.45%, respectively. Based on these results, it is
possible to observe that the values are similar between them, except in the case of
P, aeruginosa.

Qader et al. [66] isolated the marine endophytic fungi Epicoccum nigrum
M13 and Alternaria alternata 13A from Thalassia hemprichii and tested 16 pure
compounds obtained from them. The bioindicators for the antibiofilm activity
test were E. coli, S. aureus, B. subtilis, and P. aeruginosa, all clinically isolated from
hospitals in Egypt. Among the tested compounds of E. nigrum M13, three showed
antibiofilm activity against pathogenic strains ranging from moderate to weak. The
authors pointed out that some compounds such as 1 exhibited moderate activity
against S. aureus and B. subtilis, but weak activity against E. coli and P. aeruginosa.
In addition, compounds 3 and 5 showed moderate activity against Gram-positive
bacteria, but weak activity against Gram-negative ones. As for the compounds
isolated from A. alternata 13A, five of them presented activity against the biofilms
of the indicator strains. Unlike what was seen in E. nigrum M13, compounds 7, 8, 9
and 10 from A. alternata 13A inhibited by 70-80% the S. aureus and B. subtilis bio-
films, indicating an excellent activity. The same compounds also showed moderate
activity against E. coli and P. aeruginosa biofilms. On the other hand, compound
11 exhibited weak activity against S. aureus, E. coli and P. aeruginosa but moderate
activity against B. subtilis.

2.3 Anti-quorum sensing activity of natural agents from endophytic
microorganisms

Quorum sensing (QS) is a complex density-dependent microbial cell communica-
tion system that occurs in single or mixed populations through autoinducers (Als) or
QS molecules. It is a population-dependent signaling mechanism in which microor-
ganisms activate some signaling molecules according to the cell density. This behavior
can be observed in several species of fungi and bacteria [67-69], being considered
an inter- and intraspecies communication behavior that leads to genetic responses to
autoinducers. This allows the microbial community to perceive and respond to vari-
ous factors, including the presence of threats. The QS activity is responsible for the
regulation of several bacterial physiological activities, such as pathogenesis, biofilm
formation, swarming motility, bioluminescence, pigment disposal, polysaccharide
production, and virulence, transforming the QS molecules into an important target
for alternative antimicrobial therapy and antibiofilm activity [70].

After their production, when Als reach an optimal concentration they bind to
receptors on microbial cells, causing an alteration in gene expression. This ability
gives biofilms adaptability to the environment as well as greater resistance to elimina-
tion, which in turn increases their virulence [71, 72]. In addition, QS molecules are
also considered responsible for inhibiting or delaying the growth of other bacteria or
fungi that are not part of their biofilm.
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It is known that QS molecules are different for each microbial species.
Furthermore, the type of communication in mixed biofilms also differs, that is, it
can be either inter or intraspecies. There are four main categories of Als: Al-1, AI-2,
AI-3, and AIP. According to Schauder et al. [73], the molecules AI-2 are responsible
for interspecies communication, while Smith et al. [74] argue that the molecules AI-1,
AI-3, and AIP are in charge of the intraspecies communication.

Figure 1 shows the QS mechanism in a fungal cell in a simplified way. Als (named
signal molecules) are synthesized by fungal cells and released to the outside of the
cell. Signal receptor proteins detect Als and stimulate the expression of various genes,
such as virulence, growth, and morphogenesis regulators.

Since the QS mechanism is responsible for the survival and increased virulence
of biofilms, the development of QS inhibition strategies has been of great impor-
tance. Most QS inhibition mechanisms use one of the following strategies:

i) degradation and/or inactivation of Als; ii) inhibition of Al synthesis; iii) inhibi-
tion of Al detector; and iv) antibiotics as QS inhibitors [76]. In the context of QS
mechanisms of biofilms, endophytic microorganisms—considered to be synthesiz-
ers of QS inhibitors-have gained increasing attention. According to Mookherjee
etal. [76], as endophytic microorganisms need to constantly produce defenses
against competing microbial populations, they become an interesting source of QS
inhibitors. QS inhibitor molecules can be produced by either endophytic fungi or
bacteria [40, 77, 78].

Since QS can regulate the expression of virulence factors, QS inhibitors (QSIs)
appear to be a promising antimicrobial strategy. As they act by imitating the QS
autoinducers, they can be used to attenuate bacterial virulence, thus requiring lower
doses, being more susceptible to the host immune system and reducing the use of
antibiotics [39]. There are several studies reporting the QSI activity of biofilms.

Q. Q. SIGNAL MOLECULES
o0 0.2

SIGNAL RECEPTOR PROTEIN

~ D

GENE EXPRESSION OF
VIRULENCE FACTORS

Figure 1.
QS mechanism scheme adapted from Sharma et al. [75].
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2.3.1 QSIs produced by endophytes

It is known that endophytic fungi are responsible for the control and regulation
of physiological activities of pathogens in animals and plants. Several studies have
identified the production of QS inhibitors by endophytic fungi. Rajesh and Rai [39]
isolated the endophytic fungus Fusarium graminearum from Ventilago madraspatana
and measured the enzyme production using spectrophotometric and plate assay
methods. Its anti-QS activity was analyzed against Chromobacterium violaceum
CVO026, yielding strong positive results. Additionally, the extract of the endophytic
fungus was able to inhibit the production of violacein pigment in the bacterium tested
without any changes in bacterial growth. The authors then concluded that there was
production of QS inhibitors by the endophytic fungus from Ventilago madraspatana,
which in turn can be used for the development of anti-QS drugs-mainly against drug-
resistant microorganisms.

Anti-QS molecules of Lasiodiplodia sp. from marine plants were also tested against
C. violaceum CVO26 by Martin-Rodriguez et al. [41]. Four strains of the endophytic
fungus stood out for their strong anti-QS activity. These strains were identified as
belonging to four genera: Sarocladium (LAEEO6), Fusarium (LAEE13), Epicoccum
(LAEE14), and Khuskia (LAEE21). The authors reported that this was the first time
that QS inhibitors were found in endophytic fungi extracted from marine plants.

Mishra et al. [70] showed that 2,4-di-tert-butylphenol (2,4-DBP), a component
isolated from the endophytic fungus Daldinia eschscholtzii, is capable of inhibiting the
QS activity of P. aeruginosa—one of the top three gram-negative bacteria considered
a global threat due to its multiple drug resistance. They noticed that when exposed
to 2,4-DBP, P, aeruginosa reduced the biofilm production and its virulence factors, as
well as the expression of QS-related genes, confirming that 2,4-DBP can be used in
combination with antibiotics to combat P, aeruginosa.

Zhou et al. [79] conducted a study that identified the QSI activity of 1-(4-amino-
2-hydroxyphenyl) ethanone (AHE) isolated from the endophytic fungus Phomopsis
liqguidambari S47 from the leaves of Punica granatum against P aeruginosa PAO1. The
compound acted by suppressing the expression of genes related to QS, inhibiting
the activity of antioxidant enzymes and enhancing oxidative stress. Pellissier et al.
[80] explored the QSI activity of endophytic fungi extracted from the tropical palm
Astrocaryum sciophilum against P. aeruginosa. Two pyran derivatives extracted from
the endophytic strain Laccophilus venezuelensis showed activity affecting QS-regulated
virulence factors.

Like endophytic fungi, bacteria are able to interact with each other (intra- and
interspecies communication) through Als. Kusari et al. [77] studied how endophytic
bacteria from Cannabis sativa plants use QS inhibition as an antivirulence strategy
in C. violaceum. A total of 13 endophytic bacteria were isolated from C. sativa, and
their extracts were prepared and tested against C. violaceum. Four of them (Bacillus
sp. strain B3, Bacillus megaterium strain B4, Brevibacillus borstelensis strain B8, and
Bacillus sp. strain B11) exhibited the significant potential to weaken C. violaceum cell
QS signals in a concentration-dependent manner.

Endophytic isolates of the phylum Actinobacteria previously isolated from com-
mon bean (Phaseolus vulgaris) were tested against pathogenic microorganisms by
Lopes et al. [81]. Among them, Microbacterium testaceurmn BAC1065 and BAC1093
were found to inhibit QS of C. violaceum and E. coli. Kiarood et al. [82] found two
strains (Bacillus cereus Si-Ps1 and Pseudomonas nitrogenformans La-Pot3-3) among 64
endophytic bacteria isolated from Citrus sinensis able to reduce the detection of QS
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molecules in Pseudomonas syringae. The B. cereus extract strongly inhibited P. syringae
biofilm formation. An interesting fact reported by the authors was the increased
number of cells in planktonic cultures treated with anti-QS molecules compared to
control groups. This demonstrates that the molecules directly affect biofilm forma-
tion, but do not interfere with population growth.

3. Metal-based nanoparticles (NPs) synthesized from endophytic
microorganisms as antibiofilm agents

The biosynthesis of metal-based NPs using endophytic microorganisms is a
promising green synthetic route, considering the way to obtain these NPs and their
final environmental impact [83]. These NPs can be used in many different technol-
ogy sectors with emphasis on health [84, 85]. The biosynthesis of these NPs can
occur intra- and/or extracellularly. The intracellular biosynthesis occurs through
electrostatic interaction between positive charges from metal ions in a solution and
negative charges from the bacterial/fungal cell wall [86]. In this process, microbial
reductases dependent on NADH and NADPH are responsible for the transport of
electrons, working as biocatalysts for redox reactions [87, 88]. In contrast, in extracel-
lular synthesis, the culture supernatant, biomass, or cell-free extract is mixed with
the metal ion solution, and the NPs are produced outside the microbial cell [89]. This
process is performed by reductases produced and secreted into the culture medium by
microbial cells and other cofactors [89, 90]. Therefore, biosynthesis through endo-
phytic microorganisms can be used to obtain a series of different NPs, being the most
common metallic/metallic oxides.

Noble metal NPs such as Ag has been widely used since ancient times for medici-
nal purposes due to their antimicrobial action [91]. Thus, it is natural that most of the
works in the literature on the production of nanoparticles from endophytic microor-
ganisms for microbial elimination are focused on Ag NPs. When these NPs are used
for the inhibition of biofilms, the interaction between the NPs and the biofilm occurs
in a succession of steps: first, the NPs are transferred to the biofilm surroundings;
then, their superficial fixation occurs, followed by their migration to the biofilm
interior [92]. Metal NPs can generate high local oxidative stress as a result of the pro-
duction of reactive oxygen species (ROS), in addition to releasing M" ions, which can
interact with various functional groups of microorganisms, such as proteins, lipids,
and DNA [93]. Furthermore, they can bind to the cell membrane surface by electro-
static interactions and penetrate by endocytosis and direct diffusion [94]. Metal oxide
NPs can generate a high concentration of ROS even in the dark, interacting similarly
with metal NPs, and cause secondary effects due to both local contact of metal oxide
NPs with microorganisms and ionic release (depending on the stability of the oxide in
the reaction medium used) [95, 96]. Figure 2 illustrates the mechanism of action of
the nanoparticles on the biofilm.

Bakhtiari-Sardari et al. [97] biosynthesized Ag NPs from the inoculum of two
strains of Streptomyces sp. (OSIP1 and OSNP14) using the cell-free supernatant from
these cultures to inhibit P. aeruginosa ATCC 27853 biofilms, resulting in Ag NPs with a
spherical shape and an average size of 8 and 15 nm, respectively. The growth of P aeru-
ginosa biofilms was inhibited by up to 85% at a minimum concentration of 125 pg/mL
of Ag NPs. The highest activity of the Ag NPs synthesized by the strain of Streptomyces
sp. OSIP1 was attributed to the smaller size of Ag NPs obtained. Ranjani etal. [98]
used the same Ag NP biosynthesis strategy to inhibit the growth of P. aeruginosa ATCC
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Figure 2.
Schematic illustration of antibiofilm effects of metal and metal oxide NPs.

27853. Using the cell extract of the fungus L. theobromae (MK942601), it was possible
to obtain agglomerated Ag particles with an average size of 163.3 nm. The result of
biofilm growth inhibition was 70% at a concentration of 50 pg/mL of Ag NPs. Bagur
etal. [99] biosynthesized Ag NPs with an average size of 16.1 nm through a cell extract
of the fungus E. rostrata due to its crucial role in the growth inhibition of P. aeruginosa
and S. aureus. It was observed that there was a significant decrease in the growth of both
pathogens at a concentration of 5 pg/mL of Ag NPs.

Neethu et al. showed in two different works the effectiveness of Ag NPs against the
biofilm growth of the multidrug-resistant bacterium A. baumanii [100, 101]. In their
first work, the biomass of the fungus Peridinium polonicum was used to synthesize
spherical Ag NPs with sizes between 10 and 15 nm. It was observed that after 5 hours
of exposure to the Ag NPs there was a reduction of more than 99.9% (3 log reduction)
in the number of viable bacteria at a concentration of 15.6 ug/mL [100]. In their other
work, the authors [101] produced a bionanocomposite coating with biosynthesized
Ag NPs for a central venous catheter (CVC) using polydopamine as an adherent film
of Ag NPs. Like in their previous work, it was observed that the CVC functionalized
with Ag NPs eradicated the A. baumanii biofilm.

Ranjani et al. [102] synthesized Ag NPs nanocolloids and used them for the
elimination of E. coli ATCC 25922 biofilms, commonly present in intensive care units
(ICUs). The cell extract of the fungus L. theobromae (LtNc’s) was able to produce Ag
particles with an average size of 436.5 nm. At a concentration of 12.5 pg/mL of these
Ag NPs, there was a 50% reduction in E. coli biofilm formation. In another work,
Chandankere et al. [103] synthesized Ag NPs with sizes between 4 and 26 nm using
the fungus Colletotrichum sp. DM16.3 to inhibit the growth of biofilms of bacteria B.
cereus (Gram-positive) and Vibrio cholerae (gram-negative). At a concentration of
10 pg/mL of these Ag NPs, it was possible to observe an inhibition of biofilm growth
of 45.6% for B. cereus and 85.1% for V. cholerae. Ibrahim et al. [104] used the cell
extract of the bacterium B. siamensis to synthesize Ag NPs with sizes between 25 and
50 nm. It was observed that at a concentration of 20 ug/mL these Ag NPs were able
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to inhibit the growth of biofilms of Xanthomonas oryzae pv. oryzae LND0005 and
Acidovorax oryzae RS-1 by 86.31 and 80.59%, respectively.

Metal oxide NPs can also be synthesized by endophytic microorganisms and
used to inhibit biofilm growth. Dhandapani et al. [105] synthesized TiO, NPs
(10-30 nm) from the biomass of the bacterium B. subtilis (F]J460362). Tests were
performed using microorganisms present in local aquatic sources and in the pres-
ence of light so that TiO, produced more ROS, causing high oxidative stress to
microorganisms. The Se and SeO, particles (75-225 nm) were synthesized from
the extract of the bacterium Bacillus sp. MSh-1 and tested against the biofilms of
P mirabilis, S. aureus, and P. aeruginosa, resulting in inhibitions of 53.4, 48.1, and
55.1%, respectively [106]. Balaji et al. synthesized ZrO, particles using the bacte-
rium B. niancini and used them to remove the biofilms of E. coli (91.5%), Klebsiella
aerogenes (71%), P. vulgaris (83.25%), S. aureus (92.5%) and S. mutant (90.5%) at a
concentration of 40 pug/ml [107].

4, Conclusions

Biofilms are known to be closely linked to the growing resistance of pathogens,
posing a threat to public health. Based on this fact, endophytic microorganisms
considered as potential and eco-friendly producers of compounds with antibiofilm
activity may be a source for the discovery of new biomolecules to combat these
pathogens since they can synthesize compounds with anti-adherent properties, being
capable of dispersing pre-synthesized biofilms.

These microorganisms also produce QS inhibitors that can harm the communica-
tion between pathogens in biofilm and, consequently, interrupt its formation. There
are several researches showing the capacity of endophytic production in the preven-
tion and dispersion of biofilms of, for example, ESKAPE pathogens, and this is really
relevant because these microorganisms had been causing such a considerable problem
to public health.

In addition, the microbial products of endophytes can also be used in the biosyn-
thesis of metal-based nanoparticles, which have been demonstrating an interesting
activity against biofilms. Some studies showed that metal-based nanoparticles can
allocate on the surface of biofilm and migration to its interior, interacting directly
with the pathogens inside, causing their death in different ways.

Thus, endophytic microorganisms deserve a position in the discussion about the
development of new antimicrobial and antibiofilm medicines, mainly because several
researches described in this review showed the potential of endophytes against harm-
ful pathogens and their biofilms.
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Abstract

Biofilms, are vastly structured surface-associated communities of microorganisms,
enclosed within a self-produced extracellular matrix. Microorganisms, especially bac-
teria are able to form complex structures known as biofilms. The presence of biofilms
especially in health care settings increases resistance to antimicrobial agents which
poses a major health problem. This is because biofilm-associated persistent infections
are difficult to treat due to the presence of multidrug-resistant microorganisms. This
chapter will give an idea about documented agents including isolated compounds,
crude extracts, decoctions, fractions, etc. obtained from natural sources such as plants,
bacteria, fungi, sponge and algae with antibiofilm activities. Furthermore, we have
done phylogenetic analysis to identify plant families most prolific in producing plant
species and compounds with good antibiofilm properties so as to aid in prioritizing
plant species to investigate in future studies. The data in this chapter will help serve as
valuable information and guidance for future antimicrobial development.

Keywords: biofilm, natural products, quorum sensing, anti-biofilm agents,
antimicrobials

1. Introduction

The empirical approach to antimicrobial therapy among health care professionals
and the concurrent patronage of over-the-counter antibiotics by patients have together
caused an exponential rise in multidrug resistance among clinically relevant antimi-
crobials and with increasing trends for the past two decades [1]. Different mechanisms
of antimicrobial resistance have been proposed, including the (i) alteration of the
antibiotic target by genetic mutations or post-translational modification, (ii) deactiva-
tion of the antibiotic through hydrolysis or modification, such as phosphorylation by
an enzyme, (iii) increased efflux of the antibiotic out of the cell by efflux pumps and
porins, (iv) decreased influx/penetration of the antibiotic into the cell, through changes
in cell wall structure; and overproduction of the antibiotic target through gene ampli-
fication [2]. However, one of bacteria’s preferred and commonly deployed strategies to
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overcome the effect of antimicrobials is the formation of biofilms. Over 90% of patho-
genic bacterial species, including Staphylococcus aureus (S. aureus) and Pseudomonas
aeruginosa (P aeruginosa), possess an inherent ability to produce biofilms, making
biofilms the leading cause of multidrug resistance among microorganisms [3-5].

Biofilm is a complex community of sessile microbial communities embedded in
a self-producing polymeric matrix comprising exopolysaccharides, proteins, nucleic
acids, and cell surface proteins [6-8]. As a community of microorganisms, biofilms
constitute either a single microbial species or a combination of a different class of
bacteria, fungi, protozoa, archaea, and yeast, with a unique ability to colonize almost
any environmental niche, biotic or inert surfaces [9-13]. Biofilm enables microorgan-
isms to withstand harsh environmental conditions such as nutrient deficiencies, high
osmotic pressure, the low potential of hydrogen, oxidative stress, and antimicrobial
insults [14]. The increased resistance of biofilms to antimicrobials arise from phe-
notypic cell variation and gene transcription. In particular, there is an exponential
growth of microorganisms and genetic transfer of extrachromosomal elements via
cell-to-cell communication system called quorum sensing [14-17]. Quorum sensing
is critical in the development and survival of biofilms; thus, it regulates the nutri-
tional demands of microorganisms within the biofilm to meet the external supply of
resources [18, 19]. In addition quorum sensing is essential for the biosynthesis and
secretion of small molecule signals that activate a range of downstream processes
including virulence and drug resistance mechanisms as seen in biofilms [20, 21].

The health risks of biofilms are enormous, which underscore their utilization in
plant protection, bioremediation, wastewater treatment, and corrosion prevention in
agricultural and industrial settings [22-24]. In particular, the biofilm grows on living
human tissues such as the lungs and teeth and the surfaces of implanted biomedical
devices, including contact lenses, central venous catheters [8, 25], prosthetic joints,
pacemakers, and intrauterine devices [7]. Unlike single bacterial plankton cells, the
treatment of biofilm-mediated infections is challenging owing to the decreased sus-
ceptibility to antimicrobial agents and other chemotherapeutics. The availability of
qualitative (such as Congo red agar, microtitre plate, tube methods) and quantitative
(including polymerase chain reaction (PCR)) techniques have enabled the detec-
tion and measurement of biofilms [26]. Conversely, the evaluation and screening of
antimicrobials against biofilms are of great challenge. In particular, standard micro-
dilution testing cannot evaluate the susceptibility of biofilms to antimicrobial drugs
because these tests focus on planktonic (suspended) organisms rather than biofilm
(surface-associated) organisms [7]. Instead, susceptibility must be determined
directly against biofilm-associated organisms, preferably under conditions that mimic
in vitro and/or in vivo conditions. In this light, several biofilm models systems have
been developed to permit accurate screening and evaluation of novel agents for their
antibiofilm activity [27, 28].

Although nature has provided a plethora of natural products with varying
chemotherapeutic properties to fight human infectious diseases, discovering new
and effective antimicrobials has been slow. The decline in the efficacy of existing
chemotherapy and the surge in drug resistance has triggered an expedient exploration
of natural products, especially from plants and microbial origin, for their antibiofilm
activity against biofilm-mediated human infections. Plant extracts and plant-derived
chemical products, such as essential oils, flavonoids, terpenoids, have been shown in
vitro to have antimicrobial and antibiofilm activity [27-31]. Secondary metabolites
and other peptidic compounds from microorganisms also exhibit antagonistic effects
against biofilms [6, 32]. These chemical constituents exert their action by inhibiting

204



Natural Products as Antibiofilm Agents
DOI: http://dx.doi.org/10.5772/intechopen.104434

critical elements within a biofilm and/or terminating biofilm formation processes
[33]. Given the unique nature of plants and microbes, natural products derived from
these sources could provide an avenue for developing newly efficacious and clinically
desirable chemotherapies against biofilms-mediated infections and their associated
health consequences.

This chapter aims to provide a comprehensive summary of natural products
from plants and microbial sources as potential sources of antibiofilm agents. Again,
it highlights the strategies and model organisms used to identify and evaluate the
antibiofilm capacity of these naturally isolated chemical compounds.

2. Biofilm formation

Biofilm formation represents a survival mechanism deployed by microorganisms
in response to unfavorable environmental conditions [34]. Structurally, biofilms are a
collection of adherent microorganisms in a milieu of an extracellular matrix consist-
ing of polysaccharides, proteins, nucleic acids, and lipids. This unique architecture
enables biofilms to cling firmly to surfaces of implanted body organs and biomedical
devices and, more importantly, increase their resistance to antimicrobial therapy. The
presence of bacterial secreted glycocalyx and degrading matrix enzymes reduces the
antimicrobial concentration of which individual plankton cells within the biofilm are
exposed [35, 36].

The morphogenesis of biofilms constitutes five distinct stages; namely, reversible
attachment, irreversible adhesion, production of extracellular polymeric substances,
biofilm maturation, and dispersal/detachment. As the initial step in biofilm forma-
tion, reversible attachment is characterized by the interaction between plankton cells
and the conditioned surface. Fewer plankton cells move to the surface of the substrate
by convection, pedesis, or sedimentation [37]. Consequently, chemotaxis directs
bacterial cells along a nutrient gradient [38]. Upon reaching the surface of the sub-
stratum, the interaction between the cell surfaces and the substratum is dependent on
the net sum of repulsive or attractive forces generated by the two characters [39, 40].
The presence of fimbriae, flagella, pili, and glycocalyx enables the microorganisms to
overcome the repulsive forces (such as electrostatic, hydrophobic, Van der Waals, and
hydration interactions) from the substratum and subsequently cling [39, 41, 42]. The
rate of biofilms formation is influenced by the substrate’s physicochemical properties,
including the surface roughness, hydrophobicity, surface charge, and the presence of
conditioning films [41, 43, 44].

Furthermore, bacterial cells transition into an irreversible adhesion phase.
Irreversible attachment occurs through the combined effect of short-range forces
of the substrate (such as dipole-dipole, hydrogen, ionic and covalent interactions)
and adhesive structures of the bacterial cells. The flagella and pili, for instance, are
critically important in the attachment process of various strains of microorganisms
[45-48]. For example, Vatanyoopaisarn et al. demonstrated the firm clinging ability
of wild-type Listeria monocytogens (L. monocytogens) compared to the non-flagellated
mutant type [45]. Similarly, Di Martino and colleagues showed the distinctive role of
type one and type three fimbriae in initiating the attachment of Klebsiella pneumonia
(K. pneumonia) to abiotic surfaces [46]. Alarcon and coworkers also observed the
critical role of pilus in the twitching substrate movement of P. aeruginosa [48].

Moreover, the resident plankton cells produce extracellular polymeric substances
(EPS), an essential biofilm component. Quorum sensing and cyclic-di-GMP mediated
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EPS formation [49-52]. The formation of EPS promotes cohesion among bacteria and
the adhesion of biofilms via hydrophobic and ionic interactions [49, 53, 54]. In addi-
tion, EPS is vital in constructing biofilms, maintaining biofilm architecture, quorum
sensing, and genetic transfer among individual organisms within the biofilm [49, 55].

The resident bacterial cells proliferate into microcolonies mediated by autoin-
ducers (Als). Als are chemical signaling molecules that permit intra-species and
inter-species bacterial cell-to-cell communication [56, 57]. The surge in Als activates
critical enzymatic machinery in bacterial species for regulating the formation of
microcolonies and the maturation of biofilms [52]. For example, the increase in Als
causes synchronous activation of the 15 gene-long epsA-O in Bacillus subtilis (B. sub-
tilis) that causes an increased production of EPS. The proliferation of microcolonies
and the increased accumulation of EPS trigger gene expression [52]. This alteration
in gene expression reversibly stimulates additional EPS as adhesive molecules to bind
individual plankton cells. In addition to EPS production, water channels are created to
facilitate the inflow of nutrients to the individual cells within the biofilm [58]. During
the maturation stage of biofilm formation, there is restricted motility of the bacterial
cells together with characteristic variation in gene and protein expression between
biofilm and plankton cells [59, 60].

The terminal phase of biofilm formation, delineated as detachment or dispersal,
is regulated by a complex mechanism constituting signal transduction, effector,
and environmental factors [61]. Detachment/dispersal represents a unique phase in
the life cycle, where plankton cells segregate and escape from biofilms to establish
microcolonies on fresh surfaces [62, 63]. Of note, the dispersal phase of a biofilm is
characterized by the detachment of plankton cells from hitherto biofilm, seeding or
passive movement of plankton to new uncolonized surfaces, and clinging or attach-
ment to substrates [61, 64, 65].

3. Models for assessing antibiofilm activity

Several methods have been developed to study the antibiofilm activities of various
compounds iz vitro. However, only a few in vivo strategies for studying biofilms have
been described. Given the importance of bacterial biofilm infections worldwide, we
describie some models for assessing the efficacy of antibiofilm compounds ix vivo.

3.1 The human organoid model

The human epidermis organoid model has a tough methicillin-resistant S. aureus
(MRSA) USA300 and P, aeruginosa PAO1 biofilm system for studying host-microbe
interplay and enable the screening of novel antibiofilm agents. This model allows
the screening of synthetic host peptides to reveal their superior antibiofilm activity
against MRSA compared to the antibiotic mupirocin. This model provides an exciting
tool for elucidating disease pathology and testing novel drugs toxicities and efficacies.
It also has the added advantage of reducing the use of animals in pre-clinical testing
and replacing in vivo infection models with an ethical alternative that better reflects
human disease [27].

This method involves establishing bacterial biofilm by seeding the center of the
skin model with 5 uL of 2 x 10° CFU/ml of MRSA or P, aeruginosa PAO1 or fluores-
cently-tagged MRSA or PAO1-mCherry or luminescent MRSA-lux or PAO1-lux
resuspended in PBS and cultured at 37°C and 7.3% CO,. 30 pL of 1-4 mg/ml DJK-5
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peptide was then added on top of the biofilm for 4 h, 1-3 days post inoculation.
Luminisense signal are monitored daily after the establishment of infection until
luminescence are observed in the culture medium underneath the skin. This is to
study how long the skin could endure biofilm growth. ChemiDoc imaging system is
used to visualize biofilms and bacterial counts quantified by sonicating, votexing and
serially diluting excised skin samples on agar plates [27].

3.2 Wound models

Among the most widely used models to investigate antibiofilm compounds is the
skin wound model. It involves either causing damage to the skin (abrasion, burns or
surgical excisions) and subsequently infecting the injured region with biofilm-form-
ing bacteria, or inducing the formation of absess or wounds by seeding high-density
biofilm forming bacteria subcutaneously. The commonly used clinically relevant
organisms are S. aureus, Stapylococcus epidermidis (Staphylococcus epidermidis) and P
aeuruginosa [66]. The inoculum can differ depending on the expected severity of the
infection ranging from acute to chronic, with chronic infections mimicking biofilm
infection in human more accurately. Recovery and/or healing of the infected wound
therefore indicates antibiofilm activity. Effectiveness of antibiofilm compounds can
also be assessed by (a) examining the infectious process and recovery via real-time
imaging with an in vivo imaging system as well as wound size measurement using
calipers and photographs, (b) tissue analysis to assess tissue regeneration process,
(c) assessment of genetic fingerprints associated with the formation of biofilms
such as psID, mucC and quorum sensing related genes (d) analysis of inflammatory
patterns (e) assessmet of underlying organs [67, 68].

3.3 Oral infections model

Various biofilms from disease and non-disease causing microorganisms results in the
formation of dental caries. Dental caries results from the interation between diet and
microbiota-matrix that occur on the oral surface [69]. This is mostly replicated in animal
models using newly weaned rats. Prior treatmet with antbiotics is essential to elimintate
existing microbiome. Subsequently, the animals are fed with cariogenic diet while also
receiving the bacteria (e.g. Streptococcus mutans (S. mutans)) orally daily for period of
5-7 days. The infection is ascertained by sowing oral samples. The topical application of
the compounds is carried out on the teeth, daily for 30-45 days and the mandibles and
molars excised at the end of the study to evalauate the carious lesions [70].

Periodontitis can as well be replicated in animal models using its associated bacte-
ria (e.g. Streptococcus gordoni (S. gordoni) and Porphyromonas gingivalis (P. gingivalis))
and confirmed by oral sowing or PCR analysis [71]. The treatment can be perfomed
topically either to prevent or eradicate already formed biofilm infection. The animals
are euthanized at the end of the experiment, and the skull excised for alveolar bone
loss assay of the maxilla [71, 72].

3.4 Respiratory tract chronic infections model

The primary organism associated with biofilm lung infection in cystic fibrosis
(CF) has been identified to be P. aeruginosa. In the cystic fibrosis murine model,
bacteria are inoculated either intrathecally, intranasally or by instillation [73]. The
inoculum and the frequency of inoculation underscores the severity of infection.
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Bacteria carriers such as alginate formed by the bacteria strain itself or by bacteria
incorporation on agar beads can be used to establish chronic pulmonary infection.
Intrathecal instillation is however, the most preferred route for inoculation of bacteria
in this scenario [74].

Clinical isolates of P. aeuruginosa has also been used in some models. This model
has an advantage of having a shorter time between establishment of infection and end
of treatment than that described above. Since the bacteria is directly inoculated, it can
result in severe acute respiratory distress (SARS) and eventually death even before
treatment has been effective [67].

3.5 Foreign body infection model

The ability of biofilm forming bacteria to grow and multiply on the surfaces of
certain medical devices [75] has led to the discovery of this model. The preformation
of biofilm on these surgically implanted foreign bodies affect the activity of defense
cells [25]. This model can be executed using two (2) approaches. These are Site
Specific Device Model where biofilm forming bacteria are introduced at the injection
site after devices are placed in particular organ or region in humans for evaluation of
antibiofilm activity, and Subcutaneous Device Model where deliberately colonized
foreign bodies are inserted in the subcutaneous layer, mostly at the back of the ani-
mals [76]. In Site Specific Device Model, antibiofim activity is measured at the part of
the device that made contact with bacteria or measured by bacterial recovery at injec-
tion site [75]. In Subcutaneous Device Model, the mobility of antibiofilm peptides
can be restricted with the aim of preventing bacterial contact and eventually biofilm
development [75]. However other modes of assessment like histological analysis,
imaging by IVIS, scanning microscopy, and inflammatory response detection can also
be employed in evaluating antibiofilm activity in test organisms [75].

4. Methods used to determine anti-biofilm effects of natural products

Bacteria undergo an evolutionary mechanism to withstand harsh environmental
conditions. The antibacterial agents derived from natural sources may serve as an
effective alternative due to the presence of secondary metabolites, which possess
selectional advantages against the biofilm-forming microorganisms [77-79]. Several
methods have been reported as reliable protocols to investigate the anti-biofilm effects
of natural products (Table 1) [88, 89]. Crystal violet assay is the widely accepted
assay used to identify the anti-biofilm potentials of natural products despite the
limitation, including the repeated washing that could lead to loss of cells and biofilm
disruption [77, 88, 90, 91]. Other methods used to determine the antibiofilm effects
of natural products are the Tissue Culture Plate (TCP) method [82], which exists
as the most typical use standard method and is a comparatively reliable method to
Congo Red Agar method (CRA) and Tube method [80]. Tube method and Congo
red agar methods qualitatively detect biofilm formed, whiles the tissue culture plate
method quantitatively determines the amount of biofilm formed [76]. Real time,
conventional and multiplex PCR are other techniques used at molecular level to detect
biofilm genes [92-94].

In measuring the anti-biofilm activities of natural products, viability and matrix
biomass can be assessed, where resazurin and crystal violet staining are performed
sequentially in the same plate. Wheat germ agglutinin-Alexa Fluor 488 fluorescent
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Method of biofilm detection  Principle Aim

Tissue culture plate It involves the staining of cells with crystal violet Biofilm detected
dye [77, 80, 81] quantitatively

Tube method Crystal violet staining where visible lining formsat ~ Biofilm detected
the bottom and wall of the tube [80] qualitatively

Congo red agar Congo red staining formed black colonies crystals Biofilm detected
[81-84] qualitatively

Crystal violet assay Quantifies the dye bound to biofilm [77, 85] Quantitative

determination of biofilm

Real-time PCR, Multiplex Amplification of DNA to the generation of Detection of biofilm genes
PCR and conventional PCR fluorescence which can simply be detected [86, 87]

Table1.
Methods to determine anti-biofilm effects of natural products.

conjugate is mainly used to stain the matrix, which is essential to measure the biofilm
matrix, biomass, and viability to investigate the potencies of anti-biofilm effects of
natural products [95, 96].
5. Antibiofilm agents from nature
5.1 Plant-derived antibiofilm agents

Plants have since time immemorial served as a source of therapeutics for the

treatment and prevention of a plethora of diseases. This practice continues today,
with more than 80% of people globally reportedly using various herbal remedies as

Plant species Comment

Avralia spinosa (Araliaceae) MBICs, = 2 pg/ml against S. aureus [101]

Juglans regia (Juglandaceae) MBICs = 721 pg/ml and MBEC50 = 57.71 pg/ml against S. epidermis [102]
Liriodendron tulipifera MBICs, = 32 pg/ml against S. aureus [101]

(Magnoliaceae)

Citrus bergamia (Rutaceae) Inhibited P. aeruginosa biofilm formation 79% at 1.56 pg/ml [103]
Gymnopodium flovibundum ICsp = 53.6 pg/ml against S. aureus [104]

(Polygonaceae)

Zygophyllum coccineum MBEC = 15.63, 3.9, 15.63 and 15.63 pg/ml against Streptococcus pneumoniae, S.
(Zygophyllaceae) aureus, P. aeruginosa, and E. coli, respectively [105]

Ziziphus jujuba (Rhamnaceae) 50% inhibition at 1.41 pg/ml against S. aureus [106]

Matayba oppositifolia ICso = 10.4 pg/ml against S. aureus [104]
(Sapindaceae)

Schoepfia schreberi IC50 = 17.7 pg/ml against S. aureus [104]
(Schoepfiaceae)

IC, inhibitory concentration; MBIC, minimum biofilm inhibitory concentration; MBEC, minimum biofilm eradication
concentration.

Table 2.
Potent antibiofilm plant species.

209



Focus on Bacterial Biofilms

Compound and plant source

Comment

Xanthohumol (Humulus lupulus)

100% inhibition of S. aureus biofilm formation at 9.8 pg/ml [107]

5-Hydroxymethylfurfural (Musa acuminata)

83% inhibition at 10 pg/ml against P aeruginosa [108]

Lupulone (H. lupulus)

100% inhibition of S. aureus biofilm formation at 1.2 pg/ml [107]

Cyanidin 3-O-glucoside (Lonicera caerulea)

MICBsy = 3.3 pg/ml against Porphyromonas gingivalis [109]

Hodiendiol I (P, artemisioides)

78, 75 and 13% inhibition of Listeria monocytogenes, Pseudomonas
aeruginosa, and Staphylococcus aureus biofilms at 4 pg/ml [110]

Negletein (S. oblonga)

72-88% reduction of biofilms of S. aureus, B. subtilis, P. aeruginosa
and E. coli at 12 pg/ml [111]

Syringopicroside (Syringa oblata)

92% inhibition at 1,28 pg/ml against S. aureus [112]

Quercitin-3-glucoside (S. oblonga)

92-98% reduction of biofilms of S. aureus, B. subtilis, P. aeruginosa
and E. coli at 12 pg/ml [111]

Panduratin A (Kaempferia pandurate)

Prevented S. mutans and S. sanguis biofilm growth by >50% at 8 pg/
ml, and reduced the biofilms by >70% at 10 pg/ml [113]

Table 3.
Potent antibiofilm plant-derived compounds.

a source of primary healthcare [97]. In mainstream medicine, plants have proven to
be a prolific source of novel chemical matter from which essential drugs used to treat
various diseases have been developed [98]. Galvanized by the emergence and spread
of the antimicrobial drug resistance phenomena, numerous plant species have been
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thoroughly investigated as novel sources of antibacterial agents. To complement
these strategies, the search for agents that can reverse resistance (resistance breakers)
or target alternative mechanisms of overcoming antibacterial resistance, including
biofilms, is being pursued [99, 100]. Plants have been identified as a potential oasis of
such agents, prompting many studies in the last decade inspired towards the search
for antibiofilm agents from plants. This section summarizes current studies on the
investigation of antibiofilm agents, including crude extracts, fractions thereof, and
pure compounds from plants (Tables 2 and 3; Figure1).

5.1.1 Apiaceae

Despite being one of the least investigated, the Apiaceae plant family has
produced some of the most prolific antibiofilm plant species. Among them is
the annual herb Trachyspermum ammi popularly called bishop’s weed [114].
Investigations on its seed led the isolation of a potent novel naphthalene compound,
(4asS, 5R, 8aS) 5, 8a-di-1-propyl-octahydronaphthalen-1-(2H)-one, which remark-
ably inhibited both adherence (ICsy = 39.06 pg/ml) and formation of S. mutans
biofilms (~60% inhibition at 78.13 pg/ml) in vitro (Figure 2). This activity was
strikingly more pronounced than its parent compound’s bacteriostatic and bacteri-
cidal properties (MIC = 156.25 pg/ml; MBC = 312.5 pg/ml) against S. mutans [114].
Thymol, a monoterpenoid isolated from Carum copticum, showed good activity
against three bacterial species, namely Klebsiella pneumoniae, Escherichia coli
(E. coli), and Enterobacter cloacae (E. cloacea), at sub-MIC levels, reducing biofilm
formation by 80, 78, and 83%, respectively at 50 pg/ml (Figure 2). The compound
was approximately fourfold more potent than its parent species [115].

5.1.2 Asteraceae

The Asteraceae is one of the most prominent species-rich plant families that
produce highly active terpenoid compounds. A study on Helichrysum italicum led to
the isolation of 21 compounds demonstrating varied activity of either inhibiting the
formation or eradication of preformed P, aeruginosa biofilms. From the 21 compounds
screened, chlorogenic acid emerged as the most active inhibiting biofilm formation
(45% inhibition at 128 pg/ml). In contrast, biofilm eradication for all compounds was
weak (<30%) [116]. Chondrillasterol, a terpenoid isolated from the plant Vernonia
adoensis, has shown an intriguing activity profile being more potent in disrupting

(4aS, 5R, 8a8) 5, 8a-di-1-propyl- Thymol
octahydronaphthalen-1-(2H)-one

Figure 2.
Chemical structures of (4aS, 5R, 8aS) 5, 8a-di-1-propyl-octahydronaphthalen-1- (2H)-one and thymol.
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P, aeruginosa biofilms (complete disruption at 1.6 pg/ml) in comparison to inhibiting
biofilm formation (wholly inhibited at 100 pg/ml) (Figure 3) [117].

5.1.3 Burseraceae

An aqueous extract of Commiphora leptophloeos showed promising inhibition of
Staphylococcus epidermidis biofilm formation on different surfaces. At a concentra-
tion of 4 mg/ml, an aqueous stem bark extract of C. leptophloeos showed equipotent
activity on inhibiting S. epidermis biofilms on a polystyrene (84% inhibition) and
glass surface (82% inhibition) [118]. Boswellia papyrifera (B. papyrifera) is a decidu-
ous tree 12 m high with a rounded crown, a white to pale brown bark that peels
off in large flakes and exudes a fragrant resin [119]. Traditionally, as therapeutics,
its leaves and roots are used to manage lymphadenopathy, while the resin serves
as a febrifuge. The burnt leaves of B. papyrifera act as a mosquito repellent [120].
Essential oils obtained from B. papyrifera resin inhibited preformed S. epidermidis
and S. aureus biofilms by 99-71%, and 95.3-59.1% at 217.3-6.8 pug/ml, respectively
[121]. At a sub-MIC concentration of 0.27 pg/ml, the essential oil of B. papyrifera
observed, under fluorescence microscopy, showed to inhibit the adhesion of stained
S. epidermidis cells [122].

5.1.4 Combretaceae

The medicinal plant Terminalia bellerica (T. bellerica) is found predominantly
in India, Sri Lanka, Bangladesh, and South-East Asia. Its fruits are traditionally
used as a laxative, astringent, and antipyretic in treating menstrual disorder, piles,
and leprosy. An investigation by Ahmed et al. [122] showed that the dried fruits of
T. bellerica ethanol extracts could inhibit S. mutans biofilm formation iz vitro on
a glass surface by 92.2% at 250 pg/ml. Another Terminalia species, T. fagifolia, has
been shown to have good antibiofilm properties. The ethanol stem bark extract of
T. fagifolia inhibited the formation of preformed S. epidermis and S. aureus strains
in vitro. It was particularly active against S. epidermis by inhibiting biofilm forma-
tion by ~70% at a sub-MIC concentration of 12.5 pg/ml compared to ~85% inhibi-
tion at 50 pg/ml against S. aureus [123]. Similarly, a water fraction of Combretum
elaeagnoides showed potency against multiple species being able to reduce biofilm
formation of S. aureus, Salmonella typhimurium (S. typhimurium), Salmonella

HO'

Chondrillasterol

Figure 3.
Chemical structure of chondrillasterol.
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enteritidis (S. enteriditis), Klebsiella pneumoniae, and Entevobacter cloacae by 80, 73,
63, 54, and 66%, respectively, at 1 mg/ml [124].

5.1.5 Fabaceae

Along with the Asteraceae, the Fabaceae family is one plant species that has
received substantial interest as a source of antibiofilm agents. Copaifera pauper C.
paupera) is a medicinal tree commonly found in South America that exhibits activity
against monospecies and multispecies formed biofilms [125]. For the monospecies
(Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis) produced
biofilms, C. paupera oleoresins showed marked activity against the individual strains
and with ICsj (eradication of biofilm) values of 58.66 pg/ml and 104.9 pg/ml,
respectively. Activity against the multispecies biofilms was marginally lower with a
measured ICs, (eradication of biofilm) of 594.5 pg/ml. Copaifera pubiflora oleoresins
have shown a similar pattern of activity against individual A. actinomycetemcomitans
[ICs (eradication of biofilm) = 189.4 pg/ml)] and P. gingivalis [1Cs, (eradication
of biofilm) = 94.02 pg/ml)] strains and their combined multispecies biofilm [ICsy
(eradication of biofilm) = 556.8 pg/ml)]. Three compounds, namely polylactic acid,
hardwikiic acid, and kaurenoic acid, have been isolated from a Copaifera spp. and also
shown to have potency against both the monospecies and multispecies biofilms of A.
actinomycetemcomitans and P. gingivalis [1Csy (eradication of biofilm) ranging from
55.79 to 462 pg/ml)] [125]. Other species that have shown marked activity against
multispecies biofilms include Pityrocarpa moniliformis, Anadenanthera colubrina, and
Dioclea grandiflora [125].

Trigonella foenum-graceum (T. foenum-graceum), commonly called fenugreek, is
an annual legume and a traditional spice crop native to the eastern Mediterranean. It
has been known for its medicinal properties in the Mediterranean and Asian cultures
for many years. Fenugreek seeds are traditionally used as laxative, expectorant,
carminative, and demulcent [126]. The methanol extracts of T foenum-graceum
seeds inhibited P. aeruginosa biofilms in a dose-dependent pattern (24.1-68.7% at
125-1000 pg/ml) without affecting bacterial proliferation [127]. The extract caused a
reduction to the exopolysaccharide (EPS) produced by P. aeruginosa biofilms. In addi-
tion to P. aeruginosa, T foenum-graceum showed activity against the aquatic pathogen
Aeromonas hydrophila reducing EPS production and biofilm formation by 46 and
76.9%, respectively, at 800 pg/ml [127].

5.1.6 Lamiaceae

The Lamiaceae is a family of flowering plants commonly known as the mint family
with a cosmopolitan distribution containing about 236 genera and about 6900-7200
species. Many plants in this family are aromatic and include widely used culinary
herbs like basil, mint, rosemary, and sage [128]. Several Lamiaceae species have
been interrogated for their antibiofilm activity and have shown pronounced activity
against different biofilm stages of various microorganisms. One such species is the
plant Marrubium vulgare (M. vulgare), a perennial herb found right across the globe.
The plant is well renowned for its medicinal properties and serves as a therapeutic
agent for several ailments, including gastrointestinal disorders, asthma, pulmonary
infections, and ulcers. The aqueous decoctions of M. vulgare inhibited adherence of
methicillin-resistant S. aureus biofilms with ICsy of 8 ug/ml and ICyg of 128 pg/ml [129].
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However, the plant was less effective in inhibiting S. aureus biofilm growth on a plastic
surface (31% inhibition at 128 pg/ml). Surprisingly, at the highest test concentration
of 128 pg/ml, M. vulgare showed no bacteriostatic activity suggesting the species is
selectively more potent against biofilm mechanisms. Aqueous extract prepared from
the aerial parts of Ballota nigra, mirrored this bioactivity profile. Specifically, inhibit-
ing methicillin-resistant S. aureus biofilm formation and adherence by 45-90% at
8-128 pg/ml while demonstrating limited bacteriostatic activity at the highest test
concentration [129].

The genus Salvia is well documented for its bacteriostatic and bactericidal properties.
Various species within this genus possess dual antibiofilm properties. Hexane-soluble
and dichloromethane soluble fractions and sub-fractions of Salvia officinalis (S. officina-
lis) have shown impeccable antibiofilm and bacteriostatic properties with an MBICs, and
MIC values ranging from 3.668 to 200 pg/ml and 25 to 400 pg/ml, respectively, against
P, gingivalis, F. nucleatum, P. melaninogenica, and A. actinomycetemcomitans. The labdane
diterpenoid manool has been isolated and identified as the active principle from S.
officinalis, showing pronounced activity with MBICs and MIC values of 12.5 pg/ml and
3.12 pg/ml, respectively against A. actinomycetemcomitans (Figure 4) [130].

While Mentha piperita oil is considerably active against Chromobacterium viola-
ceum (Inhibited biofilm formation by 72.5% at 0.049 pg/ml), it is inactive against
P, aeruginosa at reasonably higher test concentrations of 6.25, 3.125 and 1.56 pg/ml. In
the same study, Thymus vulgare essential oil showed marked potency against both spe-
cies inhibiting their biofilm formation by 70% at 0.049 pg/ml (against C. violaceum)
and 65% at 3.125 pg/ml (against P. aeruginosa) [103]. Equally impressive is the species
Perovskia artemisioides, which has inhibited biofilm formation of L. monocytogenes,

P, aeruginosa, S. aureus, Acinetobacter baumanii (A. baumanii), and Pectobacterium
carotovorum by 92, 95, 71, 35, and 94% at 4 pg/ml. Subsequent work led to the identi-
fication of numerous antibiofilm compounds from P. artemisioides [110].

5.1.7 Malvaceae

Alcea longipedicellata (Aulonemia longipedicellata) is a member of the Alcea genus
with over 80 flowering plants in the family Malvaceae, commonly known as the holly-
hocks and native to Asia and Europe. The compound, malvin, isolated from the flowers
of A. longipedicellata flower, exhibited about 55% inhibition of S. mutans biofilm adher-
ence at 0.1% v/v (Figure 5) [131]. Hibiscus rosa-sinensis a tropical shrub used in folk
medicine to treat respiratory disorders and diarrhea, among other ailments, has shown
remarkable activity against drug-resistant strains of Helicobacter pylori (H. pylori).

HO

Manool

Figure 4.
Chemical structure of manool.
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Malvin

Figure 5.
Chemical structure of malvin.

An ethyl acetate fraction of H. rosa-sinensis demonstrated strong biofilm formation inhi-
bition against H. pylori at sub-MIC concentrations (79% inhibition at 125 pg/ml) [132].

5.1.8 Myristicaceae
The Myristicaceae are flowering plants native to Africa, Asia, Pacific islands, and
the Americas. The family consists of 20 genera and at least 500 species. Fruit of the

Mpyristicaceae, particularly the lipid-rich aril surrounding the seed in some species,
are essential as food for birds and mammals of tropical forests [133]. Plants in the
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Macelignan

Figure 6.
Chemical structure of macelignan.
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family Myristicaceae with reported antibiofilm activities include Myristica fragrans

(M. fragvans), Syzygium aromaticum, and Sygygium cumini. M. fragrans has been shown
to inhibit Salmonella enterica biofilm formation by 88% at 50 pg/ml. Biosynthesised
silver nanoparticles of M. fragrans showed marginally improved activity inhibiting

the formation of S. enterica biofilm by 99.1% at 50 pg/ml [134]. Another study on M.
fragrans led to the isolation of the compound macelignan, which reduced the formation
of S. mutans and S. sanguis biofilm by >50% at 10 pg/ml (Figure 6) [113]. The metha-
nol fruit extract of S. cumini disrupted Klebsiella pneumoniae biofilm biomass in a
dose-dependent manner by 35.85, 64.03, and 79.94% at test concentrations of 0.1, 0.5,
and 1 mg/ml, respectively [135]. Essential oils from the aerial parts of S. aromaticum
reduced Staphylococcus epidermidis biofilm biomass by 50.3% at 20 pg/ml [136].

5.1.9 Amaryllidaceae

Extracts of Crinum asciaticum, a member of the family Amaryllidaceae, was inves-
tigated for its anti-tuberculosis, anti-efflux pump and antibiofilm activity. This study
reealed the anti-infective activity of the extracts against Mycobacterium smegmatis (M.
smegmatis) (NCTC 8159) and Mycobacterium aurum (M. aurum) (NCTC 10437) at MICs
of 125 pg/ml and 250 pg/ml respectively. Also, efflux pump inhibition was observed
for both M. smegmatis and M. aurum. Of great importance is the i vitro inhibition of
M. smegmatis and M. aurum biofilms which was very significant at p < 0.005 [77].

5.2 Antibiofilm agents obtained from mushrooms

Research has shown that some species of macrofungi have various chemical
components with antibacterial, antifungal, antiviral, antioxidant, anticancer and
antiprotozoal properties [137]. The extracts of some species, including Laetiporus
sulphureus, Ganoderma lucidum, and Lentinus edodes have demonstrated antibacte-
rial activity [138]. Fistulina hepatica, Ramaria botrytis, and Russula delica extracts
had promising antibacterial activity against multi-resistant microorganisms namely
MRSA, E. coli and Proteus mivabilis.

In addition, some of these compounds were found to inhibit biofilm formation [137].

Studies on the aqueous extracts of Macrolepiota procera, Pleurotus ostreatus,
Auricularia auricula-judae, Armillaria mellea, and Laetiporus sulphureus were shown
to inhibit Staphylococcal spp biofilm formation. These extracts reduced biofilm forma-
tion by 47.72-70.87% without affecting bacterial growth [139].

A study by Borges et al demonstrated that ferulic and gallic acid inhibited biofilm
formation in P. aeruginosa by interfering with cell motility and physico-chemical fea-
tures on the cell surface. It also inhibited biofilm formation by E. coli due to phenolic
compounds present therein [140]. Again, wild mushroom extracts had antibiofilm
activity against E. coli, Leucopaxillus gigantes and Mycenus rosea. From this same study,
extracts from Sarcodon imbricants, and Russula delica inhibited biofilm formation of P
mirabilis that is resistant to fluoroquinolones, ampicillin, and cephalosporins [138].

Extracts from Lentinus edodes, one of the mostly cultivated edible mushrooms,
reacted negatively to biofilm proliferation by some bacteria in a study conducted by
Lingstrém and colleagues [141]. Upon further fractionation and isolation, the com-
pounds; oxalic acid, quinic acid, inosine and uridine (Figure 7) were discovered to be
responsible for the various levels of antibiofilm activity against S. mutans, Actinomyces
naeslundii, and Prevotella intermedia strains [141].
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Figure7.
Structures of compounds isolated from mushrooms with antibiofilm activities.

Melanin obtained from Auricularia aricula, an edible mushroom, has estab-
lished antibiofilm properties [142]. This pigment exhibited significant antibiofilm
inhibitory activity against E. coli K-12, P. aeruginosa PAO1, and Pseudomonas

fluorescens P-3 [142].

5.3 Sponges as antibiofilm agents

Marine sponges produce an array of secondary metabolites such as enzymes,
enzyme inhibitors, and antibiotics and represent an untapped reservoir of bioactive
compounds [143]. These compounds serve as defense against environmental threats like
microbial infection, competition for space, or overgrowth by fouling organisms [144].

Phorbaketals isolated from the Korean marine sponge Phorbas spp. had antibiofilm
activity against S. aureus [143]. Moreover, all six phorbaketals (phorbaketal A, phor-
baketal B, phorbaketal C, phorbaketal A acetate, phorbaketal B acetate, phorbaketal C
acetate, Figure 8) assessed for their antibiofilm activities revealed a minimum inhibitory
concentration against S. aureus 6538 higher than 200 pg/ml. All six compounds signifi-
cantly inhibited biofilm formation of methicillin-sensitive S. aureus in a dose-dependent
manner, with Phorbaketal B and Phorbaketal C having the highest inhibitory effects,
probably due to the presence of two hydroxyl groups in its structure. Phorbaketal B and C
exerts their action via reduction of the expression of alpha-hemolysin (kl2) and nuclease
(nucl). Phorbaketal C further reduced the expression of RNAIII (a regulatory molecule)
which stimulates Ala translation, thereby repressing the expression of hla [143].

Phorbaketal A Acetate Phorbaketal B Acetate Phorbaketal C Acetate

Figure 8.
Chemical structures of phorbiketals isolated from Phorbas sp.
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In addition, natural compounds such as collismycin, hydroxyl flavonoids, hydrox-
ylbipyridine, and hydroxyl anthraquinones exhibited antibiofilm activity depending
on the number and positions of hydroxyl groups in the backbone structures [145].
The planktonic cell growth of S. aureus was relatively unaffected by the six phorbake-
tals at <100 pg/ml [143].

In another study by Paul and Puglisi, cell-free supernatants (CFSs) isolated from the
sponge-associated bacteria belonging to the genera Colwellia, Pseudoalteromonas,
Shewanella and Winogradskyella were evaluated for antibiofilm activity at 4°C and 25°C
against Antarctic strains of P. aeruginosa ATCC27853 and S. aureus ATCC29213.
Inhibition of biofilm formation was observed differently among strains which was
dependent on the incubation temperature. Significant antibiofilm activity was observed
by CFSs at 4°C and 25°C respectively against S. aureus and P, auruginosa without

exhibiting cidal activity on bacterial growth [146]. The different physico-chemical
nature of exopolymers produced by the Colwellia sp. GW185, Shewanella sp. CAL 606
and Winogradsyella CAL396 is responsible for their antibiofilm activity (Table 4).

In another study, marine sponge-derived Strepomyces sp. SBT343 extracts were
investigated for their antibiofilm activity on Staphylococcal biofilm formation. Results
from in vitro biofilm assay of an organic extract showed inhibition of biofilm forma-
tion on polysterene, glass and contact lens surfaces. This same extract inhibited
biofilm formation of Staphylococcus epidermidis and S. aureus with no antibiofilm
activity against Pseudomonas biofilms [147].

5.4 Algal sources of antibiofilm agents

Existing literature proves the existence of compounds obtained from algae that
possess antibiofilm properties against human pathogenic microbes. The scientific

Species and strain Major constituents Antibiofilm activity against organisms
Colwellia spp. GW185 Glucose, mannose, galactose, P, aeruginosa, S. aureus
galactosamine
Shewanella spp. CAL606 Glucose, mannose, galactose,
galactosamine
Winogradskyella spp. Mannose, arabinose,
CAL396 galacturonic acid
Table 4.

Bacterial exopolysaccharide with antibiofilm activity against pathogenic bacteria [143].
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N
Y/ ~
O/ OH
OH
/O
- —-m
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Figure 9.
Structure of fucoidan.
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research community however, continues to discover such natural antibiofilm agents.
These compounds do not exist in their pure forms but are isolated from crude extracts
through a series of processes [148].

Marine algae produce certain sulfated polysaccharides that exhibit antimicrobial
and antibiofilm activities [149]. Fucoidan F85 (Figure 9), a sulfated polysaccharide
extracted from Fucus vesiculosus upon observation was found to possess antimicrobial
and antibiofilm properties against some dental plaque bacteria [149]. Fucoidans
are made up of L-fucose and sulfate esters with other different molecules [150]
and are normally extracted from brown algae using acid, solvent or water at a high
temperature and a long reaction [151]. According to Yunhai and colleagues, Icelandic
local seaweed species (Ascophyllum nodosum and Laminaria digitate), are sources of
fucoidans with antibacterial activity [152].

A study conducted by Maggs et al proves that marine brown algae, Halidrys
siliquosa produces compounds with antibiofilm activity against Staphylococcus
sp, Streptococcus sp, Entevococcus sp, Pseudomonas sp, Stenotrophomonas sp, and
Chromobacterium sp. Halidrys siliquosa can be found in rock pools and sometimes
forests in the shallow subtidal zone [148].

Delisea pulchra red alga, produces halogenated furanones which show antibiofilm
effects against B. subtilis, E. coli [153] and P. aueroginosa [154]. These furanones
oppose the transmission of intracellular signals and speed up LuxR transcription
turnover (Figure 10) [155].

The algal fronds of Plocamium magga has been reported to produce an isolate, KS8
from the Pseudoalteromonas genus that shows antibiofilm activity against acyl homo-
serine lactone base reporter strains (Chromobacterium violaceum (CV) ATCC 12472
and CV026) [156].

Ethanolic extracts of Chlovella vulgaris and Dunaliella salina can inhibit biofilm
formation by S. mutans and P. aueroginosa [157]. This antibiofilm characteristic may
be associated with the activity of glucotransferases [157].

Methanol extract of Oscillatoria sp., green algae containing silver nanoparticles
also showed strong antibiofilm activity against all test pathogens in an experiment
conducted by Adebayo-Tayo and associates [158].

Silver nanoparticles associated with aqueous extract of Turbinaria conoides
have been reported to possess antibiofilm activity via adherence inhibition against
Salmonella typhi, E. coli and Serratialique faciens [159].
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6. Miscellaneous agents with antibiofilm activities

Several agents from natural products such as essential oils, honey etc. have shown
great potential as bacterial biofilm inhibitors. These have been described below;

6.1 Essential oil

Essential oils from medicinal plants have received attention in recent times for
their potential exploitations. This is as a result of the increasing reports of their
composition and biochemicals to possess medicinal properties. A number of iz vitro
evidences indicates that essential oils can act as antibacterial and antibiofilm agents
against a large spectrum of pathogenic bacterial strains.

The effect of Lippia alba (L. alba) and Cymbopogon citratus (C. citratus) (lemon
grass) essential oils on biofilms of S. mutans was tested by Tofiflo-Rivera et al. in
an attempt to find new compounds against dental caries using the MBEC-high-
throughput (MBEC-HTP) assay. The L. alba essential oils demonstrated significant
eradication activity against S. mutans biofilms of 95.8% in 0.01 mg/dL concentration,
and C. citratus essential oils showed eradication activity of 95.4% at 0.1 and 0.01 mg/
dL concentrations and of 93.1% in the 0.001 mg/dL concentration [160]. Further,
geraniol and citral were later identified as the major components of the essential oils.
A similar investigation by Ortega-Cuadros et al., showed 93.0% growth inhibition of
S. mutans biofilms at a concentration of 1.00 pg/ml of C. citratus essential oil [161].

In an investigation to access the ability of Allium sativum fermented extract and
cannabinol oil extract to inhibit and remove P, aeruginosa biofilms on soft contact
lenses, the cannabinol oil extract inhibited biofilm formation by about 70% and erad-
icated preformed biofilms in both P. aeruginosa (ATCC 9027 strain) and P. aeruginosa
clinical isolates from the ocular swabs tested [162]. Cannabigerol, a non-psychoactive
cannabinoid which is also naturally present in trace amounts in the Cannabis plant
was able to reduced the QS-regulated bioluminescence and biofilm formation of
Vibrio harveyi (a marine quorum-sensing and biofilm-producing bacterial species) at
concentrations not affecting the planktonic bacterial growth [163].

Essential oils from Cyclamen coam (C. coam) and Zataria multiflora (Zinnia mul-
tiflora) extracts inhibited biofilm formation on P, aeruginosa 214, a strong biofilm
producing clinical strain [164]. C. coam and Z. multiflora essential oils inhibited biofilm
formation completely at concentrations <0.062 mg/ml and 4 pl/ml, respectively. It is
reported that carvacrol, a major constituent of Z. multiflora essential oil inhibits biofilm
formation by preventing the initial adhesion of biofilm cells to the surface [165, 166].

6.2 Lectin

A study by Moura et al. reported the antibiofilm activity of a lectin extracted from
Moringa oleifera (M. oleifera) seed. The lectin from this plant exhibited antibiofilm
activity against Bacillus spp. and Serratia marcescens at concentrations of 20.8-41.6 pg/
ml and 0.325-1.3 pg/ml respectively [167]. The antibiofilm activity of the M. oleifera
seed lectin might be due to the ability of these lectins to damage the cell wall and
cell membranes through its interactions with glycoconjugates and polysaccharides
constituents within the bacterial cell wall [168].

Solanum tuberosum lectins had a varying biofilm inhibitory effect when evaluated
against an isolate of P, aeruginosa PAO1. At a concentration between 2.5 and 15 pg/ml,
the lectins inhibited the biofilm formation by 5-20% [169].
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Plant lectins are reported to also exhibit antibiofilm activities against pathogenic
microorganisms. A typical example are, lectins extracted from Canavalia ensiformis,
Calliandra surinamensis, Canavalia maritima and Alpinia purpurata [170].

6.3 Chitosan

Chitosan is a polysaccharide composed of units of glucosamine (2-amino-
2-deoxy-D-glucose) and N-acetyl glucosamine (2-acetamido-2-deoxy-D-glucose)
linked by p (1 — 4) bonds. Chitosan is produced as a result of partial deacetylation
of chitin leads. Chitin is found on the shells of crustaceans, arthropods and fungal
cell wall [171].

The antibiofilm activity of chitosan from crab and shrimp species indigenous to
the Philippines was investigated against P. aeruginosa and S. aureus. Biofilm inhibitory
activity for both crab and shrimp chitosan were not observed against S. aureus at the
concentration used, but activity was observed for shrimp chitosan at a concentration
of 2.5g/L. A 2.5 g/L mixed (1:1) chitosan solution of the two extracts had the highest
percentage antibiofilm formation inhibition in P. aeruginosa biofilms. S. aureus biofilm
formation was sensitive to the 10 g/L mixed (1:1) solution. The same mixed solution
produced an inhibition against P. aeruginosa [172].

Costa et al. also reported that chitosan demonstrated antibiofilm and biofilm
eradication activity against the fungus Candida albicans [171].

6.4 Honey

The exploration of new antibiotics to combat biofilm formation in resistant
microbes has led to an increase interest evaluating the antibiofilm properties of
honey. Manuka honey have demonstrated good antibiofilm forming activity against
arange of bacteria, including Streptococcus and Staphylococcus species, P. mirabilis,

A. baumannii, E. coli, E. cloacae and P, aeruginosa [173, 174].

Lu and colleagues studied the antibiofilm properties of four New Zealand based
honeys; monofloral manuka honey, Medihoney (a manuka-based medical-grade
honey), manuka-kanuka blend, and a clover honey on two P, aeruginosa strains PAO1
and PA14 with different biofilm forming abilities. All the different types of honey used
in the study were effective at inhibiting both the planktonic cell growth and biofilm for-
mation of both strains. In the study of the biofilm eradication properties of the honey,
they concluded that honey used at clinically obtainable concentrations completely
eradicated established P, aeruginosa biofilms [175]. Similar results were obtained using
different strains of S. aureus, including methicillin-resistant S. aureus (MRSA) strains.
In this study, they demonstrated that honey is able to reduce biofilm mass and also to
kill cells that remain embedded in the biofilm matrix; and planktonic cells released
from biofilms following honey treatment do not have elevated resistance to honey [176].

The biofilm inhibitory effect of Costa Rican Meliponini stingless bee honeys
has also been reported against S. aureus and P. aeruginosa biofilm formation. The
meliponini stingless bee honeys in a concentration-dependent manner inhibited the
planktonic growth and biofilm formation, and also caused the destruction of S. aureus
biofilm [177].

Australian honey has also been reported to possess antibacterial and biofilm
inhibitory activities. Sindi A and colleagues in their investigation reported that
Western Australian honeys from Eucalyptus marginata (Jarrah) and Corymbia
calophylla (Marri) trees exhibited antimicrobial activity against Gram-negative and
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Gram-positive pathogens. They reduced both the formation of biofilms and the
production of bacterial pigments, which are both regulated by quorum sensing. The
Western Australian honey when applied to preformed biofilms had biofilm eradica-
tion activity by reducing metabolic activity in the biofilms [178].

6.5 Peptides

Peptides are small molecules made of 10-100 amino acids that are part of the innate
immune response, and found among all classes of life contributing to the first line of
defense against infections. In the search for an effective agent that can treat chronic
infections, antimicrobial peptides (AMPs) have been shown to demonstrate antimicro-
bial, antibiofilm and biofilm eradication properties. Although there has not been much
studies on the biofilm inhibitory action of AMP compared to its antibacterial activity,
some naturally occurring AMP’s have been reported to exhibit strong antibiofilm activi-
ties against multidrug resistant as well as clinically isolated bacterial biofilms [179].

Cathelicidin peptides are one of the most important classes of AMP.
Investigation of cathelicidin AMP, indicates that SMAP-29, BMAP-28, and BMAP-27
have antimicrobial activity and are able to significantly reduce biofilm formation by
multidrug-resistant (MDR) P. aeruginosa strains isolated from patients with cystic
fibrosis. In addition, they were bactericidal in preformed biofilms [180]. Blower
et al. also demonstrated that the SMAP-29 peptide is able to inhibit biofilm produc-
tion in Burkholderia thailandensis by about 50% at peptide concentrations at or
above 3 pg/ml [181].

Hepcidin 20 alters the biofilm architecture of Staphylococcus epidermidis by
targeting the polysaccharide intercellular adhesin after it has reduced the extracellular
matrix mass [182].

The peptides lactoferrin, conjugated lactoferricin, melimine and citropin 1.1 have
all shown good anti-biofilm activity against S. aureus and P. aeruginosa infection in
medical devices [183].

7. Conclusion

Microorganisms, though form biofilms as a defense mechanism for survival,
this action poses a threat to the healthcare system by compromising the therapeutic
efficacy of antimicrobial agents and causing ascendancies in antimicrobial resistance.
Natural products from plants and microorganisms provide a plethora of chemical
compounds with antibiofilm properties capable of disrupting pre-formed biofilms or
inhibiting the formation of new biofilms. Identifying novel antibiofilm compounds
from these sources is essential to mitigate biofilm-mediated infections. Similarly, the
exploration of model systems is critical for evaluating the antibiofilm properties of
newly identified medicinal compounds. Altogether, understanding the antibiofilm
potential of these natural products could serve as an impetus in antimicrobial drug
discovery.
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