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Abstract

Cyanobacterial Extracellular Polymeric Substances (EPS), a protective
barrier between the cells and the external environment, is an
organic matter with a high molecular viscosity which is formed
and secreted during the growth and reproduction of cyanobacteria
cells. The investigation of EPS contributes to a better understanding
of the growth and proliferation of cyanobacteria. Although some
significant research includes the ecological significance and
industrial application of EPS, the influence of EPS on the water
environment and water quality have not been fully recognized.
Based on a large amount of literature review and live survey on
the cyanobacterial blooms, this paper summarizes an overview of
the water contamination of cyanobacterial EPS. Future research
directions should focus on the analysis of the contamination
mechanism of cyanobacterial EPS and its control methods.
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Formation and Secretion of Cyanobacterial
EPS

In recent years, water environmental problems have become
increasingly serious. A wide concern is given to cyanobacterial
blooms which incidence seems to be frequent due to the eutrophication
of water bodies. Cyanobacteria are aquatic and photosynthetic, which
grow in colonies and reproduce rapidly. Researchers found that
the formation and secretion of Extracellular Polymeric Substances
(EPS) were accompanied by the growth of many species of
cyanobacteria, such as Microcoleus [1,2] Anabaena [3], Microcystis

[4], Nostoc [5] and so on. The EPS works as a protective barrier
between the cell and the external environment which allows the
microorganism or the biofilm formed to be resistant to drought,
ultraviolet radiation, biological mineralization, and protozoan
predation [6,7]. The protective function of the EPS is closely
related to its components, which is essentially a combination of
natural organic molecules, including polysaccharides, proteins,
nucleic acids, phospholipids, uronic acids, alginic acids, and humic
acids. Polysaccharides, including the main monosaccharides such
as glucose, galactose, xylose and rhamnose, and the carbon-con-
taining and nitrogen-containing proteins primarily account for
about 70% - 80% of its composition [2,8,9].

The formation of EPS is influenced by the combined effects of
cellular activities and environmental factors. Rao et al., [10]
studied the effects of temperature and salinity on the EPS yield
of Scytonema javanicum and indicated that in a certain range,
the EPS yield would increase with the increase of temperature
and salinity. Chen et al., [11] found that pH <8 would promote
the accumulation of EPS of Cylindrotheca closterium. Ge et al.,
[12] found EPS yield of Nostoc increased with the light intensity.
In addition, continuous light and high-light intensity leads to
an increase in protein content in the EPS without affecting the
monosaccharide content. This suggests that light intensity affects
both the yield and the distribution of EPS components. Svane
and Eriksen [13] analyzed the kinetics of the EPS synthesis of
Microcystis flos-aquae. In this case, EPS had a higher synthesis
rate up to 76 mg/(g-day) during the exponential growth phase
and a six times lower rate of 12 mg/(g-day) during stationary
phase, which indicated that EPS growth rate is closely related to
the amount of nutrients available in the system. Different C and
N sources were used in the comparison of cell growth and EPS
production of Aphanothece halophytica. Nitrogen in the form
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of nitrate has been found to be the best nitrogen source for both
cell and EPS growth. CO, in the atmosphere was the best carbon
source for the algal cell growth, while sodium acetate was the best
for the EPS production [14]. The increase in EPS formation was
related to the C/N ratio [15]. Chen et al., [16] found that the heavy
metal Cd*" could significantly inhibit the growth of algal cells and
their EPS, thus, causing different distribution of attached EPS and
colloidal EPS in different growth stages. Furthermore, the study
of co-culture and fermentation of Cyanobacteria, Chlorella, and
Basidiomycetes, revealed that fungus could significantly stimulate
the generation of cyanobacterial EPS [17]. Therefore, the EPS is
widespread in the cyanobacteria-containing environment and its
formation and secretion is not only restricted by the characteristics
of different algal species but also by the influence of pH, light
intensity, temperature, salinity, nutrients, growth time and other
environmental factors [12,18,19].

Water Contamination of Cyanobacterial
EPS

Contamination of water sources by cyanobacterial
EPS

Cyanobacteria grow and reproduce rapidly in eutrophic water and
float upward on the surface of water due to the buoyancy produced
by gas vesicles. The EPS wrapped on the surface of cyanobacterial
cells attach hundreds or thousands of cells with a diameter of 4~6 pm
together and form amorphous aggregated particles [9,13,20]. With
the formation and secretion of EPS, the aggregated cyanobacterial
particles continue to expand until they cover the entire surface of
the water, which will cut off the water body with air (Figure 1).
And the growth and reproduction of cyanobacterial cells will con-
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Figure 1: Cyanobacterial aggregates attached by cyanobacterial EPS. (a) cyanobacterial particles float and expand to form cyanobacterial
bloom; (b) EPS attach cells into cyanobacterial particles [24]; (c) the slice image of cyanobacterial cell [22].

sume a large amount of dissolved oxygen that affects the ecological
environment of the water. In addition, most EPS released by
cyanobacteria is mainly hydrophilic organic matters with a large
number of carboxyl, hydroxyl, and amino groups, which greatly
increases the content of dissolved organic matters and aggravates
the contamination of water bodies [21,22]. Besides, the components
of proteins and humic acids containing carbon and nitrogen in the
cyanobacterial EPS would produce a large number of carbona-
ceous and nitrogenous derivatives due to the natural oxidation or
degradation which are carcinogenic remaining in water [23]. This
limits the other application of cyanobacterial EPS and is undoubt-
edly an incidental ecological disaster on the water environment.

Influence of cyanobacterial EPS on water treatment
processes

Not only cyanobacterial cells, but the presence of a large amount
of EPS is also a technical problem in water treatment project.
Cyanobacterial EPS is difficult to remove in conventional water
treatment processes, because it is easy to wrap in the surface of
small inorganic particles becoming the source of organic colloids.
Coagulation is the key process for cyanobacteria removal in
conventional drinking water treatments. The coagulants will adsorb
both cyanobacterial cells and EPS to form insoluble complexes
which increase the density of cyanobacterial cells and promote
the sedimentation necessary for cyanobacteria removal. Studies
have shown that the removal efficiency of monocellular discrete
cyanobacterial cells without EPS could reach up to 80%~90%

through the coagulation process [25,26]. However, for aggregated
cyanobacterial particles, their secreted EPS having characteristics
of anionic polymer with negative zeta potential in the pH range
of 2~10 [27] and attaching to the surface of the colloidal cells,
would increase the stability of colloids and reduce the coagulation
efficiency (Figure 2a). Besides, parts of the EPS components have
negative effects on flocculation, clarification, sedimentation and
sludge dewatering. Large amounts of EPS will weaken the cell
adhesion, deteriorate the floc structure, aggravate the cell erosion
and reduce the sludge dewatering effect [28]. For instance, the
acidic substances in EPS will react with the hydrolysis products
of coagulants. The generated surface complexes will attach to the
surface of the floc particles hindering the collision of particles
and forming flocs with low density and bad sedimentation effect.
This leads to an increase dosage of coagulant to compensate the
influence of formed surface complexes on the destabilization and
flocculation of particles [29].

Filtration is a physical separation process for large single cells and
aggregated algal particles. During the cyanobacteria removal and
separation process, the secreted EPS will attach to the surface of the
filter and form biofilm to shorten the filtration cycle (Figure 2b).
It also affects the filtration efficiency of cyanobacteria-containing
water. During the initial and mid-term of filtration, the interception
of cyanobacterial cells and organic matters will obviously reduce
the content of pollutants in the filtered water. But during the later
period, the cyanobacterial cells will slowly penetrate the filter and
the trapped organic matters will gradually desorb resulting in the
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increase of the organic content of the water [29].
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Figure 2: Influence of cyanobacterial EPS on, (a) coagulation, and (b) filtration process.
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Threats of cyanobacterial EPS to water supply

People pay attention to the safety of water quality gradually rising
from treated water to supplied water. The investigation of the water
quality of 45 cities in China showed that the qualification rate of
water quality fell by nearly 20% after they were transferred out of
the treatment plant and passed through the water supply network,
of which the conventional microbial indicator of total bacteria
increased nearly 4 times [30,31]. The microbes would like to grow
on the surface of water pipe and accumulate into biofilm with
EPS in a long-term contact with water. The organic components
of cyanobacterial EPS would also provide sufficient carbon sources
for microbes and promote their reproduction. Therefore, the
residual cyanobacterial EPS remained in water will greatly
promote the growth of biological membrane in pipe network. As
we know, the removal efficiency of organic contaminants, such
as cyanobacterial EPS, is relatively low for most traditional water
treatment processes, a large amount of residual EPS remain in
water as organic nutrients to promote the growth of bacteria in
pipe network, even if using high residual chlorine, bacteria can
still exist in the distribution network [32]. Therefore, the residual
EPS and their organic derivatives are important factors restricting
the water quality and biological stability of water supply network,
which will directly threaten the safety of drinking water.

The Control Mechanisms of Cyanobacterial
EPS

At present, the cyanobacterial EPS as a kind of organic contaminant,
has not attracted enough attention, and their regulation and
degradation has not yet effectively carried out. A study showed that

the aggregation ability of cyanobacteria decreased by 27.6-57.4%
after the extraction of EPS [9], which indicates that the removal
of EPS would weaken the population growth of cyanobacteria
and play an important role in preventing cyanobacterial bloom.
Therefore, the regulation and degradation of cyanobacterial EPS
have important guiding significance for the effective control of
cyanobacteria pollution.

The removal of cyanobacterial EPS with physical
methods

The common physical method used for EPS removal is centrifugation,
but other physical and chemical auxiliary forms are often needed
during the centrifugation. Flaibani et al., [33] successfully realized
the efficient removal of cyanobacterial extracellular polysaccharides
by the high-speed centrifugation with 10000 g; Su et al., [34]
realized effective separation of soluble and bonded EPS of cyano-
bacteria by the low-speed centrifugation combined with 80°C water
bath method; and Xu et al., [9] using variable-speed centrifugation
combined with buffer extraction and 60°C water bath method
achieved the step-by-step removal different binding-state EPS.

In the process of centrifugation for EPS removal, attention should
be paid to the coordination of centrifugation force and removal
efficiency, avoiding the breakage of cyanobacterial cells and the
leakage of endotoxins. And in the action of auxiliary forms, there
are problems of protein denaturation caused by high temperature
and cyanobacteria rupture caused by chemical substances, there-
fore, the temperature of water bath, the composition of buffer
solution and other conditions should also be investigated.

Ultrasonic pretreatment could destroy the gas vesicles inside of
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the cyanobacterial cells and thus, increase the sedimentation of
cyanobacteria. However, the low-power ultrasonic treatment would
depolymerize the cyanobacterial groups, discrete the cyanobacterial
cells and weaken the adverse effects of EPS. High-power ultrasonic
treatment and long duration time would easily lead to the lysis
of cyanobacterial cells and the additional release of intracellular
toxins [35-37]. Therefore, the conditions for the implementation
of ultrasonic method are still questionable.

The activated carbon possesses micro-pore structure and many
functional groups such as hydroxyl radicals on the surface, which
could be easy to combine with the cyanobacterial EPS and remove
the organic matters [38]. However, the influence of cyanobacterial
cells and EPS on activated carbon technology is mainly reflected
on the adsorption saturation period with a high concentration
of cyanobacteria. The high presence of EPS will reduce the
adsorption effect of activated carbon and result in the bacteria
breeding. Besides, due to the athletic ability and applicability of
the cyanobacterial cells, parts of the cyanobacteria will continue
to grow in the high organic concentration on the surface of
activated carbon, which need to promptly carry out the desorption
of activated carbon [29].

The application of membrane separation technology in the purification
of drinking water has developed rapidly in recent years and is
considered to be the most promising advanced water treatment
technology. It mainly filters out algae, particles and other organic
pollutants like EPS by physical methods. Water assays from
ultrafiltration membrane treatment with high concentration of
algae showed that the ultrafiltration membrane had high removal
and retention efficiency for algae, bacteria, and turbidity [39].
Removal efficiency of membrane with pore size of 30 um could
reach to more than 98% but the destruction rate was less than 2%
[40]. Nonetheless, membrane fouling is easily caused at high algae
period. The cyanobacterial cells and EPS that remained on the
surface of the membrane could adhere to organic particles, increase
the transmembrane pressure and result in the dramatic reduction
of flux [41]. Therefore, the large amount of cyanobacterial EPS
has greatly increased the difficulty of membrane separation and
reduced the efficiency of membrane treatment. The adverse ef-
fects of membrane separation cannot be underestimated and the
application of this technique is difficult.

The degradation of cyanobacterial EPS with chemical
methods

The pre-oxidation is relatively established and effective
pretreatment for the control of cyanobacterial bloom. Chlorine
pre-oxidation, ozone pre-oxidation, and potassium permanganate
pre-oxidation are widely used to oxidize the EPS and enhance the
coagulation efficiency of cyanobacteria [42,43]. In comparison,
chlorine is a strong oxidant which can degrade most of the EPS
rapidly at lower oxidant dose, however, it also has a strong ability
to kill cyanobacteria and is more likely to destroy the cell structure
and reduce cell activity. While potassium permanganate as a better
choice, its performance of pre-oxidation is influenced by factors
such as morphology, motility and EPS content of cyanobacterial
cells. EPS adheres to the surface of cyanobacterial cells, which
would weaken the oxidation and consume more pre-oxidants. But

an excessive dose of pre-oxidants would lead to the disruption of
cyanobacterial cells and the release of intracellular toxins [13].
Therefore, the way of chemical pre-oxidation still needs to find
a coordinated treatment to keep the degradation efficiency and
ensure the cell integrity.

The residual EPS and other organic components of water rafter
filtration can still be degraded by disinfection process. However, the
potential threats of disinfection by-products should be considered.
It was found that EPS was easy to react with chlorine and produced
chlorinated disinfection by-products, accounting for 63% of the
trihalomethane production potential and 31.25% of the haloacetic
acid production potential, which affected the quality of treated
water [23,44]. Besides, a large amount of nitrogen-containing
organic matter can be easily converted into nitrogen-containing
disinfection by-products during disinfection, while the nitro-
gen-containing disinfection by-products are more toxic [23].
Therefore, as an important organic contamination source and the
main precursor of various disinfection by-products, the secondary
pollution of cyanobacterial EPS is the most important problem in
the process of chemical degradation.

The control of cyanobacterial EPS with
microbial methods

For a long time, the regulation of EPS mostly starts with physical
and chemical methods, while few focuses on the biodegradation
with the action of microorganisms. By now, only Colombo [45]
used glycosidases from heterotrophic microorganisms of Barra
Bonita integrated water sample for the degradation of EPS produced
by Anabaena spiroides and found that the EPS could be totally
consumed by the glycosidases, because the bacterial population was
able to grow using EPS as a carbon source. The EPS degradation
was found to occur in a two-phase process. The first consisted
of high enzymatic activity that consumed 41% of the EPS at a
relatively high rate, while the second consumed the remaining
59% at a slower rate. But the microbial action took longer time
and the enzymatic hydrolysis period was about 29 days. Besides,
this study ignored the pollution caused by the heterotrophic
microorganisms, thus even if it is feasible to control cyanobacterial
EPS by the method of microbial degradation, the water contamination
due to microbial factors should not be underestimated. In addition,
the degradation bacteria is anaerobic and it must be operated
under strict condition without oxygen, which will bring about
some new problems such as water body deterioration. By now,
the microbial method is still a controversial topic. Many countries,
especially the developed countries, are particularly careful to the
use of microbial method, in order to avoid a series of problems of
biological invasion, ecological balance destruction, etc. Therefore,
it is still necessary to evaluate comprehensively whether the
microbial regulation can be an effective method for cyanobacterial
EPS control, and the accuracy of objectives and operating costs
still need investigation.

Prospects

The formation and secretion of cyanobacterial EPS have important
influences on the integrity of cyanobacterial cells, the contamina-
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tion of cyanobacterial blooms and the performance of coagulation
during drinking water treatment processes. Currently, there are
many researchers around the world focusing on various methods
and strategies for the regulation and control of cyanobacteria
contamination. Many drinking water plants also carry out the
optimization and adjustment of water treatment processes for
cyanobacteria contaminated water sources. However, control
strategies mainly aim at the elimination of cyanobacterial cells and
the degradation of microcystins, but the regulation of cyanobacterial
EPSisstill insufficient. Therefore, a reasonable regulation of shedding
and degradation of cyanobacterial EPS becomes a technical
problem of water treatment processes. Based on the above analysis,
the most urgent problems during the cyanobacterial EPS studies
are as follows: (1) cyanobacterial EPS as a high organic content
contamination source, its contamination mechanism and control
method are not clear; (2) the extracellular wrapping of EPS hinders
the combination of cyanobacterial cells with flocculants, which
reduces the performance of flocculation and other water treatment
processes; (3) the residual cyanobacterial EPS has become an
important contributor to bacteria breeding in the pipe network, and
there is still no safe and efficient EPS degradation technology.
Therefore, the future research should focus on the comprehensive
and in-depth contamination mechanism analysis and reasonable
control methods of cyanobacterial EPS.
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