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Abstract

Microalgae, such as Parachlorella kessleri, have significant potential for environmental remediation,
especially in removing heavy metals like zinc from water. This study investigates how P. kessleri,
isolated from a polluted river in Argentina, can remediate zinc. Using atomic force microscopy (AFM),
the research examined the interactions between Zn particles and cells grown with different nitrogen
sources—nitrate or ammonium. The results showed that cells grown with nitrate produced
extracellular polymeric substances (EPS), while those grown with ammonium did not. Raman
spectroscopy revealed distinct metabolic responses based on the nitrogen source, with nitrate-grown
cells showing altered profiles after zinc exposure. Zinc exposure also changed the surface roughness
and nanomechanical properties of the cells, particularly in those producing EPS. AFM force
spectroscopy experiments then confirmed strong Zn binding to EPS in nitrate-grown cells, while
interactions were weaker in ammonium-grown cells that lacked EPS. Overall, our results elucidate
the critical role of EPS in Zn removal by P. kessleri cells and show that Zn remediation by P. kessleri is
mediated by EPS adsorption. This study underscores the significance of regulating nitrogen sources
to stimulate EPS production, offering insights that are essential for subsequent bioremediation
applications.

Keywords
Parachlorella kessleri, bioremediation, heavy metal, extracellular polymeric substances, atomic force
microscopy
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1. Introduction

Rivers are the main source of clean water in many parts of the world. Their contamination
represents a problem not only for the populations living nearby, but also for the ecosystems linked to
the streams. The Reconquista River, located in the province of Buenos Aires, Argentina, is an example
of a heavily polluted river, as it receives tributaries from both domestic and industrial sources with
varying levels of contamination. Nutrients, such as nitrate and ammonium, and heavy metals are
among the pollutants found in the water and sediments (Basilico et al., 2022; Tufo et al., 2018).
Contamination levels vary between the upper, middle, and lower basins, and different biological
community compositions can be found along the river. In particular, microalgae are found in water
and sediment, even in the middle and lower Reconquista basins where contamination levels are
higher due to the discharge of industrial and domestic effluents. These microalgae are adapted to
live in extreme conditions, making them suitable for a variety of biotechnological applications
(Castané et al., 1998; Ferraro et al., 2021; Grimolizzi, 2019).

Microalgae are highly diverse phototrophic organisms that play an important role in the
global carbon and nutrient cycles. They also have the capacity to produce commercially viable
metabolites for pharmaceutical, nutraceutical and industrial applications (Sreenikethanam et al.,
2022). Among their many interests, in recent years, they have attracted attention for their
remediation potential (Areco et al., 2021; Dayana Priyadharshini et al., 2021; Rude et al., 2022; Li and
Meng, 2023). Indeed, their presence in an aquatic environment can reduce high concentrations of
phosphate, nitrate and ammonium that generally cause eutrophication in rivers and lakes (Kakade et
al., 2021). Also, many studies demonstrate that some microalgae can interact with heavy metals and
reduce their concentrations in solution (Areco et al., 2018, 2022; Spain et al., 2021). Other studies
highlight the benefits of this bioremediation approach, noting that it can generate biomass for
producing commercially valuable byproducts as part of a biorefinery strategy (Satya et al., 2023;
Tripathi et al.,, 2023). It has been found that the main mechanisms involved in heavy metal
remediation by microalgae are metal precipitation due to pH changes linked to their nitrogen
metabolism (Areco et al., 2022) and passive adsorption, or biosorption, owing to their large surface
area and high binding affinity, which varies among species.

Biosorption is a surface phenomenon that occurs independently of microbial metabolism.
The size, shape, and cell wall composition of different algal species can affect their metal binding
capabilities. The process mainly involves the interaction between positively charged metal ions and
negatively charged cell surfaces (Gupta and Diwan, 2017). Even though many papers describe heavy
metal biosorption process (He and Chen, 2014; Volesky, 2007), for the moment, the molecular basis
of the interactions between the microalgae cell surface and heavy metals, and therefore the
mechanisms underlying their adsorption, are not entirely clear. For instance, an important question
that still requires clarification is the role played by extracellular polymeric substances (EPS) attached
to the cells in the adsorption of the heavy metals. EPS are a diverse group of macromolecules that
are secreted in relative high amounts by several genera of eukaryotic red and green microalgae, such
as Parachlorella kessleri, and some prokaryotic microalgae (Xiao and Zheng, 2016; Sendra et al.,
2017). Different factors, such as culture conditions, can potentially influence the generation and
structure of EPS, even those derived from the same species (Sasaki et al., 2020; Ye et al., 2022). They
can include polysaccharides, proteins, lipids, and nucleic acids, and can vary in composition and
structure depending on the microalgae species (Wang et al., 2018). EPS may provide many beneficial
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functions for the microalgae, including energy storage, cell-to-cell communication, and protection
from environment stressors, among others. In addition, EPS can also play a role in shaping the
microalgae environment, by contributing to the formation of biofilms and aggregates and by
mediating the interaction with other organisms and/or abiotic components, such as dissolved
pollutants (Ciempiel et al., 2022). In this sense, they could also play a key role in the interaction with
heavy metals and in the further bioremediation capacities of cells, given that EPS have demonstrated
a remarkable affinity for heavy metals (Li et al., 2022).

Using microalgae adapted to leave in polluted environments is crucial when studying the
possibility to apply bioremediation to contaminated waters (Afonso et al., 2024). In this sense,
several species have been isolated from the Reconquista River in order to study their remediation
potential. Among them is Parachlorella kessleri, a green microalgae species that generates EPS. P.
kessleri has been studied for its potential to grow with different nitrogen sources (O’Rourke et al.,
2015; Lv et al.,, 2019). Notably, in these studies, it was showed that depending on the nitrogen
source, nitrate or ammonium, the capacity of P. kessleri cells to remove pollutants from water was
different and was better when cells were in the presence of nitrate. Another study showed that P.
kessleri cells were able to remove heavy metals from water, in particular cadmium and chromium,
and could thus be considered as a bioremediation agent for this type of pollutants (Bauenova et al.,
2021). Furthermore, our team has obtained preliminary results indicating that the remediation of
Zn(ll) by P. kessleri varies when cultivated in different nitrogen sources. Thus, in this study, we chose
to evaluate the interactions of Zn(ll) and P. kessleri when cultivated in different nitrogen sources,
ammonium and nitrate. Our aim is to understand cell-Zn interactions when microalgae are cultured
with different nitrogen sources and elucidate the potential role of the EPS they produce in the
remediation. To conduct such study, we chose to work with atomic force microscopy (AFM) as a main
tool. Since its initial development in 1986 (Binnig et al., 1986), AFM has emerged as a powerful tool
for nanoscale surface characterization. Beyond its capabilities for high-resolution imaging down to
the nanometer scale, AFM is also a sensitive force machine capable of capturing forces at the
piconewton level (Dufréne et al., 2017). This characteristic enables the exploration of
nanomechanical and adhesive properties of samples, as well as their interactions with their
environment. In the specific field of microalgae studies, AFM has been instrumental in unraveling the
morphology, nanostructure, nanomechanics, and adhesive behavior of cells (Formosa-Dague et al.,
2018; Demir-Yilmaz et al., 2021, 2023c). Notably, it has provided insights into their interactions with
particles or molecules present in their environment (Demir et al., 2020; Demir-Yilmaz et al., 2022)
and on the properties of the EPS they can produce (Vergnes et al., 2019).

In this work, we will first evaluate the effect of different nitrogen sources, ammonium and
nitrate, as well as Zn(ll) on the metabolism of P. kessleri by determining the spectral fingerprints of
the cell metabolites, such as chlorophyll a, beta-carotene, nucleic acids and lipids, through Raman
spectroscopy. Then AFM will be used to understand the effect of the nitrogen source on the EPS
production, to evaluate the effects of the presence of Zn(ll) on the cells and their EPS, and finally to
probe the interactions between Zn particles and cells at the molecular scale. This approach will
enable to assess the possibility of using P. kessleri cells to decontaminate heavy metals from water,
by providing a complete understanding of the mechanisms involved in the interactions between cells
and the Zn(ll) present in the medium. Such findings could have great impacts on environmental
management and to develop efficient bioremediation strategies.
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2. Experimental Section
2.1. Microalgae strain and culture

P. kessleri was obtained from the culture collection of the Environmental Research and
Engineering Institute (I1IA CONICET-UNSAM). This strain was previously isolated from the sediments
of the middle basin of the Reconquista River, at San Francisco Park (S 34°34'14.8" W 58°39'46.4").
Cells were cultivated in sterile conditions in two different nutritive condition. The culture medium
used was Bold Basal Medium (BBM) containing either NaNO; (BBM-NOs’, nitrate condition) or
(NH,4),S0, (BBM-NH,", ammonium condition) as a nitrogen source, with the same initial nitrogen
concentration (= 2.9 mM). Initial pH comprised between 6 and 6.5. The cultures were maintained at
21°C, under 120 rpm of orbital agitation, in an incubator (Panasonic, Japan) equipped with white

1 with a

neon light tubes providing an illumination of approximately 40 umol photons m™ s
photoperiod of 18 h light: 6h dark. All experiments were performed with 7 days exponential phase
batch cultures. For cultures in the presence of Zn(ll), the same procedure was conducted, but an
aliquot of a concentrated solution of ZnSO,-7H,0 (30 mM of Zn(Il)) was added to each culture (BBM-
NO; and BBM-NH,"), resulting in a final concentration of 0.25 mM of Zn(ll). The initial pH was

adjusted to 5.5 to avoid metal precipitation.

2.2. Cellular metabolites characterization using RAMAN spectrometry

The Raman spectra were obtained from freeze-dried pellets of P. kessleri using a Raman
microspectrometer Bruker Optics, (Senterra, Germany) driven by Opus software (Bruker Optics,
v7.2). This device was equipped with a CCD camera cooled at - 60°C and a BX51 Olympus microscope.
Spectral data were collected using a 532 nm excitation laser with a power output of 2mW at the
sample. Each spectrum was obtained by averaging five sequential acquisitions, each with an
integration time of 10 seconds (Lieutaud et al., 2019). Raman spectra were processed using MATLAB
software (version R2019b, MathWorks Inc, Natick, MA, USA). The raw data, covering a spectral range
of 170-4000 cm™*, was first cut in the spectral zone of 170-1600 cm™. All spectra were subsequently
baseline corrected employing an elastic concave method (64° and ten iterations), smoothed using
the Savitzky-Golay algorithm, and finally normalized via min—max normalization. The treated spectra
were subjected to multivariate data analysis, specifically Principal Component Analysis (PCA). The
optimal number of principal components (PCs) was determined using a scree plot. Then, PC scores
(specifically PC1 scores) were subjected to the Kruskal Wallis (KW) test, a non-parametric method for
comparing samples from three or more groups of independent observations (Kruskal and Wallis,
1952). Both PCA and KW were computed using the SAISIR Package (Cordella and Bertrand, 2014). All
statistical analysis was performed using MATLAB software (version R2019b, MathWorks Inc., Natick,
MA, USA).

2.3. Cell immobilization for AFM experiments

Before AFM experiments, 1 mL of cells from 7-days cultures were diluted into 5 mL of either
BBM-NO; or BBM-NH,". After that, cells were immobilized on polyoctyl-chitosan (PO-chitosan)
coated glass slides. For that, briefly, a 1.0 g L™ solution of PO-chitosan synthesized in a previous study
was spin-coated on plasma cleaned glass surfaces at 1000 rpm for 3 min (Demir-Yilmaz et al., 2023a).
The glass slides were then dried in an incubator at 37°C overnight before use. Then, 1 mL of cell
suspension was deposited on the surface, incubated during 30 min, and rinsed using either BBM-NO;
or BBM-NH," before performing the AFM experiments.

2.4. AFM imaging and roughness analysis
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Height images of the whole cells were recorded using the Quantitative Imaging mode
available on the Nanowizard IV XP AFM (Bruker, USA), with MLCT cantilevers (Bruker, nominal spring
constant of 0.01 N m™). Images were recorded with a resolution of 150 x 150 pixels using an applied
force comprised between 0.8 and 1.5 nN and a z-length comprised between 1 and 6 um. In all cases,
the cantilevers spring constants were determined using the thermal noise method prior to imaging
(Hutter and Bechhoefer, 1993). To obtain high-resolution height images of the cell surface for
roughness analysis, small areas of 0.5 x 0.5 um on top of cells were recorded using the contact mode
available on the Nanowizard IV XP AFM (Bruker, USA), with MLCT cantilevers (Bruker, nominal spring
constant of 0.01 N/m), at a resolution of 512 lines, using an applied force < 1 nN. The height images
obtained were then analyzed using the data processing software (Bruker, USA) to determine the
arithmetic average roughness (Ra). In each condition, 10 different images were recorded on 10
different cells coming from at least two independent cultures. To assess the significance of the
differences observed between the different conditions tested, non-parametric statistical Mann and
Whitney test was used. The differences were considered significant at p-value < 0.05.

2.5, AFM nanomechanical analysis

For nanoindentation experiments, the AFM was used in force spectroscopy mode using an
applied force comprised between 0.5 and 5 nN depending on the condition, with MLCT cantilevers
(Bruker, nominal spring constant of 0.01 N m™). Young’s moduli were then calculated from 70 nm
indentation curves in the case of cells grown in BBM-NH,", and 500 nm indentation curves in the case
of cells grown in BBM-NO;" using the Hertz model (Hertz, 1881) in which the force F, indentation (),
and Young’s modulus (Ym) follow Equation 1, where a is the tip opening angle (17.5°), and v the
Poisson ratio (arbitrarily assumed to be 0.5). The cantilevers spring constants were determined by
the thermal noise method (Hutter and Bechhoefer, 1993):

2 XYmXtana

F= ey

o x(1—v2)x 82

In each condition, 10 different cells coming from at least 2 independent cultures were probed. To
assess the significance of the differences observed between the different conditions tested,
parametric statistical student t-test was used. The differences were considered significant at p-value
<0.05.

2.6. AFM dynamic mechanical analysis (DMA)

For these experiments, colloidal probes were used. These were prepared as previously
described in (Beaussart et al., 2014). In brief, a single silica microsphere (5 um of diameter, Bangs
Laboratories) was attached to triangular tipless NP-O10 cantilevers (Bruker, USA) using a thin layer of
UV-curable glue (NOA 63, Norland Edmund Optics). Then, measurements were performed by
applying a determined force of 1 nN (initial indentation), before applying sinusoidal excitation signals
at frequencies of 1, 10, 20, 50 and 100 Hz. During these measurement, in-phase and out-phase
signals are detected, and further used to determine the shear modulus G* using the following
Equation 2, where G’ is the storage modulus, G” is the loss modulus, i is the complex unit, v the
Poisson ratio (assumed to be 0.5), 6, the initial indentation, R the spherical colloidal probe radius
(here of 2.5 um), 6* the sinusoidal indentation, and F* the sinusoidal force.

1—v F*
G'=G"+iG" = (2)

4./RS, 6"
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From these measurements, the G’ and G values were extracted from 70 curves recorded on 23 cells
for each condition, and tan (6) was calculated, which corresponds to the ratio of G"” over G'.

2.7. AFM cantilevers functionalization with Zn particles and force spectroscopy experiments

To prepare functionalized AFM cantilevers with Zn particles, the edge of NP-O10 tipless
cantilevers (Bruker, USA) was first dipped into a thin layer of UV-curable glue (NOA63, Norland
Edmund Optics). Then the cantilever was approached towards a metallic Zn particle deposited on a
glass surface to attach it at the edge of it. The functionalized cantilevers were then put under UV-
light for 10 min to allow the glue to cure. These functionalized cantilevers were used in force
spectroscopy experiments to probe the interactions with cells grown either in BBM-NO3 or in BBM-
NH.," for 7 days. The interactions were recorded with an applied force of 0.25 nN, at a speed of 1 um
st using a contact time of 1 s. In each condition, 10 different cells coming from at least 2
independent cultures were probed using 5 different probes. To assess the significance of the
differences observed between the different conditions tested, parametric statistical student t-test

was used. The differences were considered significant at p-value < 0.05.

2.8. Scanning electron microscopy imaging of AFM cantilevers

AFM cantilevers with tips functionalized or not were imaged using a Jeol 6400 electron
microscope (Jeol,Tokyo, Japan) equipped with an EDS Bruker SDD detector, at an acceleration
voltage of 20 kV.
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3. Results and Discussion

3.1. The nitrogen source influences the production of EPS by cells

It is well known that nutritive conditions can affect the production of EPS by microalgae cells.
This has already been showed for different microalgae species (Wang et al., 2014; Babiak and
Krzeminska, 2021), and in the case of P. kessleri, one study has showed that a deprivation in nitrogen
could lead to an overproduction of EPS by the cells (Sasaki et al., 2020). In addition, a study
performed in 1994 showed that in the case of Botryococcus braunii, the amount of EPS produced was
different depending on the nitrogen source. In particular, it was showed that the highest production
of EPS was detected in the presence of nitrate and that the lowest yield was obtained in the presence
of ammonium (Lupi et al., 1994). To verify if this was also the case for the P. kessleri cells used in this
study, we first used AFM to image cells and detect the presence of EPS in the two different nutritive
conditions. The results obtained are presented in Fig. 1. In the case of cells grown in the presence of
nitrate (Fig. 1A), cells present a spherical shape, but the edges of the cells are not well-resolved,
indicating that the tip could not get into contact with them during the acquisition. Moreover, as
indicated by the arrow on Fig. 1A, some material seems to surround the cell. This is confirmed by the
cross-section taken along the white dashed line (Fig. 1C) that shows that indeed, the cell is
surrounded by a layer of approximately 1 um in height, that could correspond to EPS. When cells are
grown with ammonium (Fig. 1B), the AFM image obtained shows also a spherical cell but this time,
the edges are well-resolved, which tends to indicate that no layer of material could prevent the tip to
get into direct contact with the cell. This is also confirmed by the cross-section (Fig. 1D) that shows
that no material surrounds the cell. Thus, these imaging results indicate that cells grown with nitrate
produce a layer of material, most likely EPS, that is not detected when they grow with ammonium.
This was further confirmed by SEM imaging experiments, (Fig. S1) which also demonstrated that EPS
are present in a greater extent when cells are grown with nitrate than when they are grown with
ammonium. It is important to note that the EPS observed on ammonium-grown cells in SEM images
might be soluble EPS, made visible due to the sample preparation process. These EPS most likely are
not bound to the cell surface, explaining why they are not detected under the physiological
conditions in which the AFM experiments were conducted.
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Fig. 1. AFM imaging of P. kessleri in different nutritive conditions. A) AFM height image of a P. kessleri cell
grown with nitrate and B) grown with ammonium. The yellow arrow in A) indicates the presence of a layer of
material surrounding the cell. C) and D) Cross-section taken along the white dashed line in A) and B)
respectively. The yellow arrow in C) corresponds to the layer of material observed in A).

We then further characterized the EPS layer surrounding the cells by performing two
different types of experiments: roughness measurements and nano-indentations experiments. First,
to perform roughness measurements, images of small areas of 0.5 x 0.5 um were recorded on top of
the cells using AFM in contact mode. This recording mode enables the acquisition of images with
nanoscale resolution, offering the capability to unveil the ultrastructure of the cell surface. The
images obtained for both cells grown with nitrate or with ammonium are showed in Fig. 2A and B.
They both show a rather rough surface, featuring structures which are several nm in height, as
indicated by the cross-section taken along the white lines in both images (Fig. 2C and D). Quantitative
analysis was then performed using images recorded on 10 different cells in each condition to
determine the average roughness, which is of 1.9 + 0.3 nm for cells grown with nitrate, and of 1.9 +
0.7 nm for cells grown with ammonium (Fig. 2E). Cells in both conditions thus exhibit a similar surface
structure, which is surprising. Indeed, in the case of cells grown with nitrate, the cells are covered by
an EPS layer, and this is the EPS layer that should be imaged. While for cells grown in the presence of
ammonium, there is no EPS layer on top of cells thus the images show directly the cell surface. There
are two options; either both the EPS and the cell surface have a similar ultrastructure, or one
possibility is that the EPS layer on top of cells is too soft, so that the tip goes through it directly and
touches the cell surface. While EPS of microalgae cells have been imaged using AFM when deposited
on surfaces (Cybulska et al., 2016) or in dried conditions (Demir-Yilmaz et al., 2023b), no images of
EPS imaged directly on top of cells in liquid conditions have been reported. However, one previous
AFM study conducted in our team showed that EPS produced by a cyanobacteria formed a gel-like
material that was extremely soft (approximately 20 kPa). If this is also the case for P. kessleri cells, it
could elucidate why the force applied by the tip in contact imaging, even when kept at a low level,
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might be enough to penetrate the EPS layer. To verify this point, we then performed nano-
indentation experiments to determine the nanomechanical properties of cells grown in both nutritive
conditions. In this type of experiment, the tip, with known mechanical properties, is pressed against
the surface at a known applied force and retracted. This gives access to nano-indentation curves,
that can then be fitted by a model to extract the Young modulus (Ym) value, that corresponds to the
rigidity of the cell surface, i.e. its resistance to compression. The lower the Ym value, the softer the
material. The results obtained by probing 10 different cells in each condition show an important
difference between the two nutritive conditions. Indeed, cells cultured with nitrate exhibit a
remarkably low average Young's modulus (Ym) value of 0.4 + 0.1 kPa. In contrast, for cells cultivated
with ammonium, the average Ym value is higher at 880.1 + 727.4 kPa (Fig. 2F). The value recorded for
ammonium cells is in line with measurements performed on the cell wall of other microalgae species
(Demir et al., 2020; Demir-Yilmaz et al., 2023c), and reflects the rigidity of the cell wall. However, the
value obtained for cells grown with nitrate is very low, and most likely corresponds to the
nanomechanical properties of the EPS present on top of the cells, that form, like it was previously
showed, a gel-like structure (Vergnes et al., 2019). Given this, it is then most likely that the contact
image recorded (Fig. 2A) corresponds to the cell wall and not to the EPS layer. Thus, it can be
concluded that the different nitrogen source does not have an effect on the cell wall ultrastructure,
even though the metabolism of cells may be different in these two conditions.
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Fig. 2. AFM characterization of P. kessleri cell surface. A) AFM height image of an area of 0.5 x 0.5 um on top
of a cell grown in the presence of nitrate or B) in the presence of ammonium. C) and D) Cross-sections taken
along the white dashed lines in A) and B) respectively. E) Boxplot showing the distribution of roughness values
obtained on 10 different cells coming from at least two independent cultures for both nutritive conditions. F)
Boxplot showing the distribution of Ym values recorded on 10 different cells coming from at least two
independent cultures for both nutritive conditions.

3.2. Exposure of cells to Zn affects their surface properties

In a next step, we then repeated these experiments with cells exposed during culture to a
Zn(ll) concentration of 0.25 mM in both nutritive conditions. The first aspect was to check if the
exposure to Zn could have an impact on the EPS production, as in some cases, it has been showed
that the exposure of cells to a stress could result in the overproduction of EPS by the cells (Pletikapié¢
et al., 2012). For that, AFM images of the whole cells were recorded, and showed no differences with
the ones obtained with cells that had not been exposed to Zn(ll) (Fig. S2). Thus it does not seem that
Zn(ll) exposure has an effect on the EPS production. We then took a closer look at the surface of cells

11
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and measured their roughness and nanomechanical properties. The results obtained are presented in
Fig. 3. The ultrastructure observed for cells without Zn(ll) (Fig. 2A and B) seems to be conserved only
in the case of cells grown with ammonium. Indeed, cells grown with nitrate present a smooth surface
in the presence of Zn(ll) with no structures emerging from the surface as indicated by the cross-
section in Fig. 3C. For cells grown with ammonium, the cross-section indicate the presence of
structures at the surface of cells that seem to have a height increased compared to the condition
without Zn(ll). To confirm these observations, the quantitative analysis on the images recorded
showed that the average roughness in the case of cells grown with nitrate is of 0.5 + 0.3 nm, and of
2.8 £ 0.5 nm for cells grown with ammonium (Fig. 3E). Thus, the response of the cells to the presence
of the pollutant in the culture medium is different depending on the nitrogen source used. For cells
grown with nitrate, the cell wall becomes smooth, while for cells grown with ammonium, it becomes
rougher, featuring higher structures on its surface. Regarding the nanomechanical properties, there
are also important changes compared to the conditions without Zn(ll). For instance, for cells grown
with nitrate, the average Ym value decreases from 0.4 + 0.1 kPa to 0.2 + 0.1 kPa with Zn(ll) and for
cells grown with ammonium, it decreases from 880.1 + 727.4 kPa to 478.3 + 225.1 kPa in the
presence of Zn(ll) (the differences in both cases are significant at a p-value of 0.001, student t-test).

A few AFM studies of the microalgae cell surface changes induced by an exposure to heavy
metal pollutant are available in the literature. In one of this study, the effects of cadmium were
evaluated on a green microalgae species, Dunaliella tertiolecta (lvosevi¢ DeNardis et al., 2019). Their
results showed that cells in the presence of cadmium had a cell wall 80% more rigid compared to
control cells. While our results are opposite in the sense that cells get softer in the presence of Zn(ll),
they are still in line with the fact that heavy metal exposure has an impact on the cell’s
nanomechanical properties. Moreover other stress conditions have been studied using AFM, such as
salinity changes (Demir-Yilmaz et al., 2023b), N-deprivation (Yap et al.,, 2016), or pH changes
(Formosa-Dague et al., 2018; Pillet et al., 2019). All these different stresses resulted in changes in the
nanomechanical properties of cells. These alterations are frequently linked to modifications either in
the biochemical composition of the cell wall, which can shift as cells adjust their metabolism in
response to stress, or to a restructuring of the cell wall architecture. This restructuring implies that
the various components of the cell wall can be reorganized to adapt to the stress (Demir-Yilmaz et
al., 2023c). Regarding cell surface roughness, this parameter has also been showed to be impacted by
stress condition in microalgae. For instance, in the case of C. vulgaris, our team has previously
showed that both a salinity change in the culture medium or a change in the pH had for consequence
to increase the cell wall roughness (Demir et al., 2020; Demir-Yilmaz et al.,, 2023c). In these
investigations, it was proposed that this might be attributed to a rearrangement of molecules at the
cell surface, protruding more prominently under stress conditions, consequently causing the
observed increased roughness.
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Fig. 3. AFM characterization of P. kessleri cell surface upon exposure to Zn(ll). A) AFM height image of an area
of 0.5 x 0.5 um on top of a cell grown in the presence of nitrate and Zn(ll) at a concentration of 0.25 mM or B) in
the presence of ammonium and Zn(ll) at a concentration of 0.25 mM. C) and D) Cross-sections taken along the
white dashed lines in A) and B) respectively. E) Boxplot showing the distribution of roughness values obtained
on 10 different cells coming from at least two independent cultures for both nutritive conditions in the presence
of Zn(ll). F) Boxplot showing the distribution of Ym values recorded on 10 different cells coming from at least
two independent cultures for both nutritive conditions in the presence of Zn(ll).

3.3.The metabolism of P. kessleri is affected both by the nitrogen source and the exposure to
Zn(ll)

In a next step, Raman spectroscopy was employed to investigate the impact of different

culture media and Zn(ll) exposure on the metabolism of P. kessleri cells. The Raman spectrum,

detailed in the supplementary data (Fig. S3), highlights key peaks or molecule of interest detected
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within the cells when they are exposed to the Raman laser. Microalgae, in general, exhibit common
bands or Raman shifts at 957 §(C-Hs), 1182 6(C-H3), 997 v(C-C), 1149 v(C-C), 1182 and 1571 v(C-C) cm’
! which are associated with chlorophylls and carotenoids. Additionally, a shift at 1436 cm™ o (C-H,)
indicates the presence of lipids (Wieser et al., 2023). To assess the effect of the different nitrogen
sources (nitrate and ammonium) and of Zn(ll) exposure on P. kessleri cells, a PCA multivariate
statistical analysis was applied to the Raman spectra obtained in the different conditions. Fig. 4A
shows that the first principal component PC1 accounts for the majority of spectral variances,
explaining about 96.6 % of the variance, while the second principal component PC2 explains only
1.7%. All other principal components contained less than 1% of the variance between samples. The
PCA plot demonstrates a clear separation between cells cultured with ammonium, indicated by
negative score values on PC1, and those cultured with nitrate, indicated by positive sign on PC1. It
seems that all bands with a negative sign on loading 1 (Fig.4B) are associated with cells cultured in
ammonium as they have a negative sign on PC1 scores. This indicates that P. kessleri cells grown in
culture medium with ammonium are strongly associated with higher level of chlorophyll, carotenoids
and lipids as indicated by the negative loadings on PC1. In contrast, cells cultured with nitrate did not
show the same high level of association with these biomolecules. This is further confirmed by the
Kruskal Wallis test performed on PC1 scores, which shows that cells cultured with ammonium are
significantly different (p<0.05) from those grown in nitrate (Fig 4D). These results thus show that the
nitrogen source has an impact on the metabolism of cells, ammonium inducing the production in
cells of more pigments (chlorophyll and carotenoids) and more lipids compared to nitrate. While
Raman spectroscopy has already been used to evaluate the impact of nitrogen concentration in the
culture medium (Zhang et al., 2017; He et al., 2018; Li et al., 2019), this is the first time that the
impact of a different nitrogen source is evaluated. What is interesting to note is that in both cases,
pigments and lipid contents were affected either by a changing nitrogen concentration, or in our case
by a different nitrogen source. Our results are thus in line with existing literature on this topic.

Regarding the effect of adding Zn(ll) to both cultures conditions, cells cultured with
ammonium did not exhibit any significant changes as confirmed by PC1 results and Kruskal Wallis (no
significant difference, p > 0.05). However, for cells cultured with nitrate as the nitrogen source, the
addition of Zn(Il) had a negative impact. This is indicated by loading 2 (Fig 4C), where carotenoids
were more associated with cells cultured with nitrate and without Zn(ll). The Kruskal Wallis test also
indicated a significant difference between the latter two groups (Fig 4D). It is interesting to compare
and correlate these results with the ones obtained using AFM. Indeed, in the case of cells grown with
nitrate, AFM experiments showed that both the roughness and the mechanical properties of the EPS
layer around the cells were impacted by the exposure to Zn(ll). The Raman results obtained here
show that these changes on the “outside” of the cell, are also associated with changes in the cell’s
metabolism as they present a lower level of carotenoids than cells that were not exposed to Zn(ll).
For cells grown with ammonium, while the cell’s surface is also modified by the presence of Zn(ll) in
the medium (roughness and mechanical properties changed), cells do not have a modified
metabolism. These observations suggest the following hypothesis: although both types of cells are in
contact with the Zn(ll) present in the culture medium, as indicated by the surface changes, only the
cells grown with nitrate, which produce EPS, are affected by Zn(ll), generating stress, as evidenced by
metabolic changes observed here with Raman spectroscopy. The production of EPS by microalgae
can have varying effects on the absorption of metals like Zn(ll), that can be influenced by the
microalgal species, environmental conditions, and the properties of the EPS. Indeed, EPS can either
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hinder metal absorption by creating a protective layer around the cells, thus limiting direct metal
uptake, or promote metal adsorption by forming complexes with the metal ions, which enhances the
microalgae's ability to absorb these ions from the environment (Babiak and Krzeminska, 2021;
Tripathi and Poluri, 2021). Furthermore, the solubility of EPS-metal complexes can influence the
bioavailability of metals to microalgae (Hasani Zadeh et al., 2023). The results here obtained would
suggest that EPS favors the absorption of the Zn present in the medium. To confirm this hypothesis,
further investigation into the interactions between Zn(ll) and the cells is necessary. Specifically, it
should be verified whether the interaction of Zn(ll) with the EPS produced by cells grown with nitrate
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is indeed favored, thereby confirming the role of EPS in Zn(ll) absorption into cells.

Fig. 4. PCA analysis of Raman spectra from Parachlorella kessleri cultivated using BBM with different
nitrogenous compounds. (A) The PC1 scores of P. kessleri cultivated with ammonium or ammonium + Zn are
clearly distinguished from the two other groups. (B) The loading plot highlights the impacted molecules
(represented by red asterisks) responsible for differentiating P. kessleri cultivated with ammonium or
ammonium + Zn from the other groups on PC1. (C) The loading plot highlights the impacted molecules
responsible for differentiating P. kessleri cultivated with nitrates from those cultivated with nitrates + Zn based
on PC2. (D) Kruskal-Wallis on PC1 scores identify the groups that are significantly different from each other (p <
0.05).

3.4.The EPS produced by cells interact and absorb zinc

To investigate the potential role of EPS in the interactions with Zn, we then conducted force
spectroscopy experiments to probe the direct interactions between metallic Zn particles
functionalized on cantilevers, and the surface of cells grown in both nutritive conditions. To
functionalize the cantilever, a protocol that was previously developed in our team was used
(Formosa-Dague et al., 2018), which allowed to produce cantilevers with a single particle attached at
the edge of it, as it can been seen on the SEM images presented in Fig. S4. While AFM has already
been used to characterize the effects of pollutants on microalgae cells, this is the first time the direct
interactions between a pollutant and the surface of cells are probed. The results of the force
spectroscopy experiments obtained are presented in Fig. 5. In these experiments, the functionalized
cantilever is first approached towards the surface of the cells, stays in contact with it during 1 s, and
is then retracted. This gives access to force curves, an example of which is presented in Fig. 5A. From
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these force curves, a number of information on the interactions measured can be extracted. First, if
an interaction takes place between the cantilever and the cell surface, the curves will present retract
adhesions, that are materialized by negative peaks on the curve. By measuring the maximum height
of these retract adhesions, it is possible to access to the adhesion force, i.e. the maximum force that
was needed to break the interaction upon retraction (in yellow in Fig. 5A). Then, the area under the
curve can be measured, which gives access to the work of adhesion, that represents the total
guantity of energy that was needed to break the interaction (in blue on Fig. 5A). For both adhesion
force and work of adhesion, higher values indicate a stronger interaction between the cantilever and
the sample. Finally, the rupture distance can be determined, which corresponds to the distance
between the contact point (when the cantilever touches the surface) and the last adhesion peak on
the curve (in red on Fig. 5A). This parameter is a function of the length of the molecules that are
unfolded from the sample surface upon retraction. These three parameters allow describing the
interactions recorded.

In a first step we examined the force curves obtained (Fig. 5B and C). When probing the
interactions with cells grown with nitrate (Fig. 5B), the force curves all presented multiple retract
adhesions on long distances, without a defined pattern. These force curves indicate the elongation of
extended molecules from the cell wall interacting with Zn (Formosa et al., 2012; Feuillie et al., 2017).
In the case of cells grown with ammonium, only 50.8% of the force curves presented adhesion peaks,
meaning that the adhesion probability between Zn and cells in this condition is much lower. Then the
curves that presented retract adhesions presented a small, single peak, close to the contact point.
These first observations already show a clear tendency of Zn to interact with EPS but not with the cell
wall. To quantify these differences, both the work of adhesion and the maximum adhesion force was
measured (Fig. 5D and E). The adhesion forces recorded showed no significant differences between
the two conditions: the average values are of 832.1 + 1063.9 pN for cells grown with nitrate as the
nitrogen source and of 764.9 + 960.0 pN for cells grown with ammonium (Fig. 5E). Note the high
heterogeneity of the measurements, which can be attributed to the natural heterogeneity of living
cells and the potential differences in the size of the Zn particles used in the experiments. However,
when measuring the work of adhesion, a significant difference can be observed between the two
conditions, as the average value is of 14.2 x 10° + 26.8 x 10° J for cells grown with nitrate and of 1.2 x
10° £ 2.0 x 10° J for cells grown with ammonium (Fig. 5D). Thus, while the force of the interaction is
the same between the two conditions, which could mean that the same molecules are involved in
the interaction, the amount of energy needed to break the interaction, and thus the number of
molecules involved in the interactions is much larger in the case of cells grown with nitrate. Finally,
regarding the rupture distances measured, they are of 5.2 + 2.1 um for cells grown with nitrate and
of 0.4 £ 0.5 um for cells grown with ammonium. These results mean that for cells grown with nitrate,
upon retraction of the functionalized cantilever, long and most likely several molecules are unfolded
from the surface, while this is not the case for cells grown with ammonium. To make sure that the
interactions recorded correspond to interactions between Zn and cells, these experiments were then
repeated in the same conditions (same applied force and contact time) with bare AFM tips. The
results showed that in the case of cells grown with nitrate, 86.3% of the force curves obtained
presented no adhesions, and that the adhesions recorded were of 40.5 + 40.3 pN (Fig. S5A). For cells
grown with ammonium, a similar % of force curves interact with the cantilever (54.0%) with a level of
force significantly lower, of 365.3 +412.8 pN (Fig. S5B). These control experiments thus prove that
the interactions recorded with Zn particles are indeed due to the presence of the Zn particles on the
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cantilevers. Altogether these results allow us to draw two conclusions: the first one is that Zn
particles can interact with the cell wall of P. kessleri cells, but these interactions do not occur often
(50.8% of adhesion) and involve a few molecules from the surface (single peaks and low distance
ruptures). But this could explain the results obtained before regarding the biophysical properties of
ammonium cells exposed to Zn (Fig. 3): while there is no strong attachment of the Zn particles on the
surface of cells, the particles can still interact with it and could be a cause of the changes observed in
terms of roughness and nanomechanical properties. The second conclusion is that the EPS produced
by cells grown in nitrate conditions can interact with Zn particles via multiple bindings with long
molecules. This results in the high work of adhesion recorded, and it highlights the key role probably
played by the EPS in the remediation of Zn from the medium. Indeed, because of these strong
adhesions, the Zn in the medium can penetrate into the EPS layer on the cells, from where it can
then maybe diffuse into the cell and change its metabolism, and this way removing it from the
culture medium.

While the role of EPS in the adsorption of pollutants is now a commonly accepted
mechanism (Xiong et al., 2021; Nguyen et al., 2021), their role in the bioremediation of heavy metals
is so far poorly documented. It is known that many microalgae species can be used to remediate
heavy metals (Manikandan et al., 2022), however, in most studies, the role of EPS is not investigated.
One reason for that can be because of a lack of technique allowing to prove their interactions with
the metals. AFM is an ideal tool for that, but as far as we know, it has not been used in such studies
except in one, where the role of EPS in the adsorption of Ag nanoparticles was demonstrated by
imaging at high-resolution the EPS produced by cells after exposure to the nanoparticles (Pletikapic
et al., 2012). Here, by functionalizing Zn particles at the edge of AFM cantilevers, it is possible to
access their interactions with cells, and this way understand the molecular basis of the
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Fig. 5. Probing the interactions between Zn particles and P. kessleri cells. A) scheme showing the different
parameters that can be extracted from the force curves obtained. B) Force curves obtained in the case of cells
grown with nitrate and C) in the case of cells grown with ammonium. D) Boxplot showing the distribution of the
work of adhesion values obtained for cells in both nutritive conditions, E) of the adhesion force values, and F) of
the rupture distances values.
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533 To further prove this point and confirm that the EPS produced by P. kessleri grown in the
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534 presence of nitrate indeed absorb the zinc present in the medium, we next conducted dynamic

19



535 mechanical analysis (DMA) experiments using AFM. In this type of experiment, the idea is to
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536 superpose low-amplitude sinusoidal oscillations to an initial indentation by a colloidal probe (Abidine
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et al., 2013). Classic nanoindentation experiments, such as those previously performed (Fig. 2F and
3F), assume the material is purely elastic. However, since the EPS forms a soft gel-like structure
around the cells, it is reasonable to assume that the viscous component is not negligible. Performing
DMA experiments allows obtaining this information on the viscosity, by making it possible to
decompose the elastic and the viscous parameters. In a first step, the shear storage (G’) and the
shear loss (G”) are determined, corresponding respectively to the elastic (solid) and to the viscous
(liquid) behavior. These results presented in Fig. 6A show that in both conditions (cells grown in
nitrate with or without Zn(ll)), G’ is higher than G at frequencies lower than 100 Hz, meaning that
the EPS show a solid-like behavior in this regime. While for cells treated with Zn, this remains the
case, for control cells (no Zn(ll) exposure), G’ and G” values intersect at 100 Hz. This indicates that at
these high frequencies, EPS are more viscous when cells were not exposed to Zn(ll) than when they
are. This is confirmed by looking at the loss tangent (ratio of G”” over G’, Fig. 6B) that becomes
superior to 1 at 100 Hz for control cells, while it is inferior to 1 for cells that have been exposed to
Zn(ll). Thus, these experiments show that the EPS do not behave the same way regarding their
mechanical properties when cells have been exposed to Zn. In control conditions, the increase in the
oscillating frequency causes the EPS to become viscous, while this is not the case for cells exposed to
Zn. Most likely, this difference is caused by the presence of Zn particles within the EPS layer, thus
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further proving our hypothesis that the Zn present in the medium is adsorbed by the EPS. Further
experiments could be conducted to analyze the composition of extracted EPS before and after Zn(ll)
exposure, in order to understand if and how the heavy metal affects the EPS layer's composition.
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Fig. 6. AFM dynamic mechanical analysis (DMA) of the EPS of P. kessleri cells grown with nitrate. A)
Viscoelastic modulus G’ and G” as a function of frequency for cells grown in the presence of nitrate, exposed
(red lines) or not to Zn(ll) (green lines). B) Loss tangent parameter (G”’/G’) for cells grown in the presence of
nitrate, exposed (red line) or not to Zn(ll) (green line).

4. Conclusions

Microalgae are valuable for remediating pollutants, including heavy metals, from aquatic
environments. To harness this potential for biotechnological applications, it is crucial to understand
the conditions and mechanisms of their remediation abilities. This study used P. kessleri cells from
the polluted Reconquista River, adapted to extremely polluted environments. We employed Raman
spectroscopy and atomic force microscopy (AFM) to image these cells with different nitrogen
sources, analyze their biophysical properties, and study their interactions with zinc particles. This
original approach allowed to obtain the key following results:

e Cells grown with nitrate produce EPS, while those grown with ammonium do not

e AFM analysis showed that exposure to Zn(ll) altered the surface roughness and nanomechanical
properties of the cell wall and EPS.

e Raman spectroscopy indicated significant metabolic differences based on the nitrogen source,
with Zn impacting cells grown with nitrate more than those grown with ammonium.

e AFM force spectroscopy results further demonstrated that Zn binds strongly to polymers in the
EPS of nitrate-cultured cells, whereas interactions with ammonium-grown cells were weaker and
less frequent.

e DMA experiments showed changes in the mechanical behavior of the EPS when cells have been
exposed to Zn(ll).

These results are summarized in Fig. 7. Altogether, they allow understanding the mechanism
by which P. kessleri cells are able to remediate Zn, through its absorption in the EPS that cells
produce when grown with nitrate as a nitrogen source. This study constitutes a unique contribution
to the microalgae bioremediation of heavy metals by underscoring the pivotal role of extracelular
polymerie-substanees{EPS} in the adsorption of Zn from the culture medium by the cells. It has also
shed light on the significance of regulating the nitrogen source to induce the production of EPS in the
cells. Consequently, this research offers crucial fundamental insights that could be applied in
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subsequent biotechnological endeavors aimed at decontaminating aquatic environments.

Fig. 7. Schematic representation of the Zn remediation mechanism by P. kessleri cells.
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