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Preface

I am greatly thankful to IntechOpen for inviting me to serve as editor of this book 
on Pseudomonas aeruginosa - Biofilm Formation, Infections and Treatments.

This book covers a wide array of subjects relevant to bacterial biofilms specifically 
focusing on P. aeruginosa and associated infections. The principal objective of this 
book is to provide readers with a clear and comprehensive overview of biofilm 
formation and its detrimental impacts. In addition, this book also examines topics 
related to biosynthesis virulence factors by P. aeruginosa to facilitate biofilm forma-
tion, antibiotic resistance mechanisms, and infections. Biofilms and associated 
infections have a huge impact on human health, livestock, agriculture, and the 
world’s economy overall. Thus, it is of paramount importance for scientists, medical 
professionals, healthcare workers, and the public to gain knowledge on this recur-
ring issue and do every bit to sustain biofilms and their damaging impacts.

P. aeruginosa is an opportunistic Gram-negative bacterium that easily thrives 
and survives in various biotic and abiotic environments. Colonization and 
establishment of this bacterium species as biofilms, especially in hospitals and 
other communal environments, leads to contamination of water and food and is 
the leading cause of healthcare-associated or nosocomial infections. P. aeruginosa 
is also the most common pathogen in patients with cystic fibrosis, urinary tract 
infection, and wounds. Its antibiotic resistance is a major cause of mortality and 
morbidity. Understanding the mechanisms by which P. aeruginosa establishes 
as biofilms, evades antibiotics and antiseptics, and triggers life-threatening 
infections in humans is very important. Research on P. aeruginosa has been in the 
limelight for many decades as evidenced by the hundreds of journals, conferences, 
and projects in this field. Published research papers, conferences, and opinions 
from expert scientists, clinicians, and healthcare workers in recent years have 
undoubtedly enhanced the scientific basis for P. aeruginosa-associated infections 
and treatments.

To this end, I would also like to express my gratitude to all the scientists and 
researchers from different research institutes and universities who put immense 
effort into writing their chapters for this book.

Theerthankar Das
Department of Infectious Diseases and Immunology,

School of Medical Sciences,
The University of Sydney,

Sydney, Australia
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Chapter 1

Introductory Chapter: 
Understanding Infections Caused 
by Opportunistic Bacterial 
Pathogens
Theerthankar Das

1. Introduction

Infectious diseases caused by virus, bacteria and fungi represent a major  
apprehension globally in terms of detrimental public health and economy. Some of 
the infectious agents such as virus (e.g., Coronavirus, influenza, Ebola, chicken-
pox), bacteria (e.g., tuberculosis, cholera, whooping cough) are highly contagious 
and are responsible for communicable diseases. Communicable diseases spread 
from person to person through close contact including touching and kissing, also 
via coughing and sneezing, contamination of food and water. Many bacteria are 
also opportunistic pathogens and are commonly cause mild–moderate infections 
including sore throat, acne, tooth decay, urinary tract infections, cellulitis/skin 
infection, sexually transmitted infection, bacterial vaginosis, peptic/stomach ulcer, 
keratitis/eye infection, to severe/life-threatening infections such as pneumoniae, 
septicaemia/sepsis, meningitides in humans, animals, and birds. Most opportu-
nistic bacteria exist as a commensal flora within the host body (gastrointestinal 
tract, skin, mucosal, oral, and nasal cavity, urogenital tract) and commonly found 
in abiotic surfaces (water, food, soil) in the environment [1, 2]. Under normal 
conditions i.e., in healthy people these bacterial pathogens do not cause infections. 
Infections caused by opportunistic bacteria are primarily triggered by either inva-
sion of host commensal bacteria or bacteria from environmental sources gets into 
host bodily tissue [1, 2]. However, these opportunistic bacteria primarily target and 
cause fatal infections in immunocompromised people including acquired immu-
nodeficiency syndrome (AIDS/HIV positive) patients, cancer patients (treated 
with immunosuppressive drugs, corticosteroids), hospital admitted patients for 
surgery, patients with underlying diseases such as cystic fibrosis, diabetes [2]. 
Most common examples of opportunistic bacteria found in mammals, birds and 
environment are Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococcus 
epidermidis, Escherichia coli, Klebsiella pneumoniae, Neisseria meningitides, 
Acinetobacter baumannii, Helicobacter pylori, Streptococcus pneumoniae, Streptococcus 
pyogenes, Streptococcus mutans, Clostridioides difficile, Legionella pneumophila, 
Propionibacterium acnes, etc. On the other hand, mammalian and bird’s body also 
host different species of good bacterial species (probiotics) which are essential for 
general wellbeing [3]. Lactobacillus and Bifidobacteria species are the common 
example of probiotics bacteria that are present in the mammalian digestive tract, 
they aid in maintaining daily healthy lifestyle includes food digestion, balancing pH 
of the body, alleviate symptoms of Gastroesophageal reflux diseases (GERD) such 
as heartburn, acid-reflux [4, 5].
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2.  Biofilms associated infection and its impact on human health and 
economy

Infection is predominantly triggered by biofilm formation. It is projected that 
more than 60% of all bacterial infections are associated with biofilms [6]. In simple 
words, biofilms mean colonization of bacteria on biotic and abiotic surfaces. 
Biofilm is the most supreme stage of bacterial lifestyle. Biofilm formation involves 
various stages to instigate with initial adhesion (reversible adhesion) of individual 
bacteria (planktonic stage) through their cell appendages (flagella, fimbriae, pili, 
that are anchored to bacterial cell surface) to host bodily surfaces such as skin, 
mucosa, and teeth also on medical devices such as implants, catheters, contact 
lenses and on water pipes, sinks, bathtub. The second steps are microcolony 
formation and biosynthesize of numerous exogenous biopolymers by bacteria such 
as nucleic acids (extracellular DNA, RNA), proteins, polysaccharides, virulence 
factors and metabolites that aids them in irreversible/strong adhesion to the sur-
faces, cell-to-cell adhesion, and foundation for initial architecture for biofilm. Later 
stages include further maturation and growth of bacteria within the microcolony 
and production of biomolecules and formation of robust three-dimensional biofilm 
and finally dispersion of individual bacteria from the mature biofilms to initiate 
colonization at new site [7, 8]. This close vicinity of the bacterial cells within the 
biofilm empowers exchange and distribution of various essential products includes 
nutrients, genetic materials, proteins, metabolites and other small molecules for the 
fitness, growth, and survival of bacterial cells and exclusion of toxic end products 
[9]. The complex biofilm architecture defends the bacterial cells within them from 
antibiotics, antiseptics, soaps and detergents, physical shear forces and the host 
immune system [10].

The prevalence and persistence of biofilm associated infections has direct 
adverse impact on human health and World’s economy including costing billions 
of dollars annually for treatment across several different sectors such as wound 
and burns treatment, dentistry, endocarditis, bronchitis’s, cystic fibrosis and 
surgical (hip, knee joints, pacemakers, cardiac valves) and non-surgical (contact 
lenses, urinary catheters, artificial teeth) implants [11, 12]. For instance, United 
States of America spends approximately 94 billion USD a year with more than 
half a million deaths related to biofilms [13]. Biofilm related Hospital-acquired 
infections/nosocomial infection includes pneumoniae, surgical site infections, 
Urinary tract infections (UTIs), blood stream infections alone cost USA health care 
11 billion USD with approximately 2 million cases per year and is responsible for 
fourth leading cause of deaths in USA [6, 14, 15]. In general, it is speculated that 
nosocomial infection in patients becomes apparent within 48 hrs of early patient 
care [14]. Australia’s health system already expended $909 million annually for 
treatment associated with Urinary tract infections (UTIs). To note: the ratio of 
patients affected with UTIs in Australia is estimated to be 1 out of 2 women and 
1 out of 20 men in their lifetime. UTIs associated implications in Australia also 
resulted in over 2.5 million visits to clinics and 75,000 hospital stay yearly [16]. 
As per statistics, report by European centre for disease prevention and control, 
nosocomial infection rate in European Union countries is soar, estimated to be 
around 3 million people get infected and around 50,000 death associated with it per 
year [17]. Primary factors that trigger the increase in infection rate, morbidity and 
mortality and associated treatment cost are due to poor hygiene, malnutrition, and 
lack of sanitation especially in the low-income countries, also misuse of antibiotic 
in food industry (agriculture, livestock, dairy) and unwarranted prescription (e.g., 
antibiotics prescribed to patients for common cold). Development of multidrug 
resistance bacteria or superbugs further escalates infection rate and associated 
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treatment cost and death rate. News article published by leading newspaper “Times 
of India” reported mortality rate in India due to superbugs is 13% in comparison to 
2–7% in developed countries [18]. Biofilms also posses’ serious threat to food sector 
including agriculture, dairy, and livestock. It is estimated that infections in plants 
by microbial biofilms add to 10% of global food supply loss and directly contribute 
to foodborne infections [11]. Bovine mastitis, potentially fatal mammary gland 
infection/inflammation of the udder in cow, caused by bacteria attribute to loss of 
two billion dollars to the US dairy industry [11].

3. Pseudomonas aeruginosa a critical opportunistic bacterium

Pseudomonas aeruginosa, is one such opportunistic Gram-negative rod-shaped 
bacterial pathogen known for its ubiquity. World health organization (WHO) 
have placed P. aeruginosa in top priority (critical) organism list considering its 
intrinsic antibiotic resistance profile and remarkable ability to acquire tolerance 
to antibacterial agents [19]. In addition, P. aeruginosa forms robust biofilm and 
triggers severe infections especially in immunocompromised and hospital admitted 
patients. P. aeruginosa commonly found in human gastrointestinal tract, skin, soil, 
water, meat, plants, and vegetables and one of the leading causes for blood stream 
infection, UTI, microbial keratitis, wound and burn infection, HIV/AIDS patients, 
in ICU patients (ventilator associated pneumoniae) and a leading death cause in 
cystic fibrosis patients. P. aeruginosa associated hospital-acquired infections ranges 
between 10 and 15% globally [20]. Global epidemiology survey on P. aeruginosa, 
recorded numerous antibiotic resistance strains isolated from infected patients. 
These isolates are resistance to many antibiotics (carbapenem, gentamicin, cipro-
floxacin, tobramycin, meropenem, and others) which are commonly used to treat 
infected patients [21–24]. This bacterium secretes numerous biomolecules such 
as DNA, proteins, polysaccharides, pyocyanin, rhamnolipids, siderophores which 
supports them in colonization at infection site and spread virulence in host and 
shield them from antibacterial agents [25]. In this book, we elaborated on general 
bacterial biofilm and in specifically focused on mechanism of P. aeruginosa biofilm 
formation, pathogenicity, antibiotic resistance, and treatment. The collections of 
chapters in this book will enlighten different end users including infectious diseases 
scientist, medical professional, medical and microbiology students and public.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Pseudomonas aeruginosa is Gram negative bacteria that can adapt to extreme 
environmental conditions and withstand to different antibacterial agents. It si 
responsible for arrays of infections both community and hospital acquired espe-
cially ICU infections. Respiratory tract infection, blood stream infection, wound 
infection, burn infection, and urinary tract infections ware top five P. aeruginosa 
infections. Additionally as an opportunistic bacteria, it may be associated with 
healthcare infections in intensive care units (ICUs), ventilator-associated pneumo-
nia (VAP), central line-associated blood stream infections, surgical site infections, 
otitis media, and keratitis. P. aeruginosa can form biofilms as self-produced extracel-
lular matrix to protects the cells from antibiotics and the host immune response. 
Antibiotic resistance was an prominent feature of this pathogen and can donate it 
one of the three resistance patterns: Multidrug (MDR), extensive drug (XDR) and 
pan drug resistance. It exploit many resistance mechanisms ranged from overex-
pression of drug efflux systems protein, modifying enzyme production, reducing 
the permeability and using shelters like biofilms.

Keywords: P. aeruginosa, UTIs, RTIs, wound infections, antibiotic resistance, biofilm

1. Introduction

Pseudomonas aeruginosa (P. aeruginosa) is considered as a part related to normal 
intestinal flora as well as a considerable pathogen that is accountable for various 
ICU-acquired infections in patients who are critically ill. The nosocomial infections 
related to such organism involve meningitis, blood stream infections, urinary tract 
infections, respiratory tract infections, wound infections and otitis media [1, 2]. 
Study samples have been gathered from patients with the next disease: P. aeruginosa 
ear infection might be categorized into otitis media, malignant outer otitis, simple 
external otitis (or swimmer ear) and perichondritis. Particularly, otitis media can 
be defined as one of the middle ear inflammations impacting the pediatric popula-
tion and might be divided as chronic and acute [3]. P. aeruginosa can be specified 
as one of the opportunistic bacteria related to health-care infections in VAP, ICU, 
central line related blood stream infections, surgical site infections, urinary tract 
infections, burnt wounds, keratitis and otitis media [4, 5]. P. aeruginosa might 
be specified as a bacterial pathogen that causes extreme chronic infections in 
the immuno-compromised individuals. The capability of P. aeruginosa for creat-
ing biofilm, that were communities regarding the cells which are encased in self 
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produced extracellular matrix, protecting the cells from antibiotics as well as host 
immune responses [6]. The biofilm have the ability of augmenting the persistent 
infections related to P. aeruginosa and high antibiotic resistance level in comparison 
to planktonic bacterial cells, whereas the treatment of infections resulting from 
such organism are difficult due to the existence of its innate resistance to various 
antibiotics (β-lactam and penem group of antibiotics), along with its capability for 
acquiring more resistance mechanism to several antibiotic types, such as fluoroqui-
nolones, aminoglycosides and Beta-lactams [7]. P. aeruginosa implicated disease are 
indicated in the following way:

1.1 P. aeruginosa associated respiratory tract infection

P. aeruginosa can be defined as a significant organism resulting in chronic infec-
tions in the bronchiectasis, due to its ability for maintaining virulence in spite of 
antibiotic therapies via creating biofilm and developing antimicrobial resistance. In 
addition, bronchiectasis is one of the chronic airway diseases specified via irrevers-
ibly damaged as well as dilated bronchi resulting in recurrent bronchial sepsis 
episodes. This leads to poor mucus clearance, and vicious cycle related to persistent 
bacterial colonization, inflammation, airway obstruction along with progressive 
destruction of the tissues [8]. Also, P. aeruginosa in the cystic fibrosis (CF) bron-
chiectasis was related to steeper reduction in the function of lungs and elevated 
mortality and morbidity. Its existence in bronchiectasis is related to diseases with 
more severity, yet if there was direct impact on the progression of disease or if 
P. aeruginosa one of the indicators of current clinical severity still debated [9, 10]. 
Also, the rate of P. aeruginosa chronic infections in patients experiencing bronchi-
ectasis vary from 9 and 31%, and its commonness in large, multi-centre population 
from many nations yet to be evaluated [11, 12]. Furthermore, CF lung was hostile, 
heterogeneous and stressful environments for the invading bacteria, while the 
populations of P. aeruginosa should have the ability of overcoming such issues 
for persisting and surviving, whereas the postulated stressors in CF lung involve 
osmotic stress because of mucus, oxidative and nitrosative stresses because of host 
responses, sub-lethal antibiotics’ concentrations, along with the existence of other 
microorganisms [13].

1.2 P. aeruginosa associated wound and burn infection

P. aeruginosa is specified as a major pathogen isolated from the burn patients 
worldwide [14], also it is opportunistic bacterium related to VAP, ICU, burns 
and surgical site infections [15] and it is a significant pathogens included in burn 
infections [16] and one of the main nosocomial pathogens in the burn patients, 
and quickly acquiring antibiotic resistance; therefore, develop efficient therapeutic 
method was one of the main strategies to combat the infections [17]. Particularly 
in burn centers, the progressive increase and high occurrence of MDR P. aeruginosa 
threating patients with extreme burn injuries [18, 19], while burn wound infections 
were major complications happening following the burn injuries and might be 
related to dangerous clinical complications and elevated mortality and morbidity 
[20]. In addition, burn injuries includes the primary host’s barrier, the skin, that 
is directly placing hosts at risks of infections [21], whereas the burn wounds were 
main public-health problems worldwide. Infections are difficult problems in burn 
patients, since the skin, one of the barriers against microbes, was destroyed and 
immunity agents have no ability for reaching the infection sites. There were cor-
relations between the infection severity and the burn’s extent [22]. P. aeruginosa 
is a typical bacterium in the nosocomial infections, particularly in burn units. 
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Furthermore, burn patients, due to the loss of skin barrier, showed high vulnerabil-
ity to infections [23]. Novel therapeutic agents against the P. aeruginosa, improve the 
effectiveness of present antimicrobial agents and degrade biofilm in burn wounds, 
were needed [24], such bacterium is causing 75% of deaths in the burned patients, 
as it might be developing persistent biofilm related to infections, expressing many 
virulence factors, as well as mechanisms of antibiotic resistance. A few of such 
virulence factors have been proteases like elastase and alkaline protease, or toxic 
metabolites including pyocyanin and microorganisms with the ability of produc-
ing cyanide, that is inhibiting the cytochrome oxidase regarding host cells [25]. 
Furthermore, multiple antibiotic resistant P. aeruginosa was a considerable cause of 
burn wound infections and, soft tissue and skin infections. Due to its resistance to 
majorly utilized antiseptics and antibiotics, there was lack of therapeutic options 
for efficient treatments [26]. Usually, P. aeruginosa attacking patients with wound 
and burn infections, in which more complications of primary condition, might 
happen and often causing bacteremia [27].

1.3 P. aeruginosa associated urogenital infection

UTC is one of the major microbial diseases with considerable economic impacts 
on society [28]. Even though that almost all UTIs were resulting from E. coli, a lot 
of epidemiological reports showed an increase in the infection’s rates resulting via 
a few of opportunistic organisms involving P. aeruginosa. Also, the pathogenesis 
mechanisms and antimicrobial susceptibility regarding P. aeruginosa were badly 
understood [29]. UTC is a major microbial infection in humans and representing 
considerable burden on health-care systems. UTI might be simple, in terms of 
affecting healthy people, or complicated, in terms of impacting people with com-
promised host defenses and/or urodynamics, like the ones with urinary catheter, 
while there were some differences between un-complicated UTI as well as catheter 
associated UTIs (CAUTIs) in the clinical manifestations, pathophysiology and 
causative organisms. Thus, uncomplicated CAUTI and UTI might not be similarly 
approached, or the risks of complications and treatment failure might be increased 
[30]. Also, complicated UTI (cUTI), occurs in immuno-compromised patients or in 
the patients with functional or structural abnormalities of the urinary tract (UT), 
were related to high treatment failure rates and dangerous complications, particu-
larly relapse as well as the development related to antibiotic resistance [31]. cUTIs is 
from the major healthcare-related infections.

In patients experiencing cUTI, P. aeruginosa is deserving distinctive attention, 
due to the fact that it might be affecting patients experiencing considerable under-
lying conditions [32]. Also, P. aeruginosa is a main nosocomial uropathogen. In 
addition, P. aeruginosa is considered as the 3rd major pathogen resulting in hospital-
acquired CAUTI [33]. It might be tolerating a lot of physical conditions and a lot of 
antibiotics via various mechanisms of resistance [34]. The continuous increase in 
antibiotic resistance all over the world is disturbing [28]. Increasing the multi-drug 
resistance in the bacterial uropathogens is emerging and considerable public-health 
problems [35]. Catheter-associated UTC (CAUTI) is responsible for 40% of the 
nosocomial infections in hospitalized patients [33]. P. aeruginosa a multifaceted 
pathogens resulting in many biofilm mediated infections, involving CAUTIs. The 
majority of catheter-associated infections were caused by the own perineal flora of 
patient, yet the existence of catheter is increasing the chances of being colonized 
through cross transmission regarding nosocomial bacteria too.

The majority of episodes related to short term catheter associated bacteriuria 
were asymptomatic and resulting from single organisms, whereas long term cath-
eterization is promoting colonization and multi-bacterial infections. The prolonged 



Pseudomonas aeruginosa - Biofilm Formation, Infections and Treatments

8

produced extracellular matrix, protecting the cells from antibiotics as well as host 
immune responses [6]. The biofilm have the ability of augmenting the persistent 
infections related to P. aeruginosa and high antibiotic resistance level in comparison 
to planktonic bacterial cells, whereas the treatment of infections resulting from 
such organism are difficult due to the existence of its innate resistance to various 
antibiotics (β-lactam and penem group of antibiotics), along with its capability for 
acquiring more resistance mechanism to several antibiotic types, such as fluoroqui-
nolones, aminoglycosides and Beta-lactams [7]. P. aeruginosa implicated disease are 
indicated in the following way:

1.1 P. aeruginosa associated respiratory tract infection

P. aeruginosa can be defined as a significant organism resulting in chronic infec-
tions in the bronchiectasis, due to its ability for maintaining virulence in spite of 
antibiotic therapies via creating biofilm and developing antimicrobial resistance. In 
addition, bronchiectasis is one of the chronic airway diseases specified via irrevers-
ibly damaged as well as dilated bronchi resulting in recurrent bronchial sepsis 
episodes. This leads to poor mucus clearance, and vicious cycle related to persistent 
bacterial colonization, inflammation, airway obstruction along with progressive 
destruction of the tissues [8]. Also, P. aeruginosa in the cystic fibrosis (CF) bron-
chiectasis was related to steeper reduction in the function of lungs and elevated 
mortality and morbidity. Its existence in bronchiectasis is related to diseases with 
more severity, yet if there was direct impact on the progression of disease or if 
P. aeruginosa one of the indicators of current clinical severity still debated [9, 10]. 
Also, the rate of P. aeruginosa chronic infections in patients experiencing bronchi-
ectasis vary from 9 and 31%, and its commonness in large, multi-centre population 
from many nations yet to be evaluated [11, 12]. Furthermore, CF lung was hostile, 
heterogeneous and stressful environments for the invading bacteria, while the 
populations of P. aeruginosa should have the ability of overcoming such issues 
for persisting and surviving, whereas the postulated stressors in CF lung involve 
osmotic stress because of mucus, oxidative and nitrosative stresses because of host 
responses, sub-lethal antibiotics’ concentrations, along with the existence of other 
microorganisms [13].

1.2 P. aeruginosa associated wound and burn infection

P. aeruginosa is specified as a major pathogen isolated from the burn patients 
worldwide [14], also it is opportunistic bacterium related to VAP, ICU, burns 
and surgical site infections [15] and it is a significant pathogens included in burn 
infections [16] and one of the main nosocomial pathogens in the burn patients, 
and quickly acquiring antibiotic resistance; therefore, develop efficient therapeutic 
method was one of the main strategies to combat the infections [17]. Particularly 
in burn centers, the progressive increase and high occurrence of MDR P. aeruginosa 
threating patients with extreme burn injuries [18, 19], while burn wound infections 
were major complications happening following the burn injuries and might be 
related to dangerous clinical complications and elevated mortality and morbidity 
[20]. In addition, burn injuries includes the primary host’s barrier, the skin, that 
is directly placing hosts at risks of infections [21], whereas the burn wounds were 
main public-health problems worldwide. Infections are difficult problems in burn 
patients, since the skin, one of the barriers against microbes, was destroyed and 
immunity agents have no ability for reaching the infection sites. There were cor-
relations between the infection severity and the burn’s extent [22]. P. aeruginosa 
is a typical bacterium in the nosocomial infections, particularly in burn units. 

9

Pseudomonas aeruginosa: Diseases, Biofilm and Antibiotic Resistance
DOI: http://dx.doi.org/10.5772/intechopen.95251

Furthermore, burn patients, due to the loss of skin barrier, showed high vulnerabil-
ity to infections [23]. Novel therapeutic agents against the P. aeruginosa, improve the 
effectiveness of present antimicrobial agents and degrade biofilm in burn wounds, 
were needed [24], such bacterium is causing 75% of deaths in the burned patients, 
as it might be developing persistent biofilm related to infections, expressing many 
virulence factors, as well as mechanisms of antibiotic resistance. A few of such 
virulence factors have been proteases like elastase and alkaline protease, or toxic 
metabolites including pyocyanin and microorganisms with the ability of produc-
ing cyanide, that is inhibiting the cytochrome oxidase regarding host cells [25]. 
Furthermore, multiple antibiotic resistant P. aeruginosa was a considerable cause of 
burn wound infections and, soft tissue and skin infections. Due to its resistance to 
majorly utilized antiseptics and antibiotics, there was lack of therapeutic options 
for efficient treatments [26]. Usually, P. aeruginosa attacking patients with wound 
and burn infections, in which more complications of primary condition, might 
happen and often causing bacteremia [27].

1.3 P. aeruginosa associated urogenital infection

UTC is one of the major microbial diseases with considerable economic impacts 
on society [28]. Even though that almost all UTIs were resulting from E. coli, a lot 
of epidemiological reports showed an increase in the infection’s rates resulting via 
a few of opportunistic organisms involving P. aeruginosa. Also, the pathogenesis 
mechanisms and antimicrobial susceptibility regarding P. aeruginosa were badly 
understood [29]. UTC is a major microbial infection in humans and representing 
considerable burden on health-care systems. UTI might be simple, in terms of 
affecting healthy people, or complicated, in terms of impacting people with com-
promised host defenses and/or urodynamics, like the ones with urinary catheter, 
while there were some differences between un-complicated UTI as well as catheter 
associated UTIs (CAUTIs) in the clinical manifestations, pathophysiology and 
causative organisms. Thus, uncomplicated CAUTI and UTI might not be similarly 
approached, or the risks of complications and treatment failure might be increased 
[30]. Also, complicated UTI (cUTI), occurs in immuno-compromised patients or in 
the patients with functional or structural abnormalities of the urinary tract (UT), 
were related to high treatment failure rates and dangerous complications, particu-
larly relapse as well as the development related to antibiotic resistance [31]. cUTIs is 
from the major healthcare-related infections.

In patients experiencing cUTI, P. aeruginosa is deserving distinctive attention, 
due to the fact that it might be affecting patients experiencing considerable under-
lying conditions [32]. Also, P. aeruginosa is a main nosocomial uropathogen. In 
addition, P. aeruginosa is considered as the 3rd major pathogen resulting in hospital-
acquired CAUTI [33]. It might be tolerating a lot of physical conditions and a lot of 
antibiotics via various mechanisms of resistance [34]. The continuous increase in 
antibiotic resistance all over the world is disturbing [28]. Increasing the multi-drug 
resistance in the bacterial uropathogens is emerging and considerable public-health 
problems [35]. Catheter-associated UTC (CAUTI) is responsible for 40% of the 
nosocomial infections in hospitalized patients [33]. P. aeruginosa a multifaceted 
pathogens resulting in many biofilm mediated infections, involving CAUTIs. The 
majority of catheter-associated infections were caused by the own perineal flora of 
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were asymptomatic and resulting from single organisms, whereas long term cath-
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duration related to catheterization bacteriuria was specified universal due to the 
biofilm’ formation on the surface of catheter [36]. In addition, the high occurrence 
of CAUTI in the hospitals, their clinical manifestations, like cystitis, urethritis, 
meningitis, pyelonephritis, death and urosepsis, also the related economic chal-
lenges underscoring the requirement for the infections’ management, while P. 
aeruginosa might be resulting in complicated UTIs, especially in individuals with 
catheters, that might result in pyelonephritis, whereas a few sub-groups appearing 
with more susceptibility to infections, like women and elderly, the contributions 
of other host factors in addition to the bacterial virulence factors for successful 
infections still fairly understudied. Furthermore, P. aeruginosa UTIs were extremely 
antibiotic resistant and requiring intensive and costly treatment [37].

1.4 P. aeruginosa associated otitis media

Otitis media (OM) can be considered as a major cause of fever as presentation 
in pediatric population. Chronic suppurative otitis media (CSOM) (also termed 
as chronic otitis media) is one of the ear diseases stages where there are ongoing 
chronic infections related to middle ear with no intact tympanic membrane, such 
disease is one of the inflammations of middle ear as well as mastoid cavity, while 
the characteristic presentation was persistent or chronic otorrhoea throughout 
(2–6) weeks via perforated tympanic membrane [38]. In addition, OM considered 
as group of the complex inflammatory disorders impacting the middle ear that 
might be chronic or acute [39]. CSOM (also referred to as chronic otomastoiditis, 
chronic active mucosal otitis media and chronic tympanomastoiditis), is one of 
the inflammations of middle ear as well as mastoid cavity, present with recurrent 
ear discharge or otorrhea via perforated tympanic membrane [40]. Chronic (OM) 
is a perforation related to tympanic membrane with infection. Mostly, it occurs in 
underdeveloped nations.

Culture and sensitivity reports are showing the main pathogens accountable for 
chronic OM were P. aeruginosa and S. aureus [41]. Bacteria’s dispersal from biofilm 
in the middle ear, serve as bacterial reservoir, might be explaining the recurrent as 
well as chronic nature related to CSOM [42]. P. aeruginosa is one of the significant 
CSOM pathogens showing multiple resistances to the antibiotics with increase in 
frequency and make the treatment of patients extra difficult [43]. P. aeruginosa is 
a major organism result in CSOM, is one of the notorious pathogens with MDR 
attribute [44]. Also, P. aeruginosa is invading the human middle ear epithelial cells 
(HMEECs) as well as inducing cytoskeletal rearrangements [39], while the antibiot-
ics resistance that is considered as worldwide health challenge is not a future threat 
anymore, yet current problem to all clinical setting’s facets. Therefore, treating OM 
effusion is a main concern [45].

1.5 P. aeruginosa associated meningitis

Community acquired meningitis resulting from P. aeruginosa has extremely 
increased mortality rates and uncommon [46]. It is related to prior neurosurgical 
procedure and hospital-related onset. Generally, bacterial meningitis is developing 
many cerebrovascular complications, from which the intracerebral hemorrhage 
is rare [47]. In addition, Multidrug Resistant (MDR) strains were identified in 
patients with neurosurgical interventions and patient with nosocomial exposure. 
This study is providing one of the fatal cases regarding community-acquired MDR 
pseudomonal meningitis [48]. One of the uncommon causes of ventriculitis and 
meningitis is P. aeruginosa, yet is commonly related to considerable mortality and 
morbidity [49]. Majorly, there is history of neurosurgical procedure in patients who 
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develop P. aeruginosa meningitis [50]. Also, P. aeruginosa neurosurgical meningitis 
is one of the uncommon entities typically associated to elevated rates or mortality 
and with intraventricular catheters [51]. Adult bacterial meningitis (ABM) resulted 
from P. aeruginosa was typically because of nosocomial infections and typically 
identified in patients experiencing post neurosurgical state [49]. Each year, approx-
imately 16,000 are dying due to ABM [52]. Meningitis resulting from extensively 
drug resistant (XDR) or multidrug-resistant (MDR). Gram negative bacillary 
meningitis (GNBM) resulting in considerable limitations in present options of 
treatment [53]. One of the main challenges in antibiotic selection is the increase in 
meningitis resulting from extreme drug resistant bacillary [52], while antibiotic 
resistance in multiple P. aeruginosa strains is quickly-developing clinical problem 
[54]. The options of treatment were further limited with the involvement of central 
nervous system (CNS), since the colistin based regimens were disadvantaged via 
poor blood brain barrier penetration, frequently related to inadequate microbio-
logical and clinical success. There was a recent increase in using intrathecal colistin 
and it is one of the alternatives to manage infections related to central nervous 
system resulting from MDR bacteria [46]. whereas P. aeruginosa ventriculitis and 
meningitis were mainly nosocomial and associated to prior neurosurgery. There is 
high difficulty in diagnosing as Cerebrospinal fluid Gram film as well as meningism 
were insensitive markers [49].

2. Biofilm formation and antibiotic resistance

Extracellular matrix is vital feature related to biofilm communities, it is sur-
rounding the resident bacteria and it includes matrix proteins, lipid vesicles, 
exopolysaccharides and extracellular DNA (eDNA), whereas the 3 exopolysaccha-
rides regarding P. aeruginosa biofilm matrix (alginate, Pel and Psl) [55]. Mainly, the 
biofilm includes bacterial derived exopolysaccharides which is protecting encapsu-
lated bacteria from host immune cells as well as antibiotics [56]. In addition, biofilm 
are considered to be widespread in their nature and constituting a significant 
strategy carried out via microorganisms for surviving in often harsh conditions of 
environment. They might be effectives or leaving bad effect especially when created 
on medical devices or in industrial settings. Thus, studying the elimination and 
formation of biofilm is significant for a lot of discipline [57]. The ability of P. aeru-
ginosa for creating biofilm, that were cells’ communities which are encased in self 
produced extracellular matrix, protecting the cells from antibiotics as well as host 
immune [58]. Also, P. aeruginosa is considered opportunistic, nosocomial bacterial 
pathogen forming persistent infections because of creating protective communi-
ties, referred to as biofilm. Furthermore, biofilm is a significant virulence factor in 
P. aeruginosa and has considerable roles in antibiotic resistance as well as chronic 
burn wound infections [24], while the biofilm of P. aeruginosa are contributing to 
its survival on the abiotic and biotic surfaces and representing main clinical threat 
because of their increased tolerance to the antibiotics [59]. As soon as forming the 
biofilm, the bacteria embedded in it were recalcitrant to the anti-microbial treat-
ment along with host immune defenses [60].

Biofilm have been specified as complex microbial communities which contain 
micro-colonies and surrounded by self-created extracellular polysaccharide matrix, 
while the biofilm matrix in P. aeruginosa includes 3 different exopolysaccharides: 
Pel, Psl and alginate. Also, the alginate can be defined as one of the polymers which 
contain α-L-guluronic acid and β-D-mannuronic acid with considerable roles in 
the structural stability as well as biofilm protection, while Psl has been specified 
as a polysaccharide includes repeating pentasaccharide, containing L-rhamnose, 
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and with intraventricular catheters [51]. Adult bacterial meningitis (ABM) resulted 
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identified in patients experiencing post neurosurgical state [49]. Each year, approx-
imately 16,000 are dying due to ABM [52]. Meningitis resulting from extensively 
drug resistant (XDR) or multidrug-resistant (MDR). Gram negative bacillary 
meningitis (GNBM) resulting in considerable limitations in present options of 
treatment [53]. One of the main challenges in antibiotic selection is the increase in 
meningitis resulting from extreme drug resistant bacillary [52], while antibiotic 
resistance in multiple P. aeruginosa strains is quickly-developing clinical problem 
[54]. The options of treatment were further limited with the involvement of central 
nervous system (CNS), since the colistin based regimens were disadvantaged via 
poor blood brain barrier penetration, frequently related to inadequate microbio-
logical and clinical success. There was a recent increase in using intrathecal colistin 
and it is one of the alternatives to manage infections related to central nervous 
system resulting from MDR bacteria [46]. whereas P. aeruginosa ventriculitis and 
meningitis were mainly nosocomial and associated to prior neurosurgery. There is 
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rides regarding P. aeruginosa biofilm matrix (alginate, Pel and Psl) [55]. Mainly, the 
biofilm includes bacterial derived exopolysaccharides which is protecting encapsu-
lated bacteria from host immune cells as well as antibiotics [56]. In addition, biofilm 
are considered to be widespread in their nature and constituting a significant 
strategy carried out via microorganisms for surviving in often harsh conditions of 
environment. They might be effectives or leaving bad effect especially when created 
on medical devices or in industrial settings. Thus, studying the elimination and 
formation of biofilm is significant for a lot of discipline [57]. The ability of P. aeru-
ginosa for creating biofilm, that were cells’ communities which are encased in self 
produced extracellular matrix, protecting the cells from antibiotics as well as host 
immune [58]. Also, P. aeruginosa is considered opportunistic, nosocomial bacterial 
pathogen forming persistent infections because of creating protective communi-
ties, referred to as biofilm. Furthermore, biofilm is a significant virulence factor in 
P. aeruginosa and has considerable roles in antibiotic resistance as well as chronic 
burn wound infections [24], while the biofilm of P. aeruginosa are contributing to 
its survival on the abiotic and biotic surfaces and representing main clinical threat 
because of their increased tolerance to the antibiotics [59]. As soon as forming the 
biofilm, the bacteria embedded in it were recalcitrant to the anti-microbial treat-
ment along with host immune defenses [60].

Biofilm have been specified as complex microbial communities which contain 
micro-colonies and surrounded by self-created extracellular polysaccharide matrix, 
while the biofilm matrix in P. aeruginosa includes 3 different exopolysaccharides: 
Pel, Psl and alginate. Also, the alginate can be defined as one of the polymers which 
contain α-L-guluronic acid and β-D-mannuronic acid with considerable roles in 
the structural stability as well as biofilm protection, while Psl has been specified 
as a polysaccharide includes repeating pentasaccharide, containing L-rhamnose, 
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D-glucose and D-mannose. Psl was significant in the start of the formation of the 
biofilm and biofilm structure protection. Pel is specified as the 3rd polysaccharide 
that exists in P. aeruginosa biofilm and was glucose rich [61]. Furthermore, the 
biofilm cells showing increased resistance to the environmental pressures like 
anti-microbial agents compared to their planktonic form [62]. Also, its populations 
undergoing characteristic evolutionary adaptation throughout chronic infection 
related to CF lung, involving decreased virulence factors’ production, transition to 
biofilm related lifestyles, and the evolution regarding high level antibiotics resis-
tance, whereas the populations of P. aeruginosa in the chronic CF lung infections 
generally showing increased phenotypic diversity, involving clinically significant 
characteristics like antibiotics resistance and toxin production, and such diversity 
was dynamic throughout the time, which will make precise treatment and diagnosis 
challenging [63].

3. Antibiotic resistance

P. aeruginosa has been considered as a major cause related to nosocomial infec-
tions, also it is accountable for about 10% of all the hospital acquired infections in 
the world. It is still considered as one of the therapeutic challenges due to the high 
rates of mortality and morbidity related to it and the potential to develop drug 
resistance throughout the therapy. Also, standard antibiotic regimes against the P. 
aeruginosa were more and more unsuccessful due to the increase in drug resistance 
[64]. In addition, antibiotics resistance in the multiple strains related to P. aerugi-
nosa was a clinical issue that is developing rapidly, while the definitions regarding 
multidrug resistance P. aeruginosa (MDRPA) was isolates resistant to minimum 
of 3 drugs from various antimicrobial categories, involving cephalosporinsand 
quinolones, aminoglycosides, carbapenems and anti pseudomonal penicillin were 
categorized as multidrug resistant. The development of antibiotic resistant bacteria 
in health-care is dangerous. With regard to health-care premises exactly ICUs were 
main microbial diversity sources. Recently, a few studies indicated that not just 
microbial diversity, yet also the drug resistant microbes majorly habitat in the ICUs.

Infections resulting from such organism were complicated to treat due to the 
existence of its innate resistance to various antibiotic types (Beta-lactam and penem 
group of antibiotics) as well as its capability for acquiring more resistance mecha-
nism for a number of antibiotics classes, involving aminoglycosides, β-lactams 
and fluoroquinolones. With regard to molecular evolution microbes adopting 
many mechanisms for maintaining genomic plasticity [2], MDR isolates have been 
majorly specified via slow growth, cytotoxic type-III secretion system genotype, 
excellent biofilm forming capability, and the existence of more aminoglycoside 
modifying enzyme (AME) genes, non MDR isolates are re-sensitized following the 
inhibition regarding active efflux or improvement of membrane permeability, such 
target gene alteration along with the enzymatic drug modification that has been 
specified as the main quinolone mechanisms and aminoglycoside resistance in P. 
aeruginosa keratitis isolates [65]. Extensively drug-resistant P. aeruginosa (XDR-PA) 
that has been characterized as the strains remaining susceptible to only 1 or 2 anti-
pseudomonal agent classes, became a serious issue because of a lack of effective 
anti-microbial treatment [66].

P. aeruginosa became resistant to a number of the antibiotics classes, which 
include the carbapenems, which have been viewed as reliable antibiotics for treating 
the multi-drug-resistant P. aeruginosa serious infections and have been viewed as a 
last-resort antibiotic therapy of the infections that have been caused by the carbape-
nem-resistant Pseudomonas aeruginosa has become more problematic, particularly 
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with increasing the carbapenem resistance. Carbapenem was commonly utilized 
for the directed or empirical treatments when a PA infection has been suspected as 
a result of its natural resistance towards numerous antibiotic types [67]. None-the-
less, the recent data from National Antimicrobial Resistance Surveillance, Thailand 
(NARST), has shown an increasing CRPA trend, from about 15% of infections in 
the period 2000–2005 to 30% in the period 2009–2013. The rate of the CRPA which 
is related healthcare-associated infection (HAI) increased in past year all over the 
world [68].

Pseudomonas aeruginosa isolates have intrinsic resistance to the majority of the 
antimicrobials through the chromosomal AmpC cephalosporinases as well as low 
permeability to the antimicrobials, and can be accumulating extra resistance deter-
minants through acquiring elements of the mobile genetics. Pseudomonas aeruginosa 
is of a large genome (i.e. higher than 6 MB), a high proportion of the regulatory 
genes and a set of the virulence determinants. The capability of using several 
mechanisms, which includes a decrease in the external membrane permeability, 
produces antibiotic degradative enzymes, efflux pump expression, production 
of the alginate and resistance gene transfer, the bacteria enabled showing a high 
resistance level to most of the utilized antibiotics [69]. Several recent researches 
have reported alternative and complementary options of the treatment to the infec-
tions of the combat Pseudomonas aeruginosa. Quorum sensing inhibitors, probiotics, 
phages, vaccine antigens, antimicrobial peptides, and anti-microbial nano-particles 
have the possibility of acting against the drug resistant strains [64].

4. Conclusion

The current review conclude the implication of P. aeruginosa in arrays of dis-
eases especially RTIs, UTIs and wound infections. The widespread of it may be 
due to their adaptation to different environmental conditions along with virulence 
traits especially biofilm formation and intrinsic and acquired antibiotic resistance 
strategies.
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Chapter 3

Pseudomonas aeruginosa as a Cause 
of Nosocomial Infections
Silvia Labovská

Abstract

Pseudomonas aeruginosa, as a gram-negative aerobic rod, is still one of the most 
resistant agents of nosocomial infections. It is used for the development of respira-
tory, urinary and wound infections. It causes bacteremia, especially in patients who 
are hospitalized for anesthesiology and resuscitation department or ICU, who often 
have respiratory insufficiency and hemodynamic instability and require artificial 
lung ventilation. Mechanical ventilation itself is a significant risk factor for the 
development of pseudomonad pneumonia. Pseudomonas aeruginosa has enzymes 
that are encoded on both chromosomes and plasmids, often in combination with 
other mechanisms of resistance, such as reducing the permeability of the outer 
or cytoplasmic membrane. Due to carbapenemases, Pseudomonas aeruginosa loses 
sensitivity to carbapenem and becomes resistant to this antibiotic. It also becomes 
resistant to aminoglycosides, cephalosporins and ureidopenicillins. It is also 
resistant to Quaternary disinfectants. The reservoir of pseudomonas nosocomial 
infection is hospital water, taps, shower roses, swimming pools, healing waters and 
others. The intervention of anti-epidemic measures in the case of infections caused 
by pseudomonad strains has not yet reached such sophistication as in the case of 
MRSA for time, personnel and economic reasons. In the absence of an epidemic, 
intervention in sporadic cases consists of informing nursing staff of the occurrence 
of a multidrug-resistant agent, including providing all patient demographics and 
relieving careful adherence to the barrier treatment, cleansing, disinfection and 
isolation regimen.

Keywords: nosocomial infections, respiratory insufficiency, pnemonia, lung 
ventilation, resistance

1. Introduction

Nosocomial infections (NI) are a global problem in hospital care. This is a signifi-
cant complication that worsens the prognosis of the underlying disease, increases 
mortality, prolongs hospitalization, worsens the quality of life of patients and 
increases the cost of treatment, so NI pays special attention. In the United States, 
the Center for Disease Control and Prevention (CDC) is the leading authority in this 
area. CDC procedures and guidelines are the most widely used standard worldwide. 
In the USA, a nationwide NI surveillance system has been organized since the 1970s. 
The United Kingdom also has a long tradition in the control of NI, which is orga-
nized in the system of laboratory service of the British public health service (Public 
Health Laboratory Service). The main guarantor, which organizes congresses 
dedicated to NI, is the Hospital Infection Society (HIS), which publishes a globally 
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important and recognized journal - the Journal of Hospital Infection [1]. The aim 
of the journal is to publish high-quality research and information related to the 
prevention and control of NI [2]. NIs need to be diagnosed and treated in time, but 
the most important thing is their prevention in various hospital wards, especially 
in intensive care units. Infections acquired in connection with hospitalization can 
lead to significant morbidity and mortality, but preventive anti-infective measures 
can significantly affect these results. Equally important is prevention in hospital 
staff in order to reduce the risk of infections spreading to other patients and staff. In 
this way, it is possible to prevent the absence of staff from work, which can have a 
positive effect on the skills of the staff of the intensive care unit. Nosocomial infec-
tions are also associated with financial expenses, which include hospital expenses, 
reduced productivity of sick staff as well as their income due to absence from work.

Pseudomonas aeruginosa, as a gram-negative aerobic rod, is still one of the most 
resistant agents of nosocomial infections. P. aeruginosa causes 10-11% of all NI. 
This result is due to the resistance of this microorganism to desinfectants and 
many antimicrobials. It is involved in the development of respiratory, urinary and 
wound infections. It causes bacteremia, especially in patients who are hospitalized 
at anesthesiology and resuscitation department or ICU, who often have respiratory 
insufficiency and hemodynamic instability and require artificial lung ventilation. 
Mechanical ventilation itself is a significant risk factor for the development of 
pseudomonad pneumonia. P. aeruginosa has enzymes that are encoded on both chro-
mosomes and plasmids, often in combination with other mechanisms of resistance, 
such as reducing the permeability of the outer or cytoplasmic membrane. Due to 
carbapenemases, P. aeruginosa loses sensitivity to carbapenem and becomes resistant 
to this antibiotic. It also becomes resistant to aminoglycosides, cephalosporins and 
ureidopenicillins. It is also resistant to Quaternary desinfectants. The reservoir of 
pseudomonas nosocomial infection is hospital water, taps, shower roses, swimming 
pools, healing waters and others. It occurs in sinks, humidifiers, anesthesia machines, 
inhalers, hand brushes and other places that meet suitable conditions, which means 
ambient humidity. Pseudomonads contaminate lubricating gels and disinfectants [3].

The intervention of anti-epidemic measures in the case of infections caused 
by pseudomonad strains has not yet reached such sophistication as in the case of 
MRSA for time, personnel and economic reasons. In the absence of an epidemic, 
intervention in sporadic cases consists of informing nursing staff of the occurrence 
of a multidrug-resistant agent, including providing all patient demographics and 
relieving careful adherence to the barrier treatment, cleansing, desinfection and 
isolation regimen [3].

If we add eye, ear, nose, and throat infections to pneumonia, then respiratory 
tract infections are the most common site of nosocomial infections for almost all age 
groups in pediatric JIS [4]. Much attention has been paid to ventilator-associated 
pneumonia (VAP) as the most common and potentially preventable nosocomial 
infection. Other nosocomial respiratory infections include sinusitis, otitis media 
and tracheitis. Contamination of the patient’s respiratory tract may come from a 
device with which the patient has been in direct contact, namely an endotracheal 
tube, nasogastric tube, aspiration catheters, bronchoscopes, but also from a device 
with which he has not been in direct contact, such as a mechanical ventilator, 
ventilator hose, nebulizers and devices that supply oxygen. The human vector that 
most likely transmits infection to a patient is hospital staff. The most common risk 
factors are poor hand hygiene, insufficient isolation of patients and contaminated 
objects such as stethoscopes. Family members and other patients may also transmit 
the infection to patients hospitalized in a pediatric ICU. All of these factors must be 
considered and controlled to minimize the occurrence of nosocomial respiratory 
tract infections [2].
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2. Ventilator-associated pneumonia

Nosocomial pneumonia is the second most common nosocomial infection in 
pediatric ICUs after catheter infections of the bloodstream. Nosocomial infection can 
occur in any patient, but is most common in infants, young children, and patients 
over 65 years of age. Patients in pediatric ICUs who are most at risk for pneumonia are 
patients who have been intubated and mechanically ventilated. The risk increases due 
to the circumvention and alteration of the host’s defenses, as the vocal cords remain 
open and the risk of aspiration of gastrointestinal contents increases. The risk of 
nosocomial pneumonia is 6-20 times higher in ventilated patients compared to non-
ventilated patients. Ventilator-associated pneumonia (VAP) is defined as the develop-
ment of new pneumonia for at least 48 hours after the start of mechanical ventilation. 
Independent risk factors for the development of VAP in children are immunode-
ficiency, immunosuppression and neuromuscular blockade. Other risk factors are 
genetic syndromes with neuromuscular weakness, burns, steroid administration and 
total parenteral nutrition [2]. Children have a higher risk of VAP with antibiotics, 
with a longer stay in the ICU, with catheters in place with a risk of haematogenous 
spread, treatment with H2-receptor blockers, reintubation and transport outside 
the ICU during intubation. The presence of a nasogastric tube increases the risk as it 
provides a direct pathway from the upper gastrointestinal tract to the oropharynx. 
In-line nebulizers and manipulation of the ventilator circuit can affect the risk of 
nosocomial pneumonia. VAP in children accounts for 10-26% of nosocomial infec-
tions. The incidence of pediatric nosocomial pneumonia within the hospital is highest 
at the neonatal JIS, followed by the pediatric JIS, and the pediatric ward. Nosocomial 
pneumonia has the highest mortality of all pediatric nosocomial infections and ranges 
from 20–70%. Although the duration of endotracheal intubation increases the risk 
of nosocomial pneumonia, the highest risk is during the first 2 weeks of intubation. 
Almost all intubated children have a colonized endotracheal tube with nosocomial 
microorganisms within 5 days [2]. The most frequently identified bacteria in pediatric 
JIS are gram-negative bacilli, especially P. aeruginosa. Mortality is higher with gram-
negative microorganisms. P. aeruginosa is one of the leading causes of ventilator-
associated pneumonia (VAP) in the US and Europe [5–7]. VAP due to P. aeruginosa is 
increasing in incidence and poses unique challenges for its clinical management.

2.1 Symptoms and diagnosis of VAP

The diagnosis of VAP in children can be made on a clinical basis without the use 
of bronchoscopy. A set of clinical diagnostic criteria and alternative criteria that 
vary with age are given in the table (Table 1). The presence of pneumatoceles on 
chest X-rays in children under 12 months of age meets the radiographic criteria for 
pneumonia, which are listed in the table. The diagnosis of VAP can be made based 
on clinical and radiographic criteria. Identification of the causative microorganism 
is essential for targeted antibiotic therapy. Identification of the microorganism is 
difficult because endotracheal tube culture is inaccurate due to colonization of the 
endotracheal tube and upper airways by gram-negative bacilli and staphylococci, 
which occurs within a few days after intubation. In adult and older children, 
bronchoalveolar lavage and protected swab specimens have been used successfully. 
In young children, it is not possible to obtain a protective sample for the size of the 
required bronchoscope, and the bronchoalveolar lavage performed has a high inci-
dence of contamination. Methods for determining the causative microorganism are 
positive blood culture that cannot be explained by other sources, positive pleural 
fluid cultures, and a positive bronchoalveolar lavage sample despite its limitations, 
>5% of bronchoalveolar lavage cells containing intracellular bacteria and positive 
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pulmonary parenchyma culture. When nosocomial pneumonia is suspected, 
empirical treatment should be initiated to cover the most likely microorganisms, 
taking into account hospital resistance. Once the agent is identified, the antibiotic 
coverage needs to be adjusted [2].

2.2 Prevention of VAP

In 2004, The Institute for Healthcare Improvement developed a set of evidence-
based recommendations for practitioners to reduce mortality. The evidence was 
based on research in adults.

The package of recommendations for VAP in adults includes the following 
interventions [8]:

a. raising the patient’s head above the bed between 30 and 45°,

b. a break in sedation and daily reassessment of extubation,

c. prophylaxis of stress ulcers,

d. prophylaxis of deep vein thrombosis.

All patients 1-12 year of age <12 months of age

Chest film At least 2 serial CXR with new 
or progressive and persistent 
infiltrate or consolidate or 
cavitation that developes later 
than 48 hrs post initiation of 
mechanical ventilation

Additional 
Criteria

At least one of shaded criteria 
AND At least two of the non-
shaded criteria

At least 3 of the 
criteria below

Worsening gas exchange AND 
at least 3 of the criteria below

Temperature >38°C without other 
recognized cause

>38,4°C or 
<37°C without 
other recognized 
cause

Temperature instability 
without other recognized cause

WBC count <4000/mm3 OR ˃12,000/
mm3

<4000/mm3 OR 
˃>15,000/mm3

˂4000/mm3 OR ˃15,000/mm3 
and band forms ˃10%

Altered 
mental status

If >70 years of age without 
other recognized cause

Not applicable Not applicable

Sputum/
Secretions

New onset purulent sputum OR change in character of sputum OR increased respiratory 
symptoms

Respiratory 
Symptoms

New onset or worsening of cough, dyspnea, or 
tachypnea

Apnea, tachypnea, increased 
work of breathing, or grunting

Auscultation 
findings

Rales or bronchial breath sounds Wheezing, rales, or ronchi

Cough Not applicable as separate criteria +

Worsening 
oxygenation 
or ventilation

Present Present Required criteria

Heart rate Not applicable <100 beats/min OR > 170 
beats/min

Table 1. 
Clinical criteria for diagnosing VAP by age [2].
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The application of these measures can reduce the incidence of VAP to 45%, 
although the last 2 points do not directly lead to nosocomial pneumonia, but 
are designed to treat complications in monitored, sedentary adult patients with 
ICU. In children, many centers use only low-risk interventions such as raising the 
head above the bed, considering extubation, and using stress ulcer prophylaxis. 
Intervention such as omission of sedation is unpredictable and risky in young 
children due to the high risk of unwanted extubation [9].

Measures often used in pediatric centers focus on specific risk factors [2]:

• measures to prevent iatrogenic spread of infection compliance with good 
hand hygiene use of general preventive measures use of appropriate isolation 
techniques according to infectious microorganisms

• measures to prevent aspiration of gastric contents elevated head above bed 
between 30 and 45 degrees monitor/drainage of gastric contents

• measures to improve oral hygiene mouthwashes/cleaning with chlorhexidine 
0.12% use of toothbrush and oral swab in daily oral hygiene

• measures to reduce risk factors of the endotracheal tube use of in-line suction 
device, where is suitable and available preferential suction of the hypopharynx 
over endotracheal suction and relocation of the ET tube

• measures to prevent contamination of respiratory equipment single-purpose 
oropharyngeal suction device prevention of condensate accumulation in the 
respiratory circuit prevention of contamination of respiratory device

• measures to reduce the length of mechanical ventilation daily consideration of 
extubation attempts interruption of neuromuscular blockade.

Hygiene of hands with alcoholic solutions or soap and water, together with 
adherence to general precautions and appropriate isolation, are the most effec-
tive methods. The raised position of the head prevents aspiration of the stomach 
contents. The risk of aspiration can be further minimized by decompression of 
the stomach with a gastric tube and continuous monitoring of the residue. Mouth 
hygiene is important. The American Dental Association recommends starting 
continuous oral hygiene in infants before the appearance of dentition. The recom-
mendation for the use of oral swabs and brushing teeth in critically ill patients is 
based on the fact that the dental plaque consists predominantly of gram-negative 
bacteria and forms within 48 hours of admission to the ICU [2].

In children, secretion of secretions from the hypopharynx is recommended to 
prevent VAP. It is recommended that this aspiration be performed prior to aspiration 
from the endotracheal tube, to prevent aspiration of secretions from the hypophar-
ynx, and prior to manipulation of the endotracheal tube. In some centers, they also 
aspirate secretions before positioning the patient on the bed. The use of a closed 
in-line extraction system may not have a direct effect on reducing the incidence of 
VAP, but may be effective in preventing contamination of the extraction device. 
Condensed steam in the respiratory circuit can potentially contaminate and theoret-
ically cause infection, so condensate must be removed from the circuit. Staff should 
be conscientious and avoid contaminating the respirator and its accessories [9].

In the prevention of nosocomial pneumonia, it is important to minimize the 
length of the patient’s mechanical ventilation. The presence of an endotracheal 
tube poses a risk of VAP and not the positive pressure ventilation associated with it. 
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Daily consideration is recommended as to whether the patient can be extubated. 
Discontinuation of sedation is impractical for most children in pediatric ICUs, 
as it can potentially lead to unwanted extubation, especially in children who are 
small enough to cooperate or understand the need for intensive care interventions. 
Studies in adults and children show that the use of non-invasive ventilation in ICU 
contributes to reducing the incidence of VAP [2].

3. Treatment

One of the most important challenges for physicians is the adequate treatment of 
infections due to Gram-negative pathogens because of the increasing antimicrobial 
resistance in the healthcare setting [10].

Among infections caused by Gram-negative rods, P. aeruginosa has a leading role 
[11], especially in critically ill and immunocompromised patients. Antimicrobial 
resistance has led to a serious restriction in treatment options for P. aeruginosa 
infections.

An anti-pseudomonal cephalosporin, or a carbapenem, or an anti-pseudomonal 
β-lactam/BLI represents potential options for definitive therapy. Aminoglycosides 
should not be used as monotherapy because success rates for aminoglycosides are 
low [8]. This may be due to the poor penetration of aminoglycosides into the lung, 
which require high peak serum concentrations to obtain adequate lung concentra-
tions, thus increasing the risk of nephrotoxicity or ototoxicity [12, 13]. However, 
because in Europe fluoroquinolone resistance rate in P. aeuruginosa exceeds 30% 
[14], it is appropriate to use combination therapy including aminoglycosides for 
empirical therapy of serious VAP. A based approach is recommended of the pre-
scription of an anti-pseudomonal β-lactam (piperacillin/tazobactam, ceftolozane/
tazobactam, ceftazidime, cefepime, or a carbapenem) plus a second anti-pseudo-
monal agent (aminoglycoside or a fluoroquinolones). As for aerosol therapy, there 
is not routinely recommended the use of inhaled antibiotics for the treatment of 
P. aeruginosa VAP. However, they may be considered as an adjunctive to intravenous 
therapy in cases of infections due to MDR (Multi-drug resistance) strains [15].

4. Factors of nosocomial infections

Factors that affect the complex process of origin and spread of nosocomial infec-
tions are divided into internal and external:

• internal factors are closely related to the biological balance of the patient: age 
(over 60 years, up to 3 years), alcoholism, drug addiction, hormonal disorders 
(diabetes), malignant tumors, immunodeficiency, obesity, malnutrition, 
circulatory disorders, polytraumas, burns, pressure ulcers, ulcus cruris, other 
serious diseases (liver disease, AV shunt, cardiomyopathy),

• external factors are related to therapeutic, prophylactic and diagnostic inter-
ventions and are used exclusively in treatment of patients in hospital facilities: 
length of hospital stay, surgery, transplantation, tracheostomy, endotracheal 
cannula, gastric tube, urinary catheterization, iv catheterization, infusion, 
transfusion, foreign bodies, drainage, instrumental procedure, repeated anes-
thesia, endoscopy, hemodialysis, radiation therapy, cytostatic therapy, immu-
nosuppressive therapy, broad spectrum ATB therapy, hormonal therapy [3].
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Hospital placement: plays an important role, with the highest incidence being 
typical of ICU. The incidence of nosocomial infection also depends on the type 
of ICU, while the different incidence will be on surgical, traumatological, burn, 
neurological, neurosurgical or cardiological ICU. Pediatric ICU is unique in that it 
provides care in all of these areas for all children except newborns [2].

The patient’s age may affect the risk of nosocomial infection. In the pediatric 
population, young children are most at risk, especially newborns. The highest 
incidence of nosocomial infections among pediatric patients is in children less than 
1 year of age. The relative immaturity of the newborn’s immune system, associated 
with routine ICU procedures that bypass the physical barriers of infection such 
as skin and mucous membranes, is responsible for the increased risk. Parenteral 
nutrition with high concentrations of glucose and lipids is another risk factor for 
infection. The fact that premature infants are most affected by these risk factors 
explains why neonatal ICUs have a higher incidence of nosocomial infections than 
pediatric ICUs [2, 4, 16]. Pediatric ICU is also unique in that each childhood has 
a different incidence depending on the type of nosocomial infection. In children 
under 5 years of age, the 3 most common nosocomial infections are in the follow-
ing order: bloodstream infections, so-called bloodstream infections, pneumonia 
and urinary tract infections. In children aged 5 to 12 years, the 3 most common 
are nosocomial infections: pneumonia, bloodstream infections and urinary tract 
infections. In adolescents, the order of the most common nosocomial infections is: 
bloodstream infections, urinary tract infections, and then pneumonia [2, 4, 16]. 
Immunosuppressed patients after chemotherapy, human immunodeficiency virus 
infection, or steroid use are equally at risk for developing nosocomial infection.

Nosocomial infections do not have an apparent sex predilection.
Particular risk factors for the development of nosocomial infection are length of 

hospital stay and initial antibiotic therapy [17].
Staff shortages are a particular risk factor for the increased incidence of nosoco-

mial infections, due to increased staff workload and poor hand hygiene [18].
Erythrocyte transfusion is a risk factor for the development of nosocomial 

infections in critically ill patients on ICU. In a prospective study, the incidence of 
nosocomial infection was 14.3% in patients with blood transfusions and 5.8% in 
patients without blood transfusions. In the group of patients with blood transfu-
sions, there was a higher incidence of nosocomial infections, which was significant 
in seriously ill patients with a probability of survival of less than 25%. Patients with 
more than a 25% chance of survival had higher mortality, longer stays on the ICU, 
and longer hospitalizations compared with patients who did not receive a blood 
transfusion [19].

5. Prevention

It is not possible to eliminate all nosocomial infections, but one third of cases 
could be prevented if organized infection control programs were put in place.

Preventive measures can be divided into 2 categories, namely standard measures 
and transmission-based measures. Standard measures can always be used and are 
designed to prevent personnel from coming into contact with potentially infectious 
body fluids. The most important standard measure is hand hygiene. Washing hands 
with soap and water is considered the gold standard. The use of anhydrous antisep-
tic agents is accepted, but not in cases where visible dirt is present, proteinaceous 
body fluids such as blood, or spores contamination is suspected. In these cases, it is 
necessary to use soap and water. Hand hygiene must be observed before and after 
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Daily consideration is recommended as to whether the patient can be extubated. 
Discontinuation of sedation is impractical for most children in pediatric ICUs, 
as it can potentially lead to unwanted extubation, especially in children who are 
small enough to cooperate or understand the need for intensive care interventions. 
Studies in adults and children show that the use of non-invasive ventilation in ICU 
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3. Treatment
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Among infections caused by Gram-negative rods, P. aeruginosa has a leading role 
[11], especially in critically ill and immunocompromised patients. Antimicrobial 
resistance has led to a serious restriction in treatment options for P. aeruginosa 
infections.

An anti-pseudomonal cephalosporin, or a carbapenem, or an anti-pseudomonal 
β-lactam/BLI represents potential options for definitive therapy. Aminoglycosides 
should not be used as monotherapy because success rates for aminoglycosides are 
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tions, thus increasing the risk of nephrotoxicity or ototoxicity [12, 13]. However, 
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P. aeruginosa VAP. However, they may be considered as an adjunctive to intravenous 
therapy in cases of infections due to MDR (Multi-drug resistance) strains [15].

4. Factors of nosocomial infections

Factors that affect the complex process of origin and spread of nosocomial infec-
tions are divided into internal and external:

• internal factors are closely related to the biological balance of the patient: age 
(over 60 years, up to 3 years), alcoholism, drug addiction, hormonal disorders 
(diabetes), malignant tumors, immunodeficiency, obesity, malnutrition, 
circulatory disorders, polytraumas, burns, pressure ulcers, ulcus cruris, other 
serious diseases (liver disease, AV shunt, cardiomyopathy),

• external factors are related to therapeutic, prophylactic and diagnostic inter-
ventions and are used exclusively in treatment of patients in hospital facilities: 
length of hospital stay, surgery, transplantation, tracheostomy, endotracheal 
cannula, gastric tube, urinary catheterization, iv catheterization, infusion, 
transfusion, foreign bodies, drainage, instrumental procedure, repeated anes-
thesia, endoscopy, hemodialysis, radiation therapy, cytostatic therapy, immu-
nosuppressive therapy, broad spectrum ATB therapy, hormonal therapy [3].
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the patient’s examination, but also when gloves are worn. In case of contact with 
body fluids or secretions, it is advisable to use barriers such as gloves, masks, eye 
protectors and coats [2, 3].

Transmission-based measures aim to protect against the transmission of infec-
tious micro-organisms from patients with a proven or suspected infection, as well as 
from patients colonized by specific micro-organisms. These additional measures are 
more than standard measures and are based on the path of transmission: contact, 
droplets, or airborne transmission.

Contact transfer measures apply to a wide range of micro-organisms that spread 
by direct contact with the patient or by indirect contact through contaminated 
objects such as toys, a stethoscope and unwashed hands. Preventive measures 
include, in addition to standard measures, isolation rooms for the patient or group, 
coats and gloves.

Droplet transfer measures are directed against microorganisms that spread a 
short distance from the patient by coughing and sneezing. These measures include 
isolation rooms for one patient or for a group of patients with the same microorgan-
ism. Healthcare professionals should wear masks with eye protection in addition to 
standard measures.

Measures to prevent airborne transmission include additional precautions 
against microorganisms which spread through the air stream. Patients should be 
isolated in rooms with ionized air. For other airborne microorganisms, a respirator 
is required when entering the patient’s room. Isolation of a patient may be based on 
clinical symptoms or circumstances present on admission to the hospital and should 
always be initiated before isolating the microorganism [2, 3].

6. Conclusions and further directions

Nosocomial infections are a major cause of morbidity and mortality in the 
intensive care unit, which can usually be prevented. Although not all nosocomial 
infections can be eliminated due to the specific nature of JIS patients, the incidence 
can be significantly reduced by control measures. Simple measures such as strict 
hand hygiene, isolation, sterility, elevated head position, judicious use, and prompt 
removal of central catheters, urinary catheters, and endotracheal tubes can dra-
matically affect the frequency of nosocomial infections. Although not all nosoco-
mial infections can be prevented, intensive care targets should be zero. Consistent 
application and monitoring of the effectiveness of infection control measures must 
go a long way towards achieving the goal. The medical community must take steps 
to reduce and prevent nosocomial infections. Future efforts should be made to 
distinguish community-acquired infection from nosocomial infection, to reduce the 
development of resistant organisms through prudent use of antibiotics, to design JIS 
to isolate patients and ensure hand hygiene, and to develop barrier design [2, 3].

6.1 Further directions

• Adherence to infection control procedures, including hand hygiene, is one of the 
most useful and well-established methods for preventing nosocomial infections.

• Isolation measures are crucial in preventing the transmission of infections 
among hospitalized patients.

• Following cultures at the time of patient admission may reduce the spread of 
nosocomial resistant organisms.
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• Prevention of catheter blood infections begins at the time of insertion with 
sterility. Catheter care and the use of catheters that are impregnated with 
antiseptics or antibiotics may further reduce the risk of infection.

• Routine removal of central venous catheters does not reduce the risk of 
 catheter blood infections.

• VAP prevention is facilitated by the use of a protocol that includes raising the 
head above bed level and considering extubation daily.
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Abstract

Pseudomonas aeruginosa lung infection is difficult to eradicate due to the multiple 
(intrinsic and acquired) antibiotic resistance of bacteria and to their ability to pro-
duce a thick biofilm. Antibiotic treatment is hampered by poor antibiotic diffusion, 
efflux pump overexpression and the development of a persistent subpopulation 
with low metabolic activity. This is a cause for special concern in Cystic Fibrosis 
(CF) patients, where P. aeruginosa lung infection is the chief cause of morbidity 
and mortality. Combined tobramycin-ciprofloxacin treatment is routinely adopted 
due to the low frequency of resistant strains and its ostensible ability to control the 
infection. Nevertheless, symptoms usually recur, mainly due to the antibiotic per-
sisters, which are difficult to detect in routine cultural microbiological assays. This 
chapter describes the issues involved in the microbiological diagnosis of P. aerugi-
nosa lung infection in CF patients and the possible role of subinhibitory antibiotic 
concentrations in persister development and infection recurrence.

Keywords: Pseudomonas aeruginosa, biofilms, antibiotic resistance,  
bacterial persisters, viable but non-culturable forms, infection recurrence

1. Introduction

Infectious biofilms have long been recognized as a severe clinical problem due 
to their tolerance to antimicrobials and their successful evasion of host defenses 
[1]. Their eradication is hampered by a variety of factors that are related to the 
sessile lifestyle and high cell density typical of biofilms, chiefly the poor diffusion 
of antibiotics and immune cells, the selection of antibiotic-resistant mutants, the 
development of intrinsic antibiotic-resistant phenotypes, like small colony variants 
(SCVs), and the spread of resistance genes among the bacterial populations through 
horizontal gene transfer (HGT) events. The problem is compounded by the devel-
opment of antibiotic-unresponsive dormant cells, which upon reaching the late 
stage of dormancy can become non-culturable [2–4], thus escaping detection by 
routine culture-based assays [5, 6]. The difficulty of eradicating bacterial biofilms is 
a key factor in recurrent and chronic infections [1, 7, 8].

The opportunistic pathogen Pseudomonas aeruginosa is one of the bacteria most 
frequently involved in biofilm-related infections. Although most strains are environ-
mental, the pathogen can live in symbiosis with a variety of hosts including plants, 
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insects and animals. In humans it is an important nosocomial pathogen responsible 
for a variety of infections that have a strong tendency to recur, particularly in burn 
patients and in those with lung involvement. Like other opportunistic pathogens, it 
typically affects immunocompromised individuals [9]. However, the subjects most 
prone to develop P. aeruginosa infection are patients with cystic fibrosis (CF).

2. P. aeruginosa biofilms and lung infection in cystic fibrosis

2.1 P. aeruginosa biofilms and antibiotic resistance

The ubiquitous presence of P. aeruginosa, its prevalence and persistence in 
clinical settings and its intrinsic resistance to therapeutics are underpinned by 
an extraordinary arsenal of response mechanisms [10]. In particular, bacteria are 
protected by biofilms from adverse environmental conditions like phagocytosis, 
oxidative stress, nutrient/oxygen restriction, metabolic waste accumulation and 
antimicrobial agents [1, 11]. The matrix – which provides a favorable niche for 
intense cell–cell interaction and communication and a reservoir of metabolic 
substances, nutrients and energy [12] – accounts for 90% of the dry weight of the 
biofilm mass. Its main constituents are extracellular polysaccharides, proteins, 
extracellular DNA (eDNA), lipids, especially rhamnolipids, and other secreted 
molecules, such as the siderophores pyoverdine and pyocheclin, pyocyanin and 
phenazines. The production of all these components is highly regulated by quorum 
sensing (QS). P. aeruginosa biofilm development is characterized by the produc-
tion of large amounts of three types of extracellular polysaccharides: Psl, Pel 
and alginate. Psl and Pel are the main constituents of the extracellular matrix in 
non-mucoid strains and are involved in the early stages of biofilm formation and 
in cell–cell interactions, whereas alginate overproduction is associated with the 
mucoid phenotype, the hallmark of chronic infection, and is indicative of disease 
progression and long-term persistence.

Biofilm development is held to be a differentiation process – activated in 
response to a variety of environmental stimuli – that alters pathogen behavior and 
results in the adoption of a sessile lifestyle [13]. Biofilms are characterized by an 
intricate regulation network that induces the development of different bacterial 
subpopulations and the emergence of antibiotic-resistant variants, which are a 
typical trait of P. aeruginosa biofilms [14]. The heterogeneity of the biofilm bacterial 
population is associated with the presence of niches with distinctive environmental 
characteristics that modulate gene expression patterns [15].

Biofilm formation is regulated by a number of redundant mechanisms of which QS 
is the most widely investigated. Four different QS systems, Las, Rhl, Pqs and Iqs, each 
characterized by a specific signal molecule and a receptor protein, have been described 
in P. aeruginosa. QS systems are involved in the regulation of several metabolic and 
pathogenic pathways that have a significant role in bacterial fitness in the environment 
as well as in the host. Their interplay is governed by a complicated hierarchical net-
work, where the Las system directly regulates the Pqs and the Rhl systems [15].

Additional regulator systems, which sense the changes in the extracellular 
environment and regulate gene expression accordingly, also seem to be key factors 
in biofilm population dynamics. The best known is the Gac/Rsm system, which is 
the main factor controlling the switch from the planktonic to the sessile lifestyle 
in P. aeruginosa [13]. It encompasses two proteins, GacS/GacR, which sense and 
respond to environmental stimuli, promoting the synthesis of two small RNAs, 
RsmZ and RsmY, which bind and sequester the post-transcriptional regulator RsmA 
[16]. It induces the expression of virulence factors and of other genes playing roles 
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in colonization and acute infection processes, such as the genes involved in motility 
(synthesis of pili) and in the type III secretion system; at the same time, it represses 
some genes implicated in chronic infections, such as those encoding the production 
of alginate and other exopolysaccharides, which constitute the biofilm matrix. RsmA 
sequestration seems to be a central mechanism in the shift from the planktonic to 
the biofilm lifestyle [16]. The second messenger c-di-GMP acts through an alterna-
tive regulation pathway and seems to promote biofilm development by a variety of 
routes: repression of motility-related genes, exopolysaccharide overproduction and 
expression of the adhesin CdrA [17, 18]. RsmA and c-di-GMP share overlapping 
targets and indirectly regulate each other with antagonistic effects, supporting the 
notion of a redundant system [19]. The fact that the c-di-GMP positively regulated 
efflux pump overexpression through brlR induction highlights the importance of the 
messenger in the development of antibiotic resistance/persistence phenotypes [20].

In sessile cells, the action of antibiotics is contrasted by a variety of mecha-
nisms that make them less susceptible to antimicrobials than planktonic cells [21]. 
Notably, the biofilm matrix acts as a barrier, limiting the diffusion of toxic com-
pounds [22]; in particular, binding to eDNA prevents positively charged antibiot-
ics such as aminoglycosides from penetrating the bacterial cells [23]. Moreover, 
in biofilm-growing P. aeruginosa a wide range of resistance determinants are 
expressed or upregulated in a biofilm-specific manner [24]. Indeed, overexpres-
sion of the efflux pumps – particularly MexAB-OprM and MexXY-OprM – is the 
main cause of the multiple antibiotic-resistant phenotype [25] that characterizes 
chronic P. aeruginosa infection and contributes to the failure of its eradication in 
CF patients [26, 27]. The mexAB-oprM operon is upregulated in biofilms resistant 
to azithromycin [28] and fluoroquinolones [29] and also seems to be involved in 
colistin tolerance, which has been described in actively growing P. aeruginosa cells 
[30]. MexXY-OprM is the main aminoglycoside resistance determinant. It is a 
typical example of inducible adaptive resistance [31]; this is also demonstrated by 
the frequent recovery, from chronic patients, of strains bearing mutations in mexZ, 
a repressor gene of the mex-XY operon, which is considered as a mutation hotspot 
in biofilm-growing P. aeruginosa and a typical example of convergent evolution 
of different CF clonal lineages [32, 33]. Other remarkable examples of antibiotic 
resistance associated with biofilm growth are endogenous AmpC ß-lactamase 
overexpression and upregulation of the ndvB gene [34]; the latter is involved in bio-
film-specific synthesis of cyclic glucans, which are responsible for aminoglycoside 
binding and trapping [35]. Finally, the biofilm is an ideal environment for HGT 
events [8], which contribute to the spread of resistance determinants. Conjugation 
events are favored by close contact between cells of different strains and/or spe-
cies [36]; moreover, it has recently been suggested that P. aeruginosa biofilms can 
achieve a natural competence to acquire both genomic and plasmid DNA [37]. 
This is a cause of particular concern for chronic CF patients, whose lungs are often 
colonized by different antibiotic-resistant strains, a condition that has the potential 
to give rise to multidrug resistance [38].

2.2 P. aeruginosa CF lung infection

Cystic Fibrosis is a genetic autosomic disease due to mutations in the cystic 
fibrosis transmembrane conductance regulator (CFTR) gene, which involve a wide 
range of dysfunctions that alter the airway environment and increase susceptibility 
to bacterial respiratory infections. CFTR gene dysfunction affects epithelial cells, the 
pancreas (malabsorption), the liver (biliary cirrhosis), the sweat glands (heat shock) 
and the vas deferens (infertility). Patients with late disease suffer from bronchiec-
tasis, small airway obstruction and progressive respiratory impairment [39]. CF is 
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characterized by recurrent pulmonary exacerbations. Worsening of the chronic lung 
infection symptoms (particularly cough and sputum production), increased bacterial 
load and inflammation and, often, a reduction in FEV1 (forced respiratory volume in 
1 second) impair lung function hence quality of life and overall survival.

The identification of effective treatments requires a greater understanding of the 
factors underpinning the exacerbations. Notably, the lung of CF patients is initially 
colonized by Haemophilus influenzae and Staphylococcus aureus; then, patients 
gradually become susceptible to infection with a variety of environmental Gram-
negative bacteria carrying a broad range of constitutive and acquired antibiotic 
resistance determinants [39]. P. aeruginosa is the main pathogen triggering airway 
inflammation and the leading cause of CF morbidity and mortality [40]. Most CF 
patients are susceptible to P. aeruginosa respiratory infections from infancy. The 
30% of them acquire a strain from the environment resulting in acute infections in 
the first year of life, this rate increases to about 50% before turning 3 years, while 
mucoid phenotype and chronic infection usually raise from 3 to 16 years [10].

Lung colonization generally involves alternate asymptomatic periods and 
relapses with progressive tissue deterioration that eventually lead to lung failure and 
to premature death. Over the years P. aeruginosa develops multiple phenotypic vari-
ants such as SCVs, mucoid and persistent forms. In particular, SCVs are typically 
isolated from the lungs of chronic CF patients. They are small (1–3 mm in diameter) 
usually non-motile and resistant to several classes of antibiotics; produce high 
amounts of exopolysaccharide and form biofilms that strongly adhere to surfaces 
[41]. In vitro and in vivo tests have demonstrated that exposure to sublethal concen-
trations of antibiotics, such as aminoglycosides, selects for SCVs. In CF patients, 
prolonged persistent infection, deterioration of pulmonary function and increased 
antibiotic resistance all correlate with SCVs detection in sputum [41].

P. aeruginosa adaptation to the CF lung environment ultimately results in a 
mucoid phenotype, a conversion first described by Lam and colleagues [42], which 
may take several months to years. The mucoid material has subsequently been iden-
tified as alginate. In mucoid strains, alginate may favor adhesion to lung epithelial 
cells, thereby inhibiting clearance. Nutrient restriction, dehydration and subopti-
mal antibiotic concentrations may result in mucoidity [7, 43]. Host inflammation 
responses are also believed to contribute to mucoid conversion, a hypothesis that is 
supported by the absence of mucoid variants among environmental isolates [44].

3.  Persister development: antibiotic failure and microbiological 
diagnosis

3.1 Persistent and viable but non-culturable (VBNC) bacterial forms

P. aeruginosa lung infections tend to be recurrent. Relapses are chiefly due to 
the development of persisters, bacterial forms that are unsusceptible to antibiotics 
and often difficult to detect by routine microbiological assays. Persistence has been 
defined as “the ability of a subset of the bacterial population to survive to a bacteri-
cidal antibiotic concentration” [45]. Survival is demonstrated by bacterial growth 
in culture once the stressor, i.e. antibiotic concentrations several times higher than 
the minimal inhibitory concentration (MIC), has been removed and nutrients 
have been restored. Accordingly, the main features distinguishing persisters from 
resistant cells are the inability of the former cells to grow in presence of antibiotics, 
though viable and metabolically active, and the lack of heritability [45].

Persisters have been considered as dormant cells that are unaffected by antibiot-
ics [46]. However, lack of significant growth or metabolic activity does not equal 
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persistence, since the majority (> 99%) of dormant subpopulations are not true 
persisters. Persistence is a far more complex condition than dormancy [47], it 
shows an intense metabolic activity despite cell failure to grow or divide. Indeed, 
starvation-induced persisters produced more ATP per mol of carbon source con-
sumed than nutrient supplied cells did [48]. Accordingly, persister cells seem to 
be able to catabolize carbon sources, which results in increased electron transport 
chain activity and membrane potential and increased aminoglycoside uptake [49]. 
However, although bacterial metabolic processes and persistence are closely related, 
the mechanisms involved are largely unclear [50].

Antibiotic persistence is not to be confused with antibiotic tolerance. In particu-
lar, whereas tolerance involves the whole bacterial population, persistence regards 
only a subset of specialized cells. Moreover, tolerant cells are killed, even if more 
slowly than susceptible cells, by high antibiotic doses while persisters are main-
tained over time (Figure 1). Notably, however, the two cell types share the same 
MIC as susceptible cells [45].

Two types of persisters have been described to date: stochastic and triggered. 
The former cells constitute a small subpopulation that can be found in all bacterial 
cultures, even in exponentially growing ones, whereas the latter are induced by 
environmental as well as host-related stressors. Unfavorable environmental condi-
tions, e.g. nutrient and oxygen depletion, catabolite accumulation and suboptimal 
pH, which can induce persistence, can occur in the lungs of CF patients, especially 
in the deepest layers of P. aeruginosa biofilms [51]. Repeated antibiotic treatment 
directed at eradicating chronic infection can contribute to the induction of these 
specialized bacterial forms [26].

VBNC cells are dormant forms described in several bacterial species, including 
P. aeruginosa. They are characterized by the inability to grow on bacteriological 
media despite the presence of metabolic activity [52]. VBNC cells share several 
features with persisters, including a number of inducing factors of which the most 
common are starvation, oxidative stress, suboptimal salinity and pH and low 
temperature [52]. Moreover, both phenotypes are highly resilient to antimicrobials. 
These similarities have led some researchers to conclude that “persister and VBNC 
cells actually represent subsequent stages of the same cycle of dormancy, adopted 
by non-sporulating bacteria to survive unfavorable conditions” [52]. According to 
this theory, stress exposure would induce the development of persisters, which in 
case of prolonged exposure would turn into VBNC cells, whereas stressor removal 

Figure 1. 
Behavior of susceptible, resistant, tolerant and persistent bacterial subpopulations treated with antibiotic 
concentrations exceeding the MIC. CFU: Colony forming unit.
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tions, e.g. nutrient and oxygen depletion, catabolite accumulation and suboptimal 
pH, which can induce persistence, can occur in the lungs of CF patients, especially 
in the deepest layers of P. aeruginosa biofilms [51]. Repeated antibiotic treatment 
directed at eradicating chronic infection can contribute to the induction of these 
specialized bacterial forms [26].

VBNC cells are dormant forms described in several bacterial species, including 
P. aeruginosa. They are characterized by the inability to grow on bacteriological 
media despite the presence of metabolic activity [52]. VBNC cells share several 
features with persisters, including a number of inducing factors of which the most 
common are starvation, oxidative stress, suboptimal salinity and pH and low 
temperature [52]. Moreover, both phenotypes are highly resilient to antimicrobials. 
These similarities have led some researchers to conclude that “persister and VBNC 
cells actually represent subsequent stages of the same cycle of dormancy, adopted 
by non-sporulating bacteria to survive unfavorable conditions” [52]. According to 
this theory, stress exposure would induce the development of persisters, which in 
case of prolonged exposure would turn into VBNC cells, whereas stressor removal 

Figure 1. 
Behavior of susceptible, resistant, tolerant and persistent bacterial subpopulations treated with antibiotic 
concentrations exceeding the MIC. CFU: Colony forming unit.
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and nutrient restoration would involve recovery of the full metabolic state typical 
of exponential growth [52, 53]. Unlike culturable persisters, VBNC cells can regain 
culturability only through the action of specific activators (Figure 2), a phenom-
enon known as resuscitation [54]. The activators can be specific for the bacterial 
species and even for a single strain; while not completely understood they seem 
easily found in vivo [54].

3.2 VBNC P. aeruginosa and issues related to the diagnosis of CF lung infection

In CF patients, the microbiological diagnosis of P. aeruginosa lung infection is still 
performed by culture-based assays, which cannot detect VBNC cells [6]. Such assays 
involve microorganism isolation using rich (Columbia blood or chocolate) and selec-
tive (MacConkey or Pseudomonas) agar followed by isolate identification by biochem-
ical or mass spectrometry analysis [55, 56]. Though effective in diagnosing primary 
colonization and pulmonary exacerbations, these methods suffer from considerable 
limitations, first and foremost poor sensitivity, due to the multiple phenotypic variants 
found in P. aeruginosa isolated from chronic CF biofilm-related infections [57].

A variety of stressors, principally nutrient depletion, oxidative and osmotic 
stress, an acid pH, a strong immune response and the presence of subinhibitory 
antibiotic concentrations [51, 58], make the CF lung an unfavorable environment 
for P. aeruginosa. The bacterial response involves the development of different 
phenotypes. The best known is the mucoid phenotype [59], alongside the loss of 
motility and pigmentation [60], the formation of auxotrophic variants and SCVs 
[61]. All these phenotypes are characterized by slow growth, which hampers 
culture-based diagnosis. However, the main problem is detecting VBNC cells. These 
cells – albeit not necessarily virulent – given suitable conditions can revert to full 
metabolically active forms capable of quick duplication and full virulence [54], 
which trigger a new infection. Developing a diagnostic technique that detects these 
forms is therefore critical to forecast symptom relapse and start early treatment.

3.3 The multifaceted role of antibiotics

Antibiotic treatment can play two different roles as regards persistent cells: it can 
either select a pre-existing persistent subpopulation or induce the persistent phe-
notype [45]. The hypothesis has also been advanced that antibiotics exert a biphasic 
dose-dependent action, i.e. inhibition of bacterial growth at high (≥ the MIC) doses 

Figure 2. 
Differences between culturable persistent and VBNC cells after stressor removal and nutrient restoration. 
Whereas persistent cells quickly begin to grow and divide again, VBNC cells require exposure to a growth 
activator (the resuscitation-promoting factor) before regaining full metabolic activity and doubling ability. The 
progeny of both cell types will contain a mixed population as the starting culture.
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and stimulation of a specific bacterial response by acting as a molecular signal at 
low concentrations (< the MIC), a phenomenon known as hormesis [62].

Failed infection eradication even after prolonged antibiotic treatment is a major 
clinical problem in patients with microbial biofilms. Antibiotic unresponsiveness 
has been explained by poor drug penetration in the biofilm matrix and by the 
development of dormant/persistent cells in the deepest biofilm layers [22]. Since 
low antibiotic concentrations are probably found for extended periods in the lung 
of CF patients with intermittent/chronic infection, who undergo repeated antibiotic 
treatment, the development of persistent forms is likely to be stimulated by the 
drugs themselves. Evidence to this effect has been reported for different classes of 
antibiotics, including quinolones and aminoglycosides, although more comprehen-
sive investigations are required to draw firm conclusions.

4.  P. aeruginosa VBNC cell detection and quantification in CF respiratory 
samples

4.1 Total live cell detection strategies

Given the wide phenotypic variability of P. aeruginosa, encompassing difficult-to 
grow phenotypes, several culture-independent approaches have been devised to 
provide reliable infection diagnosis. DNA-based techniques are useful because they 
are able to detect the whole bacterial population. Most protocols are based on PCR 
or qPCR assays [63].

To find a suitable target gene on which to base P. aeruginosa detection, 
most protocols have been tested on a variety of bacterial isolates of different 
origins. The oprL gene, encoding a peptidoglycan-associated protein, has long 
been considered as one of the best targets [64–67]. However, its specificity 
was questioned when Anuj and colleagues [68] obtained cross-reactions with 
other species. Notably, the selection of multiple targets is considered as the best 
approach to P. aeruginosa detection, since it excludes false-negative results due 
to mutations in the amplified gene sequences. The gyrB and ecfX genes are two 
other widely used targets. The former gene encodes the DNA gyrase subunit B. 
Tests against several CF P. aeruginosa isolates have identified a species-specific 
internal sequence [69, 70]. The ecfX gene – found in 19 copies/genome – encodes 
a σ factor belonging to the ECF subfamily, which is involved in the synthesis of 
proteins with an extracytoplasmic function and seems to play a role in P. aerugi-
nosa haem uptake and virulence [71]. The gene has been reported to be specific 
of P. aeruginosa and has been used to achieve its detection in environmental as 
well as clinical samples [6, 71]. Further proposed targets are the algD gene [72] 
and some 16 s [73] and 23 s rDNA sequences [74].

After reliable detection, a key issue is direct pathogen quantification in sputum 
samples. Most of the work in this field has been performed after 2010 using specific 
extraction kits and lysis protocols [66, 67, 74–76].

The main drawback of DNA-based approaches is that they do not detect only live 
bacterial cells and may be affected by the presence of dead cells as well as by eDNA 
[77]. An efficient and widely used approach to this problem is to treat samples with 
propidium monoazide before DNA extraction [66]. The dye penetrates the cells via 
damaged walls/membranes and binds their DNA; after photo-activation, binding 
to the nucleic acids prevents DNA polymerase binding, hence DNA amplification 
in PCR assays. Since live cells commonly have an intact wall, they are not affected 
by the dye and only their DNA is detected. The same objective can be achieved with 
other treatments such as ethidium monoazide and DNase [6, 77].
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and nutrient restoration would involve recovery of the full metabolic state typical 
of exponential growth [52, 53]. Unlike culturable persisters, VBNC cells can regain 
culturability only through the action of specific activators (Figure 2), a phenom-
enon known as resuscitation [54]. The activators can be specific for the bacterial 
species and even for a single strain; while not completely understood they seem 
easily found in vivo [54].

3.2 VBNC P. aeruginosa and issues related to the diagnosis of CF lung infection

In CF patients, the microbiological diagnosis of P. aeruginosa lung infection is still 
performed by culture-based assays, which cannot detect VBNC cells [6]. Such assays 
involve microorganism isolation using rich (Columbia blood or chocolate) and selec-
tive (MacConkey or Pseudomonas) agar followed by isolate identification by biochem-
ical or mass spectrometry analysis [55, 56]. Though effective in diagnosing primary 
colonization and pulmonary exacerbations, these methods suffer from considerable 
limitations, first and foremost poor sensitivity, due to the multiple phenotypic variants 
found in P. aeruginosa isolated from chronic CF biofilm-related infections [57].

A variety of stressors, principally nutrient depletion, oxidative and osmotic 
stress, an acid pH, a strong immune response and the presence of subinhibitory 
antibiotic concentrations [51, 58], make the CF lung an unfavorable environment 
for P. aeruginosa. The bacterial response involves the development of different 
phenotypes. The best known is the mucoid phenotype [59], alongside the loss of 
motility and pigmentation [60], the formation of auxotrophic variants and SCVs 
[61]. All these phenotypes are characterized by slow growth, which hampers 
culture-based diagnosis. However, the main problem is detecting VBNC cells. These 
cells – albeit not necessarily virulent – given suitable conditions can revert to full 
metabolically active forms capable of quick duplication and full virulence [54], 
which trigger a new infection. Developing a diagnostic technique that detects these 
forms is therefore critical to forecast symptom relapse and start early treatment.

3.3 The multifaceted role of antibiotics

Antibiotic treatment can play two different roles as regards persistent cells: it can 
either select a pre-existing persistent subpopulation or induce the persistent phe-
notype [45]. The hypothesis has also been advanced that antibiotics exert a biphasic 
dose-dependent action, i.e. inhibition of bacterial growth at high (≥ the MIC) doses 

Figure 2. 
Differences between culturable persistent and VBNC cells after stressor removal and nutrient restoration. 
Whereas persistent cells quickly begin to grow and divide again, VBNC cells require exposure to a growth 
activator (the resuscitation-promoting factor) before regaining full metabolic activity and doubling ability. The 
progeny of both cell types will contain a mixed population as the starting culture.
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and stimulation of a specific bacterial response by acting as a molecular signal at 
low concentrations (< the MIC), a phenomenon known as hormesis [62].

Failed infection eradication even after prolonged antibiotic treatment is a major 
clinical problem in patients with microbial biofilms. Antibiotic unresponsiveness 
has been explained by poor drug penetration in the biofilm matrix and by the 
development of dormant/persistent cells in the deepest biofilm layers [22]. Since 
low antibiotic concentrations are probably found for extended periods in the lung 
of CF patients with intermittent/chronic infection, who undergo repeated antibiotic 
treatment, the development of persistent forms is likely to be stimulated by the 
drugs themselves. Evidence to this effect has been reported for different classes of 
antibiotics, including quinolones and aminoglycosides, although more comprehen-
sive investigations are required to draw firm conclusions.

4.  P. aeruginosa VBNC cell detection and quantification in CF respiratory 
samples

4.1 Total live cell detection strategies

Given the wide phenotypic variability of P. aeruginosa, encompassing difficult-to 
grow phenotypes, several culture-independent approaches have been devised to 
provide reliable infection diagnosis. DNA-based techniques are useful because they 
are able to detect the whole bacterial population. Most protocols are based on PCR 
or qPCR assays [63].

To find a suitable target gene on which to base P. aeruginosa detection, 
most protocols have been tested on a variety of bacterial isolates of different 
origins. The oprL gene, encoding a peptidoglycan-associated protein, has long 
been considered as one of the best targets [64–67]. However, its specificity 
was questioned when Anuj and colleagues [68] obtained cross-reactions with 
other species. Notably, the selection of multiple targets is considered as the best 
approach to P. aeruginosa detection, since it excludes false-negative results due 
to mutations in the amplified gene sequences. The gyrB and ecfX genes are two 
other widely used targets. The former gene encodes the DNA gyrase subunit B. 
Tests against several CF P. aeruginosa isolates have identified a species-specific 
internal sequence [69, 70]. The ecfX gene – found in 19 copies/genome – encodes 
a σ factor belonging to the ECF subfamily, which is involved in the synthesis of 
proteins with an extracytoplasmic function and seems to play a role in P. aerugi-
nosa haem uptake and virulence [71]. The gene has been reported to be specific 
of P. aeruginosa and has been used to achieve its detection in environmental as 
well as clinical samples [6, 71]. Further proposed targets are the algD gene [72] 
and some 16 s [73] and 23 s rDNA sequences [74].

After reliable detection, a key issue is direct pathogen quantification in sputum 
samples. Most of the work in this field has been performed after 2010 using specific 
extraction kits and lysis protocols [66, 67, 74–76].

The main drawback of DNA-based approaches is that they do not detect only live 
bacterial cells and may be affected by the presence of dead cells as well as by eDNA 
[77]. An efficient and widely used approach to this problem is to treat samples with 
propidium monoazide before DNA extraction [66]. The dye penetrates the cells via 
damaged walls/membranes and binds their DNA; after photo-activation, binding 
to the nucleic acids prevents DNA polymerase binding, hence DNA amplification 
in PCR assays. Since live cells commonly have an intact wall, they are not affected 
by the dye and only their DNA is detected. The same objective can be achieved with 
other treatments such as ethidium monoazide and DNase [6, 77].
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Despite some drawbacks, DNA-based methods provide additional valuable 
information to the cell culture results when investigating and monitoring P. aeru-
ginosa colonization dynamics in the CF lung [78]. Accordingly, extensive metage-
nomic studies of the CF microbiota have highlighted that persistent cells play a 
major role in infection chronicization and that persistence is favored by alterations 
in bacterial gene expression [79], further stressing the value of molecular tech-
niques in routine diagnostics [80, 81].

Another useful technique capable of providing direct bacterial quantification 
is flow cytometry. Although it has mostly been employed to investigate bacterial 
physiology and metabolic responses [82], efforts to optimize its quantification 
ability have made it suitable for some diagnostic applications [83]. In particular, 
flow cytometry analysis and imaging now enable detection and enumeration of 
non-culturable and intracellular P. aeruginosa cells [84, 85].

Other approaches to detect the whole microbial community of CF lung have 
also been developed and in the last years indirect detection has been also achieved 
by metabolomic methods targeting specific bacterial metabolites as pathogen 
footprints [86].

4.2 Evidence of the presence of VBNC P. aeruginosa in CF sputum

The presence of VBNC P. aeruginosa cells in the CF lung and in particular their 
role in infection recurrence are highly controversial. However, the induction of 
VBNC cells in the CF lung environment currently seems to be the most likely 
explanation for the failure of infection eradication in the presence of a negative 
microbiological diagnosis [6].

The first reports of pathogen persistence in patients with negative sputum 
cultures, published by Schelstraete and Deschaght and colleagues [87], described 
the swift reappearance of the same P. aeruginosa strain, after a brief interval of 
ostensible resolution, in patients treated with eradication therapy. Deschaght and 
co-workers [66] subsequently demonstrated that the pathogen could be detected 
by qPCR much earlier than by culture assays and that qPCR was able to detect a 
high percentage (62%) of non-culturable P. aeruginosa cells in sputum samples from 
patients who had received the first week of antibiotic treatment. A discrepancy 
between culture-based and culture-independent methods has also been reported 
by Le Gall [75] and Héry-Arnaud [76] who advanced the hypothesis of a shift of 
bacterial cells to a non-culturable state. A positive qPCR assay preceding a posi-
tive culture has also been described by McCulloch and colleagues [74] and, more 
recently, by Boutin and co-workers [88].

Our group has carried out extensive work to identify and quantify VBNC P. aeru-
ginosa cells in CF sputum [6]. Combining two previously published ecfX-targeting 
primers we obtained a new amplicon (145 bp) suitable for qPCR. Testing of the new 
primer pair against a panel of 115 P. aeruginosa strains of different origins and other 
Gram-negative bacterial species failed to elicit a cross-reaction, confirming the 
species specificity of the selected target. Moreover – even though the use of a single 
target gene cannot exclude false-negative results due to target mutations [68] – the 
ecfX sequence yielded a positive PCR result in 111/115 (96.6%) of the P. aeruginosa 
strains and the use of a second target gene (gyrB) did not lead to an increase of P. 
aeruginosa detection ([89] unpublished data).

Total DNA was extracted from CF sputum samples using the QIAamp DNA kit 
(Qiagen, Hilden, Germany) and qPCR assays were performed using a SYBR Green 
reaction format. The sensitivity of the protocol combining DNA extraction and 
qPCR was determined by testing P. aeruginosa-free sputum samples inoculated with 
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serial dilutions of log phase P. aeruginosa cultures. Protocol sensitivity was 70 cells/
ml, which is comparable to the sensitivity of TaqMan probe-based qPCR assays 
[90]. Its limit of detection, determined by amplifying serial dilutions of a purified 
ecfX amplicon, was 5.2 x 10−9 ng/reaction, corresponding to about 140 cells/ml in 
the original samples.

eDNA interference was excluded by treating samples with DNase I (18 U) before 
DNA extraction. Preliminary assays were performed using P. aeruginosa-free spu-
tum samples inoculated with 10% live and 90% dead P. aeruginosa cultures. DNase-
treated and untreated aliquots were processed using an in-house crude extraction 
procedure or the QIAamp extraction kit (Figure 3).

The qPCR counts of DNase-treated aliquots always matched the live cell quota 
(10%) of the P. aeruginosa inoculum. As regards the untreated aliquots, they 
corresponded to the whole P. aeruginosa load (100%) when qPCR was performed 
on crude extracts, whereas qPCR performed on DNA extracted with the QIAamp 
kit yielded counts that were comparable to those obtained after DNase pretreat-
ment. This is likely due to the fact that the eDNA of dead P. aeruginosa cells was 
too damaged to be efficiently bound and retained in the extraction column. It can 
thus be assumed that DNA extraction with suitable commercial kits – whether 
alone or combined with DNase treatment – excluded eDNA and provided reliable 
 quantification of live bacterial cells.

We performed the same procedure in 88 CF sputum samples from 55 patients.
The qPCR and culture-based counts were largely comparable (i.e. 78.41% of 

all samples, 43.18% culture-negative and 35.23% culture-positive). Notably, the 
absence of samples that were simultaneously culture-positive and qPCR-negative 
excluded false negatives. The most interesting results were those where the qPCR 
count exceeded the culture-based count (11.40% of samples) and those where 
culture-negative samples showed a qPCR-positive result (10.23%). Given eDNA 
exclusion by DNase treatment and DNA extraction procedure, the discrepancy 
was held to reflect the presence of VBNC P. aeruginosa cells, in line with data 
reported by Deschaght [66], Le Gall [75], McCulloch [74] and Boutin [88]. 
Crucially, 1 and 3 months after the PCR-positive results, the cultures turned 
positive in 2 patients.

Figure 3. 
(Modified from Ref. [6]) Detection of live P. aeruginosa cells in DNase-treated sputum samples. P. aeruginosa 
abundance was quantified by qPCR in CF sputum samples inoculated with 10% live and 90% dead cultures 
with/without DNase I pretreatment. DNA was extracted with a crude extraction procedure or with the 
QIAlamp extraction kit. The qPCR counts were compared to the whole bacterial inoculum.
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Despite some drawbacks, DNA-based methods provide additional valuable 
information to the cell culture results when investigating and monitoring P. aeru-
ginosa colonization dynamics in the CF lung [78]. Accordingly, extensive metage-
nomic studies of the CF microbiota have highlighted that persistent cells play a 
major role in infection chronicization and that persistence is favored by alterations 
in bacterial gene expression [79], further stressing the value of molecular tech-
niques in routine diagnostics [80, 81].

Another useful technique capable of providing direct bacterial quantification 
is flow cytometry. Although it has mostly been employed to investigate bacterial 
physiology and metabolic responses [82], efforts to optimize its quantification 
ability have made it suitable for some diagnostic applications [83]. In particular, 
flow cytometry analysis and imaging now enable detection and enumeration of 
non-culturable and intracellular P. aeruginosa cells [84, 85].

Other approaches to detect the whole microbial community of CF lung have 
also been developed and in the last years indirect detection has been also achieved 
by metabolomic methods targeting specific bacterial metabolites as pathogen 
footprints [86].

4.2 Evidence of the presence of VBNC P. aeruginosa in CF sputum

The presence of VBNC P. aeruginosa cells in the CF lung and in particular their 
role in infection recurrence are highly controversial. However, the induction of 
VBNC cells in the CF lung environment currently seems to be the most likely 
explanation for the failure of infection eradication in the presence of a negative 
microbiological diagnosis [6].

The first reports of pathogen persistence in patients with negative sputum 
cultures, published by Schelstraete and Deschaght and colleagues [87], described 
the swift reappearance of the same P. aeruginosa strain, after a brief interval of 
ostensible resolution, in patients treated with eradication therapy. Deschaght and 
co-workers [66] subsequently demonstrated that the pathogen could be detected 
by qPCR much earlier than by culture assays and that qPCR was able to detect a 
high percentage (62%) of non-culturable P. aeruginosa cells in sputum samples from 
patients who had received the first week of antibiotic treatment. A discrepancy 
between culture-based and culture-independent methods has also been reported 
by Le Gall [75] and Héry-Arnaud [76] who advanced the hypothesis of a shift of 
bacterial cells to a non-culturable state. A positive qPCR assay preceding a posi-
tive culture has also been described by McCulloch and colleagues [74] and, more 
recently, by Boutin and co-workers [88].

Our group has carried out extensive work to identify and quantify VBNC P. aeru-
ginosa cells in CF sputum [6]. Combining two previously published ecfX-targeting 
primers we obtained a new amplicon (145 bp) suitable for qPCR. Testing of the new 
primer pair against a panel of 115 P. aeruginosa strains of different origins and other 
Gram-negative bacterial species failed to elicit a cross-reaction, confirming the 
species specificity of the selected target. Moreover – even though the use of a single 
target gene cannot exclude false-negative results due to target mutations [68] – the 
ecfX sequence yielded a positive PCR result in 111/115 (96.6%) of the P. aeruginosa 
strains and the use of a second target gene (gyrB) did not lead to an increase of P. 
aeruginosa detection ([89] unpublished data).

Total DNA was extracted from CF sputum samples using the QIAamp DNA kit 
(Qiagen, Hilden, Germany) and qPCR assays were performed using a SYBR Green 
reaction format. The sensitivity of the protocol combining DNA extraction and 
qPCR was determined by testing P. aeruginosa-free sputum samples inoculated with 
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serial dilutions of log phase P. aeruginosa cultures. Protocol sensitivity was 70 cells/
ml, which is comparable to the sensitivity of TaqMan probe-based qPCR assays 
[90]. Its limit of detection, determined by amplifying serial dilutions of a purified 
ecfX amplicon, was 5.2 x 10−9 ng/reaction, corresponding to about 140 cells/ml in 
the original samples.

eDNA interference was excluded by treating samples with DNase I (18 U) before 
DNA extraction. Preliminary assays were performed using P. aeruginosa-free spu-
tum samples inoculated with 10% live and 90% dead P. aeruginosa cultures. DNase-
treated and untreated aliquots were processed using an in-house crude extraction 
procedure or the QIAamp extraction kit (Figure 3).

The qPCR counts of DNase-treated aliquots always matched the live cell quota 
(10%) of the P. aeruginosa inoculum. As regards the untreated aliquots, they 
corresponded to the whole P. aeruginosa load (100%) when qPCR was performed 
on crude extracts, whereas qPCR performed on DNA extracted with the QIAamp 
kit yielded counts that were comparable to those obtained after DNase pretreat-
ment. This is likely due to the fact that the eDNA of dead P. aeruginosa cells was 
too damaged to be efficiently bound and retained in the extraction column. It can 
thus be assumed that DNA extraction with suitable commercial kits – whether 
alone or combined with DNase treatment – excluded eDNA and provided reliable 
 quantification of live bacterial cells.

We performed the same procedure in 88 CF sputum samples from 55 patients.
The qPCR and culture-based counts were largely comparable (i.e. 78.41% of 

all samples, 43.18% culture-negative and 35.23% culture-positive). Notably, the 
absence of samples that were simultaneously culture-positive and qPCR-negative 
excluded false negatives. The most interesting results were those where the qPCR 
count exceeded the culture-based count (11.40% of samples) and those where 
culture-negative samples showed a qPCR-positive result (10.23%). Given eDNA 
exclusion by DNase treatment and DNA extraction procedure, the discrepancy 
was held to reflect the presence of VBNC P. aeruginosa cells, in line with data 
reported by Deschaght [66], Le Gall [75], McCulloch [74] and Boutin [88]. 
Crucially, 1 and 3 months after the PCR-positive results, the cultures turned 
positive in 2 patients.

Figure 3. 
(Modified from Ref. [6]) Detection of live P. aeruginosa cells in DNase-treated sputum samples. P. aeruginosa 
abundance was quantified by qPCR in CF sputum samples inoculated with 10% live and 90% dead cultures 
with/without DNase I pretreatment. DNA was extracted with a crude extraction procedure or with the 
QIAlamp extraction kit. The qPCR counts were compared to the whole bacterial inoculum.
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5.  Evaluation of the possible role of antibiotics and other stressors 
in triggering VBNC cells and culturable persisters in P. aeruginosa 
biofilms

After demonstrating VBNC P. aeruginosa cells in the lungs of CF patients (6), 
a key issue was to establish the factors that trigger their induction. We therefore 
examined the role of antibiotic treatments and of some environmental stressors 
that are found in the CF lung [51, 58], in selecting and maintaining persister cells, 
particularly VBNC cells.

5.1  Evaluation of the role of sub-MIC of ciprofloxacin and tobramycin in 
inducing VBNC and culturable persistent cells in starved P. aeruginosa  
in vitro biofilms

The possibility of VBNC cell induction by low antibiotic doses was first explored 
by our group in starved S. aureus biofilms. Greater VBNC cell persistence and 
survival were found in starved cultures exposed to vancomycin and quinupristin/
dalfopristin than in those subjected to starvation alone [91].

Similar experiments were subsequently performed to test VBNC cell induction 
in P. aeruginosa biofilms exposed to starvation, alone or combined with subinhibi-
tory (1/4 x MIC) concentrations of ciprofloxacin or tobramycin [92], which are the 
most widely used treatments for P. aeruginosa lung infection [39, 93]. Biofilms of 
the laboratory strain P. aeruginosa PAO1 and the CF isolate P. aeruginosa C24 were 
developed in rich medium in 35 mm petri dishes for 48 h at 37°C and then subcul-
tured in non-nutrient (NN) broth, alone or supplemented with sub-MIC concentra-
tions of ciprofloxacin or tobramycin for 170 days. The medium was refreshed once a 
week. Samples were evaluated at 60, 75, 90, 120, 135, 150 and 170 days. The biofilm 
content in VBNC cells was determined as follows:

• the culturable population was quantified by plate counts performed on 
cystine lactose electrolyte-deficient (CLED) agar after incubation for 24, 28 
and 72 h at 37°C;

• total viable cells (TVCs) were expressed as the average of the counts obtained 
from ecfX-qPCR and flow cytometry assays after live/dead staining using 
SYBR Green 1x and propidium iodide 40 μg/ml;

• the number of VBNC cells was determined as the difference between TVCs and 
culturable cells (only differences ≥0.5 log were considered).

The results are reported in Figure 4 and are expressed as percentage of TVCs.
Unlike the S. aureus biofilms, a culturable P. aeruginosa subpopulation, which 

can be defined as triggered persisters, was detected throughout the experiment. 
A VBNC subpopulation also developed and was more abundant in presence 
of the antibiotics. In particular, a subset of VBNC P. aeruginosa PAO1 cells was 
detected in all conditions and gradually declined in starved and ciprofloxacin-
exposed biofilms; in contrast, the VBNC subpopulation triggered by sub-MIC 
tobramycin exceeded 90% of TVCs until the end of the experiment. In P. aerugi-
nosa C24, starvation alone induced a discontinuous VBNC subpopulation; starva-
tion and ciprofloxacin triggered a persister population only between 75 and 
135 days; and starvation and tobramycin induced a constant VBNC population 
whose abundance was similar to the one determined in the PAO1 strain at the end 
of the experiment.
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These data suggest that sub-MIC concentrations of tobramycin (not ciprofloxacin) 
play a strong role in inducing VBNC P. aeruginosa and are in line with previous reports 
of the contribution of protein synthesis inhibitors [94] and aminoglycosides [95] to 
VBNC cell induction. The demonstration of the role of toxin-antitoxin modules [96] 
and ribosome hibernation [3] in persisters development, exerted via a reduction of 
protein synthesis, further supports the observed behavior of tobramycin.

After documenting the role of subinhibitory drug concentrations in VBNC cell 
induction and maintenance, we examined the effectiveness of high antibiotic concen-
trations on P. aeruginosa biofilm eradication by evaluating the abundance of persistent 
and VBNC cells in mature P. aeruginosa PAO1 biofilms exposed to 1000 x MIC/100 x 
MBEC (minimal biofilm eradication concentration) tobramycin for 24 h (Figure 5).

Figure 4. 
(Modified from Ref. [92]). VBNC P. aeruginosa cell abundance in starved biofilms exposed to sub-MIC antibiotic 
concentrations. The VBNC cell subpopulation was assessed at specific time points in P. aeruginosa PAO1 (A) and 
C24 (B) biofilms exposed to starvation (NN) or starvation+ ¼ x MIC ciprofloxacin (NN + CIP) or tobramycin 
(NN + TOB). VBNC cells were the difference between total viable cells (TVCs) and plate counts (only differences 
≥0.5 log were considered). Cell abundance was compared in the three stress conditions. * = p < 0.05, ** = p < 0.001.

Figure 5. 
Biofilm persistence to tobramycin treatment. 24-hour-old P. aeruginosa PAO1 biofilms were exposed for 24 h to 
tobramycin 1000 x MIC and assessed for their content in culturable persisters and VBNC cells before and after 
antibiotic treatment. Persisters were determined by plate count (PC), whereas total viable cells (TVCs) were 
determined by ecfX-qPCR and live/dead flow cytometry. The VBNC population was the difference between 
TVCs and PCs. The results are given as the average of three biological replicates ± standard deviation.
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5.  Evaluation of the possible role of antibiotics and other stressors 
in triggering VBNC cells and culturable persisters in P. aeruginosa 
biofilms

After demonstrating VBNC P. aeruginosa cells in the lungs of CF patients (6), 
a key issue was to establish the factors that trigger their induction. We therefore 
examined the role of antibiotic treatments and of some environmental stressors 
that are found in the CF lung [51, 58], in selecting and maintaining persister cells, 
particularly VBNC cells.

5.1  Evaluation of the role of sub-MIC of ciprofloxacin and tobramycin in 
inducing VBNC and culturable persistent cells in starved P. aeruginosa  
in vitro biofilms

The possibility of VBNC cell induction by low antibiotic doses was first explored 
by our group in starved S. aureus biofilms. Greater VBNC cell persistence and 
survival were found in starved cultures exposed to vancomycin and quinupristin/
dalfopristin than in those subjected to starvation alone [91].

Similar experiments were subsequently performed to test VBNC cell induction 
in P. aeruginosa biofilms exposed to starvation, alone or combined with subinhibi-
tory (1/4 x MIC) concentrations of ciprofloxacin or tobramycin [92], which are the 
most widely used treatments for P. aeruginosa lung infection [39, 93]. Biofilms of 
the laboratory strain P. aeruginosa PAO1 and the CF isolate P. aeruginosa C24 were 
developed in rich medium in 35 mm petri dishes for 48 h at 37°C and then subcul-
tured in non-nutrient (NN) broth, alone or supplemented with sub-MIC concentra-
tions of ciprofloxacin or tobramycin for 170 days. The medium was refreshed once a 
week. Samples were evaluated at 60, 75, 90, 120, 135, 150 and 170 days. The biofilm 
content in VBNC cells was determined as follows:

• the culturable population was quantified by plate counts performed on 
cystine lactose electrolyte-deficient (CLED) agar after incubation for 24, 28 
and 72 h at 37°C;

• total viable cells (TVCs) were expressed as the average of the counts obtained 
from ecfX-qPCR and flow cytometry assays after live/dead staining using 
SYBR Green 1x and propidium iodide 40 μg/ml;

• the number of VBNC cells was determined as the difference between TVCs and 
culturable cells (only differences ≥0.5 log were considered).

The results are reported in Figure 4 and are expressed as percentage of TVCs.
Unlike the S. aureus biofilms, a culturable P. aeruginosa subpopulation, which 

can be defined as triggered persisters, was detected throughout the experiment. 
A VBNC subpopulation also developed and was more abundant in presence 
of the antibiotics. In particular, a subset of VBNC P. aeruginosa PAO1 cells was 
detected in all conditions and gradually declined in starved and ciprofloxacin-
exposed biofilms; in contrast, the VBNC subpopulation triggered by sub-MIC 
tobramycin exceeded 90% of TVCs until the end of the experiment. In P. aerugi-
nosa C24, starvation alone induced a discontinuous VBNC subpopulation; starva-
tion and ciprofloxacin triggered a persister population only between 75 and 
135 days; and starvation and tobramycin induced a constant VBNC population 
whose abundance was similar to the one determined in the PAO1 strain at the end 
of the experiment.
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These data suggest that sub-MIC concentrations of tobramycin (not ciprofloxacin) 
play a strong role in inducing VBNC P. aeruginosa and are in line with previous reports 
of the contribution of protein synthesis inhibitors [94] and aminoglycosides [95] to 
VBNC cell induction. The demonstration of the role of toxin-antitoxin modules [96] 
and ribosome hibernation [3] in persisters development, exerted via a reduction of 
protein synthesis, further supports the observed behavior of tobramycin.

After documenting the role of subinhibitory drug concentrations in VBNC cell 
induction and maintenance, we examined the effectiveness of high antibiotic concen-
trations on P. aeruginosa biofilm eradication by evaluating the abundance of persistent 
and VBNC cells in mature P. aeruginosa PAO1 biofilms exposed to 1000 x MIC/100 x 
MBEC (minimal biofilm eradication concentration) tobramycin for 24 h (Figure 5).

Figure 4. 
(Modified from Ref. [92]). VBNC P. aeruginosa cell abundance in starved biofilms exposed to sub-MIC antibiotic 
concentrations. The VBNC cell subpopulation was assessed at specific time points in P. aeruginosa PAO1 (A) and 
C24 (B) biofilms exposed to starvation (NN) or starvation+ ¼ x MIC ciprofloxacin (NN + CIP) or tobramycin 
(NN + TOB). VBNC cells were the difference between total viable cells (TVCs) and plate counts (only differences 
≥0.5 log were considered). Cell abundance was compared in the three stress conditions. * = p < 0.05, ** = p < 0.001.

Figure 5. 
Biofilm persistence to tobramycin treatment. 24-hour-old P. aeruginosa PAO1 biofilms were exposed for 24 h to 
tobramycin 1000 x MIC and assessed for their content in culturable persisters and VBNC cells before and after 
antibiotic treatment. Persisters were determined by plate count (PC), whereas total viable cells (TVCs) were 
determined by ecfX-qPCR and live/dead flow cytometry. The VBNC population was the difference between 
TVCs and PCs. The results are given as the average of three biological replicates ± standard deviation.
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As expected, the high tobramycin concentrations chiefly affected the culturable 
population, which showed a reduction >4 log, whereas the TVC counts showed a 
2 log reduction, highlighting the presence of more than 1 x 107 VBNC cells/ml after 
24-hours exposure to 1000 x MIC tobramycin.

5.2  Evaluation of the possible involvement of additional stressors found in the 
CF lung

Finally, we examined the possible contribution of further environmental factors – 
especially the high salinity and metabolite accumulation that are found in the CF lung 
[51, 58], − in the induction of persistent and VBNC P. aeruginosa cells.

Culturable cells and TVCs were counted as described above in P. aeruginosa PAO1 
biofilms grown for 7 days in Luria Bertani (LB) broth, alone or added with 13 g/l NaCl. 
The counts were compared to those of a mature 24-hour-old biofilm (Figure 6).

As shown in the diagram, P. aeruginosa biofilms tolerate and adapt to the high 
salinity found in the CF lung, since exposure to this stressor for 7 days failed to 
induce a significant difference in culturable and VBNC cell amount compared 
to the control condition. In contrast, the plate counts demonstrated a difference 
of 1 log between 7-day-old and 24-hour-old LB biofilms, whereas the number of 
TVCs at the two time points was not significantly different. This indicates a shift 
of P. aeruginosa cells to the VBNC state in biofilms grown for 7 days in LB medium, 
where bacterial metabolites accumulate. Most likely, nutrient reduction and waste 
accumulation induce a major shift to the persistent state, as also demonstrated for 
the VBNC cells in biofilms maintained in NN broth.

6. Conclusions

The generation of persistent cell subpopulations is a bacterial survival strategy 
against adverse environmental conditions [2]. Whereas stochastic persisters are 
rare, external stressors can convert most bacterial population into persistent cells [45]. 

Figure 6. 
Induction of VBNC P. aeruginosa cells in biofilms exposed to environmental stress factors. P. aeruginosa PAO1 
biofilms were grown in Luria Bertani broth, with metabolite accumulation (MA T7) or in LB + 13 g/l NaCl 
for 7 days (NaCl T7). Culturable cells were determined by plate count (PC) and total viable cells (TVCs) were 
determined by qPCR/flow cytometry assays. VBNC cells were the difference between TVCs and culturable cells. 
These values were compared to those determined in a 24-hour-old biofilm grown in Luria Bertani (LB) broth. 
The results are average of three biological replicates ± standard deviation.
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In infectious biofilms, a combination of stress factors can induce the development 
of persistent forms which can trigger infection recurrence. This is a cause of special 
concern in P. aeruginosa CF lung infection, where VBNC cells undermine treat-
ment and hamper microbiological diagnosis, which is still routinely performed by 
culture-based assays. A routine diagnostic workup including culture-independent 
approaches should thus be urgently adopted.

The evidence described in this chapter demonstrates that VBNC P. aeruginosa 
cells are found in sputum samples from CF patients and that several months after 
a culture-negative and qPCR-positive assay some patients experience infection 
recurrence and have culture-positive sputum samples. These data also highlight the 
reliability of qPCR in detecting the whole bacterial population, including the phe-
notypic variants that are missed by culture-based assays. Notably, flow cytometry 
has demonstrated the accuracy of the ecfX-targeting qPCR protocol in detecting all 
viable P. aeruginosa cells and can provide a sound alternative for routine  monitoring 
of the infection. Together, qPCR and flow cytometry supply a clear picture of 
P. aeruginosa population dynamics in the lungs of CF patients with intermittent and 
chronic infection and can be harnessed to monitor the effectiveness of the antibiotic 
therapy and to foster the development of new eradication treatments.

The two techniques have enabled us to gain insight into the role of antibiotics in 
VBNC cell development and infection persistence. Notably, whereas high antibiotic 
doses can select persistent subpopulations, subinhibitory concentrations – which 
are found in the CF lung between treatment cycles and in the deepest biofilm layers 
[51, 58] – can stimulate the development of persistent phenotypic variants, including 
VBNC cells [53]. Besides the fact that starvation proved to be a necessary condition 
for VBNC cell induction in our in vitro biofilms, our findings highlight a different 
behavior of tobramycin and ciprofloxacin. Although large amounts of VBNC cells 
were induced in all test conditions over the first 120 days, their number was main-
tained more consistently in presence of tobramycin, whereas ciprofloxacin exerted a 
discontinuous effect similar to the one of starvation alone. These findings can partly 
be explained by the ability of tobramycin to act as a signal molecule that interferes 
with QS signals, thus modulating gene expression in biofilm-growing P. aeruginosa 
[58], and by its adverse effect on protein synthesis via ribosome binding [3].

In conclusion, more detailed information on the main gene pathways and per-
sistence regulators and on the effects of different antibiotics is essential to meet the 
challenge of antibiotic-resilient P. aeruginosa infectious biofilms and the eradication 
of CF lung infection.
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Abstract

Pseudomonas aeruginosa is an opportunistic Gram-negative bacterium accountable 
for causing life-threatening infections in humans. According to the World Health 
Organization, P. aeruginosa classified as a critical pathogen. Specifically, P. aeruginosa 
in its colonized or biofilm state presents a major infection threat to immunocom-
promised (HIV) patients, Cystic fibrosis, burns, wounds and surgery associated 
infection. It is also a common pathogen responsible for causing hospital acquired/
nosocomial infection and Urinary tract infections. P. aeruginosa biofilm is made up of 
bacterial self-synthesized biomolecules includes extracellular DNA, polysaccharides, 
proteins, RNA, siderophores and metabolites such as pyocyanin. This chapter will 
elaborate the manifold functions of P. aeruginosa secreted biomolecules in establish-
ing and stabilizing biofilms, triggering virulence and pathogenicity in host, and 
resisting antibiotics and antibacterial agents.

Keywords: Pseudomonas aeruginosa, pyocyanin, extracellular DNA, biofilms, 
alginate, rhamnolipids, pyoverdine

1. Introduction

Pseudomonas aeruginosa is an opportunistic Gram-negative bacilli bacterium 
which holds a greater clinical significance in relation to its infection causing ability in 
humans [1]. P. aeruginosa is commonly found in environment (soil and water) and can 
be a source of contamination of drinking water and food spoilage [2, 3]. Prevalence of 
P. aeruginosa and its associated infection is commonly found in cystic fibrosis patient 
and chronic obstructive pulmonary disease (COPD) lungs, urinary tract, immuno-
compromised (HIV) patients, skin and soft-tissue, diabetic leg wounds, burns and 
surgical site infections [1, 4]. It is also a common pathogen responsible for causing 
healthcare associated (nosocomial) infection and microbial keratitis (eye infection 
due to contamination of contact lenses) [4]. World Health Organization (WHO) has 
listed P. aeruginosa as a most critical pathogen, due to the threat of causing blood 
stream infection (septicemia) and its antibiotic resistance ability [5]. P. aeruginosa or 
in general many other bacterial pathogens (e.g. Acinetobacter baumannii, Escherichia 
coli, Klebsiella pneumoniae, Staphylococcus aureus, Streptococcus epidermidis, 
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Streptococcus pyogenes, Proteus mirabilis, etc.) has an inheritance ability to colonize and 
form biofilms on biotic (e.g. mucosa, tissue) or abiotic surface (e.g. medical implants, 
surgical instruments, hospital beds, wash basins, sinks, bath tub, etc.). Bacterial 
colonization on these surfaces directly leads to the contamination of surfaces, food 
and water and consequently precedes to infections in host. Bacterial biofilms are 
liable for approximately 80% of hospital and community-associated infections [6]. 
The most serious concern is antibiotic/antibacterial agents’ resistance by the infecting 
bacteria that threatens the very core of modern medicine and impose a greater burden 
on global public health and economy.

2. Bacterial infection and antibiotic resistance are a global concern

National Institutes of Health (NIH), USA statistics data reports 550,000 
death a year and about $94 billion total cost annually associated with biofilm 
infections in USA alone [7]. In Australia, billions of dollars expended annually 
dealing with antibiotic-resistant infections [8]. Statistics on antibiotic-resistance 
bacteria causing healthcare associated infections (HAI’s) and death in European 
countries is alarming. Around, 8.9 million HAI recorded each year in combined 
hospitals and long-term care facilities and one in three bacteria associated with 
HAI’s are antibiotic resistant [9]. In European population death associated with 
antibiotic resistance bacteria is estimated to be around 33,000 annually, this 
statistic is comparable to death associated with combined influenza, tuberculosis, 
HIV/AIDS [10]. Antibiotic resistance associated infections also triggers massive 
loss in productivity and healthcare incidentals estimated to be approximately 
1.5 billion Euro’s each year [11]. Bacterial resistance profile to different antibacterial 
agents is depends of several factors including geographical location of the strain 
(genetic mutations influenced by temperature, nutrient, oxygen), antibiotic 
prescribing practice to patients around the globe, poor hygiene and sanitation 
practice by common public and health care workers in hospitals. For instance, 
report released by Australian Commission on Safety and Quality in Health Care 
(Antimicrobial use and Resistance in Australia, AURA 2019) suggest more than 
26.5 million antibiotic prescriptions were give out to patients [12]. The same 
report also highlighted that 23.5% of hospital prescribed antimicrobials in 
Australia are inappropriate and also community associated increase in antibiotic 
resistance bacteria (MRSA) are higher among old age people living in aged care 
facilities and in remote regions of the country [12]. Misuse or unethical use 
of antibiotics in agriculture, meat and poultry industry and fish farming, is a 
primary concern. Study published by Chinese Academy of Sciences reports use 
of 162,000 tons of antibiotics in the year 2013 alone in which more than half 
(52%) was used for animal husbandry and 48% by humans in addition, massive 
amount (50,000 tons) of antibiotics drained in the environment (water and soil) 
[13, 14]. USA also reported 10,000 tons of antibiotics annually used for livestock 
[15]. India, China, USA, Russia, Brazil, and South Africa are the world leaders 
in consuming antibiotics [16]. South China Morning Post (SCMP) Newspaper 
published an article in 2017 stating “Antibiotic overuse is a ticking time bomb 
for Asia” and health care workers act instantly to restrain misuse of antibiot-
ics to stop public health calamity [17]. World Health Assembly, WHO, United 
Nations (UN), and countries respective government, local health organization 
and institutes are adopting a global action plan to crumb antibiotic resistance by 
educating common public, health care workers on effective sanitation, hygiene 
and infection prevention measures; and spreading awareness on responsible use 
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of antibiotics in human and animal health, investing more funding in research 
and development in developing novel antibacterial agents, diagnostic tools, 
vaccines, improving hospital facilities especially in low-and-middle income 
countries [18].

3. P. aeruginosa Antibiotic resistance profile around the globe

P. aeruginosa inherent and adaptive antibiotic resistance character thus conse-
quently making many existing antibiotics and anti-pseudomonal agents unusable 
against this bacterium and present a significant challenge for medical practitio-
ners to treat infections. In this section, we exhibited few cases based on P. aerugi-
nosa antibiotic resistance profile from different parts of the world by referring to 
previously published literature.

A comprehensive review by Wozniak et al., (2017), that covered the Australian 
data from the year 1990 till 2017, on antibiotic resistance Gram-negative bacteria 
[19]. Their study highlighted that P. aeruginosa isolates from different infection site 
showed resistance to many commonly used antibiotics. Among the P. aeruginosa 
isolates that were collected from surgical site between years 2002–2013, approxi-
mately 0.5%, 7.7% and 0.5% of the isolates showed resistance to fluoroquinolone, 
third generation cephalosporin and gentamicin respectively [20]. Survey on antibi-
otic resistance profile of P. aeruginosa isolates from patient’s sputum between years 
2007–2010 showed resistance to aminoglycosides (43%), beta-lactam (21%) and 
fluoroquinolone (30%) class of antibiotics [21]. Epidemiology studies on P. aerugi-
nosa isolates from blood (years: 2001–2009) showed resistance to fluoroquinolone 
and meropenem about 12.7% and 14.3% respectively [22]. National Healthcare 
Safety Network (NHSN), USA survey on antimicrobial resistance patterns for the 
year 2009–2010, reported about 20% of pathogens (from 69,475 HAI’s incidence) 
are antibiotic resistance in which 2% is carbapenem-resistant P. aeruginosa [23]. 
Microbial analysis on patients affected with Nosocomial and ventilator-associated 
pneumonia (VAP) in a period 2011–2012 in Georgia, USA reported P. aeruginosa 
as most prevalent Gram negative (40%) and highest prevalence of multi drug 
resistance [24]. Similar multi-drug resistance profile of P. aeruginosa was recorded 
in Asian countries. For example, antibiogram of total 2444 Pseudomonas species 
isolated from different clinical specimens (blood, pus, tracheal aspirate, urine and 
sputum from wards, intensive care units (ICUs) and follow up patients) of trauma 
patients from tertiary care hospitals in India over a period 2012–2016 revealed 
dominance of P. aeruginosa (95%) [25]. Among 69%, 68%, 67% 66%, 63% and 
51% were levofloxacin, gentamicin, ciprofloxacin, ceftazidime, meropenem and 
tobramycin resistance, respectively [25]. Antibiotic profile of 121 P aeruginosa 
strains isolated from hospitals of Makkah and Jeddah, Saudi Arabia showed high 
resistance to antibiotics: meropenem (~30.6%), ticarcillin (22.3%), and imipenem 
(19%) [26]. A study reported that in mainland china hospitals prevalence of  
P. aeruginosa related ventilator-associated pneumonia (VAP) and hospital-acquired 
pneumonia were 19.4 and 17.8% respectively [27]. National Healthcare Safety 
Network (NHSN) USA, reports prevalence of P. aeruginosa is common among 
possible VAP [28]. These isolates exhibited high level of resistance to antibiotics: 
Gentamicin (up to 51.1%), cefoperazone (50%), and about 22.5% for amikacin 
[28]. P. aeruginosa resistance to ciprofloxacin has also risen a global concern, 
especially in Asian countries for example, Bangladesh reported 75.5% resistance to 
ciprofloxacin whereas, India, Iran, Turkey, and Saudi Arabia reported 49%, 58%, 
48.9% and 50.9% respectively [29–33].
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surgical instruments, hospital beds, wash basins, sinks, bath tub, etc.). Bacterial 
colonization on these surfaces directly leads to the contamination of surfaces, food 
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facilities and in remote regions of the country [12]. Misuse or unethical use 
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(52%) was used for animal husbandry and 48% by humans in addition, massive 
amount (50,000 tons) of antibiotics drained in the environment (water and soil) 
[13, 14]. USA also reported 10,000 tons of antibiotics annually used for livestock 
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in consuming antibiotics [16]. South China Morning Post (SCMP) Newspaper 
published an article in 2017 stating “Antibiotic overuse is a ticking time bomb 
for Asia” and health care workers act instantly to restrain misuse of antibiot-
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of antibiotics in human and animal health, investing more funding in research 
and development in developing novel antibacterial agents, diagnostic tools, 
vaccines, improving hospital facilities especially in low-and-middle income 
countries [18].

3. P. aeruginosa Antibiotic resistance profile around the globe

P. aeruginosa inherent and adaptive antibiotic resistance character thus conse-
quently making many existing antibiotics and anti-pseudomonal agents unusable 
against this bacterium and present a significant challenge for medical practitio-
ners to treat infections. In this section, we exhibited few cases based on P. aerugi-
nosa antibiotic resistance profile from different parts of the world by referring to 
previously published literature.

A comprehensive review by Wozniak et al., (2017), that covered the Australian 
data from the year 1990 till 2017, on antibiotic resistance Gram-negative bacteria 
[19]. Their study highlighted that P. aeruginosa isolates from different infection site 
showed resistance to many commonly used antibiotics. Among the P. aeruginosa 
isolates that were collected from surgical site between years 2002–2013, approxi-
mately 0.5%, 7.7% and 0.5% of the isolates showed resistance to fluoroquinolone, 
third generation cephalosporin and gentamicin respectively [20]. Survey on antibi-
otic resistance profile of P. aeruginosa isolates from patient’s sputum between years 
2007–2010 showed resistance to aminoglycosides (43%), beta-lactam (21%) and 
fluoroquinolone (30%) class of antibiotics [21]. Epidemiology studies on P. aerugi-
nosa isolates from blood (years: 2001–2009) showed resistance to fluoroquinolone 
and meropenem about 12.7% and 14.3% respectively [22]. National Healthcare 
Safety Network (NHSN), USA survey on antimicrobial resistance patterns for the 
year 2009–2010, reported about 20% of pathogens (from 69,475 HAI’s incidence) 
are antibiotic resistance in which 2% is carbapenem-resistant P. aeruginosa [23]. 
Microbial analysis on patients affected with Nosocomial and ventilator-associated 
pneumonia (VAP) in a period 2011–2012 in Georgia, USA reported P. aeruginosa 
as most prevalent Gram negative (40%) and highest prevalence of multi drug 
resistance [24]. Similar multi-drug resistance profile of P. aeruginosa was recorded 
in Asian countries. For example, antibiogram of total 2444 Pseudomonas species 
isolated from different clinical specimens (blood, pus, tracheal aspirate, urine and 
sputum from wards, intensive care units (ICUs) and follow up patients) of trauma 
patients from tertiary care hospitals in India over a period 2012–2016 revealed 
dominance of P. aeruginosa (95%) [25]. Among 69%, 68%, 67% 66%, 63% and 
51% were levofloxacin, gentamicin, ciprofloxacin, ceftazidime, meropenem and 
tobramycin resistance, respectively [25]. Antibiotic profile of 121 P aeruginosa 
strains isolated from hospitals of Makkah and Jeddah, Saudi Arabia showed high 
resistance to antibiotics: meropenem (~30.6%), ticarcillin (22.3%), and imipenem 
(19%) [26]. A study reported that in mainland china hospitals prevalence of  
P. aeruginosa related ventilator-associated pneumonia (VAP) and hospital-acquired 
pneumonia were 19.4 and 17.8% respectively [27]. National Healthcare Safety 
Network (NHSN) USA, reports prevalence of P. aeruginosa is common among 
possible VAP [28]. These isolates exhibited high level of resistance to antibiotics: 
Gentamicin (up to 51.1%), cefoperazone (50%), and about 22.5% for amikacin 
[28]. P. aeruginosa resistance to ciprofloxacin has also risen a global concern, 
especially in Asian countries for example, Bangladesh reported 75.5% resistance to 
ciprofloxacin whereas, India, Iran, Turkey, and Saudi Arabia reported 49%, 58%, 
48.9% and 50.9% respectively [29–33].
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4.  Role of P. aeruginosa secreted biomolecules in biofilm formation and 
virulence

Biofilm formation is the most preferred stage of many bacterial pathogens. 
Biofilm formation is a multi-step process to start with i) initial attachment of bacte-
ria to the surface (adhesion) and to each other (aggregation), ii) growth regulations 
and microcolony formation and production of extracellular polymeric substances 
(EPS) and other exogenous molecules, iii) maturation of biofilms includes struc-
tural stability and iv) dispersal of bacterial cells from the mature biofilm into the 
environment and reestablishment at a new site [34].

Bacteria in its biofilm state are known to withstand antibacterial agents by 
many ten’s and 100’s-fold in comparison to its sessile/planktonic state [35]. 
Biofilm main composition includes up to 90% bacterially self-secreted biopoly-
mers also known as extracellular polymeric substances (EPS) and other exogenous 
molecules and 10% bacterial cells [36]. These molecules in combined has been 
termed as house of bacteria and it shelter bacterial cells from numerous chal-
lenges includes antibiotics, antiseptics, detergents, shear mechanical stress, etc. 
[36]. Exogenous molecules synthesized by P. aeruginosa is primarily structured 
by a complex Quorum Sensing (QS) mechanism [37, 38]. In simple terms, QS is 
an intracellular communication phenomenon in which bacterial species able to 
detect and respond to its own cell population and ecological cues by regulating 
genes that facilitates them in survival and colonization in both biotic and abiotic 
environment. In P. aeruginosa QS is hierarchical and its driven through four known 
signaling system. At the top or first stage is driven by las system that activates 
the biosynthesis of autoinducing molecules N-(3-oxododecanoyl)-L-homoserine 
lactone (3-oxo-C12-HSL) and N-butanoyl-L-homoserine lactone (C4-HSL). 
Binding of LasR-HSL molecules triggers the transcription of second QS system: 
rhlR, rhlI, lasI. LasR system further regulates the third and fourth: 2-heptyl-
3-hydroxy-4-quinolone (HHQ ) and pseudomonas quinolone signal (PQS) [39]. 
These four QS circuits are interconnected and depends on each other regarding P. 
aeruginosa biosynthesis of various secreted and surface attached molecules. These 
includes extracellular biopolymers (Extracellular DNA, polysaccharides, proteins/
enzymes), biosurfactant (rhamnolipids), metabolites (phenazine/pyocyanin), 
iron chelator (siderophore: pyoverdine, pyochelin), and bacterium cell surface 
anchored flagella and pili for swarming and twitching motilities [37–40]. These 
biomolecules and cell appendages independently or in coordination with each 
other plays dominant role in P. aeruginosa growth, fitness, biofilm formation, 
virulence, pathogenicity in host during infection, antibacterial resistance, and 
persistence. In this chapter we emphasize only on the diverse role of P. aeruginosa 
secreted extracellular biomolecules. Figure 1 summarizes the diverse function of 
P. aeruginosa secreted extracellular biomolecules.

4.1  Extracellular DNA production, role in P. aeruginosa biofilm formation and 
stability

The role of extracellular (eDNA) in P. aeruginosa biofilm was first highlighted by 
Whitchurch et al. (2002) [41]. Their study revealed that eDNA is predominant in 
P. aeruginosa matrix component and its essential for P. aeruginosa biofilm formation 
[41]. Followed which numerous discoveries were done highlighting several roles of 
eDNA in P. aeruginosa and in other bacterial pathogens as well as in fungi [42–46]. 
Structural analysis study revealed that eDNA is similar to bacterial chromosomal 
DNA in its primary structure and it is not surprising because when chromosomal 
DNA release from bacterial cells (either via membrane vesicles or cell lysis) into 
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its immediate environment is termed as eDNA [47]. eDNA in P. aeruginosa cell 
population is released primarily through QS mechanism [48]. QS system (las and 
rhl -acyl homoserine lactone and pqs-Pseudomonas quinolone signaling), as well 
as flagella and type IV pili (fliMpilA) facilities prophage induction in P. aeruginosa 
cell population and consequently trigger cell lysis and eDNA release [48]. Virulence 
factor pyocyanin/phenazine biosynthesis also shown to trigger cell lysis (via oxida-
tive stress mediated by hydrogen peroxide) and eDNA release in P. aeruginosa [49]. 
Outer membrane vesicles in P. aeruginosa cell also demonstrated to actively release 
eDNA [50].

Studies have confirmed that eDNA plays a key role in different stages of biofilm 
formation including initial bacterial to surface attachment (adhesion), bacteria-
to-bacteria interaction (aggregation), colonization and biofilm formation by con-
necting cells to cells like nanowires [41–45]. Presence of eDNA on P. aeruginosa cell 
surface have shown to dictates physical surface properties of bacterial cell such as 
increase in cell surface hydrophobicity and consequently enables physico-chemical 
interactions forces such as Van der Waals interactions, Acid–Base interactions, 
hydrophobic interactions that aids in bacterial interactions and biofilm forma-
tion [51, 52]. eDNA have proven to induce electrostatic interactions with divalent 
cations like calcium (Ca2+) and triggers bacterial aggregation [53]. eDNA has been 
established being an essential factor in structural integrity of P. aeruginosa biofilms 
and many studies have shown that cleaving of DNA using DNase I (enzyme that 
cleaves DNA through hydrolysis of phosphate di-ester bonds that links nucleotides 
in DNA) disrupts P. aeruginosa adhesion and biofilm formation [41, 44, 45, 54].  
Other general roles of eDNA includes nutrient (e.g. good source of carbon, nitro-
gen, phosphorus) for starving bacteria and facilitate growth, horizontal gene 
transfer among bacteria cell (antibiotic resistance genes, virulence factor genes, 
etc), protects biofilms from shear stress by increasing biofilm viscosity. eDNA 

Figure 1. 
Highlighting the major role of biomolecules secreted by P. aeruginosa. These biomolecules are essential for 
establishment of biofilm, bacterial growth, fitness, and survival, induce virulence/pathogenicity and triggering 
immune response in host during infection, evading antibiotics, and other antibacterial agents.
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its immediate environment is termed as eDNA [47]. eDNA in P. aeruginosa cell 
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cell population and consequently trigger cell lysis and eDNA release [48]. Virulence 
factor pyocyanin/phenazine biosynthesis also shown to trigger cell lysis (via oxida-
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Outer membrane vesicles in P. aeruginosa cell also demonstrated to actively release 
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formation including initial bacterial to surface attachment (adhesion), bacteria-
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hydrophobic interactions that aids in bacterial interactions and biofilm forma-
tion [51, 52]. eDNA have proven to induce electrostatic interactions with divalent 
cations like calcium (Ca2+) and triggers bacterial aggregation [53]. eDNA has been 
established being an essential factor in structural integrity of P. aeruginosa biofilms 
and many studies have shown that cleaving of DNA using DNase I (enzyme that 
cleaves DNA through hydrolysis of phosphate di-ester bonds that links nucleotides 
in DNA) disrupts P. aeruginosa adhesion and biofilm formation [41, 44, 45, 54].  
Other general roles of eDNA includes nutrient (e.g. good source of carbon, nitro-
gen, phosphorus) for starving bacteria and facilitate growth, horizontal gene 
transfer among bacteria cell (antibiotic resistance genes, virulence factor genes, 
etc), protects biofilms from shear stress by increasing biofilm viscosity. eDNA 
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Highlighting the major role of biomolecules secreted by P. aeruginosa. These biomolecules are essential for 
establishment of biofilm, bacterial growth, fitness, and survival, induce virulence/pathogenicity and triggering 
immune response in host during infection, evading antibiotics, and other antibacterial agents.
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directly bindings to cationic antibiotics thus inhibits antimicrobial agents’ inter-
action with bacteria within biofilm, removal of eDNA from biofilms have shown 
increase of bacterial susceptibility to antimicrobial agents [55]. In P. aeruginosa 
biofilm, eDNA release has shown to lower the pH of the local environment and 
subsequently these acidification initiates antibiotic resistance phenotype genes 
(PhoPQ and PmrAB) that fosters alteration of lipid A and the manufacture of 
spermidine on the P. aeruginosa outer membrane and consequently decrease 
entry/intake of aminoglycoside antibiotics [56].

4.2 Multitude task of polysaccharides secreted by P. aeruginosa

Many studies have concluded that polysaccharides as a chief component of 
many bacterial EPS/biofilm matrix. P. aeruginosa biosynthesis alginate, psl, and 
pel as their three predominant extracellular polysaccharides. Alginate producing 
isolates of P. aeruginosa have been acknowledged as a mucoid phenotype regulates 
through mutation in the alginate biosynthesis of algA-algD operon and mucA [57]. 
AlgD is the key gene that promotes alginate production followed by combined 
action of mucA and algU genes [57]. The physical characterizes of alginate posi-
tive P. aeruginosa colonizes are highly viscous and gelatinous structure on the edge 
of the cells [58]. This feature is due to its heavy molecular weight structure of 
alginate which mainly composed of O-acetylated D-mannuronic acid and its C5′ 
epimer L-guluronic acid [59]. Alginate productions make P. aeruginosa virulent 
strain and a foremost cause for respiratory infections and mortality in CF patients 
[60]. Alginate production enhances bacterial adhesion due to its sticky nature and 
its plays key role in shielding P. aeruginosa from host immune defense system by 
scavenging reactive oxygen species (ROS) and evading neutrophils and macro-
phages mediated phagocytosis [61, 62]. A study by McCaslin in rat alveolar mac-
rophages, showed that alginate in combination with lipopolysaccharide produced 
by P. aeruginosa plays a synergy role in sparking airway inflammation by impeding 
alveolar function in removal of apoptotic cells and debris [63]. The anionic (nega-
tive charge) feature of alginate undergoes electrostatic interactions with cationic 
aminoglycosides and thus constrains their dissemination into biofilms [64]. 
Alginate also induce structural and conformational alteration and aggregation in 
the antimicrobial peptides by binding with it thereby, hinders its antimicrobial 
activity against pseudomonas [65].

In absence of alginate biosynthesize, Psl or Pel genes in P. aeruginosa isolates 
up-regulates and activates over production of psl and pel polysaccharide [58]. These 
polysaccharides by itself or in combination with each other exhibit non-mucoid 
bacterial colonies/biofilm and these colonies are termed as rugose small colony 
variant (RSCV) [58]. Psl biosynthesis in P. aeruginosa is induced through a QS (las) 
mediated set of Psl genes (PslA-PslL) and each or group of Psl genes and its cor-
responding protein/enzyme plays a unique role in synthesizing and integrating Psl 
polysaccharide [58]. For instance, PslB enzyme is responsible for sugar-nucleotide 
precursor production, whereas, PslA/PslE/PslJ/PslK/PslL and PslF, PslH, and PslI 
set of enzymes deals with polymerization of polysaccharide, and integration of the 
activated sugar subunits into the polysaccharide repeating structure [58]. Psl is a 
neutrally charged polysaccharide comprised of repeating sugar groups: D-mannose, 
L-rhamnose, and D-glucose [66, 67]. This polysaccharide plays a crucial role in bac-
terial cell-to-cell communication by enhancing intracellular c-di-GMP (secondary 
messenger molecule) and essential for initial P. aeruginosa attachment to a surface 
as tested on various clinical, environmental and common laboratory strains, biofilm 
biomass and antibiotic tolerance (tested on gentamicin) [68, 69].

61

Pseudomonas aeruginosa Secreted Biomolecules and Their Diverse Functions in Biofilm…
DOI: http://dx.doi.org/10.5772/intechopen.96866

Pel is a positively charged polysaccharide comprised of amino sugar groups 
and is biosynthesized is regulated via QS (rhl sytem) through activating pel oper-
ons (pelA-pelG) [70, 71]. Pel composed of acetylated 1–4 glycosidic linkages of 
N-acetylgalactosamine and N-acetylglucosamine [71]. PelA protein is responsible 
for the deacetylase of the sugar amino group, whereas PelD, PelE, PelF, and PelG 
enzymes, these set of enzymes accountable for Pel polymerization and passage 
across the P. aeruginosa cytoplasmic membrane [58, 71]. Study also speculated 
that pel is adapted version of LPS [71]. Pel polysaccharide biosynthesize is a strain 
dependent, and studies shown that in absence of psl polysaccharides pel genes 
up regulated to form primary structural framework in non-mucoid P. aeruginosa 
biofilms. This indicates that pel plays important role on later stage of biofilm and 
not during initial adhesion, aggregation, and colonization [58]. Pel being a cationic 
biopolymer binds to negatively charged eDNA in P. aeruginosa biofilm matrix 
via ionic bonding/electrostatic interactions henceforth, stabilize biofilm matrix 
frame [72].

4.3 P. aeruginosa exotoxins proteins role in pathogenicity

The biosynthesize and secretion of exogenous proteins/enzymes by P. aeru-
ginosa is mediated by QS (las-rhl) system [73]. The common proteins virulence 
factor P. aeruginosa secrets includes elastase/LAS A and B, exotoxin A, U, S, T, Y 
phospholipase C, alkaline protease, type IV protease, phospholipase H and lipolytic 
enzymes [74]. The primary function of these proteins is to play as a virulence factor 
and induce bacterial pathogenicity in host. To induce pathogenicity, evade host 
immune defense and damage epithelial cells, P. aeruginosa secrets these proteins 
predominantly via type II and type III secretion system (out of five protein secre-
tion system) [75, 76]. Type II system constituent of protein secretons that facilitate 
release of exotoxin A, elastase/LasA and LasB proteases, type IV protease, and 
phospholipase H, as well as lipolytic enzymes into the host cells. Whereas exotoxins 
U, S, T, and Y are released into host cells via type III secretion system (T3SS) [76]. 
T3SS forms needle like membrane structure that are anchored to the bacterial cell 
surface and facilitates delivery of bacterial protein virulence factors into the host 
epithelial cells [76].

Some actions of P. aeruginosa virulence proteins are discussed below. For 
example, P. aeruginosa toxin A protein have shown to impair protein elongation 
factor in mammalian cells thereby interferes with host essential protein synthesis 
[77]. The T3SS proteins (Exo U, S, T, Y) have diverse functions such as hinder DNA 
synthesis and modulates cell morphology in host, escaping host phagocytosis by 
impairing host cell actin cytoskeleton polymerization and endothelial barriers, 
phospholipase activity (cleaving host cell lipid layer and increase cell membrane 
permeability), modulates host inflammatory response and consequently extend-
ing bacteria and its virulence factors into host blood stream, different organs to 
cause bacteraemia and septicaemia and organ failure [78–80]. Metalloproteases 
are another group of enzymes such as elastase whose main function is to cleave 
human elastin and leukocyte elastase and neutrophil elastase and consequently 
alters host tissue elastic property and stimulate tissue damage. Elastases also proven 
to degrade human collagen II and IV, impair fibroblast growth and destroy wound 
healing proteins which are essential for mammalian cell and tissue development 
and wound repair [81–84]. Other crucial role of P. aeruginosa elastases includes 
cleaves host immunoglobulins (IgA and IgG) that aids bacterium to evade host 
immune response [85, 86]. Clinical studies in burn and wound patients infected 
with P. aeruginosa, showed protease biosynthesis by this bacterium trigger host 
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directly bindings to cationic antibiotics thus inhibits antimicrobial agents’ inter-
action with bacteria within biofilm, removal of eDNA from biofilms have shown 
increase of bacterial susceptibility to antimicrobial agents [55]. In P. aeruginosa 
biofilm, eDNA release has shown to lower the pH of the local environment and 
subsequently these acidification initiates antibiotic resistance phenotype genes 
(PhoPQ and PmrAB) that fosters alteration of lipid A and the manufacture of 
spermidine on the P. aeruginosa outer membrane and consequently decrease 
entry/intake of aminoglycoside antibiotics [56].

4.2 Multitude task of polysaccharides secreted by P. aeruginosa

Many studies have concluded that polysaccharides as a chief component of 
many bacterial EPS/biofilm matrix. P. aeruginosa biosynthesis alginate, psl, and 
pel as their three predominant extracellular polysaccharides. Alginate producing 
isolates of P. aeruginosa have been acknowledged as a mucoid phenotype regulates 
through mutation in the alginate biosynthesis of algA-algD operon and mucA [57]. 
AlgD is the key gene that promotes alginate production followed by combined 
action of mucA and algU genes [57]. The physical characterizes of alginate posi-
tive P. aeruginosa colonizes are highly viscous and gelatinous structure on the edge 
of the cells [58]. This feature is due to its heavy molecular weight structure of 
alginate which mainly composed of O-acetylated D-mannuronic acid and its C5′ 
epimer L-guluronic acid [59]. Alginate productions make P. aeruginosa virulent 
strain and a foremost cause for respiratory infections and mortality in CF patients 
[60]. Alginate production enhances bacterial adhesion due to its sticky nature and 
its plays key role in shielding P. aeruginosa from host immune defense system by 
scavenging reactive oxygen species (ROS) and evading neutrophils and macro-
phages mediated phagocytosis [61, 62]. A study by McCaslin in rat alveolar mac-
rophages, showed that alginate in combination with lipopolysaccharide produced 
by P. aeruginosa plays a synergy role in sparking airway inflammation by impeding 
alveolar function in removal of apoptotic cells and debris [63]. The anionic (nega-
tive charge) feature of alginate undergoes electrostatic interactions with cationic 
aminoglycosides and thus constrains their dissemination into biofilms [64]. 
Alginate also induce structural and conformational alteration and aggregation in 
the antimicrobial peptides by binding with it thereby, hinders its antimicrobial 
activity against pseudomonas [65].

In absence of alginate biosynthesize, Psl or Pel genes in P. aeruginosa isolates 
up-regulates and activates over production of psl and pel polysaccharide [58]. These 
polysaccharides by itself or in combination with each other exhibit non-mucoid 
bacterial colonies/biofilm and these colonies are termed as rugose small colony 
variant (RSCV) [58]. Psl biosynthesis in P. aeruginosa is induced through a QS (las) 
mediated set of Psl genes (PslA-PslL) and each or group of Psl genes and its cor-
responding protein/enzyme plays a unique role in synthesizing and integrating Psl 
polysaccharide [58]. For instance, PslB enzyme is responsible for sugar-nucleotide 
precursor production, whereas, PslA/PslE/PslJ/PslK/PslL and PslF, PslH, and PslI 
set of enzymes deals with polymerization of polysaccharide, and integration of the 
activated sugar subunits into the polysaccharide repeating structure [58]. Psl is a 
neutrally charged polysaccharide comprised of repeating sugar groups: D-mannose, 
L-rhamnose, and D-glucose [66, 67]. This polysaccharide plays a crucial role in bac-
terial cell-to-cell communication by enhancing intracellular c-di-GMP (secondary 
messenger molecule) and essential for initial P. aeruginosa attachment to a surface 
as tested on various clinical, environmental and common laboratory strains, biofilm 
biomass and antibiotic tolerance (tested on gentamicin) [68, 69].
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Pel is a positively charged polysaccharide comprised of amino sugar groups 
and is biosynthesized is regulated via QS (rhl sytem) through activating pel oper-
ons (pelA-pelG) [70, 71]. Pel composed of acetylated 1–4 glycosidic linkages of 
N-acetylgalactosamine and N-acetylglucosamine [71]. PelA protein is responsible 
for the deacetylase of the sugar amino group, whereas PelD, PelE, PelF, and PelG 
enzymes, these set of enzymes accountable for Pel polymerization and passage 
across the P. aeruginosa cytoplasmic membrane [58, 71]. Study also speculated 
that pel is adapted version of LPS [71]. Pel polysaccharide biosynthesize is a strain 
dependent, and studies shown that in absence of psl polysaccharides pel genes 
up regulated to form primary structural framework in non-mucoid P. aeruginosa 
biofilms. This indicates that pel plays important role on later stage of biofilm and 
not during initial adhesion, aggregation, and colonization [58]. Pel being a cationic 
biopolymer binds to negatively charged eDNA in P. aeruginosa biofilm matrix 
via ionic bonding/electrostatic interactions henceforth, stabilize biofilm matrix 
frame [72].

4.3 P. aeruginosa exotoxins proteins role in pathogenicity

The biosynthesize and secretion of exogenous proteins/enzymes by P. aeru-
ginosa is mediated by QS (las-rhl) system [73]. The common proteins virulence 
factor P. aeruginosa secrets includes elastase/LAS A and B, exotoxin A, U, S, T, Y 
phospholipase C, alkaline protease, type IV protease, phospholipase H and lipolytic 
enzymes [74]. The primary function of these proteins is to play as a virulence factor 
and induce bacterial pathogenicity in host. To induce pathogenicity, evade host 
immune defense and damage epithelial cells, P. aeruginosa secrets these proteins 
predominantly via type II and type III secretion system (out of five protein secre-
tion system) [75, 76]. Type II system constituent of protein secretons that facilitate 
release of exotoxin A, elastase/LasA and LasB proteases, type IV protease, and 
phospholipase H, as well as lipolytic enzymes into the host cells. Whereas exotoxins 
U, S, T, and Y are released into host cells via type III secretion system (T3SS) [76]. 
T3SS forms needle like membrane structure that are anchored to the bacterial cell 
surface and facilitates delivery of bacterial protein virulence factors into the host 
epithelial cells [76].

Some actions of P. aeruginosa virulence proteins are discussed below. For 
example, P. aeruginosa toxin A protein have shown to impair protein elongation 
factor in mammalian cells thereby interferes with host essential protein synthesis 
[77]. The T3SS proteins (Exo U, S, T, Y) have diverse functions such as hinder DNA 
synthesis and modulates cell morphology in host, escaping host phagocytosis by 
impairing host cell actin cytoskeleton polymerization and endothelial barriers, 
phospholipase activity (cleaving host cell lipid layer and increase cell membrane 
permeability), modulates host inflammatory response and consequently extend-
ing bacteria and its virulence factors into host blood stream, different organs to 
cause bacteraemia and septicaemia and organ failure [78–80]. Metalloproteases 
are another group of enzymes such as elastase whose main function is to cleave 
human elastin and leukocyte elastase and neutrophil elastase and consequently 
alters host tissue elastic property and stimulate tissue damage. Elastases also proven 
to degrade human collagen II and IV, impair fibroblast growth and destroy wound 
healing proteins which are essential for mammalian cell and tissue development 
and wound repair [81–84]. Other crucial role of P. aeruginosa elastases includes 
cleaves host immunoglobulins (IgA and IgG) that aids bacterium to evade host 
immune response [85, 86]. Clinical studies in burn and wound patients infected 
with P. aeruginosa, showed protease biosynthesis by this bacterium trigger host 
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cytokinin (interleukins IL6 and IL8) production and induce severe inflammation, 
septicaemia and elevates mortality level in patients [87–89].

4.4 Rhamnolipids P. aeruginosa biosurfactant

Rhamnolipids is a glycolipid biosurfactant produced by P. aeruginosa mediated 
through rhl QS system involving operons rhlA, rhlB for biosynthesis and rhlI and 
rhlR for regulation [90]. It is made up of sugar group (rhamnose) and a lipid/fatty 
acid group 3-(hydroxyalkanoyloxy) alkanoic acid and has a both hydrophilic and 
hydrophobic group like any typical biosurfactant [90, 91]. Rhamnolipids produc-
tion helps P. aeruginosa in uptake and metabolism of hydrophobic molecules such 
as oils, hexadecane for nutritional source and growth [92]. Rhamnolipids (mono-
rhamnolipids) also adhere to P. aeruginosa cell membrane (LPS) and plays key role 
in influencing P. aeruginosa cell surface physical property such as increasing cell 
surface hydrophobicity which aids in bacterial adhesion to substratum and bacterial 
cell-to-cell aggregation through hydrophobic interactions [93]. Rhamnolipids also 
lower the surface tension of P. aeruginosa cell surface thus aid them in swarming 
motility to travel across different location within the substratum [93]. It also proven 
to influence biofilm architecture by establishing and sustaining fluid channels in 
biofilms for water and oxygen transport [94]. P. aeruginosa employs rhamnolipids 
to their own advantage to eradicate competing bacteria. Binding of rhamnolipids 
into competing bacterial cell membrane consequently creates pores and increase 
cell permeability to induce cell lysis [95]. It is also a known virulence element, by 
binding to epithelial cell membrane it interrupts epithelial cell membrane integra-
tion, disrupts epithelial cell junctions, and triggers death in various mammalian cell 
types includes leukocytes, macrophages [96]. Rhamnolipids biosynthesis by  
P. aeruginosa in infected patients has been associated with escalation in pathogenic-
ity in cystic fibrosis lung, ventilator-associated pneumonia patients [97].

4.5 Pyocyanin a unique virulence factor and its diverse function

P. aeruginosa biosynthesis and secretes a unique secondary metabolite called 
phenazines. Different types of phenazines are produced by P. aeruginosa however, 
pyocyanin is the most predominant one. Pyocyanin biosynthesis occurs at the later 
stage in P. aeruginosa population density or in biofilm, in laboratory culture it is 
generally expressed at the late exponential stage via regulation through QS (PQS) 
system [98]. Pyocyanin production is easily identified by its color,  bluish -pure 
pyocyanin and green color when grown in laboratory in bacterial growth media 
(e.g. Tryptone Soy broth, Nutrient media, Luria broth, these media are all  yellow 
in color and blue pyocyanin mix with yellow turns green). The two set genes 
of phzA1-G1 and phzA2-G2 encrypts initial phenazine molecule (phenazine-
1-carboxylic acid, PCA) followed by conversion of PCA to pyocyanin (N-methyl-1-
hydroxyphenazine) encoded by genes phzM and phzS [98]. Pyocyanin production 
has been associated with the severity of infection and acknowledged as a hyper 
virulent strain [99]. Analysis of pyocyanin production on variety of clinical and 
environmental isolates indicates pyocyanin production is very common among all 
isolates however, the amount of pyocyanin production is depended upon strain 
phenotype and genotype variations. A study by Fothergill et al. (2007) on strains 
isolated from different clinical sites (CF, keratitis) and environmental (water) 
strains indicated that Liverpool epidermic strain (LES) from CF patients (attended 
Liverpool CF centre in England between years 1995 to 2004) exhibited significantly 
high pyocyanin production in comparison to keratitis and water isolates [99]. 
Pyocyanin plays diverse role in establishment of P. aeruginosa biofilm formation 
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including inducing oxidative stress in competing bacteria and outcompete their 
growth (e.g. S. aureus) and fungi (e.g. candida albicans) [100, 101]. Pyocyanin 
promote cell signaling by activating transcription factor SoxR and stimulating 
various genes expression includes efflux pump genes mexGHI-opmD, and PA2274 
(monooxygenase, to control oxidative stress response in P. aeruginosa) [102]. By 
regulating target genes pyocyanin also maintain bacterial fitness, pyocyanin/
phenazine deficient mutant (Δphz) showed drastic change in its colony morphology 
(wrinkled colony), whereas pyocyanin over producing mutant strain (DKN370) 
remained smooth [103]. Pyocyanin induce oxidative stress and cell death (via H2O2 
production) in P. aeruginosa population in late exponential phase and triggers eDNA 
production [49]. An interesting discovery by Das et al. 2012 and 2015 revealed that 
pyocyanin intercalates with DNA and influence P. aeruginosa cell surface hydropho-
bicity and subsequently promote biofilm formation [51, 104].

Pyocyanin has been in limelight in many decades due to its virulence property. In 
context to P. aeruginosa infection in human, pyocyanin production has been linked 
to increase in virulence and severity of infection [99]. Different studies reported 
different concentration of pyocyanin to be found in sputum of CF patients from 
0.9 to 16.5 μg/ml and 27.3 μg/ml in bronchitis patients sputum and also significantly 
higher amount (5.3 μg/g) also found in burn wound exudates [105, 106]. In mam-
malian cells, it declines intracellular cAMP and ATP levels, provoke neutrophils 
apoptosis, and modulates host immune system [105–108]. Pyocyanin being a 
zwitter ion (positive and negative charge group and can penetrate into host cell 
membrane), and redox (electron donating and accepting property) molecule it 
oxidized cytosol (mammalian intracellular fluid), produces reactive oxygen species 
(ROS) by diffusing into host cells and undergoes redox reaction to accept electrons 
from NADPH and donates to molecular oxygen [109, 110]. ROS production leads 
to the decline in intracellular glutathione (a master antioxidant in mammalian cells 
essential for cell health and fitness) level which leads to bronchial epithelial cell 
death and tissue damage [109, 110]. It also impedes chlorine ion (Cl−) secretion and 
transport in CF patients’ lungs (bronchial epithelial cells) and consequently halt 
mucous clearance in human airways [111]. In burn wound patients infected with 
P. aeruginosa, pyocyanin production shown to provoke premature senescence and 
apprehend human fibroblast growth by levying oxidative stress [106, 112]. Mouse 
model study revealed that exposing pyocyanin to mouse lung airways triggers 
repress of transcription factors protein FoxA2 expression (essential for tissue devel-
opment) and consequently leads to over production of host cells (cell hyperplasia) 
and mucous hypersecretion by [113].

4.6 Siderophore benefits P. aeruginosa growth and biofilm formation

Siderophore are small molecules and belongs to the class of “iron-chelating 
compounds”. They are intrinsically secreted by microorganisms primarily for 
scavenging and uptake of Ferric ion, Fe3+ for their own benefits including nutrition, 
metabolism, growth, and virulence in mammals [114]. For example, Bacillus spp. 
(subtilis and anthracis) biosynthesis primary siderophore (bacillibactin), enterobac-
tin, vibriobactin, yersinibactin, and pyoverdine by E.coli, Vibrio cholerae, Yersinia 
pestis and P. aeruginosa respectively. Pyoverdine is a fluorescent green color com-
pound and its biosynthesis is encoded by the operons of pvd. Pyoverdine forages 
Fe3+ from host iron-binding molecules (transferrin) and binds strongly to it thus 
contribute to pathogenicity in host as shown in the immunocompromised mouse 
model [115, 116]. Pyoverdine also benefits from P. aeruginosa virulence factor pro-
tease action in degrading human iron-binding protein (ferritin), thus outcompetes 
host and scavenges iron [117]. Burn mouse model study have shown that pyoverdine 



Pseudomonas aeruginosa - Biofilm Formation, Infections and Treatments

62

cytokinin (interleukins IL6 and IL8) production and induce severe inflammation, 
septicaemia and elevates mortality level in patients [87–89].

4.4 Rhamnolipids P. aeruginosa biosurfactant

Rhamnolipids is a glycolipid biosurfactant produced by P. aeruginosa mediated 
through rhl QS system involving operons rhlA, rhlB for biosynthesis and rhlI and 
rhlR for regulation [90]. It is made up of sugar group (rhamnose) and a lipid/fatty 
acid group 3-(hydroxyalkanoyloxy) alkanoic acid and has a both hydrophilic and 
hydrophobic group like any typical biosurfactant [90, 91]. Rhamnolipids produc-
tion helps P. aeruginosa in uptake and metabolism of hydrophobic molecules such 
as oils, hexadecane for nutritional source and growth [92]. Rhamnolipids (mono-
rhamnolipids) also adhere to P. aeruginosa cell membrane (LPS) and plays key role 
in influencing P. aeruginosa cell surface physical property such as increasing cell 
surface hydrophobicity which aids in bacterial adhesion to substratum and bacterial 
cell-to-cell aggregation through hydrophobic interactions [93]. Rhamnolipids also 
lower the surface tension of P. aeruginosa cell surface thus aid them in swarming 
motility to travel across different location within the substratum [93]. It also proven 
to influence biofilm architecture by establishing and sustaining fluid channels in 
biofilms for water and oxygen transport [94]. P. aeruginosa employs rhamnolipids 
to their own advantage to eradicate competing bacteria. Binding of rhamnolipids 
into competing bacterial cell membrane consequently creates pores and increase 
cell permeability to induce cell lysis [95]. It is also a known virulence element, by 
binding to epithelial cell membrane it interrupts epithelial cell membrane integra-
tion, disrupts epithelial cell junctions, and triggers death in various mammalian cell 
types includes leukocytes, macrophages [96]. Rhamnolipids biosynthesis by  
P. aeruginosa in infected patients has been associated with escalation in pathogenic-
ity in cystic fibrosis lung, ventilator-associated pneumonia patients [97].

4.5 Pyocyanin a unique virulence factor and its diverse function

P. aeruginosa biosynthesis and secretes a unique secondary metabolite called 
phenazines. Different types of phenazines are produced by P. aeruginosa however, 
pyocyanin is the most predominant one. Pyocyanin biosynthesis occurs at the later 
stage in P. aeruginosa population density or in biofilm, in laboratory culture it is 
generally expressed at the late exponential stage via regulation through QS (PQS) 
system [98]. Pyocyanin production is easily identified by its color,  bluish -pure 
pyocyanin and green color when grown in laboratory in bacterial growth media 
(e.g. Tryptone Soy broth, Nutrient media, Luria broth, these media are all  yellow 
in color and blue pyocyanin mix with yellow turns green). The two set genes 
of phzA1-G1 and phzA2-G2 encrypts initial phenazine molecule (phenazine-
1-carboxylic acid, PCA) followed by conversion of PCA to pyocyanin (N-methyl-1-
hydroxyphenazine) encoded by genes phzM and phzS [98]. Pyocyanin production 
has been associated with the severity of infection and acknowledged as a hyper 
virulent strain [99]. Analysis of pyocyanin production on variety of clinical and 
environmental isolates indicates pyocyanin production is very common among all 
isolates however, the amount of pyocyanin production is depended upon strain 
phenotype and genotype variations. A study by Fothergill et al. (2007) on strains 
isolated from different clinical sites (CF, keratitis) and environmental (water) 
strains indicated that Liverpool epidermic strain (LES) from CF patients (attended 
Liverpool CF centre in England between years 1995 to 2004) exhibited significantly 
high pyocyanin production in comparison to keratitis and water isolates [99]. 
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including inducing oxidative stress in competing bacteria and outcompete their 
growth (e.g. S. aureus) and fungi (e.g. candida albicans) [100, 101]. Pyocyanin 
promote cell signaling by activating transcription factor SoxR and stimulating 
various genes expression includes efflux pump genes mexGHI-opmD, and PA2274 
(monooxygenase, to control oxidative stress response in P. aeruginosa) [102]. By 
regulating target genes pyocyanin also maintain bacterial fitness, pyocyanin/
phenazine deficient mutant (Δphz) showed drastic change in its colony morphology 
(wrinkled colony), whereas pyocyanin over producing mutant strain (DKN370) 
remained smooth [103]. Pyocyanin induce oxidative stress and cell death (via H2O2 
production) in P. aeruginosa population in late exponential phase and triggers eDNA 
production [49]. An interesting discovery by Das et al. 2012 and 2015 revealed that 
pyocyanin intercalates with DNA and influence P. aeruginosa cell surface hydropho-
bicity and subsequently promote biofilm formation [51, 104].

Pyocyanin has been in limelight in many decades due to its virulence property. In 
context to P. aeruginosa infection in human, pyocyanin production has been linked 
to increase in virulence and severity of infection [99]. Different studies reported 
different concentration of pyocyanin to be found in sputum of CF patients from 
0.9 to 16.5 μg/ml and 27.3 μg/ml in bronchitis patients sputum and also significantly 
higher amount (5.3 μg/g) also found in burn wound exudates [105, 106]. In mam-
malian cells, it declines intracellular cAMP and ATP levels, provoke neutrophils 
apoptosis, and modulates host immune system [105–108]. Pyocyanin being a 
zwitter ion (positive and negative charge group and can penetrate into host cell 
membrane), and redox (electron donating and accepting property) molecule it 
oxidized cytosol (mammalian intracellular fluid), produces reactive oxygen species 
(ROS) by diffusing into host cells and undergoes redox reaction to accept electrons 
from NADPH and donates to molecular oxygen [109, 110]. ROS production leads 
to the decline in intracellular glutathione (a master antioxidant in mammalian cells 
essential for cell health and fitness) level which leads to bronchial epithelial cell 
death and tissue damage [109, 110]. It also impedes chlorine ion (Cl−) secretion and 
transport in CF patients’ lungs (bronchial epithelial cells) and consequently halt 
mucous clearance in human airways [111]. In burn wound patients infected with 
P. aeruginosa, pyocyanin production shown to provoke premature senescence and 
apprehend human fibroblast growth by levying oxidative stress [106, 112]. Mouse 
model study revealed that exposing pyocyanin to mouse lung airways triggers 
repress of transcription factors protein FoxA2 expression (essential for tissue devel-
opment) and consequently leads to over production of host cells (cell hyperplasia) 
and mucous hypersecretion by [113].

4.6 Siderophore benefits P. aeruginosa growth and biofilm formation

Siderophore are small molecules and belongs to the class of “iron-chelating 
compounds”. They are intrinsically secreted by microorganisms primarily for 
scavenging and uptake of Ferric ion, Fe3+ for their own benefits including nutrition, 
metabolism, growth, and virulence in mammals [114]. For example, Bacillus spp. 
(subtilis and anthracis) biosynthesis primary siderophore (bacillibactin), enterobac-
tin, vibriobactin, yersinibactin, and pyoverdine by E.coli, Vibrio cholerae, Yersinia 
pestis and P. aeruginosa respectively. Pyoverdine is a fluorescent green color com-
pound and its biosynthesis is encoded by the operons of pvd. Pyoverdine forages 
Fe3+ from host iron-binding molecules (transferrin) and binds strongly to it thus 
contribute to pathogenicity in host as shown in the immunocompromised mouse 
model [115, 116]. Pyoverdine also benefits from P. aeruginosa virulence factor pro-
tease action in degrading human iron-binding protein (ferritin), thus outcompetes 
host and scavenges iron [117]. Burn mouse model study have shown that pyoverdine 
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contribute to severity in infection and mutants deficient in pyoverdine production 
showed significantly less virulence [116]. Infection model study in Caenorhabditis 
elegans, showed that pyoverdine penetrates host cells and undermines mitochon-
drial dynamics and triggers hypoxic response thus hinders ATP generation in 
host [118]. Other features of pyoverdine including communicating molecule to 
control biosynthesis of virulence proteins in P. aeruginosa including exotoxin A and 
protease [119]. Iron is essential to sustain bacterial growth thus pyoverdine aids in 
survival of P. aeruginosa in infection site, triggers biofilm formation where, pyover-
dine deficient mutant strains forms fragile biofilm [120]. P. aeruginosa also produces 
another siderophore molecule called pyochelin, however pyochelin has lower affin-
ity for Fe3+ than pyoverdine. However, this pyochelin-iron complex in coordination 
with pyocyanin undergoes oxidative-reductive reaction and contribute to oxidative 
damage (via hydroxyl radical formation) and inflammation in host [121, 122]. In CF 
patients pyochelin found to be involved in inflammation and tissue damage [123].

5. Conclusion

P. aeruginosa ability to easily colonize in host, biofilm formation, synthesis and 
secretion of virulence factors and causing pathogenicity, evading host immune 
defense system, and antimicrobial resistance made it a critical pathogen and needs 
an immediate attention. Secretion of extracellular molecules by P. aeruginosa plays a 
principal role in fitness of bacterial population, establishment of biofilms, infections, 
and pathogenicity in host. To reduce and eradicate P. aeruginosa associated infections 
development of novel antibiotics or antimicrobial agents, QS inhibiting molecules, 
virulence factor neutralizing agents, biofilm disrupting enzymes or/and combination 
treatment strategy with existing antimicrobial agents are of top priority. Further 
to prevent antimicrobial resistance in bacteria, necessary steps need to be taken by 
government organization, hospitals/clinics, health care workers and scientist from 
research institutes to educate children and students in schools, colleges and universi-
ties, people from rural places and developing countries about proper hygiene and 
use and misuse of antibiotics. Also, proper management of antibiotics uses in the 
agriculture and meat industry need to be implemented. This small steps at every level 
will help in minimize the spread of antimicrobial resistance in bacteria and will help 
to cut down catastrophe in both health and economic division and promotes better 
treatment outcome against infectious diseases.
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contribute to severity in infection and mutants deficient in pyoverdine production 
showed significantly less virulence [116]. Infection model study in Caenorhabditis 
elegans, showed that pyoverdine penetrates host cells and undermines mitochon-
drial dynamics and triggers hypoxic response thus hinders ATP generation in 
host [118]. Other features of pyoverdine including communicating molecule to 
control biosynthesis of virulence proteins in P. aeruginosa including exotoxin A and 
protease [119]. Iron is essential to sustain bacterial growth thus pyoverdine aids in 
survival of P. aeruginosa in infection site, triggers biofilm formation where, pyover-
dine deficient mutant strains forms fragile biofilm [120]. P. aeruginosa also produces 
another siderophore molecule called pyochelin, however pyochelin has lower affin-
ity for Fe3+ than pyoverdine. However, this pyochelin-iron complex in coordination 
with pyocyanin undergoes oxidative-reductive reaction and contribute to oxidative 
damage (via hydroxyl radical formation) and inflammation in host [121, 122]. In CF 
patients pyochelin found to be involved in inflammation and tissue damage [123].

5. Conclusion

P. aeruginosa ability to easily colonize in host, biofilm formation, synthesis and 
secretion of virulence factors and causing pathogenicity, evading host immune 
defense system, and antimicrobial resistance made it a critical pathogen and needs 
an immediate attention. Secretion of extracellular molecules by P. aeruginosa plays a 
principal role in fitness of bacterial population, establishment of biofilms, infections, 
and pathogenicity in host. To reduce and eradicate P. aeruginosa associated infections 
development of novel antibiotics or antimicrobial agents, QS inhibiting molecules, 
virulence factor neutralizing agents, biofilm disrupting enzymes or/and combination 
treatment strategy with existing antimicrobial agents are of top priority. Further 
to prevent antimicrobial resistance in bacteria, necessary steps need to be taken by 
government organization, hospitals/clinics, health care workers and scientist from 
research institutes to educate children and students in schools, colleges and universi-
ties, people from rural places and developing countries about proper hygiene and 
use and misuse of antibiotics. Also, proper management of antibiotics uses in the 
agriculture and meat industry need to be implemented. This small steps at every level 
will help in minimize the spread of antimicrobial resistance in bacteria and will help 
to cut down catastrophe in both health and economic division and promotes better 
treatment outcome against infectious diseases.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 6

Chemotherapy and Mechanisms of 
Action of Antimicrobial Agent
Rahman Laibi Chelab

Abstract

Pseudomonas aeruginosa is a widespread opportunistic pathogen that causes 
bloodstream, urinary tract, burn wounds infections and is one of the largest 
pathogens that infect cystic fibrosis patients’ airways and can be life-threatening 
for P. aeruginosa infections. In addition, P. aeruginosa remains one of the most 
significant and difficult nosocomial pathogens to handle. Increasingly, multi-drug 
resistance (MDR) strains are identified and the option of therapy is often very 
limited in these cases, particularly when searching for antimicrobial combinations 
to treat serious infections. The fact that no new antimicrobial agents are active 
against the MDR strains of P. aeruginosa is an additional matter of concern. In recent 
decades, bacterial drug resistance has increased, but the rate of discovery of new 
antibiotics has decreased steadily. The fight for new, powerful antibacterial agents 
has therefore become a top priority. This chapter illustrates and explores the current 
state of several innovative therapeutic methods that can be further discussed in 
clinical practice in the treatment of P. aeruginosa infections.

Keywords: P. aeruginosa, drug resistance, alternative therapies, vaccine,  
phage therapy

1. Introduction

We are currently facing an international crisis with many troublesome aspects: 
new antibiotics are no longer being detected, resistance mechanisms are developing 
in almost all clinical isolates of bacteria, and the effective treatment of infections is 
hampered by recurrent infections caused by persistent bacteria. Antibiotic failure is 
one of the most worrying health issues worldwide [1]. Although resistance acquisi-
tion is a natural phenomenon, it is accelerated by antibiotic misuse, inadequate 
inspection and poorly regulated management of antibiotics have resulted in the 
appearance and spread of multidrug-resistant (MDR) bacteria abroad in clinical 
medicine and in the livestock industry [2, 3].

Empirical antibiotic treatment requires monotherapy and combination therapy 
for suspected cases of P. aeruginosa and reduces mortality in patients with serious 
P. aeruginosa infections [4, 5]. However, because of the ability of this bacterium to 
avoid many of the currently available antibiotics, treatment of P. aeruginosa infec-
tions has become a great challenge [6]. Recently, the World Health Organization 
(WHO) has identified carbapenem-resistant P. aeruginosa as one of three bacterial 
species with an urgent need for new antibiotics to be developed to treat infections 
[7]. In addition, inappropriate treatment use of antibiotics accelerates the produc-
tion of multidrug-resistant strains of P. aeruginosa, resulting in the ineffectiveness 
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of empirical antibiotic therapy against this microorganism [8]. Resistance to a 
range of antibiotics, including aminoglycosides, quinolones and β-lactams, is 
demonstrated by P. aeruginosa [9]. Generally, the main mechanisms of P. aeruginosa 
used to fight antibiotic attack can be divided into intrinsic, acquired and adaptive 
resistance. Low external membrane permeability, the expression of efflux pumps 
that remove antibiotics from the cell, and the development of antibiotic inactivat-
ing enzymes are part of the intrinsic resistance of P. aeruginosa. Either horizontal 
transfer of resistance genes or mutational modifications will achieve the acquired 
resistance of P. aeruginosa [10]. P. aeruginosa ‘s adaptive resistance requires the 
development of biofilm in the lungs of infected patients, where the biofilm func-
tions as a diffusion barrier to inhibit the access of antibiotics to bacterial cells [11].

The effectiveness and safety of murepavadin in the treatment of infections of 
the lower respiratory tract caused by P. aeruginosa (suspected or confirmed) in 
patients with ventilation-associated pneumonia or CF-unrelated bronchiectasis 
(Clinical Trials. gov identifiers NCT02096315 and NCT02096328) have been tested 
in two clinical trials. However, by July 17, 2019, the trials were stopped because in 
research participants who had obtained murepavadin, an unusually high level of 
renal failure had been found. This decision would not impact the production of 
an aerosolized formulation of murepavadin for topical use [12]. Murepavadin is a 
particular weapon against P. aeruginosa, which separates it from the broad pipe-
line of antimicrobial natural and synthetic peptides acting against multiple taxa, 
P. aeruginosa included. Recently, several novel peptides with broad antimicrobial 
activity have been identified, such as antimicrobial peptide DGL13K, Mel4 and 
melamine (Melimine and Mel4 are chimeric cationic peptides with broad-spectrum 
antimicrobial activity), Cecropin B, Lysine-based peptidomimetics (LBP-2), 
Truncated pseudin-2 analogs (Pse-T2), antimicrobial peptide, termed 6 K-F17 
(sequence: KKKKKK-AAFAAWAAFAA-NH2), Melittin-derived peptides (MDP1, 
MDP2) [13–20]. In addition, multidrug-tolerant persistent cells can form in the bio-
film that are capable of surviving antibiotic attack; in cystic fibrosis (CF) patients, 
these cells are responsible for prolonged and recurrent infections [21]. For patients 
whose infections are resistant to traditional antibiotics, the development of new 
antibiotics or alternative therapeutic methods for treating P. aeruginosa infections 
is urgently needed. In recent years, new antibiotics with novel modes of action have 
been investigated, as have new routes of administration and resistance to bacterial 
enzyme alteration. Compared to traditional antibiotics, some of these newer anti-
biotics demonstrate excellent in vitro antibacterial activity against P. aeruginosa as 
well as lower minimum inhibitory concentration (MIC) [22, 23]. Moreover, several 
novel non-antibiotic therapeutic approaches that are highly successful in destroying 
antibiotic resistant P. aeruginosa strains have been documented in recent studies 
[24]. These approaches include: antimicrobial peptides, phage therapy, inhibition 
of quorum sensing, iron chelation, the use of nanoparticles, probiotic and vaccine 
strategy. In order to combat P. aeruginosa infections, these therapeutic approaches 
may be used either as an alternative to or in conjunction with traditional antibiotic 
therapies.

2. Mechanisms of action of antimicrobial agents

There are six basic mechanisms of antimicrobial agents presented below:

1. Inhibition of microbial cell wall synthesis.

2. Inhibition of microbial cell membrane function.
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3. Inhibition of microbial protein synthesis.

4. Inhibition of microbial DNA synthesis.

5. Inhibition of microbial RNA synthesis.

6. Inhibition of microbial metabolic pathways.

2.1 Inhibition of microbial cell wall synthesis

An integral microbial structure responsible for the shape of the cell is the 
cell wall. In addition, because of the high cytoplasmic osmotic pressure, the cell 
wall prevents cell lysis and facilitates the anchoring of membrane components 
and extracellular proteins, such as adhesins [25]. Bacterial cell wall synthesis 
has perhaps become the target field most commonly exploited for antimicrobial 
production on the basis of the number of antimicrobial drugs in clinical usage. Due 
to the absence of equivalents in human biology, the components of the cell wall 
synthesis machinery are attractive antimicrobial targets, thus providing intrinsic 
objective selectivity. The cytoplasmic synthesis of building blocks composed of 
N-acetyl muramic acid (M) linked to N-acetyl glucosamine (G) with an attached 
pentapeptide (P) side chain (referred to as MGP subunits) comprises the sequen-
tial late steps in cell wall synthesis. The linkage of the MGP subunit to the lipid 
II molecule enables subsequent translocation to the outside or periplasmic space 
of the cell through the cytoplasmic membrane. By catalyzing glycosidic linkages 
between the M and G components of the MGP subunits, transglycosylase enzymes 
then assemble the MGP subunits into a linear backbone. An immature peptidogly-
can structure is constituted by linearly connected MGP subunits. Transpeptidase 
enzymes then work to cross-link pentaglycine bridges to the peptide side chains, in 
the process, the terminal 2 D-alanines of the peptide side chain are cleaved, creating 
the mature, lattice-like peptidoglycan that provides the form and osmotic stability 
of the bacterium [26]. β-lactam antibiotics, such as penicillins and cephalosporins, 
are the most widely used antimicrobials that prevent cell wall biosynthesis [27]. 
These β-lactam antibiotics interact directly with bacterial transpeptidases and 
inhibit them effectively. As transpeptidase inhibitors, β-lactams thus obstruct 
the transition from immature to mature peptidoglycan, so these enzymes are also 
referred to as penicillin-binding proteins (PBPs). Due to the stereochemical similar-
ity of the β-lactam moiety with the D-alanine-D-alanine substrate, they are capable 
of doing this. Transpeptidases form a lethal covalent penicilloyl enzyme complex in 
the presence of the drug, which helps to inhibit the usual transpeptidation reac-
tion. This results in peptidoglycan that is weakly cross-linked, which makes the 
 developing bacteria extremely susceptible to cell lysis and death [28].

2.2 Inhibition of microbial cell membrane function

Lipids, proteins and lipoproteins are essentially made of biological membranes. 
The cytoplasmic membrane for water, ions, nutrients and transport systems serves 
as a diffusion barrier. Most health workers now assume that membranes are a 
lipid matrix with uniformly distributed globular proteins to penetrate through the 
bilayer of the lipid. A number of antimicrobial agents may cause disorganization of 
the membrane. These agents can be categorized into cationic, anionic, and neutral 
agents. Polymyxin B and colistemethate (polymyxin E) are the best-known com-
pounds [29]. For several antimicrobial agents, the cytoplasmic membrane forms an 
important barrier.
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The mode of action of certain antimicrobial agents may be due to the ability of 
such medicines to increase membrane permeability, making it easier for them and 
other compounds to penetrate. Antibacterial cationic agents, increased permeabil-
ity of the outer membrane to the lysozyme and hydrophobic compounds has been 
identified, such as polymyxin B. The initial function of these antimicrobial agents is 
to interrupt the structure of the outer membrane, allowing the cell to join itself and 
other compounds and inhibit unique metabolic processes [30]. There are several 
cell-damaging properties of Polymixin B: (i) the surface charge, lipid composition 
and membrane structure are disturbed; (ii) the K+ gradient on the cytoplasmic 
membrane is dissipated; and (iii) the cytoplasmic membrane is depolarized. One 
of the key factors regulating bacterial exposure to polymixin B is the permeability 
of the external membrane to lipophilic compounds. Since polymixin B is bulkier 
than its displacement of inorganic divalent cations, in the presence of polymixin B, 
the packing order of lipopolysaccharides (LPS) is changed. This results in increased 
permeability of a variety of molecules to the outer membrane and also promotes 
polymixin B uptake (“self-promoted” uptake) [31].

2.3 Inhibition of microbial protein synthesis

Microbial protein synthesis inhibition a range of groups of antimicrobial 
agents work by inhibiting the synthesis of bacterial proteins (ribosome function). 
That include aminoglycosides, macrolides, tetracyclines, ketolides, lincosamides, 
streptogramins, chloramphenicol and oxazolidinones [26, 32]. The synthesis of 
microbial proteins is led by ribosomes in conjunction with cytoplasmic factors 
which, during the initiation phase, elongation phase and termination phases, bind 
transiently to particles. Microbial ribosomes contain 70S particles consisting of two 
50S and 30S subunits, which join at the initiation stage of the synthesis of proteins 
and split at the termination stage. In bacterial protein synthesis, antimicrobial 
agents block various steps by interfering with the work of either the cytoplasmic 
factors or the ribosomes. Inhibitors which bind to the ribosomal subunit of 30S 
primarily interfere with initiation, although some interfere with the pairing of the 
AA- tRNA anticodon with the mRNA codon, elongation is thus impaired. The steps 
involved in the elongation process interact with inhibitors that bind to the 50S ribo-
somal subunit or to elongation factors that are transiently connected to ribosomes at 
certain stages of the cycle.

Through binding to particular ribosomal subunits [33], aminoglycosides func-
tion. By inducing the development of aberrant, non-functional complexes as well as 
causing misreading, aminoglycoside-type drugs may combine with other binding 
sites on 30S ribosomes and destroy bacteria. Spectinomycin is an antimicrobial agent 
that is closely linked to the aminoglycosides of aminocylitol. It binds and is bacterio-
static but not bactericidal to a particular protein in the ribosome. Tetracyclines are 
other agents which bind to 30S ribosomes. These agents tend to inhibit aminoacyl 
tRNA binding to the A site of the bacterial ribosome. Tetracycline binding is tem-
porary, so it’s bacteriostatic for these agents. Nevertheless, a wide range of bacteria, 
chlamydias and mycoplasmas are inhibited and highly helpful agents [29]. There 
are three major groups of medicines that inhibit the ribosomal subunit of 50S. A 
bacteriostatic agent that inhibits both gram-positive and gram-negative bacteria is 
chloramphenicol. By binding to a peptidyltransferase enzyme on the 50S ribosome, 
it prevents peptide bond formation. Macrolides are large compounds of the lactone 
ring that bind to 50S ribosomes and tend to impair the reaction or translocation of 
peptidyltransferase, or both. Erythromycin, which inhibits gram-positive species 
and a few gram-negative species, such as haemophilus, mycoplasma, chlamydia and 
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legionella, is the most significant macrolide. Against many of these pathogens, new 
molecules including azithromycin and clarithromycin have greater activity than 
erythromycin. There is a similar activity site for lincinoids, the most important of 
which is clindamycin. Generally, macrolides and lincinoids are bacteriostatic and 
only inhibit the development of new peptide chains [29].

2.4 Inhibition of microbial DNA synthesis

The modulation of chromosomal supercoiling by topoisomerase-catalyzed 
strand breakage and rejoining reactions is needed for DNA synthesis, mRNA 
transcription and cell division [34]. Depending on whether they catalyze reactions 
involving transient breakage of one (type I) or both (type II) strands of DNA, DNA 
topoisomerase enzymes are classified into two groups, I and II [35]. The topologi-
cal state of DNA inside cells is regulated by topoisomerases and is important for 
the vital processes of protein translation and cell replication. The enzyme that 
negatively super-coils DNA in the presence of ATP is DNA gyrase, a type II DNA 
topoisomerase [36]. Moreover, in the absence of ATP, this enzyme plays a role in 
the catenation and decatenation reaction of a double-stranded DNA circle, resolves 
knots in DNA, and also relaxes supercoiled DNA negatively. As a result, for almost 
all cellular procedures involving duplex DNA, including replication, recombination 
and transcription, the enzyme is vital. It is unique to the prokaryotic kingdom and 
is essential to the organism’s survival. Thus, for antibacterial drugs, DNA gyrase 
remains an ideal and attractive target. The most effective DNA gyrase-targeted 
antimicrobial agents are quinolones. Nalidixic acid, a naphthyridone inadvertently 
discovered as a by-product during chloroquine synthesis, was the source of the 
compounds [37].

Quinolones are unique DNA-gyrase inhibitors. DNA gyrase reactions such as 
supercoiling and relaxation involving DNA breakage and reunion are inhibited by 
quinolones, specifically interfering with the DNA gyrase breakage-reunion reaction 
by interacting with subunit A (GyrA) [38]. Relatively poor antimicrobial activity 
is found in first-generation quinolones, nalidixic acid and oxolinic acid. However, 
the synthesis and improvement over many generations of fluoroquinolones, such as 
norfloxacin and ciprofloxacin (second generation), levofloxacin (third generation), 
and moxifloxacin and gemifloxacin (fourth generation), has resulted in a variety 
of potent antimicrobial agents [38]. Most bacterial pathogens possess an additional 
essential topoisomerase, topoisomerase I (Topo I), in addition to the type II topoi-
somerases. Topo I is architecturally and mechanistically distinct from gyrase and 
topoisomerase IV, and is an attractive candidate for new antibacterial chemotypes 
to be discovered as such [36].

2.5 Inhibition of microbial RNA synthesis

Rifamycins inhibit DNA-dependent transcription by binding the DNA-bound 
and effectively transcribing RNA polymerase with a high affinity to the β-subunit 
(coded by rpoB). In the channel formed by the RNA polymerase-DNA complex, 
from which the newly synthesized RNA strand emerges, the β- subunit is located. 
Rifamycins clearly require that RNA synthesis has not progressed beyond two ribo-
nucleotides being added; This is due to the drug molecule ‘s capacity to sterically 
inhibit the initialization of nascent RNA strands. It should be noted that rifamycins 
are not believed to work by blocking the RNA synthesis elongation stage, although 
a recently discovered class of RNA polymerase inhibitors (based on the CBR703 
compound) could inhibit elongation by modifying the enzyme allosterically [34].
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The mode of action of certain antimicrobial agents may be due to the ability of 
such medicines to increase membrane permeability, making it easier for them and 
other compounds to penetrate. Antibacterial cationic agents, increased permeabil-
ity of the outer membrane to the lysozyme and hydrophobic compounds has been 
identified, such as polymyxin B. The initial function of these antimicrobial agents is 
to interrupt the structure of the outer membrane, allowing the cell to join itself and 
other compounds and inhibit unique metabolic processes [30]. There are several 
cell-damaging properties of Polymixin B: (i) the surface charge, lipid composition 
and membrane structure are disturbed; (ii) the K+ gradient on the cytoplasmic 
membrane is dissipated; and (iii) the cytoplasmic membrane is depolarized. One 
of the key factors regulating bacterial exposure to polymixin B is the permeability 
of the external membrane to lipophilic compounds. Since polymixin B is bulkier 
than its displacement of inorganic divalent cations, in the presence of polymixin B, 
the packing order of lipopolysaccharides (LPS) is changed. This results in increased 
permeability of a variety of molecules to the outer membrane and also promotes 
polymixin B uptake (“self-promoted” uptake) [31].
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other agents which bind to 30S ribosomes. These agents tend to inhibit aminoacyl 
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are three major groups of medicines that inhibit the ribosomal subunit of 50S. A 
bacteriostatic agent that inhibits both gram-positive and gram-negative bacteria is 
chloramphenicol. By binding to a peptidyltransferase enzyme on the 50S ribosome, 
it prevents peptide bond formation. Macrolides are large compounds of the lactone 
ring that bind to 50S ribosomes and tend to impair the reaction or translocation of 
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topoisomerase enzymes are classified into two groups, I and II [35]. The topologi-
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the vital processes of protein translation and cell replication. The enzyme that 
negatively super-coils DNA in the presence of ATP is DNA gyrase, a type II DNA 
topoisomerase [36]. Moreover, in the absence of ATP, this enzyme plays a role in 
the catenation and decatenation reaction of a double-stranded DNA circle, resolves 
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is essential to the organism’s survival. Thus, for antibacterial drugs, DNA gyrase 
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and moxifloxacin and gemifloxacin (fourth generation), has resulted in a variety 
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essential topoisomerase, topoisomerase I (Topo I), in addition to the type II topoi-
somerases. Topo I is architecturally and mechanistically distinct from gyrase and 
topoisomerase IV, and is an attractive candidate for new antibacterial chemotypes 
to be discovered as such [36].

2.5 Inhibition of microbial RNA synthesis

Rifamycins inhibit DNA-dependent transcription by binding the DNA-bound 
and effectively transcribing RNA polymerase with a high affinity to the β-subunit 
(coded by rpoB). In the channel formed by the RNA polymerase-DNA complex, 
from which the newly synthesized RNA strand emerges, the β- subunit is located. 
Rifamycins clearly require that RNA synthesis has not progressed beyond two ribo-
nucleotides being added; This is due to the drug molecule ‘s capacity to sterically 
inhibit the initialization of nascent RNA strands. It should be noted that rifamycins 
are not believed to work by blocking the RNA synthesis elongation stage, although 
a recently discovered class of RNA polymerase inhibitors (based on the CBR703 
compound) could inhibit elongation by modifying the enzyme allosterically [34].
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2.6 Inhibition of microbial metabolic pathways

By competitively blocking the biosynthesis of tetrahydrofolate, which acts as a 
carrier of one-carbon fragments and is required for the ultimate synthesis of DNA, 
RNA and bacterial cell wall proteins, trimethoprim and sulfonamides interfere 
with folic acid metabolism in the microbial cell. Bacteria and protozoan parasites 
typically lack a transport mechanism in order to extract preformed folic acid from 
their host, unlike mammals [29]. Most of these species, while some are capable of 
using exogenous thymidine, must synthesize folic acid, circumventing the need 
for metabolism of folic acid. The conversion of pteridine and p-aminobenzoic acid 
(PABA) to dihydrofolic acid by the pteridine synthetase enzyme is competitively 
inhibited by sulfonamides. Sulfonamides have a greater affinity for pteridine syn-
thetase than for PABA. Trimethoprim has a huge affinity (10,000 to 100,000 times 
greater than that of the mammalian enzyme) for bacterial dihydrofolate reductase; 
it inhibits tetrahydrofolate synthesis when bound to this enzyme [29].

3. Mechanisms of resistance to antimicrobial agents

The ability of an organism to overcome the action of an antimicrobial agent to 
which it was previously susceptible is a general definition of antimicrobial resis-
tance [39]. With the growing production of MDR strains (i.e. resistance to at least 
three antibiotics), nosocomial infection caused by antibiotic resistant P. aeruginosa 
has emerged as a major concern in clinical care settings [40]. Because of its outer 
membrane with low permeability (1/100 of the permeability of the outer membrane 
of E. coli), P. aeruginosa exhibits intrinsic resistance to various antimicrobial agents 
(β-lactam and penem group of antibiotics) [41, 42]. While several other processes 
are also responsible for their intrinsic resistance, including the efflux system that 
expels antibiotics from the cell’s bacteria and the production of inactivating enzyme 
antibiotics. This bacterium, however is a highly diverse pathogen capable of adapt-
ing to the conditions around it. When subjected to selective pressure from antibiot-
ics, the mediated reaction encourages bacterial survival and improves resistance to 
antibiotics [43–45].

The development of antibiotic resistance during host colonization of patients 
with CF has been confirmed, with P. aeruginosa strains developing and gaining 
resistance during antimicrobial therapy [46]. Studies have shown a clear link 
between increased applications of ciprofloxacin, with a growing incidence of 
strains resistant to ciprofloxacin [47]. Therefore the excessive use of antimicrobial 
agents is another factor associated with the rise in MDR-Psedomonas aeruginosa. 
This acquired resistance may be attributable to the effects of the mutational event 
or the acquisition by horizontal gene transfer of the resistance gene and may occur 
during the mutational event of antibiotic therapy, leading to over-expression of 
endogenous β-lactamases or efflux pump, specific porin expression [48].

3.1 Resistance to β-lactam

Inhibition of the synthesis of the bacterial peptidoglycan cell wall requires 
β-lactam antibiotics [39]. Penicillin, cephalosporin, carbapenem and monobactam 
are included in this class. These classes include piperacillin and ticarcillin (penicil-
lin), ceftazidime (cephalosporin 3rd generation), cefepime (cephalosporin 4th 
generation), aztreonam (monobactam), imipenem, meropenem and doripenem 
(carbapenems) are most powerful β-lactam widely used to treat P. aeruginosa is 
β-lactam [49]. These enzymes break the amide bond of the β-lactam ring through 
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resistance to the β-lactam mediated by the action of β-lactamases, rendering the 
antimicrobial ineffective. The expression of endogenous β-lactamases or the expres-
sion of acquired β-lactamases may be due to this inactivation of the drug. To date, 
hundreds of β-lactamases have been recognized and are distinguished by their sub-
strate specificity. There are four major groups of beta-lactamases known in P. aerugi-
nosa on the basis of Amber’s molecular classification system: A-D [50]. Through the 
serine-residue catalytic activity, classes A, C and D inactivate the β-lactams, while 
class B or metallo- β-lactamases (MBLs) require zinc for their action [51].

3.2 AmpC β-lactamase (Cephelosporinase)

In particular, the development of endogenous β-lactamase, such as chromosomal 
cephalosporinase (AmpC β-lactamase). A variety of β-lactams, such as benzyl peni-
cillin, narrow spectrum cephalosporin and imipenem, can be induced in P. aeruginosa. 
Naturally, P. aeruginosa is susceptible to carboxypenicillins, ceftazidime and aztreo-
nam, but it can develop resistance through a mutation in the gene that contributes 
to AmpC β-lactamase hyper-production [52, 53]. The enzyme is usually produced in 
small amounts (‘low-level’ expression), resistance to aminopenicillins and to most 
early cephalosporins is determined. P. aeruginosa produces an inducible chromosome-
coded AmpC β-lactamase (cephalosporinase) belonging to the Ambler-based 
molecular class C and the first functional group according to Bush et al. [54, 55].

However, production of chromosomal cephalosporin in P. aeruginosa, in the 
presence of inducing β-lactams (especially imipenem), can increase from 100 to 
1000 times [56]. β-lactamase inhibitors used in clinical practice, such as clavulanic 
acid, sulbactam and tazobactam, do not inhibit AmpC cephalosporinase function. 
β-lactamase of AmpC is encoded by the gene ampC [57, 58]. Several genes, includ-
ing ampR, ampG, and ampD, are involved in ampC gene induction. AmpR encodes 
a positive transcriptional regulator and this regulator is required for the induction 
of β-lactamase. AmpG, a transmembrane protein that functions as a permease for 
1,6-anhydromurapeptides, which are known to be the signal molecules involved 
in the induction of ampC, is the second gene involved. The third gene, ampD, 
encodes a cytosolic amidase of N-acetyl-anhydromuramyl-L-alanine that hydrolyses 
1,6-anhydromurapeptides, which functions as an ampC expression repressor. The 
4th chromosome, ampE, encodes the protein of the cytoplasmic membrane that 
serves as the molecule of the sensory transducer necessary for induction. Except for 
avibactam, the activity of this AmpC β-lactamase is not inhibited by commercially 
available β-lactam.

3.3 Class A carbenicillin hydrolysing β-lactamases

Four β-lactamases (PSE- of Pseudomonas specific enzyme) carbenicillin hydro-
lyzing enzymes were identified in P. aeruginosa: PSE-1 (CARB-2), PSE-4 (CARB-1), 
CARB-3 and CARB-4 [59]. These enzymes belong to the group of β-lactamases of 
molecular class A and include carboxypenicillins, ureidopenicillins and cefsulodine 
in their substrate profile. These enzymes belong to functional group 2c and molecu-
lar class A [60]. Commercially available β-lactam inhibitors, such as clavulanic acid, 
tazobactam, and sulbactam, can inhibit the activity of this β-lactamase [61].

3.4 Resistance to aminoglycoside

Aminoglycosides are a microbial protein synthesis inhibitor which act by bind-
ing to the ribosomal subunit of the bacterial 30S and interfering with the initiation 
of protein synthesis. Resistance to aminoglycosides in Pseudomonas is mediated by 



Pseudomonas aeruginosa - Biofilm Formation, Infections and Treatments

80

2.6 Inhibition of microbial metabolic pathways

By competitively blocking the biosynthesis of tetrahydrofolate, which acts as a 
carrier of one-carbon fragments and is required for the ultimate synthesis of DNA, 
RNA and bacterial cell wall proteins, trimethoprim and sulfonamides interfere 
with folic acid metabolism in the microbial cell. Bacteria and protozoan parasites 
typically lack a transport mechanism in order to extract preformed folic acid from 
their host, unlike mammals [29]. Most of these species, while some are capable of 
using exogenous thymidine, must synthesize folic acid, circumventing the need 
for metabolism of folic acid. The conversion of pteridine and p-aminobenzoic acid 
(PABA) to dihydrofolic acid by the pteridine synthetase enzyme is competitively 
inhibited by sulfonamides. Sulfonamides have a greater affinity for pteridine syn-
thetase than for PABA. Trimethoprim has a huge affinity (10,000 to 100,000 times 
greater than that of the mammalian enzyme) for bacterial dihydrofolate reductase; 
it inhibits tetrahydrofolate synthesis when bound to this enzyme [29].

3. Mechanisms of resistance to antimicrobial agents

The ability of an organism to overcome the action of an antimicrobial agent to 
which it was previously susceptible is a general definition of antimicrobial resis-
tance [39]. With the growing production of MDR strains (i.e. resistance to at least 
three antibiotics), nosocomial infection caused by antibiotic resistant P. aeruginosa 
has emerged as a major concern in clinical care settings [40]. Because of its outer 
membrane with low permeability (1/100 of the permeability of the outer membrane 
of E. coli), P. aeruginosa exhibits intrinsic resistance to various antimicrobial agents 
(β-lactam and penem group of antibiotics) [41, 42]. While several other processes 
are also responsible for their intrinsic resistance, including the efflux system that 
expels antibiotics from the cell’s bacteria and the production of inactivating enzyme 
antibiotics. This bacterium, however is a highly diverse pathogen capable of adapt-
ing to the conditions around it. When subjected to selective pressure from antibiot-
ics, the mediated reaction encourages bacterial survival and improves resistance to 
antibiotics [43–45].

The development of antibiotic resistance during host colonization of patients 
with CF has been confirmed, with P. aeruginosa strains developing and gaining 
resistance during antimicrobial therapy [46]. Studies have shown a clear link 
between increased applications of ciprofloxacin, with a growing incidence of 
strains resistant to ciprofloxacin [47]. Therefore the excessive use of antimicrobial 
agents is another factor associated with the rise in MDR-Psedomonas aeruginosa. 
This acquired resistance may be attributable to the effects of the mutational event 
or the acquisition by horizontal gene transfer of the resistance gene and may occur 
during the mutational event of antibiotic therapy, leading to over-expression of 
endogenous β-lactamases or efflux pump, specific porin expression [48].

3.1 Resistance to β-lactam

Inhibition of the synthesis of the bacterial peptidoglycan cell wall requires 
β-lactam antibiotics [39]. Penicillin, cephalosporin, carbapenem and monobactam 
are included in this class. These classes include piperacillin and ticarcillin (penicil-
lin), ceftazidime (cephalosporin 3rd generation), cefepime (cephalosporin 4th 
generation), aztreonam (monobactam), imipenem, meropenem and doripenem 
(carbapenems) are most powerful β-lactam widely used to treat P. aeruginosa is 
β-lactam [49]. These enzymes break the amide bond of the β-lactam ring through 

81

Chemotherapy and Mechanisms of Action of Antimicrobial Agent
DOI: http://dx.doi.org/10.5772/intechopen.95476

resistance to the β-lactam mediated by the action of β-lactamases, rendering the 
antimicrobial ineffective. The expression of endogenous β-lactamases or the expres-
sion of acquired β-lactamases may be due to this inactivation of the drug. To date, 
hundreds of β-lactamases have been recognized and are distinguished by their sub-
strate specificity. There are four major groups of beta-lactamases known in P. aerugi-
nosa on the basis of Amber’s molecular classification system: A-D [50]. Through the 
serine-residue catalytic activity, classes A, C and D inactivate the β-lactams, while 
class B or metallo- β-lactamases (MBLs) require zinc for their action [51].

3.2 AmpC β-lactamase (Cephelosporinase)

In particular, the development of endogenous β-lactamase, such as chromosomal 
cephalosporinase (AmpC β-lactamase). A variety of β-lactams, such as benzyl peni-
cillin, narrow spectrum cephalosporin and imipenem, can be induced in P. aeruginosa. 
Naturally, P. aeruginosa is susceptible to carboxypenicillins, ceftazidime and aztreo-
nam, but it can develop resistance through a mutation in the gene that contributes 
to AmpC β-lactamase hyper-production [52, 53]. The enzyme is usually produced in 
small amounts (‘low-level’ expression), resistance to aminopenicillins and to most 
early cephalosporins is determined. P. aeruginosa produces an inducible chromosome-
coded AmpC β-lactamase (cephalosporinase) belonging to the Ambler-based 
molecular class C and the first functional group according to Bush et al. [54, 55].

However, production of chromosomal cephalosporin in P. aeruginosa, in the 
presence of inducing β-lactams (especially imipenem), can increase from 100 to 
1000 times [56]. β-lactamase inhibitors used in clinical practice, such as clavulanic 
acid, sulbactam and tazobactam, do not inhibit AmpC cephalosporinase function. 
β-lactamase of AmpC is encoded by the gene ampC [57, 58]. Several genes, includ-
ing ampR, ampG, and ampD, are involved in ampC gene induction. AmpR encodes 
a positive transcriptional regulator and this regulator is required for the induction 
of β-lactamase. AmpG, a transmembrane protein that functions as a permease for 
1,6-anhydromurapeptides, which are known to be the signal molecules involved 
in the induction of ampC, is the second gene involved. The third gene, ampD, 
encodes a cytosolic amidase of N-acetyl-anhydromuramyl-L-alanine that hydrolyses 
1,6-anhydromurapeptides, which functions as an ampC expression repressor. The 
4th chromosome, ampE, encodes the protein of the cytoplasmic membrane that 
serves as the molecule of the sensory transducer necessary for induction. Except for 
avibactam, the activity of this AmpC β-lactamase is not inhibited by commercially 
available β-lactam.

3.3 Class A carbenicillin hydrolysing β-lactamases

Four β-lactamases (PSE- of Pseudomonas specific enzyme) carbenicillin hydro-
lyzing enzymes were identified in P. aeruginosa: PSE-1 (CARB-2), PSE-4 (CARB-1), 
CARB-3 and CARB-4 [59]. These enzymes belong to the group of β-lactamases of 
molecular class A and include carboxypenicillins, ureidopenicillins and cefsulodine 
in their substrate profile. These enzymes belong to functional group 2c and molecu-
lar class A [60]. Commercially available β-lactam inhibitors, such as clavulanic acid, 
tazobactam, and sulbactam, can inhibit the activity of this β-lactamase [61].

3.4 Resistance to aminoglycoside

Aminoglycosides are a microbial protein synthesis inhibitor which act by bind-
ing to the ribosomal subunit of the bacterial 30S and interfering with the initiation 
of protein synthesis. Resistance to aminoglycosides in Pseudomonas is mediated by 
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transferable aminoglycoside modifying enzymes (AMEs), low permeability of the 
outer membrane, active efflux and, in rare cases, target modification [62–64].

3.5 Aminoglycoside-modifying enzymes

AMEs inactivate the aminoglycoside by adding the antibiotic molecule to a 
phosphate, adenyl or acetyl radical, and thus modified antibiotics minimize the 
binding affinity of the bacterial cell (30S ribosomal subunit) to its target [65, 66]. 
Aminoglycoside phosphoryl transferases (APHs), aminoglycoside adenylyl trans-
ferases (also known as nucleotidyltransferases) (AADs or ANTs) and aminoglyco-
side acetyltransferases (AACs) are three types of AMEs involved in aminoglycoside 
alteration. The following AMEs are most commonly expressed by P. aeruginosa: 
AAC(69)-II (resistant to gentamicin, tobramycin and netilmicin), AAC(3)-I (resis-
tant to gentamicin), AAC(3)-II (resistant to gentamicin, tobramycin and netilmi-
cin), (69)-I (resistant to tobramycin, netilmicin and amicacin) and ANT(29)-I 
(resistant to tobramicin and gentamicin) [67].

3.6 Low outer membrane permeability

Membrane impermeability or reduced permeability is a mechanism known to 
provide resistance to many antibiotic forms, including aminoglycosides, β-lactams 
and quinolones [68]. For instance, this resistance mechanism is often encountered 
in cystic fibrosis isolates that are continually under antibiotic attack. Several mecha-
nisms, such as lipopolysaccharide (LPS) modifications, alteration of membranous 
proteins involved in substratum absorption, and inactivation of enzymatic com-
plexes involved in the energetic membrane necessary for transport system activity, 
may cause membrane impermeability [69].

3.7 Active efflux pumps

The combination of low membrane permeability and active efflux pumps is 
partially due to the natural resistance of P. aeruginosa to many groups of antibiotics. 
P. aeruginosa’s efflux systems involved in antibiotic resistance belong to the family of 
resistance-nodulation-division (RND) [70]. In order to confer resistance to several 
antibiotics, four major efflux systems have been described: MexAB-OprM, MexCD-
OprJ, MexEF-OprN and MexXY-OprM. These systems consist of three proteins: (1) 
the efflux pump protein found in the cytoplasmic membrane (MexB, MexD, MexF 
and MexY), (2) the pore-acting outer membrane protein (OprM, OprJ and OprN) 
and (3) A protein in the periplasmic space that bridges the cytoplasmic and outer 
membrane proteins (MexA, MexC, MexE and MexX). In both natural and acquired 
resistance, MexAB-OprM and MexXY-OprM are active, whereas only the other two 
mechanisms are observed in cumulative resistance.

Acquired resistance is observed following mutations in the regulatory systems 
that can be caused by antibiotic pressure and that can confer resistance to all 
groups of antibiotics upon over-expression of these efflux systems. Polymyxins, 
except [69]. Resistance to multiple groups of antibiotics that are substrates of these 
efflux systems can be caused by exposure to a single antibiotic. Quinolones are 
substrates of all efflux systems and are an important trigger factor that can generate 
cross-resistance to efflux systems of several major classes of antibiotics, including 
β-lactams and aminoglycosides, for pseudomonal therapy [71]. It is understood that 
efflux systems confer a moderate degree of resistance, but they typically act simul-
taneously with other mechanisms of resistance, thus taking part in the high-level 
resistance that can be observed in P. aeruginosa.
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3.8 Target modification

Due to the low affinity of the drug to the bacterial ribosome, bacteria may be 
resistant to aminoglycosides. This can be achieved by 16S rRNA methylation by 
target modification. Various 16S rRNA methylases have been identified for P. aeru-
ginosa: RmtA, first reported in clinical isolates of P. aeruginosa resistant to aminogly-
cosides and conferred resistance to all parenterally administered aminoglycosides, 
including amicacin, tobramycin, isepamicin, kanamycin, arbecacin and gentami-
cin, secondary 16S rRNA methylases including RmtB, ArmA and RmtD [72].

3.9 Resistance to fluoroquinolones

Resistance to fluoroquinolones arises by mutation in the DNA gyrase or topoi-
somerase 1 V coding bacterial chromosome gene or by successful drug transport 
out of the cell [73]. Topoisomerase 1 V mutations can occur in gyrA / gyrB genes 
within the motif of the quinolone-resistant determinative region (QRDR), which is 
considered to be the active site of the enzyme. This contributes to the altered amino 
acid sequences of the subunits A and B, and hence to the altered topoisomerase 
II with a low affinity for quinolone molecules. As a result of point mutations in 
parC and parE genes encoding the ParC and ParE enzyme subunits, modifications 
of a secondary target (topoisomerase IV) occur. The over-expression of efflux 
includes other types of fluoroquinolone tolerance in Pseudomonas. Mutations in 
the nalB, nfxB and nfxC genes, resulting in overexpression of MexA-MexB-OprM, 
 MexC-MexD- OprJ and MexE- MexF- OprN fallowing efflux [74].

3.10 Biofilm-mediated resistance

A biofilm is an aggregate of microorganisms that bind to each other on a living 
or non-living surface and are embedded in an extracellular polymeric (EPS) matrix 
of self-produced substances, including exopolysaccharides, proteins, metabolites, 
and eDNA [75, 76]. The microbial cells grown in biofilms are less sensitive than 
the cells grown in free aqueous suspension to the antimicrobial agents and the host 
immune response [77]. Even bacteria that are deficient or lack protective muta-
tions in their intrinsic resistance, when they grow in a biofilm, they can become 
less susceptible to antibiotics [78]. The general mechanisms of biofilm-mediated 
resistance that protect bacteria from antibiotic attack include antibiotic penetration 
prevention, altered microenvironment that induces slow biofilm cell growth, adap-
tive stress response induction, and differentiation of persistent cells [78–80].

P. aeruginosa causes chronic lung infections in CF patients and, through the 
production of DNA, proteins and exopolysaccharides, forms a biofilm on lung 
epithelial cell surfaces. The regulation of the formation of P. aeruginosa biofilm is 
multifactorial and mainly depends on quorum sensing systems, GacS / GacA and 
RetS / LadS two-component regulatory systems, exopolysaccharides and cdi- GMP 
[81]. Quorum sensing is a form of communication between bacterial cells and cells 
that regulates gene expression in response to changes in cell population density. 
P. aeruginosa has three major systems of quorum sensing, LasILasR, RhlI-RhlR, and 
PQS-MvfR, all of which contribute to mature and differentiated biofilm formation. 
During biofilm formation, P. aeruginosa undergoes numerous physiological and phe-
notypic changes [82]. For example, P. aeruginosa strains convert to a mucoid pheno-
type in CF chronic infection that displays upregulated production of alginate driven 
by the CF microenvironment, enabling the formation of colonies of biofilms. Due to 
its ability to show swarming and twitching motility, P. aeruginosa flagellum is impor-
tant for the initiation of biofilm formation. However, P. aeruginosa significantly 
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transferable aminoglycoside modifying enzymes (AMEs), low permeability of the 
outer membrane, active efflux and, in rare cases, target modification [62–64].

3.5 Aminoglycoside-modifying enzymes

AMEs inactivate the aminoglycoside by adding the antibiotic molecule to a 
phosphate, adenyl or acetyl radical, and thus modified antibiotics minimize the 
binding affinity of the bacterial cell (30S ribosomal subunit) to its target [65, 66]. 
Aminoglycoside phosphoryl transferases (APHs), aminoglycoside adenylyl trans-
ferases (also known as nucleotidyltransferases) (AADs or ANTs) and aminoglyco-
side acetyltransferases (AACs) are three types of AMEs involved in aminoglycoside 
alteration. The following AMEs are most commonly expressed by P. aeruginosa: 
AAC(69)-II (resistant to gentamicin, tobramycin and netilmicin), AAC(3)-I (resis-
tant to gentamicin), AAC(3)-II (resistant to gentamicin, tobramycin and netilmi-
cin), (69)-I (resistant to tobramycin, netilmicin and amicacin) and ANT(29)-I 
(resistant to tobramicin and gentamicin) [67].

3.6 Low outer membrane permeability

Membrane impermeability or reduced permeability is a mechanism known to 
provide resistance to many antibiotic forms, including aminoglycosides, β-lactams 
and quinolones [68]. For instance, this resistance mechanism is often encountered 
in cystic fibrosis isolates that are continually under antibiotic attack. Several mecha-
nisms, such as lipopolysaccharide (LPS) modifications, alteration of membranous 
proteins involved in substratum absorption, and inactivation of enzymatic com-
plexes involved in the energetic membrane necessary for transport system activity, 
may cause membrane impermeability [69].

3.7 Active efflux pumps

The combination of low membrane permeability and active efflux pumps is 
partially due to the natural resistance of P. aeruginosa to many groups of antibiotics. 
P. aeruginosa’s efflux systems involved in antibiotic resistance belong to the family of 
resistance-nodulation-division (RND) [70]. In order to confer resistance to several 
antibiotics, four major efflux systems have been described: MexAB-OprM, MexCD-
OprJ, MexEF-OprN and MexXY-OprM. These systems consist of three proteins: (1) 
the efflux pump protein found in the cytoplasmic membrane (MexB, MexD, MexF 
and MexY), (2) the pore-acting outer membrane protein (OprM, OprJ and OprN) 
and (3) A protein in the periplasmic space that bridges the cytoplasmic and outer 
membrane proteins (MexA, MexC, MexE and MexX). In both natural and acquired 
resistance, MexAB-OprM and MexXY-OprM are active, whereas only the other two 
mechanisms are observed in cumulative resistance.

Acquired resistance is observed following mutations in the regulatory systems 
that can be caused by antibiotic pressure and that can confer resistance to all 
groups of antibiotics upon over-expression of these efflux systems. Polymyxins, 
except [69]. Resistance to multiple groups of antibiotics that are substrates of these 
efflux systems can be caused by exposure to a single antibiotic. Quinolones are 
substrates of all efflux systems and are an important trigger factor that can generate 
cross-resistance to efflux systems of several major classes of antibiotics, including 
β-lactams and aminoglycosides, for pseudomonal therapy [71]. It is understood that 
efflux systems confer a moderate degree of resistance, but they typically act simul-
taneously with other mechanisms of resistance, thus taking part in the high-level 
resistance that can be observed in P. aeruginosa.
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[81]. Quorum sensing is a form of communication between bacterial cells and cells 
that regulates gene expression in response to changes in cell population density. 
P. aeruginosa has three major systems of quorum sensing, LasILasR, RhlI-RhlR, and 
PQS-MvfR, all of which contribute to mature and differentiated biofilm formation. 
During biofilm formation, P. aeruginosa undergoes numerous physiological and phe-
notypic changes [82]. For example, P. aeruginosa strains convert to a mucoid pheno-
type in CF chronic infection that displays upregulated production of alginate driven 
by the CF microenvironment, enabling the formation of colonies of biofilms. Due to 
its ability to show swarming and twitching motility, P. aeruginosa flagellum is impor-
tant for the initiation of biofilm formation. However, P. aeruginosa significantly 
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decreases flagellum expression after surface attachment and may also permanently 
lose the flagellum due to genetic mutations, reducing host immune response activa-
tion, allowing P. aeruginosa to evade immune detection and phagocytosis [83].

4. The global economic scenario of antibiotic resistance

It is still an immense global challenge to quantify the exact economic effect of 
resistant bacterial infections. Measuring the distribution of the disease associated 
with antibiotic resistance is a crucial prerequisite in this situation. A major economic 
burden for the entire world is antibiotic resistance. In the USA alone, 99,000 deaths are 
caused annually by antibiotic-resistant pathogen-associated hospital-acquired infec-
tions (HAIs). Approximately 50,000 Americans died in 2006 because of two popular 
HAIs, namely pneumonia and sepsis, costing the US economy around $8 billion [84]. 
Patients with antibiotic-resistant bacterial infections need to remain in the hospital 
for at least 13 days, creating an extra 8 million hospital days each year. There have been 
estimates of costs of up to $29,000 per patient infected for an antibiotic-resistant bac-
terial infection. In total, economic losses of approximately $ 20 billion were recorded 
in the US, while losses of approximately $35 billion per year were also recorded in 
terms of loss of productivity due to antibiotic resistance in health care systems [85].

A worst-case scenario could emerge in the coming future, according to the 
analysts of the Research and Development Corporation, a US non-profit global 
organization, where the planet could be left without any effective antimicrobial 
agent to treat bacterial infections. In this case, the global economic burden will 
be nearly $120 trillion ($3 trillion per annum), roughly equal to the entire actual 
annual health care budget of the United States. In general, the world population will 
be significantly affected: about 444 million people will succumb to infections as of 
2050, and birth rates will decrease rapidly in this scenario [86, 87]. These losses are 
calamitous, but these estimates reflect imperfect images of the economic costs of 
antibiotic resistance due to data limitations such as the inclusion of total conditions 
and resistance-susceptible diseases. The use of antibiotics in the livestock and food 
industries is another very critical trait of antimicrobial resistance (AMR), that was 
missing from the investigation. It is an important player in the rising AMR, likely 
causing its own projected economic losses. There is also a misappropriation of the 
use of antimicrobials as growth promoters in many developing countries. This 
activity has been outlawed in the European Union since 2006 [88, 89].

5. Novel alternative antimicrobial therapy for P. aeruginosa treatment

The overuse and misuse of antibiotics, which can lead to unwanted side effects 
and the production of drug-resistant bacterial strains, is a growing public health 
issue. The production of new antibiotics, in addition, is very limited and timely. The 
development of innovative therapeutic approaches to the treatment of infections 
with P. aeruginosa is therefore highly desirable and has received further interest over 
the past decade. These innovative therapeutic techniques, which involve antimicro-
bial peptides, phage therapy, inhibition of quorum sensing as well as the use of iron 
chelation, nanoparticles, probiotics and vaccine strategies.

5.1 Antimicrobial peptides

A number of species, from bacteria to animals, develop antimicrobial peptides 
(AMPs), also called host defense peptides, and they are active against a wide range 
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of microorganisms [90]. There is no complete understanding of the mode(s) of 
operation of AMPs. It is widely agreed that the cytoplasmic membrane is attacked by 
AMPs, leading to cell death [91]. AMPs have also been shown to possess anti-biofilm 
and immunomodulatory properties, in addition to antimicrobial activity, AMPs have 
been proposed as an alternative to traditional antibiotics to battle bacterial infections 
as a result of their broad-spectrum activity; AMPs exhibit rapid killing kinetics, low 
mediated resistance levels, and low host toxicity [92]. Many antimicrobial peptides, 
including GL13 K, LL-37, T9W, NLF20, cecropin P1, indolicidin, magainin II, nisin, 
ranalexin, melittin, and defensin, have demonstrated powerful antimicrobial effects 
of either direct bactericidal effects or biofilm disruption against P. aeruginosa [93]. 
In addition, by facilitating antibiotic absorption, disrupting biofilm formation or 
inhibiting bacterial quorum, some AMPs have demonstrated synergy with tradi-
tional antibiotics against several bacteria, including P. aeruginosa [94]. For instance, 
it has been shown that the clearance of P. aeruginosa biofilm was increased by a 
combination of GL13 K with tobramycin [95]. In 2017, Zheng et al. [96] observed 
that when combined with tetracycline in vitro, the minimum inhibitory concentra-
tion of cecropin A2 against clinical isolates of P. aeruginosa was reduced 8-fold.

5.2 Phage therapy

By inducing lysis, bacteriophages (phages) are viruses that infect and destroy 
bacteria [97]. In 1915, the British bacteriologist Frederick Twort first discovered 
phages. Two years later, Félix d’Herelle made a similar discovery independently in Paris 
and presented the phage therapy notion. With the advent of antibiotic therapy, phage 
therapy was abandoned in several countries, but has been continuously developed in 
Eastern European countries with facilities in Warsaw, Poland, and Tbilisi, Georgia [98]. 
Shotgun metagenome sequencing showed that there were antipseudomonal phages in 
the phage cocktails sold in pharmacies in Georgia and Russia [99]. The successful treat-
ment of infections with MDR P. aeruginosa has been reported in a few case reports from 
Belgium and the US, but has not gained broad acceptance in the Western world [100]. 
Phage therapy has many benefits, including replication at the infection site, high preci-
sion for attacking bacteria without effects on commensal flora, less side effects than 
other therapies, antibiotic-resistant bacteria bactericidal activity and simple admin-
istration [101]. The use of phages as an alternative to antibiotics has been extensively 
studied for the treatment of P. aeruginosa infections. There are 137 different phages that 
have been characterized to date that target the Pseudomonas genus [102]. Many in vitro 
and in vivo studies have been performed to test the efficacy of phages against chronic 
infections of P. aeruginosa. For instance, co-incubation of phage PA709 with the clinical 
strain P. aeruginosa 709 has been shown to significantly reduce the viability of P. aerugi-
nosa. Another research found that intranasal administration of P3-CHA bacteriophage 
to mice receiving a lethal dose of P. aeruginosa strain CHA substantially improved the 
rate of survival and reduced the bacterial load in the lungs [103].

Another benefit of phage therapy is that phages can be genetically modified 
as vehicles to transport bacteria with antimicrobial agents, thus increasing treat-
ment efficacy [104]. While phages have been shown to be successful in vitro and in 
animal models against bacterial infection, only a small number of phage therapy 
clinical trials have been performed to date. The reasons for this include: safety 
issues about post-treatment phage clearance and impurity of phage preparations; 
poor stability of phage preparations; and lack of knowledge of the comprehensive 
phage mode of action and bacterial resistance to phage growth [105]. In clinical 
trials, the use of phages against P. aeruginosa infections has been studied in patients 
with venous leg ulcers, burn wounds and otitis, and no adverse reactions have been 
identified during these clinical trials [106].
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5.3 Quorum sensing inhibition

Quorum sensing is a mechanism that enables bacteria to regulate the expression 
of genes in a manner based on cell density. To control virulence and biofilm forma-
tion, P. aeruginosa utilizes quorum sensing [107]. Las and Rhl are two major P. aeru-
ginosa quorum-sensing systems responsible for the synthesis of the signal molecules 
of N-acyl homoserine lactone (AHL), N-(3-oxododecanoyl)-L-homoserine lactone 
(3O-C12-HSL) and N-butanoyl-L-homoserine lactone (C4-HSL). 3O-C12-HSL and 
C4-HSL bind to and activate their LasR and RhlR cognate transcription factors, 
respectively, inducing the formation of biofilms and the expression of various viru-
lence factors, including elastase, proteases, pyocyanin, lectins, rhamnolipids, and 
toxins [108]. The third P. aeruginosa quorum-sensing system, PQSMvfR, has been 
reported to facilitate the formation of biofilms in addition to the LasI-LasR and 
RhlI-RhlR systems. This mechanism regulates the development of the Pseudomonas 
quinolone signal (PQS), 2-heptyl-3-hydroxy-4-quinolone, by the transcriptional 
regulator MvfR, also known as PqsR, by controlling the pqsABCDE operon. In 
addition, PqsA and PqsD proteins have been implicated in the development of 
biofilms [82].

A promising technique for treating P. aeruginosa infections is known to be the 
inhibition of quorum sensing. This approach is capable of preventing or decreas-
ing the formation of biofilms, reducing bacterial virulence and has a low risk of 
bacterial resistance growth. In addition, this strategy has a small scope, such that 
any unwanted inhibitory effects on beneficial bacteria are impossible. For the Las 
and Rhl systems, quorum sensing inhibitors may be either natural or synthetic 
and are capable of reducing the activity of AHL synthase, inhibiting the develop-
ment of AHL, degrading AHLs or competing for AHL receptor binding [109]. In 
recent years, the use of quorum sensing inhibitors for the treatment of infections 
with P. aeruginosa has been intensively studied. The carotenoid zeaxanthin, typi-
cally found in plants, algae and lichens, for example, reduced the formation of 
biofilms in P. aeruginosa by binding to the signal receptors for quorum sensing, lasR 
and RhlR, and blocking the expression of virulence genes, lasB and rhlA [110]. 
Flavonoids are a class of naturally developed plant metabolites that have acted as 
LasR and RhlR antagonists and substantially decreased their ability to bind to the 
P. aeruginosa promoters of quorum sensing-regulated genes [111].

5.4 Iron chelation

Iron is important for bacterial growth and is involved in a number of cellular 
processes, such as the production of electricity, the replication of DNA and the 
transport of electrons [112]. Compared to healthy people, the iron content of 
human sputum was found to be substantially elevated in CF patients, indicat-
ing that an increased amount of iron promotes chronic CF lung infection [113]. 
P. aeruginosa utilizes pyoverdine and pyochelin siderophores to obtain iron from 
the extracellular environment [114]. Therefore, a technique to fight P. aeruginosa 
infections is to limit the concentration of extracellular iron or disrupt iron uptake 
by P. aeruginosa. Several studies have related iron metabolism to the pathogenesis of 
chronic infections, indicating that iron analogues and chelators may work against 
P. aeruginosa as potential therapeutic agents. For example, iron chelators, 2,2′- 
dipyridyl (2DP), diethylenetriaminepentacetic acid (DTPA) and EDTA, have been 
reported to impair growth and biofilm formation of P. aeruginosa and have been 
more effective under anaerobic conditions [115].

Gallium is a nonredox iron III analog that disrupts the metabolism of bacterial 
iron by acting in several biological processes as an iron replacement, so it is a US 
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FDA-approved medication for cancer-associated hypercalcemia treatment [116]. 
In 2007, Kaneko et al., reported that gallium was able to inhibit the growth of P. 
aeruginosa, prevent the development of biofilms, and manifest excellent bacteri-
cidal activity in vitro by reducing the uptake of bacterial iron and repressing the 
synthesis of pyoverdine mediated by the transcriptional regulator PvdS. In addi-
tion, in mouse infection models, gallium has also been found to remove P. aeruginosa 
effectively.

5.5 Nanoparticles

Currently, a variety of diseases, including cancer and bacterial infectious 
diseases, have received significant attention from nanoparticles to treat them. 
Nanoparticles are small materials that have been used in a number of chemical, 
biological and biomedical applications, having a size of less than 100 nm and a 
large surface area to mass ratio [117]. The nanoparticles used for their antimicrobial 
activity are highly penetrable in the bacterial membranes, may interfere with the 
formation of biofilms, have several antimicrobial mechanisms, and are strong 
antibiotic carriers [118]. For the prevention of P. aeruginosa infections, metallic and 
antimicrobial agent-loaded nanoparticles have been extensively examined. Silver 
nanoparticles, for example, are powerful antimicrobial agents that generate silver 
ions responsible for the inhibition, like DNA synthesis, of bacterial enzymatic 
systems. Silver nanoparticles have shown important antimicrobial effects on the 
clinical strains of P. aeruginosa, killing P. aeruginosa effectively and inhibiting its in 
vitro growth. In addition, silver nanoparticles have demonstrated low mammalian 
cell cytotoxicity, although this requires more in vivo research [119].

Nanoparticles are capable of delivering antimicrobial agents such as antibiotics 
to bacteria, as described earlier. Kwon et al., developed porous silicon nanoparticles 
with a novel antimicrobial peptide fused with a synthetic bacterial toxin, contain-
ing membrane-interacting peptides. This engineered nanoparticle was discovered 
in a mouse model of P. aeruginosa lung infection to increase the survival rate and 
bacterial clearance. Moreover, it has been found that the binding of antibiotics to 
nanoparticle surfaces greatly improves the effectiveness of both antibiotics and 
nanoparticles. In this respect, silver ampicillin-attached nanoparticles have a higher 
rate of in vitro killing of ampicillin-resistant P. aeruginosa isolates compared to silver 
ampicillin-attached nanoparticles [120].

5.6 Probiotic as an alternative antimicrobial therapy

Probiotics are living microorganisms which, when ingested in appropriate quan-
tities, provide health benefits [121]. The majority of probiotic bacteria are gram-
positive, and their primary functions are related to intestinal tract health regulation 
and maintenance (e.g., Lactobacillus and Bifidobacterium) [122]. The probiotics in 
the intestines that colonize the human host are the most numerous. The commensal 
intestinal microbiome leads to enhanced infection tolerance, differentiation of 
the host immune system, and nutrient synthesis [123]. The probiotic Pediococcus 
acidilactici HW01 was studied against P. aeruginosa and observed decreased P. aeru-
ginosa motility as well as decreased pyocyanin development, decreased protease and 
rhamnolipid production, and decreased stainless steel surface biofilm formation. 
Another research conducted by Moraes et al., showed that Lactobacillus brevis and 
Bifidobacterium bifidum were effective against S. aureus biofilms grown on titanium 
discs. The findings showed a decrease in S. aureus growth on titanium discs when 
both probiotics were used, but L. brevis strains was shown to have the greatest 
inhibitory effect on biofilm formation.
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5.3 Quorum sensing inhibition
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FDA-approved medication for cancer-associated hypercalcemia treatment [116]. 
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Recent studies by Xu et al. [124], have indicated that probiotics can be used 
by patients infected by COVID 19 to prevent secondary infections. There was 
intestinal microbial dysbiosis in some patients with COVID-19. In all patients, 
nutritional and gastrointestinal functions must be measured. To control the com-
position of the intestinal microbiota and reduce the risk of secondary infection 
due to bacterial translocation, nutritional support and application of probiotics 
was suggested.

5.7 Vaccine strategy

The concept of a vaccine strategy is to avoid infection until it can be produced. 
The production of vaccines aims to prevent and decrease infections of P. aeruginosa 
[125]. However, no approved vaccine against this pathogen is yet available. P. aeru-
ginosa antigens, which are responsible for pathogenesis, induce potent immune 
responses. LPS O-antigen, polysaccharide protein conjugates, outer membrane 
proteins OprF and OprI, type III secretion system portion PcrV, flagella, pili, DNA, 
live-attenuated P. aeruginosa and whole killed cells are possible candidates for 
P. aeruginosa vaccines [126]. Among the potential P. aeruginosa vaccines, phase III 
clinical trials in CF patients were performed only with the flagella vaccine and the 
recombinant vaccine IC43, containing OprF and OprI.

Related to the ability of this pathogen to undergo phenotypic changes in vari-
able environmental conditions, the existing vaccines for P. aeruginosa demonstrate 
poor efficacy in clinical trials. For example, P. aeruginosa strains downregulate the 
expression of highly immunogenic virulence factors in CF patients’ lungs, such 
as LPS O-antigen, type III secretion systems, flagella and pili [127]. In addition, 
impaired mechanisms of host protection often reduce vaccination effectiveness. 
Due to the CF lungs having an altered mucus layer, impaired phagocytosis, and 
dysregulated inflammatory responses, including aberrant cytokine and chemokine 
production, and reduced phagocyte recruitment, the lung microenvironment in CF 
patients has become a great challenge for effective vaccination [128].

6. Role of combination therapy versus monotherapy

Early administration of adequate antibiotic therapy was associated with a favor-
able clinical outcome, especially among critically ill patients with serious P. aerugi-
nosa infections [129]; on the other hand, delays in administering adequate antibiotic 
therapy were associated with a substantial increase in mortality. The progressive 
rise in antibiotic resistance in P. aeruginosa has been established in recent years as 
the key explanation for the inadequacy of antibiotics, with a negative effect on 
patient survival [130].

The evidence available indicates that the greatest advantage of combination 
therapy derives from an increased probability of selecting an appropriate agent 
during empirical therapy, rather than avoiding resistance during definitive therapy 
or benefiting from synergistic action in vitro. Therefore, researchers recommend 
early administration of a combination regimen when P. aeruginosa is suspected, fol-
lowed by a prompt de-escalation when the antimicrobial susceptibility test becomes 
available, to balance between early antibiotic administration and the risk of resis-
tance selection. An approach consisting of the prescription of an anti-pseudomonal 
beta-lactam (piperacillin / tazobactam, ceftolozane / tazobactam, ceftazidime, 
cefepime, or carbapenem) plus a second (aminoglycoside or fluoroquinolone) 
 anti-pseudomonal agent is encouraged.
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7. New antipseudomonal antibiotics

Related to the emergence of multidrug-resistant strains, traditional antibiotic 
therapies against P. aeruginosa infections have become increasingly ineffective. The 
use of various antibiotic combinations and the development of new antibiotics are 
existing therapeutic options for P. aeruginosa treatment. New antibiotics have been 
shown to be more effective in destroying P. aeruginosa and have a lower frequency of 
production of resistance compared to current antibiotics due to their novel modes 
of action, efficient delivery of drugs (e.g. inhaled antibiotics) and resistance to 
bacterial enzyme alteration. Novel antibiotics with action against P. aeruginosa have 
been available in Europe in recent years and others are in advanced stages of clinical 
development. In certain instances, indirect evidence indicates their possible superi-
ority over standard anti-pseudomonal regimes.

7.1 Doripenem

Doripenem is a new carbapenem antibiotic with wide spectrum activity against 
gram-negative and gram-positive bacteria by binding to penicillin-binding proteins 
by inhibiting bacterial cell wall synthesis; it has been approved for the treatment 
of complicated intra-abdominal infection and urinary tract infection by the US 
Food and Drug Administration (FDA) [131]. Except for the metallo-β-lactamases 
of class B, doripenem is resistant to hydrolysis by several β-lactamases. Importantly, 
compared to other carbapenem antibiotics such as meropenem and imipenem, the 
in vitro antibacterial activity of doripenem against the P. aeruginosa isolates from CF 
patients was found to be more active [132]. In addition, the effectiveness of doripe-
nem was tested in patients with P. aeruginosa ventilator-associated pneumonia, a 
phase III clinical trial of patients with P. aeruginosa ventilator-associated pneumonia 
found that patients treated with doripenem had higher rates of cure compared to 
patients treated with imipenem. Of note, headache, nausea, diarrhea, rash, and 
phlebitis are among the side effects of doripenem [133].

7.2 Plazomicin

Plazomicin is a semisynthetic aminoglycoside antibiotic of the next generation 
that is synthetically derived from the natural product sisomicin. A wide range of 
aminoglycoside modifying enzymes, but not 16S rRNA ribosomal methyltransfer-
ases, are able to resist plazomicin [134]. Plazomicin exhibits potent in vitro activity 
against both gram-negative and gram-positive bacterial pathogens and has an activ-
ity close to that of amikacin against strains of multidrug-resistant P. aeruginosa. In 
addition, Pankuch et al., reported in vitro synergistic activity of plazomicin against 
clinical isolates of P. aeruginosa in combination with cefepime, doripenem, imi-
penem or piperacillin-tazobactam and no antagonism was observed in this study, 
indicating that plazonmicin is a possible candidate for combination therapy in the 
treatment of infections with multidrug-resistant P. aeruginosa. Plazomicin can cause 
nephrotoxic and ototoxic effects that are mild to moderate [135].

7.3 POL7001

As a novel class of antibiotics against P. aeruginosa, protein epitope mimetic 
(PEM) molecules have emerged; some PEM molecules inhibit the transfer of LPS to 
the outer bacterial membrane [136]. A macrocycle molecule belonging to the PEM 
antibiotic family is POL7001. The efficacy of POL7001 was tested by Cigana et al., 
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both in vitro and in murine P. aeruginosa acute and chronic pneumonia models. 
They observed that P. aeruginosa multidrug-resistant isolates were susceptible 
to POL7001 in CF patients, and that POL7001-treated mice had substantially 
decreased bacterial burden and decreased levels of lung inflammation during 
acute and chronic P. aeruginosa infection. POL7001 as a novel therapeutic agent for 
potential clinical trials is indicated by the new mode of action, effective pulmonary 
delivery and potent in vitro and in vivo activity. The side effects of POL7001 have 
not yet been identified [137].

7.4 Arikayce ™

Arikayce™ has been approved by the FDA for the treatment of Mycobacterium 
avium complex (MAC) lung disease, and is a liposomal amikacin treatment. Clinical 
trials for this drug and its efficacy in the treatment of P. aeruginosa in patients with 
cystic fibrosis have been performed. While these are early phases and some experi-
ments would have to resolve the drawbacks of this compound in order to improve 
safety, some experimental clinical trials have been performed [138].

7.5 Ceftolozane-tazobactam

To resolve P. aeruginosa antimicrobial resistance mechanisms, such as changes 
in porine permeability and upregulation of efflux pumps, ceftolozane-tazobactam 
is being created. Due to a higher affinity for all essential PBPs, including PBP1b, 
PBP1c and PBP3, this drug has an intrinsically potent anti-pseudomonal effect 
[139]. Ceftolozane/ Tazobactam has been shown to have a strong in vitro activity 
against most strains of MDR P. aeruginosa [including strains developing extended- 
spectrum β-lactamase (ESBL) but not carbapenemase]. The therapeutic use of 
ceftolozane-tazobactam in complicated intra-abdominal and urinary tract infec-
tions has been suggested by the FDA [140]. In addition, a study is currently under-
way for the treatment of HAP, including ventilator-associated pneumonia (VAP). In 
71 percent of patients with MDR P. aeruginosa infections, evidence from real-world 
trials using ceftolozane-tazobactam for the treatment of MDR P. aeruginosa infec-
tions showed promising results.

7.6 Ceftazidime-avibactam

Ceftazidime-avibactam is a novel combination of β-lactam / BLI approved for 
the treatment of complicated urinary tract infections (UTIs) and complicated 
intra-abdominal infections by the Food and Drug Administration (FDA) and 
European Medicines Agency (EMA). In vitro studies have shown that the combina-
tion of ceftazidime-avibactam is highly effective against KPC- producing Klebsiella 
pneumoniae carbapenemase (KPCs), oxacillinase (OXA), extended- spectrum 
β-lactamases (ESBLs) and AmpC enzymes producing Enterobacteriaceae. The drug 
does not, however, have any action against metallo-beta β- lactamases (MBL, VIM 
and NDM) and avibactam does not have any improved activity against P. aerugi-
nosa [141]. In phase III research compared ceftazidime-avibactam to meropenem 
(NTC01808092), the efficacy of ceftazidime-avibactam against VAP was analyzed 
[142]. The predominant isolated baseline gram-negative pathogens were K. pneu-
moniae and P. aeruginosa, with 28% of patients possessing a non-susceptible isolate 
of 1% ceftazidime. 356 patients in the clinically evaluable population were treated 
with ceftazidime-avibactam and 370 with meropenem. The research met the 
non-inferiority criterion for ceftazidime-avibactam as there was no disparity in the 
outcome between the groups. In addition, the efficacy of ceftazidime-avibactam 
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was close to that of ceftazidime-susceptible pathogens against ceftazidime-non-
susceptible strains and was also comparable to meropenem.

7.7 Imipenem-cilastatin-relebactam

Relebactam is a β-lactamase inhibitor (BLI) diazabicyclooctane that inhibits 
β-lactamase class A and C activity, but has no activity against metallo-β-lactamase. 
It has been shown that the combination of imipenem-cilastatin with relebactam has 
synergistic activity against a broad range of MDR gram negative pathogens includ-
ing P. aeruginosa, KPC-producing K. pneumoniae and Enterobacter spp. [143]. This 
medication has been tested predominantly in patients with IAI, complicated UTI, 
and pyelonephritis, although a trial is currently underway in patients with HAP/ 
VAP. Some new medications have a small effect on P. aeruginosa, such as plazomy-
cin, meropenem-vaborbactam and aztreonam-avibactam [144].

8. Conclusions

Treatment of infections with P. aeruginosa continues to be significant chal-
lenging. Improving the early diagnosis and empirical treatment of serious P. 
aeruginosa infections is an urgent need. First, to quickly announce the detection 
and susceptibility results for Pseudomonas in blood cultures and other clinically 
important cultures, matrix-assisted-laser-desorption-ionization time-of-flight 
mass spectrometry (MALDI-TOF) and modern molecular techniques should be 
routinely introduced. However, in order to decide if such diagnostic methods have a 
real effect on hospitalization time and patient mortality, controlled trials would be 
required. Secondly, more studies are urgently required to classify patients at risk of 
infection with MDR P. aeruginosa (bloodstream infections, urinary tract infections) 
based on clinical risk factors. Ultimately, clinical response depends on factors such 
as underlying diseases, seriousness of infection, form of infection, adequate control 
of the source, and response to prior antibiotics. There is an immediate need to 
determine the true impact of the latest anti-Pseudomonas drugs recently approved 
for the treatment of these infections on patient outcomes. To date, however, due to 
high cost, side effects and safety issues, few of these newer methods have continued 
to clinical practice.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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was close to that of ceftazidime-susceptible pathogens against ceftazidime-non-
susceptible strains and was also comparable to meropenem.

7.7 Imipenem-cilastatin-relebactam

Relebactam is a β-lactamase inhibitor (BLI) diazabicyclooctane that inhibits 
β-lactamase class A and C activity, but has no activity against metallo-β-lactamase. 
It has been shown that the combination of imipenem-cilastatin with relebactam has 
synergistic activity against a broad range of MDR gram negative pathogens includ-
ing P. aeruginosa, KPC-producing K. pneumoniae and Enterobacter spp. [143]. This 
medication has been tested predominantly in patients with IAI, complicated UTI, 
and pyelonephritis, although a trial is currently underway in patients with HAP/ 
VAP. Some new medications have a small effect on P. aeruginosa, such as plazomy-
cin, meropenem-vaborbactam and aztreonam-avibactam [144].

8. Conclusions

Treatment of infections with P. aeruginosa continues to be significant chal-
lenging. Improving the early diagnosis and empirical treatment of serious P. 
aeruginosa infections is an urgent need. First, to quickly announce the detection 
and susceptibility results for Pseudomonas in blood cultures and other clinically 
important cultures, matrix-assisted-laser-desorption-ionization time-of-flight 
mass spectrometry (MALDI-TOF) and modern molecular techniques should be 
routinely introduced. However, in order to decide if such diagnostic methods have a 
real effect on hospitalization time and patient mortality, controlled trials would be 
required. Secondly, more studies are urgently required to classify patients at risk of 
infection with MDR P. aeruginosa (bloodstream infections, urinary tract infections) 
based on clinical risk factors. Ultimately, clinical response depends on factors such 
as underlying diseases, seriousness of infection, form of infection, adequate control 
of the source, and response to prior antibiotics. There is an immediate need to 
determine the true impact of the latest anti-Pseudomonas drugs recently approved 
for the treatment of these infections on patient outcomes. To date, however, due to 
high cost, side effects and safety issues, few of these newer methods have continued 
to clinical practice.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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