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ABSTRACT

Nanomechanical and structural characterizations of algal cells are of key importance for
understanding their adhesion behavior at interfaces in the aquatic environment. We examine here the
nanomechanical properties and adhesion dynamics of the marine, unicellular, green flagellate
Dunaliella tertiolecta in laboratory culture. Mechanical properties of motile cells are hard to access
while keeping cells viable, and studies to date are limited. Immobilization of negatively charged cells
to a positively charged substrate enables high-resolution imaging and nanomechanical measurements.
Cells in exponential phase possess a large cell volume as imaged by AFM, in agreement with the
large amount of amperometrically measured displaced charge at the interface. Cells are stiffer and
more hydrophobic in exponential than in the stationary phase. Differences in the critical interfacial
tensions of adhesion of cells in exponential and stationary phase show the analogy with adhesion of
hydrophobic droplets of organic liquids. Differences in the kinetics of adhesion and spreading of cells
at the interface are attributed to their volume and nanomechanical properties that vary during cell
aging. In the future, cell mechanical properties could be considered as a marker for environmental
stress in order to better understand viability and adaptation strategies of algal populations in aquatic
systems.
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Highlights

For the first time, nanomechanical properties of motile algal cell are determined.
Loss of elasticity and hydrophobicity indicates aging process of cell culture.
Dynamics of algal cell adhesion at the interface is faster in aged culture.



1. Introduction

Single-celled algae play a fundamental role in the aquatic ecosystem, and they are sensitive to
environmental changes. Many stressors (e.g. salinity, temperature, pH, light, nutrients, pollutants,
toxicants) in the aqueous environment affect algal cell growth, adaptation, physiological activity, and
complex biochemical processes in the cell, which may have consequences in the food web structure.
In addition to their ecological roles as oxygen producers and as the food base for almost all aquatic
life, algae are economically important for biofuel production and as sources of food and
pharmaceutical and industrial products. The unicellular green flagellate Dunaliella tertiolecta (D.
tertiolecta) 1s widespread in aquatic ecosystems due to their tolerance to a wide range of salinities,
light intensities, and temperatures [1]. Dunaliella lacks a rigid polysaccharide cell wall and is
enclosed by a thin elastic plasma membrane covered by a mucous surface coat [2]. This membrane
elasticity and the lack of a rigid cell wall permits rapid cell volume changes in response to variations
in osmotic pressure [3]. Interest in these features has driven an increase in fundamental and
biochemical research on Dunaliella.

Within this context, Atomic Force Microscopy (AFM) in liquid is a cutting edges technology to
observe the morphological, mechanical and adhesion properties of living cells [4], as previously
published in bacteria [5]. Several research groups employ AFM to investigate the morphology and
nanomechanical properties of marine diatom cells, and the supramolecular organization of their
extracellular biopolymers [6—9]. Mechanical properties of algal cells are critical determinants of their
adhesion behavior at interfaces in the aquatic environment. A convenient way to study cell adhesion
at the model interface is electrochemically with chronoamperometry. Chronoamperometry at the
model charged interface is based on sensing of the interfacial properties, hydrophobicity, and
supramolecular organization of particles rather than on the chemical composition [10]. The model
liquid interface mimics interaction between fluid interfaces in contact while applied electrode
potential corresponds to the electric field strength that act on the biological membranes [11-14].
Recently, we studied the adhesion dynamics of the Dunaliella cell and its plasma membrane vesicles
at the charged interface through detection of amperometric signals on a time scale of milliseconds.
Interpretation of the amperometric signals of cell and vesicles by a reaction kinetics model enables a
better understanding of the sequence of the steps involved in cell adhesion at the interface [13,15—
17]. We showed that the time constants for plasma membrane vesicle adhesion are shorter than those
for the algal cell. The difference in adhesion dynamics between the corresponding systems is
associated with released intracellular content which is missing in the case of rupture and spreading of
vesicles, filled with aqueous electrolyte solution. We report here a comprehensive biophysical
approach to examine nanomechanical properties and adhesion dynamics during two phases of D.
tertiolecta cell growth (exponential vs. stationary), utilizing adapted protocol for the attachment of
motile algal cells in order to obtain previously unavailable quantitative nanomechanical
measurements. The information obtained from the complementary surface methods and the
mathematical model will contribute to a better understanding of the importance of surface properties
in cell adhesion at charged interfaces.

2. Experimental
2.1 Cell suspensions

We used a laboratory culture of the unicellular marine algae Dunaliella tertiolecta Butcher
(Chlorophyceae). The cells (maximum dimension 6-12 um) were grown in seawater enriched with
F-2 medium [18] in batch culture under laboratory ambient conditions. The algae growth was
followed by measuring the absorbance at 425 nm. Algae were collected in exponential phase at day
5 and in stationary phase at day 20. The cells were separated from the growth medium by mild
centrifugation (1500 g, 5 min). The pellet was washed several times with filtered seawater. Stock



suspension contained 1-6 x 107 cells/mL. Cell density and viability were monitored by light
microscopy.

2.2 Atomic force microscopy

AFM experiments were performed in quantitative imaging mode, QI [19] with a Nanowizard I1I (JPK
Instruments, Germany). NPG-10 gold cantilevers (Bruker, Germany) were used, with a spring
constant measured around 0.05 N/m. To evaluate the hydrophobicity, adhesion measurements were
performed with cantilevers functionalized by 1-dodecanethiol (Sigma-Aldrich, France), as described
previously [20,21]. Briefly, to generate a functionalized AFM tip, the gold cantilevers were first
activated by immersion for 15 min in a mixture of H20O2 (30%), NH3 (30%), and deionized water, in
a 1:1:5 ratio (v/v/v). The gold cantilevers were then immersed for 16 h in absolute ethanol containing
1 mM of 1-dodecanethiol, rinsed with ethanol, and dried with nitrogen. A force of 2.5 nN was applied
for the AFM measurements. The calibration was performed with approach curves from the glass stiff
support. Topography and elasticity were collected with the approach curves, and adhesion with the
retract curves. Examples of approach curves (from glass stiff support and alga cell) were shown in
Supplementary Figure 1. AFM analyses were carried out with the JPK Data processing software.
Student’s t-test was used for statistical significance.

2.3 Sample preparation for AFM measurements

For immobilization of the algae cells, glass slides were prepared as follows [5,22]. The slides were
plasma-activated in the flow from a Pico plasma generator (Diener) for 5 min (50 W, 0.5 mbar, room
temperature). On the plasma-treated slides were added a water solution containing 0.2%
polyethylenimine (Sigma-Aldrich) and incubated for 1 hour in a closed Petri dish. The slides were
then washed with deionized water and dried with nitrogen. Aliquots of algal cell suspension were
placed on the dried, coated slides for 30 min, after which non-immobilized algae were removed by
rinsing with filtered seawater (0.2 pum).

2.4 Electrochemical measurements

Dropping mercury electrode (DME) had a drop-life of 2.0 seconds, flow rate of 6.0 mg/s and a
maximum surface area of 4.57 mm?. All potentials are referred to an Ag/AgCl1 (0.1 M NaCl) reference
electrode, which was separated from the measured dispersion by a ceramic frit. Electrochemical
measurements were performed using a PAR 174A Polarographic Analyzer interfaced to a computer.
The potentiostat PAR 174A has two main parts: the voltage source and the measuring circuit. It was
determined that the measuring circuit is the slower of the two components, and its rise time was
measured by applying a signal with negligible rise time to its input, with the selector set on dummy
cell mode. The rise time of the measuring circuit determined for different current ranges has a value
of 0.1 ms. Thus, the time constant of the PAR 174A is 0.045 ms. The acquisition of analog signals
was performed with a DAQCard-Al-16-XE-50 (National Instruments) input device, and the data were
analysed using an application developed in LabView 6.1. Current-time (/-f) curves over 50 mercury
drop lives were recorded at constant potentials with temporal resolution of 50 us. All experiments on
cell suspensions were performed in deaerated 0.1 M NaCl at 20 °C under purging with nitrogen. The
measured signal has a specific waveform represented as a difference between two exponential
functions of time. Approximating the measuring signal with a linear or an exponential function is the
preferred way to analyze such a waveform; in this case the influence of the time constant of the
potentiostat is much smaller than for the step function. Such an approximation introduces a delay and
a slight change in amplitude of the output signal, but it enables the measurement of the time constants
of the process even if they are comparable to the time constant of the potentiostat.

2.5 Electrochemical method



Adhesion and spreading of organic particles (such as droplets, lipid vesicles, cells) on a charged
mercury/water interface cause double-layer charge displacement from the inner Helmholtz plane, and
the transient flow of compensating current can be recorded as an amperometric signal. Each
amperometric signal corresponds to the adhesion of a single particle from suspension [23-25]. The
random occurrence of the adhesion events is due to the spatial heterogeneity inherent to a dispersed
system and to the stochastic nature of particle-electrode encounters. At a given potential, the current
amplitude reflects the size of the adhered particle, and the signal frequency reflects the particle
concentration in the suspension [10,11,23,26]. The lower size-detection limit is > 3 pum under

deaerated conditions. Signals are defined by their amplitude (i.e. peak of adhesion signal), /_, and

duration, ¢, , as well as by displaced charge, g, [11,24,26]. The displaced double-layer charge is
obtained by integrating the area under the signal:

i+t

ap = | 1t (1)

If charge displacement is complete, which leads to the formation of an organic layer, the area of the
contact interface, A4_, is determined from the amount of displaced charge:

4= )

where o, is the surface charge density of the mercury/aqueous electrolyte. According to the

modified Young-Dupré equation, the total Gibbs energy of interaction between an organic droplet
and the aqueous mercury interface is

—AG = A7, =7~ 13) 3)

wherey,,, y,;and y,are the interfacial tensions at the mercury/water, mercury/organic liquid, and
water/organic liquid interfaces, respectively. The expression in parentheses is the spreading
coefficient (S);,) at the three-phase boundary [27]. When §,;, >0, attachment and spreading are
spontaneous processes, while when S,, <0, spreading is not spontaneous. The critical interfacial

tension of adhesion (y,,), defined by §,;, =0 will be (y,,). =5 +75; -

3. Theory

The kinetics of organic particle adhesion to a charged interface can be described as a process
involving three steps reported in detail previously [13,16,17]. Briefly, the three-step adhesion process
is illustrated by four states: initial intact state (A4), two intermediate states (B, C), which could be
associated with deformation and rupture, and the final state of product formation (D). The three-step
process is represented by the following reaction scheme:

A= c"p (4)

k2 k4 ks

This reaction scheme involves four states of the organic particle in contact with the charged interface,
where k;, k,, and k, are the forward rate constants, while ,, k,, and k, are the backward rate



constants. The reaction scheme is represented by a set of four differential equations in terms of the
rate constants:

% =—kA+k,B &)
% _ kA= (k, +k)B+k,C )
‘:1—(; =k,B—(k, +ks)C + kD (7
% = k,C—k.D (8)

with initial conditions: at £ =0, 4= 4,, B=C =D =0, and the corresponding continuity relation A

+ B + C + D = Ay. From these differential equations the analytical solutions for the individual states
(A, B, C,and D) in the time domain can be derived. The solution for the final state D can be
obtained in the following form:
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where D, D, and D, are the corresponding pre-exponential constants, and D, =k k,k,7,7,7,4,

represents the equilibrium value of the final state. For the analysis of amperometric measurements,
Eq. (9) is transformed to its electrical equivalent, where the amount of product, D, and the rate of
product formation, dD/dt, correspond to charge, Q, and current, I, respectively [14]. Thus,

1 2
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(10)

and
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(11)
where Q,, O, O,, I,, I, and I, are the corresponding pre-exponential constants. According to our
methodology, four independent kinetic parameters define the model of the three-step process.
Dependent parameters are calculated from three possible selected sets of independent parameters: 1)
0., 7, 1, T,5i) O, 7, 7,, Oy;andiil) Q,, 7,, 7,, I,. Finally, the best-fit curve of the three-
step process corresponds to the reconstructed current transient using Eq. (11) and the determined
kinetic parameters. The values of time, ¢_, and current amplitude, /_, are obtained numerically to

check the agreement of the best-fit curve with the amperometric signal.

4. Results
4.1 Cell mechanical characterization by AFM
4.1.1 Immobilization of live algal cells on modified glass substrate

Mechanical characterization of D. tertiolecta cells has not been previously reported. In order to study
the mechanical properties of live, motile algal cells by AFM, an efficient immobilization in a liquid
environment is required. For this, glass slides coated with polyethylenimine (PEI) were used [5]. The
PEI confers a positively charged surface [28], which allows an efficient immobilization of negatively
charged D. fertiolecta [29] without damage to the cells. Cell immobilization was checked by optical
microscopy prior to each AFM measurement (Fig. 1).

Here Fig. 1.

Cells are green, elliptically shaped with two flexible flagella. Flagella motion confirms the viability
of attached (immobilized) cells.

4.1.2 Effect of cell aging on the morphology, elasticity and hydrophobicity

Topographic measurements were done by AFM to evaluate the algae shape, volume, and surface
roughness at the nanoscale (Fig. 2).

Here Fig. 2.

AFM height images are shown for typical algae in exponential phase (Fig. 2a) and in stationary
growth phase (Fig. 2c). The cross sections of attached cells (Fig. 2e) indicate difference in their
vertical dimensions while maintaining cell integrity. Cell volumes were quantified from
measurements of 8 algae in exponential phase and 6 in stationary phase (Fig. 2g). The mean volumes
were 187 + 55 um?® in exponential phase and 129 + 32 um? in stationary phase. The lack of a rigid
cell wall permits rapid cell volume changes. The larger cell volume in exponential phase is caused by
the growth of the mother cell preceding cell division. Nanoscale roughness was evaluated from high
resolution images. Examples of algae surfaces are shown for cells in exponential phase (Fig. 2b) and
in stationary phase (Fig. 2d). The cross sections (Fig. 2f) and the statistical analysis (Fig. 2h) revealed
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a similar roughness for exponential and stationary phase cells, with a mean of 27 + 10 nm and 24 + 8
nm, in exponential and stationary phase, respectively. Consequently, aging induces a decrease of algal
volume but no change in roughness.

To explore the elasticity of the algae, successive force measurements were applied at 2.5 nN by the
AFM tips. Thousands of force curves were recorded and translated to pixel units to obtain elasticity
maps given in Young’s Modulus (YM) values at 200 nm depth. The elasticity of algae was compared
in exponential (Fig. 3ace) and stationary phases (Fig. 3bdf).

Here Fig. 3.

The marked area in the AFM height images of algae (Fig. 3ab) shows the localization of elasticity
(Fig. 3cd). The cross sections from the elasticity maps suggest a lower elasticity in stationary phase
(Fig. 3e). In Fig. 3f, the YM values were extracted from all force curves (5204 curves from 8 elasticity
maps of algae in exponential phase and 3636 curves from 6 elasticity maps of algae in stationary
phase). Statistical analyses were performed from the mean values of each elasticity map. For the algae
in exponential phase, the YM mean was 31 +4.7 kPa. In stationary phase, the YM decreased by 39%,
with a mean of 19 = 7.3 kPa. This loss of elasticity is significant and suggests a molecular
modification of the cell envelope during aging.

To evaluate the hydrophobic properties of the cell surface, chemical force measurements were
performed with AFM tips functionalized with —CH3 groups (Fig. 4).

Here Fig. 4.

AFM height images of algae in exponential phase (Fig. 4a) and in stationary phase (Fig. 4b) exhibited
the localization of adhesion force maps in Fig. 4c and Fig 4d, respectively. The cross sections reveal
a dramatic decrease of hydrophobicity for algae in stationary phase (Fig. 4e). The mean of adhesion
force was 0.7 £ 0.05 nN for algal cells in exponential phase (derived from analysis of 2704 curves
from 4 algae) and 0.4 = 0.07 nN for algal cells in stationary phase (derived from 3636 curves from 6
algae, Fig. 4f). Statistical analysis confirms loss of hydrophobicity.

4.2 Chronoamperometric characterization of single cell

Adhesion and spreading of individual D. tertiolecta cells at the charged interface is conveniently
studied chronoamperometrically. In general, the algal cell attaches, deforms, ruptures, and spreads at
the charged interface, causing charge displacement at the distance of the closest approach of about
0.3-0.5 nm [24]. Typical amperometric signals of D. tertiolecta cells in exponential and stationary
phases recorded at a selected potential of —400 mV are shown in Fig. 5.

Here Fig. 5.

Applied potential of -400 mV is selected for the strongest attractive interaction acting between the
charged electrode and cell (spreading coefficient Si32 = 22 mJ/m?; electric field strength 25 MV/m).
The appearance of an amperometric signal is evidence for a single cell-electrode interaction. The
signal reflects the rate of the final film formation at the interface. The shape of the amperometric
signals of cells in exponential vs stationary phase are significantly different, suggesting that
amperometric detection might be used to determine cell age in culture. At the potential of —400 mV
(where electrode is positively charged) the amplitude direction is positive (i.e., at the potentials of
E>E, where E  is the point of zero-charge). The selected signal of the algal cell in exponential

phase has current amplitude 7 = 0.37 pA at time #,, = 0.46 ms and signal duration ¢, = 11.2 ms.

The total displaced charge, ¢, , and contact area of the interface, 4, are calculated using Egs. (1)
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and (2). The total displaced charge is 1.29 nC, which corresponds to the contact area of the interface,
3.39 x 10* um?. D. tertiolecta cells in exponential phase adhere to the mercury electrode in 0.1 M
NacCl in the potential range from -120 mV to -1100 mV. Therefore, the critical interfacial tensions of
adhesion determined from electrocapillary data in 0.1 M NaCl correspond to 398 mJ/m? and 390
mJ/m? at the positively and negatively charged interfaces, respectively. Critical interfacial tensions
for cell adhesion are not equal at the positively and negatively charged interfaces due to the
contribution of electrostatic interactions between the negatively charged cell surface and the charged
interfaces [14], and the specific adsorption of chloride ions at the positively charged interface. A
detailed analysis of the amperometric signal of D. tertiolecta cells in stationary phase has been
reported previously [13].

4.3 Kinetic interpretation of amperometric signal of cell

We apply the reaction kinetics model of the three-step process and the corresponding methodology
to determine the kinetic parameters of adhesion and spreading from the amperometric signal of cells.
The detailed procedure for extraction of kinetic parameters of adhesion process was described
previously [13,16]. Analysis of the representative amperometric signal of a cell shown in Fig. 5 is
presented in Fig. 6.

Here Fig. 6.

For amperometric signal analysis, it is essential to accurately determine the initial time when signal
appears and the time when the signal ends, ¢, , i.e. when current value decreases below 1% of current
amplitude 7_. In the case of a large dispersion of current values, averaging of positive and negative

deviations is performed. The selected amperometric signal is first divided into primary and secondary
parts, and in addition the secondary part is separated into parts A and B for detailed analysis. The
primary adhesion part of the signal is characterized by 7 _, ¢, ¢, (0.37 uA, 0.46 ms and 2.84 ms,
respectively). The reconstructed current transient is obtained using the determined independent
kinetic parameters (7, , 7,, 7, and Q) and Eq. (11). The values of time constants z,, 7,, 7,

ml?

denoting the attachment, deformation and spreading are 0.07 ms, 0.12 ms, and 0.51 ms, respectively
(with accuracy between 0.02 ms and 0.03 ms determined from the set of signals analysed at —400
mV). The amount of displaced charge, Q.1, corresponds to 0.32 nC.

Comparison of the selected amperometric signal of the cell in exponential phase recorded at =400
mV (circle) with the reconstructed current transient (red curve) is presented in Fig. 6. Agreement
between the measured and the reconstructed current transient for the primary part of the signal is good
at times ¢ < fpa, (Where fiza = 1.24 ms), and the root-mean-square deviation is about 0.035 pA
(corresponding to 9.5% of signal amplitude /in). The amplitude /1 numerically determined from the
reconstructed current transient (using Eq. 11) agrees well with the experimental value, /1, (deviation
amounts to about 0.5% of the amplitude). The difference between the original experimental data and
the reconstructed primary part of the signal can now be used for the analysis of the remaining
secondary part of the signal. The secondary signal part appearing at times ¢ > 2, (1.24 ms) could not
be described by the reaction kinetics model, although it contains a significant amount of displaced
charge (about three quarters of the total displaced charge gp). Therefore, the detailed analysis of the
secondary signal part is performed by empirical fitting using two pairs of exponential functions of
time (fast and slow time constants, zr and ;) for parts A and B (green and blue curves at Fig. 6). The
agreement between the measured data (circles) and the predicted values (fitted black curve) is very
good. The value of root-mean-square deviation is about 0.023 pA (which corresponds to about 6.2%
of the maximum current value of the sum of individual curves, respectively). The total calculated
displaced charge corresponds to Qiwt = Qw1+t Qup = 1.37 nC, where Qun = Q2+ Qx0b. The displaced
charge, Qx2a, related to the signal part A is significant and corresponds to about one third of the
displaced charge of primary signal part (Q»1 = 0.32 nC), while O« is almost three times larger than
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the displaced charge of the primary signal part. Deviation of the calculated displaced charge, Qo
from the experimental value, ¢gp, is 0.08 nC, i.e. 6%, which justifies separate analysis of the primary
and the secondary parts of the signal.

5. Discussion

The elasticity of cell is a key parameter for the maintenance of the cell-envelope structure [30]. The
nanomechanical properties of algal cells depend on their physiological state. AFM measurements
revealed an age-related loss of elasticity and hydrophobicity of D. tertiolecta, which could be
attributed to molecular modifications of the cell envelope. A change in the composition of the cell
envelope has been reported for algae cultivated in different media [31]. Fatty acids isolated from
Dunaliella show a dependence on salinity, where increasing salinity in the growth medium is
correlated with the degree of fatty acid saturation, and thus with a reduction in the fluidity and
permeability of the microalgal membranes.

The YM of a viable D. tertiolecta cell is low (19-31 kPa), since it lacks a rigid polysaccharide cell
wall and is enclosed by a thin elastic plasma membrane (0.9 nm) covered by a mucous surface coat
[3,24]. The effect of cytoskeletal structure on algal cell shape and mechanical properties is not
considered to be very large [32]. In the case of Dunaliella, the cytoskeleton constitutes an integrated
system, in which the basal bodies and their surrounding material are the central element. It is likely
that the submembraneous network of microtubules maintains the elongated form of this cell. The YM
of D. tertiolecta cells is comparable to that of mammalian cells [33—-36]. In contrast, marine diatoms
(e.g. Cylindroteca sp.) with a silica-based cell wall, have a YM about three orders of magnitude larger
[9], and thus they are much more resistant to environmental stress.

Further, using chemically modified AFM tips, quantitative nanomechanical maps provide information
on the distribution and magnitude of adhesion forces associated with the cell membrane. The
hydrophobicity of microorganisms is directly correlated with the molecular composition of the cell
surface, such as the surface coat proteins. The Dunaliella cell “coat* appears to be made up of
glycoproteins of ~150 kDa existing in the outer layer surrounding cells, indicated by staining with
cationic dyes [37]. According to the membrane proteome study of D. salina [38], these protein
complexes may be surface coat proteins, lipid-metabolizing enzymes, ion transporters, GTP-binding
proteins, heat shock proteins, or other membrane proteins of unknown function.

Physicochemical properties of cell surfaces and substrate interfaces influence the dynamics of
adhesion and spreading. Table 1 compares the amperometric signals of cells in exponential phase and
stationary [14] phase.

Here Table 1.

The amplitude and duration of the amperometric signal depends on cell size, while the shape of the
signal depends on surface properties of the interfaces in contact. The signal duration for an algal cell
in exponential phase is more than two times greater than that for a cell in stationary phase (11.2 ms
and 4.45 ms, respectively). The total displaced charge for a cell in exponential phase is almost twice
that of a cell in stationary phase (1.29 and 0.78 nC, respectively), which is in line with the larger cell
volume determined by AFM measurements. Displaced charges of the primary signal parts are
comparable for both signals of cells (0.32 and 0.39 nC). Displaced charge for the secondary part of
the signal is about three times larger for cell in exponential phase (1.05 and 0.38 nC, respectively).
Since the sum of calculated values of displaced charges for cells in exponential and stationary phase,
01, Ox2, agrees with the corresponding values, gp (from Equation 1), of the complete analysed
signals, the development of a methodology for separate signal analysis is justified. From the ratio
between the cell volume determined from AFM measurements and the cell contact interface area (4c)
from amperometric signals analysis, it follows that the thickness of the final film at the interface is
about 5 nm.



Time constants of the primary adhesion parts of the signals of the cells in exponential and stationary
phases, 7 and 71, denoting attachment and deformation, are comparable, while the time constant 1,
corresponding to spreading, is two times slower for the cell in exponential phase (7> = 0.51 ms and
0.28 ms, respectively). Time constants of the secondary signal parts z; (considered as rate determining
step) for the cells in exponential phase are significantly smaller than for cells in stationary phase (7
= 2.55 and 1.04 ms, respectively), which may be related to larger volume or stiffer cellular material,
but also to a molecular reorganization in the film and an attenuated effect of potential over the
modified interface.

Critical interfacial tensions for adhesion of D. tertiolecta depend on surface properties that vary with
cell age. Critical interfacial tensions for adhesion of cell in exponential and stationary phases
correspond to 398 and 390 mJ/m?, and 396 and 383 mJ/m? at the positively and negatively charged
interface, respectively. The decrease of critical interfacial tensions of adhesion for cells in stationary
phase is in line with loss of cell hydrophobicity. These results are analogous with the decrease of
critical interfacial tensions of adhesion of droplets of organic liquids with increasing chain length and
polarity [39,40].

6. Conclusions

Nanomechanical properties of algal cell govern interactions between cells and interfaces, thus they
are important for understanding adhesion mechanisms and dynamics. AFM measurements reported
here reveal that nanomechanical properties change during cell growth, and this is reflected in the
interfacial adhesion dynamics. AFM results also show that D. tertiolecta cells are larger in
exponential than in the stationary phase, which is in an agreement with the amperometrically
determined larger amount of interfacial displaced charge. Finally, AFM results show that D.
tertiolecta cells in the exponential phase are stiffer and more hydrophobic than those in the stationary
phase, which suggests molecular modification of cell envelope during aging. Differences in the
critical interfacial tensions of adhesion of cells in exponential and stationary phase are analogous with
the adhesion behavior of hydrophobic droplets of organic liquids. Results obtained with the reaction
kinetics model of the three-step process indicate that adhesion and spreading at the charged interface
is slower when cells are in exponential phase, which may be attributed to larger volume and stiffer
and more hydrophobic cellular material. Cell mechanical properties, as analysed here, may be
considered as a marker for environmental stress, which may help to understand viability and
adaptation strategies of algal populations in aquatic environments. A deep understanding of algal cell
responses to environmental disturbances is essential for predicting how ecosystems may be affected
by human activities. Additionally, knowledge of the nanomechanical properties of algal cells is of
importance for the determination of the optimum electric field parameters necessary for efficient
electro-extraction of valuble products such as biofuel and pharmaceutical compounds and further
development of the biotechnological potential of microalgae [42-44].
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