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ABSTRACT

Microalgae cell adhesion plays an essential role in
biofilm wastewater treatment, photobioreactor material
selection, and surface biofouling control. The interaction
energy between microalgae cells and solid substrate
behind the cell adhesion phenomenon is the key to boost
these issues. Surface properties, including surface
potential and surface free energy components, have a
significant influence on the adsorption capacity of algal
cells on the substrate. According to the extended
Derjaguin-Landau-Verwey-Overbeek (eDLVO) theory,
the impact degree and trend of surface properties of cells
and solid substrate on the total interaction energy were
discussed via sensitivity analysis. The results revealed
that when algae cells and solid substrate own same
property charges, increasing the surface potential of
solid substrate (&) or reducing the surface free energy
electron donor components of solid substrate (ys) is the
most effective measure to promote cell adhesion. When
algae cells and solid substrate own dissimilar property
charges, reducing the surface potential of the algae cells
(€M) or enhancing the ys is an effective way to prevent
excessive algae cell adhesion. Overall, the research
provides direction for the selection of surface-modified,
solid substrate, and algal cells to control cell adhesion
under different demands.
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NOMENCLATURE
Abbreviatio
ns
SEF Surface free energy

Symbols
d A separation distance between cells and
solid substrate
d The minimum separation distance
° between cells and solid substrate
a Algae cell radius
A Correlation length of molecules in liquid
medium
€ Permittivity of media
K Debye constant
ysW an der Waals component of abiotic SEF
W Van der Waals component of algae cell
¥m SEF
. Electron-acceptor components of algae
Ym cell SEF
Ym’ Electron-donor components of cell SFE
. Electron-acceptor components of solid
Ys substrate SEF
} Electron-donor components of solid
Ys substrate SFE
& Surface charges of the solid
substrate
&M Surface charges of the algal cells

1. INTRODUCTION

Microalgae biomass is known as the source of third-
generation renewable energy due to its high
photosynthetic efficiency, abundant lipid contents, and
enormous potential in wastewater treatment.™™ 2 Biofilm
is very common during microalgae usage, which formed
by microalgae cells immobilized on the solid substrate,
including artificially cultivated biofilm and naturally
formed biofilm.®! For biofilm cultivation, the strong
interaction of microalgae cells and surfaces was required
at the biofilm formation.” However, not all biofilm is
beneficial. For microalgae suspension cultivation, the
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excessive adhesion of microalgae cells on the
transparent wall of the photobioreactor limits the light
penetration into the cultivation medium, leading to a
decrease in the productivity of microalgae biomass.P!
Moreover, a large amount of microalgae cells adhesion
onto the wall enhance drag and are responsible for the
impaired function of underwater detectors, especially
optical sensors and signal collector. All in all, the above
phenomena and consequences are related to the
formation and control of microalgae biofilm. Thus, it is
significant to explore the mechanism cells adhesion onto
the solid substrate.

During the formation of microalgae biofilms, the
cells first move to the solid substrate with the
hydrodynamic force and then attached onto the solid
substrate via interaction between algae cells and the
solid substrate.® The force between microalgae cells and
substrates are mainly dominated by Waals interaction
(LW), Lewis acid-base interaction (AB), and electrostatic
interaction (EL), which are affected by surface properties
of the solid substrate and algae cells, such as wettability,
surface charges, and the hydrogen bonding energy.”
Aiming to understand the interaction between algal cells
and solid substrate, many effects have been made. For
example, Altan Ozkan et al.® pointed out that
hydrophobic algae have better adhesion performance on
the hydrophobic surface than that of the hydrophilic
surface. Zhang et al.”! revealed that the adhesion
performance of microorganisms on the substrate should
increase as decreasing the surface free energy difference
between cells and substrate based on the
thermodynamic model. Similarly, Cui et al."’” considered
the dispersive surface energy and polar surface energy,
and established a thermodynamic model for predicting
surface energy and characteristics of algae cells
adhesion.

Nevertheless, the thermodynamic model has
limited applicability due to the strong interaction of the
electrostatic interaction between the microalgae cell and
the solid substrate in some systems. According to eDLVO
theory, the surface properties, including surface charges
and surface free energy components, firstly affect the
Lifshit-van  Waals interaction, Lewis acid-base
interaction, and electrostatic interaction forces between
the algal cells and the solid substrate, and then the total
interaction energy determined by these forces would be
affected.*¥ However, to date, the influence degree and
trend of surface property parameters that cause changes
in cell adhesion have rarely been systematically
discussed.

Herein, the influence of change in LW, AB, and EL
component of interactions between cells and surfaces on
the microalgae cell adhesion is analyzed based on the
eDLVO theory. Besides, the key factors affecting the cell
attachment onto surfaces were found via sensitivity
under different conditions. Finally, the optimization
direction for the performance improvement of
microalgae cell attachment onto the solid substrate in
different demands is proposed, which provides guidance
for microalgae biofilm formation, substrate selection,
and surface modification.

2. THEORY AND CALCULATION

2.1 The eDLVO approach of algae cells attachment onto
solid substrate

The eDLVO theory could be better used for the
microorganisms adhesion since interactions of AB, LW,
and EL during the microorganisms attach onto the
surface are considered.™ The total interaction energy
(G"), which is used to evaluate the energy change during
the process of microalgae cell adhesion onto the surface,
is defined as Eq.(1)™3:

G'(d)=G"(d)+G™(d)+G"*(d) (1)

While a negative G is attraction, a positive G' is
repulsion. The G, G"8, and G interaction force
between microalgae cells and solid substrate could be
calculated by Eq.(2)-(7)™3\.
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2.2 Classification of surface properties of algal cells and
solid substrate

The range of surface properties including the surface
potential of algae cells and substrate (€™ and €°) and the
surface energy components of algae cells and substrate
are classified as shown in Table 1.1141¢ For example, the
¢ potentials of almost all algae cells and solid substrate
ranged from -1 to -60 mV, whereas the modified solid
substrate surfaces by positively charged coat ranged
from 1 to 60 mV. Besides, the major y*V values of a solid
substrate and microalgae cells ranged from 30 to 50 m)J
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m=2. Moreover, the major electron acceptors y* values of
a solid substrate and microalgae cells ranged from 0 to
10 mJ m?2, whereas that of y* values are rarely greater
than 10 mJ m2. More importantly, the electron donor y-
values of solid substrates and microalgae ells the main
scope was between 1 and 50 mJ m, whereas that of y-
values rarely lower 1 mJ m?2.

Table 1. Surface properties of algal cells and solid substrate

& (mV) v¥(mJ m?) v* (mJm?) v (m) m?2)

solid -1--60 20 -30 fewer 0-1 major 0-1 fve-:nr
substrate 1- 60 (surface 30 -50 maior 1-10 major  1-50 major
modification) ) >10 fewer >50 fewer

0-1 major 0 -1 fewer
W T ey i0maior 150 majr

) >10 fewer >50 fewer

2.3 Sensitivity analysis method

Sensitivity analysis was applied to assess the impact

ensure that the results of the analysis are reasonable, the
values of the surface property parameters are always
within the range of Table 1.

RESULTS AND DISCUSSIONS

3.1 The effect of change in surface properties on the
force component during the process of the algae cells
adhesion onto solid substrates

As shown in Fig. 1, the force component during the
process of the algae cells adhesion onto the solid
substrate was calculated from the summary of surface
properties (see Table 1) based on eDLVO theory. The
interaction energy components (G*W, G*®, Gt) is related
to the separation distance between algae cells and solid
substrate.'” 1 For the electrostatic interaction (Gg.), the
repulsion is caused by the fact that the same property
charges between algae cell and solid substrate, and the
attraction is attributed to the dissimilar property charges
in algae cell and solid substrate. Moreover, the Lifshit-
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Fig.1 Interaction energy components in algae cells adhesion onto substrata (a) G®, (b) GtY, and (d) G*®8.

degree and influence trend of each surface property
parameter on the interaction energy. The value of the
input distribution can be obtained by increasing and
decreasing the input parameters by 50%. The changes in
the output distributions were computed by the rate of Q
changes can be determined by Eq. (8):

Qo = (Quteres ~ Qnitar) / Quniiar X100% (8)

Where Qinitial and Qattered represent the initial output
value and the altered output value, respectively. To

van Waals interaction (LW) interaction is attractive and it
reduces as nonpolar free energy change (AGuw)
decreases. Furthermore, the AB interaction appears as
attraction or repulsion and it depends on the polar free
energy change (AGas).

As shown in Fig. 2, the results clarify that the effect
of changes in surface properties on interaction energy
components during the process of algae cell adhesion
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Fig.2 The effect of changes in surface properties on interaction energy components in algae cells adhesion.
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onto solid substrate. When algae and solid substrate own
the same property charges, changes of electrostatic
interaction (Ge.) caused by altering the surface potential
of solid substrate (€ ) were greater than that for the
surface potential of algae cells (§™). On the contrary, the
effect of change in the surface potential of algae cells (™)
on the electrostatic interaction (Gg ) was better than that
for the surface potential of solid substrate (&°). Besides,
the smaller one of the van der Waals component of algae
cell surface free energy (ym"V) and van der Waals
component of solid substrate surface free energy (ys-V)
has a major impact on nonpolar free energy change
(AGLw).

3.2 Analysis of the total interaction force and sensitivity
factors during the process of the algal cells adhesion
onto solid substrate

As shown in Fig. 3, as the surface potential of the solid
substrate is reduced from 50 mV to -50 mV, the total
interaction energy (G') decreased from 67 kT to -3566 kT
at the 3 nm. Besides, total interaction energy dropped
from 37 kT to 67 kT when the nonpolar free energy
change (AGuw) from -0.5 mJ m?2to -10 mJ m? at 3 nm.
More importantly, the total interaction energy changed
from 55.0 mJ m? to 34.9 mJ m?2 with the AG,w decrease
from -0.5 mJ m2to -10 mJ m2 at the 18 nm, whereas the
change of electrostatic interaction has almost negligible
influence on total interaction energy at the same
position. Thus, change in the surface properties that
determine the AB and EL interaction main have a
significant effect on total interaction energy as
separation distance is very close (usually less than 5
nm).2 In the case of algal cells close to the solid
substrate, the surface properties that determine the
Lifshit-van Waals interaction play a major role when
separation distance is 15 nm and beyond).?%
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Fig. 3 The total interaction energy (G') during the process of
algae cells adhesion onto the solid substrate (a) &, (b) AGLw.

3.3 Changes in surface properties that determine the
adhesion effect of algae cells on the substrate

As shown in Fig. 4, altering the value of surface
potential (¢, &) and electron donor component of
surface free energy (ys, ym ) Were relatively sensitive
compare to others surface free energy component.
When algae cells and solid substrate own the same
property charges, the direction of change of the surface
property parameters (except for ys*V and yn'W) is the
same as the direction of change in the total interaction
energy. Notably, the second sensitive factor beyond the
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Fig. 4 The effect of change in the surface properties on total interaction energy. When the algal cell and substrata own same
property charges (a) ym™ Vs, (b) ym'<ys, and cells and substrata own dissimilar property charges: (c) ym™>ys, (d) ym< ys.
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surface potential is the larger one of electron-donor
components of solid substrate and algae cells (ys and
Y¥m'). When algae cells and solid substrate own dissimilar
property charges (see Fig. 4c and d), an increase or
decrease in surface potential (€™ and &) causes a
corresponding increase or decrease in the negative value
of total interaction energy. In contrast, decreasing values
of electron-donor components of solid substrate (ys) or
microalgae cells (ym’) correspond to increasing negative
values of total interaction energy. This suggests that the
reduction of ys or ym favors that system towards the
adhesion of algal cells onto abiotic surfaces. Altering the
surface properties from these perspectives could
strengthen algal cell adhesion, on the contrary,
unnecessary adhesion would be weakened.
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