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Abstract

Microbial biofilms offer several advantages to cells forming the biofilm community, such metabolic cooperation, genetic diversity,
protection against environmental hostilities and a high resistance and tolerance potential. In addition, biofilm-forming bacteria present
the most important cause of infection in human. Biofilm-assciociated infections are characterized by the development of biofilm in
human tissues or medical devices, which makes these infections more difficult to cure and helps bacteria to acquire new pathogenesic
features such as antibiotic resistance. Antibiotic resistance is considered as the most important threat for global health, which affects
the treatment outcomes, costs, disease extention, and illness duration. In this review, we discuss an overview of biofilm formation, and
advantages ensured to microbial cells. Furthermore, clinical implications of biofilms and antibiotic resistance profiles acquired are also

highlighted.
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Introduction

Microorganisms are universally capable of colonizing biotic
and abiotic surfaces. This ability leads to the appearance
of a structured organization known by the term “biofilm”
(Davey, O’'Toole 2000). Biofilms are structured communities
of microorganisms attached to a surface and included in
an extracellular matrix (Carpentier, Cer 1993; Flemming,
Wuert 2019). Various definitions of the term biofilm have
been reported, Costerton et al. (1999) proposed a basic
meaning for biofilm: “polymeric matrix, adhered to inert or
biotic surfaces” However, Tamilvanan et al. (2008) defined
microbial biofilm as a microcosm irreversibly attached to
bioticand abiotic surfacesasasimple or complex population.
Both of these definitions include three major components:
microorganisms, glycocalyx, and surface. Without one of
these, development of a biofilm will not occur. Glycocalyx
is the glue that brings to gether the biofilm. It is composed
of a complex of exopolysaccharides of bacterial origin and
trapped exogenous substances including nucleic acids,
proteins, and minerals etc. (Tamilvanan 2010). This sessile
mode offers numerous advantages to the microorganism
community compared to the planktonic mode (Balaban et
al. 2008).

Biofilms are characterized by a high heterogeneity,
which can be associated to species and matrix components

diversity (Charackilis et al. 1990; Balaban et al. 2008). The
organization in “biofilm” is an adaptive, protective, and
resistive response to different hostilities encountered in
their environment. It should be noted that this bacterial
differentiation involves a set of changes in their behavior,
metabolism, expression of virulence factor, and resistance
to host defenses (Davey, O’ Toole 2000).

According to the World Health Organization (WHO),
at present, antibiotic resistance is considered as one of
the major problems that threatens public health (Pacios
et al. 2020). The total number of deaths generated by this
phenomenom is expected to rise to 10 million per year
(Cattoir, Felden 2019). Antimicrobial resistance is defined
as a natural phenomenom in which the developed bacteria
resist the action of drugs, and make them ineffective
(Annunziato 2019). The most important multidrug-
resistant opportunistic microorganisms are species of
the ESKAPE group: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumanii,
Pseudomonas aeruginosa and Enterobacter spp (Cattoir,
Felden 2019).

The prevalence of multidrug-resistance organisms is
increasing and associated with a high potential of mortality
and morbidity in patients affected (Romandini et al. 2021).
Moreover, infections caused by resistant organisms have
an impact on treatment outcomes, costs, disease extention,
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and their duration (Prestinaci et al. 2015; Mulu et al. 2017).
Resistance genes affect the fitness of pathogens and their
virulence. In addition, bacterial resistance in a pathogen
can generate a delay in the administration of appropriate
antibiotherapy and make the antibiotherapy toxic or
inadequate (Cosgrove, Carmeli 2003).

Persistant infections caused by biofilm-growing bacteria
can be associated with a device or a tissue. The biofilm
persistance is associated with their multifactorial intrinsic
tolerance toward antimicrobial agents and the immune
system. The persistence of biofilm leads to reoccurrence
of the infections and repeated antibiotic therapy (Ahmed
et al. 2018). It should be noted that clinical biofilms are
responsible for the main microbial infections in humans
and it is considered as one of pathogens features in clinical
strains that makes antibiotherapy more and more difficult
with a remarkable reduction of host immunoresponse. It
was described that the biofilm cells are more resistant to
antibiotics than their counterparts (Madsen et al. 2012;
Mittal et al. 2015; Lima et al. 2018; Sharma et al. 2019).

This review attempts to discuss the the different
stages of biofilm formation and the advantages ensured
to microbial cells. Clinical implications of biofilm are the
most important interest in study of biofilms. It should be
noted that many diseases and infections are associated with
biofilms. Moreover, biofilm-forming bacteria acquire new
traits such as antibiotic resistance, which causes antibiotic
ineffectiveness and makes infections more and more
difficult to cure.

Biofilm formation stages

The formation of a biofilm is a gradual structuring with
high complexity, in which the microorganisms change
their planktonic mode to acquire a new form (the sessile
form). It has been assumed that the formation of a biofilm
depends on the expression of specific genes (Sauer et al.
2004; Okada et al. 2005).

Biofilm can be formed on a wide variety of surfaces
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including living tissue, abiotic surfaces, and medical
devices. Biofilm formation can be divided into four stages:
(1) bacterial adhesion, (2) formation of microcolonies
and colonization, (3) maturation of the biofilm and (4)
detachment and dispersion of the biofilm (Muhsin et al.
2015; Asbury, Jazayeri 2018) (Fig. 1).

Bacterial adhesion

When bacteria are in proximity to certain surfaces or
supports, they attach to surfaces in a reversible and
irreversible manner, with reduced mobility. Bacteria
can strongly adhere to a surface and to microorganisms
previously adhered to the surface (Costerton et al. 1999;
Haras 2005; Muhsin et al. 2015). Certain variables involved
in this stage are related to the properties of the substratum,
fluid and cells (Donlan 2002).

Initial transport and reversible adhesion to a surface can
occur through sedimentation and Brownian movement of
microorganisms. It should be highlighted that reversible
attachment results in a balanced distribution between
adherent cells and those in suspension (Tamilvanan 2010).
This process is governed by non-covalent forces where the
bacteria show rather weak Van der Walls type, electrostatic,
hydrophobic, and steric interactions with the conditioned
surface. The presence of locomotive structures at the cell
surface, such as flagella, pili, proteins as well as extracellular
polymeric substances (EPS), can be involved in bacterial
adhesion (Donlan, Costerton 2002; Haras 2005; Muhsin et
al. 2015; Asbury, Jazayeri 2018).

On the other hand, irreversible adhesion requires strong
covalent interactions, due to the biomolecules present on
the bacterial surface (exopolysaccharides, proteins, and
lipopolysaccharides) (Haras 2005). Irreversible adhesion
is time-dependent and requires the ability to express
certain genes that allow microorganisms to acquire new
adhesive structures. These structures are necessary for the
establishment of bacterial interactions and thus for the
structuration in biofilm (Khalilzadeh 2009).

The movement of individuals during bacterial adhesion
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Fig. 1. Biofilm formation stages.
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and subsequently the formation of the biofilm promotes the
search for a niche favourable to their development, which
involves different mechanisms of competition for resources
and defense or flight from their predators (Ayé 2015).

Colonization

Once the bacteria are irreversibly adhered to a surface, the
final stage of the biofilm formation process begins with
the colonization of the surface. This stage is associated
with bacterial growth and the expression of the mucoid
phenotype, which is the origin of microcolonies. These
microcolonies are considered as the basic unit of biofilm,
a structural and biological entity with the ability to express
specific immunogenicity (Tamilvanan 2010; Ayé 2015;
Toyofuku et al. 2016).

Colonization can be divided into five crucial phases of
biomass growth (Capdeville, Nguyen 1990; Khalilzadeh
2009): (1) latency phase includes initial adhesion with a
period of bacterial adaptability to new living conditions;
(2) acceleration phase during which an increase in biomass
is observed as well as a high consumption of nutrients
(nitrogen and others) associated with the adaptive
responses; (3) linear accumulation phase refers to the
maximum rates of production of biomass, proteins, and
polysaccharides within the biofilm; (4) slowing phase
conditioned by the nature and availability of the substrate;
and (5) apparent stabilization phase in which a dynamic
equilibrium is observed between the biomass loss (bacterial
detachment and mortality) and bacterial persistence
(Heydorn et al. 2000).

The level of colonization is multiparametric and
depends on the properties of microorganisms, surface
and environmental conditions (temperature, substrates,
etc.) (Aye 2015). Morover, the trapping of planktonic cells
in exopolysaccharides contributes to the formation of the
biofilm; the exopolysaccharides constitute the framework
of the biofilm and approximately 90% of its dry weight
(Toyofuku et al. 2016). Surface colonization by a particular
bacterium or species (primary colonizers) can influence
the attachment of other bacteria (secondary colonizers)
(Tamilvanan 2010).

Biofilm maturation
Within the biofilm, bacterial growth is reflected by
exponential multiplication until reaching a three-
dimensional structure (Doghri 2015). A complete biofilm
has a rather complex architecture consisting of the
inclusion of the bacteria of the biofilm in the EPS while
generating microcolonies interspersed with less dense
regions including water channels that are very permeable
and transport both nutrients and waste (Tamilvanan 2010).
The maturation stage is divided into two phases. The
first phase is characterized by genetic regulation, which
allows the phenotypic differentiation of biofilm cells. The
second is marked by active biosynthesis of the organic
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matrix exopolymers. This matrix occupies approximately
75 to 95% of the volume of the biofilm and production
of the exopolymers is genetically controlled (Tamilvanan
2010; Doghri 2015).

Detachment and dispersion

Undoubtedly, there are times when it is advantageous for
cells to escape the biofilm, the environmental challenge
that limits bacterial growth in the biofilm (Petrova, Sauer
2016). It is suggested that the mature biofilm transcriptome
is more similar to stationary phase cells than to exponential
phase cultures. In addition, the biofilm matrix can prevent
or at least deter cell leakage from deleterious conditions.
Dispersal has the potential to promote the spread of bacteria
in the environment and thus to exploit these processes
to control harmful biofilms. Certain environmental
conditions can influence the dispersion of the biofilm,
including available nutrients, oxygen levels, and pH etc.
(Goller, Romeo 2008).

The detachment of the biofilm has been recently
described as the dispersion or the dissolution signifying the
return to the planktonic form. It has been suggested that
turbulent shear forces can lead to cell detachment from
the biofilm and their subsequent transport to colonize
new surfaces. This step constitutes a programme defect
with quorum quenching regulation, which is induced by
environmental stress (Costerton et al. 1999; Tamilvanan
2010; Muhsin et al. 2015).

Some studies have described various mechanisms that
lead to the loss of cellular integrity, such as the depletion
of oxygen within the thick biofilm, the hydrodynamic
conditions creating shear forces, and changes and
modifications in the composition of nutrients and thus
their exhaustion (Sauer et al. 2002; Ayé 2015). It should be
highlighted that the dispersion of the biofilm is part of the
process of renewal of the microbial biomass (Khalilzadeh
2009).

The dispersive mechanism is caused by the release
of extracellular enzymes, which work by degrading the
extracellular matrix of the biofilm and releasing the bacteria
retained inside the community, as well as by the disruption
of non-covalent interactions between the components of
the matrix by molecular amphipathic agents that reduce
surface tension or the formation of cavities within biofilm
caused by cell autolysis (Guilhen et al. 2017). The phenotypic
characters are markedly affected by the dispersion of the
biofilm. Dispersed cells have the ability to retain certain
properties of the biofilm, such as resistance to antibiotics
(Mubhsin et al. 2015).

Dispersal of the biofilm virtually goes through three
stages: first cells detach from the colony, and then these
cells begin to translocate to new sites and attach to the new
surface. Itis also known that the dispersion is a consequence
of two categories of mechanisms. Active dispersion
depends on physical factors such as fluid shear force,
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collision of solid particles with the biofilm, predation, and
human intervention etc. and passive dispersion is induced
by variations in environmental conditions like temperature
and lack of oxygen etc. (Kaplan 2010; Toyofuku et al. 2016).

Biofilm advantages for bacteria

Several bacteria have showed the ability to switch between
planktonic and biofilm modes. Although the floating form
offers the bacteria quite a bit of growth, still the biofilm is
the natural and dominant phenotype. Several advantages
can be associated with this structuration (Rabin et al. 2015).

Biofilm as a metabolic strategy

The ability of the microorganisms to use the resources of the
environment is ensured through metabolic cooperation.
This process takes place between specialized cells forming
a colony, and in biofilm-forming colonies that settle on a
surface (Cavaliere et al. 2017). Morover, water channels
present an efficient means to promote circulation and
exchange of nutrients with the aqueous phase, making
nutrients available and removing metabolites with toxic
potential. Multispecific microcolonies can cooperate
metabolically (Pandit et al. 2018). This cooperation is
conditioned by proximity between species. For example,
the degradation of complex organic matter into methane
and carbon dioxide under anaerobic conditions involves
at least three bacteria (fermentatives catabolize organic
matter into acids for use by acetogenic, and methanogenic
bacteria). Then the methanogens derive their energy from
the conversion of acetate, carbon dioxide and hydrogen
into methane (Kokare et al. 2009). Therefore, effective
cooperations and mutual dependencies can evolve within
a biofilm. In other words, the biofilm provides an ideal
environment for establishing syntrophic relationships
(Davey, O’'Toole 2000).

When microbial cells organize as a community, the
community members cooperate in order to share many
benefits. Several cooperators produce a large variety of
virulence factors, which are used in order to damage the
host, known as “public goods” Among these products,
there are enzymes involved in food resources digestion (for
nutrients uptaking), surfactants which are implicated in
bacterial motility, and siderophors used as iron uptaking
molecules (Czaran, Hoekstra 2009).

However, this type of interaction is not stable because
uptake of each community member is selfish to suit their
needs. The main problem of cooperation is that it helps the
producer individual to increase its reproductive success
and gene transmission to the next generations. In parallel,
it reduces population productivity (West et al. 2006).

Since several species are cheaters, they thrive at the
expense of cooperators. Their presence disrupts the
cooperation. Their over-presence threatens the managing
of the populations needs. It is also interested that studies
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have confirmed that a separated culture allows the
cooperators to have a growth advantage over the cheaters,
whereas in the mixed culture the cheaters exploit their
cooperator partner and proliferate (Abisado et al. 2018).
Individual cells secrete signalling molecules and when the
concentration of these molecules reaches a threshold, the
cells respond by modifying the target genes. Thus, bacteria
can sense the local density, which allows cooperating their
responses (Czaran, Hoekstra 2009).

Biofilm as a genetic strategy

The structure of the biofilm, where cells are in close
proximity, is likely to promote genetic exchange.
Mechanisms involved in the process of genetic exchange
in a biofilm include conjugation, transformation, and
transduction (Houvion 2014). Horizontal gene transfer
is very important for evolution and genetic diversity in
microbial communities. The appearance and emergence
of bacterial multidrug resistance, as well as the extensive
use of antibiotics to improve animal growth and the use
of genetically modified microorganisms in industrial
processes has required the study of gene transfer (Davey,
O’Toole 2000).

Reproductive fitness has an advantage in perpetuating
the genetic material of an organism (Jefferson 2004). A few
studies have presented arguments supporting the frequency
of horizontal gene transfers in the sessile form as well as
in the planktonic form. It was reported that horizontal
genetic transfer of mobile plasmids allow them to persist
as molecular parasites, while other genetic elements are
transmitted vertically (Madsen et al. 2012).

The acquisition of the new genetic traits increases the
probability of the population to copy their essential genes
in order to become animate members of the biofilm.
Many studies have showed that the gene expression of
certain phenotypes is high within the biofilm compared
to their counterparts. As an example, alginate production
is increased four fold by biofilm cells (Pandit et al. 2018).
More recently, a new study based on a comparative analysis
of genome and proteome confirmed that several genes are
exclusively expressed in biofilm mode; the same has been
shown for biosynthesis of many proteins (Tang et al. 2019).

Biofilm as a protective strategy

Biofilm-resident bacteria are found to be more resistant than
planktonic ones to various environmental aggressions such
as UV irradiation, shear force, and changes in osmolarity,
etc) (Mezoui 2016). Microorganisms are protected against
a large number of harmful agents (UV, antibiotics and
other antimicrobial agents). This is related not only to the
formation of the extracellular matrix (Roy et al. 2018),
which acts as an anion exchanger while preventing contact
with antimicrobial substances and limits the diffusion of
harmful substances from the environment to the biofilm
(Prandit et al. 2018), but also to some physiological changes.



The biofilm EPS matrix provides homeostasis to the
biofilm-residing bacteria. It should be highlighted that these
EPS play structural and functional roles in the bacterial
communities. This matrix constitutes a barrier, which
prevents the penetration of certain antimicrobial agents by
their action as anion exchangers, thereby preventing the
diffusion of certain compounds found in the environment
inside the biofilm. This characteristic is largely related to
the nature of the agent and the EPS matrix. For example,
this effect appears in the presence of aminoglycoside (a
hydrophilic and positively charged antibiotic) (Kokare et
al. 2008).

Biofilm as an adaptive and resistive strategy

We should return to the concept of the biofilm, which is
cellular organization within a community. The emergence
of primitive biofilms seems to have coincided with the first
evidence of an evolutionary transition from unicellular
to multicellular organization. This theory suggests that
this transition is advantageous for survival in hostile
environments. An environmental stress signal induces some
genes involved in the adaptive response to have a resistant
phenotypic expression to environmental challenges (de la
Fuente-Nunez et al. 2013).

The development of resistance by the bacterial
community allows having a dominant position in extreme
environments. This property enhances the chance of both
biofilm and planktonic cells to survive even in concerted
attacks of metabolic poison. Two basic concepts highlight
the resistance of bacteria to environmental stress. The first
is the evolving functioning community and the second is
the driving force of these communities that gives them
an ambition to colonize different surfaces in permissive
ecosystems (Costerton 2007).

When Canadian scientists examined the threat
of air borne bacterial attack, they found that drought
and ultraviolet irradiation abolished the presence of a
planktonic bacterial cell culture within seconds. However,
bacterial communities can survive in periodic drought
and in the presence of ultraviolet radiation by embedding
in their own matrix. Knowing that boiling water Kkills all
bacterial cells except spores, nevertheless thriving biofilms
can survive and persist in the Morning Glory pool in
Yellow Stone Park, as a microbial community adapted to
this constant heat stress in an extreme ecosystem (Staley,
Konopka 1985; Costerton 2007).

A rather enormous bacterial biomass has been found in
the depths of Lake Vostok (Christner et al. 2001; Costerton
2007), whose surface has been sealed by ice for millions of
years. Extreme heat, extreme cold and drought are known
as “extreme environments”. Bacterial communities living in
tidal, hot spring and dry or wet Antarctic ecosystems are
known for lush growth and “high living”, but any planktonic
cells outside their perimeter will be lost (Costerton 2007).

Bacterial biofilms

Clinical implication of bacterial biofilms

Approximatively 80% of microbial infections in humans
are associated with bacterial biofilms (Sharma et al. 2019),
including device-associated and non device-associated
infections (Jamal et al. 2018) (Table 1). Biofilm formation is
one of pathogenesis traits in clinical strains, which is why
biofilm-associated infections are more difficult to treat using
antibiotherapy, particularly considering the reduction of
the action of the host immune responses (Mittal et al. 2015;
Lima et al. 2018). It should be noted that biofilm cells are
more resistant to antibiotic than planktonic cells (Madsen
etal. 2012).

The contamination of catheters and prosthesis induces
biofilm formation with high tolerance to biocides and
generates systemic infections. It is clear that bacterial cells
included in biofilms are more resistant to immune reactions
(Lebeaux, Ghigo 2012).

Bacteria-forming biofilm adhered to the uroepithelium
can invade renal tissue causing pyelonephritis and be
responsible for chronic bacterial prostatitis. It was reported
that biofilm could adhere to catheters, highlighting that
catheter-associated urinary tract infections is one of the
most common care-associated infections around the world
(Soto 2014).

Moreover, biofilms formed on medical implants
(catherters, heart valves, contacts lenses, joint prosthesis,
intra uterine devices, and dental unity) cause urinary
tract and bloodstream infections. The treatment of these
infections is based on the removal of medical implants,
which increases the cost of treatment (Sharma et al. 2018).

An earler study has demonstrated biofilm formation
in acute human wounds. It has been observed that
Staphylococcus aureus biofilms were present in specimens
isolated from patients with skin diseases like bullous
impetigo, atopic dermatitis, and pemphigus foliaceus
(Akiyama et al. 2003).

Mechanical ventilation is an artificial ventilation
method used to ensure the maintenance of gas exchange
essential in patients suffering from respiratory and
metabolic weakness. This therapeutic support exposes
patient to aquire ventilator-associated pneumonia (VAP).
Biofilm formation by bacteria that cause VAP contributes
to VAP pathogenesis and makes the antimicrobial therapy
more difficult, increasing morbidity and mortality
associated with this infection (Lima et al. 2017).

Periodontitis is an infection of the gums, in which soft
tissue and that of bones supporting the teeth are damaged.
It should be noted that it is caused by poor oral hygiene.
The main causative agents are Porphyromonas gingivalis
and Fusobacterium nucleatum. These microorganisms can
form biofilm on a variety of surfaces, especially mucosal
surfaces in the oral cavity (Lamont, Jenkinson 1998; Jamal
et al. 2018).
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Table 1. Microbial species involved in biofilm-assiociated infections and their adherent surfaces

Bacterial species
Burkholderia cepacia
Candida spp.

Enterobacter faecalis

Infection / disease
Cystic fibrosis

Dental caries

Oral candidiasis
Urinary tract infections

Surface
Lungs
Tooth surface

Urinary tract

Reference

Murphy, Caraher 2015
Salehi et al. 2020
Salehi et al. 2020
Ch'ng et al. 2018

Wounds
Gastrointestinal infection
Endocarditis

Escherichia coli Urinary tract infection

Catheter-associated urinary tract infections

Meningitis
Neonatal sepsis
Haemophilis influenzae Acute otitis media
Klebsiella pneumoniae Nosocomial infections
Urinary tract infection
Pyogenic liver abscess
Hospital-aquired pneumonia
Ventilator-associated pneumonia
Bacteremia
Septicemia
Mycobacterium tuberculosis  Tuberculosis
Pseudomonas aeruginosa Device-related infections
Cystic fibrosis
Otitis media
Nosocomial infections
Mortality
Morbidity

Device-related infection

Staphylococcus aureus

Staphylococcus epidermidis ~ Device-related infection
Bacteremia
Endocarditis
Streptococcus mutans Dental caries

Streptococcus pneumoniae  Acute otitis media

Cystic fibrosis is defined as an autosomal recessive
genetic condition caused by a mutation on human
chromosome 7. Biofilm formation is considered as the main
important patho-physiological features in Pseudomonas
aeruginosa. It was reported that the pathophysiological
conditions within the lung of a cystic fibrosis patient are
favourable for the development of biofilm. Many studies
have reported that the structuration in biofilm enhances
the protection of the encased bacteria from antimicrobial
agents and immunological responses of the host (Asbury,
Jazayeri 2018).

Biofilm-mediated antimicrobial resistance
Heterogeneity in a bacterial community increases
the survival chances. Bacterial growth and metabolic

activity in biofilm are affected by nutrients and oxygen
availability (Rodis et al. 2020). The biofilm physiochemical
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Skin
Gastrointestinal tract

Dahl et al. 2019
Dahl et al. 2019
Dahl et al. 2019
Sharma et al. 2016

Heart chamber and valves
Urinary tract

Catheter Zafar et al. 2020
Brain Bergin et al. 2016
Blood Bergin et al. 2016
Middle ear Vermee et al. 2019

Seifi et al. 2016

Urinary tract Sharma et al. 2019

Liver Sharma et al. 2019
Lungs Seifi et al. 2016
Lungs Seifi et al. 2016
Seifi et al. 2016
Seifi et al. 2016
Lungs Esteban, Garcia-Coca 2018

Maurice et al. 2018
Maurice et al. 2018
Maurice et al. 2018
Balaban et al. 2007
Zapotoczna et al. 2017
Zapotoczna et al. 2017

Device surfaces
Lungs

Middle ear
Device surfaces

Human tissues Zapotoczna et al. 2017

Kong et al. 2018
Balaban et al. 2006
Fey, Olson 2010
Franca et al. 2016
Salehi et al. 2020
Vermee et al. 2019

Skin
Mucous membranes

Tooth surface
Middle ear

heterogeneity generating physiological heterogeneity leads
to the appearance of sub-populations that are genetically
similar but physiologically different, especially their
tolerance to antibiotics. The frequent presence of different
species in biofilm represents the origin of the biological
heterogeneity (Lebeaux, Ghigo 2012).

Biofilm formation is recalcitrant to antibiotic treatment
and the main cause of persistant infections by major
clinical pathogens. Biofilm formation and cell entrapment
in biofilm matrix enhance the resistance to antibiotics
(Abebe 2020). The high resistance of biofilm to antibiotics
has attracted the attention of clinical microbiologists
(Fuente-Nunez et al. 2013). Several mechanisms have been
proprosed to explain the remarkable resistance of biofilm
forming-bacteria to antibiotics and phagocytosis (Li et al.
2020).

We have previously mentioned that the biofilm EPS
matrix has a key role in biofilm structuration, and that it



acts as a barrier to different antibiotics. Biofilm tolerance to
antibiotics increases through their inactivation by biofilm
matrix, but some antibiotics that do not interact with EPS
can penetrate through biofilms. Other reasons that inhibit
antibiotic diffusion are antibiotic degradation by enzymes
present in the biofilm matrix and antibiotic chelation by
matrix components, which is why antibiotics can lose their
ability to reach the target at an adequate concentration
(Goel et al. 2021).

In a study of a Pseudomonas aeruginosa biofilm on a
dialysis membrane, piperacillin diffusion into the biofilm
was measured. This study showed that the Pseudomonas
aeruginosa biofilm prevented antibiotic diffusion. However,
in the same conditions, Staphycoccus epidermidis biofilm
allowed rifampicin and vancomycin diffusion (Mabh,
O’Toole 2001).

It has been reported that there is a correlation between
biofilm formation and PER1-(-lactamases production (Lee
et al. 2007). The p-lactamases have the ability to inactivate
the B-lactam antimicrobials by breaking the B-lactam ring,
distrupting its amide bond, causing loss of antibacterial
activity. Morover, antibiotic hydrolysis by p-lactamase
activity involves ester bond formation between the active
serine site of the p-lactamase enzyme and the f-lactam ring
of the antibiotic (Rocha et al. 2019).

Structural modification of the antibiotic target is the
process most involved in bacterial resistance to antibiotics.
A study showed that Staphylococcus aureus strains have
a high resistance to vancomycin due to substitution of
dipeptide D-alanine-D-alanine by dipeptide D-alanine-
D-lactate. This resistance can be transmited by plasmid
transfer carrying the vanA operon of resistance to
vancomycin, previously shown in Enterococcus faecalis
(Daddi Oubekkaa 2012).

The most important traits of biofilm evolution are the
higher degree of population diversity and the hypermutator
process. The hypermutator phenotype in Pseudomonas
aeruginosa biofilms was detected in chronic infections like
cystic fibrosis where development of resistance during the
exposure to antibiotics was observed (Ciofu et al. 2017;
Uruén et al. 2020).

Bacteria within a biofilm develop different strategies in
order to protect their cells from antibiotic stress, which is
why the interaction between antibiotic and biofilm matrix
can reduce their activites and their growth rates, casusing
the antibiotic to lose its effectiveness and producing
persister cells with high tolerance to antibiotics (Abebe
2020).

Persister cells are metabolically inert and high
tolerant to antibiotics (Lee et al. 2016). Persisters have an
important role in chronic infections and their presence
indicates population heterogeneity, which is beneficial to
the microbial population in fluctuating environments. It
consititutes a survival strategy for microbial populations
exposed to enviromental stress such as antibiotics (Posada
et al. 2020).

Bacterial biofilms

The biofilm survival capacity depends on the formation
of sub-populations of persisters, such as phenotypic variants
tolerant to various stresses such as antibiotics. It should be
noted that tolerance differs from resistance, because it is
temporary and reversible. Another point to highlight is
that a few cells can be transformed into persister cells in
a isogenic population, and inversely, persisters can switch
back to be the susceptible state (Carvalho et al. 2017).

Conclusions

In this review, we focused on biofilm development with its
different steps, Biofilm formation is an important feature
that allows bacteria to stratify metabolic and genetic
cooperation, and offers them the ability to survive in hostile
enviroments. Futhermor, the presence of biofilms in clinical
environments is considered as the most significant threat
to public health and the main cause for human infections.
Biofilm-associated infections can be related to invasion of
human tissues or medical contaminations. These infections
make antibiotic therapy more and more difficult, and cause
the reoccurrence of infection, and a significant antibiotic
resistance profile.
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