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A B S T R A C T

Biofilm is an assemblage of microorganisms embedded within the extracellular matrix that provides mechanical 
stability, nutrient absorption, antimicrobial resistance, cell-cell interactions, and defence against host immune 
system. Various biomolecules such as lipids, carbohydrates, protein polymers (amyloid), and eDNA are present in 
the matrix playing significant role in determining the distinctive properties of biofilm. The formation of biofilms 
contributes to resistance against antimicrobial therapy in most of the human infections and exacerbates existing 
diseases. Therefore, this field requires several state-of-the-art techniques to fully understand the 3-D organization 
of biofilms, their cell behaviour and responses to pharmaceutical treatments. Here, we explore the assembly and 
regulation of biofilm biogenesis in the context of matrix components and highlight the significance of high- 
resolution imaging and analysing techniques for monitoring complex biofilm architecture. Our review also 
emphasizes the novelty and advancements in techniques to visualise biofilm structure and composition, 
providing valuable insights to understand biofilm-related infections.

1. Introduction

Bacteria prefer to reside as a community beneficial for survival and 
propagation under diverse environmental conditions [1]. These com-
munities, known as biofilms, consist of aggregates of cells and can be 
observed on biotic and abiotic surfaces [1]. Bacterial cells within a 
biofilm (persistor) are more adaptive and resilient than free-living 
(planktonic) cells [1]. Biofilm facilitates cross-talk between cells and 
the surrounding environment. The intercellular interactions enable 
bacteria to synchronize gene expression for adequate resource man-
agement [2]. Within the biofilm, bacterial cells exhibit a high degree of 
tolerance towards environmental insults, host immune response, anti-
biotics, disinfectants, shear forces, and other adverse conditions [2].

Bacterial cells within biofilms are protected by a self-produced hy-
drated polymer matrix that holds nutrients and water [2]. The matrix 
components called extracellular polymeric substances (EPS) include 
extracellular nucleic acid (eDNA), polysaccharides, and protein poly-
mers [3]. The dynamic nature of EPS allows the biofilm to be considered 
a hydrogel that manifests viscoelastic behavior, which helps the cells 
tolerate mechanical stress [4]. The switch from planktonic life to sessile 
biofilm formation is a well-coordinated stepwise process governed by 

modulation of gene expression and regulatory pathways [4]. The bio-
logical, physical, and biochemical features of biofilms promote hori-
zontal gene transfer, a major pathway to acquire antimicrobial 
resistance (AMR) genes [5]. Impermeability of antimicrobial molecules 
in the biofilm, inactivation of drug molecules, decreased effective drug 
concentration before reaching the target site, efflux systems, restricted 
diffusion, and persistent cells all contribute to biofilm antibiotic resis-
tance [6].

Besides AMR, biofilms have further potential to cause chronic in-
fections that persist for extended periods, making the process of repair 
and healing more challenging. The biofilms in incisions and wounds may 
culminate in various complications, posing a serious risk to the indi-
vidual [7]. Recently, biofilms have been found to induce an inflamma-
tory response that injures the tissues and delays the healing process [8]. 
In chronic infections, biofilms protect bacterial cells from the human 
defence mechanism and other antimicrobial drugs [7]. Biofilms also 
modulate the host environment, making it favorable for colonizing other 
pathogenic bacteria. For example, Streptococcus mutans can change the 
local surroundings to be ECM-rich and have low pH, accommodating 
other aciduric and acidogenic species to thrive and contributing to the 
development of dental caries [9]. A better interpretation of composition 
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and matrix formation may contribute to developing drugs targeting 
biofilms and related infections. In biofilm research, several microscopy 
and spectroscopy techniques have been utilized, which helps us advance 
our understanding of their structure [10]. Combinations and variations 
in techniques have emerged as efficient tools to observe, locate, and 
quantify microorganisms, components, and genes inside biofilms.

This review illustrates detailed insights into major matrix compo-
nents that provide enormous strength to the biofilm and contribute to 
the severity of biofilm-related diseases. We also shed light on the 
powerful techniques deployed to image and analyse biofilms. These 
methodologies offer details into the quantity, interactions, and mobility 
of different molecules in the biofilms and the characteristics of the 
surrounding microenvironment. These methods can also be used to 
investigate how physicochemical characteristics vary in real time due to 
the addition of external agents during the development of biofilms. We 
believe that compositional and structural information on major matrix 
components such as amyloids and eDNA gleaned from state-of-the-art 
spectroscopy and microscopy modalities will help the field to identify 
novel targets for therapeutic interventions to combat biofilm-related 
chronic infections.

2. Process of biofilm formation

Biofilm biogenesis is a complex, multifaceted, and dynamic process 
[2]. As shown in Fig. 1, biofilm development is a stepwise process that 
includes initiation and attachment, followed by maturation and 
dispersion. Here, we provide an overview of the different stages of 
biofilm development governed by adaptive responses.

2.1. Initiation

The initial attachment of cells to the surface strongly depends on the 
hydrophobic-hydrophilic properties of the adhering surface [11]. Fac-
tors such as temperature, pressure, bacterial orientation, surface area, 
and properties influence the initial attachment [12]. Surface structures 
such as flagella, fimbriae, type IV pili, proteins, and polysaccharides 
play a crucial role in the initial attachment [13]. While flagella facilitate 
the initial attachment of cells with the surface, the twitching motility of 
type IV pili aids cells in aggregating and forming microcolonies [12]. 
The matrix proteins such as fibronectin, fibrinogen, and vitronectin are 
known to facilitate biofilm initiation during human infections [4]. Hy-
drolytic enzymes called autolysins also facilitate initial attachment via 
noncovalent interactions. The initiation can be categorized into two 
stages: reversible attachment and irreversible attachment. In reversible 
attachment, bacterial cells attach to surfaces via nonspecific van der 

Waal forces, steric and electrostatic interactions [4]. The cells adhere 
and detaches multiple times until stable contact with the surface is 
established [3]. Once the cells are irreversibly bound to the surface, they 
become remarkably tolerant to physical and chemical shear forces [3]. 
The irreversible attachment induces specific gene expression that drives 
biofilm maturation [4]. In E. coli, after irreversible attachment, gene 
expression regulation is markedly affected by many variables. A key 
example pertains to the csgD gene, which is essential for biofilm devel-
opment. The expression of csgD is favorably modulated by global regu-
lators, including IHF (Integration Host Factor) and Fis (Factor for 
Inversion Stimulation), which augment its promoter activity. This con-
trol results in enhanced synthesis of fimbriae and cellulose, which are 
the critical constituents of the biofilm matrix [14].

2.2. Maturation

The initial attachment is followed by the rapid multiplication of cells, 
resulting in increased biomass and microcolony formation, where cells 
get arranged according to their metabolism and tolerance to the avail-
ability of oxygen [15]. Cell proximity in a microcolony provides a 
suitable niche for exchanging nutrients, metabolites, gases, signaling 
molecules, and genes [13]. Regulation of specific genes within micro-
colonies triggers the production of extracellular polymeric substances 
(EPS) in the matrix, followed by the formation of water channels and 
fluid-filled voids [16]. The channels act as circulatory systems facili-
tating the distribution of nutrients, enzymes, metabolites, and waste 
removal within the biofilm [16]. The biofilm maturation depends on a 
delicate balance between adhesive factors such as proteins, eDNA, and 
lipids and disruptive factors like proteases and nucleases that mediate 
rearrangement and establish cells in the extracellular matrix. Within the 
mature biofilm, the bacterial cells share and exchange resources that 
contribute to the dynamic architecture of the biofilm and provide a 
suitable niche for the cells to survive and become more tolerant to 
adverse conditions [13].

2.3. Dispersion

Lack of nutrients and surface for further growth induces dispersion or 
detachment of mature biofilms [17]. The factors contributing to 
dispersion include oxygen fluctuations, nutrient depletion, temperature 
variation, increase in toxic by-products, cell density, stress conditions, 
and metabolite accumulation [17]. The sensory systems in bacteria 
monitor the level of small molecules as cues for the altered environment 
and regulate gene expression accordingly, leading to dispersion [18]. 
During dispersal, there is an up-regulation of genes related to cell 

Fig. 1. Process of biofilm formation on a suitable surface.
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motility and EPS breakdown, whereas genes associated with EPS gen-
eration are down-regulated [17]. Several regulatory mechanisms, such 
as quorum sensing, nucleotide-based secondary messenger signaling, 
and small RNA regulatory pathways, play a pivotal role in the dispersal 
[17]. Enzymes that degrade matrix components, molecules that reduce 
surface tension, and form cavities due to cell lysis promote biofilm 
dispersal [19]. Similar to formation, dispersal is a complicated step in 
the biofilm life cycle that requires coordinated efforts from cells within 
the biofilm [17]. During the dispersion event in Staphylococcus aureus 
biofilms, several critical genes are activated to promote detachment and 
transition to a planktonic form. The agr system, a quorum-sensing 
regulator, amplifies the expression of virulence factors and enzymes 
that facilitate biofilm dispersal. The nuc gene, which encodes nuclease, 
is activated to destroy e-DNA within the biofilm matrix. Furthermore, 
clpC (required for protein quality regulation), and the lrgAB operon 
(responsible for regulating cell lysis) are elevated. Many genes collec-
tively facilitate efficient biofilm dispersal, hence enhancing colonization 
and evasion of host defences [20]. Also, dispersal provides a unique 
opportunity for the bacterial cells to re-establish at different sites during 
infections, thereby increasing the chances of survival [16].

3. Role of signaling pathways in biofilm development

Biofilm development relies on signaling pathways to respond to 
external environmental cues [21]. The primary regulators in signaling 
pathways of bacterial biofilm include quorum-sensing molecules [21], 
secondary messenger such as cyclic diguanosine monophosphate 
(c-di-GMP) [22] and small RNAs (sRNAs) [23].

3.1. Quorum sensing

Quorum sensing (QS) is a cell density-based bacterial intercellular 
communication mechanism. The process occurs via small, self- 
generated, and diffusible signalling molecules called autoinducers 
[21]. Autoinducers are released at a low cell density and accumulate in 
the surrounding environment [24]. Once the bacterial population sur-
passes a certain threshold, autoinducers attach to particular receptor 
proteins to control the activity of genes related to virulence and biofilm 
formation [24]. Gram-negative bacteria utilize N-acyl-l-homoserine 
lactones (AHLs) as autoinducers, while gram-positive bacteria employ 
small peptides. Autoinducer-2 (AI-2) is a QS molecule present in almost 
all bacterial species [24]. QS significantly governs social interactions 
within the biofilm like cooperation and competition among the resident 
bacterial species. It also plays a crucial role in the maturation and 
dispersion of biofilms [25]. QS systems function synergistically to 
regulate the expression of many genes vital for biofilm formation, 
maintenance, and dissemination. For instance, in P. aeruginosa primary 
genes involved in QS that regulate biofilm formation are part of two 
major systems: the las system and the rhl system. The lasI gene encodes 
the enzyme responsible for synthesizing the N-(3-oxododecanoyl) AHL 
and rhl system is crucial for N-butyryl AHL [26]. QS offers a potential 
therapeutic target for bacterial diseases, and the use of QS inhibitors to 
combat viruses could effectively supplement current medications. 
Quorum quenching can reduce microbial pathogenicity and enhance 
antibiotic susceptibility in microbial biofilms, making it an attractive 
strategy for developing new drugs in the fight against microbial diseases 
[25].

3.2. Small non-coding RNA (sRNA)

sRNA, also known as short-bacterial non-protein coding RNA 
(npcRNA), is a group of small RNA molecules, usually 50–500 nucleo-
tides in length, that are unable to translate into proteins [27]. These play 
a significant role in gene expression, stability, and biofilm development 
[28]. sRNAs employ two different ways to control the formation of 
biofilms: base pairing with other RNAs and protein binding [23]. By 

regulating various physiological responses in bacteria, sRNAs form an 
important part in the regulatory network for biofilm formation [28]. In 
P. aeruginosa, rsmY and rsmZ are two best-known examples of sRNA. 
Increased expression of rsmY and rsmZ enhances the initial attachment 
of bacteria on the abiotic surface; however, high levels of sRNAs can 
slow down biofilm development [23]. V. cholerae has four redundant 
sRNAs termed Qrr1–4 that regulate quorum-sensing during biofilm 
formation [29].

3.3. Cyclic diguanosine monophosphate (c-di-GMP)

The c-di-GMP is an intracellular signalling molecule involved in 
"lifestyle transition" in many bacteria [22,30]. The correlation between 
levels of c-di-GMP and biofilm formation is observed in various bacterial 
species, including E. coli, P. aeruginosa, Salmonella enterica, and 
V. cholerae [31]. The factors modulated by c-di-GMP in the biofilm life 
cycle include surface adhesion, biosynthesis of exopolysaccharide ma-
trix, secretion of eDNA, secondary metabolite production, antimicrobial 
resistance, and biofilm dispersion [22]. Moreover, the correlation be-
tween c-di-GMP concentrations and biofilm matrix formation is essential 
for biofilm development. Elevated intracellular concentrations of 
c-di-GMP facilitate biofilm development by augmenting the production 
of exopolysaccharides, adhesins, and other matrix constituents, which 
are crucial for the structural integrity and stability of the biofilm. In 
contrast, diminished levels of c-di-GMP promote a planktonic lifestyle 
by reducing matrix formation and increasing bacterial mobility. This 
dynamic control enables bacteria to shift efficiently between sessile and 
motile phases in response to environmental stimuli, therefore affecting 
survival and pathogenicity [31]. The c-di-GMP is used as a checkpoint to 
proceed with biofilm formation until bacteria have acquired a stable 
biofilm lifestyle [22,32].

4. Matrix: The dynamic wall of biofilm

Cells in a biofilm are held together and with the substrate by a 
physical scaffold of extracellular matrix (ECM) that provides structural 
support and framework to the three-dimensional organization of bio-
films. The complexity of matrix biopolymers and the difficulties in 
researching ECM have led to them being called "the dark matter of 
biofilms". The term "matrixome" is introduced to provide in-depth in-
formation on matrix composition, its diverse functions, and its role in 
virulence during infections. The matrix serves as a reprocessing and 
reservoir hub that holds lysed cell components such as DNA, intracel-
lular proteins, and extracellular enzymes [19]. Extra Polymeric Sub-
stances (EPS) are the major component of the matrix that makes a stable 
scaffold for biofilm architecture and provides a desirable niche for 
microcolony formation. The matrix components such as extracellular 
DNA (eDNA), proteins and polysaccharides enable bridging the gap 
between cells, development of high cell densities, temporary immobi-
lization of bacterial populations, and cell-cell recognition [19]. Fig. 2
depicts various components of EPS that constitute the matrix. The 
following subsections will cover the major components of EPS and their 
role in biofilms.

4.1. Water

Water accounts for 97% of the bulk of the biofilm matrix, making it 
by far the most abundant component [19]. The EPS matrix creates a 
highly moist microenvironment that dries relatively slower than its 
surroundings, protecting biofilm cells from dehydration and variations 
in osmotic potential. Desiccation is one of the environmental factors that 
EPS offers significant advantages to biofilm [33]. The EPS matrix can 
sequester polar and apolar molecules from the aqueous phase by acting 
as a molecular sieve [2].
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4.2. Extracellular proteins and functional amyloids

The proteinaceous biofilm components comprise adhesins, extra-
cellular proteins, outer membrane vesical proteins, and appendages 
(flagella and pili) [19]. Structural and localization analyses reveal the 
contribution of extracellular proteins in surface attachment, matrix or-
ganization, matrix degradation via enzymatic activity, and interaction 
with exopolysaccharide and nucleic acid [19]. Non-enzymatic proteins 
such as lectins bind to polysaccharides and establish a connection be-
tween the bacterial cell surface and matrix. Matrix enzymes break down 
matrix components that help in the dispersion and conversion of bio-
polymers into carbon and energy-rich products. Surface adhesins such as 
Bap and SasG and fibronectin-binding proteins play a significant role in 
cellular adhesion and promote biofilm formation in Staphylococcus 
aureus [34]. In many biofilm-forming bacterial species, extracellular 
proteins can form a self-polymerized and highly organized fibril struc-
ture called amyloids [35]. These amyloids help bacteria in surface 
attachment, enhanced virulence, matrix architecture, interaction with 
exopolysaccharides and eDNA and host interaction, survival, and fight 
antimicrobials, thus called Functional Bacterial Amyloids (FuBA) [35,
36]. FuBA have distinct structural and biochemical features but are 
comparable to pathogenic amyloids [36]. Primary structures of FuBA 
are optimized for amyloid formation by controlled assembly of subunits 
into classical cross-β-sheet or a unique cross-α-fold structure [36]. Curli 
was the first discovered and characterized FuBA, responsible for cell 
aggregation, adhesion, cell interaction, and biofilm formation in E. coli 
and Salmonella [37]. Curli also plays a key role in host invasion and 
interaction with host proteins and immunity factors and can shield 
bacteria from immunological responses by sequestering antimicrobial 
peptides and blocking the traditional mechanism of complement 
cascade activation [37]. Pseudomonas also forms genetically distinct but 
morphologically similar functional amyloids referred to as Fap amy-
loids. Fap amyloid fibrils play a significant role in biofilm formation, 
contributing to increased hydrophobicity, reversible binding to 
signaling molecules, and enhancing biofilm stiffness [38,39]. FapC 
fibril-producing cells are known to exhibit improved retention of 
iron-chelating metabolites and help sequester specific extracellular 
metabolites, quorum-sensing molecules, and redox mediators that move 
across the matrix between cells [40]. The soil bacterium B. subtilis bio-
film has TasA and TapA as the amyloid components that play a signifi-
cant role in biofilm integrity and matrix. TasA amyloid fibrils attach to 
exopolysaccharides during multispecies biofilm formation, facilitating 
interspecies interactions [41]. TasA also maintains secondary metabo-
lite production and activity, regulates membrane dynamics, and en-
hances stress tolerance [41]. S. aureus biofilm matrix has major 
amyloidogenic α-helical amphipathic peptides called Phenol Soluble 
Modulins (PSMs) that contribute to its stability, maturation, integrity, 
and resistance to antibiotics [42,43]. Biofilms are further stabilized by 
the polymerization of PSM1 in S. aureus strains that permit autolysis and 

release of eDNA [44]. Functional amyloids from bacterial biofilms, such 
as Esp from E. faecalis, Aap from S. epidermidis, and AM-1in S. silvestris 
are recently discovered [36,45,46]. FuBA is a crucial structural and 
functional component within most biofilms.

4.3. Exopolysaccharides

Extracellular polymers of carbohydrates or exopolysaccharides 
constitute a significant fraction of the biofilm matrix and play a critical 
role in cell adherence to the surface, capsule formation, protection from 
environmental stress, and bacterial virulence [3]. They form a dense 
network that imparts a three-dimensional structure and confers me-
chanical stability to the biofilm matrix [3]. Exopolysaccharides may be 
synthesized either extracellularly or intracellularly [3]. The physical 
and chemical properties of the matrix largely depend on the type of 
exopolysaccharides produced [3]. Diverse microbial species produce a 
wide range of exopolysaccharides that vary in composition, physico-
chemical properties, and molecular ratios [3]. They are indispensable 
for many bacteria in biofilm formation; however, in polymicrobial 
communities with multispecies, only a few species may synthesize 
exopolysaccharides and contribute to matrix formation [3]. Most exo-
polysaccharides are polyanionic due to uronic acid or ketal-linked py-
ruvates such as alginate, colanic acid, and xanthan [3]. Many bacteria 
produce polysaccharide intercellular adhesin (PIA), a 
poly-N-acetylglucosamine (PNAG) necessary for intercellular adhesion, 
biofilm-support, protection from antibiotics, and structural integrity of 
the biofilm matrix [47].

The matrix of P. aeruginosa contains three distinct exopoly-
saccharides: alginate, Psl, and Pel [48]. Alginate is a polymer of man-
nuronic acid and guluronic acid, which plays a critical role in the spatial 
organization of matrix, antibiotic resistance, and protection from host 
immune response and antimicrobial peptides [49]. Pel, a cationic exo-
polysaccharide composed of partially acetylated N-acetylgalactosamine 
and N-acetylglucosamine, crosslinks with eDNA to facilitate initial 
attachment and provide structural integrity to the matrix [48]. Cellu-
lose, a polysaccharide of β− 1,4 linked d-glucose, is a major matrix 
component in E. coli biofilm [50]. It interacts with extracellular protein 
fibrils during biofilm formation in E. coli [50]. The high tensile strength 
of cellulose provides structure to the matrix, aids cell aggregation, and 
protects from the host immune response [50]. Vibrio exopolysaccharide 
(VPS), composed of glucose and galactose, with traces of N-acetylglu-
cosamine, mannose, and xylose, is the main biofilm matrix component 
in Vibrio cholerae essential for biofilm formation, attachment of cells, 
and accumulation of matrix proteins [51]. Most of the exopoly-
saccharides including cellulose, alginate, Pel polysaccharide and, PNAG, 
have been shown to play an important role in bacterial biofilm forma-
tion and have indispensable role in biofilm virulence and resistance, 
emphasizing their importance as potential targets for disrupting biofilm 
formation and treating persistent infections [52].

Fig. 2. Graphical representation of extracellular polymeric substances (EPS) composition in the biofilm matrix.
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4.4. Extracellular vesicles

Extracellular vesicles (EVs), such as exosomes and microvesicles, are 
produced to facilitate cell interactions and eliminate undesired cellular 
contents. EVs discharged into the extracellular environment, within 
biofilms, can travel to body fluids, cells, and distant tissues. They can 
carry a range of functional or biological cargo such as RNA, eDNA 
protein, and lipid to nearby and distant cells. These functional cargo 
may alter the state of the recipient cells, influencing both physiological 
and pathological processes [53]. They are a significant but often over-
looked aspect of the biofilm matrix, primarily found in Gram-negative 
and mixed-species bacterial biofilms. EVs could be seen in mechani-
cally disrupted biofilms and can be isolated with matrix components, 
confirming their inevitable presence and distribution in the biofilm 
matrix [54]. Furthermore, EVs derived from planktonic bacteria and 
biofilms were found to differ both quantitatively and qualitatively and 
exhibited functions such as antibiotic binding and enzymatic activity 
[54]. Another study by Tashiro et al. reported that extracellular mem-
brane vesicles containing enzymes help in matrix degradation in 
Gram-negative bacteria [55]. EVs serve structural, virulence, and 
pathogenic roles in the EPS of several bacterial species. The analysis of 
the composition and biogenesis of EV may help identify elements that 
may be (i) the target of novel medications that prevent the formation of 
biofilms, (ii) vaccine candidates, or (iii) biomarkers for the detection of 
bacterial infections [56].

4.5. Lipids

Lipids are one of the main components of biofilms. The composition 
of fatty acyl chains in lipid determines its biophysical characteristics, 
thus affecting its biological role in biofilms. It plays a significant role in 
structure, energy storage and signalling within the biofilms [57]. Lipid 
rafts are also involved in biofilm formation for instance phosphatidyli-
nositol is precursor for lipid rafts in C. albicans biofilms. Studies that 
analyze lipidomes (total lipid content), suggest that the lipidome 
changes with the age of the biofilm [58]. Pathogenic bacteria, including 
Salmonella Typhimurium, S. aureus, Listeria monocytogenes, P. aeruginosa, 
were cultured in planktonic or biofilm states to investigate membrane 
fatty acid composition. It was found that the proportion of saturated 
fatty acids was higher in biofilm cells [59]. Lipids help microbes to 
survive in extreme conditions as lipids were also reported in the matrix 
of yeasts, fungi, sulfate-reducing bacteria, and mycobacteria in activated 
sludge. For instance, Thiobacillus ferrooxidans and Serratia marcescens 
produce lipids with surface-active properties that facilitate microbial 
adhesion to pyrite surfaces [60]. As an adaptive stress response, lipid in 
biofilm cells enables bacteria to control exchanges, conserve energy, and 
persist [59]. The remodeling of lipids in biofilms may explain bacterial 
resistance to the effects of biocides. Lipids play a crucial role in biofilm 
maturation and dispersion. Cis-2-decanoic acid (CDA) is essential for 
biofilm dispersal in Pseudomonas and several other bacterial species such 
as E. coli, K. pneumoniae, Proteus mirabilis, S. pyogenes, B. subtilis, and 
S. aureus [61].

4.6. Extracellular DNA (eDNA)

Initially appeared to be a side product of bacterial cell lysis, extra-
cellular DNA (eDNA) was soon recognised as an essential and integral 
component of the biofilm matrix and life cycle [62]. eDNA contributes to 
the structural and functional properties of the biofilm matrix [62,63]. It 
protects cells from antimicrobial agents and hosts immune responses 
[63]. It is widespread in the environment and can be derived from 
different species with abundance depending on the origin [63]. In 
multispecies biofilm formation, low DNA producers influence the 
amount of eDNA produced in the environment via competitive and 
ecological interactions. The charge, length, chemical nature, and 
lattice-like structure of eDNA contribute to biofilm architecture [64]. It 

facilitates adhesion, enhances structural and mechanical integrity, and 
provides stability to biofilms via interactions with other matrix com-
ponents [64]. Understanding the role of eDNA in biofilm can make 
eDNA a lucrative target for controlling biofilm-related infections. 
Typically, the genesis of eDNA involves two distinct pathways: the 
lysis-dependent pathway and the lysis-independent pathway. The 
lysis-dependent process induces cell lysis, carried on by lethal chemicals, 
including bacterial endolysin, prophage virulence factors, and antibi-
otics. In P. aeruginosa prophage endolysin can drive eDNA release via 
cell lysis [65]. Membrane vesicles (MVs) can also produce eDNA via a 
lysis-independent process. The eDNA in Streptococcus mutans is produced 
from MVs, which is essential for developing biofilms [66]. Recent re-
ports suggest that the major source of eDNA in biofilm is neutrophil 
extracellular traps (NETs), which are highly organized biofilm compo-
nents made up of protein and DNA and the sticky matrix surrounding the 
cell. Various gene regulation mechanisms mediate the release of 
genomic DNA by lysis of bacterial cells [67]. The eDNA release in 
P. aeruginosa is mediated by quorum sensing (QS) dependent and inde-
pendent pathways [65]. The basal level of eDNA is released by the 
QS-independent pathway. However, the QS-dependent pathway based 
on acyl-homoserine lactone (AHL) molecules and quinolone signaling 
molecules contribute to enhanced levels of eDNA during the late-log 
phase of bacterial growth [65]. The intriguing study in Staphylococcus 
epidermidis demonstrated that activation of AtlE (an autolysin protein) 
results in the lysis of a subpopulation of cells, leading to the release of 
eDNA [44]. The deletion of atlE abolishes eDNA in the biofilm matrix 
[44]. The major contributing factor for eDNA in S. aureus is cell lysis, 
which depends on hydrolases under the control of cidBAC operon [68]. 
Similarly, the release of eDNA from Escherichia faecalis depends on 
metalloprotease, gelatinase (GelE), and serine protease (SprE) [69]. 
GelE positively regulates biofilm formation by activating autolysis, 
whereas SprE negatively regulates autolysis, eDNA release, and biofilm 
maturation [69]. Thomas et al. proposed two models for eDNA release: 
autolytic pathway and fratricidal pathway [69]. The autolytic pathway 
involves localizing GelE on the cell wall to activate autolysis by trig-
gering a putative autolysin on the cell surface. GelE diffuses from the 
producer cell to a sibling cell in the fratricidal pathway, where the sib-
ling cell undergoes autolysis by the GelE-mediated activation of auto-
lysin [69]. Under in vitro conditions, Acetobacter baumannii produces 
membrane vesicles containing eDNA, increasing the total availability of 
eDNA [70]. eDNA plays a major role in conferring structural integrity to 
biofilms [63]. It facilitates aggregation and cell adhesion to various 
surfaces by providing thermodynamically favorable conditions [63,67]. 
Using confocal laser scanning electron microscopy, Allesen-Holm et al. 
demonstrated the localization of eDNA within P. aeruginosa biofilms 
[65]. When grown in flow chambers, P. aeruginosa biofilms developed 
mushroom-shaped structures where eDNA was primarily concentrated 
on the outer part of the mushroom’s stalk, providing rigidity to the 
biofilm framework [65]. In S. epidermidis, eDNA is required for initial 
attachment and biofilm development [44]. Likewise, in S. aureus, 
β-toxins form covalent crosslinks in the presence of eDNA to produce an 
insoluble nucleoprotein matrix that enhances biofilm formation [71]. 
Similarly, in different strains Clostridium difficile, varied concentrations 
of eDNA were found to play a significant role in biofilm matrix integrity, 
with a positive correlation between eDNA, biofilm biomass, and spor-
ulation frequency within the biofilm matrix [72].

Apart from structural contribution, eDNA is involved in several 
functions attributed to the bacterial community residing in the biofilm. 
Horizontal gene transfer among naturally competent cells is one of the 
main functions of eDNA that confers resistance to antibiotics [73]. The 
resistant genes are further propagated through mutants and eDNA 
released from the mutants, thereby expanding the resistance in the 
population [5]. eDNA also facilitates the chelation of Mg2+ ions, which 
triggers gene expression for virulence factors and increased resistance to 
positively charged antibiotics and antimicrobial peptides [74]. eDNA 
plays a critical role in P. aeruginosa biofilms [75,76]. It mediates 
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cell-to-cell interaction and stabilization, binds to type IV pili and helps in 
motility, facilitates pyocyanin intercalation, and promotes aggregation 
[75,76]. eDNA interacts with curli amyloid fibrils in S. Typhimurium to 
form a stable eDNA-curli complex helps in stabilisation of biofilms [77].

The exogenous addition of DNase to growing or mature biofilm leads 
to either disruption of cells or biofilm inhibition [78]. The disruption of 
cells depends on the age of biofilm since the viable cells in young bio-
films get easily detached due to DNase treatment compared to the cells 
in mature biofilms. Since eDNA plays an essential role in biofilm for-
mation, the degradation of eDNA can be a potential strategy for devel-
oping novel therapeutics against biofilm-associated infections.

5. Methodologies to image and analyze biofilm matrix 
components

Understanding the composition and spatial distribution of biofilm 
components is essential to interpret the complexity of ECM and devel-
oping strategies for biofilm disruption. The biofilm micro-structures and 
constant change in composition and complexity make it a difficult model 
for imaging and analysis. However, the advent of advanced microscopy 
techniques has enabled us to characterize the physical and chemical 
organization of ECM. Combining spectroscopic and microscopic tech-
niques results in an overall understanding of matrix components and 
their structural arrangement. Here, we describe a few microscopy and 
spectroscopy-based modalities commonly used to visualize the struc-
tural organization of ECM components and analyze biofilm formation. 
These modalities have expanded and deepened our understanding of 
complex phenomenon of biofilm biogenesis, colonization, arrangements 
of communities within biofilm, biofilm structural stabilities, and inter- 
or intra-species cell-to-cell interactions. The advantages and disadvan-
tages of the modalities are summarized in Table 1.

5.1. Biofilm analysis based on spectroscopic methods

Spectroscopic techniques such as Fourier transform infrared (FTIR), 
Nuclear magnetic resonance (NMR), and Raman spectroscopy play a 
pivotal role in understanding the complex architecture and behavior of 
biofilms, since these techniques are non-invasive and non-destructive 
[79]. Based on IR, FTIR monitors time-dependent variation in EPS and 
provides a specific vibrational pattern contributed by functional groups 
of biomolecules in the matrix [80]. Wet biofilm samples are not 
preferred in FTIR as water absorbs strongly at mid-IR wavelength; 
however, attenuated total reflection-FTIR (ATR-FTIR) and microfluidic 
flow cells are now being used to overcome water interference to a 
certain extent [81]. Solid-state NMR has also been used to get insights 
into polysaccharide linkages and the structure of biofilms [82]. How-
ever, the low signal-to-noise ratio and time required for data acquisition 
are the major bottlenecks to using NMR for biofilm matrix analysis [83]. 
Raman Spectroscopy is used to identify the chemical composition of the 
biofilm [84]. It provides information based on molecular vibrations and 
rotations generated due to the Raman-scattering effect. The discovery of 
surface-enhanced Raman-scattering (SERS) nanosensors has signifi-
cantly enhanced the limited sensitivity of Raman spectroscopy for bio-
film analysis [85]. Pereira et al. found that the chemical composition of 
biofilms may be evaluated by observing the frequency of the scattered 
light, which differs for various molecules [86]. The blue-green redox--
active chemical pyocyanin is responsible for the survival and pathoge-
nicity of the bacterium strain P. aeruginosa PA14; in another study 
Bodelón et al. utilized surface-enhanced Raman scattering to identify 
this molecule [87]. Using Geobacter sulfurreducens as a model 
biofilm-forming bacterial strain, Robuschi et al. investigated confocal 
Raman spectroscopy’s applicability to identify electrically active biofilm 
connection [88].

Table 1 
Advantages and disadvantages of biofilm detection techniques [102–105].

Techniques Advantages Disadvantages

Fourier transform 
infrared 
spectroscopy 
(FTIR- 
spectroscopy)

• Investigation of in situ 
biofilm development

• Non-invasive and Non- 
destructive

• Continuously monitored 
to give an accurate time 
frame of biofilm 
development

• Spectral overlap of 
vibrations of molecules 
in EPS and the cytoplasm

• 3D structure or thickness 
information is not 
available

• Tedious sample 
preparation

Nuclear magnetic 
resonance 
(NMR)

• Non-invasive and non- 
destructive

• Best Suited for In situ 
studies

• Low sensitivity and time- 
consuming

• Biofilm surface 
curvature can influence 
the results

Surface-enhanced 
Raman-scattering 
(SERS)

• High sensitivity and 
speed

• Minimal requirements for 
sample preparation

• Non-destructive
• Real-time detection 

without external labelling

• Expensive
• Special equipment is 

needed
• Focusses on a small area
• Time-consuming

Confocal laser 
scanning 
microscopy 
(CLSM)

• Useful for in situ and in 
vivo studies

• Hydrated biofilms can be 
imaged

• Resolution compatible 
with single-cell 
visualization

• Spatial distribution of 3-D 
images

• Automation via 
computer-enhanced digi-
tal image analysis

• Relatively slow
• Interference with auto- 

fluorescence
• The usage of 

fluorophores is needed
• The number of 

fluorescence filter 
combinations is limited

• Interference of local 
properties of the biofilm 
with the fluorescent 
probes

• Incompatible with 
opaque biofilms

Atomic force 
microscopy 
(AFM)

• Non-destructive 
technique

• Works under ambient 
conditions

• Provides 3-D reconstruc-
tion with high resolution

• Qualitative and 
quantitative evaluation of 
biofilm interaction

• Unable to acquire a large 
area scan

• Artifacts or sample 
damage caused by tip 
shape and size

• Expensive
• Samples become 

dehydrated during 
scanning

Scanning electron 
microscopy 
(SEM)

• Higher resolution
• Large depth of field
• Capability to visualize 

complex shapes
• Wide range of 

magnifications (20x to 
30,000x)

• 3-D data measurement 
and quantification

• Time-consuming sample 
preparation

• Lacks vertical resolution
• The sample preparation 

process can destroy 
sample structure or cause 
artifacts

• Expensive and 
Destructive technique

• Unable to obtain scan 
over a larger area

Scanning 
transmission X-ray 
microscopy 
(STXM)

• Images of fully hydrated 
biological materials

• Provides spatial 
resolution of < 50 nm

• Allows chemical species 
to be mapped based on 
bonding structures

• Minimum sample 
preparation

• Does not need the 
addition of absorptive, 
reflective, or fluorescent 
probes

• No 3D-imaging
• Lower resolution than 

TEM
• Lacks vertical resolution
• The sample preparation 

process can destroy 
sample structure or cause 
artifacts

• Destructive technique

Environmental 
scanning electron 
microscopy 
(ESEM)

• Retains biofilm integrity
• No pre-treatment or sam-

ple preparation required
• Visualization of images of 

hydrated and non- 
conductive living bacte-
rial biofilms at high 

• Decreased resolution due 
to shortage of 
conductivity in wet 
samples

• Destructive techniques
• Specimen damage by 

focused electron beam at 

(continued on next page)
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5.2. Biofilm imaging using microscopy

The wide selection of fluorescence probes is used to study biofilms. 
Different probes with varied affinities can highlight biofilm composi-
tion, such as polysaccharides, nucleic acids, proteins, lipids, structural 
organization, cell viability, and specific enzymatic or metabolic activity. 
Fluorescent probes that include wheat germ agglutinin, calcofluor, 
dextran, and lectin can target polysaccharides in the extracellular 
polymeric substance to visualise the biofilm three-dimensional structure 
and provide details of like roughness, thickness, and biovolume. Syto-9 
and 4′,6-diamidino-2-phenylindole are commonly used to stain biofilm 
microbial cells. Together with propidium iodide (PI), these dyes can 
determine the biofilm live/dead cell ratio and help in analyzing biofilms 
[89].

Laser scanning microscopy (LSM) has emerged as an essential tool to 
image and analyze three-dimensional architecture, matrix composition, 
and internal structures, including voids and channels of microbial 
communities within the biofilm [90]. Different variations in LSM, such 
as confocal laser scanning microscopy (CLSM), two-photon or multi-
photon laser scanning microscopy (2PLSM), make it an essential tech-
nique for gaining in-depth knowledge on microbial biofilms [91]. 
Intrinsic properties of biofilms, such as reflection and autofluorescence, 
are advantageous for screening and imaging [91]. Traditional fluores-
cent probes and advanced probes-based cell permeability provide a 
detailed impression of the biofilm composition [92]. EPS components 
are screened using flour-labeled polymers, fluorescent beads, and 
EPS-specific glycoconjugates [91]. The capacity to spatially identify and 
detect distinct species or components (e.g., genes) inside biofilms 
without damaging them has been a significant achievement in biofilm 
research [91]. In situ, fluorescence imaging can reveal biofilm structure 
and microorganism function. The fluorescence in situ hybridization 
(FISH) technique based on CLSM helps to visualize mixed-species bio-
films. FISH allows the evaluation of competition and cooperation in the 
biofilm community [93]. CLSM has become a versatile tool for studying 
biofilm formation and is a preferred method to image biofilm since it 
offers flexible mounting and non-invasive sectioning of the samples. 
CLSM merges layer-by-layer scanning and sample imaging to reflect the 
spatial distribution of matrix components tagged with fluorescent 
probes [94]. The fluorescent probes are designed with minimal inter-
ference, high sensitivity, and specificity, providing highly resolved 3D 
mapping and quantifying various biomolecules in the matrix [94]. 
Amphiphilic carbon-based quantum dots in CSLM have shown excep-
tionally enhanced spatial resolution in P. aeruginosa biofilms [95]. When 
3D images are taken across a specific period, CLSM provides a 3-D 
representation of the biofilm and depicts the real-time variation (4D 
imaging) [10]. However, with no prior information on matrix compo-
nents, the specificity and choice of fluorophores become challenging. 
Recent research by Pan et al. (2022) used confocal laser scanning mi-
croscopy to identify biofilm architecture and extracellular polymeric 
material substances. One limitation of confocal laser scanning micro-
scopy is the laser’s penetration depth, even if it is feasible to examine 
biofilm samples at different depths. Visibility is reduced because sam-
ples thicker than 200 μm absorb the laser light quickly [96]. A 
comprehensive review of the utilization of laser scanning microscopy to 

delineate the structural elements of matrix components is described 
elsewhere [90].

High-end microscopy techniques engaged in imaging fluorescently 
labeled and unlabeled ECM components have the potential to analyze 
biofilm matrix with a spatiotemporal resolution [97]. EPS surrounding 
the cells can be observed using a Scanning Electron Microscope (SEM). 
Due to the high resolution and aid of image analysis tools, SEM images 
help assess the effects of anti-biofilm treatments [93]. SEM uses a beam 
of electrons to scan the surface and provides topographical information 
about the biofilm matrix [93]. It is the choice of tool to study bacterial 
adherence patterns and binding capacity when it is colonized to form 
biofilms on nanocomposite coatings and textured surfaces [93]. In 
recent research, SEM was used to observe biofilms, which exposed the 
crucial functions of bacterial cells and electrode pili in electron transport 
[98]. The considerable depth of field in SEM provides a better spatial 
resolution of matrix structure with the possibility to visualize individual 
cells within the biofilm [93]. However, it does not provide information 
about the chemical nature or functionality of the EPS components [93].

Additionally, SEM based-imaging techniques require biofilms to be 
dried and coated with a conductive material, altering biofilm architec-
ture. The shortcomings in SEM can be overcome by the use of its vari-
ants, such as Environmental SEM (ESEM), Variable pressure-SEM (VP- 
SEM), and cryo-SEM [10]. In VP-SEM, the samples are stained and 
coated with metals without dehydration, preserving the 3D structure 
with minimal loss of structural information to conventional SEM [10]. 
ESEM does not require any pre-treatment of samples and, therefore, 
preserves the sample state to maintain the integrity of the biofilm matrix 
[95]. However, the image resolution and integrity are affected over 
imaging time because no metal coating results in conductivity. There-
fore, the image needs to be captured quickly [99].

On the other hand, cryo-SEM is based on rapidly frozen samples 
under high pressure, resulting in the generation of descriptive images 
with the ultrastructure comprising cells and interactive matrix compo-
nents [100]. The drawback of cryo-SEM is the possibility of melting the 
sample due to the enormous heat generated during imaging via the 
focused electron beam [10]. STXM, complemented with X-ray absorp-
tion near-edge structures technology (XANES), becomes a highly suit-
able analytical tool for examining hydrated biofilms [91]. XANES can 
provide detailed information on biofilm chemistry, such as chemical 
bonds, speciation, charge, and magnetic state of molecules [91,97]. 
STXM provides spatial and chemical resolution, which can be inferred as 
a compositional mapping of various biomolecules in the matrix [97]. 
The sample size and thickness of the biofilm matrix pose a real challenge 
for STXM [91].

Atomic force microscopy (AFM) has developed into a potent method 
that produces topographic pictures of 3D surface morphology. Force- 
distance curves are utilized to show how the substratum interacts with 
molecules during the formation of biofilms [101]. Therefore, AFM can 
provide qualitative and quantitative information on biofilm biomass 
grown on different substrates with different bacterial species [93]. It can 
estimate surface roughness and is a convenient technique to image 
biofilm samples; however, complementary tools are needed to get more 
in-depth information. The efficacy of AFM is drastically enhanced by 
coupling it with CSLM and other spectroscopic techniques [93]. 
Combining AFM and vibrational spectroscopic methods such as IR, 
Raman spectroscopy offers a detailed understanding of bacterial state 
and topographical and chemical features of biofilm [93].

5.3. Biofilm image analysis

The analysis tools provide a fantastic platform to extract additional 
information from the 3D images of biofilms. In recent years, there has 
been an exponential increase in the number of software that can analyze 
the biofilm matrix and provide valuable insights into the structure. 
However, each analysis tool has its benefits and weaknesses, as sum-
marized in Table 2. Here, we briefly describe the tools and software used 

Table 1 (continued )

Techniques Advantages Disadvantages

magnification and 
resolution

high magnification due 
to lack of metal coating

Cryo-scanning 
electron 
microscopy 
(Cryo-SEM)

• Simpler and quicker 
sample preparation than 
with conventional SEM, 
resulting in less sample 
destruction and artifacts

• Lower image resolution 
than traditional SEM

• Highly expensive
• The heat produced by the 

focused electron beam 
may melt the frozen 
surface of the sample
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to understand the complex structure and phenomenon of biofilm 
formation.

daime (Digital image analysis in microbial ecology): This tool works 
with 2D and 3D images of the biofilm matrix. It allows users to segregate 
objects from the images, which can be later segmented and used for 
further analysis, such as spatial arrangement pattern generation and 
abundance quantification. This analysis helps in real-time 3D-image 
generation after Z-stacking in CLSM [106].

BioFilmAnalyzer: This is a free software tool for counting fluo-
rescently labeled cells from microphotographs. The values are very close 

to expert manual counting and flow cytometry. It is a valuable tool for 
getting a precise count of live and dead cells within the biofilm matrix. It 
could also be used for analyzing differential gene expression across the 
biofilm matrix over time using labeled reporter genes [107].

BAIT (Biofilm Architecture Inference Tool): This image analysis tool 
uses a well-defined MATLAB-based algorithm to measure bio-volume, 
the total number and surface area of objects, connectivity, and 
porosity in the matrix fluffiness, and viability from the CLSM images. 
This tool also enhances the signal-to-noise ratio by incorporating a 
specific algorithm that allows the creation of biofilm boundaries, 
thereby helping the software distinguish biofilm matrix components 
from the background [108].

BiofilmQ: This is a highly advanced quantitative tool for processing, 
analyzing, and visualizing CLSM images of biofilms. Given the bio- 
volume from CLSM images, it analyses spatial features of objects such 
as distance from each other, their location, density, roughness, and 
quantitative features like the abundance of the object locally and glob-
ally [109].

6. Conclusion

The biofilm matrix serves as an elastic scaffold that maintains the 
structure and stability of biofilm and provides a unique environment for 
bacteria to live a protected life. Extracellular polymeric substances (EPS) 
impart various functions crucial for biofilm assembly, persistence, and 
virulence. It allows the bacterial cells to reside in proximity, enabling 
adhesion, cohesion, cell-to-cell interaction, gene regulation, nutrient 
distribution, antibiotic resistance, and social interactions. With signifi-
cant advancements in technology, it is now possible to get a deeper 
understanding of the architecture and composition of biofilms, which is 
an absolute need of the hour to open new gateways for drug discovery 
against chronic biofilm-associated diseases.
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Table 2 
Advantages and disadvantages of biofilm image analysis software.

Image Analysis 
Software

Advantages Disadvantages Reference

daime (digital 
image analysis 
in microbial 
ecology)

• Integrates image 
processing, image 
analysis, and 3D 
visualization

• Independent of 
shapes: can measure 
the distribution of 
single cells, 
filamentous or 
clumps of cells

• Spatial analysis of 
complex samples

• It can be used in 
identifying the 
biofilm of 
microorganisms 
involved in 
mutualistic 
interactions

• The image 
number and size 
to be analyzed are 
limited by the 
memory of the 
computer

• Some vertically 
stratified biofilms 
require 
modification in a 
spatial 
arrangement

Daims 
et al. 2006

BioFilmAnalyzer • Evaluation of cell 
count and live/dead 
ratio

• Allows 
quantification of 
fluorescent

• protein in the 
subpopulation of 
cells

• Fast and easy to 
handle

• Image pre- 
processing leads 
to increased 
background noise

Bogachev 
et al. 2018

BAIT (Biofilm 
Architecture 
Inference Tool)

• Measures the 
architecture of the 
matrix

• It uses a new 
thresholding 
algorithm that 
overcomes the 
disadvantages of 
traditional methods

• The current 
version of BAIT 
can only analyze 
individual 
channels for 
biofilm analysis

Luo et al. 
2019

BiofilmQ • Open-source 
software

• Focus on cytometry, 
analysis, and 
visualization of 
microbial 
community

• Can analyze both 
2D and 3D images

• Toolset for both 
spatial and 
spatiotemporal 
analysis of 
microbial 
communities

• User-friendly: 
Researchers with 
less expertise in the 
field of 
programming can 
also handle

• The software 
requires 
identification of 
the biovolume of 
the biofilm either 
via a single 
fluorescence 
channel or 
importing the 
images after the 
segmentation 
process

• The result of 
image analysis 
dramatically 
depends upon the 
quality of the 
segmented 
images

Hartmann 
et al. 2021
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[99] J. Pellé, M. Longo, N. Le Poul, C. Hellio, S. Rioual, B. Lescop, Electrochemical 
monitoring of the Pseudomonas aeruginosa growth and the formation of a biofilm 
in TSB media, Bioelectrochemistry 150 (2023) 108344, https://doi.org/10.1016/ 
j.bioelechem.2022.108344.

[100] K. Hrubanova, J. Nebesarova, F. Ruzicka, V. Krzyzanek, The innovation of cryo- 
SEM freeze-fracturing methodology demonstrated on high pressure frozen 
biofilm, Micron Oxf. Engl. 1993 110 (2018) 28–35, https://doi.org/10.1016/j. 
micron.2018.04.006.

[101] S.A. James, L.C. Powell, C.J. Wright, S.A. James, L.C. Powell, C.J. Wright, Atomic 
Force Microscopy of Biofilms—Imaging, Interactions, and Mechanics, 
IntechOpen, 2016, https://doi.org/10.5772/63312.

[102] G. Wolf, J.G. Crespo, M.A.M Reis, Optical and spectroscopic methods for biofilm 
examination and monitoring, Re-Views Environ. Sci. Biotechnol. 1 (3) (2002) 
227–251, https://doi.org/10.1023/A:1021238630092.

[103] M. Pan, L. Zhu, L. Chen, Y. Qiu, J. Wang, Detection techniques for extracellular 
polymeric substances in biofilms: a review, BioResources 11 (2016), https://doi. 
org/10.15376/biores.11.3.8092-8115.

[104] J. Azeredo, N.F. Azevedo, R. Briandet, N. Cerca, T. Coenye, A.R. Costa, 
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