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Abstract

Cell attachment onto electrode-forming biocathodes is a promising alternative to
expensive catalysts used for electricity production in bioelectrochemical systems (BESs).
Though BESs have been extensively studied for decades, the processes, underlying
mechanisms, and determinant driving forces of microalgal biocathode formation remain
largely unknown. In this study, we employed a model unicellular motile microalga,
Chlamydomonas microsphaera, to investigate the microalgal attachment processes onto
the electrode surface of a BES and to identify the determinant factors. Results showed
that the initial attachment of C. micrrosphaera cells is determined by the applied external
voltage rather than nutrient availability and occurs via electrotaxis-mediated cell motility.
The subsequent development of the C. microsphaera biofilm is then increasingly
determined by nutrient availability. Our results revealed that, in the absence of an
external voltage, nutrient availability remains a dominant factor controlling the fate of the
microalgal surface attachment and subsequent biofilm formation processes. Thus, our
results show that electrotactic and chemotactic movements are crucial to facilitate the
initial attachment and subsequent biofilm formation of C. microsphaera onto the
electrode surfaces of BES. This study provides new insights into the mechanisms of
microalgal surface attachment and biofilm formation processes on microalgal
biocathodes, which hold great promise for improving the electrochemical properties of

cathodes.

Keywords

Biocathode; bioelectrochemical systems; chemotaxis; electrotaxis; external voltage;

microalgae
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1. Introduction

Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms that are often
capable of rapid growth in harsh conditions due to their unicellular or simple
multicellular structure [1]. Excess microalgae biomass may serve as a feedstock in an
anode chamber for electricity generation in microbial fuel cells [2]. In addition,
microalgae may directly participate in the anodic and cathodic reactions within
photosynthetic microbial fuel cells [3,4]. Evidence suggests that the reduction of oxygen
to water using an abiotic cathode as the catalyst is the limiting step for electricity
production in bioelectrochemical systems (BESs), primarily because abiotic cathodes
typically require expensive catalysts [5]. Microalgae biocathodes may be a promising
alternative to overcome this bottleneck and reduce the costs of cathodes [6—8]. Recent
studies demonstrated that enhanced and continuous current output can be achieved with
microalgae biocathodes for a range of different types of microbial fuel cells (MFCs) [9],
including MFCs composed of Scenedismus obliquus, Scenedesmus quadricauda and
other mixed microalgae [6,10,11]. For example, due to the production of oxygen by a
photosynthetic biofilm near a cathode surface, current output was enhanced and a
maximum power density of 11 mW/m? was achieved for a sediment-type MFC
[12].Moreover, power generation strongly depends on the rates of oxygen production at
the cathode [7], where microalgae can be involved in a direct (attached cells ) or indirect
(with mediators) way. Obviously, microalgae attachment onto cathode will be more
efficient in power production as compared to those suspended ones in cathode. For
example, algae-MFC operated with Chlamydomonas vulgaris immobilized cathode

exhibited 88% higher power density than the suspended C. vulgaris cathode [4], and
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Chlamydomonas reinhardtii biofilm formed on the electrode was also proved to be
responsible for direct oxygen reduction without dosing of electron mediator [13]. It seems
evident that the presence of microalgae, especially attached microalgae biofilms, can

have a critical effect on electricity production and performance enhancement.

BESs are sustainable and environmentally-friendly energy technology systems that
employ microbes to facilitate oxidation and/or reduction reactions at the electrodes
(anode and cathode) [14,15], whereby the often formed electroactive biofilms on the
electrode surface enhance electricity generation [16]. The formation of microbial biofilms
on biotic and/or abiotic surfaces is ubiquitous in nature, as they facilitate nutrient
acquisition, enhance resistance to environmental stresses, intensify gene transfer, and
promote cooperation and the division of metabolic labor [17,18]. For motile
microorganisms, several biotic and abiotic processes influence biofilm formation on
surfaces, including reversible microbial attachment and detachment mediated by flagella
and pili followed by a transition to irreversible attachment owning to the excretion of
exopolysaccharides [19]. Notwithstanding the significant advancements towards a
fundamental understanding of microbial adhesion and the subsequent sessile life style, it
remains unclear how the biofilm formation process onto the electrode surfaces in BESs is

influenced by nutrient availability and the external applied voltage.

Although there have been extensive studies on the interfacial interactions and
underlying mechanisms of microbial adhesion to surfaces, a proper understanding of
microalgae attachment processes remains elusive [20]. Microalgal biofilm formation on a
surface is often accompanied with numerous associating microorganisms, where the

initial step is cell adhesion followed by subsequent biofilm development [21]. Initial
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attachment is typically regulated by cell motility, Lewis acid—base interactions, and/or
electro-static interactions, all of which are largely controlled by the surface characteristics
of cells and abiotic substratum as well as environmental physicochemical properties such
as pH and nutrients conditions [22,23]. For C. reinhardtii, however, surface attachment
was observed to be nearly substrate independent, as cells attached to any type of surface
where electrostatic interactions dominated the adhesion process [24]. In addition,
eukaryotic cells often have internal sensory mechanisms enabling them to sense gradients
of chemoattractant, voltage, and/or mechanical stresses, and therefore bias cell motility.
As a consequence, microalgal cells may sense, respond to and move toward (or away
from) an external signal, which is necessary for many biological and ecological functions
[25]. Notwithstanding the numerous advances in microalgal motility characteristics, our
understanding of the attachment processes of microalgal cells onto substrate surfaces and

their consequent ecological functionalities remain fragmentary.

To address this knowledge gap, we studied the microalgal attachment process onto
electrode surfaces under different nutrient patterns and electrical fields and identified the
determinant factors. To achieve this, we performed carefully controlled laboratory
experiments with single-chamber, double-electrode BES reactors consisting of pure
cultures of the model unicellular motile microalga, C. microsphaera, which allowed us to
manipulate the electrical field and nutrient availability independently and quantify the
consequences. Specifically, we estimated microalgal cell numbers attached onto carbon
felt, cell velocity, and nitrate and phosphate adsorption patterns onto carbon felt for
different nutrient conditions and external voltages. In addition, we performed principal

component analysis (PCA) to quantify the contributions of candidate driving forces,



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

including cell velocity, nitrate or phosphate adsorption, extracellular polymeric
substances (EPS) excretion, and zeta potential value of cells, on C. microsphaera
attachment onto carbon felt for various nitrate or phosphate concentrations and external

voltages.
2. Materials and Methods
2.1 Strains, medium and growth condition

C. microsphaera (FACHB 52) was obtained from the Freshwater Algae Culture
Collection at the Institute of Hydrobiology (Wuhan, China) and served as a model single-
cell green alga in this study. C. microsphaera inoculum cultures were obtained by
harvesting cells at the mid-log phase by centrifugation (58 10R, Eppendorf, Hamburg,
Germany) at 2000xg for 10 min, washing twice with deionized water, and then
resuspended in deionized water to a finial cell density of ~ 1.0x10° cells/mL.
Experiments were performed in triplicate if not specifically indicated otherwise. For all
experiments, the inoculum cultures were diluted at 10% (Vinoculum/Vmedium) in 500 mL
Erlenmeyer flasks containing 250 mL of sterile Bristol’s solution and grown in a climate
chamber (BDP-250C0O2, BaiDianTech, China) at 25 + 1°C and 2000 lux illumination
intensity with a 12-12 h light-dark cycle. Cell growth was monitored by measuring the
optical density at 680 nm using a UV-vis spectrophotometer (Unico, Shanghai). Sterile
Bristol’s solution was used for all cell culturing and consists of (in mg/L): NaNOs, 250.0;
K2HPOs4, 75.0; MgSO4-7H,0, 75.0; CaCl,-2H,0, 25.0; KH2PO4, 175.0; NaCl, 25.0;
FeCl;-6H-0, 5.0; H:BOs, 2.86; MnCl>-4H,0, 1.86; ZnSO4-7H>0, 0.22; Na;Mo00O4-2H-»0,

0.39; CuSO4:5H20, 0.08; Co(NO3)2-6H20, 0.05. All chemicals were analytical reagent
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grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,

China).
2.2 Bioreactor assembly and configuration

Single-chamber, double-electrode BES reactors were constructed and used for
experiments under voltage control conditions [26]. As depicted in Fig. 1, the BES reactor
was a bottle-type reactor with a 100-mL working volume and sealed with a butyl rubber
stopper. Two 6 mm diameter holes were milled in the stopper to allow the insertion of
two plain graphite rods as electrodes (6.0 mm in diameter, 16.0 cm in height). The
electrode spacing between the anode and cathode was fixed at 15 + 2.0 mm. The graphite
rod of the cathode was connected to a piece of carbon felt (20 mm x 20 mm, 4 cm?
projected surface area) to expand its working area. The electrodes were connected to an
electrochemical workstation (Corr Test CS150, Wuhan, China) by wires to supply
various external voltages. Prior to experiments, the graphite rod and carbon felt were first
washed three times with deionized water, then soaked in 1.0 M HCI solution followed by
1.0 M NaOH solution for 10 min to remove possible metal and biomass contaminations,
and finally rinsed three times with deionized water. All reactors, electrodes, and stoppers

were sterilized by autoclaving at 121°C for 15 min prior to beginning the experiments.
2.3 Nutrient adsorption at various initial concentrations and applied voltages

Nutrient adsorption onto the electrode surfaces generates hotspots for cell attachment;
therefore, nutrient adsorption was assessed across a nitrite gradient (referred to as nitrite
dilution series I) and a phosphate gradient (referred to as phosphate dilution series I).

Nitrate dilution series I was prepared using a modified Bristol’s solution where the
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NaNOs concentration was set to 250 mg/L (standard concentration), 125 mg/L, 25 mg/L,
5 mg/L, 2.5 mg/L, or 0 mg/L. Similarly, phosphate dilutions series I was prepared using a
modified Bristol’s solution where the KH>PO4 concentration was set to 250 mg/L
(standard concentration), 125 mg/L, 25 mg/L, 5 mg/L, 2.5 mg/L, or 0 mg/L. The pH
value of the medium was adjusted to 6.55 + 0.01 (original pH of Bristol’s solution) using
0.1 mol/L HCI or NaOH solution. All dilutions were autoclaved at 121°C for 15 min
before use. Nutrient adsorption experiments were conducted in 11 identical sterile BES
reactors. In each reactor, 100 mL of modified sterile Bristol’s solution (dilution series I)
was added. Similarly, nitrate and phosphate dilution series I were also used in nutrient
adsorption experiments with various applied voltages. Nutrient adsorption experiments
were conducted in four parallel groups with external voltages of 200 mV, 400 mV, 600
mV and 800 mV between the two electrodes, with each group consisting of 11 sterile
BES reactors. In each BES reactor, 100 mL of modified sterile Bristol’s solution (dilution
series [) was added. Samples of 1 mL were removed from each BES reactor at 0, 20 min,
60 min, 240 min, 480 min and 720 min for analysis. All experiments were performed at
2000 lux illumination intensity and 25 + 1°C without shaking in triplicate unless

otherwise specified.

2.4 C. microsphaera attachment at various initial nutrient concentrations and

applied voltages

C. microsphaera attachment was also assessed across a nitrite gradient (referred to as
nitrite dilution series II) and a phosphate gradient (referred to as phosphate dilution series
I). Nitrate dilution series Il was prepared using a modified Bristol’s solution where the

NaNOs concentration was set to 312.5 mg/L, 156.2 mg/L, 31.2 mg/L, 6.2 mg/L, 3.1



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

mg/L, or 0 mg/L. Similarly, phosphate dilution series Il was prepared using a modified
Bristol’s solution where the KH2PO4 concentration was set to 312.5 mg/L, 156.2 mg/L,
31.2 mg/L, 6.2 mg/L, 3.1 mg/L, or 0 mg/L. The pH value of the medium was adjusted to
6.55 £ 0.01 using 0.1 M HCI or NaOH solution. All dilutions were autoclaved at 121°C
for 15 min before use. To analyze the effects of initial dilutions on microalgae
attachment, 30 sterile BES reactors were prepared. In each BES reactor, 40 mL of
modified sterile Bristol’s solution (dilution series 1) was added. To quantity the effects
of various applied voltages on microalgae attachment, four parallel groups of experiments
were carried out with external voltages of 200 mV, 400 mV, 600 mV or 800 mV between
the two electrodes. After 12h, a 10 mL microalgae inoculum at a cell density of 1.0x10°
cells/mL was transferred into each BES reactor, yielding a final N or P concentration of
250 mg/L, 125 mg/L, 25 mg/L, 5 mg/L, 2.5 mg/L, or 0 mg/L. The pH value of the
medium was adjusted to 6.55 + 0.01 using 0.1 M HCI or NaOH solution. The experiment
was performed in a climate chamber (BDP-250C0O2, BaiDianTech, China) at 25+1°C and

2000 lux illumination intensity.
2.5 Measurement of microalgal cell motility

Thirty microliter aliquots of microalgal culture were removed from each reactor at 20
min, 60 min, and 720 min after incubation and were transferred to a 6-well plate for cell
movement tracking under identical experimental conditions. An optical inverted
microscope system (IX73, Olympus, Japan) equipped with a digital camera (DP73,
Olympus, Japan) was employed to track cell movement via video acquisition. Real-time
trajectories of microalgal cells were recorded at 12-15 frames/second for 60 seconds.

Microbial cell velocity was measured frame by frame and was calculated at a time
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interval of 0.50 seconds. The average cell velocity was calculated as the mean of the
complete series of trajectories [27]. For each sample, at least 100 randomly selected

microalgae cells were used for motility analysis.

2.6 Staining and confocal laser scanning microscopy observations

Syto 63 (Molecular Probes, Carlsbad, CA, USA) was applied to visualize and quantity
total cells [28]. Specifically, carbon felt samples were collected from each reactor at the
end of the experiment and were then transferred and fixed onto a glass slide. Each sample
was then mixed with 100 pLL Syto 63 solution (20 umol/L) and incubated for 30 min. The
stained samples were next washed twice with phosphate-buffered saline (pH 7.2) to
remove excess dye. The stained and washed samples were finally imaged using a
confocal laser scanning microscope (Carl Zeiss LSM710, Germany) equipped with a 100
x oil objective. Image processing and analysis were performed using ZEN blue (version

2012, Carl Zeiss, Germany).

2.7 EPS, zeta potential and chemical analysis

EPS were extracted from microalgae cultures using a modified heat extraction method as
described in a previous study [29]. Proteins (PN) were analyzed using a Folin-phenol
method and a UV-vis spectrophotometer (PerkinElmer Lambda 25) at 750 nm [30].
Polysaccharides (PS) were analyzed using an anthrone colorimetric method and a UV-vis
spectrophotometer (Unico, Shanghai) at 420 nm [31]. The zeta potential was measured
using a zeta-potential analyzer (Nano-ZS90, Malvern, UK). Total phosphorous was
measuring using an ascorbic acid method and nitrate was measured using an ultraviolet

spectrophotometric screening method according to Standard Methods [32].
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2.8 Statistical Analysis

All results are reported as mean values of three replicates and standard deviations of the
mean (SD), except for mean cell velocity which used five replicates. Linear fitting was
applied to describe the effect of applied voltage on nutrient adsorption with 95%
confidence. Effects of nutrient concentrations and applied voltage on microalgal cell
attachment were evaluated with one-way or two-way analysis of variance (ANOVA).
Statistical significance was defined by 95% confidence intervals and was accepted at P <
0.05 (*), P<0.01 (**) and P <0.001 (*¥**). Pearson and Spearman correlation tests were
used to test pairwise correlations between factors. The general characteristics of cell
attachment from various external voltages and nutrient concentrations were analyzed

using PCA methods.
3. Results and discussion
3.1 C. microsphaera attachment under various applied voltages

External voltage loading clearly stimulated the attachment of C. microsphaera cells
across all nitrate and phosphate concentrations (Fig. 2). This was further evidenced by
the confocal microscopy images, indicating significantly enhanced cell attachment onto
the carbon felt in original Bristol’s solution (as an example) under an external voltage
(Fig. S1). Specifically, with a 200 mV external voltage, the number of attached cells
estimated at 20 min after inoculation varied between 3.46 (SD, 0.04) x10* cells/cm? and
3.97 (SD, 0.30) x10* cells/cm? across all nitrate concentration scenarios, which was 39-
59% larger than those when no external voltage was applied. At 480 min elapsed time,

cell attachment increased steadily, ranging from 17.04 (SD, 0.77) x10* cells/cm? to 19.37
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(SD, 0.51) x10* cells/cm? at various initial nitrate concentrations. There was no
noticeable difference among the numbers of attached cells across different initial nitrate
concentrations, except for those for the last 720 min (P > 0.05 for the ANOVA test,
Table S1). However, at higher external voltage (400 mV - 800 mV), significant
differences were gradually observed across various initial nitrate concentration scenarios
as incubation progressed (P < 0.05 for the ANOVA test, Table S1). The numbers of
attached cells at 480 min varied among different initial nitrate concentrations from the
lowest values of 21.71 (SD, 2.58) x10* cells/cm?, 18.63 (SD, 1.18) x10* cells/cm?, and
13.69 (SD, 0.48) x10* cells/cm? to the highest values of 24.62 (SD, 0.88) x10* cells/cm?,
22.32 (SD, 1.30) x10* cells/cm?, and 18.32 (SD, 0.83) x10* cells/cm?, for external
voltages of 400 mV, 600 mV and 800 mV, respectively. Similarly, the numbers of
attached cells varied slightly amongst various initial phosphate concentrations at the early
incubation time for all external voltage scenarios (Fig. 2). For instance, with 200 mV
external voltage applied, the number of attached cells at 20 min varied from 3.46 (SD,
0.18) x10* cells/cm? to 3.98 (SD, 0.51) x10* cells/cm? across different initial phosphate
concentrations. Afterwards, significant differences were found amongst different initial
phosphate concentrations across all external voltages, typically at incubation times of 240
min and longer (P < 0.05 for ANOVA test, Table S1) with the number of attached cells
ranging from 15.86 (SD, 0.32) x10* cells/cm? to 27.12 (SD, 0.81) x10* cells/cm? at 720
min after inoculation. An additional ANOVA test on the attached cell numbers showed
significant differences (P < 0.01) amongst different external voltages for all initial nitrate

or phosphate concentrations and different times (Table S2). These results indicate that
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the external voltage likely plays a more important role on cell attachment than the initial

nitrate or phosphate concentrations.

3.2 Nutrient adsorption under various applied voltages

Besides providing a substratum for cell attachment, carbon felt might also serve as a
nitrate or phosphate enrichment layer that accumulates available nitrate and phosphate for
supporting growth of C. microsphaera. Under external voltage loading, the adsorption of
either nitrate or phosphate onto the carbon felt was globally reduced when compared to
the absence of an external voltage (Fig. 3). For all concentrations, no significant
differences in nitrate adsorption were found across all tested external voltages (P > 0.05
for ANOVA test). Specifically, nitrate adsorption remained within a low range of 0.01
mmol/L - 0.03 mmol/L and 0.01 mmol/L - 0.05 mmol/L during the entire incubation for
low nitrate concentrations of 5 mg/L and 2.5 mg/L, respectively. At medium nitrate
concentrations of 25 mg/LL and 125 mg/L, nitrate adsorption was estimated in the range of
0.03 mmol/L to 0.16 mmol/L. As for the original 250 mg/L nitrate concentration, nitrate
adsorption was between 0.08 mmol/L to 0.53 mmol/L. Similarly, no significant
differences (P > 0.05 for ANOVA test) in phosphate adsorption were found among all
external voltage scenarios (Fig. 3). Similar with those for the control (0 mV), both nitrate
and phosphate adsorption ratios (nutrient adsorption amount to the initial nutrient supply)
gradually increased with incubation time, with a slightly decreased adsorption ratio at
higher external voltages (Fig. S2). In addition, Pearson and Spearman correlation
analyses did not detect significant correlations between cell attachment and nitrate or

phosphate adsorption on the carbon felts at any of the tested external voltages (Table S3).
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This suggests the existence of alternative mechanisms (e.g., cell motility) other than

nutrient sources regulating cell attachment onto the carbon felt.

3.3 External voltage loading alters cell motility patterns

C. microsphaera cells may respond to nutrient gradients or to attractant hotspots on
carbon felt via chemotactic movement. Microbial motility patterns were therefore
quantified at various nitrate or phosphate conditions. External voltage loading clearly
stimulated cell velocity across all tested scenarios (Fig. 4). Specifically, the average cell
velocity in the original Bristol solution increased from 16.44 - 30.85 um/s in the absence
of external voltage to 46.18 - 51.55 pm/s at an external voltage of 200 mV, with its value
slightly increasing up to 50.00 - 58.69 um/s at 400 mV, and thereafter reducing down to
41.88-47.37 + 1.51 pm/s at 800 mV. Similarly, external voltage loading under nitrate or
phosphate diluted conditions also yielded significantly increased cell velocities, albeit
with slightly reduced values as compared with the original concentrations. For instance,
at a nitrate concentration of 25 mg/L, the highest measured cell velocity at 400 mV was
52.81 um/s, which is nearly 10% lower than that of the original nitrate concentration of
250 mg/L (58.69 um/s) while still being 48% above that without voltage (35.59 um/s).
When the nitrate concentration was set to 2.5 mg/L, an even more increased cell velocity
was measured at up to 68.55 + 2.61 um/s at 400 mV external voltage. Further decrease of
the initial nitrate concentration to zero resulted in a minor decline in cell velocity to a
range between 30.63 = 1.17 um/s and 65.77 = 1.17 pm/s. Not surprisingly, similar
velocity patterns were observed for phosphate, with the highest cell velocity estimated
approaching 70.05 + 1.80 um/s at an initial phosphate concentration of 25 mg/L and an

external voltage of 400 mV (Table S4). Overall, cell velocity was promoted by the
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presence of an external voltage regardless of the initial nitrate or phosphate

concentrations.

3.5 Dominant factors driving C. microsphaera attachment with various applied

voltages under various nutrient concentrations

Complex microbial cell surface characteristics (often linked to EPS excretion) are key
factors shaping cell-substratum interactions, and thereby promoting or interrupting cell
attachment patterns [33]. However, external voltage loading clearly facilitated EPS
production of C. microsphaera, with nearly equal improvement (i.e., no substantial
differences among various voltage loading and nitrate/phosphate concentrations) as
compared with those without voltage (Fig. S3). Pearson and spearman analysis showed
strong correlations between cell attachment and cell velocity for all tested concentration

scenarios at various applied voltages (Table SS).

Cell motility, nitrate or phosphate adsorption and EPS excretion are considered as
candidate factors driving cell attachment under an external voltage and nutrient limitation
conditions. A PCA approach, based on three representative experiments of original
Bristol’s solution, 2.5 mg/L nitrate, and 2.5 mg/L phosphate, was employed to evaluate
the combined impact of these factors on shaping cell surface attachment onto the carbon
felt. In the original Bristol’s solution, the first two extracted principal components
accounted for approximately 86.82% of the total variance in cell attachment amongst all
samples, which could explain most information on the variables. This suggests that
nitrate or phosphate adsorption might be the dominant factors determining cell
attachment in both the presence and absence of external voltages, whereas polysaccharide

and protein excretions were critical to cell attachment at different incubation time (Fig.

15



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

5). Under nitrate or phosphate limitation conditions (2.5 mg/L nitrate or phosphate), the
eigenvalues of axis 1 and axis 2 (i.e., PC1 and PC2) from the PCA biplot were 65.44%
and 22.51%, respectively, which could explain 87.95% of the multivariate variation. In
addition, results showed that the profiles at 0 mV and 200 mV tended to be distinct from
those at 400, 600 and 800 mV for both nitrate and phosphate limitation conditions (2.5
mg/L nitrate or phosphate). Though polysaccharide and protein excretion were still the
critical factors determining cell attachment at different incubation times, nitrate or
phosphate adsorption and cell motility likely became the main factors affecting cell

attachment with different external voltage loading.
4. Discussion

With the presence of external voltages, BES can be conducted to increase the kinetics of
reactions and/or to drive thermodynamically unfavorable reactions. Extensive studies
have been focused on the development of biocathode BES, and revealed that various
cathode potentials (from -0.54 V to 0.8 V) and circuit currents (from -0.45 pA/mm? to 2.7
nA/mm?) could be achieved [34]. Our results showed that the presence of algal biofilm
did alter the electrode characteristics (Fig. S4). The application of external voltage will
also cause the electrophoretic movement of charged particles towards the opposite
polarity electrode. With the polarization of the electrodes, electrochemical reactions may
take place, particularly electro-oxidation of the electrodes and electrolysis of water,
leading to electrode corrosion and bubbling [25]. Nevertheless, the external voltage
applied in our study (0 — 0.8 V) was significantly lower than that is needed for water
electrolysis (2.3 V). Therefore, even without considering electrodes’ overpotentials and

ohmic losses, there is barely electrolysis at such low voltages in our study [35]. The

16
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electrolyte is another important component of BESs, which should have good
conductivity and excellent microbial activity [36]. Higher electrolyte conductivity
ascertains the better performance of BES, but the electrolyte conductivity should not go
beyond the tolerance level of bacteria [37]. The conductivity of wastewater can usually
vary from 0.2 ms/cm to 40 ms/cm. In this study, the solution conductivity varied in a
limited range of 0.27 ms/cm to 0.66 ms/cm, confining the impact of solution conductivity

on the BES performance.

Cell-substratum interactions are the major driving force for initial cell adhesion,
and the properties of the substratum, such as hydrophobicity, surface roughness, and
surface texture are the most important features [24,38]. In addition, microalgal cell
motility, nutrient availability, zeta potential, presence of bacterial populations, and other
environmental stresses may play critical roles in the initial adhesion of microalgal cells
onto substratum surfaces [21,29,39,40]. In our study, surface attachment occurred at all
tested nutrient levels, indicating that the surface attachment of C. microsphaera is a
substrate-independent process, which is similar with that of C. reinhardtii adhesion onto
abiotic surfaces [24]. Meanwhile, nutrient availability remarkably influenced the
population of attached cells, with more frequent cell attachment taking place at relatively
lower concentrations of nutrients. For a chemotactic microbe inhabiting a nutrient-limited
aqueous environment, the surface attached substances often form an ideal resource target
that is rich in labile nutrients. The results indicated that substratum surface-adsorbed
nitrate or phosphate likely acted as nutrient hotspots (as compared with that of relatively
lower nutrient concentration in bulk aqueous medium) for harboring C. microsphaera

cells in a nutrient-limiting environment. In addition, the limited nutrient acquisition in
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bulk medium would substantially stimulate C. microsphaera cell velocity and promote
active motility (propelled by the synchronous action of its two flagella) of C.
microsphaera cells towards the substratum surface-adsorbed nutrient hotspots. This, in
turn, would enhance cell attachment onto the substratum surface. Meanwhile, EPS may
serve as carbon or energy reserves for microalgal growth and may further protect
attached cells against environmental stress, thus favoring microalgae adhesion [41,42].
The results demonstrate that, in addition to the promotion of early-stage surface
attachment, EPS also functions to facilitate the consequent colony development of C.

microsphaera.

With the application of an external voltage, nutrient availability no longer becomes
the dominant factor shaping surface attachment of C. microsphaera. Ronen et al. reported
that the application of an electrical potential had a significant impact on triggering
detachment of live bacterial cells, while barely influencing inactive bacterial cells or
abiotic particles. Besides chemotactic movement, motile cells also exhibit increased
migration speeds and directionality in gradients of electrical potential stimuli [43—45],
whereby electrotaxis is the phenomenon by which cells bias their motion directionally in
response to an externally applied electrical field. As we known, the zeta potential is the
electrical potential at the shear plane, which is the boundary of the surrounding liquid
layer attached to the moving particles in the medium. The high absolute value of the zeta
potential generates a repulsive electrostatic force between particles, which is a key
property of an agglomeration resistant suspension [46]. The general dividing line between
stable and unstable suspensions is generally taken at either +30 or -30 mV. Particles with

zeta potentials more positive than +30 mV or more negative than -30 mV are normally
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considered stable [46,47], i.e., low absolute zeta potential values of <30 mV likely
favorite cell aggregation or attachment onto substratum [48]. In this study, the absolute
zeta potential values of all nitrate and phosphate concentrations were smaller than 30 mV,
suggesting favorable conditions for cell attachment, especially under intermediate nitrate
or phosphate concentration (e.g., 25 mg/L) (Fig. S5). Therefore, zeta potential is not
considered as the main driving forces here. The results indicated that it was the external
applied voltage, rather than nutrient availability, that is crucial to the surface attachment
of C. microsphaera during the entire incubation through enhanced cell velocity. Though
BES has been widely studied for decades, the factors driving bioanode or biocathode
formation and their variability especially during startup remain unclear, leading to a lack
of effective strategies to initiate larger-scale systems [18]. In our study, accelerated
microalgal attachment occurred for medium external voltage loadings, with cell
electrotaxis and chemotaxis the most predominant factors driving surface attachment of
C. microsphaera cells onto the electrode surfaces. In addition, the surface attached
microalgal populations often have better light availability as compared with those of
suspended ones in bulk aqueous medium [49]. Consequently, the enhanced surface
attachment of microalgal populations is promising for advancing the harvest process in

the biofuel industry, as well as improving the electrochemical properties of cathodes.

5. Conclusions

In conclusion, electrotactic and chemotactic movements are crucial to facilitate the initial
attachment and subsequent biofilm formation of C. microsphaera onto the electrode
surfaces of BES. In the absence of an external voltage, nutrient availability is an

important factor controlling microalgal surface attachment and subsequent biofilm
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formation process. However, the presence of external voltage itself, rather than nutrient
availability, is the predominant force leading to the initial attachment of C.
micrrosphaera cells via electrotaxis-mediated cell motility. The subsequent development
of the C. microsphaera biofilm is then increasingly determined by nutrient availability.
These quantitative estimations advance our mechanistical understanding of microalgal
surface attachment and biofilm formation processes on microalgal biocathodes, which
hold great promise for improving the electrochemical properties of cathodes and, more

generally, advancing the biofuel industry.
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Figure captions

Fig. 1 Schematic diagram of the laboratory-scale BES. Two 6 mm diameter plain

graphite rods were connected to an electrochemical workstation by wires. A piece of

carbon felt was attached onto the cathodic graphite rod to expand its working area.

Fig. 2 C. microsphaera cell attachment measurements (mean + SD, n = 3) for various

initial nitrate or phosphate concentrations and applied voltages in a microbial
electrochemical system. ***, ** and * mark statistical significance of ANOVA test

at P<0.001, P<0.01 and P<0.05, respectively.

Fig. 3 Nitrate and phosphate adsorptions (mean = SD, n = 3) onto carbon felt electrodes

for various initial nitrate or phosphate concentrations and applied voltages. Black
dots represent experimental measurements, and curves and shaded areas with colors
are linear fits and 95% confidence intervals for nitrate or phosphate concentration

scenarios.

Fig. 4 Microalgal cell velocity measurements (mean £+ SD, n >= 20) of C. microsphaera

for various initial nitrate or phosphate concentrations and applied voltages at
different times after inoculation, 20 min (red), 60 min (orange), 240 min (yellow),
480 min (green) and 720 min (royle blue). The crosspieces of the box plots (from
right to left) are maximum, upper-quartile, median (black bar), lower-quartile, and
minimum values, respectively. The individual points are outliers. ***, ** and *
mark statistical significance of ANOVA test at P<0.001, P<0.01 and P<0.05,

respectively.
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638  Fig. 5 Principal component analysis (PCA) of the multivariate variation among samples

639 at various applied voltages and different times after inoculation for (A) nutrient and

640 phosphate concentration of 250 mg/L; (B) nitrate concentration of 2.5 mg/L and (C)
641 phosphate concentration of 2.5 mg/L. Vectors indicate the direction and strength of

642 each variable to the overall distribution. PS, polysaccharide concentration; PN,

643 extracellular protein concentration; Adsorption, nitrate or phosphate adsorption onto
644 electrode; Zeta, zeta potential in the electrochemical system; Motility, cell velocity.
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