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The extracellular polysaccharide 
determine the physico-chemical 
surface properties of Microcystis
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1 Key Laboratory of Algal Biology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, 
China, 2 University of Chinese Academy of Sciences, Beijing, China

Microcystis possesses the capacity to form colonies and blooms in lakes and 
reservoirs worldwide, causing significant ecological challenges in aquatic 
ecosystems. However, little is known about the determining factors of physico-
chemical surface properties that govern the competitive advantage of Microcystis. 
Here, The physico-chemical surface properties of Microcystis wesenbergii and 
Microcystis aeruginosa, including specific surface area (SSA), hydrophobicity, zeta 
potential, and functional groups were investigated. Additionally, the extracellular 
polysaccharide (EPS) were analyzed. Laboratory-cultured Microcystis exhibited 
hydrophilic, a negative zeta potential and negatively charged. Furthermore, no 
significant relationship was shown between these properties and the cultivation 
stage. Microcystis wesenbergii exhibited low free energy of cohesion, high surface 
free energy, high growth rate, and high EPS content during the logarithmic phase. 
On the other hand, M. aeruginosa displayed lower free energy of cohesion, 
high surface free energy, high EPS content, and high growth rate during the 
stationary phase. These characteristics contribute to their respective competitive 
advantage. Furthermore, the relationship between EPS and surface properties 
was investigated. The polysaccharide component of EPS primarily influenced the 
SSA and total surface energy of Microcystis. Likewise, the protein component 
of EPS influenced hydrophobicity and surface tension. The polysaccharide 
composition, including glucuronic acid, xylose, and fructose, mainly influenced 
surface properties. Additionally, hydrophilic groups such as O–H and P–O–P 
played a crucial role in determining hydrophobicity in Microcystis. This study 
elucidates that EPS influenced the SSA, hydrophobicity, and surface free energy 
of Microcystis cells, which in turn impact the formation of Microcystis blooms 
and the collection.
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1 Introduction

Cyanobacterial blooms are a significant environmental issue in aquatic ecosystems (Qu 
et  al., 2014). Common genera that form blooms include Microcystis, Anabaena (or 
Dolichospermum), Aphanizomenon, Cylindrospermopsis and others (Huisman et  al., 2018). 
Among these, Microcystis is the dominant genus in eutrophic freshwaters worldwide (Xiao et al., 
2018). Every year, freshwater lakes with important ecological functions in China, such as Taihu 
Lake, Chaohu Lake and Dianchi Lake, experience varying degrees of cyanobacterial blooms, 
with Microcystis as the predominant species (Li et al., 2018; Tang et al., 2018). Microcystis 
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exhibits a competitive advantage over other organisms in aquatic 
environments due to its buoyancy regulation, specialized storage 
strategies, efficient nitrogen uptake, and resistance to zooplankton 
(Xiao et al., 2018).

In several lakes and reservoirs, the predominant species 
responsible for the formation of blooms were M. wesenbergii and 
M. aeruginosa, among other common Microcystis species such as 
M. ichthyoblabe (Zhu et al., 2016). Microcystis wesenbergii and 
M. aeruginosa exhibit alternating blooms in different seasons or 
depths in the water column, indicating a strong competitive advantage 
between these two Microcystis species (Zhu et  al., 2015). In Lake 
Taihu, M. wesenbergii dominated at water temperatures above 27°C, 
while M. aeruginosa dominated at temperature between 22°C and 
25°C (Otten and Paerl, 2011). Numerous studies have investigated the 
relationship among light, temperature, and nutrient competition in 
Microcystis spp. (Yue et al., 2014a,b). For instance, the growth rate of 
M. wesenbergii from Japan remained relatively stable within a 
temperature range of 20°C–35°C. On the other hand, the growth rate 
of M. aeruginosa showed an increase as the temperature rose. 
Furthermore, no significant difference in the growth rate between 
M. aeruginosa and M. wesenbergii was observed under the same light 
conditions (Imai et  al., 2009). The algal-bacterial relationships of 
different microcystic algae in nature have also been studied (Zhang 
et al., 2021; Le et al., 2022). Additionally, the surface characteristics of 
cells, including EPS, charge, and hydrophobicity play a crucial role in 
non-specific adhesion of Microcystis to various biotic and abiotic 
surfaces (colony formation) and competitive advantage. However, the 
surface characteristics of Microcystis have received little attention.

Physicochemical properties of microbial cell surfaces such as 
hydrophobicity, surface tension, contact angle, and surface energy had 
been studied extensively (Barros et al., 2019). Previous researches have 
primarily focused on energy microalgae, with the aim of efficient 
harvesting through flocculation (Zhang et al., 2012). However, limited 
research has been conducted on cyanobacteria. Liu L. et al. (2016) 
reported that laboratory-cultured Microcystis exists single cells, while 
wild Microcystis forms colonies based on the zeta potential and 
hydrophobicity. Additionally, the surface features of cells and colony 
formation are directly influenced by the characteristics of 
cyanobacterial extracellular polymeric substances (EPS; Liu et al., 
2018). The content, composition, and monosaccharide components of 
EPS directly determine the surface properties of cells, including the 
presence of non-sugar components such as uronic acids, pyruvic acid, 
phosphate, and acyl groups. These non-sugar components contribute 
to the overall negative charge of EPS and provide binding and 
adsorption properties to these types of polymers (Gupta and Diwan, 
2017). Surface adhesions a key factor in determining the self-
aggregation capacity of cells (Zhang et al., 2020), and also affects the 
collection efficiency of cells (Yu et al., 2018). However, the surface 
characteristics of Microcystis are still poorly understood.

This study aimed to examine the cell surface properties of 
M. wesenbergii and M. aeruginosa, specifically focusing on cell surface 
area, hydrophobicity, zeta potential, and surface free energy. 
Additionally, we  investigated the variations in EPS contents and 
composition at different cultured stages. Our analysis focused on 
understanding the interactions between cell surface characteristics 
and EPS. The findings of this study contribute to our understanding 
of bloom formation (Microcystis aggregation) and shed light on the 
competitive advantage of these two strains. Furthermore, the insights 

gained from this research may have implications for the development 
of flocculation collection techniques, such as co-coagulation flotation.

2 Materials and methods

2.1 Microcystis and cultivation

Microcystis aeruginosa and Microcystis wesenbergii were isolated 
from water samples collected from Meiliang Bay Meiliang Bay in Lake 
Taihu in June and November 2008 (M. aeruginosa was isolated by Yue 
Tao, and M. wesenbergii was isolated by Li Renhui), which are typical 
of single populations with different morphotypes. Single colonies were 
isolated using a light microscopy (Leica, Leica Microsystems, Wetzler, 
Germany) and purified using a series of BG-11 agar plates until the 
cultures were axenic. Subsequently, they were identified through 16S 
rRNA and gvpA-gvpC ITS sequence analysis (Supplementary Figure 5). 
These colonies were then maintained aseptically in BG11 medium in 
our laboratory (Yue et  al., 2014a,b). The stock cultures were 
maintained in a sterilized BG11 medium containing 1.5 g NaNO3, 
40 mg K2HPO4, 75 mg MgSO4 ⋅ 7H2O, 20 mg Na2CO3, 36 mg CaCl2 ⋅ 
2H2O, 6  mg ammonium ferric citrate, 6  mg ammonium citrate 
monohydrate, 1 mg EDTA, 2.86 μg H3BO3, 1.81 μg MnCl2 ⋅ 4H2O, 
0.222 μg ZnSO4 ⋅ 7H2O, 0.39 μg Na2MoO4 ⋅ 2H2O, 0.079 μg CuSO4 ⋅ 
5H2O, 0.050 μg CoCl2 ⋅ 6H2O in 1  L water. Microcystis spp. were 
cultivated in 5 L Erlenmeyer flasks containing 4 L with continuous 
illumination under 40 μmol m−2 s−1 in a temperature-controlled 
incubator (25°C ± 2°C). The initial inoculum biomass was controlled 
at about 0.5 mg L−1 of Chlorophyll a (Chl.a) with a continuous aeration 
at 0.5 L min−1. All the experiments were conducted in triplicate. The 
microalgal cells were harvested at logarithmic phase after 30-day 
cultivation and stationary phase after 60-day, and used for the 
subsequential analyses.

Microcystis colonies in the field were isolated and obtained from 
Lake Taihu in September 2023. The samples were collected using a 
plankton net positioned approximately 0.5 m above the water surface. 
Morphological classification using a light microscope was used to 
identify the Microcystis algal strains. Only individual Microcystis 
populations that were free of visible impurities and stray algae were 
selected. These populations were then rinsed with sterile water and 
inoculated in test tubes containing BG11 medium at 25°C. After 15 
days of incubation, samples were taken for zeta potential and contact 
angle determination.

2.2 Physiology analysis

A 10 mL suspension of microalgal cells was centrifuged at 
12,000 rpm for 5 min. The cells sediment was mechanically broken in 
a mortar with the addition of quartz sand and then resuspended in 2 
mL 95% (v/v) ethanol. This suspension was kept in the dark at 4°C for 
12 h. Subsequently, the cell suspension was centrifuged for 5 min at 
10,000 rpm. The absorbencies of 663, 490, and 384 nm were measured 
by spectrophotometer, and the content of pigment (mg L−1) was 
calculated using the following equations: Chl.a = 1,000 × (1.02 × A663 
− 0.027 × A384+ 0.01 × A490)/92.5.

Cell diameters (d) were measured using a microscope (Nikon 
ECLIPSE 80i, Japan) and dry weight (DW, g L−1) was measured by 
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difference method. The Donnan volume (DV, m3 g−1) was calculated 
using the following equations: DV = 1/DW × 1,000. The specific 
surface area (SSA, m2 g−1) was calculated using the following 
equations: SSA = S/m = dv × S/V = dv × 4πr2/(4/3 × πr3) = 6 × DV/d × 106. 
The surface area per cell (CSA, μm2 cell−1) were calculated using basic 
geometric shapes as described by Henderson R. et  al. (2008) and 
dry weight.

2.3 Monosaccharide composition and EPS 
analysis

The EPS matrix was fractionated into the soluble EPS (sEPS, or 
released polymeric substance, RPS) and bound EPS (bEPS, or capsular 
polymeric substance, CPS), which are released into the surrounding 
environment, and which are tightly bound to the cell surface (De 
Philippis, 1998). The bEPS was also fractionated into the loosely 
bound EPS (LB-EPS) and tightly bound EPS (TB-EPS). To extract the 
algae cells and supernatant, 1,000 mL of algal solution was centrifuged 
at 8000 rpm for 10 min. The algae cells were then washed three times 
with distilled water and vacuum freeze-dried (Christ ALPHA 1-2 LD 
plus, Germany) to obtain dry algae. The CPS were extracted from the 
dry algae (Supplementary material; Supplementary Figures 1–3) with 
less debris. 100 mg of cells was added into 10 mL of 0.05% NaCl 
solution, maintained at 60°C for 60 min, and then passed through 
GF/C Whatman glass microfiber filters (Whatman International Ltd., 
Maidstone, United  Kingdom). Microscopic observation was 
conducted by staining with India ink to ensure the extract has not 
been contaminated from intracellular or extracellular substances. 
Then, the supernatant was dialyzed with distilled water in a Spectrapor 
dialysis tube with a molecular weight cut-off of 3,500 Daltons 
(Spectrum China, Shanghai, China). The polysaccharide and protein 
content in RPS were determined from the supernatant. EPS content 
refers to the total (mg g−1) of RPS and CPS content (Ge et al., 2014). 
The polysaccharide content was determined using the phenol sulfuric 
acid method, with glucose as the standard sample, while the protein 
content was determined using the Bradford assay using bovine serum 
albumin. The CPS and RPS liquid was isolated to neutral part, acidic 
I  polymers and acidic II polymers (Supplementary material; 
Supplementary Figure 4).

The monosaccharide composition of EPS was measured using the 
method by Hokputsa et al. (2003). In briefly, 1 mg of dry weight CPS 
and RPS samples were subjected to methanolysis using 4  M 
hydrochloric acid in anhydrous methanol at 80°C for 24 h. To ensure 
accurate measurements, mannitol was added as an internal standard 
prior to performing trimethylsilylation. The trimethylsilylated samples 
were analyzed using gas chromatographic analysis (GC-Orbitrap-MS, 
Thermo Scientific TRACE 1310-EXACIVE GC). The content of each 
monosaccharide was calculated based on its content in CPS and RPS.

2.4 Surface physicochemical parameters

2.4.1 Zeta potentials analysis
A 10 mL suspension of microalgal cells was prepared by 

centrifuging at 2,000 g for 20 min. The resulting pellet was washed 
three times with wate. The pellet was then resuspended in a 0.1 M 
NaNO3 solution and the pH was adjusted from 2 to 8. The zeta 

potential was determined using a ζ-potential analyzer (Malvern, 
Zetasizer Nano, ZS90) at room temperature, and the value obtained 
represents the zeta potential in millivolts (mV).

2.4.2 Hydrophobicity characterization
The hydrophobicity of the cell surface was evaluated using the 

method described by Rosenberg et al. (1980). The initial content of 
chlorophyll a (chl.a 0) was determined using a 10 mL suspension of 
microalgal cells. The cells were then resuspended in a phosphate 
buffer. Subsequently, 2 mL of organic solvents (hexane, ethyl acetate, 
chloroform) were added to 8 mL of cell suspension. The two-phase 
system was vortexed for 2 min and allowed to settle for 20 min. The 
chlorophyll a content of the algal cells in the organic phase was 
measured as Chl.a. The percentage hydrophobicity (H) was calculated 
as Equation (1):

 H Chl a Chl a Chl a= −( ) ×. . / . %0 0 100  (1)

2.4.3 Contact angles determinations
The cells were suspended in ultrapure water and filtered through 

a glass fiber membrane with a pore size of 0.45 μm. The membranes 
were then stored in agar petri dishes containing 1% (w/v) 10% (v/v) 
glycerol for 2 h to ensure consistent moisture content. Afterward, the 
membranes were then air-dried for 60 min to achieve a relatively 
stable contact angle. The contact angle was determined using water 
(θW), diiodomethane (θD) and formamide (θF) as reference liquids, 
following the according the method described by Williams 
et al. (2011).

2.4.4 Free energy of adhesion determinations
The surface free energy of the algae lawns was calculated using the 

Lifshitz-van Waals/acid–base approach (the LW/AB method). This 
method decomposes the surface free energy (γ) into two components: 
Lifshitz-van der Waals component (γLW) and Lewis acid–base 
component (γAB), which further splits into a Lewis acid component 
(γ+) and a Lewis base component (γ−). The LW/AB method can 
be mathematically expressed as Equations (2)–(4):

 
γ θ γ γ γ γ γ γl s

LW
l
LW

s l s lcos1 2 2 2+( ) = ( ) + ( ) + ( )+ − − +

 
(2)

 
γ γ γs
AB

s l= ( )+ −2
 

(3)

 γ γ γ= +LW AB
 (4)

where θ is the contact angle, subscripts of “s” and “l” refer to the 
surface and probe liquid, respectively. In Equation (2), the contact 
angle of the apolar liquid, diiodomethane, was used to quantify the 
apolar surface energy component γs

LW, since γl
− and γl

+ are both equal 
to zero (van Oss, 1993). Additionally, the contact angles measured 
with the other two probe liquids, water and formamide, were utilized 
to calculate the remaining two unknown surface energy parameters, 
γs

− and γs
+.
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According to the Derjaguin, Landau, Verwey, and Overbeek 
(DLVO) theory, the degree of hydrophilicity and hydrophobicity of 
the algae surfaces were determined by evaluating their free energy of 
cohesion (ΔGcoh), as described in Equation (5):

 
∆Gcoh s

LW
l
LW

s l s l s s l l= − −





 + + − −







+ − − + + − + −
2 4

2

γ γ γ γ γ γ γ γ γ γ 
 

 (5)

where subscripts s and l, respectively, refer to the surface and 
water. If ΔGcoh < 0, the surface–surface interaction is stronger than 
the interaction of the surface with water, and the material is treated as 
hydrophobic. In contrast, the material is hydrophilic if ΔGcoh > 0. 
Additionally, the free interfacial energy (or total surface tension, GTOT) 
was calculated based on the extended Derjaguin−Landau−Verwey−
Overbeek (XDLVO) theory (van Oss, 1993).

2.4.5 Fourier transform infrared spectroscopy
A 10 mL algal solution was centrifuged at 5,000 rpm for 10 min 

to collect the algal cells. The cells were then vacuum freeze-dried 
and mixed with KBr powder (1:100, wt/wt). The mixture was 
processed by pressing and the transmission infrared spectra were 
recorded using an infrared spectrometer (NEXUS, Thermo 
Nicolet). The spectrometer had a scanning range of 4,000 to 
500 cm−1 and a resolution of 2 cm−1. The recorded spectra were 
analyzed using OMNIC software.

2.5 Statistical analysis

Results are averages of triplicates, and the values in each graph and 
table are shown with 5% error bars. t test was performed using SPSS 
24.0 package (SPSS, Chicago, IL), with values of 0.05 selected 
as significance.

3 Results

3.1 Microalgal growth and cells 
physico-chemical characterization

3.1.1 Microalgal growth and morphology
Microcystis cells are spherical or sub-spherical in shape and are 

enveloped by a layer of uniform, non-layered, transparent and 
colorless glue at different stages (Figure  1). As the culture time 
increased, the size of the cells also tended to increase. Both strains of 
Microcystis exhibited the similar growth rate. Microcystis wesenbergii 
exhibited a higher growth rate during the early stage of logarithmic 
growth, whereas M. aeruginosa exhibited a higher the growth rate 
during the late logarithmic growth stage. These findings indicated that 
both strains of Microcystis possess relatively strong competitiveness. 
The SSA and CSV of both strains of Microcystis decreased with culture 
time (Figure 1D). For M. wesenbergii, the SSA decreased from 4902.95 
to 710.27 m2 g−1 (a decrease of 85.5%) and for M. aeruginosa, the SSA 
decreased from 5963.65 to 1532.95 m2 g−1 (a decrease of 74.3%). The 
CSV decreased by 16.5 and 10.7% for M. wesenbergii and 

M. aeruginosa, respectively. These results highlight the significant 
influence of biomass on SSA.

3.1.2 Cell surface hydrophobicity
Figure  2 illustrates the hydrophobicity of Microcystis in 

different solvents, namely hexane (a non-polar solvent), ethyl 
acetate (a polar alkaline solvent), and chloroform (a polar acidic 
solvent). In polar solvents, the hydrophobicity of M. wesenbergii 
increased with culture time, while in polar alkaline solvents, the 
hydrophobicity decreased. On the other hand, the hydrophobicity 
of M. aeruginosa showed the opposite trend. During the 
logarithmic phase, the hydrophobicity of M. wesenbergii in 
non-polar solvents was significantly lower than that of 
M. aeruginosa. However, during the stationary phase, the 
hydrophobicity of M. wesenbergii in non-polar solvents was 
significantly higher than that of M. aeruginosa. Additionally, 
Microcystis had a lower affinity for chloroform (a polar acidic 
solvent) compared to ethyl acetate (a polar alkaline solvent). The 
hydrophobicity of Microcystis cell surface in hexane was less than 
50%, indicating that the cell surface of Microcystis was hydrophilic.

3.1.3 Contact angle and surface free energy
Contact angle and surface free energy could directly influence 

the hydrophobicity. As shown in Table 1, the contact angles with 
water (θW), formamide (θF), and diiodomethane (θD) on 
M. wesenbergii increased with culture time. For M. aeruginosa, θw 
increased with culture time, while θF and θD decreased. During 
the logarithmic phase, θw on M. wesenbergii was significantly 
higher than that of M. aeruginosa, whereas θF and θD on 
M. wesenbergii were significantly lower than those on 
M. aeruginosa. Conversely, during the stationary phase, θw on 
M. wesenbergii was not significantly different from that on 
M. aeruginosa, but θF and θD were significantly higher. In 
conclusion, the water contact angles on Microcystis were always 
less than 90°. Additionally, the change of θW in Microcystis from 
logarithmic phase to stationary phase was more than that of other 
algal strains (Supplementary Figure 6).

According to van Oss (1993), microalgae cells were 
considered hydrophobic when γs

− ≥ 28.3 mJ m−2 or ΔGcoh > 0, and 
hydrophilic when γs

− < 28.3 mJ m−2 or ΔGcoh < 0. Table 1 shows 
that the surface of Microcystis cells was hydrophilic, which was 
not directly related to the culture stage. The ΔGcoh of 
M. wesenbergii and M. aeruginosa decreased with culture time, 
indicating that cells tended to gather into colonies during the 
stationary phase. In this phase, the hydrophobicity degree of 
M. wesenbergii (high ΔGcoh value) was significantly higher than 
that of M. aeruginosa. However, the change pattern of 
hydrophilicity reversed in the logarithmic phase. In terms of γs, 
the γs values of M. aeruginosa increased with culture time, while 
the γs values of M. wesenbergii decreased. Moreover, the γs values 
of both strains of Microcystis during the stationary phase were 
smaller than those during the logarithmic phase. The surface free 
energy of M. aeruginosa was lower than that of M. wesenbergii 
during the logarithmic phase. However, during the stationary 
phase, the opposite was observed. The nonpolar surface free 
energy (γs

LW) of M. aeruginosa remained constant throughout the 
culture time, with no significant difference in γs

LW between 
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M. wesenbergii and M. aeruginosa. These findings suggest that the 
overall surface free energy and adhesion free energy of Microcystis 
are determined by the polar surface free energy. Additionally, the 
Supplementary Figure  6 shown that Microcystis differed 
significantly from other algal strains in ΔGcoh and zeta. 
However, the surface of colonial Microcystis cells was hydrophobic 
(ΔGcoh < 0; Supplementary Figure 7).

3.1.4 Physical intercellular interactions
The surface charge of microalgae is an important characteristic of 

the cell surface. The zeta potential, which refers to the potential of the 
shear layer on the surface of charged particles, is widely used to 
describe the electrostatic interaction between colloidal particles and 
is an important indicator of the stability of colloidal systems. The 
surface charge of microalgae is influenced by the surface structure and 
EPS of the cells (Zheng et  al., 2019). Microalgal cells produce a 
significant amount of proteins and sugars both inside and outside the 
cell membrane, leading to an increase in the negative charges of 
microalgae. This increase in the absolute value of zeta potential 
enhances the electrostatic repulsion between microalgae cells, making 
it difficult for them to coagulate and promoting a more even 
distribution in the medium. Therefore, the absolute value of the zeta 
potential can serve as an indicator of the stability of the cell suspension.

Figure 3 shown the zeta potential of Microcystis cells at different 
growth stages and pH levels. The zeta potentials of Microcystis were 
consistently negative throughout different growth stages, indicating 
the presence of negative charges. Additionally, according to the theory 
of electric double layer structure (Felix et al., 2014), the binding of 
OH− ions (and/or release of H+ ions) is the main mechanism for 
charging the particle surface. The negative charges initially increased 
and then remained stable as the pH levels increased. And, the negative 
charges of M. aeruginosa and M. wesenbergii showed no significant 
change (−11.32~−12.07) from the logarithmic phase to the stationary 
phase. Thus, the negative charges of Microcystis remain relatively 

FIGURE 1

Growth and morphology of Microcystis. (A) Microcystis wesenbergii. (B) Microcystis aeruginosa. (C) Growth curves of Microcystis. (D) Key cell 
characterization data for Microcystis. L, Logarithmic phase; S, Stationary phases.

FIGURE 2

The hydrophobicity of the Microcystis cells under different growth 
phases.
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stable and do not vary with the duration of growth. Furthermore, 
there was no significant difference in the zeta potential between these 
both strains of Microcystis (p > 0.05). However, the absolute value of 

zeta was higher in the colonial Microcystis compared to the unicellular 
cells. Additionally, the absolute value of zeta in M. wesenbergii was 
slightly higher than that in M. aeruginosa.

TABLE 1 Contact angles and surface physicochemical properties determined for cyanobacteria.

Contact angles of the 
probe liquids (°)

Free energy components (mJ m−2) Zeta 
(mV)

Microalgae stain θw θF θD γs
LW γs

AB γs γs
+ γs

− ΔGcoh ζ References

Microcystis wesenbergii 

(L) 26.0 ± 0.5 26.6 ± 0.7 31.2 ± 0.5 43.7 ± 0.2 6.6 ± 0.6 50.3 ± 0.5 0.2 ± 0.0 50.6 ± 0.7 30.3 ± 1.2 −12.07 ± 0.74

M. wesenbergii (S) 32.3 ± 0.6 32.3 ± 0.4 32.1 ± 0.2 43.4 ± 0.1 4.4 ± 0.3 47.7 ± 0.2 0.1 ± 0.0 47.5 ± 0.5 27.6 ± 0.8 −11.93 ± 0.57

Microcystis aeruginosa 

(L) 22.3 ± 0.3 31.2 ± 0.3 31.9 ± 0.4 43.4 ± 0.2 2.9 ± 0.4 46.3 ± 0.3 0.0 ± 0.0 57.6 ± 0.3 42.0 ± 0.6 −11.32 ± 0.85

M. aeruginosa (S) 32.0 ± 0.3 27.7 ± 0.4 26.8 ± 0.3 45.5 ± 0.1 5.2 ± 0.2 50.7 ± 0.2 0.2 ± 0.0 44.9 ± 0.3 22.1 ± 0.5 −11.85 ± 0.21 This study

M. aeruginosa LEGE 

91344 (L) 44.8 ± 5.5 37.1 ± 1.6 36.4 ± 8.4 35.9 ± 0.7 10.7 ± 2.8 46.6 0.5 ± 0.4 57.4 ± 7.6 43.4 ± 15.5

Gonçalves et al. 

(2015)

S. salina LEGE 06079 (L) 51.9 ± 8.0 37.3 ± 1.0 73.6 ± 1.1 35.8 ± 0.4 0.0 ± 0.0 35.8 0.0 ± 0.0 22.6 ± 3.2 −10.2 ± 6.6

Synechococcus sp. ATCC 

27184 (L) 64 66 61 28.3 0 28.3 0 31.7 10.9 −32.2

Ozkan and 

Berberoglu 

(2013)

A. variabilis ATCC 

29413 (L) 114 71 45 37 0 37 0.3 0 −94.9 −16.80

A. variabilis (S) 97.5 ± 1.5 74 ± 2.1 a 86 ± 3 b 29.19 0 29.19 5.47 0 −55.85 −11.00 Hao et al. (2017)

Synechocystis sp. 28.3 3.9 32.2 0.4 10.2 0.1

Volpe and 

Siboni (1997)

A. variabilis 37 0 37 0.2 0 −100.3

Acontact angle with glycol; bcontact angle with glycerol; L, Logarithmic phase; S, Stationary phases; θW, contact angle with water; θF, contact angle with formamide; θD, contact angle with 
diiodomethane; γs

LW, Lifshitz-van der Waals component of the surface free energy; γs
AB, Lewis acid–base component of the surface free energy; γs, surface free energy; γs

−, electron donor 
component; γs

+, electron acceptor component; ΔGcoh, the free energy of cohesion; AB, refers to acid–base, i.e., polar component; LW, refers to Lifshitz-van der Waals, i.e., dispersive component; 
+, refers to electron acceptor parameter; −, refers to electron donor parameter; ξ, Zeta potential (mV).

FIGURE 3

The zeta potential of Microcystis under different growth phases (A), and pH (B). L, Logarithmic phase; S, Stationary phases.
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3.2 Cell surface functional groups under 
different growth stage

Cell surface functional groups were analyzed using ATR-FTIR 
spectroscopy (Ferro et al., 2019). There were no marked differences in 
the spectra characteristic bands of strains corresponding to lipids, 
including—CH3, CH2, C–H functional groups [3,050–2,800 and 
1,480–1,330  cm−1 (Wood et  al., 2008)], carbohydrates, including 
C–O–C, C–OH, and P–O–P functional groups [1,200–950  cm−1 
(Castro et al., 2010)], nucleic acid backbone conformations, including 
P=O [1,250–1,000 and 1,000–800 cm−1(Liu Y. K. et al., 2016)], and 
amide I, II, and III, including NH, C–N, C=O [1,660–1,500 cm−1, 
1,385–1,300 cm−1 (Yee et al., 2004)].

The absorption peaks of various functional groups on the surface 
of Microcystis cells were observed within the spectral ranges of 
918–1,737 cm−1 and 2,855–3,304 cm−1 (Figure 4). Comparatively, the 
absorption peaks of groups in the stationary phase were stronger than 
those in the logarithmic phase, indicating the presence of more 
functional groups involved in cell aggregation during the stationary 
phase. Notably, the increase in absorption peaks of all groups on 
M. aeruginosa during the stationary phase was significantly higher 
than that on M. wesenbergii. The absorption peak of the O–H group 
on M. wesenbergii remained unchanged throughout the growth stages, 
whereas the absorption peak of the O–H functional group on 
M. aeruginosa during the stationary phase was significantly higher 
than that during the logarithmic phase. Additionally, the content of 
functional groups on M. aeruginosa was lower than that on 
M. wesenbergii, with a reversed stability period 
(Supplementary Table  1). These results showed that more O–H 
functional groups were present on M. aeruginosa cell surface during 
the stationary phase, which could result in a more negatively charged 
cell surface. This enhanced negative charge would promote the 
adsorption of metal ions in the solution, leading to the colony 
formation. The absorption peak of alkyl group (CH2/CH3 vibrations) 
on M. wesenbergii remained by the growth stage. However, in the case 
of M. aeruginosa, the alkyl absorption peak during the stationary 
phase was significantly higher compared to the logarithmic phase. 
During the logarithmic phase, the alkyl group on M. aeruginosa was 
lower than that on M. wesenbergii, whereas the opposite was observed 
during the stationary phase. The alkyl group plays a crucial role as the 

primary hydrophobic component. Although the entire cell surface is 
hydrophilic, the decrease in hydrophilicity during the stationary phase 
may be  attributed to the increased presence of alkyl groups. The 
absorption peaks of carbonyl groups (C=O) were predominantly 
observed at 1,622–1,657 and 1,685–1,789 cm−1. The range of 1,622–
1,657 cm−1 could be assigned to the C=O double-bond stretching 
vibration in the amide I band, while the range of 1,685–1,789 cm−1 
corresponds to the C=O bond stretching vibration in the free carboxyl 
group. Peaks representing C–N/N–H group were present at 1,622–
1,657 cm−1, which were associated with the amide II band. Peaks 
representing P=O double-bond asymmetric stretching were observed 
at 1,239 cm−1, and are characteristic of nucleic acid or phosphorylated 
polysaccharides. The absorption peaks corresponding to the C–O–C, 
C–O–P, and P–O–P ring vibrations of polysaccharides were mainly 
observed in the range of 900–1,200 cm−1, which can be attributed to 
the mixed peaks of carbohydrates. These changes are similar to the 
alterations observed in the aforementioned alkyl and OH groups.

3.3 EPS and monosaccharide composition

EPS, a viscous substance produced by cyanobacteria cells, serves 
as a protective barrier against the external environment, such as 
drought resistance, high salt resistance, ultraviolet radiation resistance, 
colony formation, and protozoan predation (Pereira et al., 2009; Sun 
et al., 2020). The dominance of polysaccharide content in EPS was 
shown in Figure 5A. The EPS content of M. wesenbergii decreased 
significantly with culture time, while the EPS content of M. aeruginosa 
increased significantly. Moreover, during the logarithmic phase, the 
EPS content of M. wesenbergii was significantly higher than that of 
M. aeruginosa, but this trend reversed during the stationary phase. 
These observations aligned with changes in cell surface free energy 
and surface functional groups, but contradicts the law of cell adhesion 
free energy. In term of EPS fraction (Supplementary Figure 4), the 
neutral fraction of CPS in Microcystis cells decreased with culture 
time, while acidic fractions increased, mainly acidic I  polymers. 
Additionally, the proportion of acidic fraction in EPS was higher 
during the stationary phase. The main monosaccharide components 
of the both Microcystis strains (Figure 5B; Supplementary Figure 8) 
include alduronic acid, glucose, arabinose, and galactose. The 

FIGURE 4

ATR-FTIR spectrum of Microcystis wesenbergii and Microcystis aeruginosa under different growth phases.
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glucuronic acid abundance of EPS in M. wesenbergii increased with 
culture time, whereas decreased in M. aeruginosa. Furthermore, the 
glucuronic acid abundance of EPS in M. wesenbergii was significantly 
higher than that in M. aeruginosa during the logarithmic phase, but 
becomes equal during the stationary phase. On the other hand, the 
galacturonic acid concentration increased with culture time in both 
strains of Microcystis. However, the content of galacturonic acid in 
M. wesenbergii consistently remained lower than that in M. aeruginosa, 
regardless of the growth phase.

Figure 5B demonstrated that the total uronic acid content was 
notably higher during the stationary phase compared to the 
logarithmic phase. Furthermore, the uronic acid content in 
M. wesenbergii consistently remained lower than that in M. aeruginosa. 
Conversely, the glucose and arabinose contents of EPS during the 
stable period were significantly lower than those during the 
logarithmic period. Moreover, the glucose and arabinose contents of 
EPS in M. wesenbergii consistently remained higher than those in 
M. aeruginosa, which contradicted the trend observed for uronic acid. 
The galactose content of EPS in M. wesenbergii increased with culture 
time, while decreased in M. aeruginosa. Moreover, the galactose 
content in M. wesenbergii during the logarithmic phase was 
significantly higher than that in M. aeruginosa. In the stationary 
phase, the proportion of galactose in both Microcystis strains was 

identical, reflecting the change observed in glucuronic acid. In 
summary, as the culture time, the monosaccharides that significantly 
decreased were glucose and arabinose, while galacturonic acid showed 
a significant increase. Additionally, glucuronic acid and galactose 
increased in M. wesenbergii but decreased in M. aeruginosa.

3.4 Interrelationship of EPS and functional 
groups with cell surface properties

The relationship between the characteristics of EPS (including 
content, composition, and functional groups) and the cell surface 
properties of Microcystis (such as SSA, charges, surface free energy, 
surface tension, and hydrophobicity) was depicted in Figure  6. 
Regarding hydrophobicity, the surface hydrophobicity of Microcystis 
was found to be negatively correlated with EPS content, mainly due to 
the protein content in EPS. This suggests a higher abundance of 
hydrophilic amino acids in the protein, along with the arabinose and 
glucose concentrations in EPS, as well as O–H and P–O–P groups 
(Supplementary Figure  9). On the other hand, the surface 
hydrophobicity of Microcystis showed a significant positive correlation 
with xylose, glucuronic acid, and fructose. Notably, M. wesenbergii 
exhibited a significant positive correlation between hydrophobicity 
and most functional groups, whereas M. aeruginosa displayed the 
opposite trend. Finally, two hydrophilic groups, O–H and P–O–P, 
were identified as key factors influencing the hydrophobicity of 
Microcystis, with P–O–P primarily found in lipopolysaccharides.

The SSA of Microcystis showed a significant positive correlation 
with the polysaccharide content in EPS and neutral fraction of CPS, 
as well as with arabinose and galactose concentrations in 
EPS. Meanwhile, SSA of Microcystis exhibited a significant negative 
correlation with most relevant functional groups and acidic fractions 
of CPS, as well as with the presence of rhamnose and mannose. The 
relationship between the surface tension of Microcystis and the protein 
content in EPS, as well as the most relevant functional groups, was 
found to be  significantly positive. On the other hand, there were 
significant negative correlations with the monosaccharide composition 
of fructose, xylose, and glucuronic acid. The adhesion free energy of 
Microcystis and GTOT showed a significant positive correlation with the 
polysaccharide content in EPS, as well as with the monosaccharide 
composition of fructose, galactose, xylose, and glucuronic acid. On 
the other hand, there was a significant negative correlation with 
rhamnose and most functional groups. Therefore, the presence of 
polysaccharides in EPS primarily influenced the SSA and total surface 
energy of Microcystis cells, while proteins in EPS influenced 
hydrophobicity and surface tension. Glucuronic acid, xylose, and 
fructose in the polysaccharide composition mainly impacted the 
surface properties. The hydrophilic groups O–H and P–O–P were 
identified as key factors influencing the hydrophobicity of Microcystis.

4 Discussion

Microcystis sp. is a unicellular microorganism with remarkable 
phenotypic plasticity, which frequently causes the formation of 
colonies and algal blooms in lakes and reservoirs worldwide (Xiao 
et al., 2018). In addition to particular adaptation characteristics like 
buoyancy regulation, cell surface charge and hydrophobicity, notably 

FIGURE 5

EPS contents (A) and monosaccharide composition contents of EPS 
(B) for Microcystis at different growth phases. GluA, glucuronic acid; 
GalA, galacturonic acid; Xyl, xylose; Rha, rhamnose; Man, mannose; 
Glu, glucose; Gal, galactose; Fuc, Fucose; Fru, fructose; Ara, 
arabinose. L, Logarithmic phase; S, Stationary phases.
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EPS, also play a role in the development of Microcystis colonies or 
blooms. Additionally, different morphologies of Microcystis can result 
in successional blooms in lakes. This begs the question of how 
Microcystis achieves a competitive edge.

4.1 Physico-chemical surface properties of 
Microcystis

In terms of cell growth, size and morphology, M. wesenbergii 
had a higher growth rate in the pre-logarithmic phase and a lower 
growth rate in the late-logarithmic phase. Additionally, biomass 
had a significant impact on SSA. The SSA of Microcystis was 50 
times more than that of the unicellular Synechococcus sp. (76 and 
88 m2 g−1; Dittrich and Sibler, 2005). The CSV values of the two 

Microcystis strains were similar to those reported by Henderson 
R. et  al. (2008), indicating that the large SSA can enhance the 
ability of Microcystis to adsorb substances in the liquid phase 
(Cheng et al., 2019). The SSA was widely recognized as an initial 
parameter for evaluating the flocculation potential. In the context 
of Microcystis removal through flocculation, a higher SSA value 
indicates a greater demand for flocculant dosage (Henderson 
R. et al., 2008). The analysis of contact angle, adhesion free energy, 
and surface free energy (Table  1) revealed that both strains of 
Microcystis cultivated in the laboratory exhibit hydrophilic 
characteristics. However, there were noticeable variations in 
hydrophobicity between M. wesenbergii and M. aeruginosa, 
especially in the composition of the non-polar region of the cell 
surface. The discrepancy may contribute to the differential 
occurrence of Microcystis blooms in different seasons. Notably, 

FIGURE 6

The relation between cell surface characterization and EPS content, composition and functional groups for Microcystis. EPS-C, the carbohydrate 
content in EPS; EPS-P, the protein content in EPS. CPS-W, neutral part in CPS; CPS-1M, acidic I polymers in CPS; CPS-2M, acidic II polymers in CPS. θW, 
contact angle with water; θF, contact angle with formamide; θD, contact angle with diiodomethane; γs

LW, Lifshitz-van der Waals component of the 
surface free energy; γs

AB, Lewis acid–base component of the surface free energy; γs, surface free energy; γs
−, electron donor component; γs

+, electron 
acceptor component; ΔGcoh, the free energy of cohesion; AB, refers to acid–base, i.e., polar component; LW, refers to Lifshitz-van der Waals, i.e., 
dispersive component; +, refers to electron acceptor parameter; −, refers to electron donor parameter; ξ, Zeta potential (mV).
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during the logarithmic phase, the contact angles of Microcystis 
with solvent were smaller than that of M. aeruginosa LEGE 91344 
(less than 90°; Gonçalves et al., 2015), and A. variabilis (greater 
than 90°; Volpe and Siboni, 1997; Ozkan and Berberoglu, 2013; 
Hao et al., 2017). Compared with other freshwater cyanobacteria, 
S. salina LEGE 06079, Synechocystis sp., and A. variabilis are all 
hydrophobic (Table 1).

Cell-to-cell interactions can be evaluated using the free energy 
of adhesion (ΔGcoh; Yu et al., 2018), which measures the change in 
free energy before and after adhesion. A higher ΔGcoh suggest a 
weaker adhesion effect, indicating a stronger repulsive force (or 
higher mutual absorption) between cells. In this study, 
M. wesenbergii exhibited a lower free energy of adhesion during the 
logarithmic phase, leading to a higher likelihood of adsorbing 
substrate and cells. Similarly, M. aeruginosa exhibited a lower free 
energy of adhesion during the stationary phase, making it more 
prone to adsorb substrate and cells. Both species displayed distinct 
competitive advantages in this study.

In this study, the zeta potential of Microcystis cells remained 
negative during throughout the cultivation stage and under different 
pH conditions. This finding is consistent with previous studies on 
various algal strains, including eukaryotic freshwater single-celled 
green algae and cyanobacteria (Gonçalves et al., 2015; Xia et al., 2016), 
marine green algae and diatoms (Ozkan and Berberoglu, 2013), and 
field Microcystis algae (Liu L. et  al., 2016). These findings further 
support the notion that Microcystis cells can maintain a stable 
electronegativity, and that the electrostatic interactions can promote 
the surface adhesion of cells and metal cations to Microcystis cells. 
However, Liu L. et al. (2016) observed that the absolute value of the 
zeta potential on the cell surface of Microcystis algae was higher during 
the stationary phase compared to the logarithmic phase, and this 
difference was influenced by pH. Nonetheless, no significant difference 
in the absolute values of the zeta potential was observed between the 
two algal strains during the cultivation period (pH range of from 
7 to 8).

4.2 EPS and functional groups of 
Microcystis

The cell surface functional groups of Microcystis were 
determined by the composition and content of EPS secreted by the 
cells. Ionizable functional groups in EPS, such as carboxyl, 
phosphorus, amino, and hydroxyl groups, can serve as binding sites 
for divalent cations. These functional groups play a crucial role in 
determining the properties of the cell surface (Bhunia et al., 2018). 
The content of hydrophilic groups (including amino groups, 
hydroxyl groups, carboxyl groups, sulfonic acid groups, aldehyde 
groups, and phosphoric acid groups) increased during the 
stationary phase. Similarly, the hydrophobic groups (including 
hydrocarbon groups, ester groups, and alkanes) also undergo 
similar changes. These results indicated that the hydrophilicity of 
the both Microcystis strains decreased with culture time. Therefore, 
the hydrophobic groups play a significant role in the change of 
hydrophilicity of the algal strains during the culture time. Pringle 
and Fletcher (1983) demonstrated that an increase in the surface 
hydrophobicity of microorganisms promoted their mutual 

approach, facilitating adsorption between microorganisms or with 
adsorption carriers. In our study, the hydrophobic group contents 
of M. aeruginosa were significantly lower than those of 
M. wesenbergii during the logarithmic phase. However, this trend 
reversed during the stationary phase, with M. wesenbergii exhibiting 
lower adhesion free energy during the logarithmic phase, making 
cells easier to adsorb matrix and cells. Conversely, M. aeruginosa 
had lower free adhesion energy during the stationary phase, making 
cells easier to adsorb matrix and cells. These findings suggested that 
both strains of Microcystis have competitive advantages at different 
growth stages.

The types of EPS components, such as uronic acid, phosphate, 
and sulfate (P=O functional group, Figure 4), along with unique 
connection to sugar groups, give EPS important characteristics 
(Bhunia et  al., 2018). Uronic acids, phosphates, and acetylated 
sugars primarily contribute to the overall negative charge of EPS, 
which give EPS its binding and adsorption properties (Gupta and 
Diwan, 2017). During the stationary phase, the concentration of 
uronic acid significantly increased, usually in the form of glycosidic 
bonds. Additionally, the EPS monosaccharide profiles in Microcystis 
were influenced by different culture conditions of distinct algal 
strains (Forni et al., 1997). However, the polysaccharide content in 
EPS consistently exceeds that of protein in EPS (Costa et al., 2018). 
Notably, galacturonic acid was prevalent in M. flos-aquae. Among 
the neutral sugars, fucose, mannose, rhamnose, glucose, uronic 
acid, and xylose are present in the EPS of M. flos-aquae, M. viridis, 
and M. aeruginosa, while M. wesenbergii contains only uronic acid 
(Le et al., 2022). The variation in growth rate and the variability in 
EPS content could potentially shed light on the seasonal succession 
of Microcystis. This may also explain why M. aeruginosa blooms 
were both the larger and last longer in the lake, as well as its 
predominance in terms of abundance and frequency (Zhai 
et al., 2013).

4.3 Determinants of surface properties of 
Microcystis

The protein content in EPS of unicellular Microcystis was 
hydrophilic in this study. Previous research have shown that an 
increase in C−(O, N) group content indicated the presence of 
polysaccharides, which can reduce cell hydrophobicity and 
increase cell surface energy. Conversely, an increase in C−(C, H) 
group content indicated the presence of hydrocarbons, which can 
increase cell hydrophobicity and decrease cell surface energy. 
Other studies have also demonstrated a relationship between the 
abundance of phosphodiester-linked and the exposure of 
hydrophobic regions on the cell surface (Masuoka and Hazen, 
1997). In this study, it was found that the C−(O, N) group could 
effectively reduced the hydrophobicity of M. aeruginosa, but had 
no impact on the hydrophobicity of M. wesenbergii. Meanwhile, the 
C−(C, H) group increased the hydrophobicity of M. aeruginosa, 
but did not have the same effect on M. wesenbergii. These findings 
suggest that the changes in hydrophobicity during different growth 
stages vary between M. wesenbergii and M. wesenbergii, and the 
functional groups involved in these changes also differ. 
Furthermore, as depicted in Supplementary Figure 5, the O–H and 
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P–O–P groups are shown to play a significant role in influencing 
the hydrophobicity of Microcystis.

The surface free energy of microorganisms is a reflection of the 
intermolecular force on the surface of microorganisms. It provides 
insight into the inherent characteristics of microorganisms and 
serves as a measure of the adhesion between cells and substrates or 
between cells themselves. Changes in cell surface components and 
chemical groups can result in alterations in cell free energy. Various 
substances [such as protein, peptidoglycan, teichoic acid, 
lipopolysaccharide, EPS, etc. (Liu et  al., 2011; Li et  al., 2014)] 
facilitate the interaction of the cell surface with other substances 
through Lewis acid–base interactions, electrostatic interactions, 
and hydrophobic interactions. These interactions ultimately 
influence cell adhesion. Among these components, EPS has been 
found to have the most significant impact, as supported by 
numerous studies. For example, EPS can inhibit the adhesion of 
Rhodococcus, while the protein-rich EPS on the surfaces of strains 
Sphingobium and Micrococcus has minimal effect on bacterial 
adhesion to silicone oil (Iwabuchi et al., 2003; Zhang et al., 2011). 
Sheng and Yu (2006) demonstrated a positive correlation between 
the γb

AB and γb of Rhodopseudomonas acidophila with EPS content, 
as well as a positive correlation with protein/polysaccharide 
content. In our study, we  also observed positive correlations 
between the γs

AB and γs values and the EPS content on Microcystis. 
Additionally, we found positive correlations between the γs

AB and γs 
values and the polysaccharide content in EPS on M. wesenbergii, as 
well as a positive correlation with the protein content in EPS on 
M. aeruginosa. Previous studies have already demonstrated the 
impact of EPS on the formation of Microcystis blooms (Zhang et al., 
2018; Le et al., 2022).

4.4 Determinants of surface properties on 
colony formation and the contribution of 
Microcystis ecology

Xiao et  al. (2017) demonstrated that Microcystis colonies 
formation involves two mechanisms: cell division formation (e.g., 
M. ichthyoblabe colonies formation), and cell adhesion (e.g., 
M. wesenbergii colonies formation). However, cell adhesion leads to 
faster colony formation. The surface properties of Microcystis, such as 
zeta potential, hydrophobicity, and EPS, play a crucial role in cell 
adhesion. These properties have a significant impact on the 
morphology, structure, and function of cyanobacterial colonies 
(Devasia et al., 1993). Algal cell surface have a negatively charged (zeta 
< 0), making somewhat hydrophobicity. In the field of Microcystis 
removal, cations are commonly employed as flocculants, due to 
neutralize the negative surface charge of Microcystis. Therefore, Zeta 
potential as an important index to characterize the surface charge has 
been applied in wastewater treatment (Henderson R. K. et al., 2008). 
Furthermore, cations are a factor in the colony formation of 
Microcystis. In addition to neutralize the negative surface charge, 
divalent Ca2+ and Mg2+ exhibited a strong binding capability with 
phenolic −OH, aromatic C − C, and polysaccharide C − O groups to 
promote forming colonies (Xu et al., 2016; Masumoto et al., 2023). 
Thus, EPS plays a crucial role in population formation, especially 
TB-EPS (Xu et al., 2014). Meanwhile, a study indicated that most 

organic matters were located in the TB–EPS (Xu et al., 2013). This 
finding aligns with the results of our study, which also observed a 
higher content of bEPS compared to sEPS, particularly in terms of 
polysaccharides. Duan et al. (2022) further explain that the protein 
component of EPS has a negative effect on colony formation, while the 
sugar component has a positive effect.

The surface properties of colonial Microcystis differ from those of 
unicellular Microcystis, and the colonial Microcystis cells produce 
more EPS, which is more conducive to the stabilization of the colonies. 
Additionally, when Microcystis cells form a colony, various 
environmental factors can influence the physical and chemical 
properties of the colony. For instance, light and temperature not only 
impact the photosynthesis of Microcystis cells, but also influence 
parameters such as dissolved oxygen (DO), pH, and Eh (oxidation–
reduction potential) of the colony. Then, these factors affect the 
buoyancy of the colony, where Eh represents the Zeta potential of the 
colony (Fang et al., 2014). Additionally, influencing factors (nutrient 
limits and turbulent shear) can induce structural changes within the 
colonies, enabling to acquire survival strategies (Feng et al., 2020). 
This study further elucidates that EPS influences the SSA, 
hydrophobicity, and surface free energy, thereby affecting the 
formation of Microcystis bloom colonies and the efficiency of algal 
cell collection.

5 Conclusion

This study examines the factors that influence the physico-
chemical surface properties of Microcystis, including EPS 
polysaccharides, monosaccharide composition and functional groups. 
The polysaccharide in EPS primarily impacts the surface area and total 
surface energy of Microcystis cells, while the protein in EPS affects 
hydrophobicity and surface tension. The composition of EPS, 
specifically glucuronic acid, xylose, and fructose, plays a significant 
role in determining surface properties. Additionally, during the 
stationary phase, the content of hydrophilic groups (including amino 
groups, hydroxyl groups, carboxyl groups, sulfonic acid groups, 
aldehyde groups, and phosphoric acid groups) increased. Similarly, 
the hydrophobic groups (including hydrocarbon groups, ester groups, 
and alkanes) also exhibited similar changes. The hydrophilic group 
O–H and P–O–P were identified as key groups that influence the 
hydrophobicity of Microcystis. Variations in growth rate, surface 
properties, and EPS between M. wesenbergii and M. aeruginosa 
provide a competitive advantage.
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