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Transformations, interactions, and acute
biological responses of nanoplastics on
mixotrophic microalgae Poterioochromonas
malhamensis†

Zijiao Meng, Serge Stoll and Wei Liu *

Nanoplastics show a high potential risk to aquatic organisms due to their small size, high mobility and large

surface area. However, our knowledge about their behavior in different water conditions and their potential

effect on freshwater microalgae as well as the influential toxicity factor remains elusive. Here, we study the

transformation and toxicity of polystyrene nanoplastics (PS-NPLs) of 20 and 100 nm to a widespread

mixotrophic phytoflagellate, Poterioochromonas malhamensis, using Lake Geneva water and cell culture

medium. The colloidal stability of PS-NPLs, cellular burden, variety of physiological responses, and the po-

tential of producing diverse high-value biocompounds upon exposure to PS-NPLs under two exposure

conditions were evaluated. Significant effects are observed after 24 h of exposure for cell viability and PS-

NPLs associated with/taken up by cells at the lowest tested concentration of 0.1 mg L−1. It is also found

that in both Lake Geneva water and culture medium, the biological effects of 20 nm PS-NPLs are 1.7–11.5

times higher than those of 100 nm PS-NPLs. PS-NPLs exhibit 2.6–20.5 times higher biological effect in Lake

Geneva water compared to the culture medium, demonstrating that the effect of NPLs is concentration-,

size- and medium-dependent. Moreover, PS-NPLs induced changes in protein and carbohydrate content

within microalgae cells. Principal component analysis of 12 key parameters in both Lake Geneva water and

culture medium indicates that aggregation behavior is the most influential factor controlling the biological

effects of NPLs. These results highlight a clear mechanistic link between NPLs' intrinsic and water proper-

ties in the evaluation of NPL biological responses.

1. Introduction

Plastics are ubiquitous in aquatic environments and are quite
persistent due to their chemical inertness.1 However, their

size could decrease from macro-/microsized to nanosized par-
ticles via physical, chemical, and biological degradation pro-
cesses.2 Although the toxicity of macro- and microplastics
has been relatively well studied, the toxicity of nanoplastics
(NPLs) is largely uncharacterized. Recent study has discov-
ered that NPLs may exhibit remarkably different physical and
adsorption properties from both the bulk polymer and micro-
plastics.3 It is now an indisputable reality that freshwater
compartments are thoroughly exposed to these micro- and
nanoparticles and become their main repository.4,5 Thus, the
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Environmental significance

Nanoplastics have received increasing attention in recent years because of their potential risk to aquatic ecosystems. However, how microorganisms interact
with nanoplastics in freshwater environments is largely unknown. In this study, we examine the transformation behavior of polystyrene nanoplastics (PS-
NPLs) of 20 and 100 nm in traditional culture medium and in natural water environment on freshwater microalgae Poterioochromonas malhamensis to
obtain new insights into the effects of size, surface charge, and medium composition on the behavior of NPLs and how freshwater microorganisms
exposed to these PS-NPLs respond. We show that a significant biological response of P. malhamensis was observed from the lowest PS-NPL tested concentra-
tion of 0.1 mg L−1 in a concentration-, size-, and medium dependent manner. The aggregation behavior is found to be the most influential explanatory fac-
tor of PS-NPLs on P. malhamensis under both exposure conditions. These results provide more comprehensive information for the assessment of the fate
and toxicity of NPLs according to their characteristics, stability, and interaction in freshwater systems.
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influence of NPL contamination on the freshwater environ-
mental behavior and biological effects needs further
investigation.

Several studies focused on polystyrene nanoplastics (PS-
NPLs) as they are one of the most frequently reported poly-
mers in the aquatic environment,6,7 mainly derived from per-
sonal care products and detergents.8 The possible conse-
quences of PS-NPLs on freshwater organisms are
progressively discovered such as the induction of oxidative
stress,4,9 the effect on individual physiological activities10–12

and population abundance13,14 as well as freshwater commu-
nity composition and biodiversity.14

Particle size, surface charge, surface functionalization, me-
dium salinity, ionic strength, and natural organic matter
(NOM)11,15–17 were found as the influencing factors of PS-NPL
toxicity. For example, small-sized PS-NPLs were found to be
more toxic than large-sized ones to freshwater fish Danio
rerio.18,19 Their small size increases the potential for tissue
translocation and systemic distribution in organisms.20 Posi-
tively charged PS-NPLs were demonstrated to be more toxic
than negatively charged ones to freshwater zooplankton
Daphnia magna, Thamnocephalus platyurus, and Brachionus
calyciflorus.11,12 In our previous work, the surface charge and
aggregation behavior were found to be the most influential
toxicity factors of PS-NPLs for freshwater crustacean species
D. magna and G. fossarum, respectively.21 However, the possi-
ble surface properties and heteroaggregation behavior of PS-
NPLs under realistic conditions, their correlation with the
overall toxicity and their functional mechanism on freshwater
plankton remain an open question.

The interaction of PS-NPLs with freshwater microorganisms
such as microalgae should deserve special attention22,23 because
lower trophic level organisms are the entrance of anthropogenic
pollutants to the freshwater food web and have a vital impact
on the biogeochemical cycles in ecosystems.24,25 Unfortunately,
only 1.34% of the 2540 exposure studies published until 2020
concerned the adverse effects of nano- and microplastics on mi-
croorganisms.23,26,27 Some scattered evidence suggests that mi-
crobial taxa with different nutritional modes in freshwater mi-
crobial communities can actively interact with NPLs. For
example, PS-NPLs reduce the cell viability, biomass and chloro-
phyll a concentration of freshwater microalgae Scenedesmus
obliquus,28 Microcystis aeruginosa,29,30 Chlorella vulgaris,31,32 and
Chlamydomonas reinhardtii33 and altered the metabolic diversity
and functional structure of freshwater biofilms.25,34 However,
the effects of NPLs on microalgae are not unambiguous. Some
studies have concluded that NPLs with sizes less than or equal
to 100 nm and at concentrations of even up to 100 mg L−1 have
no effects on microalgae.32,35,36 Moreover, these studies were
only focused on freshwater microorganisms or NPLs per se and
have little relevance to the informative links between them and
realistic environment exposure. Therefore, how freshwater mi-
croorganisms interact with NPLs in freshwater environments is
largely unknown.

The primary goal of the current study is to obtain new in-
sights into the effects of size, concentration, and medium

composition on the behavior of NPLs and how freshwater mi-
croorganisms exposed to these NPLs respond. More specifi-
cally, we examine the behavior of NPLs with 2 specific sizes
in traditional culture medium and in natural water environ-
ment on freshwater microalgae. The physiological response,
cellular burden measurements and the major biocompounds
produced within cells are considered to address the following
questions. (1) What are the differences in the behavior of PS-
NPLs with 2 primary sizes in surface water and in culture me-
dium? (2) Do these behaviors affect the PS-NPL cellular bur-
den and biological response within cells? (3) What is/are the
main factor(s) affecting the interaction between PS-NPLs and
freshwater microalgae?

To address these questions, the behavior of 20 and 100
nm PS-NPLs in traditional culture medium (Waris-H) and in
natural water (Lake Geneva water) was examined. The fresh-
water microalgae Poterioochromonas malhamensis was selected
as a representative biological model. Surviving through a dual
strategy of phototrophy and phagocytosis, these mixotrophic
microalgae are widely distributed in freshwater and play an
important ecological role in the microbial food web and
freshwater nutrient cycling.37,38 PS-NPL concentrations used
in this work were in the range of 0.1 to 10 mg L−1, which was
based on previous studies on the NPL average concentration
in freshwater (0.0003–0.563 mg L−1)39,40 and the non-
observed effect concentrations on freshwater microorganisms
(0.32–22 mg L−1).41,42 We postulate that these microalgae
would have complex trilateral interactions with 2 sizes of PS-
NPL in culture medium and in Lake Geneva water. Z-average
hydrodynamic diameter and ζ-potential as two key parame-
ters for the characterization of colloidal dispersion systems43

were used to discuss the surface properties and stability
changes of PS-NPLs over time. The stabilization of PS-NPLs
will have an influence on their cellular burden, and bioaccu-
mulation is also fundamental in understanding the biological
action of NPLs.44 Cellular burden measurement of PS-NPLs
with different sizes and concentrations was performed by al-
kaline hydrolysis and spectroscopic analysis under the two
medium conditions for 24 h. The biological responses of PS-
NPLs, including cell growth inhibition, cell membrane dam-
age and production of reactive oxygen species (ROS), on P.
malhamensis were assessed. Moreover, the effects of PS-NPLs
on the production of diverse biological molecules from cells
were also evaluated by infrared spectroscopic analysis. The
results highlight new insights into the concentration, size
and medium effects that lead to differences in the behavior
of PS-NPLs as well as the corresponding biological outcomes
of freshwater planktonic microorganisms.

2. Materials and methods
2.1. Characterization of PS-NPLs in exposure media

Surfactant-free aqueous suspensions (4% w/v) of amidine-
functionalized –C(–NH2) NH2

+ polystyrene nanospheres with
primary sizes of 20 and 100 nm were purchased from
Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA).
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The stock solution was diluted with ultrapure water to pre-
pare 1 g L−1 PS-NPLs. The pH was adjusted to 3.0 using 0.05
M HCl to prevent aggregation and improve stability. The ex-
posure media chemistry of Lake Geneva water (pH 8.0 ± 0.1,
conductivity 288 ± 1 μS cm−1) and modified Waris-H culture
medium (pH 7.0 ± 0.1, conductivity 675 ± 1 μS cm−1) are
listed in the ESI† (Tables S1 and S2). The homogeneous
working solution of PS-NPLs was diluted to 0.1, 1 and 10 mg
L−1 in culture medium and Lake Geneva water after filtering
at 0.2 μm (hydrophilic polycarbonate membrane,
GTTP04700, Merck Millipore Ltd., Switzerland). The
ζ-potential and z-average hydrodynamic diameter were mea-
sured at 25 °C using a Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd., Malvern, UK) at 0, 0.5, 1, 2, 4, 8, and 24 h.
Each sample was immediately analyzed 5 times in the auto-
matic mode (10 runs).

2.2. Cellular burden and bioassays of PS-NPLs with P.
malhamensis

P. malhamensis (CCAC 3498 strain, Cologne Biocenter, Ger-
many) were cultivated in a modified Waris-H culture medium
at 25 °C and with a 12 : 12 light–dark cycle of 5 μmol photons
m−2 s−1.45 Cells were collected by centrifugation at 4000 rpm
for 5 min in the mid-exponential phase, washed twice with
the corresponding mediums, and then resuspended in Lake
Geneva water and Waris-H culture medium with a cell den-
sity of 5 × 105 cells per mL. For cellular burden and bioassay
experiments, PS-NPLs were diluted in the two exposure me-
diums in culture flasks to a final concentration of 0 to 10 mg
L−1. All experiments were conducted in triplicate and re-
peated three times.

PS-NPLs associated with/taken up by cells. To quantify the
PS-NPLs associated with/taken up by cells, at the end of 24-h
exposure as in the bioassay measurement, the internalization
of PS-NPLs by P. malhamensis was determined using the alka-
line lysis method.46 2 ml of exposed cell suspension was cen-
trifuged at 16 000 rpm for 10 min at 4 °C and then the super-
natant was removed. The cell lysate mixture was obtained by
vortexing at 300 rpm for 24 h with addition of 1 ml of 10 M
NaOH. After filtration using 0.2 μm hydrophilic polycarbon-
ate membranes (GTTP04700, Merck Millipore Ltd., Switzer-
land), the resulting solution was incubated in an 80 °C water
bath for 30 min with 10 ml 100% EtOH. Following centrifuga-
tion at 2500 rpm for 10 min, the final bottom liquid was ana-
lyzed using a Varian Cary 50 Bio UV-vis spectrometer (McKin-
ley Scientific). The concentrations of PS-NPLs were calculated
from standard curves.

Cell viability and chlorophyll measurement. For the viabil-
ity assay, PS-NPL solution was added to the two media to a fi-
nal concentration of 0, 0.1, 1 and 10 mg L−1. At the end of 24-
h exposure, the mixture was analyzed using a BD Accuri C6
flow cytometer (BD Biosciences, San Jose, CA). A light micro-
scope (OLYMPUS, U-TV1X-2, T2 Tokyo, Japan) equipped with
a digital camera was used for the organism's observation.
Meanwhile, 50 μL of each sample was transferred to a trans-

parent Eppendorf microplate 96/U-PP (Greiner, Germany),
and 200 μL of 100% ethanol was added to extract chlorophyll
by gently shaking for 3 h in the dark.47 After shaking, the
fluorescence was measured using a microplate reader (Syn-
ergy H1, Bio Tek) with fluorescence excitation at 440 nm and
emission at 670 nm.

ROS production and membrane damage measurements.
Intracellular ROS generation of cells was detected using
CellROX® Green Reagent (C10444, Life Technologies Europe
B.V., Zug, Switzerland). At the end of the 24-h incubation, 0.5
ml of samples were incubated with CellROX® Green Reagent
in the dark for 30 min following the protocol adapted from
ref. 48 The mixtures were analyzed using a microplate reader
(Synergy H1, Bio Tek) with fluorescence excitation at 485 nm
and emission at 520 nm. Propidium iodide (PI) (P3566, 1 mg
mL−1, Invitrogen, USA) cell staining assays were performed to
examine cell death and membrane damage induced by PS-
NPLs. 2.0 μL of PI solution and 500 μL of each sample were
incubated in 96-well microplates with gentle vortexing for 10
min in the dark. The mixtures were analyzed using the micro-
plate reader with fluorescence excitation at 488 nm and emis-
sion at 600 nm.

2.3. P. malhamensis biocomposition monitoring using
infrared spectroscopy

Infrared spectra were collected to monitor the interactions
between PS-NPLs and microorganisms in different exposure
media in transmission mode using a FTIR microscope (Spot-
light 200i, PerkinElmer, Beaconsfield, UK). For the spectra ac-
quisition, 10 μL of each tested condition after 30 min of air-
drying of samples were deposited on a CaF2 filter (U.Q.G. Mil-
ton. England). Infrared spectra acquisition was carried out in
triplicate to monitor cell composition in the spectral range
from 4000 to 500 cm−1 with an accumulation of 32 scans and
resolution of 4 cm−1. The intensities of 4 target bio-
compounds in cells were then labelled according to their
characteristic bands, which were lipids (1742 cm−1, CO),
proteins (1650 cm−1, amide I), nucleic acids (1255 cm−1,
PO) and carbohydrates (1045 cm −1, C–O).49–51

2.4. Statistical analysis

The visualization of PS-NPL behavioral data and P.
malhamensis response data was realized using Sheet and
Analysis functions in GraphPad Prism 9.4.1 (GraphPad Soft-
ware, LLC). The data normality was checked using two-way
ANOVA with the Geisser–Greenhouse correction. The correla-
tions and principal component analysis (PCA) among behav-
ioral characteristics, environmental variables and associated
cellular physiological effects were implemented using the
FactoMineR and PerformanceAnalytics package in R version
4.0.3. All spectra datasets were normalized with the D1SG +
SNV method (first derivative Savitsky–Golay + standard nor-
mal variate) in PeakFit v4.02 software.
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3. Results and discussion
3.1. Behavior of PS-NPLs in Lake Geneva water and culture
medium

To understand the role of concentration, size, solution chem-
istry and environmental factors in PS-NPL biological effects,
detailed evaluation of the stability of PS-NPLs in the different
medium conditions was performed using ζ-potential (Fig. 1)
and z-average hydrodynamic diameter variations (Fig. 2) from
0 to 24 h.

After PS-NPL dispersion in Lake Geneva water (pH 8.0 ±
0.1), their ζ-potential rapidly changed to negative values and
had a decreasing trend with increasing concentrations
(Fig. 1a and b). Some other studies have found similar phe-
nomena.11,16,52 This can be explained by Lake Geneva water
mainly containing not only salt ions with positive and nega-
tive charges, such as Ca2+, Mg2+, K+, Na+, HCO3−, SO4

2−,
PO4

3−, and Cl−, but also NOM (0.96 mg L−1 DOC) with nega-
tive charges (Table S1†). Electrostatic interactions can occur
between the positive charges on the PS-NPL surface and the
negative charges on NOM as well as on salt ions.53 At three
orders of magnitude test concentrations from 0.1 mg L−1 to
10 mg L−1, the amount of negative charges introduced by salt
ions and NOM exceeded the positive charges carried by PS-
NPLs, resulting in rapid charge neutralization and reversal.

The change in z-average hydrodynamic diameter con-
firmed that all tested PS-NPLs were unstable in Lake Geneva
water (Fig. 2a and b). Charge neutralization and Brownian
motion between particles contributed to the formation of

large-diameter heterogeneous aggregates.52,54 The higher the
concentration of PS-NPLs, the stronger the collision fre-
quency between particles, and the more negatively charged
particles (NOM and salt ions) can adsorb on PS-NPLs and
neutralize the surface charge. Furthermore, this aggregation
behavior was also affected by the primary size of PS-NPLs. At
the same concentration, 20 nm PS-NPLs induced larger-
diameter aggregates which were 1.5 times that of 100 nm PS-
NPLs. These results are consistent with those reported by pre-
vious studies investigating the size and concentration effect
on the aggregation behavior of PS-NPLs, which indicate that
the smaller PS-NPLs may have a higher aggregation rate com-
pared with larger ones55 via electrostatic and steric effects
from NOM corona56,57 as well as via interparticle collision
due to Brownian motion.52,54,55

In addition to particle concentration and size, exposure
medium chemistry is another essential factor which will af-
fect the colloidal stability and the aggregation behavior of
NPLs.15,16,52,58 Similar to that found in Lake Geneva water,
the ζ-potential of all tested PS-NPLs in culture medium (pH
7.0 ± 0.1) also showed negative values and decreased with in-
creasing concentration. This can be explained by the fact that
the culture medium contains a large number of organic mac-
romolecules such as proteins and amino acids. Electrostatic
interactions rapidly promote the formation of the negatively
charged surface of PS-NPLs in culture medium.59 Moreover,
all the z-average hydrodynamic diameters of 2 sizes of PS-
NPLs remain approximately constant over the 24-h test pe-
riod. The stability increased with increasing concentration.

Fig. 1 ζ-Potential of PS-NPLs of 20 nm (a and c) and 100 nm (b and d) at 0.1, 1, and 10 mg L−1 in Lake Geneva water and culture medium as a
function of time.
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This stabilization of NPLs could be due to the presence of or-
ganic macromolecules with negative charges in the culture
medium, increasing the electrostatic repulsion and steric re-
pulsion.16,60 The steric hindrance was generated by the layer
of organic macromolecules adsorbed on the PS-NPLs, which
further inhibited the aggregation of PS-NPLs and increased
the dispersion among particles.55 It should be mentioned
that the primary size effect of PS-NPLs was still present in
the culture medium, as observed in Lake Geneva water. The
z-average hydrodynamic diameters of 100 nm (199.3 ± 6.4
nm, 110.1 ± 4.3 nm, 99.9 ± 1.9 nm) PS-NPLs were found
closer to their primary size compared with that of 20 nm
(110.1 ± 5.2 nm, 169.2 ± 10.3 nm, 74.1 ± 0.6 nm) PS-NPLs.
This indicates that small-sized NPLs per unit mass have a
larger surface area, higher surface charges and more particle
numbers, which make them more unstable or more prone to
aggregation than the large-sized ones in the culture medium.

3.2. Cellular burden of PS-NPLs in P. malhamensis

Studies on the bioavailability and cellular burden of nanopar-
ticles are critically essential to link the transformation of
nanoparticles to biological responses.44 It is known that the
intrinsic properties of nanoparticles in combination with
characteristics of the exposure medium govern their bioavail-
ability and bioaccumulation.61 Our results show that P.
malhamensis cells treated with 20 nm and 100 nm PS-NPLs at
concentrations ranging from 0 to 10 mg L−1 exhibited an in-
crease in PS-NPLs associated with/taken up by cells and
showed a concentration-dependent manner (Fig. 3 and Table

S3†). A significant difference in cellular burden was observed
between 20 and 100 nm PS-NPLs and was exposure medium
dependent.

In Lake Geneva water, the 20 nm PS-NPLs associated with/
taken up by cells were predominant compared to 100 nm PS-
NPLs. PS-NPLs of 20 nm showed 1.7–11.5 times higher cellu-
lar burden potential than 100 nm PS-NPLs. PS-NPLs of 20 nm
displayed a 4.1-fold higher change in the cellular PS-NPL con-
tent at 10 mg L−1 compared to 0.1 mg L−1 in Lake Geneva wa-
ter, while after treatment with 100 nm PS-NPLs, the PS-NPL
cellular burden was approximately 2.2 ± 0.5 μg per 105 cells,
which was almost independent of the concentration (Fig. 3a).

In cell culture medium, a similar trend of PS-NPL cellular
burden level was found, but the quantity was relatively low
compared to that in the Lake Geneva water, especially for 20
nm PS-NPLs (Fig. 3b). The cellular content of 20 nm PS-NPLs
was 1.9 ± 0.2 μg per 105 cells at 0.1 mg L−1 and increased to
2.9 ± 0.3 μg per 105 cells at 10 mg L−1. Regarding 100 nm PS-
NPL treatment, the cellular PS-NPL content remained almost
1.3 ± 0.2 μg per 105 cells within three orders of magnitude
concentrations. The cellular content of 20 nm PS-NPLs in cul-
ture medium was about 1.6–2.2 times higher than that of 100
nm PS-NPLs. Lake Geneva water enhanced the cellular bur-
den of 20 and 100 nm PS-NPLs by 1.2–6.3-fold compared to
culture medium. It is known that P. malhamensis can ingest
plankton by phagocytosis,62 and their internalization ability
of metallic nanoparticles was also evidenced.45 In the only re-
port on internalization of NPLs in microalgae, it was ob-
served that 75 nm PS-NPLs could be translocated into the cy-
toplasm and the chloroplast of E. gracilis via endocytosis but

Fig. 2 Z-average hydrodynamic diameter of PS-NPLs of 20 nm (a and c) and 100 nm (b and d) at 0.1, 1, and 10 mg L−1in Lake Geneva water and
culture medium as a function of time.
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did not accumulate on the cell membrane or damage cell
membranes and organelles.63 Our results clearly demonstrate
that 20 nm and 100 nm PS-NPLs could be significantly asso-
ciated with/taken up by P. malhamensis cells. Moreover, this
interaction was concentration-, size- and exposure medium-
dependent. These findings may illustrate how PS-NPLs act as
a stressor to affect microalgae growth and physiological
functions.

3.3. Biological responses of PS-NPLs on P. malhamensis in
Lake Geneva water and culture medium

To determine whether the observed differences in PS-NPL sta-
bility behavior result in an adverse effect on the physiological
responses of P. malhamensis, the cell viability, chlorophyll
content, cellular ROS production and cell membrane damage
were determined at 24-h incubation. As shown in
Fig. 4a and b, 20 nm PS-NPLs induced a statistically signifi-
cant decrease in cell viability with increasing concentration,
while 100 nm PS-NPLs induced a similar cell growth inhibi-
tion rate without concentration effect. Moreover, the cell via-
bility of PS-NPLs was found to be size- and medium-
dependent (Table S3†). PS-NPLs of 20 nm showed a lower
percentage of cell viability against P. malhamensis than 100
nm particles in both exposure media. For example, in Lake
Geneva water, the percentage of cell viability of 20 nm PS-
NPLs at 0.1, 1 and 10 mg L−1 was 54.0 ± 2.1%, 36.9 ± 4.6%,
and 16.6 ± 0.2%, respectively. PS-NPLs of 100 nm caused only
35.7 ± 2.4% decrease in cell viability (Fig. 4a). PS-NPLs of 20
nm exhibited about 1.2–2.2 times cell mortality than 100 nm
PS-NPLs. In culture medium, a similar size–toxicity trend was
observed. The percentage of cell viability of 20 nm PS-NPLs
decreased with increasing concentrations, but was less toxic
than that in Lake Geneva water. For example, at the highest
exposure concentration of 10 mg L−1, the cell viability was
16.6 ± 0.2% in Lake Geneva water, whereas it was 44.0 ± 9.2%
in culture medium. The cell viability of 100 nm PS-NPLs was
about 3.5–7.5 times higher than that of 20 nm PS-NPLs in
culture medium.

These results are consistent with those reported by several
authors, which indicate that the acute toxicity of NPLs to in-
dividual organisms may be significantly affected by particle
size. Smaller-sized NPLs may have more prominent toxic ef-
fects than larger-sized NPLs.12,58 Besides the primary size ef-
fect, PS-NPLs in Lake Geneva water exhibited 1.4–5.0 times
higher toxicity than that in culture medium. This may be due
to the fact that the positive charges on the PS-NPL surface
could interact with the negative charges on P. malhamensis
cells and the NOM in Lake Geneva water to achieve electrical
neutralization, which inhibits the mobility of microalgae.63

Moreover, the formation of a protein corona could obstruct
the cellular damage caused by NPLs due to the presence of
rich biomolecules in the culture medium.64 Smaller-sized
NPLs have a greater surface-to-volume ratio and higher sur-
face reactivity than larger-sized NPLs, making them more
sensitive to environmental variables.4,58 In our study, 20 nm
PS-NPLs at the lowest exposure concentration of 0.1 mg L−1

has caused 45.9 ± 2.1% cell mortality in Lake Geneva wa-
ter, suggesting that PS-NPLs are not “no effect” or “re-
versible response” to microorganisms17,36,65 and also indicate
that the exposure condition is an important factor for the
toxic effects.

Exposure to PS-NPLs resulted in a significant and
medium-dependent change in chlorophyll content in P.
malhamensis (Fig. 4c and d). Compared with unexposed con-
trols, in Lake Geneva water, the percentage of enhanced chlo-
rophyll synthesis in cells increased to 1.7 ± 0.2-fold with 20
nm PS-NPL treatment and 2.4 ± 0.2-fold with 100 nm treat-
ment, which was evidently size-dependent. In contrast, in cul-
ture medium, PS-NPL treatment caused about 0.2 ± 0.1-fold
inhibition of chlorophyll a synthesis, which was not obvi-
ously size-dependent (Table S3†). Photosynthesis only pro-
vides a “marginal contribution” to P. malhamensis with het-
erotrophic dominance, mainly acting as an adaptive regulator
protecting the cells from environmental stress.66,67 Our re-
sults with the changes in chlorophyll a synthesis are analo-
gous to a few studies of P. malhamensis and some phytoflagel-
lates in which it was demonstrated that chloroplast

Fig. 3 Cellular burden of 0.1, 1, and 10 mg L−1 PS-NPLs on P. malhamensis in Lake Geneva water (a) and in culture medium (b). Different numbers
of asterisks indicate a significant difference between PS-NPL treatments and the control obtained by two-way ANOVA with the Geisser–Green-
house correction: ***p < 0.001, **p < 0.01, *p < 0.05.
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development was repressed under conditions supporting het-
erotrophic growth, and conversely, environmental stress such
as carbon source depletion was accompanied by an enhanced
chlorophyll a production.66–69 This implies that the photosyn-
thesis regulation of P. malhamensis at 24 h was significantly
affected by PS-NPLs, which is size-dependent in realistic envi-
ronments such as Geneva Lake water. The different synthesis
tendency of chlorophyll indicates that the interactions of PS-
NPLs with the two environmental media created different en-
vironmental stress conditions for P. malhamensis. Subse-
quently, FTIR monitoring results also confirmed that the in-
teraction between PS-NPLs and certain biocomponents was
medium-dependent (Section 3.4).

Reactive oxygen species are commonly recognized as detri-
mental by-products of xenobiotic exposure, which generate
the oxidative stress in cells. After 24-h exposure to PS-NPLs,
ROS production was significantly increased compared to un-
exposed controls (Fig. 5a and b). Moreover, these enhanced
ROS generations were concentration-, size-, and medium-
dependent (Table S1†).

In Lake Geneva water, ROS production was increased from
3.7 ± 0.5% at 0.1 mg L−1 to 9.8 ± 2.4% at 10 mg L−1 in 20 nm PS-
NPLs treatment cells, while with 100 nm PS-NPL treatment, the
ROS production was comparable with those of the untreated
controls at 0.1 mg L−1 and increased to 6.0 ± 0.7% at 10 mg L−1

(Fig. 5a). In culture medium, a similar trend of ROS production
increase was found, which was also concentration- and size-
dependent (Fig. 5b). ROS generation growth rates were un-
changed at 0.1 mg L−1 and increased to 5.3 ± 3.2% at 10 mg L−1

with 20 nm PS-NPL treatment. For 100 nm PS-NPL treatment,
the ROS production exhibited unchanged values compared to
those of the unexposed controls whatever the concentration.
The above findings are consistent with the existing literature
showing that significant excessive ROS were observed in C.
reinhardtii, E. gracilis and C. vulgaris exposed to PS-NPLs with
high concentrations ranging from 25 mg L−1 to ∼500 mg
L−1.32,33,70 Interestingly, these previous observations showed ad-
verse effects on microalgae when the NPL concentration was
above 5 mg L−1,27,69 but in our study in a realistic freshwater en-
vironment (Lake Geneva water), smaller-sized PS-NPLs (20 nm)
induced a significant ROS production at fairly low concentration
(0.1 mg L−1). Moreover, 20 nm PS-NPLs induced more promi-
nent enhancement of ROS production than larger-sized PS-NPLs
(100 nm), and PS-NPLs exhibited 1.9–6.0 times higher ROS-
inducing effect in Lake Geneva water than that in culture me-
dium. The results are in accordance with the decrease of cell vi-
ability observed (Fig. 4a and b), which indicated that complex
organic molecules in the culture medium may adsorb on the
surface of PS-NPLs and form the biocorona, and this interaction
can reduce the oxidative stress of cells.12,71

Fig. 4 Adverse effects of 0.1, 1, and 10 mg L−1 PS-NPLs on P. malhamensis. Cell viability (a and b) and chlorophyll a content (c and d) in Lake Ge-
neva water and in culture medium. Asterisks indicate a significant difference between treatments and controls obtained by two-way ANOVA with
the Geisser–Greenhouse correction: ***p < 0.001, **p < 0.01, *p < 0.05.
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PI fluorophores could intercalate in cells and in response to
a cellular membrane integrity level.72 Exposure to PS-NPLs led
to an obvious and medium-dependent increase of cells with
damaged membrane (Fig. 5c and d). The percentage of cells
with enhanced PI fluorophore intercalation increased by 8.3 ±
6.4% in Lake Geneva water and 2.2 ± 1.6% in culture medium
compared to unexposed controls. Similar effects of PS-NPLs on
the membrane integrity of aquatic macroalgae suggest that the
interaction of PS-NPLs with the cell wall surface leads to cellular
morphological distortion and membrane integrity
disruption.33,72–74 Our study illustrated that the percentage of
cells with membrane damage increased by 4.9 ± 1.1% even at
0.1 mg L−1 PS-NPL exposure, which was not dependent on size
or concentration (Table S3†). Moreover, PS-NPLs caused 1.4 to
8.3 times higher cell membrane damage level in Lake Geneva
water than that in culture medium.

In addition, it is important to mention that in our obser-
vations, the slight excess of ROS production and low presence
of membrane-damaged cells contrasted sharply with high cell
inhibition and strong chlorophyll a change. This suggests
that the exposure to 20 and 100 nm PS-NPLs for 24 h did not
directly lead to apoptosis or necrosis but affected photosyn-
thetic regulation, motility, and growth of P. malhamensis,
which is similar to the potential mechanism of PS-NPLs ob-
served in the microalgae E. gracilis.63

The above results are consistent with microscopic observa-
tions showing the differences of PS-NPL effects on P.
malhamensis in culture medium and in Lake Geneva water
(Fig. S1†). After 24-h exposure in Lake Geneva water, a large
number of heteroaggregated forms with cells were observed
but not in culture medium. Owing to the presence of NOM in
Lake Geneva water, cellular photosynthetic regulation and in-
creased immobility appear to be probably co-driven by eco-
corona formation11,75,76 and heteroaggregation of cells with
NPLs.77 When PS-NPLs were added, they interacted with the
negative charges on the surface of P. malhamensis and NOM
to generate heteroaggregates, which could not only make P.
malhamensis a part of these heteroaggregates but also allow
them to accumulate and adhere to the surfaces of these
heteroaggregates (Fig. S1†).

3.4. PS-NPL effects on P. malhamensis biocomposition

FTIR has recently been described as a useful tool for monitor-
ing the biochemical composition of microalgae under differ-
ent stress conditions. It was demonstrated that PS-NPL–cell
interaction results in intensity changes or spectral shifts of
the peaks corresponding to major biochemical groups includ-
ing proteins, lipids, nucleic acids or carbohydrates on micro-
algae C. vulgaris32 and C. reinhardtii.51,78 In these studies, the

Fig. 5 Adverse effects of 0.1, 1, and 10 mg L−1 PS-NPLs on P. malhamensis. ROS production (a and b) and PI dead cell count (c and d) in Lake Ge-
neva water and in culture medium. Asterisks indicate a significant difference between treatments and controls obtained by two-way ANOVA with
the Geisser–Greenhouse correction: ***p < 0.001, **p < 0.01, *p < 0.05.
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biocomposition of P. malhamensis was monitored by FTIR af-
ter 24 h of interaction with 20 nm and 100 nm PS-NPLs in
Lake Geneva water and culture medium. Fig. 6a–d present
the results. The spectral changes in PS-NPL-exposed micro-
algae compared to unexposed controls were significant and
remained concentration-, size-, and medium-dependent.

In Lake Geneva water, the spectral changes of 20 nm PS-
NPL-exposed microalgae compared to unexposed controls
showed a decrease in peak intensity at 1650 cm–1, 1045 cm−1,
and 1255 cm−1 which is a clear indication of the decrease in
protein, carbohydrate, and nucleic acid content. The in-
creased peak intensity at 1742 cm−1 is related to an increase
in lipid content. Lipids are organic compounds which yield
high energy and are usually associated with oxidative imbal-
ance and stress defense mechanisms. The increase in lipids
observed in this study is linked to their contribution to stress
responses caused by PS-NPLs by providing the cells with the
energy needed to counter the unfavorable growth conditions
and improve their defense.79 For 100 nm PS-NPL-exposed
microalgae, the spectral changes occurred mainly in the
carbohydrate-related peaks (1742 cm−1), and the decreases in
peak intensity were more pronounced at 10 mg L−1. Our re-
sults evidenced that carbohydrate and protein accumulation
within the microalgae was suppressed under both 20 and 100
nm PS-NPL stress. Specifically, the spectra of 20 nm-treated
microalgae showed a greater drop in peak intensity changes
than those of 100 nm-exposed ones. Carbohydrates are also
involved in the defense mechanism of algae,80 and protein
synthesis is highly influenced under stressful conditions.81

This biochemical composition results are in accordance with

the findings obtained from different cellular stress response
studies via ROS production, membrane damage and photo-
synthetic ability for two sizes PS-NPL stress in Lake Geneva
water (Fig. 4 and 5).

In culture medium, the spectra of PS-NPL-exposed micro-
algae exhibited different variation patterns. Specifically, com-
pared to the control, 20 nm PS-NPL-treated microalgae
showed mainly an increase in protein-related peak intensities
together with peak shifts, but a decrease in carbohydrate-
related peak intensities, while the spectral changes of 100
nm PS-NPL-exposed microalgae were more moderate, show-
ing only a slight increase in protein-related peak intensities.
Compared to a marginal influence observed under culture
medium exposure conditions, the enhanced spectral changes
in Lake Geneva water suggest that Lake Geneva water could
intensify PS-NPL–cell interaction. In addition, it should be
noted that the mode of PS-NPLs–protein interaction in cul-
ture medium (increase and shift) was different from that in
Lake Geneva water (decrease) as discussed above. This may
indicate that PS-NPL–protein interactions are medium-
dependent not only in intensity but also in certain bond in-
teraction modes32 on which it was necessary to carry out a
further study.

3.5. Correlation between PS-NPL surface properties, exposure
medium and biophysiological responses

To further examine the trilateral correlation between PS-NPL
surface properties, exposure medium conditions and bio-
physiological response of P. malhamensis, 12 key parameters

Fig. 6 FTIR analysis of P. malhamensis cells after treatment with (a) 20 nm and (b) 100 nm PS-NPLs in Lake Geneva water, (c) 20 nm and (d) 100
nm PS-NPLs in culture medium, at a concentration of 0 (control, blue line), 0.1 (red line), 1 (green line) and 10 mg L−1 (orange line).
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were selected. The 6 parameters corresponding to PS-NPL be-
havioral characteristics were ζ-potential, z-average hydrody-
namic diameter, conductivity, polydispersity index (PDI), pH,
and concentration. The other 6 parameters corresponding to
biophysiological responses were ROS, cellular burden, cell
count, inhibition, membrane damage and chlorophyll a con-
tent in P. malhamensis after 24 h exposure. Considering the
12 key parameters constituting the variables for principal
component analysis, the test PS-NPL–cell interactions in Lake
Geneva water and in culture medium could be summarized
as two different systems (Fig. 7a), which meant that the test
PS-NPL–cell interactions in the same medium condition ex-
hibited common characteristics that could be normalized,
and these characteristics could be differentiated from those
in another medium condition. Fig. 7b clearly shows the sepa-
ration of the groups corresponding to the different concen-
trations from one to the others, which implied that the tested
PS-NPLs in the same concentration exhibited similar behav-
iors and led to similar biological responses.

Moreover, the correlation analysis between the surface
properties and biological responses of the tested PS-NPLs
(Fig. S2†) showed that the 24-h biological responses to P.
malhamensis and z-average hydrodynamic diameter trend to-
ward statistically significant correlation. This indicates that
after PS-NPLs are subjected to the medium conditions, they
rapidly interact with other components to form a complex
colloidal system composed of heteroaggregates. In this sys-
tem, the higher the hydrodynamic diameter of the hetero-
aggregates, the more significant the biological responses are
on P. malhamensis. In our study, the biological responses of
NPLs remained strongly size-dependent, which are precisely
determined by NPL aggregation behavior.

4. Conclusion

Even though the environmental impact of nanoparticulate
contaminants is widely studied in terms of intrinsic proper-
ties of nanoparticles and environmental variables, few infor-
mative links are available describing the interactions between
nanoparticles, environments, and organisms. In order to fill
this information gap, our multifactorial-driven experimental
set-up used two sizes of PS-NPLs, with two exposure media,
on typical freshwater microalgae. Their complex trilateral in-
teractions are characterized by 12 key parameters including 6
parameters corresponding to NPL behavior (ζ-potential,
z-average hydrodynamic diameter, conductivity, polydisper-
sity index (PDI), pH and concentration) and 6 parameters cor-
responding to biological responses (cell inhibition/growth,
chlorophyll content, ROS production, cell membrane dam-
age, cellular burden). The biochemical composition changes
of microalgae in response to NPLs have also been examined.
Our results evidenced that the cellular burden of PS-NPLs in
P. malhamensis is concentration- and size-dependent.

A significant biological response of P. malhamensis was ob-
served from the lowest PS-NPL tested concentration of 0.1 mg
L−1 including growth inhibition and stimulation of photosyn-
thetic regulation as well as cellular burden of PS-NPLs, with
the modification of stored protein, carbohydrate, nucleic acid
and lipid content. Moreover, these biological responses are
concentration-, size-, and medium-dependent. Smaller-sized
(20 nm) PS-NPLs are found to trigger more prominent re-
sponses of P. malhamensis than larger-sized (100 nm) PS-
NPLs and exhibit 2.6–20.5 times stronger effect in Lake Ge-
neva water than in culture medium. More importantly, these
biological responses are driven by both PS-NPL surface

Fig. 7 Principal component analysis (PCA) of exposure condition (a) and concentration analysis (b) based on ζ-potential, z-average hydrodynamic
diameter, conductivity, polydispersity index (PDI), pH, concentration, ROS, cellular burden, cell count, inhibition, PI and chlorophyll a content.
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properties and environmental factors. The aggregation behav-
ior is found to be the most influential explanatory factor of
PS-NPL effects on P. malhamensis in both culture medium
and environmental natural waters. This study helps expand
the current knowledge of the ecological impact and fate of
NPLs on associated organisms along the freshwater microbial
food webs and contributes to better understanding of the in-
teractions between nanoplastic particles, environmental me-
dium, and low-trophic plankton. The findings of the present
study reveal a clear mechanistic link between the characteri-
zation of the colloidal stability of particle pollutants and bio-
logical response assessment in given exposure systems on
microalgae. These results provide more comprehensive infor-
mation for the assessment of the fate and toxicity of NPLs ac-
cording to their characteristics, stability, and interaction in
freshwater systems, which will promote further environmen-
tal risk assessment of NPLs.
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