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Abstract
Microalgae are considered an accurate indicator of ecosystem perturbations induced by global climate change. The present 
work aims to investigate the alteration of temperature on surface properties and behaviour of three algal species using the 
complementary surface methods (electrochemical and atomic force microscopy). The results showed that the temperature-
induced response of algae is species-specific due to the structural features of the cell envelope. Wall-less algae experience 
the largest nanomechanical and chemical change, while algae with silicified walls show the pronounced chemical change 
in the degree of hydrophobicity. Alterations of surface properties suggest a molecular modification of the algal barrier and 
cytoskeletal rearrangements due to a change in cell size, while algal morphology reveals no change. The physiological activity 
of cells showed a different organisation of released extracellular substances in the form of fine fibrillar structures, aggregated 
particles, and dense networks. Both types of algal responses, physiological activity, and molecular modification of the cell 
barrier determine the cell adhesion and motility. This study highlights the role of surface properties in cell-substrate and 
cell–cell interactions, which is important for the understanding of algal behaviour at natural interfaces and the mechanism 
of algal biofilm and aggregate formation in aquatic systems under the stress.
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Introduction

Marine microalgae support about half of the global primary 
production, drive essential biogeochemical cycles, and form 
the basis of the aquatic food web. Their short life cycle 
enables them to respond rapidly to climate change or the 
presence of pollutants (Beaugrand 2005; Hays et al. 2005). 
The slight change in environmental factors such as light, 
nutrients, pH, and temperature influences the growth rate 
and productivity of microalgae (Falkowski and Raven 2007). 

Temperature is one of the key factors that directly affects 
various cell physiological processes, e.g. biomass produc-
tion, metabolic reactions, respiration, photosynthesis, and 
ecological interactions (Lewandowska and Sommer 2010; 
Guinder and Molinero 2013). An increase in temperature in 
the water column caused by higher solar radiation leads to 
oxidative stress of algal cells (Roncarati et al. 2008; Huertas 
et al. 2011; Häder and Gao 2015). As an adaptive response 
to environmental conditions, algae can adjust membrane 
fluidity by altering fatty acid saturation levels, reduce pro-
tein synthesis to avoid an increase in misfolded proteins, 
accumulate compatible solutes to maintain cell osmolarity, 
regulate photosynthesis to balance energy production and 
consumption (Barati et al. 2019, Pavlinska et al. 2020), and 
release extracellular polymeric substances (EPS; Decho and 
Gutierrez 2017; Kumar et al. 2017).

We focused on the biointerface (i.e. algal cell envelope) 
that separates cells from the external medium and where 
complex processes occur simultaneously. The surface prop-
erties of the biointerface are responsible for the behav-
iour, fate, and role of cells in aquatic systems (Klenerman 
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et al. 2011). Our previous studies showed that the surface 
properties of algal cells are subject to change during the 
growth phase (Pillet et al. 2019). In the exponential phase, 
Dunaliella tertiolecta cells were stiffer and hydrophobic, 
while algae became softer and hydrophilic in the station-
ary phase. Such alterations of algal surface properties were 
considered to reflect molecular modification of the cell enve-
lope. Changes in the surface properties of algae consequently 
reflect on the adhesion kinetics of algae at the model charged 
interface. The alteration of surface properties, morphology, 
and physiological activity were determined when algae were 
exposed to heavy metal cadmium (Ivošević DeNardis et al. 
2019). Dunaliella tertiolecta cells became stiffer due to the 
expression of surface proteins, such as chlorophyll a-b bind-
ing protein and carbonic anhydrase, which are responsible 
for maintaining the photosystem (Lane et al. 2005). The 
frustule of Cylindrotheca closterium showed nanomorpho-
logical changes accompanied by enhancing organic matter 
production as a feedback response to the heavy metal of 
cadmium (Mišić Radić et al. 2020).

Microalgal responses to temperature variations have 
been examined at different spatiotemporal scales, both in 
empirical and field investigations, as well as using modelling 
approaches (Sarmiento et al. 2004; Boyce et al. 2010; Huer-
tas et al. 2011). A number of recent studies have investigated 
the effect of temperature on algal growth and surface proper-
ties for applicative usage (Ozkan and Berberoglu 2013; Ras 
et al. 2013; Gross et al. 2016; Xia et al. 2017; Ahmad et al. 
2020). However, the comprehensive biophysical examina-
tion of algae on the single-cell level focusing on biointerface 
and the ecological implications of the aforementioned inter-
action have been poorly explored.

This study aims to investigate the temperature-induced 
response in the surface properties and behaviour of three 
widely distributed marine algal species, taking into account 
their structural features that can contribute to temperature toler-
ance. We selected the biflagellate green alga D. tertiolecta with 
a mucous plasma membrane called a glycocalyx, the tetraflagel-
late green alga Tetraselmis suecica enveloped within a calcite-
encrusted theca, and the gliding diatom C. closterium with 
a rigid organosilicate cell wall to be examined at selected 
temperatures simulating the annual variations in aquatic 
systems. We will combine complementary surface method 
approach such as electrochemical methods and atomic force 
microscopy. High-resolution imaging will enable the vis-
ualisation of structural details of the cell surface and the 
organisation of the released biopolymers at the molecular 
level. Nanomechanical measurements will determine the 
physicochemical properties of the cells (e.g. elasticity and 
adhesion). The electrochemical measurements will deter-
mine the adhesion behaviour of the cell at the interface as a 
consequence of material fluidity and hydrophobicity and the 
content of released surface-active matter. Cell motility will 

be analysed in terms of cell speed and search radius, both of 
which reflect the physiological state of the cell. This study, 
conducted in batch cultures under controlled laboratory con-
ditions, will enable a better understanding of algal responses 
to the temperature shifts induced by climate change.

Materials and methods

Cell suspensions

Three marine algal species used were Dunaliella tertiolecta 
(DT, Chlorophyceae, CCMP 1320, Culture Collection 
Bigelow Laboratory for Ocean Sciences, Bigelow, MN, 
USA), Tetraselmis suecica (TS, Chlorophyceae, CCAP 
66/22A, Collection of Algae and Protozoa, Scottish Marine 
Institute, Oban UK), and Cylindrotheca closterium (CC, 
Bacillariophyceae, CCMP 1554, Culture Collection Bigelow 
Laboratory for Ocean Sciences, Bigelow, MN, USA). Cells 
were cultured in natural seawater (salinity of 38 ‰) filtered 
through a pore size of 0.22 µm and enriched with F/2 growth 
medium (Guillard 1975). Cultures were maintained in a 
water bath with constant shaking (20 rpm) under a 12:12 
light:dark cycle with an irradiance of 31 μmol photons 
 m−2   s−1. Algal species were cultured at three selected 
temperatures of 12 °C, 18 °C, and 30 °C. Between each 
temperature change, cells were acclimated at 18 °C for 
14 days before exposure at 12 °C and 30 °C. The average 
cell abundance was determined in three sample replicates 
using Fuchs-Rosenthal haemocytometer (Fein-Optik Jena, 
Germany, depth 0.2 mm) and light microscope (Olympus 
BX51, Olympus Corporation, Japan). The determination of 
growth rate and duplication time in the exponential growth 
phase of algal cells were provided by Kim (2015). Cells were 
harvested at the stationary phase (19 days) by centrifugation 
(1,500 xg, 3 min) followed by rinsing and resuspending 
pellet twice with filtered seawater. The final pellet was 
resuspended in 2 mL of filtered seawater and served as the 
stock suspension.

Motility analysis

Aliquots of cell culture were observed under an Olympus 
BX51 microscope (10x). Video files of 5 s were recorded 10 
times consecutively in the sample (50–60 frames per second, 
image size: 340 × 250, 4 × 4 binning). The video files saved 
in.avi format were used as input to the open-source image 
processing software ICY (http:icy.bioimageanalysis.org) to 
analyse cell motility and trajectories (Novosel et al. 2020). 
Three plugins were used: Spot Tracking, Track Manager, 
and Motion Profiler. Data from the analyses of 1000 cells 
were imported into Microsoft Excel (Microsoft Corpora-
tion, Redmond, WA, USA). The output of ICY is an ASCII 
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file with row data (sample size, the spatiotemporal position 
of cells, the number of motile and non-motile cells with 
the corresponding minimum, median, arithmetic mean, and 
maximum speeds and search radius). The search radius is 
the maximum distance from the initial point. Linearity is 
the ratio between the search distance and total path length. 
The R software package (R Development Core Team 2020) 
was used to perform additional statistical analyses that 
included box plots, plots of probability density distributions 
of speed and search radius, and the Shapiro and Wilcoxon-
Mann–Whitney tests.

Electrochemical method

We used the electrochemical method of polarography and 
chronoamperometry of oxygen reduction at the dropping 
mercury electrode (DME). The organic constituents such 
as biopolymers and fluid microparticles in aqueous elec-
trolyte solution can be classified by their electrochemical 
responses (Figure S1) based on the phenomena of molecu-
lar adsorption or particle adhesion at the DME (Žutić et al. 
2004; Svetličić et al. 2006; Pletikapić and Ivošević DeNa-
rdis 2017). The adsorption of organic molecules at the DME 
results in a decrease of the surface tension gradient at the 
mercury electrode/solution interface, which causes the 
suppression of convective streaming. A gradual decrease 
in the oxygen reduction current on the chronoamperomet-
ric curve corresponds to biopolymer adsorption, which is 
proportional to the surfactant concentration in the sample 
and is called surfactant activity. Surfactant activity can 
be measured by recording the polarographic maximum of 
Hg(II) ions and offers an alternative approach to measur-
ing dissolved organic carbon in seawater (Hunter and Liss 
1981). The surfactant activity is expressed as the equivalent 
amount of the nonionic synthetic surfactant Triton-X-100 
(polyethylene glycol tert-octylphenyl ether, MW = 600) in 
milligram per litre. In contrast, the adhesion of fluid organic 
particles causes a transient increase in interfacial turbulence, 
resulting in the spike-shaped amperometric signals (Kovač 
et al. 2000; Svetličić et al. 2000, 2001; Ivošević DeNardis 
et al. 2007). The adhesion of a single organic particle from 
the suspension to the charged interface is recorded as an 
amperometric signal. The occurrence of amperometric sig-
nals of particles is random due to the spatial heterogene-
ity inherent to a dispersed system and the stochastic nature 
of the particles’ encounter with the electrode. At constant 
electrode potential, the current amplitude reflects the size 
of the adhered particle, while the signal frequency reflects 
the particle concentration in the suspension (Kovač et al. 
2000). Whether the adhesion is spontaneous and how fast it 
progresses depends on the interfacial properties of the three 
interfaces in contact (particle-medium-electrode). According 
to the modified Young–Dupré equation (Israelachvili1992), 

the total Gibbs energy of the interaction between an organic 
droplet and the aqueous mercury interface is:

where �12 , �13, and �23 are the interfacial energies at the 
mercury/water, mercury/organic liquid, and water/organic 
liquid interfaces. The expression in parentheses is equal to 
the spreading coefficient at the three-phase boundary S132. 
When S132 > 0, the attachment and spreading of organic 
droplets are spontaneous processes, while when S132 < 0, 
spreading is not spontaneous. The critical interfacial ten-
sion of adhesion 

(

�12
)

c
 at the S132 = 0 is equal to �13 + �23.

Electrochemical measurements of algal cells

Electrochemical measurements were performed in an air-
permeable Metrohm vessel with a three-electrode system. 
The dropping mercury electrode served as the working elec-
trode (dropping time, 2.0 s; flow rate, 6.0 mg  s−1; maximum 
surface area, 4.57  mm2). All potentials were referenced to 
a potential measured at an Ag/AgCl (0.1 M NaCl) refer-
ence electrode separated from the measured dispersion by 
a ceramic frit. Platinum served as the counter electrode. An 
aliquot of the stock cell suspensions was added to 25 mL of 
filtered seawater (pH 8.0) and then poured into a thermo-
statted Metrohm vessel at 20 °C. Electrochemical measure-
ments were conducted using a 174A Polarographic Analyser 
(Princeton Applied Research, Oak Ridge, TN) connected to 
a computer. Analogue data acquisition was performed using 
a DAQ card-AI-16-XE-50 (National Instruments, Austin, 
TX), and data were analysed using the application developed 
in LabView 6.1 software (National Instruments). The inter-
action of cells with the electrode is measured by recording 
polarograms of oxygen reduction (current–potential curve 
with a scan rate of 10 mV  s−1) and current–time curves over 
50 mercury drop lives at constant potentials (time resolu-
tion: 50 s). Signal frequency is expressed as the number of 
amperometric signals over 100 s. The surfactant activity is 
measured by adding 0.5 mL of 0.1 M  HgCl2 to the sample 
before measurement is taken.

Atomic force microscopy imaging

Atomic force microscopy (AFM) measurements were per-
formed using a multimode scanning probe microscope with 
a Nanoscope IIIa controller (Bruker, Billerica, MA) with a 
vertical engagement (JV) 125 µm scanner. For imaging in 
the air, contact mode using silicon nitride contact mode can-
tilevers (DNP, Bruker, nominal frequency of 18 kHz, nomi-
nal spring constant of 0.06 N  m−1) were used throughout the 

(1)−ΔG = A
(

�12 − �23 − �13
)

(2)−ΔG = A S132
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experiments. The linear scan rate was optimised between 1.5 
and 2 Hz with a scan resolution of 512 samples per line. The 
set point was kept at the lowest possible value to minimise 
the interaction forces between the tip and the surface. Image 
processing and analysis were performed using the Nanosco-
peTM software (Bruker, Billerica, MA, USA).

Sample preparation for AFM imaging of cells 
and released extracellular polymers

The protocol for cell isolation from the growth medium is 
described in “Cell suspensions” section. The slightly modi-
fied protocol for cell isolation was only used for T. suecica 
grown at 12 °C for AFM measurements. The volume of 
40 mL T. suecica culture was centrifuged at 4,000 ×g for 
5 min. The loose pellet was washed twice with filtered sea-
water and diluted with filtered seawater to a final volume 
of 5 mL, which served for AFM imaging of the cells and 
released extracellular polymers. The sample preparation 
protocol for AFM imaging required the fixation of only D. 
tertiolecta stock suspension. D. tertiolecta and C. closterium 
were deposited on a bare mica surface, while for T. suecica, 
mica surface was modified with polyethyleneimine (PEI; 
Sigma-Aldrich Corporation, St. Louis, MS) because of the 
pronounced cell movement. A 5-µL aliquot of cell suspen-
sion was pipetted onto freshly cleaved mica and placed in 
a closed Petri dish for 1 h to allow the cells to settle and 
attach to the surface. The mica was then rinsed by immers-
ing three times in a glass with ultrapure water for 30 s and 
allowed to dry. Afterwards, it was glued to a metal sample 
pack with double-sided tape and imaged with AFM. In the 
case of T. suecica, the mica was coated with PEI before the 
immobilisation of the algal cells as follows. A 50 µL aliquot 
of 0.2% PEI was placed on a freshly cleaved mica surface 
and incubated for 30 min. The mica was then washed with 
ultrapure water and dried with nitrogen followed by the cell 
deposition procedure described above.

Atomic force microscopy working in force 
spectroscopy mode

AFM measurements of physicochemical properties (i.e. cell 
elasticity and adhesion) were performed using the Nanowiz-
ard IV AFM system (Bruker-JPK, Germany) equipped with 
a liquid cell setup. Algal cells were indented with MLCT-D 
silicon nitride cantilevers, characterised by a nominal spring 
constant of 0.03 N  m−1 and half open-angle of 21°. Spring 
constants of the cantilevers were calibrated using the ther-
mal noise method (Sader et al. 1995). Force curves were 
recorded in the central area of the cell body within a scan 
area of 3 µm × 3 µm, within which a grid of 6 × 6 points 
was set. The force curves were recorded at an approach and 

retract velocity of 8 µms−1, a maximum force of 4 nN, and 
curve lengths of 4 µm (C. closterium and T. suecica) and 
6 µm (D. tertiolecta). The measurements were performed 
in seawater at room temperature. Recorded data, i.e. force 
curves, were analysed using JPK Data Processing Software 
(Bruker-JPK, Germany).

Young’s modulus determination

The apparent Young's modulus value was obtained by apply-
ing the Hertz-Sneddon contact model (Sneddon 1965). 
In our study, we used cantilevers with a tip being a four-
sided pyramid. Thus, the following equation was applied to 
describe the relationship between the load force F and the 
indentation depth δ:

where µ is the Poisson’s ratio, and α is the open-angle of the 
cantilever’s tip. E′ is the reduced Young’s modulus given by:

When  Ecell <  <  Etip, the following relation is obtained:

where µcell and µtip are Poisson’s ratios related to the com-
pressibility of the algal cell and indenting cantilever. In our 
analysis, Poisson’s ratio was set to 0.5, assuming that the 
algal cells are incompressible. AFM data were fitted to the 
model over a whole indentation range. However, the maxi-
mum indentation depth did not exceed 1 μm. The apparent 
Young’s moduli distributions were presented as box plots, 
where the median and the first  (Q1) and third  (Q3) quartile 
values are marked.

To quantify the adhesive and hydrophobic properties of 
algal cells, the retract part of the force curve was analysed. 
As a result, a maximum work of adhesion (Wadh) was deter-
mined, which was defined as the area encompassing the 
negative force values. The value obtained for bare (unmodi-
fied) cantilevers quantifies the adhesive surface properties. 
To obtain the information on the surface hydrophobicity of 
cells, cantilevers were modified with a hydrophobic trichlo-
rooctadecylsilane (OTS; Sigma-Aldrich) by chemical vapour 
deposition. Silanisation of the cantilevers was performed 
in a desiccator for 2 h. Each set of AFM experiments was 
performed with newly prepared cantilevers that were used 
immediately after OTS deposition. Thirty-six force curves 
over 3  µm × 3  µm of the cell body were collected at a 
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E
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velocity of 8 µm  s−1 and the maximum load force of 4 nN. 
The number of cells examined varied from 20 to 30 per case.

The difference between the maximum work of adhe-
sion, extracted from force curves collected with bare and 
 CH3-functionalised AFM cantilevers, determined the algal 
cell hydrophobicity level:

Sample preparation for force spectroscopy 
measurements

To prepare samples for AFM force spectroscopy measure-
ments, the following protocol was applied. First, 1.5 mL of 
suspensions of D. tertiolecta and T. suecica were centrifuged 
for 3 min at 265 xg and for 5 min at 940 xg, respectively. Then, 
1 mL of the medium was removed, and a pellet of the algal 
cells was vortexed. After that, 1 mL of filtered seawater was 
added, and the cells were centrifuged again at the same speed 
and time. The supernatant was removed, and the cells were 
suspended in 400 µL of the filtered seawater. A glass coverslip 
with a PEI coated surface was used as a substrate. PEI was 
deposited on a glass slide using the drop-casting technique 
for 1 h and then subsequently dried with a stream of nitrogen. 
Afterwards, 100 µL of cell suspension was placed for 30 min. 
Later, the samples were rinsed 3 times, with 100 µL of the 
filtered seawater. Finally, the samples were covered with sea-
water, and AFM experiments were performed. C. closterium 
cells (100 µL) were immobilised on a microscopic glass slide 
cleaned with an oxygen plasma system (Zepto, Diener Elec-
tronics GmbH, Germany) in conditions of 0.5 mbar for 1 min 
at the room temperature. Then, glass slides were left overnight. 
The samples were rinsed and covered with filtered seawater. 
Regardless of the algal cell types, the force spectroscopy was 
performed immediately after sample preparation.

(6)ΔWadh = Wadh(noOTS) −Wadh(OTS)

Results

Cell growth dynamics

The growth curves of three selected algal monocultures 
(D. tertiolecta, T. suecica, C. closterium) at three growth 
temperatures (12 °C, 18 °C, and 30 °C) are shown in Fig-
ure S2. The data showed that growth depends on tempera-
ture conditions. The initial number of cultured cells in the 
growth medium was similar for all species studied, approxi-
mately 2.0 ×  104 cells  mL−1. Table S1 summarises calculated 
growth rate and doubling time of three selected algae in 
the exponential growth phase at 12 °C, 18 °C, and 30 °C. 
For D. tertiolecta and T. suecica, the fastest growth and the 
shortest doubling time were obtained at 18 °C, which was 
considered a favourable temperature. For C. closterium, the 
fastest growth and the shortest doubling time were deter-
mined at 30 °C.

Motility characterisation

Qualitative insight of D. tertiolecta cells movement at 
selected temperatures is presented in Fig. 1.

At the temperature of 12 °C, about 40% of cells (69 cells) 
were stationary or exhibited erratic on-the-spot movement 
(Table S2), while the quantified trajectories of the majority 
of cells (101 cells) had a linearity ratio of 0.12 with an aver-
age movement time of 3.6 s. At the temperature of 18 °C, a 
total of 264 cells were counted in the sample, of which 21% 
were stationary, while 79% demonstrated random movement 
depicted with the broken-line type of trajectories and the 
linearity ratio of 0.36 during an average movement time of 
2.5 s. At the temperature of 30 °C, about 22% of cells were 
stationary, while 78% showed similar qualitative movement 
to the control at 18 °C, but with a higher linearity ratio of 
0.45 during an average movement time of 3.2 s.

Fig. 1  Reconstructed ICY images of D. tertiolecta grown at tem-
peratures of (a) 12 °C (2.3x106 cells  mL-1), (b) 18 °C (5.3x106 cells 
 mL-1), and (c) 30 °C (1.7x106 cells mL-1). Distance bar denotes 100 

μm. Cells and their trajectory are denoted with coloured circles and 
curved coloured lines, respectively
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Box plots of cell speeds are presented in Fig. 2a.
The medians at 12 °C and 30 °C were almost identical. 

At the temperature of 12 °C, the average cell speed cor-
responded to 63 ± 3 μm  s−1, while at the 30 °C, the average 
speed is 62 ± 4 μm  s−1 (Table S3). At 18 °C, cells were mov-
ing with an average speed of 72 ± 2 μm  s−1, which amounts 
to 6 body lengths per second.

From the whiskers above and below the median at 12 °C 
and 30 °C, it follows that the corresponding distributions of 
speeds deviated from the normal distribution. Indeed, the 
probability density distributions of cells speed (Figure S3a) 
revealed that all three distributions deviated from the normal 
distribution (for 12 °C, α3 = 0.6; for 18 °C, α3 =  − 0.3; for 
30 °C, α4 = 12). The Shapiro–Wilk test confirmed that all 
three distributions differed significantly from the normal (for 
12 °C, W = 0.94, p = 9.3e-07; for 18 °C, W = 0.96, p = 1.8e-
06; and for 30 °C, W = 0.84, p = 4.4e-07). The Wilcoxon rank 
sum test showed that the median speed at 12 °C differed sig-
nificantly from the median at 18 °C (W = 18,487, p = 0.002) 
and that the median at 30 °C differed significantly from the 
median at 18 °C (W = 11,322, p = 0.0009). However, the 
median at 12 °C did not differ significantly from the median 
at 30 °C (W = 5707, p = 0.9) as it is observable from the box 
plot (Fig. 2a), although the corresponding distributions are 
very different (Figure S3a): (a) the peak of the probability 
density distribution for 12 °C was close to 20 μm  s−1, while 

for 30 °C, it was close to 60 μm  s−1; and (b) the distribution 
at 12 °C resembled chi-square distribution with k = 3, i.e. 
positively skewed with a long tail, while the distribution at 
30 °C was much closer to the Maxwell–Boltzmann distribu-
tion of velocities with the scaling factor of a = 2.

At the temperature of 12 °C, the average search radius 
of cells in the sample was 24 ± 4 μm. At the temperature of 
18 °C, the average search radius of cells was almost doubled 
and was 57 ± 5 μm, while the median was only 18 μm. At 
the temperature of 30 °C, the average search radius increased 
further to 80 ± 12 μm. The box plots in Fig. 2b showed a 
progressive increase in the median of the search radius going 
from 12 °C until 30 °C. However, they also showed that with 
the increase in the search, radius comes a greater variation 
toward higher values.

The probability density distributions plot (Figure S3b) of 
the three samples showed that the distributions of search 
radius are far from normal. Indeed, Shapiro–Wilk test 
confirmed that the distributions are significantly different 
from the normal distribution (for 12 °C, W = 0.4, p < 2.2e-
16; for 18 °C, W = 0.7, p < 2.2e-16; and for 30 °C, W = 0.8, 
p = 1.503e-08). The Wilcoxon rank sum test showed that 
the medians at 12 °C and 18 °C were significantly differ-
ent (W = 14,201, p = 1.051e-10) and also that the medians 
at 12 °C and 30 °C were significantly different (W = 3345.5, 
p value = 3.902e-07). However, the test revealed that the 
medians at 18 °C and 30 °C were not significantly different 
(W = 8054.5, p = 0.192). This result arose from predomi-
nantly similar tails of the distributions but certainly not from 
the difference in their peaks. The peak of the probability 
density distribution at 18 °C was only 60% of the higher 
peak of the probability density distribution at 30 °C. Also, 
the average search radius of moving cells at 12 °C was about 
40% of the value at 30 °C (Table S2).

It should be noted that the percentage of vibrating cells, 
i.e. cells with almost no net movement at 12 °C, was double 
the percentage at 30 °C (Table S2). The average speed of 
vibrating cells was about 40% of the speed of the moving 
cells. Their search radius was about 3% of the search radius 
of the moving cells. Examination of speed and search radius 
of moving cells only (Table S2) revealed that cells at 12 °C 
have the highest speed (87 ± 3 μm  s−1) versus 81 ± 2 μm  s−1 
at 18 °C and 71 ± 4 μm  s−1 at 30 °C. Moreover, they have the 
smallest search radius: 40 ± 4 μm at 12 °C versus 72 ± 5 μm at 
18 °C and 102 ± 12 μm at 30 °C. With a raise in temperature 
from 12 °C to 30 °C, the search radius increased 2.6 times.

Figure 3 provides a qualitative insight into T. suecica 
cell movement at the three selected temperatures.

In contrast to D. tertiolecta, T. suecica cells showed 
more pronounced movement. Box plots of median speed, 
average speed, and search radius with corresponding prob-
ability density distributions are presented in Fig. 4a and 
b and Figures S4a and b, respectively.

Fig. 2  Box plots of cell speed (a) and search radius (b) of D. terti-
olecta grown at temperatures of 12 °C (2.3x106 cells  mL-1), 18 °C 
(5.3x106 cells  mL-1) and 30 °C (1.7x106 cells  mL-1)
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The medians of speed at 18 °C (201 μm  s−1) and 30 °C 
(194 μm  s−1) were similar, while the median at 12 °C was 
considerably smaller (113 μm  s−1). At the temperature of 
12 °C, the average cell speed in the sample corresponded 
to 128 ± 14 μm  s−1, while the average speed at the 30 °C 
was 179 ± 7 μm  s−1. At the 18 °C, cells moved with the 
highest average speed of 190 ± 5 μm  s−1 which is nearly 
13 body lengths per second (Table S4a).

From the whiskers above and below the median at 
12 °C and 30 °C, it can be observed that the speed dis-
tributions were not normal. The probability density dis-
tributions (Figure  S3) revealed that none of the three 
distributions are likely to be normal (for 12 °C, α3 = 0.4; 
for 18 °C, α3 =  − 0.4; for 30 °C, α3 =  − 0.1). Indeed, the 
Shapiro–Wilk test confirmed that all the three distributions 
differed significantly from the normal (for 12 °C, W = 0.91, 
p value = 0.002; for 18 °C, W = 0.97, p = 8.8e-05; and for 
30 °C, W = 0.97, p = 0.004. The Wilcoxon rank sum test 
showed that the median speed at 12 °C differed signifi-
cantly from the median at 18 °C (W = 3853, p = 3.7e-05), 
but the median at the 18 °C did not differ significantly 
from the median at 30 °C (W = 20,366, p = 0.19). Finally, 
the median at 12 °C differed significantly from the median 
at 30 °C (W = 2411, p = 0.001), as shown on the box plot.

The negatively skewed probability density distribu-
tions at 18 °C and 30 °C did not differ significantly and 
their peak was at about 240 μm  s−1 (Figure S4a), as was 
confirmed by the Wilcoxon’s test. The positively skewed 
probability density distribution of speeds at 12 °C had 
two peaks, the dominant one at about 50 μm  s−1 and the 
inferior one at approximately 230 μm  s−1.

Box plots of cells’ search radii in the sample at the 
three temperatures are presented in Fig. 4b. The medians 
of the search radius at 12 °C (16 μm) and 30 °C (31 μm) 
are closer to each other than the median at 18 °C, which 
is from 3 to 6 times larger (102 μm). At the temperature 
of 12 °C, the average cell search radius of the sample 

corresponded to 127 ± 26 μm, while at the 30 °C the aver-
age speed was 80 ± 9 μm (Table S4a, b). At the 18 °C, the 
average search radius of T. suecica was 163 ± 11 μm which 
amounted to about 12 body lengths.

As noted from the whiskers above and below the median 
at all tested temperatures and from Figure S4b, all three 
distributions were positively skewed and far from a normal 
distribution. Indeed, the Shapiro–Wilk test confirmed that 
all three distributions differ significantly from the normal 
(for 12 °C, W = 0.73, p value = 5.5e-08; for 18 °C, W = 0.84, 

Fig. 3  Reconstructed ICY images of T. suecica grown at temperatures 
of (a) 12 °C (2.3x105 cells  mL-1), (b) 18 °C (1.9x106 cells  mL-1), and 
(c) 30 °C (9.4x105 cells  mL-1). Distance bar denotes 100 μm. Cells 

and their trajectory are denoted with coloured circles and curved col-
oured lines, respectively

Fig. 4  Box plots of cell speed (a) and search radius (b) of T. suecica 
grown at temperatures of 12 °C (2.3x105 cells  mL-1), 18 °C (1.9x106 
cells  mL-1) and 30 °C (9.4x105 cells  mL-1)
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p = 1.4e-15; and for 30 °C, W = 0.73, p = 3.4e-15). The Wil-
coxon rank sum verified that the median of search radius 
at 12 °C differed significantly from the median at 18 °C 
(W = 4561, p = 0.004). In addition, the median at the 30 °C 
differed significantly from the median at 18 °C (W = 24,953, 
p = 7.9e-08), but the median at 12 °C did not differ signifi-
cantly from the median at 30 °C (W = 3377.5, p = 0.66), as 
it was shown on the box plot.

The positively skewed probability density distributions 
showed that the search radius and the speed of cells were 
increasing from 12 to 18 °C. On the other hand, the average 
search radius at 30 °C was the smallest, although the average 
speed of cells was the highest. This showed that the linearity 
of movement was much lower, i.e. the cells wiggled much 
more than at progressively smaller temperatures.

Electrochemical characterisation of algal cells 
and released surface‑active matter

Electrochemical adhesion-based characterisation of iso-
lated algal cells resuspended in seawater was performed by 
recording polarograms of oxygen reductions. The polaro-
gram recorded in the D. tertiolecta cell suspension showed 
the appearance of irregular perturbations in the defined 
potential, resulting from the cell adhesion at the charged 
interface (Fig. 5a).

No perturbations were recorded outside of this poten-
tial range (more positive and negative), indicating that 
cell adhesion is not present. The polarograms recorded 
in the cell suspensions of T. suecica and C. closterium 
were perfectly regular, without the occurrence of pertur-
bations, i.e. these cells behaved as inert and no adhesion 
takes place. Therefore, only the cells of D. tertiolecta 
were used to test the effect of temperature on cell adhe-
sion behaviour at the wide potential range. The depend-
ence of the amperometric signal frequency on applied 
potentials at three temperatures in D. tertiolecta suspen-
sions with similar cell densities is shown in Fig. 5b. The 
narrowest potential range of adhesion was recorded in 
the D. tertiolecta cell culture grown at 12 °C, denoted by 
critical potentials of –192 mV and –1200 mV in seawa-
ter. The most negative and the most positive potential in 
which at least one amperometric signal per 10 consecu-
tive I–t curves appears corresponded to critical poten-
tials  (Ec+,  Ec−, Žutić et al. 1993; Ivošević et al. 1994). 
For the cell suspension grown at the 30 °C, the measured 
critical potentials of adhesion corresponded to −184 
and −1170 mV, while the broadest potential range of 
cell adhesion was recorded in the cell suspension grown 
at the temperature of 18 °C, from −110 to −1240 mV, 
which offers a favourable growth condition for the cor-
responding cell. The lowest number of amperometric 
signals of cells was recorded in cell suspension grown 

at 12 °C. The number of recorded amperometric signals 
increased with the increase in temperature used in cell 
culture. The maximum number of amperometric signals 
occurred at the potential of –400 mV at all three exam-
ined temperatures, since interfacial tension is close to 
the maximum value (electrocapillary maximum). At this 
potential, the mercury electrode is positively charged 
and electrostatic attraction prevails in between the posi-
tively charged interface and the negatively charged D. 
tertiolecta cells. By shifting the potential either posi-
tively or negatively from –400 mV, interfacial energy 
decreases, and the number of amperometric signals of 
the cells decreases accordingly. On the other hand, at 
the potential of −800 mV, the mercury electrode is nega-
tively charged, and signal frequency is lower due to the 
electrostatic repulsion with the negatively charged D. 
tertiolecta cells.

Quantitative characterisation of the released surface-
active matter in the growth medium was determined by 
recording polarograms of Hg(II). The polarographic maxi-
mum of Hg(II) is sensitive for the adsorption of dissolved 
organic matter and submicron particles, which is mani-
fested cumulatively as a gradual decrease in the reduc-
tion current proportional to surfactant concentration in the 
sample. Surfactant activity at different growth tempera-
tures was determined and expressed per cell (Fig. 5c). The 
data showed that surfactant activity is the highest in C. 
closterium at 12 °C, then in D. tertiolecta at 30 °C, while 
the lowest surfactant activity is determined in T. suecica 
cells.

Nanoscale imaging of algal cell and released 
extracellular biopolymers

Morphological characterisation of D. tertiolecta, T. suecica, 
and C. closterium cells at 12 °C, 18 °C, and 30 °C was per-
formed by AFM. The representative images of individual 
algal cells for each species are shown in Fig. 6.

All three species maintained the same overall cell shape 
regardless of the temperature, with no nanostructural 
changes observed on the cell surface. The cells of D. 
tertiolecta had an ovoid shape with two flexible flagella 
that were distinguishable from the cell body (Fig.  6a). 
The cell body length was in the range of 7.5–12.1 µm, and 
the cell width was 4.5–6.8 µm. Flagella had a length of 
17–20 µm and a height of 90 nm. The cells of T. suecica 
had an ellipsoid shape with four flexible flagella that were 
distinguishable from the cell body (Fig.  6b). The cell 
body length was in the range 14.0–20.1 µm and cell width 
8.5–14.7 µm. The flagella had a length of 8.7–10.2 µm and 
a height of about 200 nm. Granular structures observed on 
the surface of T. suecica probably correspond to micropearls 
previously identified by SEM (Martignier et al. 2018), thus 
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being the first AFM-based observation of micropearls in the 
genus Tetraselmis.

Cylindrotheca closterium cells possessed an elongated 
shape with flexible rostrae that could be clearly distinguished 
from the central part of the cell (Fig. 6c). The cell body length 
was in the range 30.5–60.2 µm, and cell width was 2.8–8 µm. 
Three morphologically different parts of the frustule could 
be distinguished: the girdle band, the valve, and the raphe. 
The longitudinal slit raphe extends along with the valve and 
is bridged by the fibulae. The spacing between fibulae was 
250–350 nm, and fibulae arches underneath the cell wall 
were noticeable. High-resolution images of the central part 
of the cell revealed a non-structured and smooth surface of 
the valve, whereas the girdle band showed a structured surface 
consisting of a set of parallel bands. Morphological param-
eters including cell length, cell width, cell height, and cell 
surface roughness of the cells grown at different temperatures 
based on AFM image analysis are summarised in Table S5. 
The length, width, and height of D. tertiolecta grown at 12 °C 
and 18 °C were similar. However, the cells grown at 30 °C 
were smaller in both length and width, but with a maintained 
cell height. The roughness of D. tertiolecta cell surface was 
in a similar range for all temperatures. The length, width, and 
height of T. suecica grown at 12 °C and 18 °C were similar, 
while cells grown at 30 °C were smaller in both length and 
width and with no change in cell height. The roughness of 
T. suecica cell surface grown at different temperatures was 
in a similar range. The size (length, width, and height) of 
C. closterium had the highest values at 12 °C. The length, 
width, and height of C. closterium grown at 18 °C and 30 °C 
were similar. The roughness of C. closterium valve and girdle 
increased accordingly with the increase in temperature.

Supramolecular organisation of released materials of C. 
closterium, D. tertiolecta, and T. suecica at temperatures of 
12 °C, 18 °C, and 30 °C were imaged (Fig. 7).

The extracellular polymer substance (EPS) of C. 
closterium formed a network of fibrils at all examined 
temperatures. The EPS of C. closterium grown at 12 °C was 
located all around the cell and the network appeared denser 
(Fig. 7a). The height range of fibrils was in the range of 
1.5–4 nm. At temperatures of 18 °C and 30 °C, the released 
EPS fibrils were mostly located around the apices of rostra 
with a height range of 1–4 nm (Fig. 7b, c). The released 
material was visible around D. tertiolecta cells (Fig. 7d) 
grown at 12 °C and consisted of the fibrillar network (height 
0.7–1.5 nm) with incorporated globules (height 2.5–10 nm). 
At the temperatures of 18 °C and 30 °C, only aggregated 
particles (height 2–5  nm) were observed around D. 
tertiolecta cells (Fig. 7e). Although fixation could introduce 
artefacts, the relative change in the organisation of released 
polymers from D. tertiolecta cells was distinguished. At 
selected temperatures, only aggregated particles with a 
height range of 5–25 nm were observed around the cells of 
T. suecica (Fig. 7f).

Nanomechanical characterisation of algal cells 
by AFM

An individual algal cell was localised on the substrate using 
an inverted optical microscope (Fig.  8a). Force curves 
were recorded at the central area of the cell body within a 
scan area of 3×3 µm. Representative maps of local elastic 
(Young’s modulus, E) and adhesive properties (maximum 
work of adhesion,  Wadh) of the D. tertiolecta cell are shown 
in Fig. 8c and d, respectively.

The overlay of the box-plots and Young’s modulus distri-
butions obtained for D. tertiolecta, T. suecica, and C. closte-
rium cells cultured at 12 °C, 18 °C, and 30 °C are presented 
in Fig. 9.

Fig. 5  Polarograms of oxygen reduction recorded in D. tertiolecta, T. 
suecica and C. closterium cell suspensions in seawater (a); potential 
dependence of the signal frequency of D. tertiolecta cells grown at 

temperatures of 12 °C, 18 °C, and 30 °C (b) and surfactant activity 
for examined cell species at selected temperatures (c)
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Regardless of the temperature conditions, D. tertiolecta 
cells are characterised by the lowest Young’s modulus rang-
ing from a few to 40 kPa. T. suecica cells are stiffer with 
the E varying from 1 to 300 kPa. For C. closterium, the E 
values varied even within one single cell from kPa to MPa. 
Considering that Young’s moduli distributions are broad and 
non-symmetric, we have compared median values among the 
studied cell populations. The median was accompanied by 
an interquartile range (Q3-Q1), which describes where the 
central 50% of data lie.

The mechanical properties of algal cells were dependent 
on the temperature (Fig. 9). We found that D. tertiolecta cells 
stiffen at low temperature (a median of the Young’s modu-
lus is equaled to 6.4 kPa (Q3-Q1 = 9.1 kPa)) at 12 °C and 
become more compliant at higher temperatures, i.e. 3.5 kPa 
(Q3-Q1 = 3.2 kPa) at 18 °C and 1.5 kPa (Q3-Q1 = 4.6 kPa) 
at 30 °C. The statistical significance for all groups was 
below 0.0001 for the 0.05 significance level (Kruskal–Wal-
lis ANOVA test). Median (Q3-Q1) values determined for T. 
suecica at 12 °C, 18 °C, and 30 °C were 42.8 kPa (75 kPa), 
45.9 kPa (80.2 kPa), and 44.7 kPa (65.7 kPa), respectively. 
Data sets for algal cells cultured at 12 °C and 18 °C and 
algal cells cultured at 18 °C and 30 °C showed a statisti-
cal significance (p < 0.05 for all data groups). No statistical 
difference was observed for 12 °C and 30 °C. C. closterium 
cells are characterised by the largest modulus distributions. 
Despite that, analogously to T. suecica, a statistical signifi-
cance (p < 0.05) was noted among the groups of algal cells 
cultured at various temperatures. The corresponding medi-
ans (Q3-Q1) were 292 kPa (332 kPa), 214 kPa (436 kPa), 
and 152 kPa (577 kPa).

Adhesive and hydrophobic properties of algal cells

The change in the hydrophobic properties (ΔWadh) of the 
algal cell surface is quantified from the subtraction of the 
work of adhesion determined for bare and OTS-coated can-
tilevers (Fig. 10a, b; expression 6).

The positive value of ΔWadh denotes the domination of 
hydrophilic interactions, while its negative values indicate 
that the hydrophilicity is smothered by the hydrophobicity. 
Table S6 presents the mean value of the maximum work 
of adhesion (± standard error of the mean, SEM) obtained 
from measurements with bare and OTS-coated cantilevers. 
The relative probability of adhesion (P) between each stud-
ied cell line with the bare and  CH3-functionalised silicon 
nitride AFM probe is presented in Figure S5. The results 
obtained from the maximum work of adhesion, as well as 
adhesion probability, showed species-specific and temper-
ature-dependent changes. In the case of D. tertiolecta cells, 
the probe modification resulted in a slight decrease in adhe-
sion probability regardless of temperature conditions. A 
contrasting trend was observed for T. suecica cells cultured 
at 18 °C and 30 °C, where probe modification significantly 
diminished adhesion probability. Interestingly, this was not 
the case for cells cultured at 12 °C, for which the probability 
of adhesion increased from 31 to 47%. A similar observa-
tion referred to C. closterium cells cultured at 12 and 30 °C. 
When probed with an OTS-modified tip, P value increased 
from 2 to 13% and from 42 to 55%, respectively. At 18 °C, 
the probability of adhesion between a bare probe and C. 
closterium cell was higher than between an OTS-modified 
tip and the cell.

Fig. 6  AFM deflection images of D. tertiolecta (a), T. suecica (b) and 
C. closterium (c) cells. Images are acquired using contact mode in the 
air with scan sizes: 30x30 μm (a) 25x25 μm (b) and 40x40 μm (c). 

Letters F, M, V, G and R indicate the following features: flagellae, 
micropearls, valve, girdle band, and raphe opening, respectively
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The balance between the hydrophobic and hydrophilic 
properties of algal cells is depicted in Fig. 10c. The first 
observable showed variability among the studied algal cells 
and temperature. Starting from 12 °C, the surface of D. 
tertiolecta and T. suecica cells demonstrated hydrophilic 
character, while the surface of C. closterium seems to be 
more hydrophobic. The relation between surface properties 
of algal cells extending from hydrophilic to hydrophobic 

can be expressed as D. tertiolecta > T. suecica > C. closte-
rium, respectively. The increase to 18 °C caused an abrupt 
change in the surface properties, with the cells of C. clos-
terium possessing the most hydrophilic surface. A similar 
degree of surface hydrophilicity present on the cells of D. 
tertiolecta and T. suecica was outlined by extremely low 
values of ΔWadh, i.e. 0.0094 ± 0.0018 fJ and 0.0063 ± 0.0028 
fJ, respectively. However, the overall net surface properties 

Fig. 7  AFM topographical images of extracellular polymers of C. 
closterium grown at 12 °C (a), 18 °C (b) and 30 °C (c). D. tertio-
lecta grown at 12 °C (d) and 18 °C (e); T. suecica grown at 18 °C (f); 

Images are acquired using contact mode in air and presented as height 
data with vertical profiles along indicated lines. Scan sizes: 5x5 μm
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were still hydrophilic. Further increase to 30 °C changed 
the relationship between the surface properties of algal cells 
once more.

The surface of D. tertiolecta and T. suecica cells was 
characterised by high Wadh (no OTS) and low Wadh (OTS) values 
ending in a similar level of hydrophilicity. For D. tertio-
lecta cells, this value reached the level observed for 12 °C, 
while a much higher hydrophilicity level was observed for 
T. suecica cells. The high negative value of ΔWadh obtained 
for C. closterium cells (− 0.77 ± 0.08 fJ) indicates that algal 
cells become strongly hydrophobic at 30 °C.

Discussion

The possible ecological implications of temperature as a 
physical stressor on the fate of microalgae in aquatic sys-
tems are still inadequately understood. To the best of our 
knowledge, the effect of temperature on the surface prop-
erties and behaviour of selected microalgae has not been 
reported. In this study, we related temperature changes to 
algal response, taking into account their structural char-
acteristics that may contribute to temperature tolerance. 
A summary of relationships between cell morphological 
characteristics and the studied parameters determined 
at 12 °C, 18 °C, and 30 °C, respectively, are given in 
Table 1.

The results showed that algal species successfully adapt to 
all tested temperatures. The favourable growth temperature 

 (Tf) for D. tertiolecta and T. suecica was 18 °C, whilst it was 
30 °C for C. closterium, which is congruent to the natural 
habitat conditions that the species occupy. Slow growth rates 
were determined when algal species were cultured at T≠Tf.

Behavioural responses of algal species were analysed 
in terms of motility, adhesion at the charged electrode, 
and physiological activity. Motility analysis of flagellated 
species provides an insight into the physiological state of 
algal cells in culture. Both D. tertiolecta and T. suecica 
showed pronounced motility ranging from 6 to 13 body 
lengths per second (cell lengths approximately 6–12 µm, 
respectively). Algal cell speed depends on the number of 
flagella that a cell possesses; thus, T. suecica is about 3 times 
faster than D. tertiolecta at  Tf. At lower temperature (T<Tf), 
D. tertiolecta and T. suecica responded with significantly 
slower cell speeds and erratic movements around the spot. 
At higher temperature (T >Tf), D. tertiolecta and T. suecica 
responded without a significant change in cell speeds, 
while the search path increased with a greater variation 
for D. tertiolecta. Change in the motility behaviour of D. 
tertiolecta is probably related to change in cell stiffness and 
physiological activity. Mayali et al. (2008) reported that 
marine bacteria caused a decrease in the speed of motile 
phytoplankton through the release of enzymes, which could 
provide plausible justification of our results.

Electrochemical adhesion-based detection of algae 
depends on the collective surface properties (fluidity, hydro-
phobicity, cell surface charge) of the cell exterior. Only soft 
and deformable species like D. tertiolecta adhere to charged 
fluid interface in the well-defined potential range. At T<Tf, 

Fig. 8  Phase-contrast micro-
scopic image of the bare 
MLCT-D cantilever and D. 
tertiolecta cells cultured at 30 
°C (a). An example of the cor-
responding force curve recorded 
on a single D. tertiolecta cell 
(b). Representative maps of 
local elastic (Young’s modulus, 
(c)) and adhesive properties 
(maximum work of adhesion 
(d))
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the potential range of adhesion is the narrowest, due to deter-
mined stiffness and a distinct physiological activity of D. 
tertiolecta. The adhesion efficiency of D. tertiolecta is the 
lowest at T<Tf due to the competitive adsorption of released 
organic material which masks single cell adhesion (Ivošević 
and Žutić 1997; Kovač et al. 1999). At  Tf, the cells of D. 
tertiolecta adhered in the broadest range designated with 
the critical potentials from −110 to −1240 mV. The adhe-
sion of D. tertiolecta cells exists within a wide range of 
surface charge density, where the electrode carries positive 
and negative polarities, thus showing the predominance of 
hydrophobic over electrostatic interactions in the adhesion 
process (Svetličić et al. 2001). The high probability (over 

75%) of adhesion between an AFM probe and D. tertiolecta 
cells also supports this conclusion (Figure S5). The mani-
festation of electrostatic interactions between the negatively 
charged cell and the negatively charged electrode is detected 
through lower signal frequency and critical interfacial ten-
sion of adhesion. The critical interfacial tensions can be 
determined from the critical potentials and electrocapillary 
data for an aqueous electrolyte solution. Since electrocapil-
lary data for natural seawater is not available, the reported 
critical interfacial tensions for adhesion of D. tertiolecta at 
mercury/0.1 M NaCl showed to be different at the positively 
and negatively charged interface probably due to the electro-
static repulsion (Svetličić et al. 2001; Novosel and Ivošević 

Fig. 9  Overlay of the box plots with Young’s modulus distributions, 
obtained for D. tertiolecta (a), T. suecica (b), and C. closterium (c) 
cells cultured at 12 °C, 18 °C and 30 °C, were fitted with the log nor-
mal function (black line). A box with whiskers represents a median 

± interquartile range (Q3-Q1). Statistical significance was obtained 
from Kruskal-Wallis ANOVA test at the level of 0.05 (*** p < 
0.0001, ns – not statistically significant)

Fig. 10  Exemplary distribution of maximum work of adhesion 
obtained for D. tertiolecta cells cultured at 12 °C and probed with a 
bare silicon nitride  (Wadh (no OTS), a) and  CH3–modified (hydrophobic) 

AFM cantilevers  (Wadh (OTS), b). The balance between hydrophilic and 
hydrophobic properties of algal cell surface plotted for 12 °C, 18 °C, 
and 30 °C (data are presented as ΔWadh ± maximum error, c)
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DeNardis 2021). In contrast, the adhesion and spreading of 
T. suecica and C. closterium, which are stiffer by 2–3 orders 
of magnitude, are hindered by the mechanical strength of the 
cells; therefore, these species were not detected at the fluid 
interface. The mechanical properties of cells are related to 
fatty acid composition and content. Low content of polyun-
saturated fatty acids (PUFAs) was present in diatoms (Bar-
reira et al. 2015), as opposed to the very high content of 
PUFAs (higher than 50% of total fatty acids, FAs), which 
are commonly found in green algae (most notably in D. ter-
tiolecta and to some less extent in T. suecica).

Physiological activity of the cells, expressed as electro-
chemically measured surfactant activity, refers to released 
organic material, which appears to be species-specific and 
temperature-dependent. The most pronounced surfactant 
activities were determined at 12 °C for C. closterium and at 
12 °C and 30 °C for D. tertiolecta, which were shown to be 
unfavourable to cell growth. The lowest amount of released 
organic material is determined for T. suecica regardless of 
the temperature (Fig. 5c).

Our results show differences in the supramolecular 
organisation of extracellular polymeric substances in the 
selected species as a function of temperature change. The 
structural organisation of the released organic material 
probed by AFM revealed the form of a polysaccharide-
rich EPS network around the entire cells of C. closterium. 
Since the corresponding cells cannot easily escape, they 
must cope with environmental changes by altering their 
cellular metabolism through considerable physiological 
activity (Hader et al. 2015). Physiologically, cells secrete 
an excessive amount of structurally and compositionally 

diverse biopolymers, mainly consisting of polysaccharides, 
proteins, nucleic acids, and lipids. The microalgal EPS is 
acidic, negatively charged and somewhat hydrophobic due 
to the anionic components of the polysaccharide chains, 
such as acetyl groups, uronic acids and sulphates, which 
are important for its adhesive properties (Bertocchi et al. 
1990; Dade et al. 1990; Mata et al. 2006; Urbani et al. 2005; 
Mishra et al. 2011). The EPS of C. closterium and D. tertio-
lecta was organised in the form of dense fibrils or globular 
structures. T. suecica was characterised by the lowest release 
of extracellular material, regardless of temperature, with 
no effect on the material organisation. Both surface meth-
ods concurred that a pronounced extracellular release was 
observed in C. closterium. Wolfstein et al. (2002) reported 
that the highest amounts of EPS were produced at 15 °C and 
25 °C during the early stationary growth phase of diatoms. 
When EPS concentrations were normalised to chlorophyll a, 
maximum values were measured at 4 °C and 10 °C, which 
is consistent with our results.

The detailed AFM characterisation of algal surface mor-
phology showed no specific change under temperature varia-
tion, but the change was detected in the size of algal species. 
The cells of T. suecica and D. tertiolecta were smallest at 
30 °C. However, the cells of C. closterium grown at 18 °C 
and 30 °C were similar in size, but smaller compared to cells 
grown at 12 °C. Temperature-induced change in cell size 
probably indicates cytoskeletal rearrangements. An inverse 
relationship between cell size and temperature, known as the 
temperature-size rule, is commonly observed in eukaryotes 
(Atkinson et al. 2003). At higher temperatures, the reduced 
organism size corresponds to an adaptive plastic response 

Table 1  Relationship between 
morphology and studied 
parameters examined at 12 °C 
and 30 °C versus 18 °C

Temperature & Parameters Morphology

Biflagellated naked cell Tetraflagellated cell with 
calcite incrusted theca

Gliding cell with orga-
nosilicate cell wall

12 °C
Growth rate Lowest Lowest Lowest
Cell size No change No change Increase
Cell speed Low Lowest n.a
Adhesion efficiency Lowest n.a n.a
Physiological activity High Low Highest
Stiffness Highest No change Highest
Hydrophobicity Hydrophilic Hydrophilic Hydrophobic
30 °C
Growth rate High High Highest
Cell size Increase Increase No change
Cell speed Lowest Low No change
Adhesion efficiency Highest n.d n.d
Physiological activity Highest Lowest Lowest
Stiffness Lowest No change Lowest
Hydrophobicity Highest hydrophilicity Highest hydrophilicity Highest hydrophobicity
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resulting from earlier reproduction as the population growth 
rate increases, as well as accelerated completion of the life 
cycle at the expense of maturation size.

Furthermore, AFM measurements revealed that the sur-
face properties of algal cells were both species-specific and 
temperature-dependent and can be linked to the structural 
features of the algal cell lines. D. tertiolecta does not possess 
a cell wall, while T. suecica is embedded in a thin calcite-
encrusted theca. Temperature had the strongest impact on D. 
tertiolecta, exerting both mechanical and chemical changes. 
Increasing temperature caused a decrease in the stiffness 
of D. tertiolecta, in addition to changes in the degree of 
hydrophilicity. Correspondingly, the cells of C. closterium 
became softer at T>Tf and temperature triggered a chemi-
cal change, so cells become hydrophobic, suggesting a 
molecular modification of the cell wall. Besides the change 
in the cells, their main secretion products were mainly char-
acterised as hydrophilic in the early growing phase, whilst 
the later phase was characterised by predominantly hydro-
phobic compounds (Ciglenečki et al. 2018). Our previous 
study revealed heterogeneity within the elasticity maps of C. 
closterium, with the valve appearing softer (29.8 MPa) than 
the girdle region (43.7 MPa on silica strips and 21.3 MPa 
between the strips, respectively). The obtained results sug-
gest that the valve has a lower silica content and is enriched 
with organic material (Pletikapić et al. 2012). In the case 
of T. suecica cells, the temperature-dependent direction of 
these changes cannot be defined. A very low level of hydro-
philicity observed at 18 °C, increases with the temperature 
change. Also, T. suecica cells are softer at 12 °C and 30 °C 
(T≠Tf), as opposed to the stiffer cells at 18 °C. The prob-
ability of adhesion is determined to be similar whether D. 
tertiolecta adheres to a bare or OTS-modified cantilever, 
which is in line with electrochemical-adhesion based study 
of D. tertiolecta in the wide potential range (Fig. 5b). In 
addition, more pronounced differences are found in the adhe-
sion probability obtained for the other two algae adhering 
to a hydrophilic and hydrophobic AFM probe (Figure S5).

We demonstrated that the physicochemical properties of 
the biointerface provide a detectable species-specific and 
temperature-dependent change in the adaptive response of 
algal cells. Differences in the adaptive response of cells 
on temperature alterations can be understood through 
the difference in the underlying mechanisms. The algal 
response includes changes in the fatty acids composi-
tion through changes in hydrocarbon length, degree of 
saturation, charge, and headgroup of phospholipids (de 
Carvalho & Caramujo 2018). The ratio of PUFAs to 
saturated fatty acids (SFAs) determines the response of 
the cell membrane to exerted stress, as short-chain SFAs 
form less-viscous membranes, whereas PUFAs form 
more fluid membranes. During temperature variation, 
most algal cells employ several primary mechanisms for 

membrane stabilisation (Barati et al. 2019), which include 
the enhanced production of membrane unsaturated FA to 
decrease the membrane lipid solidification at low tempera-
tures (Lyon and Mock 2014) or intensified synthesis and 
binding of saturated FA into membrane lipids and the acti-
vation of membrane-stabilising proteins (Los et al. 2013). 
Moreover, high temperature triggers the expression of 
membrane-bound heat-shock proteins that regulate pro-
tein homeostasis (Katz et al. 2007; Fulda et al. 2010) and 
contribute to the molecular protection and repair of mem-
brane proteins (Ritossa 1996; Kobiyama et al. 2010; Guo 
et al. 2015). The fact that T. suecica cells do not respond 
similarly to temperature changes as D. tertiolecta and C. 
closterium could arise from differences in the ratio of 
membrane FAs that could be responsible for maintaining 
higher membrane stability and greater thermal protection 
(de Carvalho and Caramujo 2018).

On a fundamental level, our findings can contribute to a bet-
ter understanding of the mechanism of diatom aggregation in 
the marine environment. Cylindrotheca closterium is a diatom 
species capable of forming benthic biofilms, as well as resus-
pending from the benthos and forming aggregates during bloom 
in aquatic systems (Wolfstein et al. 2002). Diatom aggregates 
are a primary source of marine snow (Thornton 2002), a ubiq-
uitous feature of the ocean and an important means of transport-
ing energy and nutrients in marine ecosystems. The initially 
hydrophilic cells of C. closterium only become hydrophobic 
when a significant increase in abundance is achieved, for which 
the trigger is a temperature increase. The rise in temperature 
promotes faster reproduction with a consequent reduction in 
cell size, with a concomitant decrease in EPS production and 
an increase in EPS hydrophobicity. At higher temperatures, the 
hydrophobic properties of the EPS of C. closterium suggest 
metabolic changes that enable cells to cope with challenging 
conditions of climate change-induced warming. The feedback 
generated stimulates a further diatom bloom and increases the 
aggregation potential of cells, thus promoting the development 
of marine snow and the consequent flow of nutrients through 
the water column (Riebesell 1991; Thornton 2002).

Conclusion

Our study showed that the surface properties and behav-
iour of algal cells exhibit detectable, species-specific, and 
temperature-dependent changes that can be related to the 
structural properties of the cell envelope. The most sensitive 
to temperature changes is the wall-less alga D. tertiolecta, 
as it exhibits the greatest mechanical and chemical changes. 
All cells stiffen at lower temperatures and become more 
compliant at higher temperatures, indicating a molecular 
change in the cell envelope. The increase in temperature 
causes an imbalance in cell hydrophobicity. D. tertiolecta 
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and T. suecica showed a highly hydrophilic character, while 
C. closterium became the most hydrophobic, which is of 
ecological importance for understanding the mechanism of 
algal biofilm formation. Furthermore, temperature induces 
a change in physiological activity in terms of concentration 
and structural organisation of released extracellular poly-
mers, ranging from fibrils to dense networks. The change in 
cell surface properties and physiological activity is reflected 
in motility and adhesion behaviour at the interface. All 
selected algal cells maintained their overall shape without 
nanostructural changes at the surface. This study demon-
strated that temperature-dependent surface properties and 
behaviour provide important evidence for understanding the 
adaptive mechanism of algae at the single cell level, which 
can be used to indicate ecosystem disturbance, algal bloom, 
as well as finding adequate commercial application.
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