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Introduction

Microbial biofilms play a crucial role in a variety 
of disciplines, including biotechnology, immunology, 
biofouling and biodeterioration [1, 2]. literature in-
cludes some evidence that cell contact with surfaces 
stimulates transcription of the EPS genes [2]. Monitor-
ing the EPS gene expression in adherent populations 
enables a better understanding on the basis of biofilm 
phenotype. [3-5].

The biosynthesis of EPS is believed to serve many 
functions concerning: promotion of the initial attachment 
of cells to solid surfaces; formation and maintenance of 
microcolony and mature biofilm structure; and enhanced 
biofilm resistance to environmental stress and disinfec-
tants. In some cases, EPS matrix also enables the bacteria 
to capture nutrients [2, 6].

The production of EPS by attached microorganisms 
is a very complicated process, which is affected by many 
unique parameters. It is also considered that the mecha-
nisms of biofilm development process are vastly differ-
ent from species to species [2]. Despite the difficulties 
associated with the study of the production of EPS by 
anchored cells, analysis of all described data can enable 
control of the microbial adhesion process in different en-
vironments.

Composition of EPS

The EPS matrix is generally from 0.2 to 1.0μm thick. 
In some bacteria species the thickness of the EPS layer 
does not exceed values from 10 to 30nm [7]. The chemi-
cal structure of polymeric substances secreted by the 
cells into the environment is diversified. EPS compounds 
belong to such different classes of macromolecules as 
polysaccharides, proteins, nucleic acids, glycoproteins 
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and phospholipids [8, 9]. among one bacteria species, 
EPS compounds may also belong to different categories. 
These microorganism features are often used during cell 
identification and classification procedures. In addition 
the usage of the antigenic properties of the extracellular 
molecules enables the serological characterization of the 
cells.

Most microbial exogenous layers contain neutral car-
bohydrates (mainly-hexose, seldom-pentose) and uronic 
acids. The commonest extracellular carbohydrates sub-
stituents are acetate esters, pyruvtes, formates and succi-
nates. The presence of polypeptides in the EPS matrix is 
the feature of a very few Gram-positive bacteria cells. The 
best-investigated components of the EPS layer are poly-
saccharides and proteins [7, 8].

The structures of polysaccharides synthesized by mi-
crobial cells vary greatly in their kinds of linkages and 
non-sugar substituents [10]. It was observed in the cells of 
Sinorhizobium spp., Leuconostoc spp. and Streptococcus 
spp. [11]. Microbial exopolysaccharides are comprised 
of either homopolysaccharides or heteropolysaccharides 
[12, 13]. homopolysaccharides are composed of only one 
monosaccharide type: D-glucose or l-fructose. homo-
polysaccharides belong to three distinct groups:
 – α-D-glucans produced by Leuconostoc mesenteroi-

des. These compounds contain mostly α(1→6) linked 
D-glucosyl units. The degree of branching involves 
α(1→3) linkages, seldom α(1→2) and α(1→4) link-
ages;

 – β-D-glucans, synthesized by Pediococcus spp. and 
Streptococcus spp. The molecules are composed of 
β(1→3) linked D-glucosyl units with branching in-
volving β(1→2) linkages;

 – fructans produced by Streptococcus salivarius con-
taining β(2→6) linked fructosyl units [8].
A number of lactic acid bacteria produce heteropoly-

saccharides. These molecules formed from repeating 
unites of monosaccharides such as: D-glucose, D-galac-
tose, l-fructose, l-rhamnose, D-glucuronic acid, l-gulu-
ronic acid and D-mannuronic acid. The type of both the 
linkages between monosaccharide units and the branching 
of the chain determines physical properties of microbial 
heteropolysaccharides. Most heteropolysaccharides also 
possess substituents of pyruvtes, succinates and formates 
[8, 12]. Bacterial alginate is a heteropolysaccharide with 
irregular structure. In this polymer, D-mannurosyl and 
L-guluronosyl residues are found. Alginate is produced 
mostly by the cells of Pseudomonas aeruginosa and Azo-
tobacter vinelandii [8].

Extracellularly secreted proteins are substances with 
molecular masses between 10kDa and 200kDa. These 
compounds contain from 40% to 60% of hydrophobic 
amino acids. generally in the structure of exogenous pro-
teins the lack of sulfuric amino acids was noticed. It was 
especially observed in the cells of Geobacillus stearother-
mophilus. Extracellular proteins synthesized by Sulfolo-
bus acidocalcidarius are composed mostly of amino acids 
with hydroxyl groups [14]. however, the Bacillus subti-

lis extracellular protein layer is a composition of l- and 
D-glutaminosyl residues. Under oxygenate conditions in 
the structure of these extracellular compounds the ratio 
of l- to D-glutaminosyl residues equals 1. according to 
Ton-That et al. [15] the ratio of glutaminosyl isomers in 
the Bacillus subtilis extracellular protein layer changed 
significantly in oxygen-limited conditions.

Physiological Determinants of EPS Biosynthesis

Effect of Carbon/Nitrogen Availability

The extracellular biopolymers’ synthesis by microbial 
cells depends on the carbon and nitrogen availability in 
the culture medium. Most exopolymer-producing micro-
organisms utilize carbohydrates as their carbon and en-
ergy source and either ammonium salts and amino acids 
as their source of nitrogen [16-18].

In general EPS production increased under conditions 
where growth was extended by the high glucose content 
in the medium [1]. The biosynthesis of extracellular com-
pounds in Acetobacter xylinum cells might be determined 
by the availability of fructose, sucrose and starch in the 
medium at the level between 25 and 100g/l. The lowest 
efficiency of EPS molecule production occurred under ga-
lactose and xylose availability in the growth environment 
[8]. Carbohydrates, such as: glucose, fructose, mannose, 
maltose, xylose, ribose, arabinose, sucrose and lactose, 
also determine the extracellular polymeric substances 
production in Aureobasidium pullulans cells. The highest 
efficiency of this process was noticed upon 70% of carbo-
hydrate content in the culture medium [19].

Low nitrogen content in the growth environment also 
influences the extensive microbial synthesis of extracellu-
lar biopolymers [7]. Under limited ammonium salts avail-
ability in the medium, 60% of the glucose was converted 
into exopolysaccharides in the strains of Aureobasidium 
spp., Sinorhizobium spp., Escherichia spp. and Pseudo-
monas spp. [8, 19]. The high content of nitrogen sources 
in the medium induces extracellular protein production by 
microbial cells. Sanin et al. [20] observed the increasing 
biosynthesis of exogenous proteins in Pseudomonas spp. 
and Rhodococcus spp. cells incubated upon the high am-
monium salts available in the medium.

ph Value of Culture Medium

The ph value of the culture medium significantly 
influences EPS molecule production. This parameter 
determined the morphological changes of the cells. The 
extreme ph profiles of the medium (ph 2.0-3.0 or ph ≥ 
10) inhibited not only the process of microbial growth but 
also the biosynthesis of extracellular polymers [21, 22]. It 
was particularly observed in the cells of Aureobasidium 
pullulans. lee et al. [19] performed the minimum produc-
tivity of the EPS compounds related with morphological 
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changes of Aureobasidium cells grown at a low ph value 
of 2.0 of the medium. generally the optimal ph profile of 
the medium for the EPS production oscillated between 5.5 
and 6.5 [19].

The ph value of the growth environment might also 
be a stimulated factor of the EPS molecules production 
by Antrodia camphorate cells. Shu and lung [23] showed 
the highest productivity of these extracellular compounds, 
using the medium with the ph value of 5.0. Both increas-
ing and decreasing ph value of the culture medium sig-
nificantly inhibits extracellular polymer biosynthesis by 
Antrodia spp. cells. according to Shu and lung [23] the 
ph profiles manipulation of the culture medium also in-
fluences molecular mass of the EPS compounds.

Cultivation Temperature

The effect of the cultivation temperature on the ex-
ogenous proteins and exopolysaccharides biosynthesis by 
microbial cells also was investigated. Generally, the op-
timal cultivation temperature for the production of most 
EPS molecules was estimated between 26 and 31°C [14, 
16]. This dependence also was confirmed by the results 
of gancel and novel [24] concerning the optimization of 
EPS compound production by Streptococcus salivarius 
cells.

according to Sutherland [8] reduction of the cultiva-
tion temperature by 10°C below optimal level inhibits 
the exopolysaccharides biosynthesis by microbial cells. 
however, under low temperature of the growth environ-
ment profiles of the high productivity of extracellular pro-
teins by bacteria cells might be observed. It was noticed in 
Listeria spp. cells. Briandet et al. [25] showed that a cul-
tivation temperature of 10°C induced in extracellular cold 
shock protein production Listeria monocytogenes cells.

Table 1 lists the major physiological determinants re-
quired for the highest productivity of EPS compounds by 
particular microorganisms.

growth Phase

Dependence between EPS production and the stage of 
the microbial growth cycle is a feature of particular gen-
era. In strains of Pseudomonas aeruginosa and Staphy-
lococcus epidermidis, high productivity of the EPS mol-
ecules was observed during the late logarithmic and early 
stationary phases of microbial growth [8, 26].

literature shows clear evidence that the rate of ex-
tracellular polymers synthesis by Pseudomonas spp. and 
Escherichia spp. is determined by the proliferating pro-
cess of cells. The ceasing of the exponential growth phase 
induces losing the integrity of the microbial cell surface. 
This process is caused by the reduction or even lack of 
extracellular molecules production by microorganisms 
[14, 27]. Similar dependences were observed during the 
investigation of the relationships between the stages of 
Enterobacter aerogenes growth cycle and the EPS mol-
ecules biosynthesis [2]. at the end of logarithmic growth 
phase there was no production process noticed of extra-
cellular compounds by Enterobacter aerogenes cells.

Molecular Aspects of EPS Biosynthesis

The regulations mechanisms of the EPS production 
has not yet been well defined. Enzymes needed for the for-
mation of EPS precursors, appeared to be under separate 
control from mechanisms of gene expression associated 
with the EPS molecules biosynthesis [8]. The exceptions 
are the xanthan and extracellular protein production by 

Table 1. Major environmental conditions required for the highest productivity of EPS components by microorganisms.

Physiological determinant Species References
glucose (2%)
Fructose (2%)
Mannose (2%)
Maltose (2%)
Xylose (2%)

Aureobasidium spp.
Bacillus spp. [16, 19]

Sucrose (2.5-10%) Acetobacter spp. [8]

(nh4)2SO4 (0.04-0.06%)

Aureobasidium spp.
Sinorhizobium spp.

Escherichia spp.
Bacillus spp.

[8, 16, 19]

ph 5.0-6.5 Aureobasidium spp.
Antrodia spp. [19, 23]

Temperature 26-31°C

Bacillus spp.
Streptococcus spp.
Lactobacillus spp.
Pseudomonas spp.
Acetobacter spp.

[14, 16, 24]
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Xanthomonas campestris cells. Tang et al. [28] performed 
that only one region of the Xanthomonas spp. genome 
(rpf) leaded to both the EPS molecules production and 
the control of enzyme biosynthesis needed for the EPS 
precursor transformations. The rpf genes controlled extra-
cellular enzymes, including cellulase, polygalacturonate 
lyase, amylase and protease.

Under extreme environmental conditions, microor-
ganisms differing taxonomically may produce the same 
or almost identical types of extracellular compounds. It 
was observed in the strains of Pseudomonas spp. and Azo-
tobacter spp. [8]. The studies of Boucher et al. [29] and 
Mejiaruiz et al. [30] concluded that in Pseudomonas ae-
ruginosa and Azotobacter vinelandii cells, the processes 
of biosynthesis and secretion of extracellular molecules 
were controlled by a similar gene cluster. This gene cluster 
includes: algA gene encoding gDP-mannose pyrophos-
phorylase, algD coding gDP-mannose dehydrogenase 
and algE coding a membrane protein probably involved 
in alginate export. a separate location in the bacterial 
chromosome of additional genes involving in the algi-
nate expression process also was found. This feature was 
detected only in Pseudomonas spp cells. It is considered 
that these genes enable the differentiation between Pseu-
domonas aeruginosa and Azotoacter vinelandii cells. To 
these genes belong algC gene coding phosphomannomu-
tase and algK gene with unknown function. The studies of 
aarons et al. [31] and Jain and Ohman [32] performed the 
defect of the algK gene blocked the alginate biosynthesis 
reactions in Pseudomonas aeruginosa cells.

In a number of bacteria species, the EPS synthesis is 
controlled through megaplasmids rather than chromosom-
ally. It was particularly observed in the strains of: Esch-
erichia spp., Streptococcus spp. and Lactobacillus spp. 
[8]. The regions contained a cluster of genes involved in 
EPS molecule production could be replaced by equivalent 
segments from other bacteria strains. According to Gac-
esa [33] this leads to the appearance of a similar cluster of 
genes and their products in Pseudomonas aeruginosa and 
Azotobacter vinelandii cells.

Role of EPS in Biofilm Formation

Importance of Microbial adhesion Process

The EPS molecules are regarded as the major factor 
influencing the microbial biofilm formation process. The 
extracellular compounds promote more developed stage 
of cell attachment processes, the so-called specific adhe-
sion phase or irreversible adhesion phase. The production 
of the extracellular polymeric substances occurs more 
extensively during the specific adhesion stage. EPS mol-
ecules strengthen the interactions between the microor-
ganisms and as a result they determine the cell aggregates 
formation process on the solid surface [9, 34, 35]. Recent 
reports suggest that mostly extracellular proteins, exo-
polysaccharides and extracellular Dna are responsible 

for the architecture and morphology of the biofilm matrix 
[36, 37].

The extracellularly secreted proteins determine the mi-
crobial attachment process to different solid surfaces [34, 
38]. Firstly these macromolecules are accumulated on the 
cell surface. after the secretion process to the external en-
vironment, the proteins may be adsorbed to contact sur-
faces [39, 40]. a protein layer formed on solid surface is 
conducive to bacterial adhesion process. The layer of ad-
sorbed proteins might convert the solid/medium interface 
into a region of gel-like nature which other specific poly-
mers of the bacteria surfaces can interact with [1]. During 
more advanced phases of the microbial adhesion process, 
the in situ secretion of extracellular proteins might also be 
observed. This leads to the intensification of the micro-
bial attachment process by anchoring the single cells on 
the contact surface [41, 42]. The relationship between the 
protein layer and the microbial adhesion process refers to 
van der Waals interactions, electrostatic forces and hydro-
phobicity of surfaces [2, 43]. The adsorption properties of 
extracellular proteins and contact surfaces base firstly on 
the interfacial redistribution of charged groups and, sec-
ondly, on the hydration changes of proteins, cell surfaces, 
and contact surfaces. The microbial attachment process 
on the solid surfaces is also affected by the tertiary protein 
structure and the molecular interactions between conjuga-
tive pili and contact surfaces [41, 44].

Literature shows clear evidence that the biosynthesis 
of extracellular proteins plays a significant role in the mi-
crobial colonization process. Jenkinson [45] performed 
the Streptococcus oralis adhesion to the teeth surfaces 
determined by adhesive protein expression. Similar de-
pendences were noticed during the investigation of the 
attachment process of Azospirillum brasiliense to the 
surface of glass and polystyrene [46]. Elimination of 
the outer protein layer from the cells by trypsin or SDS 
solutions caused significant (even 100 times) reduc-
tion of Streptococcus spp. and Bacillus spp. adhesion to 
the stainless steel surface [47, 48]. The studies of neu 
[38] and ahimou et al. [49] concluded that decreasing 
production of extracellular proteins by microorganisms 
induced the changes of cell surface properties (e.g. hy-
drophobicity).

Exopolysaccharides have been termed “adhesive poly-
mers.” These macromolecules are believed to be impor-
tant factors determining the microbial biofilm formation 
process on the solid surfaces [36, 38, 50]. Chen and Stew-
art [51] suggested that extracellularly secreted polysac-
charides are responsible for both adhesion and cohesion 
interactions and play a crucial role in maintaining struc-
tural integrity of biofilms. It is worth pointing out that the 
content of polysaccharides is at least fivefold higher than 
extracellular proteins in biofilm [52]. Some authors also 
considered that exopolysaccharides can promote a pre-
conditioning of the surface, making the adhesion process 
more favorable [53]. The studies of Parkar et al. [48] con-
cluded that elimination of the exopolysaccharides layer 
from the cells by trichloroacetic acid or lysozyme solu-
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tions decreased Bacillus spp. attachment to stainless steel 
surfaces by approximately log10 counts cm-2 of 0.5 – 1.5. 
however, a lack of correlation between exopolysaccha-
ride productivity and microbial adhesion process to the 
solid surfaces was noticed during the investigations. Sim-
ilar dependence of the attachment process to abiotic sur-
faces of non-polysaccharide-producing mutants as well as 
polysaccharide-producing cells were observed by Allison 
and Sutherland [3].

The biosynthesis of extracellular polysaccharides 
can be stimulated by organic acid availability in the cul-
ture medium. however, these carbon sources decrease 
flocculation mechanisms of bacteria cells. The effect of 
the competition mechanisms between carboxyl groups 
of polysaccharides and aliphatic acids can be balanced 
by adding the calcium ions to the medium. The pro-
motion of exopolysaccharides biosynthesis by organic 
acidrich mediums is considered to be the feature of the 
catabolic repressions mechanisms (glucose also evident-
ly represses that biosynthesis) [54]. also, limited nutri-
ent availability in the medium influences the extensive 
microbial synthesis of exopolysaccharides. however, 
control mechanisms of that process have not yet been 
described [1].

The aeration, flow rate and detachment force stimu-
late extracellular polysaccharide production. These mac-
romolecules determine the biofilm matrix stability [52]. 
The highest productivity of these compounds is observed 
during the early stages of the biofilm formation process 
[2]. This feature promotes the initial cell adhesion to the 
solid surfaces [18, 52]. In literature there is some evidence 
that exopolysaccharides can play a crucial role in build-
ing up three-dimensional biofilm structure. The correla-
tion between production of these exopolysaccharides and 
biofilm density was noticed by Tsuneda et al. [55]. It was 
also performed that the detachment forces may lead to a 
thinner and denser biofilm. These interactions are physi-
cal rather than biological [56].

Extracellular Dna has recently been described as one 
of a major structural components of the Pseudomonas 
aeruginosa and Streptococcus mutans biofilm matrix [5, 
57]. however, the role of this extracellular molecules in 
the gram-positive and gram-negative biofilm develop-
ment process is still unclear. whitchurch et al. [57] re-
ported that attached Pseudomonas aeruginosa cells pro-
duce substantial quantities of extracellular Dna through 
a mechanism that is independent of cellular lysis. Releas-
ing these macromolecules by the sessile bacteria induce 
the formation of strengthening linkages between the cells 
in biofilm structure. according to Petersen et al. [5] the 
presence of extracellular Dna in the Streptococcus mu-
tans biofilm matrix is associated with the export of a large 
quantity of competence-signaling peptides (CSP) to the 
medium. authors have shown that exogenous Dna sup-
port the horizontal gene transfer of naturally competent 
bacteria in the mature biofilm structure. The horizontal 
gene transfer within biofilms directly determined the anti-
biotic resistance of the attached cells [58].

Importance of Biofilm Resistance to antimicrobial 
Agents

Bacterial cells undergo a number of physiological and 
phenotypic changes following attachment to a solid sur-
face. These lead to higher cell resistance to antimicrobial 
agents. Bacteria living in biofilms can be up to 1000 times 
more resistant to antibacterial compounds (such as dis-
infectants, antibiotics, surfactants) than planktonic cells 
[59, 60]. Recent evidence suggests that the EPS matrix 
surrounding the attached cells provides an effective bar-
rier that restricts penetration of chemically reactive bio-
cides inside the biofilm [61]. Both structure and properties 
of extracellular compounds associated with solid surface 
cells differ from those synthesized by planktonic bacte-
ria [62]. These differences refer mostly to polysaccharide 
components of the EPS layer. The expression of algC gene 
coding extracellular alginate is activated only during the 
biofilm formation process by Pseudomonas aeruginosa 
cells. It occurs after 15 minutes following the attachment 
of cells to solid surfaces [63]. The alginate synthesis in-
duces the hydrophilic properties of Pseudomonas aerugi-
nosa cell surfaces. The studies of nichols et al. [64] and 
Sauer and Camper [65] performed that increasing hydro-
philic value of bacteria cell surface restricted penetration 
of antimicrobial agents with hydrophobic character. In ad-
dition, gordon et al. [66] noticed that high productivity 
of negatively charged extracellular alginate significantly 
delayed the transport rate of aminoglycosides through 
biofilm structure. according to hentzer et al. [67] the 
extracellular alginate overproduction also increased the 
tobramycin resistance of Pseudomonas spp. biofilm com-
pared to planktonic bacteria.

In the literature there are clear evidences that the high 
range of polysaccharide components increased the amount 
of functional groups in the EPS matrix. It determines a 
lower susceptibility of biofilm populations to biocydes, 
cationic antibiotics and antimicrobial peptides [62]. The 
functional groups of exopolysaccharides react with an-
timicrobial agents. It prevents the diffusion process of 
toxic compounds to cytoplasm. however, it is recognized 
that killing properties of antibiotics are increasing while 
all possible binding sites in the EPS matrix are becoming 
saturated. Therefore, the microbial biofilm resistance to 
toxic compounds significantly decreases after long-term 
exposure [61].

Relevance of EPS in the Environment

The influence of EPS compounds on microbial biofilm 
formation process is an important area of research because 
of the wide range of possible affects and the disinfectant 
resistance of the cells. From a medical perspective, the at-
tached bacteria on catheters, drains, implants or lenses are 
of the greatest concern because they can cause serious in-
fections [68]. The extracellular polymeric substances sur-
rounding the attached cells restrict antibiotic penetration. 
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This feature causes difficulties in treatments. Microbial 
biofilm formation on teeth surfaces leads to tooth decay 
and paradentosis [69].

For the food industry in particular, the formation 
of biofilms on food contact surfaces constitutes an in-
creased risk of product contamination with spoilage or 
pathogenic microflora. The microbial cells anchored on 
solid surfaces by EPS matrix are difficult to overcome 
by disinfectants. From a hygienic perspective the ef-
fect of tearing the cell aggregates away from the mature 
biofilm structure is also a problematic issue. In general 
there is no surface material which cannot be colonized 
by microorganisms. The EPS compounds promote cell 
attachment to the surface of heat exchangers or a surface 
of piping systems transferring the media [56]. In some 
cases, biofilm leads to significant losses in performance 
and increasing the energy demand in heat exchanger 
technology [70, 71].

The EPS molecules are also involved in microbially 
corrosion of metal surfaces. It was particularly observed 
on ship hulls and in piping systems [72]. The corrosion re-
actions caused by EPS matrix produced by attached cells 
refer also to wood, concrete and plastic materials [73].

The microbial adhesion process to solid surfaces also 
has beneficial consequences. The species of Pseudomo-
nas putida prevents stainless steel materials from cor-
rosion [56]. The cells of Pseudomonas spp. are capable 
of binding the phosphate ions on stainless steel surfaces. 
Recent evidence suggests that this process remains stable 
even after elimination of the biofilm matrix [74].

Environmental applications of the EPS compounds 
have been focused so far on the degradation process of 
organic substances, the denitrification of wastes, phos-
phate ion elimination from manufacturing and municipal 
wastes. The studies of Skłodkowska and Matlakowska 
[75] showed that the extracellular substances also bind 
heavy metals from different environments.

The usage of EPS compounds in the food industry 
have been intensively investigated. The novel proper-
ties of microbial exopolysaccharides such as xanthan, 
curdlan, pulluan and alginate, may improve food vis-
cosity, hydration of products and low calories food 
production. It is also considered to apply the micro-
bial extracellular polysaccharides for food edible coat-
ing production that effectively would protect products 
from spoilage [76, 77].

The study of EPS excretion by attached microorgan-
isms and its role in the development of biofilm is very 
difficult to conduct. In fact the true structure of adhesive 
polymers and which of the EPS molecules are particu-
larly involved in maintaining biofilm architecture are still 
uncertain. It is also unclear how long the cells within the 
biofilm matrix excretes EPS molecules [8]. a better un-
derstanding of the factors affecting the biosynthesis of 
extracellular polymers and its role in the biofilm develop-
ment process will help in the eradication of attached bac-
teria from surfaces. It also will create capabilities in the 
environmental use of the attached microorganisms [38].
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