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Abstract: The biofilm is a structure consisting of bacterial cells (one or more microorganism species), 
an aggregate of microorganisms, in which cells are surrounded by a matrix produced by the bacteria, a 
structure in which the cell that are adherent to each other and/or to a surface. There is a constant battel 
in industry and society with microbial biofilms. Industrial biofouling and biocorrosion is estimated to 
cost over $200 billion in the US alone. Annually, biofilm related infections add an additional $11 billion 
in healthcare costs. It has been a long journey for our understanding of biofilms, journey with plenty of 
breakthrough in this field, through our mini-review, we intend to present comprehensive data from the 
literature regarding these new discoveries in the field of bacterial biofilm. 
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INTRODUCTION 
The biofilm is a structure consisting of bacterial cells 

(one or more microorganism species), an aggregate of 
microorganisms, in which cells are surrounded by a matrix 
produced by the bacteria, a structure in which the cell that are 
adherent to each other and/or to a surface.(1) Biofilms are manly 
situated in tissues or secretions form the host. Anthony van 
Leeuwenhoek observed and described biofilms between 1683-
1708 by using a primitive microscope on tissues from his own 
mouth. He described aggregates of microbes. Also, Louis 
Pasteur observed and described aggregates of bacteria as being 
the cause of wine becoming acetic acid. For the next 100 years 
or so, biofilm growing microorganisms were unknown for the 
medical microbiologists. The term “film’’ was used for the first 
time in marine microbiology to distinguish two types of 
bacteria: the adhering bacteria from the free-swimming 
‘planktonic’ organisms. Performing a search on PubMed using 
the term “biofilm” as the query word, shows that the first 
biofilm publication was in 1975, describing a technical biofilm 
problem. The first two medical reports using the word biofilm, 
were published in 1981 by dentists from the University of Lund, 
Sweden. 1981 was the same year when JW Costerton first used 
the term “biofilm” in a technical microbiology report. Also, 
Costerton introduced the idea of biofilm growth in medical 
microbiology in 1985, when he demonstrated the increased 
antimicrobial resistance of biofilm compared to planktonically 
growing bacteria. 1985 could be considered as a milestone after 
which the term “biofilm” became accepted as the most adequate 
word for the description of sessile growth in vivo.(2) 

For our mini-review, we searched MEDLINE via 
PubMed (from 2015), Scopus (from 2015), and Web of Science 
(from 2015). The original search was conducted on April 8, 
2016 and updated on December 10, 2016. No date restrictions 
were used for the search. Our main search terms consisted of the 
terms biofilm, bacterial biofilm, structure, costs, cell-to-cell 
communication, and social interaction. Our inclusion criteria 
were defined a priori. We included just English-language 

articles. Experimental, observational, and qualitative studies 
were considered eligible. Systematic reviews addressing our 
research were included. Case report, case series, books, book 
chapters, symposium and conference proceedings, essays, 
editorials, letters, commentaries, narrative reviews, and 
protocols were excluded. All authors, independently, screened 
every title and abstract identified. Consensus was reached on 
decisions to advance studies to full text screening, discrepancies 
were resolved by discussion between the authors. Full text 
versions of eligible studies were retrieved for detailed review. 
References from relevant reviews, meta-analysis, overviews of 
were also examined by two authors (RMB, VB) to identify 
potential relevant articles, and included. A PRISMA 2009 Flow 
Diagram is provided as figure no. 1. Our search strategy is 
included as figure no. 2.  

The matrix is composed of polymeric secreted 
compounds called extracellular polymeric substance (EPS) or 
exopolysaccharide like: polysaccharides, proteins, acids, lipids 
and extracellular DNA (eDNA).(1) The term of “aggregate” is 
used for the fact that most cells are in contact with other cells, 
either attached to the surface, case when only one layer of the 
structure is in direct contact with the surface, or in flocs, that are 
mobile biofilms that form in the absence of any substratum. 
Through both social and physical cell-to-cell interactions, with 
the matrix properties, the biofilm is definitely a distinct from of 
living of bacterial cells.(3) Bacterial biofilm is one of the most 
widespread and successful form of life on Earth, being engaged 
in different bio¬geochemical cycling processes in water, soil, 
sediment and subsurface environments.(3) Biofilms are involved 
in different technological processes like filtration of drinking 
water, in the degradation of wastewater and solid waste, in the 
production of bulk and fine chemicals, also in the production of 
biofuels. Humans can be colonized by microorganisms (bacteria 
or fungi) that form biofilms, case in which can be associated 
with persistent infections. More than 65% of the infections are 
related to biofilm.(4) Each year, in the US, over 12 million cases 
of infections associated with biofilm are, most common being 
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associated with orthopedic implants.(5) Nevertheless, biofilms 
are also responsible for biofouling and contamination of 
processed water, are responsible for the deterioration of the 
drinking water and also have an influence on corrosion.(3) 
 
Figure no.1. PRISMA Flow Diagram 

 
Figure no. 2. Search strategy 

 
At a microscale, bacteria in biofilms, can be viewed as 

biogenic habitat formers. Through the process of generating a 
network, bacteria in biofilms create a physically distinct habitat 
with different functions like shelter, a habitat that facilitates the 
accumulation of nutrients and alters the physicochemical 
environment into the biofilm and also the interactions among the 
organisms therein.(3) 

Biofilms are complex structures, that present high cell 
densities, densities that are ranging from 108 to 1011 cells g–1 
wet weight. A further characteristic of cells in biofilms is their 
ability to undergo a process of differentiation, processed that is 
triggered by local conditions, being coordinated in life cycles 
that include stage related expression of genes and proteins. The 
self-produced EPS matrix has the major role in the emergent 

properties of the biofilm. Properties that include the formation 
of physical and social interactions (interactions such as in those 
found in synergistic microconsortia), an enhanced rate of gene 
exchange and probably the most important one, an increased 
tolerance to antimicrobials.(3) The formation of the EPS matrix 
is a dynamic process and is dependent on the availability of the 
nutrients, the synthesis and secretion of extracellular material, 
shear stress, social competition and grazing by other 
organisms.(6) A considerable energetic cost is required for the 
production of the EPS matrix (6) cost that is justified by the 
emergent properties of biofilms. The EPS matrix is the interface 
between the environment ant the biofilm, it also confers a spatial 
organiza¬tion on biofilms that results in steep gradients, 
biodiversity, and interactions that including cell-to-cell 
communication (quorum sensing) and horizontal gene transfer. 
The EPS matrix also pro¬vides structural and functional benefits 
like hydration, resource capture (inorganic particle – clay, slit, 
hydroxides, nanoparticles; organic particles – humic substances, 
debris, cellulose, nanoparticles; metal ions – calcium, iron, 
manganese; organic molecules – polar and non-polar), digestive 
capacity and protection from antimicrobials.(3) An emergent 
and important property that is also conferred by the EPS matrix 
is tolerance to desiccation, bacteria respond to water stress by 
the production of EPS molecules.(7) 

Intercellular communication in biofilms or cell-to-
cell communication  

Nealson was the first to suggest that bacteria were 
capable of cell-to-cell communication (8), since then many 
studies investigated the signalling mechanisms that are used by 
bacteria to control phenotypes at a community level. Exchange 
of small organic molecules, exchange of proteins, and even 
transmission of electrical signals, are type of intercellular 
communication mechanism.(3) Most studies have focused on 
the cell-to-cell communication systems that use chemical 
signalling (also known as quorum sensing - QS), system that 
relies on the release of signalling molecules, and the sensing of 
these molecules by neighbouring cells. The result of this 
chemical signalling is an coordinated expression of specific 
genes.(9) Most studies of QS use closed systems in which 
signals are contained and can accumulate, in natural 
environments are not thought to experience such high 
concentrations of signalling molecules. Components of the EPS 
matrix, such as amyloid fibers, exhibit weak, but functional, 
binding affinity for QS signalling molecules, providing an on–
off mechanism for modifying the concentration of these 
molecules.(10) Acyl homoserine lactones (AHLs) 
concentrations can be up to 1,000-fold higher in biofilms than in 
environments that are inhabited by planktonic cells (3). The 
external flow can influence the activation of QS systems inside 
the biofilm, activation that leads to spatially structured QS that 
is involved in spatial and temporal heterogeneity in the 
phenotypic response of individual cells in the biofilm to the QS 
signal.(11) This ability of the external flow on the QS is a 
certain example of how the external conditions can change the 
emergent properties of biofilms. Kim et al. and Liu et al., 
demonstrated that bacteria can also to electrical signals to 
coordinated, population-based behaviors, as an alternative to 
chemical signalling (e.g. Bacillus subtilis cells in the periphery 
can use long-range electrical signals to cooperate with cells in 
the center of the biofilm).(12,13) The electrical signals in the 
biofilm matrix are passed through ion channels. This process 
may be facilitated by conductive particles of ferric iron. Ferric 
iron acts as a bridge between cells. The study of bacterial ion 
channels provided fundamental knowledge of the structural 
basis of neuronal signalling. Unfortunately, the native role of ion 
channels in bacteria remains elusive. Ion channels conduct long-
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range electrical signals within the, propagating waves of 
potassium. These waves are the result of a positive feedback 
loop, in which a metabolic trigger induces the release of 
intracellular potassium, which depolarizes neighbouring cells. 
This wave of depolarization coordinates metabolic states among 
cells, cells from both the interior and periphery of the 
biofilm.(14) As a summary, biofilm formation enables effective 
cell-to-cell communication, using either chemical or electrical 
signals, in contrast to biofilms, the use of signal-driven 
processes is not possible for planktonic cells. 

Heterogeneity and social interactions  
The structure of bacterial biofilms, based on the matrix, 

allows organisms to interact enabling the exchange of different 
compounds like metabolites, signalling molecules, genetic 
material and defensive compounds. Heterogeneity, as in cells 
with different metabolic capacities or physiological gradients, is 
the base of opportunities for cooperation. Biofilms are 
characterized by heterogeneity and social interactions. 

Heterogeneity in biofilms. The activity of biofilms 
produces gradients of electron (acceptors and donors), of pH 
value, and redox conditions. The EPS matrix establishes stable 
gradients, providing at a small scale different localized habitats. 
In an aerobic copiotrophic (in an environment with high nutrient 
concentrations) biofilm, organisms are stratified according to 
oxygen availability, oxygen becoming depleted in the lower 
layers of the biofilm, as it is used by the aerobic organisms in 
the superficial layers of the biofilm as its consumption is faster 
than the rate of diffusion. Similarly, in aerobic oligotrophic 
biofilms, were nutrient consumption by organisms in the upper 
layers results in the starvation of organisms in the lower layers, 
resulting in the adoption of slow growth states, such as in 
dormant cells, or even in cell death. These features are not only 
observed in multilayer biofilms, but there are present after a 
small num¬ber of cells have attached to a surface. Heterogeneity 
is present also monospecies biofilms, as a result of the 
fluctuating gene expression in individual cells and differential 
gene expression between different cells.(3,15,16,17)  

Oxygen, an electron accepter, is one of the most 
important trigger of the gradients. In an aquatic habitat, the 
upper layers of the biofilm are aerobic, and due to the fact that 
the diffusion of the oxygen through the layers is slower then it`s 
consumption by the colonies, the deeper layers of the biofilm are 
anaerobic.(18,19) The layers of gradients are separated by small 
distances, only a few micrometers.(18) 

The spatial organization of mixed-species, and also of 
monospecies biofilms, is triggered by the physiological 
stratification and heterogeneity. Ward DM et al showed that 
phototrophic microorganisms, like algae, cyanobacteria and 
anoxygenic phototrophic bacteria, produce organic substrates as 
exudates, and the surrounding species that live in close 
proximity benefit from these substrates and present an enhanced 
metabolic activity, having as a consequence the development of 
spatially organized biofilms, such as microbial mats or river 
biofilms.(20,21) 

Social interactions in biofilms are linked to the 
cooperation or competition between cells and can result in the 
dynamic changes in the biofilm community. Cooperation can be 
mediated by chemical communication (for example AHL) or 
electrical communication (for example nanowires) and/or it can 
also involve cooperative metabolism. Cooperative metabolism 
such as that seen for the process of nitrification, in which nitrite 
is produce by ammonia-oxidizing bacteria that is further 
oxidized by nitrite-oxidizing bacteria. These types of 
interactions rely on the close proximity of cells that are involved 
in the metabolites exchange, exchange by diffusion. Negative 
interactions, in the form of competition or cheating, are also 

observed in biofilms.(22) 
The economic impact of biofilm 
There is a constant battel in industry and society with 

microbial biofilms. Industrial biofouling and biocorrosion is 
estimated to cost over $200 billion in the US alone. Microbial 
biofilms are affecting drinking water, wastewater, desalinization 
and industrial cooling water, it corrodes and blocks pipelines, it 
interferes with oil and gas extraction processes. In shipping 
industry, biofilms leads to corrosion and cause “drag,” which 
results in higher consumption of fuel during transport as well as 
higher ship hull maintenance costs.(23) It is recognized that the 
biofilm formation is also an important clinical pathogenic 
mechanism. Just in the USA, it is estimated that, more them 1.7 
million hospital-acquired infections annually are biofilm related 
infections, infections that add an additional $11 billion in 
healthcare costs (US CDC, 2007). The total annual cost for 
biofilm related infections in the USA alone, unofficially, is 
estimated to be around $94 billion. In the USA alone, $105 
billion are spent on dental care alone, dental caries and 
periodontitis are the most frequent biofilm-associated 
diseases.(24)  

 
CONCLUSIONS 

It has been a long journey for our understanding of 
biofilms, journey with plenty of breakthrough in this field. There 
is tremendous new information that involves the knowledge of 
the cell-to-cell communication, but we are still at the beginning 
of our understanding for example the properties of the matrix. 
EPS molecule being responsible for the biofilm individual 
properties. Studies on the EPS molecules are still needed, and 
also on the tolerance of the biofilm at antimicrobial compound. 
Slow growth states, like dormancy, are mechanisms that 
contribute to the tolerance, future studies should explain whether 
dormancy is a common feature of biofilms whether biofilms are 
commonly a reservoir of viable-but-nonculturable cells, maybe 
in the starvation zones of the biofilm. These findings will be 
breakthroughs for the treatment of biofilm related infections.  
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