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ARTICLE INFO ABSTRACT

Keywords: In the context of climate change, the interest for sustainable sources to produce energy is growing. One pro-
Phaeodactylum tricornutum mising resource for biofuel production is microalgae, but their industrial use is limited by the lack of efficient
Fl"“‘flaﬁon harvesting techniques. In this study, we use a multi-scale approach to understand the magnesium hydroxide-
Flmat}o“ ) mediated flocculation/flotation mechanism of Phaeodactylum tricornutum, an effective oil-producer diatom,
gitgg];l;sifgsrce microscopy under high pH. While flotation experiments give a population-scale quantification of the efficiency of floccu-

lation/flotation using magnesium or calcium hydroxide, or at increased pH, AFM allows probing the mechanical
properties of the cells at different pH values. Finally we develop an original strategy to functionalize AFM tips
with hydroxide particles that we use in multiparametric imaging experiments to understand at the molecular
scale the forces driving the adhesion of hydroxide particles to cells. Altogether, our results give a better un-
derstanding of the molecular mechanism underlying alkaline flocculation/flotation, paving the way towards the

development of low-cost flocculant-free flotation harvesting processes.

1. Introduction

The group of diatoms, which comprises from 10,000 to 100,000
different species, making them the second most diverse group of pho-
tosynthetic organisms, is responsible for 40% of marine primary pro-
ductivity [1, 2]. Among the diatoms that have attracted attention so far,
Phaeodactylum tricornutum stands out because of its natural abundance
in particular omega-3 eicosapentaenoic acid (EPA), pigments and anti-
oxidants [3-5]. Today, P. tricornutum is mainly exploited for aqua-
culture and nutraceutical applications. But because of its ability to
produce up to 45% of lipids, P. tricornutum presents a high potential in
biofuel production, although for this particular purpose genetic en-
gineering is required to modify the quantity [6] and characteristics of
the produced fatty acids in regards to their usage as biofuel feedstock
[7]. Moreover, the use of biofuels as an alternative to fossil fuels is at
the moment, technically not feasible [5].

Indeed, while small-scale production of P. tricornutum to obtain high
value-added molecules is efficient, the large-scale production from
microalgae of molecules substituting fossil carbon resources faces a
number of technical challenges that have made the current growth and
development of the biofuel industry economically unviable [8]. The

main limitation encountered by industrials is the harvesting of micro-
algae [9]. Harvesting consists in removing at a minimal cost the mi-
croalgae from their aqueous culture medium, where their concentration
is low (0.3-3 g/L) [10]1, while keeping their cell wall intact not to lose
their precious production in solution. This crucial step of harvesting
and dewatering has been assumed to account for one third of the entire
price of microalgal biomass production in industrial processes [11].
Several methods have been proposed for algae harvesting, including
centrifugation, filtration, flocculation, sedimentation and flotation
[12]. However, most of these methods present high costs and energy
consumption, for low efficiency rates. Centrifugation for example con-
sumes a large amount of electricity and causes damage to the cells
because of the high shear forces, while filtration costs are increased by
the clogging of membranes inevitable with unicellular small cells such
as microalgae [13].

In this context, flotation that takes advantage of algae's natural
characteristics of relatively low density and self-floating tendency, ap-
pears to be the most promising harvesting technique [14]. Assisted
flotation consists in air or gas bubbles rising in a microalgal suspension.
As a result, microalgae cells get attached to bubbles interfaces and are
carried out and accumulated on the suspension surface [12]. It is a
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relatively rapid operation that needs low space, has moderate opera-
tional costs, and that could thus overcome the bottleneck of feasible
microalgal biofuel production [13]. However important factors can
affect microalgae flotation, such as the charge of the surface of the cells.
The surface of microalgae present a negative surface charge; the surface
of bubble in an aqueous medium being also negatively charged [15],
the microalgal surface interaction with bubbles is then repulsive, which
prevents adhesion, and therefore capture and flotation. Thus to improve
flotation efficiency, chemical flocculants are added to the algal sus-
pension to aggregate cells into large flocs that can then be easily se-
parated from the water by further flotation [16]. However addition of
these molecules might not be an ideal solution because of their po-
tential toxicity on the algal biomass if it is used for food for example, as
well as in the recycled water [17]. Therefore in many cases auto-floc-
culation would be a preferred alternative to improve water separation
by flotation. There are several known auto-flocculation mechanisms,
among which one is based on the precipitation of magnesium ions at
high pH [18]. This mechanism has been described already for micro-
algae species such as Dunaliella salina [19], Chlorella vulgaris [20],
Nannochloropsis occulata [20], but also for P. tricornutum. Indeed, in
recent publications, it has been showed that flocculation of P. tri-
cornutum induced by an increase of pH in marine water, was the result
of the precipitation of magnesium ions into magnesium hydroxide
presenting a positively charged surface and thus flocculating the cells
through a charge neutralization mechanism [20, 21]. However, for the
moment, there are no evidence nor characterization of the interactions
between cells and magnesium hydroxide that could confirm or com-
plement the information on this mechanism. Also, the effects of an in-
creasing pH on cells were never investigated, as surface modification of
the cells at such pH could participate in the flocculation/flotation me-
chanism.

It is now possible to answer such questions thanks to recent ad-
vances in atomic force microscopy (AFM) techniques. AFM, first de-
veloped in 1986 [22], is a technology particularly well suited for the
study of living microorganisms, as it features high-resolution imaging
capabilities and is able to operate in liquid. Furthermore, it is also a
highly sensitive force machine, able to record forces as small as 20 pN
in force spectroscopy mode, making it then possible for researchers to
gain insights into the mechanical properties and molecular interactions
of single cells [23]. Recently new force-spectroscopy based techniques
were developed, such as multiparametric imaging that offers the pos-
sibility to image the surface structure of living cells, while mapping
their adhesive properties at high spatial resolution [24-26]. Further-
more, AFM tips used to perform experiments can also be functionalized
with particles [27] for example, and thus provide a way to understand
and characterize the interaction forces between cells and these parti-
cles.

In this study, we use a multi-scale approach to understand the
magnesium hydroxide-mediated flocculation/flotation mechanism of P.
tricornutum cells under high pH. For that, we first perform flotation
tests, which give a population-scale quantification of the efficiency of
magnesium hydroxide as a flocculant; we also evaluate the effects of
another hydroxide that can also form in marine water at high pH;
calcium hydroxide. We then go down to the micro-scale and use AFM to
image and probe the mechanical properties of living P. tricornutum cells
at different pH values in order to understand the effects of increasing
pH on their surface properties. We finally develop an original strategy
to functionalize AFM tips with hydroxide particles that we use in
multiparametric imaging experiments to understand at the molecular
scale the forces driving the adhesion between these hydroxides and the
cells. Altogether, our results allow giving a better understanding of the
mechanisms underlying alkaline flocculation/flotation, and show that
not only the precipitates are responsible for the formation of flocs and
the further separation by flotation, but also the cells and the structural
changes they undergo at high pH. Such information may have im-
portant impacts on the development of low-cost flocculants-free
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flotation processes, and thus on the further use of these processes in
relevant biotechnological applications to decrease costs.

2. Material and methods
2.1. Strain and culture conditions

Phaeodactylum tricornutum strain CCMP2561 (Bigelow National
Center for Marine Algae and Microbiota) was grown in synthetic Sea
Salts (40 g/L, Sigma S9883) containing filtered Guillard f/2 medium
[28] (Sigma G0154) without silica, at 20 °C, under agitation (100 rpm),
in 75 mL non-coated culture flasks (15 mL of culture), 500 mL non-
coated culture flasks (150 mL of culture), and 2 L Erlenmeyer (500 mL
of culture). The incubator was equipped with white neon light tubes
providing illumination of 120 umol photons m~2?s~! with a photo-
period of 12h light:12h dark. All experiments in the study were per-
formed in Sorbitol buffer 375 mM at pH = 8 or pH = 10. For that, cells
were harvested by centrifugation (3000 rpm, 10 min) and washed two
times in sorbitol buffer 375 mM at pH = 8 or pH = 10.

2.2. Dry weight concentration determination

Glass fiber filters (0.45 pym, Whatman GF6) were first dried at 105 °C
for 24 h; their initial mass was measured after drying. P. tricornutum
cells were harvested by centrifugation (3000 rpm, 10 min) and washed
two times in sorbitol buffer 375 mM at pH = 8 or pH = 10. Then 50 mL
of the cell suspension was filtered on the dried filters, which were then
allowed to dry for 24 more hours at 105 °C. Filters were finally weighed
again: the weight difference before and after filtration of the cell sus-
pension corresponds to the dry mass of the filtered cells. Knowing the
volume of the initial cell suspension, the concentration can be obtained.

2.3. Flotation experiments

Dissolved air flotation (DAF) experiments were achieved in a
Multiplace Orchidis™ Flottatest, as described previously [19]. Algal
suspensions of 500 mL, at a biomass dry concentration comprised be-
tween 0.3 and 0.4 g/L, were harvested by centrifugation (3000 rpm,
10 min), washed two times in sorbitol buffer 375mM at pH = 8 or
pH = 10, and added to flotation-test beakers. The depressurization at
atmospheric pressure of sorbitol buffer 375mM at pH = 8 or pH = 10
and saturated by air at 6 bars induced the formation of bubbles. Sorbitol
buffer free of algae was pressurized for 30 min before injection into the
beakers. The injection was controlled by a solenoid valve and 100 mL of
pressurized sorbitol buffer was added to each beaker sample. Flotation
tests were conducted in the presence or not of a flocculant; here Mg
(OH), or Ca(OH),. Tests with no flocculant were performed in sorbitol
buffer at pH = 8 or pH = 10, whereas tests using Mg(OH), or Ca(OH),
were performed in sorbitol buffer at pH = 10 to avoid dissolution of the
hydroxides. In these cases, before depressurization, hydroxides were
added at a final concentration of 10.5 mM for Ca(OH), and of 5.7 mM,
14.3 mM or 57 mM for Mg(OH); in the flotation-test beakers containing
the algal suspensions in buffer. Mechanical mixing (100 rpm, 5 min)
allowed homogenization of the suspension. Note that in our conditions,
the hydroxide particles are bigger than if they were directly formed in
situ, thus their specific surface is smaller, and concentrations higher
than in physiological conditions are used. To evaluate the efficiency of
flotation tests, KOVA counting slides were used. For each test, 10
samples of the algal suspension withdrawn in the middle of the sus-
pension, before and 10 min after the depressurization, were used for
counting and determine the cell concentration. The percentage of effi-
ciency corresponds to the percentage of cells removed for the algal
suspension after flotation.
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Fig. 1. Flotation of Phaeodactylum tricornutum. (a) Pictures of the resulting cell suspension after flotation of P. tricornutum cells in sorbitol buffer with no flocculant at
pH = 8 or (b) pH = 10. (c) Resulting cake after flotation in sorbitol buffer at pH = 10 with Ca(OH), at a concentration of 10.5 mM (indicated by the black arrow and
the dotted circle) or (d) Mg(OH), at a concentration of 5.7 mM, (e) 14.3 mM and (f) 57 mM (indicated by the black arrows). (g) Histogram representing the flotation
efficiency in % in the different flotation conditions. For each condition, experiments were conducted twice, with a microalgal biomass dry weight comprised between

0.3 and 0.4 g/1.

2.4. Optical imaging

The optical images of P. tricornutum cells before and after flotation
experiments were directly obtained by sampling 1 mL of the cell sus-
pension or of the cake obtained after flotation. These samples were then
deposited on glass surfaces and allowed to stand for 30 min at room
temperature. Images were recorded at high magnification (x 50) using
an inverted Axio Observer Z1 microscope (Zeiss).

2.5. Zeta potential measurements

The global electrical properties of P. tricornutum cell surface were
assessed by measuring the electrophoretic mobility which corresponds
to the velocity of suspended cells exposed to an electric field. To this
end, microalgae were harvested by centrifugation (3000 rpm, 10 min),
washed two times in sorbitol buffer 375 mM at pH = 8 or pH = 10 and
resuspended in the same solution at a final concentration of 1.5 x 10°
cell/mL. The electrophoretic mobility was then measured using an
automated laser zetameter (Zetasizer NanoZS, Malvern Instruments).
For each condition, cells coming from 3 independent cultures were
analyzed.

2.6. AFM imaging and force spectroscopy experiments

Before AFM experiments, cells were harvested by centrifugation
(3000 rpm, 10 min) and washed two times in sorbitol buffer 375 mM at
pH = 8 or pH = 10. Cells were then immobilized on polyethylenimine
(PEI, Sigma P3143) coated glass slide prepared as previously described
[29]. Briefly, freshly oxygen activated glass slides were covered by a
0.2% PEI solution in deionized water and left for incubation overnight.
Then the glass slides were rinsed with deionized water and dried under
nitrogen. A total of 1 mL of cell suspension was then deposited on the
PEI slides, allowed to stand for 30 min at room temperature, and rinsed
with sorbitol buffer 375mM at pH = 8 or pH = 10. Images were re-
corded in sorbitol buffer at pH = 8 or pH = 10 using the Quantitative
Imaging™ mode available on the Nanowizard III AFM (JPK Instruments,
Berlin, Germany). Multiparametric images were recorded with MLCT
AUWH cantilevers (Bruker, nominal spring constant of 0.01 N/m) using
an applied force of 0.7 nN, a constant approach/retract speed of 90 um/

s, and a z-range of 2 um. For nanoindentation experiments, the applied
force was comprised between 1 and 5nN depending on the condition
with MLCT AUWH cantilevers with nominal spring constants comprised
between 0.01 N/m and 30 N/m. Young's moduli were then calculated
from 80 nm indentation curves using the Hertz model [30] in which the
force F, indentation (8) and Young's modulus (Ym) follow the equation
F=(2 X Ym X tana) / ( X (1 — v?) x 82), where a is the tip opening
angle (17.5°), and v the Poisson ratio (arbitrarily assumed to be 0.5).
Finally force spectroscopy experiments, MLCT AUWH cantilevers with a
nominal spring constant of 0.01 N/m, functionalized with hydroxides or
not, were used at a constant applied force of 0.25nN. The cantilevers
spring constants were determined using the thermal noise method [31]
before each experiment.

2.7. AFM tip functionalization with hydroxides

To prepare functionalized AFM with Ca(OH), and Mg(OH),, MLCT
AUWH tips were first dipped into a thin layer of UV-curable glue
(NOA63, Norland Edmund Optics), then into a thin layer Ca(OH), or
Mg(OH),, particles deposited on a glass slide. Functionalized tips were
then put under UV-light for 10 min to allow the glue to cure.

2.8. Scanning electron microscopy imaging of AFM tips

AFM cantilevers with tips functionalized or not were first carbo-
nated and then imaged using a Jeol 6400 electron microscope (Jeol,
Tokyo, Japan) equipped with an EDS Bruker SDD detector, at an ac-
celeration voltage of 20 kV. Energy-Dispersive X-ray (EDX) analysis was
also performed in order to obtain the atomic concentrations of Mg and
Ca in particular present in each sample imaged.

3. Results

3.1. Both pH increase and hydroxide-mediated flocculation improve
flotation efficiency

We first studied at the population scale the efficiency of P. tri-
cornutum separation by flotation (Fig. 1). Fig. 1a to f are pictures of the
resulting algae suspensions after flotation or after flocculation/
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flotation. In each case, experiments were conducted in salt-free buffer
(sorbitol 375 mM) so to evaluate the effects of each parameter, pH in-
crease or addition of hydroxides, independently. When magnesium or
calcium hydroxides were used, the pH of the buffer was set to 10, to
prevent their dissolution at lower pH. When no flocculants were used,
we can see from the pictures that cells did not form agglomerates at the
surface even though at high pH the flotation was efficient at 39.4%,
meaning that 39.4% of the cells were moved to the surface by the air
bubbles (Fig. 1a, b and g). Addition of Ca(OH), in the algal suspension
at the maximum concentration that could be found in our synthetic
marine water (10.5mM), caused the cells to agglomerate. After flota-
tion, these agglomerates that were moved to the surface by the bubbles,
could be directly visualized (Fig. 1c). Addition of Mg(OH), at increasing
concentrations also led to the formation of cell agglomerates, also
visible at the surface of the suspensions after flotation (Fig. 1d to f).
Concerning flotation efficiencies (Fig. 1g), flocculation using Ca(OH),
resulted in a flotation efficiency of 54.5%, while a smaller concentra-
tion of Mg(OH), allowed better separating the cells from the water
(efficiency of 71.5% using 5.7 mM of Mg(OH),). With higher Mg(OH),
concentrations, until 57 mM (maximum reachable concentration in our
synthetic marine water), a flotation efficiency of almost 100% was
reached (90.6% with 14.3 mM and 97.8% with 57 mM), meaning that
almost all the cells were removed from the water and agglomerated at
the surface. These experiments then allowed to show that increasing the
pH in the algae suspension without adding any flocculants was enough
to increase flotation efficiency, and that magnesium hydroxide is a
better flocculant than calcium hydroxide, allowing to reach higher se-
paration rates, in our experimental conditions. Thus at this stage, two
questions can be asked: (i) why does a pH of 10 allow increasing flo-
tation efficiency and (ii) why is magnesium hydroxide a better floccu-
lant than calcium hydroxide in our experimental conditions?

3.2. Increasing the pH modifies the surface properties of P. tricornutum

In order to bring information which could help answering the first
question, we investigated the influence of a pH of 8 (pH in the culture
medium), and of 10 on the micro-scale biophysical properties of the cell
surface. To this end, two techniques to characterize the cell surface
were used; AFM and zeta potential measurements. Fig. 2a presents AFM
height images of living P. tricornutum cells in sorbitol buffer at a pH of
8, close to the one found in our culture conditions, and at a pH of 10. On
these images, pH increase does not seem to affect cell morphology,
which is further confirmed by the length, width and height measure-
ments that were performed on at least 10 cells in both conditions, and
presented in Fig. 2b. This confirms that the buffer we are using, con-
taining 375 mM of sorbitol, does not cause osmotic pressure on the
cells. However, concerning the surface charge of the cells, zeta potential
measurements (Fig. 2¢) showed that increasing the pH in the buffer
used for experiments led to an increase of the electronegativity of the
cell surface, from —18.9 + 3. 4mV at pH = 8to —27.1 * 3.2mV at
pH = 10 (mean * SD from 15 measurements at each pH), most likely
resulting from an ionization of the hydroxyls functions present on the
polysaccharides (pKa~ 10, [32]) that composes for one third the cell
wall of P. tricornutum [33]. But the major change that cell surface ex-
periences at a pH of 10 concerns the nanomechanical properties. To
obtain quantitative information on these properties, we determined the
Young modulus (Ym) of the microalgae cells trough nanoindentation
measurements, in buffer at the two different pHs (Fig. 2d to f). In this
type of measurements, the cantilever, which mechanical properties are
known, is pressed against the cells at a given force. This allow ex-
tracting the Ym of the cell wall, a parameter that reflects its resistance
to compression (the higher the Young modulus value, the stiffer the cell
wall). Ym values are obtained first by converting force curves into force
vs indentation curves, showed in Fig. 2e, and second by analyzing these
curves with a theoretical model, in our case, the Hertz model (black
empty circles on the curves in Fig. 2e). As showed in the AFM image in

Algal Research 33 (2018) 369-378

Fig. 2d, local nanoindentation measurements were performed on areas
of 1ym X 1pum on the center and on the side of the cells. The in-
dentation curves recorded (Fig. 2e) showed that in both cases, there
was a difference in the indentation between the center and the side of
the cells, most probably due to the presence in the center of the
chloroplast and of the lipid droplet that P. tricornutum produces. An-
other information that could be extracted from these curves is that the
AFM probe was able to indent deeper in cells at pH = 8 than at
pH = 10, leading thus to the conclusion that increasing pH also in-
creases the rigidity of the cell wall. Quantitative measurements, pre-
sented in Fig. 2f, confirmed these information; cell side at a pH of 8
presented a Ym of 249 + 153 kPa, that was more than two-times in-
creased in the center (580 * 294 kPa, mean + SD on a total of
n = 8192 curves from 8 different cells), in line with previous nano-
mechanical measurements [29]. At increased pH, cells were sig-
nificantly more rigid even though Ym values showed a high hetero-
geneity (p value < 0.05, unpaired ttest), with a Ym of
4324 = 2079 kPa on the center and of 2951 + 1251 kPa on the side of
the cells (mean + SD on a total of n = 8192 curves from 8 different
cells). Thus, although intracellular structures caused a local increase in
the rigidity of the above probed cell wall, these results show that with
increasing the pH, the cell wall undergoes a deep remodeling that is
reflected by an increased rigidity. This result, when put in parallel with
the flotation efficiencies obtained in the absence of flocculant, seems to
indicate that perhaps the deformability capacity of the cells is involved
in their interactions with bubbles.

3.3. Magnesium hydroxide interacts and adheres to the surface of the P.
tricornutum cells

To address the second question that rose from flotation experiments,
why does magnesium hydroxide seem to be a better flocculant than
calcium hydroxide, we decided to take a closer look, at the micrometer-
scale, at the cells present at the surface of the suspensions after flotation
or flocculation/flotation. To this end, these cells were used for both
optical and AFM imaging (Fig. 3). Fig. 3a, d and g show that in the
absence of flocculant, at a pH of 10, cells did not present any particu-
larities, and their surface was smooth, as it can be seen on the cross-
section in Fig. 3g. However, after flotation using 5.7 mM of Mg(OH), as
a flocculant, optical imaging showed that cells were covered by hy-
droxides particles (Fig. 3b). This observation was then confirmed by
AFM data that indeed revealed the presence of hydroxide particles di-
rectly adhered on the surface of the cells (Fig. 3e and h). In the case
where Ca(OH), was used to flocculate the cells, we can see that only a
few hydroxide particles were adhered to the cells, thus leading to think
that Mg(OH), is a better flocculant because it seems to bind the cells
more efficiently than calcium hydroxide. However this hypothesis
needs to be confirmed.

3.4. Force measurements uncover the mechanical strength of hydroxide
biding to P. tricornutum cells

In order to evaluate the binding efficiencies of magnesium and
calcium hydroxides to cells, we chose to develop a new strategy to di-
rectly functionalize AFM tips with these hydroxides. The method is
presented in Fig. 4a to c. Inspired by studies where micro-sized particles
or nanoparticles were glued to AFM cantilevers or tips [27, 34], we
chose to directly functionalize silicon nitride AFM tips with hydroxide
particles using a UV-curable glue. The protocol that we used for that,
described in the material and methods section (paragraph 2.7), is de-
picted in Fig. 4a, b and c. Then, to confirm their good functionalization,
bare and modified tips were analyzed using scanning electron micro-
scopy (SEM) imaging and energy-dispersive X-ray (EDX). The results
obtained, presented in Fig. 4d to f, showed that particles were indeed
present on the tip after functionalization. The atomic concentration
spectra further confirmed that the particles observed were indeed
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Fig. 3. Effects of flotation on P. tricornutum cell surface. (a) Optical image of cells before flotation in sorbitol buffer at pH = 10, or (b) after flotation in sorbitol buffer
pH = 10 with Mg(OH), at a concentration of 5.7 mM or (c) with Ca(OH), at a concentration of 10.5 mM. (d) AFM height image of a single P. tricornutum cell before
flotation, or (e) after flotation in sorbitol buffer pH = 10 with Mg(OH), at a concentration of 5.7 mM or (c) with Ca(OH), at a concentration of 10.5 mM. (g), (h) and
(i) are cross-sections taken along the white dashed white lines in respectively (d), (e) and (f). Scale-bars in optical images correspond to 50 um and to 5um in AFM
images.
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Fig. 4. Functionalization of AFM tips with magnesium or calcium hydroxide particles. (a) to (c) give a schematic representation of the method developed. (a) The end
of AFM tips are first covered by a UV-curable glue. (b) Then AFM tips are further put in contact with particles of Ca(OH), or Mg(OH), deposited on a glass surface so
that particle attach to the tip. (c) Finally the glue is cured under UV light during 10 min. (d) Scanning electron microscopy image of a bare AFM tip and its
corresponding atom spectrum or (e) of a tip functionalized with Mg(OH), particles or (f) of a tip functionalized with Ca(OH), particles. Note on the spectra the peaks
corresponding to magnesium and calcium appearing in (e) and (f). Scale-bars in SEM images correspond to 10 pm.

composed of magnesium or calcium atoms, which were not present on
bare tips. These experiments allowed then to validate the functionali-
zation strategy that we developed, and show its versatility as different
types of inert particles can be functionalized onto tips using this
method.

We then used the functionalized tips in multiparametric imaging
experiments to characterize and quantify the binding forces between
hydroxides particles and living P. tricornutum cells at the molecular
scale. To this end, cells in sorbitol buffer at a pH of 10 were first probed
using multiparametric imaging technology to obtain simultaneous AFM
images of the topography and adhesion of the cells (images in Fig. 5).
With bare AFM tips, the adhesion image of the cell was dark, meaning
that there were no interactions between the tip and the sample
(Fig. 5b); the retract force curves then obtained at low scanning speed
showed no retract adhesions (Fig. 5¢). The same experiments were re-
peated with Mg(OH), and Ca(OH), functionalized tips; in each case we
can see on the height images (Fig. 5 d and g) that the resolution is not as
good as when using bare tips, notably on the edges of the cells. This is
due to the presence of the particles on the sides of the tips, as seen on
SEM images, which reduce their initial sharpening and thus the imaging

resolution. However, both adhesion images (Fig. 5e and h) show ad-
hesion events homogeneously distributed over the entire cell surface; in
the case of Mg(OH), tips the adhesion forces seem to be stronger. The
retract force curves obtained in each case (Fig. 5f and i) showed typical
non-specific retract adhesions, most likely reflecting electrostatic in-
teractions between the negative surface of the cells and the positive
surface of both Mg(OH), and Ca(OH), at pH = 10 [35, 36]. Note that in
our salt-free buffer, no electrolytes can influence the interactions
probed, that are thus only due to the charges brought by the cells and
the hydroxides. In the case of Mg(OH), tips, the adhesion force was of
109 + 48pN (mean * SD on a total of n = 2064 curves from 12
different cells and 6 different Mg(OH), tips), whereas in the case of Ca
(OH), tips, adhesion forces were significantly reduced (p value < 0.05,
unpaired t-test) to 95 = 49pN (mean = SD on a total of n = 1807
curves from 12 different cells and 5 different Ca(OH), tips). Therefore,
magnesium hydroxide binding to cells is stronger, at pH = 10, than
calcium hydroxide. However, both hydroxides adhere to the cells, and
through the same type of interactions, thus suggesting that electrostatic
binding to cells is not the only mechanism by which Mg(OH), floccu-
lates the cells.
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Fig. 5. Probing the interaction between P. tricornutum cells and magnesium and calcium hydroxides. (a) AFM height image of a single P. tricornutum cell in sorbitol
buffer at pH = 10 and (b) corresponding adhesion image, recorded using a bare AFM tip. (c) Histogram representing the adhesion force distribution recorded on cells
in sorbitol buffer at pH = 10 with bare AFM tips. (d) AFM height image of a single P. tricornutum cell in sorbitol buffer at pH = 10 and (b) corresponding adhesion
image, recorded using a Mg(OH), functionalized AFM tip. (f) Histogram representing the adhesion force distribution recorded on cells in sorbitol buffer at pH = 10
with Mg(OH), functionalized AFM tip. (g) AFM height image of a single P. tricornutum cell in sorbitol buffer at pH = 10 and (h) corresponding adhesion image,
recorded using a Ca(OH), functionalized AFM tip. (i) Histogram representing the adhesion force distribution recorded on cells in sorbitol buffer at pH = 10 with Ca
(OH),, functionalized AFM tip. The insets in (c), (f) and (i) are representative retract force curves obtained. Scale-bars in AFM images correspond to 5pum.

4. Discussion

Although flocculation studies involving auto-flocculation [16, 21]
or using chemical flocculants [37, 38] have been performed on P. tri-
cornutum, there were so far no data on this species harvesting by flo-
tation. Using laboratory-scaled flotation experiments, we have showed
that both an increased pH and the alkaline flocculation of the cells play
a role in their efficient separation from the water. Using controlled
conditions, in pH-adjusted sorbitol buffer, to which hydroxides were
directly added in powder, we could determine the effect of each para-
meter, pH and flocculant, in an independent manner. We then chose to
go down to the micro and molecular-scale to precisely understand in
what way these parameters were involved in both the attachment of
cells to bubbles, and in the formation of flocs, using biophysical ap-
proaches. These approaches allow focusing on the cell interface and
understand its interactions with its environment, which is a relevant
and original approach in biotechnological applications such as flota-
tion. The results we obtained using advanced AFM modes, an in-
novative tip functionalization method, and zeta potential measure-
ments, allowed us to show how the modification of the cell surface
under high pH could participate in both cell-bubble interaction and floc
formation, but also to characterize at the molecular scale the interac-
tions between cells and calcium and magnesium hydroxides, thus
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providing a molecular foundation for their ability to mediate floccula-
tion.

The cell wall of P. tricornutum is composed of three main type of
compounds: proteins, lipids and polysaccharides, which follow a com-
plex dynamics depending on the culture conditions or on the morpho-
type that cell can adopt (fusiform, triradiate or oval) [33]. Francius
et al. have showed for instance that the cell wall nanomechanical
properties of the three different morphotypes were indeed different
[29], thus unraveling the link between the composition and archi-
tecture of the different compounds in the cell wall and its rigidity. Many
studies on the nanomechanical properties of microorganisms, such as
yeast, for example, that also have a cell wall composed of proteins and
polysaccharides, have showed that external factors could modulate the
proportion and architecture of these compounds within the cell wall,
and modify its rigidity [39, 40]. In cultures of P. tricornutum with no pH
control and thus where the pH increases due to the photosynthetic
activity of the cells, proteins proportion was lower and replaced by
more lipids [33]. Although in our conditions, the timeframe of the
experiments might not be enough for the cells to incorporate lipids in
the cell wall, it is undeniable that pH has an effect on the composition
of the cell wall, and thus on its architecture. Moreover, we have showed
that at high pH, the negative cell surface charge is higher, which
probably results from the protonation of hydroxyls groups present on
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the polysaccharides that compose the cell wall. These changes might
then have an impact on the architecture of these components within the
cell wall, and thus on the architecture of the cell wall, impacting its
rigidity. Therefore the nanomechanical changes that we observe at the
two different pH values reflect this cell wall remodeling at an increased
pH. But how these nanomechanical changes can be involved in the
attachment of cells to bubbles?

The cell wall of microorganisms, from a general point of view, plays
several key roles for the cells, such as protection from the environment
for example, or maintaining cell shape. Its nanomechanical properties
thus have a direct influence on the shape the cell is able to adopt, as
Francius and co-workers showed [29], as well as on their deformability.
It has been demonstrated in many flotation studies that the shape of the
particles had a direct effect on their attachment to the surface of the
bubble. For instance, studies have showed that elongated particles had
a higher recovery rate than spherical ones in flotation processes
[41-43]. Given the lower rigidity of the cells at a pH of 8, it is clear then
that in these conditions, cells are more deformable than at pH = 10 and
can adopt a more round shape. At increased pH, the rigidity of the cell
wall keeps the cell in a rigid fusiform shape compared to pH = 8, which
might then have an impact on its interactions with bubbles. This would
explain why, at an increased pH, without addition of any flocculants,
the removal rate of cells from the water is increased compared to a pH
of 8. This effect of pH on the shape of the cells therefore seems to be
predominant over the one it has on the charge of the cells; indeed,
bubbles in our conditions are negatively charged [15]. Then the in-
crease of the pH making cells more electronegative, the repulsion be-
tween cells and bubbles should be more important at increased pH.
Nanomechanical data here give a partial explanation on the interac-
tions between cells and bubbles. To go further on this point, a possi-
bility would be to measure directly the interactions between bubbles
and cells, at different pH, in order to understand precisely the role of
the cell wall in the adhesion to gaz-liquid interfaces.

If the cell wall mechanics seem to have an impact on the interaction
with bubbles, it has also a role in the interaction with the hydroxide
particles, and thus in floc formation. As we showed in multiparametric
imaging experiments using hydroxide modified tips, cells interact
through strong electrostatic interactions with both hydroxides. The
difference in the adhesion forces between magnesium and calcium
hydroxide is perhaps due to the fact that Mg(OH), is able to adhere to
the cell surface, as we saw in Fig. 3, whereas Ca(OH), does not. Indeed,
while both particles are positively charged, their interactions with the
cell wall are different; electrostatics is not the only mechanism in-
volved. Tesson and co-workers showed in a study published in 2008
that Mg(OH), crystals could form a capsule around cells of P. tri-
cornutum in cultures at high pH, in line with our observations [44].
According to the authors of this study, this was in fact due to the in-
teractions between magnesium hydroxide and acidic polysaccharides
that cells produce under high pH, and which provide surface sites for
magnesium hydroxide biosorption. However in this study, cells were
cultured with no pH control and analyzed right away: in our case, cells
are washed before all experiments, which must probably remove the
potentially excreted polysaccharides from the cells surface, as it is the
case for other microorganisms [45]. Indeed, in experiments performed
in these conditions, at pH = 10, using AFM tips functionalized with a
lectin that binds to polysaccharides (concanavalin A), we could not pull
any molecules from the surface, indicating thus the absence of these
polysaccharides (data not showed). Therefore there might be another
mechanism involved in the adhesion of only magnesium hydroxide into
the cell wall. Perhaps the size of the particles could be an explanation:
on AFM images and cross-sections in Fig. 3, we can clearly see that Mg
(OH), particles have a size around 1 pum, while Ca(OH), particles are
bigger with a size of approximately 2 um. It is then possible that cal-
cium hydroxide particles are too big to be coated on the cell wall.
Another possibility could rely in a specificity of proteins present at the
surface for magnesium. Willis et al. have started to identify proteins
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expressed at the surface of P. tricornutum cells involved in cell adhesion
[46]; perhaps one of these proteins has a specific binding site for
magnesium hydroxide. But what must be remembered is that the in-
teraction between magnesium hydroxide and the cell wall of P. tri-
cornutum relies on several mechanisms, among which one is based on
electrostatic interactions, as showed in our force spectroscopy experi-
ments.

The Mg(OH), capsule that forms around the cells seems to be in-
volved in flocculation of the cells. Indeed, when magnesium hydroxide
is used as a flocculant, better removal rates are reached in our floccu-
lation/flotation system. In different studies the team of Muylaert has
established that the flocculation of cells mediated by Mg(OH), was
based on a charge neutralization mechanism. In this mechanism, the
positive charges of the hydroxide particles strongly interact and neu-
tralize the negative ones of the cells. As a result, the electrostatic re-
pulsion between the cells disappear and cells flocculate [16, 47]. If
flocculation was only relying on this mechanism, then when using Ca
(OH),, also positively charged and strongly interacting with the cells,
better flocculation rates should be reached. Another mechanism that
can be involved in flocculation is called the sweeping mechanism,
where the cells are entrapped in a massive precipitation [47-49]. Al-
though the interactions that we measure in this study, between hy-
droxide particles and cells, are probably involved in this type of me-
chanism, the fact that hydroxides are added to the cell suspension in
buffer, and not formed in situ, then prevent this mechanism to happen
in our experimental conditions. Thus not only the interaction, but the
absorption of the hydroxide particles have a role in the flocculation of
the cells.

Altogether, the biophysical data that we obtain here in this study,
provide new insights into both the processes of cell-bubble interaction
and floc formation, involved in the flocculation/flotation mechanism of
P. tricornutum. The nanomechanical properties of the cell wall of cells,
obtained using AFM nanoindentation measurements at different pH,
suggest that the shape of the particles is involved in their interactions
with bubbles and thus give an explanation for the better flotation ef-
ficiencies obtained with only an increased pH. Concerning floc forma-
tion, zeta potential measurements, AFM imaging and force spectroscopy
data obtained using particle-functionalized AFM tips show that this
process rely on both a charge neutralization process, but also on the
absorption of hydroxide particles into the cell wall of P. tricornutum.
This explains thus why when Mg(OH), is used as a flocculant, better
separation rates are reached in flotation experiments, as its ability to
form a capsule around cells seem to be involved in the successful for-
mation of flocs.

5. Conclusions

In conclusion, our results demonstrate that charge neutralization is
not the only mechanism underlying flocculation by magnesium hy-
droxide. They also highlight the unexpected role of the cell wall in both
flocculation and flotation. Indeed, while its nanomechanical properties
are involved in its interaction with bubbles, its surface charge is es-
sential for interacting with hydroxide particles through electrostatic
interactions. It also features the ability of adhering of magnesium hy-
droxide particles, which, as our study shows, is a key point for med-
iating flocculation and thus further flotation. The magnesium-hydro-
xide flocculation/flotation mechanism is thus a two-partner system;
both the changes undertaken by the cell wall and the interactions with
hydroxide particles are needed to successfully flocculate and harvest
the cells by flotation. However, despite the new insights provided by
our study, still some information are missing in order to fully under-
stand the flocculation/flotation mechanism of P. tricornutum: further
studies will thus focus on the interactions between cells and bubbles
that are for the moment not characterized. For that, perspective work
will include force spectroscopy experiments between cells, in the pre-
sence of hydroxide particles or not, and bubbles, at different pH. This
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will help elucidating the mechanisms, at the molecular and cellular
scale, involved in flotation process, and perhaps reveal the influence of
floc formation on bubble attachment. But for the moment, the new
information that this study provides may open up new ways to improve
and optimize microalgae harvesting by flotation; by controlling auto-
flocculation mechanisms, flotation efficiency could be increased
without adding any flocculants, thus reducing the toxicity and costs in
biotechnological applications such as biofuel production. Moreover, the
fundamental knowledge produced here, but also the multi-scale ap-
proach developed provide a new base to study and understand other
environmentally-significant mechanisms in which microalgae floccu-
lation is involved, such as for example biofilm [50] or marine snow
[51] formation that take place in marine environments.
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