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Introduction

In recent years, microalgae have garnered increasing attention because of their various biotechnological applications, particularly for biofuel production, water treatment, and greenhouse gas emission mitigation [START_REF] Luiten | Realizing the promises of marine biotechnology[END_REF][START_REF] Garrido-Cardenas | Microalgae research worldwide[END_REF] . Despite the promising uses of these microorganisms, the harvesting step's high energy cost is currently a limiting factor in microalgae production [START_REF] Lam | Current status and challenges on microalgaebased carbon capture[END_REF] .

Microalgae harvesting may include two steps: a pre-concentration of the algae culture followed by a dewatering process consisting of separating the cells from the aqueous medium [START_REF] Vandamme | Flocculation as a low-cost method for harvesting microalgae for bulk biomass production[END_REF] .

To achieve this, several methods such as centrifugation, sedimentation, filtration, flotation, and coagulation/flocculation exist with their relative advantages and disadvantages [START_REF] Kumar | Microalgae harvesting techniques: updates and recent technological interventions[END_REF] . For instance, centrifugation is a high-efficiency harvesting method, however, it is too expensive for large-scale applications [START_REF] Najjar | Harvesting of microalgae by centrifugation for biodiesel production: A review[END_REF] . In order to achieve cost-efficiency in large-scale production, a lowcost concentration method such as flocculation can be implemented before a less demanding physical separation [START_REF] Branyikova | Harvesting of microalgae by flocculation[END_REF] .

Microalgae are microscopic organisms possessing a layer of extracellular polymeric substances (EPS) at their surface which governs, among other things, the physicochemical prop-erties of microalgae in aqueous media [START_REF] Xiao | Overview of microalgal extracellular polymeric substances (EPS) and their applications[END_REF] and consequently their dispersion state, their interfacial behavior, and their adhesion [START_REF] Zeng | How Interfacial Properties Affect Adhesion: An Analysis from the Interactions between Microalgal Cells and Solid Substrates[END_REF][START_REF] Zhang | Cell Surface Energy Affects the Structure of Microalgal Biofilm[END_REF] . Therefore, a better understanding of algae surface physics is particularly interesting to enhance cell-cell adhesion, thus favoring flocculation.

Conceptually, microalgae can be seen as micrometer sized particles having a non-permeable core surrounded by a charged polyelectrolyte layer in an electrolyte solution. Classically, the electrical properties of colloidal particles are modeled assuming they are non-permeable to electrolyte ions and flow, i.e., hard particles, and these properties are expressed in terms of zeta potential. However, as described above, bioparticles such as microalgae or bacterial cells possess permeable charged EPS layers on their surface [START_REF] Ohshima | On the electrophoretic mobility of biological cells[END_REF] . Therefore, accounting for their electrical properties through the values of zeta potential is not suitable.

Over the years, numerous studies investigated hard particles surrounded by a permeable polyelectrolyte layer, called soft particles [START_REF] Ohshima | Electrophoresis of soft particles[END_REF][START_REF] Saville | Electrokinetic Properties of Fuzzy Colloidal Particles[END_REF][START_REF] Hill | Electrophoresis of spherical polymer-coated colloidal particles[END_REF][START_REF] López-García | Numerical study of colloidal suspensions of soft spherical particles using the network method: 1. DC electrophoretic mobility[END_REF] . A schematic representation of a soft charged particle can be seen in Figure 1. A significant contribution to describing the electrokinetic behavior of a soft particle was made by Ohshima [START_REF] Ohshima | On the electrophoretic mobility of biological cells[END_REF][START_REF] Ohshima | Electrophoresis of soft particles[END_REF] , whose model is the most widely accepted. In short, the soft particle theory is based on the Poisson-Boltzmann equation for the electric potential distribution, the Navier-Stokes equation for the liquid flow, and, to account for the polyelectrolyte layer contribution, a Debye-Bueche model is used [START_REF] Duval | Progress in electrohydrodynamics of soft microbial particle interphases[END_REF][START_REF] Ashrafizadeh | Electrophoresis of spherical soft particles in electrolyte solutions: A review[END_REF] . General ex- pressions can be written from the soft particle theory to predict electrophoretic mobility, but they can only be solved numerically. However, within given sets of approximations, analytic solutions can be derived and applied in many relevant cases [START_REF] Ohshima | Electrophoresis of soft particles[END_REF][START_REF] Ohshima | Electrophoresis of soft particles: Analytic approximations[END_REF][START_REF] Maurya | Electrophoresis of composite soft particles with differentiated core and shell permeabilities to ions and fluid flow[END_REF][START_REF] Ohshima | Approximate analytic expressions for the electrophoretic mobility of spherical soft particles[END_REF] .

This soft particle formalism has already been applied to many particles 21 such as synthetic microgels [START_REF] Fernández-Nieves | Electrophoresis of ionic microgel particles: From charged hard spheres to polyelectrolyte-like behavior[END_REF][START_REF] Daly | Temperature-dependent electrophoretic mobility and hydrodynamic radius measurements of poly (N -isopropylacrylamide) microgel particles: structural insights[END_REF] , humic substances [START_REF] Duval | Humic Substances Are Soft and Permeable: Evidence from Their Electrophoretic Mobilities[END_REF] , natural latex particles [START_REF] Makino | Surface Structure of Latex Particles Covered with Temperature-Sensitive Hydrogel Layers[END_REF][START_REF] Ho | Surface Structure of Natural Rubber Latex Particles from Electrophoretic Mobility Data[END_REF] , yeast [START_REF] Karreman | The stress response protein Hsp12p increases the flexibility of the yeast Saccharomyces cerevisiae cell wall[END_REF][START_REF] Shamrock | The role of the heat shock protein Hsp12p in the dynamic response of Saccharomyces cerevisiae to the addition of Congo red[END_REF] and bacteria [START_REF] Gaboriaud | Coupled Electrostatic, Hydrodynamic, and Mechanical Properties of Bacterial Interfaces in Aqueous Media[END_REF][START_REF] Sonohara | Difference in surface properties between Escherichia coli and Staphylococcus aureus as revealed by electrophoretic mobility measurements[END_REF] .

To the best of our knowledge, there is no study reporting the application of the soft particle theory to microalgae yet. Therefore, the purpose of this study is to evaluate the applicability of soft particle theory to describe the electrostatic behavior of unicellular microalgae. To that effect, the electrokinetic behavior of different microalgae was assessed experimentally and compared to the predictions of the soft particle theory considering their cell's surface structure. Three species were considered: one freshwater species, Chlorella vulgaris (C. vulgaris), and two seawater ones, Nannochloropsis oculata (N. oculata) and Tetraselmis suecica (T. suecica). Then, the charge density of the polyelectrolyte layer (ZN ) and hydrodynamic softness (λ shell ) of each microalga was evaluated by fitting the data to the soft particle predictions. To validate the applicability of the surface properties obtained by considering the microalgae as soft colloids, the confidence interval of estimated parameters was calculated.

Finally, the extracted parameters, charge density and penetration length, combined with transmission electron microscopy (TEM) observations provided detailed insights into the algae cells' surfaces and consequently a better understanding of their behavior in suspension.

Materials and Methods

Microalgal Strains

C. vulgaris (CA104), N. oculata (CA101), and T. suecica (CA106) in the exponential growth phase were obtained from Greensea culture collection at Mèze, France. The cultures were stored in the dark at 4 °C in the refrigerator and used within 3 weeks of receipt.

Electrophoretic Mobility

For electrophoretic mobility measurements, the cells were centrifuged at 20 °C for 20 min under 3000×g, washed, and resuspended in KNO 3 solutions with adjusted ionic strengths in the range of 1-200 mM with a final cell concentration of approximately 10 7 cells/mL. The cell concentration was estimated using a Neubauer counting chamber (Blaubrand, Germany) with a depth of 0.1 mm. Cell integrity was evaluated before and after centrifugation with an optical inverted microscope in transmitted light (Zeiss Axio Observer A1).

The electrophoretic mobility was measured as a function of the ionic strength of the suspensions using a Zetasizer Nano ZS (Malvern, UK) at 20 °C. The suspensions were put into a folded capillary cell (model DTS1070, Malvern, UK) with a syringe to prevent the formation of air bubbles. Experiments were repeated ten times for each suspension, the average values and standard deviations were then calculated and reported in the appropriate figures.

Transmission Electron Microscopy

Transmission electron micrographs of microalgae ultrathin sections were taken with a JEOL JEM-1400 HC microscope equipped with a Gatan Orius SC1000B CCD camera. For the preparing of the ultrathin sections, the algae suspensions were first centrifuged at 280×g for 5 min. The supernatant was collected to prepare a 2.5% glutaraldehyde/2% paraformaldehyde solution that was used to fix the microalgae pellet at ambient temperature for 2 hours.

The samples were then washed once with the supernatant and twice with water, before being chemically fixed with 1% osmium tetroxide for 1 hour, the excess fixative being removed by water washing. The microalgae pellet was then embedded in agarose (2%) and the consolidated sample, placed in an Eppendorf cone, was dehydrated in ascending ethanol series (25, 50, 70 and 90% for 15 min and three times in 100% for 30 min). The microalgae pellet in ethanol was then gradually infiltrated in epoxy resin (25, 50 and 75% for 1 h, and twice in 100% for 12 h) and polymerized in molds at 60 °C for 48 h. The ultrathin sections (80 nm thick), cut using an ultra-microtome fitted with a diamond knife (Leica UCT), were collected on Formvar-covered copper grids (Mesh 200) and stained with UranyLess to enhance contrast.

Theory Soft Particle Theory

The Helmholtz-Smoluchowski equation (Equation ( 1)) is generally used to calculate from mobility measurements the potential at the shear plane surrounding the flowing particle, i.e., the zeta potential (ζ) [START_REF] Masliyah | Electrokinetic and colloid transport phenomena[END_REF] . The absolute values of the particle's surface potential and the ζ potential differ theoretically, but in practice, they are often considered the same since they differ only slightly and the latter can be conveniently determined for hard particles from electrophoretic mobility measurements through:

µ = ζ ϵ 0 ϵ r η ( 1 
)
where µ is the electrophoretic mobility, ϵ the vacuum permittivity, ϵ r the dimensionless relative permittivity of the medium, and η the viscosity of the medium. This equation is valid only if the diffuse layer's thickness is small compared to the particle size, i.e., κa ≫ 1, where κ is the Debye-Hückel parameter which is a function of the ionic strength and a is the particle radius. Furthermore, this equation was first developed to describe hard particles (non-deformable and non-permeable). Conversely, when the particle contains an outer shell permeable to electroosmotic flow (flow of electrolytes relative to a charged surface/particle due to an applied field [START_REF] Masliyah | Electrokinetic and colloid transport phenomena[END_REF] ) and ions, i.e., in the case of a soft particle, the ζ potential cannot be strictly defined by Equation (1) anymore.

There is a fundamental difference in electrokinetic behavior between hard and soft particles: at high ionic strength, the electrophoretic mobility of a hard particle goes to zero whereas that of a soft particle reaches a non-zero plateau [START_REF] Dukhin | Electrophoresis of soft particles at high electrolyte concentrations: An interpretation by the Henry theory[END_REF] . Indeed, under high salt concentration conditions, the electric double layer is compressed, resulting in the screening of surface charges by solute ions, leading to zero mobility for hard particles. By contrast, the electrophoretic mobility of a soft particle originates from two phenomena: (i) the electric double layer, as for hard particles, and (ii) the electroosmotic flow within a permeable polyelectrolyte shell. The latter is responsible for a non-zero plateau value at high ionic strength [START_REF] Duval | Progress in electrohydrodynamics of soft microbial particle interphases[END_REF][START_REF] Dukhin | Electrophoresis of soft particles at high electrolyte concentrations: An interpretation by the Henry theory[END_REF] .

The soft particle theory developed by Ohshima attempts to explain the electrokinetic behavior of soft colloidal particles. The main assumptions [START_REF] Ohshima | Electrophoresis of soft particles: Analytic approximations[END_REF][START_REF] De Kerchove | Relevance of electrokinetic theory for "soft" particles to bacterial cells: implications for bacterial adhesion[END_REF] of this model are: (i) the Reynolds number of the liquid inside and outside the polymeric shell is small enough to neglect the inertial term of the Navier-Stokes equation; (ii) the applied electrical field is weak, thus, the particle velocity is proportional to the electrical field; (iii) the slipping plane is situated on the particle core surface; (iv) the particle core is impermeable to ions meanwhile the polyelectrolyte outer shell is permeable; (v) the charged groups are completely dissociated (no pH dependency) and uniformly distributed in the polyelectrolyte layer [START_REF] Duval | Progress in electrohydrodynamics of soft microbial particle interphases[END_REF][START_REF] Duval | Analysis of the Interfacial Properties of Fibrillated and Nonfibrillated Oral Streptococcal Strains from Electrophoretic Mobility and Titration Measurements: Evidence for the Shortcomings of the 'Classical Soft-Particle Approach[END_REF] ;

(vi) the relative permittivity inside and outside the polymeric shell are equal.

In the case of biological cells, Ohshima and Kondo 11 , through simplifications and new assumptions, reduced the initial complex set of equations describing the electrophoretic mobility to the following analytical expression:

µ = ϵ 0 ϵ r η ψ 0 /κ m + ψ D /λ shell 1/κ m + 1/λ shell + ZeN ηλ 2 shell ( 2 
)
where ψ D , and ψ 0 are the Donnan and surface potentials respectively (Figure 2), κ m is the Debye-Hückel parameter of the polyelectrolyte layer, Z the valence of charged groups in the polymer shell, e the elementary charge, N the density of charged groups in the permeable polyelectrolyte shell and λ shell the softness parameter of the polyelectrolyte layer. ψ D , ψ 0 , and κ m are given by Equations (3-5):

ψ D = kT ze ln ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ZN 2zn ∞ + {( ZN 2zn ∞ ) 2 + 1} 1/2 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ (3) 
ψ 0 = ψ D + 2n ∞ kT ZeN ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 1 -{( ZN 2zn ∞ ) 2 + 1} 1/2 ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ (4) 
κ m = κ [1 + ( ZN 2zn ∞ ) 2 ] 1/4 ( 5 
)
where k is the Boltzmann constant, T the temperature, z, and n ∞ are the valence, and the bulk concentration of the symmetrical electrolyte respectively. ψ D , ψ 0 , and κ m are functions of the ionic strength and consequently, the first term of Equation ( 2) tends to zero at high salt concentration, but the second term is constant. Therefore, this model can predict the non-zero plateau observed at high ionic strength as [START_REF] Ohshima | Electrophoresis of soft particles[END_REF][START_REF] Makino | Soft particle analysis of electrokinetics of biological cells and their model systems[END_REF] : remains applicable for sufficiently high ionic strengths where polarization/relaxation effects are indeed negligible and the Debye-Hückel approximation is valid.

µ plateau ∼ ZeN ηλ 2 shell (6)
On the other hand, some studies applied numerical solutions with fewer assumptions to successfully fit the experimental data at several ionic strengths [START_REF] Gaboriaud | Coupled Electrostatic, Hydrodynamic, and Mechanical Properties of Bacterial Interfaces in Aqueous Media[END_REF][START_REF] Duval | Electrophoresis of Diffuse Soft Particles[END_REF][START_REF] Pagnout | What do luminescent bacterial metal-sensors probe? Insights from confrontation between experiments and flux-based theory[END_REF] . For instance, Pagnout et al. [START_REF] Pagnout | What do luminescent bacterial metal-sensors probe? Insights from confrontation between experiments and flux-based theory[END_REF] studied the electrophoresis of Escherichia coli bacteria with different surface structures. The authors correlated the electrokinetic measurements with analytical and rigorous numerical resolutions of the electrohydrodynamics of soft diffuse particles, i.e., taking into account the swelling process of the polyelectrolyte layer and the non-linear Poisson-Boltzmann equation with full integration of double layer polarization/relaxation [START_REF] Duval | Electrophoresis of Diffuse Soft Particles[END_REF] .

Electrostatic Interaction

In order to evaluate the colloidal stability of microalgae suspensions in light of soft particle theory, we must analyze the electrostatic forces at play. Ohshima 38 derived an expression of electrostatic energy between two spherical particles with the help of Derjaguin's approximation, which can be applied to both hard and soft particles. This expression is given by:

V (H) = 4πa 1 a 2 a 1 + a 2 ϵ 0 ϵ r ψ eff1 ψ eff2 e -κH (7) 
where H is the distance between the two particles, a 1 and a 2 are the radius of spheres 1 and 2, and ψ eff1 and ψ eff2 are the effective surface potentials of spheres 1 and 2. Equation ( 7) is obtained using a linear superposition approximation (LSA) method.

According to Equation ( 7), the electrostatic energy is proportional to the particle's surface potential. If the charges of the particles are of the same sign, the electrostatic interaction is repulsive. Therefore, by comparing the effective ζ potential (Equation ( 1)) to the surface potential obtained using the soft particle theory (Equation ( 4)), it is possible to evaluate the difference between the predicted electrostatic repulsion using the approach of hard or soft particles.

In summary, Equation ( 7) represents a limiting case for soft particles where: (i) ψ D represents the potential deep inside the polyelectrolyte layer, i.e., λ

-1
shell is much smaller than the thickness of the polymer shell d (λ shell d ≫ 1); (ii) The Debye-Hückel's approximation is valid, i.e., low charged interface and low potential conditions; (iii) Derjaguin's integration is applicable, i.e., the particle size is much greater than the Debye Length, κ -1 ; (iv) LSA is valid, i.e., the particles are far apart (κH ≫ 1); (v) The particles are assumed to be surrounded by an homogeneous shell [START_REF] Duval | Electrostatic interactions between diffuse soft multi-layered (bio) particles: beyond Debye-Hückel approximation and Deryagin formulation[END_REF][START_REF] Ohshima | Electrostatic interaction of soft particles[END_REF] . This equation represents an analytical solution of the electrostatic forces between soft particles, Duval et al. [START_REF] Duval | Electrostatic interactions between diffuse soft multi-layered (bio) particles: beyond Debye-Hückel approximation and Deryagin formulation[END_REF] developed numerical resolutions with fewer assumptions.

Results and Discussion

Electrokinetic Behavior

The electrophoretic mobility of the three different microalgae species was measured as a function of ionic strength (KNO 3 ) and the results are reported in Figure 3. All three microalgae show negative values of electrophoretic mobility, reflecting, as expected, the overall negative surface charge of those microorganisms. In all cases, when salt concentration increases, the mobility becomes less negative due to the screening of the diffusive double layer.

However, the mobility does not go to zero, even at high ionic strength. On the contrary, the mobility tends to a non-zero plateau (better observed in linear scale, Figure S1), a behavior typical of soft particles (Equation ( 6)) [START_REF] De Kerchove | Relevance of electrokinetic theory for "soft" particles to bacterial cells: implications for bacterial adhesion[END_REF] . These results thus suggest that these microorganisms carry a charged and permeable polyelectrolyte type layer. According to Equation (2), the residual finite mobility should only depend on the fixed charged density and the flow permeability of the outer shell.

A typical value for the ionic strength of see water (see for example ASTM standard D1141-98(2013) artificial seawater [START_REF]Standard Practice for the Preparation of Substitute Ocean Water ; Standard[END_REF] ) is approximately 700 mM (vertical blue line in Figure 3). However, due to the degradation of the electrodes from the capillary cell at higher ionic strengths, mobility measurements were made only on samples with ionic strength below 200 mM. Since a plateau was found from approximately 150 mM, it can be expected that the electrophoretic mobility at see water ionic strengths is equal to the plateau value for each microalgae species.

To obey the criteria of κd ≫ 1 assumed in the derivation of Equation ( 2), the quantitative analysis was restricted to salt concentrations greater than 10 mM. Nonlinear least-squares minimization using the Levenberg-Marquardt algorithm implemented by LMFIT Python package [START_REF] Newville | Non-linear least-square minimization and curve-fitting for Python[END_REF] was used to fit the experimental data to Equation (2) (dashed lines in Figure 3). The quantities ZN and λ -1

shell obtained for each microalga from the best fit are listed in Table 1, these results are comparable with the values for others microorganisms [START_REF] Duval | Progress in electrohydrodynamics of soft microbial particle interphases[END_REF][START_REF] Louie | Parameter Identifiability in Application of Soft Particle Electrokinetic Theory To Determine Polymer and Polyelectrolyte Coating Thicknesses on Colloids[END_REF] . At low salt concentrations, the mobility of microalgae does not fit the model well, as can be seen in Figure 3. Many studies observed similar deviation in other soft particles at low ionic strength. This observation was attributed to polarization/relaxation of the electric double layer that is neglected in Equation ( 2), to the non-homogeneous fixed charges distribution within the polyelectrolyte layer and to the high electric potentials experimented at low ionic strength (i.e., Debye-Hückel's approximation is not valid) [START_REF] Gaboriaud | Coupled Electrostatic, Hydrodynamic, and Mechanical Properties of Bacterial Interfaces in Aqueous Media[END_REF][START_REF] Sonohara | Difference in surface properties between Escherichia coli and Staphylococcus aureus as revealed by electrophoretic mobility measurements[END_REF][START_REF] De Kerchove | Relevance of electrokinetic theory for "soft" particles to bacterial cells: implications for bacterial adhesion[END_REF][START_REF] Vouriot | Electrophoresis as a simple method to detect deleterious actions of engineered nanoparticles on living cells[END_REF] .

All the characteristic hydrodynamic penetration length values in the outer shell (λ

-1 shell )
found by fitting experimental data to Equation (2) ranged from one to two nanometers for the three microalgae species studied (Table 1). Concerning the permeable layer charge concentration, N. oculata and T. suecica exhibit a higher charge concentration than C.

vulgaris (Table 1). Moreover, N. oculata and C. vulgaris have a slightly lower penetration length (λ

-1
shell ) reflecting a possibly less permeable surface than T. suecica.

Confidence Interval

In order to investigate the significance of values obtained from the best fit, the confidence interval of parameters ZN and λ shell were estimated using the LMFIT Python package.

Results are shown in Table S1 in the Supplementary Information. LMFIT uses the F-test to obtain these confidence intervals. It compares the null model (the best fit found) with an alternative model, where one of the parameters is fixed to a specific value [START_REF] Newville | Non-linear least-square minimization and curve-fitting for Python[END_REF] .

Table S1 shows the best-fit values for the parameters, and parameter values that are at the varying confidence levels given by steps in σ (standard deviation), from 1-σ (68.27% confidence) to 3-σ (99.73% confidence). The errors are asymmetric; this is due to the complexity of the model used which comes from Equation (2).

Plots of the confidence region are shown in Figure 4; they have an elongated and curved shape. The surfaces reveal a small darker area corresponding to a high confidence level.

From Table S1 and Figure 4, it can be observed that the fit is in general more sensitive to variations of λ 

Surface Potential

As mentioned in the introduction, the use of zeta potential to quantify the charge of microalgae is physically inappropriate. Indeed, using Equation ( 4), it is possible to estimate the outer surface potential of microalgae at different ionic strengths. Figure 5 compares these values to the apparent zeta potential calculated from the Helmholtz-Smoluchowski Equation (1). It can be observed that the surface potentials of N. oculata and T. suecica have approximately the same value at all probed ionic strength. This is because the surface potential calculated from Equation (4) only depends on the ionic strength and the polyelectrolyte layer's charge density ZN , and this latter value is similar for these two microalgae (Table 1). At high ionic strength, ψ 0 tends to zero for all three algal strains: this behavior can be attributed to the suppression of the surface potential due to the compression of the electric double layer [START_REF] De Kerchove | Relevance of electrokinetic theory for "soft" particles to bacterial cells: implications for bacterial adhesion[END_REF] . By contrast, the non-zero electrophoretic mobility at high ionic strength imposes to consider non-zero apparent ζ potential, an unrealistic occurrence under such conditions where the Debye length tends to zero.

As seen in Figure 5, the absolute values of the outer surface potential (ψ 0 ) of microalgae, The outer surface potentials, ψ 0 , were determined from the fitting of the measured electrophoretic mobilities to Ohshima's theory (Equation ( 2)). The apparent zeta potentials, ζ, were calculated from the measured electrophoretic mobilities using the Helmholtz-Smoluchowski Equation (1).

Error bars correspond to standard deviations.

obtained applying Ohshima's formalism, are smaller than the absolute value of the ζ potential, obtained following the Helmholtz-Smoluchowski equation. This indicates that the electrostatic force is smaller using ψ 0 as the effective surface potential in Equation ( 7) than using ζ [START_REF] Morisaki | The effect of motility and cell-surface polymers on bacterial attachment[END_REF][START_REF] Hori | Bacterial adhesion: From mechanism to control[END_REF] . In other words, the expected electrostatic repulsion between cells is notably smaller than that usually expected when simply considering ζ potentials that do not take into account the soft character of microalgae [START_REF] Zhang | Cell Surface Energy Affects the Structure of Microalgal Biofilm[END_REF][START_REF] Ozkan | Physico-chemical surface properties of microalgae[END_REF] . In other words, the electrostatic contribution to the colloidal stability of microalgae cells in suspension might be less important than expected from ζ potentials measurements.

Microalgae Morphology

In complement to the electrophoretic mobility measurements, the surface morphology of microalgae was investigated under optical and TEM microscopy. The results are shown in Figure 6. Chlorella vulgaris has a spherical to ellipsoidal shape, with a mean diameter of 4 µm in the growth phase (Figure 6a). Its cell wall is composed of electron-dense layers with short fibers which protrude from the outer layer (Figures 6d and6g). The microalgae's cell wall varies according to the cell growth stage and environmental conditions [START_REF] Safi | Morphology, composition, production, processing and applications of Chlorella vulgaris: A review[END_REF] . By measuring the thickness of the new daughter cell wall at different growth phases, Yamamoto et al.

48

classified C. vulgaris as an early type species, meaning that synthesis of the daughter cell wall begins at the early growth phase. This implies that the cell wall of C. vulgaris is thinner initially and gets thicker at the beginning of the growth phase due the formation of a daughter cell wall between the mother cell wall and the plasma membrane [START_REF] Baudelet | A new insight into cell walls of Chlorophyta[END_REF] . The cell wall thickness of C. vulgaris cells observed by TEM (Figure 6g) is between 50 and 150 nm, which may correspond to a combination of mother and daughter cell walls. Most interestingly, a layer of EPS extending away from the surface is apparent with a thickness in the range of 10 nm.

Nannochloropsis oculata is a small green spherical or oval cell measuring around 2 µm in diameter (Figures 6b and6e). As shown by TEM (Figure 6h), the N. oculata cell wall is composed of two layers and extensions protruding from the outer surface, with a cell wall thickness varying from 30-100 nm. The bilayer of the genus Nannochloropsis is composed of an inner cellulose layer and an outer algaenan layer [START_REF] Scholz | Ultrastructure and composition of the Nannochloropsis gaditana cell wall[END_REF] . A layer of EPS is also observed, albeit less evident than in the Chlorella vulgaris case.

(a) (b) (c) (d) (e) (f ) (g) (h) (i) 
Tetraselmis suecica has an elongated shape and is 10-20 µm in length. It is a flagellated species, however, it was verified by optical microscopy that these cells lost their flagella during the centrifugation step of the samples preparation for electrophoretic mobility measurements (Figure 6c). From TEM micrographs (Figures 6f and6i), it is possible to observe a three-layer outer structure composed of a median electron-translucent layer between two electron-dense layers with fibers extending from outer layer. This structure can be attributed to the mother (outer layer) and daughter (inner layer) cell walls of T. suecica. When the mother cell wall breaks, the release of daughter cells occurs [START_REF] Abiusi | Growth, photosynthetic efficiency, and biochemical composition of Tetraselmis suecica F&M-M33 grown with LEDs of different colors[END_REF] . Daughter and mother cell wall thicknesses vary from 20-90 nm. Once again, a layer of EPS extend from the cells surfaces.

For all three species investigated, fiber structures were identified in the outermost surface layer corresponding to EPS layer. This EPS layer thicknesses observed on the TEM images (Figures 6g to 6i) were in few tens of nanometers and can be identified with the permeable shell evidenced from electrokinetics considerations. This results along with the estimated hydrodynamic penetration lengths (λ -1

shell in Table 1) are in accordance with Equation ( 2) assumption that λ shell d ≫ 1.

TEM has potential artifacts from sample preparation, therefore the dimensions obtained from TEM micrographs are not necessarily exact, but they remain representative of what occurs in suspension and of the actual state of the microalgae cells under investigation.

Conclusion

In the present work, we studied the electrostatic behavior of three microalgae species:

C. vulgaris, N. oculata, and T. suecica in solution as a function of the ionic strength using electrophoretic experiments. The variation of electrophoretic mobility with ionic strength was adjusted to the soft particle theory, confirming the soft nature of these microorganisms characterized by having an outer permeable layer. It transpired that the ζ potential is not a pertinent parameter to describe algal cell electrokinetic behavior and cannot be used to assess surface charge potential. An important consequence is that electrostatic phenomena might contribute less than usually expected to the colloidal stability of microalgae and that the balance between repulsive electrostatic and attractive hydrophobic interactions 52,53 should be reconsidered using the soft particle theory. The role of the charges within the extracellular polymeric substances' corona around the microalgae cell walls is then essential in controlling their flocculation and adhesion, [START_REF] Chen | Enhanced Secretions of Algal Cell-Adhesion Molecules and Metal Ion-Binding Exoproteins Promote Self-Flocculation of Chlorella sp. Cultivated in Municipal Wastewater[END_REF][START_REF] Demir | Nanoscale Evidence Unravels Microalgae Flocculation Mechanism Induced by Chitosan[END_REF] but cannot be comprehended solely through the measurement of an effective ζ potential. This study is thus a starting point for a better understanding of the colloidal behavior of microalgae in their natural environment or for devising new ways to improve microalgae harvesting, reducing overall energy consumption during microalgae production.
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 1 Figure 1: Schematic representation of a soft charged particle with total radius b composed of a hard core of radius a and a permeable charged polymeric layer of thickness d.

Figure 2 : 1 shell 1 shell

 211 Figure 2: Schematic representation of the electric potential distribution of a soft particle. The particle is constituted of an impermeable non-charged core surrounded by a soft polyelectrolyte layer. In the present case, according to Equation (2), the polyelectrolyte layer d is thicker than the Debye length 1/κ.

Figure 3 :

 3 Figure 3: Electrophoretic mobility as a function of solution ionic strength (KNO 3 ) for three microalgae species: C. vulgaris, N. oculata, and T. suecica. The markers represent the average experimental mobility measurements, error bars correspond to standard deviations and the dashed line is a fit of experimental data at a high salt concentration to Equation (2). The vertical blue line corresponds approximately to the ionic strength of seawater.
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 1 than to variations in ZN .

Figure 4 :

 4 Figure 4: Confidence intervals obtained using LMFIT Python package for the charge density of the polymeric layer, ZN , and the hydrodynamic penetration length, λ -1 shell , for three microalgae

Figure 5 :

 5 Figure 5: Surface potential (filled markers), ψ 0 , and zeta potential, ζ (open markers) as a function of ionic strength of three microalgae species: C. vulgaris ( ), N. oculata (▲), and T. suecica (◆).

Figure 6 :

 6 Figure 6: Light microscopic micrographs at 20X magnification of (a) C. vulgaris, (b) N. oculata and (c) T. suecica suspensions after sample preparation for electrophoretic mobility measurements at 1 mM KNO 3 . Transmission electron micrographs of (d)-(g) C. vulgaris, (e)-(h) N. oculata and (f )-(i) T. suecica.
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 1 Values of charge density ZN (in mM) and hydrodynamic penetration length λ
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